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Exact Results on A/ = 2 Supersymmetric
Gauge Theories

Jorg Teschner

The following is meant to give an overview over our special volume. The first three
Sects. 1-3 are intended to give a general overview over the physical motivations
behind this direction of research, and some of the developments that initiated this
project. These sections are written for a broad audience of readers with interest in
quantum field theory, assuming only very basic knowledge of supersymmetric gauge
theories and string theory. This will be followed in Sect.4 by a brief overview over
the different chapters collected in this volume, while Sect.5 indicates some related
developments that we were unfortunately not able to cover here.

Due to the large number of relevant papers the author felt forced to adopt a very
restrictive citation policy. With the exception of very few original papers only review
papers will be cited in Sects. 1 and 2. More references are given in later sections, but
it still seems impossible to list all papers on the subjects mentioned there. The author
apologises for any omission that results from this policy.

1 Background, History and Context

1.1 Strong Coupling Behavior of Gauge Theories

Gauge theories play a fundamental role in theoretical particle physics. They describe
in particular the interactions that bind the quarks into hadrons. It is well under-
stood how these interactions behave at high energies. This becomes possible due to
the phenomenon of asymptotic freedom: The effective strength of the interactions
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depends on the energy scale, and goes to zero for large energies. It is much less well
understood how the interactions between quarks behave at low energies: The exper-
imental evidence indicates that the interactions become strong enough to prevent
complete separation of the quarks bound in a hadron (confinement). The theoretical
understanding of this phenomenon has remained elusive.

When the interactions are weak one may approximate the resulting effects rea-
sonably well using perturbation theory, as can be developed systematically using the
existing Lagrangian formulations. However, the calculation of higher order effects in
perturbation theory gets cuambersome very quickly. It is furthermore well-known that
additional effects exist that can not be seen using perturbation theory. Exponentially
suppressed contributions to the effective interactions are caused, for example, by the
existence of nontrivial solutions to the Euclidean equations of motion called instan-
tons. The task to understand the strong coupling behavior of gauge theories looks
rather hopeless from this point of view: It would require having a complete resum-
mation of all perturbative and non perturbative effects. Understanding the strong
coupling behaviour of general gauge theories remains an important challenge for
quantum field theory. However, there exist examples in which substantial progress
has recently been made on this problem: Certain important physical quantities like
expectation values of Wilson loop observables can even be calculated exactly. What
makes these examples more tractable is the existence of supersymmetry. It describes
relations between bosons and fermions which may imply that most quantum correc-
tions from bosonic degrees of freedom cancel against similar contributions coming
from the fermions. Whatever remains may be exactly calculable.

Evenif supersymmetry has been crucial for getting exact results up to now, it seems
likely that some of the lessons that can be learned by analysing supersymmetric field
theories will hold in much larger generality. One may in particular hope to deepen our
insights into the origin of quantum field theoretical duality phenomena by analysing
supersymmetric field theories, as will be discussed in more detail below. As another
example let us mention that it was expected for a long time that instantons play a key
role for the behaviour of gauge theories at strong coupling. This can now be illustrated
beautifully with the help of the new exact results to be discussed in this volume. We
believe that the study of supersymmetric field theories offers a promising path to
enter into the mostly unexplored world of non-perturbative phenomena in quantum
field theory.

1.2 Electric-Magnetic Duality Conjectures

It is a hope going back to the early studies of gauge theories that there may exist
asymptotic strong coupling regions in the gauge theory parameter space in which a
conventional (perturbative) description is recovered using a suitable new set of field
variables. This phenomenon is called a duality. Whenever this occurs, one may get
access to highly nontrivial information about the gauge theory at strong coupling.
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For future reference let us formulate a bit more precisely what it means to have a
duality. Let us consider a family {F; z € M} of quantum theories having a moduli
space M of parameters z. The quantum theory F is for each fixed value of z abstractly
characterised by an algebra of observables .4, and a linear functional on A, which
assigns to each observable O € A its vacuum expectation value (O),. We say that
{F.; z € M} is a quantum field theory with fields ® and action S, [®] depending on
certain parameters 7 (like masses and coupling constants) if there exists a point z
in the boundary of the moduli space M, a coordinate 7 = 7(z) in the vicinity of zo,
and a map O assigning to each O € A; a functional O, _[®] such that

(0), ~ /[D@] e O0g @], (1.1)

where >~ means equality of asymptotic expansions around z( and the right hand side
is defined in terms of the action S[®] using path integral methods.

We say that a theory with fields ®, action S.[®] and parameters 7 is dual to
a theory characterised by similar data S.,[®'] if there exists a family of quantum
theories {F;; z € M} with moduli space M having boundary points zo and z;, such
that the vacuum expectation values of JF, have an asymptotic expansion of the form
(1.1) near zp, and also an asymptotic expansion

(0), =~ / (D] e S1*1 0y L[], (1.2)

near z,, with O’ being a map assigning to each O € A; a functional Og, _[®'].

A class of long-standing conjectures concerning the strong coupling behavior of
gauge theories are referred to as the electric-magnetic duality conjectures. Some of
these conjectures concern the infrared (IR) physics as described in terms of low-
energy effective actions, others are about the full ultraviolet (UV) descriptions of
certain gauge theories. The main content of the first class of such conjectures is most
easily described for theories having an effective description at low energies involving
in particular an abelian gauge field A and some charged matter g. The effective action
S(A, g; 1) will depend on an effective IR coupling constant 7. The phenomenon
of an electric magnetic duality would imply in particular that the strong coupling
behavior of such a gauge theory can be represented using a dual action S'(4’, ¢'; 75,)
that depends on the dual abelian gauge field A’ related to A simply as

1
Fru = S6uoF” (1.3)

The relation between the dual coupling constant 7/, and 7y, is also conjectured to be
very simple,

= ——. (1.4)
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The relation expressing ¢’ in terms of ¢ and A may be very complicated, in general. In
many cases one expects that ¢’ is the field associated to solitons, localized particle-like
excitations associated to classical solutions of the equations of motion of S(A, ¢; 7).
Such solitons are usually very heavy at weak coupling but may become light at strong
coupling where they may be identified with fundamental particle excitations of the
theory with action S'(A’, ¢’; 7).

For certain theories there exist even deeper conjectures predicting dualities
between different perturbative descriptions of the full ultraviolet quantum field theo-
ries. Such conjectures, often referred to as S-duality conjectures originated from the
observations of Montonen and Olive [MoOI, GNO], and were subsequently refined
in [WO, Os], leading to the conjecture of a duality between the N = 4 supersym-
metric Yang-Mills theory with gauge group G and coupling 7 one the one hand, and
the N = 4 supersymmetric Yang-Mills theory with gauge group "G and coupling
—1/n¢7 on the other hand. G is the Langlands dual of a group G having as Cartan
matrix the transpose of the Cartan matrix of G, and n is the lacing number' of the
Lie algebra of G.

A given UV action S can be used to define such expectation values perturbatively,
as well as certain non-perturbative corrections like the instantons. The question is
whether all perturbative and non perturbative corrections can be resummed to get the
cross-over to the perturbation theory defined using a different UV action S’.

A non-trivial strong-coupling check for the S-duality conjecture in the N = 4
supersymmetric Yang-Mills theory was performed in [VW].2 Generalised S-duality
conjectures have been formulated in [Ga09] (see [ V:2] for areview) for a large class of
N = 2 supersymmetric gauge theories which are ultraviolet finite and therefore have
well-defined bare UV coupling constants 7. It is of course a challenge to establish
the validity of such conjectures in any nontrivial example.

1.3 Seiberg-Witten Theory

A breakthrough was initiated by the discovery of exact results for the low energy
effective action of certain A/ = 2 supersymmetric gauge theories by Seiberg and
Witten [SW1, SW2]. There are several good reviews on the subject, see e.g. [Bi, Le,
Pe97, DPh, Tac] containing further references.’

The constraints of ' = 2 supersymmetry restrict the low-energy physics con-
siderably. As a typical example let us consider a gauge theory with SU (M) gauge
symmetry. The gauge field sits in a multiplet of N = 2 supersymmetry containing a
scalar field ¢ in the adjoint representation of SU(M). N = 2 supersymmetry allows

I'The lacing number n¢ is equal to 1 is the Lie-algebra of G is simply-laced, 2 if it is of type By,
C,, and Fy, and 3 if it is of type G».

2The result of [Sen] furnishes a nontrivial check of a prediction following from the Montonen-Olive
conjecture.

3 A fairly extensive list of references to the early literature can be found e.g. in [Le].
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parametric families of vacuum states. The vacuum states in the Coulomb branch can
be parameterised by the vacuum expectation values of gauge-invariant functions of
the scalars like u® := (Tr(¢%)), k = 2, ... M. For generic values of these quantities
one may describe the low-energy physics in terms of a Wilsonian effective action
S°f[ A] which is a functional of d = M — 1 vector multiplets Az, k = 1, ..., d, hav-
ing scalar components a; and gauge group U (1), respectively. The effective action
SeT[ A] turns out to be completely determined by a single holomorphic function F(a)
of d variables a = (ay, ..., ag) called the prepotential. It completely determines the

(Wilsonian) low energy effective action as S = S + ST where

1 1 1 )

St?(t;fs = 4_ /d4x (Im(’rkl)aﬂ(f_lkaual + EIm(Tkl)Fk /LI/FZ#V + ERe(Tkl)Fk /wFll“ )7
T , S

(1.5)

while S§ is the sum of all terms containing fermionic fields, uniquely determined
by N = 2 supersymmetry. The a-dependent matrix 7% (@) in (1.5) is the matrix of

second derivatives of the prepotential,
(@) i= 0,04, F (a). (1.6)

Based on physically motivated assumptions about the strong coupling behavior
of the gauge theories under consideration, Seiberg and Witten proposed a precise
mathematical definition of the relevant functions F(a) for M = 2. This type of
description was subsequently generalised to large classes of A/ = 2 supersymmetric
gauge theories including the cases with M > 2.

The mathematics underlying the definition of F(a) is called special geometry. In
many cases including the examples discussed above one may describe F(a) using
an auxilliary Riemann surface X called the Seiberg-Witten curve which in suitable
local coordinates can be described by a polynomial equation P(x,y) = 0. The
polynomial P (x, y) has coefficients determined by the mass parameters, the gauge
coupling constants, and the values #*) parameterising the vacua. Associated to X
is the canonical one form Agw = ydx on X. Picking a canonical basis for the first
homology H; (%, Z) of X, represented by curves ay, ..., oy and (i, ..., Oy with
intersection index «, o B = d,; one may consider the periods

ar :/ Asw,  aP :/ASW. (1.7)
« B,

"

Both a, = a,(u) and a? = aP(u), r = 1, ..., d, represent sets of complex coor-
dinates for the d-dimensional space of vacua, in our example parameterised by
u= w®, ..., u™) It must therefore be possible to express aP interms of a. It turns
out that the relation can be expressed using a function F(a), a = (ay, ..., aq), from
which the coordinates a, can be obtained via aP = 0, F (a). It follows that F(a) is
up to an additive constant defined by X and the choice of a basis for H; (X, Z).
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The choice of the field coordinates ay. is not unique. Changing the basis a, . . ., ay
and f1, ..., Bato o, ..., o and (3, ..., B, will produce new coordinates a,., a'®,
k=1, ...,d along with anew function F’(a’) which is the prepotential determining

a dual action S_;[a’]. The actions S[a] and S_[a’] give us equivalent descriptions
of the low-energy physics. This gives an example for an IR duality.

1.4 Localization Calculations of SUSY Observables

Having unbroken SUSY opens the possibility to compute some important quantities
exactly using a method called localization [W88]. This method forms the basis for
much of the recent progress in this field.

Given a supersymmetry generator Q such that Q> = P, where P is the generator
of a bosonic symmetry. Let S = S[®] be an action such that QS = 0. Let us
furthermore introduce an auxiliary fermionic functional V = V[®] that satisfies
PV = 0. We may then consider the path integral defined by deforming the action
by the term r QV, with ¢ being a real parameter. In many cases one can argue that
expectation values of supersymmetric observables O = O[®], QO = 0, defined by
the deformed action, are in fact independent of ¢, as the following formal calculation
indicates. Let us consider

%/[ch] e STV O = /[ch] e ST ov o
= /[:ch] 0372 Vvo) =0, (1.8)
if the path-integral measure is SUS Y-invariant, f [D®] Q(...) = 0. This means that
(0) = /[m] eSO = tlggo/[pcb] eSOV O, (1.9)

If V is such that QV has positive semi-definite bosonic part, the only non-vanishing
contributions are field configurations satisfying QV = 0. There are cases where the
space M of solutions of QV = 0 is finite-dimensional.* The arguments above then
imply that the expectation values can be expressed as an ordinary integral over the
space M which may be calculable.

The reader should note that this argument bypasses the actual definition of
the path integral in an interesting way. For the theories at hand, the definition of
[ID®] e57"@V represents a rather challenging task which is not yet done. What
the argument underlying the localisation method shows is the following: If there is
ultimately any definition of the theory that ensures unbroken supersymmetry in the

“In other cases M may a union of infinitely many finite-dimensional components of increasing
dimensions, as happens in the cases discussed in Sect. 1.5.
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sense that f [D®] Q(...) = 0, the argument (1.8) will be applicable, and may allow
us to calculate certain expectation values exactly even if the precise definition of the
full theory is unknown.

1.5 Instanton Calculus

The work of Seiberg and Witten was based on certain assumptions on the strong
coupling behavior of the relevant gauge theories. It was therefore a major progress
when it was shown in [N, NOO3, NY, BE] that the mathematical description for
the prepotential conjectured by Seiberg and Witten can be obtained by an honest
calculation of the quantum corrections to a certain two-parameter deformation of the
prepotential to all orders in the instanton expansion.

To this aim it turned out to be very useful to define a regularisation of certain
IR divergences called Omega-deformation by adding terms to the action breaking
Lorentz symmetry in such a way that a part of the supersymmetry is preserved [N],?

S — See, =S+ R, (1.10)

One may then consider the partition function Z defined by means of the path inte-
gral defined by the action S,,. As an example let us again consider a theory with
SU (M) gauge group. This partition function Z = Z(a, m, T; €, €2) depends on the
eigenvalues a = (ay, ..., ay—) of the vector multiplet scalars at the infinity of R4,
the collection m of all mass parameters of the theory, and the complexified gauge
coupling 7 formed out of the gauge coupling constant g and theta-angle € as

4i 0
= — 4+ —. 1.11
T e —|-27T (1.11)

The unbroken supersymmetry can be used to apply the localisation method briefly
described in Sect. 1.4, here leading to the conclusion that the path integral defining
Z can be reduced to a sum of ordinary integrals over instanton moduli spaces. The
culmination of a long series of works® were explicit formulae for the summands
Z® (a, m; €, €) that appear in the resulting infinite series’ of instanton corrections

5The regularisation introduced in [N] provides a physical interpretation of a regularisation for
integrals over instanton moduli spaces previously used in [LNS, MNS1].

%The results presented in [N, NOO3] were based in particular on the previous work [LNS, MNSI1,
MNS2]. Similar results were presented in [FPS, Hol, Ho2, FP, BFMT]; for a review see [V:4].
"The infinite series (1.12) are probably convergent. This was verified explicitly for the example of
pure SU(2) Super-Yang-Mills theory in [ILTy], and it is expected to follow for UV finite gauge
theories from the relations with conformal field theory to be discussed in the next section.


http://dx.doi.org/10.1007/978-3-319-18769-3_4
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o0
Z(a,m,T; €, 6) = Za,m, 7; €, 62)(1+Z g* Z® (a, m; €, 62)), (1.12)
k=1

with ¢ = e¥™7 in the ultraviolet finite cases, while it is related to the running
effective scale A otherwise. The explicitly known prefactor ZP(a, m, T; €1, €2)
is the product of the simple tree-level contribution with a one-loop determinant.
The latter is independent of the coupling constants ¢g,, and can be expressed in terms
of known special functions.

In order to complete the derivation of the prepotentials proposed by Seiberg and
Witten it then remained to argue that F(a) = F(a, m, 7) is related to the partition
function Z as

Fla,m;T) = — limoelezz(a,m;T; €1, €2), (1.13)
€1,60—>

and to derive the mathematical definition of F(a) proposed by Seiberg and Witten
from the exact results on Z(a, m; T; €1, €>) obtained in [N, NOO03, NY, BE].

2 New Exact Results on A/ = 2 Supersymmetric Field
Theories

2.1 Localisation on Curved Backgrounds

Another useful way to regularise IR-divergences is to consider the quantum field
theory on four-dimensional Euclidean space-times M* of finite volume. The finite-
size effects encoded in the dependence of physical quantities with respect to the
volume or other parameters of M* contain profound physical information. It has
recently become possible to calculate some of the these quantities exactly. One may,
for example, consider gauge theories on a four-sphere S* [Pe07], or more generally
four-dimensional ellipsoids [HH],

St = {0 x) | X5+ (] +x3) + 605 +x3) =1}, (2.1)

The spaces Sf] ., have sufficient symmetry for having an unbroken supersymmetry
Q such that Q? is the sum of a space-time symmetry plus possibly an internal
symmetry. Expectation values of supersymmetric observables on Sfm therefore
represent candidates for quantities that may be calculated by the localisation method.
Interesting physical quantities are the partition function on S*, and the values of
Wilson- and ’t Hooft loop observables. Wilson loop observables can be defined as
path-ordered exponentials of the general form W,; := Tr P exp [ 5€C ds (ixMAj, +
| x| qi)’)]. The 't Hooftloop observables 7,.;,i = 1, 2, can be defined semiclassically by
performing a path integral over field configurations with a specific singular behavior
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near a curve C describing the effect of parallel transport of a magnetically charged
probe particle along C. Choosing the support of the loop observables to be the circles
C; or C; defined by xg = x3 = x4 = 0 or xo = x; = xp = 0, respectively, one gets
operators commuting with part of the supersymmetries of the theory.

However, applying the localisation method to the field theories with N = 2 super-
symmetry is technically challenging [Pe07, HH, GOP]. A review of the necessary
technology and of some subsequent developments in this direction can be found in
the articles [V:6, V:7]. Appropriately modifying the action defining the theory under
consideration on R* gives a Q-invariant action S for the theory on S?] - Afunctional
V is found in [Pe07] such that QV is positive definite. The field configurations solv-
ing QV = 0have constant values of the scalar fields, and vanishing values of all other
fields. This means that the path integral reduces to an ordinary integral over scalar
zero modes. This phenomenon may be seen as a variant of the cancellations between
contributions from fermionic and bosonic degrees of freedom that frequently occur
in supersymmetric field theories, leaving behind only contributions from states of
Zero energy.

The results obtained by localisation [Pe07, GOP, HH] have the following struc-
ture:

e Partition functions:
Z(m;7;€1,6) = (1)p = /a’a |Z@a,m; 75 €1, ), (2.2)

where Z(a, m; T; €], €;) are the instanton partition functions briefly discussed in
Sect. 1.5. More details can be found in [V:6].
e Wilson or 't Hooft loop expectation values:

(L)gs = /da (Z(a,m; 75 €1, €)) Dy-Z(a, m; T; €1, €2), (2.3)

where Z(a, m; T; €1, €;) are the instanton partition functions described in Sect. 1.5,
and D is adifference operator acting on the scalar zero mode variables collectively
referred to by the notation a. The difference operators D are pure multiplication
operators D, = 2cosh(2mwa/¢;) if £ is a Wilson loop supported on C;. These
results are reviewed in [V:7].

The integral over a in (2.2), (2.3) is the integration over the scalar zero modes.
One may interpret these results as reduction to an effective quantum mechanics of
these zero modes. From this point of view one would interpret the instanton partition
function Z(a, m; 7; €1, €;) as the wave-function W, (a) of a state |7)q in the zero-
mode sub-sector defined by the path integral over field configurations on the lower
half-ellipsoid S* 7 := { (xo,...,xs) € S} _:xo < 0}. The expectation value (2.3)

can then be represented as

(L)ss = (T1LoIT)o, 2.4


http://dx.doi.org/10.1007/978-3-319-18769-3_6
http://dx.doi.org/10.1007/978-3-319-18769-3_7
http://dx.doi.org/10.1007/978-3-319-18769-3_6
http://dx.doi.org/10.1007/978-3-319-18769-3_7
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where L, denotes the projection of the operator representing £ to the zero mode
sub-sector. This point of view is further discussed in [V:12].

Although the dynamics of the zero mode sub-sector is protected by supersym-
metry, it captures very important non-perturbative information about the rest of the
theory. Dualities between different UV-descriptions of the gauge theory must be
reflected in the zero mode dynamics, and can therefore be tested with the help of
localisation calculations. But the definition of the full theory must be compatible
with these results, which is ultimately a consequence of unbroken supersymmetry.
One may view the zero-mode dynamics as a kind of skeleton of the SUSY field the-
ory. Whatever the QFT-“flesh” may be, it must fit to the skeleton, and exhibit same
dualities, for example.

The localisation method has furthermore recently been used to obtain exact results
on some correlation functions in N = 2 supersymmetric QCD [BNP].

2.2 Relation to Conformal Field Theory

In [AGT] is was observed that the results for partition functions of some four-
dimensional supersymmetric gauge theories that can be calculated by the method
of [Pe07] are in fact proportional to something known, namely the correlation func-
tions of the two-dimensional quantum field theory known as Liouville theory. Such
correlation functions are formally defined by the path integral using the action

. 1 5
s = o [ @2 [@,07° + dmue™ . @3)

Liouville theory has been extensively studied in the past motivated by the relations
to two-dimensional quantum gravity and noncritical string theory discovered by
Polyakov. It is known to be conformally invariant, as suggested by the early inves-
tigation [CT], and established by the construction given in [TeO1]. Conformal sym-
metry implies that the correlation functions can be represented in a holomorphically
factorized form. As a typical example let us consider

2

4 (X

(e240(09) g2030(D) g2020(4) 2016(0) )Ib‘iou = / 622 Cou(p)Cas(—p) | Fp[2222 ()
R+ £T
2.6)

where the conformal blocks F, [gigf](q) can be represented by power series of the
form

: & +pP—ar(Q-an—ax(Q—a) SPRG
Fp[02)(q) = T+ a(@-an-axe-a: (1+Zq Ff [gjgf]), (2.7)
k=1
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having coefficients F[2:42] completely defined by conformal symmetry [BPZ].®

(e 7%e 3}
Explicit formulae for the coefficient functions C;;(p) = C(w;, o, % +ip), O =
b+ b~' havebeen conjectured in [DOt, ZZ], and nontrivial checks for this conjecture
were presented in [ZZ]. A derivation of all these results follows from the free-field
construction of Liouville theory given in [TeOl1].

In order to describe an example for the relations discovered in [AGT] let us tem-
porarily restrict attention to the A = 2 supersymmetric gauge theory often referred
to as Ny = 4-theory. This theory has field content consisting of an SU (2)-vector
multiplet coupled to four massive hypermultiplets in the fundamental representation
of the gauge group. The relation discovered in [AGT] can be written as

Z(a, m; 75 €1, &) & Nay(p)Naz(p) Fp[ 2202 ](@). (2.8)
where |N;;(p) > =C; ;(p). The factors of proportionality dropped in (2.8) are explic-

itly known, and turn out to be inessential. The parameters are identified, respectively,
as

» = E_;, B = ee, g =i, (2.92)
a m, _
P=ﬁ, ar=%+i?, Q:=b+b". (2.9b)

In order to prove (2.8) one needs to show that the coefficients Z ® (g, m; €, €) in
(1.12) are equal to .7-'1(,") [gm] This was done in [AGT] up order ¢''. A proof of this
equality for all values of k is now available [AFLT].

It furthermore follows easily from (2.8) that the partition function Z(m; 7; €, €2)
defined in (2.2) can be represented up to multiplication with an inessential, explicitly
known function as

Z(m; T; €, €) X (821l4®(00)62w3¢(1)eZuzd)(q)ehx]@‘(O) )Liou (2.10)
3 TS €1, [ .

The relations between certain N = 2 supersymmetric gauge theories and Liou-
ville theory are most clearly formulated in terms of the normalized expectation values
of loop-observables

(LY = . @2.11)

To this aim let us note that the counterparts of the loop observables within Liouville
theory will be certain nonlocal observables of the form

L,:=tr [Pexp (/ .Ay)], (2.12)
.

8 A concise description of the definition of the conformal blocks can be found in ([V:12], Sect.2.5).
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where + is a simple closed curve on C\{0, ¢, 1}, and A is the flat connection

—29.¢ 0 ) (éa-qs pe? ) _
A= 2% dz+ | 27¢ dz. 2.13
(ue”o o6 )T\ "0 —to ) @19

Flatness of A follows from the equation of motion. Let us furthermore define nor-
malized expectation values in Liouville theory schematically as

20046(00) ,2a3h(1) L2006 2011 6(0) \ Liou
(@ea4( 230(1) g2020(q) o201 0( >b1

(one = (2.14)

( £2046(00) g2036(1) 2026(q) 201 (0) >%iou
We then have
(Whss = (L, D5 (T he = (L, M5, (2.15)

where 7, and v, are the simple closed curves encircling the pairs of points 0, ¢ and
1, g on C\{0, g, 1}, respectively. A more detailed discussion can be found in [V:7,
V:12].

2.3 Relation to Topological Quantum Field Theory

The localisation method is also applicable in the case when the manifold M* has the
form M3 x S! with supersymmetric boundary conditions for the fermions on the S'. In
this case the partition function coincides with a quantity called index [Ro, KMMR], a
trace tr(— 1) [1; ul.c" e~2-2 over the Hilbert space of the theory on M> xR, with F
being the fermion number operator, Q being one of the supersymmetry generators,
and C; being operators commuting with Q. The index depends on parameters p;
called fugacities. It has originally been used to perform nontrivial checks of existing
duality conjectures on field theories with A" = 1 supersymmetry [DOs, SpV]. We
will in the following restrict attention to cases where the field theories have N' = 2
supersymmetry which are more closely related to the rest of the material discussed
in this special volume.

As before one may use the localisation method to express the path integral for
such manifolds as an integral over the zero modes of certain fields, with integrands
obtainable by simple one loop computations. This partition function can alternatively
be computed by counting with signs and weights certain protected operators in a given
theory. If, for example, one takes M> = 3, the partition function of an A" = 2 gauge
theory with gauge group G and N fundamental hypermultiplets takes the following
form,

105 p.g.0) = Pldale v pog.0) [] 1utabi pog.. 2.16)

=1
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where [da]g is the invariant Haar measure, we are using the notation {p, g, ¢, b}
for the relevant fugacities, and Iy and Iy are contributions coming from free vector
multiplets and hypermultiplets, respectively. The integral over a is roughly over the
zero mode of the component of the gauge field in the S' direction. For more details
see the article [V:9]. Itis important to note that the supersymmetric partition functions
on M3 x S' are independent of the coupling constants by an argument going back
to [W88]. Nevertheless, they are in general intricate functions of the fugacities and
encode a lot of information about the protected spectrum of the theory.

There exists a relationship between the supersymmetric partition function on
M? x S', the supersymmetric index, on the one hand, and a topological field theory
in two dimensions on the other hand [GPRR] which is somewhat analogous to the
relation of the S* partition function to Liouville theory discussed above. Let us
consider the example discussed above, N = 2 supersymmetric SU (2) gauge theory
with Ny = 4. The supersymmetric index of this theory can be represented in the
form (2.16) noted above. In the particular case when the fugacities are chosen to
satisfy t = ¢, this index is equal [GRRY11] to a four point correlation function in a
topological quantum field theory (TQFT) which can be regarded as a one-parameter
deformation of two-dimensional Yang-Mills theory with gauge grow SU (2) [AOSV],

4 o) 4
I(by, by, bs, b pg.t =q) = [ [ Kb ) D CR [ [ xrbo). (217
=1 R=0 (=1

Here xx(x) is the character of a representation R of SU(2). The parameters b;
are fugacities for the [ ],_, SU (2); maximal subgroup of the SO(8) flavor symmetry
group of the theory. This relation can be generalized to a large class of A" = 2 theories
and to indices depending on more general sets of fugacities [GRRY 13, GRR].

3 What Are the Exact Results Good for?

In the following we will briefly describe a few applications of the results outlined
above that have deepened our insights into supersymmetric field theories consider-
ably.

3.1 Quantitative Verification of Electric-Magnetic Duality
Conjectures

The verification of the conjectures of Seiberg and Witten by the works [N, NO0O3, NY,
BE] leads in particular to a verification of the electric-magnetic duality conjectures
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about the low energy effective theories that were underlying the approach taken by
Seiberg and Witten.’

Verification of UV duality relations like the Montonen-Olive duality seems hope-
less in general (see, however, [VW]). However, in the cases where exact results on
expectation values are available, as briefly described in Sect.2.2, one can do better.

In the case of the Ny = 4 theory, for example, one expects to find weakly coupled
Lagrangian descriptions when the UV gauge coupling ¢ is near 0, 1 or infinity
[SW2]. Let us denote the actions representing the expansions around these three
values as Sy, S; and S, respectively. A particularly important prediction of the S-
duality conjectures is the exchange of the roles of Wilson- and ’t Hooft loops,

(Whs, = (T s, (T hs, = (W)hs,- (3.1
In order to check (3.1) we may combine the results (2.3) of the localisation compu-
tations with the relation (2.8) discovered in [AGT]. From the study of the Liouville
theory one knows that the conformal blocks satisfy relations such as

e (O /dP Fpplae] Frlaz]a - g, (-2)

which had been established in [TeO1]. These relations may now be re-interpreted as
describing a resummation of the instanton expansion defined by action Sy (the left
hand side of (3.2)) into an instanton expansion defined by the dual action S;. This
resummation gets represented as an integral transformation with kernel F, . Using
(2.3), (2.8), (3.2) and certain identities satisfied by the kernel F), , [g; 32] established
in [TV13], one may now verify explicitly that the S-duality relations (3.1) are indeed
satisfied.

In other words: Conformal field theory provides the techniques necessary to resum
the instanton expansion defined from a given action in terms of the instanton expan-
sions defined from a dual action. At least for the class of theories at hand, these results
confirm in particular the long-standing expectations that the instantons play a crucial
role for producing the cross-over between weakly-coupled descriptions related by
electric-magnetic dualities.

The electric-magnetic dualities can be also checked using the supersymmetric
index. Although the index does not depend on the coupling constants, in different
duality frames it is given by different matrix integrals. Duality implies that these
two matrix integrals evaluate to the same expression. In the relation of the index

The IR duality conjectures can be used to describe the moduli space of vacua as manifold covered
by charts with local coordinates a,, a D The transition functions between different charts define a
Riemann-Hilbert problem. The solutlon to this problem defines the function F(a). It was shown

in [N, NOO3, NY, BE] that the series expansion of F(a) around one of the singular points on the
(Footnote 9 continued)

moduli space of vacua satisfies (1.13). Taken together, one obtains a highly nontrivial check of the
IR-duality conjectures underlying Seiberg-Witten theory.
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to TQFT discussed above, invariance under duality transformations in many cases
follows from the associativity property of the TQFT.

3.2 Precision Tests of AdS-CFT Duality

Another famous set of duality conjectures concerns the behaviour of supersymmetric
gauge theories in the limit where the rank of the gauge group(s) tends to infinity [Ma],
see [AGMOOY] for areview. In this limit one expects to find a dual description in terms
of the perturbative expansion of string theory on a background that is equal or asymp-
totic to five-dimensional Anti-de Sitter space. This duality predicts in some cases
representations for the leading strong-coupling behaviour of some gauge-theoretical
observables in terms of geometric quantities in supergravity theories.

Some impressive quantitative checks of these duality conjectures are known in
the case of maximal supersymmetry N = 4 based on the (conjectured) integrability
of the N' = 4 supersymmetric Yang-Mills theory with infinite rank of the gauge
group [Bei]. Performing similar checks for theories with less supersymmetry is much
harder. It is therefore worth noting that the localisation calculations of partition
functions and Wilson loop expectation values described above have been used to
carry out quantitative checks of AdS-CFT type duality conjectures for some gauge
theories with ' = 2 supersymmetry [BRZ, BEFP].

It seems quite possible that the exact results described above can be used to carry
out many further precision tests of the AdS-CFT duality for A = 2 supersymmetric
field theories. The relevant backgrounds for string theory are not always known, but
when they are known, one may use the results obtained by localisation to check
these generalised AdS-CFT duality conjectures. Another result in this direction was
recently reported in [MP14a].

The exact results can furthermore be used to study the phase structure of these
gauge theories in the planar limit as function of the "t Hooft coupling. A surprisingly
rich structure is found in [RZ13a, RZ13b]. It seems that the full physical content
of most of the data provided by the localisation calculations remains to be properly
understood.

3.3 Evidence for the Existence of Six-Dimensional Theories
with (2,0)-Supersymmetry

Low-energy limits of string theory can often be identified with conventional quantum
field theories. The string theorist’s toolkit contains a large choice of objects to play
with, the most popular being compactifications and branes. One sometimes expects
the existence of a low-energy limit with a certain amount of supersymmetry, but
there is no known quantum field theory the limit could correspond to. Such a line of
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reasoning has led to the prediction that there exists a very interesting class of inter-
acting quantum field theories with six-dimensional (2, 0)-superconformal invariance
[W95a, St, WI5b]. These theories have attracted a lot of attention over the last two
decades, but not even the field content, not to speak of a Lagrangian, are known for
these hypothetical theories, see [Sei, W09] for reviews of what is known.

Nevertheless, the mere existence of such theories leads to highly non-trivial pre-
dictions, many of which have been verified directly. One could, for example, study
the six-dimensional (2, 0)-theories on manifolds of the form M* x C, where C is
a Riemann surface [Ga09, GMNZ2] (some aspects are reviewed in [V:2, V:3]). If C
has small area, one expects that the theory has an effective description in terms of
a quantum field theory on M*. The resulting quantum field theory G¢ is expected
to depend only on the choice of a hyperbolic metric on C [ABBR], or equivalently
(via the uniformisation theorem) on the choice of a complex structure on C. The
Ny = 4-theory with four flavours mentioned above, for example, corresponds to
C = Cy 4, which may be represented as Riemann sphere with four marked points at
0, 1, g, co. One may use g as parameter for the complex structure of Cyp 4. When ¢
is near 0, 1, oo, respectively, it is natural to decompose Cy 4 into two pairs of pants
by cutting along contours surrounding the pairs of marked points (0, g), (¢, 1) and
(g, 00), respectively. It turns out that ¢ can be identified with the function e>™" of
the complexified gauge coupling 7 = % + % of the four-dimensional theory. The
limits where g approaches 0, 1 and co are geometrically very similar, but g — 0
corresponds to small gauge coupling, while ¢ — 1 would correspond to a strong
coupling limit. Note, on the other hand, that the marked points at 0 and 1, for exam-
ple, can be exchanged by a conformal mapping. This already suggests that there
might exist a dual description having a complexified gauge coupling 7' such that
g’ = €*™7 vanishes when ¢ — 1. The results described above provide a rather
non-trivial quantitative check for this prediction.

Playing with the choice of C, and with the choice of the Lie algebra g one can
generate a large class of interesting four-dimensional quantum field theories, and
predict many non-trivial results about their physics [Ga09, GMNZ2]. The class of
theories obtained in this way is often called class S. Arguments of this type can
be refined sufficiently to predict correspondences between four-dimensional gauge
theories on M* and two-dimensional conformal field theories on C generalising the
relations discovered in [AGT], see [Y 12, CJ14]. In the resulting generalisations of the
relation (2.10) one will find the correlation functions of the conformal Toda theory
associated to g on the Riemann surface C, in general. Considering the cases where
M* = M? x §', one may use similar arguments to predict that the partition functions
are related to correlation functions in a TQFT on C, generalising the example noted in
Sect.2.3. Such correlation functions only depend on the topology of C, corresponding
to the fact that the partition functions on M* = M3 x S! are independent of exactly
marginal coupling constants. This will be discussed in more detail in [V:9].

Other compactifications are also interesting, like M3 x C* or M? x C*, where
C? and C* are compact three- and four-dimensional manifolds. Compactifying on
C? or C* one gets interesting quantum field theories on three- or two-dimensional
manifolds M3 or M2, respectively. The origin from the six-dimensional (2, 0)-theory
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may again be used to predict various nontrivial properties of the resulting quantum
field theories, including relations between three-dimensional field theories on M3 and
complex Chern-Simons theory on C 3 [Y13, LY, CJ13]. Such relations are further
discussed in [V:11].

The six-dimensional (2, 0)-theories are for d = 2, 3, 4-dimensional quantum
field theory therefore something like “Eierlegende Wollmilchsdue”, mythical beasts
capable of supplying us with eggs, wool, milk and meat at the same time. The steadily
growing number of highly nontrivial checks that the predictions following from its
existence have passed increase our confidence that such six-dimensional theories
actually exist. Their existence supplies us with a vantage point from which we may
get a better view on interesting parts of the landscape of supersymmetric quantum
field theories.

3.4 Towards Understanding Non-Lagrangian Theories

There are many cases where strong-coupling limits of supersymmetric field theories
are expected to exist and to have a quantum field-theoretical nature, but no Lagrangian
description of the resulting theories is known [AD, APSW, AS]. The existence
of non-Lagrangian theories is an interesting phenomenon by itself. Certain non-
Lagrangian quantum field theories are expected to serve as elementary building
blocks for the family of quantum field theories obtained by compactifying (2, 0)-
theories [Ga09, CD].

The origin from a six-dimensional theory allows us to make quantitative pre-
dictions on some physical quantities of such non-Lagrangian theories including the
prepotential giving us the low-energy effective action, and the supersymmetric index
giving us the protected spectrum of the theory.

The results described in this special volume open the exciting perspective to go
much further in the study of some non-Lagrangian theories. If the relation with two-
dimensional conformal field theories continues to hold in the cases without known
Lagrangian descriptions, one may, for example compute the partition functions and
certain finite-volume expectation values of loop operators in such theories. First steps
in this direction were made in [BMT, GT, KMST].

3.5 Interplay Between (topological) String Theory
and Gauge Theory

Superstring theory compactified on Calabi-Yau manifolds has two “topological” rel-
atives called the A- and the B-model respectively. The “topological” relatives are
much simpler than the full superstring theories, but they capture important informa-
tion about the full theories like the coefficients of certain terms in the correspond-
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ing space-time effective actions governing the low-energy physics. The A- and the
B-model are not independent but related by mirror symmetry.

The definition of the B-model topological string theory can be extended to
so-called local Calabi-Yau Y, defined (locally) by equations of the form

zw — P(u,v) = 0, (3.3)

with P (u, v) being a polynomial. Superstring theories on such local Calabi-Yau man-
ifolds are expected to have decoupling limits in which they are effectively represented
by four-dimensional gauge theories.'” Describing four-dimensional gauge theory as
decoupling limits of superstring theory is called geometric engineering [KLMVW,
KKV, KMV]. String-theoretic arguments [N, LMN] predict that the instanton parti-
tion function (for €; + €, = 0) coincides with the topological string partition function
Z'P of the B-model on Y, schematically

Zt = lim Z'P, (3.4)
£B—0

where [ is related to one of the parameters for the complex structures on Y. This
prediction has been verified in various examples [[K02, IK03, EK, HIV]. It opens
channels for the transport of information and insights from topological string theory
to gauge theory and back. Interesting perspectives include:

e Results from topological string theory may help to understand 4d gauge theories
even better, possibly including non-Lagrangian ones. To give an example, let us
note that the topological vertex [AKMV, IKV] gives powerful tools for the cal-
culation of topological string partition functions. These results give us predictions
for the (yet undefined) instanton partition functions of non-Lagrangian theories,
and may thereby provide a starting point for future studies of the physics of such
theories. First steps in this direction were made in [KPW, BMPTY, HKN, MP14b].

e Exact results on supersymmetric gauge theories may feed back to topological
string theory. As an example let us mention the development of the refined topo-
logical string, a one-parameter deformation of the usual topological string theory
that appears to exist for certain local Calabi-Yau manifolds, capturing nontrivial
additional information. The proposal was initially motivated by the observation
that the instanton partition functions can be defined for more general values of the
parameters €, €, than the case €| + ¢, = 0 corresponding to the usual topological
string via geometric engineering [IKV, KW, HK, HKK]. There is growing evi-
dence that such a deformation of the topological string has a world sheet realisation
[AFHNZa, AFHNZD], and that the refinement fits well into the conjectured web
of topological string/gauge theory dualities [AS12a, AS12b, CKK, NO14]. The
relation with the holomorphic anomaly equation is reviewed in [V:14].

10This limit is easier to define in the A-model, but the definition can be translated to the B-model
using mirror symmetry.
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e As another interesting direction that deserves further investigations let us note that

the topological string partition functions Z'P can be interpreted as particular wave-
functions in the quantum theory obtained by the quantisation of the moduli space
of complex structures on Calabi-Yau manifolds, as first pointed out in [W93], see
[ST] and references therein for further developments along these lines. By using
the holomorphic anomaly equation one may construct Z'P as formal series in the
topological string coupling constant ), identified with Planck’s constant 7 in the
quantisation of the moduli spaces of complex structures. However, it is not known
how to define Z'°P non-perturbatively in \.
On the other hand it was pointed out above that the instanton partition functions
are naturally interpreted as wave-functions in some effective zero mode quantum
mechanics to which the gauge theories in question can be reduced by the local-
isation method. It seems likely that the effective zero mode quantum mechanics
to which the gauge theories localise simply coincide with the quantum mechanics
obtained from the quantisation of the moduli spaces of complex structures which
appear in the geometric engineering of the gauge theories under considerations.
These moduli spaces are closely related to the moduli spaces of flat connections on
Riemann surfaces for the A; theories of class S. The quantisation of these moduli
spaces is understood for some range of values of €, e, [V:12]. Interpreting the
results obtained thereby in terms of (refined) topological string theory may give us
important insights on how to construct Z'P non-perturbatively, at least for many
local Calabi-Yau-manifolds.

4 What Is Going to Be Discussed in This Volume?

Let us now give an overview of the material covered in this volume.

Chapter “Families of N = 2 Field Theories” [V:2] by Gaiotto describes how large
families of field theories with N' = 2 supersymmetry can be described by means
of Lagrangian formulations, or by compactification from the six-dimensional theory
with (2, 0) supersymmetry on spaces of the form M* x C, with C being a Riemann
surface. The class of theories that can be obtained in this way is called class S. This
description allows us to relate key aspects of the four-dimensional physics of class
S theories to geometric structures on C.

The next chapter in our volume is titled “Hitchin Systems in N = 2 Field Theory”
by Neitzke [V:3]. The space of vacua of class S theories on R x S! can be identified
as the moduli space of solutions to the self-duality equations in two dimensions on
Riemann surfaces studied by Hitchin. This fact plays a fundamental role for recent
studies of the spectrum of BPS states in class S theories, and it is related to the
integrable structure underlying Seiberg-Witten theory of theories of class S. This
article reviews important aspects of the role of the Hitchin system for the infrared
physics of class S theories.

In Chapter “A Review on Instanton Counting and W-algebras” by Tachikawa
[V:4], it is explained how to compute the instanton partition functions. The results
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can be written as sums over bases for the equivariant cohomology of instanton moduli
spaces. The known results relating the symmetries of these spaces to the symmetries
of conformal field theory are reviewed.

Chapter “g-Deformed Matrix Models and the 2d/4d Correspondence” by
Maruyoshi [V:5] describes a very useful mathematical representation of the results
of the localisation computations as integrals having a form familiar from the study
of matrix models. Techniques from the study of matrix models can be employed to
extract important information on the instanton partition functions in various limits
and special cases.

Chapter “Localization for A/ = 2 Supersymmetric Gauge Theories in Four
Dimensions” by Pestun [V:6] describes the techniques necessary to apply the locali-
sation method to field theories on curved backgrounds like S*, and how some of the
results on partition functions outlined in Sect. 2.1 have been obtained.

Chapter “Line Operators in Supersymmetric Gauge Theories and the 2D-4D Rela-
tion” by Okuda [V:7] it is discussed how to use localisation techniques for the cal-
culation of expectation values of Wilson and 't Hooft line operators. The results
establish direct connections between supersymmetric line operators in gauge the-
ories and the Verlinde line operators known from conformal field theory. Similar
results can be used to strongly support connections to the quantum theories obtained
from the quantisation of the Hitchin moduli spaces.

Chapter “Surface Operators” by Gukov [V:8] discusses a very interesting class of
observables localised on surfaces that attracts steadily growing attention. In the cor-
respondence to conformal field theory some of these observables get related to a class
of fields in two dimensions called degenerate fields. These fields satisfy differential
equations that can be used to extract a lot of information on the correlation func-
tions. Understanding the origin of these differential equations within gauge theory
may help explaining the AGT-correspondence itself.

There are further interesting quantities probing aspect of the non-perturbative
physics of theories of class S. Chapter “The Superconformal Index of Theories of
Class S” by Rastelli and Razamat [V:9] reviews the superconformal index. It is often
simpler to calculate than instanton partition functions, but nevertheless allows one
to perform many nontrivial checks of conjectured dualities. It turns out to admit a
representation in terms of a new type of topological field theory associated to the
Riemann surfaces C parameterising the class S theories.

The correspondence between four-dimensional supersymmetric gauge theories
and two-dimensional conformal field theories discovered in [AGT] has a very inter-
esting relative, a correspondence between three-dimensional gauge theories and
three-dimensional Chern-Simons theories with complex gauge group. It is related
to the the correspondence of [AGT], but of interest in its own right. In order to see
relations with the AGT-correspondences one may consider four-dimensional field
theories of class S on half-spaces separated by three-dimensional defects. The par-
tition functions of the three-dimensional gauge theories on the defect turns out to
be calculable by means of localisation, and the results have a deep meaning within
conformal field theory or within the quantum theory of Hitchin moduli spaces. How
to apply the localisation method to (some of) the three-dimensional gauge theo-
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ries that appear in this correspondence is explained in the Chapter “A Review on
SUSY Gauge Theories on S*” by Hosomichi [V:10]. The correspondences between
three-dimensional gauge theories and three-dimensional Chern-Simons theory with
complex gauge group are the subject of Chapter “3D Superconformal Theories from
Three-Manifolds” by Dimofte [V:11].

Chapter “Supersymmetric Gauge Theories, Quantization of My,, and
Liouville Theory” by the author [V:12] describes an approach to understanding the
AGT-correspondence by establishing a triangle of relations between the zero mode
quantum mechanics obtained by localisation of class S theories, the quantum theory
obtained by quantisation of Hitchin moduli spaces, and conformal field theory. This
triangle offers an explanation for the relations discovered in [AGT].

Some aspects of the string-theoretical origin of these results are discussed in the
final chapters of our volume.

Chapter “Gauge/Vortex Duality and AGT” by Aganagic and Shakirov, [V:13],
describes one way to understand an important part of the AGT-correspondence in
terms of a triality between four-dimensional gauge theory, the two-dimensional the-
ory of its vortices, and conformal field theory. This triality is related to, and inspired
by known large N dualities of the topological string. It leads to a proof of some
cases of the AGT-correspondence, and most importantly, of a generalisation of this
correspondence to certain five-dimensional gauge theories.

Chapter “B-Model Approaches to Instanton Counting”, Krefl and Walcher [V:14]
discusses the relation between the instanton partition functions and the partition
function of the topological string from the perspective of the B-model. The instanton
partition functions provide solutions to the holomorphic anomaly equations charac-
terising the partition functions of the topological string.

5 What Is Missing?

This collection of articles can only review a small part of the exciting recent progress
on N = 2 supersymmetric field theories. Many important developments in this field
could not be covered here even if they are related to the material discussed in our
collection of articles in various ways. In the following we want to indicate some of
the developments that appear to have particularly close connections to the subjects
discussed in this volume.

5.1 BPS Spectrum, Moduli Spaces of Vacua
and Hitchin Systems

BPS states are states in the Hilbert space of a supersymmetric field theory which
are forming distinguished “small” representations of the supersymmetry algebra, a
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feature which excludes various ways of “mixing” with generic states of the spectrum
that would exist otherwise. Gaiotto, Moore and Neitzke have initiated a vast program
aimed at the study of the spectrum of BPS-states in the A" = 2 supersymmetric gauge
theories G¢ of class S [GMNI1, GMN2, GMN3], see the article [V:3] for a review of
some aspects. To this aim it has turned out to be useful to consider at intermediate
steps of the analysis a compactification of the theories G¢ to space-times of the form
R? x S'. The moduli space of vacua of the compactified theory is “twice as large”
compared to the one of G- on R*, and it can be identified with Hitchin’s moduli
space of solutions to the self-duality equations on Riemann surfaces [Hi].
The list of beautiful results that has been obtained along these lines includes:

e A new algorithm for computing the spectrum of BPS states which has a nontrivial,
but piecewise constant dependence on the point on the Coulomb-branch of the
moduli space of vacua of G- on R*. The spectrum of BPS states may change along
certain “walls” in the moduli space of vacua. Knowing the spectrum on one side
of the wall one may compute how it looks like on the other side using the so-
called wall-crossing formulae. Similar formulae were first proposed in the work
of Kontsevich and Soibelman on Donaldson-Thomas invariants.

e Considering the gauge theory G- compactified on R? x S! one may study natural
line operators including supersymmetric versions of the Wilson- or "t Hooft loop
observables. Such observables can be constructed using either the fields of the UV
Lagrangian, or alternatively those of a Wilsonian IR effective action. The vacuum
expectation values of such line operators furnish coordinates on the moduli space
M of vacua of G on R3 x S! which turn out to coincide with natural sets of
coordinates for Hitchin’s moduli spaces. The coordinates associated to observables
defined in the IR reveal the structure of Hitchin’s moduli spaces as a cluster algebra,
closely related to the phenomenon of wall-crossing in the spectrum of BPS-states.
Considering the observables constructed from the fields in the UV-Lagrangian one
gets coordinates describing the Hitchin moduli spaces as algebraic varieties. The
relation between these sets of coordinates is the renormalisation group (RG) flow,
here protected by supersymmetry, and therefore sometimes calculable [GMN?3].

Even if the main focus of this direction of research is the spectrum of BPS-states, it
turns out to deeply related to the relations discovered in [AGT], as is briefly discussed
in [V:12].

5.2 Relations to Integrable Models

It has been observed some time ago that the description of the prepotentials charac-
terising the low-energy physics of A/ = 2 supersymmetric field theories provided
by Seiberg-Witten theory is closely connected to the mathematics of integrable sys-
tems [GKMMM, MW, DW]. There are arguments indicating that such relations to
integrable models are generic consequences of A/ = 2 supersymmetry: A = 2 super-
symmetry implies that the Coulomb branch of vacua carries a geometric structure
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called special geometry. Under certain integrality conditions related to the quantisa-
tion of electric and magnetic charges of BPS states one may canonically construct an
integrable system in action-angle variables from the data characterising the special
geometry of the Coulomb branch [Fr].

The connections between four-dimensional field theories with A/ = 2-
supersymmetry and integrable models have been amplified enormously in a recent
series of papers starting with [NSc].!' It was observed that a partial Omega-
deformation of many A/ = 2 field theories localised only on one of the half-planes
spanning R* is related to the quantum integrable model obtained by quantising the
classical integrable model related to Seiberg-Witten theory. The Omega-deformation
effectively localises the fluctuations to the origin of the half plane. This can be used to
argue that the low-energy physics can be effectively represented by a two-dimensional
theory with (2, 2)-supersymmetry [NSc] living on the half-plane in R* orthogonal
to the support of the Omega-deformation. The supersymmetric vacua of the four-
dimensional theory are determined by the twisted superpotential of the effective
two-dimensional theory which can be calculated by taking the relevant limit of the
instanton partition functions. This was used in [NSc] to argue that the supersym-
metric vacua are in one-to-one correspondence with the eigenstates of the quantum
integrable model obtained by quantising the integrable model corresponding to the
Seiberg-Witten theory of the four-dimensional gauge theory under consideration.

This line of thought has not only lead to many new exact results on large families
of four-dimensional N' = 2 gauge theories [NRS, NP, NPS], it has also created a
new paradigm for the solution of algebraically integrable models. More specifically

e For gauge theories G¢ of class S an elegant description for the two-dimensional
superpotential characterising the low-energy physics in the presence of a partial
Omega-deformation was given in [NRS] in terms of the mathematics of certain
flat connections called opers living on the Riemann C specifying the gauge theory
Gc.

e In [NP] the instanton calculus was generalised to a large class of N' = 2 gauge
theories Gr parameterised by certain diagrams I" called quivers. A generalisation
of the techniques from [NOO3] allowed the authors to determine Seiberg-Witten
type descriptions of the low-energy physics for all these theories, and to identify the
integrable models whose solution theory allows one to calculate the corresponding
prepotentials.

e The subsequent work [NPS] generalised the results of [NP] to the cases where
one has a one-parametric Omega-deformation preserving two-dimensional super-
symmetry. The results of [NPS] imply a general correspondence between certain
supersymmetric observables and the generating functions of conserved quanti-
ties in the models obtained by quantising the integrable models describing the
generalisations of Seiberg-Witten-theory relevant for the gauge theories Gr.

I'This paper is part of a program initiated in [NSa, NSb] investigating even more general connections
between field theories with A/ = 2-supersymmetry and integrable models.
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The relations between these developments and the relations discovered in [AGT]
deserve further studies. One of the existing relations for A;-theories of class &
is briefly discussed in the article [V:12]. These results suggest that the AGT-
correspondence and many related developments can ultimately be understood as
consequences of the integrable structure in A/ = 2 supersymmetric field theories.
This point of view is also supported by the relations between the quantisation of
Hitchin moduli spaces and conformal field theory described in [Te10].

5.3 Other Approaches to the AGT-Correspondence

In this special volume we collect some of the basic results related to the AGT-
correspondence. The family of results on this subject is rapidly growing, and many
important developments have occurred during the preparation of this volume. The
approaches to proving or deriving the AGT-correspondences and some generalisa-
tions include

e Representation-theoretic proofs [AFLT, FL, BBFLT] that W-algebra conformal
blocks can be represented in terms of instanton partition functions. This boils down
to proving existence of a basis for W-algebra modules in which the matrix elements
of chiral vertex operators coincide with the so-called bifundamental contributions
representing the main building blocks of instanton partition functions.

e Another approach [MMS, MS] establishes relations between the series expan-
sions for the instanton partition functions and the expressions provided by the free
field representation for the conformal blocks developed by Feigin and Fuchs, and
Dotsenko and Fateev.

e Mathematical proofs [SchV, MaOk, BFN] that the cohomology of instanton mod-
uli spaces naturally carries a structure as a W-algebra module. This leads to a proof
of the versions of the AGT-correspondence relevant for pure A/ = 2 supersymmet-
ric gauge theories for all gauge groups of type A, D or E. The instanton partition
functions get related to norms of Whittaker vectors in modules of W-algebras in
these cases. For a physical explanation of this fact see [Tan]. Some aspects of this
approach are described in [V:4].

e Physical arguments leading to the conclusion that the six-dimensional (2, 0)-
theory on certain compact four-manifolds or on four-manifolds M* with Omega-
deformation can effectively be represented in terms of two-dimensional conformal
field theory [Y12, CJ14], or as a (2, 2)-supersymmetric sigma model with Hitchin
target space [NW].

e Considerations of the geometric engineering of supersymmetric gauge theories
within string theory have led to the suggestion that the instanton partition func-
tions of the gauge theories from class S should be related to the partition functions
of chiral free fermion theories on suitable Riemann surfaces [N], see [ADKMYV,
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DHSV, DHS] for related developments.'? It was proposed in [CNO] that the rele-
vant theory of chiral free fermions is defined on the Riemann surface C specifying
the gauge theories G¢ of class S. These relations were called BPS-CFT correspon-
dence in [CNO]. A mathematical link between BPS-CFT correspondence and the
AGT-correspondence was exhibited in [ILTe].

5.4 Less Supersymmetry

A very interesting direction of possible future research concerns possible generali-
sations of the results discussed here to theories with less (N = 1) supersymmetry.
Recent progress in this direction includes descriptions of the moduli spaces of vacua
resembling the one provided by Seiberg-Witten theory for field theories with A/ = 2
supersymmetry.

The rapid growth of the number of publications on this direction of research makes
it difficult to offer a representative yet concise list of references on this subject here.
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Families of N = 2 Field Theories

Davide Gaiotto

The main actors of this review are four-dimensional field theories with N' = 2
supersymmetry. There are three well-understood ways to build large classes of N = 2
field theories':

e Standard four-dimensional Lagrangian formulation

e Twisted compactification of a six-dimensional (2, 0) SCFT (“class S§”)

e Field theory limit of string theory on a Calabi-Yau singularity (“geometric engi-
neering”’)

These three classes of constructions have large overlaps. Most four-dimensional
Lagrangians can be engineered in the class S, and all can be engineered through
some Calabi Yau geometry. Class S theories can be further lifted to Calabi Yau
compactifications involving a curve of ADE singularities. Conversely, only a minority
of N = 2 field theories admits a direct four-dimensional Lagrangian description.
Different UV realizations of the same theory may be better suited to answer
specific questions. The six-dimensional or string-theoretic descriptions of a theory
can be very powerful for computing properties which are somewhat protected by
supersymmetry. On the other hand, some properties, symmetries and probes of a
four-dimensional field theory may simply not be inherited from a specific UV defin-
ition of the theory. Simple four-dimensional field theory constructions may be hard
to lift to six dimensional field theory, and even harder to embed in string theory,
where every modification of the theory must involve a dynamical configuration of
supergravity fields and D-branes which solves the equations of motion. A reader

It is also possible to define four-dimensional A” = 2 field theories from a circle compactifi-
cation of a NV = 1 5d SCFT, or a torus compactification of a six-dimensional (1, 0) SCFT. We
are not aware of four-dimensional A" = 2 field theories which can only be built that way.
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of this special volume will have several occasions to appreciate the power of these
alternative approaches.

This chapter of the review is intended essentially as a reading guide. We refer the
reader to the original references and many excellent reviews available to learn the
basic properties of A = 2 field theories. We do not feel we can improve significantly
on that available material. We will try to present a global overview of more recent
developments.

1 Lagrangian Theories

The requirements of ' = 2 supersymmetry and renormalizability impose very
strong constraints on the possible couplings in a Lagrangian [1]. We will assume
the reader has some familiarity with the construction of ' = 1 supersymmetric
Lagrangians. Already for an A/ = 1 theory most of the freedom would lies in the
choice of superpotential for the theory. Requiring the presence of N' = 2 super-
symmetry fixes the form of the superpotential. As a result, the possible N' = 2
renormalizable Lagrangians are labelled by a choice of gauge group and of the rep-
resentations the matter fields sit in.

The gauge fields belong to vectormultiplets, which decompose into a N/ = 1
gauge multiplet and an adjoint chiral multiplet ¢. The simplest Lagrangian N' = 2
theories are pure gauge theories. The chiral multiplet ¢ has no superpotential, and
the only free parameter in the Lagrangian is the complexified gauge coupling

47i 0
r=— 4 = (1)
gy m2 27

The beta functions for the gauge couplings are one-loop exact, and non-Abelian
theories are asymptotically free. Abelian gauge groups coupled to matter, on the
other hand, are IR free and have a Landau pole. The can only appear in effective
theories.

The vectormultiplet kinetic terms can be written as an integral over chiral N = 2
superspace: we can assemble the vectormultiplet into a chiral superfield

OO) =+ @

depending on two sets of chiral superspace variables 6! and Oi. Then the standard
kinetic terms take the form

ﬁkinelic = T/ d49Tr<Dz +c.c. (3)

A more general choice of kinetic term can be described by a local gauge-invariant
holomorphic pre-potential F (), as
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£kinetic = T/d49.7:(q)) 4+ c.c. (4)

This kind of expression can capture, say, the two-derivative part of a low-energy
effective action.

Matter fields can be added in the form of hypermultiplets, which in an N' = 1
language can be decomposed to a set of chiral multiplets g¢ sitting in a pseudo-real
representation of the overall symmetry group, which is the product of the gauge group
and possible flavor groups. A renormalizable A/ = 2 Lagrangian can be written in
N = 1 superspace in a standard way, with a superpotential

Wa= = Tro (q“tahqb) +TrM (q“taqub) 5)

Here t,;, are the gauge symmetry generators (they are symmetric, as the repre-
sentation is pseudoreal) and tf,, are the flavor symmetry generators. We will use the
notation “hypermultiplets in representation R” to indicate a set of chiral fields in the
representation R ® R. A set of chiral multiplets in a pseudoreal representation R will
be denoted as a “half-hypermultiplet in representation R”. In some cases, discrete
anomalies prevent half-hypermultiplets from appearing alone.

The complex mass parameters M live in the adjoint of the flavor group. They must
be normal, [M, MT] = 0, and can be thought as elements of the Cartan sub algebra
of the flavor group.

Thus the only parameters of standard UV complete Lagrangian N = 2 theories
are the gauge couplings and the complex mass parameters.’

The matter representation is limited by the requirement of asymptotic freedom (or
conformality). The beta functions for the gauge couplings are one-loop exact, and
receive a positive contribution from every matter field. The limitation of asymptotic
freedom allows a systematic classification of all possible Lagrangian N = 2 gauge
theories. The full classification and a very nice set of references can be found at [2].

The simplest ' = 2 Lagrangian theories with matter are SU (N) gauge theories
coupled to fundamental hypermultiplets, i.e. N' = 2 SQCD, or to a single adjoint
hypermultiplet, i.e. N' = 4 SYM (which is denoted as N' = 2* when the complex
mass for the adjoint hypermultiplet is turned on). The beta function for the latter
theory vanishes, and the gauge coupling is exactly marginal. For the former theory,
the beta function vanishes if the number of flavors is twice the number of colors, i.e.
Ny =2N.

A larger class of examples are quiver gauge theories, built from [, SU(N,)
gauge theories coupled to fundamental and bi-fundamental hypermultiplets. The
constraint on the number of flavors implies that twice the rank of the gauge group

2If Abelian gauge groups are present, one could turn on an FI parameter, which breaks explicitly
SU (2)g. As Abelian groups coupled to matter have Landau poles, and if an FI parameter is absent
in the UV it cannot appear in the IR, they will rarely play a role in this review. A notable exception
is the theory of BPS vortices, which can only occur in the presence of an FI parameter.



34 D. Gaiotto

at any given node must be bigger than the sum of the ranks at adjacent nodes.
This is only possible if the quiver takes the form of a Dynkin diagram or, in the
absence of fundamental matter, an affine Dynkin diagram. These theories will have
two sets of flavor symmetries. Each bifundamental hypermultiplet (and symmetric
or anti-symmetric hypers) is rotated by a U (1) flavor symmetry. Each group of M;
fundamentals at the i-th node is rotated by an U (M;) flavor group.

Many more possibilities exist if we add matter in other representations, and look at
more general choices of gauge groups. A possibility which will be important later is to
consider SU (2)" gauge theories coupled to fundamental, bi-fundamental and (half)-
trifundamental hypermultiplets. Tri-fundamental hypermultiplets are only allowed
by renormalizability for three SU (2) gauge groups, and their existence allows one to
build intricate SU (2)" Lagrangian theories labelled by an arbitrary trivalent graph.
This is not possible for other gauge groups.

The low-energy dynamics of A/ = 2 gauge theories is very rich, and mostly
hidden in a UV Lagrangian formulation. Many interesting quantities, even pro-
tected by supersymmetry and holomorphicity, receive crucial perturbative and non-
perturbative corrections. Initially, the low energy dynamics was understood on a case-
by-case basis from a careful analysis of the holomorphicity properties of the N = 2
supersymmetric low-energy effective Lagrangian, starting from simple SU (2) gauge
theories [3, 4].

More systematically, many interesting results for very general quiver gauge the-
ories can be computed by localization methods, with the help of the so-called €2-
deformation of N' = 2 gauge theories. We refer to [5] for a general analysis and
references. Ultimately, as the our mathematical understanding of localization and
of the geometry of instanton moduli spaces improves, we may hope to extend such
calculations to all Lagrangian N = 2 theories.

Animportant alternative approach is based on string theory dualities. Many N = 2
Lagrangian field theories can be engineered by brane systems and then mapped
through dualities to configurations in M-theory [6] (but not for E and E -type quivers)
and IIB geometric engineering (all quivers) [7]. The power of this approach lies in
non-renormalization theorems which allow many protected quantities to be computed
classically in the M-theory or IIB descriptions.

These constructions can be thought as providing maps which embeds (most) of
the A/ = 2 Lagrangian theories into larger classes of N' = 2 quantum field theories,
which are constructed through M-theory or IIB setups which equip each theory
with a simple geometric description of its low-energy dynamics, but possibly not a
straightforward four-dimensional field-theoretic UV description. These are the other
two classes of N' = 2 theories mentioned in the introduction.

Before exploring these classes of theories, it is useful to discuss some general
properties of N' = 2 theories, abstracting from the possible existence of a Lagrangian
description.
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2 General Properties of A = 2 Field Theories

Most of the facts collected in this section are easily demonstrated for Lagrangian field
theories, but appear to be true for all A" = 2 UV complete quantum field theories. It
is likely that they could be established in full generality by an accurate analysis of
the N/ = 2 tensor and conserved current supermultiplets.

The first general property is the existence of an SU (2) g R-symmetry. The N' = 2
SUSY algebra is compatible with an SU(2)g x U(1), R-symmetry group. Both
factors appear as part of the N = 2 superconformal group, and thus are always sym-
metries of N = 2 SCFTs. The U (1), is broken/anomalous for all asymptotically free
or mass-deformed theories, as the breaking of the conformal and U (1), symmetries
are tied together by supersymmetry.

In a Lagrangian theory, the hypermultiplet scalars sit in a doublet of SU (2)g. In
appropriate conventions, the top component of the doublets are A" = 1 chiral fields,
the bottom are A/ = 1 anti-chiral fields. The vectormultiplet scalars, on the other
hand, are charged under U (1),. These fields are special examples of two important
classes of protected operators: Coulomb branch operators and Higgs branch opera-
tors. These two classes of operators control both the parameter spaces of deforma-
tions and moduli spaces of vacua preserving A = 2 supersymmetry. The geometry
of these spaces is rich and plays a central role throughout this volume.

Coulomb branch operators are operators annihilated by all anti-chiral super-
charges: they are chiral operators for every A = 1 sub algebra of the theory. They
never belong to non-trivial SU (2) g representations. In a SCFT they carry an U (1),
charge proportional to their scaling dimension. The Coulomb branch operators in a
Lagrangian theory are holomorphic gauge-invariant polynomials of the vector mul-
tiplet scalar fields. For example, if we have some SU(N) gauge fields with scalar
super partner ¢, the traces Tr¢" are all Coulomb branch operators.

A general N' = 2 may include many more Coulomb branch operators, not asso-
ciated to weakly-coupled gauge fields. As long as their scaling dimension is smaller
or equal to 2, they will be associated to more general deformation parameters c; of
the theory, written in chiral superspace as

Sc; / d*00o’ (6)

involving the appropriate super-partner Q*O' of the Coulomb branch operators O,

The second class of deformations, complex masses, is also tied to vectormulti-
plets, but rather than being a coupling in a vectormultiplet Lagrangian, they are vevs
of a background, non-dynamical vectormultiplet scalar fields. More precisely, if the
theory has a continuous flavor symmetry, with Lie algebra g, we can couple it to a
non-dynamical background vectormultiplet valued in g. A complex mass deforma-
tion is introduced by turning on a vev M for the complex scalar in the background
vectormultiplet, such that [M, M"] = 0. Up to a flavor symmetry transformation,
we can take M to be valued in the complexified Cartan sub-algebra of g.
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At the level of the Lagrangian, the leading order effect of a complex mass is to
add a coupling to a super partner . of a conserved flavor current J¢

SM,d*0" s, + c.c. (7)

The + refers to one component of a SU (2) g doublet index. Indeed, conserved cur-
rents sit in a special supermultiplet which includes an SU (2) g triplet of moment map
operators (1 .

Moment map operators are the typical example of a Higgs branch operator: oper-

ators which sit in non-trivial SU (2) representations of spin n/2, Oy, 4,...4,, and
satisfy a shortening condition [8].
004, Omayay =0 00 Oaaya,y =0 ®)

They never carry an U (1), charge.

2.1 Parameter Spaces of Vacua and S-Dualities

As the beta functions of gauge couplings are one-loop exact, it is easy to construct
conformal invariant Lagrangian N = 2 field theories by tuning the total amount of
matter appropriately. These Lagrangian theories will thus have a parameter space of
exactly marginal deformations parameterized by the complexified gauge couplings.
Although many isolated, strongly-coupled A/ = 2 SCFTs exist, there are also large
classes of non-Lagrangian A/ = 2 SCFTs with spaces of exactly marginal deforma-
tions. Many examples can be defined by coupling standard non-Abelian gauge fields
to the flavor symmetry currents of non-Lagrangian isolated A" = 2 SCFTs in such a
way that the gauge coupling beta function vanishes.

The space of exactly marginal deformations of an N' = 2 SCFT is a complex
manifold, and several protected quantities are locally holomorphic functions on the
space of deformations.? Thus a side payoff of exact calculations, done by localiza-
tion or M-theory/IIB engineering, is a characterization of the complex manifold of
marginal couplings.

The results, even for Lagrangian theories, are rather counter-intuitive. Naively,
the space of couplings for a Lagrangian theory should consist of a product of several
copies of the upper half plane, each parameterized by a complexified gauge coupling
7,. More precisely, as the gauge theory is invariant under 7 — 7 + 1, one can
parameterize the space by the instanton factors ¢, = exp27wi7,. (This is a good
choice in asymptotically free theories as well, where g, becomes a dimensionful
coupling.)

3We would like to point out that a general analysis of the geometric properties of the space of exactly
marginal deformations of N' = 2 SCFTs seems to be missing from the literature.
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At weak coupling, protected quantities can be expanded in power series in the
qa, typically convergent in the naive physical range |q,| < 1. Surprisingly, with the
exception of N/ = 4 SYM, the geometry of parameter space is strongly modified
at strong coupling, and |g,| = 1 is not a boundary anymore: the theory can be
analytically continued beyond |g,| = 1 into a complicated moduli space.

In all known examples, as soon as we move far enough from the original weakly
coupled region new dual descriptions of the theory emerge, possibly involving rad-
ically different degrees of freedom. Typically, the new descriptions involve weakly
coupled gauge fields interacting with intrinsically strongly-coupled matter theories
described by isolated N' = 2 SCFTs. Only in some cases we find again weakly-
coupled Lagrangian theories.

The generic moniker for this type of situation, where seemingly different theories
are related by analytic continuation in the space of gauge couplings, is S-duality. The
canonical example of S-duality occurs in N/ = 4 SYM [9, 10]: as one approaches
the |¢| = 1 boundary, new dual descriptions emerge involving magnetic monopoles
or dyons which reassemble themselves into weakly coupled N' = 4 gauge fields
with the same gauge group of the original theory, or its Langlands dual group. In
that case, every description covers the whole parameter space, and the couplings are
related by SL(2, Z) transformations of the form

_m-—}—b
T er+d

/

€))

which map the upper half plane back to itself.

The Ny = 2N SQCD already offers a more general situation: the full parameter
space can be described by allowing ¢ to reach arbitrary values. At very large g we
have a dual Ny = 2N SQCD description, with coupling ¢’ = 1/q. Atg ~ 1 we have
a non-Lagrangian dual description, with an SU(2) weakly coupled gauge field of
coupling ¢” ~ 1 — ¢, coupled to a fundamental hyper and to an isolated SCFT with
SU(2) x SU(Ny) flavor symmetry [11, 12]. Similar statements hold more general
Lagrangian theories. The possible S-dual descriptions of Lagrangian theories which
can be mapped to class S are well understood. Other examples, such as the quiver
theories in the shape of an E-type Dynkin diagram, do not appear to have been
explored systematically.

There is a neat class of examples of theories with the property that all S-dual
descriptions are Lagrangian. This will be our introduction into the class S theories.
The starting point is the observation that for SU (2) Ny = 4 SQCD all three S-duality
frames, around ¢ = 0, g = 00, ¢ = 1, are described by a SU(2) Ny = 4 SQCD
Lagrangian. As the SU (2) fundamental representation is pseudoreal, the flavor group
isreally SO(8), and the three S-dual descriptions are related by a triality operation of
the flavor group: if the quarks in the ¢ ~ 0 description sit in the vector representation
8,, the quarks in the ¢ ~ oo description sit in the chiral spinor representation 8; and
the quarks in the ¢ ~ 1 description sit in the anti-chiral spinor representation 8,.

This beautiful result, originally found in [4], has far reaching consequences. As
we mentioned before, the existence of a trifundamental half-hypermultiplet for three
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SU(2) groups allows the construction of a large class of SU(2)* Lagrangian field
theories, with SU(2) gauge groups only [12]. Each gauge group can be coupled to
at most two trifundamental blocks, and will be conformal if coupled exactly to two.
Thus we can associate such a superconformal field theory to each trivalent graph,
with an SU (2) gauge group for every internal edge and an SU (2) flavor group for
each external edge.

Two trinions coupled to the same SU (2) essentially consist of four fundamental
flavors for that group. A group coupled to two legs of the same trinion, instead,
looks like an SU(2) N = 4. Thus if we start from a frame where all couplings are
weak, and make a single coupling strong, we can apply one of the two basic S-duality
operations to that group, and reach a new S-dual description of the whole theory. The
new description is again an SU (2)* theory, but it is associated to a possibly different
trivalent graph. Ultimately, all the theories associated to graphs with n external edges
and g loops must belong to the same moduli space of exactly marginal deformations,
represent distinct S-dual descriptions of the same underlying SCFT labelled by n
and g.

This will be the most basic example of class S theories. Furthermore, these are
the only S-duality frames for these theory. The parameter space of gauge couplings
of these theories will be identified to the moduli space of complex structures for
a Riemann surface of genus g with n punctures. Each Lagrangian description is
associated to a pair of pants decomposition of the Riemann surface, with the couplings
q, identified with the sewing parameters for the surface. The basic S-dualities of
individual SU (2) gauge groups represent basic moves relating different pair of pants
decompositions.

2.2 Moduli Spaces of Vacua

Generically, the moduli space of A/ = 2 supersymmetric vacua consist of the union
of several branches, each factorized into a “Coulomb branch factor” and a “Higgs
branch factor”. A Coulomb branch factor is parameterized by the vevs u; of Coulomb
branch operators O'. A Higgs branch factor is an hyper-Kihler cone parameterized
by the vevs of Higgs branch operators. See [13] and references therein for more
details.

It is useful to observe that the hyper-Kéhler geometry of the Higgs factors does
not depend on the couplings. It can thus be usefully computed in convenient corner
of parameter space, such as a corner where the theory is weakly coupled. Flavour
symmetries act as (tri-holomorphic) isometries on the Higgs branch, and the corre-
sponding mass parameters force the theory to live at fixed points of the corresponding
isometries. Often, turning on generic complex masses completely suppresses Higgs
branch moduli.

Usually an N = 2 theory has a pure Coulomb branch of vacua, where all Higgs
branch operators have zero vet and SU (2) g is unbroken. We will refer to this branch
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simply as the Coulomb branch C of the theory. At special complex singular loci C,,
new branches may open up, of the form C, x H,, for some Higgs factors H,,.

At low energy on the Coulomb branch, the only massless degrees of freedom
are scalar fields which parameterize motion along the Coulomb branch, which sit in
Abelian vectormultiplets. Thus the low-energy description of physics on the Coulomb
branch involves a U (1)" gauge theory, where the rank r is the complex dimension of
the Coulomb branch. Supersymmetry implies a close interplay between the couplings
of the low energy gauge theory and the geometry of the Coulomb branch. This is the
main subject of the next section.

The supersymmetry algebra in a sector with Abelian (electric, magnetic and
flavour) charges v admits a central charge function Z.,, linear in vy [14]. Schematically,

[0,0]1=7Z [0,0]1=P [0,0]1=2Z (10)

This implies that charged particles are generically massive, with mass above the BPS
bound |Z, | [15, 16], and can be integrated out at sufficiently low energy at least at
generic points in the Coulomb branch.*

Particles which saturate the BPS bounds are called BPS particles. They will play
an important role in understanding the low energy physics of N' = 2 quantum field
theories.

2.3 Seiberg-Witten Theory

The low energy dynamics in the Coulomb branch is the subject of Seiberg-Witten
theory. The study of the Coulomb branch dynamics was initiated in [3, 4]. See also
e.g. [17-19] for reviews of the subject. The central charge function for a charge
vector v including an electric charge ~,, a magnetic charge ~,, and a flavour charge
vy takes the form

ZV:a"76+aD"7m+m'7f (11)

The r complex fields a’ are the super partners of gauge fields. They give a special
local coordinate system, where the metric coincides with the imaginary part Im7; ; of
the complexified gauge couplings, which can be packaged locally in an holomorphic
prepotential F:

PF

= Paloal (12)

40f course, there could be a separate massless sector which carries no gauge charges. This will
happen in theories where the Higgs branch is not fully suppressed at generic points in the Coulomb
branch.
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The dual fields a? are also given in terms of the prepotential

oF
OaP
and of course 7;; = S
The prepotential depends generally on the gauge couplings and mass parameters
of the theory. The following relation, valid at fixed masses, is often useful to control
the dependence on the couplings:

da' /\da,D =du' Adc (14)

Here u' is the vev of the Coulomb branch operator dual to ¢;.

The low energy description is covariant under electric-magnetic dualities. An
electric-magnetic duality transformation rotates the gauge charges by an integer-
valued linear transformation which preserves the symplectic pairing

Y =Y Yo = Vg Ve (15)

The action on the gauge couplings is simply encoded by an inverse rotation of (a, a?),
so that the central charge remains invariant. It is also useful to add to the duality
group redefinitions of the flavour currents by multiples of the gauge currents. These
transformations shift v, by multiples of -, and +,, and correspondingly shift a and
a” by multiples of the mass parameters. We will often denote the set of (a, a”) as
“periods”, for reasons which will become clear soon.

The crucial insight of Seiberg and Witten is to realize that there is no electric-
magnetic duality frame which is globally well-defined over the Coulomb branch.
Rather, if we continuously vary the Coulomb branch parameters along a closed path
which winds around singular loci in the Coulomb branch, we may come back to
an electric-magnetic dual description of the original physics. Thus the (a, ap) are
multivalued functions of the Coulomb branch parameters u'. It is useful to describe
the multi-valuedness in terms of the global structure of the charge lattice I': the charge
lattice forms a local system of lattices over the Coulomb branch, with monodromies
which preserve the simplectic pairing and the sublattice I y of pure flavour charges.
The central charge is a globally defined linear map from I" to the complex numbers.

The singularities of the Coulomb branch must be loci where additional light
degrees of freedom appear. In particular, they must be loci where the central charge
of some BPS particle goes to zero, as only BPS particles can modify the geometry
of the Coulomb branch through loop effects. The extra degrees of freedom must
assemble themselves into an infrared free or conformal effective description of the
low energy theory. If a Higgs branch opens up at the locus, it must be possible to
describe it in terms of the low energy degrees of freedom.

A typical example is a codimension one singularity at which a single BPS hyper-
multiplet becomes massless. Without loss of generality, we can go in a duality frame
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where the BPS hypermultiplet is electrically charged. This is an infrared free setup:
the BPS hypermultiplet of charge v makes the IR gauge coupling run at one loop as

I
Try ~ —Vivs5—loga -~y (16)
27

The behaviour of the magnetic central charges

i
af~—71§a-'yloga~7 17

shows the monodromy of the central charge, and thus of the charge lattice:

ap = al +via-y  qf — 4§ —apviv (18)

In a generic duality frame, we can write the monodromy as

q—>q—A{q, 7Y (19)

In general, singular loci where a collection of light, IR free electrically charged
BPS hypermultiplets appear will be associated to parabolic monodromies similar
to (19). If a sufficiently large number of light particles are present, a Higgs branch
may open up, described by the vev of the corresponding hypermultiplet fields.

Singular loci where the IR description involves a non-trivial superconformal field
theory are associated to more general monodromies. We expect several periods to go
to zero at a superconformal points, scaling as interesting, possibly fractional powers
of the Coulomb branch coordinates u’. Thus the monodromies will be in general
elliptic. We are not aware of any example which involves hyperbolic monodromies.
Interesting superconformal fixed points often arise from the collision/intersection
of two or more simple singularities. The collision/intersection of singularities where
mutually non-local particles such as an electron and a monopole become light usually
produces IR superconformal field theories of the Argyres-Douglas type [20, 21].

A typical example is the collision of a point where one monopole of charge 1 is
massless, and one point where ny particles of electric charge 1 become massless.
The combined monodromy is

a—>a+ap— (1 —nys)a+ap ap — ap — —nga+ap (20)

and has trace 2 — ny. Forny = 1, 2, 3 the monodromy is elliptic, and we obtain an
Argyres-Douglas theory which possesses an SU (n ) flavor symmetry rotating the
electrically charged particles among themselves.

The interplay between the monodromies of the charge lattice and the spectrum of
BPS particles is rather interesting, and is made more intricate by the phenomenon
of wall-crossing. General BPS particles belong to supermultiplets which can be
described as a (half) hypermultiplet tensored with a spin j representation of the
Lorentz group. The one-loop contributions from a BPS particle of generic spin j
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will be proportional to 2; = (—=1)*(2j + 1). The sum of 2 over all BPS particles
with a given charge + is a protected index, which may jump only if the single particle
states mix with a continuum of multi particle states Generically, the mass |Z,| is
larger than the mass of constituents of different charge |Z./| + |Z,_./| and the index
is protected. At walls of marginal stability, where the central charges of particles of
different charges align, the index can jump. The jumps in the index are controlled by
a specific wall-crossing formula due to Kontsevich and Soibelman [22].

2.4 Seiberg-Witten Curves

There is a tension between two properties of the matrix of gauge couplings 7;;: it
is locally holomorphic in the Coulomb branch parameters u’, and it has a positive-
definite imaginary part. In the absence of intricate monodromies, these properties
would actually be incompatible with each other. There is a rather different mathemat-
ical problem where a matrix with very similar properties appear: the period matrix
of a family of Riemann surfaces. Given a Riemann surface, a set of A cycles o/ and
dual B cycles 3;, with

adna’=0 onp,=8 BNB =0 (21)

the period matrix 77, is computed from the contour integrals of holomorphic differ-
entials w; on 3,, normalized so that the contour integral on o’ is § IJ .

The period matrix has positive definite imaginary part. If we have a holomorphic
family of Riemann surfaces, it will depend holomorphically on the parameters, with
appropriate monodromies around loci where the Riemann surface degenerates. Fur-
thermore, if we are given a meromorphic form A on the Riemann surface, such that
the variations of A\ along the family are holomorphic differentials, the periods of A
along o/ and (; will behave in the same way as the periods a’, aP. More generally,
the homology lattice of the Riemann surface behave like the lattice of charges in a
gauge theory, with the intersection of cycles playing the role of the (, ) pairing on the
charge lattice and the period of A on a cycle y playing the role of the central charge
Z.,. The monodromies around simple degeneration points, where a single cycle «
contracts, take exactly the form (19), and the behaviour of the period matrix is pre-
cisely (16). If A has poles on the Riemann surface, the periods of lambda depend on
the homology of the Riemann surface punctured at the poles, and the residues of A
behave like mass parameters.

Originally, this analogy was used by Seiberg and Witten as a simple computational
tool to describe their solution for the low energy dynamics of SU (2) gauge theories
with various choices of matter. These theories have a one-dimensional Coulomb
branch, and the solution was described by simple families of elliptic curves. A priori,
there was no reason to believe this tool would be useful for theories with a higher-
dimensional Coulomb branch: most matrices 7;; with positive definite imaginary
part are not period matrices of a Riemann surface, because the dimension 3g — 3 of
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moduli space of Riemann surfaces of genus g is much smaller than the dimension of
the space of 2g x 2¢g symmetric matrices.

Surprisingly, the great majority of known A = 2 field theories do admit a low-
energy description in terms of a Seiberg-Witten curve equipped with an appropriate
differential. For many Lagrangian field theories, this fact can be verified through
hard localization calculations (see [5] for the broadest possible result, and refer-
ences therein for previous work).> For class S theories, it follows directly from the
properties of the six-dimensional SCFTs. For theories defined by Calabi-Yau com-
pactifications, the situation is less clear. Almost by construction, the low energy
physics can be described by periods of the holomorphic three-form on the Calabi-
Yau. It is not always obvious if this can be recast in terms of periods of a differential
on a Riemann surface.

We record a useful relation which allows one to associate the UV couplings of
Seiberg-Witten theories to the corresponding Coulomb branch operators

Su' Ade; = dal A (5a,D = / SA NI (22)
)

This is derived through the Riemann bilinear identity.

2.5 The Coulomb Branch of Lagrangian Gauge Theories

In a pure N = 2 gauge theory, the D-term equations for the non-Abelian scalar fields
® take the form

(@, ®']1=0 (23)

Classically, the theory has a family of (A" = 2) supersymmetric vacua characterized
by a generic complex vev of ® belonging to some Cartan sub algebra of the gauge
group. If the vev is generic, it Higgses the gauge group down to an Abelian sub-
group U (1)", where r is the rank of the group. The off-diagonal components of the
vectormultiplet become massive and can be integrated out at low energy.

The same analysis typically holds for theories with matter: a generic Coulomb
branch vev suppresses the vevs of hypermultiplets.

@ tapg” +M-thg" =0 (24)

The Coulomb branch survives quantum-mechanically, but the geometry of the
Coulomb branch receives important one-loop and instanton corrections. At very
weak coupling, the electric periods can be identified with eigenvalues a; of ®. The
magnetic periods are derived from the perturbative pre potential, which only receives
tree level and one-loop contributions from the massive W-bosons and hypermultiplets

3 It may also be justified through considerations based on surface defects [23].
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7= %"Z”L; 217(“'6)2104%“"3_( Z,; Rﬁ(“'w+m~wf)2log(a-w+m-wf)
eeA w,w/)e

(25)

We sum over the positive roots e and the weights for the gauge and flavor represen-
tation.

Seiberg and Witten [3] observed that this cannot be the end of the story: because
of asymptotic freedom, the coefficient of the logarithms makes the gauge couplings
negative definite near the locus where a W-boson becomes naively massless. The pre-
potential receives instanton corrections (in the form of a power series in the instanton
factors ¢ for the gauge groups) which must turn the behaviour around, and convert
the naive W-boson singularity into singularities at which the gauge couplings have
physically acceptable behaviour.

The canonical example is pure SU(2) gauge theory, with Seiberg-Witten curve
and differential

dz

=+l + A A=x— (26)
Z

At large values of u ~ Tr®? the theory is weakly coupled, and the integral of A on a

circle of unit radius in the z plane gives a = +/2u + - - -. The contour integral along
a dual contour gives the expected ap = 27—’\/ 2ulogu + - --. At smaller values of u

we encounter two singular loci u = +A? where a magnetic monopole and a dyon
(whose charge add to the W-boson charge 2) become respectively massless.
Similarly, the Seiberg-Witten curve for pure SU (N) gauge theory [24, 25] is
d
v 4+ Py(x)y + AN =0 )\=x7y
Py(x) =xV +ux™ 24 Fuy 27

The naive W-boson singularity at the discriminant of P (x) is replaced by two simple
singular loci, at the discriminants of P £ AN . The self-intersections of the two loci
produce interesting Argyres-Douglas singularities. For example, the maximal AD
singularity corresponds to the curve

Vi=x¥+exV P4 duy A=xdy (28)

3 Theories in the Class S

The basic starting point for the class S construction are the six-dimensional (2, 0)
SCFTs [26-31]. The known (2, 0) SCFTs have an ADE classifications. These are
strongly-interacting generalizations of the free Abelian (2, 0) theory, which consists
of a self-dual two-form gauge field, five scalar fields and fermions. The Abelian
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theory is the world volume theory of a single M5 brane. The general SCFTs arise
in M-theory as the world-volume theory of N M5 branes (the Ay_; theory) [27],
possibly in the presence of an O5 plane (the D-type theories). They also arise in IIB
string theory at the locus of an ADE singularity [26]. The string theory construction
of these theories makes two properties manifest. A SCFT labeled by the Lie algebra g

e Provides a UV completion to five-dimensional N' = 2 SYM theory with gauge
algebra g

e Has a Coulomb branch of vacua where it reduces to an Abelian 6d theory valued
in the Cartan of g, modulo the action of the Weil group.

To be precise, the 6d theory compactified on a circle of radius R should admit an
effective description as 5d SYM with gauge coupling ¢> = R. The two statements
are compatible: the 6d Abelian theory on the Coulomb branch compactified on a
circle gives a 5d Abelian gauge theory, which also describes the Coulomb branch of
5d SYM.

Notice that both theories have an SO(5) R-symmetry. In the Abelian theories,
which are related in the same way, the R-symmetry rotates the five scalar fields. The
Coulomb branch of the (2, 0) SCFT is parameterized by the vevs of Coulomb branch
operators, which have the same quantum numbers as the Weil-invariant polynomials
in the scalar fields x¢ of the Abelian low-energy description [32, 33]. The theory on
the Coulomb branch has five central charges, which are carried by strings rather than
particles. The BPS strings in the theories carry a charge under the Abelian two-form
fields, which coincides with a root of g. The central charges for such a string of
charge e are simply Z¢ = e - x“.

The construction of four-dimensional field theories in the class S involves a
twisted compactification of the SCFTs on a Riemann surface C [34]. The twist-
ing uses an SO(2) subgroup of SO(5), and preserves a four-dimensional N' = 2
super algebra in the four directions orthogonal to the surface. The SO(2) fac-
tor becomes U (1),. The remaining SO (3) becomes SU (2)g. The six-dimensional
Coulomb branch operators which only carry S O (2) charges become Coulomb branch
operators for the A/ = 2 super-algebra. Notice that due to the twisting an operator
of SO(2) charge k becomes a k-form on C. The construction of a general theory in
the class S may involve several further modifications of the theory, which preserve
the four-dimensional N' = 2 super algebra. We will review some details in a later
section.

These twisted compactifications have a useful property: the Coulomb branch
geometry is independent of the area of C, and can be described exactly at large
area in terms of vevs of the scalar fields x of SO(2) charge 1 in the low-energy
six-dimensional Abelian description. Because of the twisting, the vevs give a locally
holomorphic one-form A = xdz on C, valued in the Cartan of g modulo the action of
the Weil group. On the other hand, if we make the area of C is arbitrarily small while
keeping the Coulomb branch data fixed, we will define a four-dimensional theory
which, by definition, is the class S theory.

Thus the Seiberg-Witten low energy description of a class S is readily available
from its definition. For A y_; theories one can treat A as a single-valued one-form on a
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Riemann surface X whichis arank N cover of C [6]. Then X, X can be identified with
the Seiberg-Witten curve and differential for the class S theory. Similar approaches
work for general g.

Much more work is required to find a direct four-dimensional UV descriptions of
a given class S theory, or to find a class S description of a given Lagrangian four-
dimensional theory. We will first describe the examples involving the A; theory,
where the variety of possible ingredients is more limited, and then sketch the general
story. We refer to Sect.3 of [34] and to [12] for a general discussion of the general
story unitary theories and [35] and references therein for a more general discussion.

3.1 Aq Theories

The twisted A; 6d theory has a single Coulomb branch operator q@z which behaves
upon twisting as a quadratic differential on C. The four-dimensional Coulomb branch
is thus parameterized by a holomorphic quadratic differential ¢,, the vev of q32. The
dimension of the Coulomb branch, for compact C of genus g, is 3g — 3. The one-form
A satisfies [12, 34]

N =g (29)

This equation defines simultaneously the double-cover £ of C as a curve in T*C,
and the differential \.

The complex structure moduli of C are the exactly marginal UV couplings of this
class S theory. There are exactly as many couplings as operators in the Coulomb
branch. This can be understood from the observation that the Coulomb branch opera-
tors which come from ¢, have the correct U (1), charge to be dual to exactly marginal
couplings. We can extract a four-dimensional operator 7 from ¢, by contracting it
a Beltrami differential. It is natural to associate that operator with the corresponding
complex structure deformation. This can be verified from the relation(22) and is
discussed in detail in [36].

Thus the regions “at infinity” of the parameter space of exactly marginal defor-
mations should correspond to the boundaries of the complex structure moduli space
[6], where the Riemann surface C degenerates and one or more handles pinch. The
physical properties of the six-dimensional SCFT confirm this picture. Near a degen-
eration locus we can pick a metric which makes the pinching handle long and thin
compared to the rest of the surface. In that region, we should be allowed to use the
effective description as 5d SYM on a long segment, and then find at lower energy a
weakly-coupled four-dimensional SU (2) gauge group.

The 4d gauge coupling can be computed and is such that the instanton factor g
coincides with the canonical complex structure parameter which describe the length
and twist of the handle. In particular, it becomes weak when the surface pinches.
If we go to a maximal degeneration locus, where the Riemann surface reduces to a
network of 2g — 2 three-punctured spheres connected by 3g — 3 handles, we will find
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3g — 3 SU (2) gauge groups. The calculation of the periods in this limit agrees with
the gauge theory picture. The magnetic periods have a logarithmic behaviour which
is consistent with the presence of a bloc of trifundamental half-hypermultiplets for
each three-punctured sphere. As the gauge groups are conformal, we do not expect
any other matter fields coupled to the gauge groups.

This analysis allows us to identify a possible four-dimensional UV description
of the class S theory associated with a Riemann surface of genus g near a maximal
degeneration locus: the SU (2)*9~3 theory associated to a graph with g loops. The six-
dimensional construction provides a global picture of how all the S-dual theories are
connected through parameter space, and the low-energy Seiberg-Witten description.

In order to improve our understanding of the physics of decoupling, it is useful
to introduce the notion of superconformal defects in the six-dimensional SCFT. A
superconformal defect is a local modification of the theory along a hyperplane which
preserves the subgroup of the conformal group which fixes the hyperplane, and an
appropriate subset of the supercharges. We are interested here in codimension two
defects, which preserve a subgroup of the 6d (2, 0) superconformal group which is
isomorphic to the 4d N = 2 superconformal group.

Although we have a relatively poor understanding of the six-dimensional theory,
there is a simple trick which allows us to define a useful class of defects in terms of
the facts we know. We can simply use the twisted compactification strategy to put the
theory on a funnel geometry, with an asymptotically flat region connected near the
origin to a semi-infinite tube. The configuration preserves A/ = 2 supersymmetry,
and we can flow to the infrared to find something interesting. In the tube region,
we flow to the infrared free five-dimensional SU(2) SYM. In the asymptotically
flat region, we have the standard 6d theory, modified only at the origin, in some
what which allows it to couple to the 5d SYM theory. Thus construction produces a
canonical superconformal defect equipped with an SU (2) flavor symmetry. We will
call it the regular defect.

This construction clarifies what happens in a degeneration limit of C: the handle
can be removed, leaving behind two regular defects weakly coupled to the corre-
sponding SU (2) gauge group. In general, we can now enrich our starting point, and
consider a Riemann surface C of genus g with n regular defects at points of C. This
gives the six-dimensional realization of the SU (2) quivers associated to a general
graph with g loops and n external legs. The use of regular punctures allows us to
make contact with standard brane constructions of N = 2 field theories, and verify
that the individual three-punctured sphere corresponds to a block of trifundamental
half-hypermultiplets.

The Seiberg-Witten geometry in the presence of regular defects is still given
by (29), but the quadratic differential is now allowed a double pole at the location of
the punctures:

m?2 Uy

~ a ... 2
[0} [(z—za)2+z—za + :|dz (30)
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Here m, is the SU(2) mass parameter at the puncture and u, an extra Coulomb
branch parameter dual to the position z, of the puncture, which is a new exactly
marginal coupling.

Through appropriate decoupling limits, we can go from these four-dimensional
SCFTs to more general asymptotically free SU (2) theories, or generalized Argyres-
Douglas theories. In the six-dimensional description, these examples involve “irreg-
ular” punctures, where the quadratic differential is allowed poles of order higher than
2. Basic examples are the pure SU (2) Seiberg-Witten theory

A 2w, AT,
02 = 7+Z—2+Z—3 dz 3D

and the basic Argyres-Douglas theories

¢ = Py(2)dz* (32)

and
2
¢y = |:PN(Z) + % + %} dz? (33)

where Py (z) is a degree N polynomial.

3.2 General ADE Theories

The generalization of the A results involves several new ingredients. The Coulomb
branch is now described by a family of differentials associated to the Casimirs of
g, with degree of the differential equal to the degree of the Casimir. The exactly
marginal couplings still coincide with the space of complex structures of C. The
decoupling limit still replaces a handle by a gauge group with Lie algebra g, and can
be understood in terms of a codimension 2 defect with flavor symmetry g, which we
will denote as a full regular defect.

The first difference is that the theory associated to a three-punctured sphere has a
non-trivial Coulomb branch, and no couplings: it is an otherwise unknown 4d SCFT
with three g flavor symmetries. In order to make contact with standard Lagrangian
field theories and their brane engineering we need a larger choice of regular punctures.
A simple way to understand the possible choices is to realize that the full regular
puncture has a Higgs branch, parameterized by the vevs of the moment map operators
for the g flavor symmetry. The Higgs branch should open up at loci in the Coulomb
branch where all the Coulomb branch operators have no pole at the puncture. The
Higgs branch conjecturally coincides with the maximal complex nilpotent orbit of g©.

If we sit at a generic point of the Higgs branch and flow to the IR, we essentially
erase the puncture. If we sit at a non-generic nilpotent element and flow to the IR,
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we will somewhat “simplify” the full regular puncture to a different type of regular
puncture, where the singularities of the Coulomb branch operators are constrained
in appropriate patterns. A nilpotent element can always be taken to be the raising
operator of an su(2) subalgebra p of g. Thus these new regular punctures will be
labelled by p. A further generalization of regular punctures is possible, in which the
operators of the 6d theory undergo a monodromy around the defect, under an outer
automorphism of g [35]. These general regular punctures allow one to make contact
with most superconformal Lagrangian quiver gauge theories. As for the A; case, one
can also define a large variety of irregular punctures.

4 Calabi-Yau Compactifications

The compactification of string theory on non-compact Calabi-Yau manifolds can also
give rise to four-dimensional A" = 2 field theories [37]. The low-energy dynamics
can be derived in a straightforward way from the geometry in a type IIB duality
frame: the periods are identified with the periods of the holomorphic three-form
on appropriate cycles in the geometry. On the other hand, the identification of an
intermediate UV-complete four-dimensional field theory description of the theory is
more laborious. Often, the field theory is engineered through a type IIA construction,
and then mirror symmetry gives the map to IIB string theory and thus the low energy
solution of the theory.

Theories in the class S can be embedded in Type IIB string theory by engineering
the 6d SCFTs as loci of ADE singularities, fibered appropriately over the curve C.
For example, an A theory can be realized through the geometry

24 u 07 = da(2) (34)

The geometric engineering, though, can provide solutions for theories which do
not admit a known six-dimensional construction, such as quiver gauge theories in the
shape of E-type Dynkin diagrams. Indeed, it provides a unified picture of all the quiver
gauge theories of unitary groups, through geometries where an elliptic singularity
is fibered over a complex plane [7]. Remarkably, this provides a description of the
space of exactly marginal deformations as a moduli space of flat connections on a
torus.

A second remarkable example is a large family of Argyres-Douglas theories,
labeled by two ADE labels. Remember the A; examples, lifted to a Calabi-Yau

u? + 07+ x4+ Py(2) =0 (35)
The Aj;—; generalization is

WMy N+ =0 (36)
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The main idea is to write that in terms of ADE polynomials for Ay_; and Ay_; as
Way,, x) + Wa, (v,2) =0 (37

and then replace either polynomials with the ones associated to D type, u’x + x%,
or E type

wWxt B rux B +x° (38)
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Hitchin Systems in A/ = 2 Field Theory

Andrew Neitzke

1 Introduction

This note is a short review of the way Hitchin systems appear in four-dimensional
N = 2 supersymmetric field theory.

The literature on the Hitchin system and its role in quantum field theory is a vast
one. Restricting attention just to the role of Hitchin systems in N = 2 supersymmetric
field theory (thus neglecting such fascinating topics as 7T-duality on the Hitchin
fibration and its relation to the geometric Langlands program [27, 37, 38, 43], the
use of Hitchin systems in A/ = 4 super Yang-Mills [2-4], the role of Higgs bundles
in F-theory [16], ...) cuts things down somewhat but still leaves an enormous pool
of papers and topics from which to choose. In this article I focus on the points with
which I am most personally familiar. In particular, although this review is meant for
a special volume devoted to the AGT correspondence, I will have very little to say
about that. This is not because I think there is nothing to say—on the contrary, works
such as [48, 56] have demonstrated that there clearly is—but because I do not know
precisely what to say.

In one sentence, the relation between A/ = 2 theories and Hitchin systems is that
the Hitchin system arises as the moduli space of the N' = 2 theory compactified
on a circle. My aim in this note is to explain a dictionary between various aspects
of the field theory (its Coulomb branch, its line defects, its surface defects, ...) and
their manifestations in the Hitchin system (the Hitchin base, some distinguished
holomorphic functions, some distinguished hyperholomorphic bundles, ...), along
with a few ways in which this dictionary gives insight into aspects of the Hitchin
system.
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In Sect. 2 we review general facts about NV = 2 theories, their relation to integrable
systems and hyperkéhler geometry, and line and surface defects therein. The Hitchin
system does not appear explicitly in this section. In Sect. 3 we specialize to the case
of theories of class S; this is the class of N' = 2 theories most directly related to
Hitchin systems. Finally, in Sect. 4 we give some general background on the Hitchin
system, divorced from its role in physics; this section could in principle be read on
its own, but is mainly intended as a reference for selected facts which we will need
in the other sections.

Each subsection of Sects.2 and 3 is preceded by a brief slogan. It may be worth
reading all the slogans first, to get an idea of what is going on here.

2 N =2 Theories and Their Circle Compactification

In this section we briefly review some facts about N = 2 theories T in 4 dimensions,
and their compactification on a circle R to give theories T[R] in 3 dimensions.

We will describe only general features here, without specializing to any particular
theory T'; in the next section we will explain how all of these general phenomena are
realized in the special case of theories of class S.

2.1 N =2 Theories in the IR and Integrable Systems

Any N = 2 theory gives rise to a complex integrable system.

Consider an A/ = 2 supersymmetric theory T in 4 dimensions. Let B denote the
Coulomb branch. B consists of an open “regular locus” B plus a “discriminant
locus” Bging.

The IR physics in vacua labeled by points u € By, is governed by pure abelian
N = 2 gauge theory, with gauge group U (1)", where r = dim¢ B. Locally around
any point u# € Bieg, this IR theory can be described in terms of classical fields, namely
rN = 2 vector multiplets. The bosonic field content is thus r complex scalars and r
abelian gauge fields. However, there is generally no single Lagrangian that describes
the IR theory globally on By, rather, we must use different Lagrangians in different
patches of B, related to one another by electric/magnetic duality transformations.
This story was first worked out in [50, 51]. Although we cannot write a single
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Lagrangian that describes the theory globally, there is a single geometric object
from which all the local Lagrangians can be derived [14, 15, 47]. This object is a
complex integrable system: a holomorphic symplectic manifold Z’, with a projection
T : I' — Bieg, such that the fibers Z/, = 7! (u) are compact complex Lagrangian
tori, of complex dimension . One has the following dictionary:

Fiber of 7 over u € Bieg IR physics at u € Byeg

H\(Z),,Z) EM charge lattice T',,

Polarization of Z, DSZ pairing on T',,

Symplectic basis of H;(Z;,, Z) Electric-magnetic splitting
Automorphisms of Z,, EM duality group (= Sp(2r, Z))
Period matrix of Z), Matrix of EM gauge couplings

Point of 7, EM holonomies around surface defect

So far we have been discussing the IR physics at points u in the regular locus Bie,.
At u € Bgp, the simple description of the IR physics by pure abelian gauge theory
breaks down, and has to be replaced by something more complicated. Correspond-
ingly, the complex integrable system Z’ generally gets extended by adding some
singular fibers (degenerations of tori) over u € Bqjne. Altogether we get a complete
holomorphic symplectic manifold Z fibered over the whole B.

2.2 Compactification of N = 2 Theories on S!

Compactifying on S' turns the integrable system into an honest hyperkihler
space.

In Sect.2.1 we have reviewed the complex integrable system Z which governs the
IR physics of the four-dimensional field theory 7. In that discussion Z appeared in
a somewhat indirect way. Now we describe a way to see Z more directly.

Compactify 7 on S! of length 27 R. At energies E < 1/R the resulting physics
should be described by a three-dimensional field theory T[R]. To get a first approx-
imation to the physics of T[R], we can consider the dimensional reduction of the
local IR Lagrangians describing 7' (at least if we stay away from Bgy,,). Then the
fields will be as follows: r complex scalars, r abelian gauge fields, and r periodic
real scalars (the holonomies of the gauge fields around S'). We can moreover dualize
the abelian gauge fields to get another r periodic scalars, so altogether we have r
complex scalars and 2r periodic real scalars. The complex scalars parameterize a
sigma model into B, and we can think of the 2r periodic real scalars as giving a map
into a 2r-torus; so locally we now have a sigma model into a product of B with a real
2r-torus.
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To find the global structure of this sigma model, one has to keep track of the EM
duality transformations needed to glue together the various local IR Lagrangians of
T. After so doing, one finds that T'[R] is a sigma model whose target is the complex
integrable system Z’' which we described in Sect.2.1. Thus, after compactification
the integrable system “comes to life.”

We should clarify the meaning of the statement that 7[ R] is a sigma model into Z.
In Sect.2.1 we described Z’ only as a holomorphic symplectic manifold. Now we are
getting an actual sigma model into a Riemannian manifold M'[R]. Thus we should
ask: how is the Riemannian manifold M’[R] related to the holomorphic symplectic
manifold Z'?

The answer is as follows. The constraints of " = 4 supersymmetry in 3 dimen-
sions dictate that the metric on M'[R] must be hyperkihler [5, 52]. Since M'[R] is
hyperkéhler, it carries a family of complex structures J¢, parameterized by ¢ € CP',
as well as corresponding holomorphic symplectic forms .. One of these complex
structures, Jy, is distinguished. When considered as a holomorphic symplectic man-
ifold in the complex structure Jy, M’'[R] is identical to Z'.

The exact IR physics (as opposed to the physics obtained by naive dimensional
reduction) is also given by a sigma model into M’. However, the exact hyperkihler
metric on M’[R] is not the same as the one obtained by naive dimensional reduction:
rather they differ by quantum corrections which can be computed in terms of the
spectrum of BPS particles of 7, [28, 36, 52]. The corrections due to a BPS particle
of mass M go like e~ ¥ in the limit R — o0, 50 in this limit the two metrics converge
to one another uniformly, except around points where the mass of some BPS particle
goes to zero. The locus where this happens is precisely Bging, so around Bgp,, the
quantum corrections are not suppressed even in the R — oo limit.!

Although the quantum corrections change the metric on M[R], they do not change
what the space looks like in complex structure Jj: even after the corrections, it is still
identical to the complex integrable system Z from Sect. 2.1 [52].

2.3 Holomorphic Functions and Line Defects

Vevs of line defects are global holomorphic functions on the hyperkéhler space.

The family of complex structures J; on M[R] (parameterized by ( € CP') corre-
sponds to a family of 1/2-BPS subalgebras A¢ of the N = 4 supersymmetry algebra.
Vevs of 1/2-BPS local operators O preserving A¢ thus give J--holomorphic functions
on M[R].

The fact that quantum correction are not suppressed around Bsing is a good thing: exactly at this
locus the naive metric becomes singular, and the quantum corrections smooth out these singularities,
in such a way that the exact corrected metric extends to a complete space M[R] which includes
fibers over Bging. This smoothing requires a correction which is of order 1, not suppressed in R.
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For example, the complex scalars O which descend from the vector multiplets in
the original theory T preserve Ay. It follows that the vevs of these complex scalars
are Jo-holomorphic functions on M[R]. Said otherwise, the projection M[R] — B
is a Jo-holomorphic map. Of course this is just what we expect, since we have already
said that in complex structure Jo, M[R] is the complex integrable system Z, with
base B.

The four-dimensional origin of operators O preserving the other subalgebras
A¢, ¢ € C*, is a bit different: we consider 1/2-BPS line defects in the original
theory 7. Such line defects can preserve various different subalgebras of the 4-
dimensional supersymmery. Upon circle compactification, the line defects reduce
to point operators, and their preserved subalgebras reduce to the various 1/2-BPS
subalgebras A¢. Thus, the vevs of supersymmetric line defects wrapped on S' are
Je-holomorphic functions on M[R].

Among the supersymmetric line defects there is a distinguished subset of “simple”
defects, characterized by the property that a simple defect is not expressible (in
correlation functions) as a nontrivial sum of other defects. We expect that every defect
can be uniquely decomposed as a sum of simple defects (though this statement is not
entirely trivial—see [11, 30] for more discussion.)

The existence of simple line defects implies in particular that there should be a
distinguished vector space basis of the space of J--holomorphic functions on M[R].
Distinguished bases for coordinate rings of various algebraic spaces (and their quan-
tum deformations) have been studied in Lie theory (following pioneering work of
Lusztig, e.g. [46]) and more generally in algebraic geometry (see e.g. [33]). Indeed,
the investigation of these “canonical bases” was an important motivation for the
theory of cluster algebras [23]. On the other hand, it has turned out independently
that cluster algebras are closely related to the algebras of line defects (see e.g. [8,
29, 59, 60] for more on this.) Thus it seems natural to suspect that the canonical
bases studied in mathematics can be identified with the ones coming from simple
line defects. This point remains to be understood more precisely.

2.4 Hyperholomorphic Bundles and Surface Defects

Surface defects give hyperholomorphic bundles on the hyperkéhler space.

Now, as in [1, 26, 30, 34], let us consider 1/2-BPS surface defects in the four-
dimensional theory 7. We focus on defects which are massive in the IR, with finitely
many vacua. Let S be such a defect. Upon compactification of both 7 and S on S,
S has a finite-dimensional Hilbert space of ground states, which we denote V (S).
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To be more precise, the Hilbert space V (S) actually depends on which vacuum of
the theory T[R] we are in. Thus we have a family of Hilbert spaces varying over the
moduli space M[R]. Said otherwise, V (S) is a Hermitian vector bundle over M. The
supersymmetry in the situation implies that this vector bundle is hyperholomorphic:
in particular, it admits a family of holomorphic structures, one for each ¢ € CP!,
compatible with the family of underlying complex structures J: on M[R].

Suppose given two such defects, labeled S and S’, and a 1/2-BPS interface between
them. As observed in [35], such an interface can be viewed as a kind of line defect
which is restricted to live on the surface defect rather than roaming free in the 4-
dimensional bulk. Upon circle compactification, this picture reduces to a pair of line
defects separated by a local operator. The local operator preserves A for some ¢
(just as in the case with no surface defects). The vev of this local operator is then a
Je-holomorphic section of Hom(V (S), V (§)).

2.5 Line Defects in the IR

UV line defects can be expanded in terms of IR ones; the coefficients of this
expansion are integers which jump as parameters are varied.

In Sect.2.3 we considered line defects from the UV perspective. On the other hand,
we could also consider the theory in the IR, in the vacuum labeled by some u € B.
As we recalled in Sect.2.1, the IR physics is governed by abelian N' = 2 gauge
theory. In pure abelian gauge theory, for any ¢ € C* we can concretely describe the
full set of simple (-supersymmetric line defects: for every - in the EM charge lattice
I',,, there is a ¢-supersymmetric abelian Wilson-’t Hooft operator L (7).

Now, given a (-supersymmetric line defect Ly, we can ask how the same defect
appears in the IR. It will look like some integer linear combination of the simple
defects of the IR theory:

Lyv ~ > Q(Lyv, NLir() @.1)
el

The coefficients Q(Lyy,~) € Z of this expansion can be interpreted as indices
counting supersymmetric ground states of the theory with Lyy inserted at some
fixed spatial point, extended in the time direction. These states were called framed
BPS states in [29].

Importantly, the Q(Lyy, ) can jump as we vary the parameters (i, ¢): this is
the phenomenon of (framed) wall-crossing. The jumps occur when a framed BPS
bound state decays or forms, by binding or releasing an unframed BPS state; thus
the precise way in which the Q(Lyy, ) jump is determined by the (unframed) BPS
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degeneracies of the theory. Indeed, studying the jumps of the Q(Lyy, ) gives a lot
of information about the unframed BPS degeneracies: in particular, it is one way
of establishing that these degeneracies obey the celebrated Kontsevich-Soibelman
wall-crossing formula [44].

Now, let us again consider compactifying on S' and taking vevs. Then (2.1)
becomes an equation relating the vev of Lyy to a sum of vevs of defects L:

(Luv) = > QLyv, V(Lir() 22)

V€T

However, the quantities (L;z(7y)) are not as simple as they would be in the pure
abelian gauge theory — they are significantly corrected by contributions from higher-
dimension operators. Indeed, to get an indication of how subtle these quantities are,
note that (Lyy) should be continuous as a function of the parameters (u, () (since
the UV theory T has no phase transition), while we have just said that the coefficients
Q(LUV, 7) jump at some walls in the (u, ) parameter space.2 Thus, for (2.2) to be
consistent, the vevs (L (y)) must also jump at these K-walls. As with Q(Lyvy, ),
the jumps of (L, z (7)) are completely determined by the unframed BPS degeneracies.

We will return to the meaning of (2.2) when we consider theories of class S,
below.

2.6 Asymptotics

Vevs of line defects are asymptotically related to functions on the Coulomb
branch.

For each ( € CX*, the (-supersymmetric IR line defect vev (L;z(7)) is a J-
holomorphic function on M[R]. These functions have an important asymptotic
property: as ( — 0, they behave as [28, 29]

(Lir()) ~ c(y) exp(('7RZ,) (2.3)

where c(y) is some (-independent constant, and Z, is the central charge function,
pulled back from the Coulomb branch B.

These asymptotics are realized in a rather nontrivial way. As we have emphasized,
the (L;r (7)) are not continuous, but have jumps corresponding to BPS states of the
theory 7. If we fix a point of M[R] and look only at the ( dependence, then the loci
where the jumps occur are rays in the (-plane, all of which run into the origin. These

2These walls are known by various names: “BPS walls” in [29], “KC-walls” in [31], “walls of second
kind” in [44], or parts of the “scattering diagram” in [32].
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jumps however do not destroy the asymptotics—rather the discontinuity across each
ray becomes trivial in the ¢ — 0 limit. This is an example of the Stokes phenomenon.

One concrete consequence is that the expansion of each (L;g(y)) around ¢ = 0
will be given only by an asymptotic series, not a convergent one (a convergent series
would necessarily converge to a continuous function, but (L, g (7)) is not continuous
in any disc around ¢ = 0).

3 Theories of Class S and Hitchin Systems

In this section we specialize from general theories T to theories of class S, T =
S[g, C]. These are theories obtained by compactification of the (2, 0) theory from
6 to 4 dimensions; for the definition see [25, 27], or [V:2] in this volume. In these
theories we will see the role of the Hitchin system.

3.1 Theories of Class S

For theories of class S, the hyperkédhler manifold which appears upon com-
pactification to three dimensions is a Hitchin system.

Now suppose that T is a theory of class S, T = S[g, C]. The general discussion
of Sect.2.2 applies to this particular theory. Thus compactifying 7 on S' gives a
sigma model T'[R] into an hyperkéhler manifold M. In this case, we can understand
concretely what M is, as follows.

The 3-dimensional theory T[R] has several descriptions summarized in this pic-
ture (arrows mean “‘compactify and take IR limit”):

S[g]
Sk
- 5-d g-super-Yang-Mills
CxSk
T = S[g, C] s
Sk
T[R]

(3.1)


http://dx.doi.org/10.1007/978-3-319-18769-3_2

Hitchin Systems in A" = 2 Field Theory 61

The left side of the picture is how we have described T[R] up to now: T[R] is the IR
limit of the compactification of S[g, C]on § L and S [g, C]in turn can be understood
as the IR limit of the compactification of the six-dimensional theory S[g] on C.
Altogether this means that T[R] is simply the IR limit of the compactification of
S[gl on C x S', as indicated by the middle arrow of the picture. Finally we may do
this compactification in the opposite order, obtaining the right side of the picture.
We first compactify S[g] on S}e and take an IR limit to obtain 5-dimensional super
Yang-Mills with gauge algebra g.> Then we compactify this 5-dimensional super
Yang-Mills theory on C and take an IR limit to get 7' [ R]. This leads to the statement
that T[R] is a sigma model into the moduli space of vacuum configurations of 5d
super Yang-Mills on C x R?>! which are translation invariant in the R>! directions.

The requirement of translation invariance along R>! means that the BPS equations
on C x R*! reduce to equations for fields on C. These equations turn out to be some
celebrated equations in gauge theory: they are the Hitchin equations (4.1), which
we discuss in Sect.4.1 below. (More precisely, the equations which appear are the
Hitchin equations modified by the rescaling ¢ — R.) This was essentially observed
in [6, 37] (in a slightly different context, but the mathematical problem is the same);
see also [9, 10] where some important special cases were rediscovered in a context
closer to ours.

Thus the target M[R] of the sigma model T[R] is the moduli space of solutions
of Hitchin equations. For the moment we do not need the detailed form of these
equations: we will just need a few basic properties of M[R]. In particular,

e M([R] is a hyperkihler space (Sect.4.4), as required by N' = 4 supersymmetry in
three dimensions.

e In its complex structure Jy, M[R] can be identified with a complex integrable
system Z (Sect.4.6), as expected from Sects.2.1-2.2.

Let us say a bit more about this integrable system, specializing to the case g =
A g _ for concreteness.

e The base of the integrable system 7 is the “Hitchin base” (Sect.4.6). On the other
hand, from Sect.2.1 we know that the base should be the Coulomb branch of
T. Thus the Coulomb branch B of T can be identified with the Hitchin base. In
particular, the points u € B correspond to algebraic curves ¥,, C T*C which are
K-fold covers of C, better known as “Seiberg-Witten curves.”

e The torus fibers Z,, have a concrete algebro-geometric meaning in terms of the
Seiberg-Witten curves X, as follows: a point of Z, corresponds to a holomor-
phic line bundle £ over X,, with the extra property that the determinant of the
pushforward bundle 7, L is trivial, where 7 : ¥, — C denotes the covering map
(Sect.4.6).

3 Actually, specifying g does not quite determine the 5-dimensional theory; for that we should really
specify a particular Lie group G with Lie algebra g. Which G we get depends on a subtle discrete
choice which appears upon compactification, as described e.g. in [24], using some subtleties of the
6-dimensional S[g] explained in [58].
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3.2 Line Defects

In the theory S[A;, C], vevs of line defects are holonomies of flat connections
along C.

In Sect.2.3 we explained that for any N = 2 theory the vevs of (-supersymmetric
line defects compactified on S' should give J-holomorphic functions on M[R].
In theories of class S, these functions turns out to be something quite concrete and
understandable in terms of the curve C, as follows.

We will need one more fact about M[R] (reviewed in Sect.4.3 below): M[R]
is diffeomorphic to the moduli space M ., of flat G¢-connections, via a map f;
which is J.-holomorphic,

ML M (32)
x = V(x, () (3.3)

Thus, if we fix a holomorphic function F" on M, we can get a J.-holomorphic
function F; on M by pullback:

Fe(x) = F(V(x, Q). B4
The vevs of (-supersymmetric holomorphic line defects arise in this way: each type
of simple line defect L corresponds to some holomorphic function F = F; on
M iar.

What are the functions F; concretely? Let us restrict our attention to the case g =
Aj. In these theories we have a complete understanding of the set of supersymmetric
line defects following [19, 29]. The story is especially simple if C has only regular
punctures. In that case, for any ¢ € C*, there are simple (-supersymmetric line
defects corresponding to pairs {(g¢, a)}, where g is a non-self-intersecting closed
curve on C, and a a nonnegative integer:

L < (p,a). 3.5)
The corresponding function Fz on My, is

Fr(V) =Tr (Pv(p, a)), (3.6)
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where Py (¢, a) means the parallel transport of the connection V around the path g,
in the (a + 1)-dimensional representation of SL(2, C).*

For general g it seems very likely that there are line defects whose vevs give
holonomies of SL(K, C) connections along closed paths, as well as defects cor-
responding to more general “spin networks”’; however, the story has not yet been
completely developed, and in particular it is not yet known how to describe a com-
plete set of simple line defects. Some examples have very recently been worked out
in [60]; see also [45, 53] for related mathematical work.

3.3 Interfaces Between Surface Defects

In the theory S[A;, C1], interfaces between surface defects correspond to par-
allel transport of flat connections along open paths on C.

All the discussion of Sect. 3.2 has a natural extension where we replace line defects
by interfaces between surface defects [1, 26, 30], as follows.

In the theory S[A;, C] there is a natural family of surface defects S, labeled
by an integer @ > 0 and a point z € C. As we have described in Sect.2.4, each
such defect corresponds to a hyperholomorphic vector bundle V (S¢) over M. In this
case, V(Sg) is the a-th symmetric power of the universal harmonic bundle, restricted
to z € C (see Sect.4.5). In particular, when we view it as a holomorphic bundle in
complex structure J¢, V (S¢) is the a-th symmetric power of the universal flat bundle,
restricted to z € C.

So much for the surface defects by themselves: how about interfaces between
surface defects? Much like (3.5), we have a correspondence

L < (p,a) (3.7)
where g now denotes an open path g from z to 7/, and the corresponding L is a

(-supersymmetric interface between S¢ and SY,. The corresponding vev Fy should
be a holomorphic section of Hom(V (§%), V (S¢,)). That section is

FL(V) =Pv(p, a). (3.8)

Thus: in the theory S[A, C], vevs of interfaces between surface defects are parallel
transports of SL(2, C) connections along open paths on C.

4Slightly more generally, there are also simple line defects corresponding to mutually non-
intersecting collections of closed curves on C, with nonnegative integer weights; the vev of such a
defect is simply the product of the traces associated to the individual curves in the collection.
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Note that giving the operators Py (¢, a) for all paths g is equivalent to giving
the connection V itself. Thus, for any fixed { € C*, studying (-supersymmetric
interfaces between surface defects in the theory S[A;, C] is equivalent to studying
flat SL(2, C)-connections on C. (Indeed, this gives an alternative derivation of the
fact that M[R] in complex structure J; is isomorphic to the moduli space of flat
SL(2, C)-connections).

3.4 Line Defects in the IR

Vevs of IR line defects give local coordinate systems on the Hitchin moduli
space; one can get Fock-Goncharov and Fenchel-Nielsen coordinates in this
way.

We have said in (3.4) and (3.6) that the vevs (Lyy) are the f:-pullback from M ¢4,
of some particular holomorphic functions, namely the trace functions attached to
closed paths on C.

Something similar is true for the IR vevs (L;z(7)). As we have commented,
these functions are not quite globally holomorphic on M[R]: rather they jump at
some codimension-1 loci (/C-walls). However, suppose that we initially restrict to
a small neighborhood of some initial u, and then (if we like) extend (L;z (7)) to a
larger domain by analytic continuation. In this case we obtain an honest holomorphic
function F,, defined on some domain in M[R]. These holomorphic functions should
be regarded as IR analogues of the (L y) we considered above, and in some respects
they are similar: in particular, they are also the f:-pullback of some holomorphic
functions F., on M 4.

Precisely what functions F., we get in this way depends on our choice of an initial
u, and also on the parameter (. For any fixed choice, considering all F, at once
gives a local coordinate system on M 4. In particular, one can obtain in this way
both the Fock-Goncharov and complexified Fenchel-Nielsen coordinate systems on
M 414 [27, 41]. The Fock-Goncharov coordinates are obtained for generic choices
of (u, ¢) while some special “real” (u, {) (related to Strebel differentials on C) give
Fenchel-Nielsen.

Incidentally, the coefficients of the expansion (2.1), i.e. the framed BPS indices,
have a concrete geometric interpretation: they are counting geometric objects on the
curve C, called “millipedes” in [29].
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3.5 (Non)abelianization

Vevs of IR line defects can be viewed as giving flat C*-connections over
spectral curves.

There is another way of viewing the vevs of IR line defects. The charge lattice I',,
in the theory S[A, C] can be described concretely in terms of the Seiberg-Witten
curve ¥,. Indeed, T, sits inside H,(Z,, Z).”> Thus in the IR we have line defects
corresponding to paths on . Moreover, there is a C* connection V®({) over X,
such that the vev of the simple (-supersymmetric line defect corresponding to the
homology class  is the holonomy of V*°({) around any path in the homology class
7. One can think of V3 (¢) as an “abelianization” of V(().
This construction can be summarized in a commutative diagram:

M|R]
= S
e f
M1a1(SL(2),C) ¥ M1 (C*, %)

(3.9)

The left arrow f¢ is the “UV” map which takes a vacuum of 7'[ R] to its corresponding
SL(2, C)-connection V(¢) over C. The right arrow fg‘b is the “IR” map which takes
a vacuum of T[R] to its corresponding C*-connection Va®(¢) over X. The two
differ by a third map W, which we call “nonabelianization” since it takes an abelian
connection V2 over X to a nonabelian one V over C. From the fact that the framed
BPS counts Q are piecewise constant, it follows that W, depends in a piecewise
constant way on (, and its jumps are controlled by the BPS spectrum of the theory
S[Ay, C].

The story is expected to be similar for arbitrary g; in particular, the nonabelian-
ization map W, was described in detail in [31] for g = g/ (K).

3.6 Asymptotics

Fock-Goncharov and Fenchel-Nielsen coordinates have nice asymptotic prop-
erties, when evaluated along special 1-parameter families of connections com-
ing from points of the Hitchin system.

5To be precise, consider the projection map =, : H{(X,,Z) — H(C, Z); the lattice T',, is the
kernel of this projection.
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Fix a point x € M[R] and some (, € C*. As we have said in Sect. 3.2, there is a
corresponding real 1-parameter family of connections V(#) = fi¢,(x),t > 0,1ie.a
real path in M z;,,. On the other hand, as we have explained in Sect. 3.4, the choice
of (x, (o) also determines a particular local coordinate system on M s, (by taking
vevs of (p-supersymmetric IR line operators, analytically continued from the initial
point x.) In particular, these may be Fock-Goncharov or Fenchel-Nielsen coordinates
on M siq.

Ast — 0, the coordinates F, (V(¢)) thus behave according to (2.3). The general
statement (2.3) involves the central charges of the theory, but for this particular theory
they can be written more concretely:

Z, = l/A (3.10)
.

™

for X the Liouville 1-form on T*C. Thus (2.3) becomes
F,(V(1)) ~ c(y) exp (z—lgo—lRfA). (3.11)
v

Let us make a few remarks about (3.11):

e (3.11) is a version of the WKB approximation, applied to the special family of
connections V(¢); indeed, V(¢) has the form (see (4.6))

Vi) =t"to+--- (3.12)

where (; ' is a 2 x 2 matrix-valued 1-form on C, whose 2 eigenvalues are the
values of R\ on the 2 sheets of X.

e (3.11) provides a link between the Fock-Goncharov or Fenchel-Nielsen coordi-
nates and the periods of the spectral curve. This link plays some role in the AGT
correspondence — e.g. for Fenchel-Nielsen coordinates it seems to be used in [56].
The nature of the link is somewhat nontrivial (cf. the comments in Sect. 2.6 about
Stokes phenomena); this is in some sense to be expected, since the two objects
we are relating are holomorphic in different complex structures on the Hitchin
space. I would very much like to know whether these Stokes phenomena have
some significance in AGT.

e All of this is expected to generalize to g = g/(K), as outlined in [31]. The coordi-
nate systems which appear there seem to be more general than Fock-Goncharov
or Fenchel-Nielsen. Presumably it generalizes further to any g of ADE type, but
this generalization has not yet been worked out.
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3.7 Operator Products and their Quantization

Keeping track of spins of framed BPS states leads to a natural quantization of
the Hitchin system.

As we have described above, the vevs of supersymmetric line defects give a natural
basis for the space of J:-holomorphic functions on M[R]. The algebra structure
on this space also has a natural meaning in terms of line defects: it corresponds
to the operator product. Indeed, writing LL’ for the operator product between (-
supersymmetric line defects L and L’, we have

(LL') = (L)(L). (3.13)

In particular, this vev does not depend on the direction in which L approaches L';
this is a consequence of the more general fact that moving L or L’ changes it only
by a term which vanishes in {-supersymmetric correlators.

There is an interesting deformation of this story, as follows. Let J3 be the generator
of a spatial U(1) C SO(3), and let I3 be a generator of some U(1)g C SU(2).
We are going to make a modification of the quantum field theory 7', which is most
convenient to describe in Hamiltonian language: we insert the operator (—y)>(/3+/)
in all correlation functions (so all correlation functions become functions of the
auxiliary parameter y, and when y = —1 we reduce to the original 7'). The modified
theory is still supersymmetric, but now line defects can be supersymmetric only
if they are inserted along the axis x! = x> = 0. As a result, in computing the
operator product of supersymmetric line defects we are constrained to consider them
approaching one another along this axis. Once again moving the defects along the line
does not affect supersymmetric correlators, but there are now two possible orderings
of the defects along the line, which have no reason to be equivalent. Thus, atleast as far
as supersymmetric correlation functions are concerned, we have a noncommutative
(but still associative) deformation of the operator product of the original theory.
Upon taking vevs, this then induces a corresponding deformation of the algebra of
Je-holomorphic functions on M[R]. This deformation has been discussed in various
places including [18, 29, 42] (see also [49] in this volume), and essentially also in
[21, 22].

For IR line defects we can compute directly in the abelian theory to find the simple
deformation

(Lir(MLir(Y)) = y* UL R (Y)Lir()) (3.14)

(this boils down to working out the angular momentum stored in the crossed elec-
tromagnetic fields between two dyons of charges v and +’.) On the other hand, as we
have described, the (L;z (7)) are local coordinates on M[R]; in fact they are even
local Darboux coordinates, i.e.
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{Lir(), Lir(Y)} = (7. VYLir(DL1r(Y). (3.15)

Thus (3.14) says that the deformation we are considering is a quantization of the
Poisson algebra of functions on M[R].

The precise deformation (3.14) (“quantum torus”) had appeared earlier in [13, 44]
in the context of the wall-crossing formulas for refined BPS invariants. Here we are
encountering the same deformation in our discussion of line defects and their framed
BPS states. This is not a coincidence; indeed the refined wall-crossing formula can
be understood as a necessary consistency condition for the wall-crossing of framed
BPS states [29].

In theories of class S[A;] the operator product and its quantization are given by
“skein relations” like those familiar in Chern-Simons theory (here for the 3-manifold
C x R).

4 Basics on the Hitchin System

In this section we present some background on the Hitchin system, without reference
to physics. Fix a compact Riemann surface C, and a compact Lie group G.

4.1 Harmonic Bundles

Hitchin’s equations [39] are a system of partial differential equations on C. They
concern a triple (E, D, ) where

e E isa G-bundle on C,
e D is a G-connection in E,
e ¢ is an element of Q'(End E).

For example, if G = SU(K), then E can be considered concretely as a Hermitian
vector bundle of rank K, with trivial determinant; in a local unitary gauge, D is of the
form D = 0+ A; and both A and p are represented by 1-form-valued skew-Hermitian
matrices.

The equations are

Fp —[p, 0] =0, (4.1a)
Dy =0, (4.1b)
Dxp=0. (4.1¢)

Call a triple (E, D, ¢) obeying these equations a harmonic bundle.
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When G is abelian, these equations are linear and it is relatively easy to describe
the harmonic bundles (it boils down to Hodge theory for 1-forms on the curve C).
For G nonabelian, harmonic bundles are harder to describe explicitly. Nevertheless
they do exist, as we will discuss below.

Note that from (4.1a) it follows that £ must be topologically trivial. There is a
generalization to nontrivial bundles, but we will not consider it here.

4.2 Higgs Bundles and Flat Bundles

Given a harmonic bundle, by “forgetting” some of the structure one can obtain either
a Higgs bundle or a flat bundle. Remarkably, this “forgetful” map turns out to be
invertible, so that we can actually reconstruct the harmonic bundle from a Higgs
bundle or a flat bundle. Let us now describe how this works.

Start from a harmonic bundle (E, D, ¢). Now suppose we replace E by its com-
plexification, a G¢-bundle E¢.° For example, when G = SU(K), E is a Hermitian
vector bundle of rank K, and passing from E to E¢ corresponds to forgetting the
Hermitian metric and remembering only the underlying complex vector bundle. Let
us also decompose D and ¢ into their (1, 0) and (0, 1) components:

(D, g) = (DD, DD, 0, O, 4.2)

4.2.1 Higgs Bundles
Now, suppose that of the four parts (4.2) we remember only the pair
(DD p1-0, (4.3)

Then what do we have?

The operator DD induces the structure of holomorphic G¢-bundle on E¢
(namely, holomorphic sections are the ones which are annihilated by D) Let
E;, denote E¢ equipped with this holomorphic structure. Equations (4.1b)—(4.1c)
together imply that ©? is a holomorphic section of End(E},). Let ¢ = -9,

Thus, starting from a harmonic bundle, we have produced a pair (£, ¢) where
E}, is a holomorphic G¢-bundle and ¢ is an End(E},)-valued holomorphic 1-form.
Such a pair is called a Higgs bundle.

It looks difficult to recover the original harmonic bundle data (4.2) just from
the Higgs bundle data (4.3). If we remembered the underlying G-structure, we could
reconstruct DY from DOV and 0OV from 19, just by taking adjoints. However,
we have forgotten the G-structure, so we do not have a notion of adjoint. Choosing

The notation E¢ expresses the fact that the gauge group has been complexified; to avoid confusion
we emphasize that the corresponding associated vector bundles do not get complexified.
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arandom G-structure will not do: this would allow us to construct some (D, ¢), but
there is no reason why Hitchin’s equations would be satisfied.

Nevertheless, the remarkable fact [39, 54] is that given a Higgs bundle there is a
unique way to find a G-structure such that Hitchin’s equations are indeed satisfied!
(Strictly speaking this is not quite true for every Higgs bundle, but it is almost true:
one only needs to impose an appropriate condition of “stability.” This condition holds
for a generic Higgs bundle.)

So altogether we have two inverse constructions: one trivial forgetful map from
harmonic bundles to Higgs bundles, and one very nontrivial reconstruction map from
Higgs bundles to harmonic bundles.

4.2.2 Anti-Higgs Bundles

All of what we have just said has a conjugate version, where instead of (4.3) we
remember only the pair

(DO 0Dy, (4.4)

These give directly the antiholomorphic version of a Higgs bundle, which we might
call an anti-Higgs bundle. Just as above, we have a forgetful map from harmonic
bundles to anti-Higgs bundles, and an inverse reconstruction map from anti-Higgs
bundles to harmonic bundles. Complex conjugation exchanges Higgs and anti-Higgs
bundles, in a way that commutes with all the above maps.

4.2.3 Flat Bundles

Now suppose instead that we remember a more interesting combination of the data
(4.2): fix some ¢ € C*, and remember only the pair

(D(O,l) _i_é-w((),l), D(].O) +C_1S0(]’0))~ (45)
We may regard these two pieces as the two halves of a complex connection V in E¢:
V=" 4 D+ (. (4.6)

From (4.1) it follows that V is flat. Thus, given a harmonic bundle (E, D, ¢) and a
parameter ¢ € C*, we have obtained a flat bundle (Ec, V).

Given only the pair (Ec, V) it is not obvious how to recover the full harmonic
bundle (E, D, ¢). Nevertheless this can indeed be done, in a unique way [12, 17]
(again under an appropriate “stability” condition, which is generically satisfied).
So the story is parallel to what we said above for Higgs bundles: we have a trivial
forgetful map from harmonic bundles to flat bundles, and a nontrivial reconstruction
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map from flat bundles to harmonic bundles. In fact, here we have a family of forgetful
and reconstruction maps, parameterized by ( € C*.

4.2.4 Limits of Parameters

There is a relation between these two constructions, as follows. Evidently, for any
¢ € C*, remembering (4.5) is equivalent to remembering the pair

(DD + o, (DM 4 10, 7

In the limit ¢ — 0 this becomes (4.3). Thus the map between harmonic bundles and
Higgs bundles is the ( — 0 limit of our family of maps between harmonic bundles
and flat connections. Similarly, the map between harmonic bundles and anti-Higgs
bundles arises in the ( — oo limit.

4.2.5 Summing up

Starting from a harmonic bundle, by “forgetting” some information — in a way
depeding on a parameter ( € CP' — we can produce one of three objects:

1. a Higgs bundle (this arises at ( = 0),
2. aflat bundle (this arises for any ¢ € C*),
3. an anti-Higgs bundle (this arises at { = 00).

4.3 Moduli Spaces

Now we want to discuss the moduli space of harmonic bundles.
It is convenient to fix a single topologically trivial C*° bundle E once and for all.
Having done so, the remaining equivalences are given by the “gauge group”

G = {smooth sections of Aut E}. (4.8)

This G has an action on (D, ), under which D transforms as usual for a connection
while ¢ transforms in the adjoint representation. Equations (4.1) are invariant under
this action. In particular, G acts on the space of harmonic bundles.

Similarly, the G¢-bundle appearing in the definition of “Higgs bundles,” “flat
bundle” or “anti-Higgs bundle” is determined up to equivalence by the same discrete
topological invariant. Thus it will be convenient to fix this G¢-bundle to be E¢. Then
the remaining equivalences are given by the “complexified gauge group”

Gc = {smooth sections of Aut Ec}, (4.9
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which thus acts on the space of Higgs bundles, flat bundles or anti-Higgs bundles.
Given two G-equivalent harmonic bundles, the corresponding Higgs bundles are
Ge-equivalent, and vice versa; similarly, given two G-equivalent harmonic bundles,
the corresponding flat bundles are G¢-equivalent, and vice versa.
Now we can describe the equivalences discussed above, at the level of moduli
spaces (and once again ignoring stability conditions):

e Let M = M(G, C, E) be the moduli space of harmonic bundles modulo G.

o Let Mpyjggs = Muiges(Ge, C, Ec) be the moduli space of Higgs bundles
modulo G¢.

o Let My, = My (Ge, Ec) be the moduli space of Gc-flat connections
modulo G¢.”

o Let Munii—nigys = Manti—niggs(Ge, C, Ec) be the moduli space of anti-Higgs
bundles modulo G¢.

If we choose the topology of E appropriately — for example if we take G =
P SU(K) and take the Stiefel-Whitney class of E to be a generator of Z/ K Z — then
M, Muiggs» M fiar are actually smooth manifolds. For a more general choice of E
there will be some singularities to deal with, but I will mostly ignore this issue in
what follows.

What we have said above implies that there are diffeomorphisms fy : M —
Muiggss foo 1 M = Mansi—Higgs, and a family of diffeomorphisms fr : M —
M f14; parameterized by ( € C*:

/1N
™ fifife e
RN S~
MHiggs Mflat Mantiinggs

(4.10)

In particular, this leads to the very nontrivial statement that M y;,4s and M ., are
actually diffeomorphic (via, say, the map f o fo_l ).

Muiggss M fiar and M i iges all carry natural complex structures. It follows
that M is also complex, in many different ways: forany ¢ € CP!, the diffeomorphism
S endows M with a complex structure. We write J- for this complex structure on M.

4.4 Hyperkahler Structure

So far we have explained that the moduli space M of harmonic bundles carries a
natural family of complex structures J;, parameterized by ¢ € CP'. This might sound
exotic at first encounter, but actually there is a natural “explanation” for this family

7We drop C here to emphasize that M fi14: can be defined without using the complex structure on
C, e.g. as the space of representations 71 (M) — G¢ up to equivalence, although of course it does
still depend on the genus of C.
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of complex structures: it comes from the fact that M carries a natural hyperkihler
metric, as we now explain.

Letus fix a G-bundle E as we did above. Then let C denote the space consisting of
pairs (D, ) as in Sect. 4.1, now without imposing the Hitchin equations (4.1). C is an
infinite-dimensional affine space, with a natural hyperkéhler structure. Moreover C is
naturally acted on by the gauge group G. This action preserves the hyperkéhler struc-
ture and has a moment map /z; the Hitchin equations say that the three components
of /1 vanish.

Thus M = i~'(0)/G. But this is precisely the hyperkdihler quotient C |G, as
defined in [40]. In particular, this implies M is hyperkéhler [39]. Now, every hyper-
kihler manifold carries a canonical family of complex structures parameterized by
¢ € CP', and for our M, this family is precisely the family J; we discussed in
Sect.4.3.

4.5 Universal Bundle

A point of M corresponds to a harmonic bundle on C up to isomorphism. It is thus
natural to ask whether there is a universal bundle, i.e. a bundle V over C x M
equipped with some geometric structure, which when restricted to a given x € M
gives a harmonic bundle over C in the isomorphism class x. Such a bundle need not
quite exist, but at least it exists up to some twisting (so more precisely it exists as a
section of a certain gerbe over C x M). Locally on M we may ignore this twisting,
and pretend that we have an honest universal bundle.

For our purposes the most important fact about this universal bundle is that it is
hyperholomorphic [30]: it carries a single unitary connection D, whose curvature
is of type (1, 1) relative to all of the complex structures J; on M (see [20, 57] for
some background on this notion).

4.6 Spectral Curves and Hitchin Fibration

The different complex structures on M expose different features of the space. Let
us focus for a moment on the complex structure Jy. In this complex structure, as we
have explained, M is identified with M g;,4,. One of the fundamental facts about
this space is that it is a complex integrable system. In particular, it is a fibration over
a complex base space B, where the generic fiber is a compact complex torus.

Let us describe where this fibration structure comes from. To be concrete we will
focus on the case where G = SU(K) or G = PSU(K).

Suppose we are given a Higgs bundle (£, ¢). Then the eigenvalues of ¢ in the
standard representation of G give a K -sheeted branched cover of C:

Y ={(z € C, A€ T*C) : det(¢(z) — \) = 0} C T*C. 4.11)
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¥ is the spectral curve corresponding to the Higgs bundle (E},, ¢). The branch points
of the covering ¥ — C are those points z € C where ¢(z) has arepeated eigenvalue.

Now, let B be the space of all K-sheeted branched covers ¥ C T*C of C.
Concretely, B is a finite-dimensional complex vector space. Passing from the Higgs
bundle (Ej, ¢) to its spectral curve gives a projection known as the “Hitchin fibra-
tion,”

MHiggs - B. (412)

B is thus called the “Hitchin base.”

We let B C Bbe the locus of smooth spectral curves, and Bging = B\ Bieg. Biing
is a divisor in B (discriminant locus).

Now, we have claimed that the fibers of M y;44s over By, are complex tori: where
does that come from? To understand it, note that a smooth spectral curve ¥ comes
with a tautological holomorphic line bundle £, namely the bundle whose fiber over
(z, ) is the \-eigenspace of ¢(z). Moreover, by pushforward one can recover the
original Higgs bundle (E;, ¢) from (X, £).

Roughly speaking, then, the fiber of M y;,,, over a given X € By, is the set of all
holomorphic line bundles over X, with the correct degree (so that their pushforward
has the same degree as E). This set is well known to be a compact complex torus.
More precisely, this torus is not quite the one we want, because L is not an arbitrary
bundle—it constrained by the requirement that the pushforward of £ to C should
produce a bundle with trivial determinant. Thus the correct statement is that the torus
fiber of My 44, is parameterizing those holomorphic line bundles £ obeying this
constraint. This torus is known as the Prym variety of the covering ¥ — C.

4.7 Allowing Singularities

For the application to gauge theory, it is useful to slightly extend our discussion:
instead of taking (D, ¢) to be regular everywhere, we may require them to have
singularities at some points of C, of some constrained sort.” Broadly speaking there
are two classes of singularity which we might consider: either regular singularities
where the eigenvalues of ¢ have only a simple pole, or irregular ones where the
eigenvalues have singularities of higher order.

Essentially all of the mathematical statements we have reviewed in this section
have direct extensions to the case with singularities; the main references are [55] for
the regular case, and [7] for the irregular case.

8This is a consequence of Hodge theory for (0, 1)-forms on X. One concrete way of thinking about
it, in the case where £ has degree zero, is that every £ of degree zero admits a metric for which
the Chern connection is flat, and this gives an isomorphism between the set of such £ and the set
of unitary flat connections over X, which is evidently a torus.

These singularities correspond to the punctures usually included in the definition of the theories
of class S.
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One important point to keep in mind is that in the singular case one has some “local
parameters” keeping track of the behavior near each singularity: for example, in the
case of a regular singularity, the local parameters are the residues of the eigenvalues
of ¢ and the monodromy of D. In defining the moduli space of harmonic bundles
one then has to choose whether to hold these parameters fixed or let them vary.
If one wants the resulting moduli space to carry a natural hyperkihler metric, one
should hold them fixed (morally the reason is that the metric is given by the L2 inner
product of the fluctuations, and variations which change the local parameters around
a singularity turn out to be non-normalizable).
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A Review on Instanton Counting
and W-Algebras

Yuji Tachikawa

Abstract Basics of the instanton counting and its relation to W-algebras are
reviewed, with an emphasis toward physics ideas. We discuss the case of U(N)
gauge group on R* to some detail, and indicate how it can be generalized to other
gauge groups and to other spaces. This is part of a combined review on the recent
developments on exact results on A/ = 2 supersymmetric gauge theories, edited by
J. Teschner.

1 Introduction

1.1 Instanton Partition Function

After the indirect determination of the low-energy prepotential of N' = 2 supersym-
metric SU(2) gauge theory in [1, 2], countless efforts were spent in obtaining the
same prepotential in a much more direct manner, by performing the path integral
over instanton contributions. After the first success in the 1-instanton sector [3, 4],
people started developing techniques to perform multi-instanton computations. Years
of study culminated in the publication of the review [5] carefully describing both the
explicit coordinates of and the integrand on the multi-instanton moduli space.

A parallel development was ongoing around the same time, which utilizes a pow-
erful mathematical technique, called equivariant localization, in the instanton cal-
culation. In [6], the authors studied equivariant integrals over various hyperkihler
manifolds, including the instanton moduli spaces. From the start, their approach uti-
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lized the equivariant localization, but it was not quite clear at that time exactly which
physical quantity they computed. Later in [7-9], the relation between the localiza-
tion computation and the low-energy Seiberg-Witten theory was explored. Finally,
there appeared the seminal paper by Nekrasov [10], where it was pointed out that
the equivariant integral in [6], applied to the instanton moduli spaces, is exactly the
integral in [S] which can be used to obtain the low-energy prepotential.

In [10], a physical framework was also presented, where the appearance of the
equivariant integral can be naturally understood. Namely, one can deform the theory
on R* by two parameters € , such that a finite partition function Z (¢; ; a;) is well-
defined, where a; are the special coordinates on the Coulomb branch of the theory.
Then, one has

1
log Z(€12; a;) = —— F(a;) + less singular terms (1.1)
€1€2

in the €, — O limit. The function Z(e; ) is called under various names, such
as Nekrasov’s partition function, the deformed partition function, or the instanton
partition function. As the partition function is expressed as a discrete, infinite sum
over instanton configurations, the method is dubbed instanton counting. In [11-14],
it was also noticed that the integral presented in [5] is the integral of an equivariant
Euler class, but the crucial idea of using € » is due to [10].

For SU(N) gauge theory with fundamental hypermultiplets, the function Z can be
explicitly written down [10, 13, 15, 16]. The equality of the prepotential as defined
by (1.1) and the prepotential as determined by the Seiberg-Witten curve is a rigorous
mathematical statement which was soon proven by three groups by three distinct
methods [17-20]. The calculational methods were soon generalized to quiver gauge
theories, other matter contents, and other classical gauge groups [21-27]. It was
also extended to calculations on the orbifolds of R* in [28]. We now also know a
uniform derivation of the Seiberg-Witten curves from the instanton counting for SU
quiver gauge theories with arbitrary shape thanks to [29, 30]. Previous summaries
and lecture notes on this topic can be found e.g. in [31, 32].

An N = 2 gauge theory can often be engineered by considering type IIA string
on an open Calabi-Yau. It turned out [33-36] that the topological A-model partition
function as calculated by the topological vertex [37, 38] is then equal to Nekrasov’s
partition function of the five-dimensional version of the theory, when €] = —e¢;
is identified with the string coupling constant in the A-model. This suggested the
existence of a refined, i.e. two-parameter version of the topological string, and a
refined formula for the topological vertex was formulated in [39-43], so that the
refined topological A-model partition function equals Nekrasov’s partition function
at €; + €, # 0. The relation between instanton partition functions and refined topo-
logical vertex was further studied in e.g. [44, 45]. The same quantity can be computed
in the mirror B-model side using the holomorphic anomaly equation [46—49], which
also provided an independent insight to the system.

We will derive the instanton partition function of four-dimensional gauge theories
by considering a five-dimensional system and then taking the four-dimensional limit.
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Therefore the review should prepare the reader so that they can understand systems
in either dimensions. In this review, we mostly concentrate on four-dimensional
theories, with only a cursory mention of the systems in five dimensions.

1.2 Relation to W-Algebras

Another recent developments concerns the two-dimensional CFT structure on the
instanton partition function, which was first observed in [50, 51] in the case of
SU(2) gauge theory on R*, and soon generalized to SU(N) in [52], to other classical
groups by [26, 27], and to arbitrary gauge groups by [53].

This observation was motivated from a general construction found in [54] and
reviewed in [V:2, V:3] in this volume. Namely, the 6d N = (2, 0) theory compactified
on a Riemann surface C gives rise to 4d N/ = 2 theories labeled by C. Put the 4d
theories thus obtained on S*. The partition function can be computed as described
in [55, 56] and reviewed in [V:6], which is given by an integral of the one-loop part
and the instanton part. The one-loop part is given by a product of double-Gamma
functions, and the instanton part is the product (one for the north pole and the other
for the south pole) of two copies of the instanton partition function as reviewed
in this review. As the one-loop part happens to be equal to that of the Liouville-
Toda conformal field theory on C as is reviewed in [V:12], the instanton part should
necessarily be equal to the conformal blocks of these CFTs. The conformal blocks
have a strong connection to matrix models, and therefore the instanton partition
functions can also be analyzed from this point of view. This will be further discussed
in [V:5] in this volume.

We can also consider instanton partition functions of gauge group U(N) onR*/Z,
where Z, is an subgroup of SU(2) acting on R* ~ C2. Then the algebra which acts
on the moduli space is guessed to be the so-called nth para-Wy algebra [57-63].
For U(2) on R*/Z,, we have definite confirmation that there is the action of a free
boson, the affine algebra SU(2),, together with the A" = 1 supersymmetric Virasoro
algebra [57, 64].

A further variation of the theme is to consider singularities in the configuration
of the gauge field along C C C2. This is called a surface operator, and more will
be discussed in [V:8] in this volume. The simplest of these is characterized by the
singular behavior Ayd6 — ud6 where 6 is the angular coordinate transverse to the
surface C and p is an element of the Lie algebra of the gauge group G . The algebra
which acts on the moduli space of instanton with this singularity is believed to be
obtained by the Drinfeld-Sokolov reduction of the affine algebra of type G [65-67]. In
particular, when p is a generic semisimple element, the Drinfeld-Sokolov reduction
does not do anything in this case, and the algebra is the affine algebra of type G itself
when G is simply-laced. This action of the affine algebra was constructed almost ten
years ago [19, 20], which was introduced to physics community in [68].
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Organization

We begin by recalling why the instantons configurations are important in gauge
theory in Sect. 2. A rough introduction to the structure of the instanton moduli space
is also given there. In Sect. 3, we study the U(N) gauge theory on R*. We start in
Sect.3.1 by considering the partition function of generic supersymmetric quantum
mechanics. In Sect.3.2, we will see how the instanton partition function reduces
to the calculation of a supersymmetric quantum mechanics in general, which is
then specialized to U(N) gauge theory in Sect. 3.3, for which explicit calculation is
possible. The result is given a mathematical reformulation in Sect. 3.4 in terms of the
equivariant cohomology, which is then given a physical interpretation in Sect.3.5.
The relation to the W-algebra is discussed in Sect. 3.6. Its relation to the topological
vertex is briefly explained in Sect.3.7; more details will be given in [V:13] in this
volume. In Sects.4 and 5, we indicate how the analysis can be extended to other
gauge groups and to other spacetime geometries, respectively.

Along the way, we will be able to see the ideas of three distinct mathematical
proofs [17-20] of the agreement of the prepotential as obtained from the instanton
counting and that as obtained from the Seiberg-Witten curve. The proof by Nekrasov
and Okounkov will be indicated in Sect. 3.3, the proof by Braverman and Etingof in
Sect.5.1, and the proof by Nakajima and Yoshioka in Sect.5.3.

In this paper we are not going to review standard results in W-algebras, which can
all be found in [69, 70]. The imaginary unit »/—1 is denoted by i, as we will often
use i for the indices to sum over.

If the reader understands Japanese, an even more introductory account of the
whole story can be found in [71].

2 Gauge Theory and the Instanton Moduli Space

2.1 Instanton Moduli Space

Let us first briefly recall why we care about the instanton moduli space. We are
interested in the Yang-Mills theory with gauge group G, whose partition function is
given by

1
z =/[DAM]e_S where § = 2—92/& FunFo, 2.1

or its supersymmetric generalizations. Configurations with smaller action S con-
tribute more significantly to the partition function. Therefore it is important to find
the action-minimizing configuration:

1 . - .
tr F Fyy = 3 tr(Fy £ F)? Ftr FuFyy > Ftr Fy (2.2)
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For a finite-action configuration, it is known that the quantity

l ~
nim s / dxtr Fo By, (2.3)

is always an integer for the standard choice of the trace tr for SU(N) gauge field.
For other gauge groups, we normalize the trace symbol tr so that this property holds
true. Then we find

/ d*xtr F,, F,, > 167%n| (2.4)

which is saturated only when
Fu+F,=0 o F,—F,=0 (2.5)

depending if n > 0 or n < 0, respectively. This is the instanton equation. As it sets
the (anti-)self-dual part of the Yang-Mills field strength to be zero, it is also called
the (anti)-self dual equation, or the (A)SD equation for short.

The equation is invariant under the gauge transformation g(x). We identify two
solutions which are related by gauge transformations such that g(x) — 1 at infinity.
The parameter space of instanton solutions is called the instanton moduli space, and
we denote it by Mg , in this paper.

For the simplest case G = SU(2) and n = 1, a solution is parameterized by eight
parameters, namely

e four parameters for the center, parameterizing R*,
e one parameter for the size, parameterizing R. g,
e and three parameters for the global gauge direction SU(2)/Zy ~ §3/Z.

The last identification by Z, is due to the fact that the Yang-Mills field is in the triplet
representation and therefore the element diag(—1, —1) € SU(2) doesn’t act on it.
The instanton moduli space is then

MSU(Z),I = R4 X R4/Zz (26)

where we combined R. and S to form an R*.

As the Eq.(2.5) is scale invariant, an instanton can be shrunk to a point. This is
called the small instanton singularity, which manifests in (2.6) as the Z, orbifold
singularity at the origin.

For a general gauge group G and still with n = 1, it is known that every instanton
solution is given by picking an SU(2) 1-instanton solution and regarding it as an
instanton solution of gauge group G by choosing an embedding SU(2) — G. Itis
known that such embeddings have 442" (G) — 5 parameters, where 1~ (G) is the dual
Coxeter number of G. Together with the position of the center and the size, we have
4hY(G) parameters in total. Equivalently, the instanton moduli space Mg is real
4h¥ (G) dimensional. It is a product of R* and the minimal nilpotent orbit of gc: this
fact will be useful in Sect. 4.3.
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Whenn > 0, one way to construct such a solution is to take n 1-instanton solutions
with well-separated centers, superimpose them, and add corrections to satisfy the
Eq.(2.5) necessary due to its nonlinearity. It is a remarkable fact that this operation
is possible even when the centers are close to each other. The instanton moduli space
Mg, then has real 41 (G)n dimensions. There is a subregion of the moduli space
where one out of # instantons shrink to zero size, and gives rise to the small instanton
singularity. There, the gauge configuration is given by a smooth (n — 1)-instanton
solution with a pointlike instanton put on top of it. Therefore, the small instanton
singularity has the form [72]

R* x Mg 1 C Mg, (2.7)

2.2 Path Integral Around Instanton Configurations

Now let us come back to the evaluation of the path integral (2.1). We split a general
gauge field A, of instanton number 7 into a sum

Ay = A+ 54, (2.8)

where Ailf“ is the instanton solution closest to the given configuration A,,. When8A,
is small, we have

872 |n|
S = 5
g

+ / d*x[(terms quadratic in8A,,) + (higher terms)] 2.9

and the path integral becomes

872

7z = / (DA Je S = / 44 @ny / (A Je 7 * (2.10)
n Y Mo

where X € Mg , labels an instanton configuration.

It was ’t Hooft who first tried to use this decomposition to study the dynamics
of quantum Yang-Mills theory [73]. It turned out that the integral over the fluctua-
tions § A, around the instanton configuration makes the computation in the strongly
coupled, infrared region very hard in general.

For a supersymmetric model with a weakly coupled region, however, the fermionic
fluctuations and the gauge fluctuations cancel, and often the result can be written as
an integral over M , of a tractable function with explicit expressions; the state of
the art at the turn of the century was summarized in the reference [5]. One place the
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relation between supersymmetry and the instanton equation (2.5) manifests itself is
the supersymmetry transformation law of the gaugino, which is roughly of the form

e = aﬁeﬂ’ 8)_\& = Faﬁgﬂ 2.11)

Here, Fy3 and F,; are (A)SD components of the field strength written in the spinor
notation. Therefore, if the gauge configuration satisfies (2.5), then depending on the
sign of n, half of the supersymmetry corresponding to €% or €¥ remains unbroken.
In general, in the computation of the partition function in a supersymmetric back-
ground, only configurations preserving at least some of the supersymmetry gives
non-vanishing contributions in the path integral. This is the principle called the
supersymmetric localization. In this review we approach this type of computation
from a rather geometric point of view.

3 U(N) Gauge Group on R*
3.1 Toy Models

We will start by considering supersymmetric quantum mechanics, as we are going
to reduce the field theory calculations to supersymmetric quantum mechanics on
instanton moduli spaces in Sect.3.2.

3.1.1 Supersymmetric Quantum Mechanics on C?

Let us first consider the quantum mechanics of a supersymmetric particle on C2,
parameterized by (z, w). Let the supersymmetry be such that z, w are invariant, and
(z, ¥z) and (w, ¥y) are paired. This system also has global symmetries J; and J,,
such that (J;, J») = (1, 0) for z and (J;, J») = (0, 1) for w.

Let us consider its supersymmetric partition function

Z(Bi €1, &) = try (=D ePielPah 3.1

where H is the total Hilbert space. As there is a cancellation within the pairs (z, ¥z)
and (w, ¥p), we have the equality

Z(‘B, Els 62) — tersy ei,Bél./l eiﬂ€2]2 (32)

where Hygy is the subspace consisting of supersymmetric states, which in this case
is
Hasy ~ @D Cz"w" (3.3)

m,n>0
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The partition function is then

1 1
Z(Brer€) = T—po T e (3.4)
In the 8 — 0 limit, we have
.2 1
(—iB)Z(B; €1, €2) > —. (3.5)
€1€2

3.1.2 Supersymmetric Quantum Mechanics on CP!

Next, consider a charged supersymmetric particle moving on §> ~ CP', under the
influence of a magnetic flux of charge j = 0, % 1, etc. Let us use the complex
coordinate z so that z = 0 is the north pole and z = oo is the south pole. The
supersymmetric Hilbert space is then

2j
Hasy = P C* ()%, (3.6)

k=0

and is the spin j representation of SU(2) acting on CP'. Let the global symmetry J
to rotate z with charge 1. Then we have

Z(B;€) = try,, e = e IPe 4 UV 4 g oTHPE (3.7)

This partition function can be re-expressed as

e44jﬂe eAdjﬂe
Z(B;¢€) = =T + [ g¥ife (3.8)
Its B — 0O limit is finite:
Z(B;€) > 2j+ 1. 3.9)

3.1.3 Localization Theorem

These two examples illustrate the following localization theorem: consider aquantum
mechanics of a supersymmetric particle moving on a smooth complex space M of
complex dimension d with isometry U(1)", under the influence of a magnetic flux
corresponding to a line bundle L on M. Then the space of the supersymmetric states
is the space of holomorphic sections of L. When L is trivial, it is just the space of
holomorphic functions on M.
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Assume the points fixed by U(1)” on M are isolated. Denote the generators of
U)" by Ji, ..., Jy. Then the following relation holds:

B2 (pi€i
HZ:I(I — B k(piaci)

ZBi€r, ... €n) =try(—)FefZiad = Z ., (3.10)

P

see e.g. [74]. Here, the sum runs over the set of fixed points p on M, and j(p); and
k(p)i.q. are defined so that

d
trru, BTt — Z B2 k(Piaei @3.11)
a=1
and
trLlp P i€idi — P > ipidi ) (3.12)

In the following, it is convenient to abuse the notation and identify a vector space
and its character under U(1)V. Then we can just write

d
™|, = Zeiﬂ > k(p)i.aei, Ll, = B2 il (3.13)
a=1

We will also use +, x, — instead of @, ® and ©.

In (3.4), the only fixed point is at (z, w) = (0, 0), and in (3.8), there are two
fixed points, one at z = 0 and z = oo. It is easy to check that the general theorem
reproduces (3.4) and (3.8).

It is also clear that in the 8 — 0 limit, we have

1
(—iB)'Z(Bi €1, ... en) —> , (3.14)
1 Zp: HZ:] > k(piaei

which is zero if M is compact.

3.1.4 Supersymmetric Quantum Mechanics on C?/Z,

Let us make the identification by the Z, action (z, w) ~ (—z, —w) in the model of
Sect.3.1.1. Then the supersymmetric Hilbert space (3.3) becomes

Hay= P C"w"e P C"w” (3.15)

m,n: even m,n: odd
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and the partition function is therefore

1 + eiflerte)

Z(Bs e, ) = (1 — eBbery(1 — ¢2iber)”

(3.16)

The B — 0 limit is then

(B)Z(B; €1, €2) — (3.17)

26162‘

The additional factor 2 with respect to (3.5) is due to the Z, identification.

The localization theorem is not directly applicable, as the fixed point (z, w) =
(0, 0) is singular. Instead, take the blow-up M of C? /Z,, which is the total space of
the canonical line bundle of CP'. The space is now smooth, with two fixed points.
At the north pole n,

trru eflelital) _ 2ipe + e Ble1—€) (3.18)

and at the south pole s,

trrm efeitel) _ iple1—e) + elibe (3.19)

Then we have

1 1

2B e &) = (1= eBPery(1 — By | (1 = eble—en)(] — oBbe)

(3.20)

from the localization theorem, which agrees with (3.16).

3.2 Instanton Partition Function: Generalities

Let us now come to the real objective of our study, namely the four-dimensional
N = 2 supersymmetric gauge theory. The data defining the theory is its gauge group
G, the flavor symmetry F, and the hypermultiplet representation R @ R under G x F.
With the same data, we can consider the five-dimensional N' = 1 supersymmetric
gauge theory, with the same gauge group and the same hypermultiplet representation.
We put this five-dimensional theory on a C? bundle over S' given by taking C>x [0, )
parameterized by (z, w, & 3), and making the identification

(z, w, 0) ~ (P17, 2w, B). (3.21)

See Fig. 1 for a picture. This background space-time is often called the €2 background.
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Fig. 1 The five-dimensional
spacetime. The vertical
direction is £7, and the R*
planes at £5=0and &> =8
are identified after a rotation

]R4

We set the vacuum expectation value of the gauge field at infinity, such that its
integral along the & direction is given by

diag(e, P2 Py e U(1) C G. (3.22)

We also set the background vector field which couples to the flavor symmetry, such
that its integral along the £° direction is given by

diag(eP™ ™2 . Py e U(1) C F. (3.23)

m; becomes the mass parameters when we take the four-dimensional limit 8 — 0.
We are interested in the supersymmetric partition function in this background:

,,,,,,,,,,

where Hopr is the Hilbert space of the five-dimensional field theory on R*;
Ji2, O1,..r and Fy __ ; are the generators of the spatial, gauge and flavor rotation,
respectively.

We are mostly interested in the non-perturbative sector, where one has instanton
configurations on R* with instanton number n. Here we assume that G is a simple
group; the generalization is obvious.

Energetically, five-dimensional configurations which are close to a solution of
the instanton equation (2.5) at every constant time slice are favored within the path
integral, similarly as discussed in Sect. 2.1. We can visualize such a configuration as
one where the parameters describing the n-instanton configuration is slowly chang-
ing according to time. Therefore, the system can be approximated by the quantum
mechanical particle moving within the instanton moduli space. This approach is
often called the moduli space approximation. With supersymmetry, this approxima-
tion becomes exact, and we have

~~~~~~

sw2np

e np . r f
Zina(B 12501 ) = D & 7 try, (=) Pttt et i mb)

.....
n>0

(3.25)

where g is the five-dimensional coupling constant, and H,, is the Hilbert space of the
supersymmetric quantum mechanics on the n-instanton moduli space. Its bosonic
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part Mg, is the moduli space of n-instantons of gauge group G, which we reviewed
in Sect. 2.1. It has complex dimension 24" (G)n. In addition, the fermionic direction
V(R) has complex dimension k(R)n, where k(R) is the quadratic Casimir normalized
so that it is 2/Y (G) for the adjoint representation. This V(R) is a vector bundle over
the instanton moduli space M ,, and is often called the matter bundle.

M., has a natural action of U(1)? which rotates the spacetime C?, and a natural
action of G which performs the spacetime independent gauge rotation. These actions
extend equivariantly to the matter bundle V(R).

Then, if Mg, were smooth and if the fixed points p under U (1)**" c U(1)? x
G were isolated, we can apply the localization theorem to compute the instanton
partition function:

k<R)" eiPwi(p)
872 nﬁ (1 P )
1Hbl(ﬂ Gl 27 al ..... r) - ze '( Z 2/’LV(G)I‘[ eiﬂUx(p)) (3'26)

n>0

where v;(p) and w;(p) are linear combinations of € 5, ay,.., and m; s such that
we have
2hY(G)n k(R)n
TMulp= D ¢®"P VR, =D e, (3.27)

t=1

As was explained in Sect. 2.1, M , has small instanton singularities and the formula
above is not directly applicable. One of the technical difficulties in the instanton
computation is how to deal with this singularity. Currently, the explicit formula is
known (or, at least the method to write it down is known) for the following cases:
(i) G = U(N) with arbitrary representations, (ii)) G = SO(N) with representations
appearing in the tensor powers of the vector representation, and (iii) G = USp(2N)
with arbitrary representations. We will discuss U(N) with (bi)fundamentals in
Sect. 3.3, and SO(N) and USp(2N) with fundamentals in Sect.4.1. For other repre-
sentations, see [24, 25].

The 5d gauge theory can have a Chern-Simons coupling, it induces a magnetic flux
to the supersymmetric quantum mechanics on the instanton moduli space, which will
introduce a factor in the numerator of (3.26) as dictated by the localization theorem
(3.10) [75].

The four-dimensional limit 8 — 0 needs to be taken carefully. In principle threre
can be multiple interesting choices of the scaling of the variables, resulting in different
four dimensional dynamics. Here we only consider the standard one. We would like
to take the limit 8 — 0 keeping €; » and a; finite. Note that each term in the sum
(3.26) with fixed instanton number n has (22Y(G) — k(R))n more factors in the
denominator, producing a factor oc B~ (@—k(B)n 1 order to compensate it, we
express the classical contribution to the action in (3.26) as

872

_8p v
e 7 = (—ip) Ry (3.28)
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and keep ¢ fixed while taking 8 — 0. The four-dimensional limit of the partition
function is then

k(R)n

Zinst(B; €12;a1,.r) = Zq Z Zh_(G),:UZ ((p)) (3.29)
n>0

Note that the naive four-dimensional coupling g4, is given by the five-dimensional
coupling gs, by the relation

8n?  8n?
s WP (3.30)
9ad 954

Therefore, the relation (3.28), where ¢ is fixed and 8 is varied, can be thought of
as describing the running of g4; when we change the UV cutoff scale S~'. We see
that the relation (3.28) correctly reproduces the logarithmic one-loop running of g4y,
controlled by the one-loop beta function coefficient 242" (G) — k(R). The dynamical
scale A is given by ¢ = A (@=k® Tt is somewhat gratifying to see that the
logarithmic running arises naturally in this convoluted framework.

This definition of the four-dimensional instanton partition function does not
explain why its limit
..... r) = 11m061€2 log Zinst(€12; a1,....r) (3.31)
is the prepotential of the four-dimensional gauge theory. For field theoretical expla-
nations, see [10] or the Appendix of [75].

3.3 Instanton Partition Function: Unitary Gauge Groups

The instanton moduli space is always singular as explained in Sect.2.1. Therefore,
we need to do something in order to apply the idea outlined in the previous section.
When the gauge group is U(N), there is a standard way to deform the singularities
so that the resulting space is smooth [9, 76].

ADHM construction Let the instanton number be 7, and introduce the space Mg, ;
via
Mg = {uclx) =1 | x € Xg,}/GL(n). (3.32)

e Here X, is a linear space constructed from two vector spaces V, W described
below as follows

Xoo=TE'OTEHRVRVOW QVRTE '®TL '@V @W. (3.33)
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Here, T; is a one-dimensional space on which the generator J; has the eigenvalue
+1. As it is very cumbersome to write a lot of ® and @, we abuse the notation as
already introduced above, by identifying the vector space and its character:

Xgn = (e7 P e Payy v f WHy e Blatalyry, (3.34)

e V =~ (" is a space with a natural GL(n) action and,
e W ~ C" is a space with a natural U(N) action.
e The * operation is defined naturally by setting i* = —i, €1 2" = €;13,anda;__,* =

e and pc is a certain quadratic function on X , taking value in the Lie algebra of
GL(n),

¢ and finally 7 is a deformation parameter taking value in the center of the Lie algebra
of GL(n). For generic ¢ the space is smooth, but it becomes singular when ¢ = 0.

This is called the ADHM construction, and the space att = 0, M , 0, is the instanton
moduli space Mg ,,.

The trick we use is to replace M , by Mg ., witht # 0 and apply the localization
theorem. The answer does not depend on ¢ as long as it is non-zero. The deformation
by ¢ can be physically realized by the introduction of the spacetime noncommutativity
[76], but this physical interpretation does not play any role here. Mathematically, this
deformation corresponds to considering not just bundles but also torsion free sheaves,
see e.g. [9]. Note that it is not known how to perform such deformation in other gauge
groups at present.

The fixed points of the U(1)** action on Mg ., was classified in [16], W_I}ich
we will describe below. A fixed point p is labeled by N Young diagrams ¥ =

(Y1, ..., Yy) such that the total number of the boxes |Y| is n. Let us denote by
(i, j) € Y when there is a box at the position (7, j) in a Young diagram Y. Then,
the fixed point labeled by p = (Y1, ..., Yy) corresponds to the action of U(1)? and
U(1)" € G on V and W such that
N N
W, = Zelﬁas’ Vv, = Z Z ePlast=Da+(1-je) (3.35)
s=1 s=1 (i,j)eYs
Then we have
TM|, = WiV, 4 POt vy, — (1 — P — eF2)v, v, (3.36)

from which you can read off v(p), in (3.27). As for w(p),, we have
V(fundamental), = ¢ #"V,,  V(adjoint), = e #"TM|,, (3.37)
where m is the mass of the hypermultiplets. In the case of a bifundamental of U(N;) x

U(N,), the zero modes are determined once the instanton configurations p, g of
U(N, ) are specified:
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V(bifundamental) , ; = e~ " (W5 V, + ePCOTDvrw, — (1 — P - eP2)Vrv,).
(3.38)

Note that both the adjoint and the fundamental are special cases of the bifundamental,
namely, the adjoint is when p = ¢, and the fundamental is when p is empty.

Then it is just a combinatorial exercise to write down the explicit formula for the
four-dimensional partition function (3.29) in terms of Young diagrams labeling the
fixed points. The explicit formulas are given below. However, before writing them
down, the author would like to stress that to implement it in a computer algebra
system, it is usually easier and less error-prone to just directly use the formulas
(3.35)—(3.38) to compute the characters and then to read off v(p), and w(p); via
(3.27), which can then be plugged in to (3.29).

Explicit formulas Let Y = (A,; > X, > ---) be a Young tableau where A; is the
height of the ith column. We set A; = 0 when i is larger than the width of the tableau.
Let YT = (A} = A5 > ---) be its transpose. For a box s at the coordinate (i, j), we
let its arm-length Ay (s) and leg-length Ly (s) with respect to the tableau Y to be

Ay(9) =i —j,  Ly(s) =2, —1i, (3.39)

see Fig. 2. Note that they can be negative when the box s is outside the tableau. We
then define a function E by

E(a,Y1,Ys,5) =a— €Ly, (s) + e2(Ay,(s) + 1). (3.40)

We use the vector symbol a to stand for N-tuples, e.g. Y = (Y1, Y,, ..., Yy), etc.
Then, the contribution of an SU (/) vector multiplet from the fixed point p labeled

by an N-tuple of Young diagrams Y is the denominator of (3.29), where v;(p) can
be read off from the characters of TM¢ .|, once we have the form (3.27). This is
done by plugging (3.35) and (3.36). The end result is

1

Hf,v_le [Lsey, E(ai —aj.Yi. Yj.9) [liey, (€1 + €2 — Eaj —ai, ¥}, Yi, )
(3.41)

Note that there are 2N n factors in total. This is as it should be, as TM ,, is complex
2Nn dimensional, and there are 2Nn eigenvalues at each fixed point.

Zvect(a» Y)=

Fig. 2 Definition of the arm-length and the leg-length. For a box s in a Young tableau displayed
above, the leg-length is the number of boxes to the right of s, marked by black disks, and the
arm-length is the number of boxes on top of s
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The contribution from (anti)fundamental hypermultiplets is given by

N
zna(@ Y, m) = [[[[@ (@i, ) —m + € + €, (3.42)
i=1 sey;
Zaniitund (@, ¥, 1) = Zfuna (@, ¥, €1 + € — m) (3.43)

where ¢ (a, s) for the box s = (i, j) is defined as
pla,s) =a+e @ —1)+e(—D. (3.44)

They directly reflect the characters of V), in (3.35).

When we have gauge group SU(N) x SU(M) and a bifundamental charged under
both, the contribution from the bifundamental depends on the gauge configuration of
both factors of the gauge group. Namely, for the fixed point p of Mgy, labeled

by the Young diagram Y and the fixed point g of Msy(x),» labeled by the Young
diagram W, the contribution of a bifundamental is [21, 25]:

Zbifund (@, Y5 b, W;m) =

N M
HH H(E(al' —bj, Y;, Wj,s) —m) H (€1 + € — E(bj —ai, Wj, Yi,t) —m)
i j sey; teW;

(3.45)

where @ and b are the chemical potentials for SU(N) and SU(M) respectively.
The contribution of an adjoint hypermultiplet is a special case where p = ¢ and
a=>b.ltis

Zadi(@, ¥, m) = Zpifuna (@, Y,a, Y, m). (3.46)
This satisfies
Zvector (@, ¥) = 1/24(@, Y, 0). (3.47)

Note that there are several definitions of the mass parameter m. Another definition
with

1
m'=m (e +e) (3.48)

is also common. For their relative merits, the reader is referred to the thorough
discussion in [77].

Let us write down, as an example, the instanton partition function of N' = 2*
SU(N) gauge theory, i.e. an SU(N) theory with a massive adjoint multiplet. We just
have to multiply the contributions determined above, and we have
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zZ= an Z Zadj(as ?7 ) Zyector (d, )7)
n20 ¥ |¥|=n
sev; (E(ai —aj. Y. Yj.s) +m) [l ey, (61 + €2 — E(aj —ai, Y. Yi. 1) —m)

. N 11
SV
P £3=1 [Lsey, EC@i —a;. Yi, Y. 5) [iey, (€1 + €2 — E(@j —ai, Y}, Yi, 1))

(3.49)

Nekrasov-Okounkov For G = U(N), the final result is a summation over N-tuples
of Young diagrams p = (Y1, ..., Yy) of arational functionof €; 5, a;. ,andm, __ .
The prepotential can be extracted by taking the limit €; , — 0. There, the summation
can be replaced by an extremalization procedure over the asymptotic shape of the
Young diagrams. Applying the matrix model technique, one finds that the prepotential
as obtained from this instanton counting is the same as the prepotential as defined
by the Seiberg-Witten curve [18].

Explicit evaluation for U(2) with 1-instanton Before proceeding, let us calculate
the instanton partition function for the pure U(2) gauge theory at 1-instanton level
explicitly. It would be a good exercise, as the machinery used so far has been rather
heavy, and the formulas are although concrete rather complicated.

In fact, the calculation is already done in Sect.3.1, since the moduli space in
question is C? x C?/Z,. Here the first factor C? is the position of the center of the
instanton, and C?/Z> ~ R.( x S®/Z, parameterizes the gauge orientation of the
instanton via $3/Z, ~ SO(3) ~ SU(2)/Z, and the size of the instanton via R..
Introduce the coordinates (z, w, u, v) with the identification (u, v) ~ (—u, —v). The
action of elf€1/1t€2) is given by

iBer+ 62)/2u’ eiﬂ(fl +e€)/2

(z, w, u,v) = (P17, eP2w, e V) (3.50)

and (u, v) form a doublet under the SU(2) gauge group. Then for diag(e!?¢, e71#) ¢
SU(2), we have

(u, v) = (P, e #Py). (3.51)
Then the instanton partition function is given by combining (3.5) and (3.17):

11 1 1

11 . (3.52)
ce2(€e+e)/2—ale+e)/2+a

Zinsi(€12; a) =

It is an instructive exercise to reproduce this from the general method explained
earlier in this section.

3.4 A Mathematical Reformulation

Let us now perform a mathematical reformulation, following the idea of [78]. For
G = U(N), consider the vector space
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[o.¢]
Vi =D Vein (3.53)

where

Ve.an =P Clp) (3.54)

where p runs over the fixed points of U(1)>*" action on M, ;. We define the inner
product by taking the denominator of (3.29):

1
Opg="7"".
b H[ U(P)t

Note that the basis vectors are independent of @, but the inner product does depend on
a. We introduce an operator N such that V¢ ; , is the eigenspace with eigenvalue 7.
Let us introduce a vector

lpure) = >~ " |p) € Vg (3.56)

n=0 p

(prlg) = (3.53)

Then the partition function (3.29) of the pure SU(N) gauge theory is just
Z(ey; d) = (pure|q" [pure). (3.57)

A bifundamental charged under G| = SU(N;) and G, = SU(N,) defines a linear
map

d; :V6.a—> Vg, (3.58)

m.d

such that

(q1Pmlp) = Hw(p D (3.59)

where the right hand side comes from the decomposition

V(bifundamental), , = Z e PP (3.60)

t

Using this linear map ®; , -, we can concisely express the partition function of
quiver gauge theories. For example, consider SU(V); x SU(N), gauge theory with
bifundamental hypermultiplets charged under SU(N); x SU(N), with mass m, see
Fig.3 (4d). Then the instanton partition function (3.29) is just
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Fig. 3 Higher-dimensional setup of the quiver theory. The horizontal direction is x°. 4d) the
SU(N) x SU(N) quiver gauge theory in the infrared. 5d) 5d maximally supersymmetric SU(N)
theory on a segment. eq) its partition function, regarding the fifth direction as “time”. 6d) 6d
N = (2, 0) theory on a cylinder

Z(€1.2; @y, dp; 1) = (purelqaN®;, 2,41V |pure). (3.61)

In this section, we introduced the vector space Vs ;, together with its inner
product using fixed points of Mg , ;. It is known that this vector space is a natural
mathematical object called the equivariant cohomology:

VG,E,n = HéxU(l)z (MG,n,t) ® SG (362)

where § is the quotient field of H_, (12 (pt). A vector called the fundamental class
[Mg.n.] is naturally defined as an element in HéxU(l)Z(MGs”J)' Then the vector
|pure) above is

oo o0
Ipure) = PIMe.nil € P Hy vy Men)- (3.63)
n=0 n=0

For general G, there is only the singular space Mg , and not the smooth version
Mg ;. Still, using the equivariant intersection cohomology, one can write the parti-
tion function of the pure AV = 2 gauge theory with arbitrary gauge group G in the
form (3.57), see e.g. [79].

3.5 Physical Interpretation of the Reformulation

The reformulation in the previous section can be naturally understood by consid-
ering a five-dimensional setup; it is important to distinguish it from another five-
dimensional set-up we already used in Sect. 3.2.

Take the maximally supersymmetric SU(/N) gauge theory with coupling constant
g. We put the system on R!3 times a segment in the x° direction, which is [0, L] U
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[Li, Li+L;]. We putboundary conditions atx> =0,Land L,;+L,. This necessarily
breaks the supersymmetry to one half of the original, making it to a system with 4d
N = 2 supersymmetry. At x> = L, we put N x N hypermultiplets, to which the
SU(N) gauge group on the left and the SU(N) gauge group on the right couple
by the left and the right multiplication. At x> = 0 and x> = L; + L,, we put a
boundary condition which just terminates the spacetime without introducing any
hypermultiplet. See Fig. 3 (5d).

In the scale larger than L, ,, the theory effectively becomes the quiver gauge
theory treated, because the segment x> € [L, + Ly, L] gives rise to an SU(N)
gauge group with 4d gauge inverse square coupling L»/gZ,, and the segment [L, 0]
another SU(N) gauge group with 4d inverse square coupling L;/ 9§d~ Therefore we
have, in (3.61),

logqi/loggy = L1/Ls. (3.64)

The final idea is to consider the x> direction as the time direction. At each fixed
value of x>, one has a state in the Hilbert space of this quantum field theory, which is
V¢.; introduced in the previous section. Then every factor in the partition function
of the quiver theory (3.61) has a natural interpretation, see Fig.3 (eq):

e |pure) is the state created by the boundary condition at x> = 0.

o gN = (29N — o~LiE i5 the Euclidean propagation of the system by the length
L.

e ®;, .z, is the operation defined by the bifundamental hypermultiplet at x> = L.

o qg' = (022N — p=L2F j5 the Euclidean propagation of the system by the length
L.

e (pure| is the state representing the boundary condition at x> = L1 + L,.

3.6 W-Algebra Action and the Sixth Direction

For G = U(N), it is a mathematical fact [80, 81] that there is a natural action of the
Wy algebraon Vg ;. The Wy algebra is generated by two-dimensional holomorphic
spin-d currents Wy (z),d = 2, 3, ..., N, and in particular contains the Virasoro sub-
algebra generated by T'(z) = W,(z). The L of the Virasoro subalgebra is identified
with N acting on V¢ ;. In particular, L_,, maps V¢ z ., to Vi i 4m. Figuratively
speaking, L_,, adds m instantons into the system. Furthermore, for generic value
of a, Vg ; is the Verma module of the Wy-algebra times a free boson. The central
charge of the Virasoro subalgebra of this Wy algebra is given by the formula

(€1 +€)?
€1€2 '

c=(N—-1D+NN>-1) (3.65)
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Furthermore, it is believed that there is a natural decomposition
Vei=Va®H, (3.66)

into a Wy Verma module V;/, and a free boson Fock space H,,. Here, we define m

and @’ via . |
m:Za,., Zﬂ:&—m(ﬁ,...,ﬁ). (3.67)

Note thata’ lives in an N — 1 dimensional subspace. Then V is the Verma module of
the Wy algebra constructed from N — 1 free scalar fields with zero mode eigenvalue
by a’ and the background charge

o=(p+ V(XN _y N N p_a (3.68)
- b)J\2"2 7 20 2 ) T e’ ’

and H,, is the free boson Fock space with zero mode eigenvalue m. The action of a
free boson on H,, was constructed in [78]. The decomposition above was also studied
in [82, 83].

When €; + €, = 0, we have b + 1/b = 0 and the background charges (3.68)
vanish. In this case the system becomes particularly simple, and it was already studied
in [84-86].

The vector |pure) € Vg ;, from this point of view, is a special vector called a
Whittaker vector, which is a kind of a coherent state of the W-algebra [51, 87-89].
Small number of hypermultiplets in the fundamental representation also is a boundary
condition which also corresponds to a special state, studied in [90].

The linear map ®; , ; defined by a bifundamental hypermultiplet (3.58) should
be a natural map between two representations of Wy algebras. A natural candidate
is an intertwiner of the Wy algebra action, or equivalently, it is an insertion of a
primary operator of Wy . If that is the case, the partition function of a cyclic quiver
with the gauge group SU(N); x SU(N), x SU(N)3,

N N N
tr gy Py 592 Pmy. 293 Pémaas (3.69)

for example, is the conformal block of the Wy algebra on the torus z ~ ¢g;¢2g3z with
three insertions at z = 1, g;, and ¢q,g,. This explains the observation first made in
[50].

Therefore the mathematically missing piece is to give the proof that ®;  ; is the
primary operator insertion. For N = 2 when Wy is the Virasoro algebra, this has
been proven in [91, 92], but the general case is not yet settled. At least, there are
many studies which show the agreement up to low orders in the g-expansion [93,
94]. Also, the decomposition (3.66) predicts the existence of a rather nice basis in
the Verma module of Wy algebra times a free boson which was not know before,
whose property was studied in [95]. The decomposition was also studied from the
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point of view of the W, algebra [96, 97] corresponding to the case €; + €, = 0.
Its generalization to the case €; + €, # 0 was done in [98].

When one considers a bifundamental charged under SU(N;) x SU(N;) with
N; > N,, we have a linear operator

@ : Vsuwy = Vsumy)s (3.70)

and we have an action of Wy, on Vgy(y,). The 6d construction using ' = (2, 0)
theory of type SU(N;) [54] suggests that it can also be represented as a map

(O VSU(NI) —> V/, (371)

where we still have an action of Wy, on V’. Then V' is no longer a Verma module, even
for generic values of parameters. V' are believed to be the so-called semi-degenerate
representations of Wy, algebras determined by N,, and there are a few checks of this
idea [99-101].

3.7 String Theoretical Interpretations

Asseenin Sect. 3.5, the operator N is the Hamiltonian generating the translation along
x3. It is therefore most natural to make the identification log |z| = x°. Although the
circle direction x® = arg z was not directly present in the setup of Sect. 3.5, it also
has a natural interpretation. Namely, the maximally supersymmetric 5d gauge theory
with gauge group U(N) on a space X is in fact the six-dimensional V' = (2, 0) theory
of type U(N) on a space X x S, such that the Kaluza-Klein momentum along the S'
direction is the instanton number of the 5d gauge theory. This again nicely fits with
the fact that L, creates n instantons, as the operator L, has n Kaluza-Klein momenta
along S'. The quiver gauge theory treated at the end of Sect. 3.5 can now be depicted
as in Fig. 3 (6d). There, the boundary conditions at both ends correspond to the state
[pure) in V. The operator ®; 7 is now an insertion of a primary field.

If one prefers string theoretical language, it can be further rephrased as follows.
We consider N D4-branes on the space X, in a Type IIA set-up. This is equivalent to
N M5-branes on the space X x S! in an M-theory set-up. The Kaluza-Klein momenta
around S are the DO-branes in the Type IIA description, which can be absorbed into
the world-volume of the D4-branes as instantons. The insertion of a primary is an
intersection with another M5-brane. This reduces in the type IIA limit an intersection
with an NS5-brane, which gives the bifundamental hypermultiplet.

In the discussions so far, we introduced two vector spaces associated to the
n-instanton moduli space M ,,, and saw the appearance of three distinct extra space-
time directions, £°, x> and x©.
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e First, we introduced H,, in Sect.3.2. We put N/ = 1 supersymmetric 5d gauge
theory with hypermultiplets on the  background R* x S! so that R* is rotated
when we go around S'. We then considered S as the time direction. We called this
direction £°. The supersymmetric, non-perturbative part of the field theory Hilbert
space reduces to the Hilbert space of the supersymmetric quantum mechanics
on the moduli space of n-instantons plus the hypermultiplet zero modes. We did
not use the inner product in this Hilbert space. Mathematically, it is the space of
holomorphic functions on the moduli space.

e Second, we introduced V,, in Sect. 3.4. We put the maximally-supersymmetric 5d
gauge theory on R* x a segment parameterized by x>, and considered the segment
as the time direction. The supersymmetric, non-perturbative part of the field theory
Hilbert space reduces to the space V,,. It has an inner product, defined by means of
the trace on H,,. Mathematically, V, is the equivariant cohomology of the moduli
space. In this second setup, another circular direction x® automatically appears,

so that it combines with x° to form a complex direction log z = x> + ix®.

It is important to keep in mind that in this second story with x> and x® we kept
the radius B of &> direction to be zero. If we keep it to a nonzero value instead, the
inner product on Vg ; (3.55) is instead modified to

(plg) = ap,qm. (3.72)
Let us distinguish the vector space with this modified inner product from the original
one by calling it \7@,5. The Wy action is no longer there. Instead, we have [80, 81,
102-104] an action of g-deformed Wy algebra on ﬁ’c,a, which does not contain a
Virasoro subalgebra. Therefore, we do not generate additional direction x® anymore.
String theoretically, the set up with £ and x> corresponds to having N D5-branes in
Type IIB, and it is hard to add another physical direction to the system.

Relation to the refined topological vertex Now, let us picturize this last Type 1IB
setup. We depict N D5-branes as N lines as in Fig. 4 (1). The horizontal direction is
x°, the vertical direction is x°, say. We do not show the spacetime directions R* or
the compactified direction &°. In the calculation of the instanton partition function,
we assign a Young diagram to each D5-brane.

The boundary condition at fixed value of x°, introducing a bifundamental hyper-
multiplet, is realized by an NS5-brane cutting across N D5-branes, which can be
depicted as in Fig.4 (2). When an NS5-brane crosses an D5-brane, they merge to
form a (1,1) 5-brane, which needs to be tilted to preserve supersymmetry; the figure
shows this detail.

Therefore, the whole brane set-up describing a five-dimensional quiver gauge
theory on a circle can be built from a vertex joining three 5-branes Fig.4 (3), and
a line representing a 5-brane Fig.4 (4). Any 5-brane is obtained by an application
of the SL(2, Z) duality to the 5-brane, so one can associate a Young diagram to any
line. The basic quantity is then a function Zyexex (€1, €2; Y1, Y2, Y3) which is called
the refined topological vertex. The partition function of the system is obtained by
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(1) (2) (3) (4) (5)

Y1 N
Y1
ar—a:x
Y2 Y

Y2

= LR

Fig. 4 Type IIB setup, or equivalently the toric diagram.

multiplying the refined topological vertex for all the junctions of three 5-branes,
multiplying a propagator factor A(Y) for each of the internal horizontal line, and
summing over all the Young diagrams.

The phrase ‘refined topological’ is used due to the following situation where it
was originally discovered. A review of the detail can be found in [V:13] in this
volume, so we will be brief here. We apply a further chain of dualities to the setup
we have arrived, so that the diagrams in Fig.4 are now considered as specifying the
toric diagram of a non-compact toric Calabi-Yau space on which M-theory is put.
The direction &3 is now the M-theory circle. Nekrasov’s partition function of this
setup when €; = —e, = g is given by the partition function of the topological string
on the same Calabi-Yau with the topological string coupling constant at g;. This
gives the unrefined version of the topological vertex. The generalized case €; # —e;
should correspond to a refined version of the topological string on the Calabi-Yau,
and the function Zy.nx for general €, €, is called the refined topological vertex. The
unrefined version was determined in [37, 38] and the refined version was determined
in [39, 40, 105].

In this discussion, we implicitly used the fact that the logarithm of the partition
function on the 2 background (3.21) is equal to the prepotential in the presence of the
graviphoton background, which is further equal to the free energy of the topological
string. In the unrefined case this identification goes back to [106, 107]. The refined
case is being clarified, see e.g. [108—110].

As an aside, we can also perform a T-duality along the &5 direction in the type IIB
configuration above. This gives rise to a type IIA configuration in the fluxtrap solu-
tion, which lifts to a configuration of M5-branes with four-form background [111-
113]. For a certain class of gauge theories, we can also go to a duality frame where
we have D3-branes in an orbifold singularity with a particular RR-background. It has
been directly checked that the partition function in this setup reproduces Nekrasov’s
partition function in the unrefined case €; + €, = 0 [114-116].

Let us come back to the discussion of the refined topological vertex itself. The
summation over the Young diagrams in the internal lines of Fig.4 (2) can be car-
ried out explicitly using the properties of Macdonald polynomials, and correctly
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reproduces the numerator of the partition function (3.26) coming from a bifunda-
mental, given by the weights in (3.38). The denominator basically comes from the
propagator factors associated to N horizontal lines [36, 41].

Here, it is natural to consider an infinite dimensional vector space

Vi =dhc) (3.73)
Y

whose basis is labeled by a Young diagram, such that the inner product is given by
the propagator factor A(Y) of the topological vertex. Now, the space ¥, is known to
have a natural action of an algebra called the Ding-Iohara algebra DZ [117]. It might
be helpful to know that this algebra is also called the elliptic Hall algebra, or the
quantum toroidal GL(1) algebra; see e.g. [118] for the quantum toroidal algebras.
Then the refined topological vertex Zyenex 1S an intertwiner of this algebra:

Zyerex : V1@ V) — V. (3.74)

The g-deformed Wy-algebra action on @U(N), from this point of view, should be
understood from its relation to the action of the Ding-Iohara algebra DZ on

V19N ~ Vyw). (3.75)

The Wy action on Vy ) should follow when one takes the four-dimensional limit
when the radius 8 of the £° direction goes to zero.

This formulation has an advantage that the instanton partition function on S' of a
5d non-Lagrangian theory, such as the Ty theory corresponding to Fig. 4 (5), can be
computed, by just multiplying the vertex factors and summing over Young diagrams.
Indeed this computation was performed in [119, 120], where the Eg symmetry of
the partition function of 73 was demonstrated.

It should almost be automatic that the resulting partition function Zz, of Ty is an
intertwiner of g-deformed Wy algebra, because the linear map

ZTN : QU(N) ® @U(N) — QU(N) (3.76)
is obtained by composing N (N — 1)/2 copies of Zyerex according to Fig.4 (5). One

can at least hope that the intertwining property of Zyenex, together with the naturality
of the map (3.75), should translate to the intertwining property of Zr,,.

4 Other Gauge Groups

In this section, we indicate how the instanton calculations can be extended to gauge
groups other than (special) unitary groups. We do not discuss the details, and only
point to the most relevant results in the literature.
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4.1 Classical Gauge Groups

Let us consider classical gauge groups G = SO(2n), SO(2n + 1) and USp(2n).
Physically, nothing changes from what is stated in Sect.3.2; we need to perform
localization on the n-instanton moduli space M, of gauge group G. A technical
problem is that there is no known way to resolve and/or deform the singularity of
Mg, to make it smooth, when G is not unitary.

To proceed, we first re-think the way we performed the calculation when G =
U(N). For classical G, the instanton moduli space has the ADHM description, just
as in the unitary case recalled in (3.32):

Mgn ={ncx) =0]x € Xgn}/K(G,n) (4.1)

Here, K (G, n) is a complexified compact Lie group, and X, is a vector space,
given as in (3.34) by a tensor product and a direct sum starting from vector spaces
V and W which are the fundamental representations of K (G, n) and G respectively.
One can formally rewrite the integral which corresponds to the localization on Mg ,
as an integral over

Xgn ® (G, n), 4.2)

where €(G, n) is the Lie algebra of K (G, n). The integral along X , can be easily
performed, and the integration on ¥ (G, n) can be reduced to an integration on the
Cartan subalgebra hr(G, n) of &g (G, n), resulting in a formal expression

Zinstn(€r2;ar,. smy, . f)=/ fleisan. smi. ;@) 4.3)
$EhR(G.n)

where f is a rational function.

The fact that Mg, is singular is reflected in the fact that the poles of the rational
function are on the integration locus hr(G, n). When G is unitary, the deformation
of the instanton moduli space Mg, to make it smooth corresponds to a systematic
deformation of the half-dimensional integration contour hg(G, n) C hc(G, n). Fur-
thermore, the poles are in one-to-one correspondence with the fixed points on the
smoothed instanton moduli space. A pole is given by a specific value ¢ € hc(G, n)
which is a certain linear combinations of €; 5, a1, ,,and m;__ s.In other words, the
position of a pole is given by specifying the action of U(1)>*" c U(1)> x G on the
vector space V, which is naturally a representation of K (G, n). Finally, the residues
give the summand in the localization formula (3.29).

Although the deformation of the moduli space is not possible when G is not
unitary, the systematic deformation of the integration contour hr(G, n) C he(G, n)
is still possible. The poles are still specified by the actions

~~~~~~

¢, U A~ V. (4.4)
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Then the instanton partition function (4.3) can be written down explicitly as

This calculation was pioneered in [22, 23], and further elaborated in [26].

4.2 Effect of Finite Renormalization

Let us in particular consider N' = 2 SU(2) gauge theory with four fundamental
hypermultiplets, with all the masses set to zero for simplicity. Its instanton partition
function can be calculated either as the N = 2 case of SU(N) theory,orasthe N = 1
case of USp(2N) theory, using the ADHM construction either of the SU instantons
or of the USp instantons. What was found in [26] is that the n-instanton contribution
calculated in this manner, are all different:

ZooD(eraia) # Zya (€121 a). (4.6)

inst,n inst,n

They also found that the total instanton partition functions

2
Z6(g; e10:0) = g2 D" q" 25, (e1.2: aim) 4.7

n>0

becomes the same,

7% (gsuq; €1.2: arm) = ZVPP (quspa): €1.2: az m) (4.8)
once we set
qusp2) \ ~2
qsu@) = qusp2) (1 + T) . 4.9)

The physical coupling gir = €>**® in the infrared is then given in terms of the
prepotential:

2mT lim €e; log Z%(q; €12). (4.10)

This is given by

6>(qwr)*
03 (qrr)*

qsu@) = “4.11)
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This finite discrepancy between the UV coupling gsy(2) and the IR coupling gir was
first clearly recognized in [121], and the all order form was conjectured by [48]. We
see that the UV coupling qusp() is different from both.

These subtle difference among gsu(2), gusp2) and gir reflects a standard property
of any well-defined quantum field theory. The factor weighting the instanton number,
qc, 1s an ultra-violet dimensionless quantity, and is renormalized, the amount of
which depends on the regularization chosen. The choice of the ADHM construction
of the SU(2) = USp(2) instanton moduli space and the subsequent deformation
of the contours are part of the regularization. The final physical answer should be
independent (4.8), once the finite renormalization is correctly performed, as in (4.9).

In this particular case, there is a natural geometric understanding of the relations
(4.9) and (4.11) [26]. The SU(2) theory with four flavors can be realized by putting 2
M5-branes on a sphere C with four punctures a;, a», by, b, whose cross ratio is the
UV coupling gsu(z). The Seiberg-Witten curve of the system is the elliptic curve E
which is a double-cover of C with four branch points at ay, a, by, b,. The IR gauge
coupling is the complex structure of E, and this gives the relation (4.11).

The same system can be also realized by putting 4 MS-branes on top of the M-
theory orientifold 5-plane on a sphere C” with four punctures, x, y, a, b, whose cross
ratio is the coupling qusp2). Here we also have the orientifold action around the
puncture x, y. There is a natural 2-to-1 map C — C’ with branch points at x and
v, so that a; » and by, on C are inverse images of a and b on C’, respectively. This
gives the relation (4.9).

4.3 Exceptional Gauge Groups

For exceptional gauge groups G, not much was known about the instanton moduli
space Mg ,, except at instanton number n = 1, because we do not have ADHM
constructions. To perform the instanton calculation in full generality in the presence
of matter hypermultiplets, we need to know the properties of various bundles on
Mg . For the pure gauge theory, the knowledge of the ring of the holomorphic
functions on Mg , would suffice. Any instanton moduli space decomposes as Mg, =
C? x Mé":‘,‘,‘er*’d, where C2 parameterize the center of the instanton, and Mg’:‘,‘;ered is
called the centered instanton moduli space. Therefore the question is to understand
the centered instanton moduli space better.

The centered one-instanton moduli space of any gauge group G is the minimal
nilpotent orbit of gc, i.e. the orbit under G¢ of a highest weight vector. The ring
of the holomorphic functions on the minimal nilpotent orbit is known [122-124],
and thus the instanton partition function of pure exceptional gauge theory can be
computed up to instanton number 1 [53].

There are 4d NV = 2 quantum field theories “of class S” whose Higgs branch
is M%‘i‘}}fred [125]. There is now a conjectured formula which computes the ring of
holomorphic functions on the Higgs branch of a large subclass of class S theories
[126]. A review can be found in [V:9] in this volume. This method can be used to
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study M, » explicitly, from which the instanton partition function of E-type gauge
theories can be found [127-129].

Moreover, the Higgs branch of any theories of class S is obtained [130] by the
hyperkéhler modification [131] of the Higgs branch of the so-called T theory. The
Higgs branch of the 7 theory is announced to be rigorously constructed [132].
Therefore, we now have a finite-dimensional construction of Mg, ,. This should
allow us to perform any computation on the instanton moduli space, at least in
principle.

4.4 Relation to W-Algebras

We can form an infinite-dimensional vector space V¢ as in Sect.3.4. When G =
SU(N), there was an action of the Wy algebra on V. There is a general construction
of W-algebras starting from arbitrary affine Lie algebras G and twisted affine Lie
algebras G where s = 2,3 specifies the order of the twist; in this general notation,
the Wy algebra is W(Sﬁ(ﬁ )) algebra. For a comprehensive account of W-algebras,
see the review [69] and the reprint volume [70].

When G is simply-laced, i.e. G = SU(N), SO(2N) or Ey, V¢ has an action
of the W(G) algebra; this can be motivated from the discussion as in Sect.3.6. We
start from the 6d A = (2, 0) theory of type G, and put it on R* x C, where C, is a
Riemann surface, so that we have A/ = 2 supersymmetry in four dimensions. Then,
we should have some kind of two-dimensional system on C,. The central charge of
this two-dimensional system can be computed [133, 134] starting from the anomaly
polynomial of the 6d theory, which results in

(€1 + €)?
€1€2 )

c=rank G + hY(G)dim G (4.12)

This is the standard formula of the central charge of the W(G) algebra, when G is
simply-laced.

When G is not simply-laced, we can use the physical 5d construction in Sect. 3.5,
but there is no 6d A' = (2, 0) theory of the corresponding type. Rather, one needs
to pick a simply-laced J and a twist o of order s = 2, 3, such that the invariant
part of J under o is Langlands dual to G, see the Table 1. Then, the 5d maximally

Table 1 The type of the 6d theory, the choice of the outer-automorphism twists, and the 5d gauge
group

r Azp—1 Dy 11 Dy Es

S 2 2 3 2

G B, Cy Gy Fy
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supersymmetric theory with gauge group G lifts to a 6d theory of type J, with
the twist by o around x®. This strongly suggests that the W-algebra which acts on
Ve is W(G (). This statement was checked to the one-instanton level in [53] by
considering pure G gauge theory. A full mathematical proof for simply-laced G is
available in [135].

5 Other Spaces

5.1 With a Surface Operator

Generalities Let us consider a gauge theory with a simple gauge group G, with a
surface operator supported on C C C2. A detailed review can be found in [V:8], so
we will be brief here. A surface operator is defined in the path integral formalism
as in the case of 't Hooft loop operators, by declaring that fields have prescribed
singularities there. In our case, we demand that the gauge field has the divergence

Apdb — pdb (5.1)

where 6 is the angular coordinate in the plane transverse to the surface operator, i
is an element in g; the behavior of other fields in the theory is set so that the surface
operator preserves a certain amount of supersymmetry.

On the surface operator, the gauge group is broken to a subgroup L of G com-
muting with 1. Let us say there is a subgroup U(1)¥ C L. Then, the restriction
of the gauge field on the surface operator can have nontrivial monopole numbers
ny, ..., ng. Together with the instanton number n( in the bulk, they comprise a set
of numbers classifying the topological class of the gauge field. Thus we are led to
consider the moduli space Mg, 1. .ng.n,....n, - It 1S convenient to redefine ny, . . ., ng
by an integral linear matrix so that these instanton moduli spaces are nonempty if
and only if ng, ..., ny > 0. The instanton partition function is schematically given
by

Zinst(el,Z; a;; 610,1,“.,1() = z qgo . q;:]‘ Zinst,no,...,nk (61,2; ai) (52)

no,ny,...,n =0

where Zingin,...n,(€12;a;) 1is given by a geometric quantity associated to

MG,L,u,ng,nl,...,;;;.:
This space is not well understood unless G is unitary. Suppose G is SU(N) . Then
the singularity is specified by

n = diag(ﬂ/lv ey MLy A2y ey 2y ey g ""H/k+l)' (53)

m my My
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Then the group L is

k+1
L=S [H U(m,»):| (5.4)
i=1

which has a U(1)* subgroup.

Here, we can use amathematical result [ 136, 137] which says that the moduli space
M. 1 jngon,....n, 10 this case is equivalent as a complex space to the moduli space
of instantons on an orbifold C/Z;;; x C. As we will review in the next section,
the instanton moduli space on an arbitrary Abelian orbifold of C? can be easily
obtained from the standard ADHM construction, resulting in the quiver description
of the instanton moduli space with a surface operator [138, 139]. The structure of the
fixed points can also be obtained starting from that of the fixed points on C?. Then
the instanton partition function can be explicitly computed [68, 140], although the
details tend to be rather complicated when [m 1, ..., mg41] is generic [66, 67, 141].

Corresponding W-algebra An infinite dimensional vector space V¢ 1 ; can be
introduced as in Sect. 3.4:

Veri= P Voran.n (5.5)

no,...,nx >0

where Vg 1.G.n0....n, 15 the equivariant cohomology of Mg 1. u.ng.ny,...n, With the
equivariant parameter of SU(N) given by a. As V does not depend on the continuous
deformation of p with fixed L, we dropped u from the subscript of V.
The W-algebra which is believed to be acting on V; ; is obtained as follows, when
G = SU(N) and L is given as in (5.4). Introduce an N-dimensional representation
of SU(2)
Py - SUR) = SUN) (5.6)

such that the fundamental representation of SU(N) decomposes as the direct sum
of SU(2) irreducible representations with dimensions m, . .., myy;. Let us define a
nilpotent element via

U[m] ----- miq1] = p[mlq...,mk+1](6+)' (57)

Then we perform the quantum Drinfeld-Sokolov reduction of G algebra via this
wanted to have. In particular, when [m, ..., mktl] = [1, .., 1], the nilpotent ele-
ment is v = 0, and the resulting W-algebra is G. When [7111, cooympy] = [N],
there is no singularity, and the W-algebra is the standard W (G) algebra. The general
We-algebras W (G, v) were introduced in [142].
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Let F be the commutant of oy, .. m,.,1(SU(2)) in SU(N). Explicitly, it is

F=S [H U(K,):| (5.8)
s=1

where ¢, is defined by writing

AAAAA

[mi, . om] =[5 ] (5.9)

Note that the rank of F is k. The W-algebra W(G, Vimy.....
algebra E. Therefore, the dimension of the Cartan subalgebra of W(é, Vimy,mier])
isrank F + 1 = k+ 1, and any representation of the W-algebra is graded by integers
no, . .., ng. This matches with the fact that V¢  is also graded by the same set of
integers (5.5).

mey,]) contains an affine sub-

Higher-dimenisonal interpretation From the 6d perspective advocated in Sect. 3.5,
one considers a codimension-2 operator of the 6d A/ = (2, 0) theory of type SU(N),
extending along x> and x°. Such a codimension-2 operator is labeled by a set of
integers [m, ..., my], and is known to create a singularity of the form (5.1) and
(5.3) in the four-dimensional part [54, 143]. Furthermore, the operator is known to
have a flavor symmetry F' as in (5.8). Therefore, it is as expected that the W-algebra
_____ mes11) has the F affine subalgebra. Its level can be computed by starting
from the anomaly polynomial of the codimension-2 operator; a few checks of this
line of ideas were performed in [61, 67, 144].

The partition function with surface operator of type [N — 1, 1] can also be rep-
resented as an insertion of a degenerate primary field ® in the standard Wy algebra
[44, 145, 146]. When N = 2, we therefore have two interpretations: one is that the
surface operator changes the Virasoro algebra to S/U—\(Z), the other is that the surface
operator is a degenerate primary field of the Virasoro algebra. These can be related
by the Ribault-Teschner relation [147, 148], but the algebraic interpretation is not
clear.

For general simply-laced G and L, the W-algebra which acts on V¢ ; is thought
to be W(é, v), where v is a generic nilpotent element in L. But there is not many
explicit checks of this general statement, except when L is the Cartan subgroup.

Braverman-Etingof When L is the Cartan subgroup, v = 0, and the W-algebra is
just the G affine algebra. Its action on V¢ ; was constructed in [19]. The instanton
partition function Z of the pure G gauge theory with this surface operator was then
analyzed in [20]. The limit

F = lim €elogZ (5.10)

€12—0

was shown to be independent of the existence of the surface operator; the surface
operator contributes only a term of order 1 /¢, tolog Z at most. The structure of the G
affine Lie algebra was then used to show that F is the prepotential of the Toda system
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of type G, thus proving that the instanton counting gives the same prepotential as
determined by the Seiberg-Witten curve.

Before proceeding, let us consider the contribution from the bifundamental hyper-
multiplet. Again as in Sect. 3.4, it determines a nice linear map

PimiVora = Vo (5.11)

where m is the mass of the hypermultiplet. This ®; , 7 is expected to be a primary
operator insertion of this W-algebra. This is again proven when v = 0 and the
We-algebra is just the G affine algebra [149].

The author does not know how to incorporate hypermultiplet matter fields in this
approach.

5.2 On Orbifolds

Let us now consider the moduli space of instantons on an orbifold of C? by the 7Z »
action

g:(z, w) — (¥ /Py 2Ti/Py)), (5.12)

This was analyzed by various groups, e.g. [150, 151]. We need to specify how this
action embeds in G = U(N). This is equivalent to specify how the N-dimensional
subspace W in (3.34) transforms under Z, x G:

W = eZnit]/peiﬁal IS eZﬂitN/peiﬁaN' (513)

The moduli space M , has a natural action of U(1)? x G, to which we now have
an embedding of Z, via (5.12) and (5.13). Then the moduli space of instantons on
the orbifold, M, . is just the Z, invariant part of M ,.

A fixed point of M, g,n under U(1)>*" is still a fixed point in Mg ,. Therefore, it is
still specified by W and V as in (3.35). The vector space V now has an action of g,
which is fixed to be

N
v, = Z Z 2Tt A=Ds1+(1=)s2)/p iBla,+(1—Der+(1=er) (5.14)
v=1 (i, j)eY,

Then, the tangent space at the fixed point and/or the hypermultiplet zero modes can
be just obtained by projecting down (3.36)—(3.38) to the part invariant under the Z,
action.

Itis now a combinatorial exercise to write down a general formula for the instanton
partition function on the orbifold; as reviewed in the previous section, this includes
the case with surface operator. It is again to be said that, however, it is easier to



112 Y. Tachikawa

implement the algorithm as written above, than to first write down a combinatorial
formula and then implement it in a computer algebra system.

Let us now focus on the case when (s1, s2) = (1, —1). Then the orbifold C2/Z »
is hyperkéhler. Let us consider U(N) gauge theory on it. We can construct the infi-
nite dimensional space V¢ , as before, by taking the direct sum of the equivariant
cohomology of the moduli spaces of U(N) instantons on it. The vector space V¢, is
long known to have an action of the affine algebra SU(p)y [152, 153], but this affine
algebra is not enough to generate all the states in V¢ ,,. It is now believed [83, 154,
155] that V¢ , is a representation of a free boson, SU(p)y, and the pth para-Wy
algebra:

SUN), x SUN);
SUN) s

(5.15)

where k is a parameter determined by the ratio €; /€;. For p = 2 and N = 2, the 2nd
para-W, algebra is the standard N' = 1 super Virasoro algebra, and many checks
have been made [57-60, 64]. See also [156] for the analysis of the case N = 1 for
general p.

5.3 On Non-compact Toric Spaces

There is another way to study G = U(N) instantons on the Z, orbifolds (5.12), as
they can be resolved to give a smooth non-compact toric spaces X, where instanton
counting can be performed [17, 157, 158].

The basic idea is to realize that the fixed points under U(1)2*" of the n-instanton
moduli space M, on C? correspond to point-like 7 instantons at the origin of C2,
which are put on top of each other. The deformation of the instanton moduli space
was done to deal with this singular configuration in a reliable way. The toric space
X has an action of U(1)2, whose fixed points Py, ..., Py are isolated. The action of
U(1)? at each of the fixed points can be different:

TX|p = ePeri 4 elfe (5.16)
where € ,.; are integral linear combinations of €; ;. Then an U(N) instanton con-
figuration on X fixed under U(1)**", is basically given by assigning a U(N)-
instanton configuration on C?, at each P;. Another data are the magnetic fluxes
mj = (mji,...,mjy) through compact 2-cycles C; of X. Here it is interesting
not just to compute the partition function but also correlation functions of certain
operators 1 (C;) which are supported on C;. Then the correlation function has a
schematic form

Zx (DI p(C)® - s ep, ) = quﬁ"cmf.fdl,dz,‘..(ﬁil, my, .. -)HZ(CZ(Gl;i» €2;i)
m P;
5.17)
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where C¥ is the intersection form of the cycles C; and S (M1, Mo, .. .) IS &
prefactor expressible in a closed form. For details, see the papers referred to above.

Nakajima-Yoshioka When X is the blow-up C2 of C2 at the origin, there are two
fixed points P, and P,, with

T@Z“J1 — ifa +eiﬁ(€2_€1)’ T@2|P2 — piflei—e) 4 ebe. (5.18)

We have one compact 2-cycle C. Then we have a schematic relation

Zea(u(C)s €1, €) = D" g™ fui) Za (€1, € — €) Ze2(e1 — €, &), (5.19)

We can use another knowledge here that the instanton moduli space on C? and that
on C? can be related via the map C?> — C2. Let us assume that ¢; of the bundle on
C? is zero. Then we have a relation schematically of the form

Z 2 , d = 0 ,
Za (O €1, €) = IOC (€1, €2) Ed > 0; (5.20)

ford =0,1,...,2N — 1. The combination of (5.19) and (5.20) allows us to write
down a recursion relation of the form

Zc2 (€1, €) = Zqiﬁ"ﬁc(nﬁ)z«ﬂ(ﬂ, € —€1)Zcx (€1 — €2, ). (5.21)

m

This allows one to compute the instanton partition function on C? recursively as an
expansion in g [17], starting from the trivial fact that the zero-instanton moduli space
is just a point. From this, a recursive formula for the prepotential can be found, which
was studied and written down in [7, 8]. The recursive formula was proved from the
analysis of the Seiberg-Witten curve in [7, 8], while it was derived from the analysis
of the instanton moduli space in [17]. This gives one proof that the Seiberg-Witten
prepotential as defined by the Seiberg-Witten curve is the same as the one defined
via the instanton counting. This method has been extended to the case with matter
hypermultiplets in the fundamental representation [159].

The recursive formula, although mathematically rigorously proved only for SU
gauge groups, has a form transparently given in terms of the roots of the gauge group
involved. This conjectural version of the formula for general gauge groups can then
be used to determine the instanton partition function for any gauge group. This was
applied to Es 7 gauge theories in [129] and the function thus obtained agreed with
the one computed via the methods of Sect.4.3.

The CFT interpretation of this formula was explored in [61]. A similar formula
can be formulated for the orbifolds of C? and was studied in [150]. It is also found
that the instanton counting on C?/Z,, and that on its blowup can have a subtle but
controllable difference [160].
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B-Deformed Matrix Models and 2d/4d
Correspondence

Kazunobu Maruyoshi

Abstract We review the -deformed matrix model approach to the correspondence
between four-dimensional A/ = 2 gauge theories and two-dimensional conformal
field theories. The B-deformed matrix model equipped with the log-type potential
is obtained as a free field (Dotsenko-Fateev) representation of the conformal block
of chiral conformal algebra in two dimensions, with the precise choice of integra-
tion contours. After reviewing various matrix models related to the conformal field
theories in two-dimensions, we study the large N limit corresponding to turning off
the Omega-background €;, e — 0. We show that the large N analysis produces the
purely gauge theory results. Furthermore we discuss the Nekrasov-Shatashvili limit
(e2 — 0) by which we see the connection with the quantum integrable system. We
then perform the explicit integration of the matrix model. With the precise choice of
the contours we see that this reproduces the expansion of the conformal block and
also the Nekrasov partition function. This is a contribution to the special volume on
the 2d/4d correspondence, edited by J. Teschner.

1 Introduction

Matrix models have played a crucial role in the studies of theoretical physics. It has
turned out that these models compute quantum observables or the partition function of
quantum field theory [1] and two-dimensional gravity [2, 3] (see references therein).
Rather recent examples are a one-matrix model which describes the low energy
effective superpotential of four-dimensional N' = 1 supersymmetric gauge theory
[4], and the exact partition functions of supersymmetric gauge theories in various
dimensions by localization [5, 6] which are itself written as matrix models (Reviews
can be found in [V:5, V:6] in this volume). These have already shown the usefulness
of the matrix model in theoretical physics.
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This paper reviews the matrix model introduced by Dijkgraaf and Vafa [7] which
was proposed to capture the non-perturbative dynamics of four-dimensional A/ = 2
supersymmetric gauge theory and two-dimensional conformal field theory (CFT).
This proposal is strongly related with the remarkable relation between the Nekrasov
partition function [8] of four-dimensional N = 2 supersymmetric gauge theory and
the conformal block of two-dimensional Liouville/Toda field theory found by [9].
(We refer to this relation as AGT relation.) The four-dimensional gauge theory is
obtained by a partially twisted compactification of the six-dimensional (2, 0) theory
on a Riemann surface ([10], [V:2]), and the associated conformal block is defined
on the same Riemann surface where vertex operators are inserted at the punctures
[V:4].

The conformal block has several different representations. The one we focus here
on is the Dotsenko-Fateev integral representation [11, 12], which will be interpreted
as B-deformed matrix model. This integral representation has long been known,
but regarded as describing degenerate conformal blocks where the degenerate field
insertion restricts the internal momenta to fixed values depending on the external
momenta. However the recent proposal by [7] is that it does describe the full con-
formal block. The point is the prescription of the contours of the integrations which
divides integrals into sets of integral contours whose numbers are N; (with >_ N; = N
where N is the size of the matrix.) In other words, in the large N perspective, we fix
the filling fractions when evaluating the matrix model. This gives additional degrees
of freedom corresponding to the internal momenta.

This matrix model plays an interesting role to bridge a gap between four-
dimensional N = 2 gauge theory on the € background and two-dimensional CFT.
In addition to the correspondence with the CFT mentioned above, this is because the
matrix model has a standard expansion in 1/N. The large N limit in the matrix model
corresponds to the €; , — 0 limit on the gauge theory side. Therefore, the matrix
model approach is suited for the € expansion of the Nekrasov partition function.

In Sect. 2, we derive the B-deformed matrix model with the logarithmic potential
starting from the free scalar field correlator in the presence of background charge. The
case of the Lie algebra-valued scalar field is described by the B-deformation of the
quiver matrix model [13—15]. We further see that the similar integral representation
can be obtained for the correlator on a higher genus Riemann surface. These matrix
models are proposed to be identified with the Nekrasov partition functions of four-
dimensional A = 2 (UV) superconformal gauge theories and the conformal blocks.

In Sect. 3 we analyze these matrix models, by taking the size of the matrix N large.
The leading part of the large N expansion is studied by utilizing the so-called loop
equation. We identify the spectral curve of the matrix model with the Seiberg-Witten
curve of the corresponding four-dimensional gauge theory in the form of [10, 16].
We then see evidence of the proposal by checking that the free energy at leading
order reproduces the prepotential of the gauge theory.

In Sect.4 another interesting limit which keeps one of the 2 deformation para-
meter € finite while ¢, — 0 in the four-dimensional side will be analyzed. This
limit was considered in [17-19] to relate the four-dimensional gauge theory on the
2 background with the quantization of the integrable system. We will see that the
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B-deformation is crucial for the analysis, and that the matrix model indeed captures
the quantum integrable system.

In Sect.5, we will perform a direct calculation of the partition function of the
matrix model keeping all the parameters finite. We compare the explicit result of the
direct integration with the Virasoro conformal block and with the Nekrasov partition
function.

We conclude in Sect. 6 with a couple of discussions. In Appendix, we present the
Selberg integral formula and its generalization which will be used in the analysis in
Sect. 5.

2 Integral Representation of Conformal Block

In this section, we introduce the -deformed matrix model as a free field representa-
tion of the conformal block, and the proposal [7] that the matrix model is related to
the four-dimensional gauge theory. In Sect.2.1, we see the simplest version of this
proposal: the S-deformed one-matrix model with the logarithmic-type potential
obtained from the correlator of the single-scalar field theory on a sphere corresponds
to the four-dimensional AV = 2 SU (2) linear quiver gauge theory. In Sect.2.2, we
will introduce the quiver matrix model corresponding to the gauge theory with higher
rank gauge group. We will then generalize this to the one associated with a generic
Riemann surface in Sect.2.3.

2.1 p-Deformed Matrix Model

In [9], it was found that the conformal block on a sphere with n punctures can be
identified with the Nekrasov partition function of N = 2 SU(2)"~* superconformal
linear quiver gauge theory. We will first review the integral representation of the
conformal block, first introduced by Dotsenko and Fateev [11, 12], and interpret it
as a f-deformed matrix model [21, 22]. (See [23] for a review of the relation between
the matrix model and the CFT.) We then state the conjecture among the matrix model,
the Nekrasov partition function, and the conformal block.
We start with the free scalar field ¢ (z)

Oln —
9@ =q+plogz+ D~z 2.1)
n#0

with the following commutation relations

The matrix model with a logarithmic potential was first studied by Penner [20] related to the Eular
characteristic of a Riemann surface.
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[amv (xn] = _m8m+n,07 [P, q] =—1. (22)

Thus, the OPE of ¢ (z) is

¢ ()¢ (w) ~ —log(z — w). (2.3)

The energy-momentum tensor is given by 7(z) = —% 1 ¢ (2)0¢(z) : with the
central charge 1.

Let us introduce a background charge Q = b + 1/b at the point at infinity by
changing the energy-momentum tensor

T(z) = —% L3 (2)09(2) : +% 9% (2) = % sz. (2.4)
The central charge with this background is ¢ = 1 + 6Q2.
The Fock vacuum is defined by
a,|0) =0, (Ola_, =0, forn>—1. (2.5)
The energy-momentum tensor satisfies the Virasoro constraints
(L,) =0, forn>—1. (2.6)

Now we consider the correlator (HZ;(I) Ve, (wi)), where the vertex operator is defined
by V,(z) =: V2@ : with conformal dimension A, = a(Q — o). This is nonzero
only if the momenta satisfy the condition >_;_, ax = Q. To relax the condition, let
us consider the following operators

0. =/d)\ eV . o =/d,\ L eVTIow) Q2.7)

Since the integrand of each operator has conformal dimension 1, the screening oper-
ators are dimensionless. Therefore we can insert these operators into the correlator
without changing the conformal property. The insertion however changes the momen-
tum conservation condition, thus we refer these as screening operators. By inserting
N screening operators Q. in the correlator we define

n—1
Z= <Qﬁ I1 Vak<wk)>, (2.8)
k=0

The momentum conservation condition now relates the external momenta and the
number of integrals as ZZ;S ax +bN = Q. This adds one more degree of freedom,
bN, to the model. Nevertheless, it is important to note that the momenta m;, (or o)
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cannot be completely arbitrary because N is an integer. This point will be discussed
in Sect. 5.
By evaluating the OPEs, it is easy to obtain

7 = C(my, wp)Z (2.9)

where Z is of the matrix model like form

N
Z = /de, [T - A P e ZiWOD = Fulg (2.10)
=1

1<J

with the following potential

n-2 _2mmy
W) =D 2mlogz —wy), Clomow)= [] ue—w) « . @11
k=0 k<€<n-2

We have introduced the parameter g, by defining oy = %. (We will use parameters
o, and my interchangeably below.) We also have taken w,_; — oo by which the
corresponding term in W (z) disappeared. While the dependence on m,_; cannot be
seen in the potential, this is recovered by the momentum conservation condition

n—1

> mi+bgN = g,Q. (2.12)
k=0

Note that the hermitian matrix model corresponds to the b = i case because the
first factor in the integrand is the familiar vandermonde determinant. Also the cases
with b = i/2 and 2i correspond to an orthogonal matrix and a symplectic matrix
respectively. However for generic choice of b, there is no such expression in terms
of a matrix. This integral expression is known as 8 ensemble or S-deformed matrix
model with 8 = —b?.

It is useful to rewrite the 8 deformed matrix model (2.10) as

Z = (N|exp ( ]fde(w)aqs(w)) o0y, (2.13)

1
27i~/2gs

where we defined (N| := (O|e**@’N 9. Thus the insertion of (the derivative of) the
scalar field ¢ in the correlator (2.13) is written as

W'(z) 1 W(z)
0 (2) = — —bV2> ——, = - — V21 — ),
$(2) N V2 Z,:z— RIS N V2 ogH(z )

(2.14)
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in the matrix model average (. ..) defined by

N
(0) = % / [Tar [T =20 e s =mon, (2.15)
I=1

1<J

Note that a similar expression as (2.13) in terms of free fermions was presented in
[8] to express the instanton partition function of N = 2 gauge theory.

Relation to conformal block The proposal [7] is that the partition function of this
B-deformed matrix model can be identified with the Virasoro conformal block, and
the Nekrasov partition function of four-dimensional N = 2 SU (2)"~ linear quiver
gauge theory. The relation to the former is

25" Z(ot. Ni. b, wy) = Bloy, o b, wy), (2.16)

where Z is defined such that the 7 is expanded in wy as 7 = Zo(1 + O(wy)).
Here B is the Virasoro n-point conformal block on the sphere and defined such that
B =1+ O(wy). We will review this in Sect.5.1. The momenta ¢y are identified
with the external momenta of the conformal block, as it should be. The parameters
b and wy are defined in the conformal block side in the same way as the free field
theory. Thus, the only nontrivial point is the identification of the internal momenta
otjj“ (p=1,...,n=73).

Atthe first sight there is no parameter corresponding to the internal momenta in the
matrix model. However the prescription to identify them was established by [24-27]:
as we will see in Sect. 5.1, the conformal block can be computed from the three-point
functions, denoted by the trivalent vertices, and the propagators, denoted by the lines
connecting the vertices, as in Fig. 1. The idea is that there are N; screening operators
inserted at each vertex, with 27;12 N; = N, where the momentum conservation is
satisfied as

aim =0 + a2 +bNy, Olém = O‘im +an-3+bNs, ..., 2.17)
o,y = 0"y + 0y + BNy = e — &y = DN, 2 + Q.

In the last equality we used the momentum conservation (2.12). This means that
in the integral representation we have n — 2 sets of integrals, each number of the
integrals is N;.

Fig. 1 The n-point Qp_2 3 ) aq
conformal block. The

screening operators are

inserted at each vertexto | | e

maintain the momentum

conservation N, Ny  Np_s
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The precise choice of the integration contours will be seen in Sect.5. Here let us
see a rationale of this identification by considering the large N limit shortly. The
critical points of the eigenvalues A; are obtained from the equations of motion

-2

m 1

——— tbg, > —0. (2.18)
)»1 — Wk

k=0 JGD)

=

Focusing on the first term, when the parameters are generic enough there are n — 2
critical points. Let N; be the number of the matrix eigenvalues which are at the
i-th critical point. These critical points are diffused to form line segments by the
second term. The integrals are defined such that they include these segments. Now
we introduce the filling fractions v; = bg;N;, and consider the matrix model by
fixing these values in the large N limit. Because of the momentum conservation, we
have n — 3 independent degrees of freedom.

Relation to Nekrasov partition function The relation to the Nekrasov partition
function is as follows:

ZuyZy ' Z(aw, Niy b, wi) = Znex(my, ap, €1, €2, ), (2.19)

under the following identification of the parameters. We choose three insertion points
as wyp = 0, w; = 1 and w,—; = oo. The remaining parameters are identified with
the gauge theory coupling constants g, = ™ (p=1,...,n —3) as follows:

Wy =q1, W3=¢qiq2,..., Wy—2 =q1q2 """ 3. (2.20)

We denote the gauge group whose gauge coupling constant is g, as SU(2),. Let
wk, pk and u®, puk be the mass parameters of hypermultiplets in the fundamental
representation of the SU (2); and those of the SU (2),,_3 respectively. Letalso u; (i =
1,...,n—4)be the mass parameter of the hypermultiplet in the (2, 2) representation
of SU(2); x SU(2);+1. Then the mass parameters and the external momenta are
identified as

L_ L L L
mo=““2Mb+gS2Q, mn_ZZM“er“b,
R R R R
mg = B g B0 B @2

The identification of the parameter b with the 2-deformation parameters is given by

€1 =bg,, €= %. (2.22)
Note that the case b = i corresponds to the self-dual background €; = —e;. Finally,
the vacuum expectation values a; of the scalar fields in the SU (2); vector multiplets
are identified as
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p—1 p
a, — uk —Zuq =ZbN, (2.23)
g=1 g=1
for p =1, ..., n—3. By using the momentum conservation, a,_3 can also be written

as a,—3 + uX = —bN,».
The first factor in the right hand side of (2.19) is the so-called U (1) factor corre-
sponding to the U (1) part of the gauge theory, which is, e.g., given by

Zyay = (1 — g)* ™, (2.24)

for the n = 4 case.?

2.2 Quiver Matrix Model and Higher Rank Gauge Theory

In this section, we briefly review the S-deformation of the ADE quiver matrix model
[13-15, 28]. We then see that the matrix model can be obtained from the CFT of a
free chiral boson valued in Lie algebra. A review of the undeformed quiver matrix
model can be found in [29].

Let g be a finite dimensional Lie algebra of ADE type with rank r, f the Cartan
subalgebra of g, and h* its dual. We denote the natural pairings between h) and h* by
(-, )

a(h) = (o, h), aeh*, heh. (2.25)

Leta, € h* (a = 1,2,...,r) be simple roots of g and (-, -) is the inner product
on h*. Our normalization is chosen as («,, &,) = 2. The fundamental weights are
denoted by A® (a=1,2,...,1)

20,
(A o) =8, af= i (226)

In the Dynkin diagram of g we associate N, x N, Hermitian matrices M, with
vertices a for simple roots ¢, and complex N, x N, matrices Q,; and their Hermitian
conjugate Qp, = th with links connecting vertices a and b. We label links of the
Dynkin diagram by pairs of nodes (a, b) with an ordering a < b. Let £ and A be the
set of “edges” (a, b) (with a < b) and the set of “arrows” (a, b) respectively:

E={ab)l<a<b<r (a,a)=—1},
A={@b |l <ab<=<r () =—1}. (2.27)

2This is slightly different from the one in [9]. This is because we consider the Nekrasov parti-
tion function where the hypermultiplets are in the fundamental representation of the gauge group.
Changing the representation to the anti-fundamental one leads to @3 — Q — @3 in this case, then
we recover the factor in [9].
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The partition function of the quiver matrix model associated with g is given by

/ H a1 ] [anb]exp( WM, Q)) (2.28)

(a,b)eA
where
WM, Q) =i > saTr QpaMaQup — i ZTr W (M,), (2.29)
(a,b)e A
with real constants s,, obeying the conditions s,, = —s5,. Note that
[ 0wl = [] [dQsdQus), (2.30)
(a,b)e A (a,b)e&

D s Tr QpaMaQap = D, 5ap(Tr QoaMyQub — Tr Qup My Qpa).  (2.31)

(a,b)e A (a,b)e€
The integration measures [dM,] and [dQ;,d Q5] are defined by using the metrics
Tr(dM,)?* and Tr(d Qp,d Q.p) respectively.

Integrations over Q,, are easily performed:

-1

/[deaanb]€XP ( (Tr OpaMaQap — Tr QabeQba)) =det(My ® 1y, — 1y, ® MbT)

(2.32)
where 1, is the n x n identity matrix and 7' denotes transposition. For simplicity we
have chosen the normalization of the measure [dQ,,d Q5] to set the proportional
constant in the right hand side of (2.32) to be unity. Now the integrand depends
only on the eigenvalues of » Hermitian matrices M,. Let us denote them by k;‘”
(a=1,2,...,rand I = 1,2,..., N,). The partition function of the quiver matrix
model reduces to the form of integrations over the eigenvalues of M,

/H [de(”] Ag(h) exp(—— ZZ W, (A(“))) (2.33)

a=1 I=1

where W, is a potential and

No Ny

Ag()\) H H ()\(fl) )\((1))2 H H H(}\'(a) )\’(b))(otz, Ol;,) (234)
a=11<I<J<N, l<a<b<r I=1J=1

We then define the 8 deformation of the above quiver matrix model (with g = —b?)

by
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r Na B2 r N,
2= [11 IHW)] (86) " e (‘5 ZZWa(AE"U)- (235)
=1

a=1 $a=1I1=1

At b = i, it reduces to the original quiver matrix model (2.33).

The partition function (2.35) can be rewritten in terms of CFT operators. Let ¢ (z)
be h-valued massless chiral field and ¢, (z) := (a4, ¢ (z)). Their correlators are given
by

¢a(Z)¢b(w) ~ _(aavab)IOg(Z_w)a a7b= ]12a"'7r' (2'36)

The modes
an _,
$()=q+plogz+ ~tz"€h (2.37)
n#0

obey the commutation relations

[(avan>v <ﬂv am)] - _n8n+m,0(av ﬂ)a [(O{’ p>v (ﬂ’ CI)] - —i(O{, ﬁ)’ o, :B S b*

(2.38)
The Fock vacuum is given by
a(a,)|0) =0, (Ola(a_,) =0, n=0, «aech”. (2.39)
Let
({Na}| == (0] exp (—b > Naaawo)). (2.40)
a=1
It is convenient to introduce the h*-valued potential W (z) by
W(z) := Z W, (2)A® € h*. (2.41)

a=1

Note that W, (z) = (o, W(2)).
As in the previous subsection, we put the background charge Q = b+ 1/b which
leads to the energy-momentum tensor

1
T(@)=-3: K¢ (2), 3¢ (2)) : +Q(p, 3¢ (2)), (2.42)

where K is the Killing form and p is the Weyl vector of g, half the sum of the positive
roots. Let H (i = 1,2, ..., r) be an orthonormal basis of the Cartan subalgebra h
with respect to the Killing form: KC(H', H/) = §"/. In this basis, the components of
the h-valued chiral boson are just r independent free chiral bosons:
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P2 =D H¢i(2),  ¢i(2)¢;w) ~ —8;log(z — w), (2.43)
i=1

and the energy-momentum tensor in this basis is given by

r

1 "
T@) =52 (0:2)" : 403 p'9%6:(2). (2.44)

i=1 i=1

The central charge is given by

c=r+120%p, p) =r{1+h(h+1)Q2}. (2.45)

Here & is the Coxeter number of the simply-laced Lie algebra g whose rank is r.
Explicitly, ha, , = n (withr = n — 1), hp, = 2r — 2, hg, = 12, hg, = 18 and
hg, = 30.

Note that for a root «, [H!, E,] = o'E, with o' = a(H") = (a, H'). Then,
the bosons ¢, (z) associated with the simple roots ¢, are expressed in this basis as
follows:

n—1

$a(2) = (@4, 9(2)) = Zai@(z) =a, ¢, a=12,...,r (2.46)

i=1
For roots « and 3, the inner product on the root space is expressed in their components
as (o, B) =D _;a'B.Here o' = a(H') and B’ = B(H").
Let us now consider the four-point correlator of this theory. The vertex operator
is defined by

Vi(z) =: eli0@) (2.47)

where 1 € h*. As in the one-matrix case, we introduce the screening operators
associated with the simple roots are defined by

0. ;:/dz ceP@ . a=1,2,... 1 (2.48)

We define the chiral four-point correlation function

3
7 — <: He(ﬂk,¢(wk)) . inl QQIZ e Qﬁv'> (2.49)

k=0
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For later convenience, we set m; = gsix (k = 0,1,2,3). The momentum
conservation condition is required

3 r
> mi+ D bgsNactg = 0. (2.50)
k=0 a=1

Using this four-point function, we define the partition function of the g deformed
quiver matrix model by sending ws; — oo (2.35) with the potential W, (z):

2
Wa(2) = D (my, o) log(wy — 2). @.51)
k=0

We will set wyp = 0, w; = 1 and w, = ¢. Using these definitions, the partition
function (2.33) can be written as follows

1
Z = ({Nu}| exp (27”. j{ dz (W (z), 8¢(z)>) @Y - ()Y 10).  (2.52)

s

2.3 Higher Genus Case

A generalization of the matrix model to a higher genus Riemann surface has also
been considered in [7]. The integral representation is basically obtained by changing
the two-point function of the free field on a sphere to the one on a Riemann surface,
which can be written in terms of the prime form, and by adding a term to the action
which is the integral of the holomorphic differentials on the Riemann surface. For
the conformal block on a torus with n punctures, for instance, the two-point func-
tion is proportional to the theta function and the integral representation is given by
[7, 30]

N N
Z = /de, [T ac.- A2 exp (—ﬁ > W(A,)), (2.53)
I=1

1<I<J<N 9s 13

where 6;(z) = 2¢/8sinz [T, (1 —¢™)(1 —2¢" cos 2z+¢*"), ¢ = exp(2wit), and

n

W(z) =D 2mlogh(z — wy) +4miaz. (2.54)
k=1

The last term in W (z) is the integral of the holomorphic differential on the torus, dz,
as mentioned above. Since the factor Hls J<g<n 1 — A J)_2b2 can be regarded as
the generalization of the Vandermonde determinant, we refer to the integral (2.53)



B-Deformed Matrix Models and 2d/4d Correspondence 133

as “generalized matrix model”. In [7], the potential (2.54) of the generalized matrix
model was expected from the geometrical argument of topological string theory.

In the following, we explain how the generalized matrix model is obtained from
the full Liouville correlation function [30] for the torus case and [31] for the generic
Riemann surface, based on the perturbative argument of [32]. This method is different
from the one seen in the previous subsection, although the both use the free field
formalism.

The n-point function of the Liouville theory on a genus g Riemann surface C, is
formally given by the following path integral

n n
A= <Hez“”’(wm> = / Dy (z. e W [ [ 2ot (255)
k=1 k=1

Liouville on C,

where the Liouville action is given by

Slg] = ]'/d%¢73¢a¢+QR¢+4mw%% (2.56)

Here R is Ricci scalar and f is a constant. We divide the Liouville field into the zero
mode and the fluctuation ¢ (z, z) = ¢o + ¢(z, 7). By integrating over ¢y, we obtain

N
A= 7“ Al /D¢(z 2e” Soldl,— % £ [d*zRG (/dzz 2bo G, 7)) H o2end(w. W)
k=1

(2.57)
where

I
N==> —+-0-9, (2.58)

k=1

and Sy is the free scalar field action. When N € Z-, the correlator diverges due to
the factor I'(—N). The residues at these poles Ay are evaluated in the perturbation
theory in b around the free field action:

(=) 2 &27R$ 2b(21.71) . 2oty (e, )
N_szv/Hd“e‘”fz He i Hek o

free on C,

(2.59)

That N is integer ensures the momentum conservation in the free theory.

Now let us focus on the torus case which simplifies the expression. The £-point
function of the free theory on a torus is written in terms of the factorized expression
by introducing an additional integral as [33-35]
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4
<H < oikid(izi) :>
i=1

free on T2
kik; 2

00 .. 121 ¢
=2iln(x)| 725 (Zk,)/ da H(Gln((i’)y)) q“ exp (—2ni2kaja)

i<j Jj=1

(2.60)

where z;; = z; — z;, T is the moduli of the torus and ¢ = exp(2zit). By using
the explicit expression (2.60), we find that the n-point function Ay of the Liouville
theory reduces to the following integral

i N

100

Ay =C@mib) [ 161G~ / ~ dajg| " / 1% (2.61)
I<k<l=n J—ioo T =1

2

X

)

N n N
exp {—21; DD milogh (zr — wi) — 267 D loghi (1) — 4miba Zz,}

I=1k=1 I<J I=1

where wy; = w; — w;, and we have chosen the insertion points wy such that they
satisfy Zk mpwi = 0. The factor C(t, my, b) in front of the z integral is irrelevant
for the analysis below.

The discussion above is valid even for finite N. However, it is not straightforward
to divide the integral over the torus into the product of the holomorphic and the
anti-holomorphic pieces for generic N. In order to proceed, we evaluate the integral
(2.61) in the large N limit. We see that all the three terms in the exponent in (2.61)
are O(N?). Thus, the integral (2.61) is evaluated at the critical points of the exponent
of the integrand. The conditions for the criticality of the exponent are factorized
into holomorphic equations and anti-holomorphic equations, which indicates that the
integral over the torus in (2.61) can be replaced by the product of the holomorphic and
the anti-holomorphic integrals in the large N limit. Thus we define the holomorphic
part of the correlation function as in (2.53) after introduction of g, by oy = my/gs.

Relation to conformal block and gauge theory We propose that this generalized
matrix model (2.53) reproduces the full conformal block on the punctured torus (not
only in the large N limit), and also the Nekrasov partition function of the ' = 2
elliptic SU (2)" quiver gauge theory which is obtained from two M5-branes on the
same torus.

Let us shortly see the relation of the parameters in the conformal block and the
generalized matrix model. In the toric conformal block with n punctures, we have
n external and n internal momenta, giving 2n parameters in total. The parameters
my, are directly identified with the external momenta. Then, the potential (2.54) has
n critical points for each variable z;, assuming that the parameters m; are generic.
Similar to the case in Sect. 2.1, we expect that the n critical points are “diffused” to
form line segments due to the “determinant” factor. Then, the partition function is
labelled by the filling fractions v; = bg,N;, in which N; out of N variables z; take
the value on the i-th line segment. Due to the momentum conservation condition the
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sum of all v; is not independent degree of freedom. Thus we have n — 1 independent
filling fractions. These and the parameter a in the potential are mapped to the internal
momenta. (See [36] for the precise identification in the n = 1 case.)

The relation to the gauge theory is stated as follows: the gauge theory coupling

constants g, = e*™'™ (p = 1, ..., n) are identified with the moduli of the torus as
n—1 n
" =T1gqp. a=""=]]a, (2.62)
p=k p=1

The parameters m, are directly identified with the mass parameters of the bifunda-
mentals. The filling fractions and the parameters in the potential are mapped to the
vevs a,, of the scalars in the vector multiplets.

g > 1 case Finally, let us quickly consider the case of the genus g Riemann surface
with n puncture. As stated above the two-point function is written in terms of the
prime form, and the generalized matrix model is the one in (2.54) where the theta
function is replaced by the prime form and the last term in the potential is the integral
of the holomorphic differential, with some additional terms. The precise form is
presented in [31]. The parameters are identified as follows [31, 36]: the conformal
block is parameterized by n + (2g — 2 + n) parameters, where the first factor is
from the external momenta and the second from the internal ones. In general the
generalized matrix model corresponding to this Riemann surface has n m;, parameters
and g parameters including in the term involving the integrals of the holomorphic
differentials. Since critical points of the potential lead to (2g — 2 + n) — 1 filling
fraction (where —1 comes from the momentum conservation), we have the same
number of the parameters as the conformal block.

3 Large N Limit

Let us start an analysis of the matrix models introduced in Sect.2, focusing on the
relation with four-dimensional gauge theory. One way to study a hermitian matrix
model is to make use of the loop equation [37-39], and take the limit where the size
of matrix, N, is large. By this we can calculate the partition function of the matrix
model in the iterative way as in [40, 41] (see e.g., [42] for a review). The systematic
study of this method, so-called topological recursion has been performed in [43-45],
and in [22, 46, 47] for the B-deformed case. An advantage of considering the large
N limit (while g; N kept fixed) of the matrix model introduced above is that the limit
nicely corresponds to the one where €; and €, go to zero in the four-dimensional
side, as can be seen from (2.22). Thus, this section is devoted to study this limit and
see the correspondence with the four-dimensional gauge theory.

In Sect.3.1, we derive the loop equation of the B-deformed matrix model. We
see that this equation can be interpreted as the Virasoro constraints in the conformal
field theory. Then we show in Sect. 3.2 that in the large N limit the spectral curve
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obtained from the loop equation can be identified with the Seiberg-Witten curve of
the corresponding gauge theory. The free energy of the matrix model can also be

computed and agrees with the prepotential of the gauge theory. In Sect. 3.3, we turn
to the generalized matrix model on torus, and consider the large N limit.

3.1 Loop Equation

Let us define the generator of the multi-trace operators as

1 1
R(z1, ..., z1) = (bgy)* 3.1
@1s- o 20) = (bys) ;m—xh > 3.1)

— A
A Zk I

When k = 1 this is simply the generator of the single trace operators. First of all, we
consider the Schwinger-Dyson equation associated to the transformation §1; = ﬁ,
keeping the potential arbitrary

N
1 d 1 2 b
0=— di — ||,\ )2 e 2 WO
2/11:11 I;BAK |:Z_)”K1<J(I X ‘

1 b+1 1
= ——(R(z.2)) = —L(RR)) — 5 W ()(R() + fi} (32)
g2 Js s 493

where R’ is the z-derivative of the resolvent and we have defined

W'(z) — W'(h
f(z) = 4bg, <Z M> (3.3)

I =M

The expectation value is defined as the matrix model average (2.15). By multiplying
(3.2) by —g?, we obtain

@
©

0= (R(z,2) + (e1 + )(R()) + W (2)(R(2)) — (3.4)

In the case of the hermitian matrix model b = i, the second term vanishes and the
equation reduces to the well-known one.

We now see that this loop equation is interpreted as the Virasoro constraints in
the CFT language. To see this, let us write the energy-momentum tensor by using
the expression (2.14)

1
ng(Z) =— (4_1 W'(2)* + %W”(z) + @ + (r.h.s. of (3.4))) . (35)
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The singular part in z only comes from the last term. (We here assume that the
potential is a polynomial.) Therefore the Virasoro constraint 0 = gsz(T(z)lsing) is
equivalent to the loop equation. The expectation value of g>7 (z) is simply the first
three terms in (3.5).

We now define the “quantum” spectral curve as

Gs Js

V2 V2

where we introduce the commutation relation [X, z] = — Qg;.

0=2"+g1(TQR)=(E+

IP) (X —

99)), (3.6)

3.2 Large N Limit and Seiberg-Witten Theory

We now take the large N limit while the filling fractions v; = bg,N; (i = 1, ..., n—2)
are fixed. As we saw in Sect. 2.1, there are n — 3 independent filling fractions because
of the momentum conservation. Since both bg,; and g;/b send to zero, this limit
corresponds to €, — 0 in the four-dimensional side.

In this limit the resolvent (R(z, z)) is factorized to (R(z))? in the large N. There-
fore the loop equation is written as

0= (R + (RW') - 12, Ga.7)

which is solved as

1
(R@) = —3 (W@ - VW +/@). 3.8)

The sign has been chosen such that the large z asymptotics agrees with the definition
of R(z). The spectral curve (3.6) now becomes “classical” because [z, x] = 0:

2 1 / 2
x = Z(W )"+ f(2). (3.9

It is easy to see that x = £(W’'/2 4 (R)) from (3.8) and (3.9), which is indeed the
classical value of X by using (2.14). Note that the b-dependence has disappeared by
defining the resolvent as in (3.1). Thus, in the large N limit we get the same spectral
curve for arbitrary b.

Let us then analyze f(z) by specifying the potential to (2.11). In this case,

n—

2
f@) =
0

k=l

Ck

) (3.10)
7 — Wy
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where for k > 2

2my, ,0logZ JaF,
= —4byg, = 4t —=2" — 4" 3.11
o 9 <Z - > % Sur G.11)

The remaining ¢y and ¢ can be written in terms of ¢; with k > 2 as follows. First of
all, due to the equations of motion: (Z ;WL 1)) = 0, the sum of ¢y, is constrained to
vanish ZZ;S ¢x = 0. In order to find another constraint, we consider the asymptotic
at large z of the loop equation. The asymptotic of the resolvent is (R(z)) ~ bng, SO
that the leading terms at large z in the loop equations satisfy

n-2 n—2
(bgsN)* — (€1 + €2)bg, N + bgsN > 2my —
k=0 k=0

—0. (3.12)

The leading term of order 1/z in f(z) vanishes via the first constraint. Thus, we
obtain

n—2 n-2 n—2
D> e, = —4 (Z my +m, 1 — g Q) (Z my — mn_l) =M, (3.13)
k=0 k=0

k=0

where we have used the momentum conservation (2.12). Therefore, ¢y and ¢ can be
written in terms of ¢ (3.11). This means that we have n — 3 undetermined parameters
in the matrix model.

By substituting the potential the curve (3.9) is of the form

x2_nz_2:m—’%+f(z)/4_Pz”*—4(Z) (3.14)
- il Gl wi)? B HZ;é(Z —wy)?’ .

where P,,_4 is a polynomial of degree 2n — 4, and the residues of f(z) at z = wy
(3.10) are nontrivial functions of the vacuum values of single trace operators. The
zeros of Py,_4 are the branch points on the z-plane, and there are n —2 branch cuts. Let
us define the meromorphic differential 1, = )2%. This has simple poles at z = wy, 00
with the residues my, m,_;, by observing (R) ~ M and W'(z) ~ ’,Z;(z) 2my /7 at
large z and by using the momentum conservation. ]§y definition, the filling fractions
are obtained by the contour integrals of this differential

Vi =% Az, (3.15)
C:

i

where C; (i = 1, ..., n—2)are the contours around the branch cuts. These equations
relate the vevs of the single trace operators included in f (z) with the filling fraction v;.
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This is exactly the form of the Seiberg-Witten curve of the SU(2) linear quiver
gauge theory, x> = ¢, where ¢, is a quadratic meromorphic differential on a sphere.
Moreover the differential defined above is identified with the Seiberg-Witten differ-
ential Agw = % Indeed, as proposed in Sect. 2, the filling fractions are mapped
to the vacuum expectation values of the vector multiplet scalars, since in the Seiberg-
Witten theory these are given by contour integrals of the Seiberg-Witten differential
exactly in the same way as (3.15). For the case with n = 4 associated with the
SU(2) gauge theory with four fundamental hypermultiplets, the precise identifica-
tion between the vevs of single trace operators and the Coulomb moduli parameter
has been worked out in [48]. In [49], the standard saddle point analysis developed in
[40] has been applied to determine the spectral curve, in particular the positions of
branch cuts.

This is in agreement with the argument in [9] that the ¢, appearing in the Seiberg-
Witten curve can be identified with the vacuum expectation value of the energy-
momentum tensor of the Virasoro CFT

$2(2) = gH{T(D))e,, 05 (3.16)

by recalling our definition of the spectral curve (3.6).

Free energy So far we have seen the identification of the spectral curve of the
matrix model and the Seiberg-Witten curve of the gauge theory. However, it is still
not straightforward to see the equivalence of the free energy of the former with the
prepotential of the latter, because the special geometry relation of the Seiberg-Witten
theory: a = f , Asw and % = fB Asw, where F is the prepotential, is not manifest
in the matrix model. The saddle point analysis of the matrix model can be used to
obtain the free energy and the equation like the (second) spacial geometry relation,
as in [48]. However here let us shortly see a more direct approach to the free energy
for the n = 4 case considered in [50].
Recall the relation (3.11). In the n = 4 case with w, = ¢, this is

W _ 2 (3.17)
dq 4

Therefore, what we need to do is to calculate c,. (Actually we can only derive the g
dependent part of the free energy by this method.) As we discussed in the previous
subsection, the parameters ¢y, ¢; and ¢; in f(z) are related by >_ ¢; = 0 and (3.13)
c1 +qgc = 4m§ — 4(2:1.2=0 m;)? (when €12 = 0). Thus, we have (1 — g)c; =
4(21-2:0 m;)* — 4m3 — co. Below we will compute ¢y by writing the spectral curve
in terms of it.

In what follows, we consider the simple case where all the hypermultiplet masses
are equal to m: i.e., my = m3 = 0 and m; = my = m. In this case, the polynomial
P4 in the spectral curve is reduced to degree 3: P3(z) = Cz(z — z+)(z — z—), where
we have introduced C = cyq /4 and
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1 m’ \/ m? m
zi_2(1+q—(1—q) Ci(l—q) 1—2(1+q)c+(1—q) o )

(3.18)
By taking the C derivative of xdz, we get the holomorphic differential with
d 1 d 2
9 dz = < k== (3.19)
aC 2C2y Jz(1 = 2)(1 — K2) q

Since the contour integral of this differential gives the C derivative of the filling
fraction v; which has been identified with the vevs a by a = bg,N,. Thus by
expanding in ’”FZ and integrating over C, we obtain

2 4 6
az«/E(ho(q)—hl(q)mF— hz(q)m—+(9(m )) (3.20)

3 (2 c3

where h;(q) depend only on ¢ and are given in [50]. By solving for C, substituting
it into (3.17), and integrating over g, we finally obtain the free energy

a* + 6a*m? + m*
2a?
13a® 4+ 100m2a® + 22m*a* — 12m%a? + 5m®
+
64a°

F, = (a* —m*)logq +

7>+ 0@%. (3.21)

This agrees with the prepotential of the SU (2) gauge theory with four fundamental
hypermultiplets. The latter can be obtained from the Nekrasov partition function of
U (2) gauge theory by subtracting the terms coming from the U (1) factor.

Subleading order of large N expansion It is interesting to check the subleading
order in the large N (small €}, €;) expansion. On the four-dimensional side, the
Nekrasov partition function is expanded as

Fi=€eelnZyg =Fo+ (61 + &) H + € 6F + (€ +€)’G + -+ (3.22)

Subleading terms H, F; and G can be obtained from the geometric data of the
Seiberg-Witten theory. (See [51] for detail.) The matrix model analysis for the sub-
leading orders can also be done. In particular, it was shown that the corresponding
parts of the free energy agrees with Fj in [49] and with H and G in [52, 53]. For
generic b, this expansion of the matrix model was compared [54] with the finite N
calculation which will be explained in Sect. 5.

The method using the topological recursion [43—45] would be useful. In particular,
the calculation of the partition function of the f-deformed matrix model with the
logarithmic potential was considered in [47, 55] in this context.
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3.3 Higher Genus Case

Let us turn to the generalized matrix model corresponding to the torus (2.53), and
derive the loop equation. We then see the equivalence of the spectral curve obtained
by taking the large N limit and the Seiberg-Witten curve [56].

We now define the toric version of the resolvent

_ p~e i@ — ) 01 (zx — Ag)
R(z1,...,z1) = (bgy) ; e ; oy ry (3.23)

From the Schwinger-Dyson equation for an arbitrary transformation §Agx = z: E:ii ; ,

we derive

2 ”
0/ (z —Ap) 0, (z—Ap) 07 (z—Ap)
0=g2 = ) ) - g2 2 TN pgw! e A
gf<;(91<z—m)> g*<;el(z—m> s (Z)<;91(z—)»1)>
I R Y A A R )
=2 9s<[§91(/\1_w) 01z—2rp)  Oz—ap )]’ (3:24)

where we have multiplied by gf and defined

0 (z— A
1) = by, <Z W) - W/(x,))>. (3.25)
1

By using the formula of the theta function and, after some algebra, we obtain [56]

0, (z —Ap)
0= — (R(z.2)) — R'(2)) — W' (2) (R PgN(D I ——
(R(z.2)) = (&1 +€) (R'(@)) = W) (R() + bg; <1 91(z—k’)>
0, (s — Ay)
)+ 02 (ST 322y NN — 1), 3.26
+t(2) i . <I<J 91()»1 - )\J)>+ i ( ) ( )

where 1| = 43{22 This equation is valid for an arbitrary potential.

Let us now focus on the potential (2.54). By rewriting 7 (z) we finally obtain

0= —(R(z.2) — (1 +€) (R'@) + W (2) (R@) — 3bgs (N + Dy > my (3.27)
k

L0z —wp) [ O — wp) 6, (z —wp) 3 Z
—2bgs > my L 1 +bgsN'> my 2L + 4g? )
‘,; 01(z — wg) ;01()»1 — wy) * ; 01(z — wy) S dlng
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Let us now see the spectral curve in the large N limit. For simplicity we consider
the n = 1 case, and take w; = 0. In this case, it is easy to see that the loop equation
reduces to

0= —x?+miP(z) — 4u, (3.28)

where P is the Weierstrass function, x = +((R) + W’/2), and

d
2 2 2
= — + —— (Fp —m71 . 3.29
u T a 51 (0 mlnn) ( )

We defined the free energy as Fp = lim,,,,o(€1€2) In Z.
This is indeed the Seiberg-Witten curve of the SU (2) N = 2* theory.

4 Nekrasov-Shatashvili Limit

It has long been known that the Seiberg-Witten theory is related with the classical
integrable system [57-62]. The connection has been considered in [63] from the
recent perspective of the 6d (2,0) theory compactification. A review can be found
in [V:3]. Quite remarkably it was proposed in [19] that the gauge theory on the 2
background with €, — 0 while €; kept fixed is related with the quantization of the
integrable system. In this section, we consider this limit from the matrix model side.
The limit is translated to » — oo and g, — 0 with bg;, g;a; and gy N; kept finite,
and corresponds to the semiclassical limit in the CFT.

In this limit, the leading order part of the free energy is obtained from the value
of the critical points which solve the equations of motion (2.18), as in the large N
limit. We note that two terms in (2.18) are of the same order in the limit because
N and €; are kept finite. Let us then consider the loop equation (3.4). Again, in this
limit, the connected part of (3.1) can be ignored: (R(z, z)) — (R(2))%. Taking this
into account, (3.4) becomes

0= (R@)* +er(RR)) + (R@)W'(2) - @ 4.1)

where R and f are Rle,—0 and f|,—0 respectively. In the following, we will omit
the tildes of R and f. Then, in terms of x = (R (z)) + W’'(z) /2, the equation becomes
[22, 46, 64]

0=—x*—ex'+U(2), 4.2)

where

Uz) = (W/(z)z 26, W () + f(z)) . 4.3)

FN
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This is a Ricatti type equation. It is then easy to see that this can be written as the
Schrddinger-type equation:

2
0= —eff—zzwz) FU@WQ), 44)

where the “wave function” W(z) is defined by

W(z) = exp (é/ x(z')dz/) . 4.5)

This indicates the relation between the -deformed matrix model and quantum inte-
grable system.

Note that the quantum spectral curve indeed leads to the same conclusion. Equa-
tion (3.6) becomes in this limit

0=x’-U(2). (4.6)

These variables are not commutative [x, z] = —e€;. Thus x = —¢ a% which leads to
4.4).
In [65, 66], it was shown that the conformal block on a sphere with the additional

insertion of the degenerate fields V_ L (z2) = 67% captures the quantization of the
integrable systems. The details can be found in [V:10]. (The similar relation between
the affine SL(2) conformal block and integrable system has been found in [67].) This
has an interpretation in the 4d gauge theory as an insertion of a surface operator [68]
(see [V:9] for a review on this part.) In the following, we will show that under the
identification of the B-deformed matrix model Z with the n-point conformal block,
the integral representation of the conformal block with degenerate field insertions
can be written in terms of the resolvent of the original matrix model [56, 69], in the
€, — 0 limit. We note that the similar analysis was done in [70] from the topological
string viewpoint.

Let us consider the integral representation of the (n + £)-point conformal block
where ¢ degenerate fields are inserted

l N n—1
Zy = <H Vi(zi) (/ d)»e‘@w(”) H V'ji (wk)>
i=1 k=0

, ~2mgmg ¢ n=2 g
=||@—z) (wp —wy) & (zi — wy) oo
J
i<j 0<k<l<n-2 i=1 k=0

N n—2 14
x / [Tar [T =20 [T11G: = wo~ =" []@ = 2. @)
=1

I<J I k=0 i=I
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where we have taken w,,_ to infinity and omitted the factor including this, as we have
done above. The momentum conservation is however modified by the degenerate field
insertion as

ka - = +bgs =4,0. (4.8)

By dividing by Z and taking a log, we obtain

tog = = —2b2210g<z, 3 >+Z

Zi)
( +log <H(z,- - A,)> . (49)
i<j il
where the potential W (z) is the same as (2.11). Notice that the expectation value is
defined with the modified momentum conservation (4.8). By defining e* H, ;(Zi—

A1), we notice that L = 3, log(zi — ) = >, [ = Z , where we have ignored
irrelevant terms due to the end points of the 1ntegrat10ns Then we use that the
expectation value of e* can be written as log (") = 3722, & (L¥)  [69], where
(.. .)conn means the connected part of the correlator, (L?).,,, = (L?) — (L)?, etc.,
while (L).onn = (L). Thus, the last term in the right hand side of (4.9) can be

k
o 1 Zi  d7
expressed as >/ | & <(Zi!, f Z,_ZM) > .
conn
In the limit where €, — 0, the terms with £ > 1 of the previous expression are
subleading contributions compared with the & = 1 terms since the connected part
of the expectation value can be ignored. Also the first term in the right hand side of
(4.9) can be neglected in this limit. Thus, we obtain

14 Zi
Q N H\pi(zi)v W;(z;) = exp (i/ x(Z/)dZ’) . (4.10)
i=1

This indicates that the properties of the conformal block with degenerate field inser-
tions are build in the resolvent of the matrix model in the €, — 0 limit. This property
of “separation of variables” agrees with the corresponding result of the Virasoro
conformal block as in [65, 71]. Furthermore, this ¥ with £ = 1 is exactly the one
which satisfied the Schrodinger equation (4.4).

In summary, we have seen that the integral representation corresponding to the
insertion of the degenerate fields into the Virasoro conformal block satisfies the
Schrodinger equation, whose potential can be obtained from the loop equation.

Relation with Gaudin model The above argument is applicable for an arbitrary
potential W (z). Here we return to the logarithmic one (2.11) and see the relation [22,
56, 72, 73] with the Gaudin Hamiltonian. In this case (4.3) becomes [56]
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n=2 n—2
my(my + €1) H; cr/4
U(z) = + — , 4.11
© Z(; (z — wy)? ;Z—wk ,Z;z—w ¢-11)
where
H= Y 2 (4.12)
k= Wy — Wy ' ’

€(+h)

U (z) is indeed the vacuum expectation value of Gaudin Hamiltonian. In particular,
H;, — ¢y /4 are the vacuum energies of the quantum Hamiltonians.

So far, we discussed the case corresponding to the CFT on the sphere. For the
toric case, it has been shown that the loop equation of the generalized matrix model
in Sect.3.3 gives the Hamiltonian of the Hitchin system on the torus in [56]. In
particular the n = 1 case leads to the elliptic Calogero-Moser model.

5 Finite N Analysis

In the previous section we considered the large N limit and the Nekrasov-Shatashvili
limit of the S-deformed matrix model. Here we will see a different expansion of the
matrix model partition function in the complex structures of the Riemann surface. We
calculate each order of the expansion by performing the direct integration. Indeed,
this expansion is more useful to compare with the Virasoro conformal block and
the Nekrasov partition function. We first review the conformal block of the Virasoro
algebra in Sect.5.1. Then we analyze the integral representation in Sect.5.2.

5.1 Virasoro Conformal Block

Let us review the Virasoro algebra and the conformal block [74]. (See e.g., [75, 76]
for detailed computations.) We consider the conformal symmetry generated by the
holomorphic energy-momentum tensor 7 (z) with

o0

Ly,
T()= Y, i (5.1)
n=—oo
The Virasoro algebra is
¢
[Lins Ly] = (m = 1) Lypy + = (m° = m)8y 0. (5.2)

12
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and we consider the case with Liouville like central charge ¢ = 1 + 6Q? where
Q=b+1/b.
The primary field V,, (x) corresponds to the highest weight vector satisfying

L, Vo =0, LoVy=AyVq, (5.3)

where n > 0. The conformal dimension of the primary is A, = «(Q — «). By
state-operator correspondence we denote the primary state with A, by |A). Then the
Verma module V is formed by the descendants Vy , =: L_yV,, : which are obtained
by acting with the raising operators L_y = (L_,,)"" (L_,,)"(L_,,)" ..., where {y;}
are positive integers with y; < y, < ---. Below we use the shorthand notation to
denote Y: ¥ = [--- y3*y3?y]'], e.g., for y; = 1 and n; = 2, Y = [1?]. Let us denote
the sum of n; y; as |Y|. The dimension of the descendant is A, + |Y |, and we call | Y|
as level.
The OPE of these operators is given by

Vo (@) Vi (0) = D~ g A demnizinlce azZq'Y‘ﬂAl ianr, Vra(0),

(5.4)

where A is the conformal d1mens1on of V. C3, ,, depends on the dynamics of a

two-dimensional theory while 85" Al,Yl; Ay, 18 determined from the Virasoro algebra
only and depends on the conformal dimensions and central charge. We will focus on
the latter and ignore the factors Cg? , coming from the dynamics.

Let us now define the two-point function

Qa(Y1, 12) = (A|Ly, L_y,|A). (5.5)

This is symmetric under the exchange of Y| and Y,, and vanishes unless |Y;| = |Y>|.
By using this, 8 ﬁl’ 1;1; A,.v, €an be written in terms of the three-point function y:

V182,85 (Yl’ Y, Y3) = <VY1 a (OO)VYz,az(l)VYf;,Of,% (0)>
= ZﬂAl vin,y, Qs (Y, ¥3). (5.6)

When |Y;| = |Y2| = @, the expressions for the 8 and y can be simplified. Thus we
define in particular

yAl As, AS(Y) = VAI Az A3(®a @, Y)’
ﬁAl AZ(Y) ﬂA] (]J Ar,0° (57)

These Q and y can be computed order by order in the level. Let us give a few results
of the computation for later convenience:
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OA([11,[1]) = 24,
OA(21,12D) = 4A +¢/2, QA(21,[17]) =6A, Q121 [12]) = 4A(1 4 2A),

YA Ay A5 ([1]D) = Ay + A3 — Ay,
YALA A5 (12D = 2A1 + Az — Ag, }’AI,AZ,A3([12]) =(A1+A3 - A))(A1+A3 - A2+ 1),

(5.8)

Weused [L,, V,(2)] = 7" (20, + (n+ 1) A) V, (z) following from the conformal Ward
identities when computing the three-point function. From this we can calculate 8 as

A+ Az — Ay

A3 _
P11 = S

(5.9)

Now we can write down the conformal block in terms of these functions. Let
us focus on the four-point conformal block which we refer to as 5. By translation
symmetry we put three points at 0, 1 and oco. Thus the conformal block is written
in terms of the cross ratio ¢ which is the position of the remaining vertex operator.
Then the conformal block has the following structure:

B=>Big", Bi= D ¥aanaOL .Y )ya a,aY),  (5.10)
k=0 1Y |=|Y'|=k

and By = 1. The conformal block is computed by order by order. E.g., the first order
coefficient B, is computed as

A+ Ag— A))(A+ Ay — Ay)
B 2A '

B (5.11)

5.2 Finite N Matrix Model

Now we consider the integral representation. Let us first see that the prescription for
the momentum conservation at the vertex (2.17) is indeed the correct one by checking
the equivalence of the three-point functions. To see this, we consider the following
OPE in the free scalar theory

N g
t Loy, Ve, (@) 1 Loy, Ve, 0) : ] / dhy : e¥V2Po0n .
=179

tLoyVayrason (0) 1, (5.12)
free

_ Y| gBaitartbn,Y
_Czq ﬂAlvyliAZsYZ
Y
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Ag, ta N .
where C is an irrelevant factor normalizing S N lg i:;’v ltree = 1. The coefficient

Bliree corresponds to the three-point function. Thus it is natural to propose that [26]

IBA,Y . ﬂAaﬁ»uZerNsY (5.13)
ALY Y2 T FALYEAL Y (g 0 '

under the identification of the internal momenta « = «; 4+ a» + b N, where the left

hand side is the one obtained in the previous subsection.
Let us focus on the case with Y} = Y, = ¢ and analyze the right hand side of
(5.12) further. By calculating the OPE in the free field theory, we obtain

N
q N
V@V 0 ]| / dig : /00D

g H/ iy [0 =2 Hfzwz(q Ay 2 V2@O@ O T S0
I<J

=q° H/ dxy [J@r —xn™ Hx‘z”‘”(l X~ Zbalzq'” Wy yx? : Vy o) ;. (5.14)

I<J

In the last equality we have changed the variables A; = gx; and defined Hy y' such
that

V2B @Farp O T 060) o 3 GV Iy 3L oV 2entartbNIO0)
Y,y
(5.15)

where AY =[], A)" for the partition ¥ = [yy, ..., y1] with y; < y» <.... We sum
over all the possible Y and Y’ with |Y| > |Y’|. By defining the following multiple
integral

N—H/ dx; [ =22 YH [P — )P (5.16)

1<J

the three-point function B from the free scalar field theory is thus

Z HYY’ «

YL Y=Y

(5.17)

B a1+a2+bN
A, Ar

free

The multiple integral (5.16) is of the Selberg type. We will give results of the inte-
gration in Appendix. Thus, the right hand side is in principle calculable.
Let us check the equivalence of the first order. In this case Y = [1], Hjjj 9 =

m and Hyjp iy = uq-r:;%' Combining the formula for (x"=11)y (6.2) we

obtain
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CA+A = A

BN (1)) = (5.18)

2A a=a1+ot2+bN.

This agrees with (5.9) with A; — A. The strategy to compute the higher order
terms is the following: rewrite x¥ in terms of the Jack polynomial Py (x) which
is specified again by the partition W. (See Appendix for detail.) By writing x¥ =
> w Pw(x)Cy,w, we have

P
’Bﬁl,Az(Y)‘ = Z HY,Y’CY’,WM~ (519)
free Y W, |Y|<|Y| <<I)>N

The right hand side can be calculated by performing the integration {(Pw (X))o, .c0.5
(6.4). The equivalence with the Virasoro three-point function was checked in lower
levels in [26].

Note that this equivalence is only valid for an integer N. However, the result is a
rational function of N. Therefore we analytically continue N to an arbitrary complex
number.

Four-point conformal block Now let us compute the partition function. We will
below focus on the matrix model with n = 4 which corresponds to a sphere with
four punctures. In this case we define

N, N 0
I=1 1

I=N;+1 I<J
where C(g) = g~ (1 — g) =22, As proposed in (2.17), the internal momentum
« is given by

(5.20)

a=oyg+ o, +bN, = —a; —az3 —bN, + Q. (5.21)

The above prescription of the contour and the relation between N, N, and the exter-
nal momenta was first given in [24] (see [64]) and elaborated in [25, 26]. (We
are following the choice of the integration contours in [25].) This integral can be
expanded in g

o0
Z=2yJ. J=) Iq" (5.22)
k=0

where J;, are normalized such that Jy = 1, Zy = cq?, § is a function of the conformal
dimensions, and c is an irrelevant factor. The proposal of the equivalence between
the integral representation and the conformal block is thus

Ji = Bx. (5.23)
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Let us check this below.
For convenience, we change the variables as

qxi I=1,...,N1
Al = 5.24
! Il/y1N11=N1+1,...,N1+N2 (5-24)

by which the partition function becomes

N 1 N
z2=cwl] / de [Tx 0 —xn2—qep [T r—xp™
0
=1 I=1

1<I<J<N;

Nao o Na

_ _ _ _952
H/ dy [y a -y —gyn?2 [] -y
=170 =1 1<I<J<N,
N N

TTTTa =gy, (5.25)

I=1J=1

where C'(q) = g®~20=%2(1—¢q)~2*1%_ This can be thought of as the double Selberg-
type integral. By defining ((...))n, n, as the average of the double Selberg integral,
the partition function is written as

Z=C @ N, <<ﬁ ﬁ (1= qxp) ™2 (1 = gy ) 22 (1 = qxry ) 22 Yy v
e (5.26)
Therefore, we obtained ¢ = (1)) 5, n,. 8§ = A — Ag — Az and [25]
N1 Ny
J == ([T]A - axn™ (1 =gy = qx1y) ™ Yy,
1=1J=1

0k
= ((exp (2 > % (b >+ 062) (b >+ al))»Nl,Nz. (5.27)
k=1 I J

For example, the first order term in ¢ is given by

A+ A)g—A))A+ A — A
2(((1?2)6’,‘ +a2)(bzyl; +al)»N1,N2 = ( + 0 22?2 + ! 3),
1 J

(5.28)

by using the formulas of the Selberg integral, with the identification (5.21). This is
indeed the conformal block at the level 1, B;. In principle it is possible to compute
higher order terms in g by using the Selberg integral formula and its generalization.



B-Deformed Matrix Models and 2d/4d Correspondence 151

Relation to Nekrasov partition function So far we focused on the relation between
the integral representation and the conformal block. At the same time, one can argue
the relation to the Nekrasov partition function as considered in [77] following [25,
78]. To do that we use the following expression of J instead of (5.27):

J=(1-g)2e

(exp <b2 > % ((Zx’; + Zz)Zy’} +> (Zy’} + Z”)))))zvl,zvz-
k=1 1 J 1 J
(5.29)

At this stage we note that the pre-factor (1 —¢g) 2% is the inverse of the U (1) factor
introduced in Sect.2.1. Therefore from (2.19) the second line is conjectured to be
identified with the Nekrasov partition function. Indeed the second line has a form of
summing over two Young diagrams, p and v:

ZC]MHU‘Z%V’ (5.30)

v

where Z,, , is a double Selberg average of polynomials specified by p and v. In
[77], it was found that by using a particular generalization of the Jack polynomial
which depends on a pair of Young diagram, Z,, , is identified with the corresponding
Nekrasov partition function Zye,,, for given n and v. While the Selberg average
of the generalization of the Jack polynomial is not completely understood, this is a
profound way towards showing the AGT correspondence.

A similar calculation has been done in [79, 80] for the A-type quiver matrix
model in Sect.2.2 by making use of the Selberg integral to see the relation with
four-dimensional SU (V) gauge theory. This method has also been performed in the
generalized matrix model for the one-punctured torus presented in Sect.2.3 in [36],
and the partition function has been checked to agree with the Virasoro conformal
block on the torus in the expansion in the complex structure.

6 Conclusion and Discussion

We have reviewed the 8-deformed matrix model associated to the conformal block of
two-dimensional CFT and instanton partition function of four-dimensional N' = 2
gauge theory, introduced in [7]. This matrix model is originally motivated from the
topological string theory, and this interesting part will be seen in the accompanying
review [V:13] in this volume.

It would be interesting to consider the B-deformed matrix model corresponding
to asymptotically free NV = 2 gauge theory. Such models were found first in [48] for
SU(2) theory with Ny = 2, 3 hypermultiplets and in [81-83] for SU (2) theory cou-
pled to superconformal field theory of Argyres-Douglas type, which are related with
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irregular conformal blocks in the CFT [84-87]. The former model was elaborated
in [88] by calculating directly the integral as in Sect.5 and in [89, 90] by using the
loop equation to see the agreement with the subleading expansion in €; . It was also
found in [91] the matrix model corresponding to the SU (2) super Yang-Mills theory.

Another interesting generalization is the g-deformed matrix model related to the
Nekrasov partition function of the five-dimensional gauge theory proposed in [49,
92, 93]. It would be interesting to elaborate this model further in the context of
topological string theory.

In [94-97] a different matrix model which describes the Nekrasov partition func-
tion has been found. While the form of the potential in particular is quite different,
it would be interesting to see the relation with the model in this review.
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Appendix: Integral Formulas

Let us define the following multiple integral
N 1 N
My = H/ de [[xpa—xp? ] @—xp™x" 61
=170 =1 I<I<J<N

where supposing that 91 > 0, ... for convergence of the integrals. When ¥ = {J
and Y = [1¥], this is the Selberg integral [98] and Aomoto integral [99]

)

_ﬁ P(@+1+ B +1+ )T+ G+ Dy)
N o Te@+p+2+W+j-DHyrd+y)

6.2)

(T ﬁ a+1+4+(N—jy
Warpraran—j-ny

Another multiple integral which appeared in the main text is involving the Jack

polynomial Py (x). This is a polynomial of (xy, x», ..., xy) and written as
Py(x) =my(x) + D ayymy(x), (6.3)
Y/ <Y

where my (x) is the monomial symmetric polynomial. Then the following integral is
given by [100, 101]
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N o N
(Py(IN = H/ dxg Hx‘,’(l —xpf H (1 — 2% Py(o) o
=1 I=1 1<I<J<N
o . | |
_Hyi_f a+1+j+N—iy s IS V41 =iy +
_,'>1j:0 a+B+2+j+CN—i—Dy [lg jeri —Jj+ G —i+Dy)’

where Y = [yy, y2,...]withy; > y, > ...andY = [¥1 > y, > ...]isthe transpose
of Y.
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Localization for A = 2 Supersymmetric
Gauge Theories in Four Dimensions

Vasily Pestun

Abstract We review the supersymmetric localization of A/ = 2 theories on curved
backgrounds in four dimensions using /' = 2 supergravity and generalized confor-
mal Killing spinors. We review some known backgrounds and give examples of new
geometries such as local 72-bundle fibrations. We discuss in detail a topological
four-sphere with generic 72-invariant metric. This review is a contribution to the
special volume on recent developments in AV = 2 supersymmetric gauge theory and
the 2d-4d relation.

1 Introduction

Non-perturbative exact results in interacting quantum field theories (QFTs) are rare
and precious and usually we explain them using non-trivial symmetries of QFT,
such as quantum groups in the theory of quantum integrable systems [1-3]. Another
instrumental symmetry for exact results in QFTs is supersymmetry. For example,
Seiberg-Witten solution [4] of four-dimensional N* = 2 supersymmetric field the-
ories is explained by rigid constraints imposed by A/ = 2 supersymmetry on the
low-energy effective Lagrangian and certain assumptions on electric-magnetic dual-
ity. For a review of N = 2 four-dimensional theory from the modern angle of view
see contributions [V:2, V:3] in this volume.

Exact non-perturbative results in supersymmetric QFTs are suited for strong tests
of non-perturbative dualities between QFTs that have different microscopic descrip-
tion, they give a practical approximation to interesting physical phenomena in non-
supersymmetric QFTs, and they open new perspectives on fascinating geometrical
spaces such moduli spaces of instantons, monopoles, complex structures, flat con-
nections, and others.
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A fruitful non-perturbative approach is supersymmetric localization. In finite
dimensional geometry localization appeared in the Lefchetz fixed-point formula,
Duistermaat-Heckman and Atiyah-Bott formula for integration of equivariantly
closed differential forms [5]. In [6] Witten generalized the localization formula for
the infinite-dimensional geometry of the path integral of supersymmetric quantum
mechanics. Similar approach was proposed to two-dimensional sigma models [7],
four-dimensional gauge theories [8] and others. The similarity of these construc-
tions is the topological twist of a given supersymmetric QFT. The topological twist
introduces a certain background connection for the local internal R-symmetry of the
theory. Usually, this connection is such that there exists a scalar fermionic supersym-
metry generator Q for a QFT coupled to a generically curved background metric. In
topologically twisted theories the stress-energy tensor is Q-exact, and, consequently,
the theory is metric independent. A further twist to the supersymmetric localization
of gauge theories, called e-equivariant deformation or 2-background Rfl .,» has been
added by Nekrasov [9] based on the considerations of [10—13]. The construction of
the gauge theory instanton partition function is reviewed in [V:4] of this volume.
The e-equivariant partition function Z,, .,, referred as Nekrasov’s function, turned
out to be a fascinating object of mathematical physics, with profound connections
to other branches of research such as topological strings (see review [V:13, V:14] in
this volume), matrix models (see review [V:5] in this volume), quantum groups [2,
3] and integrable systems [14]. For a recent study of the instanton partition function
Z, ., for alarge class of quiver theories see [15, 16]. A profound connection between
four-dimensional gauge theory supersymmetric objects (BPS) and two-dimensional
conformal field theories (CFT), called BPS/CFT correspondence in [17], was a sub-
ject of long research [9, 13, 18-22].

Another version of localization was used in [23] for A/ = 2 supersymmetric gauge
theory on a four-sphere S* with an insertion of a Wilson operator [23] or 't Hooft
operators [24]. The topological twist is not necessary because of rich OSp(2|4)
symmetry that A" = 2 QFT on S* has. A similar localization was later performed
for gauge theories on S3 [25], on S? [26, 27], on S° [28, 29], on squashed SS
[30, 31], on squashed S?m [32] and other geometries. For a review of 3d localiza-
tion in this volume see [V:10], for a review of line operators (such as Wilson and
"t Hooft operators) in 4d gauge theory see review [V:7] in this volume, and for review
of surface operators see [V:8]. The four-sphere partition function of the A/ = 2 gauge
theory of class Sy (see [V:2] in this volume) turned out to be equal to the correlation
function of the 2d conformal g-Toda theory, the statement known as AGT conjecture
[33], which provided explicit beautiful realization of the 4d/2d BPS/CFT corre-
spondence. For a review of AGT conjecture (4d/2d BPS/CFT correspondence) in
this volume see [V:12], for review of the superconformal index see [V:9] and for a
review of the 3d/3d version of the BPS/CFT correspondence see [V:11].

A general procedure to construct a QFT on a curved manifold with some amount
of supersymmetry is to couple QFT with supergravity, choose the supegravity back-
ground fields in such a way that there exists a non-trivial supersymmetric variation
under which these background fields are invariant and then freeze the supegravity
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fields. This construction was explored for A" = 1 supersymmetric four-dimensional
theories in [34].

In this note we will partially analyze off-shell NV = 2 supersymmetry backgrounds
suitable for localization, and review the case of the four-sphere [23] with a generic 72-
invariant deformation of the metric. We employ the formalism of N' = 2 supergravity
known as superconformal tensor calculus, see [35-38] and reviews [39, 40]. For
previous analysis of N = 2 supegravity localization backgrounds see [41-43].

Acknowledgements The author is grateful to Kazuo Hosomichi for the correspon-
dence while preparing this review and discussion of the results of [32], and Takuya
Okuda for the elaborate comments on the manuscript.

2 N =2 Supergravity
2.1 Gravity Multiplet

A way to construct ' = 2 Poincare supergravity is to promote the N' = 2 supercon-
formal symmetry to local gauge symmery and introduce associated gauge fields. The
gauge fields are combined with auxiliary fields to form Weyl multiplet. The notations
are collected in the Table 1.

The gauge fields (w[jﬁ , [}, ¢i¢) associated to the rotation, the special conformal
symmetry and the special conformal supersymmetry are expressed in terms of the
other fields from the constraints on superconformal covariant curvatures R for the

fields e}, wh”, ¢L.

Table 1 The Weyl multiplet

Symmetry Gauge field Constraint Parameter
Translation el

Rotation wﬁf/ R (é‘ﬁ)

Special conformal Nin Rl

Dilatation b,

Translational supersymmetry Q ’I/JL =
Conformal supersymmetry S b R, n
SU(2)g-symmetry V#’j

U(1)g-axial symmetry Ay

Auxiliary fields

Tensor Tyva

Spinor X

Scalar M
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Table 2 6d chirality

Weyl multiplet
Field Variation 6d chirality
d}f A g +1
A v =
X' +1
Tua 1
Vector multiplet
N +1

It is convenient to use 6d spinorial notations for the spinors of 4d N = 2 theo-
ries under dimensional reduction. We use index conventions from Appendix 1 and
chirality conventions as in Table 2.

To find the action of the A/ = 2 Poincare supergravity interacting with ny vector
multiplets and n z hypermutiplets one considers Weyl multiplet coupled with ny + 1
vector multiplets and ny + 1 hypermultiplets and then uses one vector multiplet and
one hypermultiplet as auxiliary fields to gauge fix the non-Poincare superconformal
gauge symmetries and to integrate out non-Poincare supergravity fields. Finally, one
gets the on-shell physical fields of the Poincare N' = 2 supergravity: the frame eﬁ,
the gravitino doublet Q/JL and the graviphoton A, together with n, vector multiplets
and nj, hypermultiplets (See more details in the diagram [44], p. 81).

To construct gauge theories on fixed curved backgrounds with partially preserved
off-shell supersymmetry the full machinery described above is not necessary. It is
sufficient to consider the off-shell action and the supersymmetry transformation for
the vector multiplets and hypermultiplets coupled to the Weyl gravity multiplet and
then freeze the fields of the Weyl multiplet to a supersymmetry invariant background
[32, 34, 45].

The supersymmetry transformation is a linear superposition of the Poincare super-
symmetry variation &' and the conformal supersymmetry variation 7. Since variation
of bosonic fields in Weyl multiplet is proportional to fermionic fields of Weyl mul-
tiplet and they are set to zero in the background, the supersymmetric equation is the
vanishing variation of the independent fermions ¢/, x'. The field ¢/, is expressed in
terms of 7,/1:‘1’ and ; through the curvature constraints, and the vanishing variation of
1!, and X/, automatically implies vanishing variation of ¢/,.

We quote the variation of gravitino 1% and auxiliary field ¥’ under the Poincare
and conformal supersymmetries £’ and ' from [40], p. 429. The equations are':

'In some N = 2 supergravity literature the auxiliary scalar field M in Weyl multiplet is denoted
D. For the conventions on the Clifford algebra see Appendix section “Clifford algebra”; the slash
symbol on tensors denotes Clifford contraction as in Eq. (4.34).
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65»71wfz = D#Ei - 1_16T'Yu5i - 'Y;ﬂ]i =0
i 1 i 1 Rij 1 i 1 i 2.1)
beqX' = —5[D I + ¢ (Fy) e/ + 5T+ 3Me =0
j

From the first equation the conformal supersymmetry parameter 1 can be expressed
in terms of the Poincare supersymmetry parameter € as

n = 1P (2.2)

where we used (4.57). Later we use this relation to substitute ’ with /¢’ and vice
versa. The second equation, called the auxiliary equation, can be transformed using
the Lichnerowicz formula for [* (4.63) and the divergence of the first equation, see
Appendix (4.65):

D, — %ngi — 3P =0
(2.3)
Py=—3 (AR +M)e+ £ID' TIne (= }0%)

Here R denotes the scalar curvature (4.62) of the background metric.

The Equation (2.3) are called generalized conformal Killing spinor equations,
and the spinor ¢ is called generalized conformal Killing spinor.

The generalized conformal Killing spinor equations transform covariantly with
respect to local Weyl transformation

G = €2 g 24)
with the weights
s %, M e 2M, T e 2T (2.5)

Therefore the solutions can be classified by their conformal class.

The generalized conformal Killing spinor equations, similarly to the conformal
Killing equations, can be rewritten as the generalized parallel transport equations on
the section of doubled spinorial bundle

D, (f]) =0 (2.6)

for certain D,,. This representation could be useful to classify the solutions.

The solution to the generalized conformal Killing equations is particularly simple
for conformally flat background with vanishing auxiliary field 7,,,,, flat R-symmetry
gauge connection and vanishing auxiliary scalar M. In the flat R* coordinates x*,
the solution is simply

e(x) =& 47/ (2.7
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where £/ and )’ are arbitrary constant spinor parameters associated with translational
and special conformal supersymmetry respectively. The maximal dimension of the
space of solutions to the parallel transport equation in a bundle is the rank of this
bundle. We see that the conformally flat background with flat R-symmetry connection
and vanishing 7},,, is maximally supersymmetric. The 16 sections are generated by
8 components of £ and 8 components of 7.

It would be interesting to find the complete classification of the solutions to the
generalized conformal Killing equation with various amounts of supersymmetry. In
this note we will focus on particular backgrounds interesting for the localization of
gauge theories.

2.2 Vector Multiplet

The 4d N/ = 2 vector multiplet (A,,, A, Y"/) includes the gauge field A, and two
real scalar fields ®, combined into the reduction of 6d gauge field (A,,) = (A, ®,),
the SU(2)g-doublet of gaugino fermions \’, and the SU(2)y -triplet of auxiliary fields
represented by the matrix Y/ symmetric in (ij). The gaugino X is the reduction
of the SU(2)g-doublet of 6d Weyl spinors of chirality +1 for v%4. The spinor fields
from the SU(2)g-doublet enter into the Lagrangian and supersymmetry variation
holomorphically, their complex conjugates never appear in the Euclidean formulation
of the theory.
The supersymmetry variation for the vector multiplet is
5Am = %)‘i’YmEi
SN = =1 Funy™e" + Y67 + @y 0+ § Ta @y e (2.8)

5Yi = —1 (4 pAD)

where there are two extra two terms for A compared to the standard translational
supersymmetry. In our conventions the supersymmetry parameters g, ni are bosonic
and 9. ,, is fermionic, for a field ¢ the field J. ,,¢ has opposite statistics of ¢.
Ifeandn = iﬂs solve the generalized conformal Killing spinor equation (2.3),
the supersymmetry transformations (2.8) closes off-shell:
82 Ay = 1€ ) Fyp + 51(e7'8) Py, D]

£,
82, Pq = 5[(7"€) D, Pul — 5 (17ape) D” + 5 (1) D4
82 N =1 (") DX + 1 D)y N') — 5 (yape)y™ N (2.9)
+ 3N + (neM)A;
02, Y7 = 3EY" ) DuY ]+ )Y + (N Y i+ (*e) Y

&n
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Ta!)le 3 T2he symmetry 82 , Acts by Parameter
action of 6; - T
’ Ly V" = z(e7™e)
S0(2)4 R = — 1 (nyPe)
SU2)x RY = (nie);
Dilatation (ne)

The variation 65’,] contains the Lie derivative action by the 6d reduced vector field

V" = 1(ey"e) (2.10)

The scalar components m = a generate the gauge transformation by v* @, (Table 3).
The Lagrangian of 4d A/ = 2 vector multiplet coupled to the Weyl gravity mul-
tiplet can be found in [37-39], or [40], p. 433

S=-1 / Vod*xtr (Fun F™ + Ny" Dy X + (2R + M) @, — 2V, YV +

—F" T ® + 1 T0a T @4 D))
(2.11)

Provided € and n = %Da satisfy (2.1) the action S is invariant under ¢, ,,

5.8 =0. (2.12)

3 Generalized Conformal Killing Spinor

Presently the complete classification of the solutions to the generalized conformal
Killing spinor Equation (2.1) is not available. We list some known examples. In all
these examples the U(1); connection is set to zero, the square of the supersymmetry
transformation 63 generates isometry transformation and possibly SU(2) transfor-
mation but without dilatation and U(/ ) transformation.

3.1 Topologically Twisted Theories

One simple class of solutions which exists on any smooth 4-manifold is the
Donaldson-Witten topological twist [8]. One sets R-symmetry SU(2)g connection to
compensate right component of the Spin(4) = SU(2); x SU(2)y spin-connection.
In the twisted theory the 8 components of the 4d A/ = 2 spinor generators transform
as a one-form, self-dual two-form and scalar. The scalar component yields the scalar
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supersymmetry charge defined on any smooth 4-manifold. The theory localizes to
the instanton configurations FX =0.

3.2 Omega Background

Another example is the equivariant twist of the topologically twisted theory on any
manifold with U(1) isometry. To construct such theory, one uses a combination of the
scalar supersymmetry of the topologically twisted theory and the one-form super-
charge contracted with the vector field that generates U(1) isometry. Localization
of such theory on R* counts equivariant instantons and gives Nekrasov partition
function [9-12, 46], with two equivariant parameters €, €;, each associated to the
rotation of the R? planes in the decomposition R} _ = R? @ R2 . For a review of
instanton counting see contribution [V:12] of this volume.

3.3 Conformal Killing Spinor

Another example is conformally flat and SU(2)g-flat metric with 7,,, = 0 and
conformal Killing spinor. A spinor of this type has been used to localize the physical
N = 2 gauge theory on S* [23]. The isometry vector field has two fixed points: the
north and the south poles of S*. In the neighborhood of the north pole the theory
is locally isomorphic to the theory in the Omega-background with parameters €, =
€2 = r~! where r is the radius of S*, counting equivariant instantons F; = 0. In
the neighborhood of the south pole the theory is conjugate to the theory in Omega-
background, and it counts equivariant anti-instantons /', = 0. The complete partition
function on §* is the fusion of the Nekrasov partition function and its conjugate:

Zs = / [da] | Zzs,y1 -1 ()] 3.1

where Zgs.., ., (a) is the complete partition function in Omega background including
the classical and perturbative factors, and a is the gauge Lie algebra equivariant argu-
ment of Zgs+., ., that physically is interpreted as the electrical type special coordinate
on the Coulomb moduli space of the N' = 2 theory or boundary conditions at infinity
of R‘E‘l o for the scalar field @, of the vector multiplet. In the formula (3.1) we omit
from the arguments of the partition function the parameters of the Lagrangian.

More generally, the cases of ©2-background and conformal Killing spinor could
be viewed as the specialization of local T2-bundle geometry.
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3.4 Local T?*-Bundles

Consider a manifold X4 endowed with the metric structure of the warped product
X4 = Tu%l.wz X X, where X, is a Riemann surface, possibly with boundaries, and

Tu%l,wz is a flat 2-torus with basis cycles of length (27w, 27ww,). Here (w;, w,) are
locally arbitrary functions on ¥,. This geometry generalizes the Omega background
on R* and the standard conformal Killing spinor geometry on S*. The ellipsoid
solution [32] is a special example of X,4. Another case was studied in [47].

We denote the coordinates along the two circles on T2 by (¢1, ¢»). We pick two
real parameters (¢g, €;) with the aim to get 63.7] action by the vector field

V= €10y + €0, 3.2)

We assume that ¢; are such that (e;w;)? + (e;w»)?> < 1 everywhere on X. For any
generic functions (w;, w;) on X we can always find local coordinates (6, p) such
that

wy = efl sin p cos 0
e & L (33)
sin? p := (eyw)? + (e2wy)? wy =€, sinpsind

After we have fixed special coordinates (6, p) on X, the metric components g,,,, (p, o)
are parametrized by three arbitrary functions ggs (0, p), gs,(8, p) and g,,(0, p).
Next we choose the frame on X* of the form

e = wi(0, pdey e = ey, p)db + €9, p)dp

3.4
e =wy(0, pde, et =ei0. p)dp G

Three functions eg @, p), ef’, @, p), e;t (6, p) generically parametrize 2d metric by the
relations gey = e;e;, 9o, = €ye, and g, = ee; 4 €jes. It is convenient to denote

ey, p) =sinpfi,p) @, p)=f30,p) €0,p)=f0,p (35

and present solution for the background fields 7}, and Vu_ij in terms of f1, f», f3.2

2In these notations the solution can be easily specialized to the Hama-Hosomichi ellipsoid [32]
metrically defined by the equation in R> with the standard metric

X XD (X34 XD +r X2 =1
by taking

X1 +1Xp =rysinpcosfe'®, X3 +1X4 =rysinpsinfe'??, X5 =rcosp
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In the v matrix basis (4.69) we choose the SU(2)g-doublet spinor (¢!, £2) in the
frame (3.4) to be given by

gl = 3(idi+ion ( =% sin ’27 —e'% sin g, ie i cosg —ie'% cos ’5))
L ) . (3.6)
g2 = g 2linFio) ( =% sin £,e'2sin g, —ie =5 cos £, —ie'2 cos g)
Notice that this spinor satisfies the standard reality condition e = c¢! where bar
is the complex conjugation and c is the Majorana bilinear matrix (4.69), and that
this spinor is the transformation to the (¢1, ¢,, p, 8) frame of the standard conformal
Killing spinor (x) = &5 + x"v,e. that was used in [23] for S*, where x* are
stereographic projection coordinates on S*.
For the spinor (3.6) we find the bilinear vector field?

- : L dma. Vle@nono.p = (€1, €,0,0)

1 i, m
V' = geye = ey . (3.7)
4 2 v |4es,6) = (—cos p, —i)

This vector field is the natural isometry of the T2-bundle X,.

Under the ansatz (3.6), the equations on the background fields V , Ty, M are
inhomogeneous ordinary linear equations, which can be directly solved Though the
system is overdetermined, as there are 32 4+ 8 linear equations from (WL and from
dx' on 12+ 6 + 1 = 19 components for V, T, M, we find that solution always
exists for any T2-bundle. Moreover, the solution is not unique; the space of solutions
forms a vector bundle of rank three. This is completely analogous to the case of the
Hama-Hosomichi ellipsoid [32].

Below T}, denote the components of T in the frame (3.4) e*‘, so that T, =

T;,,,,e”e” The V denotes the connection one-form of the SU(2)r gauge field D =
d + V. The components of the 7" do not depend on (¢;, ¢»), and the components of

(Footnote 2 continued)

and
F16, p) = frm(0) = \JrZ sin 0 + 12 cos? 0

f200,p) = gun(0, p) = \/ sin? p + r2r? f1()~2cos? p
30, p) = huu (0, p) = (=} +r3) f1(0) "' cos O sin f cos p

In the case of round sphere $* we set

fil@,.p)=r f2(0,p)=r  f3(0,p) =0.

31n the Eq.(3.7) &' denotes the +1 chiral 6d spinors and " for the 64 gamma-matrices, while in
the Eq. (3.6) the components of the spinor €' are presented with respect to the 4d Clifford algebra
representation (4.69).
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V = io; V!, where o, are the standard Pauli matrices, depend on (¢, ¢,) as

v! cos(p1 + ¢2) sin<¢1+¢2>) (Vl) 3 g3
= . A . V = V 38
(vz) (—sm«m + 62) cos(ér + ém) ) \ 02 ©8)
where V is constant in (o1, &2).
The particular solution is
T, =0 T3 =0
T 2 sin 6 ! ! T. 2 cosf ! !
= - - = = —2cos —
B i B i £ (3.9)
2sin6 2cosf
Ty = — sin 6 f3 T24:M
fif fif
for T components and
. 1 11 sin20f3)
V = | ——sin26 cos — )+ iordp+
( 4e p(fl fz) 2 f1/2) 0
1 1 1 cos 9f3)
—sin20cosp|——— )+ ioydor+
( p(fl fz) 20fifa) 7 %
1 0 20 20
( 1 sm cos ri sin cospf3) o3 dn+
2 261f1 2e1 /2 de1 f1 12
1 29 in’ 0 20
( 1 cos sin sin 26 cos pf3) oot
2 2efi 2€2f2 46 f1 /2
(fi = f)cosp+sinpd, i —Op f3 .
ioy do
2/
f3(sinpd, fi + ficosp— 0 f3) — f20s f2 ).
ioydp
2fifasinp
(3.10)

are the V components. This particular solution can be deformed by three-parametric

family

5T12 =C3
6T13 = —cjcospsinf — ¢y cos b
6T14 = cy1cosf — cycos psin b

0T34 =
0T =
0Ty = ¢y sin@ + ¢, cos B cos p

€3COS p

crcospcosf — cysinf (3.11)
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together with

N 1 1 1
oV = (—ch sin? p fid#) — 7 sin pc; fzdp — Zcz sin pfzdp) io+

(s
(=

1 1
——c1 sin 26 sin? pdo) + 8_C2 sin 26 sin® pdpy — ZC3 sin pfzdp) ior+
1 1
——cz sin 26 sin pd¢1 + 8—6‘2 sin 26 sin pdd)g + ZC3 sin pfldH
I .
+ZC3 51npf3dp) io3 (3.12)

where ¢y, ¢;, c3 are arbitrary functions on X. The background auxiliary scalar M is

LR B B B
2°6 ar2  Af} N afif?

N ( cosp+3cosp cot260f3  sinpd, fi 89f3) sinp f3 P
C — - — — - c
afi T Ap  2fih | afih 4nf) T an N T ann
cot20  cospfs Oy fa ) 1 2 9

+o |- + - — —0yc ——sm cf+ce5+c

2( 2fi  Ann 4nfh)  an " 16 ”(1 4 63)

(3.13)

3.5 Four-Sphere

A topological four-sphere X4 = S?l ., With T? invariant metric can be presented as

alocal T}, bundle fibered over a two-dimensional digon . One of the cycles of

T; ., collapses at one edge of the digon, and the other cycle collapses at the other
edge:
T2

N

)

The coordinates (6, p) on the base X, are in the range (6, p) € [0, 5] x [0, 7w]. The
w; cycle collapses at § = 5 and the w; cycle collapses at ¢ = 0. Both circles collapse
in the corners of the digon. The corner p = 0 will be called the north pole, and the
corner p = 7 will be called the south pole. The metric on Sf ., 1s smooth at the cusps
and the edges of the digon X, if the functions f; (6, p) satlsfy asymptotically
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Si0.plo—o =65, i@, p)lo=z =€
f1(0, p)lp=0.r = (61’2 sin 6 + 652 cos’ 9)%

F30. Pl p=o.r = £(&° — €77) f1(8. p)~' cos Osin 6
F20, p)lpmo.x = (e1e2f1(8, p)) ™"

(3.14)

The metric along X, is arbitrary in the interior. In particular, taking f,(6, p) very
large in the interior, it is possible to stretch S6 «, to avery long cylinder with two
hemispherical caps attached at the ends. Localization on this geometry presumably
is related to the convolution of the ground state topological wave functions with its
conjugate by cutting the S?l ., inthe middle at p = 7, as in the AGT correspondence
[33] with Liouville theory and quantum Telchmuller theory [48], [V:2] and Nekrasov-
Witten construction [49].

The background fields (3.9), (3.10) and the spinor (3.6) with generic smooth
functional parameters cy, ¢z, ¢3 (3.11), (3.12) is a supersymmetric background only
in the interior of ¥,. The coordinates are singular at the north and the south poles
p = 0and p = m. We need to ensure that the spinor € and the background fields V
and T are smooth in a proper coordinate system around the poles. At the north pole
p = 0 we choose approximately Cartesian coordinates

xX; = 261_1 tan £ cos 6 cos ¢ X, = 261_] tan 5 cos 0sin ¢, 3.15)
X3 = 26;1 tan £ sin 6 cos ¢, X4 = 26;1 tan £ sin 6 sin ¢ )
with the standard frame e{j = 5,‘;‘. In the x-frame the spinor (3.6) becomes
‘ ‘ , —1
xg:g*%“mze*%’712*%%43*%246%3457 with sin 8 = > €1 Sln@z
17 sin® 0 + €57 cos? 0
(3.16)

The spinor *¢ is not smooth in the x-frame but is SU(2)gy gauge equivalent to the
conformal class of the standard smooth spinor in the Omega-background [9] (up to
the Weyl transformation *cq — &g cos ’z’):

Yeq = (€5 — Quxt'y"E) cos & (3.17)

where non-zero components of 2 are 2, = —Qy = € and Q34 = —Q43 = €.
Namely, for &, = (1 +)(0, 0, 1, 0) we find
"e}z = (1 +i)(cos £)(—tanZ sin fe'””, —tan’ cos 0e'”', 1, 0)

= 1)(COS 5 an sin =~ an COS —— , COS ——
14 p —t [3+9 zoz —t [H—G z@l = 6’

2
in—- e’(‘/" 92))

with &2 found by Majorana conjugation £ = c&'.
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The SU(2)y gauge transformation relating spinor *¢ (3.6) and the Omega-
background spinor £ near the north pole is

0—3 -~ . B—0
X L. cos —= iet d1+¢2) sin —=—
eh=Ulel, U =( 2, oy 2 ) (3.18)

ie~1(@1+92) gin cos ——

Requiring that SU (2)g gauge field YV = UdU '+ UVU~! (3.8), (3.10), (3.12)
is smooth at the origin, and that components 7}, are well defined in the x-frame, we
find the parameters

c—(i—i) 0. er=-Lwp). =0 (3.19)
' i f o 2= flfzwp’ T .

where ¢(p) is any smooth function such that ©(p),—0 =1 + 0 (p?) and ©(p) p=r =
—1 + O(p?). Then the gauge field YV is smooth everywhere and T,y = T,
Tpen =TT.

In our conventions the spinor ¢ is of positive chirality at the north pole (transforms
under self-dual spacial rotations) and negative-chirality at the south pole (transforms
under anti-self-dual rotation). In the zeroth order approximation the theory around
the north pole is topological Donaldson-Witten theory that localizes to configura-
tions F* = 0, and the theory around the south pole is conjugated and localizes to
configurations F~ = 0. In the first order approximation the theory around poles
is equivalent to the theory in the Omega-background, and localizes respectively to
the equivariant instantons F* = 0 at the north pole and equivariant anti-instantons
F~ = 0 around the south pole.

With the choice (3.19) at p = 0 we find that non-zero components of 7 = 7~ are

To=-Ty=¢—6& (3.20)

If the geometry in the neighborhood of the north pole is approximated by the embed-
ded ellipsoid in R® with radian (ry, 7y, 72,72, 7) forry = €', = €' as in [32]
then the curvature of the SU(2)i background field at p = 0 is particularly simple

—2r2 4+ r12 + r22
Fy = 2.2
4rir;

—2r2 4+ rl2 + r22
4;’12r22

(dx1 Adxz —dxy A dX4)) i0]

(dxy ANdxy +dxy A dX3)) oo (3.21)
(e ndes + e nds) i
X X X X. 150
2’,‘? 1 2 2751 3 4 3

One can compare Fy with the metric curvature at the north pole and notice the
difference: the SU(2)g background field differs from the usual topologically twisted
theory. The non-zero metric curvature components in the x-frame at the north pole
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are
2 2 2
12 34 24 13 14 23
R°pn=—, R'ua=—5, R'M@=R'3=R"u=R"35=-5-
" r rir;
(3.22)

3.6 Superconformal Index

For this geometry the base is the product of an interval and the circle ¥, = Ijgy x S <1p> .
At the ends of the interval I the two circles of T collapse. The slice of X ?lsz at fixed
p is topologically an S f] o and then Xy = Sfl o XS !, A suitable SU(2)g background
field ensures existence of unbroken supercharge. The partition function on S S’] o XS !

computes the superconformal index [50-54] and [V:10], Sect.4.1 and [V:9] in this
volume.

3.7 Other Geometries

It would be interesting to study more general four-manifolds with the structure of
local 72 bundle such as S? x S? or T? x X, where X, is a Riemann surface.

4 Localization

Often a supersymmetric quantum field theory with a particular choice of the super-
charge can be interpreted as infinite-dimensional version of the Cartan model for
G-equivariant cohomology on the space of fields of the theory, see e.g. [8, 55]. The
supercharge Q plays the role of the equivariant differential. The path integral is
interpreted as the infinite-dimensional version of Mathai-Quillen form for the Thom
class of the BPS equations bundle over the space of fields [56, 57]. For example,
in the Donaldson-Witten topological gauge theory [8], the space of fields is the
infinite-dimensional affine space of connections A in a given principal G-bundle
on a four-manifold X4 for a compact Lie group G, the group G of the equivariant
action is the infinite-dimensional group of gauge transformations, and the fibers of
the equation bundle over A is the space of self-dual adjoint valued two-forms. The
Mathai-Quillen form for the Thom class, with a choice of section F' ;, localizes to the
zeroes of the section: instanton configurations. The construction is equivariant with
respect to the G action on A. The path integral over .4/G reduces to the integration
over the instanton moduli space M,y = {A|F +=0}/G.
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4.1 Omega Background

See [9-12, 46] and [V:4] in this volume. A conventional 4d A/ = 2 theory with
Lagrangian formulation is specified by the choice of a compact semi-simple Lie group
G for the gauge group and a representation R of G for the hypermultiplet matter. The
automorphism group of the representation R is the flavor group F'. The path integral
of A/ = 2 theory in Omega background R‘E‘]’ez localizes to the equivariant form on
moduli space of instantons, further integration over moduli space is localized to the
fixed points the equivariant group action. The equivariant group G = L x G x F is
the product of the isometry of the space-time L =SO(4), the gauge group G that acts
on the framing at infinity, and the flavour group F. Let T be the maximal torus of the
equivariant group T = Ty x T x Tr. The coordinates on the complexified Lie algebra
of T are (€, a, m). Physically, the parameters a are the asymptotics at the space-time
infinity of the scalar field ® in the gauge vector multiplet, the parameters m are the
matter fields masses, and the parameters € = (¢, €;) are the equivariant space-time
rotation angular momenta, the 2-background parameteres. In our conventions the
subscript T denotes the dependence on (€, a, m).

The partition function Z in the Omega background can be represented as a product
of the classical, perturbative and non-perturbative contributions:

Z1(q) = Z¥*Z7 P 7 (q) (4.1)

Formally,

Zi =2 4 /A L @ e ar(sTesHeR (¢
k gauge

where A is the infinite-dimensional space of G-connections on a principal G-bundle
E — M with fixed trivialization at infinity, Ggauge = Aut(E) is the group of gauge
transformations equal to identity at the space-time infinity, Q>* ® g is the infinite-
dimensional vector bundle over A with the fiber being the space of self-dual g-valued
two-forms, ST ® R is the infinite-dimensional vector bundle over .4 with the fiber
being the space of positive/negative chirality R-valued spinors.

Mathematically, the instanton partition function is

Z.ilfm(q) = Z qk/ eur(&r). 4.3)
k=0 Mk

Here we are assuming that G = X;c;G; where G; are simple factors and / denotes
the set of labels for the simple gauge group factors, q = {g;|i € I} is the |I|-tuple
of the exponentiated complexified gauge coupling constants g; = exp(27it;), k =
{k:|i € I} is an n-tuple of non-negative integers, k; is the instanton charge (second
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Chern class)* of G,-bundle on the space-time M = R* = S*\co = CP*\CP.,

with fixed framing at infinity, the My = X;e; Mg, &, is the instanton moduli space:

Mg, ; is moduli space of the anti-self-dual G;-connections on R* with the second

Chern class k;. The integration measure eut(Eg) is the T-equivariant Euler class of

the matter bundle £ — My where a fiber of £, is the space of the virtual zero modes

for the Dirac operator: I'(S™ ® R) — I'(ST ® R) associated to the hypermultiplet.
Here the classical contribution is

Z7*(q) = exp (— 261 Z 2miT; {a;, ai)) (4.4)

€
12iel

where () is the standard bilinear form on the Lie algebra of G; normalized such that
the long root length squared is 2, and 7 is the complexified coupling constant

47i 0
T = T + - (45)
Gom 2T
Let
R= @ R ® M, (4.6)

4

be the decomposition of the matter representation onto the irreducible, with respect
to G, components, with the multiplicity spaces M, ~ CMi, on which the masses have
the value my g, ..., Mg yi-

The one-loop contribution is expressed in terms of the special function related to
Barnes double gamma function

Gero(@) =Reg[ [] (x+nier +me)l 4.7)

ny1,n2>0

where Reg[] denotes regularization of the infinite product with Weierstrass
multipliers.

We find the one-loop factors for the theory in the Omega background for vector
multiplet and hypermultiplet to be given by

“For a generic compact simple Lie group G the integer k classifies the topology of G-bundle on §*
by 73(G) = Z. The instanton number k can be computed as

1 1
k= — | (FAF)=———— | Trai FAF
82 /M( ) 167T2hV/M fadj

in the conventions where F is g-valued two-form, (, ) is the invariant positive definite bilinear form
on g induced from the standard bilinear form on h* in which long roots have length squared 2, the
Tragj is the trace in adjoint representation, and hV is the dual Coxeter number for g. For G = SU(n)
the instanton charge  is the second Chern class k = c».
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27 @im) = [ [] Geral@-a)Ge o1 + 2 —a-ap)

i aeAf

v
Z11_-loop; hyper(a; m) = HH H G .o (w cap +my + %(61 + 62))*1

¢ =1 weP(R)

(4.8)

Here Ai* denotes the set of positive roots for the i -th gauge group factor G; and P (Ry)
denotes the set of weights for the irreducible representation R,. These expressions
follow from the equivariant index computation by Atiyah-Singer formula for the
self-dual complex and the Dirac complex respectively. The Aityah-Singer formula
for the equivariant index of complex C evaluated at the group element g € G

ind(C; g) = Z detr, (1 —g) Y

[ efixed points

For the self-dual complex
Q0 4ot 4 o (4.10)

onR* ~ (C%z.,m under the equivariant action z; — 1,21, z2 — 122 we find that each
two-dimensional weight space of root « and its conjugate —« contributes as

W4+ Hbhw+Hho — (hw + Ho + bhw + HE)
(1=t —1)(1—n)1—1)

1 1
o — tw @.11)
(1= —-1) (I =11 —-10)
where ' ' 4
w=2e%" H=¢e9 nh=¢e (4.12)

Taking #; = ¢ ' h = t; !and expanding the index in positive powers of (¢, f,) one
finds the Chern character of the complex. Converting the Chern character (the sum)
into the Euler character (the product) we find (4.8).
For the Dirac complex associated with the hypermultiplet of mass m, the weight
space w contributes as
11
fih 4.13)
—_— Wl .
(I =t)(1 —1)

where w = /¥ ,u = ¢ This can be seen from At1yah Slnger formula for the

Dirac complex S* 2§~ with numerator z‘1 t2 +t1 t2 —t] t2 —tl t2 or from the fact
that Dirac complex is the twist of Dolbeault complexs twisted by the square root of
the canonical bundle. Again, expanding in positive powers of ¢, , and converting
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the sum to the product we find the equivariant Euler character, or the one-loop
determinant (4.8) for the hypermultiplet.

The explicit expression for Z-ilf‘“ (q) can be found for example in [22, 46] and in
Y. Tachikawa’s review [V:4] in this volume.

4
€1,€2

4.2 Supersymmetric Configurations on S
The path integral for the partition function of QFT with an action § invariant under
a fermionic symmetry 6S = 0 localizes near the supersymmetric configurations,
which are the field configurations invariant under §. In other words the supersym-
metric configurations are the zeroes of the odd vector field § in the space of all field
configurations [8]. The localization theorem is the infinite-dimensional generaliza-
tion of the Atiyah-Bott formula [5] for the integration of the equivariantly closed
differential forms over a manifold on which a compact Lie group G acts

/ o= / e (4.14)
M F e(Np)
where F' C M is the fixed point locus of G action on M and e(NF) is the equivariant
Euler class of the normal bundle to F.

From the analysis of the Eq.(2.8), similar to the S* [23] and the ellipsoid case
[32] we expect that the only smooth field configurations that satisfy 6\ = 0 for

the topologically trivial gauge bundle is the trivial gauge field, vanishing scalar 3,
constant scalar ®® = const = ®4 and a suitable auxiliary field ¥ ; proportional to

0. It is easy to see that such a solution exists. Under the ansatz F,,,, = 0, &5 = 0
the equations turn into an overdetermined algebraic linear system of equations on
dg and Y ;, and this system has one-dimensional kernel corresponding to the zero
mode of ®4. What is more difficult to show is the absence of other solutions, and
presumably this can be shown similarly to the analysis in [58].

With the ansatz F,,, = 0, @5 = 0 and all fermions set to zero, we find the explicit
supersymmetric configuration invariant under the J. ,, (2.8)

o . 1 .
2fi 41 41
1 . ., 1. . .
(2]{3]" _ <P(f2;0;ﬂf3) (65(1¢1+102)0.ze§(l¢1+102))zj)
1J2 1J2

(4.15)

It is straightforward to evaluate the classical action on the supersymmetric con-
figuration (4.15) and find
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Sliusy cont = — 1= tr b /S Vod*x ((éR + M) +2Y' ;Y - %TWT’“’) (4.16)

From the explicit solution for the 7, (3.9), (3.11), (3.19), the )}"j (4.15) and M
(3.13) we find that most terms in the action combine into total derivative

\/g((éR + M) + 2}’}11?/l - %Y}LI/TMD) =
03002 Oufs pdpfisinp  pd,fasinp

= fiforirn sin3psin900s6(

200 205 208 23
efztand pfycotd @0, sin p _ 2pcosp 3 N Oppsin p 4 2gpcosp) _
2f 17 2f1 17 2f1f fife fifz 217 3
= —0p (rlrzp sin 2 sin’ pﬁ) +0, (rlrzgp sin 26 sin4pf1 — fz) + Er1r2 sin 2 sin? p
4/ 41> 2
4.17)

The last term is the only term non-vanishing after integration over S?l - ltgives

8721y o 2
S|susy conf = _T tr g (4.18)

YM

Therefore, the contribution from the smooth configuration of the localization locus
for the partition function is’

182 /&

o o o ——L 3 (g4, o
Zgjrt :/d(bﬁe_slsusyCO"{Zl—loop(d%)Z/dcbée e ,,$M< 6 6>Zl-]0()p(q)6) (4.19)

€1.€2

where Z.100p(Ps) needs to be computed from the fluctuations of the quantum fields
around the supersymmetric background. Since mathematically such determinant is
the same as a certain infinite-dimensional equivariant Euler class asin the Eq. (4.14), it
can be computed [23] using equivariant Atiyah-Singer index theorem for the transver-
sally elliptic operators [59]. The Atiyah-Singer index theorem computes the index
as the sum of the contributions from the fixed points: the north and the south pole of
the S* _. The result is that the Z 1-loop factorizes into the product of two factors, each

€1,6)

related to the one-loop factor Z-:-'IOOP (4.8) of the gauge theory partition function in
the Omega background coming from the north or the south pole of the S?l - Careful
application of Atiyah-Singer index theorem for the transversally elliptic operator
shows that the north pole contributes the factor Z} ' obtained from the expansion
of the index in the positive powers of the equivariant parameters ¢; = €', t, = '
(4.8). The contribution of the south pole is obtained from the expansion of the index
in the negative powers of the equivariant parameters.

5In our conventions P is an element of the Lie algebra of the gauge group. For U(N) gauge group
®dg is represented by anti-Hermitian matrices. The bilinear form ¢, ) is the positive definite invariant
metric on the Lie algebra normalized such that the length squared of the long root is 2. For U(N)
group try O = — (D, D).
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1-loop

The argument of Z; ", the equivariant parameter a of the gauge theory in the
Omega background, relates to the scalar fields on waz in the way
a=1"9, (4.20)

where v? is the vector field (3.7). At the north pole for the supersymmetric configu-
ration we find
a= —i¢‘6 — CDS = —iCD(, (421)

On X* it is natural to assume the mass parameter pure imaginary, since the mass can
be thought as the fixed background value of the scalar field ®¢ in the vector multiplet
of gauged flavour symmetry, so for convenience we set that mass parameters on X*
are im where m is real. Then, up to an overall phase, and assuming that the arguments
a; and my; in (4.8) are pure imaginary we find

Zl—loop;Sf]y(2 = Zl—loop,T(ia, im) (4.22)

The classical contribution also factorizes, and using (4.4), (4.5) we find the par-
tition function (4.19) can be rewritten as

Z‘S’Z’L = / [dal|Z}" (e1, e2; i, im) |? (4.23)

The above formula for the partition function takes into account only the pertur-
bative contribution in the localization computation around the smooth solution of
the supersymmetric equations. However, the complete partition function on Sfm is
also contributed by the point like instanton/anti-instanton configurations, with point
instantons supported at the north pole and the point anti-instantons supported at the
south pole [23]. This follows from the analysis of the asymptotics of the localization
equations near the north and south poles: the supersymmetric theory on S?I,Q near
the north pole is approximated by the gauge theory in the Omega-background, and
the supersymmetric theory on Sﬁl ., hear the south pole is approximated by the con-
jugated version of the gauge theory in the Omega-background. This argument leads
to the complete formula

€].€

Zs, = / [dal|Zr(e1, e2; ia; im; @) (4.24)

4.3 Hypermultiplets

The treatment of conformal massless hypermultiplets is straightforward and is similar
to [32]. The mass-term are added by gauging the flavour symmetry, introducing the
vector-multiplet for the flavour-symmetry group and then freezing all the fields of
this flavour-symmetry vector field to zero except the constant scalar field (<i>0)ﬂavour
which then plays the role of the mass parameter.
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4.4 Open Problem

It should be possible to classify all possible 72-bundle solutions to generalized con-
formal Killing equations, construct the supersymmetric theories on such backgrounds
and localize the partition function generalizing the result (4.24).

Appendix 1: Conventions and Useful Identities

Indices

For the 4d theories with 8 supercharges (A = 2 supersymmetry in 4d) we use the
notations of the (0, 1) 6d supersymmetric theories under the dimensional reduction.
The Table4 summarizes the index notations.

The symmetrization and anti-symmetrization of tensors

1
Lmy.m,) = "l z tmﬂ(])»---mn(r)

oePerm(r)

1
Umy..om,] = r_! z (_1)Utma<1>,...mn(r)

oePerm(r)

(4.25)

Spinors

The spinors A and € in the (0, 1) Euclidean supersymmetric 6d theory are the holomor-
phic SU(2)g =~ Sp(1)g doublets of Weyl four-component spinors, of Weyl chirality
+1, for the 6d Clifford algebra over complex numbers C. We take A = (N )i=1.2
where each \! and \? is 6d Weyl fermion. In total the spinor A has 8 complex
components.6

Table 4 Indices

Type of indices Symbol Range Fields

4d space-time vectors WV, P, 0 [1,...,4] Gauge field A,

U(1)r = SO(2)R vectors a, b [5, 6] Scalar field ¢,

6d vectors (the sum of above) |m,n, p,q [1,...,6] Am = (Ay, o)

SUQ2)r i,Jj 1,2 Gaugino doublet A'; auxiliary
triplet Y* ;

5We construct the Lagrangian and supersymmetry algebra using only holomorphic/algebraic depen-
dence on the spinorial components. In other words, the complex conjugate of gaugino (\') never
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Clifford Algebra

The 8 x 8 complex matrices -, represent the 6d Clifford algebra
{Yms Y} = 29mn (4.26)
The chirality operator v anticommuting with all ,, is
Y= et} =0 =1 (4.27)

The chirality of the spinors is the eigenvalue of ~y,.. The projection operators that split

S=8"@® S are
=10y, er=vier=Eyes (4.28)
Explicit form of 7, matrices is not needed, but for concreteness one can recursively

define the ¢ matrices of size 2¢/2 x 29/2 in even dimension d in terms of 7\9~2 as
follows (see e.g. [60])

YD =3 @49 mell,...,d—2]
AW = el AW =0l (4.29)

d d-2
1 = 03§74

where (0, 01, 03, 03) are the 2 x 2 Pauli matrices
(00, 01.02,05) = ((69) - (Y9) - (7 5) (6:2)) - (4.30)
We use antisymmetric multi-index notations
Yy, = Vimy «+ - Ym,]- 4.31)
and we use underline notation for the multi-index
Ve isone of Yu, m, (4.32)

In the contraction of multi-index we use non-repetitive summation

(Footnote 6 continued)

appears neither in the Lagrangian, nor in the measure of the path integral, nor in the supersymmetry
transformations. The fermionic analogue of the contour of integration in the path integral or the
reality condition is not necessary since evaluation the Pfaffian or top degree form is an algebraic
operation.
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1
AKBB = Z Ay Bml...mp — EAml...mp Bml...mp (4.33)

my<--<mp
For the forms we use component and slashed notation
=1 i Hr _ e
W= Swy g, dx" A Adx W= Wy Y (4.34)

Contraction identity
Y Yeym = (=17 (d — 2r)~, (4.35)

Multi-index contraction identity
Yeyvp = Ald, 1, Py (4.36)

with

min(r, p)
A, r.p) = (~DPPVPryr Y (—1)‘f(r)(d_r) (4.37)
P—q

g=max(p+r—d,0) q

,,,,,

matrix algebra of 2¢/2 x 2¢/2 matrices implies the Fierz identity

d
()L (%, = DA, r k), ()%, (4.38)
k=0
where 3 vt
Ald,r,k)=(—=1)" 2 272A(d,r k) (4.39)

The terms with k > % in the Fierz identity are conveniently represented as
Y = (= 1)V (4.40)

where ~,v is complementary in indices of < with a proper permutation sign. The
Fierz identity is

d/2
(D %, = DA L EHEH™, ()%,
k=0

d/2—1

+ (DT AM L d = (), (i) %, (44D
k=0

This form is useful when applied to the chiral spinors.
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Table 5 Symmetries of C,
d mod 8 2 4 6 8

o +4+—— —++- +- -+
C —++- +- -+ ++—=

Spinor Bilinears

The spinor representation space S can be equipped with an invariant complex bilinear
form (,) : S® S — C. In components we write’

(ne) == n°Cope” (4.42)

where C is a matrix representing the bilinear form.

All operators y, are symmetric or antisymmetric with respect to C. The symmetry
of C, depends on the dimension d and is summarized in Table 5.

The entries sos152s53 with s, = &1 denote the transposition symmetry of C~,
for r mod 4. There are two choices of C denoted by C; and C; in the table. In
representation (4.29) one can take

Ci=--®0®0Q0

(4.43)
Cr=-R0Q0 Q0.

The bilinear form C, for spinors in even dimension d can be also used as the bilinear
form for spinors in d 4+ 1-dimensions. For the theories with 8 supercharges in d =
4,5, 6 dimensions we are using C highlighted in the Table 5.

The matrices C+y, represent bilinear forms on S valued in r-forms, in other words,
for spinors 7 and ¢ the

wr = (NY,€) (4.44)
transform covariantly as the rank » form. Since
d

Y4C = (=1)2Cr, (4.45)

it follows that®

7Often in the physics literature the dual spinor 73 = 1%Cyp (an element of the dual space SV) is
denoted ¢ and is called Majorana conjugate to €. We have chosen here to avoid the bar notation to
avoid confusion with complex conjugation.

8Consistent with the fact that for % € 2Z the tensor product S; ® S_ contains odd rank forms; and
S+ ® S+, S- ® S contains even rank forms; in particular for % € 27 the representation S¥ is
dual to S*; while for % € 27 + 1 the representation ST is dual to SF.
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(Mr€) = (4yre4) + (N-r€-), % +re2Z

(4.46)
7€) = (-pe) + (eypes), G +r €2Z+1

In d = 6 the bilinears in the spinors of the same chirality transform as forms of
odd rank; while the bilinears in the spinors of opposite chirality transform as forms
of even rank.

(4.47)
(M-vre4) 70 only forr € {0, 2, 4, 6}

d—6: i(eyy,s;);éO only forr € {1, 3, 5}
The bilinear form valued in 1-forms is antisymmetric in d = 6 for either choice of
C. To construct the standard fermionic action (Ay” D,,\) we need the symmetric
1-form valued bilinear form. For the minimal 6d (0, 1) supersymmetry we introduce
a SU(2)g-doublet of Weyl fermions (\);—; > and then use C ® ¢, where ¢ = €ij
is the standard 2 x 2 antisymmetric symbol, as the symmetric bilinear form on the
St ® C2. The resulting 1-form valued bilinear is symmetric and there is a proper
fermionic kinetic action

W\ DN) = N DPN)ej; (4.48)

We use the standard antisymmetric 2 x 2 tensor ¢;; to raise and lower the SU(2)g
indices i, j in the pattern ';:

Ni=€lN;, A= Ne,

. : . . (4.49)
Hep =00, (") = 5e (" m)
When the SU(2)g indices are omitted, the contraction ; is assumed
(e1e) = (el (4.50)

d = 6 Fierz Identities

Ford =6and! = 1 we find

k|01 234
AG.1.K)|2

Bl
= |
ENI*E No )\

1 1
—2-20-

Notice that A6, 1,k) = (—=1)¥A(6, 1,6 — k). Therefore if we project Fierz
identity (4.41) with v, applied to the a; and a4 indices, we find that terms with even
k vanish. In addition the middle term k = 3 vanishes too. Finally

(D% (Wasas = =", (Waye,  Projected by (712)%, (72)%, | (4.51)
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A frequently used form of the above identity involves cylic permutation of three
+-chiral spinor doublets &', k', . Taking the sum of

Ak YN = — (7Y ANV K ;

" ,)vm & i)vm j 452)
N Ymk)Y"e" = =N yme )" kK

we find

EYmRIY" A+ Avmk)Y" e + (EVmA)Y"k =0

(4.53)
Now we consider projection of 6d Fierz identity at p = 1 on spinors of opposite
chirality. Take +-chiral doublet &' and —-chiral doublet 7. We find

Evepnn’ = 2En)e; — LE P ) me;
V0 e = —3E Y epnn’

(4.54)
where at [ = 2 the explicit coefficients in (4.41) are given as follows:
kK |0 1 2 3 4 5 6
Be20[-F -F kit +E
Hence, from the Eq. (4.54) we find another useful 6d Fierz identity
Y e =4y e=me =71 (4.55)
6d (0, 1) Theory Conventions
The spinor € is +-chiral, the spinor 7 is —-chiral
€ = Vx€ = V4E, = =70 ="7-7 (4.56)
The tensor field 7),,, is 6d anti-self-dual, x¢;7 = —T . Useful contraction identi-
ties

WF = Fy" —4F, ", T = Twa™
YT =7TY% =7"Tvm =0

(4.57)
(4.58)
T;u/a'yﬂy = %{Ta ')/a}v T/u/b'yyb = %{T, 'Y,u} (459)
The Bianchi identity on the field strength

Dy Fpg+ DgFyp+ DpFyn =0,  v"ID,Fpy =0 (4.60)
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Positive chirality of e = e and negative chirality of 7 = T~ implies

Tyye=0

(ev,e) =0, rmod4 e {2,3}; (s(i'yﬁsj)) =0, rmod4e{0,1}

’YP{T "Va}e = {T, "Yp}"}/aé', %T/wa')’p"}“uy€ — Tﬂl/b’}/yb’)’a
Y TwaV"™ e = Tpuay" Ve, Ya T € = Ty Yo
TNVuT by ’YW’Y”}’E = 4T, Va'Y gb’YUhE = 4’TpuaT beybg

The spin-connection and the metric curvatures

) ) P I
D, = 00" +wsv

Rﬁ&yu = [D/u Dl/]g-v Ry = R#U/w» R = Rup,

V. Pestun

(4.61)

(4.62)

The covariant derivative on spinors, the curvature and the Lichnerowicz formula

Dy’ =8’ + 30”7 e + (V) !
2 1 1 R
D =D#D/L_ZR+§FV

where (V)X)'; is the SU(2)g-connection.

Supersymmetry Equations

The divergence of the first equation in the system (2.1) implies
D'Dye — L [D'T e — 3Ty = 10)2

which together with Lichnerowicz formula (4.63) produces

%Dzs + 1(4Re — 1 Fre — £ [D"T1yue — 1T =0

and the linear combination with the second equation in (2.1) produces
L% = = (1R M) <+ DT e

The 6d and 4d Spinor Conventions

As in (4.29) we take

(4> 0 s
7;36) _( 0 ﬂ<4>)’ 7;6) =(%0), 7 = (73)

1
0
cO — 0 —cy® RONENE © _ (7
S\ _wm & =) - _n®
* - +

(4.63)

(4.64)

(4.65)

(4.66)

4.67)
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where €3 9 denote the +-chiral spinors of the 4d Clifford algebra with respect to 7(4)
the C® is the bilinear form for the 6d Clifford algebra of type (— — ++), and ¢® is
the bilinear form of the 4d Clifford algebra of type (— — ++). In these conventions
the bilinears computed in 4d and 6d notations agree:

+ 6(4) (4) nf‘)

(4) (4) +€(4) (4),y(4) =4
14

(6) (6) (6) (4) (4) 4)
ey C 7y
* (4.68)

©) ((6) ,/(6) =(6) <4> 4
£OCOYOFD = (B g

For the explicit form of spinors we use 4d gamma-matrices, the 4d chirality operator
and 4d bilinear form in terms of (4.30)

Vi, va) = (02 ® 0, 01 ® 09),

AW = -y ..o =—038 09 (4.69)
c® = —ioy ® 0y

We decompose
T#Va'ya = T#V*’Y_ + TMV+P)/+ (4.70)

in terms of

;w— = (T, % iTlu,ﬁ) v = %(75 + 176) ,Y—,}/SG =7

T;u/Jr = (T[HIS + iT;w6) 'Y+ = %(75 - 176) 7+’Y§6 +’Y+

(4.71)
with 2% = —i~se. Since T}, is of negative 6d chirality, the 7+ has F 4d chirality.
We define

T;,‘P =T+ — Tw— =2iT, (4.72)
In terms of the 4d spinors the generalized conformal Killing equation (2.1) takes
form

D,e — 1 T(4)'y Vi€ = Yul 4.73)

Other 6d-4d notational definitions are

= 1@ i, &y = (P +id%

T,,W’y’“’cb“sf) }fﬁ)'y“”(dﬁe(f) - dfef)), Py,n = 2@7716) - 2d>+7)f)
4.74)
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Appendix 2: Supersymmetry Algebra

The Off-Shell Closure of the Supersymmetry on the Vector
Multiplet

Here we explicitly compute 6> on vector multiplet for § defined by:
5Am = l)\i’ymz':i
SN = =3 Fy™e' +Y' &) + Dy + §Ta @ y"e' (4.75)
ij _ 1 (@ )
oYY = —35( D)
provided that spinors (e, ) with n = %ms satisfy generalized conformal Killing
equations (2.3).

We find a contribution of several terms in 6> \. In the flat space we drop the terms
proportional to D¢, 7 and T and find

SN = 6(=5 Funy™"e") + 6(Y' ;&%) (4.76)
with
5 (— 4 Fy™<")
1D, (Nrygej)yPie = L (eBA) & — L (77, DA ) AP0 2D

=1 (D) " + 3 (e7%e) DN — 5 (e748) VI DN “39 1 (ev%e) DX
+3(EPN)E =3 (€T DX)e;

4.77)
and together with the 6(Y? jsf ) we find

BN = e DN + L DA)E — L PAe; 2 Leyie) Dy
(4.78)
Next we account for D, and 7 terms, still keeping T' = 0. The transformation would

be complete on conformally flat space. The 6%, A acquires new contributions

2
5Lﬁdl

N =62 N+ term, (4.79)

where 4.53
. ) 1 ; (4.53)on !
terme = —3 (A" e + 3y’ = (4.80)

— Vg NV + 2070V IN + A+ (N)e

Then we expand the middle term in 4d indices
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TN = 5wV A+ g01pg VN = gy A (4.81)
and apply Fierz identity (4.38) to the first and the last term in (4.80) to find

—2E ANV = =2 + §E g IV

o - o (4.82)
M ADe" = F@ DN = s 1pgeNY "IN

All 7y,4v?4 terms are cancelled using (4.49) and the scalar terms are simplified as
M)A = FE A + 107NN = A + (')A (4.83)
and the contribution from the non-flat but conformally flat terms is
terme = +5 (77007 A = g1V A+ FMON+ ()N, (4.84)
Then we compute the T-terms in
SN =6

cflat

A+ termyp (4.85)

and find

(4.53) on ~,v?,(5.35)
termy = 5 (e7, 77, M)7"e + 15 Tuwa (67" M e =

= =g ENT 1V IN+ g 1NV Y T e + 35 EWN T e =

1 1q 1 p. (453 onp (4.86)
= —a @IV N+ 5 EpNTyPe =
(4.59) a W
=~ ENT %)V = G 1TV =" HTua(er o™ A
The termy can be combined with the term,:
§wOV A+ 35 Tiwa (€Y' VA = 16 Dy(e7,6)7" A (4.87)

so that finally

02 N = 1Y) DN 416 D™ N = § (11ape )y N+ 3 )N + (e )\
(4.88)

The variation 62, Y/ and 62, A,, are computed similarly.

The Invariance of the Lagrangian

The4d N = 2 supersymmetric Lagrangian for vector multiplet in curved background
for vanishing fermionic fields of Weyl multiplet is proportional to (2.11)
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3Eun F™ + Xo" Dy i + (§R + M) @ = 2y Y — FI T, ®
+ 17, 7" 0, (4.89)

The trace is implicitly implied in all terms. To check the invariance under (2.8) we
first consider the flat background with D,e = 0,7 = 0,T = 0, M = 0. After that
we will add the variational terms in conformally flat background, and finally we will
add the remaining T -terms. We find modulo total derivative

St (3 F™" Fpn) = —(€7"A) D" Fyp

Oat (A" Dy A) = %O‘VmDm Fpgy"e) + 2Yij ' PN) 4L

= (\Y"€) D" Fypy — 2Yij (7 PN)
Sar(—2Y;;Y7) = 2Y;; (' PN)

(4.90)

that all terms add to zero. In conformally flat background the new terms appear in
the variation of fermionic kinetic term and the coupling of scalars to the curvature

Scfat (R + M)YD, D) = (R + M)\ D)

4.91)
(Scﬁat()\’ym D, = (Sﬂa[()\’ym D,,\) + term,
where
term, = _2(/\[¢7aq>a77[]) + %()\’Yﬂqu’}/quué‘) Qﬁl)
= 200" Fa) + 20,0 B1) + 2(AFyay™n) = 207" @, Brj) &
= —(gR+ M)(\"®,2)
(4.92)

so all terms in (4.91) cancel when added together.
Next we consider the remaining 7 -terms for a generic background. We set

L= Lo + L7 (4.93)

where
Lr=—=F"Te® + ;T T"" D), (4.94)

and we find

6(‘CT) = ()"}/V‘S)[DuT;um]q)a
+ MO T FH — L O ) FH T + O ) Ta Ty ®” (4.95)
o ® ®
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In the variation of the fermionic action the new terms are
OMY" Dy A) = eiae (AY" Dy \) + termyy + termr; (4.96)

where termy; comes from 7 -terms in generalized conformal Killing equation (2.3)
and termry; comes from the T'-term in the variation J. , A (2.8)

termyy = 20, (A D)1 + 35 M FTy.6) (4.97)
Then we find

5 M F & T'e) = SO ) F* e — 3 (AN ) Tupa FH
@) O}

(4.98)
+ 309" Ta F'”
®
and
termyy = — 3 AD(T},, P7"e) =
= — LAY D Tyal @ — 2 (MY E) Tyva Fra
o (4.99)
— 2" ) Tya Fpa — 3OO Tya Ty @°
® ®

Using (4.61) all T F terms cancel between (4.99) and (4.95) and finally the [DT ]
terms in (4.95), (4.97), (4.99) cancel as well as

(4.95) : (/\’VVE)[D'qu,Va](Da
@97 F(D'Tua)Pp(MP7"e) = =3 (A &) DF Tpwa ® + 5 (0" 2) P DI Ty

4.99) 1 —IAD,(Twa) @99 7" e = — LM e) DF T @ — L7 ) 09 Dy Ty
(4.100)
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Line Operators in Supersymmetric Gauge
Theories and the 2d-4d Relation

Takuya Okuda

Abstract Four-dimensional gauge theories with A/ = 2 supersymmetry admit half-
BPS line operators. We review the exact localization methods for analyzing these
operators. We also review the roles they play in the relation between four- and two-
dimensional field theories, and explain how the two-dimensional CFT can be used
to obtain the quantitative results for 4d line operators. This is a contribution to the
special LMP volume on the 2d-4d relation, edited by J. Teschner.

1 Introduction

Gauge theory, a fundamental description of nature in our current understanding of
particle physics, remains a central subject in theoretical physics. Any quantum field
theory with gauge fields possesses a set of universal observables, namely Wilson-’t
Hooft line operators, also known as loop operators. The Wilson loop Tr P exp(i ¢ A)
exhibits an area law in a confining vacuum. A magnetic analog, the 't Hooft loop,
is a disorder operator defined by a singular boundary condition of the gauge field.
A Higgs phase can be characterized by a ’t Hooft loop obeying an area law. More
generally, the behavior of mixed Wilson-"t Hooft operators can be used to classify
the vacuum structures of gauge theories [1]. Quantitative understanding of these
operators in a non-abelian gauge theory such as QCD is an important open problem.

Four-dimensional theories with extended supersymmetry admit BPS line opera-
tors, which represent infinitely massive BPS particles. While they have no known
role as order parameters for low-energy physics, the BPS line operators serve as
useful probes of various dualities. BPS Wilson loops in A/ = 4 super Yang-Mills
theory were first introduced in [2, 3], and for many years they were studied mostly in
the context of the AdS/CFT correspondence. In [4] it was found that the perturbative
ladder diagram contributions to the expectation value of a half-BPS circular Wilson
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loopin ' = 4 theory with SU(N) gauge group reproduce the large ’t Hooft coupling
result from AdS. The ladder diagram contributions can be neatly packaged into a
Gaussian matrix model, and the authors of [4] conjectured that the matrix model
computes the Wilson loop vev in the large N limit. Based on a conformal anomaly,
[5] further conjectured that the agreement should hold to all orders in 1/N and in
the ’t Hooft coupling. The agreement was finally proved to be exact in the paper [6],
where general N = 2 theories were also treated.

This article reviews the recent developments in the study of BPS line operators in
4d N = 2 gauge theories. There are two main ideas: localization and the 2d-4d cor-
respondence. The former, whose modern version was invented by Pestun [6] building
upon earlier works [7, 8], can be applied to line operators in various geometries to
obtain exact results. The latter, in particular the AGT correspondence [9], can be
used to compute the expectation values of line operators by 2d CFT techniques.

This article is organized as follows. In Sect.2 we will review the definition of
Wilson-"t Hooft line operators and the classification of charges, as well as their
counterparts in two dimensions. In Sect.3 we will review the localization methods
applied to line operators. Section4 is devoted to explaining the 2d CFT techniques
used to compute 4d observables involving line operators. The line operators exhibit
interesting algebraic structures, which are closely related to a quantization of the
Hitchin moduli space. These matters will be reviewed in Sect. 5. The appendix sum-
marizes some relevant facts.

Our emphasis is on the intrinsic UV dynamics of 4d line operators. The exact
computation of disorder line operators, which was made possible by localization
and was inspired by the 2d-4d relation, is a remarkable progress. The 2d theories
themselves also display very rich physics. Other review articles in this volume discuss
closely related subjects from different angles.

2 Charges of Line Operators

In this section we review the classification of BPS line operators in an N = 2 gauge
theory with gauge group G. We begin by considering all line operators allowed by the
Lie algebra of G and the matter content. We will also explain the basic correspondence
between line operators and closed curves on a Riemann surface. Then we will review
the recent progress on the discrete choice one must make to fully specify a quantum
field theory, and how it relates to the spectrum of line operators.

2.1 Definition and Charges of 4d Line Operators

Let us recall some basics of Lie algebras and set notation. (See for example the
appendix of [10] for a useful summary.) We denote by t the Cartan subalgebra of G,
and by t* the dual of t. The roots and weights of G take values in t*, and generate the
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root lattice A, and the weight lattice A, respectively. We have A; C A,. We define
the coroot lattice A C t to be the dual of Ay, and the coweight lattice Ay, C tto
be the dual of A,.

Wilson line operators that preserve some supersymmetry were first introduced in
the context of AdS/CFT correspondence [2, 3]. For an A/ = 2 gauge theory on R*,
let us focus on the half-BPS Wilson operators along a straight line or a circle, defined
as

WRzTrRPexp[j{(iA+Re¢ds):|, @))

where ¢ is a complex scalar in the vector multiplet and ds is the line element deter-
mined by the metric. There exist more general curves and scalar couplings that
preserve some amount of supersymmetry; their classification may be possible by
extending the methods of [11]. Charges of supersymmetric Wilson operators are
classified by irreducible representations R, or equivalently their highest weights
w € Ay. Physically, Wilson operators represent the worldline of an electrically
charged BPS particle with infinite mass.

The magnetic analogue, 't Hooft operators, were originally introduced to classify
the low-energy behavior of non-conformal gauge theories [1], and represent the
trajectory of an infinitely heavy magnetic monopole in spacetime. These operators
were generalized to preserve a half of supersymmetry in [12]. A ’t Hooft operator
is a disorder operator, meaning that it is defined by a singular boundary condition
on the fields in the path integral. In the present case, we define the operator 7 (B)
by demanding that we integrate over the field configurations with Dirac monopole
singularities

F~§eijkf—3dxk/\dxj :—gsiHOdﬁAd@, ¢>~i2’ir. (2)
In writing this, we assumed that the theta angles of the gauge theory are zero; if they
are not we need to excite Re ¢ as well as electric components of the field strength
on top of (2), for the gauge Noether charge to vanish [13] and supersymmetry to be
preserved. We have introduced (x!', x%, x%) and (r, 6, ), locally-defined Cartesian
and spherical coordinates in the directions orthogonal to the trajectory. The 't Hooft
operator preserves the same set of supercharges as the Wilson operator (1) when
placed along the same curve. The magnetic charge B is constrained by the Dirac
quantization condition. Namely, the gauge potential A ~ —(B/2)(1 — cos #)d has
a Dirac string singularity along § = . For the Dirac string to be unphysical the
matter fields must be single-valued. Thus, if we denote by ( , ) the natural pairing
between coweights and weights, the magnetic charge B must satisfy

(B,w)eZ 3)
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<=

Fig. 1 a A one-punctured torus C; 1 is decomposed into a pair of pants with one leg degenerate.
A trivalent graph I' is drawn on the decomposed surface. b The red curve, a pants leg, has (p, g) =
(0, 1) and corresponds to the minimal Wilson operator in ' = 2* theory. The blue curve with
(p,q) = (1, 0) corresponds to the minimal "t Hooft operator

(a) (b)

for the highest weight w € A,, of any irreducible representation in which a matter
field transforms. The coweights B satisfying (3) form a lattice A, the dual of the
lattice generated by roots and the weights of matter representations.

More generally, dyonic operators, or mixed Wilson-’t Hooft operators, are clas-
sified by pairs (B, w) € Ay X Ay, modulo the action of the Weyl group. The weight
w may be interpreted as the highest weight of a representation corresponding to the
Wilson loop for the subgroup unbroken by B, for an appropriate choice of represen-
tative (B, w).

It is illuminating to consider the class S theories of type Aj, reviewed in the
Appendix and [V:2]. A weakly coupled description of such a theory is specified by a
choice of pants decomposition and a trivalent graph I" drawn on C, ,,. (See Fig. 1a for
an example.) The universal covering of the gauge group G is G = SU((2) 31 =
Hi SU2);,wherei =1, ...,3g— 3+ n labels the internal edges of I". The external
edges labeled by e =39 — 2 +n, ..., 3g — 3 4+ 2n correspond to the factors in the
flavor group G = SU(2)" =: [[, SU(2).. In addition to the electric and magnetic
charges for G, it turns out to be convenient to allow line operators to have the
magnetic charges for Gg by coupling the theory, via the Cartan of Gp, to non-
dynamical gauge multiplets of the form (2). Thus we consider the coweights p =
(P1,--., P3g—3420) € ACW(G x Gp) = 729732 of the extended group and the
weights § = (q1, ..., q3g-3+n) € Aw(G) = Z33*" of the gauge group. Each
trivalent vertex of the graph I' corresponds to a half-hypermultiplet with its scalars
® jy; transforming in the trifundamental representation of SU(2) ; x SU (2), x SU (2),,
where j, k, I correspond to either a gauge or flavor symmetry and do not need to be
distinct. For @ j, to be single-valued around a Dirac string, the coweight must satisfy

pj+ px + pi € 2Z. @)

The conditions (4), imposed for all triplets (J, k, /) corresponding to vertices, define
the lattice A, C Acw. We also identify the charges related by the Weyl group
Zggf‘”zn. Thus the charges of the line operators in this theory are classified by
the set of integers (p, ), subject to the conditions (4) for each trivalent ver-
tex, with the charges identified if they are related by the Weyl group action, i.e.,
(pi, qi) — (—pi, —q;) for some internal edge i or p, — — p, for an external edge
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e. Identification by the Weyl group action is equivalent to requiring that p;, p, > 0,
and also that g; > 0 if p; = 0. Ordinary Wilson-"t Hooft operators, without non-
dynamical fields involved, correspond to (p, ) with p, = 0 for all external edges e.

2.2 Correspondence of Charges and Curves

We are ready to describe the basic 2d/4d relation for the charges of line operators in the
A -theories [14]. We fix one pants decomposition and use it to describe all homotopy
classes of closed curves on Cy , without self-intersection, as well as homotopy classes
of arcs connecting punctures without self-intersection. We allow the curve +y to have
multiple components, but we assume that no component is homotopic to a point or a
curve arbitrarily close toapuncture. Let i, ..., ¥34—34x be pairwise disjoint connected
curves without self-intersection whose complement is a pants decomposition of Cy ,;
these are known as pants legs. Also let y3g_34u+1, ..., V39—3+2, be simple closed
curves near the punctures. In order to describe the correspondence, we define the
intersection number p; = #(yN~y;) for1 < j < 3g — 3 + 2n to be the minimum
of the number, without a sign, of intersection points as  and +; vary among non-
self-intersecting curves in their respective isotopy classes. We also need a notion of
twisting number g; for 1 < j < 3g — 3 + n. Roughly, g; counts how many times ~y
winds around in a direction parallel to ;. We refer the reader to [14] for a precise
definition. The crucial mathematical fact for the correspondence is the following
theorem.

Dehn’s Theorem. Let C,, be an oriented punctured Riemann surface of genus g
and negative Euler characteristic with n punctures. Let us define a map

Y #HOyNY)); q)) € (Lsg) 93120 x 739730 (5)

which assigns, to each isotopy class of closed curves without self-intersection or
arcs connecting punctures without self-intersection, its intersection number p; =
#(yNy;) withy; (1 < j < 39— 3+ 2n) and its twisting number ¢; with respect to
vj (1 < j < 3g — 3 + n). Note that the intersection and twisting numbers depend
only on the homotopy class of «. With this definition the map is injective, and its
image in (5) is

{(p1, P2y -y P3g—31205 91, G2, -+ - » 3g—34n)
| if pj=0thenq; >0, and p; + p; + p; € 2Z
when «y; U 7 U ; is the boundary of a pair of pants}.

The integers p;, g; are known as the Dehn-Thurston parameters of .

It is immediate to recognize (6) as the same data that classify the line oper-
ator charges in the A-theory corresponding to Cg ,. This is the most basic 2d-4d
correspondence involving line operators [ 14]. An example in Fig. 1b shows curves on
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the one-punctured torus corresponding to line operators in the SU(2) N = 2* theory.
The rules for the action of the modular groupoid on the Dehn-Thurston parameters
are explicitly known [15]. Since this action is interpreted as S-duality according
to the 2d/4d correspondence, the line operators with charges (p, ¢) are believed to
transform according to the same rules.

2.3 Spectrum of Line Operators and Discrete Theta Angles

The specification of a gauge theory, before picking a spacetime geometry, requires
several discrete choices. The choice can be phrased in terms of line operators [16, 17].

On R* for some purposes one considers all “line operators” that are allowed by
the Lie algebra of the gauge group and the matter content. This is useful in the
classification of massive phases of a gauge theory [1] by representations of the ’t
Hooft commutation relation

W.T=¢"/NT. W (6)

for fundamental Wilson (W) and "t Hooft (T") loops. Here the gauge group has the Lie
algebra of SU(N), and we consider two closed curves Cy and Cy that are contained
and Hopf-linked in a constant time slice. We place T on C7 while we displace W
infinitesimally from Cy forward and backward in time, so that the two sides of (6)
arise as operator products that are differently time-ordered. Massive phases such as
confining and Higgs vacua arise as representations of (6). Even though Cy and Cr are
linked within the three-dimensional slice, C7 and displaced Cy are, for dimensional
reasons, not linked in the ambient spacetime. The relation W - T # T - W means that
the two operators cannot both be genuine line operators. If the gauge group is SU(N),
W is a genuine loop operator that is invariant under all gauge transformations, even
when it is placed along a homotopically non-trivial curve. On the left hand side of
(6) we can link W with the surface swept by the Dirac strings that extend from 7 in
the future time direction. Then W - T picks up the phase e*™/V | relative to T - W,
from the holonomy around the Dirac string. One cannot continuously deform one
configuration to the other without W hitting the Dirac sheet of 7. Thus T is aboundary
of a surface operator defined by the Dirac sheet. For gauge group SU(N)/Zy with
a zero theta angle, T is a genuine line operator and W is a boundary of a surface
operator [18].

For a general gauge group G and two pairs of charges (B, wi), (B, w;) €
Acw X Ay, the product of two would-be loop operators acquires a phase

exp (2mi(By, wi) — 27i(By, wa)) (7
when one operator moves around along a surface that links the other. The correlation

function of two genuine loop operators is well-defined only if the phase vanishes,
in which case they are mutually local. In a consistent theory line operators must be
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mutually local, and their spectrum must be maximal in the sense that one cannot
add more line operators without violating mutual locality [16, 17]. The center Z
of the universal covering G of G, and its dual Z*, are isomorphic to A.y/A¢ and
Aw/ Ay, respectively. The phase (7) depends only on the elements z1,z2 € Z x Z*
that correspond to the two loop operators. A maximal mutually local spectrum then
translates to a maximal isotropic subgroup of Z x Z*.

The authors of [17] showed that the choice of a maximal coisotropic subgroup
is equivalent to the choice of what they call discrete theta angles. These parameters
give, in the Euclidian path integral, non-trivial phases dependent on the topological
classes of gauge bundles. Correspondence with line operators arises because the
discrete magnetic flux through the S? surrounding a line operator induces, combined
with discrete theta angles, a discrete electric charge, much as in the usual Witten
effect [13]. For A, theories of class S corresponding to a Riemann surface C with
no puncture, the discrete choice corresponds to a maximal coisotropic subgroup A
of H'(C, C), where C is the center of the simply connected group with Lie algebra
g[16, 19].

3 Exact Results for Line Operators by Localization

Line operators with electric and magnetic charges constructed in the previous section
fit nicely the framework of supersymmetric localization [7]. In this section we review
the exact localization computation of loop/line operators in 4d A" = 2 theories on S*
and other geometries. Since details on the S* localization can be found in [6] as well
as in the review article [V:6], we restrict ourselves to the bare basics and focus on
the features specific to 't Hooft operators. The results will be successfully matched
with 2d computations in Sect.4.2.

3.1 Localization for Wilson loops on st

The general procedure in a localization computation consists of the following
steps [6].

1. Pick a supercharge Q that annihilates the operator one wants to evaluate. If Q°
contains terms that vanish on shell, i.e., vanish by the equation of motion, add
auxiliary fields so that such terms do not appear. Then Q7 is a linear combination
of bosonic symmetry generators.

2. Choose a Q>3-invariant functional V such that the bosonic terms of Q - V are
positive-semidefinite. Add tQ - V to the action where 7 is a constant. Find the
saddle points of the path integral [ e=%~ 2V in the limit # — 400, in other
words find the configurations such that @ - V = 0.

3. Evaluate the classical action S; and the inserted operator at the saddle point.
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4. Compute the fluctuation determinant at the saddle points. This involves gauge-
fixing and the inclusion of ghost fields. Either expand fields in the eigenmodes
of kinetic operators, or use the equivariant index theorem to compute the deter-
minant.

5. Sum and integrate the above contributions over all the saddle points.

It is possible to define " = 2 non-conformal supersymmetry on S*, and the steps
above were carried out in [6] to compute the partition functions and the Wilson loop
vevs for N = 2 gauge theories on S*.

One of the key steps is the computation of the fluctuation determinant. This is
the ratio det A, /(det A,)'/2, where (A,, A,) are the differential operators acting on
bosons and fermions in Q- V. On S* we choose V = > (fermion) - Q(fermion), and
(A, A,) can be expressed in terms of simpler differential operators in V. Super-
symmetry implies many cancellations among the eigenvalues, and one can show that
the determinant is given by

1/2
det Ao _ (detcokerD Qz) / ’ (8)

(det A2~ \ detyerp Q2

where D is a differential operator in V, and we recall that 0? is a sum of bosonic
symmetry generators. Schematically,

QPP ~J+R+a+m, )

where J, R, a, and m generate an isometry, an R-symmetry rotation, a gauge trans-
formation, and a flavor symmetry transformation. Despite the huge cancellations the
fluctuation determinant (8) is still an infinite product and takes the form [] j w;’ 2
with ¢; = £1. The weights w; and the signs c; can be read off from the equivariant
index

indD = Tl'kerpegz — Trcokerpegz = z cje“’/ B (10)

which can be computed by the Atiyah-Singer index theory. In particular, the fixed
point formula expresses the index as a sum of contributions from the fixed points of
the isometry J. Thus the fluctuation determinant for each saddle point configuration,
computed by the index theory, naturally factorizes into the contributions from the
fixed points, namely the north and south poles of S*.

At the north pole, the differential operator D acts on the vector multiplet fields as
the linearization of the anti-self-duality equations, which govern instantons on C?:

D@ (1+x)D
QadE) —————— > Q%ad E) ® Q*F (ad E). (11)

On the hypermultiplet D acts as the Dirac operator. The structure at the south pole
is similar, with anti-instantons replacing instantons.
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Non-perturbative contributions arise as small instantons and anti-instantons local-
ized at the north and south poles respectively. More precisely, these are the Q*-fixed
points on the instanton moduli space. Let us denote by Z ff’lloeop (i a,im f) the north pole
contribution to the fluctuation determinant in the topologically trivial backgrounds.
The variable a, taking values in the Cartan subalgebra t, parametrizes the saddle
point configurations and is identified with the background value of a vector multiplet
scalar Re ¢. The parameters m ; denote the masses of matter hypermultiplets. A topo-
logically non-trivial configuration at the north pole contributes the universal factor
fo’lloeop (i a,i mf), accompanied by an extra rational function of a and m ;. The sum
of the rational functions over the invariant instanton configurations is the instanton
partition function Zj, [8] with the omega deformation parameters specialized to the
values €; = €, = 1/r, where r is the radius of S*. The contributions from the south
pole have a similar structure.

Factorization of the determinants implies that the total partition function takes the
form

Zs = (gt = /da |zP°16(a)|2, (12)
t
where the integral is taken over the Cartan subalgebra t, and

7% (q) = Zy (ia, T) Z{’_ol]oeop (ia, imf) Zinst (ia, rh imy; rh el 7') . (13)
We factorized the classical part by hand: e=5¢ = |Z|?. The precise expressions of
various factors in (13) in a similar convention can be found in [20]. The instanton
partition function Zjng(a, m; €1, €2; 7) defined in [8] arises as a sum of the rational
functions over Q-invariant instanton configurations localized at each pole. To com-
pute the vev of the Wilson loop defined by (1) with an integral along the equator, we
only need to evaluate it in each saddle point as indicated in step above:

(Wi)gt = / da | 2P (a)|* Trge* . (14)
t

In particular, this reduces to the Gaussian matrix model for N' = 4 theory, proving
the conjecture [4, 5] mentioned in the introduction.

3.2 Instanton/Monopole Correspondence

We now review a similar localization calculation for a ’t Hooft operator [20]. A nice
technical tool is a correspondence between singular monopoles on R? and U (1)-
invariant instantons on a Taub-NUT space, discovered by Kronheimer [21]. For our
purposes, it is enough to specialize to the single-center Taub-NUT space with metric

ds® = V(dp* + p*d6* + p*sin® 0d ) + V1 (dy + w)?, (15)
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where V =141/2p),w = (1/2)(1 —cos#)dp,l > Oisaconstant,and (p, 0, ) are
the polar coordinates for R3. This is a circle fibration over the flat R3. The variable 1
has periodicity 27 in our convention. From the three-dimensional fields (A, ®) with
singularities

B B
A~——{0—cosdp, &~ — (16)
2 2p

near the origin, we construct a four-dimensional gauge connection

AEg(A-l—quw‘j—w)gl—igdgl (17)

andits curvature F = d A+i AAA. Here g = ¢'8¥ is asingular gauge transformation.
The singularities in A and & cancel out in (17), and we obtain a smooth four-
dimensional gauge field A.

The four-dimensional field A is invariant under the U (1) ¢ action ) — 1) +const.,
which acts on the circle fiber as well as the gauge bundle. The correspondence states
that the Bogomolny equations

1
D;® = Eeiijjk i, j, k=12,3) (18)

on IR? are equivalent to the anti-self-dual equations
F+xF =0. 19)

Since the Taub-NUT space is isomorphic to C? as a complex manifold, we can use
instantons on C? to perform calculations for *t Hooft operators.

3.3 Localization For ’t Hooft Loops on st

Let us consider a supersymmetric "t Hooft loop 7' (B), specified by the coweight B
and placed along a large circle of S*, which we refer to as the equator. See Fig.2.
Since the ’t Hooft operator is a disorder operator, we need to evaluate the path integral
with the boundary conditions (2) which affect the saddle point configurations. We
introduce a convenient set of coordinates, in which the standard round metric on S*
of radius r is given by

2
(1-455) e
ds* = r2—4d7—2 + M (20)
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Fig. 2 Instanton, monopole F-I— =0
and anti-instanton field
configurations
Do = xF
F7=0

This is Weyl-equivalent to the metric on S! x H?3, where H? is the three-dimensional
hyperbolic space. In terms of the Weyl-rescaled fields on S! x H?, the only Q-
invariant configurations, smooth away from the operator and subject to the boundary
condition (2), are given by

P B Xi Re 6 a Im ¢
ik = — <€k e = = 3 m = =
Jk ) ijk |x|3 1+ |x\22 21X

21

We again assumed that ¥ = 0. Note that a € t is the only unfixed parameter which
we must integrate over. In this background, the usual classical action diverges due to
the infinite mass of the Dirac monopole. Suitable boundary terms [20, 22] cancel the
divergence and make the action finite. The values of ¢ at the north and south poles
are now shifted. The basic effect of the ’t Hooft loop is to shift the argument a of
7% (a) by i B/2r.

The one-loop determinant receives extra contributions. The differential operator
D in V is now modified, and ind D receives contributions not only from the north
and south poles, but also from the equator. In the neighborhood of the equator, which
can be approximated by S! x R3, D acts on the vector multiplet as the differential
in the complex defined on R3:

Dpogo : ' (2d E) ® Q" (ad E) — Q%(ad E) @ Q' (ad E). (22)

The arrow involves the dual of the gauge transformation and the linearization of the
Bogomolny equation (18). The instanton/monopole correspondence above can be
extended to the correspondence between the U (1) -invariant sections of the self-
dual complex (11) and the sections of the Bogomolny complex (22). Thus the index
of the latter can be obtained from that of the former by averaging over the U (1)
action. On the hypermultiplet, D acts as Dpy, the Dirac operator with a coupling
to the Higgs field ®. The one-loop contribution from the equator Z ff’loop(ia, img, B)
can then be read off from ind(Dg,g) + ind(Dpp) by taking into account also the
Fourier modes along the S'.

There are also extra non-perturbative contributions. Recall that zero-size instantons
and anti-instantons localized at the north and south poles provide non-perturbative
saddle points, even though the configurations are singular. Similarly, infinitesimal
dynamical monopoles, which get attached to the Dirac monopole defining the ’t
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Hooft loop and screen the magnetic charge, also provide non-perturbative saddle
points. The saddle point configurations are invariant under Q, and hence also under
Q2. Thus the saddle points are the fixed points, with respect to a certain group action,
in the moduli space M (B) of solutions of the Bogomolny equations on R? with a
Dirac singularity.

The moduli space M (B) has components labeled by v € A+ B with |v| < |B]|.
All the fixed points in M(B, v) take the form of the 't Hooft background (21)
except that B is replaced by v. The classical contribution depends only on v and is
universal among the fixed points in M (B, v). We also need to include the fluctuation
determinant from each fixed point. By factoring out ZT‘_*lODp(ia, imyg, v), we denote
the sum of such determinants by

Z%(a; B, v) = Z{3 ia,imy, 0)Z8, (Ga.imp, By = > [Jwi” @3)
fixed points
in M(B,v)

This equation defines e o

Collecting all the contributions (see Fig. 2), the result for the ’t Hooft loop expec-
tation value on S* is

(T(B))s+ = /da Z |ZP%% (q + iv/2r)|* Z%(a; B, v). (24)
t v

For example, the vev of the minimal ’t Hooft loop 7' = L in the SUQ2) N = 2*
theory is given by

2 cosh!2(wr (2a + m)) cosh'/2(7r 2a — m))
cosh(2nra) '

o0
(T = > / |ZP% (a + iv/2r)|
v=+1/27 "
(25)
This has no bubbling contribution. See [20] for examples with non-trivial bubbling,
as well as examples with dyonic charges.

3.4 Other Geometries

341 S'x,R?

As we saw above, the geometry in the neighborhood of the equatorial S! in the
four-sphere is essentially S! x R®. This suggests that the contributions intrinsic to
the loop operators are most naturally formulated on S' x R? itself rather than on
S*. The main advantage of S! x R? is that we can cleanly introduce an analog of
omega deformation parameter [8]. In particular the fundamental definition of Z o
the bubbling contributions, is given in this geometry, just as the instanton partition
functions are defined on flat C? in the omega background. While there are other
geometries that admit an omega deformation, the vevs of ’t Hooft operators in such
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geometries are expressed in terms of the quantities defined on S' x R3. Another
motivation to consider the omega-deformed product S' x R3 comes from the study
of the IR dynamics in the same set-up ([16], [V:3]).

We wish to evaluate the expectation values of line operators wrapping the S! in
S! xR3. To preserve SUSY, the metric need not be a direct product; R* may be fibered
over S!. If we regard the circle as the time direction, the line operator, an infinitely
heavy particle, modifies the theory and defines a Hilbert space 7, (R?). The fibration
of R3 is accounted for by the insertion of the operator e>™ b1 where J3 generates
rotations about the 3-axis. It should be accompanied by 2™V’ for supersymmetry,
where I3 is a generator of the SU(2) R-symmetry group. We will denote such a
space by S! x, R? to indicate the twist. Recall that an omega deformation is a SUSY-
preserving modification of a theory by (equivariant) parameters (¢, €;) for the action
of the U(1) x U(1) isometry [8]. In our case the action U (1) x U(1) acts as the
rotation of the S' factor and a spatial rotation in R3. The rotation commutes with
supersymmetry if the ratio of the rotation angles is €; /e, = b*. We can also introduce
flavor symmetry generators /'y and their dual variables m ¢, which play the role of
masses. The expectation value of a line operator (more generally the correlation
function of such operators) can be represented as a supersymmetric trace

(L)gtms = Trpg, @) (—1)F e 27 RH 2rib* st 1) g =2rim Fy (26)

S!x,R3
1-loop

Zioﬁg can be computed by localization in the same way as for the equator contri-
butions to (L)s+. The main difference is that in the current case the isometry can act
onS' and R? with a variable ratio 5> € R of rotation angles. The result of localization

for the ’t Hooft operator Tp is [23]

This quantity, in particular the one-loop and bubbling contributions Z and

X 3
(Th)sxors = Zez”l””zlslogf (@, my, b: V) Znmono@, my, by B,v),  (27)

where a and b are respectively the vevs of Re ¢ and Im ¢ suitably rescaled and
complexified by the gauge field. Since the bubbling contribution on this geometry
is most fundamental, we simply write Zyono = Z;?m;gR Indeed Z,,0n0(B, v) serve
as building blocks for the line operator correlation functions in other geometries. In
particular, it is related to the equator contribution on S* as Zmino(a, my; B,v) =
Zmono(ra, rmy + 1/2, X = 1; B, v). The shift in mass appears because the curved
metric affects the periodicity of spinors.

For the minimal ’t Hooft operator in the SU(2) N = 2* theory,

12
: o sin 2ma + mm) sin 2wa — wm)
T RS = eZmb te 27ib ; 28
(Tlstxr ( ) sin (27ra + %bz) sin (27ra — %bz) (28)

with a, b € C. See [23] for more examples.
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342 S'x,S?

Given an NV = 2 superconformal theory, one can perform radial quantization on R*
by regarding the radial direction as time. One can compactify this direction, and the
resulting path integral, the partition function of a supersymmetric theory on S x S?, is
known as the superconformal index ([24, 25], [V:9]). One can refine this by including
line operators [26]. Line operators, wrapping the S! and inserted at arbitrary points
along a great circle of S?, preserve some common supersymmetry [26]. In particular,
if one starts with a line operator passing through the origin, by radial quantization
one ends up with a line operator L at the north pole of S*, and its conjugate L at the
south pole. Let us denote by H; 7 (S?) the Hilbert space on S* with such insertions.
The index with the line operator insertions can be represented as a supersymmetric
trace

T i 2 3 F
(L Lysiw,e = Try, ) (=10t tD TT s (29)
;

Here J; and Jg are the Cartan isometry generators for S*, b plays the role of an
omega deformation parameter, and 7, are the flavor chemical potentials. Recall also
from (26) that I3 and F are the R- and flavor symmetry generators respectively.

This was computed in [27] by a hybrid method, where the one-loop contributions
are computed by counting BPS states on S*, and the bubbling contributions, which
we expect to be localized to the line operators and given by Zyono above, are put
by hand. The classical contribution vanishes as it should for an index. The results
agree with a prescription proposed in [26], as well as the predictions of S-duality in
N = 4 theory. In addition, the Wilson line operator index for SU(N) N = 4 theory
in the large N limit was found to agree with the counting of fluctuation modes on
the fundamental string (for the fundamental representation) and on the D5-brane (for
the anti-fundamental representation).

343 S;

Since the CFT side has a variable b parametrizing the central charge, it was immedi-
ately recognized after the discovery of the AGT correspondence that the localization
computations on S* should be generalized. This was done in [28] and is reviewed in
[V:6]. The metric of the new geometry, the ellipsoid S, is given by ds* = Z?:o dxz,
where

X2+ b2(X3+ X3 + X3+ XD =12 (30)
This geometry has an obvious isometry U (1) x U (1), whose action commutes with

supersymmetry if the ratio of rotation angles is €,/e, = b?. Setting b to 1 gives
back the round S* of radius r. The reference [28] formulated ' = 2 gauge theory
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(with reduced SUSY) on this geometry by introducing a background gauge field for
R-symmetry and other auxiliary fields in the A/ = 2 supergravity multiplet. The
partition function now takes the form

Zg = /da|Zp°1°(a, m 5 b; 7)) (31)

where ZP°¢(q, my; b; T) includes the one-loop and instanton contributions, with
omega deformation parameters (¢, €2) = (b, b~!). For any fixed value of X, €
(—r, 1), there are two circles along which we can place BPS loop operators: the
circle S%h) (X3 = X4 = 0) on the 12-plane, and another circle S(ll sy On the 34-plane.
The computation of the Wilson loop vev and S-duality suggests that the "t Hooft loop
vev is independent of X,. Let us focus on Séb) at Xo = 0. The vev of the Wilson
loop Wx was computed in [28]; we just insert Trg e>™™ into (31). We emphasize
that ’t Hooft loops on S}, have not been treated yet at the time of writing. We expect
that the essential part of computation is determined by the symmetry generated by
Q?; in particular it generates the U (1) x U (1) isometry with equivariant parameters
(b, b~"). Generalizing (24), we should get

X 2
(Tp)ss © pected /da >z (a.my: b: B v) ‘ZPO]C (a + ibzl, my; b; T) . (32)
t N r

where 7% (a, my; b; B, v) = ZSIX”RB (ibra,ibrmy + 1/2; b; B, v) [23]. We

1-loop+mono
will compare this with the CFT computations in the next section.

3.5 1/8-BPS Wilson Loops in N' = 4 Theory and the 2d
Yang-Mills

On R* or S*, N/ = 4 super Yang-Mills has a variety of loop operators that preserve at
least one supercharge [11]. The half-BPS Wilson loop given in (1), where we regard
N = 4 theory as an N = 2 theory with a massless adjoint hypermultiplet, is one of
them. There are different classes of line operators to which the localization method
has been applied [29].

These include 1/8-BPS Wilson loops along arbitrary contours on a two-sphere.
One can also place a half-BPS ’t Hooft loop that links the S*. Certain local operators
can be further inserted on S?. Localization can be performed using the common
supercharge preserved by the operators. The results are rather different from the
case in the previous subsection; the path integral has been shown to reduce, up to
the assumption that the one-loop determinant is trivial, to another quantum field
theory, namely the bosonic two-dimensional Yang-Mills on the S%. The correlation
functions of the operators turn out to be captured by the analogous observables
in the two-dimensional theory, as conjectured in [30]. For certain combinations of
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the operators, the theory further reduces to multi-matrix models. The results have
been tested in a variety of ways using AdS/CFT and S-duality. For more details,
see [22, 31, 32] and the references therein.

4 CFT Techniques for Line Operators

In this section we review two-dimensional methods for computing the expectation
values of loop operators on S}. We mostly consider the A;-theories of class S and
the corresponding 2d theory, namely Liouville theory. Generalization to higher rank
gauge theories and the SU(N) Toda theories will be explained in Sect.4.3.

4.1 Verlinde Operators

As we saw in Sect. 2.2, line operator charges in an A-theory are in a one-to-one cor-
respondence with closed curves on the Riemann surface C, ,,. In a conformal field
theory, one can associate to any closed curve ~ an operation on conformal blocks,
defined in terms of the monodromy of a degenerate field along ~. This operation,
called the Verlinde operator, was introduced by E. Verlinde and applied to the char-
acters (torus conformal blocks) of rational CFT’s to argue that the modular S-matrix
diagonalizes the coefficients in the fusion rule [33]. Moore and Seiberg proved this
conjecture, known as the Verlinde formula, by expressing the Verlinde operators in
terms of the fusion and braiding moves, which are the basic ingredients for a general
modular transformation of conformal blocks [34, 35]. It turns out that the same con-
struction works even for non-rational CFT’s such as Liouville and Toda theories. See
[V:12] for a more rigorous discussion of the Verlinde operator. As we will elaborate
in Sect. 4.3, there is an alternative definition of a Verlinde operator as a topological
defect, whose definition may be conceptually cleaner.

A degenerate field is a primary for which the Kac determinant vanishes. As such
it has a descendant that is orthogonal to all states and is decoupled [36]. In the
standard parametrization of the Liouville central charge ¢ = 1 + 60Q% (Q = b +
b, primaries V,, have the conformal weight A(a) = a(Q — «). The most basic
degenerate fields are V,, with momenta o« = —b/2 and a« = —1/2b. In view of the
quantum symmetry b <> b~ of Liouville theory, it suffices to consider V_j>. The
condition for decoupling can be stated as

(02 +D*T(2)) Vopa(z) =0 orequivalently (L2, + b*L_5)-V_p =0, (33)

where T'(z) is the energy-momentum tensor and L, are the standard Virasoro gen-
erators. Using this, one can show that V_;, and V,, obey the fusion rule [36]

[V_p21[Val = [Va—s2] + [Vags2]- (34)
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In particular, the OPE of two degenerate fields V_;/, contains the vacuum state
Vo=1.

Since (33) involves only a holomorphic coordinate z, the full correlation function
with V_p />, as well as the corresponding conformal blocks, obeys the resulting dif-
ferential equation. In particular the conformal blocks transform linearly (i.e., there
is monodromy) when z is transported along a closed curve.

We are now ready to define the Verlinde operator. Let us consider a conformal
block F specified by a trivalent graph I" on C,, ,,. Pick also a closed curve y on C, ,,,
and assume that it has only one connected component. We can define an extended
conformal block F (z, zo) by inserting V_;2(z) and V_;/»(z¢) at two nearby points z
and z, taking their OPE, and projecting onto the identity state. Let A (o) = a(Q - Q)
denote the conformal weight of V,,. We can recover the original block F from F by
taking the limit z — zo:

1

f(Z, ZO) ~ (Z—Zo)m]: (35)

A priori F(z, z0) is defined only for z close enough to zo. We can analytically continue
JF and transport z along a closed curve homotopic to v, and then take the limit z — zg

€0

.7:'(Z, 20) ~ —
(z — 70)2Ab/2)

L, F. (36)

We included a universal normalization constant ¢y, which we will specify. The map
F +— L, - F is the Verlinde operator.

As an illustration, let us take as F a four-point conformal block with two degen-
erate fields at 0 and z, and two primaries with momentum « at 1 and co. The block
can be expressed in terms of the Gauss hypergeometric function , F:

a —b/2
7 (I*Z)ba 2 2
F(z,0) = :szl(lerﬂba;QJrQb;z).

The solid lines carry a generic momentum, the wiggly ones degenerate states, and
the dashed line represents the identity state. The monodromy around z = 1 can be
computed by a hypergeometric identity and yields a linear combination of (37) and
the block with internal momentum —b. One can check that the coefficient of the
former is

(37

eZﬂ'ba + 672Trba

emibQ + e~ TibQ ? (38)
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where we defined a by o = Q/2 + ia. We now choose ¢y = 1/(e™2 4 72,
Then the corresponding Verlinde operator is the multiplication by ¢>™¢ 4 ¢=274,
which is the trace of a matrix in the fundamental representation of SU(2).

More generally the Verlinde operator £, as defined above can be computed very
explicitly by fusion and braiding moves. These moves relate the conformal blocks
assigned to two trivalent graphs that differ by a local modification. A sequence of
such modifications allows us to analytically continue the block as a function of z
along . Since our aim is to transport a degenerate field V_;,>(z), we only need to
implement these moves when the modification involves at least one external edge
with V_; 5. In this special case, the fusion move is expressed in terms of a 2 x 2
matrix Fy, (51,52 = £). See (58). Since the fusion move, by definition, locally
modifies a trivalent graph by replacing an s-channel with a t-channel, it is enough to
describe its action on a four-point block:

Qg —b/2 Qg —b/2
= > Fual[n 2] x b
Sso=% Qg — 1”25

et b« « «
4 o — 58 1 4 1

(39)

We also use the braiding move

Qg (6%} asg Qo
_ ewi(A(al)—A(ryg)—A(u;;)) %
o o (40)

where A(a) = a(Q — «) is the conformal dimension of the operator V,, and the
two exchanged vertex operators are rotated by 180°. If the rotation is in the other
direction the phase is the opposite.

The curve for a spin 1/2 Wilson operator for a gauge SU(2) factor corresponds
to an internal edge of the trivalent graph [37, 38]. Indeed the action of the Verlinde
operator Ly along this curve is calculated by the following sequence of moves.

a4 o4t

« « a o « «a «@ a o « « «

(41)
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The result is
EW CF = (eZﬂba + 8727rba) F. (42)

Of course this agrees with (38) divided by cy, and is the trace of an SU(2) matrix.

More generally, a closed curve that traverses at least one pair of pants corresponds
to aline operator with non-zero magnetic charge, and the associated Verlinde operator
involves a non-trivial shift in Liouville momenta. For example, the Verlinde operator
corresponding to the minimal t Hooft loop in A/ = 2* theory is given by the following
moves.

- — o — o . N -
&3
« « a O/

The momentum « is replaced by o' = « + b/2. Explicitly we find

[L10- Fll, ap) = D Hala, a) Fla£b/2, ), (43)
+

where

T(&2b(a — Q/2)T(£2b(a — Q/2) + b Q)

Rl a0 =m0 = 0/2) + baw F(22b(a — 0/2) — b, 1 50)°

(44)

See [37, 38] for many more examples of Verlinde operators in Liouville theory.

4.2 Comparison with Gauge Theory

Let us now comgpare the CFT results with the gauge theory results in Sect. 3. We will
write & = (aj)j9=_13+n.

According the AGT correspondence [9], extended to generic b [28], the S?, parti-
tion function (31) of the A;-theory is the Liouville correlation function on Cy ,:

Zgs = / [da]C(a)F(a)F (). (45)

Here C(a) is an appropriate product of the three-point functions and F(a) is the
conformal block. A conjecture put forward in [37, 38], again generalized to arbitrary
b, is that the expectation value of a loop operator L(p, §) on S} is given by the
“expectation value” of the Verlinde operator £.:

(L(P.9))sy = /[da]C(&)T(a)ﬁv - F(@). (46)
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In order to compare gauge theory and CFT, it is natural to adopt a different
normalization of conformal blocks [20, 23]:

B(@a) := C(@) > F(a). 47)

This normalization is also natural for the quantization of the Hitchin system and
for the interpretation of the fusion move as an analog of the 6;j-symbols [39, 40].
The new block B is identified with ZP°'®, which contains not only the instanton
contributions, but also the one-loop contributions from the north pole. We define the
action of a Verlinde operator on B as

(L, - B)(@) := C(@)"*(co Ly - F)(c¥) (48)

by absorbing ¢y into L. In terms of B and L., (46) becomes

(L(P, D)s = /[da]%Ly-B(a)- (49)

The Verlinde operator corresponding to a Wilson operator is still multiplicative:
Ly - B = (2™ 4 =20y, (50)

For Verlinde operators that involve shifts in @, the action is modified. For example,

the Verlinde operator L o on the one-punctured torus computed in (43) and (44)
becomes

172
is cosh(2wba £ wbm) is
Lio= Z elsh H . T2 elit, G
= v sinh(£27wba + ib*)

where a« = Q/2 + ia, o, = Q/2 + im.

For the pure Wilson operator, the equality (49) immediately follows from Pestun’s
computation of the Wilson loop vev [6] and its generalization [28] reviewed in Sect. 3.
One can also confirm that the gauge theory result (25) for the minimal ’t Hooft loop
in A/ = 2* theory agrees with the CFT result (49) combined with (51) for b = 1. The
expected expression (32) for the 't Hooft loop on S} is consistent with (49). Many
more tests of the correspondence were made in [23, 38].

The exact calculation of the disorder operators such as ’t Hooft loops, and its
verification by independent methods, is one of the important advances that became
possible by localization and the 2d-4d correspondence.

4.3 Higher Rank Gauge Groups and Toda Theories

The higher rank (N > 2) Ay_-type theories of class S are quiver theories that
involve SU(n) gauge groups (2 < n < N) as well as non-Lagrangian theories whose



Line Operators in Supersymmetric Gauge Theories and the 2d-4d Relation 215

non-Abelian flavor symmetries are gauged ([41], [V:2]). In a higher rank extension
of the AGT relation [9, 42], these theories correspond to the SU(N) Toda CFT on a
Riemann surface C. Liouville theory is a special case (N = 2) of Toda theory. The
Toda theory possesses an extended chiral algebra, the Wy -algebra.

The complete dictionary between gauge theory line operators and geometric
objects on C has not been developed yet for N > 2. Still, for simple theories
such as SU(N) N = 2* theory and the SU(N) theory with Np = 2N flavors,
one expects from brane constructions that the dictionary for minimal Wilson and
't Hooft operators is essentially the same as in the N = 2 case. The Wy-algebra
possesses representations with various degeneracy conditions. Using the so-called
semi-degenerate fields V,,, one can construct Verlinde operators [43—45].

For the Wilson loops in the fundamental and anti-fundamental representations,
the Verlinde operator was calculated in [44] by the monodromy of a degenerate block
given in terms of a generalized hypergeometric function, of which (37) is a special
case. The Verlinde operators for the minimal *t Hooft loops in N = 2* theory and
the conformal SQCD were computed in [45], by determining the relevant fusion
move matrices from the monodromy of generalized hypergeometric functions. The
agreement between the 4d and 2d results reviewed in Sect. 4.2 extends to the higher
rank case.

The authors of [43] expressed the Verlinde operator for the Wilson loop curve in
terms of the fusion and braiding moves. General identities that follow from the axioms
of CFT imply that such a Verlinde operator inserts S, o/ So, into the Toda version of
(45), where p is the semi-degenerate representation, « is the generic representation
propagating across the curve, and S denotes the modular S-matrix. (See also [46].)
This turns out to be the same as the insertion of a so-called topological defect along
the curve. The latter is a one-dimensional object in CFT, defined by the condition
that the holomorphic and anti-holomorphic generators of the chiral algebra commute
with it. Topological defects were originally constructed in [47] for rational CFT and
in [48] for Liouville theory. Since the Verlinde operators and the topological defects
transform in the same way under the modular groupoid, they must be identical. The
definition of a topological defect is local and does not require introducing conformal
blocks. It is also possible to compute 't Hooft loops using topological defects in
Liouville theory [49]. Another feature of a higher-rank Toda theory is that Verlinde
operators/topological defects can be defined on networks with trivalent vertices [43,
50]. The identification of the corresponding line operators is an interesting open
problem.

5 Line Operator Algebras and the Hitchin Moduli Space

The previous two sections concerned the expectation values and correlation functions
of line operators. It turns out that the line operators also possess interesting algebraic
structures.
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5.1 Operator Product Expansion from SUSY Quantum
Mechanics

Let us consider a general A" = 2 theory on R x I x C, where [ is an interval and
C (not to be confused with C) is a Riemann surface. With a suitable twist along C,
the theory depends on the complex structure of C but not on its Kéhler structure
[51, 52]. It is also independent of the gauge coupling and can be analyzed at weak
coupling. A Wilson-"t Hooft operator along R, inserted at a point (s, z) € I x C, is
annihilated by a fermionic charge Q which is a scalar along C. The correlator of two
such operators L; (i = 1,2) depends holomorphically on the complex coordinates
z; on C, and is (locally) independent of the positions s; on I. We impose suitable
boundary conditions at the two ends of 1.

At low energies, the theory reduces to an N' = 2 quantum mechanics whose
target space is the moduli space of solutions of the Bogomolny equations on I x C,
possibly with Dirac monopole singularities of charge B; at (s;, z;). The data for
N = 2 quantum mechanics also include a holomorphic vector bundle determined
by the electric charges of L;, as follows from the construction of dyonic operators
in Sect.2.1. In simple cases the moduli space can be described rather explicitly. The
BPS Hilbert space is the L? Dolbeault cohomology of the vector bundle.

Let us set z; = z, and take s; # s5. The moduli space in the limit s; — s,
develops a singularity. In simple examples, the singularity corresponds to shrinking
exceptional divisors. The L? cohomology then splits into several parts, one with
elements localized to the smooth part of the moduli space, and the others with support
in the vicinity of a divisor. The latter correspond to smaller magnetic charges, and is
a manifestation of the phenomenon “monopole bubbling” [52].

This method was applied in [52-56] to compute the operator product expansion
(OPE) of line operators in the form

L(B;,w;) - L(By, w2) = L(B; + By, w; +wy) + Z(—l)st(Bj, w;), (52)
J

where (—1)% are signs, and (By, wy) € An X Ay, in the notation of Sect.2.1. The
signs arise because we weight the BPS Hilbert space by the fermion number. Various
checks have been made by S-duality.

The results in [56] should be compared with the two-dimensional methods devel-
oped in [50, 57—-60] for higher-rank theories. It appears that more work is needed to
have a unified view on the algebra of line operators for higher-rank class S theories.

5.2 Non-commutative Algebra of Line Operators

The set-up R x I x C above can be identified with S' x, R? (=S' x;, R x R?)
without omega deformation (b = 0) by the identification (R, I,C) — (S', R, R?).
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Recall also that the latter geometry with general b is the effective geometry in the
neighborhood of the loop operator in S} and S' x;, S*. Thus the algebra of line
operators on S! x, R? captures the counterparts in other geometries.

The OPE of two operators on S! x;, (R x R?) with b # 0 depends on the ordering
along the R. Namely, L; - L, (for s; > s;) in general does not equal L, - L (for
s1 < $3). This is because the Poynting vectors in the two cases contribute to the trace
(26) with opposite signs of angular momentum J3 [16]. The OPE takes the form

L(By, wy)-L(By, wp) = eslz’risz(Bl + B,, w; —i—wz)—i—ch(b)L(Bj, w;), (53)

J

where s = (B, w) — (B, wy) is a symplectic pairing and the coefficients c;
(j # 1,2) depend on b. In fact the localization analysis shows that (L - Ly)si «,r3 =
(L1)sx,ms * (L2)st«,r3, where x is the Moyal product:

B2
(f *g)@.b) = =% fabyga. b)| (54
a'=a,b=

This product is associative but non-commutative, and is associated with the holo-
morphic symplectic structure 2 = da A db with h = b* /2 [23]. Also, the relation
between S?, and R! x;, R3, together with the AGT correspondence, suggests that the
corresponding Verlinde operator L acting on the normalized conformal blocks B in
(47) is the Weyl ordering of (L)si «,rs viewed as a function of @ and b [23].

5.3 Quantization of the Hitchin Moduli Space

The various 4d geometries considered in Sect.3 admit a natural action of U (1) x
U (1) isometries. In the tubular neighborhood of a supersymmetric loop operator, or
two such operators very close to each other, the local geometry can be effectively
approximated by S! x, R3, where one U (1) rotates the S' and the other acts as
rotations about the 3-axis. Since the algebra of supersymmetric line operators is a
UV property of the theory, it suffices to analyze the theory on S! x, R3.

For class S theories, line operators are intimately related to functions on the
Hitchin moduli space. One can see this most clearly as follows [16]. Recall that a
class S theory is specified by a simply laced Lie algebra g and a Riemann surface C
([41, 61], [V:2]). For simplicity we assume that there is no puncture. For b = 0 such a
theory on S' x;, R3 is simply the 6d A/ = (0, 2) theory on S' x R3 x C, topologically
twisted along infinitesimally small C. If instead the size of C is much bigger than
the radius of the S!, a better description is the 5d maximally supersymmetric Yang-
Mills theory on R* x C. The condition for preserving supersymmetry is precisely
the Hitchin equations on C [16, 62]:

Fi; =y, 0:1, D:p, =0, D;p:=0, (55)
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where ¢, and its complex conjugate ¢; arise from two real scalars via twisting.
The space of solutions modulo gauge transformations taking values in the simply
connected group G with Lie algebra g is the Hitchin moduli space My (G, C). The
Coulomb moduli space of the 5d theory on R® x C is believed to be the quotient
My (G, C)/A by adiscrete group A. Here A is a subgroup of the group of flat line
bundles whose structure group is the center C of G, and can be identified with the
maximal coisotropic subgroup of H'(C, C) denoted by the same symbol in Sect. 2.3
[16, 19]. The line operators in the 4d theory arise from surface operators in the 6d
theory wrapping a curve (or a trivalent network) on C. The surface operators descend
to Wilson loops for a complex gauge field obtained from (A., ¢.) in the 5d theory. We
note that the twist along C eliminates dependence of BPS observables on the scale
of the metric on C, and that the 5d theory is IR free. It is then natural to expect [16]
that the correlation functions of BPS line operators on S! x,_¢ R? are given by the
classical holonomies on C. This expectation was shown to be consistent with wall-
crossing [16] in the 4d IR theories, and was also directly demonstrated [23] for a few
examples by noting that the parameters (a, b) in Sect. 3.4.1 are the complexification
of the Fenchel-Nielsen coordinates on the Hitchin moduli space.

In order to see that the omega deformation S' x;, R* induces non-commutativity,
one approach is to reduce the theory by the action of U (1) x U (1) to two dimensions
[63]. This can be done for a topologically twisted theory, and in the limit that the
orbits of the action become small, the reduced 2d theory is the N' = (4, 4) sigma
model with target space My (G, C)/A. The 4d geometry reduces to a half plane, and
line operators get inserted along the boundary. The presence of a B-field accounts
for non-commutativity [64].

If we reduce S‘g by the action of U (1) x U(1) above, the neighborhood of the
equator S} of S} reduces to a two-dimensional strip, as considered in [63]. By topo-
logically twisting the 4d theory, one obtains a two-dimensional sigma model. The
line operators along the circle S%b) define the boundary chiral ring A, on the left
boundary, while those along S%l /py define another ring A/, on the right boundary.

The A-theory on SZ‘ realizes the quantization of the Hitchin moduli space with a
Hilbert space; the two rings act on the Hilbert space of conformal blocks. If we
included all the operators labeled by A, x Ay /(Weyl group), A, and A, would
not commute because the two circles S, and Sf, ,, are linked inside the S} in the
constant time slice { X, = 0} [1], as explained in Sect.2.3:

L(Wbu) . L’(‘/lz/b) — (_1)(”/1,7’2)14%/17) . Lﬁﬁ)’ (56)

where we denote by +; the corresponding charges (p;, ¢;), and (71, 72) is a symplec-
tic product. Indeed as explained in Sect. 2.3, we must restrict to a maximal mutually
local subset of A, x Ay /(Weyl group) such that (v;, 7,) is even for any pair of line
operators. Then A, and A, ;, commute with each other, as they should because they
are chiral rings on two separate boundary components. As explained above such a
restriction modifies the target space from My (C, SU(2)) to its quotient by a finite
group A [16].
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These are manifestations of the relation between the Ay_;-gauge theories and
quantization of Mgz (C, SU(N)) associated with the curve C. See [V:3] for dis-
cussions and references. The connection between the gauge theory and the Hitchin
system can also be used to study line operators from the IR point of view, where
a different class of Darboux coordinates naturally appears ([16], [V:3]). For some
theories the non-commutative algebra of line operators can be computed using IR
quiver quantum mechanics [65]. An important open problem is the comparison of
the algebraic relations obtained in different approaches.
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Appendix: Summary of Relevant Facts

Class S Theories of Type Ay

The low-energy theory in the world-volume of two M5-branes is a six-dimensional
N = (0, 2) supersymmetric theory with no known Lagrangian description. An A;-
theory of class S is believed to arise by compactifying the six-dimensional theory on
the Riemann surface Cy , of genus g with n punctures, with each puncture carrying
a codimension-two defect of the (0, 2) theory ([41, 61], [V:2]). The A,-theories of
class S provide basic examples of 2d-4d correspondence.

A weakly coupled description of such a theory may be encoded in a choice of
decomposition of Cy , into 3g — 3 + n pairs of pants, and a trivalent graph I drawn
on Cy ,. Each pair of pants contains one vertex, and three edges come out through
distinct boundary components (pants legs). An example is shown in Fig. 1a. We allow
apants leg to degenerate to a puncture. The graph I" has 3g — 3 +n internal edges and
n external edges ending on the punctures. The field content in this description of the
N = 2 theory can be read off from I" by associating to each internal edge an SU(2)
gauge group and to each vertex eight half-hypermultiplets in the trifundamental
representation of the SU(2)? group associated to the three attached edges. When the
edge is external the SU(2) symmetry corresponds to a flavor symmetry. A change of
pants decomposition and I" corresponds to a S-duality transformation.
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Liouville Theory

Liouville field theory is formally defined by the path integral over a single real field
¢ weighted by e, where

s= - (0" 0,0 + 4 pe®™ + QRY) . (57)
4 ol

Here R is the scalar curvature, and Q = b + 1/b parametrizes the central charge
¢ = 1+ 6Q?. The “cosmological constant” 1 can be absorbed into a shift of ¢, and
affects the theory in a very mild way. Liouville theory is a non-rational CFT, meaning
that it contains infinitely many representations of the Virasoro algebra. The spectrum
of representations is continuous, and the conformal dimension A is parametrized by
the Liouville momentum o« € Q/2 + iRy as A = a(Q — «). We denote the
corresponding primary field by V,.

Fusion move coefficients Fy,, = sz[‘” —b/2

g

] in (39) are explicitly known:

o ['(bQRay — b)T(b(b —2a3) + 1)
T (e — a3 —ou+0/2) + Doy — a3 +au — b/2)) (58)

etc.
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Surface Operators

Sergei Gukov

Abstract We give an introduction and a broad survey of surface operators in 4d
gauge theories, with a particular emphasis on aspects relevant to AGT correspon-
dence. One of the main goals is to highlight the boundary between what we know
and what we don’t know about surface operators. To this end, the survey contains
many open questions and suggests various directions for future research. Although
this article is mostly a review, we did include a number of new results, previously
unpublished.

1 What Is a Surface Operator?

Surface operators (a.k.a. surface defects) in a four-dimensional gauge theory are
operators supported on two-dimensional submanifolds in the space-time manifold
M . They are particular examples of non-local operators in quantum field theory (QFT)
that play the role of “thermometers” in a sense that, when introduced in the Feynman
path integral, their correlation functions provide us with valuable information about
the physics of a QFT in question (phases, non-perturbative phenomena, etc.).

In general, non-local operators can be classified by dimension (or, equivalently,
codimension) of their support, which in four dimensions clearly can range from zero
to four, so that we have the following types of operators:

e codimension 4: the operators of codimension 4 are the usual local operators O(p)
supported at a point p € M. These are the most familiar operators in this list, which
have been extensively studied e.g. in the context of the AdS/CFT correspondence.
Typical examples of local operators can be obtained by considering gauge-invariant
combinations of the fields in the theory, e.g. O(p) = Tr(¢" .. .).
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e codimension 3: line operators. Important examples of such operators are Wilson
and 't Hooft operators, which are labeled, respectively, by a representation, R, of
the gauge group, G, and by a representation © R of the dual gauge group £G.

e codimension 2: surface operators. These are perhaps least studied among the oper-
ators and defects listed here, and will be precisely our main subject.

e codimension 1: domain walls and boundaries.

After giving the reader a basic idea about different types of non-local operators
classified by (co)dimension of their support, perhaps it is worth mentioning that some
of them—usually called “electric’—can be constructed directly from elementary
fields present in the path integral formulation of the theory. In the above classification,
we already mentioned examples of such operators that are actually local, i.e. any
gauge-invariant combination of elementary fields gives an example. Among non-
local operators, a typical example of “electric” operators is a Wilson line operator
labeled by a representation R of the gauge group G:

Wgr(K) = Trg Holg (A) = Trg (Pexp?{ A) (1.1)

Another type of operators, called “magnetic” (a.k.a. disorder operators) can not be
defined via (algebraic) combinations of elementary fields and calls for alternative
definitions, which will be considered below and which will be crucial for defining
surface operators.

A surface operator in four-dimensional gauge theory is an operator supported
on a 2-dimensional submanifold D C M in the space-time manifold M. In other
words, according to the above classification, it is an operator whose dimension and
codimension are both equal to 2:

4=2+2 (1.2)

This simple equation illustrates how the dimension of the space-time manifold M
splits into the tangent and normal spaces to the support, D, of the surface operator.
Note, that 2 also happens to be the degree of the differential form F, the curvature
of the gauge field A. This basic fact and Eq. (1.2) make surface operators somewhat
special in the context of 4d gauge theory.

Indeed, since the degree of the 2-form F' matches the dimension of the tangent as
well as normal space to D C M, we can either write an integral

exp (in/ F) (1.3)
D

which defines an electric surface operator analogous to (1.1) in abelian U (1) gauge
theory, or write a relation
F =2nadp + - -- (1.4
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where dp is a 2-form delta-function Poincaré dual to D. In (1.3) and (1.4) we used
the basic fact that, respectively, dimension and codimension of the surface operator
(or, to be more precise, its support) equals the degree of the differential form F.
These relations define magnetic (resp. electric) surface operators in abelian 4d gauge
theory—with any amount of supersymmetry, including A/ = 2 that will be of our
prime interest in this note—and admit a simple generalization to non-abelian theories
that will be discussed shortly.

Already at this stage, however, it is a good idea to pause and ask the following
questions that shall guide us in the exploration of surface defects:

How can one define surface operators?

What are they classified by?

Are there supersymmetric surface operators?

What are the correlation functions of surface operators?

What is the OPE algebra of line operators in the presence of a surface operator?
How do surface operators transform under dualities?

The answer to many of these questions is not known at present, except in some
special cases. One such special case is that of abelian gauge theory with gauge group
G Z U(1)" =L, where all of the above questions can be answered:

e By combining the above constructions (1.3) and (1.4) for each U (1) factor in G
one can produce a surface operator that, in general, preserves some part of the
gauge group, L € G.

e The resulting surface operators are labeled by a discrete choice of L. C G and two
sets of continuous parameters

(a,m) € TxTY (1.5)

where T = G/LL and TV is its dual.

e They are compatible with any amount of supersymmetry and define half-BPS
surface operators in SUSY gauge theories.

e Physically, the world-volume D of such a surface operator can be interpreted as a
“visible” Dirac string for a dyon with electric and magnetic charges (7, «) that do
not obey Dirac quantization condition.

¢ Aremarkable property of abelian 4d gauge theory is that it enjoys electric-magnetic
duality, even in the absence of supersymmetry [1, 2]. This duality exchanges the
role of v and 7:

(,m) — (n,—®) (1.6)

e A novel feature of surface operators is that they are labeled not only by discrete
but also by continuous parameters. A kink-like configuration within the surface
operator that represents an adiabatic change of continuous parameters along a
closed loop in the parameter space (1.5) represents a Wilson-"t Hooft line operator.
In other words, line operators correspond to closed loops in the space of continuous
parameters and are labeled by elements of
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71 ({parameters}) (1.7)

Many of these aspects have analogues in non-abelian gauge theory, where essential
features may look similar though dressed with lots of quantum and non-perturbative
effects, which potentially can not only affect the details, but also lead to new physics.
As one might anticipate, such effects are under better control in supersymmet-
ric theories and in situations where surface operators preserve some fraction of
supersymmetry.

1.1 Construction of Surface Operators

Now, once we have presented the basic idea of what a surface operator is, we can
elaborate on various points, starting with the definition. In the standard formulation
of quantum field theory, based on a Feynman path integral, there are several (often,
equivalent) ways to define surface operators [3, 4]:

e as singularities or boundary conditions for the gauge filed A,, (and, possibly, other
fields) along a surface D in four-dimensional space-time;

e as a coupled 2d-4d systems, namely a 2d theory supported on D with a flavor
symmetry group G that is gauged upon coupling to 4d theory on M.

The latter option, in turn, is often subdivided into two large classes of models where
the 2d theory on D is either (a) gauge theory itself, or (b) non-linear sigma-model.
Clearly, these two classes do not exhaust all possibilities and, yet, there are models
which belong to both. A prominent example of such a model that has the advantage of
being looked at from several viewpoints is a 2d sigma-model with target space CP! =
C?/U(1) that can be equivalently described as a GLSM with U (1) gauge group. It
defines a surface operator in 4d gauge theory with gauge group G = SU (2) thatis a
symmetry of CP' (and for which C? is the defining two-dimensional representation).

As for the first way of defining surface operators, we already saw examples in
(1.3) and (1.4) where one did not need to introduce any additional 2d degrees of
freedom. In particular, the disorder operator (1.4) has an obvious analogue in a non-
abelian gauge theory with a general gauge group G. Namely, one can define operators
supported on a surface D by requiring the gauge field A (and, possibly, other fields)
to have a prescribed singularity along D:

Hol,(A) € € (1.8)

where £ is a small loop that links surface D C M in the space-time 4-manifold M, and
¢ is a fixed conjugacy class in the gauge group G (or, possibly, its complexification
Gc). The latter option, € C G, is realized in A/ > 2 supersymmetric gauge theory,
where the gauge field A combines with a Higgs field ¢ in a complex combination
A = A +i¢ (see e.g. Fig.1 for a list of complex conjugacy classes in SO(7) and
Sp(6) gauge theory).
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Fig. 1 Surface operators B, )
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1.2 Classification of Surface Operators

A careful definition of surface operators essentially gives an answer to the question
about classification of surface operators.

In general, parameters of surface operators can be divided into discrete data and
continuous parameters. In a way, the former is analogous to the choice' of a represen-
tation that labels line operators, cf. (1.1), while the latter are a novel feature of surface
operators. Moreover, it turns out that understanding these continuous parameters is
the key to addressing other important questions about the properties of surface oper-
ators. For example, the non-commutative structure of line operators supported on a
surface operator—that will be discussed in Sect. 3—is described by the fundamental
group (1.7) of the suitable (sub)space of continuous parameters.

In our previous discussion we already saw examples of both discrete and con-
tinuous parameters. In (1.5), the parameters a and 7 are examples of continuous
parameters, whereas the choice of the subgroup . € G, called the Levi subgroup,
preserved by the surface operator along D is a typical example of the discrete para-
meter. Although we introduced these parameters in the simplest (abelian) examples,
they have immediate analogues in a very broad class of surface operators known at
present. The number of continues parameter can vary, usually from O to the rank
of the gauge group G (multiplied by N). The surface operators which do not have
continuous parameters at all are usually called rigid.

The classification problem consists of making a list of discrete and continues
parameters that label surface operators in a given gauge theory. At present, this is
an open problem, which is very far from satisfactory solution. One might hope to

IFor example, in A/ = 2* theory with gauge group G = SU(N) this choice includes the choice
of a partition of N. When G is a classical group of Cartan type B, C, or D, the choice of partition
must satisfy certain conditions, as illustrated in Fig. 1. In particular, the transformation of surface
operators under electric-magnetic duality becomes a rather non-trivial matter in non-abelian gauge
theories.
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make more progress by imposing additional conditions, e.g. focusing on SUSY gauge
theories and requiring surface operators to preserve some fraction of supersymmetry.
Thus, one might hope that the general construction of [4] is not too far from a complete
classification of half-BPS surface operators in the maximally supersymmetric gauge
theory in four dimensions. The next natural step is the classification of half-BPS
surface operators in N/ = 2 gauge theories (that will be of our main interest here),
followed by %-BPS surface operators and surface operators in ' = 1 and N' = 0
gauge theories.’

Let us illustrate how this construction and classification of half-BPS surface oper-
ators works in the simplest case, namely in A/ = 4 super-Yang-Mills, which can be
viewed as a special case of N = 2 gauge theory with a massless hypermultiplet in the
adjoint representation of the gauge group G. (Its deformation by turning on the mass
parameter m # 0 for the adjoint hypermultiplet is usually called N = 2* theory.)
Much like in our preliminary discussion around (1.4), we can produce a large class
of half-BPS surface operators which break the gauge group down to a Levi subgroup
L C G and which also break the global R-symmetry group,

SO6)r — SO4) x SO(2) (1.9)

by introducing a singularity for the gauge field that corresponds to the monodromy
(1.8) and for two components of the Higgs field, say ¢ = ¢ + i @2,

A=adf+---, (1.10)
1 o .dz
gazz(ﬂ+w)—+-~- (1.11)
Z
Here, z = x2 + ix® = re'? is a local complex coordinate, normal to the surface
D C M, and the dots stand for less singular terms. In order to obey the supersymmetry
equations [3], the parameters «, 3, and v must take values in the [L-invariant part of ¢,
the Lie algebra of the maximal torus T of G. Moreover, gauge transformations shift
values of a by elements of the cocharacter lattice, Acochar- Hence, a takes values in
T =t/ Acochar-

In addition to the classical (or “geometric”) parameters («, 3, 7y), the surface
operators of this type are also labeled by quantum parameters (1.3), the “theta angles”
of the two-dimensional theory on D C M. It is easy to see that parameters 7) take
values in the ILY-invariant part of the maximal torus of the Langlands/GNO dual
group GY. We can summarize all this by saying that maximally supersymmetric
(N = 4) super-Yang-Mills theory admits a large class of surface operators labeled
by a choice® of the Levi subgroup I. C G and continuous parameters

(., 8,7, € (TxtxtxT")/W (1.12)

2See [5, 6] for discussion of %—BPS surface operators in 4d A/ = 2 gauge theories.
31n a theory with gauge group G = SU (N) this choice is equivalent to a choice of a partition of N.
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invariant under the Weyl group W, of L. Similar surface operators exist in A" = 2
supersymmetric gauge theories; the only difference is that they don’t have parameters
[ and 7.

These surface operators naturally correspond to the so-called Richardson conju-
gacy classes in the complexified gauge group G, cf. (1.8) and, in a theory with
gauge group G = SU(N), cover all half-BPS surface operators which correspond
to singularities with simple poles.

1.3 Surface Operators in 4d N' = 2 Gauge Theory

The construction described in the end of the previous section can be easily generalized
to define half-BPS surface operators in NV = 2 gauge theories, see e.g. [7-11] and
subsequent work. As aresult, one finds a fairly large class of surface operators labeled
by the Levi subgroup . € G and continuous parameters (o, ) € (T x TV)/W,
which in N = 2 theories conveniently unify into holomorphic combinations

t=n+rT1x (1.13)

where 7 is the coupling (matrix) of the N' = 2 gauge theory.

A novel feature of such half-BPS surface operators in N' = 2 theories—compared
to maximally supersymmetric Yang-Mills or abelian (A = 0) theories without super-
symmetry discussed above—is that one must be wary of quantum effects, which can
not only renormalize the values of various parameters but also change the nature of a
surface operator altogether. In other words, defined as a singularity for the gauge field
(and, possibly, other fields) as described in Sect. 1.1, a surface operator is defined
at a given energy scale in the 4d theory. It can be a UV theory, or an IR theory, or
some effective theory at intermediate energy scale. An interesting question, then, is
to study what becomes of such surface operator at other energy scales and/or regimes
of parameters.

In order to answer such questions, it is often helpful to use another definition of
surface operators described in Sect. 1.1. Namely, one can define a surface operator
supported on D C M by introducing additional 2d degrees of freedom along D, with
their own Lagrangian and a global symmetry group G that becomes gauged upon
coupling to 4d degrees of freedom. Of course, if 4d gauge theory in question has
matter fields Q, they too can be coupled to 2d degrees of freedom supported on D ina
gauge invariant manner. As explained in [3, 4], integrating out 2d degrees of freedom
leaves behind a singularity (obviously, supported on D) in the field equations of the
four-dimensional theory:

Fy — 00" = 276> (X)) (1.14)
D:Q = w6 (X) (a2 + i p3)
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Table 1 Half-BPS surface operators in SUSY gauge theories can be described as coupled 2d-4d
systems with suitable amount of supersymmetry in 2d theory

4d theory on M | 2d theory on D | Superconformal symmetry

N =4 N=(44 PSUQ2,2|14) — PSU(1,1]2) x PSU(1,1]2) x U(1)
N=2 N =(2,2) SU2,212) = SU, 1]1) x SU1, 1]1) x U(1)

N =1 N =(0,2) SU2,2|1) - SU, 1|1) x SL2,R) x U(1)

The last column is only relevant to superconformal theories and describes the symmetry breaking
pattern due to surface operator

where NV = 4 SYM corresponds to a special case when Q transforms in the adjoint
representation of the gauge group G.

Which two-dimensional theories can one use in this construction? In general, any
2d theory will do as long as it has a symmetry group G that can be gauged and as
long as it is free of anomalies. In fact, coupling 2d degrees of freedom to 4d gauge
theory even allows one to experiment with anomalous 2d theories where anomalies
can be canceled by the inflow from the four-dimensional bulk [12].

When one aims to build a surface operator that preserves certain symmetries
of the four-dimensional gauge theory, the 2d theory on the defect must be chosen
accordingly, so that it also enjoys the desired symmetries. For instance, if the goal
is to build a half-BPS surface operator in a supersymmetric 4d gauge theory, the 2d
theory on D must have at least half of the supercharges present in 4d, as illustrated
in Table 1.

A simple way to achieve this is to take 2d theory to be a sigma-model with
the desired supersymmetry and a target space X that has a symmetry group G. Of
course, depending the on the desired amount of supersymmetry, the space X may
also need to be Kihler or hyper-Kihler for applications to N = 2 and N = 4 gauge
theory, respectively. Large class of such targets that have all the desired properties are
coadjoint orbits (or, via the exponentiation map, conjugacy classes X = ) and their
complexifications. Indeed, they admit Kéhler and hyper-Kihler metrics, respectively,
in addition to a G-action that one needs for coupling to 4d degrees of freedom. In
the NV = 2 case, let y1; be the moment map for the action of G on the Kihler target
space X and, similarly, in the N = 4 theory let i = (11, o, 13) be the hyper-Kéhler
moment map for the action of G on X.

Then, integrating out 2d degrees of freedom in these cases leads to surface opera-
tors defined as singularities (1.14), where the holonomy of the (complexified) gauge
field is required to be in a fixed conjugacy class, cf. (1.8). This provides a link between
two ways of defining surface operators described in Sect. 1.1, namely, as singularities
and as coupled 2d-4d systems.

Supersymmetry also often tightly constrains the geometry of the surface D C M.
A popular example is D = R? linearly embedded in M = R* which breaks the
Lorentz symmetry as, cf. (1.2):

SO0(,3) — SO, )y x SO2)23 (1.15)
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where, for concreteness, we chose the surface operator to be oriented along the
(x°, x') plane. Since surface operators break Lorentz symmetry, they must break at
least part of the supersymmetry and some of the R-symmetries. Thus, in A" = 4 gauge
theory the R-symmetry breaking pattern is (1.9). Similarly, a generic V' = 2 gauge
theory has R-symmetry group SU (2)g x U(1),, of which U (1), may be broken by
quantum effects. A half-BPS surface operator further breaks SU (2) g down to U (1) .

Of particular interest to us, especially in applications to the AGT correspondence
[13] will be half-BPS surface operators in superconformal gauge theories. The con-
formal group in four dimensions is SO(4,2) ~ SU(2,2), and a surface operator
oriented along the (x°, x!) plane breaks it down to a subgroup, cf. (1.15):

SO0(2,2) x U CSO04,2) (1.16)

Here, SO(2,2) = SL(2, R);, x SL(2, R)x, is the conformal group in two dimensions
and U (1)y3 is the rotation symmetry in the (x2, x*) plane transverse to the surface
operator.

The analogous symmetry breaking patterns in supersymmetric theories are sum-
marized in Table 1. In particular, the superconformal symmetry group of 4d N' =
2 gauge theory is SU(2,2|2). Its bosonic subgroup is S[U(2,2) x U((2)] ~
SU22,2) x SUR2)g x U(1),, where SU (2, 2) is the familiar conformal group and
SU(2)gr x U(1), is the R-symmetry group mentioned earlier. Apart from the confor-
mal symmetry (1.16), a half-BPS surface operator also preserves U (1), x U(1)g C
SU(2)g x U(1), part of the R-symmetry group and four (out of eight) supercharges
02, Ql_ , QL, Qi of the four dimensional theory. The bosonic subgroup SL (2, R), x

U (1)1, combines with the supersymmetries o2, Ql_ to form SU (1, 1]1),. Similarly,
the remaining charges generate SU (1, 1]1)z, so that in total a half-BPS surface oper-
ator in A/ = 2 superconformal theory preserves SU (1, 1]1);, x SU(1, 1|1)g x U(1),
subgroup of SU (2, 2|2), where U (1), is the commutant of the embedding.

1.4 Their Role in AGT Correspondence

Now we are ready to review the role of surface operators in the 2d-4d correspon-
dence [13] that relates Liouville conformal block on a Riemann surface C and the
equivariant instanton partition function [14] of the class S gauge theory [15, 16]
labeled by the Riemann surface C:
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Fig. 2 Upon the 4
hemispherical stereographic
projection on two copies of
R*, surface operators on S*
factorize into a two surface
operators, a north and a
south half, glued together at
the equator

Z"™(a, . ¢) = Z"" (0. q. b)

€1Z€2=b11/b (117)
eXp(27TiTuv) =q
a=a—Q)/2

where Q = b+1/b is the standard notation in the literature on Liouville theory. Note,
the left-hand side of this dictionary involves supersymmetric gauge theory in four
dimensions, whereas the right-hand side is about a non-supersymmetric 2d theory.
There is a similar version of this correspondence [17] that relates superconformal
index of the 4d NV = 2 gauge theory 7[C] labeled by C and a certain deformation
of 2d non-supersymmetric Yang-Mills theory on C which we shall briefly discuss in
Sect. 4.

The conformal block in (1.17) represents a “chiral half” of the full Liouville
correlation function, which has the form of an integral of the absolute value squared
of a conformal block and also admits a nice interpretation in 4d gauge theory as a
partition function [18] on a 4-sphere S*. Indeed, dividing S* into the northern and
southern hemispheres illustrated in Fig.2 corresponds to the chiral decomposition
of the Liouville CFT correlation functions into “left-moving” and “right-moving”
chiral halves.

The Q-deformation of the Euclidean A" = 2 gauge theory on M = R*, used in the
definition of the instanton partition function, involves the subgroup of the rotation
symmetry

SO(2) x SOR2) Cc SO4) (1.18)

which is precisely the part of the symmetry preserved by a surface operators, cf.
(1.15). Therefore, following [14], one can introduce 2-deformation and the partition
function in the presence of a surface operators:

Z™M (€1, €2) :f{ 1 (1.19)

Mk,m

Here, M 1, is the moduli space of “ramified instantons” on M\ D labeled by the
ordinary instanton number k := ¢, (E) and the monopole number
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1

m=—
2 D

F (“monopole number”) (1.20)

that measures the magnetic charge of the gauge bundle E restricted to D. Then, the
path integral of the Q-deformed NV = 2 gauge theory in the presence of a surface
operator of Levi type L gives the generating function

o0
Z™(a, A e L2) =D D ANz (a, ) (1.21)
k=0 meAr

where the coefficients Zi™!

"m are precisely the integrals (1.19).

The basic surface operator (with next-to-maximal L = S[U (1) x U(N — 1)]) is
labeled by a single complex parameter z = 77 + i« that takes values in C. Incorpo-
rating this surface operator in the instanton partition function on R¢ _ or ! _on
the Liouville side corresponds to inserting a degenerate primary operator at a point
zeC,

®y,1(z) = e O/POQ (1.22)

There are several ways to argue for this identification:

e using higher-dimensional constructions (that will be discussed below),

e using the “semi-classical limit” €; , — 0,

e studying line operators within the surface operator,

e using tests based on direct computations of both sides.

Since higher-dimensional constructions and line operators will be discussed in
Sects. 2 and 3, respectively, let us make a few comments on the semi-classical limit
€12, — 0. One of the main results of [14] is that, in this limit, the (logarithm of
the) instanton partition function has a second order pole, whose coefficient is the
Seiberg-Witten prepotential F (a;). This matches the structure of the Liouville con-
formal block in the limit A2 = ¢;¢, — 0. The insertion of a degenerate field does
not affect the leading singularity, but leads to a new first-order pole

(1.23)

i i b is
ZLlouv,\,eXp(_]:(a)+ W(a Z)+)

h? h

which has an elegant translation to the language of 4d A = 2 gauge theory.
Indeed, using basic properties of the AGT correspondence, one can identify the
function W(a;, z) with the an integral [10]:

p
W = Asw (1.24)

Px

along some path on the Seiberg-Witten curve, starting at some reference point p,
(see Fig.3). This is precisely how the insertion of a surface operator modifies the
instanton partition function:
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Fig. 3 The effective twisted
superpotential W can be
expressed as an integral over
an open path on the
Seiberg-Witten curve £

- -

(1.25)

27~ oxp (_f(a,-) L Wan )

€1€2 €]

The leading singularities here come from the “regularized” equivariant volume con-
tributions of the 4d bulk degrees of freedom supported on M = R‘E‘l , and the 2d
contribution of a surface operator supported on D = R?l :

5 €

Vol(R? ) =/ 1= L, Vol(R?)) =/ =1 (1.26)
’ RY ., €162 R2, €1

Naturally, here we are more interested in the contribution of a surface operator. The
function W(a;, z) that depends on both the Coulomb branch parameters of the 4d
theory as well as continuous parameters of the surface operator has a simple physical
interpretation: it is the effective twisted superpotential of the 2d A/ = (2, 2) theory
on D. The relation

dW = nda + adap (1.27)

tells us that the IR parameters («, 77) coincide with the points on the Jacobian of the
Seiberg-Witten curve. Indeed, differentiating with respect to a,

oW =n+r71«a (1.28)

and using (1.24) we conclude that the map

= —= - i 1.29
Oa' p, Oal “ (129

AW [P ax /1’
P

is precisely the Abel-Jacobi map from a Riemann surface to its Jacobian.
Note, the shifts of W by n.a + n,,ap correspond to the monodromies of o and
7. In Sect. 3 we relate them to line operators localized within a surface operator.
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2 Surface Operators from Higher Dimensions

Four-dimensional A" = 2 gauge theories—that are of our prime interest here in view
of the AGT correspondence—can be realized in a variety of higher-dimensional
models, that include 6d (0, 2) theory, type II string theory, and M-theory. Even
though such constructions involve more sophisticated higher-dimensional systems,
they often shed light on strongly coupled gauge dynamics and help understand various
aspects of N = 2 gauge theories, such as the Seiberg-Witten exact solution [19, 20]
and Nekrasov’s (K-theoretic) instanton partition function [14].

For example, a nice heuristic derivation of the AGT correspondence (1.17) follows
from the (0, 2) superconformal theory in six dimensions, which combines the 2-
manifold C (where the Liouville theory lives) and the 4-manifold M = R?] «, (Where
the 4d N = 2 gauge theory lives):

6d (0, 2) theory
onC x RY
v N
2d Liouville theory 4d N = 2 theory T[C]
of C onR} _
Here, the two sides of the AGT correspondence (1.17) are simply the two ways of
reducing the 6d theory, either on a 2-manifold C or on a 4-manifold M = thq (or
M = Sfl ,)- Inorder to preserve supersymmetry, the former must be accompanied by
a partial topological twist [21], whereas the latter involves deformed supersymmetry
algebra that can be conveniently understood via coupling to the corresponding off-
shell supergravity theory [22].

The 6d (0, 2) theory itself admits surface operators (a.k.a. codimension-4 defects)
which, upon reduction on C, give rise to surface operators in 4d A/ = 2 theory 7 [C].
The existence of such surface operators can be deduced by realizing 6d (0, 2) theory
itself on the world-volume of N five-branes supported on C x M x {pt} in 11d
M-theory on T*C x M X R3. And, in order to reduce to a surface operator on M,
the codimension-4 defect of the six-dimensional theory must be supported at a point
on C. From the viewpoint of the 4d gauge theory, its position z € C becomes a
continuous parameter that labels half-BPS surface operator.

Note, six-dimensional (0, 2) superconformal theory also has codimension-2
defects that can also produce half-BPS surface operators in four dimensions upon
wrapping all of the Riemann surface C [23]. Since codimension-2 defects carry G-
bundles, such surface operators are naturally labeled by points x € Bung (C). These
surface operators are dual to the surface operators that arise from codimension-4
defects [24].
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2.1 Brane Constructions

In addition, there exist various string constructions of surface operators. The one
relevant to our discussion here is based on the brane realization of N/ = 2 gauge
theory in type ITA string theory [25], where basic surface operators (with next-to-
maximal IL) can be described by introducing semi-infinite D2-branes [10]:

NS5: 012345
D4: 0123 6
D2: 01 7 2.1)

Lifting this configuration to M-theory, we obtain a M5-brane with world-volume
R* x ¥ and a M2-brane (ending on the M5-brane) with world-volume R? x R,.
Here, D = RR? is the support of the surface operator in the four-dimensional space-
time M = R* and X is the Seiberg-Witten curve of the N' = 2 gauge theory
(Fig.4).

In this construction, the M2-brane is localized along ¥ (the choice of the point
t € X corresponds to the IR parameters of the surface operator) and has a semi-
infinite extent along the direction x7, as described in (2.1).

Similar construction can be used to define UV surface operators in 4d N/ =
2 superconformal theories obtained from compactifications of 6d (0, 2) fivebrane
theory on a UV Riemann surface C.

@) \ss NS5

D4

Fig. 4 The brane construction of N’ = 2 super Yang-Mills theory with a half-BPS surface operator
in type IIA string theory (a) and its M-theory lift (b)
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Fig. 5 U(1) toric geometry
with a single Lagrangian
brane '

2.2 Geometric Engineering

Let us consider a four-dimensional ' = 2 gauge theory that can be geometrically
engineered via type IIA string “compactification” on a Calabi-Yau space CY3. In
other words, we take the ten-dimensional space-time to be M x CY3, where M is a
4-manifold (where ' = 2 gauge theory lives) and CY3 is a suitable Calabi-Yau space
[26]. We recall that such CY3 is non-compact and toric, and that its toric polygon
coincides with the Newton polygon of the Seiberg-Witten curve X. As in most of
our applications, one can simply take M = R*.

Aiming to reproduce half-BPS surface operators supported on D = R?, we need
an extra object that breaks part of the Lorentz symmetry (along M = R*) and half
of the supersymmetry. It is easy to see that D4-branes supported on supersymmetric
3-cycles in CY3 provide just the right candidates [27]. Indeed, if the world-volume
of a D4-brane is R? x L, where

space-time: R* x CY;
U U 2.2)
D4-brane: R? x L

and L is a special Lagrangian submanifold of X, then such a D4-brane preserves
exactly the right set of symmetries and supersymmetries as the half-BPS surface
operators discussed in Sect. 1.3.

A nice feature of this construction is that it is entirely geometric: all the parameters
of a surface operators (discrete and continuous) are encoded in the geometry of L C
CY3. In particular, among the different choices of L we should be able to find those
which correspond to half-BPS surface operators of Levi type L with the continuous
parameters o and . When L = S[U(1) x U(N — 1)] is the next-to-maximal Levi
subgroup, the corresponding surface operator is geometrically engineered [28] by a
simple Lagrangian submanifold L = S' x R? invariant under the toric symmetry of
CY; (see Fig.5).

The space of IR parameters of such a surface operator is the algebraic curve X
which is mirror to the original Calabi-Yau 3-fold CY3 via local mirror symmetry.*
Equivalently, from the viewpoint of CY3 these continuous parameters are open string
moduli of L corrected by world-sheet disk instantons. Just like open string moduli

“In the case of non-compact toric Calabi-Yau 3-folds mirror symmetry (often called “local mirror
symmetry”) relates enumerative invariants of C Y3 with complex geometry of a Riemann surface X.
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become parameters of the surface operator in 4d A/ = 2 gauge theory, the gauge
theory itself is determined by closed string moduli, which are Kéhler parameters of
CYj3. (Note, a non-compact toric Calabi-Yau 3-fold CY; is rigid, i.e. has no complex
structure deformations.)

\ 4d gauge theory \ geometry of CY; \

parameters of 4d A/ = 2 theory closed string moduli

(a;, m;, \) (Kidhler moduli Q)
Q-background string coupling/graviphoton 2.3)
€; and e g1 = e and g; = e®
surface operator Lagrangian submanifold

parameters of surface operator open string moduli
AL H,(L; Z)/torsion

The geometric realization of a half-BPS surface operator (2.2) allows to express
many interesting partition functions in terms enumerative invariants of the pair
(CYs, L). For example, the instanton partition function of the 4d A/ = 2 gauge
theory relevant to the AGT correspondence (1.17) and its variant with a half-BPS
surface operator (1.21) both find a natural home on the right-hand side of the dictio-
nary (2.3) as so-called “closed” and “open” BPS partition functions, respectively. To
be more precise, the K-theoretic instanton counting on M is captured by counting
refined BPS invariants on CY3:

ZRYA, a5 q1, q2) = Zges(Q; q1, 2). (2.4)

Similarly, in the presence of a surface operator the K-theoretic analogue of (1.21) is
equal to the generating function of open (as well as closed) refined BPS invariants
of the pair (CY3, L):

Z8 peory (A a5, 23 q1, 42) = Z°75(Q, 23 g1, @2). 2.5)

An important special case of this relation is the limit A — 0 (i.e. Q5 — 0) and
(g1, g2) — (g, 1). On the gauge theory side, this decouples the four-dimensional
theory from the surface operator, and counts vortices on the surface operator with
respect to two-dimensional rotations (but not R-charge). The resulting partition func-
tion counts only 2d vortices and not 4d instantons:

Zvortex

K ltheory (2 @05 @) = Zgps (Oa =0, Q4 25.¢, 1. (2.6)

For example, in the case of CY3 shown in Fig.5 that engineers U (1) gauge theory,
this limit corresponds to a degeneration upon which (CY3, L) is replaced by (C3, L).
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2.3 Surface Operators and BPS States

Upon lift to M-theory, the BPS states in the system (2.2) are represented by mem-
branes, with and without boundary, as illustrated in (2.11) and (2.14) below. They
are completely localized along M and besides their support in CY3 have non-trivial
extent only along the “eleventh” dimension of M-theory, which can be treated as
“time”:

space-time: R x M x CY3

| U U
MS5-brane: Rx D x L 2.7
v

M2-brane: R x {pt} x X,

In the five-dimensional gauge theory on R x M such BPS states (open or closed) all
look like particles. Therefore, one can equivalently talk about BPS particles in 5d
theory with a surface operator supported on R x D. This system is very similar to
our original 2d-4d system and can be related to that via reduction along one of the
dimensions of M. For either system, one can introduce the space of BPS states that
can move in 4d (resp. 5d) bulk as well as the space of BPS states localized on 2d
(resp. 3d) surface operator, Hgps and Hjse. The space Hips depends only on the
4d/5d gauge theory on M (resp. R x M), whereas the space His2® depends on both
4d/5d gauge theory as well as the surface operator.

What is the relation between H3bk and Hip®? The geometric engineering (2.7)
can teach us an important lesson and help to answer this question. It has been known
for a long time that Hgs form an algebra [29], and recently it was further conjectured
[30] that the space of BPS states localized on a surface operator forms a representation

of this algebra

BPS states on a surface operator : Hjsace
S (2.8)
BPS states in 4d/5d gauge theory : Hons

Indeed, the space of BPS states in bulk gauge theory is graded by a charge lat-
tice I', which in the context of geometric engineering can be identified with even
cohomology of local toric Calabi-Yau manifold:

I = HY(CYs; Z). (2.9)

Then, as explained in [29], two BPS states of the bulk theory, B, and B,, of charge
71, Y2 € I can form a bound state, B, of charge -y, + 7, as a sort of “extension” of
81 and Bz,

0 — 62 — 812 — Bl — 0, (2]0)

thereby defining a product on HELI‘)”S(:
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bulk bulk bulk
Hpps ® Hpps — Hpps

(B, By) +— B2

'@= @2.11)

Mathematical candidates for the algebra H}’;‘i,“s‘ include variants of the Hall algebra

[31], which by definition encodes the structure of the space of extensions (2.10):

[Bi]-[B:] = Z |0 = B, = Biz — Bi — 0] [Bi2] (2.12)
B

In the present case, the relevant algebras include the motivic Hall algebra [32], the
cohomological Hall algebra [33], and its various ramifications, e.g. cluster algebras.
In Sect.3.1 we will also discuss algebras of line operators localized on a surface
operator that preserve the same amount of symmetry and supersymmetry as BPS
states discussed here. In fact, line operators can be viewed as infinite mass limits
of BPS states discussed here; this viewpoint explains many similarities between
algebras of BPS states discussed here and algebras of line operators discussed in
Sect. 3.

In the last line of (2.11) we illustrate the process of bound formation in the context
of geometric engineering (2.7), where from the Calabi-Yau viewpoint each BPS
state in the bulk gauge theory is represented by a closed membrane on %, C CY;.
Similarly, BPS states localized on a surface operator in the system (2.7) correspond
to open membranes with boundary on L:

Hins = Hioxd  (=refined closed BPS states) (2.13)

Hiypiace — HR (=refined open BPS states)

Specifically, the BPS states discussed here are, in fact, the so-called refined BPS
states: besides grading by the charge lattice I, their space has an additional Z-grading
by the difference between U (1),3 and U (1) g symmetries. From the viewpoint of a
surface operator, this symmetry behaves in many ways as non-R flavor symmetry
and plays an important role in [28, 34]. We will return to the role of this symmetry
in Sect. 4.

By analogy with (2.11), when a bulk BPS state B‘f“lk € Hg‘{}ls‘ forms a bound state

with a BPS state localized on a surface operator B5" € H§uf*ee we obtain another
BPS state localized on a surface operator B34 ¢ Hjurtace:
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bulk surface surface
(B, B3 ) = B

' & -&89 (2.14)

This defines an action of the algebra of bulk BPS states on the space of BPS states
localized on a surface operator. For example, when CY3 is the total space of the
O(—1) @ O(—1) bundle over CP' and L is defined by a knot in 3 (cf. Sect.2.4),
the space of BPS states localized on a surface operator can be identified with a
homological knot invariant,

Hips™ = Hiaor 2.15)

and the action (2.8) defines a plethora of anti-commuting operators (i.e. differentials)
acting on this space.

2.4 Relation to 3d-3d Correspondence and Integrable Systems

The fivebrane configuration (2.7) encountered in the previous section has several
interesting interpretations. We already discussed the five-dimensional point of view:
in gauge theory on R x M the fivebrane defines a codimension-2 defect supported
on R x D. Likewise, from the vantage point of CY3 it defines a defect supported
on a special Lagrangian submanifold L and relates BPS state count to enumerative
invariants of the pair (CY3, L).

Here, we briefly comment on another interpretation of the system (2.7), from
the viewpoint of the fivebrane observer on R x D. It leads to yet another, equivalent
description of physics—including the spectrum of BPS objects localized on a surface
operator—in terms of 3d A/ = 2 theory that in general depends on both L and CY;.
Particular choices of the Calabi-Yau 3-fold that have been extensively studied in
the literature and play an important role in many applications include CY; = C3,
T*L, and the conifold geometry. In particular, since neighborhood of any special
Lagrangian submanifold L looks like the total space of the cotangent bundle, the
choice CY; = T*L is especially canonical and depends only on L. In this case, the
effective 3d A/ = 2 theory on R x D also depends only on the 3-manifold L (and
the total number of M5-branes), so that we get a correspondence

L ~ TI[L], (2.16)

often called 3d-3d correspondence. In our presentation, we tried to emphasize its
similarity to the study of surface operators. Indeed, compactification of the system
(2.7) on a circle, obtained by replacing R with S', yields the familiar construction
(2.2) of a half-BPS surface operator in 4d gauge theory. Moreover, there are many



242 S. Gukov

parallels between the space of SUSY vacua in the theory T[L] on a circle and
the space of vacua in the surface operator theory. Both are described by algebraic

equations
Msusy = {A; =0} (2.17)

which play the role of Ward identities for line operators in 3d N' = 2 theory [35].
Specifically, for 3d A/ = 2 theories (2.16) labeled by 3-manifolds, the algebraic
relations A; = 0 define the moduli space of complex flat connections on L:

Msusy(T[L]) = Mga(L) (2.18)

Besides this basic property, there are many other elements of the dictionary between
3-manifolds and 3d N/ = 2 gauge theories that are described in [35] and summarized
in a companion contribution to this volume [V:11].

As we reviewed in Sect. 1.4, for applications to the AGT correspondence one is
interested in turning on the Q-background, so that M = R} _ and D = R? . This
has the following effect on the surface operator theory or 3d theory T[L], where
the role of €; and ¢; is clearly very different. The Q2-deformation along the surface
operator controlled by the parameter €, has the effect of “quantizing” the system, i.e.
replacing the polynomials A; by their non-commutative deformation

A 22 4 (2.19)
so that classical equations A; = 0 are replaced by the Schrodinger-like equations

A;Z=0.Ina particular class of models where A (x, y) = O realize spectral curves of
integrable systems, deformation by €, leads to Baxter equations of the corresponding
integrable systems [6]. For general values of the S! radius, the integrable systems in
question are trigonometric (also called hyperbolic in some of the literature), whose
prominent examples include the XXZ spin chain and the trigonometric Ruijsenaars
model.

The role of ¢, is very different. Turning on €, # 0 (while keeping €; = 0) does
not make A; non-commutative and leads to the Nekrasov-Shatashvili duality [36]
between A/ = 2 theory on S! x D and, in general, a different integrable system.
The relation between the two integrable systems is some sort of spectral duality [6]
which in the present physical setup clearly corresponds to exchanging the role of €;
and e; (or, equivalently, the support of surface operator inside M = R?I o,)- Note, the
two relations with integrable systems invoke rather different aspects, e.g. one goes
via Baxter equation, as was mentioned earlier, while the Nekrasov-Shatashvili cor-
respondence goes via Bethe equations. Conversely, Bethe equations are not manifest
in a duality with e, = 0, while Baxter equations are not manifest in a duality with
€1 = 0.
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3 Surface Operators and Line Operators

Line operators remain, even at present time, the most familiar and better under-
stood representatives in the list of non-local operators in Sect. 1. They have a wide
range of applications, from supersymmetric gauge theories—where they play an
important role in computations of partition functions a la [18, 37, 38] as discussed
e.g. in a companion contribution to this volume [V:7] —to phase structure of non-
supersymmetric gauge theories, where they serve as excellent order parameters
(cf. Sect.5). This justifies the study of line operators in their own right.

Here, we will focus on rather specific aspects of line operators that have to do with
how they interact with surface operators. In fact, the main aspect we wish to discuss is
that, in the presence of a surface operator, the OPE algebra of line operators becomes
non-commutative. And, then, we shall give some examples of such non-commutative
structure and explain its simple geometric interpretation. It is useful to keep in mind
the parallel discussion of BPS states confined to a surface operator in Sect.2.3: in
both cases we deal with one-dimensional world-lines within a surface operator that
lead to a non-commutative algebra. Moreover, the rotation symmetry in two space-
time dimensions transverse to the surface operator gives rise to a deformation of the
algebra by the parameter ¢ = e”.

First, let us consider a four-dimensional gauge theory on a space-time manifold M
without surface operators. (As usual, for concreteness, one can keep in mind a simple
example of M = R*)) It is well known that line operators form an algebra—very
similar to the algebra of BPS states discussed earlier—with the product

Lix Ly ~ ZViL,» (3.1)

given by the operator product expansion (OPE). In many familiar examples, that
include topological and supersymmetric theories, this product is commutative simply
because one can continuously exchange positions of line operators by moving them
around each other in four dimensional space.

One important aspect of the product (3.1) is that its coefficients V; are, in fact,
vector spaces. This aspect is not yet about surface operators per se, but does become
more pronounced in the presence of surface operators, as we explain shortly. In many
applications, V;’s can be replaced by numbers, especially in situations where only
dimensions v; = dim V; are relevant to a particular application in question. This
happens, for instance, when line operators are compactified (either effectively or
explicitly) on a circle. Then, the OPE product of the resulting “loop operators” has
the form of a typical OPE of local operators

01 x 0y ~ > 30 (3.2)

with numerical coefficients v;.
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Fig. 6 Line operators
confined to a surface
operator do not commute

L, L,

Now, let us imagine that line operators L; and L, are stuck to a two-dimensional
subspace D C M, as illustrate in Fig. 6. For example, as in our previous discussion,
turning on the Q2-background in directions transverse to D inside M will not allow
line operators to move off from the surface D without breaking the SO(2),3 rotation
symmetry of the transverse space (QR%). What this means is the following: The
rotation symmetry SO(2),; makes V;’s into graded vector spaces, graded by the
angular momentum #53. And, therefore, the operator product expansion (3.1) has a
“refinement” with graded vector spaces as coefficients, as long as line operators are
confined within the surface D. In other words, the product (3.1) is commutative, but
its graded version in general is not.

A more dramatic way to make the product (3.1) non-commutative is to introduce
surface operators supported on D C M. This has several important ramifications.
First, it breaks the 4d Poincaré invariance and, therefore, does not allow to naively
move around line operators L; and L, in three transverse directions. Moreover, in
the presence of a surface operator there can exist additional line operators which are
supported on the surface operator and can not move into the rest of the 4-manifold
M. Since such line operators are confined to the surface D C M, they can not be
passed through each other without encountering a singularity. As a result, the OPE
algebra of such line operators in general is non-commutative.

For example, in applications to AGT correspondence, one can consider line oper-
ators localized within a surface operator in 4d N' = 2 theory 7[C, g, where C is
a Riemann surface (possibly with punctures). From the six-dimensional perspective
reviewed in Sect. 2, these are line operators localized on the 2-dimensional world-
sheet p x D x {0} of a surface operator (=codimension-4 defect) in the six-dimensional
(2, 0) theory on C x D x R?, where

M =D xR} (3.3)

is the 4d space-time of the ' = 2 gauge theory. It was argued in [3] that such line
operators generate an affine Hecke algebra Hyg; of type g with parameter ¢ = e”.
Note that this affine Hecke algebra is “local on C.” In other words, it does not depend
on the details of the Riemann surface C away from the point p. This observation will

be useful to us in what follows since for the purpose of deriving the non-commutative
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algebra associated with the presence of surface operator (=ramification at p € C)
one can take C to be something simple, e.g. a torus or a disk. For instance, in the
basic case G = SU(2) the affine Hecke algebra is generated by 7', X, and X -1
which obey the relations (see e.g. [39]):

(T+INT —q)=0
TX '—XT=(1-¢)X (3.4)
XX '=x"'x=1

The affine Hecke algebra has two close cousins: the affine Weyl group W,
which corresponds to the limit ¢ — 1, and its “categorification”, the affine braid
group Bys. They too have a simple physical interpretation which, moreover, offers
an intuitive explanation of the non-commutative product of line operators within
a surface operator. It follows from a compactification of our 2d-4d system on a
circle, which can be achieved e.g. by taking D = S! x R. From the six-dimensional
perspective, reduction on S! gives the maximally supersymmetric Yang-Mills, and a
further reduction on C yields a3d N = 4 sigma-model with target space M g (G, C),
the moduli space of Higgs bundles on C (also known as the ‘Hitchin moduli space’)
[40, 41]. The presence of a surface operator introduces ramification at p € C, so
that in the present case M g is the moduli space of ramified Higgs bundles [3].

In the sigma-model on M g, line operators correspond to functors acting on branes
(or, boundary conditions). According to (1.7), these functors form a group which
often can be identified with the fundamental group of the (sub)space of parameters of
a surface operator. Indeed, kinks on a surface operators are nothing but line operators.
In order to see this, consider a kink corresponding to an (adiabatic) variation of the
continuous parameters of a surface operator. On the one hand, it traverses a closed
loop in the space of parameters. On the other hand, it is localized in one dimension
(=*space”) and extended along the other dimension (=“time”) on D, just like line
operators illustrated in Fig. 6.

Line operators preserving certain symmetry and supersymmetry correspond to
varying particular parameters (that don’t break these symmetries). For example, in
applications to the geometric Langlands correspondence [42], the Galois side corre-
sponds to the B-model of M. Branes and boundary conditions that preserve this
particular supersymmetry are described by the derived category of coherent sheaves
on My and their charges are described by the K-theory. Therefore, depending on
whether one is interested in D-branes (as objects of the derived category of coherent
sheaves on M y) or in D-brane charges (classified by K-theory) one finds the fol-
lowing groups acting the on the K-theory/derived category of the moduli space of
ramified Higgs bundles®:

SFor simplicity, here we consider only one ramification point p € C. For the case of ramification
at several points, one finds several group actions, one for each ramification point.
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Claim [3]: affine Weyl group Wt acts on K (Mg)
affine Hecke algebra Hyg acts on K& (M)
affine braid group By acts on D”(Mpy)

This result can be regarded as a categorification of the affine Hecke algebra, which in
the local version of My was also obtained by Bezrukavnikov [43] using a “noncom-
mutative counterpart” of the Springer resolution N° — N. The action of W, and
Bage in the first and the last part of this claim can be understood as the monodromy
action in the space of parameters of the surface operator (1.7).

For example, let us illustrate how this group action arises at the level of D-brane
charges, which are classified by K (Mpy). The space of D-brane charges K (M)
varies as the fiber of a flat bundle over the space of parameters away from the points
where My develops singularities. Since for the purposes of this question we are
interested only in the geometry of My, we can ignore the “quantum” parameter
7). Hence, the relevant parameters are («, 3, 7v), which take values in the space, cf.
(1.12):

(a, B,7) € (t Xt x t)/Waff 3.5)

Moreover, My becomes singular precisely for those values of («, /3, ) which are
fixed by some element of W,g. The set of such points is at least of codimension three
in £ (since it takes three separate conditions to be satisfied for («, 3, ) to be fixed
by some element of W,i;). Therefore, the space of regular values of (o, 3,7) € €
where My is non-singular is connected and simply-connected, and since W, acts
freely on this space, the fundamental group of the quotient is

™ ({(, B, NY¥) = Wasr (3.6)

This is the group that acts on D-brane charges, that is on K(My). In a similar
way, one can deduce the action of the affine braid group B on D?(My) as the
fundamental group of the Kéhler moduli space. Indeed, for the B-model in complex
structure J the complexified Kdhler parameters are 1+ 3, and from (1.12) one finds:

T ({(B. M%) = Busr (3.7)

The same results can be derived more directly in the description of surface operators
as 2d-4d coupled systems.

3.1 Line Operators and Hecke Algebras

In Sect. 1 we explained that a surface operator in 4d gauge theory can be equivalently
defined as a 2d sigma-model supported on D and with a target space X that has G-
action. Here we use this description of surface operators to explain more directly how
algebra of line operators localized on a surface operator leads to the affine Hecke
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algebra Hy or its close cousins W and Bygr. This particular approach offers an
alternative derivation of the results in [3] and to the best of our knowledge has not
appeared in the literature. For concreteness and in order to keep things simple we
shall restrict our attention to gauge theory with G = SU (2).

When the surface operator is described by a sigma-model with target space X,
line operators (which act on branes on X) in turn can be viewed as branes on X x X.
In the language of derived category, this means that an object Z € D’ (X x X) called
the “kernel” defines an exact functor ® z : D”(X) — D?(X), such that

Pz(6) = p2(Z ® pi(€) 3.8)

where p; (resp. p») is the projection to the first (resp. the second) factor.® We can
define a product of two line operators A and B by bringing them together (as in
Fig. 6) which leads to a composition of the transforms ® 4 and ® . This gives a new
transform

P A =D 0Dy (3.9)

with the kernel
Bx A= pis.(prA® p3B) (3.10)

where p;; are the obvious projection maps from X x X x X to X x X. In particular,
the diagonal Ay : X < X x X gives the identity. The product (3.10) is associative

Cx(BxA=ZCxB)xA (3.11)

We are interested in the case where X = N is the nilpotent cone for SL(2, C) or
its Springer resolution N This is a special case of a larger class of examples where
X is (the minimal resolution) of the Kleinian quotient singularity C2/ T for a finite
subgroup I' C SL(2, C). In this case, there is an equivalence (the derived McKay
correspondence):

D’ (X) = Db(C?) (3.12)

The category D%(C?) has simple objects
where p; are irreducible representations of I' and O, is the skyscraper sheaf supported
at the origin of C2. These are precisely the fractional branes on C2/ I'. In the derived

category of the minimal resolution X, the simple objects (3.13) are represented
by [44],

5To be more precise, the pull-back pj is left-derived and the push-forward p», is right-derived.
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S = Os¢, (3.14)
Si = Oc,(=DI1]

where C; are the exceptional divisors.

An important feature of fractional branes is that, in the derived category of X, they
are described by spherical objects and, therefore, according to the results of Seidel
and Thomas [45], define twist functors 7; which generate the braid group Br(I").
As the name suggests, an object £ € D?(X) is called d-spherical if Ext*(E, £) is
isomorphic to H*(84, C) for some d > 0,

Ext"(E,S):{(C if i=0 ord (3.15)

0 otherwise

A spherical B-brane defines a twist functor Tg € Auteq(D” (X)) which, for any
F € D’(X), fits into exact triangle

Hom*(£, F) ® E — F —> Te(F) (3.16)

where the first map is evaluation. The functor T¢ can be written as a Fourier-Mukai
transform (3.8) associated with the brane Z on X x X,

Z =Cone (£ W & — Oa,) (3.17)

where £ denotes the dual complex, Ay is the diagonalin X x X,and £ K F =
P3E ® piF is the exterior tensor product. At the level of cohomology, the twist
functor T¢ acts as,

x> x4+ &) -x)v€)

where v(£) = ch(E)/Td(X) € H*(X) is the D-brane charge (the Mukai vector)
of £. Summarizing, “spherical branes” (spherical objects in D?(X)) lead to autoe-
quivalences of D”(X). What is the group they generate?

Given an A, chain of spherical objects, that is a collection of spherical objects
&1, ..., &, which satisfy the condition

1 ji—jl=1
> dimExt“(&;. ) = Jl (3.18)
T 0 ji—jl>1

with some minor technical assumptions Seidel and Thomas [45] showed that the
corresponding twist functors Tg, generate an action of the braid group Br,;; on
D?(X). More generally, a chain of spherical objects associated with I" gives rise to
the action of the braid group Br (I") on B-branes. The generators of Br(I") correspond
to vertices of the affine Dynkin diagram of I" and obey the relations
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T.TT, = T,T;T; (3.19)

if the vertices i and j are connected by an edge, and 7;7; = T;T; otherwise. In
particular, in the situation we are interested in, namely when X is the minimal res-
olution quotient singularity C2/ T, the braid group Br(I") is the essential part of
the group of autoequivalences of X. Specifically, the group of autoequivalences of
X is [46, 47]:

Auteq(D?(X)) = Z x (Aut(I") x Br(I')) (3.20)

where the first factor is generated by the shift functor [1], the group Aut(I") is the
group of symmetries of the affine Dynkin diagram associated to I', and Br(I") is the
braid considered above.

In particular, for I' = Z, which is relevant to the SU (2) gauge theory, the group
Auteq(D?(X)) is generated by the functors 7. and R (and the shift functor, of
course). Indeed, in the present case there are two spherical objects (two fractional
branes (3.13)) which lead to the twist functors 7y and 7_. These two are exchanged
by R, the generator of Aut(I") = Zj,, so that in total we obtain the group generated
by T4 and R which obey the relations

T.R = RT_ (3.21)
R*=1

Notice, for I' = Z, there are no braid relations of the form (3.19). Nevertheless, we
still shall refer to the resulting group as the affine braid group of type A;.

To make contact with our earlier discussion, we can identify the autoequivalences
that generate the braid group with the monodromies in the category of B-branes
around special points in the Kihler moduli space of X. In the case at hand, there
are three such points: (i) the large volume limit, (ii) the “conifold limit” (where
X = C?/Z, with zero B-field), and (iii) the orbifold limit (where X = C?/Z,
with B = %). A monodromy around each of these points defines a Fourier-Mukai
transform associated with a certain brane on X x X. Following [48], we denote these
branes, respectively, as £, KC, and G. The corresponding transforms will be denoted
by O, Ok, and CDg.

As we shall see below, the monodromy @, has infinite order and, therefore, is
related to the generator X in (3.4) or the generator 7y in (3.21). On the other hand,
while the monodromies around the conifold point and the orbifold point are both of
order 2 at the level of K-theory charges, in the derived category we have

P =1 O #1 (3.22)

Therefore, ®g which comes from the quantum Z, symmetry of C2/Z, should be
identified with the generator R in (3.21) which has a similar origin. The monodromy
around the orbifold point is a composition of the monodromies around the conifold
point and the large radius limit. Therefore, from (3.9) we get
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G=KxL (3.23)

Now, let us describe explicitly £, K, and G, and verify (3.22). The monodromy
around the large radius limit is always associated with

L=0,,(1) (3.24)

Since D-brane wrapped on the exceptional divisor C becomes massless at the conifold
point, the monodromy around the conifold point is the twist functor T¢ associated
with the spherical object & = O¢. Therefore,

K= (0f ® Oc — Oxy) (3.25)
and using (3.23) we get
G=(0c(=1)" B’ Oc = Oa, (1) (3.26)

Now, to verify (3.22) we can either compute how the functors ® ., @, and Pg act
on simple branes, such as the 0-brane O, or to study their composition using (3.9).
In particular, computing ®%-(0,) we can verify that ®x is indeed of infinite order.
Similarly, we find

G*G = 0h,

which is the first relation in (3.22).

The transforms ® ., ®x, and ®g are autoequivalences of D?(X). In fact, they
generate the entire group (3.21) which we found earlier by looking at the fractional
branes on C2?/Z,. This can be shown by explicitly matching the generators. First,
one of the generators Ty is the twist functor associated with the spherical object
&€ = O¢. Without loss of generality, we assume that this generator is 7'y. According
to (3.25), it should be identified with the monodromy around the conifold point, ®y.
Similarly, the order-2 generator R should be identified with the monodromy around
the orbifold point &g which is also of order 2 and has a similar origin (both come
from the quantum Z, symmetry of C?/Z,). Summarizing,

b «— T (3.27)
q)g «~—— R

The remaining generator can be expressed as a product of these two, cf. (3.21) and
(3.23). In particular, we conclude that the monodromy around the large volume limit
@, should be identified with T, R = RT_.

As we mentioned earlier, at the level of K-theory charges the OPE algebra of line
operators that we are considering should reduce to the affine Weyl group W,y or
affine Hecke algebra H, . From (3.24)—(3.26) it is easy to see that the monodromies
d,, O, and Pg act on the charges of DO, D2, and D4 branes as



Surface Operators 251

100 100 100
Me=|110), Mc=(0-10]), Mg=|-1-10 (3.28)
11 001 3 11

It is easy to verify that
Mg = MM, (3.29)

in agreement with (3.23), and that both M and Mg are of order two:
Mp=1 M;=1 (3.30)

Via the identification (3.27) this implies that, in addition to the relation R? = 1 which
is already included in (3.21), we need to impose an extra condition Tf = 1 which,
of course, implies T2 =1 as well:
TP =1 (3.31)
Therefore, at the level of K-theory charges, the group generated by the monodromies
is a semidirect product of Z, (generated by T';) and Z (generated by 7'y R). This is
precisely the affine Weyl group W for G = SU(2).
More generally, instead of the quadratic relations (3.31), we can consider imposing

extra relations
Tiz _ (ql/Z _ q‘l/z)Ti +1 (3.32)

on all the generators T; € B, which correspond to the simple reflections in Wg. As
we discussed earlier, this should lead to the affine Hecke algebra H,g. In the example
we are considering, we require 75 (and 7_) to obey (3.32). Furthermore, motivated
by the specialization to the affine Weyl group considered above, we introduce the
notations

T = q'°T, (3.33)
X =T,R=RT.

Then, the quadratic constraint (3.32) on 7'y implies a similar constraint on 7',
T>=(q3— DT +q (3.34)
which is precisely one of the relations in the affine Hecke algebra (3.4). Moreover,
from (3.32) we obtain
TS =Te+ (@' =¢'

which can be used to find

X '=T R+ @ "*—4¢"»R (3.35)
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Now, using (3.21), (3.33), and (3.35), it is easy to check that X and T satisfy
TX '—XT =1 -¢)X (3.36)

which is precisely the second relation in the affine Hecke algebra (3.4). Therefore,
we verified that imposing extra relations (3.32) on the generators of the affine braid
group leads to the affine Hecke algebra.

Conversely, starting with (3.32) and using the identifications (3.33), it easy to
verify that 7 and R obey (3.21) with the additional relations (3.32). For example,

R=q '"’TX +(¢"*-q¢"»HX (3.37)

so that after a little algebra we get R> = 1.

Finally, we conclude our discussion of line operators confined to a surface operator
with one more deformation of the Hecke algebra that depends on two deformation
parameters, ¢ and ¢. This deformation is called the double affine Hecke algebra, or
DAHA for short. It already made an appearance in the physical literature [49, 50] on
refined BPS states and knot invariants that we mentioned in Sect.2.3 and cries out
for an interpretation either as algebra of BPS states or algebra of line operators.

In fact, a convenient starting point for defining DAHA (which for simplicity we
explain in the basic case of G = SU(2)) is the orbifold fundamental group of the
elliptic curve quotient, cf. (3.7):

T E\0Y/Zy) = 1 ({E x E\diag}/Z,) (3.38)
generated by X, Y, and T with the relations

TXT = X!
TY 'T=Y (3.39)
Y'X'yxr?*=1

Deforming the last relation to Y! X 'Y X T2 = ¢+ ~1/2 gives the so-called elliptic braid
group Bej. Furthermore, imposing by now familiar quadratic Hecke relation as in
(3.4), (3.32), or (3.34) with another deformation parameter ¢ leads to the complete
definition of DAHA:

DAHA = C[Bul/(T —q'*)T +q~ ') (3.40)

as a quotient of the group algebra of Bj. The operator Y in this algebra is called the
difference Dunkl operator.

Comparing the fundamental group (3.38)—(1.7), (1.5) and (1.12), we see that it
classifies monodromies of the parameters («, ) € [(T x TV)/W]™ of a surface
operator in SU (2) gauge theory. In other words, it classifies line operators that corre-
spond to monodromies of the parameters v and 77, which are precisely the parameters
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of the basic surface operator in N' = 2 gauge theory, cf. Sect. 1.3. Of course, such
surface operators can be also embedded in A = 4 gauge theory (with the same gauge
group) where (3.38) means classifying monodromies of « and 1), while keeping 3 and
~ fixed. This is similar to what we encountered in (3.7), except that now the relevant
problem involves the B-model of My in complex structure /, where § + i+ is the
complex structure parameter, while 1 + i « represents the Kihler modulus (stability
condition). See [3] for more details.

Therefore, we expect that the algebra of line operators confined to a surface
operator in A/ = 2 gauge theory (or in N = 4 gauge theory with supersymmetry of
type By)isintimately related, if not equal, to the double affine Hecke algebra. It would
be interesting to tackle a similar physical realization of quantum affine algebras and
Kac-Moody algebras acting on the equivariant K-theory of certain quiver varieties
constructed by Nakajima [51, 52]. It is natural to expect that this action can be lifted
to an action of the fundamental group of the Kihler moduli space on the derived
category of the quiver variety involved in this construction.

4 Superconformal Index

The AGT correspondence has a sister that, on the one hand, is simpler, but in another
respect is more mysterious. It relates another observable (partition function) of the
4d N = 2 theory T[C] to the partition function of a non-supersymmetric 2d theory
on the Riemann surface C,

Zya(T[C]) = Z2(C) 4.1
where Z4,(7[C]) is a superconformal index of the theory 7 [C], defined as
Taa(p, 4, ) = Tr(= D) p"=~" gl ¢+, 4.2)

For a theory with weakly coupled Lagrangian description the index is computed by
a matrix integral:

[} 1 )
Taa(p, 9, 8) = / [dU]exp(Zzsz(p",q",t")XR,,(u",v")). (4.3)

n=1 j

Here, U and V denote elements of gauge and flavor groups, respectively. The invariant
Haar measure integral [[dU] imposes the Gauss law over the Fock space. The sum
is over different A = 2 supermultiplets appearing in the Lagrangian, with R; being
the representation of the jth multiplet under gauge and flavor group, and xg, the
character of R;. The function fV ) is called single letter index. It is equal to either
faser or f4h; {-hyper depending on whether the jth multipletis A = 2 vector multiplet
or half-hypermultiplet [17]:
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Table 2 Embedding of 2d N = (2, 2) algebra into 4d N = 2
4d 2d
(oL, Q)Y = E+hoi + has — QR +7r) Broken
(0L, (@O = E+hor —hys—QR+7r) (G, (G} = 2H, — Iy,
{Q2, (@1} =E —hot +has + QR —r) [ {G2. (G} =2Hr + Jr
{92, (@)} =E+hot —has + QR — 1) Broken
{01, (@Y= E —hot —hys — QR —1) | {Gx. (G} =2Hx — J»
{Q}, (@)} = E +hot +hos — 2R —r) | Broken
(Q%, ()Y = E —hot —has + QR+7) Broken
Q1. QD) =E+ho+hs+QR+r)  |{95.(G)") =2HL + /i

—p—q- t+ 2pq + pCI/f half-hyper __ \/; - PCI/«/;

=" 7 (44
(1 —p)(1—q) o (1—p)(1—q) @4

fvector _
4d -

Now let us incorporate half-BPS surface operators supported on (x°, x!) plane in
a four-dimensional space-time. As discussed in Sect. 1.3 (cf. Table 1), such surface
operators preserve SU (1, 1]1);, x SU(1, 1]1)g x U(1), subgroup of the supercon-
formal symmetry group, which is basically the superconformal symmetry of a 2d
N = (2,2) theory on the (x°, x!) plane. The standard bosonic generators of this
two-dimensional superconformal algebra can be easily identified via embedding into
4d N = 2 algebra summarized in Table2:

1
HL,R = z (E + hOl) s (4-5)
Jur=hyn+ Q2R*r)

Luckily, the unbroken part of the symmetry and supersymmetry suffices for defining
the superconformal index (4.2) even in the presence of surface operators, with all
of the fugacities. Moreover, since half-BPS surface operators can be defined via
coupling to 2d A/ = (2, 2) theory supported on D, it gives a very convenient way
of computing the index: one simply needs to add the contribution of 2d degrees
of freedom, namely the so-called “flavored elliptic genus” of the 2d N' = (2,2)
system [6]:

Toalajiq. 1) = Te(=D)Fght3k= 5T al’, (4.6)

J

As the ordinary elliptic genus [53], it depend on the “Jacobi variables” ¢ and ¢ that
can be identified with the 4d fugacities (p, g, t) by means of the embedding in Table 2:

g=4q, t=pq/t, e=p’/t 4.7)
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Much like the basic building blocks of 4d A/ = 2 theories are vector- and hyper-
multiplets whose contributions to the index are summarized in (4.4), the basic build-
ing blocks of 2d N/ = (2, 2) theories are chiral and vector multiplets. Their contri-
butions to the flavored elliptic genus, respectively, are

f(at;
Tra chiral = 0((621[' 5)) (4.8)
d
h IU(”) _ ((q7q)2)nH((] _ﬂ)e(tai/ajﬂl))*l (4 9)
2dvector 0(t; q) i a; 0((11'/(1]‘; q) .

where 0(x; ¢) := (x; ¢)(q/x; q) and (x; q) = [ ]2 (1 —xg’). With these basic tools
one can easily compute the index of any 2d-4d coupled system that, as in Sect. 1,
describes a fairly generic surface operator. One interesting question, that still remains
open since the pioneering work [17], is the identification of 2d TQFT whose partition
function on a Riemann surface C matches the index in (4.1).

For further discussion of the superconformal index with surface operators see e.g.
[54-58].

5 Surface Operators as Order Parameters

Finally, going back to the origins, we wish to explain that surface operators can
serve as order parameters, in particular, they can distinguish the IR phases of 4d
gauge theories. Typically, the information captured by surface operators is roughly
equivalent to the spectrum of line operators in the low-energy theory [59].

Extending standard arguments that show how 't Hooft and Wilson line operators
exhibit “area law” in Higgs and confining phases, respectively, one can quickly con-
clude that surface operators can exhibit a “volume law” in phases that admit domain
walls which can end on surface operators. Not much is known about such peculiar
domain walls, and exploring this direction would be an excellent research topic. In
particular, by studying the spectra of domain walls in 4d supersymmetric gauge the-
ories one might hope to learn whether surface operators can detect interesting phases
not distinguished by Wilson and "t Hooft operators, cf. [60].

Here, we present a slightly different mechanism for the “volume law” behavior due
to thermal effects. This material is new and has not appeared in the previous literature.
It will also give us an excellent opportunity to illustrate how surface operators are
described in the holographic dual of gauge theory, which is a convenient way to study
thermal physics. As usual, in order to study 4d gauge theory at finite temperature
T, we compactify the time direction on a circle of circumference 5 = 27/T and
study the theory on a space-time manifold M = S}, x §3 with thermal (anti-periodic)
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boundary conditions on fermions. Following [61], we can study this system using a
holographic dual description, which is available for many 4d gauge theories.

For concreteness, let us focus on N' = 2 gauge theory with a massless adjoint
hypermultiplet or, equivalently, N” = 4 super-Yang-Mills, for which the gravity dual
is especially simple and well studied [62—64]. After all, at finite temperature the
precise details of the spectrum and interactions are expected to be less important and
we expect that results should apply to more general N' = 2 gauge theories. Surface
operators in this theory are well understood and have a simple description in the
holographic dual [3, 4, 65].

Specifically, the holographic dual of N' = 4 super-Yang-Mills is type IIB string
theory on X5 x S°, where the 5-manifold X5 is either a “thermal AdS”

X5 = B* x §! (low temperature)
in the low temperature phase, or the Schwarzschild black hole on AdS space
X5 = $3 x B? (high temperature)

in the high temperature phase [61]. Note, that both of these manifolds are bounded
by S! x §3, which is precisely M where the boundary gauge theory lives.

Now, we can introduce surface operators supported on D C M. For generic values
of the continuous parameters « and 7, in the holographic dual such surface operators
are represented by D3-branes with four-dimensional world-volume

OxS'c Xsx 8

where O C Xs is a volume-minimizing 3-dimensional submanifold bounded by
D = 0Q, and S' is a great circle in the S°. Indeed, notice that such a D3-brane probe
breaks the isometry/superconformal symmetry precisely as described in Table 1.
There are two qualitatively different choices of D, which correspond to spatial
surface operators with D C S° or temporal surface operators with D = v x S}, for

some closed path v C §3. In the low temperature confining phase we have

(Otemporal) =0

since S ‘f is not contractible in X5, and so there is no minimal submanifold Q bounded
by D. On the other hand, spatial surface operators exhibit the area law in this phase:

(Ospatial > ~ efArea(D)

As we decrease the value of [, the theory undergoes a phase transition to a
deconfining phase [61] with X5 = S3 x B2, which does admit minimal submanifolds

= ~ x B? bounded by temporal surface operators. Hence, in this high temperature
phase we have
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Fig. 7 A surface operator of
the boundary theory is
represented by a D3-brane in
the holographic dual

horiZ:0n boundary
<Otempnra1> # 0 (5.1)

and the spatial surface operators exhibit a “volume law’:
(Ospatial> ~ 7 Volume(D) 5.2)

since in the AdS black hole geometry the warp factor is bounded from below, as
illustrated in Fig.7. Since finite temperature breaks supersymmetry explicitly and
makes scalars and fermions massive, this behavior is expected to be generic, in
particular, present in pure gauge theory or more general A' = 2 gauge theories.

Also note, thatin the limit §— 0 the theory reduces to a pure (non-supersymmetric)
three-dimensional Yang-Mills theory, which is expected to exhibit confinement and
a mass gap. Since under this reduction a temporal surface operator turns into a line
operator (supported on ) in the 3d gauge theory, the behavior (5.1) is certainly
expected.
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The Superconformal Index of Theories
of Class S

Leonardo Rastelli and Shlomo S. Razamat

Abstract We review different aspects of the superconformal index of N = 2 super-
conformal theories of class S. In particular we discuss the relation of the index of
class S theories to topological QFTs and integrable models, and review how this rela-
tion can be harnessed to completely determine the index. This is part of a combined
review on 2d-4d relations, edited by J. Teschner.

Keywords Conformal field theory - Supersymmetry - Class S - Topological field
theory

1 Introduction

This volume surveys the 4d /2d relations that arise in the study of class S, the set of
four-dimensional N = 2 supersymmetric field theories obtained by compactification
of a six-dimensional (2, 0) theory on a punctured Riemann surface C.! There is
an extensive 4d/2d dictionary relating several protected observables of the four-
dimensional theory T[C] to observables of certain natural theories defined on the
associated surface C. In this chapter we focus on the superconformal index of T[C]

ISee [V:2] in this volume for a general introduction to class S.

A citation of the form [V:x] refers to article number x in this volume.

L. Rastelli (<)

C. N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, NY
11794-3840, USA

e-mail: leonardo.rastelli @gmail.com

S.S. Razamat
Institute for Advanced Study, Einstein Dr., Princeton, NJ 08540, USA
e-mail: srtachyon@gmail.com

S.S. Razamat
NHETC, Rutgers University, Piscataway, NJ 08854, USA

S.S. Razamat
Department of Physics, Technion, 32000 Haifa, Israel

© Springer International Publishing Switzerland 2016 261
J. Teschner (ed.), New Dualities of Supersymmetric Gauge Theories,
Mathematical Physics Studies, DOI 10.1007/978-3-319-18769-3_9


http://dx.doi.org/10.1007/978-3-319-18769-3_2

262 L. Rastelli and S.S. Razamat

and on its re-interpretation as a topological quantum field theory (TQFT) living
on C. We shall restrict our discussion to the subset of theories that enjoy conformal
invariance, for which the general index is well-defined.

The superconformal index, or index for short, encodes some detailed information
about the protected spectrum of a superconformal field theory. By construction, it
is invariant under exactly marginal deformations of the SCFT. A basic item of the
4d /2d dictionary equates the conformal manifold of T'[C] (i.e., the space of its exactly
marginal gauge couplings) with the complex structure moduli of C. We should then
expect on general grounds that the index is computed by a TQFT living on C. A
concrete description of this TQFT as an explicit 2d theory is only available for
certain specializations of the general index, in particular the so-called Schur index
corresponds to g-deformed two-dimensional Yang-Mills theory in the zero-area limit.
The TQFT viewpoint is however very fruitful also in the general case. As different
TQFT correlators compute the indices of different 4d theories, we are led to study
consistency conditions in theory space. This turns out to be a very effective strategy,
which allows for the complete determination of the general index for theories of
class S.

2 The Superconformal Index

Let us introduce the main character of this review. To a superconformal field theory
in d space-time dimensions one can associate its superconformal index [1, 2], which
is nothing but the Witten index of the theory in radial quantization, refined to keep
track of a maximal set of commuting conserved quantum numbers {C;},

) =Te (D" [[ni e 5:=1(Q. Q7). @1

The trace is taken over the Hilbert space of the radially quantized theory on S¢~!,
F is the fermion number and Q a chosen Poincaré supercharge. In a given theory,
the index is thus a function of the “fugacities” {u;} that couple to the conserved
charges {C;}. The conserved charges are chosen as to commute with each other, with
the chosen supercharge Q and with its conjugate (conformal) supercharge Q. If
the theory is unitary, which we shall always assume, then § := {Q, oy >o0. By a
familiar argument, the index counts (with signs) cohomology classes of Q. Indeed
the Hilbert space decomposes into the subspace of states with § = 0, which are
automatically killed by both Q and Q" (these are the “harmonic representatives” of
the cohomology classes), and the subspace with § # 0, where one can choose a
basis such that all states belong to a pair (v, Qy), with QTw = 0. The paired states
have the same charges {C;} but opposite statistics, so their combined contribution
to the trace vanishes. Since the trace in (2.1) receives contributions only from the
harmonic representatives, the index is in fact independent of 8. The states with § = 0
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are annihilated by some of the supercharges and as such they belong to shortened
representation of the superconformal algebra.

As the energy (conformal dimension) of a generic long multiplet of the supercon-
formal algebra is lowered to the unitarity bound, the long multiplet breaks up into a
direct sum of short multiplets, containing states with § = 0, but by continuity their
total contribution to the index is zero. So even within the § = 0 subspace there may
be fermion/boson cancellations between states with the same charges {C;}, associ-
ated to recombinations of short multiplets into long ones. In fact one can equivalently
characterize the index as the most general invariant that counts short multiplets, up to
the equivalence relation setting to zero combinations of short multiplets that have the
right quantum numbers to recombine into long ones [2]. It follows, at least formally,
that the index is invariant under changes of continuous parameters of the theory pre-
serving superconformal invariance, i.e. it is constant over the conformal manifold of
the theory. As the exactly marginal couplings are varied, long multiplets may split
into short ones or short multiplets recombine into long ones, but this is immaterial
for the index. In other contexts, the formal independence of supersymmetric indices
on continuous parameters is known to fail, leading to rich wall-crossing phenomena.
In our case, however, we are dealing with theories that have a discrete spectrum of
states, and such that the subspaces with fixed values of the quantum numbers {C;}
are finite-dimensional, so the formal argument is completely rigorous. The index is
thus truly invariant under exactly marginal deformations preserving the full super-
conformal algebra of the model.

The superconformal index can be defined for theories in various spacetime dimen-
sions, and with different amounts of superconformal symmetry. We have given the
“Hamiltonian” definition in terms of a trace formula, but the index has an equivalent
“Lagrangian” interpretation as a supersymmetric partition function on S¢~! xS!, with
twisted boundary conditions around the “temporal” S' to incorporate the dependence
on the various fugacities. See [V:6] in this volume for more details on this approach.
Viewed as a partition function, the index makes sense for non-conformal theories,
though in those cases it should be more properly referred to as a supersymmetric
index. One can show that such a partition function is independent on the RG scale,
so that the superconformal index of a theory realized as the IR fixed point of some
RG flow can be often computed using the non-conformal UV starting point of the
flow [1, 3, 4]. Examples where this is a very useful strategy include N' = 1 gauge
theories in four dimensions, and susy gauge theories in three and two dimensions.
The partition function interpretation is also useful to obtain the index in the presence
of various BPS defects, by the techniques of supersymmetric localization. In this
review we will mostly stick to the trace interpretation of the index, and localization
will not play a role. We will determine the index of the A" = 2 SCFTs of class S
(even in the presence of certain BPS defects) by a more abstract algebraic viewpoint.
A direct localization approach would not be an option since these theories do not
generally admit a known Lagrangian description.

We now specialize to the case of interest, namely A/ = 2 superconformal theories
in four dimensions. The A/ = 2 superconformal index depends on three supercon-
formal fugacities (p, g, t) and on any number of fugacities {a;} associated to flavor
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symmetries (which, by definition, commute with the superconformal algebra),?

t\ - _
I(p,q,t; a;) == Te(=1)" (E) pie gt if [Tal e, (2.2)

1

where B B
28, :=1{Q-, Ql.} =E —2jo—2R+r. (2.3)

We will always assume that

’pq

i<l dgl<t. <t lal=1. |[Hf<1 @4

Our notations are as follows. We denote by E the conformal hamiltonian (dilatation
generator), by j; and j, the Cartan generators of of the SU(2); x SU(2), isometry
group of S?, by R and r the Cartan generators of the SU(2)z x U(1), the super-
conformal R-symmetry. We have also defined jj, := j, — ji and j34 = j» + ji,
which generate rotations in two orthogonal planes (thinking of S* as embedded in
R*). Finally {f;} are the flavor symmetry generators. In our conventions, we label
the supercharges as

or O S ST (2.5)

where o = £ is an SU(2), inNdex, 9’5 =+ an SUQ2), index and Z = 1,2 an SU2)
index. Wehave S = Qf and S = OF. Writing an explicit trace formula for the index
involves a choice of supercharge. With no loss of generality, we chose in (2.2) to

count cohomology classes of 0, , which has quantum numbers E = R = —r = %,
(ji. j2) = (0, —1). The states that to this index are the “harmonic representatives”
satisfy § = §,- = 0. All other choices of a Poincaré supercharge would give an

equivalent index [2].

In Appendix 2 we review the shortening conditions of the A = 2 superconfor-
mal algebra and the recombination rules of short multiplets into long ones. Explicit
formulae for the index of individual short multiplets are given in Appendix B of [6]
and will not be repeated here. It is important to keep in mind that knowledge of the
index alone is in general not sufficient to completely reconstruct the spectrum of
short representations of a given theory. Schematically, the issue is the following [8].
Suppose that two short multiplets, S; and S, can recombine to form a long multiplet
Ly,

S1® S =Ly, (2.6)

2In this review we follow the conventions of [5]. In comparing with [6, 7], the only significant

change is ji — —ji in the definitions of jj and j34. The conventions for labeling supercharges

are also slightly different in these two sets of references, but notations aside all of them choose

“same” supercharge to define the general index (i.e. the supercharge with quantum numbers £ =
_ I N 1

R=-r=3 (1, j2) =0, -3).
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and similarly that S, can recombine with a third short multiplet S5 to give another
long multiplet L,
S>® 83 = L. 2.7

By construction, the index evaluates to zero on long multiplets, so
Z(S) = —1(S2) = 1(S3). (2.8)

The index cannot distinguish between the two multiplets S; and S3. (Note that S, is
distinguished from S| ~ S3 by the overall sign.) A detailed discussion of equivalence
classes of multiplets that have the same A/ = 2 superconformal index can be found
in Sect. 5.2 of [8].

2.1 Free Field Combinatorics

The simplest examples of conformal quantum field theories are free theories. In a free
theory, the general local operator is obtained from normal ordering of the elementary
fields, and its quantum numbers including the conformal dimension take their clas-
sical “engineering” values. By the state/operator map, local operators inserted at the
origin are in one-to-one correspondence with states. Enumerating states reduces then
to the simple combinatorial problem of enumerating all possible composite “words”
(or “multi-particles”) built out of the elementary “letters” (or “single-particles”),
which are the elementary fields and their space-time derivatives.

For our purposes, we are interested in enumerating states with § = 0, and since in
a free theory the value of § of a composite operator is simply the sum of the values of
6 of its elementary letters, we may from the start restrict to the letters with § = 0. The
letters contributing the index of the free N' = 2 hypermultiplet and of the free vector
multiplet N' = 2 are shown in Table 1. One immediately finds the following single-
particle indices (i.e., the indices computed over the set of single-particle states):

S

L) =17 —————(a+a"") xa(), (2.9)
" (I=p)(1—q) :
q p -

Is.p.z_ _ + .
v l—gq 1-p dA-p)1-¢q)

(2.10)

Here a is a U(1) fugacity under which the two half-hypers have opposite charges
and x, (x) is the character of the representation of some global symmetry. The multi
particle-indices are given by the plethystic exponentials of the single-particle ones.
In particular the index of a free hypermultiplet in a bi-fundamental representation of
SU(n) x SU(n), which will play an important role in our discussion, is given by
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Table 1 Contributions to the index from single-particle (letter) operators of the two basic N' = 2
multiplets: the vector multiplet and the hypermultiplet

Letters E J1 J2 R r Z(p,q,t)
¢ 1 0 0 0 -1 pq/t

3 1 1 1
i ] o : 1 -pa
3 3 1 1 1
Mo 3 0 3 b 3 —!
Fi; 2 0 1 0 0 Pq
b+ |3 0 : 3 -3 pq
3l =0
0 1 0 0 3 0 NG
7. 3 0 I 0 -1 —pq/Vt
0yt 1 i% % 0 0 P, q

We denote by (¢, d), o )qd, Fug, F & B) the components of the adjoint " = 2 vector multiplet, by
(Q, Q, Vs 1//0,) the components of the A" = 1 chiral multiplet, and by 9,4 the spacetime derivatives

Ty(a,%,y; g, 1) =PE [ 17 ——— (1—p)(1 ( ta 1)(2%) ;)’j

H Lzaxiyj; p, @) (t2 (ax; yj)_l; p,q). (2.11)
ij=1

We collect the definitions of the plethystic exponenential, elliptic Gamma function,
and related objects in Appendix 1.

Conversely, one of the hallmarks of a free theory is the fact that the plethystic log
of the index is simple. For example, formally analogous to the counting problem in
free field theory is the counting problem for large N theories. It often happens that
the conformal gauge theories come in families labeled by the rank of the gauge group
and in the limit of large rank they have a dual description in terms of supergravity in
AdS backgrounds [2]. In such cases the operators counted by the index are dual to
free supergravity modes. Thus, taking the limit of large N the index reduces again to
a simple plethystic exponential of the towers of single trace operators dual to the
finite number of free supergravity fields.

2.2 Gauging

After we dealt with free theories, let us turn to interacting models. In general, we
should not expect any simple combinatorial description of the set of local operators
in an interacting theory. An important exception are the superconformal field theories
that admit a Lagrangian description, which by definition are continuously connected
to free field theories by turning off the gauge couplings. Since the index is independent
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of exactly marginal deformations, we may as well compute it in the free limit (setting
to zero all gauge couplings). The only effect of the gauging is the Gauss law constraint,
i.e. the projection onto gauge invariant states.

More generally, starting from a SCFT 7, we can obtain a new superconformal
field theory 7 by gauging a subgroup G of the flavor symmetry of 7, provided of
course that the gauge coupling beta functions vanish. If the index of 7 is known, we
find the index of 7 by multiplying by the index of a vector multiplet in the adjoint
representation of G, and then integrating over G with the invariant Haar measure to
enforce the projecting over gauge singlets,

116l = /[dZ]G Zy(2) Z[T)(2). (2.12)

In fact we can treat the index Z;(z) as a “black-box”: it might be the index of
a collection of free hypermultiplets, the index of a gauge theory, or the index of
an interacting theory for which we do not know a useful description in terms of a
Lagrangian. Whenever a flavor symmetry is gauged in four dimensions, the effect on
the index is simply to introduce the vector multiplet and project onto gauge-invariant
states.’

In all known examples, conformal manifolds of A" = 2 SCFTs are parametrized
by gauge couplings. It is tempting to speculate that the most general N' = 2 SCFT is
obtained by gauging a set of elementary building blocks, each of which is an isolated
theory with no exactly marginal couplings. The simplest of such an elementary build-
ing block is the free hypermultiplet theory. We will encounter below several other
examples of building blocks with no known Lagrangian description. Determining the
index of such isolated theories would appear to be very challenging. Fortunately, for
theories of class S we can leverage the additional structure of generalized S-duality.
Let us turn to a concrete illustration.

3 Interlude: Duality and the Index of Eq SCFT

In this section, we will sketch how to determine the index of a canonical example of
isolated non-Lagrangian theory, the SCFT with Eg flavor symmetry of Minahan and
Nemeschansky [9]. The general idea is to couple the isolated theory to some extra
stuff, and use dualities to relate the larger theory to a more tractable model.

For the case at hand, we exploit Argyres-Seiberg duality [10]. On one side of
the duality we have an SU(3) SYM with Ny = 6 flavors. On the other side of the
duality we have a hypermultiplet in the fundamental representation of gauged SU(2)
under which also a strongly-coupled theory with E¢ flavor symmetry [9] is charged.

3In other dimensions the situation can be slightly more involved. For example, in three dimensions
a gauge theory contains local monopole operators which have to be introduced into the index
computations along with the vector multiplets.
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The SU(2) gauged group is a sub-group of the E¢ flavor symmetry. By the rules of
computing the index reviewed in the previous section, this duality can be written as
equality of two integrals [11],

/ [d2losuen TV @ I (2, v, x, a, b) = 3.1)
J/[dZ]G:SU0>1ﬁ7“”<z>1§?<z,(a/bf”2>1;%<x,y,{z(ab>—%,z-4(ab>—%}>

Here Zg, (X1, X2, X3) is the unknown index of the theory with Es flavor symmetry
with {x;} being the fugacities for SU(3)? maximal subgroup of Ey;y and x are SU(3)
fugacities and a, b are two U (1) fugacities. The quantity I;II) (z,y, X, a, b) represents
the index of a collection of hypermultiplets in the bi-fundamental representation of
flavor of SU(3)? and the gauged SU(3), whereas Z% (z, (a/b)*?) is a fundamental
hypermultiplet of SU(2). The powers of U (1) fugacities a and b on the right-hand
side of the equality are a consequence of the details of the map of global symmetries
between the two duality frames. In general from equalities of integrals of this sort one
cannot extract the precise values of the integrands. However, in this particular case
the integral on the right-hand side is invertible and just by assuming the Argyres-
Seiberg duality as manifested for the index in (3.1) one can explicitly deduce the
index Zg,. Schematically, this inversion procedure takes the following form

1 1 dh
Tp,(x, v, {e(ab) ™}, (ab)4)) = ]{ NI / [dzlo—sue TV @ T (2. y. %, a. b).
C

Here C is a well-defined integration contour and A is a specific inversion kernel [12].
Physically, the fact that the integral is invertible means that the extra hyper-multiplet
introduced while gauging a sub-group of the E¢ symmetry adds enough structure so
that the information about the protected spectrum of the Eg theory itself, a-priori lost
after gauging, can be still recovered.

We thus are able to completely fix the superconformal index of a theory not
connected to a free theory by a continuous parameter. The trick is to enlarge the
theory with the bigger theory admitting an alternative description which can be
connected to a free theory by continuous deformation. This basic idea will be behind
the general procedure we will outline in the next sections.

Before turning to the general discussion of class S theories, let us illustrate in this
concrete example what kind of physical information can be extracted from the index.
Explicitly computing (3.2) one obtains to the lowest orders in the series expansion
in fugacities

Ig, = PE[L,] PE[Zn(x78)] PE[Lr] X

pq’

12

+quX78+"')-
(3.2)

(1 — (P —pqt+12(p+q) (xeso + 1) —
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In the first line we have the protected multiplets appearing in this theory: Z,, is the
Coulomb branch multiplet (the dual of u = Tr¢> of the SU(3) gauge theory), Zy is
the Higgs branch generator, X, in 78 of the E¢ global symmetry, and Z7 is the stress-
energy multiplet. The quantum numbers of these multiplets are different from free
fields. Moreover, on the second line we have constraints appearing removing some
of the contributions generated on the first line: these constraints are the footprint of
the non-trivial dynamics of the theory. For example one constraint encoded here is

[X ® X]es0s1 =0, (3.3)

which is the Joseph’s relation discussed in [13].

4 Derivation of the Index for Theories of Class S

In this section we will determine the index for all theories of class S. Broadly speak-
ing, we will be using the same kind of physical input as in the previous section, namely
knowledge of the index for Lagrangian theories and the assumption of generalized
S-duality. We will however exploit these ingredients in a different way, arriving at a
particularly elegant and uniform description of the general index. For simplicity we
focus on the basic index (the S* x S! partition function), and to the simplest class S
theories of type A. Several generalizations will be mentioned in Sect. 6.

4.1 Class S

A lightening review of class S is in order. A 4d superconformal field theory of class
S is specified the following data*:

e A choice of the type g of the (2, 0) theory, where g = {A,, D,,, E¢, E7, Eg} is a
simply-laced Lie algebra.

e A choice of UV curve C,, where g indicates the genus and s the number of
punctures of the curve. Only the complex structure moduli of C, ; matter. They are
interpreted as the exactly marginal gauge couplings of the 4d SCFT.

e Each puncture corresponds to a codimension two defect of the (2, 0) theory. We
restrict to the so-called regular defects, which are labelled by a choice of embedding
A :su(2) — g.Thecentralizer h C gof the image of A in g is the flavor symmetry
associated to the defect. All in all, the theory enjoys at least® the flavor symmetry
algebra ®;_, b;.

“These are the “basic” theories. A larger list is obtained by allowing for “irregular” punctures.
Further possibilities arise by decorating the UV curve with outer automorphisms twist lines , see
[14].

5In some special cases, the symmetry is enhanced by additional generators which are not naturally
assigned to any puncture.
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We will label the corresponding 4d SCFT as T'[g; Cy; {A;}]. We summarize the
basics of class S dictionary in (Table2).

From now on we will restrict our discussion to class S theories of type A,
g = A,_1. The embeddings A : su(2) — su(n) are in one-to-one correspondence
with partitions of n, [n!', n%?, ... n{*] with 3", €;n; = n and n; > n;,,, which indi-
cate how the fundamental representation of su(n) decomposes under representations
of A(su(2)). For the trivial embedding A = 0, associated to the partition [1"], we
have maximal flavor symmetry i = su(n) and the corresponding puncture is called
maximal. The other extreme case case is the principal embedding, associated to the
partition [n], leading to h = 0 (no flavor symmetry), so the puncture is effectively
deleted. Another important case is the subregular embedding, associated to the par-
tition [n — 1, 1], which leads to h = u(1), the smallest non-trivial flavor symmetry,
so the corresponding puncture is called a minimal puncture.®

The surface C,; can be assembled by gluing together three-punctured spheres,
or “pairs of pants” (viewed as three-vertices) and cylinders (viewed as propagators).
Each cylinder is associated to a simple gauge group factor of the 4d SCFT, with the
plumbing parameter interpreted as the corresponding marginal gauge coupling. The
degeneration limit of the surface where one cylinder becomes very long corresponds
to the weak coupling limit of that gauge group. Cutting a cylinder is interpreted as
“ungauging” an SU(n) gauge group, leaving behind two maximal punctures, each
carrying SU(n) flavor symmetry. Conversely, gluing two maximal punctures corre-
sponds to gauging the diagonal subgroup of their SU(n) x SU(n) flavor symmetry. The
basic building blocks of class S are thus the theories associated to three-punctured
spheres, TA1-A2 45 := T[su(n); Cp3; A1 Ay Az]. These are isolated SCFTs with no
tunable couplings, in harmony with the fact that three-punctured spheres carry no
complex structure moduli. Most of them have no known Lagrangian description.

Table 2 The basic class S dictionary

4d theory T'[C] Riemann surface C
Conformal manifolds Complex structure moduli of C
SU(n) gauge group with coupling t Cylinder with sewing parameter
q = exp(2mit)
Flavor-symmetry factor H C SU(n) Puncture labelled by SU(2) — SU(n) with
commutant H
Weakly-coupled frame Pair-of-pant decomposition of C
Generalized S-duality Moore-Seiberg groupoid of C
Partition function on % Correlator in Liouville/Toda on C
Superconformal index Correlator in a TQFT on C

5Throughout this review we will often associate punctures with flavor symmetry factors. For theories
of type A this association is well motivated (although there can be two different punctures with same
flavor symmetry), but one has to remember that for type D and E theories one can have non-trivial
punctures with no flavor symmetry associated with them.
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An important exception is the theory associated to two maximal and one minimal
puncture, 7" [1"1=111 'which is identified with the free hypermultiplet in the bifun-
damental representation of SU(n) x SU(n).

Different pairs-of-pants decompositions of the UV curve correspond to different
weakly coupled descriptions of the same SCFT, related by generalized S-dualities.
The Moore-Seiberg groupoid of the UV curve is thus identified with the S-duality
groupoid of the SCFT.

4.2 TQFT Interpretation of the Index

The index of T'[g; Cy 5; {A;}]1s a function of the superconformal fugacities (p, g, t)
and of the flavor fugacities a;,i = 1, ... s, associated to the Cartan generators of the
global symmetry group H; ® - - - ® H;, but it is independent of the complex structure
moduli of the UV curve C, ;. We can thus regard the index as a correlator of a TQFT
defined on the UV curve [15],

Zp.q.t;a;] = (O(an) ... Oay))c (4.1)

(N
where we have formally introduced “local operators” ((a;) associated to the punc-
tures. This is natural, because the index enjoys the kind of factorization property
expected for a TQFT correlator. Given a pair-of-paints decomposition of C,; we
may cut an internal cylinder and disconnect the surface into the two surfaces’ Cy, s, 11
and Cy, s, +1, wWith g1 + g» = g and 51 4+ 5o = 5. By applying the general gauging
prescription (2.12), we have the “factorization” formula®

iy, .. .a,] =/[db]<; Z9[a;, bl Zy(b) I%[b,a;], j € S, k€S, (42)

where S| and S, are the set of indices labeling the punctures on the two components,
with §§ U S, = {1, ...s}. As the index is invariant under generalized S-dualities,
one must obtain the same answer by applying the factorization formula in different
channels. This is the essential property that must be satisfied by a 2d TQFT correlator.

To make the connection with the standard treatment of 2d TQFT more explicit,
let us make a change of basis, from a continuous to a discrete set of operators. For
simplicity we restrict to the case where all punctures are maximal, carrying the full
flavor symmetry g. The operator O(a) is labelled by the flavor fugacity a dual to
the Cartan subalgebra of g. Consider now a complete set of Weyl invariant functions
{¥,(a)}, where the label « runs over the finite-dimensional irreps of G, and define
the discrete set of operators O, by the integral transform

TThis is the generic situation. The remaining possibility is that cutting the cylinder yields the
connected surface Cy_1,512. This case can be treated analogously.

8We’ll often omit the dependence on the superconformal fugacities to avoid cluttering.
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Oy = /[da]c Iy (a) Y (a)O(a). 4.3)

It is convenient to choose the {y,(a)} to be orthonormal under the propagator mea-
sure,

/ [dalg Zv(a)ya(a)Yp(a) = dup. 4.4)
In this discrete basis, the factorization property reads simply

g — 79 92
Loy.ar = Liayy p Lp (o> 4.5)
where the repeated index g is summed over. It is then clear that the general correlator
on an surface of arbitrary topology can be obtained by successive contractions of the
three-point correlator, i.e. the index of the three-punctured sphere, Z; glzogaz =: Co aras-
These “TQFT structure constants” Cy,«,a, are symmetric functions of the three labels
o; and must satisfy the associativity constraint that follows from demanding that
factorization of Z97, ., in two different ways must yield the same result,

Cvtlvtzﬁ Cﬂa3a4 = Cﬂtlﬂm/ C}/Otzotw (4.6)

This condition is in fact sufficient to ensure independence of the general correlator on
any specific choice of pair-of-pants decomposition. The structure that we have just
described is very close to the standard axiomatic description of 2d TQFTs, but with
the caveat that in the mathematical literature the state-space of the TQFT is usually
taken to be finite-dimensional, whereas we have the infinite-dimensional space of
finite-dimensional irreps of g.

It is a simple linear algebra fact that one may always’ perform a further change
of basis to a preferred discrete basis, in which associativity relations (4.6) become
trivial (see Appendix A of [6] for an explicit example). This is the so-called Frobenius
basis, which is still orthonormal under the propagator measure and is such that the
structure constants have the diagonal structure

Crinars = Ca 8, San, Sy 4.7)

In the Frobenius basis the non-vanishing components of the index associated to Cy s
take the very simple form
g 2g—2+s
La=G6G""", 4.8)

which just follows from the observation that C, ; can be built by gluing (2g —2 +s)
three-punctured sphere, and that the contractions of indices implementing the gluings
are all trivial in this basis. Going back to the continuous fugacity basis,

9Here we should mention that since the state-space of the QFT obtained from the index is infinite
dimensional there might be in principle issues of converges when changing basis. Such complication
though do not actually arise in practice in the index computations.
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Tay....a0 = > C yn(@) ... ya(ay). 4.9)
A

In summary, the task of evaluating the general index is reduced to the task of finding
the Frobenius basis {¢; (a)} and the structure constants Cj.

4.3 Bootstrapping the Index

The structure just outlined is so constraining that it essentially fixes the index of class
S theories, when supplemented with the extra physical input about the special cases
that have a Lagrangian description [7].

We focus on A, theories. Let us first aim to find the index for theories containing
only maximal punctures. For n > 2, none of these theories have a Lagrangian
description. Nevertheless, their index must obey compatibility conditions that follow
by gluing in an extra three-punctured sphere of type 71"/ {1"11"=1.11 '\which s identified
with the free hypermultiplet theory in the bifundamental of SU(n) x SU(n). The
physical input mentioned above is then

=L = 740, x, y), (4.10)

where the explicit expression of Zy is given in (2.11). Recall that a is the U (1)
fugacity associated with minimal puncture while x, y the SU(n) fugacities associated
with the two maximal punctures.

Let the index of T[C] with all maximal punctures be some unknown function'’
Ze(x;), symmetric under permutations of the arguments x;, i = 1,...s. We con-
struct a larger theory with s maximal and one minimal puncture by gluing in a free
hypermultiplet. The resulting index is given by

T(a,X1,Xy - Xg) = /[dz] Iv(z)IH(a,xl,z)Ic(z_',xz, S SR “4.11)

While in the above expression x; appears to be treated asymmetrically fromx, . . . X;,

generalized S-duality (the TQFT structure of the index) demands that the integral

be invariant under permutations of all the x;. Remarkably, this will be sufficient to

determine the function Z;. To reach this conclusion, we take an apparent detour and

study the analytical properties of the integral as a function of the U (1) fugacity a.
One can show that the integral has simple poles for

plgitia =1, (4.12)

10The dependence on the superconformal fugacities (p, ¢, t) is again left implicit.
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where r and s non-negative integers. To see this one notices that the poles in z in the
integrand move around when one varies a. At the special values (4.12) pairs of poles
pinch the integration contours and cause the whole integral to diverge. A toy example
of this mathematical phenomenon is as follows. Consider (|7 a|, |t D], |t c| < 1)

j{ j{ 1 I _7{ dz 1 1
2miz 2myta—ytb—zt1c —zy ) 2mizth—zt ¢l —zta

. tc
“1—1fabc’

We have a pole at t3a b ¢ = 1. This can be viewed as the pole in y at 7 a colliding
with pole in y at t~'c~!z7! simultaneously with pole in z at ¢ b colliding with the
pole at t~1c= 1y =L

The residues of the poles (4.12) are easy to compute. This residue gets contribu-
tions in the z contour integrals only from the finite number of poles that pinch the
integration contours. The simplest case is the residue at 124" = 1,

IV Res »

12an—1

I(@@a,x,Xa,...) =2c(X, X2, ...), (4.13)

where Zy is the index of U(1) A/ = 2 vector multiplet. So picking up the residue
at a’t~' = 1 has the effect of “deleting” the extra U (1) puncture. A slightly more
involved calculation gives the residue at gt2a™" = 1,

Ty Resq[%a,,,ﬁll(a, X,y,...) = 4.14)
0 p) 0(% xz/x,,p) i f
= ({x; = 2X;, Xjgi —> 42X 1Y, ...)
RCET) ZH 60w ) 4 B A
0(1; p)
= —6r= §= I s Yy o).
0T p) r=0s=)X) Zc(X,y,...)

We see that the residue is computed by the action on Z¢ of an interesting difference
operator, which we have named &,—¢ y=1)(x), shifting the values of the fugacity x.
The residues can be easily computed for general values of » and s in (4.12), and are
again given by acting on Z¢ with certain difference operators &, 5)(x) which we
will not write explicitly. The operators S, ) (x) all commute with each other and are
self-adjoint under the propagator measure.

As we have already observed, there is nothing special about the puncture labelled
by x. What singled out x in the above calculation is the choice of a pair-of-pants
decomposition where the punctured labelled by x belongs to the three-punctured
sphere associated to the free hypermultiplet theory. A different pair-of-pants decom-
position would single out a different puncture. By generalized S-duality, acting with
S5y on different punctures must give the same answer:

S IeXy, ..., X)) = G X)) Ze(Xy, ..., Xs) (4.15)
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Fig. 1 Two different pair of
pants decompositions
corresponding to two
different S-duality frames of
the field theory. In the two
duality frames the minimal
puncture labeled by a sits in
a pair-of-pants with a
different maximal puncture.
The index computed in the
two frames should give the
same result

for any choice of k, £ = 1, ...s. This is the basic relation that allows to fix the index
(Fig. 1).
Consider a complete basis of simultaneous eigenfunctions of the difference oper-
ators,
S () Y2, (%) = & Y, (). (4.16)

If the eigenvalues are non-degenerate (as can indeed be checked to be case), these
functions are automatically orthogonal under the propagator measure, and can be
normalized to be orthonormal. The punchline is now simply stated: this is precisely
the Frobenius basis introduced in the previous section for the TQFT of the index.
Indeed, expanding the index associated to the three-punctured sphere as

I(x1, %0, %3) = D Coppay Yy (%1) ¥, (%) s, (%), 4.17)

AsA2, s

we see from (4.15) and the assumption of non-degenerate eigenvalues that the struc-
ture constants can be non-vanishing only for A; = A, = A3.

The eigenfunctions ¥, are not known in closed analytic from for general values
of the superconformal fugacities (g, p, t), but there are well-defined algorithms to
find them as series expansions (see e.g. [16]). Moreover, as we will see in detail in
the following section, closed analytic forms are available for special limits of the
superconformal fugacities.

To complete the computation, it remains to determine the structure constants Cj.
First, expanding the index of the free hypermultiplet theory as

Tu(a, %, y) = D $:1(a) Y (X) Y (y), (4.18)
A

we define the functions ¢, (a) associated to the minimal puncture. The functions
Y, are chosen to be orthonormal under the vector multiplet measure but functions
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¢;. do not have natural normalization properties at this level of the discussion and
their normalization is defined by (4.18).!! Second, we consider the theory associated
to the sphere with two maximal and n — 1 minimal punctures.'? This theory has
two equivalent descriptions, depicted respectively in the top and bottom pictures in
Fig.2: (i) It can be obtained by gluing to the basic non-Lagrangian building block
T 3 superconformal tail [17], which is Lagrangian quiver SCFT with flavor
symmetry SU(n — 1) x U(1)"~1. (ii) It can be obtained in a completely Lagrangian
setup as a linear quiver. For the index this implies the following equality:

n—1
D v [t =D Cvnva(y) / [dz] Az; {bi}) ¥ ({2, b)),
A i=1 A

(4.19)
where z is an SU(n — 1) fugacity and an appropriate function of the b; fixed by
matching the U(1) symmetries on the two sides. The function A(z; {b;}) can be
easily calculated from the superconformal tail. Since all quantities are known except
the structure constants C,, this relation allows to fix them explicitly. This completes
the derivation of the index of class S theories of type A, with maximal and minimal
punctures.

To include punctures of general type A, we need more general superconformal
tails. For each A, there exists a minimal integer n(A) such that the theory associated
to one maximal puncture, one puncture of type A and n(A) minimal punctures can
be described by a Lagrangian quiver gauge theory [17]. This can in fact be viewed
as a definition of the puncture of type A. By equating the abstract definition of the
index of such a theory, namely

n(A)

D et va) [ e, (4.20)
s

i=1

with the explicit integral expression of the same index given by Lagrangian quiver
description we can determine the factor ¢* (y, ) associated to the puncture of type A.

In summary, we have described an algorithm that determines the superconformal
index for all theories of class S with regular punctures. The index takes an elegant
general form in terms of structure constants C,(p, q,t) and of “wavefunctions”
{02 (ya,; P g, 1)} associated to the punctures,'

"'The same will hold for functions ¢){‘ associated to general punctures we will define later in this
section.

12We take n > 2 as the n = 2 case is trivial. For n = 2 there is no distinction between minimal
and maximal punctures. The basic building block 7> is identified with a free hypermultiplet in the
trifundamental representation of SU(2)3. The structure constants can then be obtained directly by
expanding the free hypermultiplet index.

13Comparing with (4.9), we have reabsorbed some factors of C;, into wavefunctions, by setting a
new normalization for the wave function of the maximal puncture, ¢£1 l._¢ R
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$lz] Az {bi}) ¥a({z, b})

b (b1) da(b2) Palbn-2) or(bn-1)

Fig. 2 One can determine the structure constants Cj of the A,_; theories by studying the theory
associated to a sphere with two maximal and n — 1 minimal punctures (fop picture). In one duality
frame (middle picture) this is given by a T,, theory, involving C;, coupled to a “superconformal tail”
quiver. In another duality frame (bottom picture) this is given by a linear quiver with an SU(n)" 2
gauge group, where each SU(n) is coupled to 2n hypermultiplets. For n = 3, the equivalence of the
two frames is the celebrated Argyres-Seiberg duality, whose consequences for the index of 73 (=
the E¢ SCFT) have already been explored in Sect. 3

I=2 [ va: @.21)
s j=1

where the sum is over the set of finite-dimensional irreps of g = su(n).

A caveat is in order. Not every possible choice of Riemann surface decorated by a
choice of {A;} at the punctures corresponds to a physical SCFT. An indication that a
choice of decorated surface may be unphysical is if the sum in (4.21) diverges, which
happens when the flavor symmetry is “too small”. There are subtle borderline cases
where the sum diverges, but the theory is perfectly physical—this can happen when
the theory has additional “accidental” flavor symmetries not associated to punctures.
An example of such a theory is the rank two E¢ SCFT. These cases have to be treated
with more care [18].

We will discuss how to calculate explicit expressions for the wavefunctions and
structure constants in the next section. In the rest of this section we offer two view-
points that illuminate the structure of the result, the first related to Higgsing and the
second to dimensional reduction.
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4.4 Higgsing: Reduced Punctures and Surface Defects

The index is a meromorphic function of flavor and superconformal fugacities, with
a rich structure of poles. A large class of these poles has a nice physical interpreta-
tion [7].

Consider a schematic version of the index,

Z(a,b) = Tr(—=1)F a’ 1k, (4.22)

where f and R are two conserved charges. Let us assume that 7 has a pole in fugacity
a, ~
I(a, t)

7= T—afo (ko (4.23)
It is natural to associate the pole to a bosonic operator O, with charges f = fo and
R = R, such that an infinite tower of composites of the form " contribute to the
index. In the simplest case, O is the generator of a ring spanned by {O"}, and the
pole appears by resumming the geometric sum,

14 al® %o 4 (@@ 1Ro)> + ... (4.24)

In more complicated cases, there can be several generators obeying non-trivial rela-
tions, whi~ch are encoded in the numerator of (4.23). The residue at a/© R0 =1 is
given by Z(t~Ro/fo  t), which can be interpreted as

T(—1)f R, R:=R— 1O f, (4.25)
fo

where the prime on the trace indicates that we are omitting the infinite set of states
with R = 0, which are of course the states responsible for the pole in the first
place. The shifted charge R is the linear combination of charges preserved in a
background where O has acquired a non-zero vacuum expectation value (vev). In
a path integral representation of the index as the S* x S' partition function, the
divergence at a/© tRo = 1 arises from the integration over a bosonic zero mode,
which heuristically we identify with (O). Following this intuition, we expect the
residue to be controlled by the behavior of theory “at infinity” in the moduli space
parametrized by (O), thatis, by the properties of the IR theory reached at the endpoint
of the the RG flow triggered by giving O a vev. We interpret Z as the index of this
IR fixed point.

Reducing punctures

As a first application of these ideas, let us obtain more directly the index in the
presence of punctures of general type, taking as starting point the index with max-
imal punctures. The idea is that the theory with a partially-closed puncture can be
obtained from the theory with a full puncture by partially higgsing the full su(n)
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flavor symmetry, and flowing to the IR.'* The role of the operator O that featured the
above general discussion is played by the moment map operator . The moment map
is the superconformal primary of the supermultiplet that contains the flavor symme-
try current, and thus transforms in the adjoint representation of su(n).'> Given an
embedding A : su(2) — su(n), we choose the vev of 1 to be

(W) = A7) € adigy, (4.26)

where ¢ is the lowest weight of su(2). The flavor symmetry is broken down to
the centralizer of A in su(n), which we call g,. We expect to find poles in the
wavefunction ¢, (a) in correspondence to each component of u that receives a vev.
Extracting the residues with respect to such poles should give the wave function
@2 (x) associated to the reduced puncture. More precisely, the symmetry breaking
also generates Goldstone modes that give a decoupled free sector, and we should
remove their contribution if we are interested in the interacting IR SCFT. Finally
we should remember to redefine charges, following the general principle outlined
in (4.25). In our case, the vev for p breaks the SU(2)z symmetry, however a linear
combination R of the original R Cartan generator and of flavor Cartan generators
is preserved; we expect this symmetry to enhance in the IR to the full non-abelian
SU(2); of the interacting fixed point.'® All in all, we have the prescription

G (ap) ¢ (ar) = ReSasiug, ar.0) P1(@), (4.27)

where the prefactor G*, which is easily computable, accounts for the contribution to
the index of the Goldstone bosons induced by the symmetry breaking. The fugacity
replacement a — fug, (a,, t) can be obtained with a little representation theory.
Any representation R of g = su(n) decomposes as

R=PRM @V, (4.28)
J

where R(]-%) is some (generally reducible) representation of g, and V; the spin
J representation of su(2). Then fug, (a, t) is the solution for a in the character
decomposition equation,!’

14The equivalence between the realization of general punctures by superconformal tails (as sketched
in the previous subsection) and the higgsing procedure that we are about to implement is explained
in Sect. 12.5 of [19].

15The moment map is also an SU(2) g triplet and U (1), singlet. We consider the highest SU(2) g
weight (which has R = 1), since it is the component that contributes to the index.

161t might be that the vev actually preserves the diagonal subgroup of the UV su(2) R-symmetry and
some su(2) subgroup of the flavor symmetry. In such a case there is no need for the IR enhancement
of the R-symmetry. We thank C. Beem, D. Gaiotto, and A. Neitzke for pointing this out to us.
17The solution is unique up to the action of the Weyl group.
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xf@ =" x% @) @), (4.29)
j J

One can check that (4.27) reproduces the wavefunctions obtained using supercon-
formal tails by the method outlined in the previous subsection. Let us give a couple
of simple examples.

Taking g = su(2) and A : su(2) — su(2) the principal embedding, which in this
case is just the identity map, the centralizer is of course trivial and (4.29) reads

ata =12 4172, (4.30)

which has the two solutions @ = 2,77 , related by the action of the Weyl group
a < a~'. Since we are interested in the vev of the su(2) lowest weight 1~ of the
moment map, whose contribution to the index is a~2t, we should pick a = t%; the
other solution 72 would be associated to the su(2) highest weight u*. The lesson
(which generalizes) is that if we are interested in giving a vev to specific operator,
we should fix a representative of the Weyl orbit. Extracting the residue at a?t~' = 1
will give the index of the IR theory at the end of the RG flow triggered by (u™),
times the contribution from the free Goldstone bosons. In this case, the Goldstone
bosons consist of a free hypermultiplet in the fundamental of the flavor su(2). Both
the flavor and R symmetry are broken by the vev, but the combination R = R + f/2
is preserved. Under the new SU(2) 3, the scalars of the free hypermultiplet transform
as 3 + 1, with the singlet corresponding to the states responsible for the divergence.
Extraclting the pole is precisely equivalent to omitting this singlet states. Setting
a = t2 in (2.9) we see that under this new charge assignment the non-singlet states
of the free hypermultiplet give a contribution to the index exactly equal to the inverse
of the index of a free U (1) vector multiplet, so the Goldstone boson factor in (4.27)
isG =1, ' All in all, we have derived from general principles the following
prescription to close an su(2) puncture,

2
Ty Resg 2 ¢l N a) = ¢l = 1. (4.31)

In the last equality we have just reminded ourselves that the wavefunction of a fully
closed puncture is identically equal to one. One can check (4.31) using the expression
for ¢£lz] derived by the methods of the previous subsection.

A sightly more involved example is g = su(3) and A the subregular embedding,
corresponding to the partition [2, 1]. The centralizer is g, = u(l). If ay, a», a3 with
ajapas = 1 are the su(3) fugacities, and b the u(1) fugacity, (4.29) takes the form

a +ay+az=b(: +173) + b2 (4.32)

The only solution (up to the action of the Weyl group, which permutes the ;) isa; =
1 1 . . . . .
t2b,ay = t71b, a3y = b~>. Extracting the residue and removing the contribution of
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the Goldstone bosons accomplishes the reduction of the full puncture to the minimal
puncture.

Surface defects

Next, we would like to interpret in a similar light the poles (4.12) that played such a
crucial role in the previous subsection. Recall the basic setup: we “glued” the bifun-
damental hypermultiplet theory T[""111"1["=1.11 to a general theory T[C], connecting
a maximal puncture of one theory with a maximal puncture of the other theory by
gauging the diagonal SU(n) symmetry. We then extracted residues with respect to
the fugacity a for the U(1) global symmetry of the hypermultiplet. This is the U (1)
baryon symmetry, under which the complex scalars ¢ and g have charge —1 and
+1 respectively. It is then clear that the operator associated to the simplest pole, at
a~"t? = 1, is the baryon operator B = det ¢. Giving a vev to B higgses the SU(n)
gauge group, triggering an RG flow whose IR endpoint is the original theory T'[C]
and a collection of decoupled free fields [7]. This explains (4.13).'8

By the same logic, the poles at p’¢°t3a™" = 1 are naturally associated to holo-
morphic derivatives of the baryon operator in the 12 and 34 planes, 97, 93, detg. We
expect the residue at these poles to describe the IR physics of the flow triggered by
a spacetime-dependent vev of the form (B) ~ z"w?®. Consider first the r =0, s # 0
case. Away from the w = 0 plane, the endpoint of the flow is still 7[C]. However
some extra degrees of freedom survive at w = 0, which we interpret as a surface
defect for T[C] extended in the 12 plane. Similarly, the endpoint of the flow with
r # 0,s = 01is T[C] decorated with an extra surface defect extended in the 34 plane.
In the general case with rs # 0 both type of defects will be present. In the S* x S!
geometry, these surface defects fill the “temporal” S' and the two maximal circles
inside the S? fixed by the ji, and js4 rotations, respectively. This proposal has been
checked [20] in a set of examples where T [C] admits a Lagrangian description, and
surface defects can be added by coupling the 4d SCFT to a (2, 2) sigma model; the
index can then be independently evaluated by localization techniques, confirming
the prescription that we have just outlined.

In summary, we have found a physical interpretation for the difference operators
S5 their action on the index of T'[C] yields the index of the same theory decorated
by some extra surface defect [7]. Since the difference operators act “locally” on the
generalized quiver, we should associate them to special punctures of the UV curve.
This agrees with the M-theory picture, where the surface defects correspond to M2
branes localized on the UV curve. Acting with a difference operator on a given
flavor fugacity corresponds pictorially to colliding the special puncture with a flavor
puncture. The location of the special punctures on the UV curve is immaterial, so
collision of the same special puncture with different flavor punctures is bound to give
the same result—which is a restatement of (4.15).

This description of surface defects bears a striking kinship with the analogous
picture that arises in the AGT correspondence [21, 22]. The introduction of sur-
face defects in the S* partition function is accomplished by the insertion of special,

BForn = 2,the U(1) baryon symmetry enhances to SU(2), B = ™ (the lowest weight component
of the moment map), and (4.13) is precisely equivalent to (4.31).
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Fig. 3 The difference operators &, 5), which compute residues and introduce surface defects, can
be visualized as special punctures on the UV curve. The action of &) on a flavor fugacity is
interpreted as the collision of the special puncture with a flavor puncture. We can act on different
punctures and obtain the same result for the index (top and middle pictures). We can also define the
action of &, 5 on a long tube (bottom picture), by cutting open a cylinder, acting on one of the open
punctures and gluing the surface back. S-duality guarantees that this is a well-defined procedure.
In this way we can introduce the special punctures S, 5y on a UV curve with no flavor punctures
at all

semi-degenerate operators in the Toda CFT correlator defined on the UV curve.
These operators are the key to the solution of Liouville theory by the conformal
bootstrap [23]: considering their fusion with normalizable vertex operators one can
derive functional equations that admit a unique solution. Similarly, we have special
punctures in our 2d TQFT that insert surface defects in the S* x S! partition func-
tion. Their fusion with ordinary flavor punctures leads to the topological bootstrap
equations (4.31), which uniquely fix the superconformal index (Fig. 3).

4.5 Reduction to 3d

The index of theories of class S has a very definite structure (4.21). This structure
is natural since it is a manifestation of the 2d TQFT nature of the index of the
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T [su(4)] :
OmOm0

Tis,plsu(4)] :

Fig.4 On the left we have an example of a star-shaped quiver mirror of the A3 theory corresponding
to a sphere with four punctures, two of which are maximal and one is minimal. On the right
the quiver theories for % 1,1,1)[su(4)] corresponding to the maximal puncture and %3, 1)[s1(4)]
corresponding to minimal puncture are depicted

theories at hand as was anticipated in Sect.4.2. It is however an important question
to understand better the physical meaning of the different ingredients entering (4.21).
For example, we would like to gain more insight into the physical significance of
the eigenfunctions qﬁ){\ "(ya,) and the eigenvalues f:;””. Let us consider here a very
informative 3d interpretation of (4.21)."

We can consider theories of class S on M3 x S! with M3 some three dimensional
manifold. Upon reduction on the S' we obtain a 3d theory on M3. The A/ = 2 class
S theories admitting a known description in terms of a Lagrangian upon dimensional
reduction on S! are described in terms of the same field content and same gauge and
superpotential interaction as the 4d parent theory. The 3d Lagrangians however are
not conformal and the theories flow in general to an interacting N” = 4 3d SCFT
in the IR. The 4d conformal S-dualities imply IR (Seiberg-like) dualities of the 3d
models. Thus the complex moduli of the Riemann surface defining the model in 4d
do not translate to physical parameters in 3d: the topology of the surface and the
information at the punctures alone are sufficient to completely specify the 3d model.
An extremely interesting fact about the class S theories in 34 is that they possess
yet another dual description. All theories of class S reduced to 3d, with and without
known Lagrangian description in 4d, have a mirror description in 3d in terms of a
star-shaped quiver theory [25].

This mirror symmetry states that a theory corresponding to a Riemann surface
with genus g and s punctures of types A; is dual to a quiver theory coupling s linear
quivers T, [g] [26] associated to Lie algebra g = su(/N) by gauging the common g
with an addition of g N' = 4 adjoint hypermultiplet, see Fig.4 for an example.

19 A 6d physical interpretation of this equation can be also entertained [24] but we will not discuss
it in this review.
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The dimensional reduction on S! can be performed at the level of the index. Here
M3 is S? and upon reduction of the index on S! we obtain the partition function of
the dimensionally reduced theory on a squashed sphere S} [27-29] (see also [30]).
The reduction is done by first parametrizing the fugacities as

2min(y+55 0+ owine

t=e¢ , z=e¢ , pzeZTEbrl/rg’

g =¥ n/n (4.33)

where r| is the radius of S! and r5 is the radius of S?. Then the radius of S!, ry, is
sent to zero. The parameter b is the squashing parameter of the sphere.

We have defined the functions d)f "(ya,) as eigenfunctions of difference operators
S5 and argued that this operators have a physical interpretation of introducing
linked surface defects to the index computation. The surface defects corresponding
to S.5) and &, o) span the S! and one of the two equators of S*. Upon reduction

on the S! these become line defects sitting on one of the two equators of S;. When
sending r; — 0 the difference operators have very simple limit. For example in the

A, case we have?°
Son f@ - T flo)= (4.34)
sinh b (@ —y +20) sinh b (% —y 720)

~ 4
= sinh 27 bo fe+3)+

A ib
sinh —27bo flo=73)
where f (o) = lim,, ¢ f(e¥""°). Interestingly a set of eigenfunctions of this opera-
tor is given by the S; partition functions of the T[su(2)] theory. The T[su(N)] theory
has global su(N) g x su(N)¢ symmetry with the su(N) g acting on the Higgs branch
and su(N)¢ acting on the Coulomb branch. Turning on real mass parameters, oy
and o¢, for the two symmetries the S?, partition function of T[su(N)] can be denoted
by ¢?) (6 |o¢) and we have the property

T (oc) - ¢V (onloc) = Wion) ¢V (ouloc). (4.35)

The eigenvalue V(o) is the expectation value of the Wilson loop for the su(N) g
global symmetry. This eigenvalue property of the partition function thus suggests
the physical interpretation that the line defect for the gauge symmetry of T[su(N)]
is equivalent to a Wilson line for the global su(N)y symmetry. This fact is not
surprising since the T[su(N)] theories make their appearance as models living on
S-duality domain wall separating two S-dual N' = 4 SU(N) SYM theories. Since
under 4d S-duality defect ("t Hooft) line operators map to Wilson operators our 3d
eigenvalue statement is natural.

Further, the S} partition function of a star shaped quiver mirror dual say to the A;
theory with genus g and s punctures has the following form,

20This operator is called the Macdonald operator in math literature and we will shortly encounter
a different incarnation of it in 4d index context.
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Zyo (oY) = / doyZy(on) Zrlon)’ [[67" (oulol).  (4.36)

i=1

Here Z3 (o) is the contribution of an A = 4 3d adjoint hypermultiplet and Zy (o)
is the contribution of the vector. Note the striking structural similarity between (4.21)
and (4.36). This is not a coincidence [31]. One can argue that indeed in the r; — 0
limit the eigenfunctions gb/{‘ (ya) reduce to the S?, partition functions of T4 [su(N)].
The discrete labels of the eigenfunctions, A;, become (linear combinations of) the real
masses of the symmetry rotating the Coulomb branch of T [su(N)], oé’ ). roughly,
taking the r; — 0 limit we should also concentrate on large representations and keep
r1 A; fixed.
Let us summarize the 3d interpretation of the eigenfunctions,

The difference operators introduce line defects.

The eigenfunctions are Sg partition functions of ¥ 5 [su(N)].

The eigenvalues are expectation values of Wilson loops.

The existence of the eigenvalue equation follows from 4d S-duality through the
statement that Wilson and’t Hooft lines are S-dual to each other.?!

In particular the fact that the index of theories of class S in 4d can be written in the
form (4.21) is a 4d manifestation of the fact that the dimensionally reduced theories
admit a mirror description. That is the index written as (4.21) is a 4d precursor of
the 3d mirror symmetry. The interested reader might consult [33] for more thorough
discussion of these issues.

Finally let us also mention that the 3d eigenfunctions, S; partition functions of
Talsu(N)], provide a connection between the 4d index and the 4d s* partition
functions of theories of class S. As we mentioned T 5 [su(/N)] models are obtained
by considering N = 4 4d theories with a duality domain wall. The kernel which
implements the insertion of such duality wall in the S* partition function computation
is precisely the Sz partition function of ¥ [su(N)] [34]. In particular the difference
operator we obtained by reduction to 3d are the same difference operators introducing
line defects into Liouville-Toda/S* (AGT correspondence [21]) computations [7] (see
also [35]).

5 Integrable Models and Limits of the Index

The discussion of the previous section reduces the physical problem of determining
the superconformal index of class S theories to the mathematical problem of finding
a complete set of orthonormal eigenfunctions of the difference operators S, ) (X).
Remarkably, these operators are closely related to the Hamiltonians that define a well-
known class of integrable models, the elliptic relativistic Ruijsenaars-Schneider (RS)
models, aka relativistic elliptic Calogero-Moser-Sutherland models.

2l'When writing this equation as a difference operator annihilating the partition function, it gives rise
actually to the difference operator annihilating holomorphic blocks of the 3d partition function [32].
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The operator (4.14), &(0.1)(x), is related to the basic RS Hamiltonian H, (¢, ¢; p)
by a similarity transformation,

Huttoq: py = 24D : Son® [[Ttz/z:p. @)
0@ p) iy TCz/ziipo ) 7
(5.1)
Under the same similarity transformation, the propagator measure in the A,,_; case
becomes
%’i—[l dz; F(tZi/Zj; Pa 5.2)
2mz, it F(Zi/zj; P, q)

Higher operators, H,, can be constructed as polynomials in & ). One can think
of the n — 1 independent H, operators as associated to antisymmetric representa-
tions of SU(n), whereas & ) are associated to symmetric representations. Then
by exploiting group theory and the fact that the fundamental representation can be
trivially thought as either symmetric or antisymmetric one can translate between H,
and S g y) (see for example [35]).

The parameters p, ¢, and ¢ appear in the Hamiltonian H, (¢, ¢; p) on different
footing: (i) the parameter ¢ plays a role of coupling constant, (ii) ¢ is the shift para-
meter of the difference operator and can be understood as an exponent of the “speed
of light” parameter of the relativistic integrable system, (iii) the integrable model
is associated to an elliptic curve parametrized by p. Given an eigenfunction of H
dressing it with an arbitrary elliptic function in g a huge class of new eigenfunctions
can be obtained. This arbitrariness is lifted by the demand that the eigenfunction we
are after diagonalize both operators &g 5) and &, o) and in particular are symmetric
with respect to exchanging p and ¢.

The RS models have a long history of rich connections with gauge theories in
various dimensions (see e.g. [36, 37]). Nevertheless, for general values of (p, g, t)
determining the exact eigenfunctions and eigenvalues of the difference operators is
still an open problem. For some natural limits of the parameters the eigenfunctions
are well known. Curiously, many of the same limits have independent physical inter-
est, because they lead to a supersymmetry enhancement of the S* x S' partition
function. One can systematically classify the limits of the index that enjoy enhanced
supersymmetry, and relate them to integrable models. We will shortly review some of
the salient results in this direction. Physical properties of theories of class S impose
additional constraints on ¢; (z). For example, since some of the theories have known
Lagrangian description the indices can be explicitly computed as integrals of elliptic
Gamma functions and the results have to match the expressions evaluated using the
eigenfunctions. Exploiting the known expressions for the eigenfunctions for special-
ized values of the parameters and the additional physical constraints one can set up
a perturbative scheme around the known results to compute the eigenfunctions for
general values of the parameters [7, 16].

We now turn to discuss several useful limits of the index for which explicit expressions
for eigenfunctions are known.
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Schur index
The trace formula (2.2) that defines the general index can be written in the following
equivalent form (we suppress flavor fugacities to avoid cluttering):

1(q, p,t) = Tr(=1)F pad gad (Rir o=F'o: (5.3)
where

28) ={QL, QD))= E+2j;—2R—r>0
261 ={QL. QD)= E~2ji=2R~r>0
26, :={Qy: . (Q)} = E—2j,—2R+7r >0.

(5.4)

The inequalities follow from unitarity of the representation and will be useful momen-
tarily. The equivalence of (2.2) and (5.3) follows immediately by recalling that only
states with §,- = 0 contribute to the trace. The Schur index is the “unrefined” index
obtained by setting g = ¢. . One readily observes that on this slice the combination
of conserved charges appearing in the trace formula commute with a second super-
charge, Q! in addition to the supercharge Q- that leaves invariant the general
index. As the p dependence is 0! -exact, it drops out, and we are left with a simple
expression that depends on ¢ alone,?

ISchur = Tr(_l)F quR- (55)
The index counts operators with §! = §,- = 0, or equivalently

B (i
LO;:#—RZO, Z:=ji—jp+r=0. (5.6)

In fact, the unitarity inequalities in (5.4) give Lo > ‘f—' so the first condition implies
the second. We refer to operators obeying Lo = 0 as Schur operators. A Schur
operator is annihilated by two Poincaré supercharges of opposite chiralities (Q' and
@2; in our conventions). This is a consistent condition because the supercharges have
the same SU(2) g weight, and thus anticommute with each other. No analogous BPS
condition exists in an A = 1 supersymmetric theory, because the anticommutator
of opposite-chirality supercharges necessarily yields a momentum operator, which
annihilates only the identity.

221n principle the Schur index might make sense also for non-conformal N' = 2 theories quantized
on §? x R, although we are not aware of a detailed analysis of the requisite deformations needed to
define an N = 2 theory on such a curved background (the analysis of [38] might be of help here).
The A/ = 1 analysis of [4] is not sufficient, because the Schur index cannot be understood as a
special case of the N' = 1 index. Of course, in the non-conformal case one cannot relate S3 xR to
R* by a Weyl rescaling and there is no state/operator map.
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Table 3 This table summarizes the manner in which Schur operators fit into short multiplets of the
N = 2 superconformal algebra

Multiplet Oschur h = w r Lagrangian
“letters”

Bx wll.1 R 0 0.0

DR(.j2) QL wil R+ jp+1 2+ 0,0, 1,

DRr(j1,0) ol wll-l R+j1+1 —j1—3 0.0.2,

CRjnj) Q+QL‘1’£ iR+ p+2 i D', Q,D" 0,
LATLE Diﬂi

We use the naming conventions for supermultiplets of Dolan and Osborn [39]. For each supermul-
tiplet, we denote by W the superconformal primary. There is then a single conformal primary Schur
operator Oschur, Which in general is obtained by the action of some Poincaré supercharges on . We
list the holomorphic dimension 4 and U (1), charge r of Oschyr in terms of the quantum numbers
(R, j1, j2) that label the shortened multiplet (left-most column). We also indicate the schematic
form that Ogchyr can take in a Lagrangian theory by enumerating the elementary “letters” from
which the operator may be built. We denote by Q and Q the complex scalar fields of a hypermul-
tiplet, by AZ and XdI the left- and right-moving fermions of a vector multiplet, and by D the
gauge-covariant derivatives. Note that while in a Lagrangian theory Schur operators are built from
these letters, the converse is false—not all gauge-invariant words of this kind are Schur operators,
only the special combinations with vanishing anomalous dimensions

A summary of the different classes of Schur operators, organized according to how
they fit in shortened multiplets of the superconformal algebra, is given in Table 3 [5].
The first line lists the half-BPS operators belonging to the Higgs branch N' = 1
chiral ring, which have £ = 2R and j; = j, = 0. In a Lagrangian theory, these are
operators of the schematic form QQ ... 00.The SU(2)g hi ghest weight component
of the moment map operator u'!, which has E = 2R = 2 (and transforms in the
adjoint representation of the flavor group) is in this class. The second and third lines
of the table list more general N' = 1 antichiral (respectively chiral) operators. In
a Lagrangian theory they may be obtained by considering gauge-invariant words
that contain XL (respectively AL) in addition to Q and Q. Finally the forth line lists
the most general class of Schur operators, belonging to supermultiplet obeying less
familiar semishortening conditions. An important operator in this class is the Noether
current for the SU(2)g R-symmetry, which belongs to the same superconformal
multiplet as the stress-energy tensor and is universally present in any N = 2 SCF. Its
J1. component, with E = 3, R = 1, ji = j» = 3, is a Schur operator. Finally, note
that the half-BPS operators of the Coulomb branch chiral ring (of the form Tr ¢* in
a Lagrangian theory) are not Schur operators.

The Schur index earns its name from the fact that the wavefunctions are pro-
portional to Schur polynomials, and simple closed form expressions are available
for all the ingredients that enter the TQFT formula for the index (4.21). We will
quote the full expressions below in the more general Macdonald limit. The structure
constants C; (¢g) turn out to be inversely proportional to the quantum dimension of
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the representation A. One recognizes [40] the TQFT of the index as the zero-area
limit>* of g-deformed 2d Yang-Mills theory [43], which can also be understood as
an analytic continuation of Chern-Simons theory on C x S!. This observation has
been reproduced by a top-down approach [44, 45], starting from the (2, 0) theory on
the geometry S* x S! x C, first reducing on S' to obtain 5 YM, and then reducing
further on S? and using supersymmetric localization to obtain a bosonic gauge theory
on C, which is argued to coincide with g-YM.

In g-YM theory, introducing flavor punctures correspond to fixing the holonomies
of the gauge fields around the punctures. One can also define additional local oper-
ators by fixing the dual variables at the punctures [46]—in the language of Chern-
Simons theory on C x S!, this corresponds to adding a Wilson loop along the temporal
S!. These operators are the natural candidates to correspond to the surface defects
discussed in the previous section [7, 47].

Perhaps the most interesting fact about the Schur index is that it can be viewed
as the character of a 2d chiral algebra canonically associated to the 4d SCFT [5], as
we shall review in Sect.7. A related point is that the Schur index enjoys intriguing
modular properties encoding conformal anomalies [48]. For example the indices of
a hypermultiplet and the vector multiplets in the Schur limit become combinations
of theta functions,

1 1
Ty Araar(@) Ty (@) = —(@; ™ [ [ 0Gzi/z59),  57)

0(q2arq) oy
which have simple modular properties under

2mi

g=e"" - g =7, 7= 5 F=er . (5.8)

Here A g, is the Haar measure and we specialized for concreteness to SU(n) vector
field. An index of the gauge theory is given by contour integrals with the integrand
built from products of theta functions. The combination of theta functions in in the
integrand, Zu.,.(z; q), always forms an elliptic function in the fugacities, z corre-
sponding to the gauged symmetries,

Lnteg. qz;q9) = Iinteg. (z; q). (5.9

The gauge fugacities z can be thus thought as taking values on a torus with modular
parameter 7. The contour integral defining the Schur index of a gauge theory then
can be thought of as an integral over a cycle of the torus while the index after modular
transformation is given as an integral over the dual cycle. These properties beg the
question of the relation of the Schur index to mock modular forms, a relation which
is yet to be explored (Fig.5).

230n a surface of finite (non-zero) area, g-YM is not topological, but it still admits a natural class
S interpretation [41] as the supersymmetric partition function of the (2, 0) theory on S* x S! x C
where the UV curve C is kept of finite area [42].
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Fig. 5 The Schur index of a gauge theory is given by an integral over fugacities z taking value in
a torus with modular parameter 7. After modular transformation, T — — %, the index is written as
an integral over the dual cycle

Macdonald limit
Taking p — 0 1in (5.3) is a well-defined limit, thanks to positive-definiteness of the
associated charge 8! . The trace formula reads

Twiac(q, 1) 1= Trm(= D) g2 184 = Ty (= 1) g2 B4, (5.10)

where the subscript in the trace indicates that we are restricting by hand to the states
with 81 = 0. Clearly, we are concentrating on the operators that are also annihilated
by the supercharge Q! , in addition to @2;. These are of course the same as the Schur
operators, but we are now refining their counting by keeping track of the quantum
number R + r. For ¢ = t, we recover the Schur index.

This limit is mathematically very interesting. Our difference operators and our
integration measure become identical (up to conjugation) to the well-studied Mac-
donald difference operators and Macdonald measure [49]. The diagonalization prob-
lem is completely solved in terms of Macdonald polynomials, a beautiful two-
parameter generalization of the Schur polynomials. In the Macdonald limit we set
the elliptic curve of the Ruijsenaars-Schneider model, p, to zero the integrable model
becomes thus trigonometric (but still relativistic). For example, in the A case after
conjugation (5.1) the basic hamiltonian becomes,’*

1
f@)~ L f(q o4zt f(cffz) 5.11)

We are then able to find closed form expressions for the general wavefunctions
and for the structure constants [6]. The wavefunction for a general choice of puncture
(embedding) and representation now takes the following form,

VU (Za5 4, 1) = Ka(Za; q, 1) Py(fug, (za;1); g, 1). (5.12)

Here PE% (z; g, t) are the Macdonald polynomials labeled by finite dimensional repre-
sentations R of Lie algebra g and orthonormal under the Macdonald measure, which,

24Note that this is the same operator that we obtained in a quite different context of the reduction
of the elliptic difference operator &(q, ) to three dimensions 4.34.
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e.g., for g = su(n) is given by,

1 @/z9)
Ags(@) = — g Gafora) (5.13)

The K -factors admit a compact expression as a plethystic exponential [50],

Ka(zaiq.n) =PE.| > 3
J

Ko ) | (5.14)

where the summation is over the terms appearing in the decomposition of Eq. (4.28)
applied to the adjoint representation,

adj, = PRI @ v;. (5.15)

J

X 2{"(“]») (z) is the Schur polynomial of Lie algebra h, corresponding to representation

R;adj). For the maximal puncture, corresponding to the trivial embedding Any.x = 0,
the wavefunction reads,

Amax t
Y™ (X 4, 1) = Kmax (%: ¢, 1) Py(X: ¢, 1), Kmax(x: g, 1) :=P.E. [qufdj(m] .

1
(5.16)
At the other extreme, for the principal embedding A = p, the decomposition of
Eq.(5.15) reads

rank g

adj, = @ V1. (5.17)
i=1

where {d;} are the degrees of invariants of g, so in particular d; = i + 1 for su(n).
We then find
rank g d;

¥i(q.1) = P.E. [Z 1’_ q} PE (fug, (1)). (5.18)

i

For g = su(n), the fugacity assignment associated to the principal embedding takes
a particularly simple form,

n—3 n—1
2

fug, () = ("1, ... (5.19)

Provided that,
Cx(q) ' =Yg, 1), (5.20)
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we thus obtain an expression for the Macdonald index of any class S theory with
regular punctures,

Tuac(g, 1 %) = D_ Con(g, ) [ [ v’ a5 0. 0) (5.21)
R i=1

with all the ingredients explicitly given above.

In the Macdonald limit, the TQFT of the index is recognized as a certain deforma-
tion of g-YM, closely related to the refined Chern-Simons theory on C x S! discussed
in [51]; the refinement amounts to changing the measure in the path integral of g-YM
from Haar to Macdonald.

Hall-Littlewood limit
Proceeding one step further, we can take the ¢ — 0 limit in the Macdonald index.
The trace formula reads

T (t) := Try (—1)F 717 (5.22)

where we are restricting the trace to states with 8 = §! = 0. In the ¢ — 0 limit,
Macdonald polynomials reduce to the much more manageable Hall-Littlewood (HL)
polynomials. The HL index of theories of class S takes a relatively simple form: it
is always a rational function of 7.

The HL index receives contributions from operators annihilated by the three super-
charges Q! , Q! and Q, . This is precisely the subset of Schur operators with j; = 0,

corresponding to the Band D multiplets, listed in the first two rows of Table 3. Since
such Hall-Littlewood operators are killed by both spinorial components of Q! they
are chiral® with respect to an A/ = 1 subalgebra, and thus form a ring, which is
consistent truncation of the full A" = 1 chiral ring. In a Lagrangian theory, they are
composite operators made with the complex hypermultiplet scalars Q and Q and
the )»}L component of the gaugino, but no derivatives. There is a further consistent
truncation of the ring to operators with j, = 0: this is the Higgs branch chiral ring,
spanned by the bottom component of the Be multiplets. A
For an A/ = 2 SCFTs associated to a linear quiver, one can show that only the B
multiplets contribute to the HL index. This is the case because the gauginos are in
one-to-one correspondence with the F-term constraints on the Higgs branch chiral
operators, so their contribution to the index (which comes with a minus sign) is
precisely such to enforce those constraints. It follows that for linear quivers the HL
index coincides [6] with the Hilbert series of the Higgs branch (see e.g. [52, 53]).
The equivalence between the HL index and the Higgs branch Hilbert series appears
also to hold for the 7, building blocks (see [6]), and so by the same reasoning it
extends to all class S theories associated to curves of of genus zero. One can then
use the HL index to compute the Hilbert series of multi-instanton moduli spaces for
E, groups [18, 54], which are quite intricate to compute using other methods (see

25To be pedantic, antichiral.
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e.g. [55]). The HL index and the Higgs Hilbert series are not the same for theories
with genus one or higher, where D multiplets play a role.?

Coulomb limit
There is another limit of the index that leads to supersymmetry enhancement: one
takes #, p — 0 while keeping ¢ and £Z fixed. It is called the Coulomb limit because
in a Lagrangian theory the hypermultiplet single-particle index (2.9) goes to zero;
the only supermultiplets that contribute in this limit are the short multiplets of type
g,e(o,o) (in the notations of [39]), whose lowest components are the operators of
the Coulomb branch chiral ring, of the form Tr ¢F. That there should exist a limit
of the general index for which only {(Cj_[(()’())} contribute is a priori clear from the
fact that these multiplets do not appear in any of the recombination rules, so their
multiplicities define an index.

In a Lagrangian theory with simple gauge group G, the Coulomb index is given
by [6]

Tc = f[dz]GA u(z) =PE Z Tesr | (5.23)

Leexp(G)

where exp(G) stands for the set of exponents of G, A, N (z) is the Macdonald
measure (5.13) (which arises by taking the Coulomb 11m1t of the usual propagator
measure), and Ig+1 is the index of an individual g_g(() oy multiplet. This is a well-
known mathematical equality, going by the name of the the Macdonald central term
identity. It can be understood physically as the statement that the Coulomb chiral
ring is freely generated by a set of operators in one-to-one correspondence with the
Casimir invariants of G, for example {Tr¢* }, k = 2, ...n for G = SU(n).”’

6 Some Generalizations

The discussion in previous sections can be extended and generalized in several ways.
We will discuss some of the open problems in Sect. 8, while here let us briefly mention
some of the work that has already appeared in the literature.

e In this review we have concentrated on class S theories of type A. A similar
analysis can be performed for theories of type D and E. Following our TQFT
intuition the indices should be expressible in terms of a complete set of functions.

26 Assuming that the Higgs branch of the 4d theory of class S is isomorphic to the Higgs branch of
the dimensionally reduced theory, we can consider the Coulomb index [33, 56, 57] of the mirror
dual theory (see Sect.4.5). The 3d Coulomb index of the mirror coincides with the Hilbert series
of the Higgs branch of theories of class S for any genus. We refer the reader to [33] for further
discussion of this issue.

2T The fact that the Coulomb branch is freely generated is known to be true by inspection for theories
of class S of type A we discuss here, but is not obvious for theories of type D and E: it would be
interesting to clarify this issue. We thank Y. Tachikawa for this comment.
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The integrable models we discussed here for which the relevant set of functions
for the A case is a set of eigenfunctions have natural generalizations to the D
and E cases. In particular the eigenfunctions for D and E cases are known in the
Macdonald limit. These eigenfunctions have been used to compute indices for the
three-punctured spheres D type class S theories [58, 59] and for the E type class
S theories [60]. One can also consider indices with outer-automorphism twists
around the temporal S! as was done in [50].

e Performing a different twist of the 6d putting Riemann surface can result in a 4d
theory with N = 1 supersymmetry rather than A" = 2 [61]. The resulting " = 1
theories are closely related to the N = 2 class theories and in particular their
indices can be exactly computed resulting in expressions which are very similar
to the ones discussed here [62, 63]. The N' = 1 theories can be also built using
outer-automorphism twists and the corresponding indices can be computed as was
done in [64].

e In the process of determining the index we have found it useful to consider indices
of theories with surface defects. The theories of interest admit a variety of other
supersymmetric defects in presence of which the index can be computed. For exam-
ple, one can compute the Schur index in presence of supersymmetric line operator
wrapping the S! [65, 66]. Here the answers are easily obtained in case of Wilson
lines but in case of 't Hooft lines the computation is much more involved [66] if
one chooses to perform the computation without making use of S-duality. Other
examples of extended objects involve domain walls [67] and more general surface
defects than discussed here [35, 47].28

e Finally let us mention that the dualities satisfied by the theories of class S imply
highly non-trivial identities satisfied by the superconformal indices. These iden-
tities take usually the form of equalities between different integrals of elliptic
Gamma functions and or (infinite) sums of orthogonal functions. To give an exam-
ple let us write down the index of the SU(N) N = 2 SYM with 2N flavors. This
theory corresponds to a sphere with two maximal and two minimal punctures and
its index is proportional to [11],

N—1

dzy r( 7 Zz/zj Pq) +1
7{ H zmu A CTae lHla];[]F(zz(z,yaa) ;P q)F(zz(z Legb)® pLg).
6.1)

Here a and b are fugacities for the U (1) symmetries associated with the minimal
punctures and x with y are fugacities associated with the maximal punctures. The
S-duality exchanging the two minimal punctures implies that the above integral
is invariant under exchange of a and b. Mathematically this property is not at
all obvious and was proven for the SU(2) case in [69]. As far as we know no
mathematical proof for higher rank cases exists as of this moment. Another simple

28The index of theories of class S in presence of codimension two defects of the 6d theory wrapping
the Riemann surface [68] has not been analyzed yet.
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example of an unproven identity following from S-duality propertied of the index
is the equality of the indices of SO (2n + 1) and SP (n) N = 4 theories [15].

7 Chiral Algebras and the Schur Index

In this section, we give a brief outline of the structure discovered in [5]. The basic
claim is that any N' = 2 SCFT admits a closed sector of operators and observables,
isomorphic to a two-dimensional chiral algebra. The Schur index is recognized as
the character of this chiral algebra,

Traq (1" q" = Tscnur (@) (7.1)

To understand this surprising claim, we start with the following seemingly innocent
observation. The states that contribute to the Schur index can be equivalently char-
acterized as belonging to the cohomology of a single nilpotent supercharge, a linear
combination of Poincaré and conformal supercharges,

Q=0 +82 (7.2)

Indeed, R
{Q,Q")=2Ly=E — (ji + j») — 2R, (7.3)

so the harmonic cohomology representatives obey the Schur condition (5.6). By
the state/operator map, states are as always in correspondence with local operators
inserted at the origin. So Schur operators Ogscpy, (0) inserted the origin belong to the
cohomology of Q.

What is the cohomology of Q more generally? One easily shows that Z defined in
(5.6) is Q -exact, so a local operator can be @ -closed only if it lies on the plane fixed
by ji — Jja, which we call the chiral algebra plane. We use the complex coordinate
z (and its conjugate z) to parametrize the chiral algebra plane. The global conformal
algebra on the chiral algebra plane is the standard s[(2) x sl(2), with generators L,
and Z,,, forn = —1,0, 1, and is of course a subalgebra of the four-dimensional
conformal algebra. For example,

_Etpti ;s _E-Gith)
- rhre gy Z U

L , -
0 2 2

(7.4)

It turns out that .
[Q,L,]=0 but [Q,L,]#0, (7.5)

so a Schur operator Ogepy(z, Z) inserted away from the origin is not Q -closed.

There is however a simple fix. We introduce a twisted algebra 5/[(2\) as the diagonal
subalgebra of s[(2) x su(2)g,
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Z_l = Z_l + R, ZO = I:O—R, Z-H = Z+] —RT. (7.6)

(In retrospect, this explains why the combination of charges in the first equation of
(5.6) was denoted by Lo). Remarkably, the twisted generators L, are @ -exact. It
follows that starting from a Schur operator inserted at the origin, we can act with
twisted translations to obtain a Q -closed operator defined at a generic point (z, z)
on the chiral algebra plane,

O(z. 2) = €L O (0, 0)e L1 (7.7)

A Schur operator is necessarily an s1(2) g highest weight state, carrying the maximum
eigenvalue R of the Cartan. Indeed, if this were not the case, states with greater values
of R would have negative Lo eigenvalue, violating unitarity. We denote the whole
spin k representation of 5u(2) g as O with Z; = 1, 2. Then the Schur operator
is Osehur = O'1°1(0), and the twisted-translated operator at any other point is given
by

O(z,2) == uz, () -+ ug, (7) OF 10 (z,7), ur(@) = (1,2). (7.8

By construction, such an operator is annihilated by @, and @ -exactness of L_ 1
implies that its 7 dependence is @ -exact. It follows that the cohomology class of the
twisted-translated operator defines a purely meromorphic operator,

[0z, D]lqg ~ O@). (7.9)

Operators constructed in this manner have correlation functions that are meromor-
phic functions of the insertion points, and enjoy well-defined meromorphic OPEs at
the level of the cohomology. These are precisely the ingredients that define a two-
dimensional chiral algebra! The relation (7.1) of the chiral algebra character with the
Schur index follows at once by observing that Lo=0 implies Ly = E — R, so the
trace formula (5.5) that defines the Schur index is reproduced.

There is a rich dictionary related properties of the 4d SCFT with properties of
its associated chiral algebra. Let us briefly mention some universal features of this
correspondence:

e The global s[(2) symmetry is enhanced to the full Virasoro symmetry, with the
2d holomorphic stress tensor 7 (z) arising from the Schur operator in the SU(2) g
conserved current, 7' (z) := [Jr(z, 2)]q - The 2d central charge is given by

Crg = —12 Cad, (710)

where c4y is one of conformal anomaly coefficients of the 4d theory (the one
associated to the Weyl tensor squared).

e The global flavor symmetry of the SCFT is enhanced to an affine symmetry in the
associated chiral algebra, with the affine current J(z) arising from the moment
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map operator, J(z) := [M(z,2)]q - The 2d level is related to the 4d level by
another universal relation,

k2d=—7. (7.11)

e The generators of the HL chiral ring give rise to generators of the chiral algebra.

Remarkably, the geometry of the 4d Higgs branch is encoded algebraically in

vacuum module of the chiral algebra: Higgs branch relations correspond to null
states.

Free SCFTs are associated to free chiral algebras. The free hypermultiplet cor-
responds to the chiral algebra of symplectic bosons (g, ¢), of weights (%, %), while
the free vector multiplet corresponds to a (b, ¢) ghost system of weights (1, 0).

There is also a chiral algebra counterpart of the index gauging prescription (2.12).
We start with a SCFT 7, whose chiral algebra x [7 ] is known, and define anew SCFT
7 by gauging a subgroup of the flavor symmetry, such that the gauge coupling is
exactly marginal. A naive guess for finding the chiral algebra associated 7 is to take
the tensor product of x[7] with a (b%c4) ghost system in the adjoint representation
of G, and restrict to gauge singlets. This would be the direct analog of (2.12), and
is indeed the correct answer at zero gauge coupling. But at finite coupling, some
of the Schur states are lifted and the chiral algebra must be smaller. There is an
elegant prescription to find the quantum chiral algebra: one is instructed to pass to
the cohomology of

dz . . 1
OBRsT ‘= 7{ i JBRST(Z),  JBRST ‘= Ca [JA - EfAlé CBbC} , (7.12)

where J is the G affine current of x [7]. This BRST operator is nilpotent precisely
when the B = 0, which amounts to kpy = —2h", where h" is the dual Coxeter
number of G. By this prescription, we can in principle find x [7] for any Lagrangian
SCFT 7.

The chiral algebra contains much more information that the Schur index. The
state space of the chiral algebra can be regarded as a “categorification” of the Schur
index: it consists of the cohomology classes of @ , whereas the index only counts such
cohomology classes with signs, and so it knows about sets of short multiplets that are
kinematically allowed to recombine but do not. In addition, there may be multiplets
that cannot recombine but nonetheless make accidentally cancelling contributions to
the index, and these are also seen in the categorification. And of course, the chiral
algebra structure goes well beyond categorification—it is a rich algebraic system that
also encodes the OPE coefficients of the Schur operators, and is subject to non-trivial
associativity constraints.

For theories of class S, there is a generalized topological quantum field theory that
associates to a decorated Riemann surface the corresponding chiral algebra. Asso-
ciativity of the gluing of Riemann surfaces imposes highly non-trivial requirements
on the chiral algebras of the elementary building blocks 7;,. Finally, let us mention
that the task of reducing the rank of a puncture can be accomplished directly in the
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chiral algebra setting, by a generalization of quantum Drinfeld-Sokolov reduction.
We refer to [5, 70] for a detailed discussion of this very rich structure.

8 Some Open Questions

We conclude by discussing some open problems and possible generalizations of
the topics discussed in this review. The main focus of this review was the partition
function on S* x S! for V' = 2 superconformal theories in four dimensions: gener-
alizations and extensions of our logic can be entertained by relaxing each of these
qualifiers.

e More partition functions

A rather natural generalization is to consider indices with the theory quantized on
more generic manifolds, i.e. M3 x S'. For example, one can take M3 = S? /Z,,
the lens space [71]. The superconformal index discussed in this paper is a special
case of the partition functions defined using this sequence of manifolds, r = 1.
The lens space with » > 1 has a non-contractable cycle and thus is sensitive to
non-local objects in the theory. In particular, unlike the superconformal index it
can distinguish theories differing by choices of allowed line operators and/or by
choices of the global structure of the gauge groups. One would expect that as
long as the manifold on which the partition function is computed has an S' the
arguments of this paper can be reiterated. In particular the partition functions in
these cases should be computable by a 2d TQFT. This has been discussed in the
case of the lens space [72, 73], and it would be interesting to extend the analysis
to other partition functions, e.g. T2 x S? [74, 75].

e More theories

The superconformal index is not yet fixed for all N' = 2 theories in 4d. For
example, we do not know at the moment how to compute the index depending
on the most general set of fugacities for Argyres-Douglas theories and theories
corresponding to Riemann surfaces with irregular singularities [76].%° It would be
very interesting to fill this gap in our current understanding. To do so it might be
useful to exploit the chiral algebra associated to these theories and its relation to
the (Schur) index. Another, related, question is what kind of partition functions
can be exactly computed for N' = 2 theories which are not superconformal.

e Properties of the index
The indices which we can compute have many interesting properties not all of
which were sufficiently well studied. For example, the 4d indices have factorization
properties [78, 79] similar to the ones studied for the partition functions of 3d
theories [32, 80, 81]. Another example is that of modular properties the indices
have under non linear transformations of some of the chemical potentials [48, 82]
(see also [30, 83-85]).

29See however [77] for some recent discussion.
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e Less supersymmetry and/or other space-time dimensions
A very important open question is whether the methodology which allowed us to
fix the index of a large class of NV = 2 theories can be applied to theories with less
supersymmetry and/or theories in different space-time dimensions: this remains
to be seen.

¢ Relations to mathematics
The superconformal index is directly related to different branches of exciting
mathematics. To list just couple examples: it is a gold mine for extracting identities
satisfied by elliptic hypergeometric integrals; and it is closely related to quantum
mechanical integrable systems with their very rich mathematical structure. There
is a real chance here for a mutually beneficial dialogue between the mathematics
community working on these topics and the physics community.

Acknowledgments It is a great pleasure to thank Chris Beem, Abhijit Gadde, Davide Gaiotto,
Madalena Lemos, Pedro Liendo, Wolfger Peelaers, Elli Pomoni, Brian Willett, and Wenbin Yan,
for very enjoyable collaboration and countless discussions on the material reviewed here. We thank
Davide Gaiotto and Yuji Tachikawa for useful comments on the draft. LR thanks the Simons
Foundation and the Solomon Guggenheim Foundation for their generous support. He is grateful
to the IAS, Princeton, and to the KITP, Santa Barbara, for their wonderful hospitality during his
sabbatical leave. LR is also supported in part by the National Science Foundation under Grant No.
NSFPHY1316617. SSR gratefully acknowledges support from the Martin A. Chooljian and Helen
Chooljian membership at the Institute for Advanced Study. The research of SSR was also partially
supported by National Science Foundation under Grant No. PHY-0969448, and by “Research in
Theoretical High Energy Physics” grant DOE-SC00010008. SSR would like to thank KITP, Santa
Barbara, and the Simons Center, Stony Brook, for hospitality and support during different stages
of this work.

Appendix 1: Plethystics

In this appendix we collect the definitions of some special functions and combi-
natorial objects used in the bulk of the review. The Pochammer symbol is defined
as

@ p) =[]0 —2p9. @.1)

The theta-function is given by

-1

0(z; p):=(z; p)(pz; p). (8.2)
The plethystic exponential is given by
— 1
PE[f(x,y,...)] :=exp sz(xf,y@,...) : (8.3)
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In particular

, PE[—x] =1 —x. (8.4)
The inverse of the plethystic exponential is the logarithm, given by

n()

7 In f(x% ¥y, .., (8.5)

PL{f(x,y,..)]:= Z
=1

where 14 (£) is the Mobius mu-function. Finally the elliptic Gamma function is defined
as

7z — 24 ot 1 — pitl j+lZ—l
F@pog=PB| ——i =[] -2 6
A-pd-q9| S5 1-pqz

Appendix 2: A/ = 2 Superconformal Representation Theory

In this appendix (adapted from [5]) we review the classification of short representa-
tions of the four-dimensional A = 2 superconformal algebra [2, 39, 86].

Short representations occur when the norm of a superconformal descendant state
in what would otherwise be a long representation is rendered null by a conspiracy of
quantum numbers. The unitarity bounds for a superconformal primary operator are
given by

E>Ei9 ji#ov
E:E,-—2 or E}E,’, ji=0, (87)

where we have defined
E1=2+2]1~|—2R+r, E2=2+2J2~|—2R—F, (88)

and short representations occur when one or more of these bounds are saturated.
The different ways in which this can happen correspond to different combinations
of Poincaré supercharges that will annihilate the superconformal primary state in
the representation. There are two types of shortening conditions, each of which has
four incarnations corresponding to an SU(2) g doublet’s worth of conditions for each
supercharge chirality:

BY:  QIy)=0, a=1,2 (8.9)
Br: Qmly)=0, a=1,2 (8.10)
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Table 4 Unitary irreducible representations of the ' = 2 superconformal algebra

Shortening Quantum number DO KMMR
relations

%) E > max(Eq, E) A%,r(_/’l,jz) aaa ji R

B! E=2R+rj1=0 |Brro.jp) bag ;, r.r

Bz E =2R — rjz =0 BR,r(j],O) abjl_O,,_R

BN B2 E=rR=0 Er0, o) bag, j, .0

B] N Bz E=—-—rR=0 g_r(jl,O) abj|,01,,0

BN B, E=2Rji=j2= Br bbg 0,0,
r=20

Cl E:2+2j1+2R+r CR,r(jl,jz) cajlvjz,,,R

G E=242jp4+2R—r | Crr(j1.j») acj, jo.r.R

clnc? E=242j+rR=0 CO,r(jl,jz) €aj, j,.r0

CiNG E=242jo—rR=0|Cori.p) acj,, jp.r0

cne E=2+2R+ ji + j2| CRijrjn) €€y jo.jo—i1.R
r=j2—ji

B'NnG E=142R+j» DR, j») beo, j, jp+1,R
r=j+1

Bnc! E=142R+j—r= ﬁR(jl,O) cbj 0—ji-1.R
J1+1

B'nB*NG E=r=1+jar=|Do.j) beo, jo, jr+1,0
j2+1IR=0

cin BiNB E=-r=1+4j ﬁO(j],O) cbji0,—j1-1.0
—r=j1+1R=0

efQr  ¥)p=0. ji #0
ePQIQf 1Y) =0, h=0
6. 19 W =0, 2#0

€?Qr,Qzp 1Y) =0, jo=0

ct. , (8.11)

, (8.12)

The different admissible combinations of shortening conditions that can be simulta-
neously realized by a single unitary representation are summarized in Table 4, where
the reader can also find the precise relations that must be satisfied by the quan-
tum numbers (E, ji, j2, r, R) of the superconformal primary operator, as well as
the notations used to designate the different representations in [39] (DO) and [2]
(KMMR).*®

At the level of group theory, it is possible for a collection of short representations
to recombine into a generic long representation whose dimension is equal to one of
the unitarity bounds of (8.7). In the DO notation, the generic recombinations are as
follows:

30We follow the R-charge conventions of DO.
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2RAFH242)1 o

AkrGon = CrrGinin © CreLre L=ty (8.13)
2R—r+2+2r , A 5

ArrGrn = Cretriy @ Crir—1Gi 1) (8.14)

Wikt o p R R R
AR,jlszul,jz) = Crijrjn @ CR%(jlf%,jz) @ CR+%<j1,jr%> ® CR+1(jlf%,jr%)-

(8.15)

There are special cases when the quantum numbers of the long multiplet at thresh-
old are such that some Lorentz quantum numbers in (8.13) would be negative and
unphysical:

R4r42
AR,r(S,jz) =~ Crr.) ® BR+1,r+%(0,jz)’ (8.16)
WR-ri2 3 5

AR,r(jr‘l,O) — CR,r(jn,O) ® BR+1,;-—%(]',,0)’ (8.17)

Wpt2 4 5
Ar 507 = Cr0.7) ® Dr+10.j2) @ Cri 10— 1) @ Pridp- 1) (8.18)

W2 4 5 = =
Ar o) = CrGi0) ® Criti-1.0) ® Dr41(iio) @ Drysji—10 (819
2R+2 5 > 3

AZ50.0) = Cro.0) ® Dr410.0) ® Dr110.0) ® Bry2- (8.20)

The last three recombinations involve multiplets that make an appearance in the
associated chiral algebra described in this work. Note that the £, £, B%, B, B 3 Do,

D, D% and D_% multiplets can never recombine, along with B%,,(O, j» and B%,,( 7.0)
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A Review on SUSY Gauge Theories on S°

Kazuo Hosomichi

Abstract We review the exact computations in 3D A = 2 supersymmetric gauge
theories on the round or squashed S* and the relation between 3D partition functions
and 4D superconformal indices. This is part of a combined review on the recent
developments of the 2d—4d relation, edited by J. Teschner.

1 Introduction

Localization principle has been a powerful tool in the study of supersymmetric field
theories which allows one to evaluate certain SUS Y-preserving quantities by explicit
path integration. It was first applied to 3D SUSY gauge theories on S° in [1], where
a closed formula for partition function and Wilson loop was obtained for a class of
N > 2 superconformal Chern-Simons matter theories. With generalization by [2,
3], exact formula is now available for arbitrary 3D A = 2 SUSY gauge theories. The
essential idea of localization is that, since nonzero contribution to supersymmetric
path integrals arise only from SUSY invariant configurations of bosonic fields called
saddle points, infinite dimensional path integrals can be reduced to finite-dimensional
integrals over saddle points. It turned out that the analysis of 3D gauge theories on
§3 is much simpler than the case of 4D A = 2 SUSY gauge theories on S* [4] (see
[V:6] for areview in this volume), due to the absence of saddle points with non-trivial
topological quantum numbers.

The exact partition function, which depends on the radius of S 3 as well as some
of the coupling constants, is one of the most basic quantities characterizing N' = 2
supersymmetric theories. More information about the theories can be obtained by
putting them on different 3D backgrounds preserving rigid supersymmetry and eval-
uating partition functions. In [5] it was shown that one can construct rigid ' = 2
SUSY gauge theories on the ellipsoid S,f with U (1) x U(1) isometry,
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PP+ xD) + 07205 +x3) = 1, (1.1)

with a suitable background vector and scalar fields. The additional fields which
are required to make the ellipsoid supersymmetric have their origin in the off-shell
supergravity [6], where the fully generalized form of Killing spinor equation appears
as local SUSY transformation laws of fermions in the supergravity multiplet. The
ellipsoid partition function was shown to depend on the squashing parameter b in
a nontrivial manner. Another important background with rigid supersymmetry is
52 x S! which leads to the path integral definition of the 3D superconformal index
[7, 8]. There are also results on more general 3D manifolds with a slightly different
formalism based on topological twist [9, 10].

Another useful approach to find supersymmetric deformations of the round S*
is the Scherk-Schwarz like reduction of S' x §3, which means that one includes
finite rotation in the S* direction in the periodic identification of fields along S'. This
approach also makes an explicit connection between the 3D partition functions and
4D superconformal indices [11-14], and in particular the relation between nonzero
angular momentum fugacity in 4D and the deformed geometry in 3D [15, 16]. As
was shown in [17, 18], the dimensional reduction results in the familiar squashed
§3 with SU(2) x U(1) isometry, with some additional background fields turned
on. However, there are two inequivalent reductions whose effect on the 3D physical
quantities are totally different.

Meanwhile, the study of certain domain walls in 4D N° = 2 superconformal
gauge theories in connection with AGT relation led to a conjecture that there is a
precise agreement between quantities in 3D gauge theories on S° and the represen-
tation theory of Virasoro or W algebras [19, 20]. In general, compactification of a
(2, 0) theory on a Riemann surface ¥ gives rise to several different (Lagrangian)
descriptions that are related to one another by S-duality [21]. The S-duality domain
walls are defined by gluing two mutually S-dual theories along an interface, and
therefore have a natural connection to the elements of the mapping class group or
Moore-Seiberg groupoid operation acting on conformal blocks. In this respect, it is
important that the squashing parameter b corresponds to the Liouville or Toda cou-
pling constant. Indeed, one of the building blocks of the ellipsoid partition function
is the double-sine function s, (x), which in our context is most conveniently defined
as the zeta-regularized infinite product [22]

—1 Q .
50 = ] mb+”b7 +é l (sz+l) (12)
mneZono mb +nb~' + 5 +ix b

The same function appears in the structure constants of Liouville or Toda CFTs with
coupling b.

This review is organized as follows. In Sect.2 we review the correspondence
between a 3D gauge theory and 2D conformal field theories in the canonical example
of the S-duality domain wall in A" = 2* SU(2) super Yang-Mills theory. In Sect. 3
we review the localization computation for 3D gauge theories on the round S* and the
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ellipsoid S,? , and summarize the formulae for partition function as well as expectation
values of loop observables. In Sect. 4 we review the path integral computation of 4D
superconformal index, and see how the squashed S° background arises as a result of
Scherk-Schwarz reduction.

2 3D AGT Relation

We review here the correspondence between 3D gauge theories and 2D conformal
field theories in one typical example. The original idea was given in [19] which
discussed the S-duality domain walls in 4D N = 2 superconformal theories of class
S, namely the compactification of (2, 0)-theories on punctured Riemann surfaces (see
[V:2] for areview). Itis important to recall here that, for this class of theories, there are
different gauge theory descriptions corresponding to different pants decomposition o
of the surface X, and they are equivalent (S-dual) to one another. Also, if Lagrangian
descriptionis available, its gauge coupling g is determined from the complex structure
of ¥ which we regard to take values in Teichmiiller space.

2.1 Janus and S-Duality Domain Walls

A Janus domain wall is a supersymmeric deformation of gauge theories which makes
the complexified gauge coupling jump across the wall. Consider a theory of class S on
S* with a Janus wall along the equator S* where the two (left and right) hemispheres
with couplings ¢ and ¢’ meet. The 4D partition function in the presence of the wall
should be given by

z = / dv(a) FO@DF ). @.1)

as the product of the instanton partition functions JF integrated over the real Coulomb
branch parameters a with an appropriate measure. Here m denotes a collection of
mass parameters, and o labels a choice of pants decomposition. For generic complex
structure ¢ there is a natural pants decomposition which leads to a weakly coupled
gauge theory description, and we choose o to be the natural one at g.

As ¢’ is varied away from ¢, the gauge theory on the right hemisphere becomes
strongly coupled. To analytically continue the formula (2.1) in such a situation, one
needs to S-dualize the right hemisphere and move to another pants decomposition
o’ which gives a weakly coupled description at ¢’. We then have a system of two
mutually S-dual theories meeting along the so-called S-duality domain wall. In the
special case where ¢’ is an image of ¢ under the mapping class group, o and ¢’ are
equivalent so the theories on the two sides of the wall are the same. However, their
degrees of freedom are connected across the wall via S-duality.
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Under the AGT relation, the instanton partition functions correspond to Liouville
or Toda conformal blocks labeled by a fusion channel o and the internal and external
momenta a, m. They should therefore transform under S-duality in the same way that
the corresponding conformal blocks transform under the Moore-Seiberg groupoid
operation g,

FO ) = / V(@) Guatom FE ). 22)

By substituting (2.2) into (2.1) we obtain a formula for the s4 partition function in
the presence of an S-duality domain wall. Now the integration variables get doubled,
as the Coulomb branch parameters on the two sides of the wall can vary indepen-
dently. At this point, it is natural to expect that the integration kernel g, o, in (2.2)
corresponds to the degrees of freedom localized on the S-duality wall between the
two 4D theories in their vacua a, a’.

In general, the S-duality walls should be described by some local 3D worldvolume
field theories coupled to the 4D bulk degrees of freedom. In the following we take the
example of N' = 2* SYM theory, which is a deformation of N' = 4 SYM by a mass
of the adjoint hypermultiplet. The S-duality transformations for this theory form the
group SL(2, Z) and we are interested in the wall corresponding to the “S-element”.
For SU(N) gauge group, we expect the correspondence with the Ay _; Toda theory
on a one-punctured torus. In the Liouville case N = 2, the kernel for the S-duality
operation acting on torus 1-point conformal block is known explicitly [23],

) 64711170 .

23 so(p'+o+dpe+ Q) s (b —o+Lpr+1E
9p.p'.pe) = , ,
p(PE) JR g, (P’-H’—%PE—%) Sb (P’—U—%PE—%)

2.3)

Here b is the Liouville coupling and Q = b+ b~!. The Liouville momenta p, p’, pg
are related to the conformal weight 4 labeling the Virasoro highest weight represen-
tations by the formula 2 = p* + Q2 /4. The double-sine function s;,(x) is defined by
(1.2), and will appear frequently later in this article.

2.2 Example: N = 2* SYM

A classification of boundary conditions and domain walls for A" = 4 SYM theories
with general gauge group G was given in [24, 25], and the action of S-duality on
these objects was also studied. The 3D theory on the S-duality domain walls, called
T[G], plays a central role in this story. For SU(N) gauge group, it was shown that
the wall theory T[SU(N)] is given by a 3D A/ = 4 SUSY quiver gauge theory
corresponding to the diagram in the left of Fig. 1. Here the circles and the square
correspond respectively to the gauge symmetry U(1) x U(2) x --- x U(N — 1)
and a global U(N) symmetry, and the links correspond to hypermultiplets. The
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NS5(012345)
D3(0126)

D5(012789)

Fig. 1 The quiver diagram and a type IIB brane construction for the 3D gauge theory T[SU (N)]

Coulomb and Higgs branch moduli spaces both have an SU(N) symmetry which
can be coupled to the gauge fields in the bulk.

A simple type IIB brane construction can reproduce this fact. Consider N D3-
branes stretched along the directions 0126 with —L < xg < L, ending on the
D5-branes at x¢ = £L extending in the directions 012789. Due to the boundary
condition at D5-branes, the massless modes on D3-brane wordlvolume decompose
into 3D NV = 4 vector and hypermultiplets. The vectormultiplet fields obey Dirichlet
boundary condition, so for small L they are frozen to take vacuum configuration. As
was explained in [24], to avoid D3-branes developing Nahm poles at the boundary,
we need to introduce N D5-branes at each end so that each D5-brane has precisely
one D3-brane ending on it. Nonzero (real) Coulomb branch parameter a can then be
introduced by putting the ith D5-branes at, say, (x3, x4, x5) = (a;, 0, 0) at each end.

Consider next the same brane configuration but now with an S-duality domain
wall on the D3-brane worldvolume at xs = 0. It can be eliminated by applying the
type IIB S-duality combined with the exchange of 345 and 789 directions to the right
half space x¢ > 0, but then the N D5-branes at x¢ = L turn into N NS5-branes
(012345). The resulting brane configuration as shown on the right of Fig. 1 is what
precisely gives rise to the above-mentioned quiver gauge theory. The D5-branes and
NS5-branes are now free to move independently. The positions of NS5-branes a turn
into N — 1 Fayet-Iliopoulos parameters, whereas those of D5-branes a’ determine
the masses of the U(N — 1) x U (N) bifundamental hypermultiplets.

Let us now focus on the simplest nontrivial case N = 2. In 3D A/ = 2 termi-
nology, the wall theory T[SU (2)] is a U (1) gauge theory with five chiral multiplets
&.41.92,G", G*. The neutral chiral field ¢ is a part of N' = 4 U (1) vector multiplet
and has R-charge 1. The two electrons ¢, g, and the two positrons g', g have the
R-charge 1/2, and they form two flavors of hypermultiplets. A = 4 supersymmetry
requires a cubic superpotential of the form g’ ¢g;.

As we have seen, the Coulomb branch parameter a appears in the wall theory as
the U (1) FI parameter, while a’ is the mass for charged chiral fields which breaks the
SU(2) flavor symmetry to U(1). In addition, the bulk N/ = 2* mass parameter
m should also show up in the wall theory in a way that preserves 3D A/ = 2
supersymmetry as well as the SU (2) isometries of the Coulomb and Higgs branches.
It was argued in [20] that m is the mass for the chiral fields associated to the global
symmetry under which ¢;, G* have charge +1 and ¢ has charge —2.



312 K. Hosomichi

It was observed in [20] that the exact partition function of this mass-deformed
T[SU(2)] theory on S? agrees precisely with the kernel of the S-duality transforma-
tion (2.3) for b = 1, under the identification

p=a, p =d, pp=m. 2.4)

It was then shown in [5] that the formula (2.3) for general values of the coupling b
can be reproduced by deforming the round S into an ellipsoid Sg . The derivation of
the formulae which are necessary to confirm this agreement will be reviewed in the
next section.

2.3 A 3D Picture

As we have seen, Janus or S-duality domain walls correspond to smooth evolutions of
the complex structure of a surface, and therefore have an interpretation as M5-branes
wrapping three-manifolds. Let us explain this in the example of ' = 2* SYM.
Consider a Janus domain wall corresponding to a path in Teichmiiller space
between two points of extreme weak coupling that are S-dual image of each other.
As one approaches towards one end from any point along the path, the torus X
becomes thinner and thinner until it looks like the Moore-Seiberg graph I'; for the
torus one-point conformal blocks. In this process, two-dimensional part of the M5-
brane worldvolume sweeps out a 3D solid torus B; with a codimension-2 defect I';
left inside (Fig. 2 left). One of the two basis 1-cycles «, 8 of the torus, say «, shrinks
to zero length inside B;. Starting from the same point on the path and moving toward
the other end, one obtains another solid torus B, with a defect I';, inside which the
cycle B shrinks to zero length. The two solid tori B; and B, glued together makes an
S3 with a defect I" which is the union of the two graphs I', I', joined at the external

Fig.2 (left) The process of a one-punctured torus degenerating into a Moore-Seiberg graph, thereby
sweeping out a solid torus with a network of defect inside. (right) Two such solid tori glued together
to make an 3 with a network of defect
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legs (Fig. 2 right). I therefore consists of two circle defects and a segment connecting
them, and the three components are naturally labeled by the momenta p, p’, pE.
The 3D theories on domain walls or boundaries of 4D class S theories are now
regarded as part of a much bigger class of theories which arise from M5-branes
wrapping hyperbolic 3-manifolds. The relation between 3D SUSY gauge theories
and hyperbolic 3-manifolds also gives rise to an AGT-like correspondence between
3D supersymmetric theories and Chern-Simons theories with non-compact gauge
groups. For more details on this topic, see the review [V:11] in this volume.

3 3D Partition Function

In this section we review the construction of 3D N' = 2 supersymmetric gauge
theories on a class of rigid SUSY backgrounds. Then we concentrate on the theories
on the round sphere and the ellipsoids, and show how to compute partition function as
well as the expectation values of Wilson and vortex loops using localization principle.

3.1 3D N =2 SUSY Theories

Let us begin by summarizing our convention for 3D spinor calculus. We use the
standard Pauli’s matrices for the Dirac matrices y*, and also y** = 1(y9y? —y’y9).
To define bilinear products of spinors, we use an anti-symmetric 2 X 2 matrix C with
nonzero elements C; = —C,; = 1. Writing the spinor indices explicitly, various
bilinears are defined as follows.

e =" Cop’, ey 'Y =€ Cop(y, Y7, etc. (3.1

In rigid SUSY theories on curved backgrounds, the parameters of SUSY trans-
formation € are no longer constants, but are solutions to the Killing spinor equation.
For 3D N/ = 2 supersymmetric theories, the SUSY is parametrized by two Killing
spinors €, € of R-charge +1, —1. The most general form of the Killing spinor equa-
tion can be found from off-shell supergravity [26] as the condition that gravitini are
invariant under local SUSY for a suitable choice of parameters ¢, €.

1 1
D, e = (am + —wyb — iVm)e = iMyne —iUpn€ — =&mppU"yPe,

4%m 2
1 1
Dyé = (a + oy + iVm)E = My +iUné + SempU'y"e. 3.2)

Here y,, = e, y¢ with e, the vielbein, and throughout this article we regard ¢, €
as Grassmann even. Supersymmetric backgrounds are therefore characterized by the
metric as well as the U (1)r gauge field V,, and other auxiliary fields M, U,, in the off-
shell gravity multiplet. In this section we restrict our discussion to the backgrounds
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with
U, =0, (3.3)

which include the round sphere and ellipsoids. More general supersymmetric back-
grounds were studied systematically in three and four dimensions in [26-29]. For
3D N = 2 systems it was shown that the existence of a Killing spinor implies that
the background admits an almost contact metric structure.

The fields in 3D A/ = 2 theories are grouped into two kinds of supermultiplets.
A vector multiplet consists of a vector A,,, a real scalar o, a pair of spinors A, A
and an auxiliary scalar D which are all Lie algebra valued. They transform under
supersymmetry as

8An = =3 (€¥nh +Eyuh).
1 -
b0 = —(eAl — €N),
o 2(6 €A)
1
A= =y"™eFu, —eD —iy"eD,o0,

2

- 1
A = Eym”éan +éD+iy™eDyo,
5D = %e(ymDmi o, A+ iMX) — %é(ymDmk — o, A+ iMA). (3.4)
A chiral multiplet consists of a scalar ¢, a spinor ¥ and an auxiliary scalar F' in an
arbitrary representation R of the gauge group. Their conjugate fields (¢, ¥, F) are
in the conjugate representation R. If one assign the R-charge r to ¢ and —r to ¢,
the R-charge of the remaining fields is determined from the supersymmetry as in

Table 1. The transformation rule for these fields is given by

o
56 = ey, S = iy"EDnd +icod + %y”‘Dméqﬁ—i—eF,

_ - _ - 2ri - _

56 =&V, 8% = iy"eDpd +icdo + %ymDmaﬁ tér,

SF = E(iy™ Dy —iocy — ird) + %(2r — 1)D,éy™y,

5F = e(iy™ Dy —npa+iq§x)+§(2r— DD,y . (3.5)
Table 1 The scaling weight and the R-charge of the fields
Fields € e Aqdl o Al A D| ¢| ¢ | v v F F

Weight 3 1] rlor | r4+3| r+3 r+1] r+1
R-charge| 1 -1/ 0 0 r{ —r| r=1| 1=r| r=2| 2—-r

o] —
lw| >

Ol\)b

[l STI}
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Here the quantities in the representation R (R) are regarded as the column vectors
(resp. row vectors), so that the vector multiplet fields act on them from the left (right).

Supersymmetric Lagrangian consists of the following invariants. Those involving
only vector multiplet fields are the Chern-Simons term (for which we write the action
integral),

” 2 .
Scs = i—/Tr(AdA - ?lA3 — J9&x (AL + 20D + 4Mo?) ) (3.6)
T
the Yang-Mills term and the Fayet-Iliopoulos term for abelian gauge symmetry.
1 - - -
Ly = Tr(zF,,mF”’" + Do D" + D* +iky™ Dy — id[o, A] — MM),
i
Ly =——(D+4Mo). (3.7)
b4
The kinetic term for chiral matters is given by

Lm = Dp¢pD" ¢ + o’¢ +4i(r — DMop — 2r2r — YM*¢¢ + %Zw —i¢D¢
+FF —iyy" Dy + ivoy — Qr — DMy + iyAd — igpry, (3.8)

with R the scalar curvature of the background. The F-term of gauge invariant products
of chiral multiplets with R-charge » = 2 is also invariant, but one can show that the
result of localization computation does not depend on the F-term couplings. Note
that, while the bosonic part of L, is positive definite, that of £y, has positive definite
real part only when the value of r is chosen appropriately. For example, for round
sphere the positivity holds only when 0 < r < 2.

The real mass for matters can be introduced by gauging the flavor symmetry by
a background vector multiplet. The value of the background fields is chosen so as to
preserve supersymmetry,

o®® = m (constant), D®® = AP = )09 = 300 — 0, 3.9)

3.2 SUSY Localization

To apply localization principle to supersymmetric path integrals, one first chooses
an arbitrary supercharge 8, and then argue that the nonzero contribution to the path
integral can be localized to the vicinity of saddle points, namely bosonic field con-
figurations invariant under §. This means that §-transform of all the fermions must
vanish on saddle points. For the theories of our interest, a useful observation is that
both £, and L, are SUSY exact for any choice of §, which follows from



316 K. Hosomichi

€€ Lo = 8.8:Tr (AA + 4Do +8Mo?) |
€€ Lo =388 (Y —2igod +4M(r — Do) . (3.10)

Namely, they can be written as é-variation of some fermionic quantities, so they have
to vanish at saddle points. A necessary condition for vector multiplet fields at saddle
points follows from £, = 0,

Fun = Dyo =D =0. (3.11)

This is actually sufficient for the saddle point condition A = 81 = 0 to be satisfied.
For theories on the round S* or its deformations, saddle points are thus labeled by
constant scalar field o and vanishing gauge field, up to gauge transformations. For
non-simply connected manifolds such as lens spaces, one also has choices of Wilson
lines along non-contractible loops [30—32]. For matter multiplets, an obvious solution
to 8y =8¢ = 0is

p=¢=F=F=0. (3.12)

To show that this is the unique saddle point, the simplest way is to check that the
kinetic operator for ¢ in L, has no zeromodes, so that £,, vanishes only at (3.12).
For theories on the round sphere, one can show by a full spectrum analysis that there
are no zeromodes on all the saddle points as long as 0 < r < 2. This allows us to
assume that the spectrum remains free of zeromodes on the ellipsoids S; as long as
b is reasonably close to 1. The exact partition function on S,? turns out to be analytic
in b, so it can be continued to arbitrary b > 0.

Since L, and L,, are exact, the value of supersymmetric path integrals does not
change if one adds them to the original Lagrangian with arbitrary coefficients #y, fn,.
By making those coefficients very large, one can bring the theory into extreme weak
coupling. In this limit the path integral simplifies and can be performed in two steps.
One first integrates over fluctuations around each saddle point, for which Gaussian
approximation is exact. The result is then integrated over the space of saddle points
labeled by constant o.

3.3 Partition Function on the Round Sphere

As the simplest and yet the most important case, let us reproduce here the exact
partition function of general ' = 2 SUSY theories on the unit round S°.

We write the unit round metric as ds? = e%¢?, and identify the dreibein e =
ey dx™ with the left-invariant one-forms on the SU (2) group manifold via

g 'dg =iey®, ge SU(Q). (3.13)
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The isometry SU (2) x SU(2)% acts on g from its left and right. Note that, under
the above choice of the local Lorentz frame, SU (2) acts on fields as local Lorentz
rotation as well as isometry rotation.

Let us summarize here the spectrum of free fields on the round sphere. We first
notice that one can use the inverse dreibein e to define a triplet of vector fields
R = %e“mam which generates SU (2). Using them, the kinetic terms for free
complex scalars and spinors can be rewritten as

(5 _Agcsalar(p = gmn?;71(}_58n¢ — (IS ;4RaRa¢7
—iYy Py = —iYy" Dy = ¥ (48R +3) ¥, (3.14)

where S = %y“ is the generator of local Lorentz SU (2) acting on spinors. Likewise,
for a free Maxwell field A = A%e“ and its field strength *xdA = F?¢e“, one finds

F* = 2ieRPAC +2A%, or F = (2+2RTYA, (3.15)
where T is the generator of local Lorentz SU (2) in the triplet representation. The
Maxwell kinetic operator for gauge field is given by AE" = (xd)?. The space of

scalar, spinor and vector wave functions on S° thus form the following representation
of SUQ2)z x SUR)R.

Hscatar = @ (%’ %)n(rH-Z) ’

n>0
Hspinor = @ [ (%’ %)n_‘g/z @ (n_—zH’ %)—11—3/2 }’
n>0
vector (2’ 2 )(,,+2)2 ( 2 0 2 )0 ( 2 2)(n+2)2 . G.
n>0

For convenience, we put the eigenvalue of ASS%"‘I"“ ,—i Dgs or A;‘i““’r for each irre-
ducible representation as suffix. Note that the nonzero eigenmodes of A" are
divergenceless vectors while the zero eigenmodes are total divergences.

On the unit round S?, the simplest form of the Killing spinor equation

1 ab_ ,ab . 1
(am + oy )e = iMyne. M =3 (3.17)
has solutions. First, in the left-invariant local Lorentz frame, any constant spinor
satisfies (3.17) with M = —i—%. The two independent solutions are left-invariant and
transform as a doublet of SU (2)&. In addition, there are two independent solutions
to (3.17) with M = —% both of which are given by g~! times a constant spinor.
They are therefore right-invariant and form an SU (2) 0 doublet. In this subsection,
we choose the background V,,, =0, M = %

Let us now turn to the computation of partition function using the localization
principle. The supersymmetric saddle points are labeled by the constant value
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of the vector multiplet scalar o(x) = a. The Chern-Simons or Fayet-Iliopoulos
Lagrangians take nonzero value at the saddle point a according to the formula

e_SCS — einkTr(az), e—SFI — e4ni§a’ (3.18)

In addition, we need the one-loop determinant which arise from integrating over
all the fluctuation modes at the saddle point a under Gaussian (= one-loop)
approximation.

We first study the vector multiplet for a non-abelian gauge symmetry G. Following
the general prescription, we add to the original Lagrangian a SUSY exact regulator
term f,L, and take f, — oo. In this limit the regulator term dominates the path
integral weight, and the Gaussian approximation becomes exact. The quadratic part
of L, in the Lorentz gauge 9" A,, = 0 is

L, = Tr[A(A‘ﬁcmr—{—afdj)A +EASNE 4 D? (i pss+§+iaadj)x] (3.19)

Here we introduced the notation a,g; for a in the adjoint representation, namely
aagir = [a, 1], and 6 denotes the fluctuation of o around its saddle point value a. To
fix the gauge, we express the gauge field A as a sum of a divergenceless vector field
A and a total derivative de, and insert the delta functional for ¢. The Faddeev-Popov
ghost determinant is trivial since gauge symmetry is just the shift of ¢ (up to terms
irrelevant in the saddle-point approximation). But since TrA,,A™ = Tr(AmAm +
dn, 0™ @), this change of integration variables gives rise to a Jacobian

DA = DAD'g - (Det’ AS)z4mG, (3.20)

where the primes indicate that the constant modes are excluded. This Jacobian is
canceled against the determinant arising from & -integration.

The integration over the remaining physical fields A, A and A gives rise to the
following ratio of determinants,

loop  dety (—ia — 3 +iPg3)
Zvec 2 vectory 4
det;(a” + As3 )2
1 [detagj(—ia — n — D)1V [detygj(—ia + n + D]EFDE+D
[detagj (@2 + (n + 2)2)](r+D(+3) '

(3.21)

n>0

Let us take the Cartan-Weyl basis of G and assume that the saddle point parameter
takes values in the Cargan subalgebra, namely a = a; H; with H; Cartan generators
satisfying Tr(H; H;) = §;;. The above expression can then be rewritten further,
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: 2
zier = [ [T @ + @7 = eo* [] (w) ,

n>1 aeAy aeAy a-o
(3.22)
where « runs over all the positive roots. The divergent infinite products were evaluated
using zeta function regularization.

The constant value a of the scalar field can always be gauge-rotated into Cartan
subalgebra. The domain of integration can therefore be reduced to Cartan subalgebra,
but this in turn introduces a Vandermonde determinant in the measure which cancel
nicely with the denominator of (3.22). The exact partition function for a theory with
G vector multiplet is thus an integral over its Cartan subalgebra with the measure

1 2
— da; 2sinh(wa - @))". 3.23
i [l [ s o2
i acAy
Here we modded out by the order of the Weyl group WV, which is the residual gauge

symmetry after a has been gauge rotated into Cartan subalgebra.
Let us next turn to the matter fields. In the weak coupling limit, the action L, for
the matter fluctuations at the saddle point a is given by

- _ - 1
Lm = ¢{A§S°3alaf +a 42— Da+rQ—r)p+FF+¥ | —iPg+ 5 tia=riy.
(3.24)
Let us choose the basis vectors {|w)} of the matter representation R so as to diago-

nalize Cartan generators, i.e. H;|w) = w;|w). Then the matter one-loop determinant
becomes,

matter det¢(A§c331aI +1—-(r—-1- ill)2)
H [detg(n + 2 +ia — r)] "D [detg(—n — 1 +ia — r)]"FDOH2)
[detp((n+ D2 = (- — 1 — i) 17

n>0

:HH(n—i—l—r—l-ia.w)n _ Hsb:l(i(l—”)_a'w)’ (3.25)

e n—14r—ia-w)"
where w runs over all the weights of R.

We thus arrived at an integral formula for exact partition function of general 3D
N = 2 SUSY gauge theories on the unit round sphere. The basic building blocks
for the integrand are the classical action evaluated at saddle points (3.18) and the
matter one-loop determinant (3.25), and their product is integrated over the Cartan
subalgebra of the gauge symmetry with the measure (3.23). For theories with matter
mass, the mass parameter m of (3.9) enters into the one-loop determinant (3.25) in
the same way as a, but we do not integrate over it.



320 K. Hosomichi

3.4 Partition Function on Ellipsoids

Let us next consider the deformation from the round sphere to ellipsoids S,f defined
by (1.1). With a suitable polar coordinate system, the metric can be written as

1
ds* = 7 cos® 0dp? + b*sin’ Ody? + f2do?,

£©) = Vb2sin20 + b2 cos? 6. (3.26)

A natural choice for the dreibein and the resulting spin connection are

1
e‘=500s9d<p, ¢ =bsinfdy, € = fdo,

1 b

12 13 . 23

0w =0, v’ =——sinfdp, o~ = —cosOdy. (3.27)
bf f

The ellipsoid can be made supersymmetric by turning on a suitable U (1)g gauge
field in the background. This was found in [5] rather heuristically by taking a pair of
Killing spinors on the (unit) round sphere with V,, = U,, = 0and M = 5

1 f —ei0—9+9) _ 1 [ e3Cxteto)

€T AN\ e | CT AN pexten | (3.28)

and studying the effect of squashing the metric. On the ellipsoid (3.26) they were
found to satisfy the Killing spinor equation (3.2) with U,, = 0 and

v = —%(1 bf)d¢+ 1( —?)dx, M = % (3.29)

The supersymmetric observables on this background depend on the squashing para-
meter b in an nontrivial manner. Similar supersymmetric deformations from the
round D-sphere into ellipsoids were studied for 4D N = 2 theories by [33] and for
2D N = (2, 2) theories by [34].

Note that, in finding the dreibein, spin connection and background fields, the
precise form of the function f is actually not needed as long as it is independent of
@ and y. It was pointed out in [35] that the above construction works for arbitrary
smooth f(6), with the only requirement coming from the smoothness at 8 = 0 and
T

20
fO=0=b, f (0 = %) — (3.30)
More general supersymmetric backgrounds of sphere topology was studied in [29,

36], butit was also shown that supersymmetric observables depend on the background
only through a single parameter b. See also [37, 38].
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The partition function on the ellipsoid background can be computed again by
applying the localization principle. First, the saddle points are given by the solutions
to (3.11) and (3.12) as for the round sphere, and are therefore labeled by the constant
value of the vector multiplet scalar o. The value of the CS and FI actions Scs, Sgy
also remain the same as (3.18). However, the evaluation of the one-loop determinants
on the ellipsoids (3.26) or other backgrounds with more general f(6) becomes more
complicated since one can no longer work out the full spectrum using spherical
harmonics.

An alternative approach to compute the one-loop determinants is to study how the
supersymmetry relates bosonic and fermionic eigenmodes of the Laplace or Dirac
operators. Most of the eigenmodes are paired by the supersymmetry so that their net
contribution to the one-loop determinant is trivial. It is therefore important to know
the spectrum of the eigenmodes without superpartner.

Let us begin with a chiral multiplet in a representation R of the gauge group G. We
first move to a new set of fields in terms of which the cancellation between bosonic
and fermionic eigenvalues is most transparent. Let us introduce the Grassmann-odd
scalar functions W, U, W', W’ and Grassmann-even scalars F’, F’ by

W — W, F=F —iéy"eD,¢,
U +eV, F=F +iey™eD,é. (3.31)

1[/:

1//:

mr M

They transform under supersymmetry as follows,

Sp =V, SV =Hp, sV =F, §F =HV,

8(]; =V, §¥= 'H(A sU = F/, SF = HW, (3.32)

where H is the square of SUSY acting on scalar functions. To be more explicit, it
acts on ¢ carrying the R-charge r as follows.

Hep = iey"eDpdp — iod + %(j)
= [—ib8¢+ib—‘ax —ia+%]¢. (Q=b+b7") (3.33)

Here the second equality holds up to non-linear terms which are irrelevant in the
saddle point analysis.

To compute the one-loop determinant, we add a SUSY exact regulator Lo, = 5§V
to the original Lagrangian with a large coefficient. We choose

w=a. (07 ) (v)-@ (o 5)(F). e

where
D =H+2ia, Dy=—iey™eD,, D_=iey"eD,. (3.35)
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One can show that the operators D, commutes with H by taking their R-charges £2
into account correctly. The regulator Lagrangian L., in the quadratic approximation
consists of the following terms,

- - (D D v
Ereg|F = (\Ijﬂ \I/ ) (D _;() (lI//) ’
- - ( DH D . -
£ng|B=(¢’F)(_D 1+)($/) = FF+¢A¢7
A=DH+D,D_ =a*— (€y"eD,,)* +ey™eD,, - éy"eD,. (3.36)

Note that the bosonic part is positive definite. Thus the one-loop determinant is given
by the ratio of the determinants for the Dirac operator (the 2 x 2 matrix in the first
line of (3.36)) and the Laplace operator A.

As was shown in [5], generically a scalar eigenmode of A and a pair of Dirac
eigenmodes form a multiplet which yields no net contribution to the one-loop deter-
minant. The modes which do not participate in this multiplet structure arise from ¢
in the kernel of D_ and W’ in the kernel of D, . It is easy to see from the matrix
expression for Ly, that the one-loop determinant is given by the ratio of determinants
of H evaluated on such modes,

I-loop detq},(_H)|KerD+

= —*. (3.37)
i det¢ (H) | KerD_

The spectrum of H which is relevant for the above one-loop determinant can be
explicitly worked out. First, let us consider the spectrum of H on the scalar ¢ of
R-charge r which is annihilated by D_. Assuming the form ¢ = ¢(6)e™¥~"X, one
finds

¢ 0eyepg = | =2 G vy 4 5 vy~ Lo le — 0
voetng = 50 “) 7 bsing SO
T or
Hp = {mb+nb™ —ia+="1¢. (3.38)

The first equation determines the form of $(0). In particular, from its behavior near
the two ends 6 = 0 and 7,

$(0) ~ cos” §sin" 0, (3.39)

it follows that the eigenmode is normalizable only when m, n > 0. The same analysis
can be repeated for the scalar W’ of R-charge (r — 2) in the kernel of D, . We thus
obtain the matter one-loop determinant
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Hm,nzo detR (mb + nb_' +ia — _Q(VZ—Z))
Hm,nzo detg (mb +nb-! —ja+ %)
=1 (Fa-n-a-w), (3.40)
w

1-loop __
Zmat

where w runs over all the weight vectors in the representation R. This generalizes
the formula (3.25) on the round sphere.

The form of the matter one-loop determinant (3.37) shows that it can be computed
from the index of the differential operators D1 which commute with H. In [39] the
relevant index was analyzed by regarding the ellipsoid as a Hopf fibration with the
fiber direction d, — 9, . By decomposing the fields into Fourier modes carrying differ-
ent KK momentum along the fiber, one can reduce the index to that of a differential
operator on S? and apply the fixed point formula.

Let us next consider vector multiplet. Our starting point is the following formula
for the one-loop determinant,

det;, (—ia — 5+ ilD) det; (—ia . ilD)
23" = - = — . (4D
det; (a? + Avector)1/2 det;(—ia — *d)

which follows from the same gauge fixing procedure as for the round sphere (3.21). As
before, the denominator is the determinant evaluated on the space of divergenceless
vector wave functions. We evaluate this by finding out the maps between the spinor
and vector eigenmodes,

) ) 1
VA = —idugih +iPA — ﬁk, (3.42)
VA" = —ia,gA™ — £"P8,A,, D,A" =0. (3.43)

We first notice the following identity holds for arbitrary vector field A,,.

1
(w) - ﬁ)(y’"eAm) = e DA™ — e - "3, A,. (3.44)

It follows that, for each generic vector eigenmode A,,, one can construct a spinor
eigenmode X of the same eigenvalue by the map A[A] = ymeAm. This map fails
for the vector eigenmodes satisfying y’"eAm = 0. Such modes can be expressed in
terms of a scalar ¥ with R-charge —2 as,

~

Ayp = €Ype-Y. (3.45)

The divergence-free condition and the eigenmode equation (3.43) are translated into
the following conditions on Y,
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D,Y =0, HY =vY. (3.46)

The normalizable solutions for Y are in one-to-one correspondence with the vector
eigenmodes without spinor superpartners.
Next we notice that the following identity holds for arbitrary spinor A,

& (im - %A)dx’" —id(@1) = — % d(Eymrdx™). (3.47)

It follows that, for each generic spinor eigenmode A, one can construct the corre-
sponding vector eigenmode A by the following map,

AIA] = (v + idag)Eymidx™ — id(EN). (3.48)

To find the kernel of this map, let us introduce two scalar functions Ao, A, and denote
A = €A+ €A,. Then A[)A] vanishes when

D_Ay=0, HAog=VvAy, D+Ao =2(v+ iaadj)Az. (3.49)

For any X in the kernel, one can show by applying *d onto (3.48) that the right
hand side of (3.47) vanishes as long as (v + ia,g;) is nonzero. Using this one can
show that generic elements A in the kernel automatically satisfies the eigenvalue
equation (3.42). The only exceptional element in the kernel is A = € which does
not satisfy (3.42), corresponding to A9 = const, Ay = 0 and v = —iduge. The
normalizable solutions to (3.49) are thus in almost one-to-one correspondence with
the spinor eigenodes without vector superpartners.

Thus the one-loop determinant for vector multiplet can be expressed again as the
ratio of determinants of H,

Zl-loop _ det/Ao(H)KerD,

Ioop A" TTHT (3.50)
e detY (H)KerD+

where the prime in the enumerator indicates that the contribution from constant
modes is excluded. Apart from this minor difference, it is just the inverse of the
matter one-loop determinant for » = 0, R = adj. Up to an a-independent overall
constant, we obtain
100 Sp (a S — %) 4sinh(rrba - ) sinh(rb'a - )
Zvec b= H - . 5 = H 2
(—ia-a) (a-a)

. (3.51)

aeA aeAL

The general formula for the ellipsoid partition function can be summarized as
follows. Vector multiplets yield the integration measure over Cartan subalgebra of
the gauge symmetry algebra,
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da; 4sinh(mha - &) sinh(wb 'a - o 3.52
|W| H 1;[ ( ) sinh( ). (3.52)

chiral multiplets yields the determinants,

[[s(®a-rn-a-w), (3.53)

weR
and the classical Lagrangians make the following contribution to the integrand.

e*SCS — emkwa’ e*SFI — e4m§a. (354)

Let us compare the above formula with the known result in pure Chern-Simons
theory [40]. Using the above formula together with Weyl denominator formula

H 2sinh(ra - u) = Z e(w)eX e (3.55)

aeA wew

one can express the partition function for pure SUSY Chern-Simons theory as a sum
of simple Gaussian integrals. Assuming the level k to be positive, one finds

Zcs = IWl/l |da1 H 4sinh(ba - ) sinh(mh™'a - @) - exp(inka - a)
acAy
'0)

(3.56)

= exp (—dlmG + E(bz +b7%)y dlmG) k: H 2 sin (”“

acAy

Here y is the dual Coxeter number of G and p is the Weyl vector. We also used the
formula

1
p? = EdimG y. (3.57)

Apart from some phase factors, we recover the the known answer for bosonic Chern-
Simons theory at the level k — y. The mismatch in the level is because there is no finite
renormalization of the Chern-Simons level for the case with A/ = 2 supersymmetry
[41].

3.5 Loop Observables

Here we introduce two kinds of supersymmetric Loop operators, the Wilson and
vortex loops, and present the formulae for their expectation values. Similar loop
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operators in 4D N = 2 theories are reviewed in [V:7] and play important role in
understanding the AGT relation.
Supersymmetric Wilson loop operator is defined by

Wr(C) = TrRPexpj{ (iA+4+o0dl), (3.58)
c

where C is a closed loop that winds along the direction of the Killing vector field
€y™e, and d¢ denotes the length element along C. For theories on the unit round S°
where the Killing vector is along the circle fiber of Hopf fibration, any C is a great
circle of radius 2. The expectation value of Wilson loops can be calculated in the
same way as partition function, by just inserting into the integrand their classical
value at the saddle point a,

Wr(O)| = Trg(e’™). (3.59)

saddle
For theories on the ellipsoids with generic squashing parameter b (b? being irrational),
the only supersymmetric closed loops are the ones at & = 0 and 6 = 7 in the polar
coordinate system (3.26), since no other curves along the Killing vector €y™e form
closed loops. The two choices lead to different expectation values since they have
radii 5! and b, respectively.

T
We(0 = 0)] ygq, = Tra(@™"). Wi (6 = T) | g = Trr(@™). (3.60)

There are additional supersymmetric loops for special values of the squashing para-
meter. When b = /p/q with (p, q) coprime integers, torus knots winding p and ¢
times along the ¢ and x-directions at fixed 6 # 0, Z become supersymmetric [42].

The vortex loop is a one-dimensional defect along which the gauge field develops
a singularity. For a vortex line lying along the z-axis of the flat Euclidean R*(x, y, z),
the gauge field strength has delta function singularity along the line,

Fyy = 2w H8(x)8(y) + regular, (3.61)

where the flux H takes values in the Cartan subalgebra of the gauge symmarty
algebra. In terms of the polar coordinate system on the xy-plane (x +iy = re'?), the
singular behavior of the gauge field near the vortex line is given by A9 = H. Also,
it follows from (3.4) that we need to impose singular boundary condition on D as
well,

D =2niHé(x)d(y) + regular, (3.62)

in order to avoid the transformation rule of A and A becoming singular.

For a vortex loop to be supersymmetric, it has to lie along the direction of the
Killing vector €y™e. We orient the vortex loops so that the 4z direction always
agrees with the direction of Killing vector and define the flux H accordingly. For
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generic ellipsoid backgrounds, supersymmetric vortex loops can only lie along the
direction of (—¢) at & = 0, or the direction of (+x) at 6 = % These two vortex
loops are expressed by the flat gauge fields,

©=0 A=Hdy, (6= %) A=—Hdy. (3.63)

Let us hereafter restrict the discussion to the vortex loops in abelian gauge theory
and evaluate their expectation value. First, notice that the introduction of a vortex
loop with flux H in Chern-Simons theory at level k induces a Wilson loop with charge
—kH. To see this, let us decompose the vector multipet fields in the presence of a
vortex loop into the singular and regular parts, A = Agng + Areg. Then the SUSY
Chern-Simons action integral for such .A becomes

SCS [Asing + Areg] = ikH% (Areg - io—regde) + SCS [Areg] . (364)
c

Therefore, the value of classical Chern-Simons action at the saddle point a gets
shifted because of the vortex loop as
eink(a2+2iah’1H) or eink(a2+2iahH)‘ (3.65)
The value of the FI term =57 = ¢*7/¢“ remains the same. Now one can go through
the evaluation of the one-loop determinant again, where the only difference is that

there is a nonzero flat gauge field in addition to a constant scalar a. Since it enters in
the operator H as follows,

or

Hd) = [—ib(aw_iArp)+ib_l(ax _iAX)_ia+ 2 2 (3'66)

the effect of the vortex loop can be incorporated by shifting a in our previous formula
by —ibA, + ib~'A,. Depending on whether the vortex loop is put at § = 0 or Z,
the saddle point parameter a is shifted by ib~'H oribH.

Since the parameter a is to be integrated over, the shift of a by ib*' H can be
undone by shifting its integration contour. This also eliminates the shift of classical
Chern-Simons action by a Wilson line. As a result, the effect of a vortex loop of
flux H in abelian Chern-Simons theory at level k, FI coupling ¢ just amounts to a
multiplication of the factor

exp (inkb¥ H* + 4mth™' H) . (3.67)
Our argument so far assumed that H is small. The computation of one-loop

determinants on ellipsoids was based on the spectrum of normalizable eigenmodes
of H in the kernel of the operators D, but normalizability of the eigenmodes is
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affected by nonzero H. Also, the shift of a-integration contour may hit poles in the
integrand. See [39, 43] for further discussions.

Vortex loops can also be introduced for flavor symmetry of matter chiral multiplets,
by coupling the corresponding current to a singular background gauge field with
nonzero flux H localized along a loop. Its effect is similar to that of real mass
deformation, namely we have the appearance of ibT' H in place of the real mass m
in the matter one-loop determinants.

4 4D Superconformal Index

Superconformal index was introduced for 4D N = 1 superconformal field theories
by Romelsberger [11, 13] and for more general cases by Kinney et al. [12], as a
quantity which encodes the spectrum of BPS operators. In superconformal theories,
the spectrum of BPS operators is in correspondence with the spectrum of states in
radial quantization. The index can therefore be formulated in terms of path integral
on S' x §3, with an appropriate periodicity condition along the S'. The periodicity
can be twisted by various symmetries of the theory in such a way to preserve part
of SUSY. The index is then a function of the fugacity variables that parametrize the
twist.

The superconformal index is invariant under any SUSY-preserving continuous
deformation of the theory and, in particular, independent of the gauge coupling. The
indices of nontrivial theories at the RG fixed point can therefore be evaluated using
the weak coupling description at high energy where saddle point approximation
becomes exact.

Here we present the path integral derivation of the superconformal index for 4D
N = 1 SUSY theories. Our purpose here is to explain the connection between
3D partition functions on S* and 4D superconformal indices which was studied
in [15-17]. Interestingly, some of the fugacity variables turn into parameters of
supersymmetric deformations of the round S* upon dimensional reduction. As an
important example, we reproduce two inequivalent SUSY backgrounds which are
both based on the same squashed S 3 with SU(2) x U(1) isometry but characterized
by different Killing spinor equations [5, 18].

The superconformal indices for 4D A/ = 2 theories of class S are in correspon-
dence with partition function of 2D g-deformed Yang-Mills theory, as reviewed in
[V:9] in this volume.

4.1 4D N =1 SUSY Theories

We again begin by fixing the notations. In four dimensions there are two kinds of
doublet spinors ¥, and %, corresponding to two copies of SU (2) that form the 4D
rotation symmetry. Their spinor indices are raised or lowered by antisymmetric €
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tensors with nonzero elements €2 = —¢;, = 1. We introduce the 2 x 2 matrices,

0, = 0, = Pauli matrix (a = 1,2,3); o4 =i, 04=—I, 4.1)

with index structure (0,),; and (64)%P, satisfying standard algebra. We also use
Oap = 5(040p — 0pG,) and Gap = 5(5a0h — Gp04)-

Although 4D N' = 1 supersymmetric theories on general curved backgrounds
and the equations for Killing spinors can be obtained from off-shell supergravity [6],
here we take a heuristic approach. We consider the following Killing spinor equation,

D,,e =o0,k, D,€ =0,k forsomeck,r. “4.2)

where the covariant derivative D,, contains the gauge field V,,, for U (1)g under which
€, € are charged +1, —1. Using these Killing spinors we set the transformation rule
for A = 1 vector multiplets,

i -
A, = E(eanz)" - Eain)")v
1
SA = Eo’"”ean —€D,

o1
8% = 56" EFy + €D,
5D = —%ea’"Dmi - %E&mDmk, 4.3)

and chiral multiplets,

3
56 = —eyr, Sy = ic™EDyd + %a’”Dm&ﬁ—i—eF,

_ . - o - 3ir _ - _=
8¢ = +ey, 8y = io™eD, ¢+ TGmDméd)—‘rGF,

e—m iBGr—=2)  __, -
0F =ied" Dy, + ———D,,eéc™y —ierg,
i(3r —2)

8F = —iec" Dy — 1

Dyec™y —iepA. 4.4)

Here r is the R-charge of the field ¢. The scaling weight and the R-charge of the
fields are summarized in Table 2.

Table 2 The scaling weight and the R-charge of the fields

Fields € é Aqg| A X D o¢| ¢ ¥ v F F
Weight _% _% 1 % % 7 37r 37)" 3r2+1 3r2+1 3r2+2 3r2+2
R-charge| 1 -1/ 0 1| -1} 0 r —r| r—=1 1—=r| r=2| 2—r
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Given a 3D background M with a pair of Killing spinors €, € satisfying (3.2)
and (3.3), one can construct a 4D N = 1 supersymmetric background M x R by
choosing the metric and the U (1) gauge field as follows.

dsip) = e“e” = dsi, +dr* (¢* =db), Vup) = Vip) — iMdt. (4.5)
The 3D Killing spinors €, € are promoted to 4D Killing spinors satisfying
D,,e = —Mo,,64¢, D,,€ = M&,,04€. (4.6)

The following supersymmetric Lagrangians on this background are relevant in the
computation of the index.

1 mn 2 2y —m
[,g:Tr(sz,,F + D* 435" Dyi),

L = Du¢D"¢p + (3r —2)M(Dsd¢p — ¢ Dsgp)

R 3rGr—2m|é —igD
+{ —3rGr — M2 )¢9 —igDy

—iYe" Dy —i(3r —2)MYos i +ivhe +igry + FF.  (4.7)

Here Dj is the fourth component of D, = ¢! D,,,.

It is a useful observation that the above 4D transformation rules and Lagrangians
can actually be obtained from the corresponding 3D quantities by the simple replace-
mento — A, +10,.

4.2 Path Integral Formulation of the Index

Let us choose M to be the unit round sphere and set M = % V = —édt. The
Killing spinor equation (4.6) on this background has two independent solutions for
each of € and €, which are all constant spinors in the left-invariant frame. Besides
these four solutions, there are four solutions to (4.6) with the right hand side sign-
flipped. These eight solutions correspond to the eight supercharges in the 4D N = 1
superconformal algebra, but the Lagrangians in (4.7) with M = % are invariant only
under the first four.

From the four Killing spinors satisfying (4.6), let us pick up the two characterized
by y3¢ = —e and y3€ = €, and denote the corresponding supercharges by S and Q.
The R-charges and SU (2) % spins of S, Q are opposite to those of the corresponding
Killing spinors, so S has R = —1, J% = +% whileQhasR = 1, J3, = —%. The
anticommutator of S and Q can be found from the algebra of the corresponding SUSY
transformations acting on fields. With a suitable normalization of €, € one finds

{S,Q) = —d +iA, — 2] — R, (4.8)
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where A; is the component of dynamical gauge field and J%, is the sum of isometry
rotation of 3 and local Lorentz rotation. Note that, since we have turned on the
background U (1)r gauge field so that the Killing spinors corresponding to S, Q are
time independent, the time derivative —d, + i A, should not be simply related to
the dilation D. Rather it should be identified with D — %R which commutes with the
supercharges S and Q. Thus we have reproduced an important subalgebra of the 4D
N = 1 superconformal algebra,

{S,Q}=D-2J} — %R =H. 4.9)

Now let us compactify the time direction ¢+ ~ ¢t 4+ 8. The path integral on the
resulting background S* x S' defines the superconformal index. In the simplest
example where all the fields obey periodic boundary condition, one obtains

I =Tr [(—1)FqD*%R]. (g=eP) (4.10)

This form can be generalized by twisting the periodicity of fields by various symme-
tries which commute with the supercharges S, Q. Some of such symmetries are in the
superconformal algebra. The Cartan subalgebra of its bosonic part is generated by
the dilation D, the U (1) R-charge R and the two rotation generators J z J 32 of which
three linear combinations commute with S and Q. Also, in theories with additional
global symmetry, one can use any of its elements m to modify the periodicity. The
fully generalized index is then given by

I = Tr [(—1)FqD7%Rx2J%3+Ry2J3£eimﬂ] , q= e P x =P, y = /P “4.11)

and is a function of the fugacity parameters &, n and m as well as 8. An important
remark here is that the only states which contribute to the index are those annihilated
by the supercharges Q, S and also by their anticommutator H. The index therefore
depends on ¢ and x only through their product gx = e~ #+¢.

The index (4.11) is given by a path integral over fields obeying twisted periodicity
condition. By a suitable field redefinition, it can be rewritten into a path integral over
ordinary periodic fields but with a deformed Lagrangian. In this process, the twists
by R- or flavor symmetries turn into a constant background gauge fields along the
t direction. On the other hand, the twist by rotational symmetries means Scherk-
Schwarz like compactification,

(t,9) ~ (t+ B, e P17 gelfr’), (4.12)
This can be brought into a system with ordinary time periodicity by a suitable change

of coordinates, but then the metric written in the new coordinates squires off-diagonal
components
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ds? = di® + g8 (@x" + u"dr)(dx" 4+ u"dr), u=2ERD +2inL>.  (4.13)

Here the vector fields £¢, R are properly normalized generators of SU(2). . In
fact, the effect of this deformation of the metric on field theory is simply to modify
the time derivative 9, by the rotation generator. For example, the kinetic term for a
free scalar becomes

1
—(a,¢ — ") + 5955 IO (4.14)

A little more work shows that, for spinor fields, the time derivative is modified by
a combination of u™d,, and a local Lorentz transformation which makes precisely
the action of the rotation symmetry. Summarizing, the general index (4.11) can
be computed by path integral over periodic fields on S' x §3, with the following
replacement in the Lagrangian (4.7)

i0, — i0, =i0 +£Q2J% +R)+2nJ3 +m. (4.15)

4.3 Evaluation of the Index

Let us turn to the evaluation of the index. Since the index is invariant under defor-
mations preserving the algebra of S, Q, H, we introduce the sum of £, and L, in
(4.7) with a large overall coefficient into the path integral weight so that the argument
of exact saddle point analysis apply. This time, the saddle points are labeled by the
constant value of gauge field along time direction A, = a.

Let us evaluate the one-loop determinant, first for the vector multiplet with gauge
group G. It is most convenient to work in the temporal gauge A, = a, for which
we need to introduce ghosts with kinetic term Tr(c D;c). The Gaussian integral over
fluctuations gives

Det;, (5, —ia— % —i—ilDSs) Det/c(é, —ia)
Dety (— (0, —ia)? + AEE):

(4.16)

Here the prime indicates that the constant modes of the ghosts are excluded, and 3, is
defined in (4.15). Expanding the fields into spherical harmonics which diagonalizes
the Laplace or Dirac operators on S3, the above determinant can be rewritten into an
infinite product of 1D Dirac determinants on the circle of circumference g,

det(d —ix) = [J@rikp™" —ix) = —2i sin 2% (4.17)
keZ 2

The integral over the ghost modes with SU (2) 2 x SU (2)r spin (0, 0) yields
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det,y; (3 — ia) =

| (M

o-a

)2, (4.18)

acA

where we assumed a to take values in Cartan torus. Combined with the Vandermonde

determinant, this gives an appropriate measure factor for the integration over Cartan
torus.

1+ da;

du(a) = — || =

W] P 2

.2 o '& ~
]_[ 4sin® —=. (@ = pa) (4.19)
aeA,
The integral over the remaining modes of all the fields gives, after an enormous
cancellation between bosonic and fermionic contributions, the following.

Lee = [ [ detugj (3 — ia + n(1 — i& +in))detag; (3 — ia +n(1 — i& — in)).

n>1

=Io(q, g™ - [] (=gl —qgpe®, (4.20)

aeA,n>1

where

Io(gi.q) = [JA—ghH—g,
n>1
qi=gxy =PI gy = gxfy = PITEH, 4.21)
The first line in (4.20) can be regarded as a refinement of the 3D result (3.22) corre-
sponding to the addition of one more dimension with periodicity 8 and twists &, 1.
Note that, in going to the second line, an infinite zero-point energy has been regular-
ized so that the result agree with what we would obtain from canonical quantization.
To compute the index from canonical formalism, we decompose the vector multi-
plet fields on S' x S3 using spherical harmonics and reduce the free super- Yang-Mills
theory to a quantum mechanics of infinitely many bosonic and fermionic harmonic
oscillators. The oscillator modes all carry definite eigenvalues of R, J 3.7 ;’3, and their
frequency determines the eigenvalue of D — %R. In computing the index as a trace
over the Fock space, it is convenient to first consider the trace over one-particle states
called the letter index. For a vector multiplet for gauge group G it is given by

| 3 3 A
ivec = Tr(1p) [(*I)FqnizRXZJR+Ry2J£em]

= tragiU - Y (qn+2Xn+2 +4" P w2 —xq" s g —x7g" 2y n+1),

n
202

U=éieG, y k2071, (4.22)

i =uGpx
In fact, all the oscillators not saturating the bound H > 0 form pairs and do not
contribute to the letter index. Indeed, the above letter index can be simplified as
follows,



334 K. Hosomichi

fvee = —( no, )tradj(U). (4.23)
l—qg1 1—q

The full index is then obtained as its plethystic exponential,

. 1 . n n n
lee = PE[iclar, a2, U) | = eXp(Z;lvec(ql,qz,U )), (4.24)

n>1

integrated over U in the Cartan torus with the invariant measure (4.19).
Let us next consider the chiral multiplet of R-charge r in the representation R of
the gauge group. Its one-loop determinant is

Det,, (é, —ia—i—r—%—i—ilbsz)
Dety(—(8 — ia +r — 1)? + AEW 4 1)
_ H detg (=0, +ia+ (1 —i&Y(m+n+2—r)—in(m —n))
detg (0, —ia+ (1 —i&)(m+n+r) —in(m — n))

Iy =

. (4.25)

m,n>0

This can again be regarded as a refinement of the one-loop determinant (3.25) for
3D chiral multiplet. With an appropriate regularization of the zero-point energy, one
can rewrite this further as a product over the weights of the representation R,

Ina = [T %q192)7: g1, 92, (4.26)

w

where I'(z; g1, g2) is the elliptic Gamma function

1 — Z—lqm+1qn+1
F@g.g) = [] 1—1,n,f (4.27)
m,n>0 9192

This result can also be obtained from canonical formalism, as the plethystic expo-
nential of the letter index,

imat = trr(U) - Z (xrqn-‘rrxg’% _ xr—lqn-f-r-‘rlx%'%)

n>0
+tr,§(U) . Z (xfrqn+27rxg’% _ xlfrqn+r+1X’ u+l)
n>0
_ (q192) R (U) — (q1g2)' " 2trg(U ™)
(I =g —q2) '

(4.28)
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4.4 Squashed S3 from Twisted Compactifications

In the limit 8 — O where one can neglect the KK modes, the 4D superconformal
index reduces to 3D partition function, but with a new dependence on additional
parameters &, . They enter into the 3D partition function through the squashing
parameter b,

1 —-i&+in

pPr=——>T71
1— i —in

(4.29)

Recall that we have chosen the background S* x S' with M = 1 at the beginning
of Sect.4.2, and that our computation was preserving a pair of left-invariant super-
charges Q, S. In this case, the above relation shows that the twist by J. % (accompanied
by an appropriate R-twist) has a rather trivial effect on the partition function, but the
twist by J3. does change the partition function in a non-trivial manner. So the dif-
ferent Scherk-Schwarz twists lead to qualitatively different 3D backgrounds after
dimensional reduction.

To understand the effect of two different twists upon 3D geometry, let us consider
instead the twisted compactification with & % 0, n = 0 and try different choices of
unbroken supersymmetry. After moving to the coordinate system with ordinary time
periodicity, the metric is given by

ds?> = EE® = e'e' + e + (&3 + £dr)? + dr?. (4.30)

On this space, one can either preserve left-invariant or right-invariant supercharges
by choosing the background U (1)r gauge field appropriately to make the corre-
sponding Killing spinors ¢-independent. For V, = —% + &, the Killing spinor equa-
tion (4.6) with M = % has a pair of time-independent solutions satisfying y3e = —e
and y3€ = +€, which we identified with the left-invariant supercharges S, Q. The
solutions corresponding to the other pair of left-invariant supercharges become time-
independent when V, = —% —&. ForV, = %, the Killing spinor equation (4.6) with
M= —% has solutions corresponding to the four right-invariant supercharges.

To do the dimensional reduction along S ! we rewrite the metric (4.30) into the
form

ds? = EE* = e'e' + 2 + uPe’e® + u(dt + u’E &%)?, 4.31)

where u = (14-£%)~!/2. Since this can be regarded as a local Lorentz transformation,
the Killing spinors on the new local Lorentz frame satisfy

D€ = —Mo,,(6,h")e, Dy€ = Mo, (0,h")€, (4.32)
where M = % or —% for the left- or right-invariant Killing spinors, and

h* = (0,0, —u&, u). (4.33)
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By dropping the last term on the right hand side of (4.31) we obtain the 3D metric
of the familiar squashed $3 with SUQ2). x U(Dx isometry. But the nature of the
dimensionally reduced theory depends also on which supersymmetries have been
preserved in the reduction.

If weset M = % and V; = —% + & upon dimensional reduction, the supersym-
metry of the resulting 3D theory is characterized by the Killing spinor equation

1 iu
(Bm + wan”y“h + iuézvm)e = 7)/,,,6,
1 .
(8 + ity — gV, )e = Sy, (4.34)

where V,, = E3 = ue}. The above Killing spinor equation takes the form of (3.2)
with U,, = 0, and 1/4 of the supersymmetry on the round S* remains unbroken
after squashing due to the background U (1)g gauge field —u£2V,,. It was shown in
[5] that the exact partition function on this squashed S* background is essentially
the same as that on the round S, in consistency with the discussion in the previous
subsection. For the case M = % and V; = —% + &, the 3D Killing spinor equation
takes the same form as above but the U (1) gauge field appears with the opposite
sign.

If weset M = —% and V, = %, the Killing spinor equation of the 3D theory is

i
2

1 .
(am + _wubyab)e = _%)/m6 - MSV"ané,

4 m
1 ab . ,ab ) = iu = n =
(Bm + Za)m y )e = —Eyme 4+ uEV"yun€, (4.35)
again with V,, = E; = ue> . This case preserves 1/2 of the Killing spinors on

the round S. The above Killing spinor equation can be identified with (3.2) with
U,, # 0.1t was shown in [18] that the partition function on this background depends
nontrivially on & through the squashing parameter

b=u(l —i§). (4.36)
For a real &, the squashing parameter b is a complex phase.
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3d Superconformal Theories
from Three-Manifolds

Tudor Dimofte

We review here some aspects of the 3d A = 2 SCFT’s that arise from the compacti-
fication of M5 branes on 3-manifolds. The program to systematically describe these
theories and their properties began in a series of papers [1-3], inspired by earlier
physical studies [4—6], and has since been extended and clarified in [7-12], among
other works.

Part of the “3d-3d correspondence” includes an analogue of the AGT relation
[13-16] and the index-TQFT relation of [17-19], discussed in much of the rest of
this volume. Recall that for theories of class S, i.e. 4d N = 2 theories Tk [C] obtained
by wrapping K M5 branes on C, one expects

Partition function of Tx[C]on ___ Partition function of __on C
Sy = Liouville theory 0
R* ~ D} = Liouville theory (conformal block)
53 x4 S! = g-Yang-Mills or generalizations

The basic logic is that one takes the 6d geometry supporting the (2,0) theory on the
worldvolume of the M5 branes to be of the form X x C, where X is one of the
geometries in the left column of (1); then compactifying first on C leads to Tx[C]
on X, whereas compactifying first on X should lead to some other theory (the right
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column of (1)) on C. Similarly, if we denote by Tk [M] the effective 3d field theory
obtained from wrapping K M5 branes on M, we expect!

Part’n function of Tx[C] on _ Part’n function of __on M
S[f = SL(K, C) Chern-Simons at level k =1 [1, 11]
52 x4 S = SL(K, C) Chern-Simons at level k = 0 [3, 12]
R? x, S! = holomorphic sector of SL(K, C)CS [20, 4, 21]
SUSY vacua on RZ x ST = flat SL(K, C) connections on M [20, 4].

@)

The 3d-3d and 2d-4d correspondences fit very nicely together when M has a
boundary. We will describe in Sect. 1 that when M is nontrivial, the theory Tk [M]
is best interpreted as a boundary condition or domain wall for the 4d N = 2 theory
Tx[OM] [1, 8, 22]. This has some natural implications for partition functions. For
example, if M has two distinct boundaries of the same type, 0M = C U C, then
Tx[M] describes a domain wall in the 4d theory Tx[C]. In turn, the 3d partition
functions of Tx[M] on a space Y (from the right column of (2)) should act on the
4d partition functions of Tx[C] on a half-space X with 0X = Y. Examples of this
type and others have been explored in [5, 6, 23-25], and we will elaborate a bit
further on them in Sect.2.2. Similar ideas about domain walls also constituted a
major ingredient in the recent 4d-2d correspondence of [26].

The current successes of the “3d-3d” program include a systematic prescription
for associating theories Tx [M] to a wide class of 3-manifolds M with boundary [1,
2, 7], which we discuss in Sects. 3—4. Sometimes the theories Tx [ M] only contain a
subsector? of the full theory Tx[M] of K MS5 branes on M; though in special cases
one does recover the full Tx[M]. In particular, one recovers the full Tx[M] when
M is a 3-manifold encoding a duality domain wall in a 4d N' = 2 Tx[C], as long
as x(C) < 0. We will revisit this subtlety in Sect.4.1; in the following we drop the
tilde on Tx [M] to simplify notation.

The main technique of [1, 2, 7] is to triangulate the manifold, cutting it up into
tetrahedra, and then to “glue” Tk [ M] together from elementary 3d theories T associ-
ated to the tetrahedron pieces. One obtains this way an abelian Chern-Simons-matter
theory—a theory of “class R —that flows to the desired SCFT Tk [ M ] in the infrared.
Quite beautifully, different triangulations of M lead to different UV Chern-Simons-
matter theories that flow to the same Tx[M]. In other words, the UV theories are

"Here S}f denotes a “squashed” 3-sphere with ellipsoidal metric. It is also useful to note that complex
SL(K, C) Chern-Simons theory has two coupling constants or levels (k, o), one quantized and the
other continuous, cf. Sects.2.1 and 2.2. It is only the quantized level that is being fixed in (2). The
general pattern following from work of [11] is that Tx[C] on a squashed Lens space L(k, 1), is
equivalent to SL(K, C) Chern-Simons at level .

2To be precise: after compactification on S', the subsectors only contain SUSY vacua corresponding
to irreducible SL (K, C) flat connections on M, with given boundary conditions, rather than all flat
connections as prescribed by (2). The relation between these subsectors and the “full” Tx [ M] began
to be analyzed in [27].
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related by a generalized 3d mirror symmetry. The 3d-3d program therefore leads to
the geometric classification of a huge subset of abelian 3d mirror symmetries.

Mathematically, the study of 3-manifold theories based on triangulations has led
to the new concepts of “framed” 3-manifolds and moduli spaces of “framed” flat
connections on them [7, 8]. They generalize the framework of [28] for studying
higher Teichmiiller theory on 2d surfaces—which in turn played a central role in the
2d-4d explorations of Gaiotto, Moore, and Neitzke, cf. [29, 30].

Despite many exciting achievements, there is still much to develop in the 3d-3d
program. One interesting direction of study would be to find nonabelian UV descrip-
tions for theories Tx[M], dual to the abelian ones that come from triangulations.3
This may come from cutting manifolds into simpler pieces along smooth surfaces
(rather than sharp tetrahedron boundaries, which have edges and corners), much as
was done for cutting 2d surfaces in [32]. Such smooth cutting and gluing should
provide the construction of Tk [M] for general closed 3-manifolds as well, and may
circumvent the difficulties with irreducible flat connections and subsectors (cf. Foot-
note 2) encountered so far. Finally, while computations of sphere partition functions
and indices of Tx[M] are easy and accessible, it would be extremely interesting
to analyze the actual Q-cohomology of the space of BPS states of a theory Tx[M]
on (say) S? x R. This would have immediate applications to the categorification of
quantum 3-manifold invariants, along the lines of [20, 33].

1 The 6d Setup

Before discussing methods to construct Tx [M], let’s first try to understand exactly
what it means to associate a 3d N = 2 theory to an oriented 3-manifold M, and what
properties the theory should have.

One way to think about this is to start in 11-dimensional M-theory, wrapping K
MS branes on M x R3. If we want to preserve supersymmetry we must make sure that
M is a supersymmetric cycle. Taking the ambient 11-dimensional geometry to be a
cotangent bundle 7*M x R’ (with M its zero-section), we can preserve at least four
supercharges.* If we subsequently decouple gravity, taking a field-theory limit on
the M5 branes, and flow to low energy so that fluctuations along M can be neglected,
we expect to obtain a 3-dimensional N’ = 2 theory on R>. In the far infrared, the
theory generically hits a superconformal fixed point, which we might call Tk [M].

3In a few examples, nonabelian duals are already known: the basic tetrahedron theory has an SU (2)
dual discussed in [31]; and the theory for the basic S-duality wall in 4d N" = 2 SU (2) theory with
Ny = 4 (associated to the manifold in Fig.4b) has an SU(2) dual found in [24]. Some basic ideas
about smooth gluing were also discussed in [5].

“The counting goes as follows. First, the cotangent bundle 7*M is a noncompact Calabi-Yau
manifold. M-theory on a generic Calabi-Yau background preserves eight supercharges (cf. [34,
35]). An M5 brane wrapping a special Lagrangian cycle in the Calabi-Yau (such as the zero-section
M in T*M) is half-BPS, and preserves four of the eight supercharges.
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In this brane construction, the starting metric on M might be chosen arbitrarily.
All the details of the metric enter (as couplings) into an effective field theory on
R3. However, in the process of flowing to the infrared the metric is expected to
“uniformize,” acquiring constant curvature.’ Correspondingly, renormalization flow
washes away most of the coupling dependence in the effective theory on R3. Most
topological 3-manifolds admit a metric with constant negative curvature [38], i.e. a
hyperbolic metric, and they are the ones we’ll be interested in.® Moreover, if M is
closed, the hyperbolic metric is unique [39]. In this case, Tx [ M] is indeed expected to
be a superconformal theory, which depends only on the topology of M, has no flavor
symmetry, and admits no (obvious) marginal deformations. Just as the hyperbolic
structure on M is rigid, we might say that Tx [M] is rigid.

We may also understand Tx [M] directly in field theory. The 6d theory on K M5
branes is the (2, 0) SCFT with Lie algebra Ax_;. It must be topologically twisted
along M in order to preserve supersymmetry. (In general, the required topological
twist is prescribed by the normal geometry of the supersymmetric cycle M C T*M
[40]; but in this case the choice is unique.) In particular, the SO(3)g part of the
Lorentz group corresponding to M is twisted by an S O(3) z subgroup of the SO (5) ¢
R-symmetry group (cf. [4, 20]). The unbroken R-symmetry is the commutant of
SOB)r C SO(5)g, namely SO (2)z >~ U (1), as appropriate for an A = 2 theory
in 3d. We again are welcome to choose any metric on M that we want. In the UV,
the effective field theory on R? will depend on the metric, but after flowing to the IR
one hopes to obtain an SCFT that does not.

This is all entirely analogous to compactification of K M5 branes, or the Ag_,
(2,0) theory, on 2d surfaces C. In that case, the IR theory Tx[C] (a theory of “class
S”) depends on the conformal class of a metric on C, which is equivalent to a choice
of hyperbolic metric. In contrast to 3d, the hyperbolic metric on a closed surface
allows continuous deformations, and the 4d N = 2 theory Tx[C] has corresponding
exactly marginal gauge couplings [V:2].

The story becomes much more interesting, and in many ways much more man-
ageable, if we allow M to have defects and boundaries.

Codimension-two defects placed along knots in M add flavor symmetry to Tx [M].
Inthe 6d Ag_; (2,0) theory, there are different types of “regular” defects, labelled by
partitions of K, and carrying various subgroups of SU (K) as their flavor symmetry
[32].7 In M-theory, each regular defect along a knot JC C M comes from a stack of
K or fewer “probe” M5 branes that wrap the noncompact supersymmetric 3-cycle
N*K C T*M (the conormal bundle of K) as well as R*. The flavor symmetry can

5See, e.g., the supergravity solutions of [36] involving special Lagrangian 3-cycles. For the anal-
ogous compactifications on 2d surfaces, the flow of the metric to constant curvature was analyzed
in [37].

5Notable exceptions include spheres, tori, lens spaces, and more general Seifert-fibered manifolds,
which have the structure of an S! fibration over a surface. The 3d theories resulting from com-
pactification on such manifolds are qualitatively different from the hyperbolic case. For example,
compactification on a 3-torus yields ' = 8 SYM in 3d, while compactification on the 3-sphere
yields a gapped theory that breaks SUSY.

7 Also described in Sect. 3.1-3.2 of Families of N = 2 field theories by D. Gaiotto.
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be understood as arising from the symmetry group of the probes. In the presence of
a defect, the hyperbolic metric on M acquires a cusp-like singularity, cf. [41].

In order to add boundaries to M, we must be somewhat more creative, since M5
branes cannot end. Alternatively, the (2, 0) theory does not admit ordinary super-
symmetric boundary conditions because it is chiral. We create boundaries for M at
“infinity” by allowing asymptotic regions that look like R, x C for some surface C
(Fig. 1). Then M is no longer compact. Wrapping M5 branes on M leads not to an
isolated 3d theory but to a half-BPS superconformal boundary condition (preserving
3d N = 2 SUSY) for the 4d theory Tx[C]. We might call this boundary condition
Tx[M]. If M has multiple asymptotic regions with cross-sections C;, then Tx [M] is
acommon boundary condition for a product of theories Tk [C;], which do not interact
with each other in the 4d bulk; equivalently, Tx [ M] can be thought of as a half-BPS
domain wall between one subset of 4d theories Hi< ; Tk [C;] and its complement
[1;~; Tk [C:] (Fig. 2). Note that defects in M (orange lines in the figures) may enter
asymptotic regions, where they look like punctures in the surfaces C;.

In the presence of asymptotic boundaries C;, the hyperbolic metric on M is no
longer rigid. It depends (at least) on a choice of hyperbolic structure for each surface
C;, i.e. on a choice of boundary conditions. This choice, of course, parametrizes the
bulk couplings of [ [; Tk [C;].

We can try to transform the boundary condition Tx[M] into a stand-alone 3d
N = 2 theory by decoupling the 4d bulk theories [ [, Tx[C;]. However, there is no
unique way to do this. Suppose, for example, that there’s just a single boundary C.
Working with a nonabelian SCFT Tk [C], we attain a (non-canonical) weak-coupling
limit by adjusting the hyperbolic metric on C so as to stretch it into pairs of pants

Gy
T[C1] x T[Ce] T[M]
Cy

<R3

Fig. 1 Compactifying M5’s on a 3-manifold with asymptotic boundaries to obtain a boundary
condition T[M]

Cl CZ

<R3

T[M)]
T(C] T[Ce]

Fig. 2 Re-interpreting the boundary condition of Fig. 1 as a domain wall
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Fig. 3 Shrinking a pants
decomposition of a
one-punctured torus into a
network of defects

connected by long, thin tubes [32]. There is a weakly coupled SU(K) gauge group
in Tx[C] associated to each tube. In the limit of infinite stretching, we may hope to
leave behind a 3d theory Tx[M, p], labelled by the chosen pants decomposition p
of C. Tg[M, p] should have a residual SU (K) flavor symmetry for every stretched
tube (which would get gauged in re-coupling to a 4d bulk).

We may represent this 4d—3d decoupling geometrically by “shrinking” C to a triva-
lent network of maximal codimension-two defects, as dictated by the pants decompo-
sition p (Fig. 3).® This effectively compactifies M. The trivalent junctures of defects
survive as asymptotic regions of M with the cross-section of a 3-punctured sphere.
Thus, the theory Tk [M, p] is still potentially coupled to a collection of 4d “trinion”
theories, and this coupling takes a little extra work to undo. For example, in the case
K = 2, the trinion theory just consists of four free hypermultiplets, coupled to the 3d
boundary theory by superpotentials. One can adjust bulk parameters to make some
of these hypermultiplets very massive. This is discussed in [1] and especially [8].

Alternatively, we can move onto the 4d Coulomb branch of Tx[C] and flow to
the IR. Then Tk [C] is a Seiberg-Witten theory, with some abelian gauge symmetry
U (1)?. The electric-magnetic duality group is Sp(2d, Z). We decouple the Seiberg-
Witten theory by choosing an electric-magnetic duality frame IT, and adjusting pa-
rameters and moduli so that all the electric gauge couplings in that frame become
weak. Again, a little more is needed to decouple BPS hypermultiplets. In the end, we
obtain a purely 3d theory Tx[M, IT] with U (1) flavor symmetry left over from the
bulk gauge group. We will usually represent the manifold giving rise to Tx[M, I1]
as simply having its asymptotic region C x R cut off at finite distance.

1.1 Duality Walls

A very simple application of the above constructions is to represent duality walls
for 4d N' = 2 theories of class S by 3d geometries [5, 6, 8]. To this end, we take
M = R x C for some punctured surface C. In other words, M has two asymptotic
boundaries C. The punctures of C just become defects running the entire “length” of

8This “shrinking” procedure turns parts of M that look like ' x R x R (i.e. the neighborhoods
of tubes) into defects. An identical setup was used to create defects in [32].
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M . Naively, Tx [M] just becomes a trivial domain wall between two copies of Tx [C].
However, we can make it look non-trivial by taking different decoupling limits on
the two ends.

For example, if we work with Tx[C] as a UV SCFT, we can take two different
weak-coupling limits corresponding to pants decompositions p, p’. The 3d theory
Tx[M, p, p'] thatis leftbehind is the theory of an S-duality domain wall. For example,
if C is a punctured torus (with a minimal puncture), then Tx [C]is 4d N = 2* theory
with gauge group SU (K). Letting p and p’ shrink the A and B-cycles of the punctured
torus, respectively, we should obtain the S-duality wall whose 3d theory is usually
called (mass-deformed) T[SU (K)] [42].

As discussed above, we can represent decoupling limits geometrically by shrink-
ing appropriate legs/tubes of C to defects at the two ends of M, so that we obtain a
compact manifold M, , with a trivalent network of defects. In the case of S-duality
for a one-punctured torus, the resulting manifold is a “Hopf network™ of defects
in 3, shown in Fig.4a. By using the methods of Sect.4, its 3d theory was shown
in [8] to be equivalent to T[SU (2)] (for K = 2). Similarly, if we take C to be a
four-punctured sphere (with appropriate minimal/maximal punctures) and set p, p’
to correspond to its “s and ¢ channel” decompositions, we get the basic S-duality
for V' = 2 SQCD with Ny = 2K = 2N,. The 3d geometry for the duality wall is
shown in Fig. 4b; its associated 3d theory appeared in [8, 24].

We can also put theories Tk [C] on their Coulomb branch, and choose decoupling
limits IT, TT’ at the two ends of M that are appropriate for Seiberg-Witten theory.
The theory Tx[M, T1, T1'] becomes a “Seiberg-Witten duality wall” that implements
abelian IR dualities. The simplest such walls (involving duality for gauge multiplets
alone) were discussed from a field-theory perspective in [43]. In general, one can
also act on hypermultiplets, as discussed in [1].

Finally, decoupling one end of M in the UV and one in the IR (on the Coulomb
branch), we can obtain the 3d theory Tx[M, p, [1] for an “RG wall” [8]. It has the
property that operators hitting the wall on the UV side are decomposed into a basis
of IR operators on the other side, cf. [44]. For supersymmetric line operators, such
UV-IR maps have been discussed (e.g.) in [45, 46], and RG walls give them a novel
physical interpretation. The 3d geometry representing an RG wall for AV = 2* theory
is shown in Fig. 4c. (Note how two of these geometries can be glued along their outer
boundaries to form the UV S-duality manifold of Fig.4a.)

@ (=

Fig.4 Geometries representing various S-duality and RG walls: a a Hopf network of defects in $3;
b a tetrahedral network of defects in $3; and ¢ a network of defects in a solid torus, corresponding
to a particular pants decomposition and connecting to a puncture on the boundary
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2 3d Theories, SL(K) Connections, and Chern-Simons

One of the most interesting geometric properties of a 3-manifold theory Tx [M] is the
relation between its vacua and flat SL(K, C) connections on M. The other AGT-like
correspondences between partition functions of Tx[M] and Chern-Simons theory
on M in (2) can be understood as quantizations of this basic semi-classical relation.
Strictly speaking, the relation to flat connections holds when Tk [M] is compactified
on a circle ' of finite radius. So let us do this, assuming that the full 6d geometry is
now M x R? x S

The 6d (2,0) theory on a circle gives rise to 5d maximally supersymmetric Yang-
Mills on M x R?, with gauge group SU(K),’ and with a partial topological twist
along M. We may explicitly write down the 5d BPS equations. The partial twist
transforms three real scalars in the gauge multiplet into an adjoint-valued 1-form ¢
on M. The BPS equations on M then take the form of “Hitchin equations” generalized

to three dimensions!?:

[D;, D=0 (,j=123), > ¢'ID;Dj]1=0, 3)
ij

where D; is the gauge-covariant derivative with respect to a complexified gauge field
A; +ip;,and g;; is a chosen background metric on M, cf. [4, 20, 47]. The equations
are invariant under real SU (K) gauge transformations. The set of solutions to (3),
modulo real gauge transformations, is equivalent (up to a lower-dimensional subset)
to the solutions of the equations [D;, D;] = 0 alone, modulo complex SL(K, C)
gauge transformations. But this means that the solutions are complex SL(K, C) flat
connections on M. Let us denote this moduli space as

EK (M) = { flat SL(K, C) connections on M}. 4

We expect it to correspond to the space of vacua of Tx[M] on S' x R2.

In terms of branes, the M5 branes wrapping M x S' x R? become D4 branes
wrapping M x R2. The worldvolume theory of the D4’s is 5d SYM. The three adjoint
scalar fields that were promoted to a 1-form ¢ are the translation modes of the D4’s
in the fibers of the cotangent bundle 7*M. In the infrared, one expects the stack of
K D4 branes to separate in T*M, becoming a single multiply-wrapped brane, and
forming a spectral cover M of M. The pattern of separation then is encoded in the
eigenvalues of the 1-form ¢.

°Tt is also possible to arrive at a theory where the center of SU(K), or subgroups of the center,
are not gauged. Then instead of getting a relation to SL(K, C) connections, we find a relation to
PSL(K, C) connections, or similar. The details are subtle (see [8]), but the correct relation can
ultimately be derived by examining the charges of fundamental line operators in Tx [M].

10The structure of Hitchin equations in two dimensions and their relation to 4d A/ = 2 theory on a
circle is reviewed in [V:3].


http://dx.doi.org/10.1007/978-3-319-18769-3_3

3d Superconformal Theories from Three-Manifolds 347

We might remark that starting from a flat complex connection .4 and obtaining the
spectral 1-form ¢ is not an easy task. To do so, one must find the right complex gauge
transformation / so that the transformed A, satisfies the real equation g"/ [ D;, Dj.] =
0, in addition to the complex flatness equations. Then the imaginary part of this
particular Ay, is ¢. Therefore, ¢ and the spectral cover it encodes depend on the
choice of metric g;; for M—even though the notion of a flat complex connection
does not.

It is also useful to observe that after splitting equations (3) into real and imaginary
parts they reduce to Fy = dA + A% = ¢?, along with d4 ¢ = d4 * ¢ = 0. The latter
equations say that ¢ is a covariantly harmonic one-form on M. The eigenvalues of
 give rise (roughly) to a harmonic one-form on the spectral cover, which plays the
role of a Seiberg-Witten form for Tx [M] [2].

If M is compact and hyperbolic, the flat SL (K, C) connections on M typically turn
out to be rigid. We note, however, that mathematically it is still unknown precisely
when rigidity holds.!! If the flat connections are indeed rigid, then £ (M) consists
of a discrete collection of points, and Tx[M] will have isolated vacua (no moduli
space) on R? x S!.

A more interesting situation arises when M has asymptotic boundary C, so that
Tx[M] is a boundary condition for the 4d theory Tx[C]. Suppose that we move
onto the Coulomb branch of T [C]. After compactification on a circle S 1 the theory
Tk [C] can be described in the IR as a 3d sigma model whose target is the moduli
space of flat SL(K, C) connections on C [48]

Pk (C) = {flat SL(K, C) connections on C}. 5)

This space arises physically from a standard 2d version of Hitchen’s equations (3). It
is actually a hyperkihler space, as appropriate for 4d ' = 2 supersymmetry. How-
ever, we will only consider it in a single complex structure—the complex structure
associated to the 3d ' = 2 subalgebra that the boundary condition Tx[M] pre-
serves. Then, for us, Pg[C] is simply a complex symplectic space. Its holomorphic
symplectic form is given by the Atiyah-Bott formula

Q- / Tr [SA A 6A], (©)
C

where §.A is the deformation of a complex connection. The holomorphic coordinates
on Pk [C] are eigenvalues or traces of SL(K, C) holonomies (or some more elemen-
tary cross-ratio coordinates, a la [28], from which holonomies can be constructed, see

"10ne can attempt to use algebraic Mostow rigidity [39] to analyze the problem. This requires
knowing that the representation p : w1 (M) — SL(K, C) defined by the holonomies of a flat con-
nection A is a lattice. That is, p(71(M)) C SL(K, C) is a discrete subgroup, with no accumulation
points, such that SL(K, C)/p(m1(M)) has finite volume. This is true if M is hyperbolic and A is
the flat connection related to the hyperbolic metric; but is unknown in general.
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Sect.4.1). In T [C] these coordinates are the vevs of supersymmetric line operators
that wrap S' [45, 491.12

Now, the moduli space Lx (M) of flat connections on M generically projects to
a Lagrangian submanifold Lx (M) C Pk (C), which parameterizes the flat connec-
tions on the boundary C that extend to M:

Lx (M) = {flat SL(K, C) connections on 9M that extend to M}. @)

The expectation that this is Lagrangian follows from the fact that flatness equations
are elliptic; at a basic level, only half of the classical parameters on the boundary are
needed to specify a flat connection in the bulk. Moreover, both P (C) and Lg (M)
are algebraic. The equations that cut out L (M) can be interpreted as Ward identities
for line operators in Tx [C] in the presence of the boundary condition T [M]. In the
effective 3d sigma-model to Pk (C), Lx (M) is quite literally a Lagrangian brane
boundary condition [1].

If we decouple the 4d bulk theory Tk [C] to leave behind a 3d theory Tx[M, p] or
Tx[M, I1], the Lagrangian Lx (M) acquires a more intrinsic interpretation. Let us
consider the Seiberg-Witten description of Tx[C] for simplicity. Then the choice of
duality frame IT needed for the decoupling maps precisely to a choice of polarization
for Pk (C). This is a local splitting of coordinates into “positions” x (corresponding
to IR Wilson lines of Tx[C]) and “momenta” p (corresponding to IR "t Hooft lines).

The decoupled theory Tx[M, IT] has U (DH? flavor symmetry, where 2d =
dimc Pk (C). The positions x are twisted masses'® for each U (1) symmetry, com-
plexified by U (1) Wilson lines around S'. The momenta p can be thought of as
effective FI parameters for the flavor symmetries; or equivalently as the vevs of
complexified moment map operators for each U (1). The Lagrangian Lx (M) then
describes the subset of twisted masses and effective FI parameters that allow super-
symmetric vacua to exist on R? x §'—it is the “supersymmetric parameter space”
of Tx[M, IT].

More concretely, by compactifying Tx[M, IT] on a circle we obtain a 2-dimen-
sional NV = (2, 2) theory, whose IR ‘behavior is governed by an effective twisted
superpotential W. After extremizing W with respect to dynamical fields, it retains a
dependence on complexified masses x. The supersymmetric parameter space is then
defined by [6]'4

Lx(M): exp(xiaxiﬁ/(x)):p;, i=1,....d (8)

12See Sect. 2 of Hitchin systems in N = 2 field theory by A. Neitzke.

I3Explicitly, if we re-introduce the radius 3 of the compactification circle, these dimensionless
coordinates arise as x = exp (ﬁm3d +i fﬁsl A), where A is the background gauge field for a 3d
flavor symmetry, and m3, is its real mass. A factor of 3 also enters (8) to keep W dimensionless.

14This Lagrangian and its quantization also plays a role in the study of surface operators in 4d
N = 2 theories, and their lifts to 3d defects in 5d theories—see Sect. 2.4 of [V:8].
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The description of L (M) and Pk (OM) can be generalized to geometries M that
include codimension-two defects. It is necessary to impose boundary conditions for
flat connections at the defects. These effectively increase the dimension of Pg (OM),
basically as if all defects had been regularized to small tubular pieces of boundary.
This is natural, since defects enlarge the flavor symmetry group of Tx[M]. Mathe-
matically, Px (OM) and Lg (M) most accurately take the form of moduli spaces of
“framed” flat connections, which we discuss in Sect.4.1.

2.1 Quantization and 3d-3d Relations

Having understood the fundamental relation between flat connections and the pa-
rameters/observables of Tx[M], one can further deform the R? x S! geometry to
quantize the pair Lx (M) C Pk (OM). The basic idea is that adding angular momen-
tum, so that R2 ~ C fibers over S' with twist 7 — qz, leads to a non-commutative
algebra of Wilson and "t Hooft line operators that satisfy px = ¢ X p [45, 50], ([V:3],
Sect. 3). The algebraic equations for Lk (M) are promoted to operators that annihi-
late partition functions of Tx [M, I1] (or Tx[M, p]), enforcing Ward identities in the
twisted geometry.

The quantization of the pair Lx (M) C Pg(IOM) also has a natural interpreta-
tion on the “geometric” side of the 3d-3d correspondence. It is useful to recall that
flat SL(K, C) connections on a 3-manifold are the classical solutions of quantum
SL(K, C) Chern-Simons theory. The space Pk (OM) is just the semi-classical phase
space that Chern-Simons theory associates to a boundary of M, and its quantiza-
tion produces the algebra of operators acting on a quantum Chern-Simons Hilbert
space Hy (OM) [51-53]. Similarly, the Lagrangian L (M) is just a semi-classical
wavefunction, and its quantization produces a distinguished element of the opera-
tor algebra that annihilates the Chern-Simons wavefunction on M, an element of

One expects, therefore, that partition functions of Tx[M, %] on spacetimes with
angular momentum are equivalent to wavefunctions in complex Chern-Simons the-
ory, leading to the correspondences of (2). A precise choice of spacetime is required
to fully specify how the Chern-Simons Hilbert space should be quantized—in par-
ticular to specify the level of the Chern-Simons theory. However, the structure of
the quantum line-operator algebra (the algebra of operators in CS theory) remains
essentially independent of this choice. Here are some options that have been studied:

e On spinning R? x, S' as above, the partition function of Tx[M, I1] depends on a
discrete choice o of boundary condition (basically a massive vacuum) at infinity
on R?, in addition to ¢ and the complex masses x. Geometrically, « is a choice
of flat connection on M given boundary conditions x. The resulting partition
functions B, (x; q) [21, 54], which count BPS states of Tx[M, x], correspond to
partition functions in analytically continued SU (K) Chern-Simons theory on M,
with exotic choices of integration contour labelled by «, much as in [53, 55, 56].
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e The partition function of Tx[M, %] on a spinning S> xg S ! geometry computes
a supersymmetric index [57-59]. It was conjectured in [3] and derived in [12]
that the index corresponds to a wavefunction of SL(K, C) Chern-Simons theory
at level k = 0. This is not a trivial theory! To be more precise, we must recall
that complex Chern-Simons theory has two levels (k, o), one quantized and one
continuous. Here only the quantized level is set to zero; the continuous o is related
to the spin in the index geometry as ¢ ~ €>™/7.

e The partition function of Tx[M, x] on an ellipsoid S g, computed via methods of
[60, 611,15 was conjectured in [1, 5, 6] to correspond to an SL (K, R)-like Chern-
Simons wavefunction. A careful supergravity calculation in [11, 62] then derived
a direct relation to SL(K, C) Chern-Simons theory at level k = 1. The Hilbert
spaces of these two Chern-Simons theories are very similar—see Sect.2.2.

e It was conjectured in [21] that the index and ellipsoid partition functions can
both be written as sums of products of “holomorphic blocks” B, (x; ¢), providing
a direct relation between the three types of partition functions above. This is
essentially holomorphic-antiholomorphic factorization in complex Chern-Simons
theory, and involves a 3d analogue of topological/anti-topological fusion [63, 64]
for Tx [ M, *].

e Extending the results of [11], one expects that the partition function of Tk [M, *]
on a squashed lens space L(k, 1), (which can be computed via methods of [65])
agrees with a wavefunction of SL(K, C) Chern-Simons theory at general level k.

The relation between Sg partition functions of 7>[M, *] and complex Chern-
Simons theory provided some of the first concrete tests of 3d-3d duality. For 3-
manifolds with boundary, the relevant Chern-Simons partition functions could be
computed using methods of [66-68] (and are now understood to capture SL(2, C)
Chern-Simons at level k = 1). In the case of S? x q S I however, techniques for
computing the index of Tx[M, %] led to a new algorithm for computing SL(K, C)
Chern-Simons wavefunctions at level k = 0, which has since been formalized math-
ematically [69, 70]. Repeating this exercise for squashed lens spaces should prove
equally interesting.

2.2 Connection to AGT

As anticipated in the introduction, the fact that 3d theories Tx [ M, *x] naturally define
boundary conditions for 4d theories Tx[OM] of class S leads to a close interplay
between the partition functions involved in 3d-3d and 2d-4d relations.

The basic physical idea is that if X is a 4-manifold with boundary allow-
ing supersymmetric compactification of N' = 2 theories, the partition function
Zx (TK [oM], p) should depend on supersymmetric boundary conditions, and can
be interpreted as a wavefunction in some Hilbert space Hx [OM, p]. Here we write

15See also A review on SUSY gauge theories on S> by K. Hosomichi.
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Zx (TK [oM], p) to emphasize that the way one prescribes boundary conditions may
depend on a choice of weak-coupling duality frame for Tx [0M], given (say) by a
pants decomposition p for M. For example, if X = D} is half of the squashed
4-sphere S} (equivalently, for computational purposes, to the omega-background
X = R}), then Zx(T>[0M], p) is an instanton partition function of T,[0M]. The
instanton partition function depends on Coulomb moduli @; for each gauge group
that is manifest in the duality frame p. Via the AGT correspondence, it is natural to
identify the instanton partition function with a wavefunction in the Hilbert space of
Liouville conformal blocks H,[OM, p].

Here we should emphasize a technical point. In this interpretation, Hx[0M, p] is
not the (enormous) full physical Hilbert space of Tx [0M ] on 0X . Rather, Hx [OM, p]
is a “BPS” subsector of the full Hilbert space, whose elements are supersymmetric
ground states of Tx[M] on 0X. The supersymmetric partition functions that we
describe belong to this subsector, which has finite functional dimension.

Now if M is any 3-manifold with boundary OM, then the partition function of
Tx[M, p] on 0X should also be a wavefunction in the Hilbert space Hg[OM, p].
In order to calculate the partition function of Tx [OM] on X, coupled to the theory
Tx[OM, p] on 0X, we simply take an inner product

(Zx (Txk[OM], p) | Zox (Tk[M, p]) ). )

For example, if X = Dy, then 90X = SZ, and Zpx (T2[M, p]) is simply the ellipsoid
partition function of the 3d theory 7>[M, p]. Note that the 3d theory 7>[M, p] has
flavor symmetries with complexified twisted masses a; for every gauge symmetry
of the bulk theory 7>[0M] (in duality frame p); thus both the right and left sides
of (9) depend on the same parameters a;, and taking an inner product just means
integrating them out with the right measure.

By using the doubling trick of Fig.2, these constructions can easily be extended
to domain walls. For example, one might insert an S-duality domain wall carrying
theory T>[M; p, p’] on the equator Sg - S;. Here 9M = C u C for some sur-
face C, so the ellipsoid partition function belongs to a product of Hilbert spaces
Zg(To[M; p, p'l) € Ha[Cl* ® Ha[C]. The partition function on the whole S, with
the domain wall becomes

(Zps(T2UC1 p) | Z53 (TaIM, p, P']) | Zp (T2UC1 D) ). (10)

Such configurations with S-duality domain walls in S;f have been studied at length,
e.g. in [5, 6, 23, 24] (see [V:10]). The 3d partition function Zg (T.[M, p, p']) can
be identified with a Moore-Seiberg kernel in Liouville theory—it acts naturally on
H>[C], changing the basis from one labelled by p to one labelled by p’. In this
case, the Lagrangian £, (M) and its quantization describes the transformation of line
operators from one side of the wall to the other. An analogous setup involving domain
walls on the equator of the index geometry S? x, S' C % x, S! was considered in
[3, 25, 71].
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We remark that while physically it is clear that all wavefunctions appearing in
formulas such as (9) must belong to the same Hilbert space—namely, the space
describing basic supersymmetric boundary conditions on 0 X—this is sometimes a
little less clear on the “geometric” side of the 3d-3d and 2d-4d correspondences.
There remain a few interesting details to be worked out here. For example, the 2d-4d
correspondence says that 7,[OM ] belongs to a space of Liouville conformal blocks on
OM, while the 3d-3d correspondence says that 7>[ M, *] belongs to the Hilbert space
of SL(2, C) Chern-Simons theory, at level k = 1, on M. These are not obviously
equivalent. A promising observation is that the Liouville Hilbert space is a boundary
Hilbert space for SL(2, R) Chern-Simons [72]. In turn, the quantization of a model
phase space (R)? in SL(2, R) theory yields H = L?(R); while the quantization of a
model (C*)?in SL(2, C) theory atlevel k yields H = L*(R)® V, where dim V;, = k
[3]; these model descriptions agree when k = 1.

3 Top-Down Construction

Currently there exist two closely related approaches for producing 3d N' = 2 La-
grangian gauge theories that flow in the IR to 3-manifold theories Tx[M]. Both
approaches lead to abelian Chern-Simons-matter theories of class R, whose superpo-
tentials may contain nonperturbative monopole operators. Going in reverse chrono-
logical order, we will first introduce the more intuitive “top-down” construction of
[2] here, and then discuss the more concrete but also more technical “bottom-up”
construction of [1, 7] in Sect. 4.

It is important to keep in mind that many different UV Lagrangian theories can
have the same IR fixed point Tx [M]. We will say that such UV theories are “mirror
symmetric,” after the first dualities of this type found in [73—-76]. The phenomenon
is entirely analogous to Seiberg duality for 4d A/ = 1 theories (and sometimes even
arises from reducing 4d dualities [77]). For now we note that the abelian Lagrangians
described here could easily have non-abelian mirrors.

The basic idea of [2] is to derive the BPS particle content and interqgtions for a
UV description of T [ M ] from the geometry of a K -fold spectral cover M of M, and
then to use them (optimistically) to reconstruct an entire 3d Lagrangian. For example,
in M-theory, the K coincident M5 branes wrapping M are expected to deform at low
energy'’ in the fiber directions of 7* M, recombining into a single brane that wraps
the cover M. The BPS states and their interactions then arise from M2 branes that
end on this M5.

16Quantization of SL(2, R) flat connections on a surface is reviewed in this volume in Supersym-
metric gauge theories, quantization of My, and conformal field theory by J. Teschner.

7Here we mean low energy from the point of view of M-theory dynamics, which is still UV for
3d field theories on R3. See related comments below about being able to choose arbitrary metric
for M.
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We can understand the appearance of a spectral cover M, governed by a multi-
valued harmonic one-form A on M (or a single-valued harmonic one-form A on M ),
directly in M theory. In order to preserve supersymmetry, an M5 brane must wrap
a special Lagrangian 3-cycle in 7*M. The zero-section M is one such cycle, but it
can be deformed. Small deformations preserving the special Lagrangian condition
are precisely parametrized by real harmonic 1-forms A on M. We should emphasize
again that A depends on a choice of metric for M, which is entirely up to us—we
are not working in the ultra low-energy limit where only the hyperbolic metric is
relevant.

Alternatively, we could obtain the spectral cover in field theory by starting with
the nonabelian Hitchin-like construction of Sect. 2, and sending the compactification
radius to infinity. This radius 3 implicitly entered the definition of the complexified
connection A + i3y in (3); as f — 00, a rescaled Higgs field ¢ survives. So long
as the three components of ( are simultaneously diagonalizable, we saw that their
eigenvalues define a multi-valued harmonic 1-form. A more direct 6d construction,
along the lines of [32, 78], would extract A from certain operators of the 6d (2, 0)
theory.

From M and ), one can attempt to read off the content of a UV Lagrangian
description of Tx[M], which we’ll call TK[M ]. First, the integral of A around any
1-cycley C M produces a real scalar o in a 3d A/ = 2 vector multiplet. The integral
of the (abelian) M5-brane B-field on the same cycle leads to the actual 3d abelian
gauge field A, the superpartner of 0. Thus, to a first approximation, the number of
gauge multiplets in Tx[M] is the first Betti number b;(M). In fact, if there is any
torsion in H, (M, Z), it indicates the presence of additional gauge multiplets that are
killed (dynamically) by nonzero Chern-Simons terms. The full claim is that if

H\(M,Z) = Z{y, ..., 7a) | (Zkijy; = 0), (11)

then Tx [M] has d abelian gauge multiplets coupled with a Chern-Simons level matrix
ki;.

If M has defects, they lift to defects in the spectral cover M. Then, much as in the
setting of compactification on 2d surfaces with punctures, the non-trivial 1-cycles in
M that link the defects give rise to non-dynamical gauge fields and flavor symmetries
in TK[M ]. Note that defects impose boundary conditions on A that forbid a trivial
solution A = 0.

Similarly, if M has an asymptotic boundary of the form C x R, the spectral
cover M will have asymptotic regions of the form ¥ x R,, where X is a K-fold
cover of C. It is the Seiberg-Witten curve for the 4d theory Tx[C]. If we pass to
a weak-coupling limit IT of Tx[C] to obtain a pure 3d theory Tx[M, IT], half of
the cycles in the Seiberg-Witten curve will get pinched off. The remaining cycles
contribute to H, (M), and lead to non- dynamical U (1) gauge multiplets in Tx [M, I1],
corresponding to the expected U (1) flavor symmetries.

Most interestingly, M2 branes ending on the M5 wrapping the spectral cover lead
to BPS particles and superpotential interactions in Tx [M]. The basic case is a non-
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Fig. 5 Producing BPS chirals and superpotentials from M2 branes wrapped on M

W = ¢1203

contractible cycle v C M of minimum volume that bounds a disc D, C T*M. An
M2 brane wrapping D x R C T*M x R? gives rise to a BPS particle of charge
v, hence a chiral multiplet ¢ in Tx[M] (Fig.5a). If the M2 brane instead ends on a
2-cycle 5 C M (filling in a ball in 7* M), then it looks like an instanton in R3, which
can generate a superpotential involving a monopole operator. It is the monopole for
the gauge field associated to the 1-cycle v dual to 3. Finally, suppose we have a
collection of M2 branes wrapping some discs D;, with 9D; = ~;, giving rise to
chirals ¢;. Then an additional M2’ brane might wrap a ball in 7* M whose boundary
is a union of the discs D; and an open 2-cycle in M connecting their boundaries -;
(Fig. 5b). This latter M2’ brane also looks like an instanton in R, and generates a
superpotential interaction among the chirals, W = []; ¢;.

Altogether, the vector multiplets and their Chern-Simons interactions, and the chi-
ral multiplets and their superpotential interactions, all obtained geometrically from
M, could specify the abelian Chern-Simons matter theory TK[M ] (or Tx[M, IT],
etc.). Unfortunately, the prescription can be extremely difficult to implement in gen-
eral. The problem is that, given an arbitrary background metric on M, one cannot
easily solve for the harmonic form A and the minimum-volume cycles on M.

One way to circumvent this problem is to deform the metric on M so that the
cover M becomes “especially nice,” making it easy to read off the particle content
of TK [M]. We will explain this further in the next sections. Often there are multiple
“especially nice” limits, which lead to different mirror-symmetric theories TK [M].

3.1 Seiberg-Witten Domain Walls

A basic scenario that can allow a simple description of the spectral cover M is for M
representing a Seiberg-Witten domain wall, as discussed in Sect. 1.1. Such manifolds
were the focus of study in [2, 9].

We take M = R x C, where C is a punctured surface. The punctures become
defects running the entire length of M. At the two asymptotic ends of M, we consider
the theory Tx[C] on its Coulomb branch. Globally, we picture the spectral cover
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M as a fibration over the infinite direction R, whose fiber over a point x* € R
is a Seiberg-Witten curve X,s for Tx[C]. The Seiberg-Witten curve comes with a
holomorphic Seiberg-Witten differential A3V (x*). As x3 varies from —oo to co, we
want to smoothly vary the UV gauge couplings (i.e. the metric on C), as well as
mass parameters coming from the defects and Coulomb moduli in such a way that
the theory Tx[C] decouples at x = =00 according to some chosen polarizations
I, IT'.

In order to preserve 3-dimensional ' = 2 supersymmetry, the variation we
choose cannot be completely arbitrary. Geometrically, we need the real part of the
varying Seiberg-Witten differential A" (x*) to form two of the three components of
a harmonic 1-form A on M. Alternatively, in field-theory terms, we recall that the 3d
N = 2 central charges are the real parts'® of 4d A/ = 2 central charges (just as the
scalar in a 3d gauge multiplet is the real part of the scalar in a 4d gauge multiplet).
A necessary condition for unbroken 3d SUSY is

O3Rela(x3)] = OsRelap (x3)] = OsRe[m(x3)] = 0, (12)

i.e. the real parts of all 4d central charges, coming from periods of A3V, are fixed.
A 4d theory Tx[C] whose parameters vary'® in the x3 direction subject to (12) can
be called a generalized Janus configuration, cf. [80]. The condition (12) ensures that
dsRe A*V is an exact 2-form on X, i.e. 3Re AW = dy f, where d is the exterior
derivative along X. Then Re A% — f dx? is a closed real 1-form on M, which can
be further corrected”’ to produce the harmonic 1-form ).
The fundamental example of a Seiberg-Witten domain wall involves the Seiberg-
Witten curve
Ta: Z2=—-wr4+m, MY =zdw, (13)

where m is a complex mass parameter. Note that the curve is a double cover of the
complex w-plane, which we identify as C, with branch points at w = £./m, and
that the only nontrivial period comes from the cycle « connecting the branch points:

1 N4 2 v N4
—p A== AW =, (14)
™ v s —Jm

Indeed, the Seiberg-Witten theory corresponding to the curve (13) has a single BPS
hypermultiplet of central charge m (and mass |m|). More generally, the curve (13)

18More generally, we have Z3; = Re[( ~17,441, where the phase ( characterizes the 4d — 3d
supersymmetry breaking. The 4d R-symmetry group SU (2) g x U (1), is broken to U (1) g (a Cartan
of SU(2)R), and this ( is rotated by the broken U (1),. This same phase also happens to select the
complex structure that one should use for the hyperkéhler moduli spaces of flat connections [29,
48], as discussed in Sect. 2.

19Similar half-BPS configurations in 3d N = 2 theories were discussed in [79].

20The correction requires solving the potential problem V2o = 83f. Then A = ReASW
— fdx’+do.
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can also be thought of as a local model for any Seiberg-Witten fibration ¥ — C
where two branch points are coming close together.

To build a domain wall from (13), we vary the imaginary part of m while keeping
the real part fixed, say m = mg + ix3. The two branch points of o0 — C sweep out
branch lines of a 3d fibration M — M. As X3 — =00, the branch lines move very
far apart, the mass |m| of the 4d BPS state grows infinitely, and the 4d theory Tk [C]
decouples. At x3 = 0, the branch lines are minimally separated, and an M2 brane
wrapping the cycle v between them produces a “trapped” 3d BPS chiral ¢. Its 3d
real mass is mg. We find that Tx [M, T1, I1'] =: T (which will eventually be called
the “tetrahedron theory”) contains a single free chiral transforming under the U (1)
flavor symmetry coming from the cycle . If we want a true SCFT, we should set
mq = 0; otherwise the 3d theory is mass-deformed.

In field-theory terms, the full domain wall Tk [M], can be understood roughly as
follows. Let us denote by Tx [C~] and Tx[C*] the 4d Seiberg-Witten theories on the
left and right half-spaces R® x R... Each of these theories has a BPS hypermultiplet
@~ and @™, which we rewrite as a pair of 3d N/ = 2 chirals (X, Y ") and (X, Y ™).
Here X and Y have opposite flavor charge. On both the left and the right, we give
X* Dirichlet boundary conditions and ¥Y* Neumann boundary conditions. Then,
at x3 = 0, we couple the (free) boundary values of Y* to our 3d chiral ¢ via a
superpotential [1]

W=Y¢—o¢Y"| (15)

x3=0"
These couplings modify the Dirichlet b.c. for the X’s to X |39 = ¢ = X |30,
via a mechanism studied in [81, 82].

In the far infrared, we can simply use (15) to integrate out ¢, obtaining Y+ = Y~
and XT = X . Thus we recover a single 4d theory Tx[C] on all of R*. This is not
unexpected: in the deep IR, all Seiberg-Witten “duality” walls are basically trivial!
However, if we first send Im m — o0 on the left and right sides of the wall to freeze
out the 4d hypers, we are left with the decoupled 3d theory T containing a nontrivial
chiral ¢.

Note that the choices IT and IT" that we made to decouple the two sides in this
example had nothing to do with dynamical electric/magnetic gauge fields. They
simply selected which halves of the hypers (X*, Y*) got Neumann versus Dirichlet
boundary conditions.?! More generally, one may augment couplings to 3d chirals as
in (15) with true changes of polarization, which are implemented by pure 3d N' = 2
Chern-Simons theories living on the domain wall [43] (see also Sect. 4.2).

219t may seem like IT = I1’ in this example. This is not the case, due to the relative orientation on
the two halves. The setup corresponding to IT = IT’ involves X getting Dirichlet b.c. on one side
and Y getting Dirichlet b.c. on the other, with the remaining (Neumann) halves coupled directly by
a superpotential W = ¥~ X+ at x> = 0. This flows immediately to Tx [C] on all of R*.
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4 Bottom-Up Construction: Symplectic Gluing

In the last section, we mentioned Lhat ajudicious choice of metric on M can lead to an
especially simple spectral cover M, so that the full abelian Chern-Simons Lagrangian
of a theory Tx[M] can be read off. What we had in mind was a cover branched along
a set of lines, so that the branch lines are well separated almost everywhere. In
a few isolated regions, the branch lines pass close by one another, and each such
region might be modeled on the example (13) of Sect. 3.1. Graphically, each region
of closest-approach may be represented as a tetrahedron A in a 3d triangulation of
M. Then we can attempt to associate a canonical “tetrahedron theory” T to each
tetrahedron—basically the theory of a free 3d chiral multiplet—and then to glue
them together properly. This is what was done in [1] for K = 2, and generalized to
arbitrary K > 3 in [7].

The idea of [1] was to develop a complete, consistent set of gluing rules for
tetrahedron theories, working from the ground up. Physically, the gluing rules amount
to introducing superpotential couplings for internal edges in a triangulated manifold,
and possibly gauging U (1) flavor symmetries. The rules are very precise, and make
many properties of Tk [M] manifest—such as the presence of various marginal and
relevant operators, and the existence of an unbroken U (1) g symmetry in the infrared.
On the other hand, one always obtains abelian Chern-Simons matter Lagrangians
with abelian flavor symmetries, and it can be quite nontrivial to see that some of the
flavor symmetries have expected nonabelian enhancements, e.g. to SU(K). More
seriously, as mentioned in the introduction, the theories obtained from triangulations
sometimes capture only a sub-sector of the full Tx[M]; we will explain why in
Sect.4.1.1.

Geometrically, the approach of [1] mimics a construction of classical and quan-
tum flat SL (K') connections on 3-manifolds via “symplectic gluing.” The method of
symplectic gluing for quantized connections on triangulated manifolds was devel-
oped in [68], generalizing classical observations of Neumann and Zagier [83] and
Thurston [84] in hyperbolic geometry. The basic idea, going back to work of Atiyah
and A. Weinstein, is that when gluing M = M| Uy M, along some boundary X, the
standard notion of “taking an inner product of wavefunctions in boundary Hilbert
spaces” can be replaced by a formally equivalent procedure of quantum symplectic
reduction. The latter procedure is easy to implement even when only partial pieces
of boundary are glued.

Since the gluing rules for theories Tk [ M ] are built to match the gluing of quantum
connections, many of the relations between sphere partition functions of Tx [M] and
Chern-Simons wavefunctions on M that were summarized in Sect.2 can be proven
combinatorially. More interestingly, one realizes that for a manifold M with bound-
ary, the theory Tx[M, I1] should itself be viewed as a sort of wavefunction—with
its flavor symmetries playing the role of “position variables” that the wavefunction
depends on.

We proceed to summarize some of the results of [1, 7, 68], starting with symplectic
gluing in geometry and then extending the gluing to 3d gauge theory.
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(a)

ZN

Fig. 6 Truncated tetrahedra (a), which can be glued together to form a framed 3-manifold M (b).
The small vertex-triangles of tetrahedra tile the small tubular boundaries of M (c)

4.1 Framed 3-Manifolds and Framed Flat Connections

It is useful to introduce a topological class of framed 3-manifolds [7, 8], which
represent the 3-manifolds with asymptotic boundaries and networks of defects from
Sect. 1 that were used to compactify the 6d (2, 0) theory. A framed 3-manifold®? is
a 3-manifold M with non-empty boundary OM, along with a separation of M into
“big” and “small” pieces:

e The big boundary consists of surfaces C of arbitrary genus g and 4 > 1 holes, such
that —x(C) = 2g — 2 + h > 0. (In particular, these surfaces admit 2d hyperbolic
metrics.)

e The small boundary consists of discs, annuli, or tori. The S! boundaries of small
discs and annuli connect to the holes on the big boundary.

Each of the big boundaries C is meant to represent an asymptotic boundary of a
compactification manifold—or rather an asymptotic boundary that has been “cut
oft” to isolate a 3d theory. Each of the small boundaries represents a codimension-
two defect that has been regularized to a long, thin tube.

An oriented framed 3-manifold can be glued together from oriented, truncated
tetrahedra (Fig. 6), which are themselves framed 3-manifolds. The big boundary of a
tetrahedron is a 4-holed sphere, tiled by four big hexagons. The small boundary con-
sists topologically of four small discs, the triangular vertex neighborhoods. In order
to form any more complicated framed 3-manifolds, the big hexagons on tetrahedron
faces are glued together in pairs—so some parts of the big boundary may remain
unglued—while the small boundary is never glued.

Notice that a 3d triangulation of a framed 3-manifold induces a 2d “ideal triangu-
lation” of its big boundary, i.e. a triangulation where all edges begin and end at the
holes/punctures. Having fixed the big-boundary triangulation, all possible 3d trian-
gulations of the interior are related by performing sequences of 2-3 moves, shown
below in Fig. 9.

Geometrically, on a framed 3-manifold M we can study framed flat connections.
This is a precise mathematical object that ultimately reproduces (an algebraically
open subset of) the correct supersymmetric parameter space of a theory Tx[M, IT]

22Such manifolds were called “admissible” in [7].
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on a circle, refining (4)—(7). (Framed flat connections in two dimensions played a
prominent role in [28, 30].)

A framed flat PSL(K, C) connection on M is a standard flat PSL(K, C) con-
nection together with a choice of invariant flag on each small boundary component.
It might be useful to recall that a flag is a set of nested subspaces

{0 cF C---C Fx=CX, dimFx =K. (16)

For example, a flag in C? is just a complex line in C2, a.k.a. a point in CP'. What we
require for the framing of a flat connection is a choice of flat section of an associated
flag bundle on M that’s invariant under the PSL(K, C) holonomy around each
small boundary. Then we set

Pk (OM) = {framed flat PSL(K, C) connections on 9 M\ (all small discs)}, (17)

Lk (M)={ connections in Pg (OM) that extend to framed flat connections on M}.

As discussed in Footnote 9, one sometimes needs to lift these spaces to SL (K ) rather
than P SL(K),depending on the precise theory of interest. Here we will use P SL(K)
for concreteness.

The choice of framing for a flat connection is usually unique, or almost so. For
example, a PSL(K) holonomy matrix with distinct eigenvalues has a unique set of
K eigenvectors. Choosing an ordering of the eigenvectors, one can then construct an
invariant flag. On the other hand, if eigenvalues coincide there may be a continuous
choice of invariant flag. This choice resolves singularities in the naive moduli spaces
Px (M), Lk (M). An analogous physical resolution of moduli spaces is well known
to exist in the presence of defects on surfaces, cf. [29, 50, 55].

The fundamental example of a framed pair (17) is for a truncated tetrahedron A,
with K = 2. On the boundary OA, viewed as a sphere with four holes, we consider
framed flat connections with unipotent holonomy around the holes. (It is necessary
to ask for unipotent holonomy;, i.e. unit eigenvalues, in order for flat connections to
potentially extend to the interior.) At each hole, we choose a complex line in C?
that’s an eigenline of the holonomy there. If the holonomy is parabolic, of the form

((1) ‘f) with a # 0, the eigenline is unique. On the other hand, if the holonomy

becomes trivial ((1) (1)), the eigenline is completely undetermined. This extra choice

in the latter scenario blows up a singularity in the unframed moduli space.

We can parametrize a generic framed flat P.SL(2) connection on A with “cross-
ratio coordinates” of Fock and Goncharov [28], as follows.?* Every edge E in the
natural triangulation of JA is contained in a unique (truncated) quadrilateral. We
parallel-transport the eigenlines at the four vertices of this quadrilateral to any com-
mon point pg inside the quadrilateral, and take their cross-ratio** to define a co-

23These coordinates generalize Thurston’s classic shear coordinates in Teichmiiller theory, later
studied by Penner, Fock, and others.

24Recall that lines in C? are just points in CP', so an SL(2)-invariant cross-ratio can be formed.
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(AN B)(C' A D)
(ANC)(B A D)

PE

Fig.7 Defining six edge-coordinates for a tetrahedron by parallel-transporting lines A, B, C, D to
common points pg, then taking cross-ratios

ordinate xg. The product of these cross-ratio coordinates around any tetrahedron
vertex is —1 (due to the unipotent holonomy), which also implies that coordinates
on opposite edges are equal. Relabeling the edge-coordinates z, 7, z” as on the left
of Fig.7, we find that

Pr(0A) ~ {z,7, 7" € C* |22/ = —1} =: Poa, (13)

with expected complex dimension 2. The complex symplectic structure on Pya
induces Poisson brackets {log z, log z'} = {logz’,logz”"} = {logz”,logz} = 1.

Similarly, we may consider framed flat connections in the bulk of A. But now,
since A is contractible, any flat connection is gauge-equivalent to a trivial one.
Nevertheless, the choice of four eigenlines at the vertices (modulo the overall action
of PSL(2)) remains, and is parametrized by the Lagrangian submanifold

La={"+2""=1=0}C Pya. (19)
The relation z”4z~! —1 = 0 (which could equivalently be writtenas z+z' "' —1 = 0
or 7/ +z'7! — 1 = 0) is simply a standard Pliicker relation among the cross-ratio
coordinates, reflecting the fact that after the tetrahedron is filled in we may parallel-
transport all eigenlines to a common point in the interior of A and simultaneously
calculate all cross-ratios there.

For a general framed 3-manifold M, we may choose a 2d triangulation of the big
boundary and again construct cross-ratio coordinates xx there. Their Poisson bracket
is such that

{log x, log xp'} = oriented # of faces shared by E, E'. (20)

These are supplemented by holonomy eigenvalues around A- and B-cycles of small
torus boundaries, and by a combination of holonomy eigenvalues and canonically
conjugate “twist” coordinates for each small annulus, altogether forming a system
of coordinates for an algebraically open patch of P,(OM) that’s isomorphic to a
complex torus (C*)??. The fundamental result is that if M is cut into N truncated
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tetrahedra (in any manner that’s consistent with the chosen boundary triangulation)
then this patch of P,(0OM) is a symplectic quotient

P(OM) = (lﬂ[mi) /@), @

i=l

The N — d moment maps p; in the symplectic reduction are simply the products of
tetrahedron edge-coordinates z;, z;, z/ around every internal edge E; created in the
gluing. Fixing p; = 1 ensures that a classical flat connection is smooth at that edge.
In addition, every C* coordinate in P,(OM) is expressed as a Laurent monomial
in tetrahedron edge-coordinates (well defined up to multiplication by the ;). For
example, every xz on the big boundary of M is a product of the tetrahedron edge-
coordinates incident to the edge E.

The Lagrangian £,(M) C P>(OM) can also be obtained® by “pulling” a canon-
ical product Lagrangian [[; £, C []; Paa, through the symplectic reduction (21).
This means projecting [, £a, along the (C*)V ~? flows of the moment maps /¢;, and
intersecting with the locus p; = 1. This gives a very hands-on algebraic construction
of a moduli space that otherwise may appear extremely complicated.

It is known how to generalize the symplectic-gluing construction of Lx (M) C
Px(OM) to arbitrary K. Moreover, it is straightforward to quantize the entire con-
struction [68]. Combinatorially, quantization requires taking logarithms of all cross-
ratio coordinates, and consistently keeping track of their imaginary parts. This cor-
responds physically to keeping track of the U (1) symmetry of Tx[M] on curved
backgrounds.

4.1.1 Limitations

We have noted in passing that when we construct Lagrangian Lx[M] from tetra-
hedra by symplectic gluing, we may only recover an algebraically open patch of
the full moduli space of framed flat connections on M. The basic limitation is that
all cross-ratio coordinates z, 7/, 7” for tetrahedra in a triangulation of M must be
non-degenerate: not equal to 0, 1, or co. Equivalently, the four framing flags at the
vertices of any tetrahedron must be distinct after parallel transport to the center. This
restriction can sometimes cause the glued Lagrangian £ [M] to miss entire families
of flat connections. Then, if we use an analogous gluing construction to build a 3d
N = 2 theory, as in the next section, we may only recover a subsector of the full
Tx[M], whose vacua on S! correspond only to some of the flat connections on M.
This was recently emphasized in [27].

2Strictly speaking, this is true only for a sufficiently generic or refined triangulation of M. In
particular, one must make sure that the (C*)¥~¢ action in the quotient is transverse to the product
Lagrangian []; La,.



362 T. Dimofte

To illustrate what we mean in terms of flat connections, suppose that M is a knot
complement, i.e. S* with a knotted defect inside, which has been regularized to a
small torus boundary. A flat SL(2, C) connection on M induces (via its holonomies)
a representation p : m (M) — SL(2, C), and can be classified by the “reducibility”
of this representation, i.e. the subgroup of SL(2, C) that commutes with the image
p(m(M)). For example, only the identity element commutes with a fully irreducible
representation, while a full GL(1) C SL(2, C) commutes with an “abelian” rep-
resentation (whose holonomies can all be simultaneously diagonalized). Typically
both types of representations exist: there is always an abelian representation, while
for hyperbolic knot complements the holonomy of the hyperbolic metric is always
irreducible. If we now choose a triangulation for M and choose a framing line on
OM = T?, we find that all vertices of all tetrahedra share the same framing line (since
all vertices land on the same 7'2), and the only way to get non-degenerate cross-ratios
is to have non-trivial parallel transport inside the tetrahedra. However, the parallel
transport of an abelian flat connection acts trivially on the framing lines—and tetra-
hedron cross-ratios for an abelian flat connection are always degenerate. Therefore,
only non-abelian representations are captured by symplectic gluing of tetrahedra.

This is not a serious problem when K = 2 and all components of OM have
genus > 1, such as for manifolds encoding duality domain walls in theories 75[C]
of class S, when C has negative Euler character. In this case, generic choices of
boundary conditions (eigenvalues of boundary holonomies) completely forbid re-
ducible flat connections on M. For example, the manifold in Fig.4a, encoding the
S-duality wall for N' = 2* theory, has a total boundary of genus 2. Then triangulation
methods readily reconstruct 7>[M] ~ T[SU (2)], without missing any branches of
vacua [8].

In higher rank (K > 3) the issue is more severe. Non-degeneracy of cross-ratios
requires all the defects in a manifold M to be of “maximal” type, carrying maximal
SU (K) flavor symmetry (so that all eigenvalues of boundary holonomies can be
distinct). Subsequently, only fully irreducible flat connections are captured by the
standard symplectic gluing of [7].

The precise physical significance of the subsector of Tx [M] coming from gluing
tetrahedra is still being elucidated. Thinking of Tk [M] as the theory of K M5 branes
wrapping M x R3 € T*M x R? x R?, as in Sect. 1, a plausible conjecture is that the
subsector obtained by gluing tetrahedra only captures the physics of configurations
where the K M5’s reconnect into a single M5 wrapping a spectral cover of M. Thus
the subsector is missing configurations where the K M5’s reconnect into multiple
components (or remain fully disconnected), and are thus able to separate in the R?
direction. Such configurations would correspond to the missing branches of vacua.
This conjecture is in line with findings of [27], where it was argued in examples that
the full Tx[M] contains an additional U (1), flavor symmetry, involving rotations
of R2.
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4.2 The Tetrahedron Theories

Just as framed 3-manifolds are glued together from tetrahedra, the 3-manifold the-
ories Tx[M] (or more precisely Tx[M, IT] or Tx[M, p]) are glued together from
tetrahedron theories. For simplicity, we will review how this works in the case K = 2.

The first step is to identify the theory of a single truncated tetrahedron. As we first
tried to motivate physically in Sect. 1, however, there should be no unique tetrahedron
theory. Rather, there is an infinite family of 3d theories 7T5[ A, IT] labelled by choices
of polarization IT on the boundary of the tetrahedron—a.k.a. ways of decoupling an
abelian 4d bulk gauge theory from a 3d boundary condition. Now we can understand
the polarization in a purely geometric setting: IT is a choice of “electric” C* position
coordinate and canonically conjugate “magnetic” C* momentum coordinate for Pya.

Choosing
. position =z
M=1I. = (momentum = z”) ’ (22)

with canonical Poisson bracket {log z”, log z} = 1, the tetrahedron theory was con-
jectured in [1] to be

free chiral ¢, with U (1),.flavor symmetry ;

background CS level — 1/2 for U(1),. (23)

Th :=T[A 1] = [

This agrees beautifully?® with the theory intuited from an analysis of the tetrahedron’s
spectral cover in Sect.3.1.

The symplectic group Sp(2, Z) acts both on a formal polarization vector such
as (22) and on a 3d SCFT with a U(1) flavor symmetry, as described in [43]. The
provides a concrete way to change the polarization of a theory; for example, we
expect

DA, goIl]=goD[A ], g€ SpQ2,7Z). (24)

Concretely, the generator 7 = ( } (1)) acts on a theory by adding +1 to the back-

ground Chern-Simons level for the flavor symmetry. The generator S = ((1) _01)

gauges the flavor U (1), after which there appears a new “topological” flavor symme-
try U(1),. These actions can be understood as the effect of electric-magnetic duality
on the 3d boundary of a 4d abelian gauge theory.

Although we can choose any polarization we want for the tetrahedron theory,
three of them are special: the polarizations in which one of the edge-coordinates
themselves (i.e. z, z/, or z” rather than an arbitrary Laurent monomial like z3z'~")

26Note that the half-integer background Chern-Simons term is corrected by the standard parity
anomaly of a 3d N = 2 theory (cf. [74]) to be an integer in the IR, given any nonzero real mass
for ¢,.



364 T. Dimofte

is a position. We can call these IT., IT,/, and I1,.. In fact, since the cyclic rotation
symmetry of the tetrahedron permutes z — 7/ — 7 — z, we might even expect
that the resulting theories are all equivalent:

DA, 1] = TL[A, 1] = D[A, TT]. (25)

This is indeed true. For example, to pass from IT, to [T/, we act with ST € Sp(2, Z),

/ 1 S
-O-(8)-( ) Qrn

b

where the linear transformation acts multiplicatively (i.e. (“ b ) (&)= (Za v, ) ),
cd z‘w

and we are ignoring signs®’ such as (—1)#. Correspondingly, we find

U (1) gauge theory with chiral ¢,/ of charge +1 ;
T[A, ] = ST o To[A, T1;] = { CS level +1/2 for the dynamical U (1) ; 27
topological U (1), flavor symemtry.

In the infrared, this theory flows to the same SCFT T, as in (23). The monopole
operator of (27) (which creates free vortices) matches the free chiral of (23) [1, 74].
This match is strong evidence that the tetrahedron theory has been properly identified.

Yet another piece of evidence that (23) is correct comes from compactifying the
theory on a circle S' and calculating its supersymmetric parameter space (8). A
straightforward summation of Kaluza-Klein modes (cf. [85]) leads to the twisted
superpotential W(z) = Lir(z™"), where log z is the complexified mass associated to
the U (1), flavor symmetry. Then the definition of the effective FI parameter

ow@
=2z

exp +z77'=1=0 (28)

reproduces the tetrahedron Lagrangian £ from (19), as desired.

4.3 Gluing Together Theories

Now suppose that a framed 3-manifold M is glued together from N tetrahedra. In
order to define an isolated 3d theory 7>[M, IT], we need to choose a polarization I1

2TThe signs, and indeed the full lift to logarithms of the edge-coordinates, becomes relevant when
keeping track of a choice of U (1) g symmetry for a theory. Then symplectic Sp(2N, Z) actions are
promoted to affine-symplectic / Sp(2N, Z) actions.



3d Superconformal Theories from Three-Manifolds 365

for the big boundary of M,?® or rather for the part of P,(OM) corresponding to the
big boundary. For any small tori in M, we also choose A- and B-cycles. For small
annuli, though, the choice of non-contractible “A-cycles” (and so the polarization)
is canonical.

We build 7>[M, IT] by first taking a “tensor product” of tetrahedron theories

TXZTA] X‘-‘XTAN, (29)

which is basically a collection of N free chirals ¢, with flavor symmetry
[T, U(1), =~ U)". This product theory corresponds to a product polarization
[T, = (positions z;; momenta z;”’) on the product phase space [[; Paa,.

Now the symplectic group Sp(2N, Z) acts to change the polarization of T . This
is a natural extension of the Sp (2, Z) action on theories with a single U (1) symmetry:
the action of an element g € Sp(2N, Z) just modifies various CS levels, gauges some
of the U(1)’s in U (1)", and/or permutes the U (1) factors in U (1)V.

We then choose a new polarization ﬁx = g o 1« for Ty, determined by the
following algebraic properties:

1. all the position and momentum coordinates of IT (as monomial functions on
l_[,- Paa,) are positions and momenta, respectively, in ﬁx; and

2. all the moment maps p¢; (products of tetrahedron edge-coordinates around internal
edges in M) are positions in ,.

The first requirement simply makes T, compatible with our desired final polariza-
tion I1. The second requirement, however, is absolutely crucial for the gluing: it
guarantees® that the transformed product theory g o T, will contain chiral opera-
tors O associated to each internal edge E; of M. Each of these operators O; will
transform under a flavor symmetry associated to the internal-edge coordinate ;.

The final step in the gluing is to add the N — d internal-edge operators O; to the
superpotential of g o T. This breaks N —d U (1) flavor symmetries, and implements
the symplectic reduction (21) on the gauge-theory level. The result is a UV abelian
Chern-Simons-matter theory with manifest U (1) flavor symmetry, which flows in
the IR to T»[M, I1].

281n Sect. 1, we also talked about isolating 3d theories Tx [M, p] based on a pants decomposition
p of the topological boundary of M. This was meant to correspond to decoupling a nonabelian 4d
gauge theory in some duality frame. Such a choice is already built in to the definition of a framed
manifold M: a pants decomposition for a boundary component C corresponds to a splitting of that
boundary into a network of small annuli connected by big 3-punctured spheres when selecting a
framing.

Just like in the gluing of classical Lagrangian submanifolds, some extra regularity conditions
need to be imposed on a 3d triangulation to truly guarantee the existence of the gluing operators
Oy. See Sect.4.1 of [1] or the Appendix A of [7].
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5 Examples

We finish with a brief look at two simple framed 3-manifolds M and their effective
theories at K = 2. We’ll mainly follow the bottom-up approach of symplectic gluing
from tetrahedra; though both examples are amenable to top-down analyses as well.

The first example, introduced in [1], is a triangular bipyramid (Fig. 8, left). Like
a truncated tetrahedron, it only has disc-like small boundaries (at the five truncated
vertices), and a big boundary consisting of a five-holed sphere. The bipyramid can
be assembled from gluing either two or three tetrahedra together. The IR equivalence
of the glued theories that result (containing either two or three chirals) provides the
local proof of triangulation independence for general glued theories T>[M, I1] (in
fact also for K > 2).

The second example is a 3-manifold with topology M = C x I, where C is a
cylinder and 7 = {0 < ¢t < 1} an interval. We picture M as a solid cylinder with
a core drilled out (Fig. 8, right). To specify M as a framed 3-manifold, we take the
boundary Cy at t+ = 0 (the core in the solid-cylinder picture) to be a small annulus.
The remainder of OM is split into a big annulus C}, glued to two big punctured discs
(the ends of the solid cylinder, OC x I), with two additional small discs sandwiched
inbetween (drawn as tiny triangular regions in Fig. 8). Thus, topologically, total full
big boundary of M is a 4-holed sphere. This manifold turns out to be the basic
building block of RG domain walls, as well as more general UV S-duality walls, as
discussed in Sect. 1.1 (and in great detail in [8]). Geometrically, M represents the
local shrinking of an annular region on any surface to a long, thin tube, and ultimately
to a defect. We will see that the theory 75[ M, IT] has SU (2) x U (1) flavor symmetry,
allowing a coupling to a nonabelian 4d gauge group on one side, and an abelian gauge
group on the other.

5.1 2-3 Move and Mirror Symmetry

Let M be the triangular bipyramid. Let’s first observe that M has a boundary phase
space P,(OM) ~ (C*)*. It is easy to see this: one can construct cross-ratio coordi-
nates xg for each of the nine edges on the boundary, while each of the five vertices
imposes a relation that the product of edge-coordinates around that vertex equals
+1 (for unipotent holonomy). Thus dim¢ P,(0M) = 9 — 5 = 4. We will choose a

Fig. 8 The bipyramid (left) 1 Cy

and the thickened annulus U(1)

representing the RG N /

manifold (right) A Co : ! :
SU(2)
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Fig. 9 Gluing together the bipyramid from two or three tetrahedra

polarization I for P, (OM) such that two of the three equatorial edges of the bipyra-
mid (x1, xp) carry electric/position coordinates, as in the center of Fig. 9. Since the
product of all equatorial edges is one, this implies that the third edge x3 = x| lxg !
is electric or “mutually local” as well. Note that specifying the position (but not
momentum) coordinates in a polarization is sufficient to define a theory T>[M, I¢]
up to background Chern-Simons levels.

Now, suppose that we glue together a bipyramid M from three tetrahedra, as on the
LHS of Fig. 9. We must polarize the tetrahedra, and we choose standard polarizations
(22), in such a way that the unprimed position coordinates z, w, v all lie along the
internal edge of M. Now the three equatorial edges on the boundary of the bipyramid
also get coordinates z, w, v (from opposite edges of the three tetrahedra). So no
change of polarization is needed to make the product polarization I, x IT,, x IT, on the
tetrahedra compatible with our final desired Ieq. The bipyramid theory T5[M, I¢q]
is then easy to write down: it is just the product Ta, X Tay X Ta, containing three
chirals ¢., ¢y, ¢y, in which the U (1)3 flavor symmetry is broken to U (1)? by a cubic
superpotential

OI = ¢Z¢w¢v (30)

corresponding to the internal edge. This theory is usually called the “XYZ model.”
Note how the individual operators ¢, ¢,,, ¢, are each associated to one of the electric
edges on OM.

Let us also explain the symplectic reduction geometrically. We can explicitly write
the boundary phase space as

P2(OM) = (Poa: X Poa: X Poaz) J/C*

" " "
~ {Z, Z,w,w,v,v € (C*}/(ZH’ w”,v") ~ (7", tw”, ") lzwv = 1> (31)

where we have quotiented with respect to the flows of the moment map p; = zwv, and
intersected with the locus pi; = 1. Notice that all products of tetrahedron coordinates
on external edges (such as z, w, v, or Z7w”, w'v”, etc.), commute with iy, and so
form good coordinates xg on the quotient. (For a computation of the Lagrangian
submanifold £, (M) and its quantization, see [68] or [1].)
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Alternatively, if we form the bipyramid from two tetrahedra, there are no internal
edges created, but a nontrivial change of polarization is required. Let us assign
triples of coordinates to the tetrahedra as on the RHS of Fig.9, and choose standard
polarizations IT,, IT; for them. The equatorial coordinates for the bipyramid are
related to tetrahedron coordinates as

xi=rs", xo=r"s,  (a=rs=0r"ss) = @), (32)

and so involve both tetrahedron positions (r, s) and momenta (r”, s”). The Sp(4, Z)
change of polarization that relates IT, x Il to [1¢q acts on the theory Ta, X Tas by
gauging’® the anti-diagonal subgroup of the flavor symmetry group U (1), x U(1)s.
The resulting theory is just 3d A/ = 2 SQED, which is mirror symmetric to the
XYZ model [74]. It has an axial U (1), and a topological U (1); flavor symmetry,
matching the U (1)? flavor symmetry of the XYZ model. Moreover, it has monopole
and anti-monopole operators 7+ in addition to the gauge-invariant meson ¢ = ¢, ¢s,
which together match the three chiral operators ¢,, ¢, ¢, of the XYZ model, and
label the equatorial edges of the bipyramid.

5.2 The Basic RG Wall

Now let M be the RG-wall manifold. Just like the bipyramid, it also has a 4-complex
dimensional phase space. Independent coordinates on PP, (M) are now given by cross-
ratios (x,,, x4) on two edges of the big annulus C; (compare Figs. 8 and 10) together
with an eigenvalue A of the P SL(2) holonomy?' around the girth of the small annulus
Cy and its canonical conjugate, a twist coordinate 7:

Pr(M) = (X, xa, A, T} == (CH*, (33)

{logxy, logx,,} =2, {logT,logA} =1, other brackets vanishing.
We will choose a polarization IT, with position coordinates A and x, = (x,,x4) "/ 2,
We can build M from two truncated tetrahedra, as shown in Fig. 10. There are no
internal edges, so no superpotentials will be needed. We give the tetrahedra edge-
coordinates z, 7', z” and w, w’, w” and standard polarizations I1,, IT,,. Then we find

=2 x=vaw (34)

30The precise Sp(4, Z) action first removes the background Chern-Simons coupling for the anti-
diagonal subgroup of U (1), x U(1)s, and then gauges it. It is a nice exercise to demonstrate this.
3 Two technical clarifications here: first, the choice of eigenvalue X versus A~! depends on the
choice of framing for the flat connection at the small annulus; second, to get a well defined sign for
A one actually needs to lift to SL(2) rather than P SL(2) holonomies around the small annulus.
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Fig. 10 Forming the RG-wall manifold M by identifying two faces of the bipyramid, as indicated
by labels ‘A’ on the left. On the right, we show the triangulation on the big boundary of M

(aswellasx,, = 7"w”, x4 = Zw’, 7 = A\Z”/w”). Since \ and x, are just made from

tetrahedron positions z, w, the change of polarization IT, x I1,, — TII, involves
no gauging, just a redefinition of flavor symmetries. We find that 7,[M, I1.] is a
theory of two free chirals ¢, ¢,, transforming with charges (+1, —1) and (+1, +1),
respectively, under U (1), and U (1), flavor symmetries associated to A and x.. Of
course the vector U (1), symmetry is actually enhanced to SU (2) . As promised, the
extremely simple theory T,[M, I1.] can couple both to SU(2) and U (1) 4d gauge
groups.

Alternatively, had we chosen a polarization IT,, with A and x,, as positions, we
would instead have described 7>[M, I1,,] as a theory of two chirals ¢, ¢,, whose
axial U (1), symmetry is gauged at Chern-Simons level —1, and replaced by a topo-
logical U (1),,. This is roughly the UV GLSM description of a 3d CP' sigma model.
Now the theory has a monopole operator O,, associated to the external “electric”
edge with coordinate x,,. Similarly, we could have chosen a polarization I, to obtain
a theory T>[M, I1,] whose axial U (1), is gauged at Chern-Simons level +1.

The claim of [8], a full review of which is beyond our scope, is that the theories
T,[ M, «] are effective theories for an RG domain wall in pure SU (2) Seiberg-Witten
theory. In the respective polarizations I1,, I1,,, I[1,, the 3d theories couple to the
abelian 4d theory on its Coulomb branch—in 4d duality frames so that the electric,
magnetic, or dyonic gauge fields are fundamental. In all these polarizations, the
3d theory couples on the other side of the wall to the nonabelian UV gauge group
SU(2).

One way to create an RG wall in pure SU(2) theory is by engineering a Janus
configuration (cf. (12)) where the UV cutoff A varies (relative to a fixed observation
scale) as a function of the space coordinate x3. To the left of the wall, A can be
arbitrarily close to zero, effectively putting the 4d theory in the UV; while to the right
of the wall A can be sent close to infinity. We observe the theory at an intermediate
energy scale throughout. This traps 3d degrees of freedom on the wall. We can even
make an educated guess at what they should be.

Passing through the wall from left to right, the imaginary part of a(x?) is forced
to infinity (relative to our observation scale), breaking SU(2) — U(1) and Hig-
gsing the 4d theory. However, close to the (left of the) wall, the SU(2) gauge
fields are effectively non-dynamical, since the gauge coupling is infinitesimally
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small. Thus Goldstone bosons cannot be eaten up by W-bosons, and parametrize
a CP' ~ SU (2)/U (1) -worth of degrees of freedom at the wall. This beautifully
matches the bottom-up constructions of 75[ M, *].

The RG walls (and nonabelian S-duality walls) of more complicated 4d theories
always involve components that look like the theories 7>[M, x]. Indeed, whenever
one has a framed 3-manifold M with a network of small annuli connecting big
boundaries, the neighborhood of every small annulus can be made to look exactly
like our RG-manifold M. This proves, among other things, that in a bottom-up
construction of Tz[ﬂ ], all the U (1) symmetries associated to small annuli will be
enhanced to SU (2)’s—as must be the case if the small annuli are to represent defects
in a 6d compactification.

Finally, let us see what information is contained in the Lagrangian submanifold
L,(M) of the RG-wall manifold. By rewriting the tetrahedron Lagrangians z” +
zl—1=w"+w'=1=0interms of x,,, x4, \, 7 and x, = 1//XmXxq, we find

(Wilson1 ) A+ A" =x, + 27" — xex, (35a)
N:— (N1
(‘t Hooft ) @ )A - A(:) = (35b)
Nz = (7/N)
(t Hooft—Wilson%) 7/ )/\2 - A(i{ ) = Jx;. (35¢)

The first equation relates the spin-1/2 UV Wilson line of pure SU (2) Seiberg-Witten
theory to IR line operators of abelian electric and magnetic charge [6, 45]. The
second and third equations (which are not independent) relate the spin-1/2 UV 't
Hooft lines and mixed 't Hooft-Wilson lines to the IR magnetic and dyonic line
operators. The honest SU (2) theory should only contain magnetic UV operators of
spin-one, corresponding (roughly) to squaring equations (35b-35c¢), which then gets
rid of the square roots. The quantization of relations (35) turns out to match operator
equations known from quantum Teichmiiller theory on the annulus [86, 87], giving
a beautiful geometric interpretation of the latter.
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Supersymmetric Gauge Theories,
Quantization of Mg,
and Conformal Field Theory

Jorg Teschner

Abstract We review the relations between A/ = 2-supersymmetric gauge theories,
Liouville theory and the quantization of moduli spaces of flat connections on Riemann
surfaces.

1 Introduction

Alday et al. [AGT] discovered remarkable relations between the instanton parti-
tion functions of certain four-dimensional ' = 2-supersymmetric gauge theo-
ries and the conformal field theory called Liouville theory. These relations will
be referred to as the AGT-correspondence. We will discuss an explanation for the
AGT-correspondence based on the observation that both instanton partition func-
tions and Liouville conformal blocks are naturally related to certain wave-functions
in the quantum theory obtained by quantising the moduli spaces of flat PSL(2, R)-
connections on certain Riemann surfaces C. We will be considering a class of gauge
theories referred to as class S, see ([V:8], [GMN2]) or the contribution [V:2] in this
volume. The gauge theories G¢, 4 have elements labelled by the choice of a Riemann
surface C and a Lie-algebra g of type A, D or E. In the following we will restrict
attention to the case where g = A, and denote the corresponding gauge theories
as G¢. However, the reader will notice that many of the arguments below generalise
easily to more general theories of class S.

The root for the relations between the gauge theories and moduli spaces of flat
connections will be found in the identification of the algebra generated by the super-
symmetric Wilson- and ’t Hooft loop operators with the algebra of trace-functions
which represent natural coordinates for the moduli spaces of flat connections. This
algebra may become non-commutative if the gauge theories are defined on curved
spaces, or deformed by supersymmetry-preserving deformations like the Omega-
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deformation [N]. It turns out that the resulting non-commutativity is the same as the
one resulting from the quantisation of the relevant moduli spaces of flat connections.

Concerning the other side of the coin we are going to review the definition of
the conformal blocks of Liouville theory. Formulated in the right way, part of the
relation to the quantization of moduli spaces of flat connections becomes obvious.
There furthermore exists a natural representation of the quantized algebra of trace
functions on the spaces of conformal blocks.

We are going to explain how the AGT-correspondence follows from the relation
between supersymmetric loop operators and trace functions, combined with cer-
tain consequences of unbroken supersymmetry. Knowing precisely which algebra is
generated by the supersymmetric loop operators, one may reconstruct expectation
values of loop operators on backgrounds like the four-ellipsoid. From these data
one may in particular recover the low-energy effective actions of the considered
gauge theories. This approach relates the AGT-correspondence to some of the work
of Gaiotto et al. [GMN2, GMN3]. It is in some respects similar to the one used by
Nekrasov et al. [NRS] to study the case with Omega-deformation preserving two-
dimensional A/ = 2 super-Poincaré invariance.

2 Theories of Class S

2.1 Aj Theories of Class S

To aRiemann surface C of genus g and n punctures one may associate ([G09, GMN2],
[V:2]) a four-dimensional gauge theory G¢ with N = 2 supersymmetry, gauge group
(SUQR)", h = 3g — 3 + n and flavor symmetry (SU(2))". The theories in this class
are UV-finite, and therefore characterised by a collection of gauge coupling constants
g1, - - - » gn- In the cases where (g, n) = (0, 4) and (g, n) = (1, 1) one would get the
supersymmetric gauge theories commonly referred to as Ny = 4 and N = 2*-theory,
respectively. The correspondence between data associated to the surface C and the
gauge theory G¢ is summarised in the table below.

Riemann surface C Gauge theory G¢
Pants decomposition C + trivalent Lagrangian description with
graphT"on C, 0 = (C,I") action functional S7
Gluing parameters ¢, = ™™, UV-couplings 7 = (71, ..., Th),

1 3g—3+ UL
r=1,..., - n Tr = —_

g =7t

rth tube rth vector multiplet (A, ¢, ...)
n boundaries n hypermultiplets
Change of pants decomposition S-duality
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More details can be found in [V:2] and references therein. To the kth boundary
there corresponds a flavor group SU (2); with mass parameter M. The hypermultiplet
masses are linear combinations of the parameters my, k = 1, ..., n as explained in
more detail in [G09, AGT]. The relevant definitions and results from Riemann surface
theory are collected in Appendix 1. It is necessary to refine the pants decomposition
by introducing the trivalent graph I' in order to have data that distinguish action
functionals with theta angles 6, differing by multiples of 2. This will be done such
that

ST, =SV, 2.1)
where e, is the unit vector with rth component equal to one, and d,.c denotes the
action of the Dehn twist along the rth tube on ¢ = (C, I'), which will map the graph
I" on C to another one.

2.2 Realisation of S-Duality

Different Lagrangian descriptions of the theories G¢ are related by S-duality. Two
actions S7' and S7? describe different perturbative expansions for one and the same
theory. The respective perturbative expansions will be valid in the regimes where
all coupling constants g, , and g, , are small. To formulate the meaning of S-duality
more precisely let us assume that there exists a non-perturbative definition of G¢
allowing us to define normalised expectation values of observables O like { O )) Ge.
non-perturbatively as functions of 7, a set of parameters for the complex structure on
C. S-duality holds if for each observable O there exist functionals F; constructed
using the fields in actions S7' together with choices of coupling constants 7; = 7;(7),
i = 1,2, such that

(o ))gCT = (74 »S%‘ and (O »gc, = (F& »sfg , (2.2)
in the sense of equality of asymptotic expansions.

The passage from one Lagrangian description S7 to another may be decomposed
into the elementary S-duality transformations corresponding to the cases where one
of the coupling constants g, gets large, while all others gy, s # r stay small. The
arguments given in [G09] suggest that S-duality is realized in the following way: In
the regime where g, = ¢>™™ — 1 one may use the Lagrangian description with
action S‘: associated to the data 0., = (C.,, I;,;) obtained from o = (C, I') by a local
modification which is defined as follows: There is a unique subsurface C, — C
isomorphic to either Cy 4 or C; ; that contains v, in the interior of C,. o, = (C.,, I';)
is defined by local substitutions within C, depicted in Figs. 1 and 2 for the two cases,
respectively. If C, = Cy 4 there is another strongly coupled regime which can be
described in terms of a dual action. It corresponds to g, — o0, and the dual action
S7r is associated to the data o, obtained from o by the composition of the B-move
depicted in Fig. 3 with an F-move.


http://dx.doi.org/10.1007/978-3-319-18769-3_2

378 J. Teschner

Fig. 1 The F-move

Fig. 2 The S-move

Fig. 3 The B-move,
represented by (indecently)
looking into the pair of pants
from above.

An important feature of the mapping between the respective sets of observables is
that the Wilson- and "t Hooft loops defined using S7 will correspond to the "t Hooft
and Wilson loops defined using Sfi’, respectively. This is the main feature we shall
use in the following.

Any transition between two pants decompositions o and o, can be decomposed
into the elementary F-, S-, and B-moves. It follows that the groupoid of S-duality
transformations coincides with the Moore-Seiberg groupoid for the gauge theories
of class S, see Appendix 1, subsection “The Moore-Seiberg Groupoid”.

2.3 Gauge Theories G¢ on Ellipsoids

It may be extremely useful to study quantum field theories on compact Euclidean
space-times or on compact spaces rather than R*. Physical quantities get finite size
corrections which encode deep information on the quantum field theory we study.
The zero modes of the fields become dynamical, and have to be treated quantum-
mechanically.

In the case of supersymmetric quantum field theories there are not many compact
background space-times that allow us to preserve part of the supersymmetry. A par-
ticularly interesting family of examples was studied in [HH], extending the seminal
work of Pestun [Pe]. A review can be found in the Article [V:6] in this volume.

Let us consider gauge theories G¢ on the four-dimensional ellipsoid

E} = (0, xa) |GG +x3) a0 +x]) =1} (2.3)

€1,€2
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It was shown in [Pe, HH], see also [V:6], for some examples of gauge theories
Gc that one of the supersymmetries Q is preserved on Efl,fz. It should be possible
to generalize the proof of existence of an unbroken supersymmetry Q to all four-
dimensional A/ = 2 supersymmetric field theories with a Lagrangian description.

Interesting physical quantities include the partition function Zg,., or more gen-
erally expectation values of supersymmetric loop operators £, such as the Wilson-
and ’t Hooft loops. Such quantities are formally defined by the path integral over
all fields on Ef]n. It was shown in a few examples for gauge theories from class
S in [Pe, HH], reviewed in [V:6], how to evaluate this path integral by means of
the localization technique. A variant of the localization argument was used to show
that the integral over all fields actually reduces to an integral over the locus in field
space where the scalars ¢, take constant real values ¢, = diag(a,, —a,) = const,
and all other fields vanish. This immediately implies that the path integral reduces
to an ordinary integral over the variables a,. It seems clear that this argument can be
generalized to all theories of class S with a Lagrangian.

For some theories G¢ it was found in [Pe] that the result of the localization
calculation of the partition function takes the form

Zgi (m,T;e€1,6) = /du(a) 12" a, m, T €1, ). 2.4

€1.€2
The main ingredients are the instanton partition function Zist(q, m, T; €], ) which
depends on the zero modes a = (ay, . .., aj) of the scalar fields, hypermultiplet mass
parameters m = (my, ..., m,), UV gauge coupling constants 7 = (71, ..., 7;), and

two parameters €1, €;. The instanton partition functions can be defined as the partition
function of the Omega-deformation of G- on R* [N], and may be calculated by means
of the instanton calculus [LNS, MNS1, MNS2, NS04], as reviewed in [V:4] in this
volume.

It is expected that the form (2.4) will hold for arbitrary theories G, but the
instanton partition function Zist (g m, T; €, €) can only be calculated for the cases
where C has genus 0 or 1, and the pants decomposition is of linear or circular quiver
type, respectively.

2.4 Supersymmetric Loop Operators

Supersymmetric Wilson loops can be defined as path-ordered exponentials of the
general form

W, :=TrPexp [% ds (i)'c“AL + |)'c|gz5’)i| . (2.52)
C

The choice of contour C is severely constrained by the requirement that the resulting
observable is supersymmetric. Two possible choices for the four-manifold M* of
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interest are M* = R3 x §' and the four-ellipsoid. In the first case one may take a
contour C that wraps the S'. For the case M* = Efl o, itwas shown in [Pe, HH, GOP]
that these observables are left invariant by the supersymmetry Q preserved on Efmz
if C is one of the contours C;, i = 1, 2, with C; and C, being the circles with constant
(x0, x3, x4) = 0 and (x, x1, x2) = 0, respectively. Throughout this section we will
assume that C is identified with one of the two C;.
The ’t Hooft loop observables 7, ;, i = 1,2, can be defined semiclassically for
vanishing theta-angles § = 0 by the boundary condition
k
F, ~ %eklm%dxm Adx', (2.6)

near the contour C. The coordinates x*, k = 1, 2, 3, are local coordinates for the space
transverse to C;, and B, is an element of the Cartan subalgebra of SU (2). In order
to get supersymmetric observables one needs to have a corresponding singularity at
Sl.1 for the scalar fields ¢,. For the details of the definition and the generalization to
0 # 0 we refer to [GOP].

Application of the localisation technique to the calculation of Wilson loop oper-
ators [Pe, HH], see [V:6, V:7] for reviews, leads to results of the form

(Wr,i )E4 = /dﬂ(a) |ZinSt(a1 m,T; €, 62)|2 ZCOSh(Zﬂ-ar/ei) ’ (27)
€1e2

where i = 1, 2. A rather nontrivial extension of the method from [Pe] allows one to
treat the case of 't Hooft loops [GOP] as well, see [V:7] for a review. The result is of
the following form:

(Tr,i >E?] o - /dﬂ(a) (Zinst(aa m,T; €, 62))>'< Dr,iZinst(aa m,T; €, 62) ) (28)

with D, ; being a difference operator acting only on the variable a, of Zj,(a, m, T;
€1, €2), which has coefficients that depend on a, m and ¢;, in general.

2.5 Relation to Quantum Liouville Theory

The authors of [AGT] observed in some examples of theories from class S that one
has (up to inessential factors Z*P*"(m, 7; €}, €;)) an equality between the instanton
partition functions and the conformal blocks Zliows o, 1: b) of Liouville theory,

Z™a,m, T e, @) = ZMm, 75 €, &) 206, a,q; b) 2.9)

assuming a suitable dictionary between the variables involved. The “spurious” fac-
tor ZP"(m, T; €, €;) will turn out to be inessential, dropping out of normalised
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expectation values

(£, ))Efm = ({1 )Ejm) 1( L, )E;‘l o’ (2.10)
as follows easily from the general form of the results for the expectation values
quoted in (3.7), and is therefore called “spurious”.

We’ll now briefly review the definition of the right hand side of (2.9) for the cases
of Riemann surfaces C of genus zero with n punctures. The definition for Riemann
surfaces C of arbitrary genus is discussed in [TV13].

The Virasoro algebra Vir, has generators L,, n € Z, and relations

[Ln, Ln]l = (n —m)Lyppm + %n(nz — Dm0 (2.11)
The relevant conformal blocks can be constructed using chiral vertex operators. Let
us use the notation A, := a(Q — «), with Q being a variable parameterising the
value c of the central element in (2.11) as ¢ = 1 + 6Q>. We will denote the highest
weight representation with weight A g by Vg. A chiral vertex operator is an operator
V5 (@) 1 Vs, — Vg, that satisfies the crucial intertwining property

[Ln, V5 @] = 2"(20, + (n+ DA)VS 5 (2) - (2.12)

The property (2.12) defines the operator V§ ; (z) as a formal power series in 7
uniquely up to multiplication with a complex number. The normalization freedom
can be parameterized by the number Nj , defined by

Vs () es, = 2527878 [N 5 e, + O(2)]. (2.13)

where ey is the highest weight vector of the representation V3. A particularly useful
choice for the normalization factor Nj ;, will be

S5 =/Clas, a2, ap), (2.14)

where a3 = Q — a3, and C(a3, oy, «) is the three-point function in Liouville
theory. An explicit formula for C (a3, oy, o) was conjectured in [DO, ZZ], and a
derivation was subsequently presented in [TO1].

Using the invariant bilinear form (., .); : Vs ® V3 — C one may then construct
conformal blocks as matrix elements of products of chiral vertex operators such as

ZP(B, g b) = (ea,s Vil @) V'l (ze2) - Vi (22) eq, ), -
(2.15)
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The parameters ¢ = (qi, ..., gy,—3) are given by the ratios g, = Z,+1/2,42, With
r =1,...,n— 3. Equation (2.15) defines conformal blocks associated to particular
pants decompositions of Cp,. In the case of n = 4, for example, one gets the
conformal blocks associated to the pants decomposition depicted on the left of Fig. 1.

We may now state the dictionary between the variables appearing in the relation
(2.9) between Liouville conformal blocks and the instanton partition functions of the
corresponding gauge theories:

g = L _ e ﬂ,=9+iﬂ, r=1,...,n—3, (2.16a)
Zr42 2 h
M
ak=%+i?k, k=1,...,n, & =ee. (2.16b)

In order to construct conformal blocks associated to general pants decompositions of
surfaces Cy , of genus zero let us introduce the descendants of a chiral vertex operator
V% 5 (z). The descendants may be defined as the family of operators Vﬁ; 4 [v](z) :
Vs, — Vg, that satisfy

Vi [Lav](2) =: T@V5, 0IE) -

Vs, [eal(z) = VO; ](Z) , 2.17)
Vx’%/ﬁ [L-1v](z) = 3zV€/?23@1[v](z) , b B0

where : T(z)Vﬁ‘;ﬁl [v]z : is defined as

LTV, 0@ 1= D 27" 2LV, e+ Ve, 1) D 27" 2L, . (2.18)

n<-2 n>—1

With the help of the descendants one has a new way to compose chiral ver-
tex operators, allowing us, for example, to construct conformal blocks on C =
P'\ {0, z2, z3, 00} as

Z/(B, a2 b) = (ea4s Véial [ V?(:z (z3 — 22)€q, ](Zz) €a ) (2.19)

ay
This conformal block is associated to the pants decomposition on the right of Fig. 1.
By considering arbitrary compositions of chiral vertex operators one may construct
conformal blocks associated to arbitrary pants decompositions of a surface C with
genus zero and n boundaries.

The relations (2.9) have fully been proven [AFLT] in the cases where the relevant
conformal blocks are of the from (2.15) corresponding to the so-called linear quiver
gauge theories. It is not straightforward to generalise this proof to more general pants
decompositions like those corresponding to conformal blocks of the form (2.19).
The technical difficulties encountered for more general pants decompositions are
considerable and not yet resolved in general, see [HKS] for partial results in this
direction.
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3 Reduction to Quantum Mechanics

3.1 Localization as Reduction to Zero Mode Quantum
Mechanics

We may assign to the expectation values (L) of a loop observable £ an interpretation
in terms of expectation values of operators L, which act on the Hilbert space obtained

by canonical quantization of the gauge theory G¢ on the space-time R x EE ¢,» Where
E? _ is the three-dimensional ellipsoid defined as
E} =, x) (] +x3) + 605 +x3) = 1} (3.1)

This is done by interpreting the coordinate x, for Ef ., as Euclidean time. Noting
that E? _ looks near xo = Oas R x E] _, we expect to be able to represent partition
functions Zg,(E?

¢,.¢,) Or expectation values () Gott ) 88 matrix elements of states

in the Hilbert space Hg,. defined by canonical quantization of Gc on R x E 3] ., More
precisely
Zgo(EL ) = (TI7), (L)p = (7ILcI7T), (3.2

€1-€2

where (7| and | 7) are the states created by performing the path integral over the
upper/lower half-ellipsoid

E?lfz = {(x0,...,X4) |x0 + ~sl(xl +x2) + ez(x3 +x4) =1, £x9 >0}, (3.3

respectively, and L is the operator that represents the observable £ within Hg,..
The form (2.7), (2.8) of the loop operator expectation values is naturally inter-

preted in the Hamiltonian framework as follows. In the functional Schroedinger

picture one would represent the expectation values (E) g+ schematically in the
€1.€2

following form

(L), /[ch] (V[P L V[D], (3.4)

the integral being extended over all field configuration on the three-ellipsoid E61 o
at xo = 0. The wave-functional W[®] is defined by means of the path integral over
the lower half-ellipsoid Ef ., With Dirichlet-type boundary conditions defined by
the field configuration ®.

The fact that the path integral localizes to the locus Loc, defined by constant
values ¢, = diag(a,, —a,) = const. of the scalars and zero values for all other fields
([Pe, HH], [V:6]) implies that the path integral in (3.4) can be reduced to an ordinary

integral of the form

(L) = /da (V7)) mo(L)Wr(a), (3.5)

€1,€2
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with W, (a) defined by means of the path integral over the lower half-ellipsoid Ej;;z
with Dirichlet boundary conditions ® € Locc, ¢, = diag(a,, —a,),r = 1, ..., h.
The Dirichlet boundary condition ® € Loc¢, ¢, = a, is naturally interpreted as
defining a Hilbert subspace H, within Hg.. States in H, can, by definition, be
represented by wave-functions ¥ (a), a = (ay, ..., a;). mo(L.) is the projection of
L. to H.

Note that the boundary condition ® € Loc¢ preserves the supercharge Q used
in the localization calculations of ([Pe, HH], [V:6])—that’s just what defined the
locus Locc in the first place. We may therefore use the arguments from [Pe, HH] to
identify the wave-functions W, (a) in (3.5) with the instanton partition functions,

W, (a) = Z™a, m, T; €1, €). (3.6)

The form of the results for expectation values of loop observables quoted in (2.7),
(2.8) is thereby naturally explained.

3.2 S-Duality of Expectation Values

In each Lagrangian description with action S one will be able to express loop
operator expectation values in the form

(L), = /da (V7 (a)" DI ¥/ (a), (3.7)

€1.€

defining representations of the algebra A, ., in terms of operators DJ. The Wilson
loops W, ; and W, , act diagonally as operators of multiplication by 2 cosh(27a, /€;)
and 2 cosh(27a, /€;), respectively. The’t Hooft loops 7,.; will be represented by
difference operators denoted as Dy ;.

In order for S-duality to hold, we need that the representations of the algebra of
loop operators associated to any two pants decompositions o and o, are unitarily
equivalent. This means in particular that the eigenfunctions W?! (a) and W??(a) must
be related by an integral transformations of the form'

V7 (ap) = /dal K;,o (az,a)) W' (ay). (3.8)

If S7 and S;’,' are two actions with 7 and 7’ differing only by shifts of the theta-angle
0, — 0, + 27k, it follows from (2.1) that we must have

Wo(a) = ¥ (a), (3.9)

IConsidering theories G¢ associated to Riemann surfaces with genus g > 1 one has to allow for an
additional factor on the right hand side of the relation (3.8). This is discussed in [TV13].
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with 77 = 7 + k,e,. By using the transformations (3.8) one finds that we must have

vy (@) = V), (3.10)
for any Dehn twist © € MCG(C). The notation W7 (a)on the left hand side denotes
the analytic continuation of W?(a) with respect to 7 defined by the element p €
MCG(C).

By combining (3.8) and (3.10) we get

W) = [ dan Kotz a) WG, (3.11)

Assuming that we know the kernels K, 5., (a2, a1), we would thereby get a Riemann-
Hilbert type problem? for the wave-functions W7 (a;). Equation (3.11) describes the
effect of a monodromy in the gauge theory parameter space in terms of an integral
transformation with kernel K, ; (a2, ay).

Let’s note, however, that the kernels K, » » (a2, a;) are by no means arbitrary: They
are strongly constrained by the fact that (3.8) must intertwine the representations of
the algebra A, ., defined by the actions S°' and S72, respectively. Concretely, we
must have, in particular,

—
D% - Koo, (a2, a1) = K, 0, (a2, 1) 2cosh2may . /€;) , 3.12)

<«
Kol(rl (a27 (11) ' D:«Ii 2 COSh(z’]TaZ,r/Ei) Ko’l(fl ((12, ll]) s

expressing the fact that S-duality exchanges Wilson and’t Hooft loops. The equations
represent a system of difference equations that turns out to determine K, ,, (a2, a;)
uniquely up to normalization. This means that the kernels are essentially determined
by the representation theory of the algebra A, ., .

We will in the following describe how to identify the algebra A, ... This infor-
mation may then be used [TV13] to determine the kernels K, , (a2, a;) defining the
Riemann-Hilbert problem (3.11). Fixing the 7-asymptotics by means of perturbative
information one gets a Riemann-Hilbert problem which has an essentially unique
solution, thereby characterizing the wave-functions W7 (a) completely.

Keeping in mind (3.6) we conclude that the instanton partition functions Z"
can be characterized using the representation theory of A, .,. Note that the prepo-
tential F giving the low-energy effective action of G¢ is recovered from Z™! via
F = lim, .,—o€r1€e2log Zinst This means that the low-energy effective action is

2The Riemann-Hilbert problem is often formulated as the problem to find vectors of multivalued
analytic functions on a punctured Riemann surface C with given monodromy, a representation of
71 (C) in SL(N, C). Our Eq.(3.11) generalises the Riemann-Hilbert problem in two ways: The
Riemann surface C is replaced by the moduli space M (C) of complex structures on the surface C,
and the monodromy takes values in the group of unitary transformations of an infinite-dimensional
Hilbert-space rather than SL(N, C).
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encoded abstractly within the algebra A, ,. These observations motivate why this
algebra was called “non-perturbative skeleton” of G¢ in [TV13].

4 The Algebra of Loop Operators

In order to realise the program outlined at the end of the previous section it will
be essential to know the algebra A, ., precisely. We are now going to explain how
A, is related to the non-commutative algebra obtained by quantising the space of
functions on the moduli space of flat PSL(2)-connections. This section is meant to
give a guide to the literature on the known relations between the algebra generated
by the supersymmetric Wilson- and’t Hooft loop operators on the one hand, and the
(quantised) algebra of functions on the moduli space of flat PSL(2)-connections on
the other hand.

4.1 The Algebra of Supersymmetric Loop Operators

The algebra of gauge theory observables contains the supersymmetric Wilson- and
’t Hooft loop observables. The product of such loop operators will generate further
loop observables supported at the same loop C. The generalizations of Wilson- and ’t
Hooft loop operators £, that are generated in this way describe the effect of inserting
heavy “dyonic” probe particles, and can therefore be labelled by pairs v = (r, s) of
electric and magnetic charge vectors, see [DMO], and the article [V:7] for a review.
We will be interested in the algebra A generated by polynomial functions of the loop
operators.

One should note that the labelling of loop operators by charges is based on a
given Lagrangian description of the theory. A particularly simple example for the
dependence of the underlying Lagrangian is provided by the Witten-effect: Two
actions S; and S, which differ only by a shift of the theta-angle 8, by 27 will define
the same expectation values after proper identification of the loop operators: A loop
observable with charge ~y;, defined by S gets identified with the loop observable with
charge 7, defined by S, iff the magnetic charges coincide and the electric charges of
~1 and 7, differ by certain multiples of the magnetic charges. A precise statement
for the A; theories of class S of interest here can be found in [DMO], see also [V:7].

It should also be remarked that the precise specification of a gauge theory of class
S depends on certain discrete topological data [AST, Tal3] defining in particular
the set of allowed charges for the line operators. This phenomenon is related to
interesting subtleties showing up when the gauge theory G¢ is studied on more
general four-manifolds, but it is not relevant for what is discussed in this article as we
are exclusively dealing with four manifolds having the topology of the four-sphere.
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4.2 UV Versus IR Loop Operators

It will be instructive to consider the four-ellipsoid E _ in the limit where ¢; = 0. In
this case the four-ellipsoid E _ degenerates into EZ x R?, where

EEZ2 = {(xo,...,xz)lxg—i-e%(x%—i-xf) =1}. 4.1)

This implies that only the Wilson- and ’t Hooft loops wrapped on the remaining circle
C, will remain. We may still relate expectation values to matrix elements by choosing
xo as (Euclidean) time coordinate. Near the “equator” xo = 0, the two-ellipsoid Efz
looks like R x S'. One may expect that studying the gauge theory Gc on R* x E7 will
allow us make contact with the work of Gaiotto et al. [GMN1, GMN2, GMN3], who
have studied the gauge theories G¢ on the circle compactification R? x S'. Aspects
relevant for us are reviewed in [V:3].

Considering the theory G¢ on R® x S' at low energies, it was argued in [GMN1]
that G¢ becomes effectively represented by a three-dimensional sigma model with
hyperkéhler target space M (C). This means in particular that the hyperkihler space
M(C) represents the moduli space of vacua of G¢ on R3 x S'.

The supersymmetric Wilson- and ’t Hooft loops supported on S! are called UV line
operators in ((GMN3], [V:3]). Vacuum expectation values of these line operators3

Lo (m):= (L) me M(C), 4.2)

represent coordinate functions on the moduli space of vacua of Gc on R x S'. We
see that the algebra A of UV line operators must coincide with a (sub-)algebra of
the algebra of functions on the moduli space of vacua M (C).

Other useful sets of coordinate functions for M (C) have been defined in [GMN1]
using the effective low-energy description of G¢: They are denoted as X, (m), are
labelled by vectors 7 in the charge lattice I', and represent Darboux coordinates for
the holomorphic symplectic structure £ on M (C). The functions X, (m) have been
interpreted in [GMN?3] as expectation values of IR line operators describing the effect
of the insertion of a heavy dyonic source of charge 7 into the low-energy effective
field theory.

It has been argued in [GMN3, CN], see also [V:3], that the expectation values
L. (m) can be alternatively computed using the effective IR description of G¢ on
R? x S', leading to a relation between UV and IR line operators of the following
form:

Ly(m) = D" Q. X,(m). (4.3)

nel’

3Comparing with [V:3] let us note that on R3 x S! one may consider families of line operators
preserving different supersymmetries, parameterised by a parameter ¢ in [V:3]. We here focus on
the case ¢ = 1 corresponding to the line operators studied on Ef] ¢, Let us furthermore note that
the label y used for UV line operators here is used for IR line operators in [V:3].
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The positive-integer coefficients QM have an interesting physical interpretation as an
index counting certain BPS states that exist in the presence of line defects [GMN3].

4.3 Relation with Moduli Spaces of Flat Connections

The following table summarizes known connections between the moduli spaces
Mot (C) of flat SL(2)-connections* on the surfaces C and the moduli space of
vacua M(C) on R x S!:

Riemann surface C Gauge theory G¢

Moduli space of flat connections Mgy (C) Moduli space of vacua M(C) on R3 x §!

Trace functions L. on Ma (C) UV line operators Ly

Fock-Goncharov coordinates IR line operators X,

We have gathered the relevant definitions and results concerning Mg, (C) in Appen-
dix 2. The mapping between trace functions L and UV line operators £, is defined
by identifying the Dehn-Thurston parameters classifying closed loops on C (see
Appendix 2, subsection “Topological Classification of Closed Loops” for a short
summary) with the charge labels v = (r, s) of the line operators ([DMO], V7).
The definition of the Fock-Goncharov coordinates for Mg, (C) is briefly reviewed
in Appendix 2, subsection “Fock—Goncharov Coordinates”, and the relations to IR
line operators are discussed in [GMN2, GMN3].

An argument in favor of the identification between M, (C) and M(C) starts by
considering the six-dimensional (2, 0) theory on S' x R? x C. Compactifying first on
C and then on S' gives the three-dimensional sigma model with target space M (C),
as mentioned above. It may alternatively be obtained from the six-dimensional theory
by first compactifying on S! followed by compactification on C. After compactifying
on S' one would then find the maximally supersymmetric five-dimensional super-
Yang-Mills theory on R x R? x C. Further compactification on C yields a nonlinear
sigma-model with target being Muy;;(C), the moduli space of solutions to Hitchin’s
self-duality equations using a variant of the argument presented in [BJSV]. More
details and references can be found in ((GMNZ2], Sect. 3.1). My; (C) is a hyperkihler
space naturally related to Mg, (C) in one of its hyperkihler structures ([Hi], [V:3]).

4This may be SL(2, C)- or SL(2, R)-connections depending on the context, as will be discussed
later.

5The set of allowed charges v = (r, s) in a theory Gc is generically smaller than the set of allowed
Dehn-Thurston parameters [AST, Tal3]. This subtlety does not affect our discussions: For each
allowed Dehn-Thurston parameter there exists a choice of the extra discrete data specifying gauge
theories G¢ such that the corresponding UV line operator £, can be defined within G¢. Having
determined the set of allowed charges in the duality frame corresponding to a particular pants
decomposition, one may figure out the allowed charges in any other duality frame by some simple
rules.
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A way to find the identification between particular coordinate functions on
M (C) and the UV line operators summarised in the table above was described in
([GMN3], Sect. 7).

4.4 Quantization

An interesting generalization of the set-up considered in Sect. 4.2 (compactification
on S') is obtained by imposing certain twisted boundary conditions with parameter
b along S!' [GMN3, IOT]. The resulting deformation, denoted R? x, S' of the
background R? x S! is related to the Omega-deformation, and it can be used to
model the residual effect of the curvature in the vicinity of the circles C; on Efl’ﬁ
which represent the support of the loop operators [V:7]. )

It has been argued in [GMN3, 10T], see also [V:7], that the effect of the twisted
boundary conditions is to deform the algebra A into a non-commutative algebra Aj,.
In the case of the A, theories of class S it was argued in [GMN?3] that the result-
ing algebra is nothing but the quantized algebra of functions on Mg, (C), denoted
Funj, (M (C)), here with i = b%. There should in particular exist a deformed ver-
sion of the relation (4.3) between UV and IR line operators. The left hand side of
this relation, the deformed UV line operator, should be independent of the choice of
coordinates that appear on the right hand side. As different sets of coordinates &, are
related by (quantized-) cluster transformations, it will suffice to figure out the quan-
tum analog of (4.3) for particular triangulations. This is what was done in ((GMN?3],
Sect. 11) for the A-case, leading to the conclusion that the algebra generated by the
deformed UV line operators is the quantisation of the the algebra of trace functions
on Mg, (C) that will be described in more detail in the following section.

Highly nontrivial support for this proposal has been given by explicit calculations
for some theories of class S ([IOT], [V:7]). A rather different line of arguments
leading to the same conclusion was proposed by Nekrasov and Witten [NW].

4.5 Back to the Ellipsoid

As mentioned above, one may expect that the twisted boundary conditions defining
R? x;, S' would model the residual effect of the curvature in the vicinity of the curves
C; on Efl o ([TOT1Y, [V:7]), at least as far as the algebraic properties of loop operators
are concerned. The comparison of the results of localisation calculations on the two
spaces ([GOP] for § 4. and [IOT] for R3 x, S provides highly nontrivial quantitative
evidence for this claim. In the case of the four ellipsoid Ef] ., one thereby expects to

get a (twisted) product of two copies of Funy (Mg, (C)) associated to the two circles
C; supporting supersymmetric loop observables.
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However, there is a crucial difference between the cases of R? x;, S! and Ef1 o
the case of R? x;, S! one will generically get complex values for expectation values
of loop observables which are functions of the scalar expectation values at infinity,
the holonomy of the gauge field around S' and the complexified gauge coupling
constants 7. The precise relation was given in [IOT].
In the case of E ?1 oo on the contrary, one gets only real numbers larger than 2 for
the expectation values of Wilson loops from the localisation calculations of [Pe, HH].
By S-duality this will imply that the ’t Hooft loops will define positive self-adjoint
operators on H( with the same spectrum. This means that the relevant moduli spaces
to consider in this case will not be the moduli spaces Mgat(C ) of flat PSL(2, C)-
connections, but rather its real slice Mf, (C) defined by having real values bounded
below by 2 for all trace coordinates.

It is known that M}fat(c ) breaks up into finitely many disconnected components

MER,;{}(C), |d| = 0,...,29g — 2 + n, and there exists a distinguished component

In

Mﬂni;? (C) which has the necessary properties. This component is isomorphic to the

Teichmiiller spaces of Riemann surfaces [Go88, Hi] and therefore referred to as the
Teichmiiller component, see Appendix 2, subsection “The Teichmiiller Component”.
The resulting situation is summarised in the table below.

Riemann surface C Gauge theory Gc

Quantised algebras of functions Algebra A;, generated by

Funb2 (M (©)) Wilson- and ’t Hooft loops on R3 xp 8!
Quantized algebras of functions Algebra A, generated by

Funy (M:2(C)) X Funy, 2 (ME:2(C)) Wilson- and *t Hooft loops on E. _,

The notation X indicates that the representatives of the factors commute only up to
a sign, in general.

5 Quantization of Moduli Spaces of Flat Connections

We now have the input we need to develop the program outlined in Sect. 3.2—the
reconstruction of instanton partition functions from the algebra of loop operators. In
the rest of this section we shall briefly describe the quantization of /\/l]é%;to (©).

5.1 Quantization of the Fock-Goncharov Coordinates

The simplicity of the Poisson brackets of the Fock-Goncharov coordinates makes
part of the quantization quite simple. To each edge e of a triangulation t of a Riemann
surface C,, associate a quantum operator X! corresponding to the classical phase
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space function X!. Canonical quantization of the Poisson brackets (6.59) yields an
algebra B; with generators X! and relations

Xt XE = 2 e Xt X (5.1)

where n,, is the number of intersections of e with ¢’, counted with a sign.

Note furthermore that the variables X, are positive for the Teichmiiller com-
ponent. The scalar product of the quantum theory should realize the phase space
functions X, as positive self-adjoint operators X!. By choosing a polarization one
may define a Schrodinger type representations 7¢ in terms of multiplication and finite
shift operators. It can be realized on suitable dense subspaces of the Hilbert space
Hy ~ LZ(R39_3+’1).

There exists a family of automorphisms which describe the relation between
the quantized variables associated to different triangulations [F97, Kal, CF1]. If
triangulation t, is obtained from t by changing only the diagonal in the quadrangle
containing e, we have

[neel
X:, H (1 +eﬂi(2a—l)h‘ (X;)—sgn(nw))—sg“(we) if e/ 75 e,
a=1

XH! if ¢ =e.

Xl = (5.2)

It follows that the quantum theory of ./\/lﬂi;? (C) has the structure of a quantum cluster
algebra [FG2].

It is possible to construct [Kal] unitary operators Ty, ¢, that represent the quantum
cluster transformations (5.2) in the sense that

Xt = Tt_]iz X5 T, (5.3)

The operators Ty, describe the change of representation when passing from the
quantum theory associated to triangulation t; to the one associated to t,. It follows
that the resulting quantum theory does not depend on the choice of a triangulation
in an essential way.

As indicated in Sect.4.4, one may intepret the coordinates X, as expectation
values of IR line operators. The formula (5.1) describes the quantum deformation
induced by the twisted boundary condition on R x;, S', and (5.2) describes the
behavior of the IR line operators under (quantum-) wall-crossing ((GMN1, GMN3],
[V:3D]).

5.2 Quantization of the Trace Functions

There is a simple algorithm (reviewed in Appendix 2, subsection “Trace Functions in
Terms of Fock-Goncharov Coordinates™) for calculating the trace functions in terms
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of the variables X! leading to Laurent polynomials in the variables X, of the form

L, => ctw []@h. (5.4)

velF e

where the summation is taken over a finite set F of vectors v € Z3¢—3+2" with
components v,.

According to ((IGMN3], [V:3]) one may interpret the trace functions as UV line
operators. Formula (5.4) thereby becomes identified with (4.3).

For curves v having C;, (v) € {0, 1} forall v € FFithas turned out to be sufficient to
replace (X}!)” in (5.4) by exp(D_, ve log X!) in order to define the quantum operator
Lfy( associated to a classical trace function £, . For other triangulations one may define

t .
L’ using / 1
L =Ty L) Tew. (5.5)

It turns out that this is sufficient to define the operators L; in general [TOS5]. It follows
from (5.5) that we may regard the algebras of quantised trace functions generated
by the operators L; as different representations ¢ of an abstract algebra A, which
does not depend on the choice of a triangulation, L; = m(L) for L., € Ap.

The operators Lf/ are positive self-adjoint with spectrum bounded from below by
2, as follows from the result of [Ka4]. Two operators Lf/ 1 and Li,z commute if the
intersection of +; and =, is empty. It is therefore possible to diagonalise simultane-
ously the quantised trace functions associated to a maximal set of non-intersecting
closed curves defining a pants decomposition [T05, TV 13].

5.3 Representations Associated to Pants Decompositions

Mutual commutativity of the quantized trace-functions L;'_ ensures existence of oper-
ators R, which map the operators L;r, r = 1,...,h associated to the curves
C = (71, ..., 7n) defining a pants decomposition to the operators of multiplication
by 2 cosh(/,/2). The states in the image H,, of R, can be represented by functions
P(),l = (Iy, ...,1) depending on variables /, € Rt which parameterise the eigen-
values of L§ The operators R, define a new family of representations 7, of A,
via

Ty (Ly) =Ry - m(Ly) - (Ryj) ™" (5.6)

The representations are naturally labelled by the data ¢ = (C, I') we had encoun-
tered before. The unitary operators R, ¢ : H¢ — H, were constructed explicitly in
[TO5, TV13].
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5.3.1 Transitions Between Representation

The passage between the representations 7, and 7, associated to two different pants
decompositions is then described by

-1
UU’20'1 = Ro'z|t : (R0'1|t) .
The unitary operators U,,,, intertwine the representations ,, and 7,,,
Toy (ﬂw) : Uazal = Uazal * Moy (E'y) . (5.7)

Explicit representations for the operators U,,,,, have been calculated in [NT, TV13]
for pairs [o,, 0] related by the generators of the Moore-Seiberg groupoid. The B-
move is represented as

(BY)(B) = BY, s(B), B = €M B mdnan) (5.8)

where A; = (1 + b?)/4b + (I/47b)?. The F-move is represented in terms of an
integral transformation of the form

Bl = (o)) = /R i Fy [T, (5.9)

A similar formula exists for the S-move. The explicit expressions can be found in
[TV13].
The operators U,,,, define a unitary projective representation of the Moore-
Seiberg groupoid,
U0302 . Ualo'l = <0'30'2(71 Uojo'l 5 (510)

where (50,0, € C, |(530,0,] = 1. The explicit formulae for the relations of the
Moore-Seiberg groupoid in the quantisation of MY, (C) are listed in [TV13].
Having a representation of the Moore-Seiberg groupoid automatically produces a
representation of the mapping class group. An element of the mapping class group
represents a diffeomorphism of the surface C, and therefore maps any MS graph ¢ to
another one denoted yi.0. Note that the Hilbert spaces H,, and 'H,, , are canonically
isomorphic. Indeed, the Hilbert spaces H,, depend only on the combinatorics of the
graphs o, but not on their embedding into C. We may therefore define an operator
M, (1) : Hy = H, as
Ma(,u) = Uu.a,o’ . (5.11)

It is automatic that the operators M(y:) define a projective unitary representation of
the mapping class group MCG(C) on H,,.
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The kernels of the operators Uy, ,,, Ty,+, and Ryt are related to the partition func-
tions of d = 3 gauge theories on duality walls, see (IDGV], [V:11]) and references
therein. The relations are summarised in the following table:

Riemann surface C Gauge theory G-

Kernels representing operators Uy, 4, UV duality walls 7>[M, p, p']
Kernels representing operators R olt RG domain walls 7>[M, p, IT]
Kernels representing operators thtl IR duality walls T»[M, I1, T1']

5.3.2 Representations

The representations m,(L,) were calculated explicitly for the generators of A,
in [TV13].

As aprototypical example let us consider the case where o corresponds to the pants
decomposition of Cy 4 depicted on the left of Fig. 1. We may associate generators Ly,
L, and L, of A, to the simple closed curves s, 7;, and 7, introduced in Appendix 2,
subsection “Generators and Relations”, respectively. The generators £, r = 1, ...,4
are associated to the boundary components of C >~ C 4. The representation of A,
will be generated from the operators L, L, and L, defined as follows:

Ly :=2cosh(l/2). (5.12a)
1
L, := 2 b*(LrLs + L, L Ly(L,Ls + LoL
1 2(cosh|s—cos27rb2)( cosmh™(LoLs + LiLs) +Li(L1L3 + Lo 4))
(5.12b)
n Z 1 eek/z\/612(|—s)c34(|-s)egk/2 1
A /2sinh(,/2) 2sinh(l,/2) /2 sinh(l,/2)
where
e () = Ie(l),  Kipe(l) = —4mib* Oaps (1) ,
and ¢;;(Ly) is defined as
cij(Ly) = L+ L7+ L3+ LL;iL;j — 4. (5.12¢)

L, is given by a similar expression [TV 13]. The operators | and k are quantum coun-
terparts of the Fenchel-Nielsen coordinates, see Appendix 2, subsection “Fenchel-
Nielsen Coordinates for Mﬂﬂi? (C)” for a definition.

As indicated above, one may interpret the trace functions L, L,, L, as UV line
operators, here for the Ny = 4 theory associated to Co 4. L, L; and L, correspond
to the Wilson loop, 't Hooft loop, and simplest dyonic loop, respectively. The formulae
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above are directly related to the expectation values of these line operators on R? x,, S'
calculated in [10T].

5.3.3 The Algebra of Trace Functions

Using the explicit representations for the generators of A, obtained in [TV13] it
becomes straightforward to calculate the relations that they satisfy. As a prototypical
example, let us again consider the case C = Cy 4. There are two main relations:
Quadratic relation:

Q(Ly, Ly, L1) = ' LoL, — e ™ L, L, (5-13)
(2T oy o (it iy (p p e L)

Cubic relation:

P(Ls. Ly, L) = —"V LoLL, (5.14)
+ ezmb2 ﬁf + e—27rib2 Ltz + ezmb2 53
+ ™ LA LaLy+ L1L2) + T L (LoLs + L1 Ls)
+ ™ L (L1 L3 + L2La)
+ L7+ L3+ L5+ L5+ L1LoL3L4 — (2cos b

The generators Ly, k = 1,...,4 are central elements in .4,(Cy4), associated to
the boundary components. The quadratic relations represent the deformation of the
Poisson bracket (6.57), while the cubic relation is a deformation of the relation
(6.50a).

6 Relation to Liouville Theory

Having worked out the quantization of ./\/lﬂﬂi;? (C), we have determined the mon-
odromy data we need to define the Riemann-Hilbert type problem discussed in
Sect.3.2. In order to derive the AGT-correspondence along these lines it remains
to observe that the Liouville conformal blocks provide solutions to this Riemann-
Hilbert problem.

Our goal in this section is to explain why Liouville conformal blocks are the wave-
functions solving the Riemann-Hilbert problem (3.11). To this aim we are going to
explain that

Liouville theory is just another way to represent the

quantum theory of ./\/lﬂﬂi’f (C) defined in Sect.S5.
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The identification between conformal blocks and wave-functions in the quantum
theory of moduli spaces of flat connections will follow naturally.

6.1 Complex-Analytic Darboux Coordinates for Mgat(C )

Our explanations will be based on the fact that M%{;? (C) is isomorphic to the Teich-
miiller space 7 (C) (see Appendix 2, subsection “The Teichmiiller Component”).
This implies that there exists an alternative quantisation scheme using holomorphic
coordinates for 7 (C). We are going to explain that the quantum theory in the resulting
quantisation scheme is naturally related to conformal field theory.

For simplicity, we will here restrict attention to C = Cy 4 = P'\ {z1, 22, 23, 24}
We do not lose generality when we assume that z; = 0, z3 = 1, z4 = o00. The
value of ¢ := z, defines a complex-analytic coordinate for the moduli space M (C)
of complex structures on C. The Fuchsian group corresponding to the complex
structure parameterized by a value of ¢ defines a flat PSL(2, R)-connection. We
may therefore regard g as a local coordinate for MY, (C) which is related to the
Fenchel-Nielsen coordinates (k, [) in a very complicated way. The relation becomes
reasonably simple only in the limit |g| — 0 < [ — 0, where one has

l T

oy ~ —10g(1/|q|)’ 2k ~ arg(q), (6.1)

where the notation =~ indicates equality to leading order in this limit.

The complicated nature of the dependence of ¢ on the Darboux coordinates (k, /)
is reflected in the fact that the Poisson structure on Mﬁ;? (C) is represented in terms
of ¢ in a much more complicated way. A useful way to describe the Poisson structure
using the coordinate ¢ is to find a function 7 = h(q, ¢) that is canonically conjugate
to g in the sense that

{g.h(q.9)} = —i. (6.2)

Such a function can be found from the metric ds?> = e**dydy of constant negative

curvature associated to g by writing the function 7 (y) = —(8,¢)* 4 ;¢ in the form
1) ) 0 -1 A

‘() = E 2 v q(q —1) 63)

G- 2 G- 3o-D yo-Dy—q

The residue & = h(q, ¢) in (6.3) is indeed the sought-for conjugate variable to ¢, as
follows from the beautiful results [TZ87a, CMS, TZ03] that the classical Liouville
action S.[(] is the Kéhler potential for the symplectic form on 7 (C) =~ Mgal(C )
corresponding to the Poisson-structure we consider, and that

0
- Salel. (6.4)

h(g.q) = ~ 94
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The function k(q, q) is called the accessory parameter. Having real monodromy
(subgroup of PSL(2, R)) of the differential operator 83 + t clearly requires fine-
tuning of the residue / in (6.3) in a way that depends on the complex structure g.

6.2 Quantization of Complex-Analytic Darboux Coordinates
for M} (C)

One may then consider an alternative representation for the quantum theory of
M$..(C) which is such that the operator representing the complex-analytic coor-
dinate ¢ is realized as a multiplication operator g,

qu(q) = qv(q). (6.5)

The quantization of the observable & should then give an operator h that satisfies
[h.al = &%, (6.6)

and can therefore be represented as

0
hy(g) = bza—wq). (6.7)
q

In order for such a representation to be equivalent to the representation we had
previously defined using the Darboux coordinates (k, /) we should consider wave-
functions ¢(q) that are holomorphic in ¢g. Such a representation can be seen as an
analog of the coherent state representation of quantum mechanics.

It will be useful for us to think of the wave-functions v/(g) in such a representation
as overlaps (g | ¢) of the abstract state | 1) ) with an eigenstate ( g | of the operator Q.

6.3 Geometric Definition of the Conformal Blocks

In order to see how the quantisation of 7 (C) is related to conformal field theory,
let us present a more geometric approach to the definition of the conformal blocks
going back to [BPZ].

Let C be the Riemann surface C = P! \ {z1, ..., z,} of genus O with n marked
points zy, ..., z,. At each of the marked points z,, r = 1, ..., n, let us choose the
local coordinates w, = y — z,. We associate highest weight representations V,, of
Vir. to P,,r = 1, ..., n. The representations V, are generated from highest weight
vectors e, with weights A,.

The conformal blocks are then defined to be the linear functionals F : Vi, =

"_;V, — C that satisfy the invariance property
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F(Tx]-v)=0 YveVy,, VYxeDou, (6.8)

where U is the Lie algebra of meromorphic differential operators on C which may
have poles only at zy, ..., z,. The action of T[x] on ®”_, R, — C is defined as

n

Tx]l= Zid Q- ® L[&h(:)] ®---®id, L[x"]:= Z LkXI(:) € Vir,

r=1 keZ
(6.9)
where X,({r) are the coefficients of the Laurent expansions of x at the points Py, ... Py,
X@z) =D x wit! 0y, € C(w ), » (6.10)

keZ

with C((¢)) being the space of Laurent series in the variable 7.

The vector space of conformal blocks associated to the Riemann surface C with
representations V, associated to the marked points P, r = 1, ..., n will be denoted
as CB(V,), C). Itis the space of solutions to the defining invariance conditions (6.8).

The space CB(V,;, C) is infinite-dimensional in general. Considering the case
n = 4, for example, one may see this more explicitly by noting that the defining
invariance property allows us to express the values F(v4 ® vz ® v2 ® v;) in terms of
the complex numbers

ZO(F,C)i=Fles®@es @ LK jex ®ey), ke Z, 6.11)

were e; are the highest weight vectors of V;, i = 1, 2, 3, 4. We note that F is com-
pletely defined by the values Z® (F, C). The space of conformal blocks CB(V4;, C)
is therefore isomorphic as a vector space to the space of formal power series in one
variable.

This definition of conformal blocks is closely related, but not quite identical to
the one introduced previously in Sect.2.5. To indicate the relation let us note that
matrix elements like

Fra @ v3 @ v ® 1) := (ea,, Vi 5[V3l(23) VS7, [Val(@) ea, ), (6.12)
will represent particular examples for conformal blocks as defined in this section.
Validity of the defining invariance property (6.8) follows from the covariance prop-
erties of the chiral vertex operators.
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6.4 Deformations of the Complex Structure of C

A key point that needs to be discussed about the spaces of conformal blocks is the
dependence on the complex structure of C, here specified by the positions zy, ... 2,
of the marked points. There is a natural way to represent infinitesimal variations of
the complex structure of C on the spaces of conformal blocks. By combining the
definition of conformal blocks with the so-called “Virasoro uniformization” of the
moduli space M, ,, of complex structures on C = Cy , one may construct a natural
representation of infinitesimal motions on M, on the space of conformal blocks.

The “Virasoro uniformization” of the moduli space M, may be formulated as
the statement that the tangent space T My, to My, at C can be identified with the
double quotient

TMo, =T(C\{z1,...,2za}, @c)\ @C((wk))ak/ EB wrC[[we 10k, (6.13)
k=1

k=1

where C[[wy]] are the spaces of Taylor series in the local coordinates wy for k =
1, ..., n,respectively, and I'(C\ {zi, ..., 24}, ®c¢) is the space of vector fields that
are holomorphic on C \ {zi, ..., z,}, embedded into @) _,; C(wy)) via (6.10).

Given a tangent vector ¥ € T .My, it follows from the Virasoro uniformization
(6.13) that we may find elements 1y of @), _, C(%)) 9k, which represent ¢ via (6.13).
Let us then consider F (T [ny]v) with T[n] being defined in (6.9) in the case that v
is the product of highest weight vectors, v = ¢, ® - - - ® e;. Equation (6.13) allows
us to define the derivative dyF (v) of F(v) in the direction of ¥ € T M, as

O F (v) := F(T[nylv), (6.14)
Dropping the condition that v is a product of highest weight vectors, one may use
(6.14) to define 6y F in general. And indeed, it is well-known that (6.14) leads to

the definition of a canonical flat connection on the space CB(},, C) of conformal
blocks [BF].

6.5 Conformal Blocks Versus Function on 1,

In the case n = 4 it is easy to see that (6.14) can be reduced simply to
0. F@us @0 ®v) = F(uu®u3 @ L_jv; ®vy). (6.15)
Let us introduce the notation

ZVNF,C) = Fle1® - ®ey), (6.16)
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for the value of F on the product of highest weight vectors. Equation (6.15) allows
us to identify the values Z & (F, C) defined in (6.11) as the kth derivatives of the
partition functions Z°(F, C). We had seen above that the collection of the numbers
ZW(F, C) characterizes the conformal blocks F € CB(Vy;, C) completely.

One may define the parallel transport of conformal blocks over Mg 4 via

4 <1
ZUNF,C) = —w =" Z0(F, ). (6.17)
k=0 "

We see that there is a one-to-one correspondence between functions ) (w) defined
on some open, simply connected neighborhood U/, of a point z in 7 4 and conformal
blocks F for which the series (6.17) converges for all w € U;: The Taylor expansion
coefficients )y of Y(w) can be used to define a conformal block Fy € CB(Vj4, C)
such that Z® (Fy, C) = Y. Conversely, for “well-behaved” conformal blocks
F € CB(Vy, C;) one may use (6.17) to define a family of conformal blocks in a
neighborhood U, (F).

We are ultimately not interersted in the most crazy conformal blocks, but rather
in those whose partition functions can be analytically continued over all of 7 (C),
and which have reasonably mild singular behaviour at the boundaries of 7 (C).
Such a subspace will be denoted CB™#(Vy;, C). It was proposed in [TV13] that
the conformal blocks defined previously with the help of chiral vertex operators
generate a basis for CB™#(Vy), C) in a suitable sense. This proposal is based on
the highly nontrivial results of [TO1, T03a] that the partition functions ZH° can be
analytically continued over all of 7 (C), and that the bases associated to different
pants decompositions are linearly related.

6.6 Verlinde Loop Operators

The construction of conformal blocks using chiral vertex operators, or more generally
by gluing conformal blocks associated to three-punctured spheres gives another way
to define a natural family of operators acting on spaces of conformal blocks. The
resulting operators will be identified with quantized trace functions. We will describe
the construction in the case of genus 0 in terms of chiral vertex operators.

Let us consider chiral vertex operators Vj ; (z) in the special case where o =
—b/2, assuming that Q is represented as Q = b 4 b~ !. If furthermore 3, and 3, are
related as 3, = 31 F b/2, the vertex operators 15 (y) = 13, s(y) := Vﬂ:,i/szb/zm ),
s € {1, —1}, are well-known to satisfy a differential equation of the form

s () + b7 - TP, (3) =0, (6.18)

with normal ordering defined in (2.18). The chiral vertex operators g, () are called
degenerate fields. It follows from (6.18) that matrix elements such as
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Fos(a; Blzlyoly) = (aa| s (o) () | Osis) (6.19)
|Osrsr) = VI o 5@V, @)Vl o@D 0),

will satisfy the partial differential equation Dgpz F = 0, with

1o Ay 10 <( A 19
Depz = 575 + i 4+ —+ ( <+ —)
IR0y T (v=y0)2 |y — 00 ; O —z)® Y=
(6.20)

As explained previously, we may regard the matrix elements (6.19) as the partition
functions of conformal blocks in CB(V[’6], Co.6), where now V[/6] =V ® V?,f 12

Using these ingredients it is straightforward to show that the analytic continuation
of the matrix elements Fso(a; 51z yoly),s,s € {1, —1} with respect to y along
closed paths -y on Cy 5 can be expressed as a linear combination of the matrix elements
Fssr(a; 171 yo|y) having parameters (3’ that differ from (3 by integer multiples
of the parameter b,

Fu(aiflzlyly) = D M BTk Flei Blzlyly)  (621)

§"=%

where T is the operator which shifts the argument 3 of F;y by the amount b. The
matrices M., define representations of the fundamental group 7 (Cy 5) on the space
CB(V(g}> Co.6)-

The definition of the Verlinde loop operators is based on the simple fact that
CB(Vi4) ® Vo, Cy5) is canonically isomorphic to CB(V 4, Cp.4) if V) is the vacuum
representation. One may furthermore note that there exists a linear combination
> K3 (30)¥—s (y) whichis a descendant of the chiral vertex operator V@o P [¢+ (yo—
y)e_ b ](y) associated to the vacuum representation. These observations allow us to
define both an embedding : and a projection g,

1 CBreg(V[4], Co,4) — CBreg(V[/(s]v Coe)

reg /vy reg (622)
g : CB™ Vg, Cos) — CB™(Vyy, Cog),

in a natural way. The Verlinde loop operators can then be defined as the composition
V,i=poM,or. (6.23)

Concretely this boils down to taking a certain linear combination of the matrix ele-
ments M, (3, Tﬁ)jg, representing the monodromy along v on CB™® (M4}, Co6). The
explicit calculations of the operator V., in [AGGTV, DGOT] shows that the Verlinde
loop operators define a representation of Funy (Mg, (C)) on the space of conformal
blocks CB™(Vy4}, Cp,,) which is equivalent to the one defined in Sect.5.3.2 if we
identify variables
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/
5:24_1_7 Osz%

o
2 b ti

A k=1,....4 (6.24)
47h

Let us summarize the observations made in this section in the following table:

Quantisation of ... ... is realised in CFT via
Darboux coordinates (g, ) conformal Ward indentities
Fenchel-Nielsen coordinates (k, /) Verlinde loop operators

The degenerate fields have a beautiful interpretation in the gauge theories Gc in
terms of a family of observables called surface operators [AGGTV], explained also
in the article [V:8] in this collection.

6.7 Liouville Conformal Blocks as Solutions
to the Riemann-Hilbert Problem

We claim that the solution to the Riemann-Hilbert type problem defined in Sect.3.2
is given by the Liouville conformal blocks in the following sense

ZMa,m; Ty e, e) = 2P (a; T b) 258, s q: b) (6.25)

The solution of the Riemann-Hilbert problem defined in Sect. 3.2 is unique up to mul-
tiplication with meromorphic functions which may have poles only at the boundary
of M(Cy.4). The resulting freedom can be absorbed into Z,;"" (v, 7; b).

In order to verify (6.25) we need to show that the representation of the mapping
class group on spaces of Liouville conformal blocks is the same as the one coming
from the quantum theory of M]}f,‘;? (C) as described in Sect.5. This boils down to
the comparison of the respective realizations of B and F'-moves. The coincidence of
B-moves is trivial to verify. The realization of the F-move on Liouville conformal
blocks was calculated in [TO1], where a relation of the form

% +iR", (6.26)

258y, q) = /S dfs Ey [ 0] 2% (Brq), S=

was found. For the normalization defined in (2.14) we find the same kernel

Fyolon @] in the relation (6.26), as was found within the quantum theory of

ME:0(C) described in Sect. 5.

This is good enough to conclude that (6.25) must hold. To round off the pic-
ture, let us exhibit the meaning of the partition functions Z(3, «; ¢; b) within the
quantisation of Mﬂﬂilo (&)
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In this section we have described two different representations for the quantisation
of one and the same Poisson-manifold, obtained by quantisation of the coordinates
(g, h) and (I, k), respectively. One may expect that these two representations should
be unitarily equivalent. The eigenstates |/) of the operator | are complete in H,,, . It
should therefore be possible to relate the wave-function 1/ (q) = (g|¢) representing
a state |1)) in the holomorphic representation to the wave-function W(l) = (I|y)
representing the same state in the length representation as

¢(q)5<q|¢>=/d1(qll)(l|¢)- (6.27)

Thekernel (g | ) is the complex conjugate of the wave-function (! | ¢ ) of the “coher-
ent” state | ¢ ) in the length representation.

One may use essentially the same arguments as presented in Sect. 3.2 to conclude
that (¢ |/ ) must solve the same Riemann-Hilbert problem as discussed above. Com-
bined with a discussion of the asymptotics at the boundary of 7 (C) we may thereby
conclude [T03b, TV13] that

(qll) = Z7"(B,a:q: D). (6.28)

We have thereby identified more precisely which wave-functions the conformal
blocks are: They describe the change of representation between the two natural

representations for the quantum theory of M]}i;? (C) discussed in this section.

6.8 The Nekrasov-Shatashvili Limit

The results reviewed in this article are related to the work [NRS] in an interesting
way. In order to explain the relations to [NRS] let us consider the limit e, — 0
corresponding to the classical limit for the quantum theory discussed in the previous
sections. This will also provide further insight into the meaning of (¢ |/ ) = Z"". It
can be shown [T10] that the conformal blocks behave as

_ 1
log Z(8, az g3 b) ~ ==V, mi g3 e1) (6.29)
2

assuming that the variables are related by (2.16). Y(I, m; q; €) is defined as follows:
For given values of / and ¢ let us consider differential operators of the form e%(@i +
t(y)), with #(y) of the form (6.3). It can be argued that there is a unique choice
h = h(l, q) for the residue % such that e% (85 + t(y)) has monodromy with trace
equal to 2 cosh(l/2). Y (I, m; q; €;) is defined up to a constant by the condition that

gy(l,m;q; €) = —h(,q). (6.30)
q
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The constant can be fixed by demanding that the constant term Yy (/, m; €;) in
Y, m;q; e) o —(0 — 61— ) logqg + Vol,m; 1) + O(q), (6.31)

is one half of the sum of the Liouville actions on the three-punctured spheres into
which Cy 4 splits when g — 0. We furthermore have

k(l,q) = 4m’%y(l,m;q;el). (6.32)

To verify (6.32) note, on the one hand, that the Verlinde loop operators reduce to
the trace functions in the limit ¢, — 0. Recall that the trace functions may be para-
meterised by the (complexified) Fenchel-Nielsen coordinates (/, k). The resulting
expression may be compared to one following from (5.12) and (6.29) in this limit,
giving (6.32).

The pairs of coordinates (I, k(I, ¢)) describe a Lagrangian sub-manifold denoted
Op,, (C) within My, (C) sometimes called the “brane of opers”. It follows from
(6.32), (6.30) that Y(I, m; q; €) is the generating function of this sub-manifold. We
thereby arrive at the description for the e,-limit of the instanton partition functions
that was proposed in [NRS]. One may therefore view the results of [TV 13] reviewed
in this article as the generalisation of the results from [NRS] to nonzero ¢;.

6.9 Quantization of Seiberg-Witten Theory

It will furthermore be instructive to consider the limit where both ¢;, ¢, — 0, in
which Ef] ., turns into R*, and we can make contact with Seiberg Witten theory.

To begin with, let us note that e%@% + t(y) turns into the quadratic differential
—9J(y) when €; — 0. Using J(y) we define the Seiberg-Witten curve X as usual by

T ={(u|v’=29u)}. (6.33)

It follows by WKB analysis of the differential equation (6%85 +t(y))x = O that the
coordinates /, have asymptotics that can be expressed in terms of the Seiberg-Witten
differential A on ¥ defined such that A% = 9(u)(du)?. We find

4 4
I~"a, k~Tp, (6.34)

€1 €1

where a and a® are periods of the Seiberg-Witten differential A defined as

a::/A, a® :=/A, (6.35)
a g
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with a and 3 being lifts of v, and ~; to cycles on X that project to zero, respectively.
The prepotential F is obtained in the limit €;, e; — 0 as follows:

Fla.m.q): =~ lim cielog 2@ m.q:er. )
e (6.36)
= hmoely(a,m;q; €1) -
F(a, m; q) satisfies the relations
0 0
® = ZF@aq), h=-—Faq). (6.37)
da dq

A proof of the relations (6.37) that is valid for all A;-theories of class S was given
in ([GT], Sect.7.3.2). The relations (6.37) are equivalent to the statement that both
the coordinates (a, a”) describing the special geometry underlying Seiberg-Witten
theory, and the coordinates (g, /) introduced above can be seen as systems of Darboux
coordinates for the same space 7*7 (C). The prepotential F(a, m, g) is nothing but
the generating function of the change of variables between (a, a”) and (g, h).

These observations show that the relations between the quantum theory on
Mgal(C ) and the gauge theories G¢ discussed in this article can be seen as the
quantization of the special geometry used in Seiberg-Witten theory. The dual zero
modes a and ¢ turn into the Darboux coordinates [ and k upon partial compactifi-
cation to §' x R* or E? x R?. Further compactification to a four-ellipsoid leads to
the quantization of these zero modes.

It is intriguing to observe that very similar ideas have been discussed in the context
of topological string theory, where it has been proposed that the partition function
of the topological string has an interpretation as a wave-function arising from the
quantization of special geometry. The geometric engineering of gauge theories within
string theory leads to relations between topological string and instanton partition
functions, see the articles [V:13, V:14] in this volume for a review. One may hope
that the relations with the quantization of moduli spaces of vacua discussed in this
article may help us to get a more unified picture.

Acknowledgments The author would like to thank T. Dimofte, M. Gabella, A. Neitzke and
T. Okuda for very useful remarks on a preliminary version of this article.

Appendix 1: Riemann Surfaces: Basic Definitions
and Results

This appendix introduces basic definitions and results concerning Riemann surfaces
C that will be used throughout the paper. A Riemann surface C is a two-dimensional
topological surface S together with a choice of complex structure on S. We will denote
by M(S) the moduli space of complex structures on a two-dimensional surface S,
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and by 7 (C) the Teichmiiller space of deformations of complex structures on the
Riemann surface C.

Complex Analytic Gluing Construction

A convenient family of particular coordinates on the Teichmiiller spaces 7 (C) is
defined by means of the complex-analytic gluing construction of Riemann surfaces
C from three punctured spheres [Ma, HV]. Let us briefly review this construction.
Let C be a (possibly disconnected) Riemann surface. Fix a complex number g
with |¢| < 1, and pick two points O and Q» on C together with coordinates z; (P)
in a neighborhood of Q;,i = 1, 2, such that z; (Q;) = 0, and such that the discs D;,

Dy :={PeC;lu(P)<lql" 7}, i=12,
do not intersect. One may define the annuli A;,
A =P eC;lql* <|u(P)l <lgl™?), =12,

To glue A; to A, let us identify two points P; and P, on A and A,, respectively, iff
the coordinates of these two points satisfy the equation

21(PN22(P) = q. (6.38)

If C is connected one creates an additional handle, and if C = C; U C, has two
connected components one gets a single connected component after performing the
gluing operation. In the limiting case where ¢ = 0 one gets a nodal surface which
represents a component of the boundary OM(S) defined by the Deligne-Mumford
compactification M(S).

By iterating the gluing operation one may build any Riemann surface C of genus g
with n punctures from three-punctured spheres Cy 3. Embedded into C we naturally
get a collection of annuli Ay, ..., A;, where

h:=3g—3+n. (6.39)

The construction above can be used to define a 3g — 3 + n-parametric family of
Riemann surfaces, parameterised by a collection ¢ = (g1, ..., q;) of complex para-
meters. These parameters can be taken as coordinates for a neighbourhood of a
component in the boundary M (S) which are complex-analytic with respect to its
natural complex structure [Ma].

Conversely, assume given a Riemann surface C and a cut system, a collection
C = {71, ..., v} of homotopy classes of non-intersecting simple closed curves on
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C. Cutting along all the curves in C produces a pants decompostion, C\C >~ | |, C§ 5,
where the Cy 5 are three-holed spheres.

Having glued C from three-punctured spheres defines a distinguished cut system,
defined by a collection of simple closed curves C = {7, ..., 7} such that -, can be
embedded into the annulus A, forr =1, ..., h.

An important deformation of the complex structure of C is the Dehn-twist: It
corresponds to rotating one end of an annulus A, by 27 before regluing, and can be
described by a change of the local coordinates used in the gluing construction. The
coordinate g, can not distinguish complex structures related by a Dehn twist in A,.
It is often useful to replace the coordinates ¢, by logarithmic coordinates 7, such
that g, = ¢>™™ . This corresponds to replacing the gluing identification (6.38) by its
logarithm. In order to define the logarithms of the coordinates z; used in (6.38), one
needs to introduce branch cuts on the three-punctured spheres, an example being
depicted in Fig. 4.

By imposing the requirement that the branch cuts chosen on each three-punctured
sphere glue to a connected three-valent graph I on C, one gets an unambiguous
definition of the coordinates 7. We see that the logarithmic versions of the gluing
construction that define the coordinates 7, are parameterized by the pair of data
o = (C,, I'y), where C, is the cut system defined by the gluing construction, and
I",; is the three-valent graph specifying the choices of branch cuts. In order to have a
handy terminology we will call the pair of data o = (C,, ') a pants decomposition,
and the three-valent graph I', will be called the Moore-Seiberg graph, or MS-graph
associated to a pants decomposition o. The construction outlined above gives a
set of coordinates for the neighbourhood U, of the boundary component of 7 (C)
corresponding to o.

The gluing construction depends on the choices of coordinates around the punc-
tures Q;. There exists an ample supply of choices for the coordinates z; such that
the union of the neighbourhoods U/, produces a cover of M(C) [HV]. For a fixed
choice of these coordinates one produces families of Riemann surfaces fibred over
the multi-discs U, with coordinates g. Changing the coordinates z; around Q; pro-
duces a family of Riemann surfaces which is locally biholomorphic to the initial one
[RS].

Fig.4 A sphere with three punctures, and a choice of branch cuts for the definition of the logarithms
of local coordinates around the punctures.
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The Moore-Seiberg Groupoid

Let us note [MS, BK] that any two different pants decompositions o,, 0| can be
connected by a sequence of elementary moves localized in subsurfaces of C,, of
type Co.3, Co.4 and Cy ;. The elementary moves are called the B, F, Z and S-moves,
respectively. Graphical representations for the elementary moves F, S and B are
given in Figs. 1, 2 and 3, respectively. The Z-move is just the change of distinguished
boundary component in a three-punctured sphere.

One may formalize the resulting structure by introducing a two-dimensional CW
complex M (C) with set of vertices M, (C) given by the pants decompositions o,
and a set of edges M, (C) associated to the elementary moves. The Moore-Seiberg
groupoid is defined to be the path groupoid of M (C). It can be described in terms of
generators and relations, the generators being associated with the edges of M(C),
and the relations associated with the faces of M (C). The classification of the relations
was first presented in [MS], and rigorous mathematical proofs have been presented
in [FG1, BK]. The relations are all represented by sequences of elementary moves
localized in subsurfaces C, , with genus ¢ = 0 and n = 3, 4, 5 punctures, as well
as g = 1, n = 1, 2. Graphical representations of the relations can be found in
[MS, FGI, BK].

Uniformization

The classical uniformization theorem ensures existence and uniqueness of a hyper-
bolic metric, a metric of constant negative curvature, on a Riemann surface C. In
a local chart with complex analytic coordinates y one may represent this metric
in the form ds> = e?*dydy, with ¢ being a solution to the Liouville equation
D0 = pe**dydsy.
The solutions to the Liouville equation may be parameterized by a function 7 (y)
related to ¢ as
1= —(0y) + 050, (6.40)

t(y) is holomorphic as a consequence of the Liouville equation. The solution to the
Liouville equation can be reconstructed from 7 (y) by first finding the solutions to

05 +1(»)x =0. (6.41)

Picking two linearly independent solutions x+ of (6.41) with x’, x_ — x_x4+ =1
allows us to represent €2 as e = —(x;.X_ — X_X+) 2. The hyperbolic metric
ds* = e**dydy may then be written in terms of the quotient A(y) := x, /X_ as

JADA

ds® = e*°dydy = ————— .
T OTYYE ma))y

(6.42)
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It follows that A(y) represents a conformal mapping from C to a domain 2 in the
upper half plane U with its standard constant curvature metric. The monodromies
of the solution y are represented on A(y) by Moebius transformations. These Moe-
bius transformations describe the identifications of the boundaries of the simply-
connected domain €2 in U which represents the image of C under A. C is therefore
conformal to U/ T", where the Fuchsian group I' is the monodromy group of the
differential operator 85 +1(y).

Appendix 2: Moduli Spaces of Flat Connections

In this appendix we shall review some of the basic definitions and results concerning
the moduli spaces M, (C).

Moduli of Flat Connections and Character Variety

We will consider flat PSL(2, C)-connections V = d — A on Riemann surfaces C. Let
Ma (C) be the moduli space of all such connections modulo gauge transformations.

Given a flat PSL(2, C)-connection V = d — A, one may define its holonomy p(~)
along a closed loop v as p(y) = Pexp( L ~A). The assignment v +— p(y) defines
a representation of 71(C) in PSL(2, C). As any flat connection is locally gauge-
equivalent to the trivial connection, one may characterize gauge-equivalence classes
of flat connections by the corresponding representations p : m(C) — PSL(2, C).
This allows us to identify the moduli space Mg, (C) of flat PSL(2, C)-connections
on C with the so-called character variety

Mhar (C) := Hom(7; (C), PSL(2, C))/PSL(2,C). (6.43)

The moduli space Mg, (C) has a natural real slice, the moduli space M%it(c ) of
flat PSL(2, R)-connections.

The Teichmiiller Component

There is a well-known relation between the Teichmiiller space 7 (C) and a connected
component of the moduli space ME (C) of flat PSL(2, R)-connections on C. This

flat
component is called the Teichmiiller component and will be denoted as ./\/lﬂé;:) (C).The
relation between 7 (C) and Mgat(C ) may be described as follows. To a hyperbolic
metric ds?> = e*?dyd7 let us associate the connection V = V' 4+ V”,
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V=0, V' =0+Mydy, My = ((]) _t), (6.44)
with ¢ constructed from (v, y) as in (6.40). This connection is flat since 6),('_9;4,0 =
pe®? implies 9 = 0. The Fuchsian group I characterizing the uniformization of C
is nothing but the holonomy p of the connection V defined in (6.44).

The Fuchsian groups I fill out the connected component ./\/lﬂfi]’fx(C) ~ T(C)in
/\/l%f‘al(C ) called the Teichmiiller component.

Fock—Goncharov Coordinates

Let 7 be a triangulation of the surface C such that all vertices coincide with marked
points on C. An edge e of 7 separates two triangles defining a quadrilateral Q, with
corners being the marked points Py, ..., P4. For a given local system (&, V), let
us choose four sections s;, i = 1, 2, 3, 4 that obey the condition Vs; = 0, and are
eigenvectors of the monodromy around P;. Out of the sections s; form [FG1, GMN2]

(st A ) (83 A 84)

X7 = ,
(52 A 83)(S4 A s1)

e

(6.45)

where all sections are evaluated at a common point P € Q.. Itis not hard to see that
X does not depend on the choice of P.

There exists a simple description of the relations between the coordinates asso-
ciated to different triangulations. If triangulation 7, is obtained from 7 by changing
only the diagonal in the quadrangle containing e, we have

A (14 (x])~sented) ™ if ¢ L,
X;'e — e ( | ( e) ) ;é (646)
(X))~ if € =e.
This reflects part of the structure of a cluster algebra that M, (C) has.
Trace Functions
The trace functions
L, = vtr(p(7)), (6.47)

represent useful coordinate functions for M(ﬂcat(C ). The signs v, will be chosen

such that the restriction to L., to the Teichmiiller component M0 (C) satisfies

L, = 2cosh(l,/2) > 2, where [, is the length of the hyperbolic geodesic on U/ I"
isotopic to 7.
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Fig. 5 The symmetric j— j— J—

smoothing operation S >< _ > < . \/

The coordinate functions L. generate the commutative algebra A(C) =~
Fun®® (M, (C)) of functions on Mg, (C). The well-known relation tr(g)tr(h) =
tr(gh) +tr(gh~") valid for any pair of SL(2)-matrices g, & implies that the geodesic
length functions satisfy the so-called skein relations,

Ly Ly, = Lsey ) (6.48)

where S (71, 72) is the loop obtained from 7y, 7y, by means of the smoothing operation,
defined as follows. The application of S to a single intersection point of 7y, ¥,
is depicted in Fig.5. The general result is obtained by applying this rule at each
intersection point, and summing the results.

Topological Classification of Closed Loops

With the help of pants decompositions one may conveniently classify all non-
selfintersecting closed loops on C up to homotopy. To a loop ~y let us associate
the collection of integers (., s.) associated to all edges e of I', which are defined
as follows. Recall that there is a unique curve 7, € C, that intersects a given edge e
on I', exactly once, and which does not intersect any other edge. The integer r, is
defined as the number of intersections between « and the curve 7,. Having chosen
an orientation for the edge e, we will define s, to be the intersection index between
e and 7.

Dehn’s theorem (see [DMOY] for a nice discussion) ensures that the curve ~ is
up to homotopy uniquely classified by the collection of integers (r, s), subject to the
restrictions

i r.=0,
G if r,=0 = 5.,>0, (6.49)
(iil) re, +re, +r., €27 whenever 7, , Ve, , Ve, bound the same trinion.

We will use the notation . for the geodesic which has parameters (r, s) : e
(Tes Se)-
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Generators and Relations

The pants decompositions allow us to describe A(C) in terms of generators and
relations. As set of generators for A(C) one may take the functions L.y = L .
The skein relations imply various relations among the L, ). It is not hard to see that
these relations allow one to express arbitrary L. in terms of a finite subset of the
set of L. ).

Let us temporarily restrict attention to surfaces with genus zero and n = 4 bound-
aries. The Moore-Seiberg graph I', will then have only one internal edge, allowing
us to drop the index e labelling the edges. Let us introduce the geodesics v, = 7(0.1),
Y = Y0 and 7y, = 7y@2.1). The geodesics ~y, and +; are depicted as red curves on
the left and right half of Fig. 1. We will denote Ly = L.,, where k € {s, t, u}. The
trace functions L, L, and L, generate A(C).

These coordinates are not independent, though. Further relations follow from the
relations in 71 (C). It can be shown (see e.g. [Go09] for a review) that the coordinate
functions L, L, and L, satisfy an algebraic relation of the form

P(Ls, L, L,) = 0. (6.50a)
The polynomial P in (6.50) is explicitly given as®
P(Ly, L, L,):=—LyL,L, +L*+L>+L?
+ Ly(L3Ls+ LyLy) + Ly(LoL3 + LiLg) + L, (L1L3 + LyLyg)
— 4+ LI+ L3+ L3+ L+ LiLaLsLy. (6.50b)
In the expressions above we have denoted L; := L., where v;, i = 1,2,3,4

represent the boundary components of Cy 4, labelled according to the convention
defined in Fig. 1.

Trace Functions in Terms of Fock-Goncharov Coordinates

Assume given a path ., on the fat graph homotopic to a simple closed curve -y on
Cy.n- Let the edges be labelled e;, i =1, ..., r according to the order in which they
appear on ., and define o; to be 1 if the path turns left at the vertex that connects
edges e; and e;, and to be equal to —1 otherwise. Consider the following matrix,

Xy =V7E(ze,) - V"'E(z,), (6.51)

where z, = log X,, and the matrices E(z) and V are defined respectively by

SComparing to [Go09] note that some signs were absorbed by a suitable choice of the signs V4 in
(6.47).
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0 +eti 11
E(z):(_e_é 0 ) V=(_10). (6.52)

Taking the trace of X, one gets the hyperbolic length of the closed geodesic isotopic
to v via [F97]
L, =2cosh(l,/2) = |tr(X,)]. (6.53)

We may observe that the classical expression for L, = 2 cosh %lﬁ/ as given by formula

+1

# = ¢*7 of the very

6.53 is a linear combination of monomials in the variables u
particular form (5.4).

Fenchel-Nielsen Coordinates for Mﬂff‘;? ©)

One may express Ly, L, and L, in terms of the Fenchel-Nielsen coordinates / and k
[Ok, Go09]. Explicit expressions are for Cy 4,

L, = 2cosh(l/2), (6.542)

Li((Ly)* —4) = 2(LaLs + LiLg) + Ly(L1 L3 + Ly Ly) (6.54b)

+ 2 cosh(k)v/ci2(Lg)cza(Ly) ,

Li((Ly)* =4) = Ly(LaLs + LiLg) +2(L1Ls + LaLs) (6.54¢)

+2cosh((Zk —1)/2)v/ c12(Ls)cza(Ly)
where L; = 2 cosh % and ¢;;(Ly) is defined as
cij(Ly) = L+ L7+ L3+ LiL;L; — 4. (6.55)

These expressions ensure that the algebraic relations P, (L, L, L,,) = Oare satisfied.
By complexifying (/, k) one gets (local) coordinates for M, (C) [NRS].
Poisson Structure

There is also a natural Poisson bracket on A(C) [Go86], defined such that

{Ly, Ly} = Lagyin » (6.56)
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Fig. 6 The anti-symmetric — J— —

smoothing operation \ _ > ~ \/

where A(71, 72) is the loop obtained from ~, v, by means of the anti-symmetric
smoothing operation, defined as above, but replacing the rule depicted in Fig.5 by
the one depicted in Fig. 6. This Poisson structure coincides with the Poisson structure
coming from the natural symplectic structure on M, (C) which was introduced by
Atiyah and Bott.

The resulting expression for the Poisson bracket { L, L, } can be written elegantly
in the form

0
{LSVLL‘} = 8L P(LX7Lt7LLt)' (6'57)

u

It is remarkable that the same polynomial appears both in (6.50) and in (6.57), which
indicates that the symplectic structure on Mg, is compatible with its structure as
algebraic variety.

The Fenchel-Nielsen coordinates are known to be Darboux-coordinates for
M (C), having the Poisson bracket

{l,k} =2. (6.58)

The Poisson structure is also rather simple in terms of the Fock-Goncharov coordi-
nates,
(X, X)) =neo X, X, (6.59)

where n, . is the number of faces e and ¢’ have in common, counted with a sign.
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Gauge/Vortex Duality and AGT

Mina Aganagic and Shamil Shakirov

Abstract AGT correspondence relates a class of 4d gauge theories in four dimen-
sions to conformal blocks of Liouville CFT. There is a simple proof of the corre-
spondence when the conformal blocks admit a free field representation. In those
cases, vortex defects of the gauge theory play a crucial role, extending the corre-
spondence to a triality. This makes use of a duality between 4d gauge theories in a
certain background, and the theories on their vortices. The gauge/vortex duality is a
physical realization of large N duality of topological string which was conjectured
in Dijkgraaf and Vafa (Toda theories, matrix models, topological strings, and N = 2
gauge systems [1]) to provide an explanation for AGT correspondence. This paper
is a review of Aganagic et al. (Gauge/Liouville triality [2]), written for the special
volume edited by J. Teschner.

1 Introduction

Large N duality plays the central role in understanding dynamics of physical string
theory. This duality is inherited by the simpler, topological string with target space
a Calabi-Yau three-fold [3-5]. The topological large N duality, like the large N
duality of the physical string theory, relates the gauge theory on D-branes to closed
topological string on a different background. In the topological string case, the duality
is in principle tractable, since topological string is tractable.

In some cases, study of topological string theory is related to studying supersym-
metric gauge theory in 4d with V' = 2 supersymmetry, see e.g. ([6, 7], [V:14]). It is
natural to ask what the large N duality of topological string theory means in gauge
theory terms. We will see that the large N duality of topological string becomes
a gauge/vortex duality [8—10] which relates a 4d gauge theory in a variant of 2d Q2
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background with flux, and the theory living on its vortices.! The vortices in the gauge
theory play the role of D-branes of the topological string. In fact, the gauge theory
duality implies the topological string duality, but not the other way around.

What does this have to do with AGT correspondence [16]? As we will review, [1]
conjectured that large N duality of topological string provides a physical explanation
for AGT correspondence, under certain conditions: Conformal block should admit
free field representation, and Liouville theory should have central charge ¢ = 1 to
correspond to topological string.

We interpret this purely in the gauge theory language, in the context of the
gauge/vortex duality, and show that this leads to a proof of correspondence in a fairly
general setting. The partition function of the 4d N' = 2 gauge theory associated in
[17, 18] to a genus zero Riemann surface with arbitrary number of punctures equals
the conformal block of Liouville theory with arbitrary central charge ¢, on the same
surface. The free field representation of conformal blocks implies Coulomb moduli
are quantized, but all other parameters remain arbitrary. The crucial role vortices play,
extends AGT correspondence to a triality—between the gauge theory, its vortices,
and Liouville theory. The striking aspect of this result, which appeared first in [2],
is the simplicity of the proof. While in this review we focus on the simplest variant
of AGT correspondence, relevant for Liouville theory, same ideas apply for more
general Toda CFTs (Liouville theory corresponds to A; Toda). The generalization to
A, Toda case can be found in [19].2

2 Background

Alday et al. [16] conjectured a correspondence between conformal blocks of Liou-
ville CFT and partition functions of a class of four-dimensional theories, in 4d Q-
background [6]. The 4d theories are conformal field theories with A/ = 2 supersym-
metry defined in [17, 18] (see also [V:2]) in terms of a pair of M5 branes wrapping
a Riemann surface C, which we will call the Gaiotto curve. Specifying both the
conformal block and the 4d theory 744 in this class, involves a choice of the curve
C with punctures, data at the punctures and pants decomposition. The conjecture is
often referred to as 4d/2d correspondence.

2.1 4d Gauge Theory

Let X be the Seiberg-Witten curve of 74y,

L pP+e@@) =0. 2.1)

For early studies leading to [8-10], see [11-15].
ZProofs of (some aspects of) AGT correspondence using different ideas appeared in [20-24].
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with meromorphic one form A = pdz. ¥ isadouble cover of C, zis alocal coordinate
on C, and ¢®(z)(dz)* is a degree 2 differential on C, whose choice specifies the
IR data of the theory (the point on the Coulomb branch). Specifying the UV data of
the theory requires fixing the behavior of the Seiberg-Witten differential A near the
punctures.

At a puncture at z = z;, the A has a pole of order 1, with residues

Qi

p~=*
Z—Zi

on the two sheets. These lead to second order poles of ¢® (z)dz?. In the gauge theory,
«;’s and z;’s are the UV data; the mass parameters and the gauge couplings. X also
depends on the IR data of the gauge theory, the choice of Coulomb branch moduli.

These are associated to the sub-leading behavior of the ¢ (z) near the punctures.
Let

Z7,,(2)
be the partition function of the theory, in 4d 2-background. Given a gauge theory
description of 744, Z7,,(X) can be computed using results of Nekrasov in [6] (see
also [V:4]). In addition to the geometric parameters entering X, Z7,, depends on
€1, €2,
the two parameters of the €2 background [6]. Z can in principle depend on data

beyond the geometry of X; different choices of the pants decomposition can lead to
different descriptions of the theory with different but related Z’s.

2.2 2d Liouwville CFT

The Liouville CFT has a representation in terms of a boson ¢:

SLiow. = /dZdZ V9 1970.00:¢ + QPR + 1.

Consider a conformal block on C with insertions of primaries with momenta «; at
points z;:
B(a, z) = (Vo (20) - -+ Vi, (20) Vi (00)),

where

Va(2) = exp (—%gb(z))

is the vertex operator of a primary with momentum a. Above, Q is the background
charge, Q = b+ %; Liouville theory with this background charge has central charge
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¢ = 1 +6Q?. In addition to momenta and positions of the vertex operators inserted,
the conformal block depends on the momenta in the intermediate channels; in denot-
ing the conformal block by B(«, z) we have suppressed the dependence on the latter.

2.3 The Correspondence

The conjecture of [16] is that the partition function Z7,,(X) computes a conformal
block of Liouville CFT on C:

Z7,,(%) = B(a, 2),

where b is related to two parameters €; » by

p= |&L
€2 ’
while the parameters «;, z; of £ map to the corresponding parameters in the confor-

mal block and the Coulomb branch parameters map to the momenta in intermediate
channels.

3 AGT and Large N Duality

In [1] Dijkgraaf and Vafa explained the correspondence, in a particular case of the
self-dual 2-background,

€1 = gs = —€2, (3.1)

in terms of a large N duality in topological string theory. The argument of [1] has
three parts, which we will now describe. As everywhere else in this review, we
will focus on the case when the Gaiotto curve C is genus zero. One can extend the
argument more generally [1], as all the ingredients generalize to X a double cover
of an arbitrary genus g Riemann surface C.

3.1 The Physical and the Topological String

The gauge theory partition function Z7,,(X) in the self-dual 2-background is con-
jectured in [1] to be the same as the partition function

Z(Ys)
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of the topological B-model on a Calabi-Yau manifold Yy, with topological string
coupling g,. The Calabi-Yau Yy, is a hyper surface

Ys : P>+ 0% () = uv, (3.2)

with holomorphic three-zero form dudpdz/u. The geometry of Yy and the Seiberg-
Witten curve X (2.1) are closely related: the latter is recovered from the former by
setting u or v to zero.

This is a consequence of two facts. First, one observes that IIB string theory on
Ys is dual to M-theory with an M5 brane wrapping X.* This gives us another way
to obtain the same 4d, N’ = 2 theory 74,. Second, the partition function of IIB
string theory on Yy times the self-dual €2 background is the same as the topological
B-model string partition function on Yy [6, 25, 26]. Thus, one can simply identify
the physical and the topological string partition functions

Z7.,(3) = Z(Ys). (3.3)

The power of this observation is that the topological B-model partition function is
well defined even when the Nekrasov partition function is not—because for exam-
ple, the gauge theory lacks a Lagrangian description. It is also important that some-
times one and the same topological string background gives rise to several different
Lagrangian descriptions for one and the same theory—for example, SU (2)'~? with
four fundamentals vs. SU (/) with 2/ fundamentals. The former is the theory which is
usually associated in the AGT literature to Liouville theory on the sphere with [ + 1
punctures; the latter is the one that naturally comes out from our approach.

3.2 Large N Duality in Topological String

Next, [1] show that the B-model on Y has a dual, holographic description, in terms
of N topological B-model branes on a different Calabi-Yau, related to Yy, by a
geometric transition. Let us first describe the Calabi-Yau that results. Then, we will
explain the duality.

3.2.1 A Geometric Transition

By varying Coulomb branch moduli of 74, we can get the Seiberg-Witten curve =
to degenerate. Let us call the degenerate curve that results the S-curve:

3This follows by compactifying M-theory with M5 brane on ¥ on a T2 transverse to the M5 brane.
Since the T2 is transverse to the branes, it does not change the low energy physics. By shrinking one
of the cycles of the T2 first, we go to down to IIA string with an NS5 brane wrapping ¥. T-dualizing
on the remaining compact transverse circle, we obtain I1IB on Yy.
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S: P> — (W (2)*=0. (3.4)

Here
¢

W=

im0 ¢ %

is determined by keeping the behavior of the Seiberg-Witten differential fixed at the
punctures. The S-curve describes the degeneration of the Seiberg-Witten curve to
two components, p = W’(z) = 0. Correspondingly, a single M5 brane wrapping X
breaks into two branes, wrapping the two components.

The S-curve corresponds to a singular Calabi-Yau Yg:

Ys: P> — (W' (2)? = uv, (3.5)
with singularities at u, v, p equal to zero and points in the z-plane where
W'(z) =0.

The Calabi-Yau we need is obtained by blowing up the singularities. One can picture
this by viewing Yy as a family of A; surfaces, one for each point in the z-plane. At
every 7 there is an S? in the A; surface whose area is proportional to |W'(z)|, The
singularity occurs where the S? shrinks. After blowing up, we get a family of $2’s
of non-zero area, one at each point in the z plane, and all homologous to each other.
The minimal area S2’s are where the singularities were—at points in the z plane with
W'(z) =0.

The geometric transition trades Yy, for the blowup of Y. For economy of notations,
we will denote Y and its blowup in the same way, since their complex structure is
the same, given by (3.5).

3.2.2 Large N Duality

The B-model on Y5 has a holographic description in terms of B-model on (the blowup
of ) Y with N topological B-model D-branes wrapping the S? class. The branes get
distributed between the minimal $2’s at points in the z-plane where W’(z) vanishes.
This breaks the gauge group from U(N) to Hf:o U(N;), with >°. N; = N. The
Coulomb-branch moduli of Yy get related to t'Hooft couplings N;g; in the theory
on B-branes. The remaining parameters, «, z and the topological string coupling g;
are the same on both sides. This is the topological B-string version of gauge/gravity
duality [4].

The large N duality relates the closed topological string partition function of the
B-model on Yy, and thus the partition function Z(X), to partition function of the N
topological B-branes on (the blowup of) Y,
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Z(Ys) = Z(Ys; N).

The right hand side depends not only on the net number of branes, but also how they
are split between the different P'’s.

The partition function of N B-type branes wrapping the S? in a Calabi-Yau of the
form of (3.5) was found in [4]. It equals

1
m/dﬂ) exp(TrW(®)/gs), (3.6)

where vol(U (N)) is the volume of U (N). The integral is a holomorphic integral,
over N x N complex matrices ®. In evaluating it, one has to pick a contour, ending
at a critical point of the potential. In the present case,

W(x) = Zai log(x — z;).
Diagonalizing ® and integrating over the angles, the integral reduces to

1
ﬂmm=m/ﬂdﬁnﬁﬁﬂm—mwn (3.7)

I<J 1

Here N'!is the order of the Weyl group that remains as a group of gauge symmetries.

The claim is that large N expansion of the integral equals topological B-model
partition function on (3.2). At the level of planar diagrams this can be seen as follows.
In the matrix integral, define an operator

(3.8)

1
06() = W'(2) + 9, D, —

1

where x; are the eigenvalues of ®. The expectation value of

T(2) = (99)*

computed in the matrix theory captures the geometry of the underlying Riemann
surface by identifying ¢ (z) in (2.1) with

0@ (2) = (T(2)).

There are two limits in which a classical geometry emerges from this. First, by simply
sending g, to zero we recover the S-curve, since then (7 (z)) = (W")2. But, there is
also a new classical geometry that emerges at large N. Letting N;’s go to infinity,
keeping N, g, fixed we get

(T@)~ (W @)+ f(2),
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W) — W
o= <QZM>

—x
I LTM

with

From the form of the potential W (z), it follows that f(z) has the form

foy=> A

X =z

with at most single poles. Thus, the branes deform the geometry of the Calabi-Yau we
started with. The resulting Calabi-Yau is exactly of the form Yy (3.2), corresponding
to the Seiberg-Witten curve X in (2.1) at a generic point of its moduli space.

The large N duality is expected to hold order by order in the 1/N expansion; we
just gave evidence it holds in the planar limit (the full proof of the correspondence
in the planar limit is easy to give along these lines, see [4]). The good variable in the
large N limit turns out to be the chiral operator ¢(z) we defined in (3.8). The field
¢(z), is in fact the string field of the B-model.

The B-model string field theory, called Kodaira-Spencer theory of gravity, was
constructed in [27], capturing variations of complex structure. For Calabi-Yau man-
ifolds of the form (3.2) the Kodaira-Spencer theory becomes a two dimensional
theory on the curve X. The theory describes variations of complex structures of Yy,
so the Kodaira-Spencer field can be identified with fluctuations of the holomorphic
(3, 0) form of the Calabi-Yau. For Y5 fluctuations of the (3, 0) form are equivalent
to fluctuations of the meromorphic (1, 0) form on X:

§A = pdz = d¢dz.

The Kodaira-Spencer field is a chiral boson ¢ which lives on . When X is a double
cover of a curve C, a single boson on X is really a pair of bosons ¢, ¢, on C, one
corresponding to each sheet. The field ¢ that arises in the matrix model in (3.8) can
be thought of as off diagonal combination of the two. The diagonal combination is a
center of mass degree of freedom and decouples from the dynamics of the branes.*

3.3 Topological D-Branes and Liouville Correlators

To complete the argument, [1] observe that the B-brane partition function Z (Yg; N)
equals the Liouville correlator at ¢ = 1, when written in the free-field or Dotsenko-
Fateev representation [28, 29],

“4The full topological string partition function in the presence of branes is given by the matrix
integral in (3.6) and (3.7), describing open strings, times a purely closed topological string partition
function of Y. This will be relevant later on.
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Z(Ys;N) = B(a/gs,z; N)le=1. (3.9

One treats the Liouville potential as a perturbation and computes the correlator
in the free boson CFT

Bla, z3 N) = (Vo (z1) - - - Vi (20) Vg, (00) ]{d)ms()n) - j{dXNS(XN))o,

(3.10)
where we took the chiral half. Here, S(z) is the screening charge

S(z) = e2b¢(z)

whose insertions come from bringing down powers of the Liouville potential. It
follows that (3.10) vanishes unless

€
o Qi
7+ZF =2bN + RQ,

i=0
constraining the net U (1) charge of the vertex operator insertions to be the number
of screening charge integrals. This constraint can be found directly from the path
integral, by integrating over the zero modes of the bosons [28-30]. We will place
a vertex operator at infinity of the x plane, and then the equation determines the
momentum of the operator at infinity in terms of the momenta of the £ 4 1 remaining
vertex operators at finite points and numbers of screening charge integrals.

An integral expression for the expectation value of the correlator in (3.10) is easy

to obtain, for example, by using the free boson mode expansion

—k
Z
bo(@) = o +hologz + > b=~
k0

where ¢ is a constant, and £, satisfy the standard algebra

_ 12

(e, hin] = - k Ok+m.0 (3.11)
where k, m € Z. From this one obtains the two point functions:

(Va@)Va (@) = (2 — 2) 3,
(Va(2)S(2)) = (z — )%,
(S(2)S(@)) = (z =),
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The final result is that (3.10) equals
Blo, 2 N) = — / [Ta"x H(xz—z,)“’ H(xz—m -

where the integrals are over the position of screening charge insertions and

—ajaj

r= H(Zl _Zj) W

is a constant, independent on the integration variables. This is the free-field (-
ensemble (with 8 = —b?) reviewed in [V:5].

Setting €; = —e; (taking b*> = —1in Liouville CFT) and rescaling a by gj, it fol-
lows immediately that the free field expression for the conformal block B(«/ gy, z; N)
agrees with the partition function Z(S; N) of B-branes in topological string on Yg
as we claimed in (3.9). Moreover, in the large N limit, the holomorphic part of the
Liouville field ¢(z) can be identified with the matrix model operator (3.8). This
completes the argument of [1].

3.4 Discussion

The AGT conjecture, for €; + ¢, = 0 can thus be understood as a consequence of a
triality relating the closed B-model on Yy, the holographic dual theory of B-branes
on the resolution of Y and the DF conformal blocks. The first two are conjectured
to be related by large N duality’ in topological string theory, the latter two by the
fact that the partition function of B-branes equals the DF block:

Z(Y{;) Large N

Z(Ys:N) = B(a/gs, 23 N)le=1- (3.12)
We also used the embedding of topological string into superstring theory, which
implies that the topological string partition function Z (Yy) is the same as the physical
partition function Z7,,(%).

While this gives an explanation for the AGT correspondence in physical terms, it
is by no means a proof: while the partition function of B-branes is manifestly equal
to the Liouville conformal block in free field representation, the large N duality is
still a conjecture. The exact partition function of the B-model on Yy is not known,
so one can only attempt a proof, order by order in the genus expansion. In addition,

51t may be useful to summarize what the large N asymptotic regime is, on each side of the corre-
spondence. On the B-model side, it is sending g, to zero while keeping the combination N g; fixed.
On the gauge theory side, it is sending €; = —e, to zero while keeping the Coulomb parameters
fixed. On the Liouville side, it is sending all the momenta as well as the number N of screening
insertions to infinity, while keeping their ratios fixed.
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there is a string theory argument, but no proof, that the partition function of the gauge
theory Z7,,(X) and topological string partition function Z(Y) agree.

Thirdly, from the perspective of the 4d gauge theory, it is very natural to consider
the partition function on general 2-background, depending on arbitrary €, €. Topo-
logical string on the other hand requires self-dual background, so the argument of
[1] can not be extended in this case.® In [1], it was suggested to formulate the refine-
ment at the level of B-model string field theory. This remains to be developed better:
refinement exists for any Calabi-Yau of the form F(p, z) = uv; the predictions from
a naive implementation of this idea work for some, but not all choices of F(p, z).

In the rest of the review, we will explain how to solve the last problem, and as it
turns out the first two as problem as well, by following a different route.

The relation between topological string and superstring theory suggests one may
be able to reformulate [1] in string theory language, replacing topological string
branes by branes in string or M-theory. While topological string captures the ¢+
€, = 0 case only, the full superstring or M-theory partition function makes sense for
any €1, €. In fact, will will do something simpler yet: We will formulate the gauge
theory analogue of [1] for any €1, €;. We will see that this approach is powerful—in
fact it leads to a rigorous yet simple proof that the gauge theory partition function
Z71,,(X) agrees with the free field Liouville conformal block for C a sphere with
arbitrary number of punctures.

The triality of relations between the 4d gauge theory, its vortices, and Liouville
conformal blocks which admit free field representation implies AGT correspondence,
however it stops short of the most general case. The restriction to blocks that admit
free field representation means, from the 4d perspective, that the Coulomb moduli
are quantized to be—arbitrary—integers, which get related to vortex charges on one
hand, and numbers of screening charge integrals on the other.

4 Gauge/Vortex Duality

Translated to gauge theory language, the large N duality of topological string theory
becomes a duality between the 4d N' = 2 gauge theory 74, and the 2d N = (2, 2)
theory on its vortices; we will denote the later theory V. Observations of relations
between the two theories go back to [11-14]. Recently [8, 9] proposed that the two
theories are dual—indeed this is the “other” 2d/4d relation. On the face of it, the
statement is strange at best: to begin with, not even the dimensions of the 4d and the
2d theories match.

In this section we will show that, placed in a certain background, the 4d and the 2d
theory describe the same physics, and thus there is good reason why their partition

SFor general €1,2 the background does not simply decouple into a product of a Calabi-Yau manifold
times the 2 background where the gauge theory lives. Turning on arbitrary 2 background requires
the theory to have an U(1) € SU(2)g R-symmetry to preserve supersymmetry. This requires the
target Calabi-Yau manifold to admit a U (1) action; this U (1) action is used in constructing the
background.
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functions agree [10]. The large N duality of [1, 4] becomes a duality between two
d =2, N = (2,2) theories: the 4d gauge theory 73, we started with, in a variant of
2d Q-background with vortex flux turned on, and the 2d theory 1, on its vortices.

4.1 Higgs to Coulomb Phase Transition and Vortices

In gauge theory language, the geometric transition that relates B-model on a Calabi-
Yau Yy, first to a singular Calabi-Yau Y and then to a blowup of Y, is a Coulomb
to Higgs phase transition. This follows from embedding of the B-model into IIB
superstring on a Calabi-Yau, and the relation between the string theory and the
gauge theory which arises in its low energy limit [31]. The same transition, in the
language of M5 branes corresponds to degenerating a single M5 brane wrapping X,
to a pair of M5 branes wrapping two Riemann surfaces p &= W’(z) = 0 that the
S-curve consists of, and then separating these in the transverse directions (these are
x782 directions in the language of [32]).

The geometric transition becomes a topological string duality, as opposed to a
phase transition, by adding N B-branes on the S? in the blowup of Y. In terms of
IIB string, the N B-branes on the S? are N D3 branes wrapping the S and filling
2 of the 4 space-time directions. In terms of M5 branes, the vortices are M2 branes
stretching between the M5 brane wrapping p — W’ = 0 and the one wrapping
p + W' = 0. In the gauge theory on the Higgs branch, N branes of string/M-theory
become N BPS vortices, as explained in [33, 34] and [13, 1417

The vortices in question are non-abelian generalization of Nielsen-Olesen vortex
solutions whose BPS tension is set by the value of the FI parameters. These were
constructed explicitly in [13, 14]. The net BPS charge of the vortex is N = [ TrF
where F is the field strength of the corresponding gauge group and the integral is
taken in the 2 directions transverse to the vortex.®

4.2 Gauge/Vortex Duality

Consider subjecting the 4d A = 2 theory 744 to a two-dimensional Q-background
in the two directions transverse to the vortex. We set ¢; = h to zero momentarily
since the duality we want to claim holds for any /. This is the Nekrasov-Shatashvili

7One should not confuse the vortices here with surface operators in the gauge theory, studied for
example in [35-37]. The surface operators are solutions on the Coulomb branch, with infinite
tension. From the M5 brane perspective, surface operators are semi-infinite M2 branes ending on
MS5’s.

8Usually, the gauge theories on M5 branes wrapping Riemann surfaces are said to be of special
unitary type, rather than unitary type. There is no contradiction; the U (1) centers of the gauge groups
that arise on branes are typically massive by Green-Schwarz mechanism. This does not affect the
BPS tension of the solutions, see e.g. discussion in [38].
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background studied in [39]. The 2d Q-background depends on the one remaining
parameter, € = €;. (The equivalence of two theories is a stronger statement that the
equivalence of their partition functions. The later assumes a specific background,
while the former implies equivalence for any background. We will let & be arbitrary
once we become interested in the partition functions, as opposed to the theories
themselves.)

As in [39], we view this partial 2-background as a kind of compactification: it
results in a 2d theory with infinitely many massive modes, with masses spaced in
multiples of e. The background also preserves only 4 out of the 8 supercharges. Under
conditions which we will spell out momentarily, the effective 2d A" = (2, 2) theory
that we get is equivalent to the theory on its vortices. The condition that is clearly
necessary is that we turn on vortex flux. We assume it is also sufficient.

The vortex charge is f p Fi = N; wherei labelsa U (1) gauge field in the IR, and F;
is the corresponding field strength. Here, D is the cigar, the part of the 4d space time
with 2d 2 deformation on it. It is parameterized by one complex coordinate, which
we will call w. Without the 2 deformation, turning on N; # 0 would be introducing
singularities in space-time which one would interpret in terms of surface operator
insertions [35]. In € background, one can turn on the vortex flux without inserting
additional operators—in fact, the only effect of the flux is to shift the effective values
of the Coulomb branch moduli. Let us explain this in some detail.

In the © background, D gets rotated with rotation parameter ¢, in such a way
that the origin is fixed. The best way to think of the theory that results [39, 40]
is in terms of deleting the fixed point of the rotation, and implementing a suitable
boundary condition. Because the disk is non-compact, we really need two boundary
conditions: one at the origin of the w plane and one at infinity. Turning on flux
simply changes the boundary condition we impose at the origin. Without vortices,
one imposes the boundary condition [40] that involves setting A; ,, = 0, where A, ,,
is the connection of ith U (1) gauge field along D. With N; units of vortex flux on
D, we need instead A; , = N;/w.

In the Q2-background, the 4d theory in the presence of N; units of vortex flux
A;w = N;/w and with Coulomb branch scalar a; turned on is equivalent to studying
the theory without vortices, at A; ,, = 0, but with g; shifted by

a; — a; + Nje.

This comes about because in the 2 background, a; always appears in the combination
[40]
a; + ewD; ),

where D,, = 0, + A;y, is the covariant derivative along the w-plane traverse to the
vortex. Thus, in the Q background, at the level of F-terms, turning on vortex flux is
indistinguishable from the shift the effective values of the Coulomb branch moduli.’

9In [40] one proves that any flat gauge field on the punctured disk preserves supersymmetry of the
2 background.
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The 4d theory placed in 2d Q-background, with vortex flux turned on has an
effective description studied in [39, 40] in terms of the 2d theory with N = (2, 2)
supersymmetry with massive modes integrated out. The (2, 2) theory has a non-zero
superpotential W(a, €; N) = Wys(a; + Nje, €),where Wys(a;, €) is the effective
superpotential derived in [39], and the shift by N;e is due to the flux we turned on. The
critical points of the superpotential correspond to supersymmetric vacua of the theory.
In the A-type quantization, considered in [39], the vacua are at exp(J,, Whs/€) = 1
or, equivalently, at ap ; /e = 0, WWys/€ € Z. In the B-type quantization, they are at
ai/e € Z [8, 9, 41]. Choosing a; = 0, for all i is the vacuum at the intersection of
the Higgs and the Coulomb branch. Choosing a; = N;e corresponds to putting the
theory at the root of the Higgs branch—but in the background of N; units of flux.'”

There is a second description of the same system. If we place the theory at the root
of the Higgs branch, the 4d theory has vortex solutions of charge N; even without the
Q2-deformation. These are the non-abelian Nielsen-Olsen vortices of [13, 14]. We get
a second 2d theory with N = (2, 2) supersymmetry—this is the theory on vortices
themselves. In the theory on the vortex, the only effect of the Q2-deformation is to
give the scalar, parameterizing the position of the vortex in the w-plane, twisted mass
€. From this perspective, turning on € is necessary since it removes a flat direction
(position of vortices in the trasverse space).

Similarity of the two theories at the level of the BPS spectrum was observed in
[11-15]. For a class of theories, this duality was first proposed in [8, 9], motivated by
study of integrability. The physical explanation for gauge/vortex duality we provided
implies the duality should be general, and carry over to many other systems.'!

4.3 Going up a Dimension

The duality between 7y, in the variant of the 2d Q-background we described above,
and V,, lifts to a duality in one higher dimension, between a pair of theories, 75, and
V34, compactified on a circle. We will prove the stronger, higher dimensional version,
of the duality. 74, lifts to a five-dimensional theory 7s; with N' = 1 supersymmetry.
From 4d perspective, one gets a theory with infinitely many Kaluza-Klein modes.
One can view this theory as a deformation of 74,, depending on one parameter,
the radius R of the circle. Note that 75, is not simply placed in a product of 2d
Q-background times a circle—rather the background is a circle fibration

(D x SY,,

where as one goes around the S' D rotates by 7, sending w — wt.'? Similarly, the
2d theory on the vortex, V,, lifts to a 3d theory Vs, on a circle of the same radius.

10We thank Cumrun Vafa for discussion relating to this point.
1See [42] for a highly nontrivial example.

12This 3d background was used in [6, 25, 40, 43] as a natural path to defining the 2d Q2-background.
For a review see [44].
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The claim is that the two d = 2, N/ = (2, 2) theories we get in this way are dual,
where the duality holds at least at the level of F-type terms. In the limit when R goes
to zero, the KK tower is removed, and we recover the theories we started with.

In the next section we will prove the duality by showing that partition functions
of the two theories agree. When we compute the partition function of the 5d theory,
we submit it to the full Nekrasov background depending on both € and A. This is the
background

(DxCxSYHy,,, 4.1)

where as one goes around the S', we simultaneously rotate D by ¢t = ¢, and C by
g~" = ¢ R"_ In the 3d theory on vortices, € is a twisted mass, but / is a parameter of
the €2 background along the vortex world volume. The background for Vs, is fixed
once we choose the background for 7s,, simply by the 5d origin of the vortices. V34

is compactified on

(C x Sh,. 4.2)
As we go around the S', C rotates by g !, and we turn on a Wilson line ¢ for a global
symmetry rotating the adjoint scalar (and thus giving it mass ¢).

S Building up Triality

When 75, is a lift of the M5 brane theory of Sect. 2 to a one higher dimensional theory
on a circle of radius R, the gauge/vortex duality extends to a triality. The triality is a
correspondence between the 5d gauge theory 7s,, the 3d theory on its vortices V34,
both on a circle of radius R and a g-deformation of Liouville conformal block. As
R goes to zero, the g deformation goes away and we recover the conformal blocks
of Liouville. The g-deformation of the Virasoro algebra was defined in [45, 46], and
studied further and as well as extended to W-algebras in [47].

The triality comes about because the partition function of the vortex theory V3,
will turn out to equal the g-deformed Liouville conformal block,

2y, =By, (5.1)
analogously to the way the partition function of topological D-branes was the same
as the conformal block of Liouville at 5> = —1. The relation between 75, and Vs, is

the gauge/vortex duality. The duality implies that their partition functions are equal,

Zr1, = 2y, (5.2)
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The left hand side is computed on (4.1) and the right hand side, by restriction, on
(4.2). Thus, combining the two relations, we get a relation between R-deformation
of the partition function of 74, and the g-deformation of the Liouville conformal
block,

Zr, = 2y, = By. (5.3)

In a limit, both deformations go away and we recover the relation between a partition
function of the 4d, N = 2 theory 73, and the ordinary Liouville conformal block 5.
We will prove this for the case when C is a sphere with any number of punctures.
The equality in (5.2), as we anticipated on physical grounds, holds for special values
of Coulomb branch moduli—those corresponding to placing the 5d theory at a point
where the Higgs branch and Coulomb branches meet, and turning on fluxes. By
taking the large flux limit, where N; goes to infinity, € goes to zero keeping their
product N;e fixed, all points of the Coulomb branch and arbitrary conformal blocks
get probed in this way.

In the rest of the section we will spell out the details of the theories involved, and
their partition functions. Then, in the next section, we will prove their equivalence.

5.1 The 5d Gauge Theory 7T 54

The 5d N' = 1 theory 75, per definition reduces to, as we send R to zero, the 4d
theory 7y, arising from a pair of M5 branes wrapping a genus zero curve C with
£ 4 2 punctures.

The 75, theory turns out to be very simple: at low energies it is described by
a U(¢) gauge theory with 2¢ hyper-multiplets: ¢ hypermultiplets in fundamental
representation, £ in anti-fundamental, and 5d Chern-Simons level zero.13 Except for
£ =2, the U (£) gauge theory theory is different from the generalized quiver of [17].
This is nothing exotic: there are different ways to take R to zero limit, and different
limits can indeed result in inequivalent theories. At finite R, the theory we get is
unique, but with possibly more than one description.

The Coulomb branch of the 4d theory 74, is described by a single M5 brane wrap-
ping the 4d Seiberg-Witten curve (2.1). The Seiberg-Witten curve of 75, compactified
on a circle can be written as

T Q. (e)e? + P(e")+ Q_(e¥)e™? =0, (5.4)

with the meromorphic one form equal to A\ = pdx (see, e.g. [50]). We will denote
both the 4d and the 5d Seiberg Witten curves by the same letter, £ even though the
curves are inequivalent; it should be clear from the context which one is meant. Here,
Q. are polynomials of degree € in e*,

13 At very short distances there is a UV fixed point corresponding to it, which is a strongly coupled
theory, accessible via its string or M-theory embedding [48, 49].
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14
Qs(e") =[]0 = e /fen),

i=1

and P (x) is apolynomial of degree £ in x. At points where the Higgs and the Coulomb
branch meet, ¥ degenerates to:

S 1 (Q4(e)e” = Q_(eN(e” =1)=0. (5.5)

The 5d Seiberg-Witten curve in (5.4) and the S-curve in (5.5) reduce to the 4d ones
in (2.1), and (3.4), by taking the R to zero limit. The limit one needs corresponds to
keeping (/R and p/R fixed and taking

fri=z, foi=ziq™. (5.6)

Finally, one defines z = ¢*, and replaces p by pz to get (3.4), the curve with its
canonical one form A = pdz. Note that one of the punctures we get is automatically
placed at 7 = 0.4

5.1.1 Partition Function in 2-background
The 5d 2-background is defined as a twisted product
(CxCxSYH,., (5.7)

where as, one goes around the S', one rotates the two complex planes by ¢ =
exp(Re;) and 7= exp(Rey) (the first copy of C is what we called D before).
These are paired together with the 5d U (1) C SU(2)g symmetry twist by tg~!, to
preserve supersymmetry. The 5d gauge theory partition function in this background
is the trace

Zr.,(2) = Tr(—=1) gy, (5.8)

corresponding to looping around the circle in (5.7). Insertion of (—1)F turns the
partition function of the theory to a supersymmetric partition function. One imposes
periodic identifications with a twist by g where g is a product of simultaneous rota-
tions: the space-time rotations by ¢ and ¢~!, the R-symmetry twist, flavor symme-
try rotations f; + = exp(—Rm; 1), and gauge rotation by e; = exp(Ra;) for the
i’th U(1) factor. The latter has the same effect as turning on a Coulomb-branch

14The second four-dimensional limit gives the 4d A" = 2 U (£) gauge theory with 2¢ fundamental
hypermultiplets by [17, 32]. In the Seiberg-Witten curve, one writes f; as f; = e¢®/ and takes R
to zero keeping x/R, e” R, ¢S R and the 11’s fixed in the limit. The effect of this is that the 4d curve
has the same form as (5.4), but with Q and P replaced by polynomials of the same degree, but in
x, rather than e*.
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modulus a; (see [44] for a review). The partition function of 75, in this background
is computed in [6], using localization. The partition function is a sum

25, (Z) =rsa DI, (5.9)
B

over £-touples of 2d partitions
R=(Ri,..., Ry,

labeling fixed points in the instanton moduli space. The instanton charge is the net
number of boxes |R| in the R’s. The coefficient rs5; contains the perturbative and the
one loop contribution to the partition function.

The contribution

CIRl .

Ty R X2y R X ZHi R

I%dz q

of each fixed point is a product over the contributions of the U (£) vector multiplets,
the ¢ fundamental and anti-fundamental hypermultiplets H, H in 7s,. The instanton
counting parameter, related to the gauge coupling of the theory, is ¢¢. I°? depends
on ¢ Coulomb branch moduli encoded in ¢, and the 2¢ parameters f related to the
masses of the 2¢ hypermultiplets. The vector multiplet contributes

[T [Nk,&,Ceaser))™

1<a,b<t

The ¢ fundamental hypermultiplets contribute

zwi= ] 1 New@falen),

I<a<t 1<b<t

and the ¢ anti-fundamentals give

2k = [ I Neoeaforo).

I<a<t1<b=t

The basic building block is the Nekrasov function

HH QqR Pjtj— z+l) (p(Qtj—i)

Nerp(Q) = —,
rp(Q i —Pii— z) @(Qtjfzﬂ)

o0
with p(x) = J](1 — ¢"x) being the quantum dilogarithm [2, 51]. Furthermore,
n=0
Tr = (—1)RIgIRI2¢=IRN/2 and v = (g/1)"/? as before (we use the conventions of
[52]). In what follows, it is good to keep in mind that there is no essential distinction
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between the fundamental and anti-fundamental hypermultiplets.'> In keeping with
this, it is natural to think of all the 2¢ matter multiplets at the same footing, and write
the partition function, say, in terms of the fundamentals alone, whose masses run
over 2£ values, f,, fria, Witha =1,...,¢.

5.2 The Vortex Theory V34

The non-abelian generalization of Nielsen-Olesen vortices was found in [13, 14]. In
particular, starting with a bulk non-abelian gauge theory like 7s,, with 8 supercharges,
U (¢) gauge symmetry and 2¢ hypermultiplets in fundamental representation, they
constructed the theories living on its half BPS vortex solutions. The theory on charge
N vortices is very simple: it is a U(N) gauge theory with 4 supercharges, with £
chiral multiplets in fundamental, and ¢ in anti-fundamental representation, as well as
a chiral multiplet in the adjoint representation. The theory has a U (£) x U (£) flavor
symmetry rotating the chiral and anti-chiral multiplets separately. This symmetry
prevents their superpotential couplings. Since 75, is five dimensional, the theory on
its vortices is three dimensional N = 2 theory, which we will denote V. Presence
of the 2d 2 background transverse to the vortex gives the adjoint chiral field twisted
mass €. In addition, the theory is compactified on a circle of radius R. The masses of
2¢ hypermultiplets of 7s, get related to the 2¢ twisted masses of the chiral multiplets
in V3,. We will see the precise relation momentarily.

5.2.1 Partition Function in 2-Background
We compactify Vs, on the 3d Q2 background:
(C x Sh,.
As we go around the S' we simultaneously rotate the complex plane by ¢ and twist
by the U (1)g-symmetry, to preserve supersymmetry. The partition function of the

theory in this background in computes the index

2y, (S:N) =Tr(— 1) gaq. (5.10)

5By varying the Coulomb branch and the mass parameters, the real mass m of the 5d hyper-
multiplet can go through zero. This exchanges the fundamental hypermultiplet of mass m for an
anti-fundamental of mass —m, while at the same time the 5d Chern-Simons level jumps by 1 [53].
A relation between the anti-fundamental and the fundamental hypermultiplet contributions to the
partition function reflects this, see [2] for details.
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where g3, is a product of space-time rotation by g, an U (1) g symmetry transforma-
tionby ¢!, as well as the global symmetry rotation by 7. The partition function of the
theory can be computed by first viewing the U (N) symmetry as a global symmetry:
in this case, since the theory is not gauged, and due to the 3d €2 background, the index
in (5.10) is simply a product of contributions from matter fields and the W-bosons,
all depending on the N Coulomb branch parameters x;.

The contribution of the flavor in the fundamental representation is

Rx;—Rm_
or(x)= [] pe ™) (5.11)

|Zr=N SO(@RX’ Rm+)

where m 4 are the twisted masses. The right hand side is written in terms of Faddeev-
Kashaev quantum dilogarithms [2, 51],

e =[]0 -4q"2).

n=0

There are different ways to show this, for example, one can reduce the 3d theory
down to quantum mechanics on the circle and integrate out a tower of massive states.
Alternatively, the index can be obtained by counting holomorphic functions on the
target space of the quantum mechanics, see [44]. We can think of the flavor in the
fundamental representation in one of two equivalent ways: it is a pair of N = 2
chiral multiplets, one in the fundamental and the other in the anti-fundamental repre-
sentation. Alternatively, it contains a chiral multiplet and an anti-chiral multiplet, but
both transform in the fundamental representation. The above way of writing ® g (x)
is adapted to the second viewpoint.

The N' = 4 vector multiplet, the adjoint chiral field and the W-bosons, give a
universal contribution for any U (N) gauge group:

Rx,—Rx,)

oy =[] ple (5.12)

Rx;—Rx;\ "
1<I<J<N SO(I € )

The numerator is due to the W-bosons, and the denominator to the adjoint of mass
scalar of mass e. Finally, since the gauge group is gauged, we integrate over x’s. This
simply projects to gauge invariant functions of the moduli space,

2y, (S; N) = ! /de Dy (x) chF (x) et T/, (5.13)

a=1

The integrand is a product including all contributions of the massive BPS particles
in the theory, the W bosons, flavors ®’s, and the adjoint. The exponent contains the
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classical terms, the FI parameter (, and the Chern-Simons level k which is zero in
our case. If the gauge symmetry were just a global symmetry, x’s would have been
parameters of the theory and the partition function of the theory would have been the
integrand. Gauging the U (N) symmetry corresponds to simply integrating'® over x.
We need to determine the contour of integration to fully specify the path integral.
The choice of a contour in the matrix model corresponds to the choice of boundary
conditions at infinity in the space where the gauge theory lives [65]. At infinity, fields
have to approach a vacuum of the theory. For small ¢ and ¢, the vacua are the critical
points of
Rx—Rm_, )

¢

_ @(e
W(x) = ; log =T
There are £ vacua of W (x) both before and after the R-deformation. Splitting the N
eigenvalues so that N, of them approach the ath critical point, we break the gauge
group,

We can think of all the quantities appearing in the potential as real; then the integration
is along the real x axis. To fully specify the contour of integration, we need to
prescribe how we go around the poles in the integrand. The integral can be computed
by residues, with slightly different prescriptions for how we go around the poles for
the different gauge groups. In this way, we get £ distinct contours Cy, . __ y,, and with
them the partition function,

.....

4
d¥x @y (x); H D, (x) e T/,

a=1

2y, (§;N) =

ol
Hﬁ:] N,! CNyoNg

Dividing by N,! corresponds to dividing by the residual gauge symmetry, permuting
the N, eigenvalues in each of the vacua. For ¢ =  this is a topological string partition
function of the B-model on Y studied in [66], and related to Chern-Simons theory.
The g # t partition function is the partition function of refined Chern-Simons theory
[54], with observables inserted.

We will show that the partition function of V3, is nothing but the g-deformation of
the free-fieldfree field conformal block of the Liouville CFT on a sphere with £ + 2
punctures. Since the g deformation of Liouville CFT might be not familiar, let us
review it.

10This partition function is the index studied in [54—56] with application to knot theory; see also
[57]. The index is a chiral building block of the S3orS§2x S! partition functions [58-64], deformed
by ¢, the fugacity of a very particular flavor symmetry.
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5.3 gq-Liouville

In this section, we will show that the free field integrals of a g-deformed Liouville
conformal field theory [45, 46, 67] have a physical interpretation. They are partition
functions of the 3d N' = 2 gauge theory, which we will called Vs, in the 3d Q-
background (C x S'),. The equivalence of the g-Liouville conformal block and
the gauge theory partition function is manifest. The screening charge integrals of
DF are the integrals over the Coulomb branch of the gauge theory. Inserting the
Liouville vertex operators corresponds to coupling the 3d gauge theory to a flavor.
The momentum and position of the puncture are given by the real masses of the two
chirals within the flavor.

The g-deformed Virasoro algebra is written in terms of the deformed screening
charges

14 /)"
S(z) =:exp | 200 + 2hplogz + z #hszk ,
k#0
where
1 1 —1t
[hkv hm] = m 5k+m,0~

1+ (t/9* 1 —q*

The defining property of the generators of the g —deformed Virasoro-algebra, is
that they commute with the integrals of the screening charges S. The primary vertex
operators get deformed as well. The vertex operator carrying momentum « becomes:

—ak

a
Va(z) =:exp —ﬁ¢ b2h010g1+zk(1_[ k)
k0

—k

Note, that these operators manifestly become the usual Liouville operators in the
limit where ¢ = e®1,t = 7% go to 1, by sending R to zero.

Just as before, using these commutation relations, one computes the correlator
and obtains the following free field integral:

£

.

By(a,z; N) = T f dVy A, ) [] Va2, (5.14)
a=1 Nal Jei...ce _

where the measure is the ¢, t-deformed Vandermonde

A2 _ ei/yr) ’
0r) 1511351\1 ot yi/yn)
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and the potential equals

N 0(q%za/y1)
V (y Za = | | .
I=1 Za/yl)

In particular, using the properties of the quantum dilogarithm, it is easy to find that
Vo(;0) = (y1...yn)*. As in the undeformed case, the relation holds up to a
constant of proportionality . In this paper, we avoid detailed consideration of this
normalization constant. The meaning of the constant r, on the Liouville side, is to
account for all possible two-point functions between the vertex operators V,(z,).
Like in the undeformed case, the N eigenvalues are grouped into sets of size N,,
a=1,...,¢,by the choice of contours they get integrated over.!”

6 Gauge/Liouville Triality

In what follows, we will prove that there is a triality that relates the 5d and 3d
gauge theories 7s4 and V34, compactified on a circle, and g-deformation of Liouville
conformal blocks. We will show this in two steps.

6.1 q-Liouville and V34

The first step is to show that g-deformation of the Liouville conformal block (5.14),
corresponding to a sphere with £ + 2 punctures equals the partition function of Vs,:

2y, (S; N) = By(a, z; N).

This follows immediately by a simple change of variables that sets

_Rer_,,,7 qau — eRer_a—Rm,Aa’ y = e—Rx. (61)

la =¢€
The insertion of a primary vertex operator in Liouville gets related to coupling the
3d gauge theory on the vortex to a flavor: the mass splitting is related to Liouville
momentum, the mass itself to the position of the vertex operator. The puncture at
z = 0 arises from the Fayet-Iliopolous potential, if we set cy = (/h — 1.

7The contours of integration are the same as in the undeformed case—encircling the segments
[0, z4]. The g deformation affects the operators and the algebra, but not the contours. It is important
to emphasize that these contours agree with the alternative approach [68] where the free field
integrals are replaced by Jackson g-integrals: in our picture, the latter are the residue sums for the
former.
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6.2 Viq and Ts4: Gauge/Vortex Duality

The second step is to show that the partition function of the 5d gauge theory 75, and
partition function of its vortices, described by the 3d gauge theory Vs, agree

2y, (S, N) = Z7,(3).

For this we place 75, at the point where the Coulomb and Higgs branches of 75,4
meet, e, = f, /v with v = (g/t)'/? as before, and X degenerates to S. In addition
we turn on N, units of vortex flux.'® In the Q-background this is equivalent to not
turning on flux and shifting the Coulomb-branch parameters of 7s, so that

Zr,(Z) =rsa > I
B

is evaluated at
eq =t £, /v, (6.2)

where a runs form 1 to £. Here, f, are the masses of £ of the 2¢ hypermultiplets, and
the integer shifts correspond to N, units of vortex flux turned on. Note that as long
as N, are arbitrary, this is no restriction at all.

To recover 75, at an arbitrary point of its Coulomb branch, we take the limit
N, — 00, € = In(#) — 0 keeping the product N,e fixed. The gauge/vortex duality
is the gauge theory realization of large N duality.

6.2.1 Residues and Instantons

We start by computing the partition function of Vs, by residues. Then we show
that the sum over the residues is the instanton sum of the 5d gauge theory 7s,. The
positions of the poles are labeled by tuples of partitions, and the integrands are equal
to Nekrasov summands.

With the change of variables in (6.1), the 3d partition function of V3, becomes:

1

Zy. (N; §) = ———
Vsd( ) 1—[221 N,

74 dVy I*(y), (6.3)
Cl C[

where the integrand 73¢(y) equals

¢
() = o) v () [[ @0,

a=1

18The shift by v is due to the £2 background. It is natural that the partition function becomes singular
at the point where the two branches meet; this determines the shift.
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and, in terms of the new variables,

(s /1) (@ za/ 1) A
(I) = EErEE— . V = 0.
v IJ;LN @(tys/yr) OEL ,Hl ©(za/y1) o) ,Elly’

The ¢ contours Cy, . . . C, run around the intervals in the complex y plane: C, circles
the interval from y = 0 to y = z,, where z, is the location of a pole in the integral
corresponding to a chiral multiplet going massless. The quantum dilogarithm ¢ (y) =
[T72, (1 —¢" y) [2, 51] has zeros at y = ¢, hence the integrand has poles there.
The contour is chosen so as to pick up the residues of the poles. For each of the ¢
the groups of eigenvalues we choose the contour that runs from 0 to z,, circling the
poles at
y=q" 74, n=0,1,....

For ||, |g| < 1, the poles interpolate between y = 0 and y = z,, and the contours
C, circle around the interval (this is also where the critical points of the integral are
located). However, not all the poles contribute—the numerator in ®y (y) eliminates
some: all those for which poles for a pair y;, y, coincide up to a ¢ shift. At the same
time, the denominator of ®y (y) introduces new poles with y’s shifted by #, up to a
multiple of ¢g. Up to permutations, the poles that end up contributing are labeled by
L-tuples of 2d Young diagrams:

R=(Ry,...,Ra, ..., RY), (6.4)

where R, has at most NV, rows. The poles corresponding to the ath group of variables
are at

Y =Yg
where, up to permutations the components of yz equal

RLH N(l
YNyt N+ = @ tN T 7, (6.5)

where i runs from 1 to N, and a from 1 to £. The sum over the residues of the integral
becomes the sum over the Young diagrams

¢
1 N
}:[l N Cl,...ng y — %.

While the integrand itself does not make sense at a pole, the ratio of its values at
different poles turns out to be finite. This implies that ratio of the residues at the
poles labeled by R and &

I%d = resg1 - resp I3d(y)
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is simply equal to the ratio of the integrand itself at the two poles:

€
I}%d — qao|ﬁ| . q)V(yk) . Hu:l q)Fa(yk) (66)

Pv(yz) I, @k Oz)

Note that %;R)) = ¢!kl This makes the sum over residues easy to find:
z

2y, (N:S) =13 D XN, f),
R

where
r3g = r65g13d(y).

The structure of the answer is reminiscent of the 5d partition function Zr,(X),
except that the sum in Z7,,(X¥) runs over £-touples of Young diagrams of arbitrary
size.

However, from the gauge/vortex duality, we only expect the 3d and the 5d partition
functions to equal on the locus (6.2). Restricting to the locus (6.2), the Nekrasov sum
truncates to a sum over diagrams R, with at most N, rows. Moreover, for every
such £-touple, the summand 73? indeed becomes equal to I%d. The detailed proof is
presented in [2], here we only give a sketch.

Recall

I}%d =g 2y,R " ZH,R " ZHTR"
The ¢ hypermultiplet contributions z ut. i €ach contain Ny, (ve,/f,), as a factor.
Restricting this to (6.2) we get Ng, ¢ (tV+), which, as one can show!? vanishes if R,
has more than N, rows. So at this point, / 15{1 is non-zero only for those £-touples

of Young diagrams R = (Ry,..., Ry, ... Ry) for which R, has no more that N,
rows, for each a between 1 and £. Thus, the non-zero fixed point contributions to the
instanton sum are the same as the poles of the 3d partition function. Not only does
the sum over Young diagrams truncate, but moreover one can prove that the value of
the summand in the instanton partition function is exactly / I%d:

BN, f)y =15 (e, ),

with identifications

ea/fa =1"/v.

Recall welet f, = f+ , and f,+¢ = f— , for a running from 1 to £. Finally, we have
¢ — g
9 =97q.

19See [2] for a proof, and [52, 69] for earlier work making use of this.
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The vector multiplet contributions in 5d are related to vector multiplet contri-
butions in 3d, and the 5d hypermultiplets to 3d flavors and the instanton counting
parameter in 5d to FI term contributions to the potential in 3d. The 5d partition
function is actually a product of the instanton sum 73 together with the perturbative
and the one loop factors contained in rs5,. This equals the partition function of the
5d gauge theory at the root of the Higgs and Coulomb branches in the absence of
vortices. On the 3d gauge theory side, one can prove that this is accounted by the
product of r3,4, the residue at the y = yz pole, together with a contribution that is not
captured by the theory on the vortex—this is the partition function of the bulk gauge
theory, at the root of the Higgs branch in the absence of vortices. (From the string
theory perspective, this contribution is the partition function of Y without branes).
One can prove that, taking this into account, the full partition functions on the two
sides of the duality are equal.

We have thus proven our main claim (5.3) for the case the Gaiotto curve C has
genus zero with arbitrary number of punctures. It is elementary to extend this to the
case when C is a genus one curve, with arbitrary punctures. We expect the triality
to generalize to the case when the Liouville CFT gets replaced by ADE type Toda
CFT. The generalization to A, case will be presented in [19].
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B-Model Approach to Instanton Counting

Daniel Krefl and Johannes Walcher

Abstract The instanton partition function of A/ = 2 gauge theory in the general
Q-background is, in a suitable analytic continuation, a solution of the holomorphic
anomaly equation known from B-model topological strings. The present review of
this connection is a contribution to a special volume on recent developments in N = 2
supersymmetric gauge theory and the 2d-4d relation, edited by J. Teschner.

1 Introduction and Key Ideas

The instanton partition function of A/ = 2 supersymmetric quantum field theories
Z"(a, €1, €2 A) (1.1)

is of algebra-geometro-physical interest for at least three different, though related,
reasons. First of all, by its very definition, Z"™' encapsulates the cohomology of the
moduli space of instantons, supersymmetric solutions of the underlying classical field
theory, and the algebraic structures on that space (Chapter [V:4]). Secondly, within
the 2d-4d correspondences of Alday-Gaiotto-Tachikawa, and Nekrasov-Shatasvhili
(Chapter [V:12]), the instanton partition function connects supersymmetric field the-
ories with the world of completely integrable systems and their quantization, specif-
ically Hitchin systems (see Chapter [V:3]). Thirdly, Z™(q, €1, €3; A) contains in-
formation about the structure of the Coulomb branch that goes beyond the weakly
coupled description in a Lagrangian field theory. After a suitable analytic continua-
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tion, it allows to calculate interesting physical quantities everywhere in the moduli
space of vacua and marginal couplings, and thereby to study a variety of dualities.

It is in fact, this latter aspect of the instanton partition function that is closest to
the approach pioneered by Seiberg and Witten for solving the low-energy dynamics
of N' = 2 supersymmetric field theories, by exploiting the global constraints on the
structure of the moduli space coming from special geometry and modular invariance.
The basic ideas are easily explained.

The instanton partition function Z™™' calculated via localization (see Chapter
[V:4]) is a series

Z™ ~ " A" Ry(a, €1, €), (1.2)
n

with rational functions R, of the 2-background parameters € >, and the Coulomb
branch parameters a, that converges well for small instanton counting parameter
A. As explained by Nekrasov [1], the Seiberg-Witten solution for the low-energy
effective action is recovered in the non-equivariant limit €; , — 0. Specifically, the
N = 2 prepotential is the residue

FO%; A) = lim 0(6162 log Z™'(a, €1, €2; A)), (1.3)

€],60—>

after the perturbative expansion of the free energy for small A (in the asymptotically
free case, this is equivalent to the weak-coupling limit a — ©0). It coincides with
the prepotential obtained from the Seiberg-Witten effective geometry (the family of
hyper-elliptic curves together with the differential), which captures the low-energy
dynamics and is the basis for the various embeddings into string theory. Most specifi-
cally, the @ appears in the so-called geometric engineering limit of the prepotential
governing the compactification of type II string on a (non-compact) Calabi- Yau man-
ifold [2].

It has been a natural question to ask for the analytic and geometric characterization
of the terms in Z™™ of higher order in €|, €,, and their physical interpretation. As
anticipated already by Nekrasov [1], the answer is most immediate on the special
slice in coupling constant space €; = —¢;. By a detour in one higher dimension,
one can see that in general, the Q-background in the gauge theory arises in the
string/M-theory constructions from a vacuum expectation value of the gravi-photon
field strength, of the form

F =e1dxy Ndxy + exadxs A dxy (1.4)

(itself a limit of the Melvin background, or “flux-trap” [3] in other duality frames).
The specialization €, = —e, corresponds to a self-dual gravi-photon background,
and the expansion coefficients of the supersymmetric free energy in €; = —e; =: gy
are identified with the higher-derivative F-term couplings R?F29~2 in the effective
action [4], which can be computed as the topological string genus-g free energy
[5]. In the geometric engineering limit, one recovers the expansion of the instanton
partition function.
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o0
log Zi““(a, G5, —Gs3 A) = Zgzg—Zj:(g)(a) (1.5)
g=0

A natural way to test this physical interpretation is to re-calculate the 9 using
the string theory methods. In the topological B-model, the most universal of these
methods is the holomorphic anomaly of BCOV [5].

The basic message of the holomorphic anomaly method is that the higher order
corrections F@ (a) can still be continued throughout moduli space, in particular
any strong coupling regions, but (in distinction to the prepotential 7(), they are no
longer holomorphic functions of a. The physical origin of this non-holomorphicity
are the infrared effects, degenerating Riemann surfaces in the perturbative string
theory [5], or the distinction between 1 PI and Wilsonian effective action from the
point of view of the field theory [6]. Mathematically, the holomorphic anomaly is an
expression of the competition between holomorphy and modular invariance [5], and
can also be viewed as an embodiment of the wave-function nature of the topological
partition function [7].

The holomorphic anomaly equation dictates the non-holomorphic dependence
of F¥(a, a) recursively in the order of the expansion, 2g — 2. The meromorphic
function on moduli space that is thereby left undetermined at each order is known as
the holomorphic ambiguity and can, under favorable circumstances, be determined
by imposing appropriate principal parts or “boundary conditions” at the various
singular points.

It was shown by Klemm and Huang [8] that the holomorphic anomaly commutes
with the geometric engineering limit, and can be used to completely recover the
F9 in the expansion (1.5). Even though a detailed derivation of the holomorphic
anomaly from the gauge theory point of view is missing, the equation itself can be
written down based solely on the special geometry data on the moduli space that
can be obtained from the prepotential F@. And at least in all examples with low-
dimensional moduli space, the boundary conditions at the monopole/dyon points
are sufficient to completely fix the holomorphic ambiguity, and thereby make the
holomorphic anomaly “integrable” in that sense.

From the point of view of instanton counting (1.1), this discussion of the holomor-
phic anomaly appears as rather tangential. After all, the holomorphy and integrability
of the higher order corrections is built into the formalism, while the underlying spec-
tral geometry is completely determined by the first order classical term, i.e., the pre-
potential. There are nevertheless several very good reasons to explore the connection
further, and in particular, to understand the extension of the holomorphic anomaly
to the full two-parameter Q2-background, away from the specialization €, = —e;.

From the gauge theory point of view, the precise role of the holomorphic anomaly,
or the wave-function nature of Z™™' is not completely understood, for instance in
the context of the quantum integrable systems. Moreover, the possible calculation
of Z™' as a “sum over instantons” (or some other semi-classical configurations)
around other points in moduli space remains to be explored. While conformal field
theory in principle provides formal expressions for Z" in terms of certain contour
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integrals also elsewhere in moduli space, these have been evaluated explicitly only in
a limited number of situations. The continuation of the 7 to other points in moduli
space via the holomorphic anomaly provides a very welcome benchmark for such
calculations.

From the string theory point of view, the existence of the second deformation
parameter itself is the most intriguing aspect. Indeed, while the role of g, = /—€€2
as the genus-counting parameter, i.e., the topological string coupling constant, is
readily appreciated, the existence of a second “string-coupling like” parameter is
much more mysterious. Since, in much more generality than the restricted topological
context, string theory does not have any free parameters, the absence of a worldsheet
description would be in tremendous tension with the overall picture. To be sure, the
role of the second parameter from the macroscopic space-time, or M-theory point of
view is completely clear, see [1, 9], as well as the connection with refinement and
categorification [10]. What is missing is the microscopic explanation.

The main point of the present contribution is to highlight the observation that
with the right choice of parameterization of the coupling constants, the deformation
away from the special slice €; = —¢; is indeed as simple as it could be: The higher
order corrections for general €, €, still satisfy the holomorphic anomaly equations,
with deformation only in the boundary conditions. In particular, a single infinitesimal
coupling constant is sufficient. This was first pointed out in [11-13]. These methods
therefore allow the calculation (via “analytic” continuation) of Z™™" around points in
moduli space other than the weak coupling regime. This constitutes a benchmark for
testing the 2d-4d relation this special volume is about away from A — 0. Coming
back to string theory, these observations have allowed the application of the holo-
morphic anomaly equation for the B-model calculation of refined BPS invariants of
local Calabi-Yau manifolds [14, 15]. This can be viewed as further evidence that
the second parameter should be lifted to the topological string (not necessarily as a
coupling constant, but rather as a deformation parameter), and has been as well ap-
plied and interpreted in the context of quantum geometry and quantum integrability
[16]. Among the possible stringy explanations of the refinement, we will outline in
somewhat more detail an intriguing relation to orbifolds and orientifolds, following
[11, 17].

Before closing this introduction, it seems worthwhile to emphasize once again
that in this Chapter, we are discussing the instanton partition function from the point
of view of the “B-model”, meaning the global structure of the moduli space, special
geometry and modular invariance. In contrast to (1.2), which is exact in €, €;, but
perturbative in A, the B-model provides answers that are exact in the instanton
expansion, but perturbative in €1, €;.

2 Geometric Engineering

Large classes of supersymmetric gauge theories in various dimensions can be system-
atically obtained from string-, M- and F-theory compactifications. This is usually re-
ferred to as geometric engineering, as the geometry of the compactification manifold



B-Model Approach to Instanton Counting 453

X determines the effective gauge theory in the field theory limit. We only give a
lightning overview, excellent pedagogical reviews being available in the canonical
literature, see for instance, [18, 19].

Any given gauge theory can typically be realized in several ways in string the-
ory. These different constructions are then related by various dualities and limiting
procedures. Hence, depending on the gauge theory to be investigated via geometric
engineering, and the specific gauge theory property under investigation, a convenient
duality frame has to be chosen. A common feature of all geometric engineering ap-
proaches is that in order to decouple string and gravity effects, the compactification
manifold X has to feature a local singularity, perhaps in the guise of a brane.

We are interested in A/ = 2 supersymmetric gauge theories in four dimensions,
their low-energy effective prepotential 7' (a, m), and higher derivative F-term cou-
plings. These are (modulo the holomorphic anomaly) holomorphic functions of the
Coulomb moduli a¢; and masses of matter fields m;, and receive their essential con-
tributions from the space-time instantons. This class of theories can be conveniently
engineered and investigated in a type IIA/B superstring framework by compacti-
fication on a local (non-compact) Calabi-Yau 3-fold, which yields, under certain
conditions, a four-dimensional A/ = 2 supersymmetric gauge theory theory with
decoupled gravity.

To be specific, consider type IIA string theory compactified on a Calabi-Yau 3-
fold X. Four-dimensional abelian gauge fields arise in the Ramond-Ramond sector
by dimensional reduction on the even cohomology of X. But since perturbative
string states do not carry Ramond-Ramond charge, in order to obtain interesting
non-abelian gauge groups, we must include non-perturbative effects. In particular,
D2-branes wrapped on the (compact) 2-cycles of the compactification geometry
represent objects electrically charged under the corresponding abelian gauge fields.
The masses of these states being proportional to the Kihler class (volume) 7y, of
the wrapped 2-cycles, one needs 75, — 0 in order to have massless charged gauge
bosons.

In fact, it is best to view the Calabi- Yau compactification as the dimensional reduc-
tion of a K3 compactification near an ADE singularity. The gauge group originates
in six dimensions from the (compact) homology of the singularity (of ADE type
for ADE gauge group), while further dimensional reduction (on a copy, B = P!,
of complex projective space to be specific) leads to an N' = 2 gauge theory in four
dimensions. In this process, the bare gauge coupling gyy of the four-dimensional
theory is proportional to the Kéhler class 75 of the 2-dimensional manifold used for
the reduction, i.e., tg ~ 1/g3,,. In order to decouple gravity (and stringy effects) it
is sufficient to send the coupling constant to zero, since it pushes the string scale to
infinity [2]. This means that we are interested in the limit 13 — oo.

In order to satisfy the Calabi-Yau condition, the compactification space can not
be given by a direct product, but rather must have the structure of a fibration,

F— X — B, (2.1)
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where the fiber geometry F' (with the ADE singularity) determines the gauge group
while the base geometry B the effective gauge coupling in four dimensions. Note that
the fibration structure also allows to incorporate matter content via local enhancement
of the fiber singularity.

It is important to keep in mind that the limits 7z — o0 and t;; — 0 of base
and fiber Kihler classes are not independent. This can be illustrated best at hand of
a concrete example. Consider the geometric engineering of pure SU (2) along the
lines sketched above, as originally discussed in [2]. To obtain the two charged gauge
bosons, WT and W, it is sufficient to fiber a P! over the base P!. [The different
ways this can be done are labeled by an integer and the corresponding geometries
correspond to the Hirzebruch surfaces. The Calabi-Yau 3-fold itself is the total space
of the anti-canonical bundle over this complex surface. All Hirzebruch surfaces give
rise to pure SU (2) in four dimensions.] Recall that in the weak coupling regime the
running of the gauge coupling is given by

L log” 2.2)

Gim ¢ A

where m denotes the mass of the W-bosons and A the dynamical scale. With the
above identifications, we learn that we have to take the limit in a way such that
tp ~ logt; holds. The precise proportionality constant can be fixed as follows: We
know that at weak coupling the instanton corrections to the bare gauge coupling go
in powers of (A/a)*, with a the Coulomb modulus. Correspondingly, we have to
scale e ~ §* A* and 1y ~ 8 a as § — 0, which constitutes the map between the
string moduli and the gauge theory parameters, for pure SU (2).

The useful property of the type IIA string construction is that the space-time
instanton corrections are mapped to world-sheet instanton corrections. Qualitatively,
this is clear from the relation between the 2-cycles and the gauge coupling and gauge
bosons sketched above: The Euclidean string worldsheet is wrapped around the 2-
cycles of the geometry with worldsheet instanton action S ~ dj t, +d ty, where d,
and d refer to wrapping numbers. In particular, this means that we do not have to
consider the full type IIA string theory to investigate the gauge theory from a string
point of view. Rather, the topological sector is sufficient, i.e., the topological string
amplitudes which capture world-sheet instanton corrections.

Starting from the topological string tree-level amplitude, taking the above gauge
theory limit yields the space-time instanton corrections to the gauge theory prepoten-
tial. The higher-genus amplitudes encode the gravitational corrections, as sketched
in the introduction. In this way, the string theory provides both a conceptual frame-
work, and a host of computational methods to investigate non-perturbative effects in
supersymmetric gauge theories.

There is, however, one important subtlety to keep in mind. Since the geometric
engineering limit involves #;, — 0, the compactification geometry is in fact singular,
and we are not expanding the string amplitudes around the large volume point in
moduli space. Hence, if we compute the topological string amplitudes using the usual
A-model techniques, which are valid at large volume (such as, localization [20] or the
topological vertex [21]), these amplitudes have to be analytically continued before we
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can take the limit. (The necessity of this analytic continuation is quite clear already
from the fact that the large volume expansion of the topological amplitudes is a series
in the exponentiated Kdhler moduli, whereas the gauge theory prepotential at weak
coupling is an expansion into negative powers of the Coulomb branch parameter.)

For the topological string amplitudes of the SU (2) engineering geometry sketched
above, the analytic continuation can be achieved via a relatively simple resummation
[22]. In more complicated examples, one has to switch to the B-model mirror of
the type IIA string background in order to perform the analytic continuation. We
recall that in general, mirror symmetry maps worldsheet instanton corrections to
the expansions of classical geometric quantities. For instance, tree-level worldsheet
instantons in type ITA are encoded in the period integrals of the type IIB mirror
geometry. As these periods can be calculated as solutions of simple linear differential
equations, their analytic continuation all over moduli space is straight-forward.

Under the geometric engineering limit along the lines reviewed above, mirror
symmetry may be seen as the stringy origin of the Seiberg-Witten solution of N' = 2
gauge theory. That is, the Seiberg-Witten curve and differential arise in the limit
of the mirror Calabi-Yau threefold which is mirror dual to the type IIA engineering
geometry. In particular, as its B-model parent, the Seiberg-Witten geometry naturally
provides a global description of the moduli space.

So far we mainly had in mind spherical world-sheet instantons yielding instanton
corrections to the gauge theory prepotential. However, perhaps the most useful prop-
erty of this stringy construction is that it allows to calculate gravitational corrections
to the A/ = 2 gauge theory, originating from world-sheet instantons of higher genus.
In detail, the genus-g topological string amplitude yields R> F>9~2 corrections to the
gauge theory [4], which can be calculated very efficiently via a specific topological
string B-model technique, namely the holomorphic anomaly equation, all over the
Coulomb moduli space. This is the subject to which we now turn.

3 B-Model

It has been observed some time ago in [8] that the free energy of four dimensional
N = 2 supersymmetric gauge theory with gravitational corrections satisfies the
holomorphic anomaly equations of [5, 23]. This can be seen as a consequence of the
geometric engineering approach to N = 2 gauge theories, where the gauge theory
free energy follows as a specific limit of the topological string free energy on a
corresponding engineering Calabi-Yau, as outlined in the previous section.

Since the gravitational corrections captured by the topological string are a specific
specialization of the $2-deformed gauge theory, €; = —¢,, it is natural to ask whether
the Q2-deformed theory with general equivariant parameters satisfies as well a kind
of anomaly equation. The main point of interest is that the holomorphic anomaly
equation allows to analytically continue the 2-deformed partition function over all
of the Coulomb moduli space. In contrast, the instanton counting partition function
of [1] and as well the CFT calculations for the partition function via the AGT corre-
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spondence [24] are most useful only for the asymptotically free theories at a weakly
coupled point in Coulomb moduli space (see however [25]).

The complete partition function Z™!(¢|, €,) obtained via instanton counting is ex-
act in the two equivariant parameters € ». In order to get started with the investigation
of the anomaly equation, one has to choose a parameterization of the infinitesimal
neighborhood of €; ; = 0, and the form of the answer will naively depend on the
choice. It turns out that the correct expansion from the topological string point of
view is to choose the same parameterization as occurring in the AGT correspondence,
used in this context in [11, 13]. Namely, we write

1
q=ﬁ%,q=jﬁ% 3.1)

with B a fixed constant and g, being the only infinitesimal expansion parameter.
Hence (leaving the Coulomb moduli a implicit) we define the perturbative amplitudes
F@(B) as the coefficients in the expansion

log Z™ (€1, €) = Fle1.€2) = D FO(B) g2'>. (3.2)
g=0

We note in particular that the Seiberg-Witten prepotential defined via the limit (1.3),
is independent of B, i.e.,

Fler, &) = FPg72 + 0(g?). (3.3)

Of course, one might also envisage a double expansion in the two-parameters €1, €;, as
performed in this context in [12]. However, it is not hard to see that the two-parameter
expansion is related via a finite resummation to the one-parameter expansion (3.2).
This is related to the fact that the 9 (B) are polynomial in B. As a consequence, an
anomaly equation for a two-parameter expansion scheme is algebraically equivalent
with the anomaly for the one-parameter expansion (cf., the discussions in [26, 27]).
Our results, and specifically, the fact that only the holomorphic ambiguity depends
on B, make it clear that the one-parameter expansion (3.2) is most economical and
therefore preferred.!

Note that with the four-dimensional Lorentz invariance, the expansion (3.2) goes
ineven powers of g, only, reflecting the symmetry €, » — —e; » of the 2-background.
As noted in [1, 28], localization in the presence of mass parameters in principle can
violate this symmetry, and odd powers of g, will be present as well. However, this
odd sector is not fundamental, and can be “gauged away” by a linear shift of the
appropriate mass parameters. Notably, this does not apply to the theories in the
presence of additional extended objects like surface operators (discussed in Chap-
ter [V:8]). Such a setup breaks 4-d Lorentz invariance and a true odd sector in g;

IThis is not to say that the microscopic origin of the holomorphic anomaly might not be better
explained in the two-parameter scheme, see [27].
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will be generated. We will here only consider the even in g, case, while emphasiz-
ing that the general case can be treated as well [11], by appealing to the extended
holomorphic anomaly equations of [29, 30].

So let us now explain in detail the method of the holomorphic anomaly for the
calculation of the F9 (). We begin with the role of F© in special geometry. We
denote by u a global coordinate on the moduli space M of vacua, which is identified
with the base space of an appropriate family of complex curves, C,. (For simplicity,
we will write equations only in the case that M is one-dimensional. The reader might
have in mind SU (2) Seiberg-Witten theory with N < 4 fundamental flavors. Some
aspects of the higher-rank theory are discussed in [12, 15].) The family of curves
is equipped with a meromorphic one-form Agw, such that for appropriate choice of
one-cycles A and Ap on C,, the periods

a =j§)»sw, ap =]{ ASW, (3.4)
A Ap

dF©
b= da

satisfy the relation

) (3.5)

after eliminating # from (3.4). We do not need to be explicit about this auxiliary
geometric data, for which we refer to chapter [V:2]. However, one should keep in
mind, as already mentioned in the previous section, that this auxiliary data originates
from the mirror Calabi-Yau geometry of the corresponding geometric engineering
geometry.

For expansion in different regions of moduli space, it is most convenient to base the
development on the Picard-Fuchs equation, a third order system of linear differential
equations,

Lo (u) =0, (3.6)

satisfied by all periods of Agw. Using a as a local coordinate around u — oo, the
Picard-Fuchs operator takes the form?

1
Caaa

L=23, a2, (3.7)

where
Coaa = 3 FY = d2ap(a) = d,7(a), (3.8)

is a (meromorphic) rank three symmetric tensor over M, which in the topological
string context is referred to as the Yukawa coupling, and 7(a) corresponds to the
complexified effective gauge coupling. In particular, g ~ Imt is the Weil-Petersson
(or o-model) metric on M, which plays a central role in special geometry on M.

2As is now evident, the constant is a third solution of the differential equation. This solution
decouples in special cases, such as SU (2) gauge theory with massless hypermultiplets.
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Another important feature is the existence of canonical (flat) coordinates [5], which
provide a meaningful expansion parameter around any interesting point u = u, in
M. In such a flat coordisnate r = f(u), vanishing at u = u,, the Picard-Fuchs
operator takes again the form (3.7) witha — ¢, i.e.,

1
Eza[

2, Cu= (2—”;)3c (3.9)

tet

We are now ready to write down the holomorphic anomaly equations of [5]. Recall
that the specialization of the gauge theory amplitude F (8) to 8 = 1, (namely, the
self-dual background €, = —e¢;) arises via geometric engineering from the genus-g
topological string amplitude. The statement of BCOV is that the topological string
amplitudes, while holomorphic in the Kihler moduli, are not well-behaved globally
over the moduli space. Instead, one should view the topological string amplitudes
as a holomorphic limit of non-holomorphic, but globally defined objects. Under the
gauge theory limit sketched in the previous section, this translates to the statement
that one should view the gauge theory F (a) (for g > 1) as the holomorphic limit
a — oo of non-holomorphic, but globally defined objects F'9 (u, it), arising from
the topological string amplitudes in the gauge theory limit. (These are customarily
denoted by the same letter, as confusion can not arise.) Similarly, the holomorphic
anomaly equation satisfied by the topological string amplitudes translates to a recur-
sive relation for the gauge theory F9~ D (u, i), i.e.,

- 1 _ -
@ — _ un (g1) (92) 4 — o uu (g—1)
07 = 3 > CHFWFR + G, (3.10)
Gitg=yg
gi>0

where F9 = p,F¥ — D2F9, D, is the covariant derivative over M, and indices
are raised and lowered using the Weil-Petersson metric. The holomorphic limit of
the connection of the Weil-Petersson metric (entering the covariant derivative) on

M takes the simple form

ot
lim T = 3, log o). 3.11)
—0 u

uu

The “one-loop” amplitude satisfies the special equation

a_ (1)=l uu
00" = 5 Ci" Cunu- (3.12)

At the level of the topological string, the holomorphic anomaly originates from
topological anomalies, that is, under coupling to gravity (including integration over
moduli of Riemann surfaces), the theory is only “almost” topological, as there are
contributions from the boundaries of moduli spaces of genus-g Riemann surfaces
to certain topologically trivial correlator insertions. More specifically, a genus-g
Riemann surface can degenerate either to a genus-(g — 1) surface with two extra
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punctures via pinching of a handle, or to two disconnected surfaces with an extra
puncture of genus g, and g, (with ¢ = g, + g») via pinching of a tube. These
two boundary contributions are reflected in the holomorphic anomaly Eq.(3.10).
Although the topological string origin of the anomaly equation (and in particular of
F9(u, ) is clear, less so is the precise supergravity (or gauge theory) meaning
and/or origin thereof. Hence, the main justification of (3.10) at the level of gauge
theory comes as a limit of the topological string via geometric engineering. However,
an independent justification can be given along the lines of Witten’s wave-function
interpretation of the topological string partition function [7]. The reasoning leading
to this interpretation of the 79 and the recursive relations between them relies solely
on the special geometry (the holomorphic symplectic structure) of the moduli space
(viewed as a clasical phase space). Starting from the Seiberg-Witten geometry, this
reasoning can therefore also be applied directly to the gauge theory. We will come
back to this interpretation in Sect. 5.

The natural question to ask is how (3.10) should be modified away from g = 1.
The answer provided by [11] is the simplest possible not at alll More precisely,
in [11], the use of the localization formulas of [1] resulted in the presence of non-
vanishing terms of odd order in g;, suggesting a role for the extended holomorphic
anomaly equation of [29, 30], as well as a relation to topological string orientifolds.
The extension data (the term at order g, ') was also identified in simple geometric
terms on the Seiberg-Witten curve. In [13] it was observed that the shift of the mass
parameters [28] removes those odd terms, as mentioned above. While it is reassuring
to see that the formalism works well with either prescription, we here only present
the shifted version, as it is more economical.

The content of the Egs. (3.10) and (3.12) is that due to the anti-holomorphic deriv-
ative, the F9 are determined up to holomorphic terms, the so-called holomorphic
ambiguity. The standard technique to fix this ambiguity is by taking known charac-
teristics of the F9 at specific points in moduli space as boundary conditions into
account. For instance, topological string amplitudes expanded near a point in moduli
space where the target space develops a conifold singularity show a characteristic
“gap” structure [8, 31] (we denote the modulus of the deformation as ¢,)

Flo=D — Lp(zg—z)(l) tc—29+2 + O(tc(-))7 (3.13)

with leading non-vanishing coefficients W (1) of the singular terms given by the
free energy of the ¢ = 1 string at the self-dual radius R = 1 [32] (we use here a
normalization different from the one usually used in the CFT context). Knowledge of
the conifold expansion (3.13) is usually sufficient to fix the holomorphic ambiguity
to very high genus [31], or, even to fix it completely [33], depending on the specific
model. The coefficient of the singular term in (3.13), W (1), can be seen as due to
integrating out a single massless hypermultiplet in the effective action [34] and is
therefore rather universal.® In particular, expansion of the gauge theory free energy

31t that sense, the singularity structure (but not the regular terms) in those strong coupling regions
does follow from a field theory computation.
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near a point in moduli space with a massless monopole/dyon (hypermultiplet) should
show the same behavior, and indeed does [8].

In the generalization to arbitrary 8 # 1 we then must have that the boundary
conditions are not given by integrating out a massless hypermultiplet in an anti-
selfdual background, but rather in the 2-background. Hence, the coefficients W@ (1)
change to B-dependent functions W (B8) captured by the Schwinger type integral

ds el 9:)"
. R _ N e (n) _S
Femr(€r, 2310) = / s 4sinh (%*) sinh (%) - Z v (tc) ’

2 n>0

under the usage of (3.1). Interestingly, the free energy F.—; (€1, €2; t.) still corre-
sponds to the ¢ = 1 string free energy, albeit at general radius R = f. The corre-
sponding partition function is also known as Gross-Klebanov partition function, and
we have for the expansion coefficients the following closed expressions [35]

1 1
(0) - _ —
w(p) = 24(’3+5)’
n+2 BkB -
(n) — _ 1k n+2— -k k—-n—1 _ k—n/2—1
(B = 1)!k§:0( D —k!(n+2_k)!(2 D2 DB .

(3.14)

Using the coefficients (3.14) as boundary conditions for general (real) 8 and
analytically continuing back to the weakly coupled regime, somewhat surprisingly
reproduces for SU (2) with massless Ny < 4 flavors the instanton counting results
of [1] (after appropriate choice of gauge of mass parameters, cf., discussion above),
as first reported in [11, 13].

Similarly, using (3.14) as boundary conditions for the topological string expanded
near a conifold singularity of specific local Calabi-Yau geometries reproduces under
analytic continuation the refined free energy defined via the 5d instanton counting.
However, there is one important subtlety, which is usually not explicitly mentioned
in the literature. Namely, even for a simple Calabi-Yau like local P? or P! x P!, the
boundary conditions (3.14) alone are not sufficient to completely fix the holomorphic
ambiguity. The actual difference comes in at 1-loop. Generally, the 1-loop holomor-
phic ambiguity possesses not only a contribution from the conifold discriminant, but
also from the large volume divisor. For example, the 1-loop ambiguity a'V(8) of
refined local P? reads [16]

aV(B) = v OB)log A + «k(B)logz, (3.15)

with A parameterizing the conifold locus, i.e., A := (1 — 27z) and

2
k() = —-v(B) - 3 (3.16)
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Note that in contrast to W (8), we do not know how to infer « (8) from first princi-
ples. Rather « () has to be manually chosen appropriately to reproduce the desired
1-loop free energy model by model.

4 Refinement Versus Orbifolds

We observed in the previous section that refinement near a conifold point in moduli
space can be interpreted as a radius deformation of the ¢ = 1 string. The well-
known duality between integer radius deformations and orbifolding suggests that
at least locally and for integer §, refinement can also be given a more geometric
interpretation in terms of a Zg orbifold. Namely, one may view the refinement in the
B-model (for fixed integer 8) near a conifold point in moduli space effectively as a
replacement of the conifold singularity with an Ag singularity.

There is an apparent puzzle in this proposed orbifold interpretation. In the orbifold
case, we have only an anti-selfdual background, so how do the coefficients W (8) arise
then? Well, the answer is relatively simple. Under the Zg action, we do not have just
one, but 8 massless hypermultiplets contributing to the leading coefficient of (3.13).
This is reflected in the fact that we can decompose the above Schwinger integral
representation as (cf., [36])

-1
Feci(er, i 1) = D Femi(€r, —€13 ),

n=0

witht, := 1. —ne; — (€1 +¢€,) /2. Hence, the heart of the proposed orbifold interpreta-
tion for integer B lies in the fact that we can trade a single massless hypermultiplet in
the corresponding 2-background for 8 massless hypermultiplets in an anti-selfdual
background.

It is well known that the coefficients W®"=2)(1) correspond to the virtual Euler
characteristic of the moduli space of complex curves of genus n, and one might ask
for a similar interpretation for general 8. As observed in [37, 38], up to a shift the
coefficients for general 8 in fact match with the parameterized Euler characteristic
interpolating between the virtual Euler characteristic of the moduli space of real and
complex curves proposed in [39] (see also [40] for a more detailed discussion of this
correspondence). The ¢ = 1 string orbifold interpretation sketched above now allows
us to conjecture a geometric interpretation of this parameterized Euler characteristic
forinteger §. Namely, it should correspond to the virtual Euler characteristic of genus
n curves with a Zg action.

These local facts lead to the important question whether there exists as well a
purely geometric interpretation of the refined partition function at large volume.
That is, we should ask if there exists a target space X g such that the refined free
energy corresponds to the count of maps



462 D. Krefl and J. Walcher
@ — Xg. 4.1

Naively, one would suspect that X g corresponds to a free Zg orbifold of the original
Calabi-Yau X (for integer B). In particular, the only visible effect of such a free
orbifold on the level of the holomorphic anomaly equations would be a mere change
of boundary conditions, as we observed for refinement.

Indeed, one can find for specific models and values of 8 concrete proof that the
refined partition function is dual to the usual topological string on an orbifold of the
original geometry. The simplest example has been already given in [11], where it was
observed that the quotient of local P! x P! by its obvious Z, symmetry equals the
refined partition function on the original geometry at § = 2. A similar observation
can be made for orbifolding local P2 by its cyclic Z3 symmetry, which corresponds
to the refined partition function at 8 = 3 [17].

One should note that the a priori undetermined function «(8) leaves the free-
dom for different analytic continuations of the Zg symmetry of the conifold to large
volume. The necessity of such an ambiguity is intuitively clear, as there might ex-
ist at large volume differently acting symmetries, which still yield under analytic
continuation the same leading singular behavior at the conifold point. For instance,
there might be differently acting Z, orbifolds at large volume, which, due to the high
symmetry of the conifold, all possess the same coefficients W (2) (the massless
hypermultiplet does not care which symmetry it feels).

In general, however, it is far from clear how, if at all, the Zg symmetry of the
conifold point in moduli space translates to the large volume regime (i.e., is globally
preserved). In the above two examples, the correspondence between the refined
topological string for particular values of B to the usual topological string on a
different (orbifold) background could be argued to be a consequence of the large
global symmetry group, and therefore somewhat accidental. This still leaves open
the possibility for the existence of a new classical target space X 8> which could be
obtained for instance in the case of f integer as a suitable partial compactification
of an orbifold of the conifold.

S Wave-Function Interpretation

The special geometry relation (3.5) between the flat coordinate a and the magnetic
dual ap is identical to the relation between canonically conjugate variables (p, q)
of a classical integrable system. In particular, comparison with the Hamilton-Jacobi
equation H(q, %) = 0 shows that in this interpretation, the prepotential F© ()
should be identified with Hamilton’s principal function (or classical action) effecting
the canonical transformation to the action-angle variables.

Consider now the full perturbative partition function Z expanded as a series in g;,

as in (3.2). We have

Z=fla g pyes! " (5.1)



B-Model Approach to Instanton Counting 463

with f(a, g5, B) some regular series in gf. This expansion shows that the partition
function should be interpreted as a WKB-type wavefunction in a semi-classical ap-
proximation to a quantization of the original hamiltonian system.

In this context, it is important to keep in mind that quantization is intrinsically
ambiguous, i.e., in general on cannot associate a unique quantum operator H toaclas-
sical Hamiltonian H. This is most clearly apparent in the ordering ambiguities that
plague the lifting of functions of the phase-space coordinates to quantum-mechanical
operators. While the semi-classical terms are universal, the higher order terms in the
expansion (5.1) are sensitive to these ambiguities.

The holomorphic anomaly plays in interesting role in this so-called “wavefunc-
tion interpretation” of the topological partition function. In fact, as pointed out by
Witten [7], the holomorphic anomaly equation simply expresses the change of the
wavefunction under a change of polarization of the underlying classical system (i.e.,
the separation of the canonical coordinates into position and momentum variables).
Above, we considered a real polarization, but complex polarizations are natural
as well. In the sense of this wave-function interpretation, the topological partition
function Z is a representation of the true ground state for a particular choice of
polarization.

Witten’s original proposal was made for the partition function of topological
strings (for which the holomorphic anomaly was first discovered), but given the re-
sults of [8, 11] that we have reviewed above, the interpretation is very natural in the
context of gauge theory as well (cf., [41]). An interesting consequence of the fact
that the holomorphic anomaly equation is insensitive to the deformation parameter
B is that the refined partition function corresponds to a family of quantum states
with the same semi-classical expansion. On the other hand, it remains unclear how
to determine the additional conditions that would select the topological partition
function as the unique ground state of the system. To our knowledge, the wavefunc-
tion interpretation has not been successfully exploited for fixing the holomorphic
ambiguity.

Via the AGT conjecture (for which there is now substantial evidence, as reviewed
elsewhere in this volume), quantum Liouville theory provides an answer to the quanti-
zation problem that is in principle independent from the relation to topological strings,
and has the advantage of being algorithmic. Yet another approach to the quantization
problem are the so-called topological recursions of Eynard-Orantin [42]. A detailed
comparison between these various schemes remains an interesting avenue for further
research.

6 Outlook

We see two major open problems whose solution would constitute significant
progress. The first, more technical in nature, is the direct and explicit calculation
of the gauge theory partition function at strong coupling either via instanton count-
ing or CFT. The results reviewed here, specifically the holomorphic limit of the 7
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as fp = 0, tp — 0, provide a benchmark for such a calculation. A first indication
that the 2d-4d relation holds beyond weak coupling has been found at hand of an
explicit example recently in [25]. However, the general picture is far from clear. The
perhaps most closely related work from a CFT point of view is [43]. Ultimately, a
simple state like construction, as in [44], for the strongly coupled expansion would
be desirable.

The second major open problem is to obtain a better understanding of the defor-
mation parameter § in the topological string context. The core question is whether
the deformation really involves a new world-sheet theory (for instance, with a second
string coupling, in case the extra parameter is viewed as an infinitesimal coupling
constant), or whether it might be sufficient to view the S-degree of freedom entirely
as a geometric deformation of the target space of the usual topological string. In this
review, we somewhat focussed on the latter point of view.

Though we did not discuss them in this review, it has to be mentioned that there are
several explicit proposals in the literature [15, 27, 45, 46], supporting the possibility
for an actual world-sheet interpretation with two infinitesimal coupling constants. In
the mathematical formulation of the perturbative topological string (Gromov-Witten
theory), this might involve a sort of refined count of holomorphic maps [9, 27]

e x, (6.1)

with worldsheets X of genus g = g+ ¢», carrying an additional Z, valued decoration
of the handles.

Finally, another proposed interpretation involves replacing the B-model geometry
by a sort of “quantum geometry” ?q (encoding one of the parameters in a suitable
parameterization). In this approach the tree-level special geometry depends explicitly
on the extra parameter [16, 47]. This is analogous to the replacement of the spectral
curve with a “quantum” spectral curve in the S-deformed matrix models reviewed
in chapter [V:5], and the “quantization” of Seiberg-Witten theory outlined in chapter
[V:12].

One should note that the quantum geometry )7q is not directly related to the
wave-function interpretation of the partition function discussed in Sect.5 (at least
the precise relation is not known). While in the former we quantize the underlying
curve, in the latter we quantize the periods. In this sense we can understand the refined
topological string also as a double quantization. For ?q the ordinary special geometry
relation is lifted to a so-called quantum special geometry relation and the ordinary
periods to quantum periods (depending on the extra parameter). Quantizing similarly
as in Sect. 5 the quantum periods, will again lead to the holomorphic anomaly equa-
tion, now for the (double) quantum states.

While neither proposal is entirely convincing in the present form, a possible con-
nection between the two proposed target space deformations might even be more
tantalizing. Optimistically, it might indicate a new type of classical-quantum duality
relating the topological string on X g with that on Y. If in addition a refined topolog-
ical string exists, in the sense of a deformed world sheet theory, this duality would
extend to a triality. This, at least, is the inspiration that we take away.
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