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Preface

This book arose from my interest in disordered systems. It was known, for some
time, that disorder in a one-particle Hamiltonian usually leads to localized states in
one-dimensional chains. Anderson had argued that in higher-dimensional systems,
there may be regions of localized and extended states, separated by a mobility edge.
In 1979 and 1980, it became clear that this Anderson transition could be described
in terms of a nonlinear sigma model. Lothar Schifer and myself reduced the model
to one described by interacting matrices by means of the replica trick. Efetov,
Larkin, and Khmel’nitskii performed a similar calculation. They, however, started
from a description by means of anticommuting components. In 1982 Efetov showed
that a formulation without the replica trick was possible using supervectors and
supermatrices with equal number of commuting and anticommuting components.

I had the pleasure of giving many lectures and seminars on disordered systems
and critical systems, and also on fermionic systems, where Grassmann variables
play an essential role. Among them were seminars in the Sonderforschungsbereich
(collaborative research center) on stochastic mathematical models with mathemati-
cians and physicists and in the Graduiertenkolleg (research training group) on
physical systems with many degrees of freedom and seminars with Heinz Horner
and Christof Wetterich. In particular, I remember a seminar with Giinther Dosch on
Grassmann variables in statistical mechanics and field theory.

Some of the applications of Grassmann variables are presented in this volume.
The book is intended for physicists, who have a basic knowledge of linear algebra
and the analysis of commuting variables and of quantum mechanics. It is an
introductory book into the field of Grassmann variables and its applications in
statistical physics.

The algebra and analysis of Grassmann variables is presented in Part 1. The
mathematics of these variables is applied to a random matrix model, to path integrals
for fermions (in comparison to the path integrals for bosons) and to dimer models
and the Ising model in two dimensions.

Supermathematics, that is, the use of commuting and anticommuting variables
on an equal footing, is the subject of Part II. Supervectors and supermatri-
ces, which contain both commuting and Grassmann components, are introduced.

vii



viii Preface

In Chaps. 10-14, the basic formulae for such matrices and the generalization of
symmetric, real, unitary, and orthogonal matrices to supermatrices are introduced.
Chapters 15-17 contain a number of integral theorems and some additional
information on supermatrices. In many cases, the invariance of functions under
certain groups allows the reduction of the integrals to those where the same number
of commuting and anticommuting components is canceled.

In Part III, supersymmetric physical models are considered. Supersymmetry
appeared first in particle physics. If this symmetry exists, then bosons and fermions
exist with equal masses. So far, they have not been discovered. Thus, either this
symmetry does not exist or it is broken. The formal introduction of anticommuting
space-time components, however, can also be used in problems of statistical physics
and yields certain relations or allows the reduction of a disordered system in d
dimensions to a pure system in d — 2 dimensions. Since supersymmetry connects
states with equal energies, it has also found its way into quantum mechanics, where
pairs of Hamiltonians, QTQ and QQT, yield the same excitation spectrum. Such
models are considered in Chaps. 18-20.

In Chap.21, the representation of the random matrix model by the nonlinear
sigma model and the determination of the density of states and of the level
correlation are given. The diffusive model, that is, the tight-binding model with
random on-site and hopping matrix elements, is considered in Chap.22. These
models show collective excitations called diffusions and if time-reversal holds,
also cooperons. Chapter 23 discusses the mobility edge behavior and gives a short
account of the ten symmetry classes of disorder, of two-dimensional disordered
models, and of superbosonization.

I acknowledge useful comments by Alexander Mirlin, Manfred Salmhofer,
Michael Schmidt, Dieter Vollhardt, Hans-Arwed Weidenmiiller, Kay Wiese, and
Martin Zirnbauer. Viraf Mehta kindly made some improvements to the wording.

Heidelberg, Germany Franz Wegner
September 2015
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Part I
Grassmann Variables and Applications

The mathematics of Grassmann variables is introduced in this first Part. After an
introduction (Chap. 1) Grassmann algebra (Chap. 2), Grassmann analysis (Chaps. 3
and 5) and conjugation (Chap. 6) are developed. An introduction to exterior algebra
is given in Sects. 2.2 and 3.4.

Products of Grassmann variables anticommute in contrast to c-numbers, whose
products commute. In many cases we compare the properties of these Grassmann
variables with those of c-numbers, but we will not combine them, in this part, into
what is called supermathematics. This will be done in Parts two and three.

One of the most important applications of Grassmann variables are path integrals
for fermions (Chap. 7), which are considered together with path integrals for bosons.
Another application is the determination of the number of dimer configurations on
two-dimensional lattices (Chap. 8), and the solution of the two-dimensional Ising
model (Chap. 9). This part also includes a first application to the random matrix
problem (Chap. 4). The various applications can be read independently.



Chapter 1
Introduction

Abstract A short introduction into the history and the present use of supermathe-
matics is given.

1.1 History

A short historic introduction is given to Grassmann, the inventor of anticommuting
variables, and to Berezin, who introduced the analysis of Grassmann variables and
applications in physics.

Hermann Giinther Grassmann (Stettin 1809—Stettin 1877), a high school teacher
in Stettin, presented in his book [99], in 1844 Lineare Ausdehnungslehre (Theory of
Linear Extension), an algebraic theory of extended quantities, where he introduced
what is now known as the wedge or exterior product. Saint-Venant published
similar ideas of exterior calculus, in 1845, for which he claimed priority over
Grassmann. Grassmann’s work contained important developments in linear algebra,
in particular the notion of linear independence. He advocated that once geometry
is put into algebraic form, the number three has no privileged role as the number
of spatial dimensions; the number of possible dimensions is in fact unbounded. It
was, however, a revolutionary text, too far ahead of its time to be appreciated and
too difficult to read. Grassmann submitted it as a Ph.D. thesis, but Modbius said
he was unable to evaluate it and sent it to Ernst Kummer, who rejected it without
giving it a careful reading. Thus, Grassmann never obtained a university position.
Appreciation for his work started only with William Rowan Hamilton (1853) and
Hermann Hankel (1866). In addition to his mathematical works, Grassmann was
also a linguist. Among his works his dictionary and his translation of the Rigveda
(still in print) were most revered among linguists. He devised a sound law of Indo-
European languages, named Grassmann’s aspiration law (Also, there is another law
by Grassmann concerning the mixing of color). These philological accomplishments
were honored during his lifetime; in 1876 he received an honorary doctorate from
the University of Tiibingen. The laudatio mentions both his mathematical and
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linguistic excellence.! Grassmann’s biography can be found in the books by Petsche
[209, 210].

Just as we know Grassmann as the creator of what we call today Grassmann
variables, Felix Alexandrowich Berezin (Moscow 1931-Kolyma region 1980) is
the founder of supermathematics. His most important accomplishments were what
we now call the Berezin integral over anticommuting Grassmann variables and the
closely related construction of the Berezinian: the generalization of the Jacobian. In
fact the integral over a Grassmann variable is actually its derivative. This might have,
at first glance looked useless, but it turned out to be very fruitful. His main works
besides many published articles, are his books on the application of Grassmann
variables to fermionic fields ‘The Method of Second Quantization’ [24] 1966 and
the book ‘Introduction to Superanalysis’ [25], which due to his untimely death
collects his papers on this subject and supplementary papers by colleagues. Perhaps
the first authors to use Grassmann variables for fermions were Candlin [44], who
introduced coherent fermionic states as early as 1956, and J.L.. Martin [174, 175],
who considered the fermionic oscillator in 1959.

1.2 Applications

A short account of the use of Grassmann variables and of supersymmetric ideas is
given.

So what can be done with Grassmann variables? First, they can be used to
describe fermionic systems: The classical limit of bosonic fields are complex fields.
Bosonic creation operators commute with each other as do bosonic annihilation
operators. In contrast fermionic creation and annihilation operators anticommute
among themselves. Thus, the classical analogue are numbers, which anticommute.
Indeed, path integrals for fermions can be expressed in terms of Grassmann
variables just as path integrals for bosons are expressed in terms of complex
variables.

Another interesting application is in two-dimensional lattice models. Both, dimer
problems and the two-dimensional Ising model can be elegantly formulated by
integrals over Grassmann variables.

Unlike for integrals over Gauss functions of real and complex numbers typically
yielding the inverse of the determinant of the coefficient matrix of the quadratic
form in the exponent or its square root, it is precisely the opposite for integrals over

!"The original Latin text can be found in [209, 210, 223] “qui raro hac aetate exemplo mathematicae
peritiam coniunxit cum scientia rerum philologicarum et in utroque studiorum genere scriptor
extitit clarissimus maxime vero acutissima vedicorum carminum interpretatione nomen suum
reddidit illustrissimum”, a tentative English translation would be “who, what is rare in this time,
brings together exemplary knowledge in mathematics and in linguistic and excels in both sciences
as brilliant author, made himself the most famous name by his perceptive translation of the
Rig-Veda hymns.”
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Gauss functions of Grassmann variables: here one obtains the determinant of the
coefficient matrix or its square root. Thus, if one introduces both types of variables,
the determinants cancel, which is very useful, if the integral over the Gaussians
constitutes something similar to a partition function. An example of this for random
matrices is given in Chap. 4. Specifically we will study the random-matrix problem
and particles in random potentials in greater detail in Part II1.

Grassmann variables have properties quite opposite to real and complex numbers.
They are a kind of antipodes to complex numbers; unfortunately these antipodes
are rather degenerate, since their variety of functions is much less than that of
commuting variables: a function of one Grassmann variable can only be linear.
Therefore they cannot be used for all problems of disorder. Nevertheless they have
a large field of applications.
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Chapter 2
Grassmann Algebra

Abstract The elements of the Grassmann algebra, and the operations addition and
multiplication are defined. Distinction is made between even and odd elements. A
few remarks on exterior algebra then follow.

2.1 Elements of the Algebra

The elements of the algebra, addition and multiplication are defined.

The use of Grassmann variables in the context of physical problems and an
introduction to these variables can be found for example in the books by Zinn-Justin
[297] and by Efetov [65]. From the more mathematical side the books by Berezin
[25] and by de Witt [55] are recommended.

To begin with, we have a basis of r vectors {;, i = 1,...r. This basis is then
enlarged by the introduction of products of the vectors ¢;. This product obeys the
associative law and the law of anticommutativity,

GG = =4t 2.1

which implies ¢? = 0. Including the empty product, one obtains 2" basis elements

1
C,’ i=1...r
§itj =48 i< (2.2)
GGy L
The elements of the algebra are then the linear combinations of these 2" basis vectors
a=d"+3 a5+ > altg+ ... (2.3)
i i<j

where the coefficients a
given in (2.3) by 7.

SIW.L.).Z‘W are complex numbers. We denote the set of elements a
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8 2 Grassmann Algebra

Addition is defined as is usual in vector spaces: the coefficients with equal indices
m, iy, ...I, are added. Thus, addition is commutative and associative,

a+b=b+a, (@+b)+c=a+b+c)=a+b+c. 2.4)

Multiplication of the monomials

a=aY 0.0, (2.5)
b=0b"¢0,...8 (2.6)

yields
ab=a®p¢ ¢, . 88, G 2.7)

If at least one factor {; agrees with one factor {;, then ab vanishes. Multiplication of
polynomials, like (2.3), follows from the requirement that the law of distributivity
holds,

(a+b)c=ac+bc, alb+c)=ab+ ac. (2.8)
Then it is easy to show that multiplication is associative,

(ab)c = a(bc) = abc. 2.9)

Example 2.1.1 a = 53, b = 3{,{3 yield ab = 15028183 = —15818085.

Example 2.1.2 a = 30,83 + 50, yields a> = (38183 + 55)(3018 + 58) =
981838183 + 15818382 + 15828183 + 25828 = 9-0— 15818283 — 15818283 +25-0 =
—30¢18285.

2.2 Even and Odd Elements, Graded Algebra

Even and odd elements and their algebraic properties are defined.
Let us introduce the linear parity operator &2,

2 = -t (2.10)

This operator multiplies a monomial of order & in the Grassmann variables by (—)*.
Thus a in (2.5) and b in (2.6) obey

P(a) = (—)a, 2Ob) = (). (2.11)
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For the monomials a, b in (2.5), (2.6) one obtains
ab = (—)“ba. (2.12)
A product of an even (odd) number of factors of ¢ and their linear combinations are

called even (odd) elements of the algebra. Each element, a € <7, can be decomposed
uniquely in a sum of an even and an odd element, &/ = o) @ .,

a=ay+a, a €, (2.13)
ao=a"+ 3 altG+ Y anibud + ..., (2.14)
i<j i<j<k<l
ar =Y a’ti+ > aQtll+ ... (2.15)
i i<j<k

This decomposition into even and odd elements is the reason that this algebra
is called a graded algebra. Generally, a graded algebra has the property that all
elements can be decomposed into elements of degree v,

a:Zav, a, € a,. (2.16)

Sums of elements in .27, belong to .7,. Products of elements in <7, and 7, belong
to 4.
The following expressions, from (2.14), (2.15), belong to 2% and 7}

ao + by, aobo = boap, aiby = —bia; € A, (2.17)

a; + by, aoby = biayg, a1by = boa; € . (2.18)

This grading is a Z,-grading, since the degree v assumes only the values O and 1,
and calculation is modulo 2.

In the following, we will mainly deal with elements a, which are either even

(a € o) or odd (a € @) (Problem 2.3 is an exception). The degree of an element
a will often be denoted by v(a). Thus (2.12) may be rewritten as

ba = (=)@ ®gp, (2.19)

One observes that ¢> = 0 for all a € 7.
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2.3 Body and Soul, Functions

Body (ordinary part) and soul (nilpotent part) are introduced.
The contribution a”) from a in (2.3) is called the body (ordinary part) of a

a® = orda, (2.20)
with everything else being the soul (nilpotent part) of a
nila = a — a2, (2.21)
since, as one sees immediately
(nila)!' = 0. (2.22)

Actually, one has already (nila)” = 0 for 2p > r + 1.
If f : o/ — <7 is a function, which can be differentiated sufficiently often, then
f(a) can be defined by its Taylor expansion

f(a) = @) + £ (@®)nila + %f”(a(o))(nil a?+... (2.23)

Due to (2.22) the expansion only has a finite number of terms.

The generalization to functions of several variables constitutes no problem if
the variables are even, since these variables and their nilpotent parts commute.
Functions of even and odd variables can always be represented as polynomials in
the odd variables, where the coefficients are functions of the even variables.

2.4 Exterior Algebra I

A short excursion (first part) to exterior algebra is given.
From

a(@) = ai8y + axlo + azls, b)) = b1y + balo + b3l (2.24)

and similarly for ¢, one obtains the exterior products

(ab)(§) = (a1br — axb1)8182 + (ashs — azbr) 283 + (azsby — a1b3) 38y,

a) bl C1
(abe)(§) = |az by 2| $15285. (2.25)
as b3 Cc3
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Usually the elements of the exterior algebra refer to some vectors or antisymmetric
tensors in an n-dimensional space. The examples in (2.24) are 1-vectors with the
products (ab) and (abc) being 2-vector and 3-vector, respectively.

Exterior algebra uses a grading different from that introduced in Sect. 2.2. Linear
combinations of the monomials in (2.5) with fixed k are k-vectors. This set of k-
vectors is denoted by &;. The grading decomposes the elements into the sets & for
k = 0...n. Thus the vectors a and b in (2.5), (2.6) are k- and /-vectors, respectively.
Generally, the product ab of a € &;, b € & is a k + I-product ab € &4.

Often the basis vectors e; are used instead of £;. To indicate that the product is
anticommutative one may use a wedge, A, as the sign for multiplication and the
product is called the wedge product, for example

a(e) = aie; + axe; + ase;, (2.26)

(ab)(e) = (aiby — azbi1)e; A ey + (ar2bz — azbr)es A es + (azby —aibs)es Ae.

Obviously the coefficients of the product ab are the coeffients of the cross product
a x b. The coefficient of 1,3 in the product abc is the triple product of the three
vectorsa, b, c,ifa = Zi a;e; with the orthonormal vectors e; (similarly for b and c).

Quite generally, such products are called wedge products and the algebra is called
an exterior algebra. Such ideas in general dimensions were the basis of Grassmann’s
extension calculus.

Problems

2.1 Calculate

3 4
O > &)’ aije . & e

i=1 j=i+1

2.2 Solve x> = a? + 2§& forx witha € C, £,& € 9. Is there a solution for
a=0?

2.3 Solve x? = £ £§; for x with & € .o7). The result shall depend only on the
Grassmannians &, = 1..3.

2.4 Substitute x = z + ali + & + clib, x,z,¢c € H, o, € o in
g%, 81,8) = go(@) + g1@DV161 + 82228 + 81220182, Vi € A, 8.(2) € A
and determine f(z, {1, §2) = g(x, {1, §2) in the form f(z, §1, &) = fy(2) + fi(D)61 +
@) + fi2(2)18.

2.5 Calculate A™! from A = ag + &n1 + &m0y + a€1E2n102, ap € C, ag # 0,
ay € ), §,n; € .
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Chapter 3
Grassmann Analysis

Abstract Differentiation and integration of Grassmann variables are introduced.
Application is made to Gauss integrals. A second part to exterior algebra follows.

3.1 Differentiation

The operation of differentiation of Grassmann variables is introduced.
A function, f, depending on { € ¢/ is linear in ¢,

JQ=fO)+8i=fO0)+£L fr =2, (3.1

where f(0), /- and f; do not depend on ¢ (The parity operator & was defined in
Sect. 2.2). The left and right derivatives are defined by

d
Ef:ﬁ’ df/d¢ =f. (3.2)
The differential reads
d
df (@) = déd—gf =df/d¢ -d¢. (3.3)

Example 3.1.1 One obtains with {, a € &7

d d
d—§§=1, df/d¢=1, d_g“(a;):_a’ d(@f)/dl = a.

Grassmann variables and differentials anticommute

dgi g = —¢dd. (3.4
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In the following we will use both the left and right derivatives. According to (3.1)
they can differ in sign. When using the literature, one should always check sign
conventions.

The product rule reads

d d d
%(fg) = (8_§f)g + gZ(f)%g, (3.5)
d(fg)/ ¢ = of /0P (g) + fag/dg. (3.6)

Multiple derivatives with respect to odd variables, ¢ € <7 anticommute

Jd 0 Jd 0
= f 3.7
6 = g ©D

From (2.10), (3.7), and the definition of a%’ with it acting to the right, one has

Jd 0 Jd 0 0 0
&8+ 86 =0, %0 + 990, =0, 8_§kél + §18_§k = k. (3.8)

Thus ¢ and a% constitute a Clifford algebra.'
The derivative of a function f(z, {) with respect to an even variable z € 4 is
obtained by differentiating the components of the products of the s to z,

IH @) +/(@)E _ df(2) n dfi(z)

0z dz dz ¢ (39

There is no distinction between the right and left derivative with respect to even
variables z € 4. The conventional product rule applies

afg) _ of dg
Mol L 2. 1
0z 8zg + 0z (3.10)
The derivatives with respect to ¢ € 7] and z € o commute,
0 d d 0
— _f=___f 3.11
0z a;f ac 3zf 10

!'A Clifford algebra is an associative algebra on the basis of elements 7; and their products obeying
nin; + njni = uy; with C-numbers u; = u;.
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3.2 Integration

The integral with respect to Grassmann variables is introduced. It is equivalent to
differentiation.

There is not really a range of values defined for Grassmann variables. Never-
theless, Berezin introduced the concept of an integral ‘over the whole range of
values’ of a Grassmannian. Translational invariance is required for the integral over
a Grassmannian,

[aw© = [agcra. tocqs G.12)
in analogy to
/oo dxf(x) = /oo dxf(x +a), =x,a¢€ . (3.13)

Equation (3.12) with f(¢) = ¢ yields

/ dta =0, (3.14)

Thus, one puts

/d§ =0, /d;;: 1, (3.15)

where the last integral is arbitrarily normalized to 1.> Thus, integration with the
differential d ¢ to the left of the function coincides with left differentiation, i.e.

d
/ 4L = 350 (3.16)

Since a%f (¢) does not depend on ¢, one obtains

9
/diif(i) =0, (3.17)

2This agrees with the definitions of Zinn-Justin [297] and Salmhofer [227]. Berezin [25] and Efetov
[65] use the opposite sign, which is related to the minus sign in (3.20). Sometimes other values are
attributed to this integral.
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which is analogous for a function f(x), if f(x = c0) = f(x - —o0) = 0,

/oo a0y (3.18)

0 dx

Similarly, one introduces integration with the differential d { to the right of the
function. Since for f € o7, and { € 27 one obtains

d
/ 4@ = 320 = (Y @)/ = (- / F@)L. (3.19)

and

/ FOAL = —3()/aL. (3.20)

Note the minus sign.

Example 3.2.1 Compare with Example 3.1.1.

[ase=1. [er—-1 [ate)=-a [@at=-a

With (3.6), one obtains for partial integration

d d
/ AL et = - / AL O) 2 (0

/ A ()/9 P (D)L = — / F©)d()/0¢. (3.21)

Since derivatives anticommute, the same applies to differentials

dfd & = —d§d . (3.22)

3.3 Gauss Integrals I

Gauss integrals, that is, integrals over the exponential of a quadratic form of
Grassmann variables, yield the determinant of the coefficient matrix. In contrast
Gauss integrals over complex numbers yield the inverse of the determinant of the
coefficient matrix.

Gauss integrals play an important role in applications of Grassmann variables
and we will come back to them several times. Here, integrals over 2r Grassmann
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variables &1, ...&.,11,...n, € & are considered,

== / [Tamds eXP(Z Eaum), (3.23)
k=1

kl=1

with elements ay; € 2% which do not depend on the variables & and 7, over which
the integral is performed. The exponential function can be represented by a Taylor
expansion. For r = 1, one obtains

/dmd&(l + &lanm) = /dmanm =aj. (3.24)

For larger r, we proceed recursively by integrating first over &

I_ :/l_[(dnkdég-k)dnl Zalmnmexp( Z gkakml). (325)
k=2 m=1

k=2,I1=1

Next the integral over 7, is performed,

r m—1 r
=Y ()" am / [Tdmdér) [] @mdédesp( Y &awm).
m=1 k=1 k=m+1 k1, I#m
(3.26)

The factor (=)™~ is due to the rearrangement of the differentials d £ und d , since
d n,,d &41d nr = —d nid E41d 1y, has been used for k = m — 1 down to 1 in order
to obtain d n,, to the right of the other differentials. From (3.26), one sees that the
integral I_ is a sum of r terms of the form (—)"'ay,, times an integral of the same
form depending on the (r — 1) x (r — 1) matrix that is obtained from a by cancelling
the first line and the mth column. This is the recursion formula for determinants.
Since the integral for r = 1, i.e. (3.24), yields the determinant of the 1 x 1 matrix,
the integral evaluates to the determinant of the matrix a,

1= [ TTmdgo ey siaum) = det (3.27)
k=1 kI=1
If we reverse the sign of a and exchange the sequence of d n and d &, then

/ [ J(d&dme) exp(— Z Ecaymy) = det(a). (3.28)
k=1

kI=1
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In comparison the integral of the exponential function over the complex numbers x
yields

r,r

I = /[Dx] exp(— Z Xpapx;) =

k=1

1

@ (3.29)

with

L dNndS
D] = [ =, (3.30)
k=1 T

where x* denotes the complex conjugate of x. Both real and imaginary part of x;
run from —oo to +o0o. The integral exists if the real part of all eigenvalues of a
are positive. For the integration with complex numbers we use pairs of complex
conjugate ones. One can do something similar for Grassmann variables, but is
not forced to. The essential difference between Gauss integrals over Grassmann
variables and over complex variables, is that in one case one obtains the determinant,
in the other its inverse. Just as in the present case, the use of Grassmann variables
frequently yields the inverse of the result obtained with complex variables.
Let us add linear terms in the exponent with u, v € 2%,

r,r

L) = [Dalexpt= Y afaw + 3 (n+ uo)

kI=1 k

/[D xexp(—(x" —ufa ™ Ha(x —a ") + ufav)

1
_ tg
= deta) exp(u'a”'v). (3.31)

See Problem 3.6.

Here, and later on, we determine expectation values, in particular, moments for
Gaussian densities, d p. We generalize the notion density, insofar as we do not
require the densities to be positive, only to be normalized,

/dp = 1. (3.32)

The expectation value of A is defined by

(A) = / dpA. (3.33)
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Here the density is given by
d p = det(a)[D x] exp(—x"ax), (3.34)

where x is a column vector and x' its hermitian adjoint row vector. Second moments
are obtained from

% . / Dy xy exp(—xlan) = (@ gy s, (339)
which yields
(xgx¥) = (a™Ngp (3.36)
and
(exp(ux 4+ xTv)) = exp(u’ (xx")v). (3.37)

Note: (xx") is an (r x r)-matrix. Generally, any derivative of I+ (u*, v) with respect
to v, yields a factor x[’f under the integral and a derivative with respect to u;" yields
a factor x, under the integral. Thus, one obtains

d 0
(A(x,x™)) = A(W’ %) exp(u’ (xx")v)u=p=0. (3.38)
For higher moments one obtains
('x: x W1 ""xju> = Z 1_[ lk'x]P(k) Perk,z((xit??n)), (3.39)
P k=1

where P runs over all permutations of the indices k of j. We denote the permanent
as per. The permanent differs from the determinant insofar as it does not contain the
sign factors associated to the permutation. It does not have as interesting properties
as the determinant.

Equation (3.39) is obtained from (3.38) by first taking the n derivatives to v;,

l—[ 9 exp(u’ (xx)v) = l—[ uT(xe) exp(u’ (xx")v). (3.40)
k=1 dvi, k=1

Then one sets v = 0, so that the exponential becomes one. The derivatives with
respect to u * yield the terms in (3.39). If the number of factors x* differs from the
number of factors x, then the expectation value vanishes.
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Similarly, one finds for I_ with o, 8 € <7

r@p) = [ []eadmen- Y saum+ 3 (o + uno)
k=1

k=1 k
— [ TT@mexp—(s = Baatr - a™'o) + o)
k=1

= det(a) exp(Ba ') (3.41)

provided ord (det(a)) # 0. The transpose of the column array & is denoted by %,
and similar for other arrays. Then

P (e B/ 00 3B,)|,_yy = / [](@&dnongé, exp(~Ean)
k=1

= (a ")y, det(a). (3.42)
Thus, for the Gaussian density
dp = det(a)™" [ J(d&d n) exp(~ Ean). (3.43)
we obtain the averages
(146p) = (@ g, (exp(§a + Br)) = exp(B(n§)x). (3.44)
Similarly, as for (3.38), one obtains
(A D) = A= ) exp(B(n €)a) o (3.4
da 0P
For higher moments, one obtains
(& - mi§1,) = ;(—)Pklj[l<mk§,~m> = det(m&), (3.46)

where P runs over all permutations of the indices k of j. Equation (3.46) is obtained
from (3.45) similarly as (3.39) from (3.38). The derivatives with respect to v and u™*
are replaced by those to « and B. Since we deal with Grassmann variables, we have
to take care of the signs. Applying the derivatives in the sequence of the factors n and
& on the Lh. side of (3.46) then the factors (n;,£;,) appear in this order, which yields
the correct sign (—)” = 1 for the identity. The other contributions are obtained by
permutations of £ and correspondingly by the derivatives —d/do. One obtains the
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factor (—) in (3.46), since they anticommute. If the number of factors 1 differs
from the number of factors &, then the expectation value vanishes.

3.4 Exterior Algebra II

We continue the treatment of Sect. 2.4 on exterior algebra. We introduce the Hodge
dual and the inner product, the exterior and the interior differentials, and the
Laplace-de Rham operator. Finally, Maxwell’s equations are expressed in terms of
differential forms.

Hodge Dual Continuing the considerations on exterior algebra we first introduce
the Hodge dual or Hodge star operation

*a(n) = sux / dglde?...d¢"exp (ng"é") a(Q), g==%l. (347

i=1

The star operation transforms k-vectors into n — k-vectors, i.e. a € & > *a €
&,—k, where n is the dimension of the basis £ and 7, respectively. The factors g;
indicate the metric. We do not consider a general metric as e.g. necessary in general
relativity, compare [188, 253], but will apply it below to Maxwell’s equations in
special relativity in the flat Minkowski space. Then factors g; = 41 are sufficient.
One defines the sign s, so that

a@Q) =¢8> xaQ) = gl gl gl (3.48)
Then
Sne = (—)FTH2U2) (3.49)
and
a®) =Y @it 52 /K (3.50)

i1...0k

*a(f) = Z Giv s it o in iy, § - £, C/ (KN (n = K)) (3.51)

i1...Ip
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A different way to introduce the Hodge dual is to express it by means of
derivatives,

_ d \ i

xa(§) = ()" 1)/261(%)@(5), =gt & ¢=[]a 352
: i=1

The sign corresponds to the inversion of the order of the derivatives,

Eikghor g1 = (—)RED2gh g gl (3.53)

Examples for the Hodge dual are the products in (2.25). They yield, with
Euclidean metric g; = 1,
% (a Ab)(n) = (a1by — azb)n’ + (azbs — azby)n' + (asby — arb3)n’.

a; by ¢
*(a AbA C)(?]) =|ay by cy|. (3.54)
az bz c3

Double application of the Hodge dual maps the vector (maybe apart from the sign)
into itself

* kd = Sn,ksn,n—k(_)n(n_l)/zga = g(_)k(n—k)a' (355)

Inner Product The inner product of a € &; with b € & is defined by
0
ac
= > ai.i8 - 8ibin. il (KI(I—R)Y)

i1,...0]

= (0)" Nk (a A xb)(0) € & (3.56)

(@-b)(@) = ()" a({giz=b(?)

with totally antisymmetrized a;, .. ; as in (3.50), similarly for b;, ;. If k = [, then

(a : b)(é.) = Z Aiy,..ix 8iy - - - gikbil,...ik/k! = Z Aiy,..ix8iy - - - gikbil,...ik € é?)
i1...0 i1<...<lg
(3.57)

Differential Forms Let us assume that a depends on coordinates x in an
n-dimensional space. We introduce differential k-forms on the basis d x,

a(dx) = a;, 4, (0)dx"dx2 .. dx*/k!, (3.58)
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where now the differentials d x' are anticommuting and a._is totally antisymmetric.
The exterior derivative is defined by

d:= Z %dxi, (3.59)
which yields
da(dx) = aj, 4. i ()dx'dxTdx? ... dx*/k! € &1,
iy . it (X) = W (3.60)
The interior derivative is defined by
=3 %g% (3.61)

and thus acts as an inner product,

Sa(dx) =Y aiy vy ®dx" . dx*/(k— 1)1 = g(=) "D xd x a(dx).

1.0k

(3.62)
The squares of d and of § vanish,
d>=0, §*=0. (3.63)
The Laplace-de Rham operator is given by
2 &
O:=(d+6) " =ds+68d = i—, (3.64)
) Z e

which is easily deduced from (3.59), (3.61), (3.63). Applied on a k-form one finds
xd = (=)*6x, 8= (-)""'d x. (3.65)

Examples In n = 3 dimensions with Cartesian coordinates (g; = 1) one obtains
for a scalar, a, the gradient grad a,

da= a;ld)cl + a;zd)c2 + a;3dx3 = gradadux. (3.66)
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and 8a = 0. For a vector, a = a;d x, one obtains the curl and the divergence

da = (az1 —a1p)dx'dx® + (a3 — ax3)dx*dx’ + (a1;3 — az;)dx’d ',
*da = (a1 — a1)d X + (a3 — az3)dx' + (a1 — az;)dx® = curlady,
xa = a;dxdx> + apdPdx' + azdx'd x>,
dxa=(ar; +ap+ a3;3)dxldx2dx3,

8a = *xd xa = ay; + a2 + a3 = diva. (3.67)
Thus,

div grad a, a € &,

Oa=Aa=(d§+6d)a=
a @ =(dd+8d)a graddiva + curlcurla, a € &).

(3.68)

Maxwell’s Equations for Electrodynamics We choose the Minkowski metric
gi=(1,—-1,—-1,—-1) with i = 0, ..3 where i = 0 indicates the time coordinate and
i = 1,2, 3 the space coordinates, with x' = (¢, x). We set light velocity ¢ = 1. From
the potential A; = (—®, A), thatis Ao = —@ and the three components Ay, ... A3z of
the vector potential,

A=) Adx (3.69)

one obtains the electromagnetic field tensor

F=dA =) Fdxdx/2 (3.70)
with
Fij=Aj;—Aij, Foj=—E;, Fin=Bs,... (3.71)
Obviously
dF=d’A=0 (3.72)

which yields the homogeneous Maxwell equations

JB
divB =0, curlE+ T 0. (3.73)
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The inhomogeneous Maxwell equations connect the fields to the charge density and
current density j; = (—p,j),

SF=j:=) jdx'. (3.74)
Equivalently
IE
divE = p, curlB — T =]J. (3.75)

Conservation of charge is obtained from the equation of continuity
2 . 3,0 ..
8F=O=5/=5+d1v1. (3.76)
The gauge transformation reads

A—>A+dA (3.77)

with some scalar A. It leaves the tensor F unchanged, since F — F + d?A =F.If
one chooses the Lorenz gauge §A = 0, then one obtains

32
0A = (ﬁ — A)A = (d8+ 8d)A = 8dA = 6F =j. (3.78)

Generalized Stokes’ Theorem Stokes’ theorem can be written in the general form

/ dA = / A (3.79)
2 92

with A € &. The integral on the Lh.s. runs over the / 4+ 1-dimensional volume £2,
and the integral on the r.h.s. over the /-dimensional boundary, 952, of this volume.
If [ + 1 = n, then the Lh.s. yields immediately

Bal i . i . ) .
/ Z el g g xtd X L. dat = E iy iy 7dXTd X2 d X,
FYe) <

(3.80)

where (for a convex volume) x. and x_ are the upper and lower limit of x;,
respectively, for given x!, x2, ... x". For a non-convex volume there may be several
x> and x.. Their contributions have to be summed. The sums in (3.80) run over i
andil <i2 <... <i1.
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If I + 1 < n, one parametrizes x' = x'(y',y?,...y"*1). Then

Sar i
daj ..oy = Z aiy, 2,...,d 3
3(x” xlz ”)
A,y .. y) dy”

The sum in the second equation runs over the [+ 1 contributions r; < rp, < ... <71
Hence the integral can be rewritten

dx'dx...dx" = Z tdy?...dy". (3.81)

ad o(xt, x2, ... xi) oy .
/Qza—yr(a,”z’”m) dy dyldyzdyl (382)
The derivatives - W gg ; do not contribute since the double derivatives a}?ayk appear

pairwise for r # r; and cancel, whereas d y"d y"* vanishes for r = r;. Then the
Yy -integration can be performed, finally yielding

/ > i iqdxtdx® L dx (3.83)
82

Note that the generalized Stokes’ theorem does not use any metric.

Why dx?dx! = —dx'dx?? Express the area A of a planar two-dimensional region
by an integral over the boundary and use, for simplicity’s sake x! = x and x> = y.
We may write

A=/1dxdy=/(x>(y)—x<(y))dy=¢ xdy
counter—clockw.

= / Idydx = /(y>(x) —y<(x))dx = ¢ ydx, (3.84)
clockwise

where in one case one has to circle the boundary counter-clockwise, and in the other
case in a clockwise direction. Thus one obtains the same orientation for the integral
along the boundary with the choice dydx = —dxd y.

Integration is always performed by starting with the integration over the leftmost
dx. The sign of the contributions of the boundary integral is given by the orientation
of the normal pointing outward, multiplied by the following / differentials dx
compared to the product of the / 4+ 1 differentials dx in the integral over the
volume §2.
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Problems

3.1 Let

f=f0)+Y alb. ai€d. bied,

where f(0), a;, b; do not depend on ¢. Determine a%f and df/d¢. Check the last
Eq.(3.1).

3.2 Calculate [d&(§ — n)f(§) for £&,n € 7. Thus what is the meaning of the
function (¢ — n)?

: ior : : o0 iax —
3.3 Calculate the integral [ dée § with o, £ € 7. Compare with f_oo e™dx =
278 (a) for a,x € .

3.4 Show the product rule, i.e. (3.6).

3.5 Expand the exponential function in (3.23) in the Grassmann variables for r = 2
and perform the integration.

3.6 Show that for x, a,u, v € C, Ra > 0, the relation
/ exp(—(x* — u®)a(x — v))d Rxd Jx = / exp(—x*ax)d Nxd Ix

holds. Hint: Separate x in its real and imaginary part.

3.7 Determine *w to w of (3.52) and *1.
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Chapter 4
Disordered Systems

Abstract The replica trick is a general tool to perform averages for quenched
disordered systems. It is mathematically not exact, however. In contrast, exact cal-
culations for quantum-mechanical particles in a random potential can be performed
by simultaneous use of complex and anticommuting variables. A first application is
the derivation of Wigner’s semi-circle law for the density of states of the Gaussian
unitary ensemble.

4.1 Introduction

The concept of quenched and annealed disorder is introduced.

Many solids are disordered. Periodic arrangements of atoms, as in crystals, are
rare and even if the atoms are arranged in a periodic lattice, then it is likely that
there exist more or less numerous defects. Thus, one is led to consider disordered
systems with parameters characterizing the disorder.

Disordered systems are called quenched if these parameters are fixed and do not
evolve with time. A quench refers to a rapid cooling, which prohibits the system to
reach its equilibrium state. In contrast, if the disorder evolves in time, the system is
called annealed.

Statistical averages for such systems are obtained by averaging over the disorder.
In order to obtain the expectation value of an observable A one has to evaluate

(A) = tr (Ae=PH)/ tr (e—PH), 4.1)

where the overline denotes the average over the disorder in the Hamiltonian and (A)
denotes the average over the density e ## /Z(H). The main obstacle in averaging
the disorder is that the disorder appears both in the numerator and the denominator
of (4.1).

There are several ways to overcome this difficulty. For free particles in a random
potential, the use of superfields is possible and gives the correct result. In many other
cases this is not possible. For such cases, often the replica trick is used. However,
that trick does not always yield the correct result [262].
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4.2 Replica Trick

The replica trick, which is often used to determine expectation values for disordered
systems, is explained.

The replica trick [53, 63] will be presented here. The basic idea is to introduce
n replicas of the original system and to determine the result for general n. One
then has the nth power of the partition function in the denominator. The trick is the
extrapolation to n = 0. The denominator then degenerates to unity and it is sufficient
to average e #¥ in the numerator. There are two variants of the replica trick.

4.2.1 First Variant

One averages the disorder of the free energy. One starts from

7Z"—1
InZ = lim . “4.2)

n—0 n

One determines the average of Z" for n € N and uses the expression for n € R to
extrapolate to n = 0. Then the averaged free energy is given by

= — zZr—1
F = —kgTInZ = —kgT lim . (4.3)

n—0 n

An average over some quantity, A(S), can be obtained from

_ ——— dInZ@) . dzr
ZWJ) =t BHAIAS)) - (A(S)) = ———~ = lim .
“ T ). A®) dJ n1—>0 ndJ

4.4)

4.2.2 Second Variant

Here we really introduce replicas. For a given variable, S, one introduces n replicas,
Sy, where o runs from 1 to n. The average of A(S) for a particular realization of the
disorder is

JDSDSa] .. [DS,JA(Sy)e PO+ 115

(A(S)) = (AGS) = -

(4.5)

where Z is the partition function of one of the replicas. Since in general it is difficult
to average this expression over the disorder, one averages the numerator for general
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n € N and finally extrapolates to n = 0,

(A(S)) = [ [DSI][DS]...[DS,JA(S)e PHENHHE )+ HED)|, . (4.6)

The problem with the replica trick is that Z" and the integral (4.6) can usually only
be determined for natural n, but the result is assumed to apply for real n. But it may
differ, for example by an additional function like sin(wn)/n, yielding a different
result in the limitn = 0.

4.3 Quantum Mechanical Particle in a Random Potential

The simultaneous use of complex and Grassmann variables, which allows the
average over disorder without problems from the denominator, is explained for a
model of quantum mechanical particles in a random potential.

Early theoretical investigations of the consequences of disorder are due to
Dyson [59], who investigated the dynamics of a disordered linear chain, and due
to Anderson [10], who considered the transition from spin waves to local spin
excitations (Anderson localization). A different approach was used by Wigner [284],
who described the interacting many-body system in terms of a large random matrix.
The elements of that matrix are equally Gaussian-distributed random variables.
Closer investigation by Dyson [60] revealed three different classes of such systems,
now commonly called Wigner-Dyson classes. Both approaches can be combined by
allowing for n orbitals at each lattice site [269], which can be solved exactly in the
limit n — oo, but may also be used otherwise.

Consider a quantum-mechanical particle in a random potential, described by a
tight-binding Hamiltonian

H =" |nfrr (], 4.7

where the kets |r) number the orthonormalized wavefunctions of orbitals. This r
may be the lattice point around which an orbital is located or it may stay for some
quantum numbers. Typically, one is interested in the Green’s function

G(r,7,2) = {r] |7). 4.8)

z—H
For example, the density of states at orbital r is given by

p(r,E) = lin%)(G(r, r,E—in) — G(r,r,E +1in))/(2mi). 4.9)
]”%
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This Green’s function can be expressed by (3.35) and (3.42), respectively.

d Nx,d Jx,
G(r,r',z) = sdet(s(z — X5 exp(— Y x*s(z8 — for ) | | ————L
(.2) = s det(sc =) [ 3067 exple 305 = o) [ 4

r,r’ r

=S det(s(z _f))_l / anr/ exp(— Z grs(zgr,r/ _fr,r’)nr/) l—[(d grd nr)‘

rr’ r

(4.10)

The factor s is chosen so that the integral converges. Since f is hermitian, we choose
s according to the sign of the imaginary part of z,

s = —isign3z. (4.11)

The potential is random. A certain distribution of the matrix elements, f, is given.
One has to average over this distribution. Now the determinants of s(z — f) play
the disturbing role of the partition function in (4.1, 4.5). Instead of using the replica
trick, one performs the integral, both over the complex and the Grassmann variables,

G(r’ }’/, 7) = S/ { i;”);r: } exp(— Z S(x’: (ZSr,r’ _fr,r’)xr’ + Sr(Z(Sr,r’ _fr,r’)nr’))

d Nx,.d Jx,
<[ [(—=d&dn,). (4.12)
s

r

This is the root for the supersymmetric method. One may choose the upper or the
lower expression in the curly bracket. If the matrix elements f are Gaussian dis-
tributed, the average can be easily performed. This has been used in [65, 261, 272].

4.4 Semicircle Law

Wigner’s semicircle law for the density of states of a model described by a hermitian
matrix, with equally Gaussian distributed matrix elements, is derived.

Consider a model of N x N Gaussian-distributed hermitian matrices f with
probability density

N
_ gN 2 % o~
P(f)df = const exp(—7 trf”) | |l df, - | |/<Nd NS d Sfr . (4.13)
r= <r<r'<

The factor N yields a useful limit for large N and fixed g. The distribution is invariant
under unitary transformations, P(U'fU) = P(f), for unitary matrices U. The matrix



4.4 Semicircle Law 33

ensemble defined by (4.13) is called the Gaussian unitary ensemble (GUE). It is, in
particular, invariant for the diagonal unitary matrix U = diag(e'?), which yields

G(r,r,2) =@ )G(r,V ,2) (4.14)

for arbitrary phases ¢, and ¢,-. Thus, G is diagonal in r and . The ensemble is also
invariant under permutations of the indices r. Thus the averaged Green’s function
can be simply expressed by a function of z alone, G(r, 7, z) = G(z)6, . From (4.12)
one obtains

6@ = 3 [ Axexp (-sztela + ') exp (T + &)
N d9ixd Sx
x E(Td &dn,), (4.15)

where x, £ and 7 are column vectors. The transposed '€ and x' are row vectors. Thus
xtx, '€n € o, x,x"n € o7, whereas xx' is an N x N matrix. The average yields

1

exp (s(xifx + '£fn)) = exp T D (kx4 En) (X + Ey)

1
— exp (—2g—N[<x*x>2 L 2(E) () — <‘5n>21) .
(4.16)

In the next step we use the Hubbard-Stratonovich transformation

1/2
e (g (60 = (57 ) [ awesp (zucem - e). @

In this way the quadrilinear Grassmannian term ('£7)? is expressed by a term
containing only terms bilinear in the Grassmann variables, multiplied, however,
with a new real variable, u. The integral over the Grassmann variables can then
be performed,

1
/ l_[(d £.dn,) exp(—'€Kn) = detK, K = (sz+u)l+ Tvxxi
, g

1
detK = (sz+ )N "(sz +u+ TvxTx). (4.18)
8
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The determinant of K is obtained by using that the vectors perpendicular to x yield
eigenvalues sz 4+ u of K, and x itself yields the last factor. Thus G reduces to

eN\'"? 1
G(z) = N (2n) / duxx(sz + w)N"'(sz + u + gTvxTx)

1 gN d Nx,d Jx

t 32 2 r r
X — - — | | . 4.19
exp( szx'x 2N()cx) 2u) r ( )

Since the integrand depends only on the square x'x, polar coordinates are intro-
duced. This yields

N—1

d 9x,d Jx,
/S(xTx—v)l_[ ey _ v (4.20)
T

(N—1)!

Thus, the determination of G(z) is reduced to an integral over two variables u and v,

N\ /2 ptoo © szt u+ %
G(Z) = i g— / du/ dv—glvh(zv M’ U)7
N!' \ 27 50 0 SZ+u

2 N
h = vV (sz + u)V exp (—szv - 2U—N - %u ) . 4.21)

This is the formula for general N. We use the saddle point method in the limit
N — oo. The saddle points ug, v of & are obtained from

- 1 22
( _gu)hlu up,v=vy — =0, Uy = —— g Z
Oh N Vo sz 1 22
o = __hl/tuvv—o _— = = _——
v ( §T ) | 0, 0 gN 3 2 2
(4.22)
Also uy = —sz and vop = 0 are saddle points. However, the integrand vanishes

at these points. Moreover, the integrand vanishes if one takes the solutions (4.22)
with opposite signs. Since the integral over v runs from O to oo, only the saddle
point with positive real part of v contributes. Then A evaluates to h(z, ug, v9) =
NV exp(—N). The second derivatives at the saddle point are

Ploh (1) Pwh (N1
o (sz + up)? 8 "o T v gN

9% 1nh _ ZInhd*Inh
udv 2 2

=4 — g (4.23)
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This yields the Green’s function

NNt2e=N g Jg sz +uo + o 27
G(z) = lim V8
N—>00 N! 27 sz uo 92Inh 2Inh

> d?

%(ZH,/;—ZZ). (4.24)

The imaginary part of G yields Wigner’s semi-circle law for the density of states

285, 2861,
o(E) = zi‘/-—E2 \/j<E<+\/7 (4.25)

This derivation is along the lines of volume 2 of [122]. Porter [214] contains a
collection of early papers on systems with random matrices. Details of the spectra
of such systems, in particular those of matrices with Gaussian distributed matrix
elements, are found in the books by Mehta [182, 183].

We continue the calculation of this and similar models in Chap. 21.

Problem

4.1 Lloyd Model [169] Choose H = ) €|r)(r| + D_, . t,|r){r’| with constant

hopping matrix elements ¢ and independently Lorentzian distributed diagonal matrix

elements€,,dP =[], (n(F2+€2)d6r)'

(i) How is the averaged Green’s function G(r, 1, z) related to the Green’s function
GO for the Hamiltonian with fixed €, = 0? [Start from (4.12)].

(i) Can the result be generalized to the average of products of Green’s functions?
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Chapter 5
Substitution of Variables, Gauss Integrals 11

Abstract A Gaussian integral over Grassmann variables yields a Pfaffian. Its
connection with the determinant is derived. The Jacobian for transformations of
Grassmann variables under the integral is presented.

5.1 Gauss Integrals II, Pfaffian Form

The integral over the exponential of a form bilinear in Grassmann variables yields

a Pfaffian.

In Chap. 3 we introduced the integral

== / [ T(dmd &) exp( Z Exann) 5.1)
k=1

kI=1

over Grassmann variables & and 7. The exponential was a sum of monomials, where
one factor & was multiplied by one factor 7. This restriction is not necessary. We
consider

I_ = /dgn . dgzdgl exp(% Z gkakﬁlél), ag| € %, ég',‘ S JZfl, (52)

kI=1

where, without restriction of generality, it is assumed that the matrix a is antisym-
metric, ax; = —ayy. The integral over &) yields

I_ = / dé§,...d& Z au%‘j eXp(% Z Ecari&r)
=2

kI£1)

_ Z(_)falJ/dgn...d§j+1d§j_1 Ldgep(t Y Gag). 63)
=2

kI#1j

Thus we have obtained a recursion formula for /_. One obtains the integral by
performing the corresponding integral after deleting the first and jth variable,
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multiplying it by (—)/a; ; and summing over j. This recursion formula looks similar
to that for a determinant, however, here, not only are the first row and jth column of
a deleted, but also the jth row and first column. Hence the result is a polynomial in
the as of order n/2. This expression is called the Pfaffian form of the antisymmetric
matrix a. Thus one has

pf(a) = / d&,...dEdE exp(3 Y Gar k). (5.4)

k=1

In particular, one has

pf(a) =1 n=20
pf(a) = a2 n=2 (5.5)
pf(a) = a12a34 —a13a24 + a14a23n =4
pf(a) =0 n odd
Below we will see that the Pfaffian is closely connected to the determinant.
Let us add a source term to the integral
1@ = [ 4. exp(dtat + )
= /dgn .dErexp (3(E - 'aa NaE +a ') + L 'aa @)
= pf(a)exp (3 'wa '), o €. (5.6)
Note that ‘(a~'a) = —'aa™!, since a and a~! are antisymmetric. Expanding (5.6)
up to second order in ¢, the density
dp = pf(a)~'dé,...d& exp( ‘€af) (5.7)
yields
(&&) = (@ M. (exp(‘6a)) = exp (-5 ' (£ '6)a). (5.8)

As before, (3.32), (3.33), d p is not a density in the usual sense, since it cannot be
said to be positive, but the integral equals 1.

5.2 Variable Substitution I

The Jacobian for variable substitutions of Grassmann variables is the inverse
determinant of the partial derivatives.
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If we express variables { € .o#] by variables n € &7

0
t=tm=c0)+ 5o 5.9
n
then integration of
J(©©) =10 Ha%f’ (5.10)

yields

d d
/ aLF©) = 3. [awver=[ dn(f(0)+§%f) aiagf- (5.11)

Hence

a —1
[aw@ = [an (a—i) FE). (5.12)

where we use that the partial derivative of { to n does not depend on 7. Note that
in comparison to variable substitutions of elements from o7 here the inverse of the
derivative enters.

Replacing several odd variables, where we allow non-linear transformations, we
obtain

/dé'm...dézdg]‘f(él,éz,u-,é‘m)

=/dnm .dnd Uryvrryrme t(az/a )f(gl(m,...),...). (5.13)

Thus the Jacobian for odd elements of the algebra is not the determinant det(d¢/dn),
but its inverse. If we substitute the variables one after the other

Mmoo ) = Cm2, o0 ) = oo = (81, 80,00 C),s (5.14)
then one obtains factors

D, = 01, . Cict Miy o M) _ 3(§1~~-§i—1a§ia77i+1’---77m). (5.15)

an; 01+ - Cimt s Mis ik 15+ - M)

The product of these factors yields

DDyt ... D1 = det(3¢/dn). (5.16)
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The matrix elements of ¢ /dn commute since they are even.!

Equation (5.16) can be shown by complete induction: One can express D; =
det(M;) with

Sl k # i,
(Mi)kl — 91, {l{l Mis-eThn) k — l l < l (517)

A&, Er 1, 7ise--m) k = l l> i.
oy

All rows except row number i contains elements 8. Thus, det(M;) = D;. By
induction in i it is shown that the product of the Ms obey,

(Skl k< i
My ... M)y = aé'k(fl,...%—Ilqnivnnm) k>il<i (5.18)
3§k(§1,---Cé—lsm.,...nm) k>il>i
m - ="

Initial condition: Comparison of (5.18) with (5.17) shows that (5.18) holds for i =
m. My, ... M; = (M, ...M;+1)M; provides the induction from i + 1 to i

(Mpu k<1,
k(.8 Ni+1-- ) + k(.8 Ni4-1-- B) 08i(..Ci—1.1mi...) k > l l < l
_ ag; ag;
My ... Mi)u = S i) 3t k>il=i
k(.8 Ni+1-- ) 0k (...¢i. 771+1 ) 0Gi(..&i—1.mi--) ; ;
e + R o k>1il>1.

(5.19)

& in (5.19) for k > i depends explicitly on &1, ... -1, §it+1, - . - Nm and implicitly
on these variables and #; via {;(...%i—1,n;,...). Thus, these expressions yield
(M, ... M;)y as given in (5.18). Thus by induction it holds for i = 1, too, which
proves (5.16).

The multiplication theorem for determinants reads det(UV) = det(U) det(V).
There is a corresponding multiplication theorem for Pfaffian forms. Substitute & =
lek,ml in (5.2). Then (5.2) and (5.13) yield

/ dé,...d&dE exp( Z Erari&) = pf(a)
kol

= / dn,...dmdniexp(s Y m(ajem)/ det())

k.l

= pf(‘jaj)/ det(j), (5.20)

The sequence of substitutions can be singular, even if det(d(/dn) # 0. Then one may
use an infinitesimally close non-singular transformation and finally perform the limit. For the
transformation {; = 1, { = n; one may use {; = 9, + cny, & = n; withc — 0. We
leave it to the reader to calculate D and D, and consider the product.
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where 'j denotes the transposed of j. Hence

pf('jaj) = pf(a) det()). (5.21)

Note that for an antisymmetric matrix a also ‘jaj is antisymmetric.

5.3 Gauss Integrals III, Pfaffian Form and Determinant

The square of a Pfaffian is the determinant of the antisymmetric matrix.
Now we derive the connection between the Pfaffian form and the determinant.
We form the square of the Gauss integral (5.2)

13:i/dgn“.dgdgﬂgn”.d&daenx%}j(aau&-rgawa» (5.22)

ki=1
and perform the transformation
1 , i ,
E = E(nk +m). b= E(’?k = 1li)- (5.23)
One obtains with d(¢,$)/d(n', n) = i and && + &kl = mpme + nen)
ﬁﬁwwwwfmeZmMmﬂwmo (5.24)
ki=1 k

The factor (—)""~D/2 comes from the rearrangement of the factors d¢ and d¢’.
The prefactors yield in total (—i)”z, which for even n gives +1 and for odd n —i.
I_ vanishes for odd n, so that this factor does not play a role. Thus, the left hand
side of (5.24) yields pf>(a) due to (5.4) and the right hand side det(a) due to (3.27).
Hence

pf2(a) = det(a). (5.25)

Consider again the integral (3.23),

== / [Tamds eXP(Z Evar ). (5.26)
k=1

kI=1
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The substitution x = ), axn; yields

I-= / [ [ &d &) exp(d &) det(a). (5.27)
k=1 k

where the ¢- and é-integrations are now trivial. One obtains the determinant.
We saw that the integral (5.4) led to the Pfaffian form and thus, to the square root
of the determinant. This has its counterpart in the integrals over real variables

L= s dnexp 3 manm) = 22 (5.28)
—o0 ki=1 ! V/det(a)
Similarly Eqs. (5.6) to (5.8) have their counterparts in
+00
I+ (b) = / dx,...dxyexp(—3 ‘xax + ‘xb)
—00
— (2;):(;2) exp(3 ba'b), by € o, (5.29)

where the matrix a is symmetric and the real parts of its eigenvalues have to be
positive. Then the density

T
[}
—-
—
S
=

dp = dx,...dx;exp (—% ‘xax) (5.30)

—_~
[\
Bl

~

<
[\ ]

yields

(ax) = (@ u. (exp(‘xb)) = exp (5 'b(x'x)b) . (5.31)

Problems

5.1 Show that the determinant of an antisymmetric matrix of odd dimension
vanishes.

5.2 Check Eq. (5.21) for a 2 x 2 matrix explicitly.
5.3 Substitute

G=a+Bmm+aum +ann, &H=y+8mn+ aun + ann.
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where Greek quantities are odd elements and Latin ones are even elements of the
algebra. Determine d(;, £2)/9(n1, n2) and its inverse. Express the integrals over {;
and ¢, (i) of a constant, (ii) of ¢; and ¢, and (iii) of {;{, in terms of integrals over
the ns, and show that they yield the correct results.



Chapter 6
The Complex Conjugate

Abstract Two types of conjugation are introduced. They show a similar behavior
to the antilinear operations of hermitian conjugation and of time-reversal.

6.1 Description

The properties of the two types of conjugation are given.
We introduce the operation of conjugation. It turns out that there are two such
operations, which are called the conjugate of first and second kind.

The Conjugate of First Kind It is denoted by * and obeys

1*=1, aco—>a* €, (a+b)*=ad +b". 6.1)
These three conditions hold for the conjugate of second kind, too. In addition, we
must define what the application of conjugation yields twice and how the conjugate
of a product is related to the product of the conjugate. For the conjugate of first kind,
the requirement is

a”* =a, (ab)* =b*a". (6.2)

The Conjugate of Second Kind It is denoted by * and, as in (6.1), one requires

=1, acdi—a €, (a+b)*=a +b" (6.3)

However, instead of (6.2) one requires

a* = P(a), thusa™* = (—)"afora € o7, (6.4)
(ab) = a*b*. (6.5)

The two types of conjugation are described in [224].
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6.2 Similarity to Antilinear Operations in Quantum
Mechanics

These two types of conjugation are compared with the two types of antilinear
operations in quantum mechanics.

At first glance one may be surprised to learn that there are two types of
antilinear mappings. In fact, there are two different antilinear mappings in quantum
mechanics. One is the transformation to the hermitian adjoint and corresponds to
the conjugate of first kind. For this operation the laws in (6.2) apply. In contrast, the
antilinear operation of time reversal corresponds to the conjugate of second kind.
Upon this operation, annihilation or creation operators transform into their time
reversed operator without changing their sequence (6.5). The creation operator of
a fermion (or a one-fermion state) transforms under double time reversal into its
negative in agreement with (6.4). Thus, both operations of conjugation can appear
simultaneously.

We note that for complex numbers the usual calculational rules hold and thus,
both types of conjugation yield the same results.

For the conjugate of first kind there is always a decomposition in real and
imaginary parts possible, since

(a £ a*)* = £(a xa*). (6.6)

This applies also for the conjugate of second kind provided a € 4. It is not
possible for the conjugate of second kind, if a € .27 . There is no state of odd
fermion number, which is time reversal invariant. Instead the time reversal state
of odd fermion number is perpendicular to the original one.

We realize that for the Gauss integrals over the Grassmann variables & and 7 in
Sect. 3.3 we can replace £ by n*. In this way the analogy between the integrals over
Grassmann variables and over complex variables becomes more obvious. We have
to assume that all variables n* and 5 are independent.

Problem

6.1 Show (a*b)* = b*a. When does (a*b)* = b*a hold?

Reference

[224] V. Rittenberg, M. Scheunert, Elementary construction of graded Lie groups.
J. Math. Phys. 19, 709 (1978)



Chapter 7
Path Integrals for Fermions and Bosons

Abstract Path integrals are introduced for both bosons and fermions. The different
statistics of these two types of particles is apparent in the different signs of
the commutation relations and in the fact that bosonic states can be arbitrarily
often occupied, whereas fermionic states allow only single occupation or no
occupation. Consequently, bosons are described by commuting fields, and fermions
by anticommuting fields. This formulation can be used for renormalization group
calculations and serves to derive the perturbative expansion in the interaction, and
Feynman diagrams.

7.1 Coherent States

Coherent states are defined and their representation by means of even and odd
elements of < is given.

The creation and annihilation operators of bosons are denoted by »' and
b, respectively, and those of fermions by fT and f, resp. The commutator and
anticommutator relations read

b}, b]] = b, bj] = 0, by, b]] = &5, (7.1)
UL = Uy = 0.4 f) = 81, (7.2)

where the squared bracket indicates the commutator [A, B] := AB—BA and the curly
brace the anticommutator {A, B} := AB + BA.

In order to obtain the path integral representation, one introduces coherent states
|c) und |y) with ¢ € 4% and y € . The states are defined by

blc) = cle),  fly) =vly). (7.3)

The states read

le) = exp(cb[0).  ly) = exp(—yfN)I0) = 10) —yfT0) = [0) +/7|0)y.  (7.4)
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The vacuum is denoted by |0}, thus 5|0) = 0 and f|0) = 0. In addition to the kets
one introduces the bras as hermitean conjugates of the kets,

(c*] = (O] exp(c*b), (y™| = (O] exp(=fy™) = (0] = (O] fy*™ = (O] + y*(O|f.
(7.5)

One considers y and y* anticommuting with f and f7, fy* = —y*f. y* is the
complex conjugate of y. At present it is only important that y* € o7 is independent
of y. Then the bra-kets read

(c*|c'y = exp(c*c),  (y*I¥)) = (010) + (0| fy*y'fT10) = 1+y*y' = exp(y*y").

(7.6)
This yields the identity for completeness
1= /Mk’)(cﬂ exp(—cc*) = ib*n|0)l'(0|b", (1.7
b4 o n!
1= /dy*dyly)(y*l exp(=y*y) = 10)(0] +7]0)(0| /. (7.8)
The trace of an operator, C, yields
w(0) = [ Ll exp—ec).
tr(C) = /dy*dV(V*lCl—V)eXp(—V*y). (7.9)
A priori one would not have expected the minus sign in | — y), since one would

have multiplied the operator C with the representation of 1 and then one would have
brought the ket |y) under the trace to the right. This procedure gives the correct
result for bosons. This does not apply for fermions. The reason is that y*, y, f and f
are considered odd elements of the algebra and thus (y*| and |y) as even elements.
Thus, we have exchanged them under the trace without further thought. However,
one has to calculate (0|C|0) + (0] fCfT|0), where f or fT has to be commuted with
the vacuum states without changing a sign, although f and f' are odd elements. The
best thing to do is to check the equation for the fermions explicitly (Problem 7.2).
Further, one obtains with the definitions (7.3) and (7.5), and Eq. (7.6)

(C*I(b'f‘)kbl|c/) — (C*)kcll eXp(C*C/ i

YOSy = Y exp(r*y)). (7.10)
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Hence each normal ordered operator C can be written
(c*|C@®T,b)|c") = exp(c*c)C(c*, ),
Y ICUTNY) = exp(r*y)ICO*v). (7.11)

Normal ordered means that the creation operators are left of the annihilation
operators.'

7.2 Path Integral Representation

The grand canonical partition function and Green’s functions are expressed in terms
of path integrals for imaginary times .

We have performed the preparations for the path integral representation of the
grand canonical (g.c.) partition function Z defined by

Z = tr (exp(—BH)) = lim tr ((1 - éH)”) (7.12)
n—00 n
with the Hamilton operator H expressed by creation and annihilation operators in

normal ordering. For simplicities’ sake we include the term —uN in H. Insertion of
the identities (7.7), (7.8) yields

= dNRedSe
/ I %(c;ju — BH/nlc,_1){c_ |1 — BH/nlca—s) . ..
=1
(cF|1 = BH /n|cy)e™n nCrminmt—eier (7.13)
[ TI@rranm it = pi/niyoi) 7t = B fnly,2) ..
=1

(Y1 = BH /| — yy)e 7 Tt =i, (7.14)

Now we insert the matrix elements using (7.11)

(e}l = BH(BY,b)/nleimr) = (1 — BH(c}, eim1)/n)ecl o= (7.15)
= exp(—BH(c},ci—1)/n + cfeim1) + O(n™?),
(11 = BH(f f)/nlyim) = (1 = BH(y}*, yimr) /n)eli 1= (7.16)

= exp(—=BHY, yi—1)/n + y}'yim1) + O(n™2).

!Normal ordering can be introduced generally for any e "##” | where H© is bilinear in the creation

and annihilation operators, including ground state limits f — oo.
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This yields the expressions for the g.c. partition function

, 2 dRed S . B
Zg = 1 _— [(cio1—c) — =H(c] e )
o=t [ TTE g (S - Bt

=1

(7.17)
Zg = lim / ﬁ(d v/ dyi) exp (i(ﬁ‘ (Vi1 —v) = gH ', Vl—l))) :
=1 =1
(7.18)
with the boundary conditions ¢y = ¢, Yo = —¥». The calculation was performed

with one operator b and f, respectively. It can be performed in the same way for
operators of several states.

The formulation (7.17), (7.18) represents the discretized form of exp(— foﬂ dtH).
One may add source terms to the Hamiltonian, such that

Hgs = H(b',b) —b'J(x) — J* (1),
Hps = H(f1.f) —fTn(v) = n* () f, (7.19)

which allow one to derive correlations of creation and annihilation operators
depending on 7. Then the g.c. partition function becomes a function of J, J* € @74
and n,n* € /. The n and n* are independent for different 7. The g.c. partition
function reads

* . " dERCISCZ
Zg(J*,J) = lim _ (7.20)
B n—)oo/llj! T
exp (Z(c;‘ (crm1 — 1) — S(H(c;", ci1) = ¢ J(Bl/n) = J* (ﬁl/n)q))) :
=1

Ze(n™,n) =ngrgO/H(dyl*dyz) (7.21)
=1

exp (Z(Vl*(yl—l —y) = S(H W vi-) =y n(Bl/n) — n*(ﬁl/n)yz))) :
=1
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With © = Bl/n, one writes the continuum limit n — oo of (7.20), (7.21)

B
Zg(J*,J) = C/[D ReD Ic] exp (/0 dt(=Sp(1) + J*(¥)c(z) + c*(r)J(t))) ,

Sp(r) = c*(tr + 0)L + H(c*(t +0), ¢(7)), (7.22)

B
Ze(r*.n) = C / [Dy*D y]exp ( /0 dt(=Se(0) + y* (@ (D) + n*(r)y(r))) ,

Se(t) = y* (v + 0)—— J/( ) +H@y* (= +0),y®x). (7.23)

Equations (7.22), (7.23) constitute the path integral representation of the g.c.
partition function. The quantum mechanical problem in d dimensions is transformed
into a classical one in d + 1 dimensions, where 7 appears as an extra dimension.
It stands for the imaginary time it, where 7 runs from O to 8 (compare the
operators in (7.25), (7.27)). Summation is performed over all paths parametrized
by (c*(t),c(r)) and (y*(r),y(r)). This formulation is the starting point for
renormalization calculations. See for example the book by Salmhofer [227]. Some
care has to be taken to determine the normalization indicated by the factor C. One
way is to return to Eqgs. (7.20), (7.21). Care has also to be taken that the 7 of the
creation operators is infinitesimally larger than those of the annihilation operators.

One defines correlations (called Green’s functions) of the annihilation and
creation operators at different times

— T = bmb(m) 1 =
Ga(r, ) = (T ep(e) = | ZHENENTZE g0
b(r) = ebTe™ b(r) = e™be™H (7.25)

Gr(an, ) = (10 ) = | WEOIE) B2 g0

fo) = eifle™™ f(z) = eife™™. (7.27)
The t-ordering operator T, orders all contributions with increasing t from right to
left. If fermionic operators are reordered, then the expression has to be multiplied

by (—)F, which indicates the parity of the permutation P.
The functions b(7) and f(t) are not the hermitian adjoints to 5(t) and f(z). Using

(b(1)b(12)) = Zg ' tr (e PHpTem—tlp) 1) > ¢, (7.28)
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and similarly for the other expectation values in (7.24)—(7.27) one shows that the
Green’s functions depend only on the time difference

Gp (11, 2) = Gpr(n2 — T1)- (7.29)
The cyclic invariance under the trace yields
Gg(t — B) = Gg(1r), Gg(r—p)=—-Gg(r), 0<t<§8. (7.30)
The Green’s functions are discontinuous at T = 0,

Gg(—0) = —(b'b), Gg(+0) = —(bb'), Gg(—0) —Gg(+0) =1, (7.31)
Gr(—0) = (f'f). Gr(+0) = —(ffT). Gp(=0) — Gp(+0) = 1. (7.32)

Correlations are obtained by functional derivatives of Z. The functional derivative
is defined by

SZBZ/CIT

82Zp = /dr(é’Zp/Sr)(r))Sn(t) = ngngozgazp/an(ﬂl/n)r?n(ﬁl/n)-
1

. B 3Zy
)SJ(t) = lim Xl: ;Wé’](ﬂl/n), (7.33)

87z
8J(t

(7.34)

Similar terms have to be added in the middle and on the r.h.s. of these equations for
the derivative with respect to J* and n*. The second derivative is introduced in a
similar way. Then one obtains the functional derivatives

57 ] ]
5‘](3) J=0 = tr (exp(=pH)b(v)) = (b(x))Z, (7.35)

1 8°Zy B
" SIS () |y P (7.36)

8Zr/80(0)|,=o = tr (exp(=BH)f(v)) = (f(0))Zr, (7.37)

1
72 8 Ze/Sn (@80’ ()], = Gr(n1. 7). (7.38)

The fermionic sources are multiplied by Grassmann variables. If we would have
used complex variables instead, then already the second derivatives would vanish.
The Green’s functions (7.36), (7.38) depend on imaginary times ¢t = it.
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7.3 Free Particles

Green’s functions for free bosons and fermions are calculated as a function of
imaginary time and as a function of the Matsubara frequencies.

7.3.1 Starting from Functions of T

The g.c. partition function for a free boson and fermion with Hamiltonian H© =
(e—pm)b'hand HO = (e — pu)ff, resp., is expressed by the determinant of the n x n
matrix Ag r using (7.17) and (7.18)

1 —a 0 ...
0 1 —a 0 ...
Apr =1 ... =1Fd", (7.39)
... 0 1 —a
Fa 0 ... 0 1
(0)_ 1 1

B det(Ap) T 1B’

7Y = det(Ap) = 1 + e PP, (7.40)

with a = 1 — (e — u)/n. The only contributions are obtained as products from the
main diagonal and from the upper side diagonal including the element in the lower
left corner. This later product carries an extra factor (—)"~!.

Consider the Green’s functions for 7y = [;8/n, 7o = [/n. They are determined
as the matrix elements (A™"), ;,, which is ()72 det(A?>V) / det(A) where A
is the matrix A, where column /; and row /, are deleted. Examples of such matrices
forn =7 are

1 —a/0 000 1 —a 00[0 O
0 1{0 00O 0 1 —a0[0 O
0 0(-a 000 0 0 01[]0 O
ACY = ACY = 7.41
0 0(1 —a0 o0 0 0 0O0[—a O ( )
0 0[O0 O01-—a 0 0 00/1 —a
Fa 0|0 001 Fa 0 000 1
In general, one obtains
—_ k=l
det(A)) = (—a) L =>h, (7.42)

:l:(_)IZ_llaVH'lZ_ll 12 < l].
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Thus, in the limit # — oo one obtains the Green’s functions for a free particle

—etew
0 TR
Gip(1) = § A (7.43)
FiG=nESy 7> 0.

Here, and in the following, upper signs refer to bosons, lower signs to fermions. The
g.c. partition function reads with sources

1
23" D) = g &P (— / drd n* ()G (v - rl)J(rl)) . (144)

2O 1) = (1 + e M) exp (— / drdon* ()60 (6 — rl)n(rl)) .

(7.45)
7.3.2 Matsubara Frequencies
Often the Fourier transformation is introduced instead of the functions of t,
c(r) =T Z e "¢ (ay), similarly for J, b, y, n.f (7.46)
k

c*(r) = ﬁZei“’”&* (wy). similarly for J*, b, y*, n*.f. (7.47)
K

We put kg = 1. Since ¢(8) = c(0) for bosons and y(B) = —y(0) for fermions is
required, one obtains e*# = 4 1. Thus the w; are given by

2knT for bosons
= keZ. 7.48
g { (2k + 1)z T for fermions ( )
These frequencies are called Matsubara frequencies.
The inverse transformations of (7.46), (7.47) are
B ‘ A n R
c(ay) = ﬁ/ dte'*%c(7), similarly for J, b, 1, 7.f, (7.49)
0

ﬂ . A D a3
*(wp) = NT / dre ' 7¢*(7),  similarly for J*b, 7%, 9*.f.  (7.50)
0
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The g.c. partition functions Zg?f: obtained from (7.20), (7.21) read, in Fourier
components,

(/2] . R
A di dsy
72900 ) = tim € C(wp)d Ic(wy)
B n—00 T
k=[n/2]—n+1

x exp (=i (@2(@0) +J* @)e(@) + & @) @)

(7.51)
[n/2]
G @) = lim ¢ [ dp*@dp(@)
k=ln/2—n+1
x exp (—pi? (@) P (@) + 7% (@) V(i) + 7 (@) (o)) -
(7.52)

[n/2] indicates the largest integer less than or equal to n/2. The product runs from
[n/2] — n 4+ 1 to [n/2] to make sure that in the continuum limit both positive
and negative k are included. C is the Jacobian for the Fourier transform of the
components from 7 to ,

nT(1 —e*7i/"g)  for bosons,

) 7.53
nT(1 —e®+D7/n4) for fermions. (7.53)

C= (1), pr= {

Thus, one obtains

7y (J*.J) = tim] ] (’;—T) exp (Z M) , (7.54)
k k

P Pk
©) sk ~ . D 0* (i) (wr)
ZO#* 5) = lim (— ex 12Tk (1.55)
with
l_[ (ﬁ) _ [1.(—- eZ7i/ng)y =1 —a"  for bosons, (7.56)
nT/) | 1, (1 — e®+D7i/ngy = 1 + @" for fermioms. )

k

The limit n — oo yields

Pr = —iwg + € — [L, (7.57)

Ay A 1 A A A
(0) (0)
Zy ")) = T g SXP (— }k J* (@) Gy (a)k)J(a)k)) . (1.58)
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~ 1 2 ~
G](SO)(wk) = P = (T:b(wip)b(wy)), (7.59)

770" 7) = (1 +e P M)exp (—-}[jﬁ*(a4)<;ﬁ”(a%)ﬁ(a%>) . (7.60)
k

Wm-—izj—mmww» (7.61)

Generalizing to several bosonic and fermionic degrees of freedom is straightfor-
ward. The g.c. partition function for

HO — ) bpsbps (7.62
Y (e, mhms )

p.s

is obtained by multiplying the corresponding g.c. partition functions for the states
(p, s), where p may stand for momentum and s for the z-component of the spin. The
g.c. potential F( of this system reads

Fir = —TInZg1(0.0) = £T Y " In(1 F e Pm), (7.63)
p.s

and the free action is given by

yB‘O):/ ar Y+ 02 4 e, 0,00

0 p.s

=D& (@) (—iox + €ps — (Ep.(@0), (7.64)
p.s.k

S :/0 dTZVm(HO)( y’”( 2 + (€ps — W)Yps(7))

= P () (o + €5 — 1) Pps (@) (7.65)
p.s.k

For large systems the sum over p can be replaced by an integral, since the density of
the momenta p increases proportionally to the volume 7/,

d3
FO = 417 / (2—7;’)3 3 (1 F e Flrsmm), (7.66)
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We have used that in the thermodynamic limit one replaces

d
Y=y d%q (7.67)
q

Compare the paragraphs on Fourier transform and on Thermodynamic limit and
continuum limit in Sect. 22.3, in particular Egs. (22.41), (22.42), (22.50).

7.4 Interacting Systems and Feynman Diagrams

Shortly the basic idea of perturbation and diagrammatic expansion of systems
with interaction is presented. The linked cluster theorem for the grand canonical
potential and for correlations is derived. The Dyson-equation for the one-particle
Green’s function and the Bethe-Salpeter equation for two-particle Green’s functions
are given.

The presentation given in the previous sections is very intricate for free particles.
The Green’s functions (7.43), (7.59), (7.61) and the g.c. potential (7.66) can be
derived in a simpler way. But their representation is very useful for interacting
systems. One advantage is that the free particles are described by bilinear actions
FO (7.64),(7.65). Thus, expectation values are given in terms of Gaussians, which
are easily expressed in terms of the free Green’s functions. The other advantage is
that time-ordering is automatically taken into account by the action ..

We write the Hamiltonian of an interacting system

Hg = HO + H™(b',b), Hp = HO + H"(fT /). (7.68)

Then the g.c. partition function reads

B
Zs = 7\ (exp (— /0 dTtH™(&(r + 0), c(r))))o, (7.69)
0) g int /=
2 = 2exp (- [ aeH 7+ 01y o (7.70)

where the expectation values {...)o are performed with respect to the free action
7O Egs. (7.64), (7.65).

Expansion of the exponential yields a perturbation expansion in the coupling of
the interaction. For example we consider a two-particle interaction

1 Voo p19p20¢y0q, 5 (7.71)
! Z PLP2.41.42 { f}jlfizfquql

P1.02:91,92
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It translates into the action

) B T T
Fn=1 3 ATV oo s X CPTI (t + O)Cp%(f + 0)cg, (T)eg, (1),
o Vo (T 4+ 0)7p, (T + 0)4, (1) 741 (7)
(7.72)

Instead of performing the integrals over t one can use the representation by means
of the Matsubara frequencies with

B
/0 d rc[’fl (r)c;‘2 (T)cg, (T)cq, (1)

=T Z Cp, (1), (01,84, (@1, ) gy (@1 )8k 4o 1y +12 5 (7.73)
ki k2. Iyl

and similarly for the fermions.

Feynman Diagrams The evaluation of the expectation values of products of .7
requires the determination of expectation values of products of factors ¢*, ¢, and
y*, y, respectively. Since .#? is bilinear, we can apply the expressions (3.39)
and (3.46), resp. Thus, we have to decompose the products in all possible ways
into pairs, to multiply the expectation values of these pairs of factors, which are the
Green’s functions G of the free particles, (7.43), (7.59), (7.61), and to sum over all
decompositions. For fermions the appropriate signs have to be taken into account.

To perform this expansion it is often useful to draw diagrams, called Feynman
diagrams. One draws a vertex for each factor V of the interaction. Since the
expectation value is given by the sum of the product of all factors (bb), and (ff)o,
resp. one connects the vertices by lines representing these Green’s functions, so
that for the interaction (7.71) two lines start at each vertex for b (f) and two lines
end at each vertex for the factors b (f) in all possible ways. One writes down the
corresponding factors V and G’ and performs the integrals over the variables 7 and
the independent momenta p and ¢, which yields the contribution of the diagram.
Symmetric diagrams are overcounted. They have to be divided by the number
of symmetry operations, which map the diagrams on themselves (For details see
textbooks.). The g.c. partition function Z is the product of Z(®) multiplied by 1 plus
the sum of the contributions of all diagrams.

Some of the diagrams are connected, some are disconnected. The diagrams (a)
to (c) in Fig. 7.1 are connected. There is a diagram in second order in the interaction
consisting of two parts (a), which is thus disconnected.

Linked Cluster Theorem for the Grand Canonical Potential The only diagram-
matic contributions to the grand canonical potential are those of the connected
diagrams. We expand the g.c. partition function

oo
. 1 .
Z = Z%exp(—="™))o = 2 Y = (=)o, (7.74)
n:
n=0
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(a) (b) ©
r 2 r A 2
1 2 1 2 1 >< 2

(@) (") (©)

Fig. 7.1 Feynman diagrams. (a)—(c) are diagrams contributing to the g.c. potential in first and
second order in the interaction; (a’)—(c’) are diagrams of a four point function in zeroth and first
order of the interaction. There is a second diagram to (a’) with 1’ and 2’ exchanged. In diagram
(b’) 1 and 2 and independently 1’ and 2’ can be exchanged. The black dots indicate interactions.
The lines indicate the Green’s functions G

The evaluation of ((—.)"), yields various diagrams. Some of them are con-
nected, that is all vertices V are connected by lines. We call the sum of these
connected contributions

D, = l((—yi‘“)")m. (7.75)
n!

Some diagrams of {(—.#")"), may consist of two connected diagrams with n; and
ny factors (—™), n; + ny = n. If n; # ny, then there are n!/(n;!ny!) ways to pick
n factors (—.™) out of the n factors. Thus they contribute

1 n!

n! ny'ny!

((_yim)nl)con«_fyim)nz)con = Dnanz- (7.76)

If ny = ny, then by choosing n; factors —./t also the other n, factors are a
choice for the separation. Thus, in this case the contribution is %Dﬁl. In general,
we have decompositions in k; diagrams with n; factors (—.% Oy ke diagrams with
n, factors (—% in‘)”2, etc., then their contribution is

1
n1!k1k1 !nz!k2k2! ..

((_yint)n1>k1 ((_yinl)nz)kz 1

con o T flky! .

k1 Mk
papa...
(7.77)

Summing all contributions, one obtains

o0
Z =279 exp(Deon).  Deon = Y _ Dy (7.78)
=1
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The total g.c. potential is the g.c. potential of the free particles, F® minus
temperature times the sum of all connected diagrams Do,

F=F9_TinZz/Z9) = FO — TD,. (7.79)

This is the linked cluster theorem for the g.c. potential.

Linked Cluster Theorem for Correlations The correlation is obtained by sum-
ming only diagrams, where each part is connected to an external point. In order to
obtain the correlations we have to add the action .U of the source terms to .#™™
and to replace . by .7,

y/ — yinl _i_ysource’ (780)

B
ygource — _/ dr Z[];S(f)cp’s(t) + C;J(T)Jp,s(l')]
0 s

= =) [ (@)eps(@n) + & (@) s (@), (7.81)
p.s.k

B
Fgouree — _/0 dt Z[n;’s(r)yp,s(l’) + V;X(T)np,s(f)]
.S

= = g @) Pps(@r) + P (@0 s (@), (7.82)
p.s.k

The derivatives of the g.c. partition function with respect to the sources yield
the g.c. partition function times expectation values. If the number of particles and
translational invariance are conserved, then

PO 1 9°Zg A0 9’D,
Tebp(@)bg(@))) = o = ~0p480.r Gy (D, 0 Zeon
( p(w) q(w ) A a-]p,a)a];;’w/ p.q0w,0" Up (p.w) + aJp,a)aJ;w/
= —8pg80.0 GB(p. ®), (7.83)

2 A 1
(Tefp(@)fg(@)) = Z_FaZZF/ 9, (@) g ()

= 8p480.w Gy (P, ®) + 8 Deon/ 3} ()11 (0)

= 84800 Ge(p, ®) (7.84)



7.4 Interacting Systems and Feynman Diagrams 61
and

A2
G](3’)F(plsp25 q1,42; w1, W2, a)ivwé)

— <TT?){_\)1 (wl)lzpz (wZ){;qz (wé)};ql (Cl)i))
(Trﬁn (wl )fpz (a)Z)fqz (a)é)f(ﬂ (wi»
=4

P1.q1 Sa)lwf GB,F(pl s wl)gpz,qz(ng,wéGB,F(va (UZ)
:|:8[,1 42 8&)1 ,wé éB,F(pl , W1 )81)2,q1 8(,)2,(1){ C/\;B,F(p27 wZ)

+CoE(P1, P2, 41, qo; 01, 2, ), ). (7.85)

The last term contains the cumulant C of the four-point function. It is obtained by
taking the fourth derivative of Do, with respect to the four sources. The cumulant C
of the four-point function has four external one-particle Green’s functions. Taking
these legs away one retains what is called the vertex I of the four-point function.
Since the legs are taken away these vertices are also called amputated. Translational
invariance in space and time yields §-functions in momenta and frequencies. Then
the cumulant reads

Cor(p1.p2. 41, q2: 01, 02, ®), )
= Spi4pr.ai +02001 + 0] +0; G(P1, 1) G(p2, ©2)G(q1, 0]) G(g2, @5)

xTap(P1.p2. 41, q2; 01, 02, @), @5). (7.86)

Generally derivatives of Z, (7.79), are (apart from the contribution for free particles
in Z©) derivatives of Do, or products of such derivatives multiplied by the
exponential exp(Dco,), Which cancels against the prefactor 1/Z. This yields the
linked cluster theorem for correlations.

A useful feature of Feynman diagrams is that they allow to present interaction
processes in a pictorial way. They thus give a calculational procedure directly related
to certain processes. Normally it is not possible to sum all diagrams. However,
Feynman diagrams allow one to single out certain classes of diagrams, which can
be summed, or to classify certain classes, which allow the derivation of certain
useful relations. Of particular importance are the Dyson equation for the one-particle
Green’s function and the Bethe-Salpeter equation for two-particle Green’s functions.
They are shortly considered below.

Dyson Equation and Self-Energy Consider the diagrams of the one-particle
Green’s function, é(q, ). They can be cut into pieces by removing those prop-
agators GO (g, w), which decay the diagram into two pieces. What is left are the
contributions of what is called the self-energy X' (¢, w) (Fig.7.2). This yields the
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> = >+ >0> + >0>0>+..
= > + >O>

Fig. 7.2 Dyson equation. The full Green’s function G is indicated by a thick line, G© is indicated
by a thin line, the self-energy X by a grey circle

O =©+@+...

Fig. 7.3 Some contributions to the self-energy X. The self-energy itself is expressed by the full
Green’s function

Dyson equation,
6(g.w) = GO + COEGO + GOECOECO 4 ..
= G"(q.0) + 6V(q.0)2(q.0)G(q. ). (7.87)
Division of this equation by G and G© yields
G¢7g.0) = GV (g.0) — £(g.0) (7.88)

and can be rewritten

1

Glg, w) = . :
@) iw—¢€;+pu—Y(q o)

(7.89)

Thus the single-particle energy ¢, is corrected by the self-energy b3 (g, w) produced
by the interaction. It is usually a much better approximation to use this Dyson-
equation with an approximate self-energy than to determine the one-particle Green’s
function in some order of the interaction. We show two contributions to the self-
energy in Fig. 7.3.

Bethe-Salpeter Equation Above we have introduced the self-energy as the sum of
one-particle irreducible contributions to the one-particle Green’s function. Similarly
one introduces the two-particle irreducible vertex for the two-particle vertex. We
rewrite the two-particle Green’s function using (7.85), (7.86)

GP(p1 +q.p2.p1.p2 + G0 + 0, 02, 01, 02 + )
= 8p1 2801 G(P1 + q. 01 + ©)G(p1. 1) (7.90)
£84080.0G(p1. 01)G(p2. 2)
+G(p1 + ¢, 01 + 0)G(p1,©1)G(p2 + ¢, 02 + 0)G(p2, w2)
Xﬁ(Pl +q,p2.p1,p2 + ¢, 01 + 0, 02, 01, W3 + W).
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Fig. 7.4 Two-particle —_——
Green’s function and G () _ + +
Bethe-Salpeter equation. The ¢ -

white square stands for the
vertex I, the grey square for
the irreducible vertex K ]:[ = ]:[ + ]:O:[

The vertex I can be expressed by the two-particle irreducible vertex K

F(p1+q,p2p1pr + ;01 + 0,01, 01, 07 + ©) (7.91)
=K(p1 + q.p2.p1.p2 + ;01 + 0, w2, 01, 03 + ®)

+ Z K(p1+q.p3.p1.03 + 01 + 0,03, 01,03 + 0)

P3,03
xG(p3 + ¢, @3 + 0)G(p3, ©3)
ﬁ([’zs +q,p2,p3.p2 + q; 03 + 0, w2, W3, W3 + W).

These two equations are diagrammatically expressed in Fig. 7.4.

The simplest approximation is to insert the potential V4 for K. Many systems
conserve particle number, momentum, energy, and angular momentum. If one per-
forms appropriate approximations, then these conservation laws are fulfilled. Such
conserving approximations have been derived by Baym and Kadanoff [18, 128].

Here only two-particle interactions (7.71) were considered, which conserve
the particle number. There are bosons like photons and phonons, which do not
conserve the particle number. The same applies for a bose-condensate. In the case
of superconductivity one considers terms generating or deleting pairs of electrons.
One can easily generalize the path integrals to these cases.

Volume Dependence We already found that translating the two-particle interaction
from position space to momentum space gave rise to a factor 1/%". The same applies
for the cumulants. We present the relation here. The commutators for operators b are
written in momentum and position space as

[bg. b)) =80, [b(r).b'(¥)] = 8(r— 7). (7.92)

This is consistent with the transformations
1 : 1 .
b'(ry= — Y b, b=— / d?re™ 4 pT (r). (7.93)
O =77 L b= 7 “
in a periodicity volume ¥'. Then the interaction
H" =1 / d?ridrVa(ry — r)b' (r)b (r)b(r1)b(r>). (7.94)

can be written
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. 1 A
H™ = — > Vbl bl beby, (7.95)
q1.92.9
with
v, = / d4re v (r). (7.96)

Consider now a connected diagram without external legs with n; interactions with
in total k creation and annihilation operators. In the example given above k was 4.
Then the number ng of Green’s functions in the diagram is

ng = %ank. (7.97)
k

The number nyom of independent momenta is

Mmom = NG — Z n + 1. (7.98)
k

Each vertex (interaction) carries a §-function. Thus the sum over n; is subtracted.
Taking the conservation of the momenta in one interaction after the other into
account, one finds that it is automatically fulfilled for the last one. Thus we have
to add the one in (7.98). In the limit of large volume ¥', the momenta become very
dense and one replaces the sums over the momenta by integrals as in (7.66). Each
interaction with k creation and annihilation operators contributes a power 1 — %k of
the volume to the g.c. potential. Together with factors ¥ from the integration over
the momenta, one obtains the power

> (1= 3om + nmom = 1, (7.99)
k

indicating that the diagrammatic contributions to the g.c. potential are proportional
to the volume (as expected).

We consider now connected diagrams with n; external legs (source terms).
Then the number of internal Green’s functions decreases by %ns. The number
of constraints on the momenta remains »_, nz. Consequently the power in ¥ is
11— %ns. The one-particle Green’s function G does not depend on ¥. However, the

cumulant C is proportional to 1/%" in momentum space. This does not mean that it
is negligible in the thermodynamic limit. See Problem 7.3.
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Bibliographic Notes The Feynman diagrams [80] were first introduced for quan-
tum electrodynamics. They were then generally used in particle physics and nuclear
physics in a real time formalism for ground states, scattering processes, and exci-
tations. Matsubara [177] showed that this technique can be also used in statistical
physics at finite temperature using imaginary time 7. The real time Green’s functions
are uniquely determined by those along the imaginary axis, Baym and Mermin
[19]. Keldysh [137] combined the real-time and imaginary-time formalism. See also
the introduction to the Keldysh formalism by van Leeuwen et al. [257]. There are
numerous textbooks on path integrals and Feynman diagrams. I mention only the
books by Abrikosov, Gorkov, Dzyaloshinskii [2], Altland and Simons [7], Berezin
[23, 24], Fetter and Walecka [79], Itzykson and Zuber [123], Kamenev [130],
Kleinert [148], Negele and Orland [196], Popov [213], Salmhofer [227], and Zinn-
Justin [297]. Candlin [44] and J.L.. Martin [174, 175] were historically probably the
first to use Grassmann variables for fermions.

Problems

7.1 Prove Eq. (7.9) for bosons with C = e kb,
7.2 Prove Eq. (7.9) for fermions with C = a + cf'f.

7.3 Express (b'(r1)b'(r2)b(r3)b(rs)) in terms of the Green’s function G and the
cumulant C. Do these contributions depend on the volume #?
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Chapter 8
Dimers in Two Dimensions

Abstract Given a lattice, whose vertices are connected by edges, for example a
square lattice, whose nearest neighbours are connected by edges in horizontal and
vertical directions. The question is: In how many different ways can the edges be
covered by dimers so that, at each lattice point, exactly one edge is covered by a
dimer. This dimer problem can be solved for a plain lattice, if no edges cross each
other. As examples, we consider the square lattice and the honeycomb lattice.

8.1 General Considerations

The number of configurations of dimers can be solved by Grassmann variables and
be expressed in terms of a Pfaffian.

One starts out from a lattice, that is, from vertices (points) which are connected
by edges (lines). A number of edges are covered by what is called a dimer in such a
way, that each vertex is connected to a dimer. An example is shown in Fig. 8.1 for a
small (4 x 4) square lattice. The dimer problem consists of the determination of the
number of possible dimer configurations .4".

The solution can be found for example in [133, 134, 179, 251]. An interesting
introduction is given in [140], and also [138, 139]. One introduces, at each lattice
site x, a Grassmann variable &, and the exponential function

exp(% be,xféxéx/), by = —by . 8.1)

xx

One puts b,y = =1, if x and x’' are connected by an edge, otherwise b,y = 0.
Then integration of the exponential function over all s yields a contribution +1
from each dimer configuration. The problem is to choose the signs of the bs so that
all contributions are positive. If this is possible, then the problem is reduced to the
calculation of a Pfaffian.

To find the signs of the bs, let us compare two arbitrary dimer configurations
by putting both on the lattice. At each lattice point two dimers end, one of each
configuration. Thus, this double configuration consists of closed loops. On each
loop the dimers belong alternately to one and the other configuration. Denote the

© Springer-Verlag Berlin Heidelberg 2016 67
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Fig. 8.1 Square lattice and

dimers. (a) vertices and a) b)
edges, (b) complete dimer
covering of the lattice. The
dimers are indicated by thick
lines

points along the loop by xj, x2, ...x2,. Then, for one configuration, one obtains the
product

(le X2 Exl ng ) (bXS X4 EX} SX4) ce (bXZn— 1:X2n ngn—l Exlu ) ’ (8'2)

and for the other one

(bXZnsxl gXZn le )(bXZaXf( SXZ SXS) e (bx2n72~,x2n71 SxZn*Z SxZn*l ) (83)

If in the last expression &, is shifted to the end, then the sign changes due to the
2n — 1 transpositions of &, with the 2n — 1 factors &;. Thus, the product of all bs
along a loop has to obey

[ s = -1 (8.4)

Suppose the lattice can be constructed by adding one plaquette after the other so
that at least one edge is new. We can then assign to one new edge a factor b, so that
the product of the bs for plaquettes with an even (odd) number of vertices equals —1
(so = x1). These products should be equal for all plaquettes with an odd number of
vertices, if circled in the same direction. Obviously the product changes sign with
a change of direction: If this construction is provided, then the product of bs of a
non-overlapping loop equals —1, if the loop has an even number # of edges and, if
it includes an even number of vertices n,;. The last condition is necessary to cover
the region inside the loop completely by dimers.

Consider any non-overlapping loop including all the plaquettes inside. Denote
the number of vertices of this partial lattice by n,, the number of plaquettes by 7,
and the number of edges by n.. Euler’s theorem yields n, + n, = n. + 1, since the
outside area is not counted as a plaquette. Further, denote the number of plaquettes
with an even number of edges (vertices) 7y, those with an odd number n,,. Then
np = Npe + npo. Further, call the number of edges inside the loop 7e;. The number
of vertices on the loop equals the number n of edges on the loop. So, n. = n.j + n,
ny = ny; +n. Euler’s theorem now reads ny; + npe + npo = nej + 1. If the number of
plaquettes with k edges is ng, then one obtains, for the number of edges, Zk kn; =
2ne; + n. This relation yields np, = nmod 2.
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One obtains the product s, of bs along the loop by multiplying the products
of the bs of all plaquettes and a factor —1 for each internal edge. Since b carries

in one direction +1, in the opposite one —1, s = (—)"Pesgf)" (—)"™i. Elimination
of ne; by means of Euler’s relation and the relation between np, and n yields
s = (—)™T!(—=sp0)". Since n and ny; are even, one obtains s = —1.

8.2 Square Lattice

An explicit expression for the number of dimer coverings on a square lattice is
given.
For the square lattice one may choose
!
bipg+11 = (=) = =ber1ikts brikirr = 1= —br 13- (8.5)
One obtains for a plaquette

btk 1,10641 15k 41,14+ 1Drr 114 1,041 P 1300 = — 1. (8.6)

Now we evaluate the number of dimer configurations .4,

N = /nd&,z exp(y Y (SewMiy+MiwDip)éi ik ) =pf(1n @M, +My ®D,)
Kl

kLK 1
8.7)
with
0 1 0
-1 0 1

M = -1 , (8.8)

1

0 -10

—1 0

1

D= -1 . (8.9)

0 +1

The indices , and , at the matrices indicate that these are matrices of dimension
Ly x Ly and L, x L, for dimers on a rectangle of size Ly X L,. D and M anticommute.
Thus, one obtains

N = pf(1,@M,+M,®D,)* = det(1,@M, +My®D,)* = det(1,@M>+M:®1,).
(8.10)
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We did not define the sequence of the differentials d & and thus the sign of the
integral. Since the fourth power is taken and since the result is non-negative, the sign
of 4 is obvious. The matrix in the last expression of (8.10) can be diagonalized.
Denoting the eigenvalues of My, and M, by u,, and v, yields

Ly Ly

A =TT T Twa +vd. (8.11)

m=1n=1
The eigenfunctions v, (r), r = 1, .., Ly, of My, and their eigenvalues are

mm
Ly, +1

Y., M .
Yu(r) =1 sm(—Lh m 1), Um = 2icos( ). (8.12)

The factors i are to be squared upon insertion in (8.10). One has L, L, of these factors
in the product. The total sign is positive, since one obtains dimer configurations only
for even L,L;. Thus, one obtains

Ly, L,

am mn
A =T1IT1 (4 cos2(Lh " D+ 4cos2(LV " 1)) . (8.13)

m=1n=1

Finally one may multiply the horizontal edges by gy and the vertical ones by g,.
Then one obtains, instead of (8.13),

Ly Ly
Tm n
N Hgn gv) = l_[ l—[ (4gﬁ cosz(Lh n 1) +4g2 COSZ(LV n 1)) . (8.14)

m=1n=1

A yields a homogeneous polynomial in g, and g, of order Ly L, /2. The coefficient
of gﬁ“ g% specifies the number of dimer configurations with ky horizontal and ky
vertical dimers.

Three cases are to be distinguished:

(1) If both Ly, and L, are odd, then the factor form = (L, + 1)/2und n = (L, +
1)/2 vanishes in (8.12). Since the number of vertices is odd, there are no dimer
configurations, thatis .4 = 0.

(2) If both L, and L, are even, then by using w,, = —pbr,+1-m and v, = —vp 41—,
the product can be reduced to half of the factors for both m and n, yielding

Ln/2 Ly/2
N (2n. 20) = 4g% cos* () 4 4g2cos?(—2) ). (8.15
() L[l}:[l(ghcos (7)) Tasveos (). @19

We mention, without proof, that for L, = L, = 2n one obtains A4~ = 2”/%, with
integer r,, with rj = 1, r; = 29, r; = 89893. For r, and r4 see Problems 8.2
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and 8.3. Jokusch [125] has shown that the number of dimer configurations of
square lattices with fourfold symmetry is a square or twice a square.

(3) For even Ly and odd Ly, one obtains, for n = (L, + 1)/2, the factors
cos?(rm/(Ly + 1)), which yields

Ly/2

K = T (2emeos )

m=1

Ln/2 (Ly—=1)/2

n
X l_[ l_[ (4gh cos? 1) + 4g? cosz(LV n 1)) .

(8.16)
An analogous result is obtained for odd Ly, and even L.
For Ly, = 2 and L, = 3, one obtains, for example,
N (gn 8v) = gn(gh + 287). (8.17)

There is one configuration with three horizontal dimers and two configurations with
one horizontal and two vertical dimers.

One may also consider the limit of arbitrarily large systems by expressing the
logarithm of .#" as a sum. After introduction of the wave vectors (wm/ (L, +
1), wn/(Ly + 1)) one performs the continuum limit. This yields [85, 133]

lim A2 = exp(2C/7) = 1.791622 . .. (8.18)
Ly,Ly—00
for gn = gy = 1 with the Catalan constantC = 1—1/9+4+1/25—... = 0.915965.... ..

Thus, the number of configurations grows exponentially with the number of vertices.

8.3 Dimers and Tilings

Dimers lead to tilings of the plain. This is expressed in terms of the lattice dual to the
original one. The dimers of the square lattice yield a domino tiling. The dimers of
the hexagonal lattice yield a rhomboid tiling, which may be interpreted as projection
of a three dimensional surface consisting of squares.

In Fig.8.2a we show dimers on a (black) square lattice. These dimers are
imbedded in rectangles in the shape of dominoes. This yields a domino tiling of
the checkerboard.

Another interesting lattice is the hexagonal lattice. We show an example in
Fig. 8.2b. One may embed each dimer with a rhomboid, also called lozenge, which
yields a tiling of the plane in rhomboids. These rhomboids can be considered a
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<)
a)

1l
|

e

Fig. 8.2 Dimers and tilings. (a) checkerboard and dominoes, (b) honeycomb lattice and rhom-
boids, (¢) rhomboid tiling again. Dimers are shown as thick black lines, the other parts of the
lattice as black thin dotted lines. The tiling is shown in red thin lines

projection of a surface in three dimensions onto a plane, which consists of squares
parallel to the xy-, xz-, and yz-plains. Then the ensemble of dimer configurations
yields a class of random surfaces. These surfaces, which are more clearly seen in
Fig. 8.2c, have the property that z decreases or stays constant with increasing x and
increasing y.

Generally the tilings are obtained from the lattice dual to the original one. The
dual lattice is obtained by putting a vertex in each plaquette of the original lattice.
The vertices on adjacent plaquettes are connected by edges. These vertices and new
edges constitute the dual lattice. The dual lattice of the square lattice is again a
square lattice, whereas the dual lattice of the honeycomb lattice is a triangular lattice,
see Fig. 9.4. Finally the edges crossing the dimers have to be removed from the dual
lattice. This yields the domino rectangles and the rhomboids.

Problems

8.1 The double product for .4#” can be reduced to a simple product by use of a" —
1 = [ (a—exp(2mmi/n)) and b+ 1+2b cos(¢p) = (b+e?)(b+e~*). Perform
the transformation.

8.2 Calculate the number of dimer configurations for a 4 x 4 lattice.

8.3 Calculate numerically how many ways 32 dominoes can be placed on a
checkerboard.

8.4 Show that the number of dimer configurations of 2 x n square lattices is given
by the Fibonacci numbers [146].
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Chapter 9
Two-Dimensional Ising Model

Abstract The solution of the two-dimensional Ising model on the square lattice
is presented. The logarithmic divergence of the specific heat at the critical point
is derived. The boundary tension in the ordered phase is determined. Duality
arguments allow the determination of the exponential decay of the spin-spin
correlation in the paramagnetic phase.

9.1 The Ising Model

The Ising model is introduced. Its importance for the theory of critical phenomena
is pointed out.

9.1.1 The Model

We consider how the partition function of the two-dimensional Ising model on a
square lattice can be calculated by means of Grassmann variables [86, 122, 179,
213,228, 229].

The model consists of Ising spins S(k,/) = =1 on lattice points (k, /), with &,/
integer. The interaction between the spins is given by

H=—1)_ SkDSk~+1.0—1Y Sk DS(k.[+1). 9.1)
k,l k,l

The partition function reads

Z =) exp(~pH)
{s}
=Y [ [(cosh(BL)(1 + tS(k. DS(k + 1.1)))
{s} ki
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X l—[(cosh(ﬂlv)(l + 1,8k, )S(k, L + 1))),
k.l

t = tanh(Bly), ¢ = tanh(BI,). 9.2)

S(k, 1) has to be summed at each lattice point independently over &=1. The expression
under the sum is a polynomial in S(k, /). Summation over S yields a non vanishing
contribution only, if at each lattice site an even power of S(k,/) appears. If one
introduces for each factor ¢SS a corresponding edge in the lattice, then the partition
function is a sum of contributions C tﬁ“ % over all closed graphs on the lattice. Closed
means that an even number of edges ends at each lattice site. k;, and k, are the
numbers of horizontal and vertical edges in the lattice. Thus, the partition function
is given by

Z=C Y i 9.3)

closed graphs
with
C = 2" (cosh(BI,))" (cosh(BL,))", 9.4)

where N is the number of spins, which equals the number of lattice points. We
assume periodic and antiperiodic boundary conditions.

9.1.2 Phases and Singularities

For a long time, the only models describing transitions from disordered to ordered
phases by breaking a symmetry were various types of molecular field models. The
most prominent were Van der Waals theory (1873) for the gas-liquid transition,
Weiss mean-field theory (1907) for magnetic phase transitions, and Landau theory
(1937) for phase transition in general. They all gave a jump in the specific heat at
the critical temperature 7, and predicted, for the order parameter, a square root law,
/T, — T. This order parameter is the difference between the density of the liquid p|
and the vapor phase py, below the critical temperature. In a magnetic system, it is
the spontaneous magnetization in the ferromagnetic phase. The compressibility and
susceptibility respectively, diverge like |7, — T|~! in these theories.

However, already in 1900 it was clear (see the review by Levelt-Sengers [165])
that experiments showed a different behaviour. For example Verschaffelt and Young
found that in isopentane p; — p, is proportional to (7, — 7)%3**. Many more
experiments supported that molecular field theory did not describe the critical
behaviour correctly. Therefore the exact solution of the two-dimensional Ising
model in 1944 and in 1949 by Onsager [200, 201], which gave a logarithmic
singularity of the specific heat and a power law for the spontaneous magnetization,
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m o< (T, — T)'/8, showed that exact solutions could indeed give results different
from molecular field approximation.

The calculation of the free energy was simplified by Kaufman [135] and a
complete derivation of the spontaneous magnetization was given by Yang [292].
The representation of the Ising model by Grassmannians was given by Samuel
[228,229]. It is also given in Chap. 2 of the book by Itzykson and Drouffe [122]. The
book by McCoy and Wu [179] contains a general summary and further references.

As a function of the parameters #, and #, we will find that the specific heat
diverges logarithmically, if one of the four Pfaffians 2 — (1 £1#,)(1 £ #,) in Eq. (9.31)
vanishes. These singularities indicate phase transitions. The transition lines are
shown in Fig.9.1. At high temperatures, i.e. for small values of 7, the system is
in the disordered paramagnetic region. At low temperatures, that is for ¢ close to
+1 the system is ordered. For ferromagnetic couplings /, that is positive #, and #,,
the system becomes ferromagnetic with spins preferably lined up in one direction.
The system approaches antiferromagnetic order in the three other corners of the
figure. A direct calculation of order parameter correlations goes beyond the scope
of this book and we refer the interested reader to [122, 179]. Using duality arguments
we will give the decay of the spin-spin correlation in the paramagnetic region.
It will be shown that there is long-range order in the regions indicated by f and
af. This is done in the ferromagnetic case by introducing antiperiodic boundary
conditions. Thus, the system is forced to have a domain wall with a cost in free
energy proportional to the length of this wall in the ordered phase, whereas, in the
paramagnetic region, this cost of energy becomes negligible as soon as the size of
the system exceeds the correlation length of the spins. Similarly one finds that in the
antiferromagnetic phases, with odd length L and periodic boundary conditions in the
direction of the staggered magnetization again this cost in free energy shows up. In
a final section, the duality transformation is presented. This transformation allowed
Kramers and Wannier [153] to determine the critical temperature before Onsager’s
celebrated solution [200] of the Ising model. We also give some indications, how

Fig. 9.1 Regions of various 1Nt
phases in #,-t, space. p " v T
indicates the paramagnetic VA (K
region, f the ferromagnetic v T
one, af three types of af1 f
antiferromagnetic order: af;
staggered in horizontal
direction, af; staggered in p AN
vertical direction, and af3 1 1
staggered in both directions.
The phase transition lines are
determined by the vanishing
Pfaffians (9.31) af3 afy
Ay Ve
Ay A4
vy R
-1
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the solution can be generalized to Ising models on other two-dimensional lattices
like the honeycomb lattice and the triangular lattice.

9.2 Representation by Grassmann Variables

The partition function of the Ising model on the square lattice is expressed as
integral over Grassmann variables.

At each lattice site four Grassmann variables are introduced, shifted from the
lattice site a little bit up, down, to the right and left, denoted by &,(k, ), Cq(k, 1),
Le(k, 1) and ¢ (k, [), resp. For each factor 1+ 1, S(k, [)S(k+ 1, /) in (9.2) we introduce
a factor

1+ mang(k, DGk + 1. 1) = exp(tanti(k, DGi(k +1.1)) 9.5)

The lower indices indicate that the edge runs from (k, /) to the right and from (k +
1,1) to the left. ay, is a sign factor, which is later chosen so that all contributions
under the sum are positive (Fig. 9.2). Correspondingly, the factors

1 + tyayCulk, )Ca(k, 1 + 1) = exp(tvayCu(k, Da(k, [ + 1)) 9.6)

are introduced for the vertical edges. At each point, an integration is performed over
all four s. With this prescription we would obtain only contributions, if all four
edges would end at the point. Thus, we introduce an additional factor exp(R(k, [))
with

R(k.l) = 3> " agalalk. i (k.1), 9.7)

dd

Fig. 9.2 Location of the four (k li ‘H) ( k+1.1 +1)

Grassmann variables around
lattice sites

(k,1) (k+1,1)
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where d and d’ stand for all four directions and a is antisymmetric. The integrals

1) = [ exp(Ry(©)ddtadt ©3)
yield
f 1(f)
1 AudGr — Aurddl + Auddr
Cula Ayl
gué-r —dd)
Cuél agr (99)
Cdé‘r Ayl
Cali —dyr
&6 Qud
é‘uzdé‘ré.l 1

If no edge ends at a lattice point, then we require that the factor equals one,
(ud@y] — Aur@q) + audgr = 1. (9.10)

If we are able to choose the factors a so that each closed graph contributes with
positive sign, then

Z=C/]_[d§ud§dd§rd§1 (9.11)
k.l
X exp(Z(thahgr(k, DGk + 1,0 + tyvay Lok, DCq(k, 1 4+ 1) + R(k, 1))).
k.l

Now the signs a have to be determined. To do this we dissect the graph into closed
not overlapping loops, which are traversed in left. We postpone the case where four
edges meet at a point. Then, one loop contributes the factors

(t1ar8a, (1) 8y (x2)) (120284, (x2) 47 (x3)) - - - (tn@nCa, (Xn) Ear (x1))
= — [ [a) G (1) ) Gy () (2)) - (G (60) e, ().

9.12)

The factor {; (x;) has passed 2n — 1 factors ¢, which yields the minus sign. After
this rearrangement there are always two factors (¢, at the same lattice point. Thus
these pairs commute. We denote the number of factors ¢, by ny 4. It counts the
number of sites at which the loops enter from d’ and leave in direction d. Denoting
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the number of links, which go in direction d by k;, one obtains

ky — ngu = ngr + nai = Ny + N,

ka —nud = Nyr + Nl = Myd + Mg,

ke — e =y + Mg = Nyr + Nar,
ky —ng = ny + nyg = ny + ng. (9.13)
ky is given both by the number of bonds entering from below the sites and by the
number of bonds leaving the sites in the upward direction. We proceed similarly for

the other directions. Circling through a loop in left rotation, the number of turns to
the left exceeds the number of turns to the right by four. For / loops, one obtains

4l = ny + nyg + na + My — Ny — Nge — Mg — Rul (9.14)
Equations (9.13) and (9.14) yield

ng = [+ nyg,
ng =1+ ny,
ng = 1+ ny,

ny = 1+ ng. (9.15)

One is left with the following product, which for integer n and [ has to yield 41,
1= (D) ae (—a)ay (—an)" [ [1Cata) s (9.16)
dd

= (ayanagay) "™ ! (—avanagcaa) rctnactl (—ayaq) "™ i (—anawq) LS
———— ————— ———— ——

This is fulfilled for

avapagau = 1, avandgan = —1, 9.17)

avay = —1, apay = —1. (9.18)

Until now we have not considered the case that four edges meet at a lattice point.
In this case we may either connect left with down and right with up or we may

connect left with up and right with down. Then 7({4£))1({,¢:) has to be replaced

by 1(a6i8uss) or 1(8adi)1(Lud1) has to be replaced by 1(8alr{uli). This yields the
conditions

1(Gal)I(Guto) = 1(Ca&i6uls),  awaa = —1 (9.19)
I(Cdé})l(ﬁuﬁ) = I(gdé-rgu;l)v auagr = 1. (9.20)
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From Egs. (9.10), (9.19), and (9.20) one obtains
awaan = —1, (9.21)
The solution of Egs. (9.17)—(9.21) is not unique. We use the solution
—Qy =y = Ay = —Ayd = Ay = —dq] = Ay = dgr = 1. (9.22)

Thus, we have obtained the partition function in the form of a Gauss integral over
Grassmann variables

2= c [Taadadzdat) esG). 9.23)
k.,

G = Z(thﬁr(k, Dok + 1,0 —t.8u(k, Dok, I+ 1) + R(k,1)). (9.24)
k.l

9.3 Evaluation of the Partition Function

The partition function of the Ising model on the square lattice is expressed as a
product.

We consider the model on a lattice with periodic boundary conditions and the
extensions Ly and L,. These boundary conditions correspond to the model on a
torus. The evaluation given here is not precise, since there are graphs with one or
several loops winding around the torus, for which Eq. (9.14) no longer holds. In
Sect. 9.4 the necessary corrections are given. A Fourier transform of the variables ¢
brings G in block-diagonal form,

1 Ly Ly

Lk, ) = m; ;exp(ikp(m) +ilg(n))&a(p, q). (9.25)
pom = 2% g = 2.

G then reads

G =) (tnexp(=ip)&(p. 9&(—p. —q) — ty exp(—ig)&u (p. 9)ka(—p. —q)

pq

3 Y arkalp. ) (—p.~4)) (9.26)

dd
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It is sufficient to integrate over the pairs & (p, ¢) and £(—p, —¢q), and to multiply the
products of these determinants

Z = C[ [ det(a(p. g)). (9.27)

pq

de(a.0) = [ et dt-p.~a)
d

x exp(Y_ Ea(p. ) Aua (p. ) (—p. —q) (9.28)
dd
0 —l—teie 1 1
1+tel 0 1 ~1
A = . 2

p-4) 1 1 0 t4pew | O

-1 1 —1-ne? 0

det(A(p, q)) = (1 —ty — ty — tyty)* + 21,(1 — £2)(1 — cos q)

+2t,(1 — £2)(1 — cosp). (9.30)

Obviously det(A(p, g)) > 0. The prime indicates that multiplication extends only
over one half of the wave-vectors (p, g), so that (—p, —q) does not appear besides
(p,q). If p and g are integer multiples of =, then &;(p,q) = &;(—p, —¢q), so that
instead of det(A(p, g)) one has to insert the corresponding Pfaffian pf(A(p, ¢)),

pf(A(0,0)) =1 —1t, —th — tvty, pf(A(0, ) = 1 + 1y — th + tutn,
pf(A(,0)) = 1 —t, + t, + tvty, pf(A(r, 1)) = 1 + ¢, + th — tyty.  (9.31)

The Pfaffians are, apart from perhaps the sign, the square roots of the corresponding
determinants.

We did not explicitly introduce the Jacobian for the Fourier transform, ¢ to &. For
th =ty = 0, both the ¢ integral and the £ integral yield 1. Thus the Jacobian equals
1, since it is independent of #, and #,.

9.4 Loops Winding Around the Torus

Taking periodic boundary conditions into account one finds that the partition
function of the Ising model is a sum of four determinants, which are expressed as
products as before.

Finally, we consider how the calculation has to be modified for closed loops
winding around the torus. For such loops, one has, instead of (9.14),

0 = nyr + nrg + na + Ny — Ny — Ade — Mg — Nl (9.32)
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since for these loops the number of right turns equals the number of left turns.
Thus, / counts only the loops not winding around the torus. The minus sign, (9.12),
which appears by commuting the factor ¢ with the others, has to be taken care of
differently. The torus can be cut open in both directions by changing the sign of the
factors ay and ay, respectively, at the border. More precisely, we replace ay, in the
terms ;(Ly, )¢1(1, I) by —ay. If the loop runs once in the horizontal direction around
the torus, then one obtains the desired factor —1. This does not change anything for
loops, which do not wind around the torus, since for them one obtains the factor —1
by crossing the border to the right as well as to the left. Instead of replacing a, by
—ay, one may use antiperiodic boundary conditions {;(k + Ly,l) = —C4(k, ). One
proceeds analogously in the vertical direction. We can now distinguish four cases,
since the boundary conditions can be chosen independently in both directions, and
denote the corresponding expressions (9.27) by Z+ +, where the first sign indicates
ay at the horizontal border and the second sign a, at the vertical border. We claim

Z=3-Zys+Z4 +Z +Z_). (9.33)

To verify this expression first denote the number of windings of a loop in the vertical
and horizontal directions by wy und wy, respectively. Several of such loops must
agree in the number of windings, since otherwise they would intersect. If the number
of loops is even, then each choice of the boundary conditions yields the correct
result, so they are correctly counted in (9.33). If the number n, of such loops is odd,
then it is essential to realize that wy, and wy are prime to each other. If they were not
prime, then the loops would intersect each other. This means that wy, and wy cannot
both be even. In all other cases, the sign by which the contribution enters is given by

Ny Wn Wy Z++ Z+_ Z_+ Z__

even any any 1 1 1 1
any 0 O 1 1 1 1
odd even odd| —1 1 -1 1
odd odd even| —1 —1 1 1
odd odd odd| —1 1 1 —1

(9.34)

One observes that in all cases the sum on the right-hand side of (9.33) yields
contributions with weight +1. The boundary conditions change p and ¢ in (9.25) to

( ) { 2mm for Z+,X/ (9 35)
pim) =13 emt+hx ) .
= forZ_y
2nw
st for Zg +
= Ly o 9.36
q(n) § (2n2—\/l)7r for Z, - (9.36)
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One observes that the sign of the Z; ¢ depends on the signs of the Pfaffians. One
obtains

zZo= [ Tl sienof@@. 9zl 9.37)

PEU(s.Ln) gEp(s’ Ly)
with the sets

(0, ) even L,
(0) oddL

@ evenlL,

(7) oddL ° ©.38)

pen) = | - =

We have now obtained the exact result for the partition function of the Ising model
on the square lattice with periodic boundary conditions.

9.5 Divergence of the Specific Heat

The logarithmic divergence of the specific heat at the critical point is obtained.

Provided that none of the Pfaffians (9.31) vanishes, we will show below that
for all |Z;y| the thermodynamic limit is given by the expressions one obtains
from (9.27) and (9.30) in the continuum limit,

InZeon ;= lim In|Z; |

Ly,Lhy—>00 LhLV
= In(2 cosh(B1,) cosh(B1,)) (9.39)

1 T T
+m/_n dp /_ndqln(det(A(p,q))).

The partition function Z, Eq. (9.33), is a linear combination of the Z; . Using the
limit Z.on and the signs of the Pfaffians (9.31), one finds, that depending on the
phase and the boundary conditions, Z may be 2 or 1 or 0 times Zégrﬁv. But even when
the factor O applies, In Z, which is of order Ly Ly, differs from LL, In Z.,,; only by
terms of order L;, or L, as we will see in Sect.9.7. Thus,

lim

InZ = InZ.on (9.40)
Ly.Ly—>00 LhLV

also holds. Z oy is the partition function per lattice site in the thermodynamic limit.

The partition function is non-analytic where the determinant of the
integrand (9.30) respectively the Pfaffian (9.31) vanishes. For ferromagnetic
couplings I, > 0, I, > O this happens at 1 = £ + #, + . We will later see
that this equation determines the temperature of the phase transition. In order to
investigate the non-analyticity, it is useful to consider the derivative with respect to
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B and to investigate the behaviour of the integrand at p = ¢ = 0. With
k = pf(A(0,0)), o =t(1—15), cn=t(l—1) (9.41)

one obtains for the derivative of the singular part of the partition function

d 1 de « dpdg
InZ: = — 9.42
dp (LhLV n Smg) dB (2n)? / k2 + cyg? + cpp? 0-42)

The integral has the non-analytic part

— In(«?), 9.43
o (k) (9.43)
which yields a non-analyticity for the energy per lattice site of
1 K dk
——(H)ging = ————— In(k?). 9.44
LhLv( )Ag 47{\/md,3 n(k<) ( )

where we have used (H) = —d InZ/d B. Note that In(«?) is negative. From (9.44)
one deduces the logarithmic singularity of the specific heat

1 d{H)
LyL, dT

_ P di\? 5
g Am/ecn (@) [ TG (9.45)

Similar singularities show up, when one of the three other Pfaffians (9.31) vanishes.

9.6 Other Lattices

Starting from the square lattice some couplings can be chosen to vanish or to be
infinite. In this way the partition function of other planar lattices can be obtained.
Examples are the triangular and the honeycomb lattice.

Can the procedure to evaluate the partition function be used for Ising models on
other lattices? As far as it is known the partition function of all two-dimensional
Ising models can be expressed by a Pfaffian, provided the edges of the interactions
do not cross. Two possibilities to construct the partition function of other two-
dimensional lattices, starting out from the square lattice, are:

(1) One may attach to some edges an infinite coupling, which corresponds to the
choice t = 1. The connected spins are then forced to be parallel. Thus, they act
as one spin. An example is shown in Fig. 9.3a, where the thick lines indicate
t = 1. Thus, two spins merge to one spin, which is now connected to six
different spins, which yields a triangular lattice, as shown in figure a’.
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Fig. 9.3 Lattices obtained
from the square lattice.
Choices t = 1 and ¢t = 0 for
some bonds yield triangular (a) (b)
and hexagonal lattices. See
text

(@) (b

(2) One may eliminate some edges, which corresponds to the choice t = 0, as
shown in Fig. 9.3b. This reduces the coordination number from four to three. A
slight distortion of the brickwall lattice yields the honeycomb lattice shown in
figure b’.

M.E. Fisher [86] relates the Ising model on a planar lattice to the dimer problem.
He starts with lattices of coordination number 3 and proceeds to those with larger
coordination numbers.

In an attempt to transfer this procedure to a three dimensional lattice one has
the problem, as also there the factor (—)' for / loops appears, but that there is no
relation analogous to (9.14). Thus, the transfer to three dimensions fails. However,
the partition function of the three-dimensional Ising model can be given as integral
over an exponential function, which does not only contain bilinear terms but also
terms of fourth order in the Grassmann variables [121]. There is no exact solution
known for three-dimensional Ising models.

9.7 Phases and Boundary Tension

By comparing the partition function for periodic and antiperiodic boundary condi-
tions the boundary tension and thus the ordered regions are determined.

One expects that at high temperatures, that is for small 8 and thus small #, and
t, the system is in the paramagnetic phase, in which the Ising spins show only
short-range correlations. At low temperatures, that is for ¢, and #, close to £1, the
system is expected to be in the ordered phase. The logarithmic singularity in the
specific heat, which appears at vanishing Pfaffians in (9.31) shows that there are
strong fluctuations in the energy-energy correlations, since the specific heat can be
expressed by the sum of these correlations over the whole system. One guesses that
the phase transition between the disordered paramagnetic phase indicated by p and
the ordered ferro- and antiferromagnetic phases indicated by f and af occur along
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these lines in the #,-#, diagram Fig.9.1. For positive couplings, I, and I, the spins
tend to line up in parallel approaching ferromagnetic order. If one or both couplings
are negative, then there is the tendency for a staggered order, either in the horizontal
or vertical or both directions, yielding three types of antiferromagnetic order.

A calculation of the spontaneous magnetization is beyond the scope of this book.
We refer the reader to [122, 179]. However, we may observe the long-range order
in a different way. Let us consider the ferromagnetic and paramagnetic phases, with
the argument for the antiferromagnetic phases running similarly. We consider the
system with positive couplings / and, thus, positive rs. However, we change the
periodic boundary conditions to antiperiodic ones, S(k + Lyp,/) = —S(k,[). This
means that in Eq. (9.33), all Z; ¢ have to be changed to Z_; ¢ yielding

Zap =32y +Z _+Zpy+Z1). (9.46)
where p stands for periodic and a for antiperiodic boundary conditions. Similarly
we may introduce antiperiodic boundary conditions in both directions. Then Z; ¢
in (9.33) changes to Z_ _y,

Zia =32+ 2y + 7+ Z1y). (9.47)

The dependence of Z; ¢ as a function of s and s’ is analyzed in Section 9.7.1. At
leading order, one obtains

|Zsw| = ZEy (1= sx10 — 5 o1 — 2ss' x1.1) (9.48)

where the y are functions decaying exponentially with L,

Kmn O sign(cl™)sign(c™™) ()™ Ay mn)"™™ (9.49)
with
=] \*' =) \*'
Ah1,0=(—) s Avoa = —) (9.50)
[ta] (1 + [ty]) |ty (1 + [tu])
and for L, = L,,
+1
(1—2)(1—1)
Aniidviy = [ ——F——22) . 9.51
hi1Avid ( At (9.51)

The plus sign of the exponents applies in the f and af regions, the minus sign in the
p region. The As equal 1, when one of the Pfaffians, in (9.31), vanishes, otherwise
they are less than 1.

Paramagnetism In the region p, all Pfaffians and thus all Z; ¢, are positive. Thus,

one obtains, for all boundary conditions, Z = ZCL(‘)‘HL( and the corrections by the ys
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yield corrections to the free energy, which decay exponentially with the size of the
system.

Ferromagnetism In region f the situation is different. There, pf(A(0, 0)) and thus,
Z4 4+ is negative. For periodic boundary conditions in both directions one obtains

Zpp = CL(‘,‘HL{ If one or both boundary conditions are antiperiodic, then the leading

contributions Z Ly

—oni. cancel and one obtains

Za’p = Zp,pXO,la Za,a = ZZp,p)(l,l. (952)
Thus, the antiperiodic boundary conditions make the free energies increase

Fap—Fpp = —kgTLyInAyo,1, (9.53)
Fa’a—Fp!p = —kBT(LV lnk\,l,l +Lh lnkhlql). (954)

The reason is, going around the torus, the system has to have a domain wall
somewhere. This domain wall costs energy (and yields some entropy). The cost
in free energy is proportional to the length of the domain wall. This change in free
energy per area (in three dimensions) and per length (in two dimensions) is called
surface tension and boundary tension, resp. We remember that A is less than one.
Thus, one really has an increase in free energy. A approaches 1 as one approaches
the critical line. Thus, the surface tension goes to zero at the critical line. An explicit
calculation of the boundary tension is given in Section 9.7.1. It was first determined
by Avron et al. [13] from the spin-spin correlation function by means of the duality
transformation (see Sect. 9.8).

Antiferromagnetism 1If t, or t; is negative, then the system tends to antiferromag-
netism. The system can be easily transformed into one with ferromagnetic coupling,
since the interaction remains invariant under any of the transformations (9.55)
and (9.56),

Sk, 1) — () S(k, 1), th — —tn, (9.55)
Sk, 1) — (=)'S(k, 1), t, — —t,. (9.56)

If #, is negative, then the transformation (9.55) is performed. If Ly is even, then
periodic boundary conditions, as well as antiperiodic boundary conditions, are
preserved under the transformation. If L, is odd, however, then periodic boundary
conditions are transformed into antiperiodic ones and vice versa. Similar arguments
hold for #, and L,. Independently, one may use Eqgs. (9.33), (9.46), (9.47) together
with the signs of the Pfaffians (9.31), (9.37), (9.38) and the signs of the ys, (9.49),
to evaluate the free energies, which yield the same results.

The differences in the free energies (9.53), (9.54), which can be obtained
analogously for antiferromagnetic couplings, and which grow proportional to the
lengths of domain walls, clearly indicate that the system is in an ordered phase
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with long-range correlations in these regions. In the region indicated by p, these
differences decay exponentially with increasing size of the system, which indicates
absence of long-range order. The length over which this correlation decays is
inversely proportional to the product P of the Pfaffians (9.70), which in turn is
proportional to the difference of the temperature 7' from the critical temperature
T.. Thus, the correlation length £ obeys

1

E(T) o

(9.57)

in contrast to £(T) o (T — T.)~'/? in the molecular field approximation.

9.7.1 Appendix

The derivation of InZ as sum of ys is given in this appendix. With

1
cosh(BI) = ﬁ’ det(A(p, q)) = co — 2cycosq —2chcosp,  (9.58)
o=(1+2)1+2), &=, =2 (9.59)
Co Co

one obtains

L 1+21412
In|Zoy| = nly In(4 th 1t
’ 2 1-21-27

1
+ 3 Z In(1 — 2¢, cos g — 2¢ cos p). (9.60)

pq

We evaluate

E In(1 — 2¢y cosg — 2¢p cosp) = E In(l —¢ye'? — ¢ye ™ — cpe” — cpe™™)
Pq Pg

_ Z (my +my +ny +np, —1)!

mi!my'ng'ny!
p.q.my,maz,ny,ny 1 2 1 2

2.31 +n2 2.’}7111 Fma il —n1)qgi(me—mi)p

9.61)
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With

i(my— "Ly my —my = mLy,
gltm—mp — 1% 9.62
Zp: % 0 otherwise ©-62)

with integer m one obtains

o
Z In(1 — 2¢, cos g — 2¢ cosp) = — Z (2= 8m0)(2 = 80.0)8"" Ymns
pq m=0,n=0
2 2 L L,—1)!
Xm,nszLhZ(ml-'_ n+mly+n )
my!(my + mLy)'ni!(n; + nLy)!

miy,ni

~2ny+nLy A2m+mLy
e . (9.63)

The term m; = n; = 0 is excluded for m = n = 0. The term y¢0/LyLy does not
depend on L. This term together with the first term in (9.60) yields Zcon

1+214¢ 1
_ 1 h
InZeont = 5 In (41 — tg - tﬁ) “OLL X0.0- (9.64)
In total, one obtains
In |Zs,s’| = Lth In Zcont - Xe,e - SXO'C - S/Xe,o - SS/XO'O (965)
with
Xe,e = Z(z - 5m,0 - 5n,0)){2m,2na
X = 2(2 — 80.0) X2m+12n
X0 = (2= 8m0) xamant1:
200 =Y 20wt 10t (9.66)

m,n

The terms x,,, can be estimated for m > 0 or n > 0 by looking for the maximal
term in the sum (9.63): One obtains

47 )2 45 ~)2
R ) W W L L, (9.67)

2 — a2 az_p2 v
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with

m:=m; +a, a:= %mLh, n:=n +b, b:= %nLV.

The solution of (9.67) reads
420+ 2)a + (1 —2)*(A + )
|P| ’

A=)+ 2)d + 421 + )b/
|P|

,’/’\1:

n=

with

P = pf(A(0, 0))pf(A(0, 7))pf(A(, 0))pf(A(r, 7)),

1
— 2.2 2252 — 1 2 _ 2
d = \J42a + (1 - 222 = I_Hﬁ\/Z(B—i—P(b a),
1
/o 2 2 _ 1
Vo= /(-2 + 4ib = e VB + P@ 1),

B = (c% - 4cﬁ + 4c3)a2 + (c% + 4cﬁ - 4c3)b2.
‘We mention

h+7)? - R—b

2 - 2 2
o dcy, dc;

[(1+)d + (1 + 2 B+ 2Rc
P2 - P2

with

R= \/4c%a4 + (3 — 42 — 4cH)ab* + 4cib* = d'b.

91

(9.68)

(9.69)

(9.70)

9.71)

(9.72)

(9.73)

(9.74)

(9.75)

We use Stirling’s formula a! ~ +/2mwa®"!/2e=@ and approximate the expression

under the sum by a Gaussian. This yields

(2,,;1 + 2ﬁ)2ﬁ1+2ﬁ JUP
man N Cmn T = ~ = = = — —Cp, Cy
A 3 e QY a (i — ayi—a (A + by b (s — byt "

m—a\ (A—b\" (42 + )2\ [4E2( + i)
= Cm.n ~ ~ ~ ~
“\m+a n+b m? — a? nZ —b?

1 1

(9.76)
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_ sign(c"™)sign(c")Ly Ly

Con = 9.77)
V327 (Ra? + mb?)

and thus,

~ mLy qn _
Xmn = Cm,nlhm’nkvlyﬂn/’na Ahm,n =

(9.78)

The signs in expression (9.77) for ¢;,,, come from the signs of ¢, and ¢, in (9.63).
The As approach 1 at the critical lines due to |P| — 0 in the denominator for /2 and
nin (9.69).

The coefficient ¢,,, is of order L'/? and decays close to the critical lines
proportional to |P|'/2. Similarly —In A o |P| close to criticality. Further

|Xmnl < 1wl if Im| = |m'| and |n| > ||, 9.79)
where the equal sign holds only, if |m| = |m/| and |n| = |n’|. This can be easily
seen, since the coefficients of the powers of ¢, and ¢y, in (9.63) are smaller or equal,

if the conditions in (9.79) hold. Thus, at leading order one has

0= qoe 250 =qor. 2°°= ©-30)

Several explicit values fora = 0, b = 0, and a = b are listed in Table 9.1.
Neglecting the prefactors ¢, , in X, One can show that

|XW11+leqn1+Vl2| Z |Xm1,n1 sz,n2|s (981)

where the equal sign holds only if m;/n; = my/n,. This can be seen by showing
that

m+a n+b
d(a,b) ;== —In|y| =aln| = +bln | = . (9.82)
m—a n—>b
has the property of a distance,
d(al, bl) + d(az, bz) > d(Cll + ap, by + bz) (9.83)
Table 9.1 m, 7, Ay, and A, fora =0,b =0,anda = b
a,b }’;’l ;l A;sign(P) A\Tsign(P)

_ 20+ D2 +0—=In])? 20t |(1—1) 1— |1y
b=0 | oy T2 I 2 —(—ln D2 Tl (14 1) !

_ 2|m|(1—12) 2041m)’+0—lm)? 1—|]
a=0 Ir3(1+lthl)2—(1—lthl)zlb It%(1+lrhl)2—(1—lrhl)2lb 1 Ity [(14+1m )
a=p | MOFRPHA+5) (-6 ] U o U o ) R Ul 1 L) A+ —r)

[(1—)(1—2)—168222] [(1—)(1—2)—168222] 2lml(1+22) 2t (1447)



9.8 Duality Transformation 93

For 0 < g < 1 one obtains, after some calculation,

d(ga + 8a,qb + 8b) + d((1 — g)a — 8a, (1 — q)b — §b) (9.84)
1P|

8b — bda)? + 0(8a, §b)°.
q(1 —q)a't'((1 + tlzl)a’ +(1+ l‘%)b’) (a a)” + O(8a, db)

=d(a,b) +

Noting that d is homogeneous in a and b of order 1, d(a, b) = bd (a/b), one obtains
d(ga + 8a,gb + §b) + d((1 — g)a — 8a, (1 — q)b — b)

= d(a.b) + 5 (ab — b8a)*d" + O(8a, §b)>. (9.85)
q

1
(1—gb?

Comparison of (9.84) and (9.85) shows that the second derivative of a(a/ b) is
positive and thus (9.81) holds. By exponentiating In Z, (9.65), products of ys can be
neglected at leading order due to (9.81). For the discussion of the various boundary
conditions it is sufficient to use (9.48). The correction y*° is negligible.

9.8 Duality Transformation

The duality transformation connects properties of two-dimensional Ising models on
dual lattices at high and low temperatures. It yields relations between the partition
functions and allows for the determination of the critical temperature for self-dual
lattices. It also connects the spin-spin correlation with the change of free energy for
the dual system, in which the sign of the couplings along a corresponding line is
changed.

Consider a two-dimensional lattice consisting of vertices, at which the spins are
located. The vertices are connected by bonds between the interacting pairs of spins.
If these bonds do not cross, then the lattice is called planar. In the following only
planar lattices will be considered. Then the partition function can be represented as
sum over all unions of closed graphs U, where each bond in the graph contributes a
factor ¢, = tanh(K,) with K, = BI,,.

Z{K} = C{k} Y [0, CiK} =2"] ] cosh(ky). (9.86)

U beU b

Another expansion in terms of unions of closed graphs is obtained in the following
way: Introduce domain walls between neighboring spins pointing in opposite
direction. These domain walls form closed paths, too. The energy of such a
configuration is given by

E=E +2 ZI;, (9.87)
b
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where E| is the energy of the two states with all spins parallel aligned and the sum
runs over all bonds b crossing the domain wall. These domain walls are located on
the edges of the dual lattice. This dual lattice is obtained by putting a vertex in each
plaquette of the original lattice. Vertices on adjacent plaquettes are connected by
bonds b. Thus there is a bond b of the dual lattice crossing a bond b of the original
lattice. Similarly there is one vertex of the original lattice in each plaquette of the
dual lattice and one vertex of the dual lattice in each original plaquette.
Thus the calculation of the partition function from (9.87) yields

ZpiK} = 2C(K} Y " [ [exp(=2K,3).  C{K} = [ [exp(Ky). (9.88)
U bel b

since the domain walls are unions of closed graphs U on the dual lattice. By

reversing all spins one obtains the same domain walls, which yields the factor 2

in the first Eq. (9.88).

One obtains (apart from the prefactors C, C) the same partition function for the
Ising model on the dual lattice

Z{Ky =Ky Y % Cik} = oV ]—[ cosh(K3), (9.89)

U bel

if one chooses 7; = tanh(K b(b)) = exp(— 2Kb(b)) which yields the relation
th + 1 + tpl; = 1. (9.90)

Thus one obtains the duality relation

%Z{K}:@ {K}. 9.91)

A lattice on the torus is not a planar lattice. But the partition function can be
determined in a similar way. Going around the torus one crosses the domain walls
an even number of times. Thus only loops going around the whole torus are to
be counted, if they appear pairwise. An odd number of such loops is not allowed.
From (9.34) one observes that now

Zop=3Chy + 2o+ Z 4 +Z_). (9.92)
The ratio between Z, ;, and ZA+,+ lies between 1/2 and 2. In the following it can be
neglected.

Euler’s topological relation reads for the torus

N+N =N, (9.93)
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(a) (b)

Fig. 9.4 Dual lattices. (a) Two square lattices are dual. (b) Triangular lattice and honeycomb
lattice are dual

with N, the number of bonds. One obtains for the coefficients C

Cik} _ CIK} _

by N—Ny/2 : —-1/2
G O 2 l:[(smh(2Kb))

- (ZN—Nb/Zl‘[(sinh(zkb))_l/z) : (9.94)
b

where 2¢/(1 — %) = sinh(2K) has been used.

As shown in Fig.9.4 the square lattice is dual to the square lattice and the
triangular lattice is dual to the honeycomb lattice on the torus. For the square lattice
the duals of the horizontal bonds are the vertical bonds and vice versa. Thus

A -t . 1 -1t
tm = exp(—2K,) = , Iy =exp(—2Kp) = T th‘
h

1+

(9.95)

Kramers and Wannier [153] used this fact to map the high-temperature behavior
expressed by the expansion in ¢ to the low-temperature behavior expressed by the
expansion in powers of 7. This mapping is called duality transformation, since
performing the map t — 7 twice leads back to the original . Assuming that the
free energy has one critical temperature at which it becomes non-analytic, they
determined the critical temperature of the Ising model on the square lattice from
t=1.

9.8.1 Order and Disorder Operators

The concept of duality allows connection between spin correlations in the dual
lattice and the change of the free energy due to walls of opposite interactions in the
original lattice (Kadanoff and Ceva [129]). The disorder is introduced in the dual
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Fig. 9.5 Dual lattices. The
gray dots indicate the
location of the spin operators
on the dual lattice and those
of the disorder operators on @
the original lattice

lattice in the following way: Choose two points on the dual lattice: Connect them
by a line (both in gray in Fig.9.5). This line cuts interaction lines on the original
lattice indicated by thick dashed lines. One reverses the interaction along these lines.
This introduces some disorder in the interaction. If the interaction was originally
attractive, then across the line the interaction prefers pairs of spins with opposite
signs at the ends of these dashed lines, which introduces a domain wall. The cost
of free energy depends only on the locations of the two gray points. One can easily
convince oneself that a different line between these two points yields the same free
energy. Thus disorder variables () and u(+') are introduced and the change in free
energy (divided by kgT) is denoted as correlation of the disorder variables

/ Z{K'}
exp(—B(Fais — Fora)) = (L(Np(rNK} = : (9.96)
Z{K}
where K’ = —K on the bonds with reversed interaction, otherwise K’ = K.

Let us consider correlations of the spins (S(r)S(+')), first on the original lattice.
For this purpose we write

S()S(r') = (Sr)Sr))(Sr)S(r2)) ... (S(ra—1)S()), (9.97)

where the spins apart from S(r) and S(r’) appear pairwise and are grouped into
pairs of neighboring spins. In order to evaluate the correlation one has to replace
exp(KS(rm)S(rm+1)) = cosh K + sinh KS(r,,)S(ru+1) by

S(rm)S(rm+l)exp(KS(rm)S(rm+l)) = sinh K + cosh KS(rm)S(rm+l)
= —i(cosh(K + %) + sinh(K + ig)S(rm)S(r,,H_l)) (9.98)

i

— —iexp ((K + g)S(rm)S(rmH)) . (9.99)
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Thus K has to be replaced by K + = 1” for all bonds appearing in the product (9. 97)

We now consider the correlation on the dual lattice with the dual couplings K =K
and K + Z =

Z{K'}
Z{K}

(SIS qua{K} = (—i)" (9.100)

We realize that the replacements K — —K and K—>K + are performed at the

associated bonds and dual bonds. Since K is the dual of K, it follows that K + Z = is
the dual of —K. Using (9.91) and

ZIK'y _ CiK},
Z{K'y  C{K}

9.101)

one obtains

(R(PRENKY = (S(F)S())auar{K}- (9.102)

The duality transformation connects correlations between systems below and above
the transition [129].

First consider the situation with 7 > T, on the original lattice, T < T. on the dual
lattice. Then the correlation {(S(r)S(r'))qual is long ranged. For large distances the
correlation approaches (S(r))?, that is the square of the spontaneous magnetization.
Above T, disorder has only a local effect, since the spins are correlated only over
small distances. Thus lim,_/|— o ((r)t(r')) = const.

Secondly consider the case T < T, on the original lattice, T > T. on the dual
lattice. Then the spin correlations are short ranged and decay. On the original lattice
T < T, yields long range order. Therefore the change in free energy described by
Fya—Fp;1in (9.54) and by Fyis — Forq in (9.96) yields apart from local effects around
rand ¥/, which are absent in the antiperiodic boundary conditions the linear growth
with distance |r — r/|. Thus the exponential decay of the spin correlation above T,
can be concluded from the surface tension below T,

In({S(r)S())) 1

lim ——————=——, §=—[cos¢|InAy11 —[sing|InAy11,
[r—r|—>00 |r—r'| &
(9.103)
where
r—r =|r—r|(cos¢,sing), b/a=tang. (9.104)

Again the correlation length & diverges close to 7. as given in (9.57). Avron et
al. [13] went the other way round. They calculated the surface tension from the
correlation function.
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Spontaneous Magnetization We do not calculate the spontaneous magnetization
in this book. We mention only Onsager’s announcement of the result as a discussion
remark [201] in 1949: “Mathematically, the composition-temperature curve in a
solid solution presents the same problem as the degree of order in a ferromagnetic
with scalar spin. B. Kaufman and I have recently solved the latter problem
(unpublished) for a two-dimensional rectangular net with interaction energies J, J'.
If we write sinh(2J/kT) sinh(2J'/kT) = 1/k, then the degree of order, for k < 1, is
simply (1 — k%)!/8.” The solution was published by Yang [292] in 1952.

Problems

9.1 The condition for criticality is usually given by sinh(2g1,) sinh(281;) = 1.
Derive this relation. Hint: Start from pf(A(0, 0))pf(A(sx, r)) = 0. What is obtained
from pf(A(0, 7))pf(A(x,0)) = 0?

9.2

(1) Convert the double products for the partition functions Z;y into a simple
product over p and g, resp. by means of

N—1
]"[ (a— be¥ "INy = gV — pN, (9.105)

m=0

(i) Use these expressions to express Zy ¢ /Z_ ¢ and Zs + /Z; _ and determine the
boundary tension in horizontal and vertical direction.

9.3

(1) Asshown in Sect. 9.6 one transforms from the square to the triangular lattice by
introducing bonds with r = 1. Perform the corresponding integrals over {4(2)
and ¢, (1) in Fig. 9.6a.

(i) Similarly one transforms to the honeycomb lattice by setting + = 0 and
performing the same integrals.

9.4

(1) In order to determine the partition function of the honeycomb and triangular
lattice one can first consider a square lattice, where from every second site one
has four different couplings to the nearest neighbors as shown in Fig. 9.6b. One
first integrates over the {s of every second site, in the figure the central site.

(i1)) Then one performs the Fourier transform for the other sites and determines the
determinants A(p, g) and the pfaffians, which may show up. Finally one may
set ¢4 to 0 (honeycomb case) or to 1 (triangular case).
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Fig. 9.6 (a) Two
neighboring lattice sites. (b)

: [u]
A cenFral sm? surround'ed by “
the neighboring four sites ‘
b

(k,1) t4 (k+1,1+1)

(k+1,1)

9.5

(i) Star-triangle transformation. One can eliminate every second spin on
the honeycomb lattice by performing the sum in the partition function.
Y, ePmSoIEREH) = fefh(S15:4515+55)  Determine the relation between
B and BI,.

(ii) Starting from the triangular lattice and performing the duality transformation
one obtains a model on the honeycomb lattice. Then applying the star-triangle
transformation one is back on the triangular lattice. Determine the critical 1
and BI.

9.6 Consider duality on the square lattice. How do «, ¢y, ¢y, the Pfaffians (9.31) and
the partition functions Z4 4 transform under the duality transformation?
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Part I1
Supermathematics

Supermathematics is the combination of commuting and anticommuting variables
on an equal footing. In particular, vectors and matrices with both even and odd
components are introduced. The mathematics of complex vectors and matrices are
generalized to these supervectors and supermatrices in Chaps. 10-14.

This includes two types of transpositions of matrices, two types of adjoint, the
definition of real and symmetric matrices. Two types of superunitary groups are
related to the two types of adjoint.

We have seen in part one that integrals over complex and real variables
may cancel those over Grassmann variables. Here we will find that integrals
over supervectors and supermatrices invariant under superunitary transformations
have interesting cancellation properties which are derived in Chaps. 15 and 16.
Chapter 17 contains a few more results on supermatrices.

The mathematics developed in this part will be used for the physical applications
in Part III.



Chapter 10
Supermatrices

Abstract Until now we only considered the algebra of Grassmann-valued expres-
sions and differentiation and integration with respect to Grassmann variables. We
kept away from transformations between even and odd variables. This will now be
done. In fact, symmetries will be observed, which include both types of variables.
To begin with we use the differential, which immediately leads to matrices with
elements of both even and odd elements. We generalize the transposition, the
determinant, and the trace to its superforms.

10.1 Differential, Matrices, Transposition

Supermatrices are introduced as differentials. Functions of functions yield the
multiplication law. Supertransposition is introduced.

We consider functions Z; of variables Y, where Zi,...Z, € %,
an+1, .. 'Zn1+Wl1 € o) and Yq,... Yn2 € A, Yn2+ls - Yn2+m2 e . If the
functions are differentiable, then the differential can be written in terms of the
right-derivatives

dz, = Z WudY,, Wy= aZk/aYz. (10.1)
1

The supermatrix W consists of four blocks

a o }nl
W= (; z) B b m (10.2)
—— N——

with matrices a and b, whose elements are in 2%, and matrices « and 8 with
elements in .27}. a and « have n; rows, with b and 8 having m,. Also, a and 8 have
n, columns, with b and « having m,. The set of supermatrices (10.2) is denoted by
M (ny, my, ny,my). Often a is called the bosonic block and b the fermionic block.
These two blocks, which contain even elements, are glued together by the blocks o
and S of odd elements. We will often term supermatrices simply by matrices, but
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one should keep in mind that, generally, supermatrices are meant. The blocks are
also called sectors.
Instead of (10.1), one may express the differentials by the left-derivatives

ad
Az, =Y dYy, Wy, Wy = —Z%. 103
k Zl: 1 Wik Ik a7, X ( )
TW is called the supertransposed of W,
t t
W= (_Ltla g) € M (ny,my,ny,my). (10.4)

Depending on how "W is introduced, the minus sign may appear in front of 3 instead
in front of . One should always check the sign convention. The index 'denotes the
transposed of the matrix, e.g. By = Bi. The minus sign in (10.4) comes from the
operator & in (3.1). One notes that

L A A _ )y amm)  emy _ (1n O
W= = P(W) = W , =
(—/3 b) (W) = o Wo d (o—lm)

(10.5)

is not identical with W. Only TTTTW agrees with W. Besides the supertransposed,
one introduces the ordinary transposed

) a B
W = (tO{ tb) E///(nz,mz,nl,ml). (106)
Thus,
(W) = Wi, (W) = (=)W (10.7)

When working with supervectors and supermatrices, the Z,-grade will often be
indicated only by the index as in the equation above. For general matrices, one
should indicate whether the Z,-grade belongs to the first or second index unless it
is clear from the context as in the present case. There is no distinction for square
matrices as introduced in (10.14). We note that v(W;) = v; + v;.

A short but very useful exposé on supermatrices and some supergroups can be
found in the article by Rittenberg and Scheunert [224]. The reader may also consult
the book due to Berezin [25] and by de Witt [55].
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10.2 Chain Rule, Matrix Multiplication

The chain rule for mixed transformations between even and odd variables is
given. It defines matrix multiplication and yields the multiplication theorem for
supermatrices.

Let the Y; be differentiable functions of variables X; with Xi,...X,, € @,
Xn3+ls s XV!3+WI3 € VQ{l

J J

One obtains

Az =Y O WuVipdX; = > dX;Q_ Viwp). (10.9)
i J l

This equation includes the chain rule

0Z/9X; = Y _(0Z/9Y)) (DY, /0X)). (10.10)
1

Equation (10.10) allows the introduction of the matrix product WV €
///(nl, my, ns, }’l’l3) for matrices W € ///(nl, my,ny, WZQ) andV € .//(nz, my, n3, }’l’l3)

(WV)g =D WaVi. (10.11)
1

One verifies
Twvy = vw. (10.12)

There is not a similar relation for the ordinary transposed.
The column vectors X, Y and Z are matrices in .# (n;,m;, 1,0), and the
Egs. (10.1), (10.9), (10.3) take the form

dZ=wdYy=wvdX, dZ=dY'w=dXVw. (10.13)
One verifies that the matrix multiplication satisfies the associative and the distribu-
tive law, where matrix addition is defined as usual as the sum of elements of equal
indices. The matrices of set .# (n, m, n, m) with fixed n and m constitute an algebra.

The matrices in .# (n, m, n, m) are called square matrices. We denote them also by

M (n,m) = M (n,m,n,m). (10.14)
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10.3 Berezinian Superdeterminant

The generalization of the Jacobian determinant called Berezinian determinant or
superdeterminant for mixed transformations between even and odd elements is
derived.

The analog of the Jacobian determinant for the transformation (10.1) has to be
determined. It is called Berezinian superdeterminant or, in short, ‘Berezinian’ or
superdeterminant and is denoted by ‘sdet’. It is also called the graded determinant
and then denoted ‘detg’. To derive this Berezinian, one divides the transforma-
tion (10.1) into two steps, first the components of Z in .o, secondly those of Z
in &7 are transformed

(le, e ,dZn,dZn_H, e ,dZ,H_m) <~ (le, e ,dZn,dYn_H, e ,dY,H_m)

< (le,...,dYn,dYn+1,...,dYn+m).

(10.15)

This corresponds to the decomposition of W into

aao 10 ad o d o
W:(ﬂb):(ﬂ/b/)(o l)z(ﬂ/a/b/+ﬂ/a/)- (1016)

The solution with respect to the primed quantities yields

1 0
W= (ﬁa—l b—ﬁa—la) (g‘i‘) (10.17)

The first transformation contributes a factor 1/ det(d’) due to (5.13), the second a
factor det(a). Thus, one obtains

/Hdef(Zl,...,Zn+m) = /l_[dka(Zl(Yl,...),...,Zn+m(Y1,...))sdet(W)
k k
(10.18)

with the superdeterminant

aoy det(a)

Instead of the transformation (10.15), one may perform the transformation in the
sequence
(le, . ,dZn,dZn_H, . ,dZ,H_m) <~ (dY], e ,dYn,dZn_H, e ,dZ,H_m)
< (le,...,dYn,dYn+1,...,dYn+m).
(10.20)
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Then W has to be decomposed

_(aa\_(do\(10)_(d+ap 't
W_(ﬁb)_(o 1)(5/;,/)—( B b/), (10.21)

which yields

W= (““’g’_lﬁ “bl_l) (; 2) (10.22)

and the representation

aa\  det(a—ab™'p)

for the superdeterminant.

Generalization Transpositions of rows or columns changes the sign of the deter-
minant. This is immediately obvious, if the transpositions are performed within
rows or columns of the same Z,-grade. However, we may, for example, perform
permutations, which bring the matrix in the form

Wll WlZ
W = (W21 sz), (10.24)

where W'l and W?? are square matrices, W'! € .#(n;,m;), W?* € . (ny, my).
Similar arguments yield

sdet(W) = sdet(W')sdet(W?2 — w2l wil ™' wi2)

= sdet(W!'! — W2 w2 ™" w2l)sdet(W?). (10.25)
Equations (10.19) and (10.23) are special cases of (10.25). Equations (10.25)
are particularly useful, if W'> = 0 or W?! = 0, since then sdet(W) =
sdet(W'!)sdet(W??).

Multiplication Theorem One obtains, for the transformation Z <« Y <« X
considered in (10.10),

/ f@]Jdz = / F@Z(x))sdet(w) [ [dY (10.26)
= / FZ(Y(X)))sdet(W)sdet(V) [ [d X

= / FZY(X)))sdet(Wv) [ Jdx.
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Since the two expressions in the last line are equal, we find that the multiplication
theorem for determinants holds for superdeterminants too.

Theorem 10.1
sdet(WV) = sdet(W)sdet(V).

Determinants are invariant under transposition of the matrix, det(a) = det(%a).
Using (10.5) and (10.19) or (10.23) one shows

sdet(W) = sdet( "W). (10.27)
Later we will also need transformations between matrices X — Z

Z = WXV, Z,XE///(nl,ml,ng,mz), WE///(nl,ml), VE%(nz,le).

(10.28)
We show
Theorem 10.2 The Berezinian for the transformation Z = WXV reads
[D Z] = sdet(W)™ " gsdet(V)" ™ [D X],
where
ni+my.ny+my
Dzl= [] dz, (10.29)
i=1,j=1
and similarly for X. Proof: For dY = Wd X, one obtains
[DY,] = sdet(W)*'[DX,]. (10.30)

where the sign in the exponent is positive for j < n, and negative for j > n,. Thus,
[D Y] = sdet(W)™"™[D X]. (10.31)
Similarly, one derives fordZ = d YV
[DZ] = sdet(V)" ™ [DY], (10.32)

which finally yields Theorem 10.2.
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10.4 Supertrace and Differential of Superdeterminant

The supertrace, a generalization of the trace is introduced.
Consider

w w
sdet(exp(W)) = lim sdet[(1 + —)"] = lim [sdet(1 + —)]"
n—00 n n—00 n

o detl+ ¢ — 21+ b/n)1E)
— 11m n n b n
n—00 det(l + ;)

]n
1
= lim (1 + —(tra — trb))" = exp(tra — trb). (10.33)
n—00 n
One calls

ao
str(W) = str(ﬂ b) = tra— trb (10.34)

the supertrace of W. The supertrace is also called the graded trace and abbreviated
‘trg’. Thus, (10.33) reads

sdet(exp(W)) = exp(str(W)). (10.35)
Replacing exp(W) by W reads
sdet(W) = exp(str(In W)). (10.36)
We also use
In sdet(W) = str(In W). (10.37)
The statements on superdeterminants and supertraces hold only for square matrices.

Otherwise they are not defined. For two matrices W € .# (n;,my,ny,mp), V €
M (ny, my, ny, mp) one shows, by elementary multiplication,

_f(a«a cy\ _[ac+ad ... _fca+yB ...
WV_(,Bb)((Sd)_( bd+ﬁy)’ VW_( db+5a)'
(10.38)

Since tr(ac) = tr(ca) and tr () = —tr (8ar), one obtains the cyclic invariance of
the supertrace

str(WV) = str(VW). (10.39)
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We determine the differential of the superdeterminant starting with

sdet(W + d W) = sdet(W)sdet(1 + W'd W) = sdet(W)(1 + str(W~'d W)),
(10.40)

which yields the differential

d sdet(W) = sdet(W) str(W~'d W). (10.41)

10.5 Parity Transposition

The parity transposition exchanges the bosonic with the fermionic blocks.
The parity transposition exchanges the submatrices of W, yielding "W,

W= (a a) € M (ni,my,np,my), > "W = (b 'B) € M (my,ni,my, ny).
ﬂb o a
(10.42)

Thus, the parity transposition exchanges the bosonic block a with the fermionic
block b and also the other two blocks, o and . One easily verifies

W =W, MAB) = "(A) "(B), (10.43)
(A*) = ("A)", T(AY) = ("A)¥, (10.44)
(‘W1) = ("W), "(0"™) = -, (W) = ("W)o, (10.45)
str("W) = —str(W), sdet("W) = sdet™! (W). (10.46)

Do not confuse the parity transposition with the parity operator & introduced
in (2.10), (2.11).
Problem

10.1 Check for matrices € (1, 1) that the expressions for the superdetermi-
nants (10.19) and (10.23) agree.
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Chapter 11
Functions of Matrices

Abstract Superdeterminant and supertrace are functions mapping a square super-
matrix to an element of the Grassmann algebra. Here mappings of square superma-
trices to supermatrices are considered, first the inverse and secondly mappings by

general analytic functions.

11.1 The Inverse

The inverse of a square supermatrix is determined.
ao

If the ordinary parts of a and b of the matrix W = ( B b

invertible, then W has an inverse. If we decompose

6100 .
W= 1w,
(O bo) + n1

then one obtains, from WW~! =1

ap 0 —1 . —1
Wi=1—nilW -W
(0 bo) o

and

=10 a' 0
W—lz(“o _)_( 0 _)nﬂW-W“,
0 by! 0 by'

which can be iterated and terminates after a finite number of iterations.

If we set

wl=(¢7 7
(50)
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) € . (n,m) are

(11.1)

(11.2)

(11.3)

(11.4)
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then the solution of the equations

_ + ad ay + ad
ww! = (4
(ﬂc+b8 ,3y+bd)

b
wlw = (catvBeaty
(8a+d,3 Sa + db

10

(01) (11.5)
10

(01) (11.6)

1 a'+atab'Bat —alab !
W = —b/_lﬂa_l 1

a/—l _a/—lab—l
= . 11.7
(—b_lﬁa’_l b '+ b7 'Bd tab™! ) (117

for the submatrices c, y, 8, d, yields

with

d=a—ab”'p, b =b—Ba'a. (11.8)
Supergroups Invertible matrices W € .# (n, m), that is, matrices with

det(ord (@)) # 0, det(ord (b)) # O, (11.9)

form the general linear supergroup GL(n, m) under multiplication. Matrices W €
M (n, m) with sdet(W) = 1 form the special linear supergroup SL(7, m).
Supergroups obey the laws of groups:

Multiplication: The product of any two elements belongs to the elements of the
group.

Identity: There is a unit-element 1, so that 1IW = W1 = W.

Inverse: There is an inverse W~! to each element W.

The associative law (AB)C = A(BC) holds.

Due to these group properties the inverse of the product of two invertible matrices
U,V € . (n,m) obeys

wvy'=vlu. (11.10)

11.2 Analytic Functions

The mapping of a square supermatrix to a square supermatrix by an analytic
function is described.
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If a function, f, of a complex variable, x, can be expanded in a Taylor series,

f@) =", (11.11)

k

then also (W) is defined by its Taylor expansion

fW) =) "Wk (11.12)

k
One observes that, term by term,

fW) = vf(vitwyyv! (11.13)
and for a diagonal matrix

f(diag(A1, Az, ... Apgm)) = diag(f(A1).f(A2). .. .f (Antm)) (11.14)

hold. If W can be brought into a diagonal representation by means of a similarity
transformation, then f (W) is defined by means of (11.13) and (11.14). (In Sect. 17.1
we will prove: W can be brought into diagonal form, if all eigenvalues of ord W are
different.)

We consider as an example W € .Z (1, 1), (10.2). With

1% 10 _ 1 0 11—
V= b—a , vli= b—a 11.15
(07 (&) v =(e ) o

one obtains
_ o8
viwy = (“ b—a Oaﬁ ) (11.16)

from which we deduce

fl@) + ap QWD 2 (f(a) — f(b) )

ﬂm:( LC@—fO)  (b) +oplOL O )

(11.17)

If ord (a—b) goes to 0, then one may expand f around a or b, which, withb = a+n,
yields

a«a = f(a)+(¥,3g11 agi2
f((ﬂ b)) B ( Bgn  f(b) - %aﬂgzz) (11.18)
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with
o0 k 1 3 .
811 = Z (k n 2)'f(k+2)( a) = Z (;{+)!n)f(k+2)(b), (11.19)
o M sk, g,

o kDRt ) (=) )
Z (k+2)! o, W= Z <k + 2),f (b), (11.21)

where f® indicates the kth derivative of f. The function f is not singular as a — b
tends to zero despite the denominators a — b and (a — b)? in (11.17). If a = b, then
only the terms with k = 0 in (11.19)—(11.21) contribute,

_ (f@+ 508" (@ of'(@) )

Problems

11.1 Calculate the inverse of W € .Z (1, 1).

11.2 Another way to determine the inverse of W is to use (11.10) together with the
decomposition (10.16) and (10.22), resp. For this purpose, determine the inverse of

the matrices
ao 10
01/’ Bb)

11.3 Check (11.22) for f(W) = W?
11.4 Show

("W)™ = Tw™. (11.23)



Chapter 12
Supersymmetric Matrices

Abstract The generalization of symmetric and anti-symmetric matrices to super-
matrices is introduced. The Gauss integral over both even and odd variables yields
the superpfaffian. Orthosymplectic transformations and groups are generalizations
of the orthogonal transformations and groups.

12.1 Quadratic Form

A generalization of symmetric and anti-symmetric matrices to supermatrices is
introduced.
We introduce the quadratic form of the vector S € .# (n,m, 1,0)
(S, WS) := Tsws (12.1)

with a matrix W € . (n,m). (S, WS) and its transposed are equal. We obtain,
with (10.5) and (10.12),

(S, W) = s, ws) = SW''s = sTWos. (12.2)
We may decompose
W=Wy+W_, Wy=1W+ Wo), W_=1iW-"Wo). (12.3)

Then only W4 contributes to (S, WS), whereas W_ does not,

(S, WS) = (S, W4S), (S.W-5) =0, (12.4)

since
Wy =Wio, W_.=-W_o. (12.5)
© Springer-Verlag Berlin Heidelberg 2016 117
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Thus, W obeys

W, = (_“ta Z) with & = a, b = —b. (12.6)

Here, W is called supersymmetric, although this notion is already used otherwise,
see part 3. The matrix W_ is called super-skew-symmetric. The bosonic sector
a of the supersymmetric matrix W is symmetric, but the fermionic sector is
antisymmetric. A super-skew-symmetric matrix W has an antisymmetric bosonic
and a symmetric fermionic sector.

12.2 Gauss Integrals IV, Superpfaffian, Expectation Values

The Gauss integral over both even and odd variables yields the superpfaffian.

A supersymmetric matrix in .# (n, m) is symmetric for the special case m = 0,
and it is antisymmetric for n = 0. These cases appeared in the Gauss integrals (5.4)
and (5.28). The integral

spi(W) = [ exp(-4 XWODX]. DX = 1‘[ Fdtde.db (127)

with X € .4 (n,m, 1,0) where W is supersymmetric, is called the superpfaffian of
W. So that the integral converges, the ordinary part of the bosonic sector has to be
positive definite. The substitution X = VY yields

spf(W) = sdet(V) / exp(—1 Y 'VWVY)[D Y] = sdet(V)spf("VWV).  (12.8)

In particular for

-1
V= ((1) “1 “) (12.9)
one obtains
Tywy = [ ¢ 0 12.10
" \0b+ walw (12.10)

and thus,

spf( a Ol) _ pf(b + bta_loz)'

~w b Vdet(a)

(12.11)
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On the other hand, the choice

1 0
V= (b_“a 1) (12.12)
-1
YWY = (“+°‘Ob t‘)‘g) (12.13)
yields
f(b)
e "‘) - 2 . 12.14
P (—‘a b Vdet(a + ab~Ta) (1219

The superpfaffian is also called the graded pfaffian and denoted ‘pfg’. We observe
that the superpfaffian of W € .#/(0, m) equals the pfaffian of W. (The determinant
of an empty matrix, that is a 0 x 0-matrix is 1).

Comparing Eqs. (12.11), (12.14), (10.19), (10.23) one sees that the square of the
superpfaffian yields the inverse of the superdeterminant

spf2(W) = sdet™ ! (W). (12.15)
We vary W infinitesimally

W+dW= >0+ dwWw Hwa+iw'dw), Twdw)=dww™,

(12.16)
for supersymmetric W and d W, and use (12.8). Then we obtain
spf(W
spf(W + d W) = pf ) (12.17)
sdet(1 + s W—1d W)
and thus, the differential of the superpfaffian
d spf(W) = —3spf(W) ste(W~'d W). (12.18)

We add the linear term "TAX = "XoA with A € .# (n,m, 1,0) in the exponent of the
Gauss integral (12.7). Completion of the square yields

/ [DX]exp(—3 XWX + TAX) = spf(W) exp(3 AW '5A). (12.19)

This formula can only be used if W can be inverted, which requires, in particular, an
even m.
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The Gaussian density

dp = spf(W) "exp (—1 XWX) [DX], X € .#(m.n,1,0), W= "Wo.
(12.20)

yields

(XTx)=w",  (exp("AX)) = exp(3 "A(X X)0A). (12.21)

12.3 Orthosymplectic Transformation and Group

Orthosymplectic transformation and group are generalizations of the orthogonal
transformation and group.

One introduces orthogonal transformations U in real (and also in complex)
vector spaces, with the property that they leave the unit matrix invariant, U1U =
1. We introduce something similar for a square supermatrix. We require that a
supersymmetric matrix, C, transforms into itself. We cannot do this for the unit
matrix, since its fermionic sector is symmetric. Instead we choose a matrix, C,
whose fermionic sector is antisymmetric. Moreover we require that C is invertible.
This is only possible if m is even, i.e. m = 2r. We write

€ 0
0 €
(12.22)
The scalar product of the zeroth kind is defined as
(8,T), = TSCT. (12.23)
Linear transformations
S=USs, T =UT, (12.24)

which leave this scalar product invariant, are called orthosymplectic. They obey the
equation

Tucu = C. (12.25)

These transformations U form the orthosymplectic group OSp(#, m) under multi-
plication. C obeys

TC=0C=Co, sdet(C)=1, C?’>=o. (12.26)
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From
sdet(TUCU) = (sdet(U))?sdet(C) = sdet(C), (12.27)
one deduces

sdet(U) = +1. (12.28)

Problems

12.1 Derive the second Eq. (12.16).
12.2 Calculate the Gauss integral (12.19) if the linear term reads TACX.

12.3 Consider an orthosymplectic transformation U = 1 + V with infinitesimal

v=(5%)

What are the conditions on the sectors a, o, 8, b?

12.4 Show that if W € .# (n, m) is supersymmetric and X € .# (n, m,n’, n’), then
also XWX is supersymmetric.

12.5 Which of the matrices 1, C, o, and C™! are supersymmetric?



Chapter 13
Adjoint, Scalar Product, Superunitary Groups

Abstract The two types of conjugation allow the introduction of two types of
adjoints for matrices, two types of scalar products and corresponding superunitary
groups.

13.1 Adjoint

Two types of adjoints of matrices are introduced corresponding to the two types of
conjugation.

13.1.1 Adjoint of the First Kind

We define the adjoint of the first kind Wi of W e A (n1,mi, na,my) by the
requirement

(Z STWyT)* = Zn*(WT)iiSi (13.1)

for all vectors S € .# (n;,my,1,0), T € .# (ny,my, 1,0). The Lh.s. yields TI.*W;S,-.
Thus, one obtains ‘

Wh; =W, ie. W= W". (13.2)

ij

One sees immediately that

wit=w, wv)! =viw, *w" =(Cw)f (13.3)
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and for W € .# (n, m) of the form (10.2)

sdetW' = sdet( a t'B*) = det(‘a* — I'B*(lb*)_l bl*)

o* B det(b*)
_ det(a—ab™'p)") _ .
= 5 = (sdetW)™. (13.4)

A matrix, which obeys W = W+, is called hermitian (of the first kind).

13.1.2 Adjoint of the Second Kind

Similarly one defines the adjoint of the second kind W# of W by the requirement

Q SEWT)* =Y T (WhS;. (13.5)
! ij

ij

The Lh.s. yields (—)”f'“‘””]}x W;Si with S; € &, T; € @,,. Thus,

L X X
(W = (IIWE e W= TW" = (_‘fax g) (13.6)
starting from (10.2). One shows that
wWH =w, Wv)} = viwt (W = o ("W)to (13.7)
and for square matrices W € .# (n, m) one obtains
sdetW? = (sdetW)*. (13.8)

Matrices W = W* are called hermitian (of the second kind).

13.1.3 Adjoint and Transposition: Summary

Apart from the relations given in this Section we repeat "'W = oWo, (10.5) and
note W** = ¢Wo. This may be compared with "W = W, W** = W. The parity
transposed "W was introduced in Sect. 10.5.
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13.2 Scalar Product, Superunitary Group

Scalar products and corresponding superunitary groups are introduced.

13.2.1 First Kind

In (13.1) we have introduced the bilinear form STWT with W = WT. If the inverse
of W exists, then W can be written as (see Appendix)

W=VigVv, g=dagly,—1y, 1Ly, —1,). (13.9)
withn’ +n” = n, m' + m” = m. Thus,
(S,7) = (VS,VI) (13.10)
with
(8.7T); := STgT. (13.11)
We call (13.11) the scalar product of the first kind. Linear transformations
S'=us, T =UT, (13.12)

which leave the scalar product (13.11) invariant, are called pseudounitary (of the
first kind). They obey

U'gU=g¢g (13.13)
and constitute the pseudounitary group of first kind UPL,(#/, n”,m’,m"”). If " =
m” = 0 then the group is called superunitary and denoted by UPL, (n, m).

Besides the vectors S,7 € .#(n,m,1,0), one may also consider vectors

S, T € #(n,m,0,1). The scalar product of these vectors is invariant under the
transformations (13.12), too. As an example, the matrices U € UPL, (1, 1) are given,

e” 0 1-to*e —o*
U= : 2 , 13.14
(O e‘q)( 1) 1+%a)*a)) ( )

with p, g € 2, p* =p,q* = q, w € 9.
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13.2.1.1 Appendix to Eq. (13.9)

Here we prove Eq.(13.9). The ordinary part of the hermitian matrix W can be
diagonalized. This can be written as

ord(W)U =UA, (13.15)
where A is the diagonal matrix with the eigenvalues of ord (W) and U is the

unitary matrix that diagonalizes ord (W). The columns of U are the eigenfunctions
of ord (W). We express A by diagonal matrices A and g,

A=AgA, A=Al g =sign(4)). (13.16)
Then
ATTUTWUAT = g+ A, (13.17)
where A is nil-potent and hermitian. We express
g+ A=Q1+RHgd+R), (13.18)
This equation can be written
RT+R=A—R"gR, R:=gR. (13.19)

We may require R = Rj and iterate (13.19), since A is nil-potent. Thus, (13.9) is
proven with V.= (1 4+ R)AU".

13.2.2 Second Kind

Similar considerations hold for the bilinear forms

X,Y) =X*wy, (X,Y), = X%gv, (13.20)
which is the scalar product of the second kind. What has been said above, is still
valid, if T is replaced by ¥ and the first kind is replaced by the second kind. In
particular, the matrices U with

UlgU =g (13.21)

constitute the pseudounitary group of the second kind UPL,(n', n”, m’, m”). Again
for n” = m” = 0 this is the unitary group of the second kind UPL,(n’, m’). In
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particular U € UPL;(1, 1) has the representation

e?” 0 11—l —w*
U= X 2 13.22
(O elq)( 1) 1+%wxa)) ( )

withp,q € o, p =p*,q = q*, w € .

13.3 Gauss Integrals V

We evaluate Gauss integrals over bilinear forms of super-vectors and their hermi-
tian adjoint.
The integral

d kad SXk l_[

I+:/exp(—XTWX)[DX], DX] = ]_[ (dgrdg).  (13.23)

k=1

with X € #(n,m,1,0), W € .# (n,m) can be evaluated similarly to the Gauss
integral in Sect. 12.2. One performs the transformation

(g) N V(;) (x7 7) = (x" ) V', (13.24)

(1 0\ ., (1-ab!
V_(—b—lﬁl)’v_(o | ) (13.25)

If W is not hermitian, then VT will differ from V’ and &’ from &”. However, x and
x" are unchanged under this transformation. The components of £ and £” need only
be independent. Thus, one obtains

X'Wx =xT(a—ab™' B)x + £"ThE. (13.26)
Since sdet V = sdet V' = 1 one obtains (10.19)

det(b)

— -1
deta —abip) 4t (13.27)

Iy =
Adding a linear term to the bilinear form, one obtains, for A € .# (n, m, 1,0),

I (A) = / exp(—X WX + ATX + XTA)[D X] = sdet(W) L exp(ATW™A).
(13.28)
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Similarly, we consider

ﬁ d S}ixkd Sxk

I =/exp(—XTWX)[DX], [DX] = [J@grdey. (1329
k=1

k=1

with X € #(n,m,0,1), W € .# (n,m). Now the even and odd elements are
exchanged, so that we return to the original integral (13.23), but then a and b as
well as o and B are exchanged in W, (10.2). Thus, the result is with (10.23)

det
o @ ew (13.30)
det(b — Ba~'a)
and forA € .4 (n,m,0,1)
I_(A) := / exp(—XTWX + ATX + XTA) = sdet Wexp(ATW™'A). (13.31)

The Gaussian densities

dps = sdet(W)E' exp(—XTWX)[DX], X e .#(n.m1,0)andX € .#(n,m,0,1)

(13.32)
yield the expectation values
(xxh =w™, (exp(ATX + XTA)) = exp(AT (XX")A), (13.33)
that is
(XXr) = (W, (13.34)

(XX XiX[') = (XiX7) (X XT') 4 (=)W P (XX ) (X (13.35)

Only products with the same number k of factors X* and factors X yield a non-
vanishing expectation value. They are expressed as a sum of k! contributions.

Problems

13.1 Why does B* (%)~ &* = (ab~'B)" hold, as used in (13.4)?
13.2 Equation (13.28) can even be generalized to
I+(A,B) := / exp(—X WX + ATX + X'B)[DX] = (sdetW) ! exp(ATW™!B),

Be . #(1,0,n,m).
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To prove this, show

/ exp(—(X — &) W(X — B)[DX] = / exp(—X WX)[DX]

(Compare Problem 3.6).



Chapter 14
Superreal Matrices, Unitary-Orthosymplectic
Groups

Abstract There are no real odd elements under the conjugation of the second kind.
However, the introduction of pairs of odd elements (spinors) in matrices allows the
definition of superreal supermatrices. The corresponding unitary-orthosymplectic
group and its pseudo-form are introduced.

14.1 Matrices and Groups for the Adjoint of Second Kind

Real matrices are generalized to superreal matrices. The elements in the bosonic
sector are real. Two-by-two matrices in the fermionic sector are real quaternions.
The odd elements form pairs of conjugate complex elements (spinors). The unitary-
orthosymplectic group is introduced.

The scalar products

(S.T)o = "SCT, (S.T), = S*gT (14.1)

are invariant under linear transformations S = US, T' = UT, which obey
both (12.25) and (13.21),

Tucu =C, U*gUu =g. (14.2)
Solving the equations with respect to U™, one obtains
U =Cc'uc = g7 Ut (14.3)

We require now the second equation of (14.3) for a class of matrices W €
M (ny,2r1, ny, 2r;). Thus, they obey

CO-1Tych = g(z)—lwig(l) (14.4)

or equivalently
W = C(l)g(l)Wxg(z)C(z)_l, (14.5)
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where g, C) e #(n,2r)), g?,C? € .#(ny,2r,). C and g are represented
by (12.22) and (13.9). Tw! = 6W*o is used. Iteration and use of W = o W**q
yields

W = CgCM=1, 2 I CO- (14.6)

We require that (14.5) constitutes a restriction on W, but not (14.6). Then the
products of matrices before and after W in (14.6) have to be proportional to the
unit matrix

C(i)g(i)C(i)—lg(i) =cl. (14.7)

This equation is fulfilled in the bosonic sector of the matrix with ¢ = 1. The
components of g have to be pairwise equal in the fermionic sector. Thus, m’ and
m” in (13.9) have to be even. We call a matrix W pseudoreal, if it obeys (14.5) with
these Cand g. If g = 1, i.e. n” = m” = 0, then we call the matrix superreal.

Let us write W = (,631 Z) Then (14.5) requires

aj =g ayg”. (14.8)

Thus, a = @™ has to be real for gl(.l) = g](.z) . The components of «, B and b are
pairwise related,

1 _x (2

Wijy1 =8 ;8 . J—n2odd, (14.9)
Biv1j =8 By, i—nodd, (14.10)
M px @)
bl‘ it1= S bX g s . .
o g(Ll) ;fgj ) i—ny,j—nyodd. (14.11)
bit1j ==g; biJ+1gj )

The four elements (with odd i — n; and j — ny)

bj  bij1 ) bij  bij+1
= ’ : 14.12
(bi+1.j biy1j+1 b4 b ( )

form a real quaternion for gl(l) = gj(.z) . Under the same condition pairs of elements
a and B form the spinors

(ij @ije1) = (Olia' O‘iXJ)’ ('85:;1 ) = (I'Zi‘f) : (14.13)

ij
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One concludes immediately from (14.5), that the sum and the product of two
pseudoreal and superreal matrices are again pseudoreal and superreal, respectively.
Transformations U, which obey (14.3), are called unitary-orthosymplectic, if g =
1, otherwise pseudounitary-orthosymplectic. As intersection of two groups—the
orthosymplectic and the (pseudo)unitary group—they constitute a group again, the
UOSp(n, 2r) and UOSp,(n', n”, m’,m"), respectively.

14.2 Vector Products

Superreal vectors have identical scalar products of zeroth and second kind. For a
second kind of vectors both types of products are simply related.

Consider vectors X and Y as matrices in .# (n, 2r, 1, 0), set g(z) = 1, and observe
C® = 1,. Then (14.4) reads

XC = X%, (14.14)
from which one concludes
X, Y)o = (X, Y). (14.15)

Thus, both scalar products are identical for pseudoreal and superreal vectors. The
superreal vectors (C = 1) are of the form

Xi Yi
x=| |, Y=+ |e#®n?2r1,0). (14.16)
& nj
X X
§ nj
With
X*=(---xix---§,~x—§;---), Yi:(...yf...n;_nj...) (14.17)
one obtains
X ¥)2 =D xfyi+ Yy (0 — &), (14.18)
i j

where actually x; = x and y; = y* are real.
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A second kind of superreal vectors, which are two-column vectors, can be written

¥ (E £x ) € M(n,2r,0,2), £e.#(1n0,0,1), xe.#(0,2r01).

(14.19)
It is superreal, X = CX*C™!. Its hermitian adjoint is
X X
xi= (75 ¥ )e M(0,2,n,2r). (14.20)
£ —Ye

Introducing a second vector Y of this type by replacing x — y, £ — 5, one obtains

Wy — £ Yey* — “Exnx)
X.Y), = AR (14.21)
*. D)2 ('sn—scey £ + oy

One has to introduce the signs according to (14.9)—(14.11) for the corresponding
pseudoreal vectors g. The scalar product (14.21) obeys

(X, Y)o = C(X,Y)a. (14.22)

For this more general scalar product, one has, in generalization of (12.23)
and (14.15),

X, Y), = (V.X)e0. (X.Y)}=(¥.X),. (14.23)

14.3 Gauss Integrals VI, Superreal Vectors

Gaussian integrals on superreal vectors are determined.
We consider the integral

I =/exp(—%XiWX)[DX], [DX] = ]—[ dx" ]_[dskdgk (14.24)

with superreal X € .# (n,2r,1,0) and X* € . (1,0, n,2r), (14.16), (14.17). Since
X is superreal, it obeys

XWX = XCwx. (14.25)
We require that CW is supersymmetric,

w = {CW)os = "WC. (14.26)
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From (12.7), one obtains
Iy = / exp(—2X*WX)[D X] = spf(CW). (14.27)
and for superreal A € .# (n,2r, 1,0)
I+(A) = / exp(—s X WX + X*A)[DX] = spf(CW) exp(A*W™'4).  (14.28)

The Gaussian density
d p4 = spf(CW) ™" exp(— 3 X*WX)[D X] (14.29)
yields
(Xx%) =Wl (exp(X*A)) = (exp(ATX)) = exp(3AT(XX*)A). (14.30)

Next, we consider the integral

2r

1= [epdseawoypxl. - DX = [T [Tagra)
= = (14.31)

with the superreal vectors X and X*, Egs. (14.19), (14.20). Provided the condition
W = C~'TWC (14.26) is fulfilled,

Xtwx = (-%* BCX)W(S) (14.32)

X
and, comparing with (13.30), yields
I_ = sdet(W). (14.33)

Further, we obtain with superreal A € .# (n, 2r, 0, 2)
/ [D X] exp str(3X*WX + X*A) = sdet(W) exp(—1 str(ATW'A)). (14.34)

The Gaussian density

dp— = sdet(W) " exp(} str(X*WX))[D X] (14.35)
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yields

(XX = 8 (W N, (14.36)
(exp(str(X*A))) = (exp(str(A*X))) = exp(—% str(AT(XxH)A)).  (14.37)

In deriving this result, one uses
(XTWX)y = — 18y str(XTWX). (14.38)

One can obtain this result by considering

Txiwx) = W' (14.39)
Insertion of
X = cxic™!, ™ =oX*0 = oC'XCo (14.40)
and (14.26) yields
Tx*wx) = c(x*wx)c™! (14.41)
and thus (14.36).

Expectation values of products of an odd number of factors X vanish. For four
factors X one obtains three contributions

(XX XiXp) = (XX} (X Xp) + (=) (XX ) (XX0) + (=) (XX (XX ).
(14.42)

In general a product of 2k factors X yields a sum of (2k — 1)!! terms.

Summary of Gauss Integrals We have considered Gaussian integrals and expec-
tation values several times. We give a summary:
Integrals of exp(—xTax) and exp(—£Ta£) in Sect.3.3, their supersymmetric
generalization exp(—XTWX) in Sect. 13.3, integrals of exp(—% Yax) and exp(% %af)
1T

in Sects.5.1 and 5.3 and their supersymmetric generalization exp(—5 XWX) in

Sect. 12.2, finally integrals of exp(:l:%Xi WX) are determined in this Sect. 14.3.

Problem

14.1 Show that, if W obeys two of the following three conditions, then also the
third one holds: (i) W is hermitian, W = W¥, (ii) W is superreal W = CW*C™!,
(iii) CW is supersymmetric, CW = T(CW)o.
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14.2 Show for superreal A € .# (ny,2ry,n3,2r3) and B € 4 (ny, 212, n3, 2r3)
T(BAY) = cAB*C™! (14.43)

and similarly T(AiB) = CB!A for superreal A € .# (n3,2r3,n3,2r;) and B €
M (n3,2r3, 11, 2r7).



Chapter 15
Integral Theorems for the Unitary Group

Abstract The integral over a function of supervectors and supermatrices invariant
under superunitary transformations can be reduced by cancelling equal numbers of
even and odd components.

15.1 Integral Theorem for Functions of Vectors Invariant
Under Superunitary Groups

The integral over a function of supervectors invariant under superunitary transfor-
mations can be reduced by cancelling equal numbers of even and odd components.
After an introduction we present the theorem. Then we show it for the simplest case
and finally we generalize it to several vectors and several components.

15.1.1 Introduction

Parisi and Sourlas [204] were probably the first to give an integral theorem for
functions of vectors invariant under superunitary operations as presented in this
section, in the simplest case given by (15.15).

The conjecture that there should be theorems for integrals over functions of
vectors and matrices invariant under superunitary or unitary-orthosymplectic groups
came from the formulation of random-matrix theory (Chap. 21) and of the diffusive
models (Chap.22). If one expresses the average over the product of two Green’s
functions at different energies, then the governing action contains fields for both
energies. If one determines the averaged one-particle Green’s function, then the
integrals over the fields of the other energy have to yield the action for the fields
of the energy of interest. Thus, one may expect that the symmetry of the fields
to be integrated over is sufficient to reduce the integral to the action for one field
only. Indeed this can be shown. Generally we expand the functions in Grassmann
variables and determine the relation between the expansion coefficients. Then
the integral over the coefficient multiplied by the product of all odd variables is
performed. This is possible, since it can be expressed by derivatives of the body of
the function.
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Integral theorems have been derived by Efetov [65, 66], Rothstein [225],
Constantinescu and de Groote [52], Wegner [274]. A survey is given by Kieburg,
Kohler, and Guhr [143].

15.1.2 Theorem for Superunitary Vectors of First Kind

We show that if a function, f, of supervectors is invariant under arbitrary super-
unitary transformations of these vectors, then the integral over all these vectors is
unchanged, if one even and one odd component of the vectors is set to zero and only
integration over the remaining components is performed.

Consider a function, f, of N vectors S(x), x = 1,2,...N with S(x) €
M (n,m,1,0) U A4 (n,m,0,1) which is invariant against arbitrary superunitary
transformations,

F{S} = f{US}, U € UPL(n,m). (15.1)

Examples of such functions are functions which depend only on scalar products
(S(x), SO

Provided the function f is sufficiently often differentiable, and f as well as its
derivatives decay sufficiently rapidly for large arguments of the ordinary parts of S,
then

[wsisis = [ps17ts (15.2)
holds, where
N n+m N n+m—1
DS =[[[]Psi®. DsT=]] [] DS:w. (15.3)
x=1 i=1 x=1 =2
LANSAIS;, S; €
D L= T 1 1l l £ 1 4
ron ) Six) 1T <i<n+4m,
S"(x)_{o i=lori=n+m. 5.5

To show this for general functions f we fix the components with indices 1 < i <
n+m and use the invariance of f under superunitary transformations U, which leave
these components unchanged, but transform between the components S and Sy +,.
Then it is sufficient to show that forn = m = 1

/Dﬂﬂ$=ﬂm (15.6)
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holds. We proceed in two steps: In Sect. 15.1.3 we show that (15.6) holds for N = 1,
and in Sect. 15.1.4 we show by complete induction that (15.6) holds for natural N.

15.1.3 Proof of the Theorem for N = 1
The theorem is first shown for one vector only. We write without loss of generality
S1)=(S,0)e . #(1,1,1,0), S=R+il, R,Ireal (15.7)
We expand in the Grassmann variables,
F=HRD+0/ARI + 0 (R, 1) + 0% 0f3(R, 1). (15.8)

Under the transformation (13.14), for infinitesimal p, ¢, @, @™, one obtains

8f = pho + ighy + why + ©*h3 =0 (15.9)
with
hy =0fi — 0%, =0, ie.fi=f=0. (15.10)
Further, one has
h0=—1% +R%+9*9(—1% +R%):O, (15.11)
which yields
fo =R + ) = fo(S*S).  f3 =f(S"S). (15.12)

Finally one concludes from

9 9
hy = 9*(a§‘1 —Sf) =0, hy= 9(—% +5%) =0 (15.13)
that
[ =1+ 0%0f(S*S) = fo(S*S + 6%0). (15.14)

Thus, f is a function of the scalar product (S(1), S(1));. Application of this argument
on several components of a vector S € . (n,m, 1,0) yields generally f = f(S7S).
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The integration yields
/DSD 0f(S*S + 6%0) = —%/deIf/(S*S)
_ / d(S*S)F (5°S) = (0) — f(00). (15.15)

Instead of considering S € .Z(1,1,1,0), the same argument can be applied to the
components S and S, for S € .# (n,m, 1,0) and yields (15.6) for N = 1, where
f(S*S — 00) — 0 is assumed.

Instead of S € .#Z(1,1,1,0) we can apply the same argument for S = (6, S) €
A(1,1,0,1).

Here, we assumed that R and I are real. Later we will consider the case, where
S =R+ il,S* = R—il, but allow R and I to be complex. For this case the proof
also holds.

15.1.4 Generalization to Natural N

The argument is generalized to an arbitrary number of vectors. Let us introduce
I(S(N)) = /DS(I)DS(Z) ---DS(N — 1)f{S}. (15.16)

One obtains, with §’'(x) = US(x),

1 1
DS() = —dNSAISA6"d6 = ~—ds"ds'de"de’
s 1

1
= TsdetUTsdetTUds*dee*de =DS(x) (15.17)
i
and the invariance of f
I(S(N)) = /DS’(l)DS’(Z)---DS/(N— 1) (15.18)

x £(S'(1),5'(2),...S' (N — 1), US(N)) = I(US(N)),

i.e. I(S(N)) is invariant under superunitary transformations of S(N). Thus, one
concludes

1= / D S(NI(S(N)) = I(S(N) = 0). (15.19)
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In order to evaluate /, one sets S(N) equal to zero and is now only left with the
integrations over S(1),:--S(N — 1). Thus, if (15.6) holds for N — 1, then it holds
for N, too. Since it has been shown in Sect. 15.1.3 for N = 1, it holds also for all
natural N.

15.1.5 Consequences

Due to the theorem, the integral depends only on m — n components. We return to
the original integral, (15.2), with general n and m. In the special case n = m, the
integral yields f{0}, otherwise one is left with the integral

[ D STFLS'} (15.20)

with vectors 8’ € .#(n —m,0,1,0) U .#(n—m,0,0,1),if n > m, otherwise with
vectors 8’ € A4 (0,m—n,1,0) U .#(0,m—n,0,1).

If, in particular, f is explicitly defined as a function of the scalar products
(S(x), S(¥))1, then the integral depends only on f and n — m.

The integral [[DS]f{S} is for complex vectors with a components, S(x) €
M (a,0,1,0) only defined for a > 0. The observation that the integral for S €
M (n,m,1,0) U .# (n,m,0, 1) depends only on n — m, allows one to define it also
for integer a < 0. One takesn —m = a,n > 0,m > 0.

One obtains the same theorem and proof for functions of S, which are invariant
under superunitary transformations of the second kind.

15.2 Integral Theorem for Quasihermitian Matrices:
Superunitary Group

Integrals over a function of quasihermitian matrices € # (n, m) invariant under
superunitary transformations can be reduced to the same integrals over matrices
€ M (n—a, m—a), where the cancelled components are set to zero with the exception
of the diagonal matrix elements, which have to agree in the bosonic and fermionic
sector, but are otherwise arbitrary.

15.2.1 Introduction and Theorem, ‘Quasihermitian’

Here we formulate the theorem which reduces the integral over the matrices from
M(n,m)yto M (n—1,m—1).
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We will now derive an integral theorem for matrices analogous to the one for
vectors in the preceding section. One may ask for integrals over functions f{Q(x)}
of hermitian matrices Q(x), which are invariant under unitary transformations,

FLUQXUT} = F{O(x)}. (15.21)

However, the requirement of hermiticity leads to a problem of convergence. We will
see in Sect. 15.2.2 that a function f(Q) of a matrix Q € .# (1, 1), which is invariant
under superunitary transformations and differentiable, assumes for

(10
0= (0 /\) (15.22)

a value independent of A. This is surprising, since Q, (15.22), is invariant against
superunitary transformations and does not transform into one with a different A.
The elements Qug € o of a hermitian matrix Q € .# (n, m) can be given by

Qaﬂ = Raﬂ + ilaﬂa Raﬂ = Rﬂou Iaﬂ = _Iﬂou (15.23)

where R and [ are real.

If an integral over a real variable is given, then we usually shift the path of
integration into the complex plane. Here we will do the same separately for the
variables Ry and I,g, keeping (15.23) and call the matrix Q quasihermitian.

The Integral Theorem If f is sufficiently often differentiable and decays for large
arguments |R|, |/| sufficiently rapidly to 0, then

/ D Q1f{0} = (is)®" Y / D OV(0} (15.24)
with
1 1
[DQ] = (—dRap (0)d I (1)) [ [(—=d Rua (x))
1:[ 05>/3qu_0(/[8€»<270 i l:[ \/E
x [TTTQup(x)d Qpa) ¢ - (15.25)
a=nf>n

The integral over Q' contains only the integration of the components | < « < n+m,
1 < B < n+m. The other components Qz/xﬁ () are set to A(x)8ep. N is the number of
matrices Q, s is a sign depending on the directions of integration of R and /. First we
show that the theorem holds for N = 1, Q € .# (1, 1). Then the proof is generalized
to an arbitrary number N of matrices Q € .# (n, m) with natural n and m.
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15.2.2 Integral Theorem for One Matrix € .7 (1,1)

Here we show the theorem for one matrix € (1, 1). The result is given by the
function of the matrix A1 with arbitrary A.
First, the most general differentiable function f of

0= (“ “*) e.(1,1), (15.26)
o b

is determined, which fulfils (15.21). We expand
f=gla,b)+ agi(a,b) + a*g(a, b) + aa™h(a,b). (15.27)

With

ip
U= (eo e?q) (15.28)

one obtains

i(p—q) o *
a ¢ “) (15.29)

T
vou' = (ei(q—ﬁ)a b

and thus, from Eq. (15.21), g1 = g» = 0.
The infinitesimal transformation (13.14)

Uz(l_“’), Ufz(l“’) (15.30)
w 1 - 1

yields
- (a;iuwozbtcg ot (Jl: ;Z) ) (15.31)
and thus,
FUQUY) = f(Q) + (—w*a + wa*)y (15.32)
with
=28 % o, (15.33)

da  0b
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which, due to (15.21), has to vanish. If we insert ¢ = b = A in (15.33), then
it follows that g(A, A) does not depend on A, i.e. f(11) does not depend on A, as
claimed before.

We have to determine

/DQf(Q) = L/dadbdot*doz(g—}—ozoz*h)

g+ 9
- —/dadbh— —/d ad p2e8 T 8 g+ b8 (15.34)

First Evaluation We express a and b as functions of p and ¢,

a=A+e"*pcos(d —y+),
b=A+e" pcos(p—y_) (15.35)

and integrate in the positive p and ¢ direction

dadb = 7+*7)p|sin(yy —y-)|dpd ¢,
b—a = pie "+ ="Psin(y_ —y,) (15.36)

dg  dg i ad iad
daw© (3,0 pa¢)

Hence

i a iad

The ¢-integral of the second term vanishes. Integration of the first term yields

/ DO = 5 / 4 (2(p = 00) — g(p = 0)) = +isg(p = 0) = +isf (A1),
(15.38)

Thus, (15.24) is provenfor N =n=m = 1.

We observe that the sign s of the integral depends on how the paths of integration
for a and b cross. If b approaches from the right, then s is positive, if it comes from
the left, then it is negative.

Second Evaluation Another evaluation without restriction to the paths (15.35) can
be obtained by starting from the following integral over the region R indicated in
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Fig. 15.1 Region R to be
integrated over. a and b are by

parametrized a = a(x, y),
[l

b =b(xy),x,yER

Fig. 15.1 of x, y or equivalently a, b. Stokes’ theorem yields
8 8 8 8
db——— —d = | dadb(0,—— + 0 15.39
élg< b—a ab—a) /R “ ( b—a+ bb—a) ( )

_ 048 + Opg 1 1
—/Rdadb(ﬂ—l—g aam‘i‘abb_a .

For b # a, one has 8aﬁ + abﬁ = 0. However, there is a contribution at b = a,
which can be easily seen by performing the integral for g = 1,

d® -
Sﬁ 46=9) _ - (15.40)
R b—a
which, after circling around b = a, yields £2mi. The sign is given by s =
sign(3y 352’)’5)) ). Thus we obtain
04 0
/oladbu =§£ (db S A ) (15.41)
R b—a SR b—a b—a

+2mi / dadbg(a,a)s§(N(b — a))d(I(b — a)).
R

Provided g(a, b) decays sufficiently rapidly as R increases in all directions the
integral (15.34) yields

/ D Qf(Q) = isf(A1). (15.42)

Again (15.24) is proven for N = n = m = 1. As before the sign s of the integral
depends on how the paths of integration for a and b cross.
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15.2.3 Integral Theorem for N Matrices Q € .# (1,1)

We generalize the theorem to integrals over N matrices. We show first that

1) = [ DOw)+D 0ty 11110} (15.43)
is invariant under unitary transformations of Q(xy),
LUQ(x)U")
— [ Do) D QU1 Q).+ Qin-). UQUU)
= [ DOt D QLU QU+ U Qlay-1)U. Q)
(15.44)
With

Q0'(x) = U'Q(x)U, DQ'(x;) = sdet’(U")sdet’(U)D Q(x;) = D Q(x:),
(15.45)

where Theorem 10.2 is used, we obtain
HUQMU") = [ DQ)...D Q)@ ).+ 08y ). Qiw)
=I1(Q(x,N)). (15.46)
This property yields
[ pow@u) = st
—is [ D) ++D Q-1 Q).+ Qin-). A1)

(15.47)
according to Sect. 15.2.2. The integrand in (15.47) is also invariant under superuni-
tary transformations. Thus, the integral over one Q(x;) after the other can be replaced

by setting Q(x;) = A(x;)1 in the function. This proves the integral theorem for N
matrices Q € .Z(1,1),

/ D OLF(Q01). ... Q(xx)) = (i9)VF L. ... mAy1). (15.48)
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15.2.4 Integral Theorem for N Matrices Q € ./ (n,m)

Finally the theorem is generalized to N matrices € .# (n, m). We decompose Q(x)
into the matrix

Q(x) — ( Qll Ql,n-‘rm )7 (1549)

Qn+m,l Qn+m,n+m

into vectors

Pa(x) = ( Qla ) s Pa(x) = (Qal Qa,n+m) ’ l<a<n+m (1550)

Qn+m,a
and into the Matrix Q’, which consists of the remaining components of Q. We write
fi0} =f{0.P.P.Q'}. (15.51)

From (15.21) one obtains with superunitary transformations, which transform only
the components with indices « = 1 and n + m,

F{uout, up,PUT, Q') = f{0.P,P,0Q'}. (15.52)

Equation (15.25) yields

/DQ:/DQ/DP/DQ’ (15.53)

with
N n+m—1
pP=][] [] DP.w. (15.54)
x=1 a=2
DP (x) — %deoc(-x)dIloc(x)dro,n+m(-x)d Qn+m,a(x) l<a=<n
“ %d Rn+m,a(x)d1n+m,oc (x)dQla (x)d Qal(x) n<oa<n+m
(15.55)

We put

HP,P.Q'} = / D Of{Q.P,P,Q'}. (15.56)
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then
I{UP,PU', 0"} = /DQ?{Q, UP,PUT, 0"}
= /DQJ_‘{U*QU,P,P, 0} =1P,P,0}, (1557)

where the considerations of Sect.15.2.3 are used in the last step. The invari-
ance (15.57) yields according to the integral theorem (15.6)

/ DPI{P,.P,Q'} = ()" YV[0,0,0'}. (15.58)

The sign arises from an interchange of the differentials d Q;,d Q,; in (15.55) in
comparison to d S7'd S; in (15.4). Thus one obtains

[poriei= [po [or [pofiorr.o)
— " [pg [ DoFI0.0.0.0)
— (") [ aQf131.0.0.0)
= (i) @V / DO'f{Q'}, (15.59)
where the invariance

71{0,0,0,0Q'} = f{UQU",0,0,0'} (15.60)

and (15.48) are used. This proves the integral theorem (15.24).

15.2.5 Final Remarks

The integral theorem may be applied several times, which reduces the integrals over
Q € .#(n,m) to those of Q € .#(n — a,m — a). For antihermitian matrices one
obtains the same results as for hermitian ones, since the matrices Q have only to be
replaced by iQ.

Multiple application of the integral theorem (15.24) yields, in the special case
n=m,

/ D QF{0} = (i9)"FA(1}. (15.61)
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The integration of functions of hermitian matrices for n # m reduces to the integral
over functions of hermitian matrices with |n—m/| rows and columns. If, in particular,
f is a function of supertraces str(Q(x1)Q(x)---), then the integral depends only
on f and n — m. This observation allows one to define the integral for matrices of
negative dimensions a. Puta = n —m, n > 0, m > 0. With this generalization of
the definition of integrals over functions of hermitian c-number matrices with a x a
elements, the integral of such a function for negative dimension a is the integral over
a function of hermitian c-number matrices with |a|x |a| elements, where the function
is again invariant under unitary transformations of the matrix. Roughly speaking
there is an equivalence U(a) ~ UPL(m + a,m) ~ UPL(n,n — a) ~ U(—a).

These considerations were performed for UPL; (r, m). They hold analogously for
UPL;(n, m). One may consider quasiantihermitian matrices instead of quasihermi-
tian matrices. Then one has to put

Rep = —Rpor  lop = Iga (15.62)

in (15.23), which corresponds to an exchange of R and / and thus, yields the same
result.

15.3 Matrix as a Set of Vectors

Functions of W € . (1, 1) invariant under independent unitary transformations on
both sides of W are expressed by the functions of their body.
We consider a matrix

aa
W= (1,1 15.63
(22) et sse
and look for the general form of a function F(a,a*,b,b*, «,a*, B, 8*) which is
invariant under independent (pseudo)unitary transformations from both sides of W,

W =UWwV, U'g'U=g" ¢"=diag(l, g, (15.64)

and similarly for V.
We may consider W consisting of two row-vectors. Thus, the function should be
a function of the scalar products obtained from

* * * * v
W(lO)WT:(aa + taa* af* + th oc), o8 (15.65)

0t a*B + tha* thb* + BB* g/
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F can be expressed as

F = Fo(aa™ + taa™, bb* + tBB%) (15.66)
+(ap* + b*a)(a* B + tha™)tF (aa™ + taa™, bb* + t88F).
Since F is a function of two vectors invariant under (pseudo)unitary transformations,
its integral is given by

/[D WIF(W) = F(0) = Fo(0), [DW]=nr"2d%adJadRbd3bda* dadp* dp.
(15.67)

W may also be considered consisting of two column vectors. Thus, it is a function
of the scalar products obtained from

10 a*a+ upf*p a*o + ubpf* gg
Wi W= Cu=%_41 (1568
(0 “) (6106* + ub*B ub*b + a*o u gV ( )

Then F can be expressed as

F = Fo(a*a+uB*B,b*b + ua*a) (15.69)
+(@*a + ubB*)(aa™ + ub* ByuF(a*a + uB*B,b*b + ua*a).
The ordinary parts of both expressions (15.66) and (15.69) agree since, in both cases,
we have chosen the same function Fj. Expanding F in the odd elements and setting
A = a*a, B = b*b, we obtain
F = Fy—ta*a(F), + BF\) + tB*B(—F) + AF\) — «* B*abF, + afa*b*F,
+aaB* B(Fyyy — AF}, + BF}p)
= Fo + ua*a(Fyy — AFy) + uB*B(Fy, + BF2) — a* B*abF, + afa*b*F,
+o*af* B(Fy,p —AF5, + BFp). (15.70)

Comparison of the a*f*- and of-terms yield F, = F;. Then also the
a*af* B-terms agree. The o* - and B* f-terms yield

1(Fou + BF1) = u(—Fog + AF)). (15.71)
which allows F| to be expressed in terms of the function Fy. F reads, in terms of F,

AF}, + BF), tF}, + uF),

F = Fy + (—tua™a + B*B) + (abB*a™ + a*b*ap)

uA — 1B uA — 1B
BF!., — tAF! tF), + uF
+ot*ot,3*,3[u 0BB 0AA +(MA+IB)M—LI()B (1572)

uA — tB (uA —tB)?
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The integral over F can be easily obtained from the coefficient of «*f* 8 in (15.70)
with

o0
/]T_zd NadIJadRbdIb = / dAdB. (15.73)
0
The terms depending on F; can be rewritten

—AF}, + BF|; = —04(AF,) + d(BF) (15.74)

and vanish, since the integrands vanish at 0 and oo,

—/dB(AF1)|8°+/dA(BF1)|8° =0 (15.75)
Thus, only
o0 o0
/ dA/ dBF(,z = Fo(0) (15.76)
0 0

remains, which had been claimed in (15.67). We have assumed in (15.65)
and (15.68) that products of W and W are scalar products, and F depends only on
them. One can without this assumption using the invariance (15.64) show that F" has
the same form as that in (15.72) and (15.67) holds.

Problem

15.1 Calculate [[D W]F(W) from the *af* B-term in (15.72).
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Chapter 16
Integral Theorems
for the (Unitary-)Orthosymplectic Group

Abstract In this chapter it is also shown that integrals over functions of vectors
and matrices invariant under the (unitary-)orthosymplectic group can be reduced by
cancelling equal numbers of even and odd components. We have to determine the
form of the functions invariant under these groups for the smallest non-trivial cases
and their integral. Generalization to several vectors and matrices and to those with
more components is performed as for the superunitary case.

An introduction to the integral theorems and references were given in Sect. 15.1.1.

16.1 Integral Theorem for Vectors

There are similar theorems for functions of vectors invariant under orthosymplectic
and unitary-orthosymplectic transformations as in Sect. 15.1. Since the number of
components m = 2r is even, the number of components n and m has to be reduced
by two.

16.1.1 Invariance Under the Orthosymplectic Group

If f{S} = f{US} for S(x) € A#(n,2r,1,0),x = 1,2,...N, U € OSp(n,2r), f
sufficiently often differentiable and sufficiently rapidly approaching zero for |S| —
00, then

[wsiisi = [wsiis (6.1
holds with
N n S ()C) n+2r
DS] = ]_[]_[ [T dsi. (16.2)
x=1i=1 i=n+1
© Springer-Verlag Berlin Heidelberg 2016 155
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correspondingly for [D §’], where now i runs only from 3 to n + 2r — 2,

Si(x) 3<i<n+2r-2

§(x) =
i@ 0 i=12.n42r—1.n+2r

(16.3)
The proof runs analogously to the superunitary case. One needs to show only that

the integral for N = 1, n = m = 2 yields f{0}. An infinitesimal orthosymplectic
transformation U = 1 + §U obeys C§U +T §UC = 0, hence

0 p1 o o
su=| 7 0 w3 wy
—Wy —W4 P2 P3
Wy W3 P4 —p2

(16.4)

with infinitesimal ps and ws. The components of the vector are S, S,, 61, 60;.
af/dp1 = 0 yields f = £(S? + 53, 6,62). of /0p> = 0 yields

[ =1o(ST+83) + 0165f3(S] + 52). (16.5)
Finally the variation with respect to the ws yields
8f = (010181 + 020281 + 0360152 + w49252)(2g—J2 —f3(9)), (16.6)
with g = Sf + S%. Thus, one obtains
f=1(S? + 53+ 260,6). (16.7)
f depends only on the scalar product
(S,8)o = "SCS = 57 + S% + 26,0,. (16.8)
The proof continues as in the superunitary case (S| = R, S, = I) yielding
sy =ro (169

For more components and N vectors one argues in similar fashion to the paragraph
after (15.15) and Sects. 15.1.4 and 15.1.5.
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16.1.2 Invariance Under the Unitary-Orthosymplectic Group

Suppose f{S} = f{US} for all U € UOSp(n,2r) and S(x) € .#(n,2r,1,0) for
x=1,2,...N,S(x) € #(n,2r,0,2) forx =N+ 1,...N + R, and f sufficiently
often differentiable and sufficiently rapidly vanishing for |ord S| — oco. Then

/ [D SJF{S} = / D S'IF{S"} (16.10)

with

n+r
DS = n(l‘[dS 9T de,-(x)Xde,-(x))

i=n+1

NtR (1 2
X 1_[ (U(d 6 (x)d 6;(x)) 1_[ (;d NS;(x)d SS,-(x))) .

x=N+1 i=n+1
(16.11)

For [D §'], i runs from 3 to n 4+ 2r — 2. All other components are set to zero. Also
here it is sufficient to consider first the cases of one vector N = 1,R = 0 and
N = 0,R = 1, respectively.

The transformation matrix U = 1 + A obeys Ut = 1 + A¥ = 1 — A for
infinitesimal A. Hence, it can be parametrized

0 g 0 w
_ X
A= 2O L eR (16.12)
—w-—n ip s
X X X

For

Si

)

0
_px

S = € .#(2,2,1,0) (16.13)

one obtains, in analogy to the orthosymplectic case, that f depends only on
(S,8)2 = 7+ S5 4 26%6. (16.14)

The proof continues as before.



158 16 Integral Theorems for the (Unitary-)Orthosymplectic Group

The variation §S = AS for a vector

0 6
05 6,
S > e .#(2,2,0,2) (16.15)
S3 S
=S¥ S
is given by
881 = ipS1 +s5> —wb, —nb,
881 = —ipST +578% —wX o —n* 0
S, = —ipS» —5%8 +w*6; +7]X 0,
885 = ipSy —sSf -0 -6y
16.16
591 = q92 +(1)Sz +(1)XS1 ( )
80 = qby —oST+0*S
86, =—qt, +nS2 +n*S)
865 =—qb;¢ ST +n*S3
Let us for the moment write
f=r1.ko.ki,ka), ko=S1S, ki =5[S1, k» =55S,. (16.17)

All even components of S can be expressed by S| and the ks. Then the variation with
respect to p yields

i _ .o U
= = i8S 16.1
% i1 35 (16.18)

Thus, f does not depend on S;. Further variations yield

of f o of f _ 2 o of

S =8 4SS (), = = =8 585 (o ——). 16.19
aS 2 ak() + 221 (E)Iq akz) 8s>< lak() ! 2( k1 akz) ( )
As a consequence
of of of
A - = = 16.2
ko 0 ok ok (16.20)

Thus, f does not depend on ky and depends on the components S; € 2% only by

k=k +k :S?Sl +S;Sz, f=f(k, 91,91)(,92,92)(). (16.21)
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Next g is varied. Then only the following combinations of the 0s are allowed
f = folk) + 0102f1(k) + (061 + 0,02)f2(k) + (602 — 05°01)f3(k)
+0705 fak) + 605 0165f5(k). (16.22)
By varying w, ™, 1, and n** one obtains
Sk = 8(0]6; 4 6,6,) = 0™ (—0]S1 + 6,55) — w(01S] + 6,°S2)
+n* (—9;51 + 925;() — 7](925;( + 92)(52) (16.23)
and
8f = 8k(fy +12) + 8k(07°61 + 6°62) (5 — f5) (16.24)
+ (@6 = 1 0)(Sifi + S35) + (—wb + n61)(=Saf1 + S1f3)
+(=wb5 +n0[)(=Safs + S{fa) + (@05 — 0 O7)(Sifs + S3fa)
F(@™ 0 + n70;)010:(=S1f = $3/3) + (—wb —n0;)010:(Sof{ — ST f3)
F (@01 + 0 02070, (S1fy + S53fy) + (—wb — 162)07 0 (=Sof5 + STf)).

One concludes

9 9
h=— 5= jip=p=0 (16.25)
i.e.
f Zf(Si(Sl + S;SZ + 9191)( + 9292)() (16.26)

Thus, also here, the function f is only a function of (5%, S)y = (S, S),. The proof
continues as in the superunitary case (n = m = 2).

16.2 Integral Theorem for Quasihermitian and Quasireal
Matrices: Invariance Under UOSp

Integrals over a function of quasihermitian and quasireal matrices € # (n,2r)
invariant under unitary-orthosymplectic transformations can be reduced to the same
integrals over matrices € M (n—2a, 2r — 2a), where the cancelled components are
set to zero with the exception of the diagonal matrix elements, which have to agree
in the bosonic and fermionic sector, but are otherwise arbitrary.



160 16 Integral Theorems for the (Unitary-)Orthosymplectic Group

16.2.1 Theorem

An integral theorem for functions f{Q}, Q(x) € .# (n, 2r), which obey

FUQ) U} = F{O()}, (16.27)

will be derived. The elements Qs € % of a hermitian superreal matrix can be
written

Oup =08 1=a,fp=n (16.28)

Ont20—1.142p—1 = Rep + 11,15),

3
Ont28n+20 = Rop — lléﬁ),

Ont2u—tntap =lyg +illy 1< p<r (16.29)

2 1
On+oant2p—1 = _I(ﬂ) + 11;/3),

Rop = Rpor 1Y) =

vy =l (16.30)

with real elements R, I and Q, the latter for 1 < &, 8 < n. The odd components of
Q obey

On+26—10 = Qunt2ps  On+2pa = —Qumt2p-1, 1 =<a=<n, 1=<p=r
(16.31)

Now we set with real ¢, r and j

Qup ()=A(0)8ap+qap(x)e?+ 1 <o, p <1

Rop(X)=A(x)8ap+rop(x)e’~ 1 <a,B <r (16.32)
Iy ()= S 1<ap<r

and it will be shown that, for these quasihermitian, quasireal matrices Q, provided
f is sufficiently often differentiable and falls off for large |q|, |r|, |j| sufficiently
rapidly, the following integral theorem holds:

/ D 0f{0} = (is)" / DO} (1633)

with

N
DO = ( dgh ) ( dgha)
}:[1 1_[ B 1_[ \/—

n>a>p>1
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1 T, ]
< I1 (;dRaﬂl]]dlaﬁ)}:[l<Ede)

r>a>p>1

< [TT1dQur2p-10d Quiape) - (16.34)

a=1p=1

The integral over Q' contains only the integration of the components 3 < «, 8 <
n + 2r — 2. The other components wa are set equal A(x)dqg. s is given by

s = sign sin(y— — y4+) (16.35)

provided y— — y+ is not an integer multiple of 7. If it is an integer multiple, then no
convergence is expected. Firstly the proof is given for N = 1, Q € .#(2,2).

16.2.2 Invariant Function f(Q), Q € .# (2,2)

The superreal hermitian matrix Q € .#(2,2) may be written

a b o«
X
o=| % < PPl ibeceer (16.36)
a B e O
X X 0 e

Similar to the derivation in Sect. 15.2.2 one derives the general differentiable func-
tion invariant under UOSp(2, 2). Then for the infinitesimal transformation (16.12),
one obtains

§0 =UQU*—Q = AQ—-0A (16.37)

with

da = 2qb 200> +20*«

8b =q(c —a) —wp* +w*p —na™ +n*a

8c = —2gb —2nB*  +2n*pB

Se = —wa™ +w*a —np> +n*pB

da = ¢qf +ipa —sa* +w(e —a) —nb

SaX= ¢gB* —ipa™ +5*a +w*(e—a) —n*b

88 = —qu +ipf —sp> —wb +n(e—c)

§p*= —qa™ —ipp* +s*p —w*b +n*(e—c)

(16.38)
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We expand f in the Grassmann variables o, 8, o, f*. Out of 16 terms only six
remain, which are invariant under variation of p,

fO)=F+aa*g+ BB h+ o™i+ af™j + aa™BB*K, (16.39)
where F, g, h, i, j, K depend on a, b, ¢, e. Next we vary s and s,
§f = sa*BX(i —j) + s aBli — ), (16.40)
hence j = i and
Q) =F+aa”g+ BB*h+ (Ba™ + af™)i + aaBB*K. (16.41)
The variation of f with respect to ¢, w, @™, 1, and n* yields
§f = qp1 + qaa™ ¢y + qBp ds + q(af™ + Pa™)ps + qaa™ BB ¢s
+Hwa™ — o™ a)(ds + BB Ps) + (0™ — @™ B)(¢7 + aa™ o)

+(B* = n*B) (10 + aa™¢12) + (no™ — n"a) (P11 + BB ¢13)
(16.42)

with

o =0F, ¢,=0g—-2i, ¢p3=0r+2i, ¢p=0i+g—h, ¢s=0K,
¢ = —20,F — 0, F + (e —a)g — bi,

¢7 = —0,F — bh + (e — a)i,

¢g = —20.h — .h + Bpi + (e — a)K, (16.43)
¢9 = —0pg + 20,4i + 0.0 — DK,

¢10 = —20.F — 0.F + (e — c)h — bi,

é11 = —0pF — bg + (e —¢)i,

P12 = —20.8 — 0eg + 0pi + (e — O)K,

$13 = —0ph + 20.i + 3.i — bK.

and the operator
O = 2b(d; — 0c) + (c — a)0p. (16.44)
The invariance requires that all ¢; vanish. ¢7 = ¢;; yields

b(h—g) + (a—c)i =0, (16.45)
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which is solved by

g—h=2(a—c)H, i=2bH. (16.46)
With
2G:=g+h (16.47)
one obtains
g=G+((@—cH, h=G+ (c—a)H. (16.48)

We express g, h, and i by G and H. Then (16.41) reads

f(Q) = F + (aa™ + BB)G (16.49)
+laaX(a—c) + BB™(c —a) + 2(af™ + Ba™)b]H + o™ BB K.

¢i=0fori=1...5yields
OF =0G=0H =0K =0. (16.50)
Equation (16.50) implies that these functions depend only on

t=1+A)=3@a+e), k=i -1 =1@—o?+b,  (165])

and on e, where A; and A, are the eigenvalues of the matrix (Z b ) This allows one
c

to express the derivatives d,, dp, . by 9;, and Jy, as

3a = %3, + %(a — C)ak,
dp = bog, (16.52)
0, = %3, + %(c—a)Bk.

Then ¢ps = ¢10 = 0 yield

—3,F — 3,F + (e —1)G — 2kH = 0, (16.53)
WF+(t—e)H+1G=0. (16.54)

Next ¢7 = ¢11 = 0 are satisfied by (16.54). ¢3 = ¢ = 0 yield

—0,G + 4koH + 4H — 9.G + (e — )K = 0 (16.55)
WG —9,H—d.H + 1K = 0. (16.56)
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¢9 = ¢13 = 0 are satisfied by (16.56). Equation (16.55) follows from the three other
equations, since

(16.55) = —20; (16.53) — 2(3; + 9,) (16.54) + 2(e — 1)(16.56). (16.57)

From (16.56), (16.53)+2(t-e)(16.54) and (t-¢)(16.53)+2k(16.54) one obtains

K = —20;,G + 29,H + 20.H, (16.58)
NH = J0,F + 10.F + (e — )OF, (16.59)
NG = (e —1)(0,;F + 0,F) + 2k, F, (16.60)

N o= (t—e) —k= (A —e)(Ay—e). (16.61)

Thus, f(Q) is given by (16.49), where G, H, and K are given by F (16.58)—(16.60).
F, G, H, and K depend only on ¢, k, and e given by (16.51).
For A; = A, = e, one obtains k = 0, r = ¢ and from (16.59)

o,F+ d.F =0. (16.62)

Thus, f(A1) does not depend on A.

16.2.3 The Integralfor N =1,Q € .#(2,2)
With

1
/DQ:W dadbdcdedada*dg dp™, (16.63)

one obtains
1 1
DOf=— [ dadbdcde K= — | dkdtde K(k,t,e). (16.64)
82 4

The k-integral runs from 0 to %7+ co, whereas ¢ and e are integrated from A —e'’+ 0o
to A + el”+oo. The integrals over d,H and d,H vanish, since H vanishes for fixed e
as t — Foo and for fixed 7 as ¢ — £o0. The 9;G term in (16.58) yields

/DQf: %/dtdeG(k:O,t,e), (16.65)

since G vanishes for large arguments. Equation (16.60) yields

1 0:F + 0.F
/DQfZ—/dtdeL
2w

e—t

: (16.66)
k=0
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which gives

/DQf =isFe=1t= Ak =0) =isf(A1) (16.67)

in analogy to (15.41) and thus, proves (16.33) for this special case.

16.2.4 The General Case

The generalization to N matrices Q € #(2,2) and .# (n,2r) runs in analogy
to the considerations in Sects. 15.2.3 and 15.2.4. It is interesting that a system
of unitarysymplectic symmetry USp(2a) corresponds to a system with orthogonal
symmetry O(—2a), roughly

USp(2a) ~ UOSp(n. n + 2a) ~ UOSp(2r — 2a, 2r) ~ O(—2a) (16.68)

with n + 2a = 2r.

16.3 Integral Theorem for Quasiantihermitian Quasireal
Matrices

Integrals over a function of quasiantihermitian quasireal matricese # (n,2r)
invariant under unitary-orthosymplectic transformations can be reduced to the same
integrals over matrices € M (n—2a, 2r — 2a), where the cancelled components are
set to zero.

16.3.1 The Theorem

Superreal antihermitian matrices Q(x) € .#(n,2r) have a structure different
from hermitian matrices. Multiplication of a hermitian matrix with i makes it
antihermitian, but does not leave it superreal. The elements Q,s € 4 of an
antihermitian superreal matrix obey

Oup = —0po. 1<a.Bp=<n (16.69)
and (16.29) with

Rop = —Rpa. 13 =1} (16.70)
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with real R, I and Q, the latter for 1 < «, < n. With (16.32) and A(x) = 0 we
show for quasireal quasiantihermitian matrices Q: If f{Q} is invariant under UOSp
transformations (16.27) and decays for large |r], |¢|, |j| sufficiently rapidly along the
path of integration, then

/ D Of{Q} = (—is)" / DQ'f{Q'} (16.71)
holds with
1
DQ = (—d Ou ) (—dRa dI(’))
l:[ lsogsn Vam ’ lsgsr ﬂl—[

H(jz_n ,(,)) HH d Qut26-1.0d Qng28a) ¢ » (16.72)

ai a=1p=1

where f D Q' denotes the integral over Qup with 3 < «, 8 < n + 2r — 2. The other
components are set to zero. Again we begin with the proof for N = 1,0 € .Z(2,2).

16.3.2 Invariant Function f(Q), Q € .# (2,2)

We first determine the form f(Q) of a superreal antihermitian matrix Q

0 a o «
—a 0 p* B
—a—B ib ¢ |’
@X BX —c* —ib

0= a,b real. (16.73)

invariant under unitary orthosymplectic transformations. Variation of Q
with (16.12), (16.37) yields

da = wf* —0*B —na* +nta

8b = isc* —is*c Hwa* +iw*a +inf> +in*p

8¢ = 2ipc —2isb 2w —2npB

8c*= —Z%pcx +2is*b . —2w*a™ —2n*B* (16.74)
da = ¢gf +ipa —sa* —iwb +w*c —na

da*= gp* —ipa™ +5s%a —wc* +w*b —n*a

88 = —qo +ipB —sp* +wa —inb  +n*c

8p* =—qa™* —ipp* +s5*B +wXa —nc* +in*b
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Again, f is expanded in the Grassmann variables «, 8, @™, 8*. Eight terms remain
after variation of p,

fQ) =F+aa”G+ BB h+ Ba™i+aB™j+ a”B*cK + afc*l + aa™ BB M,
(16.75)

where the functions F, G, h, i, j, K, [, M depend on a, b, and ¢*c. Variation of ¢
yields

8f = q(Ba™ +ap™)(G — h) + q(aa™ — BB™)(—i —)), (16.76)
hence, h = G, i = —j and thus,

f(Q) =F+ (e +BB)G + (—Po™ +af™)j+ ™ B cK +afc™l+ aa™BB*M.
(16.77)
Variation of s and s> yields
8f = (ic*s —ics™)gy + (ic™s —ics™) (aa™ + BB™)
+(ic™s —ics )aa™ BB  ¢3 + (@f™ — Ba™)(ic™ spps — ics™ ¢7)

+a* B (spg — ic*s™  Pg) + af(c™2sps + 5% o), (16.78)
¢ = 0OF, ¢, =0G, ¢3=0M, ¢s=0K, ¢5=0I,
o6 = Uj+1il, ¢7 = 0j + 1K, (16.79)
¢g = icc®0OK — 2ibK — 2j, 9 = —icc™ Ol + 2ibl + 2,
ad d
O:=—-2b . 16.80
ad d(cc™) ( )
Due to the invariance, all ¢; have to vanish. Since ¢; = ... = ¢s5 = 0, the functions

F, G, K, M, and [/ depend only on a and r? = b? + ¢c*. From ¢s = ¢p9g = 0, one
obtains

j=-ibK, [=K. (16.81)
Also ¢ = ¢p7 = 0 are satisfied. This yields inserted in (16.77)

f(Q) = F+ (aa™ + BBX)G+ (iBa™b—iaB b+ aBc™ +a”B*c)K +aa” BB M,
(16.82)
It remains to vary f with respect to w, @>, 1, n°*. One obtains
8f = (0™ B+ wf™ + n*a —na*)io
+(—iw”ab —iwa™b + o a*c + wac™)(p1 + BB ¢12)
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+(—op aa” + ™ Baa™ + 0 afp + na’ f*) i3
+(=in*Bb —inf b+ n* B c + nfc*)(pn +aa*p)  (16.83)
with
b10 = 3aF+aG—r2K,
¢11 = —20,.F + G —ak,

¢12 = —20,.G + 9,K + M,
13 = 0,G — 3K — 2°3,2K + aM. (16.84)

10 = @11 = ¢12 = O yield

(”? — K = 3,F + 2ad,-F, (16.85)
(? — )G = ad,F + 2r*3,2F (16.86)
M =23,G—3,K. (16.87)

Equation ¢13 = 0 is fulfilled, since

13 = 20,2¢10 + 0.P11 + adra. (16.88)

Thus, f(Q) is given by (16.82). Equations (16.85)-(16.87) express G, K, and M in
terms of the function F.
Inserting > = a” in (16.85) shows that F(a, a*) does not depend on a.

16.3.3 The Integralfor N =1,Q € .#(2,2)

The integral yields with (16.82)

/DQf(Q) = L/dadbdcl deyda* da dBX dBf

472

1
=1 dadbdcy dey; M(a,b* +c +¢3)  (16.89)
T

where ¢ = ¢;+ics, ¢ = ¢;—icy. The a-integral over the K-term in (16.87) vanishes.
Thus, we are left with the G-term. Transforming from the ‘Cartesian coordinates’ b,
c1, ¢ to the radius r, we use dbd ¢ dc; = 4mr?d r. Then we obtain

ad,F +ro, F

22— 22

/DQf(Q) = —%/daer(a, r) = —%/dadr , (16.90)



16.3 Integral Theorem for Quasiantihermitian Quasireal Matrices 169

where r runs from 0 to eV~ oco. We decompose

G, F + r0,F  0,F +0,F  0,F —0,F
r2—a®>  2(r—a) 2(—r—a)’

(16.91)

and obtain two integrals. In the second integral, we change the sign of » and use
F(a, (—r)?) = F(a, r?) to obtain

/DQf(Q) ——/dadra F+8F, (16.92)

r—a

where 7 now runs from —e'’~ 0o to +e7~o00. As for the evaluation of (15.34), we
obtain

/ D 0f(Q) = —isF(0,0) = —isf(0), (16.93)

which shows (16.71) holds for this special case.

16.3.4 The General Case

The generalization to N matrices, Q € .# (n, 2r), runs analogously to the consider-
ations in Sects. 15.2.3 and 15.2.4. The statements on the general case in Sect. 16.2.4
hold similarly.

16.3.5 Matrix as a Set of Vectors

The integral over a function of a superreal matrix, W € .#/(2,2), invariant
under independent unitary-orthosymplectic transformations on both sides of W, is
proportional to the function at W = 0, provided the function decays sufficiently
rapidly for large arguments along the paths of integration.

The arguments run similarly as for the function of W € .Z (1, 1) invariant under
independent unitary transformations on both sides, as given in Sect. 15.3. However,
the derivation of the explicit form of the function is lengthy due to the large number
(16) of independent variables.



Chapter 17
More on Matrices

Abstract In this chapter the following topics are considered: (1) the eigenvalue
problem; (2) a functional equation for square matrices, and (3) the Berezinian for
matrices with linearly dependent matrix elements. We find (1) If the ordinary part
of a supermatrix is not degenerate, then it can be diagonalized by a similarity
transformation. If it is degenerate, then even if it is hermitian, it can normally not
be diagonalized. However, superreal hermitian matrices have two-fold degenerate
eigenvalues in the fermionic sector. If this is the only degeneracy, then diagonal-
ization is possible. (2) A differentiable function F of a square matrix obeying the
functional equation F(A)F(B) = F(AB) vanishes identically, or is a power of the
superdeterminant. (3) The Berezinian of matrices with linearly dependent matrix
elements is determined.

17.1 Eigenvalue Problem

The eigenvalue problem is considered. If the body of a matrix € # (n,m) with
n > 0, m > 0 has degenerate eigenvalues, then normally the matrix cannot be
diagonalized by a similarity transformation, even if the matrix is hermitian.

The eigenvalue problem for a matrix H € .# (n, m) is formulated as a solution
of the equation

HV=VD, Ve.#(nm), D=diagA..... 1AL .... ). (17.1)

If such a pair of V and D with nonsingular V, can be found, then D contains the
eigenvalues of H. The columns of V are the right eigenvectors. Equation (17.1) can
then be rewritten

V'H=Dpv. (17.2)

Thus, the rows of V™! are the left-eigenvectors.
We approach the solution in two steps. In the first step, we consider the ordinary
partsof H, V, D.
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Definition 17.1 A matrix H € .# (n, m) is called non-degenerate, if all eigenvalues
of ord (H) differ.

The ordinary parts a; and b; of the eigenvalues of the bosonic sector Hy, and of the
fermionic sector Hg, respectively, are obtained from the characteristic polynomials

det(el —ord (Hy)) = [ [(e —ap). det(el —ord (Hy)) = [J(e—bp).  (17.3)
i=1 j=1
Non-degenerate means that all a; and b; are different.

Theorem 17.1 If H € .# (n, m) is non-degenerate, then it can be diagonalized by
means of a similarity transformation.

This can be seen in the following way: Since det(a;1—ord (H,)) vanishes, it indicates
that there is a solution, Vlil) , to the homogeneous equation ord (Hb)Vé‘) = aiVél) s
similarly for the fermionic sector ord (Hy) Vf(’) = bin('). This can be rewritten as

diag(a) 0 Vo 0
d(H)V© = yO (T8 . VO = : 17.4
ord (H) 0 diag(h) 0V (174

where the Vs are the columns of the V.
Thus, we obtain

(17.5)

2
VO-IHYO = W = diag(a, b) + (" A Ka ) ,

kB kB

where k € o has been introduced as an expansion parameter, and the ordinary
parts of A, B € 4 vanish, and «, f € 7. We consider the first eigenvector (the
other eigenvectors can be considered similarly) of W,

x 1 i=1, 201
. Xi= n . . &= Kk“E, (17.6)
(E) { Yok i1 IZO:

with eigenvalue

AM=a+ Y a0 7.7
>0

One can easily expand in powers of «, since the eigenvalue equations read

(bi — g = > AW Bl:igj(l_l) - .szix,(-l_l) — Biibii, (17.8)
x
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A = Aps + Al‘jx;l_l) +ayt”, (17.9)
(gi — al)xl(l) = Z A(k)xl(l_k) —Aijxj(»l_l) - O{ijgj(l) —A“SU, i 7é 1.
k
(17.10)

There is a solution if a; differs from all other a;, b;.
Thus, we obtain the eigenvectors with eigenvalue A and similarly with eigenval-

ues [,
()i () o

Putting the column vectors together, one obtains

xn xn\ (diag(A) 0 )
w = _ (17.12)
(Ey) (é‘y)( 0 diag(n)
and
diag(A) 0
HVO (’”7) = y© (“’)( s ) (17.13)
§y §y 0 diag(p)
The multiplication theorem yields
diag(A) 0 ) [Tizi Ai
sdet(H) = sdet(W) = sdet( . = — . (17.14)
0 ) 0 diag(p) [T5 1

If the a;, b; are all different, then there exist left- and right-eigenvectors.
If, however, two such eigenvalues coincide, then, in general, there are no such
eigenvectors.

Example Consider

aaf
W=1|yb0|e#(1,2). (17.15)
5§0c

Eigenvalues and eigenvectors of

wx® = 20x0  wy® =, Oy® (17.16)
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are
8 2a —b— 8
P I A LB € capys
a—b a—c (a—b)*(a—c)?
1
X(l) = ﬁ(l = b)(a c)) ’ (17.17)
3
;( (a— b)(a c))
R+ i)
b—a( b—a)(b—c
L = ay 05,32)/5 Loy = { )( ) ’
b—a ' b—ayrb—o w
(b—a)(b—c)
(17.18)
1
o ,33 05,3)/5 o ( + (c a)(c h))
I,L = C — . Y = —
c—a (c—a)?(c—b) G ‘i)(‘
(17.19)

Hermitian Matrices It is apparent from the above expressions (17.17)—(17.19) that
even hermitian matrices, whose bodies have degenerate eigenvalues, will, in general,
not have corresponding eigenvalues and eigenfunctions.

If W is hermitian WT = W, then

ws® — é'(i)S(i) — SOty = é'(i)*S(i)T, (17.20)

where S stands for both X and Y, and ¢ for A and u, respectively. Thus, evaluating
SOTWs¥) with both expressions (17.20) one obtains

(S(i)TS(/))(§(i)* — CU)) =0. (17.21)

Thus, for i = j, one finds that the eigenvalues ¢ are real, {@* = ¢@ since ord (S®)
does not vanish identically. If ord A? # ord A", then S” and SV are orthogonal,
SOTSH) = (.

17.2 Diagonalization of Superreal Hermitian Matrices

Hermitian supereal matrices have a twofold degeneracy in the fermionic sector. This
allows diagonalization if no other degeneracies appear.

Much of the analysis for hermitian matrices of the first kind given above hold for
superreal hermitian matrices too. One has only to replace * by * and by .
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Since W is superreal (14.5), W = CW*C~! holds. If § is an eigenvector with
eigenvalue ¢, WS = ¢S, then CW*C~!S = ¢S holds. The complex conjugate yields
CW>**C~!8* = £*$* and finally (note CW**C~! = C~'WC)

WS =¢S = WCS* = {*CS™. (17.22)
Thus, CS™ is an eigenfunction with eigenvalue ¢*. If W is hermitian, then ¢
is superreal and consequently both S and CS™ are eigenvectors with the same

eigenvalue.
For X € .# (n,2r, 1,0) one obtains CX*

X = (’g) > CX* = (E";X) (17.23)

The linear combinations X4 = X + CX™ and X_ = i(X — CX™) obey CX} = X4
and are superreal eigenfunctions. Generically they will be proportional to each other
and thus constitute only one independent eigenfunction.

However, for Y € .# (n,2r,0,1)

Y:(”) - CYX=( ”XX), (17.24)
y €y

(CY)*Y = 'y — Yey = 0. (17.25)

one obtains

Thus, CY* and Y are orthogonal, which implies that the eigenfunctions appear
pairwise with the same eigenvalues. This corresponds to the Kramers degeneracy.
(Y Cr* ) € . (n,2r,0,2) is a superreal double-vector.

Theorem 17.2 Superreal hermitian matrices have pairwise equal eigenvalues [ in
the fermionic sector.

We show explicitly that this degeneracy does not forbid the diagonalization. Let us
expand Y

21—-1 () 1, i=1, 21 A (D)
fh':EK n, yi= o . H1=b1+§/€ﬂ,
>0 2is0 Kzlyi 1> >0
(17.26)

where nfl) are real row-spinors and yl(.l) real quaternions. We use W, (17.5) with
superreal elements A € .#(1,0), «.. € .#(1,0,0,2), 8. € .#(0,2,1,0), B €
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#(0,2). Then one may iterate starting with / = 1

b —apn® = =3 A" 4 4 LoV L as, (727)
k
A01, = Bi611 + Bljyj(-l_l) + ,31]'7]](-1), (17.28)

by — by = — Z ABYIT L By + Bijyj(-l_l) + By i > 1.
k

(17.29)
Example In the case
a aa”
W=|—-a*b 0 |, (17.30)
a 0D
the eigenvalues and eigenvectors read
) 1
A0 =4 = oXe, xU = [ —Lgx |, (17.31)
a—>b arb
1
a—b
_a _a*
1 a—b a—>b
p=b+ o a, YV = 1o |. (17.32)
a—>b 0 1

17.3 Functional Equation for Matrices

The multiplication theorem for superdeterminants was given in (10.1). Here we
derive an inversion of this theorem.

Theorem 17.3 Let F(A) € 4, A € # (n,m) be a holomorphic function of the
matrix elements of A.
If the functional equation F(AB) = F(A)F(B) holds for all A and B, then

F(A) = sdet(A), (17.33)

unless F vanishes identically.
We sketch the steps of the proof:

1. 1A =Ayields F(1) = 1,
2. FV)F(V™Y) = F(1) = lyields F(V™") = F(V)™..
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3. Nearly all A (see Theorem 17.1) can be diagonalized by a similar-
ity transformation, A = VAV™'. Thus, F(A) = F(A), with A =
diag(A1, Ao, oo Ay 1, U2y - o - m)-

4. F(A) is invariant under transpositions of the As and transpositions of the us. The
matrix representation of the transposition 7 of k and I can be written as

T,;kl) =8 — i — i) — 8j),  k # L (17.34)

Then T¥AT®) exchanges columns k and I and rows k and  of A. Note that
T2 = 1,

5. Thus, f(x) := F(diag(x,x ', 1,...)) = F(diag(x~',x,1,...)). Since the
product of these matrices equals 1, f(x) = =1, since f is holomorphic in x,
f) =f(1) =1

6. Thus, F(diag(A,Az,...)) = F(diag(xx\l,x_l/lz,...)), which, with x = A,,
yields F(A1A2, 1,...). Thus, F depends only on the products P, = []; A; and
Py =TT F(A) = f(PY. P,

7. For two matrices A and B we have f(x,y)f(u,v) = f(xu,yv) with x = P(AA),
y = P(A), u = P(AB), v = PLB). Taking the derivative with respect to x yields
kf (u,v) = udf(u,v)/ou with k = 9f(x, 1)/9x|x=1 with the solution f(u,v) =
C(v)u*. The analogous argument for v yields f(u, v) = Cu*v¥’. The unit matrix
u=1v=1yieldsf = 1. ThusC = 1.

8. Finally the relation between k and k" has to be found. We consider

A= (g Z) ((c)?z) - (f; ZZ) €A(1.1). (17.35)

For larger matrices these entries are in the upper left corners of the corresponding
sectors. One adds nonvanishing entries in the diagonal of the bosonic and fermionic
sectors. They have no effect to our considerations. The eigenvalues of these matrices
are

A —ar Py ®P e — g (1736
a—>b a—>b
A9 = e+ ed—P o —pi g P
actc ac —bd # te ac — bd
Thus F(A)F(B) = F(AB) requires
(ac)*[1 + £ aBl(bd)* [1 + K Bl
ala—Db) b(a—Db)
kd , K
= (@[l + —————af)(bd) [I + ———ap]. (17.37)

a(ac — bd) b(ac — bd)



178 17 More on Matrices

Comparing the coefficients of of, one observes that this relation is identically

fulfilled only for ¥ = —k. Since P;A) /Pff) = sdet(A) and for all matrices
sdet(A)sdet(B) = sdet(AB) holds, the above theorem is proven.

17.4 Berezinian for Transformation of Matrices
with Linearly Dependent Matrix Elements

The Berezinian for the transformation of supersymmetric, super-skew-symmetric,
and for superreal hermitian and antihermitian matrices is given.

Theorem 10.2 gives the Berezinian for the transformation of matrices whose
matrix elements are linearly independent. However, this derivation cannot be
applied for matrices whose matrix elements are linearly dependent as for super-
symmetric and super-skew-symmetric matrices. These will be considered here.

The transformation

W ="Twv, W, W.Ve.#@n m (17.38)

transforms a supersymmmetric/super-skew-symmetric matrix W again into a
supersymmetric/super-skew-symmetric matrix W/,

W=+Wo—>W=+Wo (17.39)

Theorem 17.4 The Berezinian for the transformation (17.38) W — W’
with (17.39) reads

[D W'] = sdet(V)" %' [D W].
This can be shown by means of the functional theorem 17.3. If we choose
w'=wwv', wW=Wwv, (17.40)
then V = V'V”. Denote the Berezinian by F,
[DW'=FWV)DW], [DW]=FV"DW, (17.41)
then
DW]=FV")FV)DW]=FWVV")[DW]. (17.42)

Thus due to the inversion theorem 17.3 F(V) = sdet(V)X. The exponent k can be
determined by choosing V diagonal with matrix elements A in the diagonal of the
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bosonic sector and w in the fermionic sector. Then the various sectors contribute

[D W/] — An(n:l:l) . (AM)—nm . Hm(m:Fl) [D W]
= A"y ED W] = sdet(V)" " D W]. (17.43)

Similarly one derives, for superreal hermitian and antihermitian matrices,
W =ViIWV, W=4W W W.Ve.#n?2r. (17.44)

Theorem 17.5 The Berezinian for superreal hermitian and antihermitian matrices
reads

[DW'] = (sdetV)""2*![DW].

The derivation runs parallel to that of super-(skew)-symmetric matrices given above
(m = 2r).



Part I11
Supersymmetry in Statistical Physics

In this last part we consider several applications of supersymmetry in statistical
physics. Supersymmetry is used with various meanings. We distinguish between
these as follows:

1.

The notion of supersymmetry was first introduced in high energy physics as
a symmetry of spacetime. Two pairs of anticommuting space components are
added to the conventional four-dimensional space. The supersymmetric theory
predicts bosonic and fermionic particles with degenerate masses. As of yet,
they have not been observed. As to whether supersymmetry does not exist or
symmetry breaking has prevented its observation is an open question. Very
similar techniques can be used in systems described by stochastic time-dependent
equations. We consider both in Chap. 19.

. In a number of cases the action or Hamiltonian is given as a product of two

operators, often denoted by Q and Q. They yield systems with the same
spectrum. Or they have the property Q> = 0 and yield pairs of eigenenergies
E and —E. The notion of supersymmetric quantum mechanics is used in such
cases. We consider this in Chap. 18.

. Disorder in a number of models in d dimensions yield a formulation, which

allows the reduction to the pure model in d — 2 dimensions. This formulation
is considered in Chap. 20.

. Supersymmetry in target space appears for particles in random one-particle

potentials, which we briefly considered in Chap.4. The mapping of random
matrix models on nonlinear sigma-models is considered in Chap.21. Diffusive
models, that is tight-binding models with random on-site and hopping matrix
elements, can be mapped on models of interacting matrices. This is derived in
Chap. 22. Finally, in Chap. 23 we consider the Anderson transition, in particular
the scaling theory of conductivity and multifractality close to the mobility
edge. A few more aspects are addressed in this chapter: Besides the three
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Wigner-Dyson classes of disordered systems there are the chiral classes and
the Bogolubov-de Gennes classes. All of them are related to the ten symmetric
spaces. A short account of the physics of two-dimensional disordered systems,

which is particularly rich, is given. Finally the concept of superbosonization is
mentioned.

The last chapter summarizes the book. A few related subjects and relevant papers
are mentioned for the interested reader.



Chapter 18
Supersymmetric Models

Abstract Supersymmetry in high-energy physics predicts bosonic and fermionic
states with equal energies. Certain general ideas of supersymmetry were adopted to
models in solid-state physics. They are often described by pairs of operators Q and
O, which allow for pairs of Hamiltonians QTQ and QQ' with the same spectrum.
An example is the hydrogen atom. A class of models has the property * = 0. They
yield either chiral models with pairs of energy levels E and —E if the Hamiltonian
is linear in Q and Q, or models with pairs of states with the same energy if the
Hamiltonian is bilinear in Q and Q.

18.1 Supersymmetric Quantum Mechanics

In this section we consider models with supersymmetric partner Hamiltonians,
which have the property that both Hamiltonians have the same spectrum.

Supersymmetric quantum mechanics deals with Hamiltonians, which have the
same spectrum of non-zero energy states. Formally they may be considered to
belong to Hilbert spaces with different number of fermions. Some examples can
be found in the textbook by Schwabl [236].

18.1.1 Supersymmetric Partners

Supersymmetric Hamiltonians are often defined [289] in terms of the charges Q;
with the property

{0i, 0} =6;H, [Qi,H] =0, (18.1)

where the second set of equations follows from the first one. For two charges one
may consider

01 = 1(o1ps + W (). 02 = (oop: — W), (18.2)
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with momentum operator p, = %, Pauli operators o;, and function W(x), which
yields
dW(x) Hy O
H=1p*+WwW? ="t . 183
s+ W) + o3 I ) 0 H. (18.3)

One obtains the same Hy from

O = pe+iW(), Q =p, —iW(x), (18.4)
Hy = 300", H- = ;0'0. (18.5)

The Hamiltonian (18.3) can be obtained from

H=3(f'0+ Q') = f'fHs +ffTH-, (18.6)

with fermion creation and annihilation operators f7 and f, respectively. These
operators commute with Q and Q. The connection between the fermion operators
and the spin operators lies in the fact that the operators o™ and o~ have the same
anticommutation relations as fT and f. The Hamiltonian H acts in the Hilbert space
with occupied fermion, and H_ in that without fermion. Correspondingly H_ is
called the bosonic sector and H the fermionic sector in (18.3). Supersymmetry (see
Sect. 19.2) is characterized by operators, which connect states with different fermion
number, but equal eigenenergy. Here these operators are 7 Q and Q'f in (18.6).
Equation (18.5) yields

H-Q"=Q'H,, H.Q=0QH.. (18.7)
Hence, eigenstates of H4 and H_

Hiy+ =Eryy, H-y-=E_y- (18.8)
can easily be transformed into eigenstates of the other Hamiltonian,

H_(Q"y4) = E4(Q'¥4), H4(Qy-) = E_(Qy-). (18.9)

Thus, H+ and H_ have the same eigenvalues, and the eigenvectors are connected
by Q' and Q. These Hamiltonians are called supersymmetric partners. Only if
Q'Y+ = 0 or Qy_ = 0, are there no such pairs. Thus, the number of eigenstates
with energy zero may differ. The difference of the number of states at zero energy
is called the Witten index [290].

Ground State The condition Qy_ = 0 yields the ground state of H_,

Y_(x) = exp (— /de’W(x’)) , (18.10)
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provided it is normalizable. Similarly Q% = 0 yields

Y4 (x) = exp (+ /de/W(x/)) . (18.11)

Usually only one of the functions ¥+ is normalizable. If W(x) approaches zero in
the limit x — oo sufficiently rapidly, then both states are continuum states and
both H and H_ have ground states of energy 0.
Thus, the Hamiltonians
Hi=1ip24+Vi(x), Vi(x) =31(W(x)+ W), (18.12)
describe two systems with potential V and V_, which have the same spectrum.

Only the number of states with zero energy may differ. More on this subject can be
found in the article by Cooper et al. [51]. Below, we give some examples.

18.1.2 Harmonic Oscillator

The operators Q and Q' are known as creation and annihilation operators for the
harmonic oscillator

W) =x, Vi=1(>£1), (18.13)

where in our dimensionless units Aw = 1.

18.1.3 The cosh™%-Potential

As a second example we choose

F1)
W(x) = ctanh(x), Vi =1 cz—dc—). 18.14
(x) (x) =3 ( cos?(2) ( )
and define the Hamiltonians
1
Ho= 1 et D (18.15)

2 2 cosh?(x)

Then H. = H_ — 3¢* and H._; = Hy — 3¢* have the same spectrum. In particular
Hy and H| have the same spectrum. The eigenfunctions of Hj are the plane waves,
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V4. Application of QT yields the eigenfunctions y_ of Hj,
Y4 =", Y_ = (k+itanh(x))e™, Ei-—1=1k. (18.16)

This potential is reflection free. One can continue in this way and find that all
hamiltonians H, with integer c are reflection free.

Bound States The ground state of H, is obtained from Qy_ = 0. One finds the
eigenfunction and the binding energy are

Y (x) o cosh™“(x), EY = —1c% (18.17)

Using that H, and H.4; have the same spectrum, one obtains the spectrum of the
bound states

E® = —L(c—k)? (18.18)

for integer k < c¢. The eigenfunction can be calculated recursively by application
Of QT,

d _
¥ (x) o oo+ ctanhx)y 7" (x) (18.19)
)

starting from v/, .

18.1.4 Supersymmetric §-Potential

Another example is
W) = 0d(x), V=10 + 508 (x), s= =%l (18.20)

The extremely strong §2(x)-term of the potential prevents any transmission across
the potential as long as |s| # 1,

¥ (=0) = ¥(0) =0, ’(—0) and v’ (4-0) arbitrary. (18.21)

Surprisingly, the potential becomes transmitting in the supersymmetric cases
s = =1,

Y (+0) = ey (=0), Y/(+0) = Ty’ (-0). (18.22)

See [50] and Problem 18.3.
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18.1.5 Hydrogen Spectrum

The fact that the Hamiltonians QTQ and QQ have the same spectrum, was used
by Schrodinger[234, 235] in 1940 and 1941 for the determination of the hydrogen
spectrum. The radial wave function u(r) for the electron, ¥ (r) = @YL,,,(G, @), in
the Coulomb potential of the proton obeys

1 9% 1 (41
Hl“n,l(") = En,lun,l("), H, = _EW - ; 272

, (18.23)

where the Rydberg constant is set to one half and the Bohr radius to unity. Using

170 [ 1
O=-\=—--+- (18.24)
i\or r I
one obtains
i1 i 1
2H, = Q0 — 7 2H1-1 = 0,01 — 7 (18.25)
Setting Q,u, ,—1 = 0 yields the eigenstate
e/ - 18.2
Upp—1 ~ 1€ ) En,n—l = _ﬁ- ( 8. 6)
Then, from (18.25), one obtains
O/H; = Hi_, Q). (18.27)
Thus,
H1Q1T+1Q1T+2 e QZ—zQZ—l = Q1T+1Q1T+2 s Qi—zQZ—lHn—h (18.28)
from which one concludes that
Uny(r) = Q1 ,0F To 18.29
n.l r) = Q1+1Q1+2 cee Qn_an_lun,n—l(r) (18.29)

obeys Eq. (18.23) with E,; = —1/(2r?). This shows that the energies E,; depend
only on the main quantum number 7.
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18.2 Chiral and Supersymmetric Models with Q* = 0

We consider models with Q*> = 0. Among these models are chiral models with H
linear in Q and Q' with pairs of states with energies +E, and models with H bilinear
in Q, QF, with pairs of states with the same energy.

In this section we consider a class of systems characterized by the condition

o’=0, o"”=0. (18.30)
Let 57 be the Hilbert space, in which Q acts. Let us denote the Hilbert space
spanned by Q|vy) with [/) € . by £, and the Hilbert space spanned by Qf|v/)

with |¢) € 5 by 5. Then, due to (18.30), the states in 7% and JZ are
orthogonal to each other, i.e.

@'y ) oly) = (¥'|Q*y) = 0. (18.31)

States |1/) orthogonal to both the states in 7% and .72 span the Hilbert space J75.
They apparently obey

oly) =0Q'ly) =0 (18.32)

and the total Hilbert space is /7 = 7 @ 72 & J4,.

18.2.1 Chiral Models

The Hamiltonian can be expressed as

(00" _ - {00 . OQT)
H_(QO)—Q+Q with Q_(QO), Q_(OO . (18.33)

The matrix Q need not be quadratic. If its dimension is n; X ny, then at least [n) —n;|
eigenvalues of H vanish. This chiral Hamiltonian has the property Q> = 0 and

10
o oH, o (0_1) (18.34)

Thus, for an eigenstate |1) with energy E there is an eigenstate o|y) with energy
—F, since

Ho|y) = —cH|Y) = —Ec|y). (18.35)
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Thus, energies E and —F occur pairwise with the exception of states with £ = 0.
Such models are called chiral. Free electrons on bipartite lattices, which are allowed
to hop only from one sublattice to the other, have this property.

18.2.2 Fermions on a Lattice

Fendley et al. [77], Fendley and Schoutens [76] (see also in [117]) consider systems
of spinless fermions on a lattice with sites r,

0 => cfin}. 01 = clfrn}. (18.36)

r

FAnY 1= fysy Bty )y Mg 1= CLsCrts, (18.37)

where f, does not depend on n,. Q decreases the number of fermions by one, QF
increases it by one. The authors require Q> = Q™ = 0. Since

20> =3 e (PO — £ 0F) (18.38)

with
15 = fAnd,, =i (18.39)

one requires

(1) (1)
f;‘,r/ fr’,r
which yields

filnd =[] us + vsners). s =us. v_g=vs. (18.41)
8

The Hamiltonian reads

H={0"0}=T+V. T=) Trche,. V=) frinifin},  (1842)

rr r
with

Ty = fO0 0 — 0. (18.43)
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The potential V is a function of the occupation numbers #n, the kinetic energy T
allows particles to hop between lattice sites, depending, however, on the occupation
numbers n of some neighbors.

The fermion number is conserved. The operators Q and QF commute with H.
Thus, for positive energies, there are always two states, a bosonic and a fermionic
state, that are degenerate if we call states with an even (odd) number of fermions
bosonic (fermionic).

The number of bosonic states minus the number of fermionic states is called the
Witten index[290]. It can be written

W= tr ((—) e ), (18.44)

where F is the number of fermions. The factor e ##

only states with zero energy contribute.

serves for convergence, but

Problems

18.1 Supersymmetric box Put the supersymmetric system in a box ranging from
x = —L tox = +L by choosing W = Wy(x) + h®(x — L) + h®(—x — L).

1. Determine the boundary conditions at x = L assuming that Wy(x) varies only
smoothly at x = £L. Take the limit z — oo.
2. What are the solutions for constant Wy (x)?

18.2 Given
0=c(1+ vc;cz) + (1 + chcl).

Determine H = QTQ + QQ and the eigenstates and energies.

18.3 In order to derive (18.21), (18.22) put W = w in the interval x = (0, a) and
take the limit a — O for fixed wa = w.
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Chapter 19
Supersymmetry in Stochastic Field Equations
and in High Energy Physics

Abstract We start from the purely dissipative Langevin equation and the corre-
sponding Fokker-Planck equation. The corresponding field theory is supersymmet-
ric. This symmetry yields the fluctuation-dissipation theorem. The formulation has
much in common with supersymmetry in high energy physics. In both theories, anti-
commuting coordinates are introduced in addition to the commuting coordinates.

19.1 Stochastic Time-Dependent Equations

We introduce the purely dissipative Langevin equation and derive the corresponding
Fokker-Planck equation. The fields of the corresponding theory are supersymmetric
fields. They depend in addition to the time on a pair of anticommuting coordinates.
The supersymmetry yields the fluctuation-dissipation theorem.

19.1.1 Langevin and Fokker-Planck Equation

We start with a set of equations of motion for classical particles with coordinates
qi(1), called Langevin equations

v
m;qi(t) = T Yiqi(t) + ni(2). (19.1)

Here —yg;(¢) is a friction term and 7);(¢) a stochastic force with Gaussian distribution

(i) = 0. (nOni(t)) = k88t — 1), (19.2)

which, due to the §-function in time, is called white-noise, since it extends over all
frequencies. If the motion is strongly damped, then m;g;(f) becomes negligible and
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Eq. (19.1) reduces to

19 : )
qi(t) = —fi(q(®) + n: (1), fi(q(t)) = ;% (ni(n;(1)) = K—25y5(t—t)-
‘ (19.3)

Due to this noise the system does not move in a deterministic way, but its
development has to be described by a probability distribution, P(q, 7). Suppose we
consider the average of a function, F(g), as a function of time. We expand for a
small time interval, &¢,

0 d?
(F(g(t+380)) = (F(q())) + (3_5(5]i(t+8t) —qi(0)) + l(—I;(qi(ﬂré’t) —4i(1))*).

2 " dq
(19.4)

The term with the first derivative of F contains —f6t, while in the term with the
second derivative

t+45t t+45t .
(qa(t + 81 — qi(0))?) = / an / dnpuom@) = S 193)

1

enters. Thus, we obtain, from Eq. (19.4),

E%(F(q,t)) = —(ﬁg—i) + Qi(%), Q2= zLyZ (19.6)
Using
@) = [ dar@P@ (197
yields, after partial integrations,
[aer@ie = [aara (a%(mpp(q)) + 9%’) (19.8)

which holds for arbitrary F and yields the Fokker-Planck equation, which describes
the evolution of the probability distribution P,

9 ). (19.9)

. 0
P(q.t) = Hrp.P(q.t), Hpp. = —(fi(q) + 2i—
q; q;

Assuming f; = Qig—f this ‘Fokker-Planck’ hamiltonian can be transformed by

ad 10E_ 0 1 0E
E@/2p 0 e E@D/2 — _ Q- 4 ) (—— + ——) = —Q,ATA;  (19.10
© Fp.e ( g * 2 3%)(3%’ * 2 3%') ' ( )
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into an hermitian one, which is negative-semi-definite. The transformed Hamil-
tonian applied on exp(—E/2) vanishes and Hpp exp(—E) = 0. If exp(—E) is
normalizable, then it is the equilibrium distribution, given by exp(—V/(kgT)). The
condition f; = .Q,-g—i shows that k and y are connected by «; = 2kgTy;.

19.1.2 Time-Dependent Correlation Functions

In this section we express the time-dependent correlation functions as expectation
values of a theory governed by an action, S. In order to facilitate the calculation, we
rescale the variables g by introducing

gi = viqi. i = Jyini, (19.11)
which yields
ai = —f; + 7 (19.12)
with
= V@=V@. GO0 =aTse-0). 1913

Henceforth, we drop the™. The probability distribution of the noise 7 (19.3) is then
proportional to

exp ( / Z4an,() D]
— [DupAexe( [ dr Y wti0 +2Om@m) 1914

with A integrated along the imaginary axis. The coordinates ¢; depend on the
fluctuating forces 7;(7), thus, ¢;(f) = ¢;(t,{n}). Thus, the expectation value of a
function, F, of the coordinates can be written

(Flq)) = N~ [ [D AJID F{g. njeZ TR0 0m0) (19.15)

with some normalization N. Instead of integrating over n we prefer to integrate
over g. Thus, we introduce the Jacobian [we express 7 in terms of ¢ using (19.3)],

) _ s 2,
B = (5,,3t+ ). (19.16)
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This determinant can be expressed by the Grassmann variables ¥ and ¥,

/ [D YDy exp(y* (850, + %)wj). (19.17)
]
Then one obtains
F= / [D g][D 11D Y]ID AJF{q(1)} exp(—S) (19.18)

with

. of;
S(qv wxs ws A) = /dtZ(_kBTALZ + Al(% +fl(Q)) - %XW:' - wix Z %wl)
i i J
! (19.19)

where ¢, ¥, ¥, A depend on time . We introduce two additional Grassmann
variables, 6> and 6, and, with the time ¢, may define the supercoordinates

Qi(t) := qi(1) + Y ()0 + 0™y (1) + A,(1)00. (19.20)

The action may then be written as
S{0} = /dtd 6d GX(kBTZ@Qi@Qi —V{0}) (19.21)

with

9 9 19
=" @_aex_kB_T@E' (19.22)

19.1.3 Supersymmetry and Fluctuation-Dissipation Theorem

Starting from the action S, we determine the invariance of the correlation functions
and the response function, and their relation: the fluctuation-dissipation theorem.
In addition to the operators Z and &, we introduce

d - d 1 d
9 = , 9= — 4+ —0°—. 19.23
96 200 " eT 1 (19.23)
We then obtain the anticommutators
1 9

P =9*=0, {2,9}=— (19.24)

kT 0t
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- - 1
9 =9"=0, {9'.9'} = _Tai (19.25)
(2.9 =0 ={2,9'}, (19.26)
(2,9V=0 ={2,9'}. (19.27)

The action is invariant under transformations by 2’ and 7' Lete € . Then a
shift of Q, i.e.

850 =¢€2'0Q, (19.28)
yields

2(80)20 + 202(80) = 2(€2'0)20 + 209(eZ' Q)
—e{D.9YD0 + €7 (20)20 — 70e{D, 2'}0
—€909' 90 = €2 (2020). (19.29)

83(2020Q)

A similar argument yields 8(.@Q.@Q) = €9 (2020) for §Q = €2'Q. Moreover,
one finds 8V = €2’V and 8V = €'V, resp. Since 2’ and &' are divergences
(69/0t = 3/310), the expression under the integral (19.21) differ only by surface
terms and thus, yield the same equations of motion.

The supersymmetric Langrangian (19.21) is an example of the BRS supersym-
metry, introduced first in the context of gauge theories by Becchi et al. [20, 21] using
the Slavnov-Taylor symmetry [241, 250]. It occurs when a constraint is introduced
in a path integral, accompanied by a Jacobian, represented by a Gaussian integral
over Grassmann variables.

Ward-Takahashi Identities Ward-Takahashi identities are identities which follow
from symmetries. The invariance of the action under the transformations induced
by 2’ and 2" will give the fluctuation-dissipation theorem. Let us consider the two-
point functions

Gi(t1,00, 0151, 05, 05) := (Qi(11, 01, 01) Qj(12, 05, 02)). (19.30)

Due to the invariance, they obey

99 =0, 99 =0, (19.31)
2 2
9 = Zi Z LI (19.32)
=X [ o k T o :

This, also implies, dye to 2’ translational invariance in 0* and due to the
anticommutator {2, &'}, translational invariance in time ¢. Since ¢4 € <%, the only
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possible function, expanded in 6 and 6%, is

G = Cy(t1 — 1) + (0 — 6;)[01B1(11 — 1) + 02Bs (11 — 1)]. (19.33)
We obtain, from 2’9 =
1 aC;
B+ By = ——2. 19.34
1,ij + 2,ij kBT 9t ( )

We are interested in the correlation of ¢ = Q(8* = 6 = 0) at different times 7. This
is given by

(gi(t1)gj(12)) = Cj(t — 12). (19.35)

Another correlation of interest is the response of g to a variation of the potential V
at some other time. Suppose we vary the potential by

sV(Q) = / d thi(1) Q;(¢). (19.36)
This yields a change of the action
-85 =— / d6d 6 dth;(1)Q;(t). (19.37)
Due to this change of the potential, g; changes by
(8qi(t)) = —/dezd 0y d 2hij(12)9;(11,0,0; 12, 05, 65)
= / d 1hj(t2) By (11 — 12). (19.38)

Causality requires that B,(f; — t;) = 0 for t, > ¢,. Similarly B;(¢; — ;) = 0 holds
for t{ > t,. Thus,

1 AC;(1) IC; (t)
By (1) = kB—T@(—t) ajt . Byy(n) = —@() ’ (19.39)
and the response reads
aC;
(8qi(t)) = —/dsz(tl — )k (Q)M- (19.40)

One may replace g; by a general operator O(g) and dg; by a general potential 5V (q).
Then (19.40) constitutes the fluctuation-dissipation theorem.
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The relation between supersymmetry and dissipative Langevin and Fokker-
Planck equations was initiated by Parisi and Wu [207] and continued by Zwanziger
[305], Feigel’'man and Tsvelik [75], Egorian and Kalitzin [70], Nakazato et al.
[195], Kirschner [144], Gozzi [98], Chaturvedi et al. [47], and Zinn-Justin [296].
I recommend reading Sects. 16 and 17 of the book by Zinn-Justin [297] and the
article by Feigel’man and Tsvelik [75].

19.2 Supersymmetry in High Energy Physics

Supersymmetry adds to the Poincaré Lie-algebra of momentum and angular
momentum (including boost) operators four anticommuting operators. The four-
dimensional Minkowski space is enlarged by four anticommuting coordinates.
If all these fourteen operators are conserved, then bosons and fermions have
supersymmetric partners with equal masses.

A supersymmetry relating mesons and baryons was proposed in 1966 by Hironari
Miyazawa [190, 191], but went unnoticed. Supersymmetry arose in the context of
string theory in the early 1970s: The NSR-model was developed in 1971 by Neveu
and Schwarz [198] and by Ramond [221]. The prefix ’super’ was first introduced
as supergauge by Gervais and Sakita [95]. Similar results were obtained by Golfand
and Likhtman [96]. Volkov and Akulov [264, 265], and Wess and Zumino [78, 282].

For more results see the articles by Fayet and Ferrara [74], by Wess [280], by
Wess and Bagger [281], and by Martin [176].

Lorentz invariance means that four-momentum P and angular momentum M are
constants of motion. They obey the commutator relations

[Pu,P)] =0, [Mu, P =c(guPy—guPu), (19.41)
[M;Lv»MKl] = C(guKka — &My — gueMyy + gulMuK) (19.42)
with [x,,P,] = cgu,. We use the conventions by Fayet and Ferrara [74]. This

Poincaré algebra can be extended by Grassmannian operators Q and Q, which are
spinors in the representations (0, %) and (%, 0). They obey the commutator relations

{Qu 08} = {04, O} = 0, {Qu. O} =207,Py, (19.43)
[Qu. Pyl = [Qa, Pul = 0. (19.44)

[Qu-My) = Kuvo? Qp. [0 My = — Kus” 05 (19.45)
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with
Kuve? = Le(0405 57% — 0005 5,.7P), (19.46)
Rua’ = Le(3, 7 0y s — 6,57 0,0 4)- (19.47)

Equations (19.43)—(19.44) are from (2.19) of [74]. An explicit representation of Q
and Q can be given with

9 .
Oy = 557 —ogﬁeﬂpu, (19.48)
N. — 9 n L

=~z +0/,0°P, (19.49)

with anticommuting coordinates 6 and 6 and

0 — g 0
My, = x, Py — X, Py + 0% Ky o? 207~ 0% Ky 55 (19.50)
with the conventions g = diag(—1,1,1,1), op = 1,, 0, are Pauli-matrices for
unw=17273.
5,5 = g, B e — ( 0 *;)1) (19:51)
which implies
o5 =L, 0,=-0u. p=1273. (19.52)

Since Q and Q commute with P, one may choose massive states in the rest frame.
Then, apart from normalization, Q and Q act as fermionic annihilation and creation
operators, which connect four multiplets, two with angular momentum j, one with
Jj+ %, and one with j — % Thus, two of these multiplets are bosons and two are
fermions. If j = 0, then there are two scalar bosons and one spin%-fermion. See
for example Sect. 2.4 of [74] and Sect. II of [281]. All states of this supermultiplet
should have equal mass, provided the symmetry is not spontaneously broken. Until
now supersymmetry has not been observed in nature.

Besides the operators Q and Q (19.48), (19.49), one can introduce another set of
operators

0, = —+ og.éﬁPw (19.53)

9 p
0. = +ﬁ +0".0%P,,. (19.54)
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They obey

(0,0} = 10;. 033 = 0. {Q,.0}} = ~20/:P,. (19.55)

Moreover Q’, Q' anticommute with Q, Q. This allows us to characterize scalar chiral
superfields ¢ by the condition Q'¢p = 0 and Q'¢p = 0, resp.
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Chapter 20
Dimensional Reduction

Abstract An initial section deals with Lie superalgebras, angular momentum and
the Laplace operator in superreal spaces. Then several examples of disordered sys-
tems are considered, which, due to supersymmetry, can be reduced to pure systems
in two fewer dimensions. Among them are the Ising model in a stochastic magnetic
field, branched polymers and lattice animals, and electrons in a strong magnetic
field. Disorder allows the introduction of a pair of anticommuting coordinates,
which cancel against two commuting coordinates, thus reducing the dimension by
two. Finally a few remarks are made on critical exponents of isotropic ¢2°-theories
of fields ¢ with a negative even number of components.

20.1 Rotational Invariance in Superreal Space

We generalize the concept of Lie algebras to Lie superalgebras and use it to
introduce the generalization of the operators of angular momentum for the unitary-
orthosymplectic group, which acts in superreal space and derive the supersymmetric
Laplace operator for this space.

20.1.1 Lie Superalgebra and Jacobi Identity

Lie algebras are characterized by generators G;, which have the property that the
commutator of any pair of generators is a linear combination of the generators again,

[Gi, Gj] = fiiGr, (20.1)
where the coefficients f;z = —fjix are called structure constants. The Jacobi identity
[A,[B,C]] + [B,[C,A]] + [C,[A,B]] = O (20.2)

can be obtained by expressing the commutators explicitly as a sum of products of
the generators.

© Springer-Verlag Berlin Heidelberg 2016 203
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Lie algebras can be derived from continuous groups acting in spaces of real and
complex elements in .2%. This concept can be generalized by allowing generators
to act in a superspace, that is a space which contains even and odd elements. A
generator transforming elements in .27, to those in .27, is of Z,-grade, v; + v,. One
defines the supercommutator

{Gi,G;} := GiG; — (-)"MG,G; = fGx, fir = (=)' ""ifin, (20.3)

where only terms G; with v; + v; = v contribute in the sum over k. These
supercommutators define a Lie superalgebra. Again, explicit multiplication yields
the Jacobi identity

(=) {A B, CY} + (=)™ {BL{C. A} + (-)'{C.{A. B} = 0. (204)

In Sect. 19.1, on stochastic time-dependent equations, we had examples of Lie
superalgebras. The operators Z, 2, Eq. (19.22), and %, constitute a Lie superal-
gebra, but also the operators &', 174 , Eq.(19.23), and %, constitute such an algebra.
Also, all five operators constitute a Lie superalgebra.

In Sect. 19.2, on supersymmetry in high energy physics, we had the Lie algebra
of the Lorentz group containing the operators M, the Lie algebra of the Poincaré
group with operators P and M, and the Lie superalgebras of the operators P, M, Q
and Q But also the operators P, M, Q', and Q/ constitute a Lie superalgebra, as well
as all the 18 operators.

20.1.2 Unitary-Orthosymplectic Rotations and Supersymmetric
Laplace Operator

As a useful example, we consider unitary-orthosymplectic rotations. Thus, we
introduce a rotation expressed by the UOSp-matrix U = 1 4 W with infinitesimal
W. Since U is a UOSp-matrix, it obeys U*U = 1 and thus W + W# = 0. Since it is
superreal, it obeys CW+ TWC = 0 due to (14.5). We introduce K = CW = —TWC.
Then one obtains 'K = —Ko. Thus,

0 0
S+ WX) = F(X) + W5 f = [X) + Ky Curg . 205)
K = —Ko may be rewritten in components K; = (=) g, This yields

FOC+ WX) = f(X) + Ky(-) TGy %f (20.6)
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Thus, Kj; appears in two terms and the transformation may be written
FX + WX) = f(X) + 1K;Lif (X) (20.7)

with

3 e B 9 3
Ly = xj(Ca)z + (=) ')Xl(Ca)j, (Ca)l = Clia_xi (20.8)

and the symmetry relation

Ly = (=)t (20.9)
Since x; € &/, and x; € &, in (20.8), we assign the Z,-degree v; + v; to L.
Equations (20. 8) and (20.9) reduce for v; = v; = 0 to the well-known relations

for the components of angular momentum in real space. One obtains the following
supercommutators

0 0 d
P xip =0, {(Ca—)k,xz} =Cu, {(C:)(C-)} =0, (20.10)
X ox ox
which yield
{Lﬂ,xk} = Cpx; + (—)<‘+”f><1+"f>o X1, (20.11)
L, (C ) }=(= )1+”f+”’C,,(C )1 + (= )”’+”‘sz(C—),, (20.12)

{Lit, L}y = Culjy — (=)0 CyLy
() TG Ly 4 (=) I CLL;. (20.13)

We look now for the bilinear form

B = Z XiBixxk, (20.14)

invariant under all rotations. Let B € .¢7,,, then By € 9%,;+,,+v,. Moreover
By = (_)(VB+1)(Vi+Vk)+VinBki‘ (20.15)
Then
{Ljs, B} = 2x;(CBx); + 2(—) 1T+ x,(CBx),. (20.16)

The condition {L;;, B} = 0 is identically fulfilled for j = [,v; = 0. Forj = [,v; = 1
it requires x;(CBx); = 0. For j # [ it reduces to (CBx); = ajx;, a; € %,,. Then
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one obtains @; = ¢(—)"" "8, ¢ € o, Thus, By = c(—)"#"Cy, and the invariant

function is ¢ times the scalar product
B = cxCuxi,

which, with X, X*, (14.16), (14.17) can be written

B=cX'x, Xix= sz + zisixgi.

i=1 i=1

Similarly we look for a rotational invariant bilinear form of derivatives,
d d
D = C—)iDiy(C—)i.
;( 5 )iDi(C o)
Then
14+viv d 0
{Ly,D} = 2(—)' 7" (C—),(CDC—);
0x 0x

0 0
+2(—)"*"(C—),(CDC—),,
ox 0x

from which we conclude the invariant form

where A is the supersymmetric Laplace operator. We observe that

Ay (XFX) = 2(n = 2r).

20.2 Ising Model in a Stochastic Magnetic Field

(20.17)

(20.18)

(20.19)

(20.20)

(20.21)

(20.22)

Arguments for the dimensional reduction in the problem of the Ising model in a

stochastic magnetic field are given and discussed.

We consider an Ising model in a stochastic magnetic field. We first give the
argument by Parisi and Sourlas [204]: This disordered system in d dimensions
should be equivalent to the Ising model in d — 2 dimensions without magnetic field.
The Landau free energy of the Ising model in a stochastic magnetic field is given by

the Lagrangian

7= / ABLGE).  LPW) = 3(Tp@) + V$) —hp0).  (2023)
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We assume a white-noise distribution for #,
h(x)h(y) = 2ké(x —y), (20.24)

which may be written as a probability distribution proportional to

[D h] exp (— / ddxﬁhz(x)) = [DA] / [D A] exp ( / ddx%(kz(x) + )L(x)h(x))) )

(20.25)
The Lagrangian assumes its minimum at
L@ _ A () + V() — h(x) = 0. (20.26)
¢ (x)
We proceed now as in Sect. 19.1.2. By means of
Oh(x) _ wqr Y
B6) §x—y) (- A +V"(9 () (20.27)

the most probable averaged expectation value can be expressed by

(F(¢n(x))) = / [D ¢][D AID v, y]F (¢ (x)) exp(=S(p (x), ¥ (x), ¥ (x), A(x)))
(20.28)
with
S = /ddx% (—22(x) + A(x) A $(x)
= AV (@) + Y () (= A +V ()Y (). (20.29)
In terms of a superfield, ®, depending on coordinates x € &% and 6, 0% €
D(x,0%,0) = p(x) + ¥ (1) + 0¥ (x) + 1(x)0*6, (20.30)

we can write
S = /ddxd 0dO*L(P(x,0%,0)),
-1
L= E(%‘p Ay @ — V(D)) (20.31)

with the supersymmetric Laplace operator

32

Ay = A—}—Z—aexae.

(20.32)
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We introduce the Fourier transform
. d A
P(x,0%,0) = /ddqud;cxel<2f:1%x"““”x”qbq,KX,K, (20.33)

which yields

d
A P(x,0%,0) = — / dlgdrdic*(Y_q7 + 2 k)l a0 G
i=1

(20.34)
The free theory is governed by
- —m? D%+ D A @
Ly = " (20.35)
and thus by the action
A @+ 2Kk +m? .
So = —(2m)? / ddqud;chb_q,_Kx,_KTcpwx,K. (20.36)

Let us abbreviate § = (¢,k,«*) and [D§] = d9gdkd«*. Then we obtain the
superpropagator [54, 226]

GOx,0%,0:x,0™,0") = (®(x, 0%, )P, 0™, 0')) (20.37)

— /[D ;]][ é/]ei(qx+q’x’)ei(/(x9+9XK+K’X9’+9’XK’) (4321 AZ]’)O
of the free theory (20.36) by considering the integral
[ éles(- [Dab-; + -5y + )

= /[D é] exp(—Sp) exp —%(&gjpgjé_g — j’;lpggl_gj — glgjpgjfl_g)),
(20.38)

which does not depend on &.AExpansion up to second order in a yields the integral,
the ‘partition function’ f [D @] exp(—Sp), which has to be normalized to unity times

1— / [D §la_zpz(®;)—1 / [D gla—_zpgag + 5 (( / [Dgla_zps®:)*)+...  (20.39)
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The terms at second order in a can be written as

%/ dé/ 43305 (pipy (%P7 )o = Piby)- (20.40)
This yields
b- ! 2(0)
SO ,,_55?#?1’ = 8347 G (20.41)
with
o = - (20.42)

qr>< K T _(Zn)d(mz + Zl{i:l in + ZKXK)'

We show that it has the interesting property of dimensional reduction from d
dimensions to d — 2 dimensions. Thus, the Grassmann coordinates 6>, 6 count as
coordinates of negative dimension. More precisely: Let us choose x = (y,z) € R¢,
y € R*2,z = (0,0) € R*. We show that the correlations of the d dimensional
system with stochastic field is related to the (d — 2)-dimensional one without
magnetic field by

([T60”. 0)soetna = ([ [# 0D n=0.a-2- (20.43)
The derivation runs like follows
$(v.0) = / d92gei Zi=i 4 / d qa—1d gad kd kK> Dy x . (20.44)

Allintegrals contributing to diagrams including external legs to ¢ (y, 0), contain only
functions depending on g4—1, ga, k¥, k as scalar products gs—14),_, +qaq, + Kk k' +
" k. Thus, the integral theorem of Sect. 16.1 applies: There remain only integrals
over the (d — 2)-dimensional space, which yields (20.43). Compare with [178], for
example. In perturbation theory, one expands in powers of V —m?®? and constructs
the corresponding diagrams, which involve the propagators Gy.

Discussion The argument given so far has two shortcomings: The configurations
{¢} for a given magnetic field {4} may not be unique. As a consequence the
determinant of the functional derivative (20.27) can be positive or negative, but
should always be counted with the same sign. A second shortcoming is that @
should be superreal. But A has to be integrated along the imaginary axis, as evident
from (20.25). Cardy [45] and Klein and Perez [147] present a non-perturbative
argument for the dimensional reduction.

The e-expansion for critical exponents from the upper critical dimension agree
for both systems as argued by Aharony, Imry and Ma [4, 120], Grinstein [101],



210 20 Dimensional Reduction

and by Young [293]. The critical behaviour differs at lower dimensions as shown
by Imbrie [118, 119] and by Bricmont and Kupiainen [41]. It may either be that
at some dimension the determined fixed point becomes unstable and a different one
takes over or it may be that both systems differ by a contribution exponentially small
at the upper critical dimension.

Brézin and de Dominicis [36, 37] consider the disordered system with a general
number of replicas. Then operators appear, which make the system unstable already
at dimension 8 and below, which sheds doubt on an expansion around dimension
6. Le Doussal, Wiese, and Chauve [48, 160, 162, 163, 283] argue that with the
functional renormalization group a cusp for the disorder distribution function
appears and replica symmetry breaking occurs. They argue, whenever several
minima appear, this cusp appears. In addition they argue [161] that an n-component
disordered ferromagnet has a lower critical dimension 4 for n > n., but an n-
dependent lower critical dimension less than 4 for n < n., where n. = 2.834 for
a random field and n, = 9.441 for random anisotropy. See also the arguments by
Fisher [88] and Young and Nauenberg [294]. Tissier and Tarjus [255] argue that
dimensional reduction works down to d ~ 5.1.

Dimensional reduction leaves open questions for the Ising model in a stochastic
magnetic field, but equivalent arguments work correctly for branched polymers and
lattice animals, which are considered next.

20.3 Branched Polymers and Lattice Animals

A model of lattice animals, (they serve as models of branched polymers), and of
the density of zeroes of the partition function of Ising models as function of a
complex magnetic field are compared. Their critical behaviour is connected by
dimensional reduction. Similarly models of linear polymers and self-avoiding walks
are connected to another model by dimensional reduction.

Animals and Trees Lattice animals are clusters of connected sites on a regular
lattice. Connected means that they are connected by links of the lattice. If any
two sites of the cluster have just one connection they are called site trees. Besides
these site animals, one also defines bond animals. Bond animals are clusters of
bonds between adjacent sites. Bond trees are clusters in which any two bonds are
connected by a unique path of bonds. A more detailed explanation can be found
in the introduction of Hsu et al. [113]. Branched polymers are defined as sets of
site trees and bond trees, resp. The number Zy and the end-to-end distance Ry
of such animals and trees for a given number, N, of sites and bonds, resp., obeys
asymptotically, that is, for large N

Zy ~ u"N?, Ry ~N'. (20.45)
Using replica methods Lubensky and Isaacson [170, 171] have described these

statistical models in terms of a ¢3-theory and obtained e-expansions for the critical
exponents 6 and v in D = 8 — € dimensions.
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Lee-Yang Edge Lee and Yang [164] considered the partition function of Ising
models with ferromagnetic (or zero) interaction between pairs of spins. They found
that as a function of the fugacity, z = exp(—2H/kgT), all zeros lie on the circle
|z] = 1. This is called the Lee-Yang theorem Thus, the zeros are found for purely
imaginary magnetic field H = iH’. In the thermodynamic limit one can introduce
a density of zeros commonly denoted by ¢ (H’, T). This density vanishes above the
critical temperature in an interval —Ho(T) < H' < Hy(T) close to the real axis of
H. Close to Hy, it shows a power law behavior

GH',T) ~ (H — Ho(T))". (20.46)

The spontaneous magnetization below 7. is proportional to ¢(0, T). The critical
behaviour around Hy(T) can be described by a ¢>*-theory with imaginary coupling
and upper critical dimension d. = 6 [87, 157]. Earlier papers on this subject are
[149, 249]. The identity of the repulsive-core singularity with the Lee-Yang edge
criticality has been pointed out by Lai and Fisher [158], and by Park and Fisher
[208].

Dimensional Reduction Parisi and Sourlas [206] argue that these two systems are
related to each other by dimensional reduction. They find the relations

O(D) = o(d) +2, v(D) = (c(d)+1)/d (20.47)

for D = d+ 2. Since 0(0) = —1 and o(1) = 1/2 are exactly known from the zero-
and one-dimensional Ising model, one obtains

03)=3, v@3) =1 6(2=1. (20.48)

The upper critical dimensions are given by D, = 8, d. = 6. Precise analytical
arguments for this dimensional reduction have been given by Brydges and Imbrie
[42]. Excellent numerical verification has been obtained by Hsu et al. [113] and by
Luther and Mertens [172].

Linear Polymers and Self-Avoiding Walks De Gennes [53] has shown that linear
polymers and, equivalently, self-avoiding walks can be described by a ¢*-theory
with n = 0 components (replica trick). McKane [180] has given the equivalence to
the ¢*-theory with the same number of commuting and anticommuting components
of ¢. Parisi and Sourlas [205] have finally mapped this problem to another one in
two more dimensions. It seems, however, that this new model has not found much
interest. Thus, many calculations are performed on the basis of the n = 0, ¢*-theory.
A review article on self-avoiding walks has been given by Bauerfeind et al. [17]. The
static equilibrium properties of polymer solutions and the excluded volume effect
are reviewed in the book [230] by L. Schifer. Sourlas [244] has given a review on the
models and their connection, via dimensional reduction, as considered in Sects. 20.2
and 20.3.
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20.4 Electron in the Lowest Landau Level

The density of states of electrons moving in a plain in the lowest Landau level of a
strong magnetic field in the presence of random point scatterers can be calculated
exactly. The corresponding action of the two-dimensional system is supersymmetric
and allows a reduction to a zero-dimensional action.

20.4.1 Free Electron in a Magnetic Field

A free electron in two dimensions and in a perpendicular magnetic field B, is
governed by the Hamiltonian

1 e

Ho=5-(p—-A)" A= 3B(=p.x), (20.49)
m &

The eigenenergies of Hy are

E,=hon+1), n=012,..., (20.50)

with the cyclotron frequency given by @ = eB/mc. The Hamiltonian reads, with the
choice of units for the energy #iw = 1 and for the cyclotron length [ = (fic/eB)"/? =

V172,
Hy = —(0, — 32°) (@ + 32) + 3, (20.51)
with the complex coordinate
z=x+1iy. (20.52)

The eigenstates of the lowest Landau level are given by

eV m=0,1,2,... (20.53)

XO,m(Z) =
Tm!

In general, the eigenfunctions of the lowest Landau level read

1) = u@e ™% dau=0, (20.54)
with u being holomorphic. Restriction to the lowest Landau level yields the Green’s
function

1 1
Go(z.Z . E+1i0) = (z]P—————P|7) = -C(z,Z 20.55
0(z. 2, E +10) = (2] E_Ho 0 <) = -Ck.2) (20.55)
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where P projects onto the lowest Landau level, and C is the projector in the z-space,
€ =E+i0— Jho, (20.56)

1
Cz?) =) xom@AgnE) = — exp(—32*z— 3% +7*2). (20.57)

m

The probability distribution of the state yo,, has its maximum at radius ,/m. Thus,
the area covered by m 4 1 states is 7m. The density of the states per area is then in
our units,

po = 1/7. (20.58)

The density can also be seen from G(z, z, E + i0), since for large E it decays like
po/E. This density is 1/(2m/?) for cyclotron length /.

20.4.2 Random Potential

We add a random potential V to the kinetic energy, Eq. (20.51),
H=H,+V. (20.59)

This random potential will result in a broadening of the Landau levels. If this
broadening is small, in comparison to the spacing #w between the Landau levels,
then it is a good approximation to restrict the calculation to the Hilbert space of the
lowest Landau level. Thus, for the lowest Landau level, we replace (20.59) by

H = Hy + PVP (20.60)

where P is the projector onto the lowest Landau level. If the potential consists
of point scatterers, that is, if it is uncorrelated between different points, then the
calculation of the averaged one-particle Green’s function and thus, the density of
states can be reduced to a calculation for a zero-dimensional system. This was shown
for a white noise potential

Vi) =0, VIOVF) = Ws(r—1) (20.61)

by means of a diagrammatic expansion [273]. Brézin et al. [39] have generalized
the solution to systems of arbitrary point scatterers characterized by a function g

exp(—i / d2ra(r)V(r)) = exp( / d%rg(a(r))). (20.62)
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The function g(w) represents the Fourier transform of the probability distribution P
of the potential at a site

exp(ga) = / dVP(V)e @V, (20.63)

By means of a supersymmetric field theory they could apply dimensional reduction.
The derivation will be given in the next subsection. Beforehand we give three
examples of stochastic potentials and the corresponding functions g. We also derive
the form of the averaged one-particle Green’s function.

White Noise Potential The Lh.s. of (20.62) gives
1 —i/dzroz(r)m — %/dzrdzr’a(r)a(r/)\/(TV(r’)+
=1- %/deraz(r) +... (20.64)

The higher-order terms in oV vanish for odd powers. Even powers in oV yield

(—)* / dr? .. dryga(r)V(r) ... a(ra) V(). (20.65)

@0t

The factors can be grouped in pairs in (2k — 1)!! ways. Hence, (20.65) yields

% ( / dzr%Waz(r)) (20.66)

and the corresponding function g reads
gla) = —IWa?. (20.67)

Poisson Model of Random Impurities They correspond to zero-range scatterers
of density p, which are distributed randomly in space

V(r) =LY 8 (r—r). (20.68)

The Lh.s. of (20.62) yields

exp(—id ) " a(r)). (20.69)

One obtains, in an infinitesimal area of size d A,

14+ pdA(e™* — 1), (20.70)
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which yields the function
g(@) = ple™ 1) (20.71)

Lorentzian Distribution This distribution of the potential is given by (compare to
the Lloyd model in Problem 4.1)

r
PV)= ———— 20.72
W) n (V24 T?) ( )
and yields
gla) = —TI'|o|. (20.73)

Averaged One-Particle Green’s Function We use the translational invariance
including gauge-transformation to derive the site dependence of the averaged one-
particle Green’s function. We generalize the Hamiltonian Hy to

Hy=—(0,— 12" + 1a*) (@ + 32— La) (20.74)

The Hamiltonians Hy and H, describe electrons in the same magnetic field B, but
with a different gauge, A. They are related by the gauge-transformation

Hae(az*—a*z)/Z — e(az*—a*z)/ZHO. (20.75)
Then G(z,7') and G(z — a, 7 — a) are related by
Gz —a,7 —a) = e“ = I2G(g, )e "+ /2, (20.76)

Since G(z, 7') is a linear combination of y,,(z) x(z'), (similarly for G(z —a, 7 — a))
it can be written as

G(z.7) = flz.2%)e & 12772,
G(Z —a, Z/ _ a) _ f(Z —a, ZI* _ a*)e—(z—a)(z*—a*)/z—(z’—a)(z’*—a*)/z’

(20.77)
where f does not depend on z* and 7. Insertion of (20.77) into (20.76) yields
fz—a,7* —a*) = e @@ e g %y, (20.78)
which yields

f(z.2*) = conste¥ . (20.79)
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Thus, the one-particle Green’s function can be expressed by the on-site Green’s
function and the projector C from (20.57),

G(z,7 ,E +i0) = nC(z,7)G(z, 2, E +i0) = nC(z,7)G(0,0, E +i0).  (20.80)

20.4.3 Supersymmetric Lagrangian

The Green’s function can be written as

1

(Ml
E—H+10

h@=—4/D¢Dwawavw%wmm&zm
(20.81)

L = —i/dzr (p* (e =V)p + ¥ (e —V)Y), (20.82)

where ¢ = E — %ha) + 10, (20.57), and the two fields ¢ € o and ¥ € o7;. They
may be thought of as

*
e 2 z/2 I/lmZm

P(r) = Zm:um)(o,m(r) = 7= u(z), u(z) = Zm: ik

o u,uy, € o, (20.83)

e—z*z/z

V() =D Unxom(r) = v, v =)

U™
, Y, v,uy, € 9.
m!

Jml

«I

g

(20.84)

The introduction of the Grassmannian field { and v, respectively, guarantees the
correct normalization,

/ D¢D¢*DyD y* exp(—%) = 1. (20.85)

Now the average over the random potential can be performed by means of (20.62),
where «(r) is replaced by e =% *(u*u + v*v). The averaged Green’s function reads

1

G(r,¥ ,E +1i0) = (r| —————
(r,r,E +1i0) (r|E—H+1O

|r')
= —ie_z*z/z_z/*z//z/DuD w*DuD v*u(z)u*(7)

exp (—% — &), (20.86)
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where u(z)u*(z') may be replaced by v(z)v*(z), and
YLy = —ie / dzd 7* (W u + v*v)e s, (20.87)
L =— / dzd 2" g(e ¥ “(u*u + v*v)). (20.88)

The important observation is that the holomorphic superfield

D(z,0) = u(z) + 0v(z) (20.89)

allows the representation
Ly = —ie / dzdz*d0d 0*e < o>, (20.90)
7= / dzdz*d 0d 0*h(e " " p* ). (20.91)

In order to confirm (20.90), (20.91), one expands % and .Z” in v, v*. The equality
of (20.87) and (20.90) can then be seen immediately. The expansion for (20.88)
and (20.91) yield, with B = e~ <u*u,

g™ (Wru+ v*v) = g(B) + ¢ v g (), (20.92)
/ d0d0*h(e " @*d) = Bi(B) + e~ v u(H (B) + BH(B)).
(20.93)

Thus, g and & have to obey

g(B) = BH'(B). &(B)=Hh(B)+BH'(B). (20.94)

Since the second equation is the derivative of the first one, it is sufficient to solve
the first one

o) = /0 ’ %g(m, (20.95)

and % = % + £’ is invariant under rotation in superspace, which has the two
additional Grassmannian coordinates 6 and 6*.
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20.4.4 Dimensional Reduction

We consider now the dimensional reduction. For this purpose we introduce super-

vectors
z;z(z), ,;m;z( tm ) m> 0. (20.96)
0 Umn—1

We perform an infinitesimal transformation in the superspace
- - ip —w*
8z =48Uz, 06U = . (20.97)
o ig
and also of i,,. Then, one obtains

7

Z

m
~m!

8P = Z(8um + impu,, — /mwv,,_1)

m—1
. Z
+ Y (BUnet — 0* ity + i(p(m — 1) + D ne1) s
m nm — !

(20.98)

with @ remaining invariant under this transformation, if one chooses
Sitn = SUpity, 8U, = P VMO ) (20.99)

Jmo* —i(m—1)p —ig

In this derivation p, ¢, w, w* are infinitesimal. The matrices U and U,, are
antihermitian and generate the group UPL, (1, 1), which can be obtained as

U=expdU, U,=-expdlU,, (20.100)

where now the arguments ¢, etc. are considered finite. Thus, @, and consequently
@*, are invariant under the transformations

i, = Upity, 7 =UZ, uy= u. (20.101)

m

The partition function can be written as

Z = / dutdueD i’ D itexp (— / di*d%ﬁ(é*i,@*@)) (20.102)
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and it has to be shown that Z reduces to the integral, which contains only the field
components u; and u,

Z= / d ugd ug exp(— / dz'dz.2 Gz, ulue)). (20.103)

To show this, we proceed similarly as in Sects.15.1.3 and 15.1.4. The only
difference is that the various supervectors transform with different superunitary
transformations U and U,,. But as in Sect. 15.1.4, one shows that

Z/ (!, i) = / dulduoD @' D ftexp (— / d7fdz.2 'z, @* q)))
(20.104)
where over all supervectors, but ii,,, has been integrated, Z' obeys
7@ U, Upity) = Z' (@i}, i) (20.105)

Due to the invariance under arbitrary superunitary transformations, the integral
reduces to

Z= / Du! Du,Z (@, itn) = Z'(0,0). (20.106)

This argument can be used for all m > 0, which proves Eq.(20.103). Now .
depends only on Z, z', and u, uo. The integration over 7', 7 yields 7. at 7 = 0,
hence

Z = /duoduo exp(—ZL (e, ugup)), ZL(e,a) = n(iea + h(w)). (20.107)

Thus, the integral over a field in two dimensions, plus two anticommuting dimen-
sions, is reduced to a problem for the field &« = uguo in zero dimensions. One may
wonder, why Z, (20.103), is not simply one as in (20.85). We deal with two types
of supersymmetry, the one we have used now and where u,, and v,,—; are combined
to a superfield. Initially, however, we have started with the pairs u,, and v,,. If one
takes into account these pairs up to some m, then Z will be one. If, however, we take
into account the pairs u,, and v,,—; up to some m, then we obtain Z, (20.103).

Since @*(0,0)®(0, 0) = ujuo, one obtains, finally, the averaged on-site Green’s
function

fdaocexp( —Z(e,a))
fda exp(—ZL(e,a))

G(0,0,E +1i0) =

———1In /oo daexp(—Z(e,x)). (20.108)
0
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Together with (20.80), one obtains the Green’s function G(z, 7/, E + i0). Although
the density of states of the lowest Landau level can be calculated exactly for
random point-scatterers, there is no generalization known for higher Landau levels.
Unfortunately, this type of calculation does not explain the quantized Hall effect,
which of course is the most interesting effect of such systems.

The density of states is obtained from (20.108),

1
p(E) = ——3G(z, 2, E +10). (20.109)
b

We consider G and p for the three examples in Sect. 20.4.2, (20.64)—(20.73).

White Noise Potential For this type of disorder one has

gl@) = —Iwa?,  h(a) = —1wa. (20.110)
This yields
1
7= T exp(—v?) (1 + il (v)) (20.111)
with

v = \/%e = \/%(E— Thw), I1(v) = %/Ovdxexp(xz). (20.112)

One concludes that

2me 2i
G(0,0,E+1i0) = — — —, 20.113
0.0.E+i0) = =5 - — 20.113)
2 exp(v?)
E) = —_—. 20.114
PLE) 72w 1+ 1) ( )

Poisson Model of Random Impurities We set the density of the scatterers p in
relation to the density of states pp in the Landau level, and introduce

A~ A~ s
fi=p/pp=mp, v:i= X(E— 1hw). (20.115)

The averaged density of states depends strongly on f. In the limit v — 0, and for
positive A, Brézin, Gross, and Itzykson obtain [39], see also [122],

A=H8@W) +AfvT +...0<f<1
v((ln(v/vl()))z-i-nz) +.. f =1 (20.116)
B(f v/ + ... 1 <f.

Ap(E) ~
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with amplitudes A(f) and B(f). There are also weaker non-analyticities of p(E) at
integer values of v. For f < 1 there are still a finite number of states at E = %ha).
Indeed, if within a circle of area N the Nf scatterers are located at z;, then the states
described by

Nf
¥(2) = PQ) [ [(e—z)e (20.117)

i=1

with polynomials P up to order N(1 — f) are states with unchanged energies. These
wave-functions vanish at the location of the scatterers and are thus unaffected by
them.

Lorentzian Distribution For this distribution we have

gla) = —Tlal, () = —TI"|e] (20.118)
and obtain
G(0,0,E +i0) (E) r (20.119)
’ 1 = = 5 =5 5 .
’ (e +ilh) P 72(I'2 + €2)

We remember from (20.58) that the density of states per area pp = 1/m. This
explains the overall factor 1 /7 in G. The density of states is again Lorentzian.

20.5 Isotropic ¢ -Theories with Negative Number
of Components

Negative even number of components are equivalent to pairs of anticommuting
components. They yield free theories, since these components are nilpotent. B

Formally a ¢*-theory with n = —2 components can be expressed by ¢> = 06,
which yields ¢* = 0. Thus, the theory for n = —2 is a free theory. This is the
reason for factors (n + 2) in expansion coefficients of the e-expansion for the n-
component ¢* theory (Balian and Toulouse [15]). Note, however, this does not apply
for exponents of operators, which cannot be expressed in terms of 6 and 6 (Wegner
[276]).

Similarly, one may ask what happens to a ¢>°-theory for n = —2,—4,... —
20 + 2. They can be expressed by ¢? = Z;"l/ 2 6:6; and obviously ¢ vanishes for
k > —n/2, in particular, the ¢>°-term vanishes. It seems that this has not been fully
discussed, but for the tricritical case, 0 = 3, a number of exponents carry the factor
(n 4 2)(n + 4) at least at order €> for d = 3 — €. I refer to [247, 266, 267] and the
review by Lawrie and Sarbach [159]. This holds also for the exponent 7 in order €*
at the tricritical point [167].
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The exponent 7 carries a factor (n/2 + o — 1)!(n/2)! at order € with dimension
d =20/(c — 1) —€[256, 266, 267].

Problems

20.1 Set

n r n 82 r 82
? = g e'xeiv Ay = a0 ! aaXAan
r ;x,—i-c;, s 8x,-2+C§89iX39i

Which condition have ¢, ¢’ to obey such that Af(r?) is a function of 7> only?
20.2 Derive Eq.(20.79) from (20.78).
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Chapter 21
Random Matrix Theory

Abstract In this chapter the Gaussian random matrix ensembles are investigated.
We determine their Green’s functions and show that for small energy differences a
soft mode appears. As a consequence, the non-linear sigma-model is introduced and
the level correlations are determined.

21.1 Green’s Functions

Green’s functions and their products are introduced.
The Green’s function between states |«) and |8) is defined as

1
Ga.p.2) = (af 1B) (21.1)
z—H
It is obtained from the time-integrals (7 > 0)
0 . . 1
i/ dte(1w+n—1H)t = (21.2)
00 w—in—H
+o00 ) ) 1
—i / deelom Ml = (21.3)
0 w+1in—H

The upper Green’s function is called advanced (Jz < 0) and the lower one retarded
(J3z > 0). The density of states per orbital is obtained from the difference of both
Green’s functions

p(a, E) = 1iI:1_O(G(Oé, a,E—in) — G(o, o, E + in))/(271). (21.4)
]”%

In the following, we consider averaged products ]_[f”:1 G(w;, Bi,z;)) of Green’s
functions of the random matrix model of Sect. 4.4. Since the distribution of matrix-
elements (4.13) is invariant under unitary transformations of the matrix-elements
P(f) = P(U'fU), only averaged products of Green’s functions differ from zero,
if ; and B; agree pairwise. Thus, the only averaged one-particle Green’s function
different from 0 is G(«, @, z) and the only two-particle Green’s functions different
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from zero are the averages of G(«, o, z)G(B, B,7') and G(«, 8,2)G(B, a, Z’). Since
the distribution of the matrix-elements is invariant under permutation of the as, the
averaged one- and two-particle Green’s functions can be expressed in terms of the
one-particle Green’s function G and two-particle Green’s functions K and K’

G(a, B,z) = 645G (2), (21.5)
G, B,21)G(y. 8. 22) = 84p8y5K (21, 22) + Sus8ypK' (21, 22). (21.6)

The correlations between the various levels of the eigenstates is described by

WK(z1,2) =) G@,,2)G(B,B,2) = n’K(z1, ) + 1K (21,)  (21.7)
af

with @, B = 1...n. The combination

nK'(z1,2) = Z G(a, B,21)G(B, o, 22)
of

=) (] LByl 1H|oc) (21.8)

7 21— H 22—

1
= L =™

= Y (eI} (el

-5 2 — un—H

|r))

yields

G(z2) — G(z1)
21— 22

K'(z1,22) = K(z1,22) + nK'(z1,22) = (21.9)

and is thus determined by the one-particle Green’s function.

21.2 Reduction of the Gaussian Unitary Ensemble
to a Matrix Model

The determination of the averaged product of m Green’s functions in the Gaussian
unitary ensemble is reduced to the determination of correlations in a model of a
2m X 2m super-matrix.
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Table 21.1 Gaussian random ensembles

Gaussian Unitary Orthogonal | Symplectic Ensemble
Abbreviation GUE GOE GSE

Matrix elements Complex |Real Quaternion Numbers
Ensemble invariant under | Unitary Orthogonal | Symplectic unitary | Transformations

Gaussian Random Matrix Ensembles We consider three types of Gaussian
ensembles listed in Table 21.1.

In all cases the matrices are hermitian. The matrix elements are indepen-
dently distributed apart from the condition of hermiticity. Denoting the matrices
by f, the probability distribution is proportional to exp(—ctr (f2)). The average
(UfU")os(UfU), 5 does not depend on the transformation matrix U.

We return to the Gaussian unitary ensemble (GUE) whose density of states,
or equivalently one-particle Green’s functions, we have considered in Sect.4.4.
Here, we will mainly consider the two-particle Green’s function, which yields the
correlations between the energy levels.

We start from (4.12), but denote the complex components x and the Grassmann
components § as components of the array S

D =50 e, EP =5 e (21.10)

Instead of the indices , and ¢ we will sometimes use the Z,-degree v = 0,1. A
product of Green’s functions is expressed by

- ; d%S(‘)d\sS(l g g
l_[G(Oli,,Bi,Zi)— (Sb) /l—[ bads()* ())

i=1 i=1

x ]_[(sb,s“) Sua) exp(— (8. 0)). (21.11)
F1(S,A) = str((sz — v/sA/5)STS — sSTfS) (21.12)
= > ()58 (2ibup — faup)S\
ivao,p

B NG ANl

ij

with sp; = —isign(3Jz;), (4.11), where we use (3.35) or (13.33). For the moment we
do not decide on the value of st;. The last term is a source term, which allows one
to determine the Green’s functions. We introduce the source term only for the even
components Sy. This is sufficient to determine the Green’s functions.
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The field S and the diagonal matrices s and z are given by

S = s,ﬁi}. S,g’;”s“’. sﬁ? € M (n,0,m,m), (21.13)

z = diag(zi, .. - Zm» 2y - - - Zm)s S = diag(Spi, - - - Stwms St15 - - - Sgm). (21.14)

The indices i and v of S (va number the columns, and the subscript « the rows.
As in Sect. 4.4, we perform the average over the matrix elements f, which are
Gaussian distributed with

1
Jap = 0. fapfys = ng 8aspy (21.15)
which yields
exp(—71(S. A)) = exp(—str((sz — +/54/5)STS) + ZL str((SsST)%).  (21.16)
gn

Next the Hubbard-Stratonovich transformation has to be performed which, for-
mally (i.e. without consideration of convergence requirements) reads (we use

str((SsST)?) = str((/5S7S+/5)%)),

exp(% str((+/3878/5)%)) = / [DR] exp(—% str(R?) + str(R+/sSTS/5))

(21.17)
with a super-matrix R € .# (m, m). Its precise form will be determined in Sect. 21.4.
The Hubbard-Stratonovich transformation allows the reduction of the biquadratic
interaction in $ to a bilinear expression in S at the expense of a coupling between
such a bilinear term in S and the new degree of freedom R. Now the averaged
m-particle Green’s function reads

]_[ G, Binzi) = / [DS][DR] ]_[(sb,sf,g Suy) exp(—F4(S. R. 0)) (21.18)

i=1
with

F(S,R,A) = %str(Rz) — str(/5(R — 7 + A)/55TS). (21.19)

The Green’s functions can be determined from the ‘partition function’

m
bi

z) =] (i—) / [D S][D R] exp(—.(S, R, A)) (21.20)

i=1 \°ff
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by taking the derivatives with respect to A,

8?4_211 = nG@), @1.21)
3’z - , /

iy = K@) = K@) Fak @) 2122)
—822 K 2t

Ay nK'(z1,22) = nK(z1,22) + n°K'(z1, 22). (21.23)

Next, the integration over the fields § is performed. All components, from o = 1 to
o = n, yield the same contribution. Thus,

Z(A) = / [DR]exp(—n.%(R, A)),  F5(R.A) = g str(R?) + In sdet(R — z + A).

(21.24)
We have thus reduced the calculation of the averaged Green’s functions to the
determination of the expectation values of a model of matrix R. However, we have
not yet determined the manifold over which R varies. In order to obtain convergence
for the vector field S, it was necessary to choose s,; = —isignJz;. s is not
determined up to now.

21.3 Saddle Point

The saddle point of the matrix R is determined. The averaged one- and two-particle
Green'’s functions are calculated. If the difference of the energies of the retarded and
advanced Green’s functions are small, then there is a saddle point manifold for the
matrix R.

For large n, the integration starts by calculating the saddle point of .3 at A = 0.
The saddle point equation reads

_rO Ly 21.25
8 RO _2 (21.25)

with a diagonal solution
ROy = S8R (21.26)

given by
1 i 2 i
SRS = = VBE 8t (21.27)
! V&« RY) 2 4
8\&i — K
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Including the diagonal source terms in the bosonic sector, one obtains

: - ﬁ R -4 (21.28)
sdet(R1—z+A) - TR —zi+ Ay .
Thus,
d Gom=n 1 1
sdet(R4—z+A)
——————|a=0 = . 21.29
dAj l1=o Zj— Rf sdet(Rd — 7) ( )
the saddle point solution for the one-particle Green’s function is then
1 5i;
G(zj) = T = /g€ (21.30)
G —R;
The assignment of s5; = —i3z; is due to the discussion in Sect. 4.4. The last equality

of (21.27) constitutes a mapping z — e*¢ with the assignment &i = s. The real
interval —2/,/g < z < +2/,/g is mapped onto the unit circle (¢ is real): Real
z > 2/./g is mapped onto the real interval (0, +1); real z > —2/,/g onto (—1,0).
z with 3z > 0 are mapped into the lower half unit circle and z with Jz < 0 into the
upper half unit circle.

The saddle point solution (21.30) yields, with (21.4), (21.27),

E
G(E — 510) = gR® = % + 5,700 (E), 2131)

which gives Wigner’s semi-circle law in accordance with (4.24), (4.25).
Now expand .73(R, A) around the saddle point with

1
Ryivj = 8o 8RS + 7§XW~W. (21.32)
Then
1 ‘
g SIR?) = 3 str(@™? + 26X + X°), (21.33)

sdet(R — z + A) = sdet(R* — z)sdet(1 — e (X + ,/gA)), (21.34)
with the matrix e’¥ = diag(e®¥'). The superdeterminant can be rewritten
sdet(1 — )A() = sdet(expIn(1 —}A())

= sdet(exp(—(f( + %5(2))) = exp(— str(X + %}22))’ (21.35)
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where we have used (10.35) and expanded up to X2. This yields

S (R, A) = — /g str(e*?A) + % str(X? — (e*?(X — /2A))?). (21.36)

Completing the square for X, we obtain

exp(—n.% (R, 0)) = Z(A) exp —g 3 i Roi Koo 21.37)
vi,v'j
with
- eSiditsid;
Xvi,v/j = Xvi,v/j + SUOSU/O—Aljs (21.38)
Hvi,v’j
My = ()" (1 = e, (21.39)

Z(A) = exp | ny/g str(e’?A) + Z (21.40)

Z(e—v,zﬁ, v,¢, _ 1)A1]A]1

The integral over X yields unity, since the contributions from the bosonic and the
fermionic components cancel. Thus, the ‘partion function’ Z(A) is given by the
terms left after completing the square.

The expression for IT vanishes for s; = s, at the band edges. This means, close
to the band edge, one has to go beyond second order in X. It turns out that there are
tails to the band. We will not pursue this further. If s; = —s,, then IT vanishes for
¢1 = ¢, i.e. for z; = z5. This will lead to special behavior for the correlations of
states energetically nearly degenerate.

Let us determine the Green’s functions using the saddle point approximation
from (21.40),

0z

PP nJ/ge'" = nG(z), (21.41)
322 _ 2 8101202 25 _ 2
m = n"ge =n"K(z1,22) = n°G(z1)G(22), (21.42)
0°Z ng

- = nk' (21, 22). 21.43
Andhn b - K@) (@143

K factorizes in leading order, n0. In later sections, the corrections to K for w =
O(1/n) will be calculated. They yield the level correlations. Setting

=E+iw, n=E-io, Ec€R, Sw>0, (21.44)
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then for small w, one obtains, from (21.43),

27ip(E)
.

K'(z1.2) = (21.45)

The divergence of K’ as w approaches zero indicates a soft mode. Let us rewrite
(R, A) for small w and A,

1
SR, A) = g Sr(R) +In sdet(R — E) + Insdet(1 + ———(A - %A)) (21.46)

with A = diag(1,—1, 1, —1). Here, we have used the multiplication theorem
sdet(R — E + X) = sdet(R — E)sdet(1 + (R — E)"'X). (21.47)
We learn from (21.46), that for vanishing w, the saddle point equation reduces to

U N S (21.48)
RO _E

Thus, any matrix R(”) with eigenvalues E/2 & i,/(1/g) — E2/4 is a solution of
the saddle point equation. Only the term containing w introduces preferred saddle
points.

21.4 Convergence and Symmetry

A hermitian matrix Ry, in the bosonic sector would yield divergences. Instead
following symmetry considerations one integrates over a set of matrices, invariant
under pseudounitary transformations.

In the following, we decompose R into submatrices indicated by upper indices
R.A for retarded and advanced contributions, and lower indices v=b.f for bosonic and
fermionic contributions,

RRR RRA) (R R:
R = ( ,R" = bb “"bf ) (21.49)
RAR RAA Ry Ry
Rbb Rbf RRR RRA
R = ,R = A . 21.50
(be Rff) i (R.}.\R RM ( )
The dimensions of the matrices R depend on the numbers mg and m, of retarded
and advanced Green’s functions considered in (21.11), m = mg + ma. Then for

example

R®® ¢ 4 (mg,mr), Rup € #(m,0), REX € .#(mg,0). (21.51)



21.4 Convergence and Symmetry 235

Until now, we did not care about convergence requirements. We have to find out
how the contours of integration should be chosen. The bosonic sector of the second
contribution to %, (S, R, 0), (21.19), reads

—str(+/s(R — 2)/58S)up (21.52)
—iRRR 4 {(E 4+ 2)1 RRA SRT
— _tr (SR §A Ry, 2 bb b
(st (T e o) ()

where the trace runs over the indices « of S, (21.13). The S}, integrals converge for
hermitian R&? and R{jﬁ or if RE,? is moved into the lower half of the complex plane,
similarly if R{?bA is moved into the upper half-plane, as suggested by the saddle point
solution. There is, however, a problem with RE? and R{}f, if Ryp 1S assumed to be
hermitian, since

SRRRA g1 1 SARAR GRT — 297 (SRRRA gA ™) (21.53)
can have an arbitrary sign yielding divergent Sy, integrals. If one multiplies RFR and
RAA by i, then the integral over R diverges due to the R?-term in .%5(S, R, 0).

Instead, one returns to the invariance under transformation of S. One observes

str((SsSH)?) = str((SWsW'sT)?), WsW' =35, (21.54)

from (21.16), under the pseudounitary transformation W. This yields the transfor-
mation

str(y/sRA/387S) — str(W/sR/sW'STS). (21.55)
This suggests, to have the saddle point manifold as part of the domain of integration,
VRO s = W /SR /s (21.56)

We introduce T = /s~ W./s. From WsW' = sand T = /s ' W./s, one derives
TsT' = s. Thus, T is also pseudounitary,

RO = TRIT™', T5T' =s. (21.57)
In the RA-representation, we may write

g E_imp?
2 8

A, A = diag(sign(32)) = (12(’)"R 10 ) (21.58)
—A2mp
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Then one obtains

E inp®

RO == O(T), Q=TAT'. (21.59)
2 8

This representation of Q yields

0’=1, 0 =s"'0s=s0s". (21.60)
Since s7! = —s, both expressions for QT in the above equation apply.

The domain of integration has to be completed. Before Efetov [64, 65] intro-
duced the supersymmetric formulation in 1982, the non-linear o-model in d
dimensions was introduced by means of the replica trick in 1979 and 1980. It
was first suggested in [270] and worked out by Schifer and Wegner [231] (SW-
parametrization). Pruisken and Schifer [219, 220] used a different parametrization
(PS-parametrization). Both parametrizations used the pseudounitary (hyperbolic)
non-compact symmetry. Efetov et al. [67] used the replica formulation with
Grassmann variables, Sy, and compact symmetry, which is appropriate for the
fermionic sector, as we will see. Obviously, the S-integrations are without problems
in this formulation. Similar approaches are found in [112, 180, 181]. These calcu-
lations were applied to extended, that is d-dimensional, systems. We will consider
these systems in the next chapter. Here we consider only the zero-dimensional case.

Both SW and PS use a matrix, P, besides the saddle point manifold, which
consists of two blocks, P® and P®, for the retarded and the advanced sector, resp.

(R)
P:(P 0 ) P® ¢ #(mg,mp), P™ € . (ma,m) 21.61)
0 pPW
with
O pl)
po =" bb P o, (21.62)
Py, P
but in different ways:
E inp©® P SW
R=—— T . 21.63
2 g o )+{TPT_1 PS ( )

In all cases PL‘& is hermitian and Pg) is antihermitian.

Convergence for the S, The second term of .%5, in (21.19), contains the S
dependence and may be written

— tr ((SVSb((R = s (/5' STp). (21.64)
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Thus, we have to show that the (ordinary part of the) hermitian contribution of the
matrix —((R — 2)s)wp 1S positive. s, has been chosen such that the real part of (z5)up
is positive.

—Rs contains irpQ/g. With Q = TAT~!, T~! = sT"s~! and (As), = —il, one
obtains

1(08)pp = iTAsTT = Tbngb + nilpotent terms from Tyy. (21.65)

Thus, the ordinary part of i(Qs)yp is positive definite.

The ordinary parts of the contributions —(Ps)y, and —(TPT ')y, = —(TPSTT)bb
yield purely imaginary contributions. Thus, convergence of the S, integrals is
guaranteed.

Various Cases If we are interested only in Green’s functions or products of Green’s
functions, which are either all retarded (ms = 0) or all advanced (mg = 0), then
RAR and RRA are empty matrices and convergence is guaranteed by the requirements
on RRR and RAA given above. The difficult and interesting case is that of averaged
products of retarded and advanced Green’s functions. A detailed discussion of this
will follow. From now on we will restrict to one- and two-particle Green’s functions,
thus m = mg + ma will not exceed 2.

21.5 Nonlinear o-Model

The steps leading to the nonlinear o-model are performed. This model is expressed
as a model of the soft-mode matrices Q in (21.63), whereas the massive modes
described by the matrices P are eliminated. The model is given in 21.5.6, where the
parametrization of 21.5.1 and the invariant measure (21.82) are used.

21.5.1 Efetov Parametrization

We first consider the saddle point manifold. Efetov [66] has given a useful
parametrization of Q for the interesting case mg = ma = 1. The choice for s
is

(s, s, s, 5P = (=i, —i, 1, —i). (21.66)
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We will explain, after (21.82), why s? = sz has been chosen. Efetov writes

1— %a*a Fao* 0 0
+a 11— loa* 0 0
T=UV,U = 2 . ;
0 0 1+3B8*8 Fip*
0 0 +if 1+ 38B*

M0 Fig, 0
O /X/ 0 :F %
vE = IR ’52 (21.67)
My 1
i !
0 +u, 0 X

with
0 0
A! = cosh =, A} = cos —,
2 2
0, . 6, .
W) = sinh Ele“’",,u/z = sin Eze“f’z. (21.68)
Then the matrix Q reads
/\1 0 i,LLl 0
— 0 Az 0 ,LL* 1
=TAT'=U 2 |u 21.69
0 iy 0 =21 O ( )
0 pur 0 =2y
with
A1 = cosh 8, A, = cos 6,
w1 = sinh 6,e' | 1, = sin 6,e!%2. (21.70)

The parameters run in the intervals 6; = [0..00), 6, = [0..7], ¢; = [0..27). Thus,
the range for the A; is A; = [1..00), A, = [—1.. + 1].

21.5.2 Invariant Measure

The basic aim is to reduce the interaction (21.24) into one in terms of 7. The
interesting question is: Is .3, in the limit @ — 0 and for vanishing source terms
A, invariant under rotations by 7? Indeed, if we substitute (21.59) into (21.24),then
in this limit .%5 does not depend on 7. However, we have also to consider what
happens to [D R]. It has to be replaced by

[D u(T)] = Id A d Ard ¢id prd ed o™ d Bd B*, (21.71)
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where I is a function of the variables A ... 8*. This function must have the property
that the infinitesimal volume element [D 1(T)], rotated to T® = 1, does not depend
on the variables A; ... 8*. Then, [D u(7T)] is the invariant measure. Thus, with

Q+dO=(T+dDAT ' +dT7") =T(A +dQ)T! (21.72)
we obtain
_ _ _ 0 —(T7'dT)RA
dQ©O =T7"dTA + AdT™'T = [T7'dT, A] =2 .
(21.73)
sinced(T7'T) =d1=0=T"'dT +dT'T. With T = UV, one obtains
T 'dr=v'uTlduv +v7lav. (21.74)
With
yb  fyRA
vE = (:tVAR D ) , (21.75)
we obtain
_ VP VRA — yRAG YD
1
VdvV = (—VARdVD+VDdVAR ) (21.76)
with
Y ’ s ’
VDd VRA - VRAd VD == ( 1A1d:u“10+ ll\tldkl —A/d /*0 /*dx/ ) )
2 Uy + iy d A
21.77)
_VARq YD 4 yDg AR — (_i:u“/l*dkll +iAjd 0 ) )
0 —pad Ay + A5d i)
(21.78)

Since the off-diagonal matrix elements of these matrices vanish, it is sufficient to
determine the off-diagonal elements of V~'U~'d UV only. One obtains

S AMuttda* + i ALd B*
v-lU—ld UV)RA = 1142 1742 ’
( R P Py
(21.79)

S ipnfASda® —id|phd B
VvIUld UV)AR = 1y Ay 142 '
( "= h e - aguprap

(21.80)



240 21 Random Matrix Theory

The dots ... indicate matrix elements we need not calculate. We denote

id i —d«f idaf ides
doOrA _ 1 1), dQOAR — =2, 21.81
Q idi, dj 0 —d«; dfir ( )

Then Eqs. (21.77)—(21.80) and Eqgs. (21.68), (21.70) allow us to determine the factor
I of the invariant measure

M 1 )
a(klvd)lvAva ¢)27 Ol*, ﬁ*s o, ﬁ)

_ 0, AT o, 1) 3k kg K1y i) 1
0(A1, @1, A2, ¢2) O(a*, B*,a, B) (A1 —A2)?

(21.82)

The invariant measure [D ()], also called Haar-measure, is determined up to a
constant factor, which can be chosen arbitrarily. The invariant measure becomes
singular at A} = A,, thatis, for A; = A,=+1. If one had chosen s? = —sﬁ‘ = i,
then the factor  for invariant measure would also be (A; — A,)™2, but both A; and
A, would run from 1 to oo, causing convergence problems for the integrals. This is
the reason for the choice s} = 57 in (21.66).

21.5.3 Singularity of the Invariant Measure

One observes that the factor I of the invariant measure (21.82) diverges at A; =
A, = 1. Moreover, it turns out that, since it does not contain factors of the odd
variables, the partition function would vanish. Thus, we have to look closer at this
limit. For this purpose, we first express the As in terms of the matrix

M—ata(hi—A) @A — o) )
RR 1 1— A2
= , 21.83
¢ ( a(A1 —A2) Ay —a*a(d; — As) ( )
which yields
QRRQRR QRRQRR
M= O+ e h = OfF 4+ (21.84)
bb f bb f

In a next step, we express the QRR in terms of the Q®* and Q*R by means of Q* = 1.
In a first step, one finds

yo :=ord (OF) = VI +A, A:=—-0f Ok,
ye :=ord (QFY) = V1 — B, B:= Q" Q" (21.85)
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A is positive, since OR® = — QAR ™ One expands in the odd elements Oy and QOp,.
One obtains after some straightforward, but lengthy, calculation

A
M=p——— (K| + K
1= Zyb(A+B)( 1+ K)
1 3A%2 + 2A — AB—2B
_ Y — . KK, (21.86)
2y(A + B) 4y2(A + B)
Ao =y + B (K, + K»)
2 =Yt 2(A + B) 1 2
1 3B2—2B—AB +2A
- K; — - KK, (21.87)
2y:(A + B) 4y7 (A + B)?
with
Ki = 0RO Ko = 0ROy
K; = —ORr ORMORR OFF — O 0 ORP O™ (21.88)

The expansions of A; and A, have the form given in Sect. 15.3, where we identify
W= Q0" K| =a*a, K, = B*B, Kz = abB*a* + a*b*afB,t = 1,and u = —1.

A1 and A, obey (15.72). One can show that any function f(1;, A,) that can be
differentiated twice, obeys this equation. The functions are integrable for positive
A and B and thus, yield the value of the function f at A = B = 0, that is, at
A1 = A, = 1. This contribution has to be added to what one obtains from the usual
integration over the odd and even variables. As a consequence it yields the correct
partition function Z in Sect. 21.5.6.

21.5.4 Schidifer-Wegner Parametrization

The parametrization by Schéfer and Wegner, (21.63), uses

i7p©

Q+P. (21.89)

The real part of the quadratic term ng str(R?)/2 in .#>(S, R, A) yields, with real Pf)'g
and imaginary Pg) ,

(0)
’ . T
ford str(R?) = (PR + 1) + (P + LEY + iP® + pTAz)z

(0) (0)
+GPD — %Az)z Y- 2(%)2)&2, (21.90)
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which guarantees convergence of the P-integrals. Convergence for the 7 integration
comes about by the imaginary parts of z.

Transformation from R to P and T Since R** and R*R do not depend on P® and
PA and RRR = JE—imp@® QRR /g 4+ R®), similarly for R**, the Berezinian reduces
to

(R 0 RA7 AR
(R _ @07 21.91)
(PR, PA) T a(T)
After some lengthy but straightforward calculation, one finds
1
DR] = [DP®]D PV uidpufd pad pida*dad B*d f—5—-—. (2192
[DR] = [D P Jdpnd pyd pad p; B* ﬂ(x§—x§)2 (21.92)
The transformations
(] s i
R 1) _ oy (21.93)
IAi, 1)

do not yield the invariant measure.

Fluctuation Contributions What have to be taken into account are the fluctuation
contributions. Up to second order in P, one obtains the contribution

_ng 2) _ g™ 1 1
exp( 5 (str(P ) — str(P EPRO E))) . (21.94)
With
-1 . ~ E./g
0 _ 0 __ ——
gR = B JER® = € —ipQ, 6.——2 ,
~ 14 =2 | =2 z —1
= &4p*=1, P=UrPU " (21.95)
NG
we obtain
str(P?) — str(P P—— ! ) (21.96)
—E RO—E ‘
= str(P?) — str((P(€1 —ipVAV™1))?)
“®) 3 1= @E—iph)?  —pPups ) Py
—_ (R) $(A) 1 1 bb
= (P P N o - 21.97
( b 7 b ) ( -t 1= @E+ipr)? ) \ P @197

_ (I"‘)(R) }"‘)(A)) (1 —(E—ipra)®  Ppaps ) {3%:)
ro Puops 1= @+ipra)’ )\ P
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R s\ (1= @ —iA)E —ifha) il
2 (R) p(A) 1M2
+2(RY AY) i 112 1= @ +ipA)E +ipha)
[P
B |-

The determinants of the last three matrices are
45723, 4p723, PR+ ) (21.98)
Thus, the fluctuation contributions yield a factor of

(A1 + A2)?

21.99
4X 1Ay ( )

Combined with the Berezinians (21.92) and (21.93), we obtain the invariant
measure (21.82).

21.5.5 Pruisken-Schdfer Parametrization

Pruisken and Schéfer suggested a different parametrization,

E  inpo©®
R:__mp

5 O(T) + TPT™". (21.100)

The invariance under transformations with 7" is manifest for this parametrization in
contrast to the SW-parametrization. However, it has the drawback that the function
F becomes singular (see below). Again Péﬁ is real and P&) is imaginary.

Variation of 7, for small w, only has a small effect on .#53(R, 0), since str(R?)
and In sdet(R — E) of (21.46) are invariant under the similarity transformation by 7.
Variation of P, however, has a strong effect. Thus, variation of T is related to soft
(massless or nearly massless) modes, and variation of P to massive modes.

Berezinian from R to P and T d R can be written as
i7p©®
g

dR=T (T dT,P|+dP)T"!, P=P—

D

A. (21.101)

From (10.2), we learn that the Berezinian from d R to D equals sdet(TT~")? = 1.
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Since [T~'d T, P] only has contributions in the sectors R4 and AR, and P in the

sectors RR and A4, one has
DRR 10 ... ... d P®
DAA 01 ... ... dp®™)
DM [ T loom® o (T'd T)RA (21.102)
DAR 00 0 MAR (T7'dT)AR
with
H(A) _ pR) (A) (R)
R w Dam T T
MRA = 0 Py — Py —Py, —Py¢ 21.103
(A) ®)  HA) _ HR) (21.103)
beR) _@iﬁ P = Foo 5(A) ! (R)
_be be 0 Pbb - Pff
The result is
[DR] = FA(P®, PY)[D PP]D PN D (7], (21.104)
dAidA, d¢den
D u(T)] = — dada*d pd B*, 21.105
[D u(7)] G0 =) () dede pdp ( )
with
F(P®, PW) = sdet(MR*) = sdet(M™R). (21.106)

F(P) can be expressed in terms of the eigenvalues g of the matrices P (for
eigenvalues compare with (11.16)),

R) p(R R) p(R
I T il SRR C il o (21.107)
H»R) _ pR)’ pR) _ pR)’ ’
Py — Py, Py — Py,
and similarly for qg}) . Then one obtains
@A) _ Ry (A (R
F(P®, pA)y — @ —a )9 — 3 ) (21.108)

A R A R)\ °
@ = g (g™ — ¢

(The corresponding F for the orthogonal case was determined in [261]). Thus,
the integration over the Ps and T factorizes. This is due to the invariance under
the pseudounitary transformations. The measure [D p(7)] is the invariant measure
of the coset space UPL(1, 1,2,0)/UPL(1,0,1,0) x UPL(0, 1, 1, 0). However, the
denominator of F vanishes for qlgA) = qu) and qu) = qéR). One cannot escape
these points upon integration, since gy is integrated in the real direction, whereas g
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is integrated in the imaginary direction. The question arises, as to whether this yields
distributions. Recent investigations were conducted by Fyodorov, Wei, Zirnbauer,
and Miiller-Hill [91, 92, 194, 277].

21.5.6 The Nonlinear o-Model Finally

After integration over the massive modes contained in the matrices P, one is left
with the action

Z(RO,A) = % str(R?) + Insdet(RO — E + 1w A + A). (21.109)
The first term vanishes identically. The second term can be rewritten as
Insdet(R” — E + JwA + A)
1
— 0 _ - (L
= Insdet(R E) 4 Insdet(1 + RO E(za)A +A)). (21.110)

Again the first term vanishes. For further evaluation of the second term, we
use (21.48) and (21.59) and keep w in first order only,

S(0,A) = —%inpa) str(QA) + Insdet(1 + (—%gEl + impQ)A). (21.111)

The first term may be evaluated to —impw(A; — A,), where we use (21.69). The
partition function is given by

Z(A) = /[D Qlexp(—n(Q,A)).  [DQ] = [Du(T)]. (21.112)

The action .(Q, A), (21.111), is the action of the non-linear o-model for the matrix
Q, which obeys Q> = 1. Due to this condition, the model is called non-linear.
We observe that the action . does not depend on odd variables for A = 0. Then
Z(0) = 1 is obtained from the derivation in Sect. 21.5.3.

21.6 Green’s Functions

On the basis of the nonlinear-o model we evaluate the one- and two-particle
Green’s functions in the large n-limit. We obtain the correlations between different
eigenvalues.
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From (21.69), (21.70) one obtains the bosonic contributions of Q

be = A +a ol — A1), (21.113)
b = -\ +B*B(Ay— A1), (21.114)
1 1
b =i (1= Ja" ) (1 + 2p"F) + 3o B, (21.115)
AR sk 1 * 1 * : *
o = iuf(d— 3¢ a)(1 + 5,3 B) + i B . (21.116)

The expectation values are evaluated by means of the derivatives of Z(A)
as in (21.21)—(21.23). For this purpose, one expands the second term in the
action (21.111) in powers of A, where In sdet(W) = strIn(W), (10.37), is useful,
and uses (21.71), (21.82) and the arguments in Sect. 21.5.3.

Since QRR and Q3" do not contain a*af*B-terms, the contributions of the
averaged Green’s functions come only from the terms not containing any Grassmann
variables, at A1 = A, = 1,

G(z1) = /ge ™, G(zn) = Jge™?,
K(z1.21) = GX(z1), K(z2.22) = G*(z2). (21.117)

The one-particle Green’s functions agree with (21.30). Only the averaged Green’s
functions containing both retarded and advanced factors have contributions from the
a*af* B-terms,

o0 +1
K(z1.2) = G(z1)G(z2) + (7p)? / dA, / d A ti=4) (21.118)

+1 A A
K(zl,zZ)—(rm)z/ dM/ dAr LE 22 s b1k, (21.119)
1_ 2

where i} + pops = A} — A3 has been used. The mean level spacing in energy
between eigenstates is (70)~!. Thus,

f=npw (21.120)
increases over this distance by one. Evaluation of the integrals yields

2isin(zf) einf
(7f)?

K'(z1,22) = (np)zj—}. (21.122)

K(z1,22) = G(21)G(z2) + (mp)> ——=Lel™ (21.121)
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For real f, an infinitesimal imaginary part has to be added. Thus,

sin(zf) Psin(nf)
@2 ()

with P indicating the principal value. The correlation of the density of states is given
by (compare (21.4), (21.44))

—i8(f) (21.123)

(27i)?p(E + %)p(E— %) =K@.21) + K(z2.22) — (K(z1.22) + (f > —f))

= (G(z1) = G(22))* = 27p)*8(f)

.2
+(27p)> Sl?m(:)r{ ) (21.124)
Hence, the correlation between the levels reads
PE+ DIp(E=3) = P (EYCu(f). (21.125)
sin® (7rf)
C =146()—
u() ==
2
=8(f) + (”? + O(fY. (21.126)

8(f) is the self-correlation. Apart from this contribution, the correlation increases
for small f proportional to f2 as a result of level repulsion. At large f, the correlation
C approaches the uncorrelated value 1.

This correlation function C describes (after dropping the 6(0)-term) the correla-
tion between a level with any other level. One may also derive the general k-point
correlation function

hi )...p(E+ S

np(E) np(E)

o(E + ) = pME)C(fi, . . . fo), (21.127)

which can be expressed by the determinant (see for example [183])

. - _ A\ K
M) (21.128)

Ck:det( Jf(f;‘_f})

ij=1

Comment on [D u(?)] The factor 1/(27)? has to be explained. The diagonal
terms of dR and d P are multiplied by 1/+/27 for correct normalization. They
cancel in R = TPT~!. EBach pair of the two off-diagonal, even elements reads
dNR dIR_ /7 = +idR_dR*/(27). Hence the factor 1/(27)>.
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21.7 Gaussian Orthogonal and Symplectic Ensembles

Until now we have considered the Gaussian unitary ensemble. This ensemble
contains complex matrix elements. It is not time-reversal invariant. There are
two time-reversal invariant Gaussian ensembles, the orthogonal (GOE) and the
symplectic (GSE) Gaussian ensembles.

21.7.1 Gaussian Orthogonal Ensemble

The GOE has real matrix elements, fy g = fg« € R. Itis described by the Gaussian
distribution

P{f} o exp(—ingtr (%)) (21.129)

with correlations of the matrix elements
I 1
fa,ﬁfy,5 = n_g((soc,ygﬁ,é + 5a,58ﬁ,y)- (21-130)

The number of components of the field S has to be doubled, since now we have to
deal with the unitary-orthosymplectic symmetry. Thus, one needs for each o eight
independent field components for the two-energy correlations,

S= | a0 (D K ED (22 gD DX @ DX e z7(n,0,4,4), (21.131)

where x € R. We denote the components of S by Sii(;f’) , withv = 0, 1 or equivalently
v = b, f discriminating even and odd elements, i = 1, 2 distinguishing two energies
z; (with generalization to more energies being straightforward), and finally p = 1, 2,

Sy =xr st =gl 5 = g0 (21.132)

=&y s

The indices v, i, p of § f,';;[p ) number the columns, the subscript « the rows.
The following steps are similar to those of GUE. A number of factors, however,
are different. .} reads

AUS,A) = str[bs(zSt — SH)S — V/sA/5SES],
z = diag(z1, 21, 22, 22, 21, 21, 22, 22), (21.133)

s = diag(sv1, Sb1, Sb2, Sb2, Si1» 51, 512, S12).
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The average over f yields
J— 1
exp(—1 (5. A)) = exp(—str[(3sz— v/sA/5)S*S] + po str[(SssH)?]),  (21.134)

where we use (compare (14.43)) T(SsS*) = CSsS*C~'. In the next step, one obtains

(S, R, A) = Ingstr(R?) — str(3/s(R — z + 24)/58*S),  (21.135)

0z
= nG(2), (21.136)
0A11.11 ©
F3(R,A) = 1gstr(R?) + §Insdet(R — z + 2A%) (21.137)

with R € .#(4,4). The saddle point is obtained, as for the unitary model in
Sects.21.3 and 21.4. One obtains the same saddle point equation (21.25) and
Green’s functions (21.30), (21.31). In particular, Egs. (21.57)—(21.60) hold. Only
Q' and TT have to be replaced by QF and T%, and 2mg and 2m by 4mg = 4 and
4mA =4.

Since S is real, we obtain (14.43)

T(sts) = TsTst = CstsC!, (21.138)

Since (21.135) is obtained from R — nl—g\/ESiS /s, we introduce R with the same
symmetry as /sS*S./s, that is

TR = CRC™. (21.139)

Indeed, the step from (21.135) to (21.137) is only correct, if R and also A fulfills this
condition. Thus, the symmetrized

A vy = 5Aipiry + Airpr ip) (21.140)

is introduced in (21.137). Compare with the first half of Sect.14.3. Hence,
with (21.63), we first require 'Q = CQC™!. This requirement implies
0" = coARc!,  To* = corrC, (21.141)

where both equalities are equivalent. Then

AR T RA

("™ = Tg = CQROMRC, (21.142)
TO"® — T/1— QRAQAR — /1 — CORAQARC

= CORRC!, (21.143)
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and similarly for Q*#. Thus, condition (21.141) yields Q0 = CQC™! and it is
sufficient to require P = CPC~! in addition to (21.139).

The matrix Py, € .#(4,0) is symmetric and integrated along the real axis. P
consists of imaginary quaternions and is antihermitian. It can be written as

a 0 ¢ d
X _ X
Pe=| % T e 0.4, aecl. cdeC (21.144)
—*—=d e O
—d* ¢ 0 e

Written in this way, a, e are integrated along the imaginary axis, and the real and
imaginary parts of c, d are integrated along the real axis.

In analogy to the derivation in Eqs. (21.109)—(21.111), one obtains from (21.137)
the action of the nonlinear sigma-model in the orthogonal case

F(0.A) = —Linpw str(QA) + 3 Insdet(1 + (—gE + 2inp P Q)A%).  (21.145)

The evaluation of the level correlations is more complicated in this orthogonal case
since it has to be performed by 8 x 8 matrices Q. The result [64—66, 182, 183] is

. sin?(7f) T ) cos(mf)  sin(xf)
Co(f) = 1+68() — N [ESIgn(f) - Sl(ﬁf)] [ A ()2 }
2
= 8 + Il + o). (21.146)

with the sine integral
Si(x) :/ dy Y im Si(y) = Z. (21.147)
0 y X—>00 2

The level repulsion yields only a linear term in f in the orthogonal case.

21.7.2 Gaussian Symplectic Ensemble

The Hamiltonian is that of a spin-dependent time-reversal invariant interaction

H= " |omfampm {prl. (21.148)
am,fm’
Time-reversal invariance of H requires @Hy = HOvy, with the time-reversal

operator ® = —io”K , where K denotes complex conjugation for the representation
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in real space (—io” = €). As a consequence the matrices fyg are real quaternions.

(fTTfN) (fmfw) (ff¢ _ffT) _ (fTT fw) 0.
fir iy fmfu _fﬁ fT*T foTT

(21.149)
If HYy = E4v, then also HOY = E®v. The wave-functions ¢ and @y are

orthogonal. As a consequence all eigenstates are doubly degenerate (Kramers
doublett). We assume Gaussian correlations for f

Sam pm, =0, f € #(0,2n), (21.150)
B — 1
faml,ﬂmJym3,8m4 = %(Say8ﬂ8€m1m3€m2m4 + 50{88ﬂy5m1m45m2m3)- (21.151)
We describe the system by superreal fields S, which are composed of the two-by-two
matrices
i E(L) g(’) i x(i) _x(i)><
‘:‘(i) = (,)x (l)X ’ thz) = ((II)T (gi : (21.152)
St Sl Yoy tat
with x € C. We also denote
s =8 L ed, Sy =X0 €. (21.153)
The indices v, i, m of Sia m), denote the columns, and the indices a, m’, the rows of S.
S = ({Eo‘f’} {xg’}) € M(0,2n,4,4). (21.154)
Y reads
A(S) = —str(szSES — sSTS + /55ES/54), (21.155)
z = diag(zi, 21, 22, 22, 21, 21, 22, 22), (21.156)
s = diag(sf1, St1, S2, 512, Sb1, Sbl» Sb2, Sb2), (21.157)

where we consider only the -components of A.

The signs in front of str have changed, since the complex variables f and x
are now in the fermionic block, tr (f?) = —str(f?), etc. The one-particle Green’s
function can be expressed as

G(am, B’ ,z) = l(sxa mxﬁm) (21.158)
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The average over f yields
_ 1
exp(—A(S)) = exp(str(szS*S) — Ira str((SsS%)%) 4+ /sSTSW/5A),  (21.159)
ng

where we use SsS* = 7! T(SsS%)e, (14.43). The next steps are

S(S, R, A) = —% Str(R?) + str(/5(R — z + A)/58%S),  (21.160)

az
aAim,im

= nG(z), (21.161)

SR, A) = —g str(R?) — Insdet(R — z + A). (21.162)
The symmetry arguments for R and Q, Eqs. (21.139)-(21.143) apply also for the
symplectic case. Now Py is symmetric, but imaginary, and Py consists of real
quaternions. With R, Eq. (21.59), we obtain the nonlinear sigma-model

L(0,A) = Linpw str(QA) — Insdet(l + (—1gE + inpQ)A®). (21.163)

The level correlation for the symplectic case reads

_ sin?(27f) ) cos(2nf)  sin(2xf)
CS“)_”W)_WW(W)[ o (27rf)2}
4
- 5(f) + (21’;’;) + 0(f9). (21.164)

The double degeneracy of the eigenstates yields a strong repulsion with a probability
distribution proportional to f*, for small energy differences f.

21.8 Circular Ensembles and Level Distributions

In the first subsection the eigenvalues of H along the real axis are replaced by
eigenvalues along the unit circle in the complex plane by considering ensembles
of unitary matrices. Secondly the distribution of eigenvalues of the Gaussian
ensembles are derived.

21.8.1 Circular Ensembles

The half-circle density of states given by the n-orbital model is not typical for
most physical applications. However, the correlations between the energies of the
eigenstates close by, as given by (21.126), (21.146), and (21.164) are typical. In
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order to have systems without band edges, Dyson introduced circular ensembles
[60], CUE, COE, and CSE, besides the Gaussian ensembles. They are defined as
ensembles of unitary matrices. He considers mappings H — U, like

1+iH .
_ U=t 21.165
1—iH ¢ ( )

U

avoiding a precise definition. The hermiticity H' = H is equivalent to UT = U~
Thus, the matrices are unitary. Their eigenvalues can be written el?, ¢ € R. Hence,
all eigenvalues lie on the unit circle in the complex plane. Since the set of all
hermitian H yields all unitary U, CUE is defined as the ensemble of all unitary
matrices with invariant measure d u(U) = du(U,UU;) for any fixed U,. This
ensemble has the property that the density of the angles ¢ of the eigenvalues is
constant. Small changes in H correspond to small changes in U. Probabilities of
finding angles at ¢ and ¢ + §¢ correspond to probabilities of finding eigenstates at
energies E and E + SE for §¢ < 1 and 8¢/2m = pdE.

The Hamiltonians of the GOE are symmetric, H = 'H. Thus, the COE is given
by unitary matrices obeying U = 'U. They can be represented by

U=VV, VeU®). (21.166)

Since U is invariant under the transformation V. — WV with W € O(n), the matrices
U of the COE belong to the coset U(n)/O(n).

Finally H of GSE(2n) obeys H = ¢,He, ! (for €, see (12.22)). Consequently
U = €,Ue, " and U can be represented as

U=¢,Ve,'V (21.167)

for the CSE(2n). It is invariant under transformations V.— WV, where W is a unitary
symplectic matrix. Thus, the matrices U of CSE belong to the coset U(2n)/USp(2n).

The usual Hubbard-Stratonovich transformation is not possible for the circular
ensembles. However, an analog yielding a supersymmetric formulation has been
given by Zirnbauer [302].

21.8.2 Level Distribution

The probability distribution for the eigenvalues A; of the matrices H for the Gaussian
ensembles can be given as

dp({A}) ocexp(—% DUODTM =Ml TTd A (21.168)
k

I<k k

with 8 = 1, 2, 4 for the GOE, GUE, GSE, respectively.



254 21 Random Matrix Theory

For the Gaussian unitary ensemble it is obtained in the following way. The matrix
H can be expressed by the diagonal matrix A = diag(A) as

H=UAU", (21.169)

with a unitary matrix U. Infinitesimal deviations of a unitary matrix from the unit
matrix can be written as

1+ enG™, (21.170)

where the € are infinitesimal and real. n generators are given by Gm = i and all
other matrix elements vanish. The other n(n — 1) generators GV, j = n + 1..1n%,
perform transformations between o and 8, « < B. For each pair there are two
generators, Go g = 1, Ggo = —1 and Gy g = i, Ggo = i. All other matrix G
elements vanish.

We parametrize the matrices U by n(n — 1) variables u and n variables ¢. The
¢s are introduced such that

U({u}. {9}) = U({u}. {0})diag(e?). (21.171)

An infinitesimal variation of the parameters of U yields

2 2

dU=UY G¥dgy +U Y > wi({u)GVd . (21.172)
a=1 i=1 j=n+1

Then the variation of H reads

dH =dUAU" + Ud AUT + UAd UT

=U (D wiGPAdp; +d A= wAGPdp; | UT,  (21.173)

i i
or in components
dHyg = Uy (WU({M})GZ) (A& = A)d pi + Srid M) Ug, (21.174)
The variations of the variables ¢ do not contribute. We may integrate over the space

of the ¢s and obtain a factor, (277)", independent of the us.
The Jacobian reads

e e det(U™) det(w({u})) g(kz — 202 (21.175)
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Since det(U) det(U") = det(UUT) = det(1) = 1, we obtain

8gn 2 . % o~
P(H)dH o< exp(—=- tr H?) ]1 dH; KLL dRH;d IH;; (21.176)
wN
o [ Td pus ettt [ Td Axexp(==73 220 [ [ou = 4™
i k k I<k

After integration over the us one is left with the probability distribution (21.168)
with B = 2. Similarly, one obtains the distributions for the other Gaussian
ensembles. For the circular ensembles, one can similarly determine the probability
distribution of the ¢s,

dp{p}) o [ [ Isin(3 (@ — )P [ | d 21.177)

I<k k

21.9 Final Remarks

The random matrix ensemble is considered as a model for nuclear levels. Various
theoretical approaches are mentioned.

Random matrix ensembles were introduced by Wigner as a stochastic model
for nuclear levels [284]. Dyson introduced the three symmetry classes, now called
Wigner-Dyson classes [61]. Wigner [286] as well as Dyson and Mehta [60, 62]
studied the level distributions. They were intensively studied with various methods.
Early reviews were given by Porter [214] and Wigner [287, 288]. A good overview
is given in the book by Mehta [182, 183].

Besides the correlation functions for the density of states (21.126), (21.146),
(21.164), one is also interested in the correlation between adjacent levels. They
were calculated by the method of orthogonal polynomials. See Mehta [182, 183].
The exclusion-inclusion principle [71] allows the determination of the correlations
between adjacent levels, if the correlation functions are known for arbitrarily many
energies.

Efetov [64, 65] finally introduced the supermatrix non-linear sigma-model
considered here. Verbaarschot and Zirnbauer [262] showed that the correct level
statistics at energy differences of order 1/n cannot be obtained by means of
replicas, but by using the supermatrix formulation. Arguments for the combined
non-compact—compact symmetry are given in [261, 262]. For the formulation
given here I used to some extend the lectures by Mirlin [184]. I also refer to the
book by Efetov [66] with many applications.
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Wigner Surmise An approximation for the probability distribution of adjacent
energy levels was introduced by Wigner for the GOE. It is known as the Wigner
surmise [287]. Generalized to arbitrary ensembles one assumes the distribution

p(f) = cpf? exp(—kgf?). (21.178)

The exponent § is given by the probability distribution from level-repulsion at
small energy differences, and the constants ¢ and k are determined so that the total
probability and the average distance between levels equals unity,

/ () = 1. / f folf) = 1. (21.179)
0 0

The results are shown in (21.180). The correlations vanish in the limit f — 0
as p(f) = aﬁfﬂ + O(f#*!) with the exact coefficients a given below. These
coefficients are obtained from the correlations (21.126), (21.146), (21.164), since
the correlations between the levels further apart decay with higher powers in f as it
approaches zero. The ratios ag/cg are close to one.

Ensemble,B cg k/g ag aﬂ/Cﬂ

GOE 1 = 1 = 1047 21.150)
GUE 2 2 & = j015 '
GSE 4 (&)’ & G 0995

More results are given in the papers and books cited above.

Orthogonal Ensemble for Nuclei Nuclear forces obey time-reversal invariance,
but do not conserve the spin due to spin-orbit and tensor forces. Thus, one might
expect that the level statistics is given by the symplectic ensemble. However,
the total angular momentum j is conserved. Thus, j and its z-component m are
conserved and (n,j,m|H|n',j’,m’') = 8;j8mmwHn j, where n numbers the basis
states for given j, m. Time-reversal maps |n, j, m) into |n, j, —m) if the basis states are
appropriately chosen (e.g. real radial wave-functions). Thus, (n,j, m|H|n',j,m’) =
(n,j,—m|H|n',j, —m')*, which implies H, s ; = H;n,‘].. Hence, the matrix elements
are real and the orthogonal symmetry applies. This has already been pointed out by
Dyson [60].

Bohigas-Giannoni-Schmidt Conjecture The matrix elements for a many-particle
system, like a nucleus, are far from being invariant under orthogonal or unitary-
symplectic transformations between the many-particle states. Assuming a two-
particle interaction, many matrix elements vanish. Other matrix elements are not
independent from each other. But both experimental observation of levels in nuclei
and model calculations show very good agreement with the level statistics of the
GOE, if one picks out energy intervals not too close to the ground-state. A recent
survey is given in the review by Weidenmiiller and Mitchell [279]. Bohigas et al.
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[33] conjectured that the spectral fluctuation properties of a quantum system with
many-body interactions, that is fully chaotic in the classical limit, coincides with
those of the canonical random-matrix ensemble having the same symmetry.

A history of random matrix theory has been given by Bohigas and Weidenmiiller
[34]. The application of RMT to compound-nucleus reactions has been reviewed in
[189,279]. Guhr et al. [105] review the random matrix ensemble including a number
of results given in the next two chapters.

Problems

21.1 Show that (21.43) follows from (21.9) and (21.41). Hint: Express z; by etidi,

21.2 Derive (21.177) for the circular unitary ensemble.
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Chapter 22
Diffusive Model

Abstract In this chapter, tight-binding models in a d-dimensional space with
random on-site and hopping matrix elements are introduced. As in the random
matrix models of the preceding chapter, models of three different symmetries are
distinguished. Again, the properties of these systems can be described by non-
linear o-models. In Sects.22.2-22.5, the unitary case, which corresponds to the
situation of broken time-reversal invariance, is discussed in some detail, whereas in
Sects. 22.6 and 22.7, the properties of the systems obeying time-reversal invariance
with and without spin conservation are considered.

22.1 Correlation Functions

The correlation functions for one-particle operators in thermal equilibrium and the
linear response to a small perturbation are introduced.

22.1.1 Egquilibrium Correlations
We introduce the two-time equilibrium function
Cap(t.7) = (A(OB()) = % tr e PH=*NAB(Y)). (22.1)
for one-particle operators A and B with
A(f) = e/t ge=iH1/h (22.2)
and similarly for B. Consider A and B in the energy representation,

A= |E)App(E'|. H|E) = E|E). (22.3)
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Then the correlation function is expressed by fermion creation and annihilation
operators, ¢! and c, resp.

CAB(L l‘/) = AE,E/BE”,EW (C;CE/CE,,CE///>31(E_E )H—i(E —E )/h . (224)
The expectation value can be expressed as

(chewehcom) = 8.08pm pfr(ENr(E") + 85.5m8 prfr(E)1 —fr(E'))  (22.5)

with the average fermion occupation number

1
fr(E) = T — T (22.6)
One finally obtains
Cap(t,1) = (A)(B) + /dEd E' tr (§(H— E)AS(H — E")B)
Xfr(E)(1 — fr(E'))eEE=0/h, (22.7)

If for example A and B are given in the position representation, A = |r)A,,{r|, then
the trace can be written as

tr (§(H—E)AS(H—E")B) = (r'"'|§(H—E)|r)A, - {r'|S(H—E)|r")B,r . (22.8)
The § functions can be expressed as limits of Green’s functions [see (22.21)],
1 i i

§(H—E) = — lim

7 ( . - . ). (22.9)
Tnr—>+0 E+in—H E—in+H

22.1.2 Linear Response

Next we consider the response to a small perturbation, V(¢). We start with the von-
Neumann equation for the density matrix p,

d
" (1)
dr

= [H. p] (22.10)

and assume that the Hamiltonian H can be written

H(r) = Hy + V(1), (22.11)
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where H) is time-independent and V(¢) is a small time-dependent perturbation. We
transform p into the interaction representation

pi(t) = e/ p(p)e R (22.12)
and similarly for V. Then the von-Neumann equation reads

# 2 — v, o), (22.13)

Starting with thermal equilibrium for Hy, at time —oo,
p(—o0) = py = e PH=HN /7, (22.14)

one obtains, in first order in the perturbation V,

o) = po — % / d?[Vi('), pol. (22.15)

Accordingly, the expectation value of A at time ¢ is given by

t

A)() = (Ao — % / a7 tr (V). pol)

= ) /_ e (22.16)

For a potential oscillating with frequency w and increasing slowly in time
V(') = veletnr, (22.17)

one obtains the response

A)(t) = (A)y — (i"""")’/dEdE’—
(A1) = (A)—c ey —

x tr (A§(Hy — E')V§(Ho — E))(fr(E) — fr(E")). (22.18)

The Green’s functions considered in the next section yield the correlation and
response function by use of Egs. (22.7), (22.9), and (22.18).

22.2 The Unitary Model: Green’s Functions and Action

An action . is introduced, from which averaged products of Green’s functions can
be expressed as expectation values of matrix variables R.
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We consider a tight-binding model on a lattice with N lattice sites. For simplicity,
we assume cubic symmetry of the lattice and of the model. Moreover, we assume a
unit volume per lattice site. Otherwise a number of factors of the volume per lattice
site would have to be carried over. The Hamiltonian of the model reads

H=Y [Nt + £ (22.19)

rr’

We assume a Gaussian distribution of f,

ﬁ Y = O ﬁ r/ﬁ// P= I‘ ,./8,. ,.///Sr/ o (22.20)

where M,_,, = M,»—, > 0. Then products of Green’s functions

/ _ 1 /
G(r,r',z) = (r|Z_H|r) (22.21)
can be written as
l_[G(r,, rz) = / [DS] ]_[(sb,s“’(r, S* () exp(—1 (S, 0)), (22.22)
i=1
Sbi d %S(j) (r)d \SS(j) (r) (j)* ()
fos-1(2) f11(
(22.23)
F1(8,0) = str[ST(sz ® Iy — s ® (¢ + f))S] (22.24)
= Y 5uSP* () Gibrr — te —fr)SP (), (22.25)

ivrr

where, as before, v assumes the values b = 0 and f = 1. We note

S(r) € #(2,2,1,0), Se.#(N,2N,1,0), t.f e .#(N,0) (22.26)
s = diag(sp1, Sv2, 811, 5p2) € A (2,2), z=diag(zi,2.21,22) € #(2,2).
(22.27)

We add a source term

FUS.A) = FA(S.0) = Y SsmismAy(r.1)SF ()8 (1), (22.28)

ijr,r’

which allows the calculation of the Green’s functions from the partition function

Z(A) = / [D S] exp(—7i (S, A)). (22.29)
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m m a
G(ri,ri.z) = | | 7 Z(A)|a=o. 22.30
[T6tr2 = [ gz 5 2l (22.30)
The average over the random terms f yields

exp(str(fSSts)) = exp(4 ZM,_,/ ST()sS(7) ST()sS(r))

r,r’

= exp(} Y M,y st(T(IT()),

T(r) = /sS(rST(r)/s € #(2.2). (22.31)

We use that ST(r)sS(r’') and ST(+')sS(r) are in .# (1, 0). The Hubbard-Stratonovich
transformation yields

exp(str(fSSts)) = / [DR]exp(—3 Y _ str(R(Hw,—R()) + Y _ ste(R(NT(r))),

r,r’ r

R(r) € #(2,2), (22.32)

where w is the inverse of M. We assume that the matrices M and thus, also w, is
positive. This is surely the case if Mo > >, |M,].
Thus, we obtain

Sy =53 strR(Yw,—rR()) — ste(STV/S(R — 2 + 1+ A)/5S).  (22.33)

rr’

R € .# (2N, 2N) consists of the block matrices R(r). s and z are multiplied by 1y
and ¢ by 1, , in this rearrangement. Integration over S yields

(R A) = 3D sr(R(w,—vR()) + Insdet(R —z + £ + A). (22.34)

ro’

This action allows us to give expressions for the one- and two-particle Green’s
functions. Since

1
In sdet(R—z+t+ A) = In sdet(R — z + ¢) + In sdet(1l —YA), ¥ := TR
7—R—
(22.35)

we expand in A by use of (10.36),

S(R,A) = A(R,0) + strIn(1 —ZA)
= 7(R,0) — str (YA) — $str((FA)*) + ... (22.36)
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Together with (22.30), we obtain the averaged Green’s functions

Gl (rs r/v Zi) = G(rv r/v Zi) = gibr,ibr’v (2237)

/ . / . /
G2(rls r,21,12, 1, ZZ) = G(rls V/l,Zl)G(Vz, r, ZZ) = glbrl,lbrqubrz,Zbré

+Y1or,. 200, D202, 107 (22.38)

One contribution of (22.38) comes from the square of the second term in (22.36),
the other from the third term.

22.3 Saddle Point and First Order

The saddle point of the action . and the corresponding Green’s functions are
determined.
We determine the saddle point R by setting

R=RY +§R (22.39)
and expand up to first order in R,

S4(R.0) = 3 Z str(ROw,_vR®) + Insdet(R? — z + 1)

rr’

+ Y SR > R

+str (SRR —z+07") + O((8R)). (22.40)

Fourier Transform We introduce the Fourier transform, where we usually indicate
the quantities depending on wave-vectors by a hat. We consider a periodic lattice
with N lattice points. The transformation can be easily performed by use of the
matrix elements

(rlg) =€ /YN, (qlr) =e™/VN (22.41)

and the completeness relations

Slagl=1. Y Il =1. (22.42)
q r
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where g is confined to the first Brillouin zone. Then 7 may be expressed as

r—ZM, 1= la)alre—r (1) Z lg)e e (.

ff qq r r g q
(22.43)
Setting r —r' =,
Z e ia(/+R)+ig'r _ N8, e, (22.44)
yields
1= lg)iylql withi, = ) e71,, (22.45)
q r
where 7 has been replaced by r.
The corresponding transformation yields, for M amd w,
Myv, = 1. (22.46)
On the other hand, (22.39) can be written
RO — Z| RO(r| = Z l9)R (g (22.47)
Z INSR(NA = 3 lg) gl SR (rlg') Z )¢ " SR() (/.
r.q.q" r.q.q"
(22.48)
Then
N N 1 (o
= Z |g)SR,—y (q| With 8R,—y = v Z e @=D§R(r). (22.49)
q.q r

Thermodynamic Limit and Continuum Limit The sum over the wave-vectors g
is in the thermodynamic limit replaced by the integral

Jim NZ / )™ / dq (22.50)
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In our explicit calculations, we assume the volume per lattice site v to be unity. If
one wishes to perform the continuum limit, then one replaces

vy <—>/ddr (22.51)

and the periodicity volume V = Nv has to be introduced. Then it has to be checked
to which extent the various quantities have to be multiplied by powers of v.
Now we rewrite .%3 (22.40), up to first order in 4R,

1 1
_ 0) ApO) 2N b
(R, 0) = ARY,0) + str E (8R(r) (woR + Eq R(O)—z+iq))
(22.52)

Thus, the saddle-point equation reads

1 1
RO + 3y — . 22.53
o +N;R(0)—z+tq (22.53)

Again there are solutions, Rl('l()),)i/\l/ (r) = R?Si,v&uf, diagonal in iv and i'v’. The egs.
for the diagonal solutions have N — 1 real solutions between the z—17, for real z. The
other two solutions, which are relevant for the saddle point, are complex conjugate,
if z lies inside the band. Otherwise they are real too. As before (Sects. 4 and 21), the
imaginary part of R;O) has to be opposite to that of z;.

One-Particle Green’s Function The one-particle Green’s function (22.37) is given
within the saddle point approximation, R = R, by

G\ (r.r.z) = (rl(e: = R = 7'11"). (22.54)
which reads

o 1 A A 1
G (rrz) = £ 3 60 ¢ ). VG = .
N P Zi - Ri - tq

(22.55)
and one obtains from (22.53)
GOU.r.z) = WORS,  p(E) = “23RY with z; = E — i0 (22.56)
b4

with p the averaged density of states per energy and lattice site. p(E) is normalized
so that

+o00
/ dEp(E) = 1. (22.57)

o0



22.4  Second Order and Fluctuations 269

The exact one-particle Green’s function, as well as the approximation given here,
obeys the symmetry relations

G(r./',2) = G*(r,r.7%), G(q.2) = G*(q.7%). (22.58)

Two-Particle Green’s Function The two-particle Green’s function (22.38) factor-
izes within this approximation,

Go(r1, 7}, 213, 7y 22) = GO (r1, 7}, 21) GO (12, 7y 22). (22.59)

Whereas the result for the one-particle Green’s function is quite reasonable, we will
see in the next section that fluctuations yield an important contribution to the two-
particle Green’s function.

22.4 Second Order and Fluctuations

Fluctuations around the saddle-point manifold are included in second order.
Leading contributions to the diffusion constant and the conductivity are obtained.
Expand ¢ (22.35), around R,

4 = G? + GOSRGY + GOSRGVSRG + ..., (22.60)
ie.

@l9|q) = GO(@)8.0 + GV(SR,—y GO(q')

+ GO@D8R- GO GVRy -y GO) + ... (22.61)

a

q

Then we obtain, up to second order in §R,

Gi(g.z) = Gq.2) + (G (q.2))" Y GV(d )8Ry~ v SRy g oo
q'jv
(22.62)
With

1

. —dr+ AN , . ,
N2 Z el(qlrl nnTen qer)G2(qlvql’zl’quq2’Z2)’

q14).9245

/ . / _
Gy(r1, 1, 21512, 15, 22) =

(22.63)
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we obtain, starting from (22.38),

G2 (q1. 4, 21592, 45, 22) = (q11b]F ¢ 1b){q22b|%|¢52b) (22.64)
+(q11b|9|g52b) (q22b|¥|q; 1b)
= Sql,q/lél(ﬁll,21)5[12,(1;@1(6]2, 22) (22.65)

+G(q1,21)GV(q}, 21) G (g2, 22) G (¢, 22)

X(6Ry,—y 16.166R gy~ 2020 + Ry, — gt 16260R 45— g7 2b.10)-

We have omitted the fluctuation terms in first order, since they vanish at the saddle-
point. The action yields, up to second order in §R,

F(R.0) = S (RO.0) + 1> str(BR(r)w,—8R(+')) — § str(GVSRGVSR)

= %N Z (_)V(wq - ﬁq(Zj, Zi))Sk—q,iv\jv’Skq.jv’,iv’ (2266)
q.iv v’
with
~ 1 N ~
Iy(@z) = & > G +4.5)G"(q . 2). (22.67)
q/

Since Ry v = R we obtain, by means of (13.33),

*
—qu/,iv’

< < (=¥ A
8R_611,i1v1=i1 vy Squ‘izVé,izvz = 5611,qz5i1,i25j1=i28v1,v25v{,v§Trql (Zjl %) (22.68)

with

1

ﬁq(ziji) =
Wq — Hq(zjs %)

(22.69)

Thus, the two contributions for v = 0, 1 in the one-particle Green’s function (22.62)

cancel. Only the second fluctuation term SRSR in (22.65) contributes to the two-
particle Green’s function

8y, +02—q]—45.0

Ga(q1. 4,213 2. 45, 22) = a1, él(Qth)(qu,q;él(C]z,Zz) + I

Xﬁql_q; (21.22)G (91, 210G (g}, 21)

xG (g2, 22)G” (g}, 22). (22.70)
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This may be rewritten as

Ga(ri, vy 2152, 15, 22) = Gi(r1, 11, 21)Gi(r2, 1, 22) + ZGI(VIJ_"’ 21)

XG(F, 15, 22)G1(r2, 7, 22) G\ (F, . 2) T (F — 7,21, 21)
(22.71)
with
o 1 A
Ir'(f —rzi,2) = N Zelq(r K Iy(z1,22). (22.72)
q

For g = 0, one can perform a partial fraction decomposition and obtain by means
of (22.53),

A 1 1 1 Wo(RY — RY)
Iy(z,21) = — ~ — = ! 22.73
&%) N§:Rg_zi+tq/R?_Zi+tq/ R —z—R +z ( )
and thus,
. A wo(zi — 2
wo — ITo(z, z:) = ol i) (22.74)

d d :
Rj —zZi—R; +z

Expression (22.70) for the two-particle Green’s function, with I and I given
by (22.69) and (22.67), is equivalent to the coherent-potential approximation [258]
and the n = oo-limit of the n-orbital model. [269].

22.4.1 Diffusion

In this subsection, we consider the massive and the diffusion modes. From
Eq.(22.74), it is obvious that for ¢ = 0 and w = z; — 22, Sw > 0, as in (21.44), one
obtains, as w — 0,

—iwﬁ%

o — ITo(E + 1w, E— Lw) = ,
Wo o(E+ 0 5®) 2p(E)

(22.75)

where we have used (22.53), (22.56). Thus, wy — ﬁo vanishes in this limit and the
modes for s, = —s; are soft. In contrast, if the imaginary parts of z; and z, have
the same sign, s; = s, then Rf — Rg vanishes proportional to w, so that wy — ﬁo
remains finite and the modes are massive. Let us consider the soft modes further.
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From Egs. (22.55), (22.67), one deduces

. 1 - R .
G a) =5 > GGG g+ 4q . z) =) "GO 0.2)G?(0. 7. 7).
q r
(22.76)

If the hopping matrix elements are real 7, = ¢, then 7, = 7_,. Then the linear term
in an expansion of (22.76) in powers of g vanishes. We expand

2

" —igr 9 4q
My=> e M, = M, — 1) (qr)’M, + ... :Mo(l—zlril)Jr...,
' ' ' (22.77)

where we assume cubic symmetry and define the average range ry; of M

2
2 Zr r M"
Ty = = (22.78)
ZVM’
Then
e
M = wo(1 + — M) +. Zr w, = —worM (22.79)

One obtains, for small w and ¢,

—iwW?  Wog*ry,
27p(E) 2d

2
Wy — M (E + Lo, E— Lo) = + ;I—erZG(O)(r,O,E—}—iO)
xG(0, r, E —i0). (22.80)

Thus, in the hydrodynamic limit, one obtains the diffusion pole

1 _ 2mp/ w3

- = — ; (22.81)
Wy — M (E+ 2 E-2) —io+DO0g

ﬁq(E + %a),E— %a)) =

1
DO = 2L (2 4 3260, 0,E+i0)GO0,r E—i0) | .
Te Ty ﬁ/o , r (r ) O, r )

(22.82)
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22.4.2 Conductivity

Due to Kubo [156] and Greenwood [100], the frequency dependent conductivity at
temperature T can be expressed as

or(w) = é / dE(fr(E — Yo) — fr(E + lw))o(w, E) (22.83)
with
e 2 2 1 1
0@ E) =———0 > P280.r.E+ Jo.E - to) (22.84)

and the averaged two-particle spectral function

Sy(r, v Ey, Ey) = (r|§(H — E))|r')(F|§(H — E2)|r), (22.85)

where d is the dimension of the lattice and fr(E) the Fermi function. In the zero-
temperature limit, 7 = 0, one obtains

1 ptw/2
oo(w) = ;/ /2 dEo(w,E), (22.86)
n—w

which in the dc-limit, @ = 0, yields 0p(0) = 0 (0, ), with the chemical potential j.
We evaluate the two-particle spectral function S, by means of

1
(r|§(H = E)|F) = P (G(r,r'\E—i0) — G(r,r ,E +i0)) . (22.87)
b1
From (22.63), we obtain
1 : "o
Ga(r, 7 2157 r20) = N Z K (21, 22), (22.88)
q

X 1 «— »
Ko@) = > Galagrar+q.21:42. 41 — 4. 22)
q1.92

= (21, 2)(1 + [T,(z1,22) [y (21, 22))
= Wol1,(21.22) (1. 22). (22.89)
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For small w, only the averages of products of Green’s functions with opposite
imaginary parts contribute. Then one obtains

$2(q) = Wol(1, ) (E+ Lo +i0, E— 1w —i0) + (1T, ) (E— 1w +i0, E+ 1w —i0)],

(22.90)
where we may replace v?zqﬁq = W3 and obtain
N R 2mp/ W2 2mp/ W3 47pD© g2
Solg) = RR(— M0 ZIYy WD gy g
—iw + DOgq +iw + DOg w? + (D©g?)
Sag) =47 Y eSy(0.r,..) =4x7 Y S(0.7....)
o 3 280.r... ) + (22.92)
- — r N .
2d q g 2
Hence
2dpD©
3 P80, ) = -2 (22.93)
- Tw
Thus, we obtain the dc-conductivity
0(0,E) = &2pD. (22.94)

22.5 Nonlinear o-Model

The model is reduced to the saddle-point manifold. This yields the nonlinear o-
model. Expressions for the averaged Green’s functions are given.

As for the random matrix model of Chap. 21, one may introduce the same para-
metrization for the matrices R and integrate over the massive modes. Then one is
left with a model of interacting matrices Q(r). Thus, in generalization of (21.57)—
(21.59), we choose

R(r) = T(HPAHT (), T@)sT' (r)=s (22.95)

and the saddle-point P©) = R© of R(r),

i77p®
PO = g0 _ TP 4 (22.96)
Wo
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Then
0(r) =T(NAT'(r) (22.97)
with A as in (21.58), thus A? = 1. We may insert

2 o0)
R(r) = RRO — %Q(r) (22.98)

in .#3(R, 0), as given in (22.34), and obtain, in the limit @ — 0, an action invariant
under global transformation 7'(r) — ToT(r).

We argue in the following that the action may be written in the form (22.113).
The first term of .#5(R, 0), (22.34), yields

©\2
—%(”QO ) 3 st(@rwi—r Q). (22.99)

rr’

For the second term, we consider first the limit @ — 0. Now suppose that in a
certain region in space Q ~ Q' = Ti,c AT;;!. We assume Q(r) close to Q' and

expand §Q(r) = Q(r) — Q'°°, *

o )
_ =200 0u()  Qn() ) .
e Tl‘”( On()  10u(0nm ) e (22.100)

where we have used Q%> = 1. Then the second term of (22.34) yields

i (0)
Insdet(R — E + 1) = Insdet(R — E + 1)— —L— Z str(GO (r, r, E, 0')80(r))
wo

r

7.[2,0(0)2 o |
+ str(GO(r, ¥, E, Q°)§O(+
22 Z (GO(r.r  E.Q"™)50()
x GO, 1, E, 0°)80(r)) (22.101)
with
GO (r,r |E +i0) 0 _
G(O) i /,E, locy _ Tioe r, 1.
(r r Q ) 1 0 G(O) (r’ V/, E— 10) loc

(22.102)
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This yields
Insdet(R — E + 1)

i (0)
— Insdet(R™ — E + 1) + —o— S (GO(r, 1. E +i0) — GO (r, r, E = i0))
2W() B

3 N 72p02
x str(Q12(r) Qa1 (r)) + 502 GOr, 7 E+i0)GO(r, 7, E —10)
wo
x str(Q12(r) 021 () + 021(N Q12 (r)). (22.103)
Using
1 1 3 R” — RV
E+i0-R"~t E—i0—-RY~r (E+i0—R" —n(E-i0—-RY —1)
(22.104)
we obtain
0) , ©) : 2imp® O (r v NGO () ,
G (rar7E+10)_G (r7raE_10)= ,\—ZG (r,r,E+10)G (r,r,E_IO).
wo P
(22.105)
Thus,
nzp(O)z
Insdet(R —E + 1) = Insdet(R™ — E+ 1) + ——— > _GO(.r.E +i0)
2wy —
xGO, r, E —i0) str(Q(r) O(F)), (22.106)

up to bilinear order in Q We combine now (22.99), (22.106) and obtain

72 p©2

202 (—w,—y +GO(r, ¥, E+i0)G O/, r, E—i0)) str(Q(r)Q(r)).  (22.107)

We may replace Q(r)Q(r') = 1-3(Q(r)—Q(r"))* and Q(’) = Q(r)+(r' =) VO(r).

This gradient may be understood as the first term in the expansion

1 o A
0(r) = Q) = 5 Y (" —e")Q, (22.108)
q

i LA 1 A
< Doal =0, = 5 3 et = Ve 0, -
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Equation (22.107) reduces with (22.79), (22.82) to
— 17p "D st ((VO)?). (22.109)
The contribution proportional to w is obtained from

Insdet(R —z+¢) = Insdet(R — E — %a)A +1)

— 0 —11
=Insdet(R—E + 1) — str(R” —E + "' J0A),  (22.110)
where we replace, due to (22.53),
RO —E+07" = RO = —3RRO +i7p@Q, (22.111)

which yields the contribution,

Limp®w Y str(AQ(r)), (22.112)

to the action of the nonlinear o-model. This is given by

L(Q) = tmp® Z str(—=DO(VQ(r))? = 2iw AQ(r)). (22.113)

Correlations The correlations are given by (22.37), (22.38). One uses (22.53) and
puts

1

m") = woR” (), (22.114)

{r]
and inserts the saddle point approximation (22.98). Then

Gi(r.r.z) = R —impQ0pan(r). R := MR, (22.115)

The two-particle Green’s functions for r # 7’ are given by

Gy(r,r 217 v 22) = (Ry — imp© Qu.1n () (Ry — irp©@ Qap 21 (1)) (22.116)
Gi(r,r,20)Gi (', 7, 22)

—1° 0 Q16,16 (1) Q2,26 (') — Qib.16(r) Q2020 (r))

Go(r, v 217 1 22) = =77 007 Q.20 (1) Q2. 16 (). (22.117)

The two-particle Green’s function G, (r,r,zi;r,r,z2) is the sum of (22.116)
and (22.117). All other two-particle Green’s functions vanish in this approximation
of the two-particle Green’s functions, since (22.53) holds for an r-independent R



278 22 Diffusive Model

Ward-Takahashi Identity The approximation (22.113) is good in the hydrody-
namic limit. Let us consider the expectation value (where we use [[D Q]exp
(—(Q)) = 1). Let us perform an infinitesimal transformation of Q, Q' =
(1+6T)Q(1 —68T) = Q + 8Q and correspondingly

AQ) = / [D QJA(Q)e™" @ = / [D QJA(Q + §Q)e=@+Q), (22.118)
Then
SA—A87 =0 (22.119)

Let Q, j = 2., O and choose A = Ql 2, then only 8Ty 26 and 6Ty 1, Which are
linearly independent, should differ from zero. The term with §75, 1, yields

8A=02— 011, 87 = —iwnp® 0. (22.120)
Thus,
02— 011 = —iwnp® 01,01, (22.121)
which yields
27Tp(0)

—ZGz(q q.21.4.9.22) = (22.122)

a.q

—iw

This Ward identity is a consequence of particle number conservation. Generally, if
the operator B is conserved, that is, commutes with the Hamiltonian H, then

1 1 1 1 1
B = B( - ). (22.123)
—-H »-H -z ua-H z»n-H
which yields
1 'z " 1 /
B// a
;,(qlzl—Hm ) q"q (g |Zz—H|q>
a9
1
Byyr N q | —=lg)).  (22.124
= Y Bl |l — WD, 2124)

//

The exact result (22.122) for the non-linear o-model (22.113) agrees with (22.70)
evaluated with the results in Sect. 22.4. In replacing .#3(R, 0), (22.34), by the non-
linear sigma-model (22.113), it is essential that the invariance under the pseudo-
unitary transformations 7 (for @ = 0) and the effect of the symmetry breaking term
proportional to w remains conserved.
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Local Gauge Invariance Since we have used only the contribution of (z—R—1)~!
diagonal in r, we obtain only correlations that contain the sites r pairwise, one
as first, the other as second argument of 1/(z — H). Since the averaged one-
particle Green’s function G (r, /, z) decays rapidly as the distance |r—r/| increases,
G, (22.71), also decays rapidly as r; — rg and r, — ri increase. The extreme case of
this behaviour is described by a model in which ¢ = 0. Then the only non-vanishing
averaged one- and two-particle Green’s functions are those given in (22.115)-
(22.117). The probability distribution of the eigenfunctions ¥ is invariant under
arbitrary gauges ¥ (r) — ¢y (r). Thus, this model is called local gauge invariant
model [203, 231, 269].

At first glance, the negative sign in front of (VQ)? in (22.113) seems to be
unexpected. However, using the parametrization (21.69), (21.70), one obtains, for
the even elements of Q,

str(VQ)?) = —2((V6)* + sinh? 6, (Vg7) + (V6,)? + sin? 62(V¢)?)
(22.125)

so that —(VQ)? is positive semi-definite.!

Diffusons The expansion of Q(r) in Eq.(22.113) up to second order in the
transverse components QR4 and QR yield the diffusion behaviour. Therefore, these
excitations are called diffusons.

The diffusion pole, Eq.(22.81), is obtained since w, — ﬁq approaches zero
proportional to @ and to ¢, for small  and ¢*. This pole is obtained by summing
all the contributions of

Woly(zinzj) = 1+ MyI1, + (M 1) + ... + (M I1,) + ... (22.126)

It describes a particle-hole pair multiply scattered by disorder. The term
GOGO (MIT)! describes [ scatterings of the pair. In total, the contributions yield the
diffusion pole. A word of warning is appropriate: Depending on the dimension of
the system under consideration and the strength of disorder, the interaction between
the diffusive modes may lead to a loss of the diffusive behaviour and turn the system
from a metallic to an insulating behaviour. This is found when one goes beyond
bilinear order in the interaction, and will be considered in Chap. 23.

Parity Transposition Instead of defining the fields S(r) € .#(2,2,1,0) as
in (22.26) we could define them as S(r) € .#(2,2,0,1). The transformation can
be simply performed by parity transposition, Sect. 10.5, S — 7S. Then also the
matrix Q is replaced by "Q. We realize that "A = A and sf < s§, sp <> sf, since

the bosonic and fermionic blocks are exchanged. If we denote "Q by Q, then the

IEfetov [66] arranges the fermionic and bosonic variables in different order. Therefore he obtains
the opposite sign in front of the supertraces.
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action (22.113) reads

L(Q) = 4mp®@ Y sr(DO(VO(r)* + 2iwAQ(r), (22.127)

since the supertrace changes sign, (10.46). We will return to this representation in
Sect.23.1.

References The nonlinear o-model was derived in 1979 and 1980 by Wegner [270]
and by Schéfer and Wegner [231] and Efetov et al. [67]. Other calculations for
the diffusive model and discussions on the lower critical dimension d = 2, as
well as different behaviour for the three classes unitary, orthogonal and symplectic
have been derived by Anderson et al. [1], Gorkov et al. [97], Oppermann and
Wegner [203], Hikami et al. [110], and Jiingling and Oppermann [126, 127]. The
supersymmetric non-linear sigma-model was introduced by Efetov [64, 65]. Until
now the unitary model has been derived; the orthogonal and symplectic one follow
in the next two sections. The critical behaviour, that is the behaviour close to the
mobility edge, is discussed in Sect. 23.1.

22.6 Orthogonal Case

In this section we derive the expressions for the correlations and the non-linear
sigma model for the time-reversal invariant spin-independent random hopping
model.

22.6.1 The Lattice Model

Until now we considered the unitary model (22.19). It corresponds to a situation in
which time-reversal invariance is broken by magnetic impurities. If the system is
time-reversal invariant and no spin dependence is involved, then we choose again
the Hamiltonian (22.19), but now with real matrix elements ¢, ,» and f, ». Again, f
should be Gaussian distributed with zero average,

f? = 0, fr,r’fr”,r’” = (81,’1,///8,/’,,// —+ 8,,,//8,/,,///)M,_,/, (22128)

Since f and ¢ are real and hermitian, they are symmetric. Thus, also the Green’s
functions have this property

G(r,r',z) = G(r,r,2). (22.129)
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Similarly, asin (21.131), (21.132), we have to introduce two real and two Grassman-
nian components, S (V"p ) (r), for each site r and each energy z;. Then we may write the
product of Green’s functions as

m m N ) (i.2)
Sbi dSy (NdSy ™ (r) | . i
HG(ri,r;,Zi)zﬂ(;) [[—=— " 45D r)d st (r))
i=1 i=1 !

ir

s [ JeswiSe ™ ()" (1)) exp(—#1 (8. 0)). (22.130)

A1(8,0) = Lste[SH(sz ® 1y — s ® (¢ + £))S]

% Z Svisg(iqp)(r)(zigr,r/ e _frr/)Sf;i'p)(r/) (22131)

ipv,r,r

with a quasireal field S with (for m = 2) dimension

S(r) € M(4,4,1,0), Se.M(4N,4N,1,0), 1.fe.#(N,0),
s = diag(sp1. Sbi, Sb2, Sb2, 1. 8¢1, Sp2, Sp2) € A (4, 4),

7 = diag(zp1, 2v1, Zb2- 762, 261, 21, 22, 202) € A (4, 4). (22.132)

We can determine the Green’s functions, as in (22.29), (22.30), with a source term

FUS.A) = FA(S.0) = Y Sswsdi(r. 1)y (NS (). (22.133)

The doubling of the number of components is necessary, since the Grassmann vari-
ables appear in pairs for real vectors S. The fields S are those of (21.131), (21.132),
but now with lattice sites r instead of the states denoted by «.

The average over the random terms f yields

exp(=3 str(Y_ £,/ S()SH(r)s) = exp( Y M,—p S*(r)sS(r) S*()sS(r))

r,r’ r,r’

= exp(} Y Moy s(T(NT()),

T(r) = /s8(r)S*(r) /s, (22.134)

where we use in the first line of (22.134) that S(+)S*(r) = S(r)S*(+'), and that
S%(r)sS(r’) and S*(r)sS(r) belong to .#(1,0). Thus, there is no need to use the
supertrace here.
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The Hubbard-Stratonovich transformation yields

exp(—3 str(Y £,/ S(¥)SH(r)s)) (22.135)
- / [DRlexp(—} > str(R(r)w,—R()) + 5 Y str(R(1)T(r)))

with R(r) € .#(4,4). The total matrix R € .#(4N,4N) consists of the block
matrices R(r). Since T(r) is symmetric, and s~'/2T(r)s~'/? is quasireal and quasi-
hermitian, R(r) has the same symmetries; compare with Problem 14.1. The partition
function now reads

ZA) = /[D Slexp(—~1(S,A)) = /[D S][D R] exp(—-#(S, R, A)) (22.136)
with

S (S.R,A) =} Z Sr(R(r)W,—R(r')) — 4 str(STV/S(R — 2+ t + 24)V/5S).

(22.137)
Integration over the fields S yields
Z(A) = / [D R] exp(—%(R. A)). (22.138)
SR A) = £ se(R(r)w,—R(r)) + § Insdet(R — z + £ + 24°).
| (22.139)
Since S*S obeys
T(S*()s(r) = CS*H(r)S()C!, (22.140)

A, A have to be replaced by the symmetrized A® and As,

AL oy (1) = 3(Aipiy (r 1) + Apy 3o (1)),

A;ip,q’i’p’ = %(Aqip,q’i’p’ + A—gity —qip)- (22.141)
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22.6.2 Saddle Point and Fluctuations, Cooperon

The calculations of the saddle point and the fluctuations is performed similarly as in
Sects. 22.3 and 22.4. Additional indices p appearin R, R, §R, and A as in (21.132).

RL(,[?‘)} v (r) is diagonal in p and p’ too,
RY L (r) = 8,088y RS (22.142)
ipvip’v’ — O/ 0ii’ Opp/ I\ - .

The saddle-point equation agrees with (22.53). The expressions for the one-particle
Green’s functions hold as in (22.54)—(22.56). The following calculation parallels the
calculation in Sect. 22.4, but differs in a number of factors of 2. Instead of (22.66),
we now obtain

F(R,0) = A RD,0)+ N D (=) (g — [y(5, )8R g.ipw jprv SRy v -
q.ipvp’v’

(22.143)
with I7 as in (22.67). Since S*(r)S(r) obeys (22.140), and since (22.134) is obtained
from bilinear terms of R — M ,/sS*S /s in the exponent, we require

CR(NC™' = "R(r) » CRC' =R, (22.144)

where we use that s commutes with C. Then we obtain

8R—q1 ApviLilpiv] Squqizpzvz,iépévé

1 A /
— R )V
- NFQI(ZH’Zii)S‘II,qz (( ) 18i1i£8iii28p1[)£8p;p281)1VES\){VZ

+(=)""18,1,811,C Crr ) (22.145)

11i) ~P1V1.P2V2 Py pyvy
with I as in (22.69) and [compare with (12.22)]
va,p’v’ = va/(gvbgpp/ + Svfepp’)‘ (22.146)

Correlations Equation (22.139) yields, up to second order in A%,

Z(A®) = 1 4 str(9A%) + L(str(GA%))? + st(GAGA). (22.147)

To lowest order, that is without fluctuation contributions, we obtain the same results
as in (22.55)—(22.59). Including the fluctuation contributions to second order, we
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now obtain

~ ~ ~ 1 ~ N
Gi(q.2) = GV(g.2) + GP(q.2)5; 3 GG ) [y (@i 2),
q/

(22.148)

A ~ ~ 8 +gr—q. —ql ~
Ga(q1.4}.21:92. 65 22) =84, ¢ G1(q1.21)8 1, 1 G1 (92, 22) + %G(O’ (q1.21)

x GO (61/1, ZI)G(O) (g2, Zz)é(o) (61/2, 22)

x (Fy_ g (@1.22) + Ty 14 (21.22)), (22.149)

which can be rewritten as

Go(ri, 1, z1:12, 15, 22) = Gi(r1. 1}, 21)Gi(r2, 1, 22) + ZGl(h,;’,Zl)

i

xG(7,15,22)G1(r2, ¥, 22) G\ (F, 1, 2) T (F — T, 21, 22)

+ Z Gi(r,7,21)G1(r2, T, 22)

7

xGi(¥, 1y, 2)G\(F 1|,z (F —F,z1,22)  (22.150)

with I" given by (22.69), (22.72).

Cooperon At the end of Sect.22.5, we realized that two particles running in the
opposite direction lead to the long-range behaviour both in space (small g) and time
(small w) called Diffuson. With (22.73), (22.74) and Sect.22.4.1, we obtain the
same diffusion behaviour in the orthogonal case as in the unitary case. The Green’s
functions are symmetric in the orthogonal case (22.129), which implies

Gi(g.2) = Gi(—q,2) (22.151)
Correspondingly
Gy(r, 1,212, 15, 22) = Ga(r1, 1), 21015, 12, 22), (22.152)
which is reflected in
Gaq1. 45 21:92. 4. 22) = Ga(qu. 41 21: — G —q2. 22). (22.153)

compare to (22.149). Thus, also two particles running in the same direction show
long-range behaviour for ¢; + ¢} = ¢» + ¢, — 0. The excitation of such a pair
of particles is called the Cooperon, since superconductivity is brought about by
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the condensate of pairs of particles. However, here we do not deal with such a
condensate.

This time-reversal symmetry is also reflected in the extra term I, w4 (21, 22)
in (22.150). It yields for the correlation K defined in (22.88)

. oA . 1 A
Ky(z1,22) = Wolly(z1. 22) Ty(z1, 22) + ¥l Z G(q1,21)
q1.92

xG (g2 + ¢,21)GV (g2, )G (g1 — 4. 2) Ly 400 (21, 22).
(22.154)

For fixed g the argument g; + g, of I runs through O in the sum over ¢ and ¢, and,
equivalently, the integral in the thermodynamic limit. Thus, it diverges for @ = 0 in
d = 1 and 2 dimensions. This has important consequences, which will be considered
in Chap. 23.

Nonlinear o-Model The nonlinear o-model is derived in a similar way to the
derivation for the unitary case in Sect.22.5. Obviously, one has to replace T by *
and to observe that . (R, 0) differs by a factor of L (22.34), (22.139). Thus, one
obtains, instead of (22.113),

S = —tmp@ ¥, str(DO(VQ(r))? + 2iwAQ(r)). (22.155)
From

Q(r) = T(NAT™'(n.  "Q(r) = CO(NC™", (22.156)

one obtains

T~ = CT, (22.157)

where k commutes with A. This equation and

TsT* =5 (22.158)
yield
kskt=s, T=s'1CT"k* s. (22.159)
The choice ¥k = C yields
T =s'Cr*cls. (22.160)

The set of T obeying (22.158), (22.160) constitutes a group and yields a parametriza-
tion for the non-linear o-model (22.155).
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The Green’s functions Gy and G, in (22.115)—(22.117) are the same if we
replace the indices ib by ibl. Now Ga(r, 7', z1:7, 7, 22) = Ga(r, v, z1;7,r,22) and
Go(r,r,z1; 1.1, 22) is the sum of (22.116) and twice (22.117). The discussion of local
gauge invariance holds here, with the Z, gauge ¥ (r) — £y (r).

22.7 Symplectic Case

Finally we consider the time-reversal invariant spin-dependent hopping model on
a lattice. We consider a rather general model. Special models are mentioned in
Sects. 22.7.3 and 22.7.4.

22.7.1 The Lattice Model

Similarly, as in Sect.21.7.2, we consider a spin-dependent time-reversal invariant
interaction, but now on a Bravais lattice. The Hamiltonian reads

H= " |rm)(t—rv s + frmrw)(r'm. f.1€C. (22.161)

P
The hopping matrix elements obey

L't frmarmd = €mtm” G —r i =+ frrm?” ot ) Emm”” » (22.162)
due to the time-reversal invariance. The Green’s function obeys, consequently,

Gmm/(rs V/, Z) = ém/m”Gm”,m”’(r/v r, Z)emm”’v (22163)
émm/ (q, Z) = €w'm" Gm”,m”’ (_Q7 Z)Gmm/”- (22164)

t and f are real quaternions due to time-reversal invariance and hermiticity. We
expand ., and f,,» in Pauli matrices and obtain the symmetry relations

by = Y ok =M eR, (22.165)
k
~ 1 k=0 1 k=0
k s k s 0
= s = s = 1 .
! {ik:l..s. v qk=13" 7 T2

(22.166)
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We choose the Gaussian distribution

ﬁ"mr’m’ - Frr’]?r—r’mm’v ]?r—r’mm’ - Z ik)’f_r/o—,l;lm/s (22167)
k

where F,» are random variables. F and the yk are real,

Fo = Fppy yk, =05k, (22.168)
Fr =0, FrlrfF 5= fl - (5”"2 rar| +5’1"2 /) (22.169)

I‘2I‘2

The Green’s functions can be written

1
[ TG i) = / [Ds] H(sf,s“ " () Sy (1)) exp(—F1 (5. 0)).

i=1

(22.170)
ps =] dRa?(r)d Ja® (r,),(i RoD (1) d 369 (r)
x ]"[dg“‘ﬂ) (P EEPX(r), (22.171)
i
A1(8,0) = — L strfs(zS* — SH(t + £))S] (22.172)

= %(Si (r))piv,msiv (Zigrr’ Smm’ - (tr—r’,mm’ +.ﬁr’,mm’))Sm’,piv (}’/)

with
. (@) _plx
5 = (ngg a[?nx(g)) ©-#0.2.0.2, (@217
Si(r) = ( SO, S‘Z)(r)) €. .4(0,2,0,4), (22.174)
S0P () = (;((:)’)X((r))) € .#(0,2,1,0), (22.175)
$u(r) = (8000) 820) S0 SP0)) € #(0.2,4.0),
(22.176)
S(r) = (Sv(r) Se(r)) € 4(0,2,4,4), (22.177)

S=[S0) | e.#00,2N,4,4), (22.178)
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and

s = diag(sp,1, Sb,15 Sb.2, Sb.2, 81,1, St,1, 552, 552) € M (4,4),

z = diag(zi, z1, 22, 22, 21, 21, 22, 22) € A (4,4). (22.179)

We now realize that the bosonic components S, are in the fermionic sector. The
reason is that in the unitary-orthosymplectic group, as defined in Chap. 14, the
orthogonal transformations are in the bosonic sector and the unitary-symplectic
transformations in the fermionic sector. Indices r,m of S number the rows, and
p,i,v the columns. Useful equations for the integrals and averages were derived
in the second half of Sect. 14.3. We add the source term in .¥},

FASA) = F1(S.0) = 3 /585 A pim gt (. )SE (ST (). (22.180)

Then the Green’s functions can be obtained by taking derivatives of Z with respect
to A. The term of .#] containing the random potential f reads

3 str(sSHS) = Y Fp ste(sS*(r)f—r S(F)). (22.181)

rr’

The average over F yields

exp(—13 str(sS/S)) = exp(32), (22.182)
2 = YF, Fopr ste(sSH(r)f— S(r)) ste(sS* (7)o S("))
= %Mr—r/ str(sSi(r)fr_,/S(r’))
X (str(sS* (' )fr—rS(r)) + ste(sS*()fr—r ().
(22.183)

Since str(A) = str("A) and since real S and f yield
s —csic™!, T =csc!, TF=cfc, (22.184)

both terms in the last line of (22.183) are equal. With (22.165), (22.167), we may
write

2 = IM,_ yE Lyl se(S()sSH(r)o*) ste(S(r)sSE(F ) o). (22.185)

We cannot reduce the supertraces in (22.185) to a scalar, as in the unitary and the
orthogonal case, but only to traces over 2 x 2-matrices. We use the identity

O-qm'o-:}{t”m”’ = 28mm/”8m’m”, (22186)

m
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to obtain

str(sS(r')S*(r)o®) str(sS(r)S* () o)

= — 1 str(S()sS* (r)o* oS (r)sS*(r )l o) (22.187)
and express 2 as
2 =AM,y st (T(NT(r)),  Ti(r) = /sS*(r)o*S(r) /s (22.188)
with
7t 0 0 0
- S 2
=m0 v-tri Trndt nv2 Vo2 FVs | () 1g9)
0 vovs+viva vV-+v; —Yori+ 2y
0 —yov2+7iys Yori+nys  7-+v3
R ey N e 1O e e 9] (22.190)

where y; = yf_r, and M and w, introduced below, obey
Mr—r’,kl = Mr/—r,lkv Wr—r' kI = Wy'—r Ik (22.191)

and IlN/I,_,/Jd and w,_, y; are real. The zeros in the upper and the left line of the
matrix M indicate that this disorder does not introduce a coupling between density
and spin fluctuations. Up to now we have restricted the fluctuations of f by (22.167)—
(22.169). One may choose a more general one by superposition of several of these
fluctuations. This will not change the symmetry relations (22.191).

Then we perform the Hubbard-Stratonovich transformation

exp(—1 Y My iy str(T*(r)T' (1)) (22.192)
rr'kl

_ / DRTexp(d Y W  sulRA RG] = L sulR (T ),

rr’ kl Tk
by multiplication by
/ [D R exp(hw, 41 SR (1) = Wy T (")) R =By i TV (D=1,

(22.193)

where w is one half of the inverse of M s

> WMy = 18,80 (22.194)

r'l
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This yields
F(S.R.A) = =5 " wop usu[R(IR' ()]
rr’ kl
+3 Y steDH(r, ) sSH( )t S(r) V5] (22.195)
'k
with
DE(r, ¥ = (RE(r) — 28k0)8, + ¥, 4+ 24 (r,¥) € (4, 4), (22.196)

Since S is quasireal, S = CmgxcP=1 we can symmetrize A, as contributions to
the source term are pairwise equal,

A5, /(V, r/) _ %(Apim,p/i’m’(rv r/) + (C(p)C(m)A(r/’ V)C(m)_lC(P)_l)p’i/m/,pim)s

pim,p’i'm

AIsyim,p’i/m/ (Qs q/):%(Apim,p/i/m’ (qv 61/) + (C(P)C(m)A(_q/v _q)C(P)_lC(m)_l)p’i’m’,pim)v
(22.197)

and define Api,yrirnr (r,7') = YL Ay, (ro 7)o, . C? acts on indices v and p

C(P)

o'y = Syy ((va5pp/ + 5‘,f€pp/) (22.198)
and C™ = ¢ on indices m.

One obtains the symmetry condition (left equation) by use of
ka(m)O.kC(m)—l’

k
Th =

COT (r) = ¥ T (r)CP), CPR*(r) = xR ()CP, CWDF = vk p'C®),
(22.199)

We require the same symmetry of R¥(r) (middle equation) and since ¢ and A®
obey the same symmetry, it holds for D too (right equation). We also realize that
s~12T*(r)s~1/2 is hermitian. We require the same of R*(r).

Next we integrate over S. We introduce a unitary transformation U so that the
complex components of S are expressed by real components S,

Smpin(r) =Y _ U, Sjin (r) (22.200)
J
and obtain
> steDA(r, ) /sSH) o S (r) /5] = su[SDS] (22.201)

rr'k
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with

v /
]w,,/v/(r r) = Z Upm]\/_Dplvp”' /(V,V)Cp/ /7 NSS! em/m//o—m”mUp/m/j/’

kpmp’m
(22.202)
which may be written shortly as
D = U /s(DFCP! @ C™aky /sU, (22.203)
where S € .#(0,1,8N,8N) and D € .# (8N, 8N). Thus
T(okcP~! ® C"at) = 0,(D'CP~! ® C™o*)a,, (22.204)
and where 0, = (—)” and 0, = —1,
D = —oD. (22.205)

We have to integrate over the term bilinear in S, resp. S in exp(—.%(S, R, A)),
/ [D S] exp(—1 str{SD'S]) (22.206)

We substitute X = TS', which implies S = —X¢ For further evaluation we use the
parity transposed of Sect. 10.5,

str[SDTS] = str[— XoDX] = str[ (X))o "D7X] = su[("X)"D7X].  (22.207)

We may now integrate the exponential over "X instead of S. One shows,
using (22.205) and the equations in Sect. 10.5, that "D is symmetric. Thus, the
integral (22.206) yields

spf(™D) = sdet(™D)~/? = sdet(D)"/. (22.208)

Using the multiplication theorem for superdeterminants we can take away the
factors — TU /s and /sU from D in (22.203) and even the factors C;l and C,,, since

they all yield unit-factors. Then the integral (22.206) reduces to sdet(D* ® o%)!/2
and .¥3 reads

SR.A) = =3 wrpustR (DR ()] - 5 In sdet(z D@ cb).  (22.209)
rr’ kl

with D* defined in (22.196).
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22.7.2 Saddle Point and Fluctuations

We expand .%; to first order in §R in order to determine the saddle-point R,

Z4(R,0) = AR0) — Z Wo i str[SRE (r) RO

r.kl
L > su[sRN(r) ® o ! ] (22.210)
2N > (ROT— 28,0 +1) @ o
with
Woki = Z Wk W = Wen = Wy s (22.211)

AN P I SRV % 4
=1 e, Tii= o) e, K =0, BeR (22212)
r q

Note the factor 7* in the Fourier transform. The one-particle Green’s function is
given for R independent of r by

a 1
G9(q.2) = . 22.213
(9.2) (=R 4 78,4 — té) ® ol ( )
and the saddle-point obeys
1 a
RO = — tr,,(0* ) G(q.2)). 22214
ZI:WO,kl N (o Zq: (9.2) ( )
If the matrices D¥ commute with each other, then
1 ka k 1 lDl
DD L N S R
Zk Dk ® Gk Zk kakZ Zk Dk ® k kakZ
(22.215)
Then the saddle-point egs. read
1 —RO0 4 7 70 1 RO 43¢
A 00 _ q A o)A _ q
woooR = — —_— Wo AR = — —_—,
(22.216)

Ny = (R(O)O — 74+ ;2)2 _ Z(R(O)K 4 ?;)2 (22.217)
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(Greek components run from 1 to 3). Since * , = vkt’,‘, one obtains ?"_q = vk,
which allows us to rewrite (22.216)

1 R(O)K R(O)l?«’t‘l
Y CIp ol [ S /i
N\ g T,

For small spin-orbit interactions the only small solution for R is the vanishing
one. This means that there is no spontaneous magnetization due to the spin-orbit
forces. R©° can be chosen diagonal. Thus, the saddle-point is given by

(22.218)

RO v = RISy, RO =0, (22.219)
1 —R{ + 2 1)
MRl = =Y e (22.220)
N q (_Rl +zi— l‘q)2 - ZK(IZ)Z
and ./ obeys
Nog =Ny (22.221)

The Green’s functions read

R —RO0 4 7 -7 [
GO%4g)=— = 4 GOrg ) =L 22.222
(q.2) v (q.2) 7 ( )
with the symmetries
GV (—q,2) = v*GV(q,2), GO%(r, ¥, z) = V* GO (¥, r, 2),
GO%(g, 7*) = GO%(g,2)". (22.223)

Fluctuations .75(R, 0) reads, in second order in R,

N ) A
(R, 0) — AR, 0) = = D Wqu str[SRESRL,
q.kl

+% Z Str[Sieq’—qé(o) (g, Z)Skq—q’ GO (¢'.2)]

99
N . R
=3 Z (=) Vg — M ypa(z, zi)
q.klpiv.p’jv’
X8R iy i SR i (22.224)
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with
< 1 1 k K _I_I A(0)K ’ AO) (1
y(z,2) = I ; Ltr(o*o¥ oo )ZG (q+4.75)GV"' (¢, z). (22.225)
q

The first supertrace in (22.210), (22.224) does not contain summations over m,
whereas the second one does. This explains factors of 2 and % The coefficients
%tr (okok/crlal/) equal £1, if the indices k, k', [, are pairwise equal. They equal
=i, if all indices are different. Otherwise they vanish.

These symmetries and those of G, (22.223), yield

Moz 20) = 1175, 2), (22.226)
Mz z) = v Tz, z) = H-gu(zj, z0) = v T n (2, 7).

Equation (22.226) holds also for w — Mand I’ , defined in (22.235).
In particular, we obtain

~ 1 ~ ~
Hyw(za) = & > GO +4.5)G % z). (22.227)
k.q'

Next we consider the sum rules. From

G9q.5)G"(g.2) = (G"(q.2) ® 0*)(G"(q.2) ® 6") (22.228)
1 1
- zj—R]c.l—?qZ,'—R?—?q
1 1 1

= ( = =)

i—R —z+R 'z —R' -1, z—R -1,

1 A -
— —(G(O)k(q, zj) — G(O)k(q, 7)) ® ot
Zi— R? -z + R}j ! l

we obtain

> GO%q.5)G (g, z)
k

1 . .
= 0@ - @), 22.229
Zi_R?—Zj-}-RJ@( (q J) (q )) ( )
G(q, )G (g.2) + G (. )G, z:)
1 . .
= —— (6" (q.5) - (g 22230
Zi—R?—Zj+Rf( (4.%) (4.2)) ( )
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with
GV(q.5)6 " (q.2) = 6" (4.5)G(q, 2). (22.231)

We conclude the sum rules as

1 1 A N
> (GDg.z) — G°(g.2)

ﬁ0,00(Z's Z') = T 9 dx
T 4 —RI-+RIN

q
(22.232)
1
= G(O) O, i _G(O) O, i))s
Zl—R?—Zj'i‘R;i( ( Z]) ( Z))
N 1
oo (z.z) = m(G(O)K(O, z) — G%(0, 7)) = 0.
iR — 5 Tk

(22.233)

Correlations We introduce the fluctuation contributions for the correlations. Since
w — IT appears in (22.224), we introduce its inverse,

[z, 2) == vy — Hy(z.2)) " (22.234)
that is
Fyu (@ 20) Wgim — My (22 20)) = Stom (22.235)

Then similar to (22.143)—(22.145), and due to (22.224), we obtain

I’ék pl
. S ST . AN 4
—quLApPIVLI PV q2.2pava,ispyv;

14
=~ Tz )84, (22.236)

v/ vv! ol
X ((_) 18i1i£8iii28p1p§8p1p28v1\JéSv{vg + (_) v Silizgiii/ CPZVZsPIVICpévé,piv{ .

2
The one-particle Green’s function reads
G1(qs 2w = GG, 20w (22.237)

1 A A ~ N
+5 267,200 GV q + ¢, 2)0' G g ) Ty 1z 2)
q'kl
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(no summation over q, i, p). The two-particle correlation function is given by

- / . /
GZ,mlmq ,mzm; (ql » 41,2929, Zj)

~

= Ypipm f.qyipm} fng/p’mzf,qéjp’méf

+g1ipm, £.q5ip’ Myt qujp' maf g ipm' £
+CP/ﬁ’ szrhz CpﬁCm/lﬁzi gqlipmlf,—qzjﬁ’rhzf —q}ipi, £.qhjp'mht (22.238)
G 8, G 8 Ls

= Gl,mmi (q1.2) q1.4] Gl,mzwé(‘]%zj) o, T N q1+q2.q1+

X ((G(O) (‘11 s Zi)CTkG(O) (qIZv Zj))m] A (G(O) (qz’ Zj)
xo'GO (4}, Zi))mz,mq Iy, ez, 20)
+(G(g1,2)0* G (=2, )€ mm (€6 (=, 2)0' GV (G )i

X V' P02 (22.239)
(no summation over i, p, j, p’).

Then the two-particle Green’s function between spins at sites r and r/, where the
occupation number is included for 00, can be written as

(tr (a*(r) Zi i Ho’(r’) ; i 7)) = w @G, 2)a' G, r.7)

1 . oA
=% Z UK (21, ) (22.240)
q

with

. 1 .
Ky g) = N O Orr o G i o, (@15 @2 + 4525 42, 41 — G5 7))

m’zml m/l my
q1.92

PRRLN 1 T ST
= (WFH)q,kl(Z,‘, Zj) + ﬁ Z tr (Up‘(rkapzalgplalap2ak)
9192

x GO (g1, 2) GO (—q2, ) GO (=2 — ¢, 2) G2 (g1 — g, )V
x Iy 0, (3 20)- (22.241)

Cooperon Time-reversal invariance

Gi(r,r,2) = €'Gi(r, 1, 2)e”! (22.242)
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yields

Gt (1,7, 20) Gt (1, 7. 22) = €mymy Gy, (137, 20) Gy, (1, 17, 22) € o,
(22.243)

that is
A -1 _ ;o
GmlszZ,mlm{,mzmé(rs r,zi,rr, Z2)6m1m§ = G2,mm’,m’m(rs r,z1,r,r, ZZ)
(22.244)

Thus, two particles running in the same direction show similar long-range behavior
to the time-reversal invariant spin-independent (orthogonal) case. The factors € take
care of the antisymmetrization of the particles.

Hydrodynamic Behaviour In the hydrodynamic limit we may expand

Wg,00 — ﬁq,oo(E + %a)E —tw) = . %(2(()))( —iw + DO +..),
(22.245)
Wo0u — 00 (E +10,E —10) = i(by - q) + . .. (22.246)
Waa0 — Iy a0(E +10,E —i0) = i(by - q) + . .. (22.247)
Woup — Moup(E + 30 . E — Lo) = agp —icopo + ..., (22.248)

where the 3 x 3 matrices a and c are real and symmetric. (b - g) is the scalar product
of the real vector b, with g.

The lowest eigenvalue of the 4 x 4 matrix W, — ﬁq(E + 10, E — i0), up to order
¢* and w, is given by

2
0,00

390 (=i + D) + (by - q)(a ap(bp - ), (22.249)
Thus, the terms b - ¢ yield additional contributions to the diffusion constant. The
other eigenvalues of wy — ﬁq(E + 10, E — i0) do not vanish. The matrix a — icw
describes the decay of the total spin due to the spin-orbit interaction, which violates
spin conservation. The spin-orbit relaxation times, t,, of the decay proportional to
exp(—1t/ts,) are obtained from det(aty, — ¢) = 0. Thus, the hydrodynamics of the
density and spin fluctuations are obtained.

We show that indeed the matrix a in (22.248) is positive. Using the symmetry
M_, = M, and of yf, Eqgs. (22.168), one obtains the average of M, and M_, by
setting the terms Yy, in (22.189) equal to zero. Then the matrix has two eigenvalues
M, y+ and two eigenvalues M, y_. The eigenvalues M, belong to the eigenvectors
(1,0,0,0) and (0, y1, y2, ¥3). If the ratios y; : y» : y3 are equal for all distance
vectors r, then the spin direction given by y,0" is conserved as well as the particle
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number. Otherwise, the eigenvalues of the 3 x 3-matrix are less than Zr Mr,OO- Since
Z,Mr,kzﬁ)o,u/ = %(Sky, compare to (22.194), the eigenvalues of the 3 x 3 matrix Wy
are larger. We have assumed that the fluctuations of the spin-dependent components
are small in comparison to the spin-independent fluctuations, so that the 3 x 3-matrix
Zer,Kl is positive.

Further, we have to consider ﬁo. This matrix is hermitian due to (22.226).
Suppose it is diagonalized. Then (22.225) yields

N 1 ~ ~
Mo (E +10,E—i0) = ) ey Y G94q.E +i0)G"(q. E — i0),
/ q

Ckl:{—l—llfk:Oorl:Oork:l (22.250)

—1 otherwise
Since G(O)l(q, E +i0) = GO (g, E — i0), the sums over g are positive and thus,
ITy00 > Iy . Consequently the matrix a is positive.

Nonlinear ¢-Model Now only the component R* with k = 0 is taken into account.
As for the orthogonal case, R has to obey (22.144). Again we write

P SW irp©
R(r) = RO(T ., RO(T) =9RRI— 7),
(r) (T) + TPT- PS (T) e o(7)
(22.251)
O(T) = TAT™', TsT* =5 (22.252)

with 7, P, O functions of r. P decays in blocks as given by (21.61), (21.62). This
time, however, P*® is antihermitian and P is hermitian to guarantee convergence.
Consider now (22.144) CRC~! = R. Obviously it has to hold for PR and P, but
also for Q. Similarly, as in (22.156)—(22.159), we obtain, as in (22.160),

T = Cs~'T%sC7 L. (22.253)

This choice has the nice property that the matrices T constitute a group under
multiplication. Comparing with (14.5), we see that T is pseudoreal with g = is.
Similar to the discussion in the paragraph ‘Convergence for S, in Sect.21.4, we
have to consider here the convergence of S¢. Basically, one has to replace the indices
b by rin (21.64), (21.65) and then the same discussion carries through. This requires
that now the real part of (zs) has to be positive and (As)g = —il. Thus,

SR = —1, Sta = +1, SpR = SbA- (22.254)

This choice, different from that of the orthogonal case, yields different 7 and Q.
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The derivation of the non-linear o-model is performed as for the unitary case. w,

is replaced by Wy 00 and ﬁq by ﬁq,oo. Due to the different signs of .3 in (22.34)
and (22.209), one obtains the action

S = 1ap® Y " sr(DO(VO()* + 2iwAQ(r). (22.255)

22.7.3 Some Simplifications

If we choose 1 = 0, as many authors do, and consider only the spin-orbit effects in
the fluctuating part f, then many expressions simplify, in particular,

GO (r, 7 2) = 8GO, ¥ 7). GOK(rr 2) = 810G O(r, ¥ 2),  (22.256)

and similarly for GO (g, 2)- Iy simplifies to
N 1 ~ ~
My z) =8y Y G +4. 20671 ). (22.257)
q/
Further,

. o 1 o _
Ky (ziz) = W) gz ) + el Z t (o¥o'ala*)v'’
q1-92

xG(g1,2)G (g2, 7)

xGq2 + ¢.20G " (g1 — q.5) 1), 4 4,77z 5)-

(22.258)
22.7.4 The Extreme and Pure Case
Coming from the Gaussian symplectic ensemble suggests the choice
Srmrme = 0, (22.259)

ﬁmr’m’ﬁ”m” aa— M,_,/ (5”/// 8,/,// 8mm”’ 8m’m” —+ 8,,// 5,/ P E€mm! €m! m!"! ) .
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The expressions depending on the spin-components may be rewritten as

8mm”’8m’m’/ = 2 E mm’am”m”/’

WIWI m’m

Emm! Em/m!" = Zv ok, . (22.260)

This leads to a superposition of four contributions as mentioned after (22.191),

My—y g = M 81080. (22.261)
Then also,
I, uki(Zi, zj) = S1odu 1.00(Zi» zj) (22.262)

and we can leave the indices k and /in G and I aside and obtain

qkl(ZhZ]) = 5k0510WqF (ZuZ;)H (zir ) + 5k1U G(q1,2)G® (42, 7))
ql @

xG(g> + 4. 206 (q1 — 4. 5) 421 7). (22.263)

Summary We can describe the diffusive models in three symmetry classes as in
the preceding chapter on random matrix theory. The occurrence of these classes
depends on the symmetry of the system, as has been summarized in Table 21.1. We
will see in the following chapter that there are more symmetry classes, if certain
energies are singled out.

We have considered only pure cases. If, for example, a small term breaking time-
reversal invariance is added to a time-reversal invariant Hamiltonian then it will
be governed by the unitary case at a frequency of the order of the inverse mean
scattering time caused by the perturbation and below.

Problems

22.1 Denote Dy y(E+, EF) := Wyu —Iﬁlq,kl(E:t in, EFin) with real E and positive
n and D, (E+, E—) = ey + ou, where e and o are even and odd functions in g.
Determine by means of the symmetry relations (22.211), (22.226) D, u(E—, E+)
and the relations between ¢y and ey, and oy and oy. Are ey and oy real or
imaginary?

22.2 Replace in in the previous problem by %a) +in. Derive Egs. (22.245)—(22.248).
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Chapter 23
More on the Non-linear o -Model

Abstract In the first section of this chapter we go beyond the harmonic approxi-
mation of the nonlinear sigma-model. This allows the description of the behaviour
close to the mobility edge, in particular the scaling theory of the conductivity,
and the multifractality of the wave-functions. Besides the three classes, called
Wigner-Dyson classes, there are seven more classes, known as chiral classes and
Bogolubov-de Gennes classes. They are listed in the second section together with
their relation to topological insulators and superconductors. The physics of two-
dimensional disordered systems is particularly rich. Some aspects are mentioned in
the third section. Finally we mention superbosonization, which in certain cases can
replace the Hubbard-Stratonovich transformation. It has been particularly useful for
the n-orbital model.

23.1 Beyond the Saddle-Point Solution

Until now we have only considered the saddle point. Within this approximation we
obtain diffusion within the whole band. The situation changes drastically, when we
take fluctuations into account. Diffusion is still possible in d = 3 dimensions,
whereas in d = 1 dimension there is no longer diffusion. The eigenstates are
localized. d = 2 is a borderline dimension, where weak localisation appears.

In the preceding chapter, we have derived the nonlinear o-models for the three
Dyson classes. The action of the non-linear o-models can be written as

o - -
70 =~ / drst[5(VO(r)? +i0AQ(M], & = /D (23.1)
with
ensemble « 1/t Eq.
i —1 L7 p0pO
unitary 1 57p™ D™ (22.113)
unitary  +1 37p @D (22.127), (23.2)
orthogonal —1 37p @D (22.155)
symplectic +1 %er(o)D(O) (22.255)
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where p© is the density of states per energy and volume. Depending on o we have
chosen for energies according to (21.44),

o SE s? sbA s? Eq.
+1 —i Fi +1 Fi (21.82) (23.3)

—1 Fi -1 F1 +i (22.254)

It is important to consider the fluctuations. The soft modes due to variations of T
still implemented in the matrix Q have a decisive effect. They already appeared in
the corrections to the pure diffusive behaviour in the last term of (22.154) for the
orthogonal case and in the last terms of (22.258), (22.263) for the symplectic case.
We will consider their consequences here.

The mobility edge behaviour, that is, the transition between extended and local-
ized states, attracted many physicists. The first theoretic explanation was probably
by Anderson [10]. He and S. Edwards introduced the replica trick for disordered
systems [63]. In 1979, Anderson et al. [1] developed renormalization for the
conductance. Basically, at the same time the description of this transition by means
of the nonlinear sigma-model was developed [64, 65, 67, 110, 203, 231, 270] with
some precursors [3, 97,203, 269]. Very useful was Polyakov’s [212] renormalization
of n-vector models in 2 + € dimensions, which could be transferred to the nonlinear
sigma-matrix-models.

23.1.1 Symmetry and Correlations

We start by considering symmetries between non-linear o-models. Formal expan-
sions in ¢ yield symmetry relations for partition functions, Eqs. (23.22) and (23.30),
and for correlations, Eq. (23.37). We write the action in local space

o
S == > 1w str(Q(IO(F)) + Y h(r) str(AQ(M) |
O e (R, m®), O™ et m™), Qe . +n* mR+mh),
(23.4)
and assume J positive semi-definite and A (r) > 0. Since Q*(r) = 1, we express
ORR — (1 — QRAQAR)I2 oA — _ (1 _ QARQRA)1/2, (23.5)
With Qf () = sQ(r)s™', we insert

OfA = R gART (23.6)
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and obtain, in harmonic approximation,
o A -1 ¥ o A
o= =Y st QM (05RO = = Y T s @A (DY),

Jor == + 8”/(]’1(}’) + err”)' (23.7)

r

Convergence requires
ot sk = () (23.8)

This condition is fulfilled for the cases we consider (23.3). This yields the
expectation values with respect to exp(—-%%),

QR (O (7))o = Suabpe(—)"aGY), GO =17 (23.9)

The complete action reads

S =So+ S S =200+ Y ) Y neste(@ Q)

k>1

=3 2 1 (@A QR QM () ()

rr’ ki
+(RAARY) (23.10)
with
2k —3)!!
«/l—le—Z)/kxk, ykz%. (23.11)
- !

Invariant Measure An infinitesimal rotation yields

dO*® = dTARQRR — QAN TAR, (23.12)

By means of similarity transformations, we introduce

QRR _ URQRR UR—l QAA _ UAQAA UA—l
dO* = UAd O™ UR ™', dT™R = pAd TR R, (23.13)



306 23 More on the Non-linear o-Model

Then we obtain

JORR  OAA QMR GTAR - mh—n
JORR — JOAA — ' AR  JTAR — sdet(UA)" " sdet(URy"" "
(23.14)

We choose the similarity transformation so that ORR and QA are diagonal with
eigenvalues AR and A*, resp.,

AR AR
AR = GRoapaTyR, 1= 22 20 =Tlar-ah™. - esis

g aTAR TAR
where
[ [D T** D T4 ()] = [ [ID @** (M]ID Q** ("1 (r) (23.16)

is the invariant measure. The square appears since the transformation of d QR* with
d TRA yields the same factor and TR and TR are linearly independent. We rewrite

Inl = ZURO'A In(AR — AA) = Z( )i Ff 7(In2 + In(1 — $(AR + Aﬁ)))

= dRd*In2 - Z( )Y LR + ad)y

n>l
= Rd In2 — (R + ™) Z “Li— Y k=Dt 7 (23.17)
k'l' kLol s .
n>l k>1,1>1
AR i=1-A%, A i=—1+ 4%
d® =R — R = se(I®®), 4% = nh —m® = su(1PP) (23.18)

with
L= ) ()" (3AD = Z(—)“ﬁ%(l —Af = () str(@ - v/I— QRAQARY)

=Y ()7 A = Z( YA GE - D). (23.19)
J

Elimination In order to integrate over [D Q%4] and [D Q“%], one expands exp(—.%")
multiplied by the Haar measure in a polynomial of supertraces and evaluates them
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with respect to exp(—9),

(A) = /[D Q]e—f”A//[D Ole™ = (e ]_[Iz(r)A)o/(e_y/ ]_[12(7))0-
’ T (23.20)

The last denominator equals Z/Z. In order to eliminate QR*(r) we have to contract
it with any Q*R(#’). Both factors may be in the same supertrace or in two different
ones. One obtains

(str(QRA(NAQR(¥)B))o = aG(r, ') strA strB,
(str(QRA(1)A) str(Q*R(¥)B))o = aG O (r, ¥) str(AB). (23.21)
Now it is essential that the average over such a pair QR (r), QR (), adds one
factor of @ and changes the number of supertraces by one. All supertraces of .7
carry one factor of «, the supertraces of /(r) appear always pairwise including the

supertraces str(1) expressed by @R and d*. Thus, after integration over all degrees
of freedom we find that the partition function obeys, in a formal expansion in ¢,

Z Z
2V dR ar) = 2L (=1, —dR, —a™). (23.22)
Zyo Zyo

Expectation values can be obtained from

([ strcal” @rtoir), (23.23)

l

where #,”" stand for R and A. They evaluate to linear combinations of products
[Te ste(TT; Aixj)), where each A; appears once in the product and pi,) = pjyj—1)-
This expression reflects the invariance of the action and the correlations under
similarity transformations of the Q.

Orthogonal and Symplectic Ensembles In these ensembles 7AR and TR* are
linearly dependent (22.157), (22.159)

dT*R = _C71d TT"*C (23.24)

and thus, the Haar measure contains only one factor /(r) and not two. The
expectation values read

(NN (7))o = Baabpe(—) 0 G GO = 14T (23.25)
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and the contractions between QR* and QR are the same as in (23.21). We have
moreover due to

RA

co*ct="0", (23.26)
the expectation values
(ORA(NQRA())0 = CucCha(—) "7 a GO (r, ') (23.27)
This yields the contractions

(str(Q**(NAQRA(r')B))o = (str(Q**(1)A) str(QR*(r')B))o
= aGO(r, /) str(AC™! TBC)
= aGO®r, /) str(BCT! TAC). (23.28)

Again expectation values can be obtained from (23.23), but now also factors
C~ ! TAC, instead of A, appear in the products mentioned after (23.23).

Symmetry Relations The low-temperature expansion of Z/Z; and of expectation
values are Taylor expansions in powers of ¢. The partition function and correlations
appear as functions of «f, but not of « or ¢ separately. Thus, we obtain, formally,
symmetry relations between the partition functions of non-compact and compact
systems

VA Z
— (== (-1, (23.29)
Zy n—c Zy comp

and similarly for expectation values for functions of 0~ . Since the orthogonal and
symplectic ensemble are related by parity transposition (Sect. 10.5) and exchange
of non-compact with compact, one obtains
Z Z
2 (t,dy.dp) = —(—t, —dr. ~da) (23.30)
SpO Zoo
and similarly for expectation values.
Before the introduction of supersymmetry, only the bosonic or the fermionic
sector were considered in the replica limit d® = d* = 0.
The matrices Q of these models did not have Grassmann variables and one used

ORA = QART , unitary
ORA = QARi, Q=0 orthogonal (23.31)

ORA = QARi, COC™!' = 0 symplectic

ORR = (IR — GORAQAR)I/2. OAA — (1A — GOPRQRA)1/2 (23.32)
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with @ = 1 for the compact and @ = —1 for the non-compact manifold. The action
read
o | S~ ~
S = Z 3o 0 (Q(NQ(r)) + Zh(r) r(A0(n) |- (23.33)

Cycles We compare the expectation values of products of traces and supertraces of
cycles

B = Qrr . QPP QPR (23.34)
and similarly for B expressed by factors Q. Moreover,
ORA QAR — GORADAR (23.35)
Thus,
tr (B) = (—)"&@" str(B), (23.36)

where ny is the number of pairs QRAQAR in B. Then we obtain the relations

([T e ®)on-ct.n) = () ="¢([ | se(B))osp(—t. ),
([T tr B®)speomp(t;n) = (=)"*([ | str(B))osp(t, —n),
([T = B®)ocomp(t.n) = ([ ] str(B))osp(—t.7).
([T o ®)spaelt.n) = () ([T suB)osp(t.—n).  (23.37)

where np is the number of cycles B. n is shorthand for nR, n*. The arguments
indicate on the Lh.s. the number of components, on the r.h.s. the differences dR, ar.
Thus, the supersymmetric correlations can be obtained from the results of the replica
symmetry. The groups O and Sp may be replaced by the unitary group U.

One has to be aware that these results are only good for small #, where the
averages (23.9), (23.25) are so small that the restriction |Q®*| < 1, in the compact
sector, is negligible.

23.1.2 Scaling Theory of Conductivity

Due to the propagator GO (g) o< 1/4?, the perturbation expansion of Z in powers of
t will diverge for Jw = 0 in d < 2 dimensions. It will diverge in d > 2 dimensions,
if there is no upper cut-off in wave-vector space which, however, is provided for
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finite lattice spacing a. Thus, one introduces either an ultraviolet cut-off A or an
infrared cut-off A by replacing 1/¢* by 1/(¢> + A?). Efetov et al. [67], see also
[65, 66], followed the renormalization group procedure by Polyakov [212] for the
nonlinear vector models and eliminated the fast varying components of Q down to
the wave-vector A. Then the action keeps its form, but # becomes a function of A.
This function obeys the renormalization group equation

T _ja. 1= il =d-2 (23.38)
dmr P T oagarae)y T '

with

3 €l =P —32L(3)P + ZL(4)i® + O(f) orthogonal ensemble
B = | i — 1P — 3P + 0() unitary ensemble
€+ —30(3)F — ZL(4)1° + O(f) symplectic ensemble( 2239)

and the Riemann ¢-function, ¢ (3) = 1.202, £(4) = 7*/90 = 1.0823 [31, 109]. The
B-function of the non-linear o-model describes the change of 7 under variation of
the length-scale. Due to (23.22) and (23.30), one has the symmetry relations

Bu(=D) = —Pu(®. Bsp(=D) = —Po(D. (23.40)
The conductivity o is related to ¢ and 7 by (22.94)
o =éepD = (2e¥) (1)t o TIAC, (23.41)

The conductance g (inverse resistance) of a cylindric body of length L and cross-
section L4~ is

g=0L xxoA™€ o1, (23.42)

Thus, the ,é -function for 7 may be rewritten as the B-function for the conductance g,

dlng d In? _
Al dinx — B(g(L)) (23.43)
with
P =100 = iﬁ(%) (23.44)

€~ %§(3)(%)4 + g§(4)(%)5 + O(g™°) orthogonal ensemble
=Je— %(%)2 - %(%)4 +0(g™% unitary ensemble

€+ % - %§(3)(%)4 — §§(4)(%)5 + O(g™®) symplectic ensemble

where all proportionality factors are incorporated in gg, where g = go/7.
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Fig. 23.1 Schematic plot of
the function fS(g), for
dimensions d = 1, 2, 3, for
the symplectic (upper blue
dashed dotted line), unitary
(middle red full line) and
orthogonal case (lower black
dashed line)

A renormalization for the conductance of the form (23.44) was predicted by
Anderson et al.[1]. They gave the first correction to € for the orthogonal case. (g)
is schematically plotted in Fig. 23.1.

If, on a microscopic scale, B(g) is positive, then g increases and finally S
approaches € with the behavior g o« L¢ = L2, typical for metals. If, however,
B is negative, then g decreases rapidly and the system insulates on a large scale. At
the critical value g*, where 8 vanishes, 8(g*) = 0, the system is at the mobility
edge. Its conductance does not depend on the size L of the system. The critical
values 7* and g* can be expanded in powers of ¢,

o _ 80 _ { €— %§(3)€4 + 0(€) orthogonal ensemble (23.45)

gt | o)V - %(26)3/2 + O(¢%/?) unitary ensemble ’

One obtains in the symplectic case already in two dimensions a 7* of order one.
The localization exponent is obtained as

~ 1/€ — 22(3)€? + O(€?) orthogonal ensemble
= —1 ! t* = 4 23.46
Y /B@) { 1/(2¢) — % + O(¢) unitary ensemble ( )
and thus, diverges as d approaches 2, whereas the exponent, s = e€v, for the
conductivity approaches finite values,
Eoc (8" — gmie) s 0 (Emier — &7’ (23.47)

Zmicr 18 the conductance on a microscopic scale.

One Dimensional Wires The S-function is negative for all values of g. Thus,
the conductance of wires of a length large in comparison to their perpendicular
extensions tends to zero. These considerations hold, however, only as long as
inelastic scattering is negligible, which for long wires will become important.

Two-Dimensional Films In such films, 8 approaches 0 as g tends to infinity. If
g > go, then B is small and the integration of (23.43) may be performed with the
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leading term in (23.44) only. Starting with gpicr, at a microscopic scale Lycr, one
obtains, as long as g, gmicr > &o,

= gL:)“ + In Ly — In L orthogonal ensemble

= % + In Lyier — In L unitary ensemble (23.48)

B |OQ gQNPQNOOQ |OQ

0
= % + In L — In Lyr Symplectic ensemble

Obviously the conductance decays slowly in the orthogonal and the unitary case.
This regime is called the region of weak localization. However, the conductance
increases in the symplectic case, which is called weak anti-localization. It appears
when spin-orbit interactions become important. The effect of anti-localization in
two dimensions was predicted by Hikami et al. [110]. Symmetries between the
orthogonal and the symplectic ensemble and for the unitary ensemble in the replica
limit were derived by Jiingling and Oppermann [126, 127]. However, in addition,
one has to consider the effect of interactions and magnetic fields, which are
responsible for dephasing. I refer the interested reader to the work by Bergmann
[26-28].

The electron-electron interaction can be included in the disorder driven metal-
insulator transition by means of replicas. Again a Hubbard-Stratonovich transfor-
mation can be performed and one obtains a nonlinear sigma-model with matrices
Q depending, among other variables, on the Matsubara frequencies. See the work
by Finkel’stein [8§1-83] and the reviews by Belitz and Kirkpatrick [22] and by
Finkel’stein [84] for further details.

Three-Dimensional Samples Metal-insulator transitions are possible in all three-
dimensional ensembles. Although one obtains an important insight from the 2 +
€-expansion, the exponents v one can calculate from these expansions are not good
estimates. It may be that the 2 4 e-expansion is an asymptotic one and, in several
cases, an appropriate resummation has been tried [109]. On the basis of finite size
scaling (See reviews by Kramer and Mac Kinnon [151], Kramer et al. [152]), the
exponents in Table 23.1 were obtained. This table includes the exponent for the
2-dimensional metal-insulator transition in the symplectic ensemble.

Crossover Between Various Classes We have mainly considered special cases of
ensembles. In reality, it may easily happen that some perturbations are admixed
to these pure cases, which break their symmetry. The ensemble with the highest
symmetry is the orthogonal one. Spin-orbit interactions shift it to the symplectic one,

Table 23.1 ~Localiz.ati0¥1 Class
exponent v from finite size
scaling

d v Ref.
Orthogonal |3 |1.57 £ 0.02 [243]
Unitary 3 11.4340.04 [242]

3 1.375+0.016 |[12]

2 12.73+£0.02 [11]

Symplectic
Symplectic
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magnetic impurities and magnetic fields to the unitary ensemble. These admixtures
are governed by crossover exponents. Such exponents have been determined in 2 +
e-expansion by Khmelnitskii and Larkin [142], Oppermann [202], Wegner [275],
and Pluhar et al.[211].

23.1.3 Density Fluctuations and Multifractality

The amplitudes ¥ (r) of the wave-functions are typically of order one in the localized
regime and restricted to some small part of the system. In the metallic regime, they
are of order N~'/2. The fluctuations in the densities | (r)|?> become stronger as the
mobility edge is approached.

Inverse Participation Ratio We consider

PU(E) =) [yi(r)[*S(E — e))/ p(E) (23.49)

and

U/p(E) = Iim [ [yi()1?8,(E = e}/ o (E) (23.50)

with the smeared §-function

0 1 1 1
5 () = (L _ 23.51
(%) (x> +n?)  2ni (x —in x4+ in) ( )

Here ;(r) is the amplitude of the eigenfunction with energy e; at site r. Py, and in
particular P,, are called inverse participation ratios, and py and p, the participation
ratios. They are so called since they can be realized, if 1/P, and Np, sites contribute
to—that is participate in—the wave-function with ||*> = P, and |y |> = 1/(Np»),
resp., and all other amplitudes vanish.

They can be obtained from

1\f 1 1 k
Av(n, E) = (—) ((r| - |r)) (23.52)
K 27 E—in—H E+in—H ')’

which yields

P (E)/pi(E) = lim 4, (n. E) (23.53)
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and
PUE)P(E) = ;" lim (™ Ax(. E)). (23.54)
[T 2k —=3)!!
R I

Ay is evaluated as the expectation value of (ORR — Q*)%. Under a step of the

renormalization group, which changes the length scale by a factor b, the operator
Ay, distance r — ¥/, distance from criticality E — E,, and the frequencies  and w are
multiplied by factors b=% p~1 pl/v and b4, resp. Thus, if the size L of the system
is large in comparison to the localization length £, then

P(E) ~§ % ~ [E—E|*, pu(E)~E™ ~ |E.—E|™ (23.55)
with
T =dk—1) + A (23.56)
Ay vanishes fork = 0and k = 1,
9n=—d, Ap=0, 71=0 A =0. (23.57)
If the localization length exceeds the size of the system L, then
PUE) ~L7™,  pu(E;) = L. (23.58)
Density Correlations The density correlations can be obtained from operators
O(r) = L¥ |y (N ~ (O — Q)" (23.59)
As mentioned above, under a change of length scale by a factor b, one obtains
OdNOC (), = b2 O D)0 D)y (23.60)
If we choose b = |r — r/|/rg, where ry is the inverse of the ultraviolet cut-off, then

the two operators are only a distance ry apart and one may use the operator product
expansion

O Op = i Ortr . (23.61)

By this replacement, one obtains

|}’ _ r/| _Ak_Ak’+Ak+k/
(23.62)

LW PP ~ 1w (V2

o
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Correlation of two different eigenfunctions close in energy show the same scaling
[46, 268]

/ _ Ay
i OV O - (2 (23.63)
PYED G007 ) L,

withw = E; — Ej;, L, ~ (pw)™"4, and |r — /| < L.
Values and Symmetries for A Within the 2 + e-expansion A; has been obtained

[271, 276]

N k(1= ke + L%k — 1) (K — k + 1)e* 4 O(€%) orthogonal ens.

T k(1= k) (e/2)? — %kz(k —1)%€> + O(€’/?) unitary ens.

(23.64)
One observes that, up to the given order, Ay is a function of k(1 — k), thus,
Ap = A (23.65)
Mirlin et al. [187] have shown that (23.65) holds, since they derived
Po(p) = (B)Pp(p71). (23.66)

for the probability of 5 = |v|?/(|y|?) for the conventional ensembles. More general
symmetry relations were shown by Gruzberg et al. [102, 103]. For sufficiently
negative exponents k, one has to average ¥ over a small region. For further
restrictions see the cited papers and the review by Evers and Mirlin [72].

Singularity Spectrum 7, defines the increase of the moments of |2| at the mobil-
ity edge. Its Legendre transform, f(«), yields the (envelope of the) eigenfunction
density p(|¥|?). From

1
p(v?) ~ WL_Hf(a), (23.67)

one obtains, in the limit of large L,
Py ~ / doL @ (23.68)

with @ = —1In |/?|/InL. « and k are related by the Legendre transform

o+ fla) =ka, k=f(0), a=1. (23.69)
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The symmetry relation (23.65) yields
fld—a)=fd+ o) —a. (23.70)

The Localized Regime Most explicit calculations have been performed in the
regime of extended states, since they are directly obtained in the harmonic approx-
imation of the nonlinear sigma-model. Apart from the considerations above, which
directly relate exponents in the region of extended states with those at the mobility
edge and in the region of localized states, the investigations by McKane and Stone
[181] and by Zirnbauer [300] should be mentioned.

The supersymmetric sigma model approach was used to study various distribu-
tion functions characterizing wave function and energy level statistics in disordered
systems. Reviews are given by Mirlin [184, 185].

23.2 Ten Symmetry Classes

Until now we have considered the three ensembles introduced by Dyson, which are
called Wigner-Dyson classes. However, there are seven more ensembles. They differ
from the Wigner-Dyson ensembles only at special energies. They were classified in
a systematic way by Altland and Zirnbauer. These authors showed that all compact
symmetric spaces correspond to a class of nonlinear sigma-models. These classes
are classified according to their behaviour under time-reversal invariance, particle-
hole symmetry, and sublattice symmetry. Depending on their topological properties
they may be topological insulators and superconductors.

The ten classes were classified by Altland and Zirnbauer [8, 303]

The seven classes, besides the Wigner-Dyson classes, are known as chiral classes
and Bogolubov-de Gennes classes.

An overview on the classes is also given in Sects. IV and VI of the review by
Evers and Mirlin [72], in the article [304] by Zirnbauer, and in the paper by Chiu
et al.[49].

23.2.1 Wigner-Dyson Classes

We start with the Wigner-Dyson classes. A system described by the Hamiltonian
H = c'He, (23.71)

without any constraint (apart from the hermiticity of H), is in the unitary symmetry
class. If time-reversal invariance is imposed, then

H=ecHe! (23.72)
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is fulfilled, compare (22.162). If, moreover, one imposes SU(2) spin-rotation
symmetry, then

H="H (23.73)

holds.

23.2.2 Chiral Classes

The Hamiltonian of the chiral classes have the form

H=%<CI cg)(}g’;) (zb) (23.74)

N———
H

ca and ¢y, stand for annihilation operators of electrons on sites a of one sublattice
and sites b of the other sublattice. Thus, electrons can hop from one sublattice
to the other on a bipartite lattice, but not within the same sublattice. (Compare
Sect. 18.2.1). The Hamiltonian is characterized by

H=—-tHt, 1,= ((1) 01) . (23.75)

Eigenenergies occur always in pairs, £ and —E. If & is not a square matrix, but
h € . (N1, N,), then there are, at least, |N; — N,| vanishing eigenenergies.

As for the Wigner-Dyson classes the system may possess time-reversal and/or
spin-rotation invariance with the conditions (23.72) and (23.73), resp. Correspond-
ingly one obtains three chiral classes.

If time-reversal invariance is imposed, then (23.75), (23.72) yield

H=—-(r.®)Hr.®6)™", (®e)>=-1. (23.76)

Dyson [59] found, for the one-dimensional orthogonal case, a divergence of the
density of states, Theodorou and Cohen [252] and Eggarter and Riedinger [69] a
divergence of the averaged localization length,

P(E) §(E) ~ |in|E]|. (23.77)

1
T EMED

The formulation in terms of a nonlinear o-model was given by Gade and Wegner
[93, 94] in the replica formulation. The model is mapped on a model of unitary
matrices Q € U(n) if time-reversal invariance is broken. There appears a second
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term (str(QTVQ)?), called the Gade term, besides the conventional term str((VQ)?)
[94]. Also, in two dimensions, the density of states and the localization length
diverge at E = 0. This and related models have been investigated by Altland and
Simons [6], Fukui [89], Fabrizio and Castellani [73], and Guruswami et al.[106].

23.2.3 Bogolubov-de Gennes Classes

The Bogolubov-de Gennes classes take the creation and annihilation of electron
pairs into account. The Hamiltonian may be written as

HZ%(cTc)(_Z* _A%) (;) (23.78)

———
A

Hermiticity requires # = h' and Fermi statistics A = —'A. They can be combined in

H=-tHr., t1.= ((1) (1)) : (23.79)

Thus, the spectrum is particle-hole symmetric. With each eigenstate, |®), with
energy E exists 7,|®@) with eigenenergy —E.

Time-Reversal Invariance If the system is time-reversal invariant, then it obeys
the additional condition (23.72). Combination with (23.79) yields
H=—(t.)Hn®¢) ™", (1.€)> =—1. (23.80)

Thus, the Hamiltonian is sublattice-symmetric in an appropriate basis.

Rotational Invariance Invariance under rotation around the z-axis in spin space
allows the Hamiltonian to be written as

b ct
Hz(cT c )(a )( +ltr(@d—a). a'=a, dT=d. (2381
)\t —w J\ 2 ’
———— v

H

This Hamiltonian is, without further restriction, a member of the unitary class. If
one requires invariance under SU(2), then @’ = a and b = 'b. This can be written as

t,'Hr, = —H. (23.82)

The system belongs to class C.
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Rotational Invariance and Time-Reversal Invariance Both conditions yield
a* = aand b* = b in (23.81) which, besides (23.82), yields

H=H. (23.83)
Combination of these two symmetries yields
H = —t,Hr, (23.84)

and thus a sublattice-symmetry.

23.2.4 Summary

The ten symmetry classes for the one-particle Hamiltonians, H, are listed in
Table 23.2. The symmetries, TRS (time-reversal) and PHS (particle-hole), are
determined by the symmetry relations

H=sCHC™', cc=1, ‘c=1tC. (23.85)

Time Reversal Invariance (TRS) Hamiltonians with time reversal invariance
obey such a relation with s = +1 and ¢ = +1 for the orthogonal case and t = —1
for the symplectic one [Eqgs. (23.73) and (23.72)]. The column TRS gives ¢. If time-
reversal invariance is violated, then we assign TRS = 0.

Particle Hole Symmetry (PHS) Particle-hole symmetry is obtained for s = —1
in (23.85). Then

H|g) = E|¢) > HC'|¢p) = —EC'|$). (23.86)

Table 23.2 The ten symmetry classes and their symmetries

Hamiltonian class TRS PHS SLS
Wigner-Dyson A (unitary) 0 0 0
Al (orthogonal) +1 0 0
AII (symplectic) -1 0 0
Chiral AIII (chiral unitary) 0 0 1
BDI (chiral orthogonal) +1 +1 1
CII (chiral symplectic) —1 —1 1
Bogolubov-de Gennes D 0 +1 0
C 0 -1 0
DIII -1 +1 1
CI +1 —1 1

As explained in the text, TRS= =1 indicates time-reversal symmetry, PHS==1 indicates particle-
hole symmetry and SLS= 1 indicates sublattice symmetry
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Thus, to each eigenstate with energy E there is one with energy —E. We indicate
t = £1 for s = —1 in the column PHS. If the symmetry is missing, then O is
indicated.

Sublattice Symmetry (SLS) If the system is both time-reversal invariant and
particle-hole symmetric, then application of the two relations (23.85) denoted by
C and C’ yields the relation

H = —(CCHH(CC), (23.87)

which implies a sublattice symmetry, that is, H may be written in off-diagonal block
form as in (23.74). These sublattice cases are indicated by 1 in SLS, otherwise 0 is
given.
The ten classes differ by the values for TRS and PHS. Only A and AIII have the
same fs. These two differ, however, since AIII obeys the sublattice symmetry SLS.
The Cartan symbols refer to the Hamilton class. For more details on the
symmetric spaces see [8, 72, 232, 303].

23.2.5 Topological Insulators and Superconductors

A recent discovery is the physics of topological insulators and superconductors. It
was already known for the quantum Hall effect, but now it turns out to be a more
general phenomenon. Topological insulators are bulk insulators with delocalized,
i.e. topologically protected, states on their surface. Protected means that small
perturbations will not destroy the topological property.

The well known example is the quantized Hall conductivity, oyy. It arises from
topologically protected edge currents. It can be interpreted as an integer Chern
number [254]. We will not go through the complete classification of these systems,
but refer the reader to the papers by Schnyder et al.[232, 233], by Kitaev [145], by
Stone et al. [248], and by Chiu et al. [49].

The ten symmetry classes are divided in two groups: The two complex classes
A and AIII and, the other eight real classes. These classes can be arranged in the
Bott clock [35], Fig.23.2. The classes are arranged according to the symmetries
TRS and PHS. The two complex classes are located in the center. All classes are
labelled by a number p: p = 0, 1 for the complex classes and p = 0, .., 7 for the real
classes. The classes indicated in Fig. 23.2 are the Hamiltonian classes H,. One also
uses the symmetry classes R, = H,1 of the classifying space introduced by Kitaev
[145] and the symmetry class S, = R4, of the compact sector of the sigma-model
manifold. Here the cyclic definition, modulo 2 for the complex and modulo 8§ for
the real classes, is assumed.
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Fig. 23.2 The Bott clock. TRS
The ten symmetry classes of
single-particle Hamiltonians Cl Al BDI
. 7 0 1
are arranged according to the
symmetries TRS and PHS
C |6 A AIH 2|D PHS
0’1
5 4 3
CII All DIII

The homotopy groups 7, of the symmetry classes are essential for the classifica-
tion of the topological insulators. The homotopy groups obey

a(Ry) = mo(Rp+a). (23.88)

Topological insulators of type Z and Z, occur for

Z p=d,d+ 4 mod8 real classes
wo(Ry—q) = Y Zo p =d + 1,d + 2 mod 8 real classes . (23.89)
Z p=d mod2 complex classes

The topological insulators of type Z are characterized by an integer (Chern number),
which counts the edge states. The famous example is the integer quantum Hall
effect.

Topological insulators of type Z, occur in systems with strong spin-orbit
coupling and time-reversal invariance, where an odd number of Kramers pairs
guarantees metallic behavior.

23.3 More in Two Dimensions

Two dimensional systems (surfaces and interlayers) yield a large number of different
phenomena. We mention some of them.

23.3.1 Integer Quantum Hall Effect

The description of the integer quantum Hall effect includes a topological term
proportional to oy, in class A,

S =g / d%rstr(—on(VQ)* + 20,,0V.0V,0). (23.90)
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0w, Oy = 0/(27) are the conductivities in units of e?/h. There are stable fixed
points at integer oy, and o, = 0. The quantum Hall transitions are described by
the fixed points at half-integer o,, and some finite value of o,,. It is stable under
variation of oy,, and unstable under variation of o,,. The exponent v is estimated
to be 2.35 £ 0.03 [114-116]. This model was first derived by Pruisken et al. in the
replica formalism [166, 215, 217]. The supersymmetric generalization was given by
Weidenmiiller [278]. The flow diagram was proposed by Khmelnitskii [141] and
Pruisken [216, 217]. See also [218].

23.3.2 Spin Quantum Hall Effect

The spin quantum Hall effect generates a spin current perpendicular to the gradient
of the Zeeman field

JB
=—oP—. 23.91
T 5 3y ( )
It appears in superconductors with broken time-reversal invariance but preserved
spin-rotation invariance (class C). The spin Hall conductivity oy, appears in integer
multiples of #/4m. Here, I refer to the papers [9, 30, 131, 132, 222, 237, 239].

23.3.3 Quantum Spin Hall Effect

In topological insulators of class All, a Z, topological order allows for the quantum
spin Hall effect. Typically there is a bulk gap, but a number, m, of gapless Kramers
pairs at the edge. In the presence of disorder, the surface modes will get localized
for even m. However, for odd m, one pair will be delocalized [131, 132]. A spin
current flows perpendicular to the electric field proportional to it.

23.3.4 Spin Hall Effect

In these systems a spin current flows perpendicular to a charge current if topology
allows. Otherwise the spins will polarize at the edges being opposite at opposite
edges. The effect has been predicted by Dyakonov and Perel [57, 58] and indepen-
dently by Hirsch [111]. It has been observed for example by Wunderlich et al.[291].
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23.3.5 Thermal Quantum Hall Effect

Finally superconductors lacking time-reversal invariance and rotational symmetry
(class D) may show the quantized thermal Hall effect, where thermal conductance
divided by T, /T is quantized in multiples of 7%k3/6h. See e.g. [238].

23.3.6 Wess-Zumino Term

Another term that may affect criticality is the Wess-Zumino term

.k 1
i Sy = i d%r / ds€, str(Q'9,007'9,00710,0). (23.92)
ys 0

It may appear in classes AIIl, CI, and DIII. with Q(r,0) = 1, Q(r, 1) = Q(r). The
integer k is called the level of the Wess-Zumino-Witten-model.

23.3.7 Graphene

Graphene resides on a hexagonal lattice. A tight-binding model with nearest
neighbor hopping yields a spectrum with two Dirac cones in the Brillouin zone.
The three nearest neighbors of site (x},x2), of one sublattice lie at (x; 4+ a, x2), (x] —
%a, X+ %ﬁa), (x1 — 3a,x— %ﬁa). Then the Hamiltonian for waves with wave
vector k has the form (23.74) with h = t(e“1¢ + &/ ++3k)a/2 4 ei(_kl_ﬁk”“/z), t
being the hopping matrix element. The two bands touch each other at 7 = 0, where
the phases of the three exponentials differ by +27/3. Expansion of /4 around such
a point in the Brillouin zone yields |4]| = %t|8k1 =+ i8ky| and thus the Dirac cone
E = +v|8k| with vy = 31.

Dirac Hamiltonians can realize all ten symmetry classes of disordered systems
in the presence of randomness. A detailed classification has been given by Bernard
and LeClair [29]. We refer the reader to the reviews by Mirlin et al.[72, 186]. An
interesting feature is the experimentally found minimal conductivity at the Dirac
point close to e?/h per spin per valley [199, 295]. The superconducting gap in d-
wave superconductors may even vanish at four points of the Brillouin zone [9, 197].

23.4 Superbosonization

Superbosonization allows the evaluation of integrals over functions of super-
vectors, which are invariant under superunitary, and unitary-orthosymplectic



324 23 More on the Non-linear o-Model

transformations by replacing the integrals over the scalar products of the supervec-
tors. Thus, superbosonization replaces the Hubbard-Stratonovich transformation in
certain cases. We do not give a full derivation of superbosonization here, but some
insight in the derivation and the results. It can be usefully applied to the n-orbital
model.

Until now Gaussian integrals have been performed over vectors S €
M (ny,my, 1,0) yielding

/ [DSle ™SS = (sdetd)™!, A e .4 (ni,m), (23.93)

where the bosonic sector of A is positive definite, compare Sect. 13.3. This may
obviously be generalized by introducing n such vectors to S € .# (n;,my,n,0) as
we have used for the n-orbital model,

I(A) = / [D S]e " 6™9) = (sdetd) ™. (23.94)

Since str(STAS) = str(ASST), one may integrate over the scalar products W =
SSt € .# (n1, my) and expect

I(A) = / [D W]J(W)e™ " ™W) = (sdetd) ™, (23.95)

where [D W] is the product of the differentials of all independent matrix elements
of W. If they are complex, then integration over both real and imaginary part has to
be performed. If the number of independent variables of S and W were equal, then
J(W) would be the Berezinian between W and S, S, but this is generally not the
case.

This step, from S to W is called superbosonization. Bosonization means usually,
that one introduces a new entity for the product of two fermionic operators. This
new entity has commutator relations close to bosons. The elements of W are
bilinear in commuting and/or anticommuting components of S. Therefore the notion
superbosonization is introduced.

Now J(W) has to be determined. This was done rigorously by Littelmann,
Sommers, and Zirnbauer [168]. Here some ideas are presented how to obtain J(W)
without being rigorous. In a first naive step, the substitution

W=VWV', Ve.n,m) (23.96)

is performed. It yields

1(A) = / [D W’]%J(VW’VT)E:_ AWV — (sdetA) ™" (23.97)
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Using (10.2),

3;‘; = (sdet(Viv)m—m, (23.98)

and comparing (23.97) with

I(VTAV) = / [DWJ(W)e™ S5V AW) — (sdetVTAV)™ = I(A)(sdet(VVT))"

(23.99)
we find that both equations agree, provided
J(VW'VT) _
=~ = (sdet(VV))rmutm, 23.100
T = (e (23.100)
Thus,
J(W) = (sdetw)"—+m (23.101)

fulfills, apart from a constant factor .4, ,, m,, Eq.(23.95) for all W and A. From
Eq. (23.98), we see that

du(w) = D W] (23.102)

~ (sdetW)m—m

is invariant under the transformation (23.96). Thus, d (W) is the invariant measure,
or Haar measure, and

IA) =¥ / d (W) (sdetW)"e™ SrAW) (23.103)

We have naively written down Eq.(23.97) without indicating the range over
which W has to be integrated. The bosonic sector a of W is positive definite [as
usual we use the representation (10.2)]. Thus, integration is performed over the
positive definite hermitian matrices, a. This applies for n > n;. For n < n;, the
matrix W has n; — n zero eigenvalues. Then the present formulation does not work
(see Problem 23.1). A way out has been given in [43].

Next, consider the fermionic sector b of W. Its matrix elements are bilinear in
Grassmannians. A priori, it is not clear over which matrices, b, one should integrate.
It turns out that integration can be done over the set of unitary matrices b = U.
Consider the case A € .# (0, my),

IA) =N / d u(U)(det U) "4V, (23.104)



326 23 More on the Non-linear o-Model

Then U = VU’ yields
IA) =N / d w(U)(det VU') e " ™AVU) = (det V) "I(AV). (23.105)

From this, one concludes, with V = A™!,
I(A) = (detA)"I(1). (23.106)

This is valid for unitary V and thus, unitary A. Since, however, detA is linear in any
component of A, it is also valid for non-unitary A. Thus, integration of the fermionic
sector b of W runs over the circular unitary ensemble CUE(m;) as introduced in
Sect.21.8.1.

Thus, for a matrix A, which contains only commuting components, we have

1((Ab 0 )) ~ / d u(a) du(b)(det(a)) e SAwW) (23.107)
Herm Unm,

0 Af det(b)
with
_ [Da] _ [Db]
du(a) eta)yn’ wd) = —(det Dy (23.108)

Comparing with (23.103), there are the following additional factors and integrations
over the anticommuting variables

/ DaD f] (soletW)';';lt :;’1 E(:let pyrtm
= / [D aD B](deta)™ (detb)" (det(1 — a'ab™! g))"—m+m,
(23.109)
The substitution
@ =a'oa, a=ad, [Da]=(deta)™[Dda],
B=0b"'8, B=0bB, [DA]= (deth)™[DA]. (23.110)
reduces the integral (23.109) to
/[D al /[D Bl(det(1 — &B))—m+m, (23.111)

which is a constant for given n, nj, and m;. All multiplicative constants have to be
incorporated in the integral.
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One can introduce non-commuting coefficients in A by means of a similarity
transformation. d (W) is invariant under such a transformation. However, it is not
apparent that the support of integration is invariant under such a transformation.
This has been accomplished in [168]. For n > n;, we obtain

— n_,— str(AW) _ ﬂ
I1(A) = JV/d,u(W)(sdet(W)) e , du(w) = (sdetWyn ="
(23.112)
If a function £ (S, ST) = F(W) can be written as a Laplace-integral,
£(S,8h = / [DA]F(A)e™F"4), (23.113)
then
/ [DS]f(S, STy = A4 / d (W) (sdetW)"F(W), (23.114)

which holds for functions decaying faster than any power in S. This equation,
together with Eq. (23.102), is the superbosonization equation for functions invariant
under superunitary transformations.

Orthogonal Case So far we have considered the unitary case. If we choose
superreal vectors S € . (ny,2r,n,0), S = C7'S, (14.5),and A € .# (ny,2r)—
which obeys A = C~!TAC, which implies that CA is supersymmetric CA =
T(CA)o, (12.6)—with positive definite bosonic sector Ay, then

I= / [DSle™2 549 = / D SJe™2 " (5CA9) = (sdeta) ™/

=N / d (W) (sdetw)"/ 22 st4W) (23.115)

[D W]
(SdetW)(nl —2r1+1)/2

du(w) = (23.116)

with W = SS*. Here, we have used Theorem 17.5.

Integration of the bosonic sector a of W runs over the positive definite hermitian
real matrices. Integration of the fermionic sector b runs over the circular symplectic
ensemble CSE(2r), defined in Sect. 21.8.1.

Symplectic Case Finally we consider superreal vectors S € .# (ny,2r,0,2n),
§* = C7!SC, and A € .#(ny,2ry), with the same symmetry properties as for
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the orthogonal case, but with positive-definite fermionic sector As. Then
I = /[Ds]e—%H(SiAS) — /[Ds]e—%u’(cilTSCAS) — (sdetA)”

=N / d (W) (sdetW) ™2 Straw) (23.117)

[D W]

W) = Cqerwym—2nn72°

(23.118)

where Theorem 17.5 has again been used. Integration of the bosonic sector, a,
of W runs over the circular orthogonal ensemble COE(n), defined in Sect.21.8.1.
Integration of the fermionic sector b runs over the positive-definite hermitian
quaternion matrices.

Application The technique of superbosonization was applied in [43, 168] to a
unitary and orthogonal model, where n orbitals are located at each site. Particular
cases were considered earlier [56, 68, 90]. Here we consider only the most simple
application, the model of Sect. 4.4. Starting from (4.15), (4.16) and

Ty T
W= ““):(”“’) 23.119
(ﬂb xfn &n ( )

we obtain the integral

2 1
/dad bdad B 903 exp (—sz strtW — m str(Wz)) sdetV(W)  (23.120)
/dde ( @ )N (b+b2)(1+N)
= a a exp(—sza — —— expis — )\ — —).
WY PBOT 5N e T ab

The extrema of the underbraced functions are at

2.2
lext = by = N (% +4/g— gTZ) . (23.121)

The Green’s function G(z) is s/N times the maximum of a in agreement with (4.15).
We realize that in Sect. 4.4 we have used the superbosonization idea in the bosonic
sector, where it is evident, whereas in the fermionic sector we have used the
Hubbard-Stratonovich transformation. It may appear that the extreme solution is
the maximum for a and the minimum for b. This is not the case, since one integrates
in different directions in the complex plane.
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Problem

23.1 Suppose n; = m;. Show that the integral (23.111) vanishes, if n < n;. Hint:
What is the highest power of &8 in the expansion of the determinant?
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Chapter 24
Summary and Additional Remarks

Abstract In this final chapter, I summarize the contents of this book and add a few
remarks on further subjects and papers. They are related to the subjects considered
in this book, but do not necessarily use Grassmann variables or supersymmetry.

Part I Grassmann Variables and Applications

In the first part, the mathematics of Grassmann variables, that is of anticommuting
variables, was introduced. We started with the algebra and the analysis of Grass-
mann variables. Surprisingly, integration and differentiation of Grassmann variables
is identical. Exterior algebra is briefly considered and used to formulate Maxwell’s
equations.

There are two operations of conjugation. These antilinear operations correspond
to hermitian conjugation and to the operation of time-reversal.

Probably the most important application of Grassmann variables are fermionic
path integrals. We gave a short introduction, but this field is very rich. It is used
nearly everywhere, where quantum mechanics and quantum field theory has to be
applied, unless only bosons are considered.

Other interesting applications are the solution of the two-dimensional dimer
problem and of the two-dimensional Ising model, both without crossing bonds. We
also considered a first application to the random matrix model, which we considered
in more detail in Part III.

Part II Supermathematics

Supermathematics is the combination of commuting and anticommuting variables
on an equal footing. Vectors and matrices, with even and odd components, were
introduced and supervectors and supermatrices were formed.

Two types of transpositions of matrices, two types of adjoint, the definition of
superreal and supersymmetric matrices were also introduced. The two types of
superunitary groups related to the two types of adjoint were discussed.

© Springer-Verlag Berlin Heidelberg 2016 335
F. Wegner, Supermathematics and its Applications in Statistical Physics,
Lecture Notes in Physics 920, DOI 10.1007/978-3-662-49170-6_24



336 24 Summary and Additional Remarks

Integrals over functions invariant under superunitary transformations show inter-
esting cancellation properties. An equal number of even and odd components of
supervectors may be simply set to zero. Similarly the off-diagonal elements of pairs
of columns and rows of supermatrices with different Z,-degrees may be set to zero
and the diagonal elements equal. Then the integral over the remaining components
yields the same result.

Obviously more has to be done in supermathematics. Such a contribution is the
Fourier analysis on hyperbolic supermanifolds by Zirnbauer [301].

Part III Supersymmetry in Statistical Physics

Supersymmetry in particle physics predicts bosons and fermions with equal
masses, called supersymmetric partners. In this theory, two pairs of anticommuting
spacetime components are added to the conventional four spacetime components.
Although supersymmetric partners have not been found at present, the basic
mathematical idea can be built into the theory of stochastic time-dependent
equations, where the symmetry yields the fluctuation-dissipation theorem.

Supersymmetric quantum mechanics consists of pairs of Hamitonians with equal
excitation spectrum. They can be obtained from the Hamiltonians QTQ and QOT,
which, with the exception of eigenstates at zero energy, have identical spectra.

The interaction of some disordered systems can be formulated in a supersym-
metric way, which allows the reduction of d-dimensional disordered systems to
d — 2-dimensional pure systems. The odd components enter, since a Jacobian is
expressed as an integral over Grassmann variables.

The next two chapters were devoted to the random matrix model and the diffusive
model and their representation as nonlinear sigma-models. This allowed us to
consider the level statistics, the diffusion (Diffusons) and Cooperons. Apart from
the behaviour at the Anderson transition, which we considered in the following
Sect.23.1, there are more applications like quantum dots and persistent currents.
The theory is also closely related to that of quantum chaos, compare [193].
Intensively considered systems are the stadium billiard and Rydberg atoms in strong
magnetic fields. We also mention Gutzwillers trace formula for periodic orbits [107].

The electron-electron interaction can be included in the disorder driven metal-
insulator transition by means of replicas. Finkel’stein obtained a nonlinear sigma-
model with matrices Q depending, among other variables, on the Matsubara
frequencies [81-83]. See also the reviews by Belitz and Kirkpatrick [22] and by
Finkel’stein [84].

Aspects not considered here are the use of ratios of characteristic polynomials
(see e.g. [38])

det(A;1 —
Fir(Ar, oo A, i) = (H %)7 (24.1)

i
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which allow the determination of Green’s functions—the average runs over the
matrices f—for example

0 detMl—f) 1
o Ge(ui—p = = (242

and the use of Harish-Chandra-Itzykson-Zuber integrals [108, 124]

I(A,B) = / d gexp(str(Ag™'Bg)), (24.3)

where A and B are matrices and the integral runs over matrices g out of a group.
These integrals serve for the determination of Green’s functions [104], see also
[105].

Random matrix theory is of importance for counting planar graphs [40] and
critical phenomena on lattices with fluctuating geometry [150]. It is also related
to knot theory [299].

There seems to be a surprising relation between the unitary random matrix model
and the Riemann {-function. This function( (z) has zeros at negative even arguments
z. The Riemann conjecture states that all other zeros are located at z = % + iy, with
real y. Apparently the local distribution of the ys follows the distribution of the
unitary random matrix ensemble [136, 192]. But even a bus system, whose schedule
is not well observed or not existent, runs in time-intervals described by the unitary
random matrix ensemble [14, 154, 155].

The use of the nonlinear sigma-model has now arrived in strict mathematics. A
pioneering paper is that by Disertori, Pinson, and Spencer [56]. Shcherbina [240]
shows the universality of spectral correlation functions of the n-orbital model, and
Bao and Erdos [16] show delocalization of certain band matrices by means of the
nonlinear sigma-model.

For a long time the theory of free probability of Voiculescu [263]—see also the
paper by Speicher [245]—and the supersymmetry method ran parallel. Mandt and
Zirnbauer [173] showed, inspired by a paper by Zinn-Justin [298], that they are
related. See also [246].

Many results on random matrix models can be found in the review by Gubhr,
Miiller-Groehlig, and Weidenmiiller [105], in the book by Bleher and Its [32], and
in the handbook [5] edited by Akeman, Baik, and di Francesco.

In Chap.23, we considered the Anderson transition, in particular, the scaling
theory of conductivity and multifractality close to the mobility edge. Further we
considered the ten classes of disordered systems: The three Wigner-Dyson classes,
the three chiral classes, and the four Bogolubov-de Gennes classes. They are related
to the ten symmetric spaces. Their relation to the Bott clock and the topological
insulators and to metal-insulator and superconductor insulator transitions is a field
of large present interest, see the review by Chiu et al.[49]. Chiral models are also of
importance in quantum chromodynamics [259, 260].
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Further, a short account of the physics of two-dimensional disordered systems,
which is particularly rich, is given. The properties of these systems, in particular,
those with graphene structure, are at present heavily investigated.

Finally the concept of superbosonization was considered, which can be well
applied to the n-orbital model.
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Solutions

Problems of Chap. 2

2.1 Result: 2((1126134 — apzay + a14a23)§1§2§3§4.

2.2 Since ord (a?) = ord (x?), one obtains ord (x) = +a. If we expand x = +(a +
alé'l =+ azé‘z =+ a12§1§2), then one finds x2 = a? =+ 2aa1§1 =+ 26161252 =+ 2aa12§'1§2.
Thus one obtains

x=Eat 00). a#O

Apparently there is no solution for a = 0.

2.3 Any x = a1&1 + axky +azbs + a1 + a3€i€s + andrds + aréi£:83, which
obeys ajax; — axaz + aza;p = % is solution.

Quite generally algebraic equations of order n have n solutions, if the ordinary
parts differ. If they coincide, as in this problem and problem (2.2), then the situation
can be quite different.

2.4 Substitution and expansion yields

gz +ali + Bl +c6i162, 81, 8) = go(2) + gy (@i + BEr + ctibr)
+83(2) (—aPii182) + g1(D)y18
+81@BLY15 + 22128 + 82(Da1y28
+812(2)81 8.
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Thus one obtains

fo0(2) = g0(2). fi(@) =gy@Da+ 1@y, f(2) = gy@)B + &2(2)y>,
f12(2) = —g(2) + 1) BY1 — gh(@Days + g2 (2).

2.5 A = ap + nil a yields the Taylor expansion, which terminates

AT = a3 — ag?nila + ay* (nil a)?

=ay' —ay (11 + Eam + axEEaminn) — ag E1E2m1 1.

Problems of Chap.3
3.1 From

F=0)+¢> Pa)bi =f0) + > a; P (bt

one obtains

fi = Z P(a)b; = Z(—)kiﬂlibh fr= Zai«@(bi) - Zai(_)libi.

Since Z(a;b;) = (—)l"+k"aibi, the last Eq. (3.1) is fulfilled.
3.2 With f(£) = fo + £f1 one obtains

(& —mf ) = &fo —nfo—néfi. /dé(é —mf) =fo+nfi =f).

Thus & — 5 is the delta function for Grassmann variables.

33
/ dge = —ja.

In comparison to 3.2 the result is —i times the delta function of «.

3.4 Use

J@O =70+ g =g0) + &
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Then the Lh.s. of (3.6) reads

% (fg) % (f (©)2(0) + ¢/ig(0) +£(0)Cg) = fig(0) + Z(f(0))g-

The r.h.s. reads

(—gf)g + «@(f)—gg =figO) + fif g+ Z(FO)gi+ ZEh) &
> Son

The two terms containing ¢ cancel and both sides of (3.6) agree.

3.5 The expansion yields

2,2

exp( Y &awm) = 1+ Eranm + fann + bann + &ann
ki=1

+E&mé&m(anan — anaz).

Thus - = ajjazy — appdyg.

3.6 Setx =y + iz, x* = y — iz, then

(= (= Ty o e

Thus the integral does not depend on u and v.

3.7 ¥l = w, x0 = g.

Problem of Chap. 4

4.1 Lloyd model:

(1) Starting from (4.12) one obtains for the Green’s function

G(r, r/, Z) = S/ % -;;’J;J, } exp (_ Zs(x;k (ZSr.,J - tr,r/)xr/ + gr(zgr,r’ - tl‘.r,)nl‘/))

r
ry’

‘Rx, Sx,

x ﬂexp(ser(x X+ Emy)) 1"[( d&,dn,). (S1)
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The average over the second exponential yields

del’
/;ﬁéizgwm%uu+sm%=wm—rwu+smy (S2)

Since x*x > 0, the contour of integration has to be shifted down (up) in the
complex plane, if Js = —signJz is negative (positive). Then the pole at € =
sI" yields the integral. If one inserts this result in the first equation, then one
realizes that z has to be replaced by z — sI” and €, by 0. Thus G(r,7,z) =
GOr, v,z —sI).

(i) For a product of Green functions G(r;, r., z;) one has to introduce a product of
integrals (S1). Then the average (S2) reads

del’
[ s e e+ .

If all s; are equal, then the same argument as before applies and
[1.G(ri, 7 z) = T[,GOr, 7}, zi — sT). If the s; differ, then I3, six}x;)
may be positive or negative and one cannot obtain such a simple result.

Problems of Chap. 5

51 —-A = (—1)A, where A and 1 are n X n matrices. Thus det(—A) =
det(—1)detA = (—)"detA. An antisymmetric matrix obeys A = —A. Since
det(‘A) = detA, one obtains detA = (—)" detA. This yields detA = 0 for odd n.

5.2
gj = (J:11J:21) ( 0 6112) (J:11J:12)
J12J2 —ap 0 Ja1 J22
( 0 an(jij2 —jlzjzl))
—an(jij2 —Jji2j21) 0

Thus pf(Yjaj) = ain(jij22 —jizj21) = pf(a) det;.
5.3 One obtains
(81, %)
a(n1.m2)

D = apaxn —anaz, D' = andn + aindn —anpn —anfins.

=D+ D —2B8mn,
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The inverse yields D = D™!' — D'D™2. Since it does not contain an N1, term, the
integral of a constant expressed in 7s vanishes, as it should. Multiplication by {;
yields

Dty =D (@ —aD™'D' + ayni + ann).

Thus also the integral of {; expressed in terms of the 7s vanishes. Similarly for 5.
Multiplication by ¢, ¢, yields

D6 = mina + D7 ay(1 = D7'D') + (ane — any)m + (ane — any)na)

and thus the correct result for the integral.

Problem of Chap. 6

6.1
(Cl*b)* = p*ag** = b*a, (axb)x = a*Xp* = (_)v,,abx — (_)v,,(l—ub)bxa‘

Ifa € o or b € o, then (a*b)* = b*a.

Problems of Chap.7

7.1 (c*|Clc) = (0]e< e et |0). One expands

ot o ; . o*n
ch' __ n c _ n
e —E —n!(b), e —E —n!b.

n n

Only terms with equal number of creation and annihilation operators contribute.
Thus one obtains

*n n 1
(c*ICle) = > (013 Cn—'b”e_"”%(bT)”w) = 3 e e = explec”e ™),

n n

Both sides of (7.9) yield —=.
7.2

{(r*ICl =) = (01 + y*(01/)C(10) — fT10)y)
= (0ICI0) + y*(01/Cl0) — (0ICf"|0)y — y* (0L fCf"[0)y.
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Thus
/d)’*dV(V*|C| —y)e™" = (0[Cl0) + (0] fCf10) = tr (C) = 2a + c.

7.3 Let us define the equal time one-particle Green’s functions

Y [ Gt
Gr)=T / ——708(p, w)e?.
— | @n)

Then the equal time expectation value reads

(b' (r)bT (r)b(r3)b(re)) = G(r1 — 13)G(r2 — r4) + G(r — r4)G(rs — r3)
+ C(ry, r2, 13, 14).

where the cumulant C is given by

T2 . L
% E el(piri+para—qir qm)CB(Pl,Pz,Q1,Q2;w1w2wiw£)-

/N
P1D24192,01 02w W,

Due to translational invariance in space and time ¢, and ) are restricted to g, =
p1+p2—qiand a)é =w; + wy — a)i, and the cumulant C yields

"/// d pld pzd 91 el(P1(n=r)+p2(r2—ra)—=q1(r3—r4))
(27t)3d

xT* Y Co(pipagi.p1 + P2 — q1; 01020], 01 + @ — ).

wlw0|

Cg is of order 1 /Y, but C(ry,...) has a finite limit in the thermodynamic limit
¥ — oo. It is not negligible.

Problems of Chap. 8

8.1

4gp cos® g + 4g2 cos’ p = (u(q) + v(q) exp(2ip))(u(g) + v(g) exp(—2ip))

with

“(‘Z)} 2 2 2
= /8 + 8 cos* g & gncosgq.
v(q) v
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Thus

Ly

_ (m@R Tt OPught
l_[ (4gh cos® g + 4g> cos (L + 1)) ( u(q) + v(q) ) '

n=1

Since n = 0 does not contribute, we obtain the denominator u + v.

8.2 One obtains

N (gh.gv) = (ag, + agy)(agy + bgy)(bgp + agy) (bgr + bgy)
= ab(gp + g2)*(abgy + (a* + b*)gig: + abg,

with
1 3 5
a =4cos’ (% )_4(f+ ) = +2f,
2 5—-1 3—V5
b= 40052(—7[) = 4(\/_ ) = \/_
5 4 2
ab=1 a+b =1,
which yields

A (gn, &) = (g + 807 (g1 + Tgngs + 80)-
8.3 With 4" = g32.#"(g%/g2) one obtains for the checkerboard

N (x) = (1 +x)*(1 + 66x + 1515x + 15196x° + 73953x* + 187506x°
+255327x% 4 187506x” + 73953x + 15196x° + 1515x'0 + 66x'" + x'2).
The polynomial may be further factorized, since one obtains with ¢, =
4cos?(mm/9), c3 = 1, cicocy = 1 and some further relations between the c,,
1+ 1)1 + cx)(1 + c4x) = 1 + 6x + 9x* + 1%,
(c1 +x)(c2 +x)(ca +x) = 1 4+ 9 + 6x% + 1%,
(c1 + cax)(ca + cax)(cy + c1x) = 1 + 30x + 2167 + &5,
(c1 + cax)(ca + c1x)(cy + cox) = 1+ 21x + 3007 + 5.

The total number for g, = g, = 1is A4(1,1) = 12,988,816 = 2* x 9012.

8.4 Denote the number of dimer configurations for a 2 x n lattice by .4;. Then
M = 1and 45 = 2. The configurations for larger n can be obtained by adding
one dimer at the configurations for a 2 x (n — 1) lattice __I] or two dimers at a
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2 x (n—2) lattice C_H. Thus .4, = A,_1 + A#,_,, which is the recursion relation
for Fibonacci numbers with correct initial conditions.

Problems of Chap. 9

9.1 From

0 = pf(A(0,0)pf(A(mr, m)) = (1 —ty —th — tutn)(1 + ty + th — ty1n)
=(1—tytn)’ — (v + 1) = (1 —£2)(1 — 1) — dtyty

one obtains

2ty 2t
— =1

1-21-4¢
Since 2tanh(BI)/(1 — tanh?’(BI)) = sinh(2BI), one obtains sinh(2p1,)
sinh(281,) = 1. Starting with pf(A(0, 7))pf(A(;r,0)) = 0 one has to change
the sign of #, and finally obtains sinh(281,) sinh(261,) = —1.

9.2 With
u(q) l ~ 1
= — k2 4+ 2¢y(1 —cosq) + 4cn £ = Vk2 + 2¢y(1 — cos g),
vig)) 2 2
u(p) 1~ 1
) = VK2 4+ 2ex(1 —cosp) + 4c¢y £ =k + 2¢h(1 — cosp)
(p) 2 2

one obtains

Zsy = :bCl—[ (u(q)Lh — sv(q)Lh)
q

= £C[ [ (@(p)~ = sd(p)™),
p

where g and p run over the allowed values given in (9.36). Thus one obtains

2y 1= ()
+.57 u(q
~ = I = exp(=22*°), (S3)
— vlg)
@ 1+ u(q)
1 (zg(p))L“
Zy + u(p)

o = exp(=2%°). (84)
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(83, S4) yields in leading order

Ly A Ly
150 = Z (U(Q)) .ot = Z (U(P)) .
- \ulg) >

iu(p)

The maximum of v(q)/u(q) lies for positive ¢, at ¢ = g9 = 0, for negative ¢, at
q = qo = . ) is given approximately by the maximum

co A, ( [pf(A(7, go))| — |Pf(A(O, go))| )L“
Ipf(A(, q0))| + [pf(A(0, q0))| )

Similarly the maximum of 0( p)/u( p) lies for positive ¢, at p = po = 0, for negative
cp at p = po = m, which yields

0e A, ( [PEA(po. 7))| — [PE(A(po, 0)] )Lv
IPEA(po, )| + [PEA(po. O] )

9.3 Introduce the notation
R(1) = Lu(Da(1) + B(1), a(l) = —=La(1) + &(1) + &(1),
B(1) = &i(1)Za(1) + Sa(D&(1) + &(DE(1)
R(2) = §a(2)a(2) + B(2), a(2) = §u(2) — &i(2) + &:(2),
B(2) = {u(2)6:(2) + &u(2)81(2) + £:(2)G(2).

(i) Then one obtains for the triangular lattice
/déu(l)d 8a(2) exp(R(1)+R(2)—u(1)8a(2)) = exp(a(1)a(2)+B(1)+B(2)).

Thus each bilinear term of the remaining six s appears in the exponential.
(i1)) One obtains for the honeycomb lattice

/dCu(l)d Ca(2)exp(R(1) + R(2)) = a(Da(2) exp(B(1) + B(2)).

Since (1) and «(2) no longer appear in the exponent, it is not a good idea to
integrate over these variables in a first step.

9.4 Generalization for honeycomb and triangular lattice

G = 115:0(1) + 136:(3) 01 — 12.8u8a(2) — t48u(4)Ca + R
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Integration over the (s of the central site in Fig. 9.6b yields

/ d6,dud £ & exp(G) =
exp(—ttstitk + 1,1+ )&k, ) + tatath, [+ Deatk + 1,1)
+ 1o, Dea(k + 1,1) — itk + 1,1+ Da(k, [+ 1)
+ ntatk+ 1,1+ Dealk + 1,1 + tsit(l, Dealk, L+ 1)) .

Fourier transformation of the exponent yields
Y (16 PE(p, 9)E(—p, —q) + 61 E(p, @Eu(—p, —q)
X
+ 131 PE (P Qbu(—p. —q) — 11267 E (P, @)Ea(—p, —q)
+ n14eE (. @ku(-p. —q) + 3267 (p. Pa(—p. —4))

and
0 -1 - t2t4ei(p_q) 1-— t3t4eip 1—1 t4e_i‘1
A( ) _ 1+ l‘zl‘4ei(q—p) 0 1-— t2t3ei‘1 —141 tze_i”
p.9)= -1+ t3t4e_i1’ -1+ l‘ztg,e_iq 0 14+ 14 l‘3e_ie(p+q)
—14+nuet 1—tne? —1—1t1e0+D 0
Thus

det(A(p.q)) = L + {5 + 155 + (i1 + B + 6 + Bt + 8ttty + 5+ 65+ 5 + 13
—2[nnr(1 = 3)(1 = 1) + t314(1 = )(1 — )] cos p
—2[nt(1 = )’ (1 = B) + tat3(1 = )(1 — 1) cos g
—2n13(1 = B)(1 — £3) cos(p + q)
—2nt4(1 = )(1 = ) cos(p — q)
and
pf(A(0,0)) = 1 —t1tr — 113 — tity — oty — bty — B3ty + 3l
Pf(A0, @) = 1 — t1tr + 1113 + tits + Dot + Lty — t314 + 11121314,

pf(A(0,0)) = 1 + 111, + 1115 — 114 — tats + bty + t3t4 + tiat314,
pf(A(0,0)) = 1+ 11t — itz + 1114 + tats — oty + ta3ts + 1112131,
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9.5

(1) Star-triangle transformation

S 48, + 83 = £3 e3bh 4 e73Bh = /3Pl
S1+ S, 4+ 85 =+1efh 4B = e bl

From (S5) one obtains the relation

el — 1 4 e 2Pl = 4Pl

(i) The dual transformation yields

_ 2
S 1 + e 2Ph
1—e2h )~

351

(85)

(56)

(87

From Egs. (S6, S7) one obtains for the critical temperature on the honeycomb

lattice e2#! = 2 4 /3 and on the triangular lattice e*f!c = /3.
9.6 Duality:
@
efl —e P 1-1%

=t h I = = -
anh(51) el +e Pl 141

yields the relations between the s and 7s
o+t + ity =1, ty+ 0+ tih = 1.

(ii) One obtains

K =—GR, cn=0q%n c =g,
and
Pf(A(0,0)) = =4 pf(A(0,0)), pf(A(0, 7)) = §pf(A(0, 7)),
Pf(A(7,0)) = §pf(A(r,0)), pf(A(r, 7)) = §pf(A(r, 7))
with

2 2

e — = -, Azl.
A+ +m) T 0rm0+m Y

qg=



352 Solutions

(iii)) Consequently
Ziyx =471,

where the minus sign in front of the factor §" applies for Z ., otherwise the
plus sign.

Problem of Chap. 10

10.1 Equations (10.19) and (10.23) yield

a—ab”'B  a a
- 7 P _Za-= -1 b—l = (1 b—l -1
T = L —aabT ) = (1 + b7 pa ),
Y Yy Batey i = —1p —1
b paia b(l b Ba @) b(l + b7 Ba ).
Problems of Chap. 11
11.1
1 a'4a?’b'ap —a'ba
w =11 —1 -2 —1 :
a”'b™'g b7 +b7a Pu
11.2
—1 _ —1
aao _fa ' —a o 10 _ 1 0
01 0 1 ’ Bb b1 bp7 )"
Thus
_ gt 1 0
W 1 _ a a o
( 0 1 —b/_lﬂa_l b/—l
_ 1 0 a™' —alab™!
S\ -p1g 7! 0 1 '
11.3

az a /!
sz( zzﬂaﬂ a22+023a)’ f@=a. fl@)=2a ['@=2
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11.4
W(w)y'=1, WC'W) =1 wWw ' =1.

Since both ("W)~! and T(W~") are the inverse of "W they are equal.

Problems of Chap. 12

12.1 W is supersymmetric, W = ™Wo. Thus (d W) = dWo, (W) =oW™!,
Tw=tdw) = dw) (W) = dWo) (oW ™) =dww L.

12.2 T(TACX) = X"CoA = ™XCA. Thus
/ [DX]exp(—1 XWX + "ACX) = spf(W) exp(3 "ACW~'CA).

12.3 The orthosymplectic transformation obeys (12.25) TUCU = C, thus (1 +
WV)C(1 + V) = C, which for infinitesimal V reads TVC + CV = 0. In components

a+a Be+a —0
—u+ef bet+eb)

’

which yields the relations between the matrices a, «, 8, b.

12.4
(XWX)o = XW' Xo = XWo ™ (6Xo)o = XWX.

12.5 1 and o are not supersymmetric. C and C™! are supersymmetric.

Problems of Chap. 13

13.1 One obtains
(B () oMy = (B((B") () = ,3;(19_1*)@0!;( (S8)
= (axbyg' Bi)* = (ab™' )" )i

where from the first to the second line Eq. (6.2) is used.
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13.2 Substitute X; = y; + izi, X = y; — iz, AY = k; —il;, B; = k; + il;, where k;
and /; are complex. Then

X=AWX=B) = (yi—ki— i — )Wy — ki + iz — 1))
ij

Under the integral y and z can be shifted by k and /, resp., which yields the second
equation in problem 13.2.

Problems of Chap. 14

14.1 Equivalent to (i), (ii), (iii) are
w=W" @), W=C'WC (i), Tw =CwC™" ().

Given (ii) and (iii) one concludes "W = (CWC) = C~'TWC = W, that is (i).
Given (i) and (iii) one concludes W = ™W* = (CWC~')* = CW*C!, that is (ii).
Given (i) and (ii) one concludes CW = C™W* = CTC~'wC) = ™WC =
T(CW)o, that is (iii).

14.2 The supertransposed of (14.4) yields TA* = CAC™". This equation and (14.4)
yield T(BAY) = TA* 1B = CAC~'CB!C~! and thus (14.43).
Similarly (A*B) = TBTA* = CBIC~'CAC~! = CBiAC.

Problem of Chap. 15

15.1 The coefficient can be written d4G4 + dpGp with

AF}, + BF),
GA = —IW + CAF(/)B, GB =u

AF|, + BF}

F/
wA—B T m

with constants ¢4 + cg = —1. Then
/dA/dB(BAGA + d5GBp)
0 0

=_ / dBGA(0,B) — / dAGg(A,0) = (2 + ca 4 c8)Fo(0,0) = F(0,0).
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Problems of Chap. 18

18.1 2Vi(x) = W? £ h8(x — L) + FhS(—x — L). The wave-function decays
exponentially for |x| > L

_ v @exp(—k(x—L)), x= L,

2 2
= = (Wo(£L) + h)” —2E.
YO =\ D expie Ly x <L, < = WEDHD
(i) Integration over an infinitesimal interval around x = =L yields due to the
d-function

Y(L—0) =y (L+0)Fhy(L) = (—« F YL,
Y'(-L+0) = ¢'(-L—0) Fhy(-L) = (« F W)y (-L).

This yields in the limit 7 — oo

Vi (L—0) = (=2h— Wo(L) Y4 (L) = ¥4 (L)=0,y (L —0) = —Wo(L)Y— (L),

YL (=L+0) = (=2h + Wo(=L))Y—(—L) = ¥—(—L) = 0, ¥} (=L + 0) = Wo(—L) Y+ (-L).
(ii) For constant W, one obtains
V4 (x) = sin(k(x—L)), ¥—_(x) =sin(k(x+L)), k= —Wytan(2kL), 2E = Wj+k>.

Remark: Instead of & — 4-00 one could use the different boundary condition & —
—00.

18.2
H=2+ a(c;r — c;)(cl —c), a:=v+v*+ov.

Energies and eigenstates: (2, |0),(C}L + ci)lO)/ﬁ), 21 + a),cfczlo),(cf -
cDI0)/V2).
18.3 One obtains

V= %(wze(x)e(a —Xx) + wsé(x) — wsé(x — a)).
The wave function is continuous at x = 0 and x = a, but shows cusps,

Y/ (+0) = ¢'(=0) = wsyr(0).  ¥'(a+0)—y'(a—0) = —wsy(a).
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In the interval x = [0, a] ¥ (x) reads

V(x) = cre” +ce™, k= ~vw?-2E.
In the limit w — oo we may write k = w. Elimination of ¢; and c; yields

w(l + )y (a) + ¥'(a+0) = e”(w(l + 5)¥(0) + ¥'(-0)),

w(l =)y (a) —¥'(a+0) = e (w(l =)y (0) — ¥'(-0)).
If |s| # 1 then the limit w — oo yields (for a — 0) (18.21), ¥ (a) = ¥(0) = 0.
If s = %1, then one of these equations yields the relation between v (0) and ¥ (a),

the other one the relation between ¥'(—0) and v'(a + 0), which in the limit a — 0
yields (18.22).

Problems of Chap. 20
20.1 Differentiation yields

Asf(?) = @n—ccnf + @Y x + Y 670)f".

Thus cc’ = 4 has to hold. The distribution to ¢ and ¢’ is a matter of definition.

20.2 The derivative of Eq. (20.78) with respect to a and a* at a = a* = 0 yields
—0df /dz = —Z*f, —0df /07* = —zf. These differential equations yield (20.79).

Problems of Chap. 21

21.1 From (21.27) we have z; = 2cos(¢;)/ /g = (e? + e™%%)/ /g. Then with
G(z) = /ge'? and (21.41) one obtains

5202 _ es191

K/zg

esil  e—s191 — es2dy _ g=s262 "

The denominator can be written (e1%1 —es2¢2) (1 —e~*191752¢2) which yields (21.43).

21.2 Complex square matrices A € .#(n,0) whose matrix elements do not
contain nilpotent contributions and which commute with their hermitian adjoint
[AT, A] = 0, can be diagonalized by unitary matrices. The reason is thatA; = AT+A
and A_ = i(A" — A) are hermitian and commute and thus can be diagonalized
simultaneously by unitary matrices. The unitary matrices U are of this type. Their
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eigenvalues are e'?. Then a similar derivation as for hermitian matrices can be
performed. The differences |A; — A;| have to be replaced by

|ei¢i _ ei¢k| — |ei(¢i_¢k)/2 _ ei(¢k_¢i)/2| =72| Sin(%(@ — o))l

There are no exponential prefactors.

Problems of Chap. 22
22.1 Dq,kl(E—,E—i-) = vkvl(ekl =+ Okl), e = vkvlekl, O = —vkvlokl. ey € R,
oy € I

222 ey =) + e (n—ilw).

Problem of Chap. 23

23.1 det(1 — & ,3) is a polynomial in & ,é of order n;. The determinant to the power
n is a polynomial of at most power nn;. Since integration has to be performed over
n% factors &, similarly for 8, the integrals vanish for n% > nny, that is for ny > n.
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