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Abstract

Stochastic interacting particle systems show many intriguing phenomena due to the
interaction among particles and have wide applications in various fields of science, but in
general it is quite difficult to study their properties in detail. Over the last few decades,
however, it has been gradually recognized that certain stochastic interacting particle sys-
tems can be “solved exactly ” , meaning that they admit explicit calculations of various
probabilities and expectation values, and behind this tractability lies the integrability of
these systems. In particular there have been remarkable progress in the understanding of
growth and transport models in the Kardar-Parisi-Zhang (KPZ) universality class, which
have turned out to have deep connections with random matrix theory, representation
theory, special functions and so on.

In these lectures, we will explain these developments, mainly focusing on the models in
the KPZ class. In the first lecture, we introduce one of the most fundamental models on
the subject, the asymmetric simple exclusion process (ASEP) and explain the connection
between its totally asymmetric version (TASEP) and random matrix theory[l]. In the
second lecture we introduce various models and discuss their integrability [2]. In the third
lecture we introduce the notion of stochastic duality and explain its relation to the replica
approach of using moments [3]. Then we elucidate how an exact formula for ASEP can be
obtained by combining the duality and integrability of the model. In the fourth lecture we
explain our approach introduced in [4], which does not rely on the moment calculation.
We emphasize that the method can be applied to many models in parallel, including the
stationary situation. In the last lecture we discuss our recent extension of the techniques
to study a two species exclusion process [5]. The implications to the nonlinear fluctuating
hydrodynamics, which was proposed recently by H. van Beijren and H. Spohn, is also
explained. Lastly we discuss some outstanding problems.
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0 Introduction

In nature all matters consist of huge number of atoms and molecules, exhibiting various
intriguing phenomena such as phase transitions, turbulence and so on. To have better under-
standing of such systems, we often construct models which should retain essential ingredients
of the original systems. In many cases, one can model a system as a stochastic process of
many particles which are interacting with each other, namely, a stochastic interacting system.
Mathematical foundation of stochastic interacting systems had been set long time ago [21].
See Appendix A for a short explanation about the formulation.

There have been extensive amount of results on such systems [22], but it is often difficult
to study their properties in detail. Recently, it has been realized that certain stochastic
interacting systems allow quite exact and explicit analysis from which one can obtain very
fine properties of the systems and there have been remarkable progress on the subject. In this
development, a particularly important role was played by the asymmetric exclusion process
and the Kardar-Parisi-Zhang (KPZ) equation.

The Asymmetric simple exclusion process (ASEP) is a stochastic process of many (infinite
number of) particles on Z in which each particle tries to perform asymmetric random walk,
with hopping rate to the right p and to the left ¢, under the volume exclusion interaction.
The special case of the ASEP in which either p = 0 or ¢ = 0 is called TASEP (Totally ASEP).
When p > ¢, there is a net particle current to the right.
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Figure 1: ASEP

By replacing empty sites by the upward slope / and occupied sites by the downward slope \,
the ASEP is mapped to a surface growth model, called the single step model.

In the studies of surface growth, the standard model is the KPZ equation, which was
introduced in 1986 [19]. In the case of one dimension, for the height of the surface h(z,t) at
position z € R and at time ¢ > 0, it reads,

Oth(x,t) = %((%h(ac,t))2 + %agh(x,t) + n(x,t) (0.1)

where n(z,t) is a Gaussian white noise with (n(x,t)n(2',t")) = 6(x — 2/)6(t — ¢'). Here ()
means the average wrt 7. In their original paper [19], Kardar, Parisi and Zhang applied a
dynamical version of the renormalization group analysis to show that the height fluctuations
scale like O(tY/?) as t — oo. There have been a lot of (physical) analysis of this equation, but
there had not been much information available for the height distribution until recently.

In 2010, the first explicit distribution has been found for special initial condition called
the narrow wedge initial condition e"®0 = §(z) = lims_,q cse~1#/? [2,29-32]. The formula
takes a simple form for a particular expectation:

2
. t N
<eieh(1~,t)+%+2—4*7té>

= det(l — Ks7t)L2(R+) (02)



where v, = (t/2)'/3 and the kernel K, is

o LAl + N)Ai(y + A)
Ki(x,y) = /_Oo dA N 4 1 . (0.3)

In the long time limit, we get

2 t
h(:L‘,t)—l—%‘FﬂSS

o = Fy(s) (0.4)
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where F5 is the GUE Tracy-Widom distribution from random matrix theory, see Appendix
B. The result (0.4) says that the height of an interface for large tand the largest eigenvalue
of GUE of large matrix dimension share the same distribution in the limit. Long time and
large scale behaviors of a wide variety of systems are expected to be the same, constituting
the KPZ universality class.

In the last decade, many generalizations and related results have been found. Behind their
solvability lies the integrability of the systems, which means that generators of stochastic
process have certain high symmetries. The theory of integrable systems also have a long
history and there have been remarkable accumulation of knowledge on them. Whereas a lot
of methods and results which have been developed in integrable system community are useful
for studying stochastic interacting systems, the integrability for stochastic systems have some
novel feature and provide new direction for the studies of integrable systems as well.

In this series of lectures, we discuss the integrable stochastic interacting systems, by mainly
focusing on how the formulas above can be found and generalized.

Some notations. N = {0,1,2,---},Z; = {1,2,---},T = {€",0 < § < 27} Z is used as a
normalization in general. For ¢-notation, see Appendix E.

1 TASEP

The main goal of this section is to get the result about the limiting distribution like (0.4) for
the case of the TASEP with step initial condition in which all sites on x < 0 are occupied
and all the rest are empty at ¢ =. For the integrated current N(¢) at the origin, which is the
same as the number of particles at ¢ on = > 1 for our setting, the result reads

Jim P [W > —s] — Fy(s). (1.1)

What we actually try to show in the following is

 — 9 N et
ENOESYEEID DI | NOREN | L (1.2)
z;=N 1<j<k<N j=1 "
1<i<N
This formula looks very similar to (B.3) with 8 = 2 for the largest eigenvalue of GUE. One
can follow the same steps (by replacing Hermite polynomials with Chariler polynomials) to
show (1.1). The result (1.1) was first established by Johansson [18], by considering a discrete
time version of TASEP and using combinatorial arguments. Here we show (1.2) by using the
transition probability (or Green’s function). A reference for this section is [28].



1.1 Time evolution equation for the transition probability

The transition probability for ASEP with NV particles on Z is the probability that N particles
starting from y1, ..., yn at time 0 are on sites x1, ...,z at time t. (We assume z; < 241,y <
Yir1, 1 <i < N —1.) Let X;(t),1 <i < N be the position of the i th particle at time ¢t. Then
the transition probability is

We often omit the dependence on y. In this section we take the time scale s.t. p+ ¢ = 1.
First let us write down the time evolution (Kolmogorov forward equation, master equation)
satisfied by the transition probability. The equation for one particle (N = 1) case reads

%G(w t) = pG(x — 1;t) + qG(x + 1;t) — G(z;t). (1.4)

Next for N = 2, we have to consider two cases separately. When zo — ;1 > 2, the forward
equation reads

d
£G(a:1,x2;t) =pG(x1 — 1, 29;t) + qG(x1 + 1, 22;t) + pG(x1, 22 — 1;1)
+ qG(z1, 22 + 1;t) — 2G (21, w23 t). (1.5)

When zo = 21 + 1, due to the exclusion rule, the equation is

d

%G(:cl,xl + 1;t) = pG(x1 — 1,21 + 1;t) + ¢G(x1, 21 + 2;t) — G(z1, 2253 1). (1.6)
The initial condition for the transition probability is

G(J;lax%ﬂylay%o) = 59013/15502?12' (1'7)
The transition probability is determined as the solution to (1.5),(1.6),(1.7). It is a little
cumbersome that one has to deal with the two equations (1.5),(1.6) separately. But the
second one can be replaced by a boundary condition for G(z1, z9;t). Setting xo = x1 + 1 in
(1.5) one gets
d
gG(%,m +1;t) = pG(z1 — L1 + 1;t) + qG (21 + 1,21 + 158) + pG(z1, 213 )
+ qG(z1, 21 + 2;t) — 2G(x1, 21 + 15 1). (1.8)
Comparing (1.8) with (1.6), we have
pG(z1,21,t) + qG(x1 + 1,21 + 1;t) = G(21, 21 + 151). (1.9)

This means that instead of considering (1.5),(1.6) for x; < 2, one can consider (1.5) with
the boundary condition (1.9) for x; < z9 and focus on the case z1 < x9.

For general N the situation is similar to the N = 2 case. The main forward equation
reads

N
d
dtG(xl,...,xN;t):Z(pG(...,xi—1,...;t)—|—qG(...,xZ~+1,...,t)

—G(...,:L’i,...;t)>. (1.10)



One has to solve this with the boundary condition

pG(... .,z @iy 5t) +qG( . i+ L+ 1,..05t) =G(o oz, Ty, .. -5 1) (1.11)
and the initial condition,
N
Gz, oyt =0) =[] Ousy- (1.12)
i=1

1.2 Bethe ansatz for ASEP
Formally the time evolution equation can be written in a form

d
—G=1L" 1.1
~G=L°G (1.13)

with L the time evolution generator of the process. For solving the eigenvalue problem for
L*,

L*U = AP, (1.14)
for ASEP, we apply the Bethe ansatz [7], in which assume the form of the eigenfunction to
be in the form

N
V()= > A [] 20 (1.15)
ocESN 7j=1

When N =1, the equation is

pU(x—1)+q¥(x+ 1) — ¥(z) = A¥(z), z € Z. (1.16)

The solution is, with z € C,
U(z) =V,(x) (1.17)

with the eigenvalue
AN=p/z+qz—1=:¢2). (1.18)
When N = 2, we wand to solve

p¥(x1 — 1, 29) + qU(2z1, 20 — 1) — 2W (21, 29) = AV (21, 22), (1.19)
p¥U(zr,z) +qU(r+ 1,z +1)=V(zx,z+1). (1.20)

According to the Bethe ansatz (1.15), we make an ansatz that the eigenfunction is given in
the form,
\I/(.%'l, 1'2) = \Ile,@(l'l,xQ) = Alnglzgw + A21zglzf2. (1.21)

From (1.19) one sees A = €(z1) + €(22). From (1.20), one can determine

o T s Tk ) (1.22)
Ago p+qziz2 — 21
This ratio is called the two particle scattering matrix.
For N = 3, there are six terms in the Bethe ansatz eigenfunction (1.15). The corresponding
six coefficients should satisfy the boundary conditions when zo = 1 + 1 < x3 and when
r1 < x3 = x2 + 1. In addition they should satisfy the condition when x1 +1 = 22 = 23 — 1



but one can check that this condition is simply a sum of the previous two condition and
does not create a new condition. One can check that the six coefficients can be written as a
product of two particle scattering matrix and Ajos.

For general N, A, can also be written as

Hi<j (P + @o)Soi) — (P + Oéoi))
Hi<j (p + qgifj - (p + Q)éz)

A, = sgno (1.23)
up to a constant factor.

Remark: when we consider ASEP on a period lattice of size L, we also have to put the
periodic boundary condition on the eigenfunction, from which we get some conditions which
z;’s should satisfy. It reads

D+ qzizi — %

k= (—l)N
:1 D+ qzizi — zj

2

1<i<N. (1.24)

J3(F#9)
This is called the Bethe ansatz equation (BAE). This is a set of coupled algebraic equations
which are usually unsolvable. In these lectures, we mostly consider ASEP on Z for which one
does not have to worry about it.

The transition probability for ASEP can be constructed by taking a linear combination
of eigenfunctions appropriately. It is given by [40]

N
€T;— Ui_l N € .
G(xlv"'7xN;t‘y17'-'>yN;0) = Z / / dgl"'diAanég(i)y © 621:1 (o)t
Cr Cr i=1

geSN
(1.25)
where C, is a contour enclosing the origin anticlockwise with a radius small enough that all
the poles in A, are not included in C,. €(£) is defined in (1.18). It is highly nontrivial to
utilize this formula to study asymptotic behavior of ASEP [39-41].
Remark: it is usually difficult to try to check the completeness of the Bethe ansatz wave
functions. But in our case, we don’t have to worry about such issues because one can check
the conditions for the transition probability directly.

1.3 Determinantal formula for TASEP

For TASEP, the Bethe eigenfunction simplifies a lot and the transition probability can be
written as a single determinant [34].

Proposition 1.1.
G(J)l, R xN;ﬂyla - YN 0) = det (Fk_](l'k - yj7t))1gj’k§]\/' (126)

Here the function F,(z,t) appearing as a matriz element of the determinant is

1 1
_ = T (1 n _—(1-2)t
Fo(x,t) = /Oldzzm I (1-1/z)""e

27
where the contour enclosing the poles at z = 0,1 of the integrand anticlockwise

The formula is found by using Bethe ansatz, one can prove it directly. To prove the formula
it is useful to list a few properties of F),(z,t) [excercise].



Lemma 1.2. (i)

Fpi(z,t) ZF y, t (1.27)

(i)
%Fn(x,t) = Fo(v — 1,t) — Fy(z,1) (1.28)

Proof of Prop. 1.1 It is enough to check the forward equation and the initial conditions. Here
we only consider the N = 2 case in which (1.26) reads

Fo(x1 —y1;t)  Fi(zo —y2st)

Gz, xo:t . 1.29
(o2 t) = |, (r1 —ya;t)  Folwa — yo3t) (1:29)
For our special case where p=1,¢ =0, (1.5),(1.9), (1.7) read
d
dtG(xl,a:Q,t) = G(x1 — 1,29;t) + G(z1, 22 — 1;t) — 2G (21, 223 1), (1.30)
G(z1,71,t) = G(z1, 21 + 13 1), (1.31)
G(z1,22;t|y1,Y2;0) = dg1y1 0oy - (1.32)

We check (1.29) satisfies them. First about (1.30), we see

d
%G(l‘l, T, t)

4 Fo(z1 — y13t) F1(x2—y1;t)’ ' Fo(z1 —yi3t)  LF (22— y13t)
L 1(z1 —ynt) Fo(za—yost)|  |Foi(zn —yzt) SFo(za —y2it)
Fo(561—y1—1;75)—Fo($1—y1,t) Fi(r2 —y15t)
Foq(wg —y23t) — Foa(xr —ye — 1t)  Fo(zz — yo;t)
n Fo(x1 —y15t)  Fi(we —yi5t) — Fi(xe —y1 — 15t)
Foi(z1 —y25t) Fo(ze —y2;5t) — Fo(ze —y2 — 1;1)
= G(x1 — 1,x9;t) + G(z1, 22 — 1;t) — 2G (21, 223 1). (1.33)

For (1.31), we see

Fo(xr —yist)  Fi(zr — s

Y t)
Glan,zit) = 'F1(~’61 —y2;t)  Fo(w1 —yost)
t

t) —

Fo(x1 —yiit)  Fi(zr — s

_ ) — Fo(r1 — y151)
F_q(x1 —y23t) Fo(xr — yo;

F_i(z1 — y23)
= G(xl, 1+ 1; t) (1.34)
where in the second last equality we used (1.27).
About the initial condition, one sees
Fo(z1 —y1;0)  Fi(wg — yg‘O)‘ Oz > ey Ox
G(z1,x9;t=0) = ' T = 1 Z—wz THYL]
(@1, 22 ) ‘Fl(‘rl —42;0)  Fo(z2 — y2;0) 5J31y2 - 5$1,y2+1 5w2y2

(1.35)

Since x9 > yo > y1, the second term is zero.
Using these one can show that the determinant in (1.26) satisfies (1.5),(1.9), (1.7), i.e. it gives
the transition probability for TASEP.

O



1.4 Charlier ensemble representation

In this section we get (1.2). First note that the distribution of the current can be obtained
by taking an appropriate sum of the transition probability.

PIN@) > N =Pm() > 1] = > Glab) (1.36)
1<z1<-<zN
For N = 2, we see

Ploa(t) > 1] = >

1<zi1<z2

F0($1+1't) F1($2+1;t)
F_q(x1;t) Fo(xa;t)

Fo( 1 F 1;
SO0 S L (137
1<z <3 Y2=22 ’ - ’
Writing the determinant in the last expression as f(z1,y2), this is calculated as
0 0 e’} 0 o0 Y2
Z Z Z f(x1,92) = Z Z Z f(z1,92) (1.38)
x1=1xz2=x1+1 Yy2=22 x1=1 yg—xl-‘rl xro=x1+1
o0 oo
= Z Z (y2 — x1) f(z1,y2) Z Z (x2 — 1) f(z1, 2). (1.39)
z1=1y2=x1+1 r1=1xz0=21+1
Here
f(ZL‘ . ) _ Fo(x1+1;t) FQ(:EQ—I-l‘t) _ F0(131+1;t) F0($2+1;7f)
12 Foy(zit)  F_i(x2;t) Fy(z1;t) — Folzy + 15t)  Fy(xa;t) — Fo(zo + 151)
tr1tl et tretl et tm—i—m-‘rl
_ (a:1+1)' . (90%4-1)' = e 2t (1.40)
(a:1) e o€ (1 + D)!(z2 + 1)!
Substituting this into (1.39) one finds
t$1+x2+1 tw1+x2

Z Z :1:1+1) (x2+1 9t Z Z (1=22) 129! e,

r1=12z2=21+1 r1=2x0=2
(1.41)

which is nothing but the N = 2 case of (1.2). Generalization to general N is left as an
exsersize.

1.5 Schur measure and process

The Schur measure is a measure on the set of partitions, in the form

1
ZS)\(GI: <o Lan)salbr, - bar). (1.42)

Here s) is the Schur function, see Appendix C. By the Cauchy identity (C.23), the normal-

ization here is 1
7 = _ 1.43
H 1-— ajbk ( )
Jisk



The Schur process is a measure on GT, in the form

1

Z5m(a)sye nm(az) - sy (an)syon (br, -+ bar) (1.44)

By (C.21), the marginal measure about A(N) is nothing but the Schur measure (1.42).

There are various variants of the Schur measure and process, in which s)(by,--- ,bps) is
replaced by a Schur function related to a more general specialization p. Such measures appear
for Markov dynamics on GTx and TASEP can be realized as a marginal dynamics on the
left diagonal )\é, 1<i<N.

Because the Schur function is written as a determinant by the Jacobi-Trudi formula (C.19),
the Schur measure can be studied by the same methods as for GUE.

2 Various models and integrability

2.1 ¢-TASEP, ¢-Hahn TASEP and zero range processes

As a generalization of TASEP studied in the last section, we introduce ¢-TASEP. For the
continuous time version, the jth particle hops to the right nearest neighboring site with
rate aj(1 — ¢%—1"%"1) with a; > 0,0 < ¢ < 1. The dynamics of the gaps of particle
positions x; — zj11 — 1 is the ¢-TAZRP (totally asymmetric zero range process). When
q = 0, this reduces to the standard TASEP. By rescaling time, the rate can be taken to be
aj(1 —¢%-17%71)/(1 — ). Then one can take the nontrivial ¢ — 1 limit. When all a;’s are
the same, the dynamics is equivalent to the one of independent walkers.

~

l—q2 [ | [ | [ |
—04%%4&@%{%%&4%&{%‘%%0%}> “‘w.“.‘.“
T Ts Ty T3 X2 z Y Ys Ya Y3 Y2 Y1 Yo

The model was introduced in [8] as a marginal process of the Macdonald process which we
explain a bit below but the corresponding zero-range process had already been introduced
in [33].

There are also discrete time versions [9]. In the Bernoulli ¢-TASEP, the first (right most)
particle hops to the right neighboring site with hopping probability 5/(1 + ), § > 0. The
the hopping of the (i + 1)th particle depends on the hopping of the i-th particle. When the
ith particle hopped, the (i + 1)th particle hops as the first particle, but when the ith particle
did not hop, the hopping of the (i + 1) particle occurs with probability (1 — ¢%*?)5/(1 + ).
In the geometric ¢-TASEP, The hopping distance of the first particle obeys the g-Poisson
distribution
j (@5 @)oo

(4 @)oo
while the one for other particles obey the following truncated ¢-Poisson distribution,

Poo,a(f) = @ ,0<a<l,jeN (2.1)

ol (a; —'M,O<'<m,
pm’a(j — ( Q)m 'J (6:9)m—3(2:9); S) = (2.2)
0, otherwise,

with m the gap to the right particle.

10



As a further generalization, we mention the g-Hahn TASEP. This was introduced by

Povolotsky in [27]. The hopping probability is described in terms of a function ¢g ., (j|m) =
G W/ @) D m—j (GDm

r (V;q)jj(q;q)j(q;c;)m—j with

which the g-Hahn polynomials are orthogonal, hence the name of the process. When v = 0,

this becomes the geometric ¢-TASEP.

0 < v < p < 1. This is related to the measure with respect to

g, (2lgri1) ©q,u,(3]gk) Pq.p,0(2]gr—1)
—0—Q0———QO———
Yk+1 Gror1 Yk g% Yr—1

There are also other types of related models, in particular directed polymer models in
random mede, such as the semi-discrete polymer model due to O’Connell-Yor [26] and log-
gamma polymer model [17,35].

2.2 Six vertex model and its integrability

In equilibrium statistical mechanics, a central objectectiv is to compute the partition function,

Z = > e EO), (2.3)

C':configurations

where E(C) is the energy associated with a configuration of the system and g = 1/(kgT)
with kp the Boltzmann constance and 7" the temperature of the system. For the famous Ising
model, the energy is written as

E(C) =—-J SiSj (24)

(i)

where J > 0 is the coupling constant, s; = +1 is the spin variable sitting on sites and the
sum is over all nearest neighbor pairs of sites. From the partition function, one can calculate
the free energy (per unit volume) f of the system and study various macroscopic properties
of the system. For the case of two dimensional square lattice with sizes L, L’ with periodic
boundary conditions, it is defined as

1
f= —/<;BTL lim log Z. (2.5)

,L'— o0 Lr

Vertex models are originally introduced as statistical mechanical models for which the
weight of a configuration of the system is given by a product of weights on all vertices of
a lattice. As an example let us consider the two dimensional square lattice, suppose that a
configuration is specified by some values on all edges, and assign some weight on each vertex
denoted by Rf;k as a matrix for values [, 7,1’, k on four edges [Fig]. The partition function of
this vertex model is defined to be the product of weights at all vertices,

_ 7175
z=>, 1l m3 (2.
{je} v:vertices
Let us define the transfer matrix as the product of the weights in one direction as,

ki-kr _ Z la,k1 . plik:
le-"jL - Rl1,j1 RlL,jL’ (2'7)

liyo,lp

11



the partition function is written as Z = Tr TL'. The transfer matrix is a 2 x 2& matrix. We
are interested in eigenvalues and eigenfunctions of this transfer matrix. For example, the free
energy is the logarithm of the largest eigenvalue. Finding eigenvalues and eigenfunctions of a
transfer matrix is in general difficult but becomes possible when the weight satisfies a certain
condition [5].

Let us assign nonzero weights to the following six cases of vertices [Fig]. The weight is
represented as a matrix

.k
Rl = (2.8)

o O O
o o0 oo
o0 O
QO OO

This is a (rather general) six vertex model. In particular when the weight is written as a
matrix R = R(z,y) of the form

it satisfies the following relation,
Ria(z,y) Ras(w, 2) Ras(y, 2) = Ras(y, 2) Ras(x, 2) Riz(z, y). (2.10)

This is the Yang-Baxter equation and can be represented graphically [Fig]. Now using this R
matrix, let us define the transfer matrix with a parameter ¢ as (2.7) with parameters ¢ and 1
for all R in the product. The main point of this YBE is that the transfer matrices with two
parameters values commute:

[T(¢), T(n)] = 0. (2.11)

To show this, let us introduce the monodromy matrix as
A B
Tikk (¢ fe)) = > RER(C € R () = [ < Dggﬂ (2.12)

This is also written as

T(¢:{¢}) = Ro1(¢. &) -+ - Ror(¢, €n)- (2.13)

We mainly consider 7(¢) = T(¢, {& = 1}).
By the Yang-Baxter equation, one can show

R12(¢,m)T1(¢)T2(n) = T2(n)T1(¢)R12(¢, m) (2.14)

which is sometimes called the fundamental commutation relation (FCR). This can be under-
stood graphically. The transfer matrix is

T(¢) = TroT(¢) = A(C) + D(¢). (2.15)

From (2.14) one can show (2.11). One can expand the transfer matrix 7°(¢) in ¢ around 1 as

L—1
=Y L(¢-1" (2.16)
n=0
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The coefficients I,, commute with each other: [I,,, I,,,] = 0. The Oth one, Iy = P, is the shift
operator, and the 1st one,

L

I = Hxxz = %Z( 0fp +ojol +Aojoiy) (2.17)
j=1

with A = (Q+1/Q)/2 modulo a factor and additive constant, is the Hamiltonian of the XXZ

quantum spin chain. In particular one has [Hxxz, I,] = 0, implying that I,,’s are conserved

quantities.

There is a standard procedure to find the eigenvalues and eigenvectors of the transfer
matrix, called the algebraic Bethe ansatz [11,14,42]. First let us let us consider L two dimen-
sional vector spaces V; = C2,1 < i < L, where each V; has basis |0) and |1), corresponding to
two possible states at each column of the six vertex model. Set |Q2) = [0...0), which we call
the pseudo vacuum. One can easily check

A(Q)I) = (a(¢)F19), D)) = (d(¢)"I2) (2.18)

and hence from (2.15) it is immediate to see that the pseudo vacuum is an eigen vector of the
transfer matrix with the eigenvalue A(¢) = (a(¢))* + (d(¢))*. Next from the FCR (2.14), one
has

[B(¢), B(n)]] = 0, (2.19)
A(n)B(C) = f(n, O)B(Q)A(n) + g(¢ m)B(n) A(C), (2.20)
D(m)B(C) = f(&mB(OAm) + g(n, Q) B(n)A(C) (2.21)
with f(n,¢) = a(n/¢)/b(n/¢),9(n,¢) = c(n/()/b( /€). Using this commutation relations, one
can check that the vector of the form [T =1 B(¢;)€2) is the eigenvector of the transfer matrix
T'(¢) with the eigenvalue
N N
A= (@) TT A 6) + @ T 1G9 (2:22)
j=1 j=1
provided that (i’s satisfy
G G) o p <. (2.23)
< gk)) (g lf <k7<j) B o

By expanding (2.22) around ¢ = 1, one can also find the eigenvalue for the Hamiltonian (2.17).
In particular, one can find an exact solution for the free energy of the six vertex model.

2.3 Stochastic six vertex model

The above "standard” six vertex model is not directly associated with a Markov process. Now
let us introduce the stochastic version, which was studied in [20]. Let us replace the weight
of the six vertex model by the 4 x 4 matrix of the form,

1 0 0 0

= 10 & 1-6 0

R=10 105 5 o (2.24)
0 0 0 1
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with 0 < d1, 2 < 1. Obviously this is a stochastic matrix (nonzero elements and sum of each
column gives one) and also the transfer matrix constructed from this matrix is also stochastic.
This is the stochastic six vertex model.

With a certain parametrization, the matrix can be represented as

0 0 0
q9(z—y) (¢—Dy 0

1

0 =y “av 295
0 (¢—Dy =y 0 ( . )
0

R<$7y) -

-y  qr—y
0 0 1

This R matrix also satisfies the Yang-Baxter equation. This can be checked directly, but also
as a consequence of the Yang-Baxter equation for the six vertex model because the R for
the stochastic six vertex model is related to the one for the standard six vertex model by a
"gauge” transformation.

Since the R matrix satisfies the YBE, one can apply the standard procedure in the previous
subsection again to the stochastic six vertex model. By expanding the transfer matrix around
¢ =1 as (2.16), what we find as I; is now

0 O 0 O
0 - 1 0
'Lasep = Z 0 qq 10 (2.26)
J
00 00 J.g+1

which is nothing but the (adjoint) generator of the (continuous time ) ASEP (with p = 1
normalization). One can also understand the appearance of the (continuous time ) ASEP from
the stochastic six vertex model by looking at the lattice of the six vertex model diagonally.
Put in the opposite way, the stochastic six vertex model can be interpreted as a discrete time
analogue of the ASEP.

By applying the standard method of the algebraic Bethe ansatz, one can construct the
eigenvaue and eigenvector of the stochastic six vertex model and the ASEP at the same time.
By an appropriate change of variables one can recover the result from the coordinate Bethe
ansatz in the last section. On the finite lattice with periodic boundary condition, one has the
condition (2.23) which is equivalent to (1.24), one does not have to impose this for a system
on Z.

2.4 Stochastic higher spin six vertex model

Let us consider a generalization of the six vertex model in which there could be more than
one thick lines on edges, with the condition that the number of thick lines are conserved
at each vertex. First we consider a case where horizontally there could be up to one thick
line, but vertically there could be any number of lines. Then there are four possible type of
configurations

From the left to right, the weight of the configurations are given by

1+ 8¢ B(l1—¢) B+oag¢ 1-—oa¢
1—‘,—/8’ 1+B ) 1+IB7 1+B7

where g € N is the number of incoming lines vertically. Let us denote this weight by a matrix
L. One can define the transfer matrix 7'(¢) as a product of this £ matrices. The vertex model

(2.27)
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Figure 2: Configuration at a vertex of HS6VM

with this weight is called the stochastic higher spin six vertex model (HS6VM). We can regard
the second axis to be time direction, the lines can be considered as time step evolution of
particle positions and the weight is represented by the transfer matrix T'. One can regard
them as discrete time TASEP and can also consider corresponding TAZRP. When o = 0, it
reduces to a discrete time version of the ¢-TASEP, the Bernoulli ¢-TASEP.

Exercise: Set « = 1/¢q,8 = —k/q,0 < ¢ < 1 < k. Check that the stochastic HS6VM
becomes the stochastic six vertex model with ¢ = §1/d2,k = (1 — d1)/(1 — d2).

One can check that this satisfies the relation,

RLL = LLR, (2.28)

with the R matrix for the six vertex model. Then one can apply the same arguments as for
the six vertex model, and find the eigenvalues and eigenvectors of the HS6VM. In fact for the
model on Z, the only difference is the eigenvalue.

One can further introduce a more general model in which there could be up to J(€ Z,)
thick lines horizontally, by the procedure called the fusion. By setting ;¢ = vg¢” in this model
(with analytic continuation wrt J), one gets the g-Hahn TASEP.

In the stochastic context the model was introduced in [13]. The HS6VM had been intro-
duced much earlier.

Finding a R matrix satisfying the Yang Baxter equation is nontrivial. There are often
related to quantum group. In particular the R matrix associated with the HS6VM is related
to the higher spin representation of Uy (slz) symmetry. One can consider other quantum group
as Uy(sly). This corresponds to multi-species models.

3 Fredholm determinant formula and duality

3.1 Replica analysis of the KPZ equation

By the Cole-Hopf transformation,

7 = eh, (3.1)
the KPZ equation (0.1) (formally) becomes the stochastic heat equation,
0 19°

By this Z can be interpreted as the partition function of a directed polymer in random
environment 1. The KPZ equation itself is not well-defined at it is but this SHE in the SDE
form,

a7z Zdt + ZdB, (3.3)

_ 10
2022

15



where B = B(xz,t) is the cylinderical Brownian motion, makes sense. Then one can define
the solution to the KPZ equation by

h(z,t) =log Z(z,t). (3.4)

This is the Cole-Hopf solution of the KPZ equation, proposed by Bertini-Giacomin in [6].
Now a few ways to make sense of the KPZ equation is known, such as the regularity structure
by M. Hairer.

We are interested in statistics of h = log Z. It is easier to consider the moment (Z").
This is also called the replica partition function, because it can be interpreted as a partition
function for a system of n replicated polymers.

Remark: The replica is commonly used for random systems. In many cases, one is inter-
ested in the average of log Z. The replica trick is to try to calculate this from the moment
through

zZ" -1

(log Z) = ilg}) <n (3.5)

We are interested in full distribution of log Z and do not rely on this trick.
We want to compute (e~%%), the Laplace transform of Z, through the expansion

n,n

7y =3 EU (3.5
n=0

As a slight generalization of (Z™), define

n

Gn(z1,- ) = ([ [ Z(2i, 1)) (3.7)

i=1
One can check this satisfies 9
with N
1 0 1
Hi==33 555 Za(mj — ), (3.9)
j=1 J i<k

which is the Hamiltonian of the delta Bose gas (with attractive interaction) and

Gn(z1,- - anit = 0) = [[ 8(z;). (3.10)

J=1

Note that (3.8) is rewritten as

b, 1 o 02

—G, = - —Ghp, 11

8tG 2 Z 8x2-G (3.11)
7j=1 J

(aj — Oj41 + 1)Gn|xj:le =0,1<j<n-1. (3.12)

As in the case of ASEP, one can find a formula for G,, by applying Bethe ansatz. The result
is .
. k] L ik — Lk o
Gn(xla e 7$n7t) = /dkl te /dkng kj—kl—i-’l'jljlel R (313)
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with the conditions on the contour Im(k; — kj11) > 1,1 < j <n —1. By setting ; = 2,1 <
i < n, one gets a multiple integral formula for (Z"). If we move all the contours to R, we
encounter many poles, but they can be summarized as

n MM oo

—nl Z (-1) / d‘]oz . ne(ng7na)t/24+na(iqaxf%q§tfs)
M=1 T a= 1na—1 g
. M
x det , (3.14)
(5(% +13) +i(ga — q5)>a,5:1

By taking the generating function (with z = 0), we have

o0 n (g —es)

<€_et/24—7tsZ> _ Z (_1) — <ZTL> (3.15)

M
_ i 1)'M H / dQQ 1)na—1engt/24+na(iqax—%qit—s)
M=0 M na_l
1 M
x det , (3.16)
<zl>(na +ng) +i(ga — q5)>a,51

with the understanding that the term with M = 0 equals 1.

Using
1

3(na +ng) +i(ga — g3

and a simple identity for determinants, one has

= / " dge— (3 (natna)+ilia—gs)wa (3.17)
0

s * d
<e et/24—¢ Z> Qa

1)na71

n—l

Xenat/24+na(iQa$*§qat*5+x2/2t) det (efina (Wa+WB)*iqa(wa*wB)) " . (3.18)
a,f=1

We rescale s — w5, 0 — 27t2x,wa — YiWa, o — o/ Ve Shifting go — go + iz and noting
that e®(@a=ws) inserted in the determinant does not change its value, we arrive at

—et/24—s
(") = det(1 — Ki) 12, (3.19)

where the kernel of K;  is given by
g g -w) - 1_nt/24 241 /
K s(w,w') :/ %em“’ —w) E (=1)" e /24=mn(@ 45 (whe')=s) (3.20)
—00

Here the sum over n contains e” and does not converge. But formally one can proceed with
the calculation, using the ” Airy trick”,

e)‘3"3/3:/ dyAi(y)e ™ (3.21)
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with A = t1/3/2 = ~,/2%/3 and shifting y — y + ¢*> + %(w + «'), one obtains

Kt,s(w,w’) :22/3/ dqeiqw_w)/dyAi(22/3(y—|—q2—|—;(w—l—w'))

oo 2m
x Y (=1)rtemenlsTy) (3.22)
n=1

Summing over n and using the identity

2%/3 / 2—(1e21qui(22/3(q2 + z)) = Ai(z + y)Ai(z — y), (3.23)
oo 2T
one finally obtains

" , o0 A Ai( et(y—s) A

Recalling Z = e, (3.19) with this kernel is nothing but (0.2). This is the correct result,
because it can be obtalned by a different and rigorous method, though the calculations above
can not be justified.

3.2 Discrete models

The difficulty of the above replica calculation can be removed by considering discrete models.
Such analysis was performed first for ¢-TASEP and ASEP in [10]. The same method works
for the highest level of the HS6VM case. One can consider the step type initial condition for
HS6VM and define the height function for this case. Then if we set

G(z,t) = (] "), (3.25)

this satisfies the n particle dynamics of TAZRP corresponding to HS6VM [13]. Then one can
apply the Bethe ansatz to find a multiple integral formula which satisfies the dynamics and
the right initial conditions. This is a manifestation of the (self)-duality of the HS6VM. Note
that a problem of infinite number of particles is reduced to the one of finite n particles.

For the case of ¢-TASEP, the moment formula is written as

< nh(z, t)> 1 qn(n L /Hdz Z] “k H f Z] (326)
<k

Zj _qzkz

with f(z) = @ Y%/(1 — 2)®, where the contours of z;’s are nested ones, i.e. the contour of
z; contains {qzy}r>; and 1 but not 0. One notices a similarity of this formula to (3.13) (with
x; = x,1 < i <n). By shrinking the contours to the one around 1, this can be rewritten as

1 1 o) N
nh(zt)y _ (. . N, Aj—1,,. .
= S [ aet {wm_wj]iﬁjzljljlfm])f(qu £ )

A=1m19m2...
(3.27)
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By taking the generating function of this, one can arrive at a Fredholm determinant
expression for the g-Laplace transform of h(z,t):

oo

1 > ¢" h(z,t)
L NS ey = det(1+ )z owen) (3.28)
<(th( ,t)’ Q)oo =0 (Q> Q)n >0

with the kernel
1 Cnl (g™ —1)wit

K(nl,wl;nz,wg) = (329)

qn2wl — W2 (wla q)nl
Here C is a contour around 1.
Then by using a sum formula,

> ola")¢" = [ TSP+ 8)(=0g(a)ds (3.30)
n=1

where ¢ is s.t. || < 1,¢ ¢ Ry and the contour encloses Z., one arrives at another Fredholm
determinant formula,

1
<(th(“’“; q)oo> = det(l+ Ko)r2cy), (3.31)
where the kernel is
100+8 1 Soy. e \T oqPwW1t
Ke(wy,wy) = / T(—$)D(1 + 5)(—C)* (q"w1; 9)oce —ds. (3.32)
—icot6 ¢w; —wy  (wi;q)%evt

This can be considered as a generalization of the formula (0.2) for the KPZ equation. The
kernel has a rather similar structure as the double integral formula (B.8) for GUE. One can
do asymptotics to establish Tracy-Widom law.

3.3 Stochastic duality

In general for two stochastic processes X,Y and some function D(z,y), we say that X and
Y are dual wrt the duality function D if

E"[D(X(£),Y)] = EY[D(X. Y (1)) (3.33)

holds. The self-duality of ASEP, ¢-TASEP and so on can be formulated in this way.

Finding a duality is nontrivial. For ASEP, its self-duality is related to U,(slz) symmetry.
A general scheme to construct self duality from a quantum group was proposed in [12]. In an
application we found an asymmetric version of the KMP process with U, (su(1,1)). This is an
interesting example which has a quantum group symmetry but is not integrable. A question
is if one can study the asymptotics.

3.4 Macdonald process

We mentioned before that the TASEP is related to the Schur measure. It is written in terms
of the Schur function, which is the simplest and most important multi-variable orthogonal
polynomials. The Macdonald polynomials are well-known generalization of the Schur func-
tion. As a generalization of the Schur measure, one can naturally consider the Macdonald
measure of the form,

*PA( JQA(D), (3.34)
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and Macdonald process, as studied by Borodin and Corwin. The Macdonald polynomials
have two parameters t,q. t = 0 case is called the g-Whittaker function. They found that
the marginal dynamics on the left diagonal of a Markov dynamics related to the ¢-Whittaker
process is the ¢-TASEP. Hence one can study fluctuation properties of ¢-TASEP by consid-
ering ¢-Whittaker measure. A difficulty of studying the g-Whittaker measure compared to
the Schur case is that for the ¢-Whittaker function, no single determinant formula has been
known. So the g-Whittaker measure is not directly related to the determinantal point process.
Still there are various nice properties for the ¢-Whittaker (and for Macdonald) polynomials.
Borodin and Corwin found that by using the Macdonald operator one can find a multiple
integral formula for the ¢ moment, which is the same as the one derived by the duality above.

A Formulation of lattice gases

In this section we explain the formulation of the lattice gas on Z for the case of exclusion
process. We do not give the details but refer the readers to existing literature [21-23, 36].
Let us introduce a notation,

n(x) = (A.1)

0, site z(€ Z) is empty,
1, site z(€ Z) is occupied.

Our state space is X = {0, 1}Z, which is compact in the product topology. n(€ X) is called
a configuration (of particles). We set

n(y), if u=u=,
n*Y(u) = ¢ n(x), if u=y, (A.2)
n(u), if u#xz,vy.

Let us set C'(X) to be the space of continuous functions on X. Let us consider a Feller
process 7;: [0,00) — X for which E"f(n;) € C(X) for any f € C(X). Let P* be the
distribution of the process with initial measure p and E* be the corresponding expectation.
We sometimes consider the situation in which the process starts from a single configuration
7 for which case we abuse the notation like P"7 and E". For 7, one can define the semigroup
S(t) on C(X) by

SO f(n) = E"f(m), [ e CX). (A.3)
It is known that there is a one-to-one correspondence between the semigroup S(t) and the
generator L defined by
SO f - f

Lf = lim === (A.4)

The lattice gas can be constructed by giving its generator. Let c¢(x,y,n) be the rate of
exchange of the occupancies at « and y. The generator of the process is given by introducing
an operator

i) =5 3 e,y mF ™) — F(o) (A5)

z,yEZ

for f a cylinder function (which depends only on finitely many coordinates) and then taking
its closure. For this construction to work the rate ¢(x,y,n) should satisfy certain conditions
but here we simply assume that they are satisfied.
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In the t — oo limit, the system approaches the stationary measure p, which is defined by
EF[Lf1=0 (A.6)
For the ASEP the operator L on the cylinder set is given by

Lf(n) = % > (on(@)(1 = n(z + 1) + q(1 = n(@)n( + 1)) [f (n™) = f(n)]. (A7)

TEZ

For ASEP on Z, there are two series of the stationary measures. One is the product
measure with En(z)] = 1/(1 + (¢/p)*) and its translations. The other is the Bernoulli
measure with density p,0 < p < 1. It is known that these exhaust the all extremal stationary
measures.

B GUE and Tracy-Widom distribution [3,15,24)]

In random matrix theory, Gaussian ensembles play a prominent role.

Definition B.1. (Gaussian ensembles)
In Gaussian ensembles, the measure for N x N matrix H is given in the form,

1
P(H)dH = Ze*§“H2dH, B8=1,24. (B.1)

For GOE(B = 1, Gaussian orthogonal ensemble(GOE) ), H is taken to be a real symmetric
matriz and the measure dH is dH = vazl dHjj ], dHj. For GUE(B = 2, Gaussian
unitary ensemble(GUE) ), H is taken to be a hermitian matriz and the measure dH is dH =
Hj-v:l dHj; [T, dHﬁ [T deIl where Hﬁ“ and ijl denotes the real and imaginary part of
Hj; respectively. GSE(B = 4) means the Gaussian symplectic ensemble(GSE)). For a precise
definition see a reference.

For Guassian ensembles, the joint eigenvalue density can be written down explicitly.

Proposition B.2. The probability density of eigenvalues, x;,1 <i < N, (v; < xj41,1 <i <
N —1) s

N

Pla1,....an) = %H - [[e 5, p=124 (B.2)
j<l j=1

For a proof see for instance [3].

By using this joint distribution one can in principle study all properties of the eigenvalues
of Gaussian ensembles. For example, the Wigner’s semin-circle law can be derived. In our
discussions, the probabilistic properties of the largest eigenvalue are important. From the
above joint distribution, one finds that the distribution function of the largest eigenvalue of
GUE can be written in the following N fold integral.

Corollary B.3. The distribution function of the largest eigenvalue Tpyax

N
1
Pafomas < ] = - /( TR ey dey. (B3)
—00,u j=1

N :
1<j<I<N
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We are interested in the large N asymptotics of this quantity. This N fold integral
expression is not very suited for doing this. We rewrite it into the Fredholm determinant.
For the moment let us focus on the 8 = 2 case.

By rewriting the determinant (using Heine identity below and det(1+AB) = det(1+BA)),
one can show

Proposition B.4.

Pro[zmax < u] = det(1 — xu K naXa) (B.4)

where N1

_ o2t Ha(2)Ha(y)
Kno(z,y) =e 2 nZ:O —Jmml (B.5)
Here H,(x) is the n th Hermite polynomial
2 dn 2
Hy,(z)=(-1)"e" —e . B.

() = (-1t e (B.6)
Note that the kernel (B.5) can be written in the form K(z,y) = 2711\/:—01 On(x)n(y) if we set

6712/2

On(x) = Yp(x) = Wﬂ}(az) In addition, by using the integral representations of the
Hermite polynomial,

$2 n

2 ! d

Hy(z) = eﬁi /R dze®” =270 = % i Znilezxzf‘ﬁ, (B.7)
.

one can find a double contour integral formula of the kernel,

22 —2zx—w? 42wy

g2 Ne
Kyo(z,y) =2e7Y /iRdz/OdwwN po— (B.8)

Now it has become easier to consider the large N asymptotics. The basic asymptotics we
need is that of the Hermite polynomials [37]. The Airy function Ai(z) is defined by

1 +OO+Z€ . i23
Ai(z) = / et dz, € > 0. (B.9)
2m —oo+ie
Let us write 22
H,(x)e ™
onl) = T (510
Then for the scaling n = N — N3\, z = V2N + W, we have
on(x) ~ 2YANTUI2A5(E 4 N). (B.11)

This asymptotics can be shown by applying saddle point method to the integral representa-
tions (B.7).
To describe the results we introduce a kernel and the corresponding distribution.

Definition B.5. The Airy kernel Ko(z,y) is defined by

. -/ _ . </ o0
Koz, y) = D@ATY) = Ai)AT(z) / Ai(z + VAi(y + M. (B.12)
Ty 0
The GUE Tracy-Widom distribution Fa(s) [38] is defined by
FQ(S) = det(l — XSKQXS)LQ(R). (B.lg)
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This is the limiting distribution for the appropriately scaled largest eigenvalue in GUE.

Theorem B.6.
lim Py [(:cmax — V2N)V2NV6 < s} = Fy(s). (B.14)
— 00
This follows from
Proposition B.7.
1
pu— .1
A ke (v + \le/G,\/ + \le/a) K3 (&1, &), (B.15)

which in turn is a consequence of (B.11).
So far our discussions are only for the GUE. One can generalize the discussions to other
two cases, GOE,GSE. The limiting distribution is denoted by Fi, F}

Theorem B.8.
lim Pyg [(xmax — V2N)V2NY6 < 3] = Fy(s), B=1,4. (B.16)

N—o0

Before ending the section we state

Proposition B.9. (Heine identity)

/det ((Dj($l+1))0§j,l§N—l det (\Ijj(xl+1))0§j7l§N_1 d331 e di

= Nldet (/ CIDj(a:)\I/l(:I:)da:> Ogj,lngl. (B.17)
This is seen as follows
det </ @j(x)‘lfl(x)dx>0SjJSN_l = /dxl - dxy det (Py(z5)¥(z;))
= /dml . dﬂCNH‘I)i(l“i) det (¥(z;)) = /dxl ~dxy H<I> To()) det (U (o))
= /dl‘l -~ drpysgno H (I)i(xg(i)) det (\I/j (xi))

N'/dxl dengnUH@) Xq(i)) det (W(xi))
:/d:rl---dedet (By(;)) det (Ti(z;)) (B.18)

C Partition, Schur function, etc

First a partition is an n-tuple A = (A,..., Ap) withn e N A; € Z4, 1 <j<nst. Ay > ... >
An. n is called the length of the partition and is denoted as ¢(\). The set of all partitions
of length n is denoted by P,. A partition A can also be represented (and identified) as a
Young diagram with n rows of length A\q,...,\,. The transpose )\ is the partition of length
A1 defined as X, = #{j € Z|\; > i},1 < i < A\, For two partitions A\ € Py, € Py, s.t.
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m <mnand \; — u; > 0,1 < i <mn (with the understanding p; = 0,m < i < n), a pair (A, )
is called a skew diagram and is denoted by A/p, with [A\/u| = |A| — |p|. We say that \/u
is a horizontal strip iff in each column A/p has at most one box, ie., pu; < A < pi—1. A
column-strict (skew) Young tableaux is a sequence of partitions

such that )\(i)/)\(i_l), 1 <4 < N is a horizontal strip. If 4 = ¢, this is equivalent to the

semi-standard Young tableaux with entries from {1,--- , N}. Put i to the horizontal strip of
A A\,
(Skew) Schur function with N variables z = (x1,...,zy) for a skew Young diagram A\/u

is defined as
N
o T T |A(1)_)\('L*1>|
Sx/u(1, .., oN) = g T, —HJ:‘Z-
T i=1

where the sum over 7' is wrt column strict tableaux with A(0) =y, \(N) = )\,
When N =1

A—
S\ (xl) — mIl a If M < )\i < Hi—1
/n 0 otherwise

N —u!
/- 0 otherwise

The (skew) Schur function can be written as a single determinant by the Jacobi-Trudi
formula,

S,\/u(%’) = det(h/\ruriﬂ(f))lgz’,jg(x) (C.19)

where hy(z) = >3, <..<ip<N Ti, - Ty is the complete homogeneous symmetric function.
For the case of one variable hy(71) = 2§ 1x>0.
Properties of Schur function.

Zs,u//\( u/u Zsu/‘r SA/T ) (.CE,y) (C2O)
ZSA Su/a(y) = su(@,y) (C.21)

where

H H ——" (C.22)

i=1j=1
Setting A = v = ¢ in the first equality, we get the Cauchy identity,

> sul@)suly) = Ti(z,y). (C.23)

The Gelfand-Tsetlin cone is defined to be
GTy =W 1<i<j < NP e NAFTD <\ <A 0y

Each \0) = {/\(j 1 <i<j}1<j<Nisa Young diagram and an element of GTy
denoted by A is considered as consisting of these N Young diagrams A = ()\(1) AW )) and
is represented as an array of a triangular shape.
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Figure 3: Gelfand-Tsetlin cone

D LUE formula for TASEP with step initial condition

In [18], the following LUE formula was shown.

Proposition D.1.

N

1
PIN(t) > N| = ,/ (zj — 21)? H e Yidxy...dxy. (D.24)
Zna Jogn 1<j<k<N j=1

Zl\4 is a normalization.

The similarity of this expression to (B.3) is obvious.
The formula can be derived using the transition probability [1,25] One can show [25]

Proposition D.2. Under the condition M > yn — y1,

PIX1(t) > y1 + M|

= Z G(m17$27'”7xN;t|ylay2a'”7yN;O)
y1+M<zi<zo<l--<TN
1
= =% " / dty---dty H (tr —tj)det (F_j+1(y1 -y +M — Litn_g+1)). (D.25)
[T=1 3! Jog~ 1<j<k<N
The step initial condition corresponds to setting y; = —j + 1,7 = 1,--- ,N. In this case

(D.25) reduces to (D.24). Here we only see how the computation proceeds for N = 2 with
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step i.c.

1<zi<x2
. F1(2 t) FQ dt FO 1 tg F1(2;8)
o F()(l t F1 2 t 2 O t2 F()(l;s)

Fo 1: t2 Fo(l;tl)
0 tg) F_l(o;t1>

/ dts / ds / ity
Fo(l to)  Fo(l;t1)

/ dtz/ dS t—tl (0 tz) Ffl(();tl)

_ 1 B Fo(1;ta)  Fo(1;t1)
_2/0 dtz/o ds(ta — t1) Foa(0its) Foy(0:t)

1 t ¢ F()(l'tg) F()(l'tl)
= — dt ds(teo — t ’ ’
/ 2/ st =) Fo(0;t2)  Fo(0;t1)

tae™2 tie 2
/ dtg/ dS 2—151 2—t2 z—tl
/ dtg/ ds tg —tl 2€_t1 t2 (D.26)

The computation can be generalized to arbitrary N and in this way one can arrive at (D.24).

E Some ¢-functions and g-formulas

In this appendix, we summarize a few ¢-notations, g-functions and ¢-formulas. The first is
the g-Pochhammer symbol, or the ¢ shifted factorial. For |¢| <1 and n € N,

[e.9]

(a; )00 = [J (1 = ag™), (aiq)n = CLIE (E.27)

o (ag™; @)oo

The g-binomial theorem will be useful in various places in the discussions,

= (@0 (a210)s .
nz:% @™~ Gae T (E.28)

In particular the a = 0 case appears in many applications. Another g-binomial formula reads
(see e.g. Cor.10.2.2.(b) in [4])

00 (_1)nqn(n71)/2 " _ (o
7;) @GOn = (7 0)e- (E.29)

There is yet another version of the ¢g-binomial theorem (see e.g. Cor.10.2.2.(c) in [4]),

S

k=0

1)Fgktk- 1)/z(q;q)e K
X

=1-z)(1—zq) (1 —2¢""). .
ERCTE =1 -z)(1-=zq)--(1—-zq¢) (E.30)
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The g-exponential function, denoted as ey(z) is defined to be

i 1_‘1 ", (E.31)

n=0

eq(2) == WT

The second equality is by the above g-binomial theorem (E.28). From the series expansion
expression, it is easy to see that this tends to the usual exponential function in the ¢ — 1
limit.

The ¢-Gamma function I'j(z) is defined by

e (6 9)o0
Ly(z) =(1—q) o222 E.32
(o) = (1 =g B (€32
The g-digamma function is defined by ®,(z) = 0,logI'(2). In the ¢ — 1 limit, they tends to
the usual I' function and the digamma function respectively.
Ramanujan’s summation formula (cf [4] p502, [16] p138) is a two-sided generalization of

the above ¢-binomial theorem (E.28). For |¢| < 1,]b/a| < |2] < 1,

3 (@ @n _n _ (a2;q)oo (L3 )0 (g3 Q)oo(%Q)oo'

nez (b; Q)n N (Z; Q)oo(%; Q)oo(b; Q)oo(asz; Q)oo (E.33)

F Pauli matrices, Tensor product

o = [(1) (ﬂ oY = [(Z] Oq ot = [(1) _01]. (F.34)
Tensor product notation. Suppose there are m dimensional vector spaces V;,1 < i < N.
For an m x m matrix A, A; acts nontrivially only on V;. Similarly, for m? x m? matrix B,
B, j acts nontrivially only on V;, V.
For example, when there are three two-dimensional vector spaces V; = Vo = V3 = C? and
4x4 matrix A, 0f = 0" ® 13 ® 12,05 = 19 ® 0* ® 13, A12 = A ® 12, where 13 means the 2x2
identity matrix.

Pauli matrices are

G Stochastic and quantum correspondence

For certain cases, there is a simple relationship between stochastic systems and quantum
systems.

Proposition G.1. Let H be an N X N real symmetric matrix with non-negative off-diagonal
entries. The matrix H is diagonalizable. Without loss of gemerality one can assume that
the minimum eigenvalue is zero by subtracting the minimum eigenvalue times the unit ma-
trix of size N if necessary. By the Perron-Frobenius theorem, all components of the cor-
responding eigenvector g € RN satisfies g(i) > 0,1 < i < N. Define a diagonal matriz
G = diag(g(1),--- ,g(N)). Then the matriz L = G~'HG is a generator of a Markov process.
This is sometimes called the ground state transformation.
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