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Preface

This book is based on my graduate-course lectures given at the Graduate School of
Mathematics of the University of Tokyo in October 2008 (at the invitation of
T. Funaki and M. Jimbo), at the Department of Physics of the University of Tokyo
in November 2010 (at the invitation of S. Miyashita), at the Department of
Mathematics of Tokyo Institute of Technology in December 2010 (at the invitation
of K. Uchiyama), at Ecole de Physique des Houches (Les Houches Physics School)
in May 2011 (organized by C. Donati-Martin, S. Péché and G. Schehr), at the
Faculty of Mathematics of Kyushu University in June 2013 (at the invitation of
H. Osada and T. Shirai), and at the Graduate School of Arts and Sciences of the
University of Tokyo in July 2014 (at the invitation of A. Shimizu). First of all
I would like to thank those organizers for giving me such opportunities.

The purpose of my lectures is to introduce recent topics in mathematical physics
and probability theory, especially the topics on the Schramm—-Loewner evolution
(SLE) and interacting particle systems related to random matrix theory. A typical
example of the latter systems is Dyson’s Brownian motion model. For this purpose
I have considered one story to tell the SLE and the Dyson model as ‘children’ of the
Bessel processes. The Bessel processes make a one-parameter family of
one-dimensional diffusion processes with parameter D, in which the D-dimensional
Bessel process, BES?, is defined as the radial part of the D-dimensional Brownian
motion, if D is a positive integer. This definition implies that Bessel processes are
‘children’ of the Brownian motion, and hence, the SLE and the Dyson model are
‘grandchildren’ of the Brownian motion.

The organization of this book is very simple. In Chap. 1 the parenthood of
Brownian motion in diffusion processes is clarified and we define BES® for any
D> 1. There, the importance of two aspects of BES® is explained. SLE is intro-
duced as a complexification of BES® in Chap. 2. We show that rich mathematics
and physics involved in SLE are due to the nontrivial dependence of the Bessel flow
on D. In Chap. 3 Dyson’s Brownian motion model with parameter g is introduced
as a multivariate extension of BES”” with the relation D = B+ 1. We will con-
centrate on the case where 8 = 2. In this case the Dyson model inherits the two
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aspects of BES® and has very strong solvability. That is, the process is proved to
be determinantal in the sense that all spatio-temporal correlation functions are given
by determinants, and all of them are controlled by a single function called the
correlation kernel.

Many parts of this book come from the joint work with Hideki Tanemura.
I thank him very much for the fruitful collaboration over 10 years. I would like to
thank Alexei Borodin, John Cardy, Patrik Ferrari, Peter John Forrester, Piotr
Graczyk, Kurt Johansson, Takashi Imamura, Christian Krattenthaler, Takashi
Kumagai, Neil O’Connell, Hirofumi Osada, Tomohiro Sasamoto, Grégory Schehr,
Tomoyuki Shirai, and Craig Tracy for giving me encouragement to prepare the
manuscript. I am grateful to Nizar Demni, Sergio Andraus, Syota Esaki, Ryoki
Fukushima, and Shuta Nakajima for careful reading of the draft and a lot of useful
comments. All suggestions given by two anonymous reviewers of this book are
very important and useful for improving the text and I acknowledge their efforts
very much. Thanks are due to Naoki Kobayashi and Kan Takahashi for preparing
several figures in the book.

I thank Masayuki Nakamura at the Editorial Department of Springer Japan for
his truly kind assistance during the preparation of this manuscript.

The research of the author was supported in part by the Grant-in-Aid for
Scientific Research (C) (N0.21540397 and No0.26400405) of the Japan Society for
the Promotion of Science.

Tokyo Makoto Katori
December 2015
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Chapter 1
Bessel Processes

Abstract Basic notions of probability theory and stochastic analysis are explained
using the Brownian motion and its functionals. The concepts of probability space
and filtration are introduced, and the strong Markov property and the martingale
property of Brownian motion are explained. A diffusion process is defined as a
stochastic process having a continuous path almost surely with the strong Markov
property. Quadratic variations and stochastic integrals are defined and Itd’s formula is
given which enables us to derive stochastic differential equations (SDEs) for diffusion
processes. A D-dimensional Bessel process is originally defined as the distance from
the origin of a D-dimensional Brownian motion for positive integers of D. By giving
the SDE and the transition probability density, we show that it can be defined for all
real values D > 1. Concerning the behavior of the Bessel flow, there exist two critical
dimensions, D, = 2and D, = 3/2. For the three-dimensional Bessel process, its two
aspects are emphasized: Aspect 1 as a radial part of the three-dimensional Brownian
motion, and Aspect 2 as a one-dimensional Brownian motion conditioned to stay
positive.

1.1 One-Dimensional Brownian Motion (BM)

We consider the motion of a Brownian particle in one-dimensional space R starting
from the origin 0 at time ¢ = 0. At each time ¢ > 0, the particle position is randomly
distributed, and each realization of its path (trajectory) is denoted by w and called
a sample path or simply a path. Let §2 be the collection of all sample paths and we
call it the sample path space. The position of the Brownian particle at time t > 0
in a path w € £2 is written as B(¢, w). Usually we omit w and simply write it as
B(t), t = 0.

We represent each event associated with the process by a subset of £2, and the
collection of all events is denoted by .%. The whole sample path space §2 and the
empty set ¥} are in .%. For any two sets A, B € .#, we assume that AU B € % and
ANB e Z.If A € %, then its complement A° is also in .%. It is closed for any
infinite sum of events in the sense that, if A, € #,n = 1,2, ..., thenU,> A, € Z.
Such a collection is said to be a o-field (sigma-field). The symbol ¢ is for ‘sum’.

© The Author(s) 2015 1
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2 1 Bessel Processes

A probability measure P is a nonnegative function defined on the o-field .%. Since
any element of .% is given by a set as above, any input of P is a set; P is a set function.
It satisfies the following properties: P[A] > O for all A € %, P[2] = 1, P[] = 0,
and if A, B € .7 are disjoint, ANB = @, then P[AUB] = P[A] + P[B]. In particular,
P[A°] = 1 — P[A] for all A € .Z. The triplet (§2, .%, P) is called the probability
space.

The smallest o-field containing all intervals on R is called the Borel o-field and
denoted by Z(R). A random variable or measurable function is a real-valued func-
tion f(w) on £2 such that, for every Borel set A € Z(R), f~1(A) € .%Z. Two events
A and B are said to be independent if P[A N B] = P[A]P[B]. Two random variables
X and Y are independent if the events A = {X : X € A}and B={Y : Y € B} are
independent for any A, B € Z(R).

The one-dimensional standard Brownian motion, {B(t,w) : t > 0}, has the
following three properties:

(BM1) B(0,w) = 0 with probability one.

(BM2) There is a subset of the sample path space 2 C £, such that P[£2] = 1 and
for any w € 5, B(t, w) is a real continuous function of . We say that B(¢)
has a continuous path almost surely (a.s., for short).

(BM3) For an arbitrary M € N = {1, 2, 3, ... }, and for any sequence of times, fy =
0<t <--- < ty,theincrements B(t,) — B(t,—1),m=1,2,..., M, are
independent, and each increment is in the normal distribution (the Gaussian
distribution) with mean 0 and variance o> = t,, — t,,_. It means that for any
l<m<Manda < b,

b
PLB(tn) — Btn_1) € [a, b]] = / Pt — 1. 210}z,

where we define for x, y € R

1 2
—(x—y)7/2t
e , fort >0,
p@, ylx) =1 2nt (1.1)
0(x —y), fort = 0.

Unless otherwise noted, the one-dimensional standard Brownian motion is simply
abbreviated to BM in this lecture note. The probability measure P for the BM in par-
ticular is called the Wiener measure. The expectation with respect to the probability
measure P is denoted by E. We write the conditional probability as P[-|C], where C
denotes the condition. The conditional expectation is similarly written as E[-|C].

The third property (BM3) given above implies that forany 0 < s <t < oo

P[B(1) € A|B(s) = x] = / p(t —s, ylx)dy (1.2)
A
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holds, YA € Z(R)," x € R. Therefore the integral kernel p(t, y|x) given by (1.1) is
called the transition probability density function of Brownian motion starting from x.
The probability that the BM is observed in a region A,, € Z(R) at time ,, for each
m=1,2,..., M is then given by

M
dxl"‘/A dxpy H Pm — tm—1, Xm|Xm—1),
1 M

P[B(tm) € App,m=1,2,..., M] =/
m=1
(1.3)

A

where x¢ = 0.
By (BM3), we can see that, for any ¢ > 0, the probability distribution of B(c?t)/c
is equivalent to that of B(¢) at arbitrary time ¢ > 0. It is written as

1
“B(A) L B(r), Yeso0,
C

where the symbol 4 is for equivalence in distribution. Moreover, (1.3) implies that,
for any ¢ > 0, B(¢), t > 0 and its time-changed process with ¢ — ¢?¢ multiplied
by a factor 1/c¢ (dilatation) follow the same probability law. This equivalence in
probability law of stochastic processes is expressed as

(B(t))1=0 "= (%B(czr)) . Ye>o, (1.4)
>0

and called the scaling property of Brownian motion.
Fora > 0, let T, = inf{r > 0 : B(t) = a}. Then for any ¢ > 0,

P[T, <t, B(t) <a]l=P[T, <t, B(t) > al, (1.5)

since the transition probability density (1.1) is a symmetric function of the increment
y — x. This property is called the reflection principle of BM. For {w : B(t) > a} C
{w:T, <t},a > 0, the above is equal to P[B(¢) > a].

The formula (1.3) also means that for any fixed s > 0, under the condition that
B(s) is given, {B(t) : t < s} and {B(t) : t > s} are independent. This independence
of the events in the future and those in the past is called the Markov property. A
positive random variable 7 is called stopping time (or Markov time), if the event
{w : 7 < t}is determined by the behavior of the process until time ¢ and independent
of that after ¢. For any stopping time 7, {B(¢) : t < 7} and {B(t) : t > 7} are
independent. It is called the strong Markov property. A stochastic process which has
the strong Markov property and has a continuous path almost surely is generally
called a diffusion process.

For each time ¢ € [0, 00), we write the smallest o-field generated by the BM up to
timet > 0as o(B(s) : 0 <s <) and define

Fi=0(B(s):0<s<1), t>0. (1.6)



4 1 Bessel Processes

By definition, with respect to any event in .%;, B(s) is measurable atevery s € [0, t].
Then we have a nondecreasing family {%; : r > 0} of sub-o-fields of the original
o-field % in the probability space (£2, %, P) such that #;, C %, C % for0 <s <
t < 0o. We call this family of o-fields a filtration.

The BM started at x € R, which is denoted by B*(¢), t > 0, is defined by

B*(t)=x+B(), xeR, t>0. (1.7)

We define P*[B(t) € -] = P[B*(t) € -] and E*[f(B(t))] = E[f(B*(¢))] for any
bounded measurable function f, r > 0. The stopping time 7 mentioned above can
be defined using the notion of filtration as follows: {w : 7 < t} € .%,,Yt > 0. The
strong Markov property of BM is now expressed as

E[f(B(s + 0))|Z]1 =E*“[f(B@)], t=0, as, (1.8)

provided that s > 0 is any realization of a stopping time 7 and f is an arbitrary
measurable bounded function.

Since the probability density of increment in any time interval t —s > 0, p(t —
s, z|0), has mean zero, BM satisfies the equality

E[B()| %] = B(s), 0<s <t <o00, as. (1.9)
That is, the mean is constant in time, even though the variance increases in time
as o2 = t. Processes with such a property are called martingales. We note that for

0<s<t<oo,

E[B(1)*|F) = E[(B(1) — B(s))* +2(B(t) — B(5)) B(s) + B(s)*| 7]
= E[(B(t) — B())*|.75] + 2E[(B(1) — B(s)B(s)|.7s] + E[B(s)*|.75].

By the property (BM3) and the definition of .,

E[(B(1) — B(s))*|Z] =t — s,
E[(B(1) — B(s))B(s)|-%] = E[B(t) — B(s)|.#,] B(s) = 0,
E[B(s)*|Z,] = B(s).

Then we have the equality
E[B(t)? —t|#,]=B(s)>—s, 0<s<t<oo0, as. (1.10)
It means that B(t)> — ¢ is a martingale. (See Exercise 1.1.)
For the transition probability density of BM (1.1), it should be noted that

p(C,ylx) = p(,x|y) for any x,y € R, and u,(x) = p(¢, y|x) is a unique solu-
tion of the heat equation (diffusion equation)
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0 ()—182 (x) R, +>0 (1.11)
atu,x—zaxzutx, x € R, > .

with the initial condition ug(x) = d(x — y). The solution of (1.11) with the initial
. f _ . ;
condition uy (x) = f(x), x € Ris then given by

ul (x) = E'[f (B(1))] =/ Fp@, ylx)dy, (1.12)

if f is a measurable function satisfying the condition f_oooo e~ | f(x)|dx < oo for
some a > 0. Since p(¢, y|x) plays as an integral kernel in (1.12), it is also called the
heat kernel.

For0 < s <t < oo, £ € R, consider E[eY~18(BO-B6) | Z 1 Using p, it is
calculated as follows:

o) ﬁg 00 ot 6712/2(175)
eY T p(t — s, 2|0)dz =/ eV ————dz
/_oo o V2t —s)
— =92
The obtained function of £ € R,
E[eV OB 2] = ¢ €02 0 <5 <1 < o0, (1.13)

is called the characteristic function of BM.

1.2 Martingale Polynomials of BM
For BM, we perform the following transformation with the parameter « € C = {z =
x++/—1y:x,y €R}, B+ B,,

eaB(t)

Bu) = grmy 120, (1.14)

which is called the Esscher transformation. It is easy to see that

o0
E[e®B?] =/ e p(t, x|0)dx = 12 1> 0.

oo

Then the above is written as

Bo(1) = G,(t, B(t)), 1>0
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with ,
Go(t,x) = ™12, (1.15)

For0 <s < 1t,

E[e(yB(t)Lg's]
E[e(,‘uB(t)]
E[eaB(.v)ea(B(t)—B(s)) |32‘A]

E[G. (1, B1)|.F] =

E[eaB(s)ea(B(r)fB(s))]
By the definition of .%; and independence of increment of BM (the property (BM3)),
the numerator is equal to e*B@E[¢¥BNO=BE)] and the denominator is equal to
E[e*B@|E[e*B"O~B)] Hence the above equals e*?®) /E[e*B®)] = G, (s, B(s)).
Therefore, G, (¢, B(t)) is a martingale:
E[G.(t, B(t))|Fs] = Ga(s, B(s)), 0=<s<t. (1.16)

The function (1.15) is expanded as
[0¢] an
Ga(t, x) = z mn(l,X)m (1.17)

with

n/2
mn(t,x)=<%) H, (j—z_t) neNy=1{0,1,2,...}. (1.18)

Here {H, (x)}xen, are the Hermite polynomials of degrees n € Ny,

2

2d"e™™
Hy(x) = (=1)"e" ——— (1.19)
X
= [nz/z:](—l)"”—'@x)" 2 (1.20)
- P kl(n — 2k)! :

where for a > 0, [a] denotes the largest integer which is not larger than a (see
Exercises 1.2-1.4).

Lemma 1.1 The functions {m,(t, x)},en, satisfy the following.
(i) They are monic polynomials of degrees n € Ny with time-dependent coefficients:

m,(t, x) = x" +Z Ok, 1>0.
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(i) For0 < k <n —1,c¢®(0) = 0. That is,
m,0,x) =x", neN.
(iii) If we set x = B(t), they provide martingales:
E[m,(t, B(t))|.%;] = my(s, B(s)), 0<s<t, neN. (1.21)
Proof By the definition (1.18) with (1.20), (i) and (ii) are obvious. Note that when n

is even (resp. odd), ¢® () = 0 for odd (resp. even) k. Since G, (t, B(t)), t > 0 was
shown to be a martingale for any o € C, the expansion (1.17) implies (iii). (Il

We call {m, (¢, x)},en, the fundamental martingale polynomials associated with
BM [4] (see also [8]). Forn = 2, (1.20) gives H,(x) = 4x> —2, and then m, (¢, x) =
x2 — t by (1.18). We already proved in (1.10) that m, (¢, B(t)) = B(t)> —tis a
martingale.

The Fourier transformation of G, (¢, x) with respect to the parameter o € R is
calculated as

T Gutt,x)da= —— . (1.22)

. oo e—«/—l(yw e—(«/—1x+w)2/2l
G,(t,x) = /
v oo 2m 2t

Owing to the factor e™"/% in G,, (¢, x), the following calculations are justified,
Ga(t,x):/ eVTIvG (1, x)dw
—00
S a” 00 R
= Z—/ (V=1Iw)" G, (t, x)dw, (1.23)
n!

n=0 -

which proves the integral representation of m, (¢, x),

my(t, x) = / h (V=1w)"G ,(t, x)dw

00 e—(ﬁx+w)2/2z
= —Iw)y'—————dw, t>0, neN,. 1.24
/_ T o (124)

We define this type of integral transformation of a function f as
o0 —~
AW = [ /TG . (125)
—00

Then the above results are written as

my(t,x) = FL[W"|(t,x)], t>0, neNy. (1.26)
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In (1.24), we change the integral variable w — y by y = /—Ix + w. Since the
integrand is an entire function of y, the obtained integralon y € (—oo+ix, co+ix)is
equal to that on y € R by Cauchy’s integral theorem. For G y—v/=Tx (t,x) = p(t, y|0)
with (1.1), we have

oo
my (L, x) =/ (x +~/=1y)"p(t, yl0O)dy, =0, neN.
—00

Here we introduce BM, B(7), t > 0, which is independent of B(r), + > 0 and
whose probability space is written as (2, Z, P) with expectation E and the filtration
Jz = O'(B(S) 0 <s <1t), t > 0. Then the above is written as

my(t,x) = E[(x + V=1B@®))"], >0, neN,. (1.27)

1.3 Drift Transformation

Let b be a real constant and consider the drifted Brownian motion
BP(t) = B(t) +bt, t>0. (1.28)

The constant b is called a drift coefficient. Its transition probability density should
be obtained by performing the Galilean transformation of (1.1) as

p(t,y —bt|x) = ;e—{x—@—bz)}z/m

2t

= eb(y*")sz’/zp(t, y|x).

We regard this as a transformation of function

pt, ylx) > pP(t, ylx) = O p(t, yix) (1.29)

and call it the drift transformation.
Let P® be the probability law with respect to the drifted Brownian motion (1.28)
and E® be the expectation. Consider the characteristic function of the process

X)) =BP@w) —bt, t>0. (1.30)
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For£ e R,0 <s <t < 00, itis given by
E® [eﬁf(x(t)—X(.V))lg‘s]

o0
=/ VT ) (¢ _ ¢ 210)dz
—00

(o9
:/ VI hz= b 4=9/2 ¢ 5 7]0)d 2. (1.31)
—00

If we insert (1.1) and perform the Gaussian integral, we have

E(b)[eﬁg(xa)—x(s»'gd — S92 (1.32)

It is the same as (1.13) and hence it implies that X (¢), ¢t > 0 is a Brownian motion
under P® . It should be so, since (1.28) and (1.30) give X (1) = (B(t) + bt) — bt =
B(t), t > 0. On the other hand, the last line of (1.31) is rewritten as

ebB(t)szr/z
E | oV T6lB@O—b)—(B(s)=bs)}
ebB(s)—b%/Z

%:| ; (1.33)

since p is the transition probability density of BM, B(¢), ¢ > 0. The equivalence
between (1.32) and (1.33) implies the following statement: for any .%,-measurable
bounded function F,0 <s <t < 00,

bB(1)—b*t/2

ECF(BY (1) 7] =E [F(B(t))m

L%:| . (1.34)

By (1.16), G,45(t, B(t)), t > 0 is martingale for an arbitrary @ € C. We see
that

Gosp(t, x) = e(a+h)x7(a+h)2t/2

= P VIRG (1, x — bt)
n

- o
2
= E T 2 (8, x — bt)—.
n!
m=0
On the other hand, by the definition (1.25), we see that

> AW 01 = SV (1, x)]
n=0 e

o0
= / eﬁ(‘”b)wGw (, x)dw
—0Q

= G(!-H?(t’ x)7
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where (1.23) is used. Then, if we set

m®(t,x) = PV 2 (¢, x — bt)
= I W"(t,x)], t>0, nelN, (1.35)

{m,(lb) (t, B(1))}sen, are martingales with respect to the filtration .%, generated by
B(t), t > 0 as (1.6). The functions {m® (¢, x)},en, are drift transformations of the
fundamental martingale polynomials {m, (¢, x)},cn, associated with BM.

1.4 Quadratic Variation

Let X(¢), t > 0 be a one-dimensional diffusion process on the probability space
(2x, Fx, Px), where the expectation is written as Ex and the filtration is given
by the natural filtration of X: (¥x), = o(X(s) : 0 < s < t), t > 0. For each
time interval [0,¢],7 > O, putn € N and let A, = A,([0, ¢]) be a subdivision
of [0,t]with0 =1 <t < --- < th,_1 < t, = t. Then we define Q% (¢) =
Do (X () — X (t,—1))2. If there is a process Q(t), t > 0 such that

lim Px[|Q% () — Q(t)| > ] =0, Ye>0 (1.36)

holds provided max; <<y |tm — tm—1| = 0 asn — oo, then we call Q(¢), t > 0, the
quadratic variation of X (t), t > 0 and express it by (X, X),, t > 0.

For BM, B(t), t > 0,setn e N,0=1t) <t <--- < t,_; <t, =t and put
Qﬁg,[(t) =>" _(B(tw) — B(ty_1))*. By the property (BM3), the mean is given by
E[Qpi ()] = 3" _ (tw — tm_1) = 1. The variance of Qg (t)

oo (1 = E[(Qgi(t) — )%

" 2
=E [Z {(B(tm) - B(tm—l))2 — (ty, — tml)}]

m=1

is calculated as

n

> {E[(B(tm) — Bty-1)*1 = 2(tn — tn-DE(B(tn) — B(t-1))°]

m=1

+ (tm - tm—l)z}

n

{3(tm - tm—l)z - 2(tm - tm—1)2 + (tm - tm—l)z}
m=1
=2 (tn = tp-1)* = 2t max [t — 1], (1.37)

m=1
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where independence of increments of BM mentioned in (BM3) and (1.124) in Exer-
cise 1.5 were used. By Chebyshev’s inequality (see Exercise 1.6), we have

e>0.

A, 2
oo (1)
P[|Qgi (1) — 1] > ] < BM— ¥

3

Provided that max <<y |t — tm—1] = Oasn — o0, (1.37) gives lim,,_, » alf&(t) =
0 and it proves
(B, B), =t, t>0. (1.38)

For a stopping time 7, we put X" (¢) = X(t AT), t > 0, where t A7 = min{¢, 7}.
We define a diffusion process X (t), t > 0 as a local martingale, if there exists
stopping times 7,,n € N such that (i) the sequence {7,},en is nondecreasing and
lim,_, » 7, = 00 a.s., and (ii) for every n, the process X™ (¢), t > 0 is a martingale.
When X (¢) is a local martingale, we can prove that a unique increasing continuous
process is givenby (X, X),;, t > Osuchthat (X, X)y = OandX(t)z—(X, X)), t >0
provides a local martingale.'

Assume that X (¢) and Y (¢), ¢+ > 0 are both local martingales. Then (X (¢) +
Y)Y —(X+Y, X+Y),and (X(#t) —Y(®)>— (X =Y, X —Y),, t > 0 are local
martingales. Therefore, their difference 4X (1) Y (1) —{{X+Y, X+Y), —(X—-Y, X —
Y):}, t > 01is also a local martingale. For any pair of local martingales X (t) and
Y (1), t = 0, we define the mutual quadratic variation (cross variation) process as

(X,Y),=-{((X+Y,X+Y),—(X-Y,X-Y)}, t>0. (1.39)

FNgp-

We can prove that (Exercise 1.7), if B;(t), t >0, i = 1,2, ..., D are independent
BMs, then
(Bi,Bj), =d;t, 1<i,j <D, t=>0. (1.40)

For a continuous process A(t), ¢t > 0, here we consider the quantity
n
SA(t) =D |Atn) — Altn-1)|
m=1

instead of Q4" (¢), where A,,n € N is a subdivision of the time interval [0, ¢].
We can see that if A, C A,4, then §%(t) < S%+(¢),Yt > 0. Assume that
maxXi<m<n |tm — tm—1| — 0 as n — oo. Let lim,_, o Sup,, S4(t) = S(t) < oo

! Every martingale is a local martingale, but the converse is not true. If for every a > 0, the process
X7(r), t = 0, where T ranges through all stopping times less than a with probability 1, is uniformly
integrable, then the process is said of class DL. It is proved that a local martingale is also a martingale
if and only if it is of class DL (see, for instance, Definition 4.8 in Chap. 1.4 of [3] and Proposition
1.7 in Chapter IV of [7]). BM is of class DL. We have already proved that (B, B); = t and B(t):—t
is a martingale.



12 1 Bessel Processes

and call it the variation of A on [0, t]. If S(#) < oo for every ¢, then the process
A(t), t > 0is of finite variation. Let Sgm(t), t > 0 be the variation of BM. We have

Ogin(®) < sup |B(tw) — B(ty—1)|Sem(t), t >0, neN.

I<m=<n

By the property (BM2), the RHS becomes 0 a.s. as n — oo if Sgp(?) is finite. On
the other hand, we have proved QQI(,[ (t) - (B, B); as n — o0 in probability and
the fact (1.38). Hence Sgum(t) = oo a.s. "t > 0.

1.5 Stochastic Integration

Assume that there is a strictly increasing sequence of times {t,,}5_, with tp = 0
and lim,,,_,  #,, = oo. Let {(,,(w)}5_, be a sequence of random variables such that
Sup,,-o |Gn(w)| < C with a nonrandom constant C < oo for every w € §2, and (,, is
Z,,-measurable for every m > 0. Let 1, be an indicator function for a condition
(or an event) w defined by

1 if w is satisfied (occurs),

Lo = [O otherwise. (1.41)

We consider a process given by

[0¢]
X(t,w) = Q=0 + D @yt =0, weR. (142

m=0

A process given in the form (1.42) is called simple and the class of all simple processes
is denoted by .%. By definition, every sample path of X is left-continuous.
For such a simple process X = {X (¢) : t > 0}, we consider

n—1
I1X]1(r) = ZCm(w)(B(tm+1, w) = B(twm, w)) + G (W) (B(t, w) — B(ty, w))

m=0

=D (Bt Atyi1) = B Atn), 120, (1.43)
m=0

where 7 in the first line is the unique integer such thatz, <t < f,,, and we omit w
in the second line and below. It is obvious from the definition, /[ X](¢), t > Ois a
martingale. That is, I transforms a given simple process X to the unique martingale.
We write this martingale transformation as

11X](t) = / X (s)dB(s) (1.44)
0
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and call it a stochastic integral of X with respect to B.
Assume thatt, <s < t,41 <ty <t < tg4+1 and consider

E[{I[X](t) — I1X]1()}*| 7] = E[{Cn(B(t,m) — B(s))

£—1 5
+ D Bl = Bt) + (B — Bt ’3;] (1.45)

m=n+1

By the property (BM3) of BM, the increments of BM in different time intervals are
independent from each other and have mean 0. Then the above is equal to

-1
ElG (B(tir1) — B[ Z 1+ D EIG (Btws1) — B(tw)*|.7:]

m=n+1
+ E[G}(B(t) — B(t)*| %]

Since the variance of BM in each time interval is equal to the time duration of interval
by the property (BM3), this is calculated as

£—1
G Z e =)+ D BIGHZE g1 — 1) + EIGIF1G — 1)

m=n+1

%]— / X (r)’dr, as.
0

—1
=E [c,%(tm =)+ D Gl —tw) + Gt — 1)

m=n+1

It defines E [f; X(r)zdr) fg] and thus (1.45) is equal to

E[/ X (r)%dr —/SX(r)Zdr y‘} =E|:/[X(r)2dr
0 0 0

On the other hand, the LHS of (1.45) is written as

E[U1x10) — 11X16)P] 7
= B[11X1(0)? = 11X](5)* = 241X10) = [TXIGDIIXI9)| 7

= E[l[xm)2 — I[X]1(s)* 9] = E[[X]1(1)*|F] — I[X1(s)*, as.

Then, we have the equality

E |:I[X](t)2 —/ X (r)2dr 9}] = I[X](s)? —/SX(r)zdr, as.,
0 0
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that is, I[X](£)% — fot X (r)?dr, t > 0is a martingale. Since I[X](?) is a martingale,
its quadratic variation (I[X], I[X]),, t > 0 is the unique increasing continuous
process such that (/[X], I[X])o = 0 and I1X16)* — (I[X], I[X]),, t = O gives a
local martingale. Therefore, we can conclude that for the stochastic integral (1.44)
of the simple process (1.42), its quadratic variation is given by

(I[X],I[X]),:/ X(s)’ds, t>0.
0

The above results for the BM and X € %, can be generalized as follows [3, 7].
The stochastic process X = {X () : + > 0} is said to be adapted to the filtration
{%; :t > 0}if, for each t > 0, X(¢) is an .%;-measurable random variable. If
X is adapted to {%, : t > 0} and every sample path is left-continuous (or right-
continuous), then X can be said to be progressively measurable with respect to
{Z, .t > 0}. Let Z* denote the set of all progressively measurable processes
satisfying

T
/ X()%dt < oo, T >0.
0

If a martingale M = {M(¢) : t > 0} satisfies E[M (¢)?] < oo for every t > 0,
it is said to be square-integrable. The set of all square-integrable and continuous
martingales is denoted by .#;. For M € .5 and X € .£*, the stochastic integral
of X with respect to M

I[X](t):/ X (s)dM(s)
0

can be defined and we have the following properties:

1[X](0) = 0, (1.46)

E[I[X]()]|.%] = I[X](s), 0<s <1 < 00, (1.47)

(I1X1, I[X]), = / X (s)2d(M, M), t >0, (1.48)
0

where d(M, M), = (dM,dM),, and
I[oX + BY1(t) = oI[X]1(t) + BI[Y1(), t >0, (1.49)

fora,3€C, X,Y € £*.
Moreover, if M, N € .45 and X, Y € £*, the mutual quadratic variation of

t

I[X]:/ X (s)dM(s) and J[Y]:/ Y (s)dN(s)
0 0
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is given by

(I[X], J[Y]): :/ X ()Y (s)d(M,N);, t=0. (1.50)
0

The differential form is

d{I[X], J[Y]) = X(O)Y ()d(M,N),, t=0. (1.51)

1.6 1to’s Formula

Let N € N and {X;(¢),..., Xn(?)}, t = 0 be a set of diffusion processes. Put
X(#) = (X1(t),..., Xn(®)). Let F be a real function of (¢,x) € [0, c0) x RY,
which is bounded and has a bounded first-order derivative with respect to ¢ and
bounded first- and second-order derivatives with respect to x;, 1 < j < N, and we
denote thisby F € Ctl,’Z. We know that, in order to describe the statistics of a function
of several random variables, we have to take into account the ‘propagation of error’.
For the process F (¢, X(¢)) that is defined as a function of ¢ as well as a functional of
processes X (¢), ..., Xy(t),t = 0, Itd’s formula gives an equation which governs
the differential of F (¢, X(-)) as

N OF oF
dF(t,X(1)) = Z a—xi(t, X()dX; (1) + E(t’ X(1))dt
2
Z Budn, (t, X(1))d(X;, Xj);, t>0. (1.52)

1<l LJ<N

The integral form of Itd’s formula is expressed by

F@.X() = FO, X<0)>+Z / T 5 XX, () + / s X(6)ds

Z /a o O XX X)e, 120, (1.53)

l<t J<N

A continuous process X given by the sum of a local martingale M and a finite-
variation process A, X(t) = M(t) + A(t), t > 0, is called a semimartingale.
When X;(t) = M;(t) + A;(t),t = 0,1 < i < N, are semimartingales, the local
martingale part of F (¢, X(¢)),t > 0, is given by ZlNzl fot OF /0x; (s, X(s))dM; (s),
t > 0, which is derived from the second term in the RHS of (1.53). Other terms
in the RHS of (1.53) including Z,N=1 fot OF [0x;(s, X(s))dA;(s), t > 0, give the
finite-variation part for F'(¢, X(¢)), t > 0. We will use the fact that if the continuous
process F (¢, X(¢)), t > 0 is a local martingale, then its finite-variation part should
vanish, and vice versa. (See Exercise 1.8.)
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1.7 Complex Brownian Motion and Conformal Invariance

The complex Brownian motion is defined by
Z(t) = B(1) + ~—1B(t), t>0. (1.54)

Its probability space is a product of the space (£2,.%,P) for B and the space
(2, .Z,P) for B, and it is written as (£27, %z, Pz) with expectation Ez. Both of
the real and imaginary parts are real martingales and so Z(z), ¢ > 0 is a complex
martingale. Since (B, B); = (B B), =t and (B, B), = 0 by (1.40), we see that

(Z,Z); = (B+~—1B, B+ ~/—1B),
= (B, B), — (B, B), + 2+/—1(B, B), =

It implies that Z )2, t>0isa martingale.

If F is a complex function of z = x + +/—1y with x, y € R, which is in C% as a
function of x and y and it does not depend on ¢ explicitly, then It6’s formula (1.52)
gives

oF oF — 1 _
dF(Z(1)) = a—(Z(t))dZ(t) + ?(Z(t))dz(t) + -AF(Z))d(Z, Z),,
Z Z 4 (1.55)

where 7 = x — 4/—1y denotes the complex conjugate of z = x ++/—1y, x,y € R,
and A = 0?/0x>+0%/0y* = 40%/0z07. Therefore, if F is harmonic (i.e., AF(z) =
0), F(Z(t)), t = 0is alocal martingale, and if F is holomorphic (i.e., a function of
z but not of ), then

F(Z(t)) = F(Z(0)) +/ F'(Z(s))dZ(s), t=0.
0

Moreover, we can prove that, if F' is an entire and non-constant function, then
F(Z()),t > 0 is a time change of a complex Brownian motion. That is, if we
set X(t) = NF(Z(t)), Y(t) = IF(Z(t)),t > 0, then there is a complex Brownian
motion Z in (827, %z, Pz) such that

F(Z(t)) = F(Z(0)) + Z({X. X)), =0,

where (X, X); = fot |F'(Z(s))|>ds = (Y, Y), is a strictly increasing function and
(X, X)oo = 00. This result is known as the conformal invariance of complex Brown-
ian motion.

F(z) = 7", n € Ny are entire and non-constant functions. Then (Z(¢))", n € Ny
are time-changed complex Brownian motions and thus martingales:

EZ[ZW)'(F)sl=Z(s)", 0<s<t, nelNy as.
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By taking the expectation with respect to B(-) of both sides in this equation, we
obtain

E[E[(B(1) + v/—1B(1))"1|.%] = E[(B(s) + v~ 1B(s))"],

which gives (1.21) through (1.27).

1.8 Stochastic Differential Equations for Bessel Processes

Let D e N denote the spatial dimension. For D > 2, the D-dimensional BM in R”
starting from the position x = (x1, ..., xp) € RP is defined by the D-dimensional
vector-valued diffusion process,

B*(¢) = (By' (1), By*(t), ..., By (1)), t>0, (1.56)

where {B;"(t)}/2;, t > 0 are independent one-dimensional BMs.

The D-dimensional Bessel process is defined as the absolute value (i.e., the radial
coordinate) of the D-dimensional Brownian motion,

R*(t) = [B*(t)| = \/Bf' 02+ +BP@®)?, >0, (1.57)

where the initial value is given by R*(0) = x = |x| = \/x? +--- +x% > 0. See
Fig. 1.1. By definition R*(¢) is nonnegative, R*(¢) € R, U {0}, where R, = {x €
R : x > 0}. We will abbreviate the D-dimensional Bessel process to BES?),

Fig. 1.1 The D-dimensional X
Bessel process R*(¢) is 3
defined as the radial part of A
the BM in the D-dimensional

space. The initial value x of

the Bessel process is the

distance between the origin

and the position where tl%e R x(t )
BM is started. The figure

shows the case where D = 3

)x2
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By this definition, R*(¢) is a functional of D-tuples of diffusion processes
{B"(1)}2,, t > 0. Now we apply Itd’s formula (1.52) to BES? (1.57). Assume
x = |x| > 0. In this case

R*(t) = F(B(t)), t>0 with F(y) = (1.58)
We see that
. 2 . v
OF o, OF _x  OF _ % Yoy _;i_p
ot ay; F (3'yi8yj F F3

From (1.40), we have d(B;, B;); = (dB;,dB;), = 0;;dt,1 <i,j < D, t > 0.
Then, the third term of (1.52) for BES®) becomes

1 5 [ 8 _B,»(t)Bj(t)](Sd_D—l 1 _ D-1 dr
2 FB()  F®B(@))?

ij = 1= .
2 FB@®)) 2 R*(1)

I<i,j<D

On the other hand, the first term of (1.52) for BES™® is

D

Z B;i(1)dB;(1). (1.59)

i=1

1
Rx(1)

It seems to be complicated, but (1.51) enables us to calculate its quadratic variation as

i=1 j=I

D D D D
1 1 1
FZB,-dB,-,FZBdej = FZZB,-(t))f;,(t)(dB,-,dB,>,
i=1 j=1 ; )
D D

1
B R*(1)? Zz Bi(t)B;(t)d;;dt = dt,

i=1 j=I

where the independence of BMs (1.40) and the definition, R*(1)*> = 32| B;(1)%,
have been used. That is, (1.59) is equivalent in probability law with an infinitesimal
increment of a diffusion process with quadratic variation d¢. Then, by introducing a
BM, B*(t), t > 0, which is different from Bf’ ), t>0,x,eR,i=12,....,D
and is started at x = |x| > 0, (1.59) is identified with d B*(¢), t > 0. We have thus
obtained the following equation for BES?,

D—-1 dt
dR*(t) =dB*(t) + ——

, 0, 0<tr<T" 1.60
0 X > < ( )

where T* = inf{t > 0 : R*(z) = 0}.
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The first term of the RHS, dB*(t), denotes the infinitesimal increment of BM
starting from x > 0 at time ¢+ = 0. This martingale term gives randomness to the
motion. On the other hand, if D > 1, for dtr > 0, the second term in the RHS of
(1.60) is positive definite. It means that there is a drift to increase the value of R*(¢).
This drift term is increasing in D and decreasing in R*(¢). Since as R*(¢) | 0, the
drift term 1 oo, it seems that a ‘repulsive force’ is acting to the D-dimensional BM,
B*(z), |x| > O to keep the distance from the origin be positive, R*(¢) = |B*(¢)| > 0
and avoid a collision of the Brownian particle with the origin. A differential equation
such as (1.60), which involves a random fluctuation term and a drift term is called a
stochastic differential equation (SDE). The integral form is written as

R*(t) = x + B(t) + D-1 [ ds
= X —_— _
2 o R*(s)

x>0, 0<t<T". (1.61)

What is the origin of the repulsive force between the D-dimensional BM and the
origin? Why does B*(¢) starting from a point x # 0 not want to return to the origin?
Why is the strength of the outward drift increasing in the dimension D > 1?

There is no positive reason for B*(¢) to avoid visiting the origin, since by the
definition (1.56) all components B;"(t), 1 <i < N enjoy independent BMs. As the
dimension of space D increases, however, the possibility not to visit the origin (or any
specified point) increases, since among D directions in the space only one direction
is toward the origin (or toward the specified point) and other D — 1 directions are
orthogonal to it. If one knows the second law of thermodynamics, which is also called
the law of increasing entropy, one will understand that we would like to say here
that the repulsive force acting from the origin to the Bessel process is not a usual
force treated in mechanics but an ‘entropy force’. (Note that the physical dimension
of entropy [J/K] is different from that of force in mechanics [N] = [J/m].) Anyway,
the important fact is that, while the fluctuation (quadratic variation) of the BM is
given as (B, B); = t, t > 0, independently of D, the strength of repulsive drift is
increasing in D. Then, the return probability of R*(¢), x > 0 to the origin should
be a nonincreasing function of D.

The following equivalence in probability law is established for arbitrary x > 0,

1 x law
(—R (xzt)) (R (1)), 20. (1.62)
X 120
It inherits (1.4) and is called the scaling property of the Bessel process (Exercises
1.9 and 1.10).
1.9 Kolmogorov Equation

Let X(¢), t > 0 be a one-dimensional diffusion in (2x, .%x, Px), which satisfies
the following SDE:
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dX(t) =o0(X())dB(t) + b(X(t)dt, X(0)=x. (1.63)

Here B(t), t > 0is BM and the functions o, b : R — R satisfy the condition that
K > 0,8t lo(x) —o(y)| < K|x — yl, |1b(x) = b(y)| < K|x —y|,x,y € R. (This
is called the Lipschitz continuity.) Put

u(s,x) = E[f(X(T —5))], 0<s<T < o0, (1.64)

with an (Zx)r-measurable bounded function f. By the Markov property (1.8), for
O0<s<t<T <o,

u(s,x) = E'[EX V(X (T = )]
=E"[u(t, X — )] (1.65)

Assume that u(s, x) € C,l)’z, i.e., bounded and having bounded first-order derivative
with respect to time s and bounded first-order and second-order derivatives with
respect to space x. Then by It6’s formula (1.52),

=5 (Ou
u, X —s)) —u(s,x) = / (— + Lu) (s +r, X(r))dr
0 as

+ / - U(X(r))a—u(s +r, X(r))dB(r), (1.66)
0 ox

where
1 d? d
LHx) = Ea(x)ﬁf(x) + b(x)af(x) (1.67)
with
a(x) = o(x)%. (1.68)

Since (1.65) holds, taking expectation of (1.66) gives

E* |:/’5 (0_14 + Lu) (s+r, X(r))dri| =0,
0 (9S

where the expectation of the second term in the RHS of (1.66) vanished, for it is a
martingale. Set i = ¢ — s, divide both sides of the above equation by /4 and take the
limit # — 0. Then we have

Ou(s, x)

+ Lu(s, x) =0. (1.69)
Os
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Since L acts as a differential operator with respect to the initial value x, it is called
the backward Kolmogorov equation. The differential operator (1.67) is called the
generator of the diffusion process.

The SDE for BES” is given by the equation (1.63) with o(x) = 1 and b(x) =
(D — 1)/(2x). Then the generator of BES'? is obtained as

Loy _ 19 D-10

_ 1.70
28x2+ 2x Ox ( )

Let p® (¢t — s, y|x) be the transition probability density of BES® from x at
times s > Oto y attimes ¢t > s. Forany ¢t > s, y € R, p(D)(t —s5,yx), x >0
solves (1.69) with (1.70) under the condition limyy, p?(t — s, y|x) = 6(x — y). In
other words, p®(t, y|x) solves

0
51)‘%, ylx) =LPpP @, ylx) (1.71)

under the initial condition p® (0, y|x) = 6(x — y), which is called the backward
Kolmogorov equation for BES”).
Let 1,,(z) be the modified Bessel function of the first kind defined by

o 1 7\ 2n+v L7
I, = (—) .
D=2 et vratiin G (172
with the gamma function
oo
I'(z) = / e “u*'du, Rz >0. (1.73)
0

The function I, (z) solves the Bessel differential equation

d*w  ldw V2
—_—t—-—— =1+ = =0. 1.74
dz2+zdz (+12)W (179

Then we can show that

1 v+1 , X
—y—Ve_(XZ’L-"Z)/z’IV (—y), t>0,x>0,y>0,
b ox 2v+1 4

PP = e =00 Ay

5()’_)5), t=07x7y20’
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where the index v is specified by the dimension D as

D-2
V= — < D=2w+1). (1.76)

This fact that p®) (¢, y|x) is expressed using 1, (z) gives the reason why the process
R*(¢) is called the Bessel process (see Exercise 1.11).

1.10 BES® and Absorbing BM

When D = 3,v = 1/2by (1.76), and we can use the equality //2(z) = +/2/mz sinh z
= (e* — e7%)/+/2mz. Then (1.75) gives

Py = 2{pte, y1x) = ptt, vl = ) (1.77)
X

fort > 0,x > 0,y > 0, where p(z, y|x) is the transition probability density of BM
started at x given by (1.1). If we put

g™ (t, ylx) = p(t, y|x) — p(t, y| — x), (1.78)

we see that g?(¢, 0|x) = 0 for any x > 0, since the transition probability density
of BM, p(t, y|x), is an even function of y — x.

InFig. 1.2a, one realization of a Brownian path fromx > Otoy > Oisrepresented
by a red curve and denoted by path A, which visits the nonpositive region R_ U {0},
where R_ = {x € R: x < 0}. The first time the path A hits the origin is denoted by
7. Path B, which is represented by a black curve, is a mirror image of path A with
respect to the origin x = 0, which is running from —x < 0 to —y < 0. Path C (blue

(a) (b)
A Ay
xwﬁ xw
T :
—x -X
g Y

Fig. 1.2 Brownian path from x > 0 to y > 0 contributing to p(¢, y|x) and that from —x < 0 to
y > 0 contributing to p(t, y| — x)
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curve) is then defined as the concatenation of the part of path B from time zero up to
time 7 and the part of path A after 7 such that it runs from —x < O to y > 0. By the
reflection principle of BM (1.5) applied at time 7, we see that there exists a bijection
between path A and path C, which have the same probability weight as Brownian
paths. Since the Brownian path A contributes to p(¢, y|x) and the Brownian path
C contributes to p(t, y| — x), such a path from x > 0 to y > 0 that visits R_ is
cancelled in ¢®* (¢, y|x) given by (1.78). In Fig.1.2b, a path fromx > Otoy > 0
which stays in the positive region R is considered (path A). In this case there is no
path that perfectly cancels the contribution of path A to (1.78) as path B does in the
case (a). In summary, ¢ (¢, y|x) = p(t, y|x) — p(t, y| — x) gives the total weight
of Brownian paths which do not hit the origin.

We consider the situation where an absorbing wall is put at the origin and, if the
Brownian particle starting from x > 0 arrives at the origin, it is absorbed there and
the motion is stopped. Such a process is called the absorbing Brownian motion in
R,. Its transition probability density is given by g,

By absorption, the total mass of paths from x > 0to y > 0 is then reduced, if we
compare the original BM and the absorbing Brownian motion in R . The factor y/x
appearing in the transition probability density (1.77) of BES® is for renormalization
so that fR+ p®, ylx)dy = 1,Yt > 0,Yx > 0 (see Exercises 1.12 and 1.13). We

regard this renormalization procedure from ¢ to p® as a transformation. Since x is
a one-dimensional harmonic function in a rather trivial sense AV x = d%x /dx* = 0,
we say that the BES® is a harmonic transformation (h-transformation) of the one-
dimensional absorbing BM in the sense of Doob [2]. This implies the following
equivalence [5] (see Exercise 1.14).

BES® <= one-dimensional Brownian motion conditioned to stay positive

Let EEEs“) denote the expectation with respect to BES®, (R(t)),0, started at x €

R.. For an independent BM, (B(?));>o started at the same point x € Ry, let 7 =
inf{t > 0 : B(t) = 0}. Then the above equivalence is written as follows: for any
Z%,-measurable bounded function F, t > 0,

B
ES oo [F(R()] = E* [F(B(r))lwt)%] , 120, (1.79)

where E* is an expectation with respect to BM started at x € R,.. If F is an even
function: F(—x) = F(x), the above gives

B(1)
Egpso [F(R())] = E* [F(B(t))T] , t>0, (1.80)

since by the reflection principle of BM (1.5), all contribution from paths {w : 7 < ¢}
should be canceled out (see Exercise 1.15).
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Here we emphasize the obvious fact that p® (¢, 0|x) = 0,¥ x > 0. It implies that
BES® does not visit the origin. When D = 3, the outward drift is strong enough to
avoid any visit to the origin. Moreover, we can prove that for any x > 0, R* () — oo
as t — oo with probability 1 and we say the process is transient (see Theorem 1.1
(ii) below).

1.11 BESY and Reflecting BM

When D =1,v=—1/2by (1.76) and we use the equality /_ > (z) = +/2/mz coshz =
(e* + e7%)/+/2mz. In this case (1.75) gives

pV @, ylx) = pt, ylx) + p(t, y| — x) (1.81)

fort > 0,x,y > 0. As illustrated by Fig. 1.3, the one-dimensional BM visits the
origin frequently (see Theorem 1.1 (iv) below). For a Brownian path starting from
x > Orepresented by ared curve (path A), its mirror image with respect to the origin
is represented by a blue curve (path B), which starts from —x < 0. If we observe
the motion only in the nonnegative region R U {0}, the superposition of Brownian
paths A and B gives the path of a reflecting Brownian motion, where a reflecting wall
is put at the origin. (Note that the transition probability density p‘" is the duplicate
of p as (1.81), but the space is halved as x,y € R — x,y € R, U {0}.) Then the
equality (1.81) implies the following equivalence:

BES") <= one-dimensional reflecting Brownian motion.

This is of course a direct consequence of the definition of Bessel process (1.57), since
it gives R*(¢) = |B*(#)|in D = 1.

Fig. 1.3 A typical path of one-dimensional Brownian motion starting from x > 0 and its mirror
image. They visit the origin frequently
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The important fact is that the one-dimensional BM starting from x 7 0 visits the
origin frequently and we say that the one-dimensional Bessel process is recurrent.
Remark that in Eqs. (1.60) and (1.71), the drift terms vanish when D = 1. So we have
to assume the reflecting boundary condition at the origin when we discuss BES("
instead of the one-dimensional BM.

1.12 Critical Dimension D, = 2

Now the following question is addressed: At which dimension does the Bessel process
change its property from being recurrent to transient?

Before answering this question, here we would like to extend the setting of the
question. Originally, the Bessel process was defined by (1.57) for D € N. We find
that, however, the modified Bessel function (1.72) is an analytic function of v for
all values of v. So we will be able to define the Bessel process for any value of
dimension D > 1 as a diffusion process in R such that the transition probability
density function is given by (1.75), where the index v > —1/2 is determined by
(1.76) for each value of D > 1. (Another characterization of BES® for fractional
dimensions D is given by Lamperti’s relation (1.130) in Exercise 1.16.)

For BES?) starting from x > 0, denote its first visiting time at the origin by

T* =inf{r > 0: R*(t) = 0}. (1.82)

The answer to the above question is given by the following theorem.

Theorem 1.1 (i) D >2 = T* =o00,"x > 0, with probability 1.
() D>2 = limR*(t) =o00, "x > 0, with probability 1, i.e. the process
11— 00
is transient.
(i) D=2 = ing R*(t) =0, Yx > 0, with probability 1.
>

That is, BES® starting from x > 0 does not visit the origin, but it can visit any
neighborhood of the origin.

(ivy 1<D<2 = T*<oo, x>0, with probability 1, i.e. the process is
recurrent.

Proof For 0 < x; < x < xp < 00, let
o =inf{t > 0: R*(t) = x1 or R*(t) = x»},

and define
d(x) = ¢(x; x1, x2) = P[R*(0) = x2].

By definition,
¢(x1) =0, @(x2) = 1. (1.83)
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Consider a process
M(1) = ¢(R*(t A 0)).

It is also written as M (t) = E[¢(R*(0))|.%,]. By the definition of filtration,

E[M (1)|.7] = E[E[¢(R* (o). 1|.7]
= E[p(R*(o)|F] = M(s), 0<"s <1, (1.84)

that is, M (¢) is a martingale. Provided that ¢(x) € CZ, we apply Ito’s formula using
SDE (1.60) of BES™® and obtain

M — 'INT '(RY IB D—-1 ds
<t>—¢<x>+./0 o( (s))[ (S)+TRX(s)]

INO 1
+/ ~¢"(R*(5))(dB, dB)s
0 2

tNO

1 1
3 [(ﬁ'/(Rx(S)) + ¢'(R* (S))} ds.

ino D
o+ [ dw s+ [ R0

Since M(t) is a martingale, the drift term should be zero. Hence we obtain the
following differential equation:

¢"(x) + E(/5/()6) =0, x <x<x. (1.85)
X

d D-1
It is equal to (d_ + —) ¢ (x) = 0, then with a constant c it is integrated as
X x

@' (x) = cx~P~D_ With the first of the boundary conditions, ¢(x;) = 0 in (1.83), it
is again integrated as

X
—(D— C _ _ .
C/Xl y~ (@ 1)dy:2_D(x2 D_ 2Dy it D #2,
d(x) = hy
c/ Y _ c(logx —logxy), ifD=2.
X1 y

By imposing the second boundary condition ¢(x;) = 1 of (1.83), the integral constant
¢ is determined and we have

X3P 2D
2D 5 D #2,
2 TN
d(x) = @(x; x1, x2) = (1.86)
logx —logx;
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A If D> 2,then2 — D < 0 and for any x, = L > x the upper equation in
(1.86) gives

¢(x;0,L) = lim0 o(x; x1, L)

x>0 — xlz_D

=lim —— =1.
x1—0 [2-D _ xlsz

It implies that BES® starting from x > O will arrive at any positive point L > 0
before arriving at the origin with probability 1. Then T* = oco. For D = 2, the lower
equation in (1.86) gives

log x — log x;

;0,L) = lim ——— = 1.
o ) mlino log L — log x;

Then we also see that 7% = oo.
(i) Let x; = ofx, k e Nwith o > 1. When D > 2, put 3 =2 — D < 0. The upper
equation in (1.86) gives

A é [ —1),
" ) x) — x;il kB _ o k=1p
Xy Xk—15 Xk4+1) = —3 = -
B k1S _ k=Dp
Xept — X @ @

a? —1 1 1
= - = — > —.
a2 -1 af+1" 2

Now we consider an asymmetric simple random walk on Z starting from a siten > 0
such that in each step the probability to go right is given by p = 1/(a” + 1) > 1/2
and the probability to go leftis 1 — p < 1/2. Since such an asymmetric random walk
is transient, by comparing it we can conclude that R*(t) — oo ast — 00, Yx > 0
with probability 1.

(iii) In the lower equation for D = 2 in (1.86), put x; = I/n and x, = ", n € N.
Then for x; < x < x»,

1 1
o(x; 1/n, ") = M —> 0 asn — oo.
n 4+ logn

It means that for any n € N, R*(¢), t > 0 can approach 1/n and the statement is
concluded.
@iv)If 1 < D < 2, then lim,, ¢ xlsz = (. Then the upper equation in (1.86) gives

2—d

¢>(X;0,L)=—L2_d — 0 asL — oo.

It implies that T* < oo with probability 1. (I



28 1 Bessel Processes

1.13 Bessel Flow and Another Critical Dimension D, = 3/2

In the previous subsection we defined the BES” for continuous values of dimension
D > 1 and studied the dependence of the probability law of this process on D.
Theorem 1.1 states that we have a critical dimension,

for competition between the two effects acting on the Bessel process, the ‘random
force’ (the martingale term) and the ‘entropy force’ (the outward drift term) in (1.60);
when D > D, the latter dominates the former and the process becomes transient,
and when D < D, the former is relevant and recurrence to the origin of the process
is realized frequently.

Here we show that there is another critical dimension [6],

— 3
D.=—.
2

In order to characterize the transition at D, we have to investigate the dependence
of the behavior of R*(¢) on its initial value, x > 0. We call the one-parameter family
{R*(¢) : t = 0},~0 the Bessel flow for each fixed D > 0.

For 0 < x <y, we trace the motions of two BES?)’s starting from x and y by
solving (1.60) using the common BM, B(t), t > 0,

R*(t) = +B(t)+D_1/t ds
- 2 Jo R
D—1 [ ds
R =y+BO+— | & o<i<7™. 1.87
) =y+ B+ > ) B <t< (1.87)

We will see that

x<y = R'(t) <R'(@), 0<t<T* withprobability 1
— T < T with probability 1.
The interesting fact is that in the intermediate fractional dimensions, D, < D <

D, it is possible to have a situation where 7* = T~ even for x < y. See Fig.1.4.
The main theorem in this section is the following [6].

Theorem 1.2 For0 < x <y < 00,

i 1<D<3/2 = T* <T” withprobability 1.
(i) 3/2<D<2 = P[T"=T"]>0.

In order to prove the theorem, we first verify the following lemma.
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Fig. 1.4 In the intermediate R
fractional dimensions, A +
3/2 < D < 2, there is a

positive probability that two

Bessel processes starting y
from different initial

positions, 0 < x <y < oo,

return to the origin X
simultaneously, 7% = T”

> time

0 T*X=TY

Lemma 1.2 Let 0 < x < y. The event {w : T* = T} is the same as the event

w: sup M <oo]. (1.88)

0<t<T* R*(1)
up to an event of probability 0.

Proof For x <y put
q(x,y) =P[T* =T"].

By the scaling property (1.62) of BES®), we see that
q(x,y) =q(l, y/x).
Since lim, , o P[T" < t] =0 forany ¢ > 0,
rlirgloq(l, r)y=0. (1.89)

Note that

RO-RW® _;
RN T
= {w: RO =<A+R (), 0<t<T"}.

event (1.88) <«— [w c < 00, O§t<Tx]

Then R*(t) = 0 = RY(t) = 0; that is, if (1.88) holds, then T* = T”. Hence, in
order to prove the lemma, it is sufficient to show that the event where 7* = T but
(1.88) does not hold has probability 0. For r > 0 let

RY(1) — R*(¢
pr=P|:Tx=Tyand sup Mzr]
0<t<T* Rx(t)
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Assume that the time 7, = inf{0 <t < T* : (R”(t) — R*(t))/R*(t) =r} < o0, at
which R”(¢t)/R*(t) = 1+ r. We consider the BES(?’ started at this time. The strong
Markov property of the Bessel process implies that the probability to have 7% = 77
is given by g (1, 1+ r) for this restarted Bessel process. The probability p, is defined
for the event that 7* = T and 7, < oo, then

pr <q(,147).

On the other hand, (1.89) states lim, ., g(1, 1 +r) = 0. Then

RY(t) — R*(¢
Poo = lim p,=P|:Tx=Tyand sup M:oo}:&
r—>o0 ozt<rr  R¥(D)

The proof is completed. (]

Now we prove the theorem.
Proof of Theorem 1.2. For 0 < x < y, consider a process

(1.90)

Z(1) = log (w) . t<T",

R*(1)

where R* () and R” () belong to the same Bessel flow and satisfy (1.87). Application
of Itd’s formula (1.52) leads to (Exercise 1.17)

_dB® 3 D—1R(t)— R*(t)] dt
420 = =% +[(2 D)+ 2 0 ]Rw)f (190

Now we perform the random time change ¢ > f by

f—/t ds . gi=- U (1.92)
“Jo R¥(s)? T R¥(1)? '

For 1 < D < 2, we can prove that (Exercise 1.18)

™ ds : .
W = oo with probability 1. (1.93)
0

It implies that 7* is mapped to co by this time change. We put

- " dB(s)
B =-— ,
® /0 R (s)

which gives
d(B,B),  dt

R T O

t’
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and thus B (7) is a BM. So we write Z(7) = Z(¢), R(f) = R(t), and obtain the SDE as

D-1R@ - ﬁx(f)} dt (1.94)

~ . ~ . 3

dZ(t)=dB(t)+ |{=—D )+ =~
() =dBw [(2 ) 2 R

(i) Assume that 1 < D < 3/2. In this case 3/2 — D > 0 and

M>0 0<7<oo
R¥(7) T ’

Then the coefficient of drift term in (1.94) is positive, and thus

~ . RY(t) — R*(¢
sup Z(f)=o00 <= sup e“? = sup R0 -R@ _
0<i<co 0<t<T* 0<t<T* R*(1)

By Lemma 1.2, P[T* = T”] = 0 is concluded.
(i) Assume3/2 < D < 2.Choose D’ € (3/2, D) andpute =2(D —D’)/(D —1).
Consider the case where y = (1 4+ ¢/2)x and let

& = inf {f ~0: R — R () = 5Ey(f)}.

Then, for 0 < 7 < &, (R?(7) — R*(7))/R*(7) < ¢, and hence the coefficient of drift
term in (1.94) is bounded from above as

(3 ) — 1 RY(7) — R*(D) ( ) D—-1 2(b-D) 3 ,
——D)+ <|--DJ)+ X =--D"
2 2 RY () 2 2 D —1 2

Consider the stochastic process Z *(f) solving the SDE
~ - - 3 A _ c
dZ*(t) =dB(t) + 3~ D’ )dt, Z*(0)=Z(0) =log 7 (1.95)

Then _ _
Z({) < Z*@), 0<ft<oa.

Since we have assumed D’ > 3/2, the coefficient of drift term in (1.95) is negative,
and there is a positive probability that z* (t) started at log(e/2) never reaches loge.
On this event, Z(f) < loge. The process Z is just a time change of the process Z,
and so we can conclude that with a positive probability

RY(t) — R* (1)

1 RY(t) — R*(t)
Og( R (1)

1
0] )< oge <—
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The event (1.88) then holds and by Lemma 1.2
€ €
P[T* =Ty]=q(x, (1+§)x) =q(1,1+§) > 0.

The proof is completed. O

1.14 Hypergeometric Functions Representing Bessel Flow

In Theorem 1.2 (ii) we proved P[T?” = T*] > Ofor 0 < x < y < oo, when
3/2 < D < 2. A striking fact is that this probability can be explicitly expressed
using Gauss’s hypergeometric function [6]. Here Gauss’s hypergeometric function
is defined by

< (@) (B), "
Flo, Byyu) = ——t—
é (Vn 0!

where the Pochhammer symbol, (¢c)g =1, (¢), =c(c+1)---(c+n—1),n > 1,

is used (see, for instance, Chap.2 of [1]). It is a fundamental solution at u = 0 of
Gauss’s hypergeometric equation

u(l —u)F" + {7—(a+ﬁ+1)u}F’—aﬁF=O. (1.96)

The following is known as Gauss’s summation formula,

_ -y —a—p)
Fry—a)l(y=0)’

F(a, 8,7 1) Ry >0,RT —a—03)>0. (1.97)

Proposition 1.1 For3/2 <D <2,0<x <y < oo,

P[T*=T"]1=1-P[T* <T"], (1.98)
with
ro-1 =y du
P[T* <T’] = 1.99
" =TI=rep—sra-n ) 1 —wp-taan 1)

3 -1 y—x\*P7?
_F(Z(D—l))F(Z—D)< y )

xF(2D—3,D—1,2(D—1); u) (1.100)
y
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Fig. 1.5 Probabilities o
P[T* = T”] are plotted as -
functions of the dimension D ©
forx=1andy=1.1 S
(black), 2.0 (blue), 10
(green), and 100 (red), © |
respectively ©
~
o
N
o
Q|
o

T T T T T T

1.5 1.6 1.7 1.8 1.9 2.0
D

Numerical values of P[T* = T”] are plotted in Fig. 1.5 as functions of the dimen-
sion D for several values of x and y.
Proof of Proposition 1.1.By the scaling property of Bessel process (1.62), we can
replace the variables as x — 1 and y — 1 4+ x,x > 0 without loss of generality.
For x > 0 consider a process

R™f*(t) — R (1)

Y0 R

, t>0. (1.101)

td’s formula (1.52) gives (Exercise 1.19)

2
N e e X
®) 2 S 2 SO+ S \R'(1)

(1.102)

Here we perform the random time change ¢ — 7 by

- S®Y
z_/o (R](s)) ds. (1.103)

= " S(s)
B(t)_—/o R 4BO). (1.104)

If we set

it is a BM. Hence, if we set S(f) = S(¢), then we obtain the following SDE,

dE(?)—dE(E)Jr[S_DL—D_l : }d?
a 2 S0 2 SOESOH+D

_ [2—1) D—1 1 } _

=dB()+ | =—+ — di.
S() 2 SH+1

(1.105)
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Let
Y(x) =P[T' =T =¢q(1, 1 +x), (1.106)

and consider the process
M) = p(S@) =P [Tl — TFH@/FI@] , (1.107)

where R (t) = R*(¢),t > 0. By Itd’s formula (1.52) with (1.105), we obtain the
SDE for (1.107) as

2—D D—1 1
— + ==
S(7) 2 S +1

dM(t) = ' (S(©)dB({) + ¢ (S{)) [ ] di + %W/(E(f))d?.

(1.108)
On the other hand, the scaling property of the Bessel process (1.62) gives
R0 /R G aw) (1 . 1+x
(RR W/R m(t)) = =R () with ¢ = —r—g—
120 ¢ >0 R " ()/R (1)
for any 7 > 0, and thus M (7) is a martingale
EIM(®)|.%]1=M@G), 0<"5s<T. (1.109)

Then the drift term in (1.108) should be zero and a differential equation for ¥ (x) is
obtained: | s b D1 1
=" (x) + + P’ (x) =0. (1.110)
2 X x+1

2

If we set ¢(x) = ¢'(x), (1.110) becomes
) 1 1
px)=— [2(2 —D)—+ (D — 1)—} p(x),
X 1+x

which is solved by ¢(x) = 0 and

1
x2(27D)(1 + x)Dfl '

p(x) =
Hence, we obtain the two solutions of (1.110): ¢(x) = 1 and

1)[}( ) /x dy /x/(1+x) du
X) = == )
0 y2(2—D)(1 + y)D—l 0 (1 _ M)D—lu2(2—D)

where we have assumed ¢ (0) = O for the latter solution and set y = /(1 — u) in
the integral. Then the general solution of (1.110) is given by
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x/(14x) du
Yx)=ci+c | (1 — u)D-1,20-D)"

By the conditions

YO) =P[T' =T'1=1,
P(o0) = lim P[T'™ =T'1=0,

we obtain

-1 x/(1+x) du

YO =1 b —3re-p ) (1 —u)P=lu2@=D)

where we have used the integral formula

! r'(p)r)
WA —wi du="2" Rp>0, NRg>0. (1.111)
/0 ro+o’ 7 1

By putting 1 /(1 +x) — x/y, (1.99) is obtained. For (1.100), we change the variable
in (1.110) as x — u with

u X
= = u =
1—u 1+x

and put J (u) = ¥(x). Then we have the equation

u(l = )" () + {2(2 —D)—(G— D)u]qZ’(u) —0. (1.112)
Itis a special case of Gauss’s hypergeometric equation (1.96) with setting parameters

a=0, B=2—-D, v=22-D). (1.113)

For Gauss’s hypergeometric equation, we can adopt {F (v, 3, v; u), u' 7 F(1 — v+
a,1 — v+ 3,2 —~v;u)} as a fundamental system of solutions at u = 0. Under
(1.113), the former is 1 and the latter is u>?’3F(2D —3, D — 1,2(D — 1); u), and
hence the solution will be expressed by

VW) = +u*PFQD —3,D —1,2(D — 1); u)
with constants ¢; and ¢,. By the conditions

$(0) =) =P[T' =T =1,
(1) = ¢(00) = lim P[T'™ =T'1=0, (1.114)
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they are determined as

G=1
-1

~ _ _ _ 1l = —
& F2D-3,D—1,2(D—-1); )~ = reD—-1)Ir2—-D)

where (1.97) is used. We change the variable # — x = u/(1 — u), and then replace
1/(14x) by x/y. The formula (1.100) is thus obtained and the proof is completed. []

Exercises

1.1 Using the transition probability density function (1.1), the LHS of (1.10) is
written as fwo(y2 —1)p(t — s, y|x)dy, under the condition B(s) = x. Show that it
is equal to x> — s and directly prove (1.10).

1.2 Consider the integrals I,,,,, = ffooo e H,(x)H,,(x)dx,n,m € Ny.
(1) By (1.19), they are written as

00 d"€7x2
Ly = (—1)”/ T H, (x)dx, n,m e Njy. (1.115)

Suppose n > m. Then prove that I,,,, = 0.
(ii) Show that 1, = 2"n!/7.
The above proves that {H, (x)},en, have the orthogonality property

o0
/ e H,(x)H,,(x)dx = 2"n\\/78,,, n,m € No. (1.116)
—00

1.3 Derive the formula

o n

S 25752
E Hy(2)— =e (1.117)
=0 n.

from (1.17) with (1.15) and (1.18). Show the following contour integral representa-
tions of the Hermite polynomials,

n! eZ’r/z—nz
— dn —11
2n/—1 Jewy 0t

where C(dp) is a closed contour on the complex plane C encircling the origin 0 once
in the positive direction.

H,(z) = n € Ny, (1.118)
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14 Let F(s,z) = eZsz—sz.
(i) Show that F (s, z) satisfies

oF
— — 2z —-2s)F =0, (1.119)
Os
oF
— —2sF =0. (1.120)
0z

(ii) Using the formula (1.117), derive the following recurrence relations:

H,11(z) — 22H,(z) + 2nH,_1(z) = 0, (1.121)
H)(z) =2nH,_i(z), n €N, (1.122)

where H, (z) = dH,(z)/dz.
(iii) From (1.121) and (1.122), derive the equations

H!(z) —2zH(z) +2nH,(z) =0, n € Nj.
That is, { H,(2)}ren, satisfy the differential equation
u' —2zu' +2nu = 0. (1.123)

This is known as the Hermite differential equation.

1.5 Show
E[(B(1) — B(s)) 1 =3t —s)?, 0<s<t. (1.124)

1.6 For any random variable X with |E[X]| < oo, prove Chebyshev’s inequality,

! E[|X —E[X]*], Ye>0.

PI|X —E[X]| > £] <
&

1.7 Let B;(¢), t > 0,i = 1,2, ..., D be independent BMs. Prove that (B;, B;); =
0it,1 <i,j<D,t>0.

1.8 For n € Ny, let i, (1, x) = (1/2)"?u,(x/~/2t), (t, x) € [0, 00) x R. Assume
thatu, (z) € Ci. Let B(t), t > 0 be BM. By applying It0’s formula (1.52), show that
m,(t, B(t)), t > 0 is a local martingale, if and only if u,(z) satisfies the Hermite
differential equation (1.123).

1.9 Prove the scaling property (1.62) for BES(?.
1.10 Forx > 0,let7{ =inf{t > 0: R*(t) =x/2} and 75 =inf{r > 0: R*(¢) =

x/2%}. Define
; _/Ti‘ dt ! _/Tf dt
e RO T L ROY

1
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Prove that 1| and I, are independently and identically distributed (i.i.d.).

1.11 Confirm that pP (¢, y|x) given by (1.75) satisfies the backward Kolmogorov
equation (1.71) with (1.70) for BES®,

1.12 Show that, for x € Ry, ¢ > 0, p® (¢, y|x) given by (1.77) is well-normalized
as fp, PV ylody = 1.

1.13 Take the limit x — 0 in (1.77) and obtain the formula

2
lim p®(t, ylx) = Zy*p(t, ¥10) = (¢, y[0). (1.125)

It coincides with the result obtained from the middle formula in (1.75) by putting
D=3 & v=1/2,since I'(3/2) = /7/2.

1.14 Consider an absorbing Brownian motion started at x > 0 with an absorbing
wall at the origin. Let 7 be the time the BM is absorbed: 7 = inf{r > 0 : B*(t) = 0}.
For given T > 0, the probability that the BM is not yet absorbed and thus survives
at that time 7 is given by P¥[7 > T] = fooo g™ (T, y|x)dy, which will be called the
survival probability up to time T.

(i) Prove the long-term asymptotics of the survival probability,

[2
P[r>T]~,2xT7V? asT — oo. (1.126)
™

(i) Consider the absorbing Brownian motion under the condition that it survives
up to a given time 7' > 0. In other words, it is the one-dimensional Brownian motion
conditioned to stay positive up to time 7. For 0 < ¢t < T, the transition probability
density of such conditional process started at x > 0 at time 0 and arriving at y > 0
at time ¢ will be given by

abs y
positive g™, y| )P [T > T — 1]
t, = . 1.127
pr (@t ylx) Prlr > T] ( )

Take the limit 7 — oo of this transition probability density function.

1.15 The RHS of (1.34) is a special case of the Girsanov transformation [7],

t 1 t
E [F(B(t))eXp {/ ©(B(u))dB(u) — 5/ sa(B(u))zdu]

N

ﬁs] (1.128)
with p(x) = b. Set s =0, B(0) = x € R, and put
1
px) =—. (1.129)
X

Show that (1.128) then gives the RHS of (1.80).
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1.16 Let v € R and consider a BM with a constant drift v, B” (t) + vt, which starts
from y € R at time ¢t = 0. The geometric Brownian motion with drift v is defined
as exp(BY(t) + vt), t > 0. For each r > 0, we define the random time change
t— A(t)by A(t) = fol exp{2(B” (s) +vs)}ds, and let R* (A(t)) be the BES” with
D =2(v + 1) at time A(¢) starting from x = e”. Prove that

law)

x ( )
(R*(A@)z0 = (exp(B (1) +v1) - (1.130)
This formula is called Lamperti’s relation (see (1.28) in Chap. 11 of [7]).
1.17 Derive (1.91) by applying Itd’s formula to (1.90) with (1.87).

1.18 Prove (1.93) for 1 < D < 2 following the instructions below.
(i) Forx > 0,let7y =0, 7; =inf{t > 0: R*(t) =x/2"},n € N, and

ood
= [ s el
Ty Rx(s)Z

Prove that I,,, n € N are 1.1.d.
(i1) For 1 < D < 2, conclude (1.93).

1.19 Derive (1.102) by applying 1t6’s formula to (1.101).
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Chapter 2
Schramm-Loewner Evolution (SLE)

Abstract We consider the Loewner chain, which is a time evolution of a conformal
transformation defined on the upper-half complex plane. The chain is driven by a
given continuous real function of time ¢ and it determines a path y in the upper half-
plane parameterized by 7. Schramm-Loewner evolution (SLE) is a stochastic version
of the Loewner chain such that the driving function is given by a time change of one-
dimensional Brownian motion and thus the path becomes stochastic. We introduce the
SLE as a complexification of the Bessel flow studied in Chap. 1. Then the parameter «
of SLE, which is originally introduced to control the time change of Brownian motion
driving the SLE, is related to the dimension D of Bessel process. Corresponding to
the existence of two critical dimensions D, = 2 and D, = 3/2, the appearance of
three different phases of the SLE path is clarified. Moreover, based on the detailed
analysis of the Bessel flow in D, < D < D, given in Chap. 1, Cardy’s formula
for the critical percolation model is derived. We give a list showing correspondence
(up to a conjecture) between lattice paths studied in statistical mechanics and SLE
paths describing their scaling limits.

2.1 Complexification of Bessel Flow

In the sequel we consider an extension of the Bessel flow {R*(¢) : t > 0}, defined
on R, to a flow on the upper-half complex plane H = {z = x ++/—1y :x e R, y >
0} and its boundary 9H = R. Let H = HUR. We set Z%(1) = X*(t) +/—1Y%(1) €
H\ {0}, 7 > 0 and complexificate (1.60) as

dZ(t) = dB(t) + b-1_di 2.1)
- 2 Z(1) ’
with the initial condition
Z70) =z =x++/—1y e H\ {0}.
© The Author(s) 2015 41
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Fig. 2.1 A schematic picture Im z
of ‘complexificated Bessel
flow” on H \ {0} for D > 2 A
D e
X Rez

The crucial point of this complexification of Bessel flow is that the BM remains
real, B(t) € R, t > 0. Then, there is an asymmetry between the real part and the
imaginary part of the flow in H,

-1 X(t)
t,
2 (X)) + (Yi())?
D—1 Y1) )
2 (XH0)?+ (Y

. D
dX*(t) =dB(t) + (2.2)

dY*(t) = — (2.3)

Assume D > 1. Then as indicated by the minus sign in the RHS of (2.3), the flow is
downward in H. If the flow goes down and arrives at the real axis, the imaginary part
vanishes, Y*(¢) = 0, then Eq.(2.2) is reduced to be the same equation as Eq. (1.60)
for the BES”), which is now considered for R\ {0} = R, UR_.If D > D. =2,
by Theorem 1.1 (ii), the flow on R \ {0} is asymptotically outward, X*(t) — £oo
as t — oo. Therefore, the flow on H will be described as shown by Fig.2.1. The
behavior of flow should be, however, more complicated when Bc =3/2<D < D,
and 1 < D < De.
Forz € H\ {0}, r > 0, let

&) =Z°(t) — B(1). 2.4

Since B*(t) and Z*(t) are stochastic processes, they are considered as functions of
time ¢ > 0, where the initial values x and z are put as superscripts (B(t) = BY(7)).On
the other hand, as explained below, g; is considered as a conformal transformation
from a domain H, C H to H, and thus it is described as a function of z € H;; g,(2),
where time # is a parameter and put as a subscript.

Then, Eq.(2.1) is rewritten for g;(z) as

9g/(z) D—1 1 =0
at 2 g@@+B1) T

(2.5)
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with the initial condition

go(z) =z € H\ {0} (2.6)
For each z € H \ {0}, set

T = inf{t > 0: Z*(t) = 0}
=inf{r > 0: g(z) + B(t) = 0}, 2.7)

and then the solution of Eq. (2.5) exists up to time 7*. For t > 0 we put
H ={zeH:T* >t} (2.8)

This ordinary differential equation (2.5) involving the BM is nothing but the
celebrated Schramm—Loewner evolution (SLE) [13, 17]. It is known that [13], for
eacht > 0, the solution g, (z) of (2.5) gives a unique conformal transformation from
H, to H:

g2 : H;— H, -conformal,

such that
a(t 1
gz(z)=z+£+ﬁ’(—2), z—> 00
z |z]
with

a(t) = 5

t.
The usual parameter for the SLE is given by « > 0 [13, 17], which is related
to D by

-4 poi4t (2.9)
“TDb_1 T :

If we set g;(z) = v/ g:(z) in (2.5), we have the equation in the form [17]

0w 2
at E(Z) - U,

(2.10)

with

U = —kB(t), t>0. @2.11)
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In the complex analysis, given a real function U; of t > 0, a one-parameter family
of conformal transformations (g;),>o defined by the unique solution of (2.10) under
80(2) = z € H s called the Loewner chain driven by (U,),>¢. Note that

(law)

(_\/EB(I))IZO =" (B(kt))i>0

by the left-right symmetry and the scaling property (1.4) of BM. The parameter
k > 0 1is the diffusion constant and it ‘speeds up’ (as ¥ 1) and ‘slows down’ (as k )
the one-dimensional Brownian motion which drives the stochastic Loewner chain.
In the present book, however, we will discuss the SLE using the parameter D > 1,
since we would like to discuss it as a complexification of the D-dimensional Bessel
flow.

The inverse map

=g, :H~H, >0, (2.12)
is also conformal. The equation of (f;(z)),>0 is then obtained as (Exercise 2.1)

i) D—-ldfi) 1 o
ar 2 9z z+B1t) T

2.13)

We call this partial differential equation the backward SLE. For (2.10), the inverse
map f,(z) = g, ' (z) satisfies

0hi)  8fin) 2
o 9z z-U’

t>0 (2.14)

with (2.11).

By the definition of 7%, (2.7), for each z € H, Z*(t) = g,(z) + B(t) — 0
as t 1 T*. (In this limit the Eq.(2.5) becomes ill-defined.) Set { = g,(z) + B(t)
provided t < T? <= z € H,. In this case g;(z) € H, B(t) € R, and hence ¢ € H.
Therefore, an approach Z*(t) — 0 corresponds to a limit ¢ — 0,¢ € H. Since
{ =g@+B@l) < z = g,’l(g‘ — B(t)), the behavior of Z%(t) — 0 will be
represented by the limit

y(n) = lim g (¢ = B@). (2.15)
{EH’

Using properties of BM and the conformal transformation generalized by the
Loewner chain (2.5), Rohde and Schramm [16] proved that y = y[0, o0) = {y (¢) :
t € [0,00)} € H is a continuous path with probability 1 running from y (0) = 0 to
y (00) = oo. The path y obtained from the SLE with the parameter D > 1 is called
the SLE® path. (See Exercise 2.2.)
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2.2 Schwarz-Christoffel Formula and Loewner Chain

In mathematical physics, the Schwarz—Christoffel formula may be more popular than
the Loewner chain, when conformal transformations are studied. In this section, we
discuss the Loewner chain from the viewpoint of the Schwarz—Christoffel formula
using a simple example of conformal transformation. We will use the Schwarz—
Christoffel transformation in Sect. 2.4, where Cardy’s formula in Carleson’s form is
given for an equilateral triangular domain.

Let I" be a polygon having vertices wy, w, ..., w, and interior angles o7, a7,

, a, 7 in the counterclockwise direction and D be the interior of I” as shown in
Fig.2.2. The following theorem is known as the Schwarz—Christoffel formula [8].

Theorem 2.1 Let ]?be any conformal map from H to D with f(xi) =w;, 1 <i <
n—1, and f(0c0) = wy, where x; € R, 1 <i <n — 1. Then

df@ Tl
i _CE(Z_X’) : (2.16)

where C is a complex constant.

As an application of this formula, we consider a conformal map ffrom H to the
upper-half complex plane with a straight slit starting from the origin: H \ {a slit}.
Let 0 < o < 1. As shown by Fig. 2.3, the angle between the slit and the positive

TH

L *

2

. N,
_f) (1 0();’_
00— 4
x 0 x, x 0

Fig. 2.3 The conformal map ffrom H to H \ {a slit}, where the angle between the slit and the
positive direction of the real axis is ez, o« € (0, 1)
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direction of the real axis is supposed to be azr. Since the region H \ {a slit} can be
regarded as a polygon with the interior angles (1 — «)7 on the left side of the origin,
27 around the tip of the slit, and s on the right side of the origin, for any length of
a slit, the formula (2.16) gives

=C(z—x1) "%z —x)(z —x3)% ", (2.17)

df(z)
dz

v/v\here x1 <0, x; < x3 < x3,and x3 > 0. We assume that f(xl) = f(x3) = 0 and
f(x2) gives the tip of the slit. If we impose the condition on the asymptotics as

f(z)

— 1 asz — oo,
Z

the solution of (2.17) is uniquely determined as
F@) =@—x)"—x)", (2.18)
where the following relation should be satisfied,
X3 — Xy = a(x3 — Xyp). (2.19)
Using (2.18), the Schwarz—Christoffel differential equation (2.17) is rewritten as

dfz) 2 21(2)

dz z—x (z—x)Ez—x3)

(2.20)

We then introduce a parameter ¢ > 0 and assume x; = x;(¢), i = 1,2, 3, and put
ﬁ(z) (z—x1())'7%(z — x3(t))*. The differential of ﬁ with respect to 7 is given as

2£i(2) 24,(2) .
- i 221
0 G-moc-nn) 221)
with
n =3 [(1 R e L N R ]

Let x,(t) = —2ct?, x3(t) = (2/c)t? with constants ¢, 8 > 0. Then we find that, if
and only if

. B== (2.22)
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A;(z) becomes independent both of z and #; A,(z) = 1. In this case (2.20) and (2.21)
give the equation

0fi)  fi 2

= , >0 (2.23)
at 0z z— x2(¢)
with
. JKt, ifa <1/2,
x2(1) = [—Jﬁ, ifa > 1/2, (2.24)
where
_ 41 = 2a)?
K = K(Ol) = m (225)

Equation (2.23) can be regarded as the backward Loewner evolution (2.14) driven
by (2.24). The obtained conformal transformation

l—« o
ﬁ(z)=(z+2/1fa\/;) (z—z,/l;“ﬁ) (2.26)

is a solution of the Schwarz—Christoffel equation (2.17) and the backward Loewner
evolution (2.23). The corresponding Loewner path is a straight slit starting from the
origin growing upward in H with a tip

_ 1/2—a
Y1) = fi(xa(t) =2 (%) VTl i 1> 0. 2.27)

Note that the quadratic variation of (2.11) is
(U,U), =«(B,B), =«t, t>0.

It is identified with x,(1)2, if « is given by (2.25). SLE will be considered as a
randomization of the time-dependent conformal map (2.26).

2.3 Three Phases of SLE

The dependence on D of the Bessel flow given by Theorems 1.1 and 1.2 is mapped
to the feature of the SLE'® paths so that they exhibit three phases.

[Phase 1] When D > D, = 2 (ie., 0 < k < k. = 4), the SLE® path is a
simple curve, i.e., y(s) # y(t) forany 0 < s # t < 0o, and y (0, o0) € H (i.e.,
y(0, 00) NR = ¢). In this phase,
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(a) (b)

y(@®)

.

>2 D —:

=.=
0 gy (1) =—B(®)

Fig. 2.4 a When D > 2, the SLE® path is simple. b By g;, the SLE(®) path is erased from H.
The tip of the SLE(?) path, y(¢), is mapped to g,(y (t)) = —B(t) € R. The flow associated with
this conformal transformation is represented by arrows

(a) (b)

»”~ S\
’ \
1 1
K ' ’
t \ \
]

-\ «— |/ T—>

@m0 (1) = —B(t)

Fig.2.5 aWhen3/2 < D < 2, the SLE!? path can osculate the real axis. The SLE hull is denoted
by K;. b The SLE hull is swallowed. This means that all the points in K; are simultaneously mapped
to a single point —B(r) € R, which is the image of the tip of SLE®) path, y (1)

H, =H\ y(0,t], t>0.

For each t > 0, g, gives a map, which conformally erases a simple curve y (0, ¢]
from HI, and the image of the tip y (¢) of the SLE pathisa BM, —B(r) € R = 9H],
as given by (2.15). As shown by Fig.2.4, it implies that the ‘SLE flow’ in H is
downward in the vertical (imaginary-axis) direction and outward from the position
— B(t) in the horizontal (real-axis) direction. Since Z*(t) = g;(z) + B(t) by (2.4),
if we shift this figure by B(¢), we will have a similar picture to Fig.2.1 for the
complexificated version of Bessel flow for D > 2.

[Phase2] When D, = 3/2 < D < D, = 2 (ie., ke = 4 < k < K = 8),
the SLE path can osculate the real axis, P(y(0,t]NR # @) > 0,¢t > 0.
Figure2.5a illustrates the moment ¢ > O such that the tip of SLE® path just
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(@) (b)

SNL)
8t
C —

0 g(7(®)

(D

g5(r (1) g5(7 ()

Fig. 2.6 The event that the SLE(®) path osculates R is equivalent to the event that the SLE(?) path
makes a loop

osculates the real axis. The closed region encircled by the path y (0, ) and the
line [y (¢), 0] € R is called an SLE hull at time ¢ and denoted by K;. In this phase

H[:H\Kt, tZO.

That is, g;(z) is a map which erases conformally the SLE hull from H. We can
think that by this transformation all the points in K, are simultaneously mapped
to a single point —B(¢) € R, which is the image of the tip y (¢). (We say that the
hull K, is swallowed. See Fig.2.5b.) By the definition (2.8), the moment when K,
is swallowed is the time 7°° at which the equality Z*(¢) = g,(z) + B(¢) = 0 holds
Yz € K;. (Then the RHS of (2.5) diverges and all the points z € K; are lost from
the domain of the map g;.) Theorem 1.2 (ii) states that, when D. < D < D, two
BES?)’s starting from different points 0 < x < y < oo can simultaneously return
to the origin. In the complexificated version, all Z*(¢) starting from z € K, + B(¢)
can arrive at the origin simultaneously (i.e., they are all swallowed).

Osculation of the SLE path with R means that the SLE path has loops. Figure 2.6a
shows the event that the SLE path makes a loop at time ¢ > 0. The SLE hull K;
consists of the closed region encircled by the loop and the segment of the SLE
path between the origin and the osculating point, and it is completely erased by
the conformal transformation g, from H as shown by Fig.2.6b. Let0 < s < f and
consider the map gy, which is the solution of (2.5) at time s. Assume that y (s) is
located in the middle of the loop of y[0, ¢] as shown by Fig.2.6a. The segment
y[0, s] of the SLE path is mapped by g, to a part of R. Since y () osculates a point
iny [0, s], its image g, (y (¢)) should osculate the real axis R as shown by Fig. 2.6c.
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(a)

<

Fig. 2.7 Schematic pictures of SLE pathsina Phase 1 (D > D, =2 < 0 < k < k¢ =4,
bPhase2 (D, =3/2<D <D. =26 k. =4 <k <kc=28),andcPhase3 (1l < D < D, =
325 Kk >ke=38)

This is the same situation as the one shown in Fig.2.5a. Since g; ! is uniquely
determined from g, the above argument can be reversed. Then the equivalence
between the osculation of the SLE path with R and the self-intersection of the
SLE path is concluded.

In this intermediate phase D. < D < D,

SLE™ path y is self-intersecting, and
| JK =H but y[0.00) NH # H with probability 1.

t>0

[Phase 3] Whenl < D < D, = 3/2 (i.e., k > k. = 8), Theorem 1.2 (i) states
for the Bessel flow that the ordering 7* < T is conserved forany 0 < x < y. It
implies that in this phase the SLE path should be a space-filling curve:

y[0, co) = H.

(Otherwise, a swallowing of regions occurs, contradicting Theorem 1.2 (i).)

Figure 2.7 summarizes the three phases of SLE paths.
The SLE paths are fractal curves and their Hausdorff dimensions dl({D) are deter-
mined by Beffara [2] as

— 3
if1<D<DC=§,

déD) =1 sp_1 (2.28)

—— _  ifD>D.=
2D —1)

\OR OS]
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We note that a reciprocity relation is found between D and dl({D) in [Phase 1] and

[Phase 2], 3

(D) ! 5
(D —1)(dy —1):5, Dchzz. (2.29)
The stochastic Loewner chain (g;),;>0 as well as the SLE path y = (y(#));>0
are functionals of BM. Therefore for each D > 1 we have a statistical ensemble of
random curves {y (w)} in the probability space (£2, .%, P) of BM. It is a statistical
ensemble of SLE paths {y ()} in the upper half plane H, in which they start from
the origin: y (0, w) = 0, and approach infinity: lim,_, o, ¥ (¢, ) = co. We write the
probability law of {y (w)} in such a geometrical setting as P(y.0,00). In general, the
probability law of SLE paths {y (@)} in an simply connected domain D ¢ C, D # C
with (0, w) = a € 0D and lim,_, , y (t, ) = b € D will be denoted by P(p., 1.
The important consequence from the facts that BM is a strong Markov process with
independent increments and that g, gives a conformal transformation is the following
[13].

(SLE1) The SLE path y has the following kind of stationary Markov property,

Pa0.00)[ - 170, 111 = Py 0,11y 1,000 [ -1, ¢ > 0. (2.30)
This is called the domain Markov property.

(SLE2) Let f be a conformal transformation which maps H to a domain D =
f(H). Then

Pa0.00l-1=Po: r0). rconl-1- (2.31)
That is, the probability law of y has conformal invariance. Here it should be
remarked that the dependence on the geometry of an event should be properly
mapped by f. For example, if the event of y measured by P(51.0,~) depends on a

domain A C Hi, the corresponding event of y measured by P(p. £(0), r(o0)) should
be considered so that it depends on the domain f(A).

2.4 Cardy’s Formula

Let
Ti1.00) = inf{z > 0 : y(7) € [1, 00)}.

If D > 2, the SLE' path is in [Phase 1] and y does not touch the real axis R with
probability 1. Therefore

Ti1,00) = 00, D > 2 with probability 1.
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If1 < D <3/2,the SLE path is in [Phase 3], in which y is a space-filling curve
in H. Then

v(T11,00)) = 1 with probability 1.

When 3/2 < D < 2, which corresponds to [Phase 2], y (T};.o)) has a nontrivial
distribution on [1, co) as follows.

Proposition 2.1 Suppose y is an SLE®) path with 3/2 < D < 2. Then, for x > 0

P:0,00) [)’(T[l,oo)) <1 +x]

B r{o-1 x/(1+) du
T rep-3re2->n)Jy (1 — u)DP-1,22-D) 2.32)
(-1 ( x )20—3 ( x )
= Fl2p-3,D-1,2(D—-1); — ).
rQMD—-1)re-D0p) \1+x 14 x
(2.33)

Proof By (2.7) and (2.15), we see the equivalence between the events
(0:y(Tlooy) < 14+x} = {o:T'<T"™}.

Then the probability is just obtained from (1.99) and (1.100) in Proposition 1.1 by
setting x — 1 and y — 1 4 x. Then (2.32) and (2.33) are obtained. O

When D =5/3 (i.e., k = 6), (2.32) gives
F(2/3) x/(14x) du

P 'ool:(5/3)Too 1 :I:— —_—— 2.34
(H:0,00) | V ( [1, )) <l+x F(1/3)2 o (1—M)2/3I,t2/3 ( )

This formula has the following meaning, and it is called Cardy’s formula [3, 4].!

Let A be a domain in C whose boundary is the equilateral triangle with vertices
wy =0,w, =1land wz = ¢™V=1/3_ The conformal map f from H to A satisfying
the conditions

fa0) =wi, fa(l) =wa, fa(o0) =ws (2.35)
is given by (Exercise 2.3)

re/3) [° du
T(1/3)2 o u23(1 —u)/3’

falz) = z € H. (2.36)

I'The original work by Cardy was given on a rectangular domain, but the statement is conformally
invariant [3, 4]. The formula becomes particularly easy for an equilateral triangular domain as
shown here, and is called Cardy’s formula in Carleson’s form [19]. See Sects.6.7 and 6.8 in [13].
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2.4 Cardy’s Formula

Fig. 2.8 Red curve
describes an SLE®/? path,
Yy = (O (1))z0. in &
starting from w; and
approaching w3 as t — o0.
The point at which y /3
first touches the line segment
[wa, w3] is marked by a red
dot, which is given by

YO/ Tty ws7)- In this case
YO Ty ) € (w2, wl
for a given w € [wy, w3]
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wy Wy

We take the branches in the integrand in (2.36) so that (Exercise 2.4)

ay=i L2/3) [¥/0+0 du
fa(=x) =e V=l Ta/32 Jo ZRA_2 0<x < o0, (2.37)
. re/) [ du
fakx) = T2 Jo @230 — w23 0<x<I, (2.38)
x/(14+x)
Fa(l4x) = 14 2V=13 /3 du 0<x<oo. (2.39)

Now we consider the
and approaching ws as ¢
[wo, ws]. Let

ra/3)2 Jo u?/3(1 —u)2/3’

SLE®/® path, y©/3(¢), t € [0, 00) in A starting from w
— 00. Denote the line segment connecting w, and w3 by

Tivy sy = inf{t > 0: O3 (1) € [wy, w3},

See Fig.2.8. For w € [w;, ws], we write the line segment between w, and w on
[wa, ws] as [w,, w] and the distance between w, and w as [w — w;|. By the conformal
invariance (SLE2) of SLE?),

Paswnws) [y(5/3)(T[W2,W3]) € [wy, fa(l+ x)]] = Pm.0,00) I:V(S/S)(T[l,oo)) <1+ X]-
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Since (2.35) and (2.39) hold, the RHS given by (2.34) is equal to

fal4+x) —wy

T = a0+~

Then we can conclude the following.

Proposition 2.2 Let y©/3 be the SLEC/® path in A from wy to ws. Then the distri-
bution ny(5/3)(T[WNV3]) is uniform on [wy, ws]. That is,

P(A;WI,W3)I:V(S/S)(T[wz,wﬂ) € [wa, W]] = |w —wy| forany point w € [wa, w3].
(2.40)

2.5 SLE and Statistical Mechanics Models

The highlight of the theory of SLE would be that, if the value of D is properly chosen,
the probability law of y realizes that of the scaling limit of important lattice paths
studied in a statistical mechanics model exhibiting critical phenomena or describing
interesting fractal geometry defined on an infinite discrete lattice.

The following is a list of the correspondence (up to a conjecture) between the
SLE® paths with specified values of D, and the names of lattice paths (with the
names of models studied in statistical mechanics and fractal physics), whose scaling
limits are described by the SLE”) paths.

SLE®/? &= random Peano curve (uniform spanning tree) [14]
SLE®/3 <= percolation exploration process (critical percolation model) [19]
SLE"/% «—= FK-Ising interface (critical Ising model) [6, 20]

SLE® <« random contour curve (Gaussian free surface model) [18]
SLE/® «= Ising interface (critical Ising model) [6, 7]
SLE®/? <= self-avoiding walk [conjecture]

SLE® <= loop-erased random walk [14]

It is obvious from (2.9) that D = 3/2,5/3,7/4,2,7/3,5/2, and 3 correspond to
Kk =8,6,16/3,4,3,8/3, and 2, respectively.

The SLE® path has the following special property if and only if D = 5/3: for
any A C H such that 0 ¢ 9A, oo ¢ JA,

Pao.ool-» 20, 11N A = 0] = Panaoogl-1, £ >0.

This is called the locality property. The lattice path called the percolation exploration
process {yP”} defined on the Bernoulli site percolation model [11, 12] studied in
statistical mechanics has this property. Cardy conjectured that the scaling limit of
{yPe"} obtained from the critical percolation model satisfies (2.40) [3]. It was proved
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by Smirnov [19] for the critical site percolation model on a triangular lattice by
showing the conformal invariance of its scaling limit.

The SLE path has another special property called the restriction property, if
and only if D =5/2 («x =8/3) [13]:if D C H, 0 € dD, co € 9D, then

Pg0.00)[ - » ¥ /2 (0, 00) C D] = Pp;0.00) - 1.

We can see that the self-avoiding walk (SAW) [15], which is defined on a lattice
and has been studied as a model for polymers, has this property. The conformal
invariance of the scaling limit of SAW is, however, not yet proved. If this holds true,
then it would imply the equivalence in probability law between the scaling limit of
SAW and the SLE®/? path. See [9, 10] for more details and other conjectures.

The relationship between the SLE and the conformal field theory (CFT) is dis-
cussed in [1, 5]. The central charge c and the scaling dimension h of the CFT are
given as functions of D as

D — —-2D D —
c= & U8 ), h = & 5, D > 1. (2.41)
D—1 4

Exercises

2.1 Derive (2.13) from (2.5).
2.2 Consider the deterministic case where B(¢) = 0 in (2.5) and

dgc) D—1 1
ot 2 gr(Z)7

~
v

(2.42)

(i) Solve the equation (2.42) under the initial condition (2.6).
(ii) Determine y (¢), t > 0 by setting —B(¢t) = 0 in (2.15).

2.3 As an application of the Schwarz—Christoffel formula given by Theorem 2.1,
prove that (2.36) is the conformal map from H to A satisfying (2.35).

2.4 Derive the expressions (2.37) and (2.39) from (2.36).
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Chapter 3
Dyson Model

Abstract Dyson’s Brownian motion model is a one-parameter (8 > 0) family of
interacting Brownian motions in one dimension. A repulsive force acts between any
pair of particles, whose strength is given by the inverse of distance of particles multi-
plied by B8/2. We regard this model as a multivariate extension of the D-dimensional
Bessel process with D = 8 4 1. We concentrate on the special case where g = 2
and call it simply the Dyson model, which inherits the following two aspects from
the three-dimensional Bessel process: the Dyson model is the eigenvalue process of
a Hermitian-matrix-valued Brownian motion (Aspect 1), and it is also constructed as
a system of Brownian motions conditioned never to collide with each other (Aspect
2). The notion of determinantal martingale representation is introduced, which leads
Aspect 2 into the determinantal property in the sense that all spatio-temporal corre-
lation functions are given by determinants controlled by a single function called the
correlation kernel. This strong solvability enables us to construct the Dyson model
with an infinite number of particles both in equilibrium and in nonequilibrium. The
Tracy—Widom distribution is discussed for the Dyson model.

3.1 Multivariate Extension of Bessel Process

Here we consider the stochastic motion of two particles (X (¢), X»(¢)) in one dimen-
sion R satisfying the following SDEs,

B dt
dX,(t) = dB L S—
1(®) (1) + X X0
AXo(t) = dBy(t) + b 3.1)

2 Xo(1) — Xy (1)’

with the initial condition x; = X;(0) < x» = X5(0) for0 < ¢ < inf{r > 0 :
Xi(t) = X,(t)}, where B (t) and B,(t), t > 0 are independent BMs and 8 > 0 is
the ‘coupling constant’ of the two particles. The second terms in (3.1) represent the
repulsive force acting between two particles, which is proportional to the inverse of
the distance between them, X, (¢) — X (¢). Since it is a central force (i.e., depending
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only on distance, and thus symmetric for two particles), the ‘center of mass’ X.(¢) =
(X2(t) + X1(2))/2 is just a time change of BM; we can calculate the quadratic
variation as d(X., X.), = (dX.,dX.), = ((dB; +dBy)/2,(dB; + dB»)/2); =
dt/2, since d(Bi, B1); = {(dBy,dB;), = dt, d(B>, By); = (dB,,dB;); = dt and
d(Bl, Bz), = (dBl, dBQ)[ = 0. Then

V2

where B(t) is a BM independent from B;(z) and B,(¢). On the other hand, if we
define the relative coordinate by X, (r) = (X»2(t) — X,(t))/ /2, it satisfies the SDE

= B dt
dX.(t) =dB@) + X0

aw ] aw
(Xe())r=0 =) (—B(t)) B B(1/2))10,
>0

(3.2)

for0 <t < inf{r > 0 : X,(t) = 0}, where E(t), t > 0 is a BM independent from
Bi(1), B»(t), B(t), t > 0 (Exercise 3.1). It is nothing but the SDE for BES‘” with
D=pg+1:

Xe()i=0 2 (R(t))20. D =B +1.

Dyson [38] introduced N -particle systems of interacting Brownian motions in R
as a solution X(¢) = (X(¢), Xa(¢), ..., Xy (2)) of the following system of SDEs:
with 8 > 0 and the condition x; < x; < --- < xy for initial positions x; =
Xi(0),1 <i <N,

dt

X0 -xm '€OT). IsisN. (3

B
dX,(l‘):dB,(l)'i‘E E
I=j=N,
J#

where {B;(t)}"_,, t > 0 are independent BMs and

i=1°

Tl’j‘ =inf{t >0: X;(t) =X;(®)}, 1<i<j=<N,
T = min T},
l<i<j<N Y

It is called Dyson’s Brownian motion model with parameter § [3, 5, 45, 101, 133].

As shown above, in the case where N = 2, Dyson’s BM model is a composition
of a BM (the center of mass) and a BES®#+1 (the relative coordinate). In this sense,
Dyson’s BM model can be regarded as a multivariate (multidimensional) extension
of BES#*D | g > 0.
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We can prove that, for any x € RY withx; < xp < -+ < xy, TX < o0 if
B < 1l,and T* = oo if B > 1 [52, 117]. The critical value 8. = 1 corresponds to
D.= .+ 1=20f BES?!

In [6, 7] Dyson’s BM model and the related processes are discussed as the special
cases of the Dunkl processes (see, for instance, [32, 45]).

In particular, we study the special case of Dyson’s BM model with parameter
B = 2. We call this special case simply the Dyson model [51, 63, 105, 127]. As
shown above, the case where B = 2 corresponds to a BES!”) with D = 3. In
Chap. 1, we have shown that BES® has two aspects: [Aspect 1] as a radial coordinate
of three-dimensional Brownian motion, which was used to define the Bessel process
in Sect. 1.8, and [Aspect 2] as a one-dimensional Brownian motion conditioned to
stay positive as explained in Sect. 1.10. We show that the Dyson model inherits these
two aspects from BES® [86].

3.2 Dyson Model as Eigenvalue Process

Dyson introduced the processes (3.3) with 8 = 1, 2, and 4 as the eigenvalue processes
of matrix-valued stochastic processes in order to realize the point processes in equilib-
rium called the Gaussian orthogonal ensemble (GOE), the Gaussian unitary ensemble
(GUE), and the Gaussian symplectic ensemble (GSE) [3, 5, 38, 45, 101, 133].

Precisely speaking, Dyson considered the Ornstein—Uhlenbeck processes such
that as stationary states they realize the eigenvalue distributions of random matrices
in GOE, GUE, and GSE. Here we consider matrix-valued Brownian motions instead
of the Ornstein—Uhlenbeck processes. Then the variances increase in proportion to
time ¢ > 0. In the following, we will use the stochastic calculus introduced in Chap. 1
in order to explain the Dyson model, but we do not assume any knowledge of random
matrix theory.

For B = 2 with given N € N, we prepare N-tuples of BMs {B}; (1)}, t >
0, each of which starts from x; € R, and N(N — 1)/2-tuples of pairs of BMs
{Bi; (), E,-j (O}i<i<j<n, t = 0, starting from the origin. Here, there is a total of
N+2xNN-1)/2=N 2 BMs, each of them independent from the rest. Then
consider an N x N Hermitian-matrix-valued Brownian motion,

Bia() +=1Bia(®)  Biy() +v=1Bin ()

Byl ()

. V2 V2
Bia(1) — v/—1B12 (1) B2(1) CBon () +vV—1Bon (1)
Bo= " 5 2 /2 . (34
Bin(t) — /—1Bin(t) Bon(t) —/—1Boy (1) BN
N 7 e

IThe existence of a strong and pathwise unique noncolliding solution of SDEs (3.3) for general
initial conditions x| < xp < --- < xy was conjectured by Rogers and Shi [117]. It was proved
by Cépa and Lépingle [27] using multivalued SDE theory and by Graczyk and Matecki [53] by
classical It6 calculus. See also [33].
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Remember that when we introduced BES® in Sect. 1.8, we considered the
D-dimensional vector-valued Brownian motionin R¥, (1.56), by preparing D-tuples
of independent BMs for its elements. Here we consider the space of N x N Hermitian
matrices denoted by .7 (N). Since the dimension of this space is dim #(N) = N2,
we need N? independent BMs for elements to describe a Brownian motion in this
space ¢ (N). Hence we can regard the process B*(r), r > 0 defined by (3.4) as a
‘Brownian motion in 2Z’(N)’. By definition, the initial state of this Brownian motion
is the diagonal matrix

B*(0) = diag(xy, x2, ..., xn). (3.5)

We assume x; < xp < --- < xpn.

In the usual Gaussian random matrix ensembles, the mean is assumed to be zero.
The corresponding matrix-valued BMs are then considered to be started from a zero
matrix, i.e., x; = 0,1 < i < N in (3.5). In random matrix theory, the general
case where means are non-zero (i.e., x; # 0) is discussed with the terminology
‘random matrices in an external source’ [11, 16, 22, 145]. From the viewpoint of
stochastic processes, imposing external sources to break the symmetry of the system
corresponds to changing the initial state.

Corresponding to calculating the absolute value (1.57) of BX(¢), by which BES(?)
was introduced, here we calculate the eigenvalues of B*(¢). For any r > 0, there is a
family of N x N unitary matrices {U(¢)} which diagonalize B*(¢),

U*(1)B*(1)U(r) = diag(A1 (1), ..., An (1)) = A(r), t>0.

He& for a matrix M = (M;;)1<; j<n, we define its Hermitian conjugate by M* =
(M i)1<i,j<n, Where Z denotes the complex conjugate of z € C. Consider a subspace
of R" defined by

WQE{Xz(xl,xz,...,xN) eRN ix; <x3<--- <y, (3.6)

which is called the Weyl chamber of type Ay in representation theory. If we impose
the condition (x; (1)), € W4, U(#) is uniquely determined at each time t > 0.

The main theorem of this section is the following.

Theorem 3.1 The eigenvalue process ()\,-(t))lN: 1» t = 0 of the Hermitian-matrix-
valued Brownian motion (3.4) started at (3.5) satisfies the SDEs,

. dt
dri(t) =dBl'(t)+ > ———— >0, 1<i<N, (3.7)

oty L) — x0T

J#

where (B;" (t))lsz t > 0 are independent BMs different from the N>-tuples of BMs
used to define BX(t) in (3.4). That is, this process realizes the Dyson model.
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The correspondence between BES® and the Dyson model in terms of equivalent
processes is summarized as follows.

[Aspect 1]
radial coordinate of
BES® <= D = 3 vector-valued
Brownian motion

the Dyson model eigenvalue process of
with N particles <= N x N Hermitian-matrix-valued
Brownian motion

Dyson derived (3.7) by applying the perturbation theory in quantum mechanics
[38]. Since (Ai(t)),N:l, t > 0 are functionals of {B;‘;f (), Bij(t), Bij(O}<i<j<n, 1 >
0, we can use It6’s formula to prove Theorem 3.1. A key point to prove the theorem is
applying It6’s rule for differentiating the product of matrix-valued semimartingales
(5, 23, 24, 28, 52, 80, 117, 133]: If X(¢) = (X;;(z)) and Y () = (¥;;(¢)) are N x N
matrices with semimartingale elements, then

dX*(OY (1)) =dX*O)Y (1) + X*()dY (1) + (dX*,dY),, t>0, (3.8)

where (dX*, dY), denotes an N x N matrix-valued process, whose (i, j)th element
is given by the finite-variation process Zk (dX_k,-, dYyj),, 1 <i,j <N.

In order to demonstrate that Itd’s rule for matrix-valued semimartingales is
very powerful, we consider the following general setting so that the above result
is derived as a special case [80]. Let H(¢) = (H;j(t))i<ij<n, t = 0 be an
N x N Hermitian-matrix-valued diffusion process, where the diagonal elements
Hif‘i (), <i < N, t > 0 are real-valued continuous semimartingales starting
from x; € R and the off-diagonal elements H;;(¢),1 <i < j < N, t > 0 are
complex-valued continuous semimartingales starting from the origin. The diagonal-
matrix-valued process A(¢) = diag(1;(¢), ..., Ay (¢)) and the unitary-matrix-valued
process U(t) = (U;;(t)), t > 0 are defined so that they satisty

U*(OH@OU@) = A@r), t>0. (3.9

Define I};(1), 1 <i, j < N, by
L(ndr = ((U*dHU);, (U*dHU) ;). (3.10)
where dH(t) = (dH;j(t))1<i, j<n. The finite-variation part of (U*(#)dH(#)U(t));;,

t > 0isdenoted by d7;(¢),t > 0for1 <i < N.

N

Theorem 3.2 The eigenvalue process (A;i(t));_,, t > 0 starting from x € W@

satisfies the SDEs,
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dri(t)y =dM;(t) +dJ;(t), t>0, 1<i<N, (3.11)

where (M;(t))1<i<n, t = 0 are local martingales with quadratic variations
t
i M), = [ Tiods, 10, 1=i <N, (3.12)
0

and (J;(t))1<i<n, t = 0 are the finite-variation processes satisfying

N
1
dJi(t) = — 1. onli@dt +dY; @), t>0, 1<i<N.
© jzzll)\i(f)—)uj(t) Ga#n o T (Odt + @) ;
(3.13)

Before giving the proof of Theorem 3.2, we explain how we can conclude Theorem
3.1 from this general theorem, and give a remark.

Proof of Theorem 3.1. When H(z), t > 0 is the Hermitian-matrix-valued Brownian
motion, B*(¢), ¢ > 0 as given by (3.4), we have

and (3.10) gives I3;(t) = 1,1 < i, j < N (Exercise 3.2). Moreover, we see that
dY;(t)=0,r > 0,1 <i < N in this case. Then we obtain (3.7). 0O

Remark 3.1 Ingeneral, equations (3.11), (3.12) and (3.13) for the eigenvalue process
(Ai(t))fV: 1>t > 0 depend on the unitary-matrix-valued process U(¢), ¢ > 0 through
(F7j () 1<i,j<nv and (Y;(#))1<i<n, t = 0. The equations are written in the form

dri(0) = ay (z, (Ak(z)),’jzl)dBj ) + B; (z, (Ak(r)),’gle) dt, t>0, 1<i<N.
j

(3.15)
Evenif the coefficients «;; and B; are functions not only of (A (t)),’?’=1 but also of other
variables, they are generally called SDEs in [58] (see Definition 1.1 with Eq. (1.1) in
Chapter4). In the special case in which these coefficients only depend on (A4(?)) ]1(\/:] ,
the equations are given in the form

(1) = X 0y (L, ) B0 + by (Gue o)Ly )dr, 120, 1<i <N,
' (3.16)

and they are said to be of the Markovian type (see Eq.(2.11) in Chap.4 of [58]). The
condition that the SDEs of the eigenvalue processes be reduced to the Markovian
type means that the Hermitian-matrix-valued process H(¢), ¢+ > 0 must be unitary
invariant in distribution [80]. By virtue of the properties of Brownian motions, the
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Hermitian-matrix-valued Brownian motion B(¢), ¢ > 0 defined by (3.4) is unitary

invariant in distribution, and thus the obtained SDEs of the Dyson model are of the
Markovian type as (3.7).

The rest of this section is devoted to the proof of Theorem 3.2.

Proof of Theorem 3.2. Define a matrix-valued process A(t) = (A;;(t)1<i j<n.t = 0
as a solution of the SDE

dA(t) = U*(1)dU(t) + %(dU*, duy,, t>0 (3.17)

under the initial condition A(0) = 0. Since U*(#)U(¢) = | for each time ¢, where |
denotes the N x N unit matrix, It0’s rule (3.8) gives

0=dU*(nHU@)) =dU*()U(r) + U*()dU(@) + (dU*, dU),.

Then the Hermitian conjugate of (3.17) is written as

dA* (1) = dU*(HU(1) + %(dU*, duy,

= —U*(n)dU(1) — %(dU*, du),
= —dA(1),

that is, dA(¢) is anti-Hermitian matrix-valued. We also see that
—(dA, dA), = (dU*U, U*dU), = (dU*, dU),, (3.18)

since (dU*U, U*dU), = (dU*, UU*dU), and U(#)U*(¢) = |. Then by multiplying
U(¢) from the left to (3.17), we have

dU@) =U@) (dA(t) + %(dA, dA)t) . (3.19)

Applying It6’s rule (3.8) to (3.9), we have

dA@) = dU(OH@OU®@) + U @0)dH@OU@) + U (O)H(@)dU(r)
+ (dU*, dHU), + (dU*, HdU), + (U*dH, dU),

= U"(")dHOU®) + [A(t)U*(t)dU(t) + (A(t)U*(t)dU(t))*]

+ [(U*dH, dU); + (U*dH, dU);“] + (dU*, HdU),.
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Using (3.19), the terms in the RHS are rewritten as
AMU*(0)dU(t) = A@)dA@) + %A(t)(dA, dA),,
(U*dH, dU), = (U*dH, UdA),,
and
(dU*, HdU), = (dA*, U"HUdA), = (dA*, AdA),.
Then we have the equality

dA®G) = U*()dHOU@) + AdA®G) + (A)dA®))*
+ %A(t)(dA, dA), + %(A(t)(dA, dA))*
+ (U*dH, UdA), + (U*dH, UdA)* + (dA*, AdA),.  (3.20)

The ith diagonal element of (3.20) gives

dri(t) = " Uri (OUy; (1)d Hye (1)
k.t
+2x;(Ody;i (1) +dei; (1) +ddi; (1) +dyy; (1), 1<i <N, (3.21)

and the (7, j)th off-diagonal element of (3.20) gives
0= UuOUsj(t)dHye (1) + 1i ()d Aij (1) + & j()d Aji (0) + hi (0)dyi; (t)
k.€
+ A (Odyji() +dei () +dei () +dy(t), 1<i<j<N, (3.22)
where we have used the abbreviations

1 1 .
dyij(t) = -((dA, dA))ij = 5 D (dAix, dAyj) = dy;i (1),
2 2 P

d¢l](t) = (<U dH UdA )l] Z Ukl (I)Uﬁm(tdekEv dAWl]) (323)

k,l,m
dyij(t) = ((dA*, AdA)));j
= D MO A, dAg) = = D ()(d A, dAg),.
k k

Since (y;;(t)1<i,j<n, (Pi; ) 1<i.j<n, WijE))1<i j<n, t > 0, are finite-variation
processes, (3.21) gives
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d(M;, M), = (dA;, d);), = (U*dHU);;, (U*dHU);),
= > > U Ui () Upi () Ui (£)(d Hye, d Hyp ).

k.4 m,n

By the definition (3.10) of I7; (), this proves (3.12).
On the other hand, since dA() is anti-Hermitian-valued, (3.22) gives

(Aj() =X (@)dA;(t) = Z Ui ) Uyj (1)d Hye (1)
k.

+ (@) +A;E)dyi (1) +deij (1) +deji (t) + dir;(1).
This implies

Z Ui (1)U (t)d Hye (t) = (A (t) — A;(t))d A;;(¢) + (finite-variation processes),

k.t
(3.24)

and we can rewrite (3.23) as

dgi;(t) = D U (OUun (1) (d Hye, d Ay

k,t,m

=D (lt) = 1 () (d A, dAy),.
k

Then the second line of the RHS of (3.21) is written as

22 (0)dyii (1) + dgii (1) + depii (1) + dipii (1)
=> [A,m +205(1) = i (0) — A,-(t)}(dA,-,, dAji)
J
= D00 = 2(O)d Ay, dAji),

J

1 - -
=Zmlww” > Ui @)U () Upj () Upi ()(d Hir, d Hyp)s

J k.t,m,n

where (3.24) was used in the last equality. By the definitions of I5;(z) and d7; (),
the finite-variation part of (3.21) is equal to (3.13). The proof is completed. O

3.3 Dyson Model as Noncolliding Brownian Motion

In this section, we extend the formula (1.77) for BES® to the Dyson model.
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First we rewrite (1.78) as follows. Consider a set of two operations, identity (o7 =

id) and reflection (o0, = ref), such that for x € R, o7(x) = x and 0»(x) = —x, and
signatures are given as sgn(o;) = 1 and sgn(o,) = —1, respectively. Then we have
g™, ylx) = D sgn(o)p(t, ylo(x)
o €{id,ref}
= > se@)ptoM), xyeR 120 (3.25)
o €fid,ref}
Then we consider the set of all permutations of N indices {1, 2, ..., N}, which is

denoted by .#%, and put the following multivariate function

N
2 sen@) [ p yow s = | det [p(, yilx))] (3.26)
oSN i=1

of X = (x1,...,xy) € WA andy = (yi, ..., yv) € W4 with a parameter # > 0.

As a multidimensional extension of the absorbing Brownian motion in R with
an absorbing wall at x = 0, we consider the absorbing Brownian motion B*(t) =
(By'(1), ..., B\Y(#)) in W4. The starting point x is assumed to be in W4. We
put absorbing walls at the boundaries of W4 . When B* hits any of the walls, it
is absorbed and the process is stopped. In other words, the Brownian motion B*
started at x € W4 is killed when it arrives at the boundaries of W4. We define
gn(t, y|x) for x,y € W4, t > 0 as the probability density for the event such that
this absorbing Brownian motion starting from x at time ¢t = 0 ‘survives’ up to time
t and arrives at y at the time 7. Note that the boundaries of W4 are the hyperplanes
xi =xj,1 <i < j < NinR". Then, if we interpret x € R" as a configuration of
N particles on a line R, this absorbing Brownian motion in WQ can be regarded as
an N-particle system such that each particle executes BM when distances between
neighboring particles are positive, but when any two neighboring particles collide,
the process is stopped. This process is a continuum limit (diffusion scaling limit)
[78, 79] of the vicious walker model on Z introduced by Fisher [43] (see also [9, 10,
26, 30, 39, 41, 64, 74, 91]).

The following is known as the Karlin—-McGregor formula [67]. See also [61, 88,
121]. Note that the discrete analogue is known as the Lindstrom—Gessel-Viennot
formula [50, 93].

Lemma 3.1 The transition probability density of the absorbing Brownian motion

in W@ is given by (3.26). That is,

gyt yIx) = det [p(t, yilx)], xye€ Wh, t>0. (3.27)
<i,J=<

Proof By the property (BM2) and the definition of the transition probability density
of BM, p(t, y|x) gives the total probability mass of the Brownian path [0, ¢] from
x to y with time duration ¢. Let IT,(x, y) denote the collection of all Brownian
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paths from x € R to y € R with time duration ¢t > 0. We will interpret (3.26) as
a generating function for (N + 1)-tuples, (o, 7y, ..., Ty), Where 0 € Sy, m; =
;[0,t] € IT;(xi, Yo(iy), | <i < N.Under the assumption x € WQ, let

T =inf{t > 0:B*(t) ¢ Wy ). (3.28)

Assume that T < t and B,f*’ (r) = BZ‘ (). For a pair of paths (7, ), we define
(7, ;) by exchanging the Brownian paths of m, 7, after t = t:

700, 1] = m [0, T] U e (T, 2], 7,00, ] = 7,[0, 7] U mie (2, 1].

We define 7/ = m; fori # k, £ and 6’ = o o oy, where oy, denotes the exchange of
k and £. Then the operation (o, 7, ..., wy) + (¢/, 7}, ..., ) ) is an involution.
By this operation, the absolute value of the contribution to the generating function
(3.26) is not changed because of the strong Markov property (1.8) and the reflection
principle of BM (1.5), but the sign is changed. So the contribution of any such
pairs {(o, 7y, ..., wy), (6', 7{, ..., wy)} is canceled out. The remaining non-zero
contributions in (3.26) are from N-tuples of nonintersecting Brownian paths. Since
X,y € W4, o = id and so sgn(o0’) = sgn(id) = 1 for nonintersecting paths. Hence
(3.26) gives the total probability mass of N-tuples of nonintersecting Brownian paths
from x to y with time duration ¢ and is identified with gy (¢, y|x) for the absorbing
Brownian motion in W4,. O

For an initial configuration x € W4, the survival probability of the absorbing
Brownian motion in W4, up to time 7 > 0 is then given by

Pt > t] = / X gn(t,y|lx)dy, t=>0, (3.29)
WN

where dy = [, dy:.

Now we consider an N-variate extension of BES®, which is the N-particle sys-
tem of BMs in R conditioned never to collide with each other, that is, they do not
collide even during the time interval (¢, co). We simply call this process the noncol-
liding Brownian motion with N particles. The transition probability density function
pn(t, y|x) of this process from x € W4 toy € W4 with time duration 7 > 0 should
be obtained by the following limit (cf. (1.127) in Exercise 1.14),

. gn(yOP [T > T — 1]
t, =1 . 3.30
P (. y[x) Jim X[t = 7] (3.30)

Let
e =[] & —x. (3.31)

1<i<j<N

Then the following are proved.
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Proposition 3.1 (i) The transition probability density of the noncolliding Brownian
motion with N particles is given by

hy(y)

tylx), x,ye W4y, t>0, 3.32
hN(X)qN( ylx), x,y e Wy > (3.32)

pN(t7 y|X) =

where qy is the Karlin—-McGregor determinant (3.27).
(ii) Let|x| = />N, x2. Then

pN(,¥10) = lim py(z,y[x)
|x|—0

(~NIN=-1)/2 Y N
=T1’h1v()’) Hp(t,yilo), ye Wy, t>0. (3.33)
n

n=1 """ i=1

Before giving the proof of this proposition, we will present the main statement in
this section [51].

Theorem 3.3 The noncolliding Brownian motion is equivalent in probability law
with the Dyson model.

Proof Denote the N-dimensional Laplacian with respect to the variables x =
(x1, ..., xy) by A™ = ZlN=1 82/3x?. Provided x,y € W4, we can verify that
(3.32) satisfies the following partial differential equation (PDE),

d 1 ad
—pn(t, =AM py(t, — p(, 3.34
S PN (Y =AY py ey + 37 e L(US L EE

1<i,j<N, "'

i#]

with the initial condition py (0, y|x) = 8(y — X) = ]—LN:1 S8(y; — x;) (Exercise 3.3).
It can be regarded as the backward Kolmogorov equation of the stochastic process
with N particles, X(¢) = (X;(t), ..., Xn(t)), which solves the system of SDE:s,

dt

dX,‘(l‘):dBfi(l‘)—i- Z m, t =
L J

I<j=N,
J#i

0, I<i<N. (3.35)

Equation (3.35) is identified with the case where 8 = 2 in (3.3). Then the equivalence
between the Dyson model and the noncolliding Brownian motion is proved [51]. O

As already noted in Sect.1.10, h;(x) = x is a positive harmonic function in
R, = (0, oo) which satisfies the condition /;(0) = 0. Similarly, we can see that

ANy (x) =0, (3.36)
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and
hy(x) >0, ifx € Wy, and hy(x) =0, if x € §W4. (3.37)

Proposition 3.1 (i) states that the noncolliding Brownian motion is the
h-transformation of the absorbing Brownian motion in WQ, in which the harmonic
function is given by (3.31) [34, 51].

The formula (3.33) given in Proposition 3.1 (ii) can be regarded as a multivariate
extension of p® (¢, y|0) given by (1.125) in Exercise 1.13. The transition probability
density (3.33) determines an entrance law from the configuration 0 (i.e., the state
with all particles at the origin) for the Dyson model (3.35), which will be discussed
in Sect. 3.8 (see (3.105)). See also the footnote on p. 59.

The analogy of [Aspect 2] between BES® and the Dyson model is summarized
as follows.

[Aspect 2]
BES® <= h-transformation of absorbing BM in R
<= BM conditioned to stay positive

the Dyson model <= h-transformation of absorbing BM in W4,
<= noncolliding BM

In the rest of this section, we will explain how to prove Proposition 3.1. By the
multilinearity of determinants, (3.27) with (1.1) gives (Exercise 3.4)

1 s
gn(t,ylx) = Wg*(\x\zﬂwz)/ﬁ 1<51?t<1v[e), j/f]_ (3.38)

The following Maclaurin expansion is well-known,

yixj/t _ S w"l 3.39
e =3 () 639

n=0

Here we want to expand the multivariate function det;<; j<y [¢¥*i/"] by polynomials
of {x;}¥, and {y;},. A useful basis of symmetric polynomials in {x;};>; is given
by Schur functions [48, 95, 128]. They are labeled by partitions n = (i, 12, ...),
which are sets of nonnegative integers in decreasing order (; > u > ---. The
nonzero w;’s in a partition w are called parts of w, and the number of parts is called
length of u and denoted by (). The Schur polynomial of {x; },N: | labeled by p with
() = N € Ny is defined by

det [x"“ TV
1<i,j<N 7

det [xY ]
1<i,j<N J

s (X) = (3.40)
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Here the denominator is especially called the Vandermonde determinant, which is
equal to the product of differences (Exercise 3.5),

W = det = [ @i—xp

I<i,j<N -
I<i<j<N

It is easy to see that Vy (x) = (—=1)V®=D/21(x). We can show that the ratio of two

determinants in (3.40) indeed gives a symmetric polynomial of {x;}, (Exercises
3.6 and 3.7). By the definition (3.40), we see that for 0 = (0, 0, ...),
Rt ifu=290,
su(0) = [0, otherwise, @3.41)
where the null partition is denoted by @ = (0, 0, ...).
Now we prove the following. Here x/v/f = (x1/+/t, ..., xn//1).
Lemma 3.2 Forx,y € RY,
det [e"77/"]
1<i,j<N
1
= hy(x/vDhy(y/ND D 5 X/ VD, (y /1)
() <N Hz (i + N —=0)!
e (X x|
= — X)h x 11+ as — — 0. 3.42
T NX)hn(Y) [ (ﬁ)] 7 (3.42)

Proof By the Maclaurin expansion (3.39) and the multilinearity of determinants, we
have

o0
N Xiyi\" 1
det [e"¥/'] = det (—l j) —
lsi,jgN[e 1 1<i,j<N |:Z t n!

=0

- Z H ng! 1<1 j<N [(%)n/] ' (3:43)

n=(np,ny,- nN)eNO
We can see that for any symmetric function f(n) of n € N,

> rm e () ]= X s 3 e [(7)7]

neN} neN} OE v
(3.44)
and we can prove that (Exercise 3.8)

SAUAR x)" )"
~ lsgl,?tszv[( ¢ ) ]_159?5[(\/?) L‘kjiéw[(ﬁ) } (345)

oESN
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Since detlsi,jSN[(x,-/«/?)"f] =0ifn; =nj forany pair 1 < j; # j» < N, (3.43)
equals

N 1 X n;j y ne
i k
2 lml<9?i~[($) L%%EN[(%) ]

nEN{;’,OSnl <npy<--<ny M=

Now we change the variables in the summation from {n;} to {u;} by u; =n; — N +
i, 1 <i < N.Using (3.40) we obtain the first line of (3.42). By (3.41), the estimation
in |x|/ﬁ — 0 is given as the second line of (3.42). |

By this lemma, we have the following asymptotics,

1 2 2
gn(t,ylx) = C—Nt‘N'/th(x)hN(y)e_‘“ /2 % [1 +0 (%)] as l\%

with Cy = 2n)N/? H;V;II n!. The integral formula fora > 0,y > 0,

-0
(3.46)

L rd+iy)
—alx|? 2y _ N/2 —N(y(N=D+1)/2
e hyX)|“Vdx = 2n 2a _, 3.47
/RN [N (X)] 2m)"*(2a) ,-I=I1 Fa+ ) (3.47)

is found in [101] (Eq. (17.6.7), p. 321) as a variation of the Selberg integral [122],
whose proof was given in [94]. Using the special case of this Selberg—Mehta—
Macdonald equality, we obtain the following.

Lemma 3.3 Ler Cjy = 2N/ ]\, I'(i/2). Then forx € W4, t > 0,

Cy _Nov- x| x|
px _ SN -Nw-1/a | a3l a3l ) 4
[T > 1] CNt hy(x) x [ +ﬁ(ﬁ)] as\/;—>0 (3.48)

Proof If we set in (3.47) y = 1/2, a = 1/2t and note that the integral over RY

can be replaced by the integral over W4 multiplied by N!, since the integrand is
symmetric in x, we have

/ e X2 (x)dx = Cl NNV (3.49)
Wi
Then (3.29) with (3.46) proves the lemma. m]

Proof of Proposition 3.1. (1) Fixx,y € W% and ¢ € [0, oo). Then Lemma 3.3 proves
that (3.30) is given by (3.32).
(i1) The asymptotics (3.46) of g, implies
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—N2)2 N
hy(y)2e M2

lim py(t,y|x) =
|x|—0 N
This gives the expression (3.33). O

We can apply the argument given in this section also for processes associated
with Weyl chambers of other types [51, 80, 89]. See [37, 75] for the noncolliding
Brownian motion associated with the Weyl alcoves.

3.4 Determinantal Martingale Representation (DMR)

As [Aspect 2], the Dyson model is constructed as the -transformation of the absorb-
ing Brownian motion in W4,. Therefore, at any positive time ¢ > 0 the configuration
is an element of W4,

X(1) = (X1(0), Xa2(0), ..., Xn(@®) e WE, >0, (3.50)

and hence there are no multiple points at which coincidence of particle positions,
X;(t) = X;(t),i # j, occurs. We can consider, however, the Dyson model starting
from initial configurations with multiple points. In order to describe configurations
with multiple points, we represent each particle configuration by a sum of delta
measures in the form

EC) =D 8,() (3.51)

iel

with a sequence of points in R, X = (x;);cr, where [ is a countable index set. Here for
v € R, §,(-) denotes the delta measure such that 6, ({x}) = 1forx = yand §,({x}) =
0 otherwise. Then, for (3.51) and A C R, £(A) = [, §(dx) = X 1 =
]j{x,-, X; € A}

If the total number of particles N is finite, then I = {1,2, ..., N}, but we would
like to also consider the cases where N = oo later. The measures of the form
(3.51) satisfying the condition £(K) < oo for any compact subset K C R are
called the nonnegative integer-valued Radon measures on R and we denote the
space they form by 9)1. The set of configurations without multiple points is denoted
by Mo = {£ € M : £({x}) < 1,” x € R}. There is a trivial correspondence between
WQ and M. We call x € RV a labeled configuration and &€ € 9 an unlabeled
configuration.

We introduce a sequence of independent BMs, B*(r) = (Bf" (t)jer, t = 0, in
(£2, %, P*) with expectation written as EX.

In this section we assume that & = >, ;8,, € My, E(R) = N € N and consider
the Dyson model as an 9)%y-valued diffusion process,

ielix;eA
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N
E@, )= dxn(), 1>0, (3.52)

i=1

starting from the initial configuration £ = Z,N: | Oy, where X(#) = (X (¢), -,
Xn (1)) is the solution of (3.35) under the initial configuration x = (x,...,xy) €
W4 . We write the process as (Z,P*) and express the expectation with respect
to the probability law P¥ of the Dyson model by Ef[-]. We introduce a filtra-
tion {(-#z):}rei0.00) ON the space of continuous paths C([0, oo) — ) defined by
(=) =0(&(s),s €0,1]), where o denotes the smallest o-field.

[Aspect 2] of the Dyson model is expressed by the following equality: for any
(Z=),-measurable bounded function F,0 <t < T < o0,

hy(B(T
EﬁF(E(J)]:EX[ (Z«SB())l(DT) ’2( (()))], (3.53)

where 7 is defined by (3.28) and we have assumed the relations £ = Z,N: 10y, €
Mo, X = (x1,...,xy) € W4 and (3.52).

In the following lemma, we claim that even if we delete the indicator 1(;.7) in
the RHS of (3.53), still the equality holds. It is a multivariate extension of the claim
by which we replaced (1.79) by (1.80) in Sect. 1.10.

Lemma 3.4 Assume that & = Z,N:1 8y, € Mo, X = (x1,...,Xy) € Wﬁ. For any
(Z 2)-measurable bounded function F, 0 <t < T < 00,

hy(B(T))
& N
E [F(E()] = |: ( E B()) Iy ) ] . (3.54)

Proof 1t is sufficient to consider the case where F is given as

M
F(20) =[] en(Xt) (3.55)

m=1

for an arbitrary M € N, and an arbitrary subdivision Ay ([0, T]) with 0 = 7y <
< <ty— <ty =T < oo with bounded measurable functions g,, on RY,
1 < m < M. Since the particles are unlabeled in the process (&, ]P’E), gn’S are
symmetric functions. Now we consider the following specified form for (3.53):

M M
x hy(B(tm))
]EE |:H gm(X(tm))j| =E |:1(1:>tM) H gm(B(tm))T(X)] . (356)

m=1 m=1
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We introduce the stopping times
r; =inf{t > 0: B;(t) = B;(t)}, 1<i<j<N.

Let 0;; € .# be the permutation of (i, j), 1 <i, j < N.Forx = (xk),f(\’:], we write
0ij(X) =y = (yx)p_, such that y; = x;,y; = x;, and yx = x;, k # i,k # j. Note
that in a configuration y, if y; = y;, i # j, then 0;;(y) =y, and the processes B and
0;j(B) are identical in distribution under the probability measure PY. By the strong
Markov property of the process B(¢), ¢ > 0 and by the fact that /1 is anti-symmetric,
while g,,, 1 <m < M are symmetric,

<i<j<N.

M
E¥ |:1(T—Tu'<fM) H gm(B(tm))

m=1

B | _
v () ’

Since PX(t;; = 775) = 0if (i, j) # (i, j'), and T = min;<; . j<y T},

M
EX |:1(1-<;M) H 8m (B(tm))

m=1

hy(B(ty)) _0
hy(x)

Hence, (3.56) gives the equality

M M hy (B(tum))
E . fiy (Blty))
E [Hgmxum))]—E [Hgmm“m” e |

m=1 m=1
The statement is proved. O

In Sect. 1.2, we introduced the fundamental martingale polynomials associated
with BM, {m, (¢, x)},en,. Since they are monic polynomials, we see that (Exercise
3.9)

hn(y) 1
hy(x)  hy(x) 1<ij<N

T v et fmi-1 3] (3.57)

[y; ™'

for an arbitrary ¢ € [0, 0o). This implies that (hy (B(¢))/hy(X)),>0 is a martingale.

Here we extend the integral transformation defined by (1.25) with (1.22) in
Sect.1.2 to a linear integral transformation of multivariate functions as follows.
When FO(x) = H;V:l fj(’)(xj),i = 1,2 are given for x = (x1,...,xy) € RV,
then

N
I [FOW) [ xons ) =[] [ 10| @rxp]. i =12,

j=1
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and
I [ FOW) + e FOW) [((te, x|

= [FOW) [{te 50N, |+ s [FOW) [ 5ol |,

ci,c0 € C,for0 <t; <o0o,1 <i <N,where W= (W,...,Wy) € R¥. In
particular, if £, = 7,1 < ¢ < N, we write Z[-|{(t;, x,)}}_,] simply as .Z[-|(t, x)]
with X = (xq, ..., xy). Then (3.57) is further rewritten as

o) _ L
hy(x) hy(X) 1<i,j<N

TIWH (@, y)]
[ ]

- il

-7 [hN(X) lgg?th[(Wz) 1| (. y):|

- hy (W)

i [T(x) (fvy)] .

where the multilinearity of determinants has been used.
Now we use the following determinant identity [73, 87, 90].

Lemma 3.5 Forx = (x1,...,xy) EWQ, z=1(z1,...,2y) € CV,
hN(Z) [ Xi ]
= t | D (z)], 3.59
Iy (x)  1=igev L€ @) (3-59)
where
—x
o= ] ~— (3.60)
1<k<n, 4 T XK
X FuU

fore =3V 8. €Myz,ueC.

Proof Let

H(x,z) = det H (zj — xx)

1<i,j<N
1<k<N ki

It is a polynomial function of x;, z;, 1 < i < N with degree N(N — 1) satisfying
the conditions that H(x,x) = (—)N®=D2py(x)?, and H(x,z) = 0, if x; = x;
orz; = z; for some i,j with 1 < i < j < N. Hence we have H(x,z) =
(=DHNW=D72p (x)hy (z). By the definition (3.60), the RHS of (3.59) is equal to
H(x,z)/(—1)NN=D2p 4 (x)? for £ € My, and then we obtain (3.59). m|
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Then (3.58) is written as

hN(y) _ Xi .
hy(x) o |:1<§1§t<1v[q>5 (W’)]| @, Y)}
= lfg?tSN[///? (t, yp)l, (3.61)
where
Mt y) = I[P (W)|(t, )], x,yeR, 1>0. (3.62)

Proposition 3.2 Assume that £ = ZlN: 8y, € M. The following are satisfied by
(3.62).

@) (///;" (t, B(t)))i=0, | <i < N are continuous martingales.
(i1) For any timet > 0, ,///g ‘(t,y),1 <i < N are linearly independent functions
of y.
(iii) For1 <i,j <N, lim, o E" [///;’ (t, B@t))] = 6;j.

Then for any (F 5),;-measurable bounded function F, 0 <t < T < oo, the equality

N
ES[F(E(-)] = E |:F (Z agi(A))@g(T, B(T))} (3.63)

i=1
holds, where

De(t,y) = 1<€15?t<N[///;/(17 Wl Y=, ..., yn) €Wy, >0, (3.64)

Proof Foreach 1 < i < N, qﬁg" (z) is a polynomial of z with degree N — 1.
Then it can be written as @gi () = Zfl\:ol a,z", where the coefficients a, € R
are functions of & (ie., x;,1 < j < N). By the definition (3.62) and (1.26) in
Sect. 1.2, ///; (t,x) = ZnN;OI a,my(t, x), where the functions {m,(t, x)},en, are
the fundamental martingale polynomials given by (1.18). Then (i) follows from
Lemma 1.1 (iii). Since & € 91, is assumed, the set of zeroes of qﬁg‘f (z) is differ-
ent from that of <D;f (z), if i # j, and the condition (ii) is satisfied. By (3.60),
95;" (x;) = &;j,1 <1, j < N. Thus the condition (iii) is also satisfied. The equality
(3.63) with (3.64) is obtained from (3.54) of Lemma 3.4 together with (3.61). m]

We remark that Z (¢, B(¢)), t > 0 is indeed a continuous martingale by part (i)
and is not identically zero by part (ii) of Proposition 3.2. We call Z; (¢, B(¢)), t > 0
a determinantal martingale and the equality (3.63) the determinantal martingale
representation (DMR) of noncolliding Brownian motion [73].
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Since &¢(z) given by (3.60) is a polynomial of z, the argument given in Sect. 1.7
provides

M, B() = E[®L(Z(1)], >0, (3.65)

where Z(t), t > 0is a complex Brownian motion defined by (1.54) and E denotes
the expectation with respect to the imaginary part of Z(¢), JZ(t) = B (1).

For each B}’ (1), i € I, we introduce an independent one-dimensional BM starting
from the origin, B (t), and define a complex Brownian motlon as Z;(t) = Bi(t) +
\/_ Bi(1),i € I. We write the expectation with respect to {B (1) }ier as E and define
E* = E* ® E. Then the DMR (3.63) is rewritten as follows.

Lemma 3.6 Assume that§ = Z,N=1 8y, € My. For any (Fz),-measurable bounded
Sfunction F, 0 <t < T < oo, the following equality holds,

N
ES[F(2())] = EX [F (; 551\‘2[(-)) et [0 (zj<T)>]} . (3.66)

This is a special case of DMR [73] and it was called the complex Brownian motion
representation in [87].

As wehave seen in Sect. 1.7, the complex Brownian motion is conformal invariant,
and each @;(Z;(1)), x € R is a time change of a complex Brownian motion, Z; (-).
Then the expectation is conserved,

E [0 (Z;(t)] = E*[®}(Z;(T)], 0<"1<T < oo, (3.67)

for x € R. That is, for x € R, {@g(Zj (t))}1<j<n are independent conformal local
martingales (see, for example, Sect.5.2 of [116]).

Lemma 3.6 means that any observables of the Dyson model are calculated by a
system of independent complex Brownian motions, whose paths are weighted by a
multivariate complex function det;<; j< N[qﬁg’ (Z;(T))], which is a conformal local
martingale.

3.5 Reducibility of DMR and Correlation Functions

Forn € N, an index set {1, 2, ..., n} is denoted by I,,. Fixing N € N with N’ € Iy,
wewriteJ C Iy, 8] =N, if J={ji,...,j»},1 <ji<--- < jy <N.Forx =
(x1,...,x5) € RV, putxy = (xj,, ..., xj,,). In particular, we write Xy» = xg,,, 1 <
N’ < N. (By definition xy = x.) A collection of all permutations of elements in J
is denoted by . (Jl). In particular, we write %y = % (Iy/),1 < N' < N.
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The following shows the reducibility of the determinantal martingale in the sense
that, if we observe a symmetric function depending on N’ variables, N < N, then
the size of determinantal martingale can be reduced from N to N'.

Lemma 3.7 Assumethat§ = > 8, = >, 8, withx € Wy.Let1 < N' < N.

For0 <t <T < oo and an (% z),-measurable symmetric function Fy: on RN,

> E[Fyv(By(1)Z: (T, B(T))]

Jcly 8J=N’

= / N (@V)EY [Fy By (1)) 76 (T, By (T))]. (3.68)
wa,
Proof By the definition (3.64) the LHS of (3.68) is equal to

> B [FNf(BJ(r»igg L4 (T, Bi(T))]}

JCly,8J=N’

N
= D EY[Fv®y@) D sen(o) [ [T, B(T)

JCly,8J=N’ oeSy i=l

= Z Z sgn(o)

JCly, 8J=N"oceSy

x B | Fy By@) [ [ 47T, B(T) || 47T, Bi(T))

iel Jjely\J

Since (B;(t));>0, | <i < N are independent, it is equal to

> D sen(@)E* | Fy By) [ |4 (T. B.(T))

JCly,8J=N"oceSy iel

< [ B[4 " T, Bi(T))]. (3.69)

JEIN\T

By the property (i) of .#; in Proposition 3.2,

[ B[4 . BTy = ] B[4 B;@t)]. “tel0.T].

Jely\J JEIN\T

and by the property (iii) of .#; in Proposition 3.2, this is equal to HjeHN\JI 3jo(j)-
Then (3.69) becomes
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S0 sen(@)E* | FyBso) [[ 47" (T. B/(T))

JCly,8J=N" o7 () ie]
= > FE [FNf(Bm)) det [/ (T, Bi(T))]]
JCIy £I=N’ e

= / £V (AV)EY | Fy By/(1)) det [ (T, B:(TH1],
W;/ i,jely
where equivalence in probability law of (B;(¢));>0, | < i < N is used. This is the
RHS of (3.68) and the proof is completed. O

In order to show applications of DMR, we will derive the density function at a
single time and the two-time correlation function below. Let C.(R) be the set of all
continuous real-valued functions with compact supports.

3.5.1 Density Function pg(t, x)

The density function at a single time for (2, P%), £ € 9 is denoted by pe(t, x). It
is defined as a continuous function of x € Rfor 0 <t < T < oo such that for any
test function, x € C.(R),

E$ |:/Rx(x)E(t,dx)i| = /Rdx x () pe (2, x). (3.70)

The test function y is symmetrized as

N
g) =D x(x),
i=1

which is applied as F' to the DMR (3.63), and we obtain the equality

N N
Ef [Zx(xim)] = E* [ZX(Bi(f))@s(T, B(T))} , 0<1<T <oc.

i=1 i=1

(3.71)
The LHS of (3.71) gives

N
E° |:ZX(X,'(Z)):| = Ff |:/Rx(x)E(t, dx):|

i=1
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by (3.52). On the other hand, the RHS of (3.71) is reduced by Lemma 3.7 as

N
> EXX(Bi(t))Z:(T, B(T))] =/R$(dV)EV[X(B(t))///§(t, B(1))]

i=l1

=/§(dv)/dx X(x)p(t,x|v)//lg(t,x).
R R

By Fubini’s theorem, we can rewrite it as fR dx x (x)%:(t, x; t, x), where

Ge(s, x:1,y) =/R(§(dv)p(s,x|v)///§(t,y). (3.72)

Then (3.70) gives

pe(t,x) =%(t,x;t,x), xeR, t>0. (3.73)

3.5.2 Two-Time Correlation Function pg(s, x5 t, y)

ForO <t <t <T < o0, set

N N

g1i(®) =D ), &= xx)

i=1 i=1

where x,, € C.(R), m = 1, 2, and put
2
FEE) =[] enXt)).
m=1

If we apply this to DMR, (3.63), we obtain the equality

N N
Ef |:ZZX1(X1'([1))X2(XJ‘([2)):|

i=1 j=1

N N
=E* [ZZ;«(B,- (1) x2(Bj (12)) Ze (T, B(T))} 0<t<T<oo. (3.74)

i=1 j=1
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The LHS of (3.74) defines the two-time correlation function pg (s, x; , y) as

N
B | 3D 0t | = [ dndineeeeed. o).

R

i=1 j=1
(3.75)

On the other hand, the RHS of (3.74) gives

N

ZEX[Xl (Bi(t1) x2(Bj () Z: (T, B(T))]

i=1 j=I1

= E E*[x1(Bi(t1)) x2(B;(t2)) Ze (T, B(T))]
1<i,j<N,
i#]

+ Z E*[x1(B; (1)) x2(Bi (1)) Ze (T, B(T))].

1<i<N

By the reducibility of DMR given by Lemma 3.7, the last expression becomes

/ £92(dv)
R2

< B et de (G o0 G )|

M (T, Bi(T)) A (T, By(T))

+/RE(dV)EV[Xl(B(tl))XZ(B(IZ))///gV(Ta B(T))]

If we use the martingale property (i) of . in Proposition 3.2, it is written as

£92(dv)
RZ

x B0 |:X1(31(l1)))(2(32(t2)) det (‘//ZEVI (t1. By(1y)) A (12, BZ("Z)))1|

A, Bi(1) A (1, Ba(2))
+/§(dV)EV[X1(B(ll))Xz(B(l‘z))///gv(lz, B(12))].
R

By Fubini’s theorem, this is equal to (see Exercise 3.10)
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G (t1, x1; 1, x1) % (11, x1; 12, X
/dxldxle(xl)mxz)det( UL %13 o $1) 2L 0L X 2))
RZ

G (ta, x23 11, X1) Y (12, X25 1, X2)

+/ dxidxy x1(x1) x2(x2)%: (11, x1; t, X2) p(ta — 11, X2|x1)
]RZ

:/ dxidxy x1(x1) x2(x2)
RZ

Ye(t1, x1; 11, X1) Ye (11, x1; 12, X2)
x det .
G (tr, x2; 11, x1) — p(ta — 11, X2]X1) Y (12, x2; 12, X2)

Since this is equal to (3.75), the two-time correlation function is determined as

Ke (s, x; 5, x) Ke(s, x; ¢, y))
s, x;t,y) =det ¢ 3.76
og( Y (Ks(t,y;s,x) Ke(t, yit, ) (3.76)
for0 <s <t < o0, x,y €R, where
Ke(s, x;8,y) =% (s, x;1,y) — L= p(s — 1, x|y). 3.77)

3.6 Determinantal Process

In the previous section, the density function at a single time pg (¢, x) and the two-
time (and two-point) correlation function pg (s, x; f, y) were defined by (3.70) and
(3.75), respectively. In order to give a general definition of spatio-temporal cor-
relation functions here we consider the Laplace transformations of the multitime
joint distribution functions of (Z, P*). For any integer M € N, a sequence of times
t=(t1,....ty) € [0,00)M with0 < #; < -+ < tyy < 00, and a sequence of
functions f = (f;,, ..., fi,,) € CcR)M, let

M
wif] = EF |:exp {2/ fi (x)E(tm,dx)” . (3.78)
m=1 R

By (3.52), if we set test functions as
X () =elm —1, 1 <m<M, (3.79)

we can rewrite (3.78) in the form

M N
WA = E [H [Ter + x., (x; (rm»}] . (3.80)

m=1 i=1
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We expand this with respect to test functions and define the spatio-temporal corre-
lation functions {pg} as coefficients,

M
'1/; [f] Z / H dxg\’/rylu) H Xt \ X ( (m))lof (tl ’ XN1 s Ims XE\I]‘:IW))

0<N,, <N, r[m le,,, m=1

m=
l<m<M

(3.81)

where XN ™ denotes (x e xl(\,':'”)) and dxﬁ\',") = Hf\l’l dxi(m), 1 < m < M.Here the
empty products equal 1 by convention and the term with N,, = 0,1 <Vm < M is
considered to be 1. The previous two examples pg (¢, x) and pg (s, x; ¢, y) are special
cases in whichweset M =1, 1 = t, N; = 1, x(') =x,and M =2, t; =
s, h=t, NN=N, =1, xl(l) =x, x](2) =y, respectively. The function lI/t[f] is a
generating function of correlation functions.

Assume that the two processes & (¢), t > 0 and = (t), t > 0 are defined in the
same probability space and both are started at the same configuration . If they have
the same generating function of correlations !l/g [f]forany M € N, t € [0, oo)™ with
0<t) <--- <ty <oo,and f € C.(R)M, then these two processes are specified by
the same correlation functions. In this case, we say that the processes = (t), ¢ > 0
and Z (1), 1 > 0 are equivalent in the sense of finite-dimensional distributions.

Given an integral kernel, K(s, x; t, ), (s, x), (t, ¥) € [0, 00) xR, and a sequence
of functions (xy,, - - -, X1,,) € Cc(R)M, M € N, the Fredholm determinant associated
with K and (x;,)_, is defined as

Det , [85,8x({y}) +K(s,x;t,y)x,(y)]

(s,0)Eftyeentu}?,

(x,y)€R?
(
- > [, Tl <"z,>nx,,,l< M) g K]
M= WA 1<i<Ny 1<j<N,,
OI§<N,,,<§A1>[I, m=1 YNy m=1 T =
=m=

(3.82)
If we consider the simplest case where M = 1 and #; = ¢ € [0, 00) in (3.82), we
have

N’

et [3:0) + KGxit 200 Z / defoxxk) det (K@, 1,5

k=1

Given v = (vy,...,vy) € Wi, put x,(x) = >0, X8y, (x) with Xy e R, 1 < £ <
N. In this case the above is equal to

Z 2 1% detixi)

=0JCly.tJ=N" kel
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with K;; = K(¢,v;; t,v;), 1 <i, j < N.Thisis obtained as the Fredholm expansion
Sformula of det;<; ;<n[8;; + K;; X1 (Exercise 3.11). For this reason, (3.82) is called
the Fredholm determinant. See, for instance, Chap.21 in [101], Chap.9 in [45], and
Chap. 3 in [5] for more details of Fredholm determinants.

Definition 3.1 If any moment generating function (3.78) is given by a Fredholm
determinant, the process (&, P%) is said to be determinantal. In this case all spatio-
temporal correlation functions are given by determinants as

1), . M)\ _ (m). (n)
)05 (tlsXNl9 M} tMsXNM) - 1§i§de,elt§j§N,,. I:Ké(tmvxl‘ ’ tn’x]‘ )}7 (383)
1<m,n<M

0<ti<- <ty <00o,1=<N,<N,xy eRV 1 <m=M e N. Here the
integral kernel, K¢ : ([0, 00) x R)? > R, is a function of the initial configuration &
and is called the correlation kernel.

Remark 3.2 If the process (&, P%) is determinantal, then, for each specified time
0 <t < 00, all spatial correlation functions are given by determinants as

Pg (XN7) =, d¢tN[K(xi,xj)], I<N' <N, (3.84)
<i,j=N'

with K(x, y) = K¢ (¢, x; ¢, y). In general arandom integer-valued Radon measure in
I (resp. M) is called a point process (resp. simple point process). A simple point
process is said to be a determinantal point process (or Fermion point process) with
kernel K, if its spatial correlation functions exist and are given in the form (3.84).
When K is symmetric, i.e., K(x, y) = K(y,x), x,y € R, Soshnikov [126] and
Shirai and Takahashi [123] gave sufficient conditions for K to be a correlation kernel
of a determinantal point process (see also [3, 5, 57]). The notion of determinantal
process given by Definition 3.1 is a dynamical extension of the determinantal point
process [20, 82].

Here we give a lemma concerning the relevant part of the correlation kernel of a
determinantal process.

Lemma 3.8 Let & and E be determinantal processes with correlation kernels K
and K, respectively. If there is a function G (s, x), which is continuous with respect
to x € R for any fixed s € [0, 00), such that

G(s,x)
G(t,y)

K(s, x; 1, y) = K(s, x;2,y), (s,x),(t, y) €[0,00) x R, (3.85)

then & and E are equivalent in the sense of finite-dimensional distributions. In
other words, any rational factor of the form given in (3.85) for correlation kernels
is irrelevant, when we discuss correlation functions for determinantal processes.
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Proof In general, the determinant of an N x N matrix M = (m;;)1<; j<n, N € N,
is defined by > . o, sgn(o) H,N=1 Mjq (. Any permutation o consists of exclusive
cycles. If we write each cyclic permutation as

C _ a b e a)
- b C e a
and the number of cyclic permutations in a given o as €(o), then sgn(o) =
(—1)N=*©) and the determinant of M is expressed as [101]

detM = Z (_1)N—Z(U) H (mabmbc e ma)a)'

geSy ci:1<i<l(o)

It implies that, with given ay, ay, ..., ay, even if each element m;; of the matrix
M is replaced by m;; x (a;/a;), the value of determinant is not changed. Then by
Definition 3.1 of determinantal process, the present lemma is readily concluded. O

By Proposition 3.2, (3.80) has the DMR
N N
w[f] = E* [H [T+ x, (Bi @)} 26 (T B(T))} : (3.86)
m=1i=1

where T > 1)y and § = ZlN=1 dy,. The following equality is established.

Lemma3.9 Lerx € Wi andé = 3N 8. Thenforany M e N, O <t; < --- <
ty <T <00, x;, € Cc(R), 1 <m < M, the equality

= oDet B Oh R nm] 38D

holds, where K¢ is given by (3.77) with (3.72).

Proof The LHS of (3.87) is an expectation of a usual determinant &; multiplied by
test functions, while the RHS is a Fredholm determinant. Note that the expectation
in the LHS will be calculated by performing integrals using the transition probability
density p of BMs, (B;(t));>0, | <i < N, as an integral kernel, while p is involved
in the integral representation (3.72) for the correlation kernel K¢ for the Fredholm
determinant in the RHS. Therefore, quite simply, this equality is just obtained by
applying Fubini’s theorem and changing the order of integrals. Since the quantities
in (3.87) are multivariate and the multitime joint distribution is considered, however,
we also need combinatorial arguments to prove the equality. Since the full proof was
given in [73], here we omit it. |
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Now we arrive at the following characterization of the Dyson model (&, ).

Theorem 3.4 For any finite and fixed initial configuration without multiple points,
thatis, for& € My, E(R) = N € N, the Dyson model is determinantal. Its correlation
kernel is given by

KS(SsX;tv y) :gE(SaX;ts )’) _1(S>t)p(s _t1x|y)v (Sv-x)’ (t’ )’) e [O, OO) X R

(3.88)
with
Ye(s,x;t,y) = / E(dv)p(s, x|v).A; (1, y). (3.89)
R
Remark 3.3 We note that, for each chosen series of timest = (¢;,...,1y), M € N,

By = 2,8 ® E(r) can be regarded as a determinantal point process on the
spatio-temporal field t x R with the kernel Ke (s, x; ¢, y), (s, x), (£, y) € t x R.
(It is called a determinantal M-component system in Sect.5.9 of [45].) It should
be remarked that the present correlation kernels (3.88) with (3.89) are asymmetric,
Ke(s, x5 t,y) # Ke(z, y; 5, x) due to the second terms —1(-yp(s — £, x|y). Such
form of asymmetric correlation kernels is said to be of the Eynard—Mehta type [20,
40, 84]. From the viewpoint of statistical physics, such asymmetry is necessary to
describe nonequilibrium systems developing in time [59, 65, 114, 118]. General
mathematical theory to give sufficient conditions for an asymmetric integral kernel
to be a determinantal correlation kernel on t x R is, however, not yet known.

Derivations of the Eynard—Mehta type correlation kernels via DMRs were
reported in [73] for the noncolliding squared Bessel process and the trigonomet-
ric extension of the Dyson model, in [75] for the elliptic extension of the Dyson
model of type A, and in [39, 74] for the discrete-time and continuous-time systems
of noncolliding random walks (the vicious walker models).

3.7 Constant-Drift Transformation of Dyson Model

Let b areal constant. We consider the Dyson model with constant drift (drifted Dyson
model), which is given by the following system of SDEs,

dt
dX;(t) =dB; (t) + bdt + ——— t>0, 1<i<N. (390
l<jz<:N X (1) — X;()
Sjzh

Let .
WP x) =[] Phyx). xe Wy, 120, (3.91)

i=1
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where %y (x) is given by (3.31). Then we can prove that the transition probability
density of the drifted Dyson model is given by

®) Rt y)
pN (t_saY|X):TCIN(t_S,Y|X), XsyEWAv OSSSta (392)
hy'(s,x)

where gy is the Karlin-McGregor determinant given by (3.27) (Exercise 3.12).
By the multilinearity of determinants, we see that

hy@y) = det [m (. y)]

I<i.j<

det 1" W/ @ y1],

I=i,j=<

where (1.35) was used. Therefore, the linearity of the integral transformation .# and
Lemma 3.5 give
mw}

N
= b(Wy—xi) @X,‘ '
7 [Ee lfg?tgzv[ § (W)l

hg\?)(t, Y) _ u b(Wie—xz) hN(W)
o= S He _—
h? (0, x) L Iy (X)

Owﬁ

= det [yl

I<i,j<
with € = > 5, and
MOt y) = IV DLW|(, )], Xy ER, 120, (3.93)
The above results imply the following.
Let (E®, P%®) be the Dyson model with constant drift (3.90), where the expec-

tation with respect to P& ® is written by E5® and the filtration generated by
{(E®(s) 1 s < t}isdenoted by (Fzw),, t > 0.

Proposition 3.3 The Dyson model with constant drift (3.90) has the following DMR:
for any (Fzw),-measurable bounded function F, 0 <t < T < oo,

N
ESOF(E® ()] =E* [F (Z 83,@)@;“(1 B(T))} . (399
i=1

where € = > 8, and

7Py = det L4730l ye Wy, 120 (3.95)
<i,j=<
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with (3.93).
Following the argument given in Sect. 3.6, we can conclude the following.

Proposition 3.4 For any &€ € My, ER) = N € N, the drifted Dyson model with a
constant drift coefficient b, (3.90), is determinantal. Its correlation kernel is given by

K (s, x:1,9) =9 (s, x: 6, y) = Lo p(s—1. xy),  (s.%), (£, y) € [0, 00) xR,
(3.96)
with

G (s, x11,y) = /RS(dv) ps.x)a V1, y). (3.97)

We note that (3.93) is related to the martingale function of the Dyson model
without drift ,//lg‘ as (Exercise 3.13)

MV, y) = O ity —br), x,yeR, 1=0. (3.98)

Then (3.96) is rewritten as

—bx+b’s/2

K (s, x:,y) = K (s, x:1.)

o—by+b21/2

with

K (s, x:1,y) = / E(dv) p (s, x|V AL (1, y — bt) — 1oy p®(s — 1, x]y),
R
(3.99)

where p® is the drift transformation (1.29) of p. By Lemma 3.8, the correlation
kernel (3.96) in Proposition 3.4 can be replaced by (3.99). For p® (s, x|v) = p(s, x—
bs|v) and p® (s — t,x|y) = p(s —t,x — bs|y — bt), we arrive at the following
result.

Theorem 3.5 The correlation kernel of the drifted Dyson model with a constant
drift coefficient b is given by

Ke(s,x —bs;t,y —bt), (s,x),(t,y) €[0,00) xR. (3.100)

That is, the constant-drift transformation of the Dyson model with a drift coefficient
b is obtained by performing the Galilean transformation with a constant velocity b,
(t, x) — (t, x — bt), in the spatio-temporal coordinates of the Dyson model without
drift.
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The case where the drift coefficients of N particles depend on individual particles
and are givenas b = (by, ..., by) € WQ is discussed in [14, 71]. See [130, 131] for
the connection with the biorthogonal ensembles of random matrix theory [18, 102]
and the Chern—Simons theory [31, 96, 97, 134].

3.8 Generalization for Initial Configuration
with Multiple Points

For general § = ZZN:I 8y, € MwithE(R) = N < oo, definesuppé = {x e R :
E(x) > 0} and let £,.(-) = Zvesupp £y(). Fors €[0,00),v,x € R, z,¢ € C, let

pls,x0) 1 ﬁz—xi

PL((5, %) 2, 0) = pem =z = (3.101)
and
PL(s.3):0) = = Ff dg @((s,%): 2,¢)
= Res [(bg((s,X);z,(); ¢ =], (3.102)

where C(8,) is a closed contour on the complex plane C encircling the point v
once in the positive direction. This function (3.102) is entire with respect to z € C
parameterized by (s, x) € [0, 00) x R in addition to v € C, & € 9. Remark that
the polynomial function @{(z) defined by (3.60) is parameterized only by u € C
and £ € M. In the paper [84], this entire function was constructed by combin-
ing the multiple Hermite polynomials of type I and type II [60] using their inte-
gral representations [17]. Here we start from this entire function and consider its
# -transformation,

A2 3) = I [ DL, 0: W@ )], (6,3, 0. 9) € 10,00) X R,
(3.103)

which provides a martingale, if we put y = B(¢), t > 0. Then it is easy to see that
(3.88) with (3.89) is rewritten as

Ke(s, x;52,y) = / @) p(s, x[v).A ((s, )|, y)) = Us > 1) p(s — 1, x]y),
R

(3.104)
(s, x), (t,y) € [0,00) x R (Exercise 3.14).
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We note that the kernel (3.104) with (3.103) is bounded and integrable also for
& € IM\IMy. Therefore, the spatio-temporal correlations are given by (3.83) for any
0<1t <--- <ty < oo,M € N and the finite-dimensional distributions are
determined.

Proposition 3.5 Also for & € 9M\IMy, the determinantal processes with the corre-
lation kernels (3.104) are well-defined.

The complete proof of this proposition was given in Sect.4.1 of [84]. The above
extension will provide the entrance laws for the processes (& (¢),t > 0, P%) in the
sense of Sect.12.4 in [116].

In order to give an example of Proposition 3.5, here we study the extreme case
where all N points are concentrated on an origin,

£E=N§ < £ =208 with £({0}) = N. (3.105)

For (3.105), (3.101) and (3.102) become

0 oy e gy < PO 12\
Ps, (5, 0)3 2, 8) = pGs,x|0)z—¢ (C)

PG x]D) !
T PG, xl0) & eV

and
1 = N1 | (s, x%)
&0 ) 7) = N—t—1 P
Nao (5, %)3 ) p(s,x|0)e§0z T Jewy S N
N—1

1 N—t—1 1 ps, x|¢)
- 5, d . (3.106
p(s,xIO)zgoz 2/—1 Je sy ¢ ¢N-¢ ( )

since the integrands are holomorphic when £ > N.
For BM with the transition probability density (1.1), (3.106) gives

DY ((s,%);2) = N_IZN_e—l; dc M
No A2 20 =0 27/—1 Je,) N
_Nfl z \ V¢! 1 J 20/ 25—
) =0 (ﬁ) 21/=1 Jew TN
N-1

z N—t—1 1 x
[ - Hy_,_ JE—
H(@) (N —€=1)! N“(m)’

where we have used the contour integral representation of the Hermite polynomials
(1.118). Thus its integral transformation is calculated as
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I [R5, (s, 0): W] (2, )]

N-1
1 X 1
= —Hy ¢ FIWN-1
g (N —¢— 1) Nt («/Z_S) (25)(N—E=1)/2 [ [z, »)]
B N-1 . ; i |
e R VR W -1 Y)
N-1

1 (N—t-1)/2
! o X\ Y
£ (N — £ — 2N (s) ”‘“(m) N‘“(@)’

where we have used Lemma 1.1 and (1.26) in Sect. 1.2. Then we obtain the following,

N—1
1
0 _
AMys, (s, 0)|(t, B())) = ; (S, X)ma (e, B(D))
N-1 n/2
2 /4s 2 t X B(1)
YRSy (;) o (_zs) o (_2t> . (3.107)
n=0
where
1 )
H,(x)e ™ ?, xeR, neN,, (3.108)

on(x) = ———
VA/m2n!
are the Hermite orthonormal functions on R,
/ dx (Pn(X)(ﬂm(X) = &um, n,m € Ny. (3.109)
R

(See (1.116).) The following expression for the transition probability density (1.1)
of BM is known as Mehler’s formula (Exercise 3.15), for s > ¢,

e 1 &\ X
(s—t,x|y>=——2(—) ¢ (—) ¢ (L) (3.110)
P e /2y i\ V2 ) "\ Vo

Since m,, n € Ny are the fundamental martingale polynomials associated with
BM, the process (3.107) is a continuous martingale. Then we see that

E [ 435, (s, 0)|(t, B())]| = E [y, ((s.x)](0, BO))] = 1

for (s,x) € [0,00) xR,0 <t < o0.
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By the formula (3.104), we obtain the correlation kernel as

Ky (s, 31, y) = p(s, x[0).ys, ((s, ©)I(1, y)) = Us > ) p(s — 1, x|y)

e—x2/4¥ K™
= €7y2/4t Hermlte(s x5, y) (3111)

with

n/2
(V) : _ z o Y
KHermlte(s7x’t’y)_m§(s) @n(m)(pn (\/Z)
n/2 X y
() (&)%)

N-1 n/2
m2() () () o=
= \s) "\ )"\ ="

() () () e
i - Wl —= o | —= ors > f,
= \s) U\ )\

where Mehler’s formula (3.110) was used. By Lemma 3.8, the factor ex 14 1oy 4
in (3.111) is irrelevant for determinantal processes. The kernel KHermlte is known as
the extended Hermite kernel (see, for instance, Exercise 11.6.3 in [45]).

The equal-time correlation kernel

(3.112)

(N 1) (N) .
Herm]te(‘x y) Hermite(t X5, y)

72 () (%)

has the following expression (see Exercises 3.16 and 3.17),

K& () = \/E ox (/N 209y 1 (/720 — pn-1 (/N 20w (y//21)
’ - 2 ’

Hermite Xy
ifx £y, (3.113)
Kitermie (¥ )
- L |:N [(01\1 (L)]2 — VNN + Don-1 (L) PN+ (L):| :
V2t V2t V2t V2t

(3.114)

This spatial correlation kernel is a special case of the Christoffel-Dorboux kernel
(see, for instance, Chap.9 in [45] and Chap. 3 in [5]). It is called the Hermite kernel
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and defines the determinantal point process [123, 124, 126] on R such that a spatial
correlation function is given by

e ) = det K (v x)) | (3.115)
forany 1 < N' < Nandxy = (x,...,xy) € RN/ t > 0. We write the probability

measure of this determinantal point process as PHermlte

3.9 Wigner’s Semicircle Law and Scaling Limits

In this section, we consider a determinantal process with the extended Hermite ker-
nel K\ given by (3. 112) where N is the number of particles. The correlation

Hermite
functions are denoted by { pHermue( )}

3.9.1 Wigner’s Semicircle Law

The density function at time ¢ > 0 and position x € R is given by

N N,t
P et x) = Kiw D (x, x)

Hermite
1 = x \?
- 52 (J5)
= g5 [ (G) I Do () e ()
\/_ N \/Z PYN-1 @ PN+1 @ .
3.116)
It is easy to verify that

e8]
N
/ lolfler)mlte(t7 ‘x)dx = N
—00

by the orthonormality (3.109) of {¢, (x)},en,. We will obtain estimations for the
asymptotics at N — o0. The following formulas are derived from Theorem 8.22.9
(a) and (b) in Chap. 8 of [129]. Let ¢ and w be fixed positive numbers. We have

. 1 2 1/4
(l) ON (\/ 2N + 1cos ¢) = m (ﬁ)

. N 1 ) ’ 3 p 1 <
x[sm[(E Z)(smqﬁ ¢) + 7T:|+ (ﬁ)]’ e<¢p=<m—¢
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) 1 L\ 4
(i) oy (VZN + lcosh¢) = i (ﬁ)

xexp[(%—i—%)(2¢—sinh2¢)+%n:|[l—i—ﬁ(%)], e < ¢ <w.

Using these expressions, we have the asymptotics of the density profile at N — oo,

1 / x2
———/2N — —, if —24/Nt <x <2+/Nt,
(V) /2t 2t ! =r=

pHermlte(t’x) = (3117)

0, otherwise.

The distribution of N particles has a finite support, whose interval oc /N, and thus
,ogzr)mne(t,x) ~ /N — ocoas N — oo for fixed 0 < t < oo. If we set x = 2+/N1£,
we see that

2
—V1—-&2dE, if —1<g<lI,

1
hm _pl(rI]:r)mne(t 2VNtg)dx =1 7 (3.118)
0, otherwise,
which is known as Wigner’s semicircle law [101].

In the following, we consider the scaling limits, in which the long-term limit
t — oo is taken at the same time with N — ooc.

3.9.2 Bulk Scaling Limit and Homogeneous Infinite System

First we consider the central region x >~ 0 in the semicircle-shaped profile of particle
density in the scaling limit

N
1> — — 00. (3.119)
bid
In this limit the system becomes homogeneous also in space with a constant density
p = 1. We call this the bulk scaling limit.

Proposition 3.6 For any M € N, any sequence {N,,})_, of positive integers, and
any strictly increasing sequence {s,,}'_, of positive numbers,
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N N
. (N) (1. . (M)
l}gnoo PHermite (F + 251, Xnys o0 ; +2sm, XNy )
= det [Ksin s X5 Sy x(»"))]
1<i<Np 1<j <N, ' !
1<m,n<M
= pan (51,545 0, X0, (3.120)
where
1 L
/ du e 67D cos{mu(x — y)}, ift > s,
0
Kgin(s, x5 2, y) = 1 Kn(x, ¥), ift =s, (3.121)
o0 2,2
—/ due ™6 cos{mu(x —y)}, ift <s,
1
with
1 sin{m (x —
KSin(xa y) — _/ dk e*th/2+«/jlk(x7y) — { ( y)}’ X,y € R.
27 Jiizn T(x —y)

(3.122)

Proof For any u € R, the formulas

1
lim (—1)‘36'/4(021 (L) = ——cosu,
{— 00 2\/Z ﬁ

lim (—1)%¢"4¢p - =ismu (3.123)
Sm 20+1 2\/Z ﬁ .

are known (see Eq. (8.22.8) in Chap. 8 of [129]). We note that

n\*  (N/7*+2s,\°
tw) — \N/m2+2s,

~ 6727120((3,,, —sn)/N

for N > 1 with a fixed number «. Then (3.112) with s = t,, = N/7% 4+ 2s,, <t =
t, = N/m? + 2s, is evaluated at N — 00 as
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N/2—1
(N) . ~ =272 (s —sn)/ N
KHermlte(t'"’ X5 tna }’) - N Z e s ; )/
=0

T [ (n/% ) (n/% y) +sin (ﬂ/% ) Si“(”/%y)}

1 ii/): — = 5"){cos(rr\/_x)cos(7r\/_y)~|—sm(7r\/_x)sm(7r\/_y)}

1
:/ du e 1 n=s0) cos{mu(x — y)}.
0

In particular, when ¢,, = 1,, i.e., s, — s, = 0, the integration is readily performed
to have fol du cos{mu(x — y)} = sin{mw(x — y)}/m(x — y). A similar evaluation at
N — oo can be done also for (3.112) withs = ¢, >t = t,. O

The correlation kernel (3.121) is called the extended sine kernel. Since it is a
function of s — ¢ and x — y, the determinantal process obtained by the bulk scaling
limit is a temporally and spatially homogeneous process with an infinite number of
particles, which we write as (&, Pgy,). Let Py, be a stationary probability measure
on R, which is a determinantal point process [123, 124, 126] such that the spatial
correlation function is given by

pin(x) = | det [Kan(xi, )| (3.124)
I<i,j=N

forany N € N,xy = (x1,...,xy) € R", where K, is given by (3.122). The
determinantal process (&, Pg,) is reversible with respect to Py;y.

3.9.3 Soft-Edge Scaling Limit and Spatially Inhomogeneous
Infinite System

Next we consider the scaling limit
t~N'"? and x ~2N?A. (3.125)

Since (3.125) gives x?/2t ~ 2N, this scaling limit allows us to zoom into the right
edge of the semicircle-shaped profile (3.117), and we obtain a spatially inhomoge-
neous infinite particle system. Following random matrix theory [101], we call (3.125)
the soft-edge scaling limit.

In order to describe the limit, we introduce the Airy function
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1 00 k3
Ai(x) = ;/ dk cos (? + kx) . (3.126)
0

It is the solution of the equation

2

dd7Ai(x) — xAi(x), (3.127)

which obeys the asymptotics given by

Ai(x) ~ ;exp —zx3/2
o2 mxl/A 3 '

. 1 2 350 T
Ai(—x) ~ mcos gx -7 as x — 00. (3.128)

In the proof of the following theorem, we will use the formula
lim 2~ 14112, («/26 + izl/")) — Ai(x) forx eR, (3.129)
{—00 ﬁ

which is obtained from Theorem 8.22.9 (¢) in Chap. 8 of [129]. Let

2
ay(s) = 2N?3 4 N3 — SZ’ (3.130)

and ay (s) + Xy = (an(s) + x1, an(s) +x2, -+, an(s) +xy).

Proposition 3.7 For any M € N, any sequence {N,,})'_, of positive integers, and
any strictly increasing sequence {s,,}M_ | of positive numbers

=
. N 1/3 1 1 M
lim Pl(ier)mite(N/ +SlaaN(S1)+X§vl); ;NP3 +SM,61N(SM)+X§VM))
N—oo
= det [KAiry(sm,x,-('”); sn,x;"))]
1<i <Ny, 1<j <Ny,
1<m,n<M
1 M
= pAiry(sl,XE\/]); ;sM,XR,M)), (3.131)
where

du "= Ai(x + wAi(y +u),  ift > s,

o
J
Kairy (s, x11,y) = l (3.132)

0
du "D 2Ai(x + w)Ai(y + ), ift < s.

o0
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Proof Replacing the summation index in (3.112) by N — p — 1 for the case where
m < n, we have

Ky s X5 10, y)
() () e () e ()
~\i Vo, = \i ) O\ ) e\ )

When we set t,, = N'/3 +s,,,, we see that

ay(sm) +x VAN X 16 ~1/2
AN TE _ AN + SNV 4 o(NTV2, 3.133
N NG V=) G139

and we can use the formula (3.129):

() o (5 )
S (¢2<N —p-D+ %(N —p—1o s B })

N1/3
~ VAN TVRAG (v + )
~ <15

For

-~ 1/3
-p/2 13\ N2 PN
(ttl) - [(llj:sn//xm) = PP as N oo,
m Sm

we have, forn > m,

Kiomie (N + S, an (sm) +x3 N3+ 5, an(s0) + )
s » »
~ P(sm—5n) /2N A - ;
N1/3 Zoe Al (x + Nl/s)A1 (y+ Nl/s)
p:
o0
~ / du "n =2 Aj(x + u)Ai(y +u) as N — o0o.
0

Note that the factor (z,/t,,) "V =1/ was omitted in the second line in the above equa-
tions, since it is irrelevant in calculating determinants by Lemma 3.8. A similar
evaluation at N — oo of (3.112) can be done also for m > n. |

The infinite system obtained by the soft-edge scaling limit (3.125) is tempo-
rally homogeneous, but spatially inhomogeneous as shown by the correlation kernel
Kairy, (3.132). We call Kajry the extended Airy kernel [77, 106] and write this station-
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ary determinantal process as (&, Pajy). Prihofer and Spohn [114] and Johansson
[65] studied the rightmost path in the present system and called it the Airy process
(A(?)):>0. Foragivent > 0, A(z) follows the celebrated Tracy—Widom distribution,
which is governed by the Painlevé II equation as shown in Sect.3.11 [136, 137].
(See [62] for the original work on the relationship between the Painlevé transcendent
and interacting particle systems.) Tracy and Widom also derived a system of PDEs,
which govern (A(¢)),>o [139]. See also [2, 42, 140].

Let Pajry be the stationary probability measure on R, which is a determinantal
point process [123, 124, 126] such that the spatial correlation function is given by

pAiry(XN)Z det I:KAiry(xi,)Cj):I (3.134)
I<i,j<N

forany N € N, xy = (x1, ..., xy) € RY, where

KAiry(xa )’) = KAiry(ta X, )’)

- /OO du Ai(x + w)Ai(y + u). (3.135)
0

The Airy kernel K iy is also written as (Exercise 3.18)

Ai(x)AT'(y) — Ai'(x)Ai(y)
xX—y '
Kairy (x, 1) = Ai'(0)? — xAi(x)%. (3.137)

Kairy(x, y) = X #y, (3.136)

3.10 Entire Functions and Infinite Particle Systems

A function which is represented by a power series of the form

(o]

f@=> e zeC

n=0

with lim,,_, o, |c,|'/" = 0, is analytic in the whole complex plane and is called an
entire function. The class of entire functions includes all polynomials. As polynomials
are classified by their degree indicating their growth as |z] — oo, entire functions
are classified by the order of growth py defined by

loglog M
pleimsupw foer(r)z{nalxlf(z)l. (3.138)

r—00 logr z|
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Note that (3.138) means max;|—, | f (z)| ~ exp(osz”/) asz — oo, where the constant
oy is called the type: oy = limsup,_,  log M, (r)/r?’.
For & = Z,N: | 8x, € My with p € Ny, we consider the product

meEa=[] G(fp) zeC,

1<i<N,x;#0 !
where
1—u, if p=0,

u? u?
(1—u)exp|:u+?+-~-+—j|, if peN.
p

The function G (u, p) is called the Weierstrass primary factor with genus p. With
a > 0, we consider

1 1
= dx) = . 3.140
Ze (@) /{mc @) > P (3.140)

i\ 70

For a configuration with an infinite number of particles, & = >, € M with

ER)=o0,weputé N[—L,L] = Zi’xie[%u 8y, for L > 0. We define
é'g(Ol) = lim é'gm[,L,L](Ol), (3.141)
L—o0

if the limit finitely exists. If ¢ (p + 1) < oo for some p € Ny, the limit
. Z
.2 = lim M,EN(-L.LL2 = [| G (—, p) L zeC (142
L—o00 i
0% #0
finitely exists. This infinite product is called the Weierstrass canonical product of
genus p [92].

The Hadamard theorem [92] claims that any entire function f of finite order
Py < o0 can be represented by

@) =2"e"OM, (&, 2), (3.143)
where the genus p satisfies the inequality

p<p; (3.144)
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Here P,(z) is a polynomial in z of degree ¢ < ps, m is the multiplicity of the root at
the origin, and & is the distribution of zeros of the entire function f except for the
origin:
Er= > b (3.145)
x€f~1(0),x#0

The relation (3.144) between the genus p and the order of growth p ; implies that,
if an entire function f grows very rapidly, then its zeros are arranged very densely.
One of the main subjects of the theory of entire functions is to clarify the relationship
between the growth of an entire function and the distribution of its zeros. We use this
theory to construct and analyze determinantal processes with an infinite number of
particles [83-85].

3.10.1 Nonequilibrium Sine Process

The function f(z) = sin(w/z)/7+/z is entire and of order p; = 1/2 with zeros
f(0)~! = {n*: n € N}. According to the Hadamard theorem, we have

VD (- L), zec

T2
ﬂﬁ n=1 n
since £(0) = 1. By replacing z by z2, we obtain
sin(rz) = 7z [ | (1 - 5) , zeC. (3.146)
nez, n
n7#0

Define

o _qi-n_sinlr—0)
CDEZ(Z):HE—n_ 7z —10)

nez,
n#l

1 sin(r z)
= - > eC, teZ, 3.147
7z — O sin(we) ° (3.147)

where the second equality is given by (3.146) and the third one is verified by noting
that sin{rr (z — £)} = sin(7z) cos(7w£) and sin’ (7€) = cos(nf) = (—1)¢ for £ € Z.
It can be regarded as an extension of the polynomial given by (3.60) to an entire
function ¢§Z (z),z € C, where £ € Z and £ is the configuration in which every
point of Z is occupied by one particle:

E9C) =D 8,0). (3.148)

nez
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(The last expression of q)é’z (z) in (3.147) will be compared with the definition of

@;; (z) given by the first equality in (3.176) [83].) The function (3.147) has the
following integral representation,

P/ (2) = eV HeOgk zeC, el (3.149)
27'[ |k|<m

The martingale function (3.62) with (1.25) corresponding to (3.149) will be

Mt y) = I[P (W), )]

, e~ W=Ty+w)* /21
= dw d, (v —1w) —————
/]R § N2t
—(=Ty+w)?/2
= L[k [ aweruemen R
27 Jiki<n 2t
_ 1 dk ¥ 124V =Tk(=0) (3.150)
27 Jii<n

Since the integrand of (3.150) is equal to G /=, (¢, y — £), where G, (¢, x) is given by
(1.15), ///;L (t, B(t)), t = 0, £ € Z are indeed martingales. Then following (3.89),
we put

Gen(s, x51,y) = Zp(s x|€)/// ,y)

Lel
1
— E/qud \/_ > e (- —0)2 )25 +1k? )24/ Tk(y— -0 (3.151)
Here we introduce the Jacobi theta function defined by
93(z.7) = D HVTEHETVIIE s e €, Jr> 0. (3.152)
el

Then (3.151) is written as

1 . 1 1
— dk X =)/ "Ik (—(x — /—=T1ks), ——)
27 Jygen 2wy —Ts 2/~ 1s

N (N N B At
2w/ —1s


http://dx.doi.org/10.1007/978-981-10-0275-5_1
http://dx.doi.org/10.1007/978-981-10-0275-5_1
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We use the functional equation satisfied by 93(z, 1),

1 V=1
03(z,t)203(5,——)6_’”_“2/’ Y . zeC, Jr>0,
T T T

which is called Jacobi’s imaginary transformation (see, for example, Sect. 10.12 in
[8]). Then we have

1 ‘
Geo (s, X1 1, y) = 2_/ dk X2k 9 (4 S Tks, 2/ —15).
T Jlkl<x

Following (3.88), we set

Kez(s, x51,y) =%z(s, x51,y) = L= p(s —t, x]y), (s,x),(t,y) €[0,00) xR.
(3.153)

By the procedure above, it is expected that this gives the correlation kernel of the
determinantal process starting from the configuration (3.148) with an infinite number
of particles. See Fig.3.1. This is a fact, and the following statement was proved in
[84].

Theorem 3.6 Consider the system of SDEs for the Dyson model with an infinite
number of particles,

dX-(t)—dB(t)—i—ZL 1>0, ieZ (3.154)
’ Yo xo-x00 T ' '
J €L,
J#
Fig. 3.1 Consider the Dyson t

model starting from the
configuration in which every
point of the integers Z is 4
occupied by one particle. g
This nonequilibrium

determinantal process shows 1
a relaxation phenomenon to
the stationary state Pgip
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For the initial configuration % given by (3.148), the solution of this infinite system
of SDEs is given by a determinantal process (=, IP’EZ) whose correlation kernel is
given by (3.153).

The correlation kernel (3.153) is divided into two parts,
Kez(s, x5 t,y) = Kgin(s, x5 1, y) + Rez(s, x5 1, y), (3.155)

where K, is the extended sine kernel given by (3.121) and

Rez(s, x;t,y)
1
= dk e"Z(’*S)/Z*ﬁk@*”{m(x — ks, 27/ 1s) — 1}
T |k|<m
1
— Z —2m%sn? / dk ekz(tfs)/2+27rksn COS[27Txn + k(x _ y)]’
neN lk|<m

(s, x), (¢, y) € [0,00) x R. For any T > 0, we can see that

)REZ(S ST xit+T, y)‘

(enz(tfs)/Z v 1) 2872HZ(S+T)n21/ dk 27K+
neN T J k<

IA

eﬂz(t—x)/Z v

<—<_3 ) ’t’ 09 R’
S G ED) ST (s,x), (,y) € [0, 00) x

where a V b = max{a, b}. Here C > 0 depends on s and ¢, but not on 7. Then we
can conclude that for any fixed s, r > 0,

lim Kez(s +T,x:1 +T,y) = Kqin(s, x: 7, y) (3.156)

T—o0

uniformly on any compact subset of R?. The convergence of the correlation kernel
implies the following.

Proposition 3.8 The Dyson model (3.154) with an infinite number of particles start-
ing from £%, (8, P% Z), shows a relaxation phenomenon to the determinantal process
(&, Pgin), which is specified by the extended sine kernel K, obtained by the bulk
scaling limit from the extended Hermite kernel.

A relaxation phenomenon is a typical phenomenon observed in nonequilibrium
dynamics and we call the determinantal infinite-particle system (&, sz) specified
by K& the nonequilibrium sine process. The determinantal process (Z, Pg,) with
the correlation kernel K, (s, x; £, y) is the equilibrium dynamics, which is reversible
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with respect to Pg;,. The relaxation exhibits slow dynamics. As a matter of fact, we
can find that the particle density function p;z (¢, x) shows a power-law behavior

1 2
pez(t,x) — 1 = = E M sinh(2n2nt)e_2”2"2’
neN
2 1
A OS2I L R s (3.157)
2?2t

in approaching the uniform equilibrium state pg,(x) = 1.

3.10.2 Nonequilibrium Airy Process
The Airy function defined by (3.126) as a real function allows us to define it as an
entire function by

1
2w/ —1

Ai(z) = / K3 *kgr, e, (3.158)
C

where the contour C starts at =27V ~1/300 and finishes at ¢>™V=1/ 300, following the
corresponding rays asymptotically, staying in the sector —27/3 < argz < 2m/3
[142]. As suggested by (3.128), the order of growth is

3
pai =7 (3.159)
with type oa; = 2/3;
: 2 3p

Tn‘ax |Ai(z)| ~ exp gr asr — oo. (3.160)

z|l=r
The zeros of the Airy function are located only on the negative part of the real axis R,
o = Ai'(0) = {a,,,n €N : Ai(a) =0,0>a; >ar > } (3.161)

with the values [1] ¢y = —2.338..., a0 = —4.087..., a3 = —5.520..., a4 =
—6.786...,as = —7.944 ..., and they admit the asymptotics [1, 142]

3\
~ 2/3
a, >~ — (7) n asn — oQ. (3.162)
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Then the average density of zeros of the Airy function around x, denoted by p., (x),
behaves as

1
Py (X) =~ —(=x)1/? > 00 asx — —oo. (3.163)
big
Let
o0
£7 =" 86,=D 8, €My. (3.164)
acel n=1

By (3.163), the ‘Airy zeta function’ [142] gives ¢z (1) = > ., 1/la| = oo, but
1 2
e (2) = Z P d} < oo (3.165)
ace
with

RO _3‘/3F(2/3) _ _35/6(1"(2/3))2
TOAI0) rajs)y 27

dy =—0.7290..., (3.166)

where Ai’'(z) = dAi(z)/dz. According to the Hadamard theorem, Ai(z) is expressed
using the Weierstrass canonical product of genus p = 1 as

Ai(z) = e T (87 2)

_ i [(1 _ i) ez/an] LeC, (3.167)

n=1 n
where
dy = log Ai(0) = —log(3**I"(2/3)) = 1.035. . .. (3.168)

First we show that the Airy function is related to the drifted Brownian motion of
the form
2

t
B(t) + T t>0. (3.169)

The transition probability density is given by

pija(t, yls, x) = p(t — s,y — 12 /4|x — 57 /4)

_ 1 [_(y—x)2 (t+s)(y—x)_(t—s)(t+s)2} (3.170)
T VIt —s P20 -y 4 32 -
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Let
Pai(t, ylx) = / due"?Ai(x + w)Ai(y +u), x,yeR, t>0, (3.171)
R
and

tx 1
t,x)= [ d i (1, = -+ —). 3.172
g(t, x) /R Z pai(t, z|x) GXP( 7 +24) ( )

Then the following relation is established,

g, y)
g(s,x)

When s = 0, g(0, x) = 1 and (3.173) becomes

Pait — s, y|x) = peja(t, yls,x), x,yeR, 0=<s=<t. (3.173)

Pait, ylx) = g(t, y)prsa(t, y10,x), x,y eR, 1=0. (3.174)

Corresponding to the drift (3. 1g9), the kernel of the integral transformation 6W (t, x)
given by (1.22) is replaced by G,, (¢, x — t>/4) and we consider the integral transfor-
mation

[o.¢]
I W, x —12/4)] = / dw f(V=Iw)G(t.x —1*/4).  (3.175)
—00
Now we consider the nonequilibrium determinantal process with an infinite num-

ber of particles starting from the Airy zeros (3.164). We write it as (&, P5). The
following one-parameter family of entire functions {!l/;ﬁ{ (2)}sen 1s considered:

T (7)) = _1 A — odi(z—ay) IO_O[ e(Z—ae)/am H < dn
g z—ap Ai'(ay) ap — ap
m=1 neN,

n#l

1 -
= exp |:(dl + Z a) (z —az)i| ¢§i¢ (@), LeN, zeC, (3.176)
n=1""

where

~ Z— Xn
Di(z) = f = Oy, - 3.177
L) Hx_xn org =>4, (3.177)
neN, neN
XpFEX


http://dx.doi.org/10.1007/978-981-10-0275-5_1
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The function (3.176) seems to be similar to the integrand "™~ @} (W) found in
(3.93), but we should note that

N 1 12 1/3 3
di+> —=—(5) NP> -0 asN— o0, (3.178)
n=1 An 7'[2

and 5;‘;4 (z) = oo. Nevertheless, {&/\; “,(2)}een defined by (3.176) are entire func-

tions. The one-parameter family of martingale functions {./, ; L (t, ¥)}een should be
obtained by

Sy = [ B )|y - 28]
- J[e["l@ﬁl<1/“n>]<W*“f>q?§;(W)‘(r, y— z2/4)], (3.179)
teN, yeR, t>0.

The following integral representations of the entire functions are available (Exer-
cise 3.19),

Tap 1 o0 . .

fora, € &7, z # a,. Then

1 o0
M (E,y) = ,—/ du Ai(ag + u) LAV +w)|(t, y — 12 /4)].
§ Ai'(ap)? Jo
Here we can prove that (Exercise 3.20)
FIAW +w)|(1,y — 12/4)] = g, y)e P Ai(y +u), (3.181)

and thus we have

_ 8y ¥
Ai'(ap)? Jo

£, y) due "?Ai(a; + u)Ai(y +u), £ eN.

Then the correlation kernel is given by

D pejals, x10, an) AL (1, y) = Viony prejas, x1t, ¥)
teN

_ g(t,y)
g(s, x)

Keer (s, x51,y)
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with

pai(s, xlag) [*°

W A du 67“’/2Ai(a5 + M)Al(y + M)

Keer (s, x5, ) = Z

LeN
—L=npails —t, x]y),

where (3.173) and (3.174) were used.
Based on the above calculations, the following statement was proved in [83].

Theorem 3.7 Under the initial configuration € given by all zeros of the Airy
functions, the infinite system of SDEs

t
dXi(t) = dB}' (1) + 7d1

N
! 1
lim |4 - — Na cus2
Ty 1+zak+ Z X:(1) — X;(1) (-182)
k=1 1§]SN, !
2

i € N, t >0, has a solution. The solution is given by a determinantal process
o . .
(8, PE7), whose correlation kernel is given by

Keor (5, X5, 3) = > pails, Xlan) A (8, ¥) = Ly pai(s — £, X]y),
LeN
(s,x), (t,y) € [0,00) x R (3.183)

with

o0
ME (1Y) = / du e ™" Ai(a, + u)Ai(y + u). (3.184)
0

1
Ai'(ar)?

We call (&, P¢ ﬂ) the nonequilibrium Airy process, because it exhibits the follow-
ing relaxation phenomenon.

Proposition 3.9 The infinite particle system (=2, ]P’éd) starting from the zeros of
the Airy function shows a relaxation phenomenon to the determinantal process
(&, Pairy), which is specified by the extended Airy kernel Ky obtained by the
soft-edge scaling limit from the extended Hermite kernel.
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Proof By (3.171), (3.183) is written as

Kewr (s, x5 2, y)
= / du / dw e P2 NG (y + u)Ai(x + w) Z
0 R

LeN

Ai(u + ag)Ai(w + ay)
Al (ay)?

— L= pai(s — 1, x[y).

The functions {Ai(x + a;)/Ai’(a;)}een form an orthogonal basis for f € L(0, 0o)
(see Sect.4.12 in [135]) and the completeness is also established as

Z Al(x + aZ)Al(y + aZ)dy _ (Sx({y})dy, X,y € (0’ oo) (3185)

TS
= Al (ar)
Then we have the decomposition

Keer (s, x5 2, y) = Kairy (5, x5, ) + Rear (5, X3 2, y)

with the extended Airy kernel Ky given by (3.132) and

00 0
Reer (s,x51,y) = / du/ dw e MPHSIZ A (u 4+ y)Ai(w + x)
0 —00

Ai(u + ap)Ai(w + ay)
x Z Ai' (a;)?
LeN ¢
Since for any fixed 5,7 > 0 limy_, o [Rzer (s + T, x;¢ + T, y)| — 0 uniformly on
any compact subset of R?,

Tlim Keewr (s +T, x5t +T,y) = Kairy(s, x; £, y)
—00

holds in the same sense. This completes the proof. O

A Dirichlet form approach has been developed to construct equilibrium dynam-
ics of interacting infinite-particle systems [47, 109, 127, 132, 144]. Equilibrium
determinantal processes including the sine process (=, Pg,) and the Airy process
(&, Pajry) with infinite numbers of particles are studied by Osada in [110-112].
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3.11 Tracy—Widom Distribution

3.11.1 Distribution Function of the Maximum
Position of Particles

Consider a determinantal point process (&, P) with an infinite number of particles on
R such that & = Zi <1 0x; € Mo, where I denotes an infinite index set. Assume that
the correlation kernel is given by K(x, y), (x,y) € R2 [123, 126]. Two examples,
(&, Psn) with the sine kernel K, and (&, Pajy) with the Airy kernel Kyjry, were
given in Sects.3.9.2 and 3.9.3, respectively. With a test function y € C.(R) the
generating function of spatial correlation functions defined by

Wix]=E [H{l +x(x,<>}] (3.186)

iel

is expressed by a Fredholm determinant
Wixl= Det [8.(1y)+K0x nxO]: (3.187)
(x,y)eR?

If we set x (x) = —1(,>y) with a parameter s € R, (3.186) becomes

VU[-1.s0]=E |:H{1 - 1(X;zv)}:| =E |:H 1(X;<s):|

iel iel
=P[X,~ <s,vi e]I] =P|:maxX,~ <s].

iel

This is the distribution function of the maximum position of particles, and by (3.187),
it has the Fredholm determinantal expression

P [max X; < s] — Det I:Sx({y}) — K, (x, y)], (3.188)
iel (x,y)€R?
where
Ki(x,y) =K(x, )1y, x,y.5 €R. (3.189)

For integrable functions fi(x,y), i € N, (x,y) € R2, we use the following
notations,

[f1fz-~-fn](x1,xn+1)=/ f1(xr, x2) fa(x2, x3) - -+ fu(Xns Xpg1)dx2 ... dxy,
Rn—]
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ne{2,3,...}, x1,x,41 € R. We regard f, f>--- f, as an operator such that its

(x, y)-element is given by [ fi f> - - - f,1(x, ¥), (x, y) € R2. The trace of an operator
f is defined by

Trf:/f(x,x)dx, (3.190)
R

and if Trf < oo, f is said to be a trace class operator [125]. Put 1(x,y) = 8(x —
y), (x, y) € R?. The resolvent of K, is defined by

o0
pa=D Ki=(1-K)" (3.191)
n=0
Let
o0
R, = p.K, = ZK';“, (3.192)
n=0
and
r(@) = Ry(a, a) = lim Ry (x, y)‘ . acR. (3.193)
y—=x x=a

The correlation kernels K of determinantal point processes are trace class opera-
tors and the following exponential expression for (3.188) is proved (see, for instance,
Lemmas 2.1 and 2.2 in [123]).

Lemma 3.10 Ifr is integrable,

P |:max X; < s:| = exp (—/ da r(a)) , selR. (3.194)

iel
Proof The explicit expression of (3.188) is

="

n!

Det [8,(1y) = Koo )] = 14 X == 1,(5)

(x,y)€R?
n=1

with

Iy(s) = / dx,  det [K(x.x))]
n <i,j<n
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Using the Maclaurin expansion
[o.¢] xn
log(1 —x) = — —, 3.195
og(l —x) Z . (3.195)

we can show that (Exercise 3.21)

1
log(l + Z 1,1(s)) -> ~Tr K" (3.196)
n=1

‘We rewrite this as
=1 * 9 =1
Tr{ — -K" ) = da —T -K”
o) o0 o)
dK dK
= daT K1 )= daTr | pa—2=).

Here
0
= — {K(x’ Moza)
= K(x, Y) 1(y>a) = —K(x, y)é(y — a),
and hence
0K, oK,
Tr | pa = [ dx | pa—— | (x,x)
da R da
0K,
= d'x dypa(xa)’)a_(y,x)
R R a
= —/ dy pa(a, y)K(y,a) = —R,(a, a).
R
The proof is completed. O

For (x,y) € R?,asa — oo, K, (x, y) = K(x, ¥)1(=a) — 0. Then the definition
(3.192) gives R, (x, y) >~ K, (x, y) = K(x, y)1(y5q) ina — oo for (x,y) € R2. If
we putx = y = a, we have

r(a) ~K(a,a) asa — oo. (3.197)
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Note that, by definitions (3.191) and (3.192), p, = 1 + R, and hence

Pa(X,¥) =8(x — y) +Ry(x,y), (x,y) € R (3.198)

3.11.2 Integrals Involving Resolvent of Correlation Kernel

Let N e N, t € (0, 0c0). Now we assume

K(x,y) =KD (x,y), (x,y) € R%. (3.199)

Hermite

The formula (3.113) is simply written as

_ A@B(y) = Bx)A()

K(x, y) = P X £y, (3.200)

with

N4 X N4 X
A(x) = (E) ON (E), B(x) = (E) ON-1 (ﬁ) . (3.201)

We can prove the following (Exercise 3.22).

Lemma 3.11 Let

Po(x) = /Rdz pa(x,2)B(z) = [pa B](x),

Qq(x) = /RdZ Pa(x,2)A(R) = [P Al(x). (3.202)
Then
r(a) = [dQ“ ) p () — 4P Qa(x)} . (3.203)
dx dx —a

Using (3.201) and (3.202), we define the following integrals,

w(a) = / dx P,(x)1x>0)B(x) = /OO dx P,(x)B(x), (3.204)
R a

u(a) =/dx Qa(x)l(xza)A(x):/oodX 0. (x)A(x). (3.205)
R a
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Then the following is proved (Exercise 3.23).
Lemma 3.12 The following equations hold:

‘”:j(x) = xPa(x)—(\/>+ W())Qa(x)'f'Ra(xaa)Pa(a),
X 2t

an(x)_ X \/W u(a)
dx —‘2,Qa<x>+( i )Pa<x>+Ra(x a)Qala).  (3.206)

and

X N u(a) 2 N W(a)
Ra(x, x) = —;Pa(x)Qa(X)"r‘ T Pa(x)” + " 04 (x)?

+ Ra(x, a){Qa(a) Pa(x) — Qa(x)Pa(a)}}l(xZa)- (3.207)

3.11.3 Nonlinear Third-Order Differential Equation
Let

pla) = P,(a), q(a) = Q.(a), ack. (3.208)

By the definition (3.193), (3.207) gives

N N
r@ =~ p@a@ + (/T - ”(t‘”) p(@? + (\/7 + W(t“))q(a)% (3.209)

Its derivative is

/ 1 a ’ a /
ria) = ——plajg(a) — =pla)q(a) — = pla)g (a)

N
- u(a) pla )2+2(\/j u(@ )) (@)p/(a)
+ — W( ) q(a )2+2(\/7 wa )) (@)q (a). (3.210)

We find the following system of differential equations (Exercise 3.24).
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Lemma 3.13 Fora € R,

‘o) = & (/N r@

p(a)= 2t17(a) ( ; + p )q(a), (3.211)
) = — & [N _u@

q'(a) = 2tq(a) —l—( p p )p(a), (3.212)

w'(a) = —p(a)?, (3.213)
u'(a) = —q(a)*. (3.214)

Inserting (3.211)—(3.214) into (3.210) gives a remarkably simple equation,

1
r'(a) = —p@q(@). (3:215)

Moreover, Tracy and Widom derived the following result [136, 137].

Proposition 3.10 The function r(a) solves the following nonlinear third-order dif-
ferential equation,

" aZ 4N / a / 2
r'(a) — P r'(a) + t—zr(a) + 6r'(a)- = 0. (3.216)
Proof By (3.211) and (3.212), we have

(p(a)q(@)) = p'(a)q(a) + p(a)q'(a)

On the other hand, (3.213) and (3.214) give

N 1 '
(\/;(u(a) —w(a)) + ;u(a)w(a))

N 1
= \/;(b/(a) —w'(a) + ;(u/(a)W(a) + u(a)w'(a))
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Then, we find the equality

N 1 /
(p(a)q(a)) = (\/;(u(a) —w(a)) + ;u(a)w(a)) . (3.219)

For finite x, 1454 — 0asa — oo,and A(a) — 0, B(a) — Oasa — oo. Therefore
p(a), q(a), w(a) and u(a) all become zero as a — oo. By integrating both sides of
(3.219) from a to oo, we obtain the equality

N 1
pla)q(a) = \/;(u(a) —wa)) + Zul@)wia). (3.220)

If we use (3.217), the derivative of (3.215) is written as

b1 N u(@) 5 \/ﬁ w(a) 5
r'(a) = t{(\/j t)() ( —+ t)‘““)]’

and then

N
r(a) = ——2p<a> q(a)z——{( ——@) (@) + (,/7+ W(“)) (a )2]
4 N 1
+;p(a)q(a){ —;[,/ (u(a) — w(a))+—u(a)w(a)”, (3.221)

where (3.211)—(3.214) were used. By (3.209) and (3.220), (3.221) is rewritten as

2

" a 4N 2
r(a) = ——V( ) — (— - —) pla)g(a) — —(P(a)Q(a))

By combining it with (3.215), we obtain (3.216). This completes the proof. O

3.11.4 Soft-Edge Scaling Limit

For N € N, t € (0, 00), we perform the variable transformation a — u by

a=2J/Nt +VIN"V «— u=(a—-2VNo)i"'/>N/S, (3.222)

Since 3/0a = t~/2NY%3 /3u, if we set 7(u) = t'/2N~'/6r(a) with (3.222), (3.216)
is transformed into

() — 4ut () + 2F ) + 67" (u)? — N™2ul{uF’ (u) — F(u)} = 0.
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On the other hand, (3.194) is written as exp(— f(iizm)t,,/wl/ﬁ dur(u)). Let x =
(s =2/ Nt)t~'2N1/°_ Then

1m.auﬁvX,-(t) — 24/ Nt

max X;(t — .
[max, i(t) <s (ZN—1/6 <X

Therefore, we have the following limit,

1m}a);/Xi(t) — 2V Nt o
lim P05 <x|=exp (— / du ‘f(u)) ., (3.223)

N—o00 t1/2N71/6

where 7 (u) solves the equation
() — 4uF (u) 4+ 27 () + 67 ' (u)* = 0. (3.224)

With (3.222), the BM scaling variable a/ /2t behaves as

a 1
—— =2N + —N"%y,
V2t V2

which is the same as (3.133). Then the present limit N — oo realizes the soft-edge
scaling limit discussed in Sect.3.9.3. By Proposition 3.7, we can conclude that the
left-hand side of (3.223) is equal to [44]

PAiry |:max X; < X] = Det [au({v}) - KAiry(u’ V)l(v>x)], x eR,
ieN (u,v)eR? -

where the Airy kernel, Kajry, is given by (3.136). Since Pajry is a stationary probability

measure, this distribution obtained in the limit (3.223) does not depend on time
t € (0, 00).

3.11.5 Painlevé II and Limit Theorem of Tracy and Widom

Let -
Fu) = / dv F)2. (3.225)

Then (3.224) is written as

F/@? + f)f"w) —2ufu)?* — / dv f()? =3fw* =0.

u
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If we differentiate this equation by u, we obtain

d
[f(u)d— + 3f’(u)] {f”(u) —uf(u) — 2f(u)3} =0.
u
Here we consider the equation

[ = uf @) +2f @, (3.226)

which is a special case of the Painlevé Il equation (see, for instance, Chap.21 and
Appendix A.45 in [101], Chap. 8 in [45], Chap.3 in [5], and Chap.9 in [3]). Since
(3.225) gives

/oo dut(u) = /oo du /oo dv f(v)?

=/Oodvf(v)2/vdu=/oodv(v—x)f(v)2,

the RHS of (3.223) is written as exp(— [~ dv (v — x) f (v)?).
By (3.197), in the soft-scaling limit, we find

7(u) = Kairy(u, u) asu — o0.

We note that the integral representation of Ky (3.135) gives

o0 o0
Kairy (1, 1) =/ dei(u+w)2=/ dv Ai(v)>.
0

u

Comparing this with (3.225), we can conclude that
fu) ~ Ai(u) asu — oo. (3.227)

Hastings and McLeod [56] proved that the Painlevé II equation (3.226) has a unique
solution fyw(u), which satisfies (3.227).

Now we arrive at the following limit theorem for the maximum position of particles
of the Dyson model with an infinite number of particles.

Theorem 3.8 For anyt € (0, 00), the probability

max X;(t) — 2+ Nt
li P(N’ 1) I<i<N
Ngnoo Hermite t]/zN_1/6

< x| = Pairy [maxXi <x], x eR,
ieN

(3.228)
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has the following two expressions,
Fro(@) = Det [8,({v]) = Kaiy @t )1z | (3.229)
(u,v)eR?
= exp (— / dv (v — x) fHM(v)z) , xeR. (3.230)

Here the former is the Fredholm determinantal expression, and the latter is the
expression in terms of the Hastings—McLeod solution fy s of the Painlevé Il equation

(3.226).

The probability distribution function (3.230) is called the Tracy—Widom distribu-
tion [136, 137]. It has the probability density function

dFrw(x)

, e R. 3.231
dx * ( )

prw(x) =

Numerical values of the mean, variance, skewness, and kurtosis are the following
(see [138], Sect.9.4.2 in [45], and [115]),

oo
UTw = / xprw (x)dx = —1.771086807,

o0

00
UTZW = / (x — wrw)*prw(x)dx = 0.813194792,
—o0

© (x—p 3
St = / (—Tw) prw(x)dx = 0.224084203,

00 oTW

© fx—pu 4
Krw = / (—Tw) prw(x)dx — 3 = 0.093448087.  (3.232)

00 oTW

Figure3.2 shows the comparison between prw(x) and the probability density
function of the Gaussian distribution

pG(x) = e w27 e R, (3.233)

mo?

with the same values of mean and variance as the Tracy—Widom distribution given by
(3.232) (0 = prw, 02 = oy). The difference between prw and pg can be shown
better, if we represent them in the semi-log plots as given by Fig.3.3.
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70.5

-6 4 2 0 2 4

Fig. 3.2 The probability density function of the Tracy—Widom distribution (3.231) is shown by
a red curve. The black curve shows the probability density function of the Gaussian distribution
(3.233) with the same values of mean and variance as the Tracy—Widom distribution given by
(3.232) (1 = prw. 02 = ody)

-% 2 T2 2 2

Fig. 3.3 The semi-log plots of the probability density function of the Tracy—Widom distribution
(3.231) (the red curve) and that of the Gaussian distribution (3.233) with the same values of mean
and variance (the black curve)
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3.12 Beyond Determinantal Processes

In this last chapter, we have discussed the interacting particle system (3.35), which
is the special case where § = 2 for Dyson’s Brownian motion model (3.3). Only
with this special choice of parameter, [Aspect 1] (see Sect.3.2) and [Aspect 2] (see
Sect. 3.3) are established and the interacting particle system (3.35) can be constructed
as a multivariate extension of the one-dimensional diffusion process BES® . In par-
ticular, [Aspect 2] makes the Dyson model (3.35) a solvable model in the sense that
any generating function of correlation functions is given by a Fredholm determinant,
and hence all spatio-temporal correlation functions are expressed by determinants
which are controlled by a single continuous function called the correlation kernel.
We have called interacting particle systems having such strong solvability determi-
nantal processes [82, 84]. In order to link [Aspect 2] and the solvability, we have
introduced the notion of determinantal martingale representation (DMR) and proved
useful formulas, (3.88) with (3.89) for the initial configuration & € 9, and (3.104)
for & € 9\ My, which give the correlation kernels K¢, using the martingale func-
tions {.#; : v € supp &}. One of the highlights of determinantal structures is the
appearance of the Tracy—Widom distribution, which has the Fredholm determinantal
expression (3.229) as well as the expression (3.230), using the Hastings—McLeod
solution of the Painlevé II equation.

There are many directions in recent developments of the theory. The following
are some of them.

(1) We have assumed that the initial configuration § = Z,N: 1 8y, € Mis determin-
istic. Foro € R, 8 > 1, let

O_fN{ﬁ(Nfl)+2)/2 5
W (§) = ————e 2y ()1
' C
N
with
QoN2 X rig2+1)
N LB+

cP =

and [x|2 = > x2. If & is distributed with the probability density .. , which
has unitary symmetry with variance o2, the determinantal structure of multitime
correlation functions is maintained but the correlation kernel is replaced by the
time shift  — ¢ 4 o> of the correlation kernel for the special initial configuration
& = N§y [76]. In [69], it was shown that if the distribution of & has the probability
density Mg\}lﬂ with orthogonal symmetry, the system becomes a Pfaffian process,
in which all spatio-temporal correlation functions are given by Pfaffians. Here the
Pfaffian is defined for a skew-symmetric 2N x 2N matrix A = (a;;), N € Nas

1 ’
Pf(A) = mz $gN(0)ds (1o (2)0oB)o @) * * * Ao (2N—1)0 (2N)>
T o
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where the summation >__" is extended over all permutations o € .%>y with the
restriction o (2k — 1) < 0(2k),k = 1,2,..., N. See [20, 46, 77, 81, 98, 103,
104, 106] for Pfaffian processes.

(2) Even though the system is not determinantal, if we properly choose the initial
condition, then some observables can have useful Fredholm determinantal expres-
sions. An important example is found in the asymmetric simple exclusion process
(ASEP) defined on the one-dimensional integer lattice Z. It is not determinantal,
but Tracy and Widom [141] proved that in the case of the step initial configuration,
& = >, On, the probability distribution function of particle positions is given
by an integral whose integrand involves a Fredholm determinant. Using this result
as a starting point, Sasamoto and Spohn [119, 120] and Amir et al. [4] obtained an
exact solution of the stochastic partial differential equation introduced by Kardar
et al. [66] to describe growing interfaces in 1+1 dimensions,

dh(t, x) 2h(t,x) A [oh(t, x)\° .
- o /=== VDW(t, x), 3.234
or T axe +2( ox ) + ¢ (3:234)

where h(t, x) is the height profile at time ¢+ > 0 and x € R, v, A, D are positive
parameters, and {W (%, x)},>0 rer denotes the space-time Gaussian white noise,
having the covariance

E[W (s, )W, )] =8(s —)8(x — y), (s,x), (t,y) € [0, 00) x R.

The equation (3.234) is called the Kardar—Parisi-Zhang (KPZ) equation. The
mathematical justification of such a nonlinear stochastic differential equation itself
is an important research subject [13, 19, 49, 55]. The solution obtained by [4, 119,
120] shows that the fluctuation of the KPZ interface exhibits a crossover from the
Gaussian distribution at short time to the Tracy—Widom distribution at long times.
The universality of Tracy—Widom distributions was also clarified by the replica
method with the Bethe ansatz [25, 35, 36].

(3) Besides [Aspect 1] and [Aspect 2], the following aspect of BES® is known
as Pitman’s theorem [113]. Let (R%(t)),;=0 be a BES® started at 0, (W (¢)),=0 be
a BM started at 0, and M (t) = maxg<s<; W(s), ¢t > 0. Then

(law)

(R'1)iz0 = QM) = W(1))=0- (3.235)

Let Xn(¢), t > 0 denotes the rightmost particle of the Dyson model started
at £ = N§p. As a multivariate extension of (3.235), the following equality is
established,

N
Xy ()20 “2”( max Z{Wn)—wi(r,-l)}) : (3.236)
>0

An((0,1]) “
i=1



124 3 Dyson Model

where {W; (t)}f\’= 1» t = 0 are independent BMs started at 0, and the maximum is
taken over all subdivisions Ay ([0, ¢]) of [0, ] WithO =1 <t; < --- <ity_1 <
ty = t. This equality was first proved for each fixed time r > 0 by Gravner
et al. [54] and Baryshnikov [12], and then the equality in probability law at the
level of processes was proved by Bougerol and Jeulin [21] and O’Connell and Yor
[108] (see also [14, 15, 29]). Moreover, Warren [143] gave a new construction
of the Dyson model started at £ = Ndy, (&, PN%), which can be regarded as a
generalization of (3.236). Matsumoto and Yor generalized Pitman’s theorem by
considering exponential functionals of BM [99, 100] and its multivariate version
was introduced by O’Connell [107]. The O’Connell process is a softened ver-
sion (a geometric lifting) with a parameter a > 0 of the Dyson model (i.e. the
noncolliding Brownian motion), Z(t) = Z,N=1 8x.tt), t > 0, such that neigh-
boring particles can change the order of positions in one dimension within the
characteristic length a. Construction of the O’Connell process as a system of con-
ditional Brownian motions was given in [68, 70, 71]. This process, here denoted
by £¢ = ZlN: 0 xem, 1= 0, is not determinantal. Under a special entrance law,
however, Borodin and Corwin [19] gave a Fredholm determinant expression for
the expectation of an observable,

O (XS () — x) = exp [—e_{Xﬁ’(’)_X}/“] , x€R,

which is a smoothing of the indicator function 1x, ()>x), X € R of the rightmost
particle of the Dyson model. For this special observable, a DMR is given in [72].
Beyond determinantal processes, Borodin and Corwin proposed a general family
of interacting particle systems called the Macdonald process [19]. This family has
a hierarchical structure and the Dyson model and the O’Connell process (which is
also called the Whittaker process) are located at the lowest and the second lowest
level, respectively.

Exercises

3.1 Prove that the SDE of the relative coordinate defined by X,(z) = {X,(t) —
X (t)}/ﬁ for the two-particle system (3.1) is given by (3.2).

3.2 (i) Prove (3.14) for the Hermitian-matrix-valued Brownian motion H(t) =
B*(¢), t > 0 given by (3.4).
(ii) Show that I7;(t) = 1,1 < i, j < N in this case.

3.3 (i) Prove that gy (¢, y|x) satisfies the N-dimensional diffusion equation

3 1
S AN YR = EA(N)QN(I1 yIx). (3.237)
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(ii) Show the following equalities:

d 1 1 | |
o - , I=is=N. (3.238)

ax; hy(x) hy(X) e Xi — X,

i
(iii) Prove
1

2. =0. (3.239)

1<i,j.k<N, (xi — xj)(xi — xx)

i ik, j#k

(iv) Show that (3.32) satisfies the PDE (3.34) with the initial condition py (0, y|x) =
S(x —y) forx,y € Wq.

3.4 Foran N x N matrix A = (a;j)1<;,j<n, the determinant det A is defined by

N
_ il = o (i) - 3.240
det A 15515;21\][61 i1 Z sgn(o) Ha o ( )

oSN i=1
(i) Prove the following:

N
det laisb;] = det [biai] = [12 % det [ai;]. (3.241)

I=i,j=< I=i,j=<
=t,J re1 J

This property is called the multilinearity of determinants.
(i) Prove the equality (3.38).

3.5 Let Vy(x) = det;<; j<y[xY"]. Prove the equality
=Lj= J

wx =[] @-xp. (3.242)

I<i<j<N

3.6 For each partition u© = (g, o, ...), let |u] = Zizl W;. Prove that s, (x)
defined by (3.40) is a homogeneous polynomial of x|, ..., x of degree |u].

3.7 Write down the Schur polynomials s, (x) for the following cases:
ON=2,u=(1). (G))N=3,u=(2,1).

3.8 Prove the equality (3.45).

3.9 For n € Ny, assume that M, (x) is a polynomial of degree n, M,(x) =
> obuix', by, # 0. Then prove the equality deti<; j<y[M;_1(x;)] = H,N=1
bi_1.i-1 x hy(x). In particular, if {M,},cx, are monic, i.e., b,, = 1,n € Ny,

then detlfi,jSN[Mj,l x)] = hN(X)-
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3.10 Remember that ¢; is defined by (3.72), where p is the transition probability
density (1.1) of BM.

(1) Show the equality

/ £92(dy)
RZ
M (1, Bi(1)) AL (12, Bo(12))
vi,v2) £ &
x E |:X1(Bl(f1))X2(Bz(l‘2)) det (%gvz(h’ Bi(1))) ///;2(127 Bz(lz)))i|

Ge(tr, x15 11, x1) Ge (11, x5 ’2’x2)) (3.243)

= dxid det
/Rz Xidxz 1 () x2(x2) de (%(Z‘zyxz;tl,xl)gs(lz,xz; Iy, X2)

(ii) Show the equality
/ E@VE"[x1(B(11)) x2(B(12)) A (12, B(12))]
R
= / dxidxy x1(x) x2(x2)%: (11, X15 1, X2) p(tr — 11, x2|x1).  (3.244)
RZ

3.11 Let | = (&;j)i jer, be the N x N unit matrix. For an N x N matrix M =
(m;j)i jeny, the characteristic polynomial is defined by

fux) = det(xl + M) = ] det N[xb},- +m]l, xeR.
<i,Jj=

Prove the equality

N
o N—N' ..
fu@) =D x 2. detlmyl. (3.245)
N'=0 ICly,2I=N'
In particular, if we set x = 1 and m;; = Kijij, 1 <i,j < N, we obtain the

Fredholm expansion formula
N
(et (8 + Kygil=> > [ % detlKil.
=hJ= N'=0JCIy.cd=N'ke] /€

312 (i) Letqy (t—s,yIx) = deti; j<n[p®(t 5. yilx))]. X,y € Wh, 0 < s <1,
where p® is given by (1.29). Prove that

N
) 1 ®) 0
—an (t—s,y|x) = EA(N)‘IN (t—s,ylx)+b;a—xiq1v (t —s,yIx). (3.246)
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(ii) The backward Kolmogorov equation for the drifted Dyson model (3.90) is given
by

N
a a
—oop >(t —5,yx) = A(N) h)([ — 5, ¥Ix) + bz ap[(\’,’)(z —5,¥/x)
i=1 '
+ D> ———pV =5y, xyeWy 0<s <t (3.247)
Xi — X
1<i,j<N, ' joXi

i#]

Assume that p(h) t—s,y1x)=cly)f (x)q(}’) (t —s, y|x) with a differentiable function
f of x. Derive the equation for f(x).

(iii) Show that f(x) = 1/hy(x) satisfies the above equation.

(iv) Prove that

hn(y) (b)
hy(x )

PVt —s,ylx) = (t — s, y/X) (3.248)

is the unique solution of (3.247) satisfying the condition limg4, pﬁ\’,’) (t—s,ylx) =

3(y — x).
(v) Show that (3.248) is equal to (3.92).

3.13 Prove the equality (3.98).

3.14 Show that, if & € 9, that is, £ has no multiple points, (3.104) is equal to
(3.88) with (3.89).

3.15 Let

S(x,y;a) =

— H,(x)H,
ZM " al<1,x,y €R. (3.249)

T
—~ n!
(i) Show that § satisfies the following equations:

aS aS

— =2ayS —a—, 3.250
0x @y “ dy ( )
0S aS
— =2axS —a—. (3.251)
dy ax

(i1) From (3.250) and (3.251), derive the equation

dlogS  2ya — 2xa?
ax  1—a?

(3.252)
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(iii) Show that the solution of (3.250) and (3.251) is given in the form
S(x, y; a) = c(a)el2ve= G Ha’l/(1-a®) (3.253)

and determine c(a).
(iv) Prove (3.110).

3.16 Following the instructions below, prove the equality

N—1
S nenly) = \/g on ()on-1(Y) — en—1(X)py (¥) (3254)

X —
n=0 y

for x # y by mathematical induction with respect to N € N. Equation (3.254)
is called the Christoffel-Darboux formula for the Hermite orthonormal functions

{on (x)}neNU-
(i) Prove (3.254) for N = 1.

(ii) Assume that (3.254) holds for a given N € N. Then show

(RHS) of (3.254)

N +1 —
= —on ey () + / ;r @N-H(X)QZW()’; _iN(x)§0N+1(y). (3.255)

This implies that (3.254) holds even if we replace N by N + 1.

3.17 (i) Assume that A and B are differentiable functions and

_ A)B(y) — B(x)A(y)

F(x,y)= Yy X #£y. (3.256)

Show that

F(x,x)= !im F(x,y) = A'(x)B(x) — B'(x)A(x). (3.257)

(ii) Derive (3.114) from (3.113) by taking the limit y — x.

3.18 (i) Derive (3.136) from (3.135).
(i) Derive (3.137) by taking the limit y — x in (3.136).

3.19 Using the expression (3.136) for (3.135) with x # y, derive the expression
(3.180).

3.20 Prove (3.181) by following the instructions below.
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(1) Show
1
FIAIW + (1, y — 12/4)] = 0=/ / dk 13
27'[ C
1 w? =1 ( t2)
X dwexp| —— — —— —— \w——=lkw]|,
N2t /]R P |: 2t t Y 4
where C is the same contour as that for (3.158).
(ii) Perform the integral over w to give
1 )
FIAIW +w)|(t, y — 12 /4)] = 2_/ dk e/ ® (3.258)
T Jc
with
f (k) e e e k (3.259)
= — — k" — —— —u)k. .
32 YTy

(iii) Complete a cube in (3.259) to prove (3.181).

3.21 Show that

3 3
—1" 1
log(l + E ( n‘) 1, (s)) = — E ;Tr K! + (correction terms), (3.260)
n=1 '

n=1
s € R.

3.22 Prove Lemma 3.11 following the instructions below.
(i) Let M be an operator which multiplies a variable, M(x, y) = x§(x — y),x,y €

R. Then M f](x, y) = fo(S(x —2)f(z,y)dz = xf(x,y), and [fM](x,y) =
f(x,y)y. We introduce the commutator [U, V] = UV — VU. Using (3.198), derive
the equality

M, pal(x, y) = (x = y)Ra(x, y). (3.261)
(i) If we use the definition of the resolvent p, given by (3.191),
M, p] =M1 —K,) ' = (1 —K,)"'M. (3.262)
Derive the equality

M, pa] = paIM, Kalpa- (3.263)
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(ii1) Using (3.200), derive the expression

M, p,1(x, y) = Qa(X)/Rdz B(2)1(z2a)pa(z, y)

- Pa(X)/dZ A zza)Pa (2, ¥)- (3.264)
R

(iv) Using the symmetry K(x, y) = K(y, x), prove the equalities

/ 4z B Lima pa(s ¥) = Pa) 1o,

R

/ dz A(D) 1200 (2, Y) = QM) yza)- (3.265)
R

(v) Combination of (3.264) with (3.265) gives the equation

[M, Pa](X, y) = {Qa(x)Pa(y) - Pa(-x)Qa(y)}l(yZa)-
By identifying the above with (3.261), prove (3.203).

3.23 Prove Lemma 3.12 following the instructions below.
(i) We introduce the differential operator D(x, y) = §(x—y)d/dy, x, y € R. Assume
that f(x,z) = 0, g(z, y) — 0as z — *o0o. Show

afy)

[fD](x,y) = oy

(3.266)

(i) Using (3.200), show that [D, K,](x, y) is equal to

A'(x)B(y) — B'(x)A(y) + A(x)B'(y) — B(x)A'(y)
x—y

1yza) + K(x, y)8(y — a).
(3.267)

(ii1) Using the recurrence relations for the Hermite orthonormal functions (3.108)
obtained from (1.121) and (1.122), derive the equation

1
D, Kal(x, y) = —HA) B(y) + Bx) AW (y=a) + K(x, y)8(y — a). (3.268)

(iv) Using (3.268), derive the equation

1
D, p](x,y) = —z—t{Qa(x)Pa(y) + Pi(x) Qa(MH =) + Ralx, a)pa(a, y).
(3.269)
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(v) Using the differential operator D, the derivatives of (3.202) are written as
dP,(x)/dx = [Dp,B](x), dQ.,(x)/dx = [Dp,A](x). We insert commutators so
that

dP.(x)
2 1D, pa1BI) + [2uDBIC),
40,
de(x) — [ID, pu]AI(x) + [ DAI).

Applying (3.269) to the above, we obtain

(1
dPa) _ _Quw(@) _ Pav@ o b Fa t(X) _ \@ 0.5,

dx 2t 2t 2

dQu(x)  Qav(@)  Pau(a) P ﬁ

S = S S bR 0)Qa (@) — S [ Pa),
(3.270)

where v(a) = [ dy Pa(0)1oz0AQ) = [ dy Pa(0)A(®),
PV (x) = / dy pa(x, »)yB(y), 0P (x) = / dy pa(x, Y)YA(y). (3.271)
R R

Note thatv(a) isalso givenby v(a) = fR dy Q.(Y)1yza)B(y) = f;o dy Q.(y)B().
Derive the equalities

PO (x) = xPy(x) — Qu(x)w(a) + Pu(x)v(a),
0P (x) = x0,(x) — Qu(x)v(a) + P,(x)u(a), (3.272)

and prove the lemma.

3.24 Prove Lemma 3.13 following the instructions below.
(i) By (3.202),

L) _ [3p“3] ). (3.273)
da da

Consider the identity p, 'po = (1 — K,)p, = 1. Differentiation with respect to a
gives — (0K, /da)p, + (1 — K,)(0p,/0a) = 0 and thus dp,/da = p,(0K,/da)p,.
Show that this gives

9Pa
da

(x,y) = —Ra(x,a)pa(a, y). (3.274)
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Then (3.273) gives

9P, (x)
da

= —Ra(x,a)/dz pa(a, 2)B(z) = —Ru(x, a) p(a). (3.275)
R

(ii) We should regard p(a) = P,(a) as P,(I(a)) with I (a) = a. Then

_dI(a) 0P,(x)
" da 0x
_ 0P (x)
T x

9 Py (x)

x=a + da
0P, (x
n (x)

xX=a da

p'(a)

X=a

k]
X=a

since I'(a) = 1. Noting this, prove the lemma.
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