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Preface

In probability theory, finding universal structures in random systems is a matter of central focus.
In a system consisting of independent random variables, the universality is characterized by the
law of large numbers and central limit theorem. However in general they are not applicable to
a system with correlated random variables, and thus the studies on universality in correlated
random systems are one of the most challenging problems in mathematics and physics. Among
the universalities, the Kardar-Parisi-Zhang (KPZ) universality has been studied actively for a
long time. To study universal properties on fluctuations in physical phenomena such as burning
paper and spreading coffee stains, Kardar, Parisi, and Zhang introduced a stochastic partial
differential equation which is now called the KPZ equation [21]. Let h(t,z) € R be the height
of the interfacial at position x € R and time ¢t € R>g. Then the one-dimensional KPZ equation
is written as follows:

(@, 1) = éx (Quh(z, 8))? + vO2h(z,t) + VDi(x, 1)

where n(x,t) is the Gaussian white noise with covariance (n(z,t)n(z',t")) = o(x — 2')o(t — )
and A, v, D > 0. According to the analysis of the dynamic renormalization group, the scale
of the fluctuation of the height function A(t,z) is (’)(t%) as t — co. This index % represents
non-Gaussian fluctuation and appears in many interfacial growth models. We call the collection
of models with a few indices including % above the KPZ universality class. Examples of models
belonging to the KPZ universality class include random growth models, last passage percolation,
directed polymers and random stirred fluids.

Our understanding of the KPZ equation and universality has been substantially developed
in a last few decades. The above KPZ equation has been known to be ill-defined as it is due
to the non-linear term. Hence giving a proper mathematical meaning of the KPZ equation has
been an important problem. Bertini and Giacomin [5] showed that some quantity in terms of
the height function of the discretized model called the weakly asymmetric exclusion process
(WASEP) converges to the (well-posed) stochastic heat equation (SHE) and they defined the
solution of the KPZ equation as an inverse Cole-Hopf transform of that of the SHE. This notion
of the solution is called the Cole-Hopf solution to the KPZ equation. Recently, Hairer developed
a general theory for regularizing a class of stochastic partial differential equation using rough
path theory without using the Cole-Hopf transformation. Applying the theory to the KPZ
equation, he succeeded in having a solution to the KPZ equation [17]. Furthermore in [1] and
[38], the exact solution of the distribution function of the height has been obtained by using an
integrable structures in the discretized model called he asymmetric exclusion process.

In the studies on the KPZ universality class, there are a few models having nice mathematical
structures, which allows us to access a detailed information of fluctuation properties of some



quantities [14]. The study on the solvable stochastic models is called the integrable probability
nowadays. The totally asymmetric simple exclusion process (TASEP), which we analyze mainly
in this thesis, is one of the most basic models in the integral probability. It is a typical stochastic
particle system and can be interpreted as a stochastic growth model of an interface.

On a macroscopic level, the particle density evolves deterministically according to the Burgers
equation [35, 36]. Therefore, a natural question arises: what kind of characteristic does the
fluctuation around the deterministic growth have? It has been known that it exhibits universal
properties characterizing the KPZ class. There are many important results in the literature of
the integrable probability. First, for the step initial condition, the one-point limiting distribution
for the particle current has been obtained by Johansson [19] by converting the problem to the
last passage percolation and then using the RSK correspondence. It turned out that the limiting
distribution is the GUE Tracy-Widom distribution. In [24, 34], this result has also been obtained
by using an explicit determinantal form of the transition probability in the TASEP [39]. For
the last passage problems with symmetries, similar results have been found by Baik-Rains [4].
The results include the one-point limiting distribution of the particle current for the alternating
initial condition in the language of the TASEP or equivalently, the height distribution for the
flat initial condition in the language of the growth process called the polynuclear growth (PNG)
model [29]. In this case, the limiting distribution turned out to be the GOE Tracy-Widom
distribution.

These results on the one-point fluctuations have been generalized to the case of the multi-
point fluctuations. For the case corresponding to the step initial condition, a Fredholm determi-
nant formula for the limiting multi-point distributions has been first obtained in the PNG model
with space-time continuous setting [30] by using the technique related to the RSK correspon-
dence. A similar result has been obtained for the space-time discretized PNG model [20]. The
limiting process characterized by the multi-point distribution is called the Airys process. On
the other hand, for the other initial conditions, the first important result has been given in [37].
Sasamoto has developed the technique for obtaining the multi-point function in terms of the
transition probability in the TASEP [39] not only for the step initial condition but also for the
alternating one and has obtained a Fredholm determinant formula for the limiting functions in
the alternating case. The process characterized by the multi-point distribution is now called the
Airy; process. This approach in [37] has been further studied and been applied to the TASEP
and the PNG model with different settings [8, 10, 11, 12].

We have been interested in the entire structure of the universal limiting process for more
general initial data. Our understanding of this problem has been advanced by the recent result
by Matetski, Quastel, and Remenik [23]. Their result is based on the approach in [11, 37]: A
Fredholm determinant formula for the distribution functions with an arbitrary initial data has
already been obtained in [11] based on the approach developed in [37]. The correlation kernel
for the Fredholm determinant can be expressed in terms of the biorthogonal functions, which are
written as @y (x) and Uy (x) in this thesis. The problem is that one of them, say ®j(z) does not
have an explicit representation while W (x) does. Thus it had not been clear how to take the KPZ
scaling limit of this kernel. [23] has overcome this situation. They represent the function ®y(x)
in terms of a stopping time of the random walk with jumps obeying the geometric distributions.
This expression allows us to take the KPZ scaling limit since by Donsker’s invariance principle,
we easily find the stopping time converges to the one for the Brownian motion in the limit. Based
on this technique, the limiting multi-point distribution functions for the particle positions in the
arbitrary initial condition has been obtained. The process with this multi-point distribution is



called the KPZ fixed point. The results on the limiting distributions of TASEP stated so far
are summarized in Table 1. Recently various interesting progresses on this problem have been
made for example in [25, 27, 32].

name year initial | continuous or discrete time | one or multi point
Johanson[19] 2000 step both one
BRJ[3], PS[29] 2000 periodic both one
S[37], BFPS[11] | 2005, 2007 | periodic continuous multi
BFPI[10] 2007 periodic discrete (Bernoulli) multi
MQR]23] 2017 general continuous multi
A2 2020 general discrete (Bernoulli) multi
A[2] 2020 general discrete (Geometric) multi

Table 1: The table above summarizes the references on the limiting distributions of TASEPs.
Due to the limitation of space, we used the abbreviated notations for the names of authors.
They stands for the following authors: BR — J. Baik and E.M. Rains, PS— M. Prahofer and
H. Spohn, S — T. Sasamoto, BFP — A. Borodin, P. L. Ferrari and M. Prahofer, MQR — K.
Matetski, J. Quastel and D. Remenik, A — Y. Arai.

In this thesis, we show that the technique in [23] can be applicable to different versions of
the TASEPs besides the usual continuous time one. In particular, we focus on two versions
of the discrete time TASEPs: the case where the random jump at each time step follows the
(truncated) geometric distribution and the parallel update is applied and also the case where
the random jump follows the Bernoulli distribution and the (backward) sequential update is
applied. Furthermore, in both cases, we consider the situation where the hopping probabilities
are time-dependent. For the step initial condition, these dynamics have appear as a special
case of the higher spin vertex model and have been recently studied in [22]. To the best of
our knowledge, however, the analyses for the arbitrary initial condition has not been studied
yet. We obtain Schiitz’s type determinantal formulas for transition probabilities for both the
geometric and Bernoulli TASEP with time dependent hopping probabilities. Combining these
with Schiitz’s formula for the continuous time TASEP, we get the determinantal transition
probability for the system mixed with the three types of dynamics. Using this, we obtain a
Fredholm determinant formula for the multi-point distribution for the particle positions, in
which we can take the KPZ scaling limit. This is a generalized formula to the one [23]: When
we vanish the whole parameters of the mixed dynamics except the part of the continuous time
TASEP, the determinantal formula is reduced to the result in [23]. Finally taking the KPZ
scaling limit for both discrete time geometric and Bernoulli TASEP, we see that the multi-point
distribution functions converge to the one describing the KPZ fixed point.

The thesis is organized as follows. In Chap. 1, we state the three versions of the TASEPs,
continuous time and two types of discrete time versions: geometric and Bernoulli hopping. Their
mixed version is also stated. We also give our main result in [2]: the Fredholm determinant
formula for the mixed TASEP (Theorem 1.2.4) and the KPZ scaling limit in two cases of the
geometric and Bernoulli TASEPs (Theorem 1.2.11, and Propositions 1.2.15 and 1.2.16). In
Chap. 2, after giving the determinantal formulas for the transition probabilities for the above
three types of TASEPs, we give the proof of Theorem 1.2.4 using the framework developed
in [23]. In Chap. 3, we give proofs of Theorem 1.2.11, and Propositions 1.2.15 and 1.2.16. The



crucial step is the saddle point analysis for the kernels.



Chapter 1

Models and results

In this chapter we define three versions of the TASEP and introduce our main results in [2].

1.1 Models

In this thesis we consider the TASEPs on Z. Each particle jumps only to the right independently
and stochastically if the target site is empty. If the site is occupied by the other particle, it cannot
move, which represents the exclusion interaction.

In the TASEPs we mainly focus on the position of each particle. Let X;(i) € Z be a position
of the ith particle at time t. We set t € Z or t € R according to the version. Since the dynamics
of the TASEPs preserves the order of the particles, we can always assume

< X(2) < Xu(1) < Xu(0) < Xo(—1) < Xy(—2) < - -+
The particles at +00 are playing no role in the dynamics when adding +oo into the state space.

In this thesis, we deal with the following three versions of the TASEP. As written in Lem-
mas 2.1.1, 2.1.2, and 2.1.3 in Chap. 2.1, they have a common feature that the transition proba-
bility for each model is written as a single determinant form.

1.1.1 Continuous time TASEP

The continuous time TASEP on Z was introduced in [41] in the literature of mathematics. In
this case t € R>p and each particle independently attempts to jump to the right neighboring
site at rate v € R provided this site is empty. It is a continuous time Markov process with
the generator L defined as follows: Let n = {n(z) : x € Z} € {0,1}* be a particle configuration.
For x € Z, n(x) = 1 means the site x is occupied by a particle while n(x) = 0 means it is empty.
The generator L acting on cylinder functions f : {0,1}? — R is defined by

(LA =7 n@)(L—nla+1)(f™") = f(n))

TEZ

where

(2) 1, if the site is occupied by a particle,
€Tr) =
7 0, if the site z is empty,



and n®**! denotes the configuration 7 with the occupations at site # and x 4 1 have been
interchanged, that is,

n(z+1) fory=uz,
y) = ¢ n(x) fory=ao+1,

n(y) otherwise.

1.1.2 Discrete time Bernoulli TASEP with sequential update

We define the discrete time Bernoulli TASEP with sequential update on Z. This version was
studied previously in [9] as a marginal of dynamics on Gelfand-Tsetlin patterns which preserve
the class of Schur processes and more recently in [7, 22] in the studies of the integrable probability.

Let us assume the particle configurations at time t € Z>g as X¢(j) = a;,j € Z. The particle
positions at time ¢ + 1 are determined by the following update rule: We update the position
of the ith particle Xy41(i) in increasing order. Suppose that we already updated the i — 1th
particle and its position is b;—1 i.e. X;41(i —1) = bj—1. Then the update rule is given as follows:

e When Xt+1(i — 1) — Xt(l) =b;_1—a; >1,
1 —pip1 fora=a,

P(Xt+1(i) = CL|Xt(Z) e CLZ',XH_l(i — 1) = bi—l) =< Pi+1 fora=a; +1,

0 otherwise.

e When X;1(i—1) — X¢(i) = bi—1 —a; = 1,

. . ) 1 for a = a;,
P(Xe41(4) = a|Xe(i) = @i, Xe1 (i — 1) = bj—1) = .Z
0 otherwise.
This dynamics mean that starting from right to left, for the time step t — t 4 1, the ith particle
jumps to the right neighboring site with probability p;y1 € (0,1) provided this site is empty.
Since the update is sequential from right to left, during a time step, a block of consecutive

particles can jump. For later use, we define 3¢, t =0,1,2,... by
Bt < bt >
P IY B Pe=1e Dt (L1.1)

Remark 1.1.1. In the case of discrete time Bernoulli TASEP with parallel update, some inte-
grable structures have also been studied for example in [12, 18, 28]. In [28], an explicit form of
the transition probability was obtained by using the Bethe ansatz. However, it is written as a
ratio of two determinants not a single determinant. To study the KPZ fixed point in this case
is an interesting future problem.

1.1.3 Discrete time geometric TASEP with parallel update

We define the discrete time geometric TASEP with parallel update on Z. This was studied
previously in [42] as a marginal of dynamics on Gelfand-Tsetlin patterns which preserve the
class of Schur processes. More recently it has been also investigated in [7, 22].



Let us assume that for t € Z>o and j € Z, X;(j) = a;. The update rule of the positions at
time ¢ + 1 are given as follows: For each 1 <¢ < N,

P(XtJr]_(i) =a; + a|Xt(z) = ay, Xt(’L — 1) = ai,l)

af (1 —app1) fora=0,1,...,0,-1 —a; — 2,
=4 afy fora=a;_1—a; — 1, (1.1.2)
0 otherwise,

where the update is independent for each 7 and t.
Note that in this dynamics, the jth particle can jump with multiple cites according to the
truncated geometric distribution defined in (1.1.2) with parameter «.

Remark 1.1.2. As shown in Lemma 2.1.3 below, we have a determinantal formula for the
transition probability in this model. In the discrete time geometric TASEP with sequential
update, it is not clear if it has any solvable structures via Bethe ansatz or an explicit formula
for the transition probability.

1.1.4 TASEP,g.: TASEP mixed with the continuous time TASEP and the
discrete time TASEPs

In this thesis, we consider the TASEP combined with the above three versions. First we take
three time parameters ¢, to € Z>o and t3 € R>g. Then particles evolve according to the discrete
time geometric TASEP with parameter a := {aq, o, ..., a, }(Chap. 1.1.3) from time 0 to ¢y,
the discrete time Bernoulli TASEP with parameter 3 = {8, +1, B¢, 42, - - -, Bt;+t,} (Chap. 1.1.2)
from time t; to ¢; + t2, and the continuous time TASEP with parameter v (Chap. 1.1.1) from
t1 + t2 to t; +t2 + t3. In this thesis we denote this mixed TASEP as TASEP, g .

This type of the mixed TASEP with ¢3 = 0 has been introduced in [22, 26]. A related
process has been studied in [16]. We decided the order of the three dynamics as above. In fact
the distribution of the particles’ positions is invariant even if we freely exchange order of these
dynamics since the semigroups of all the three dynamics are shown to be exchangeable thanks
to the Yang-Baxter relations [13, 15].

Remark 1.1.3. The motivation of introducing the TASEP,, g is that we can treat the above
three models in a unified way. As stated in Proposition 2.1.4 below, one can see that the
transition probability of the TASEP, g is also written as a single determinant combining
the determinantal formulas (Lemmas 2.1.1, 2.1.2 and 2.1.3) for the above three TASEPs in
Chap. 1.1.1-1.1.3. Starting from the determinantal formula, one can generalize the approach to
the continuous time TASEP in [23] to the TASEP, 5,. We will explain it in Secs. 2.2-2.4.

1.2 Results

In this section, we give our main results.

1.2.1 Joint distribution of the particle positions

Here we give a single Fredholm determinant formula for joint distribution of the particle position
in TASEPq, 3, defined in Chap. 1.1.4. For the descriptions of the results below including the
following one, we state some definitions.



Definition 1.2.1. For a real single-valued function, ]?: A — (—o0,00] with (in general an
uncountable) domain A, the epigraph epi(f) and the hypograph hypo(f) are defined as follows.

~ ~ ~ ~

epi(f) = {(z,y) 1y = f(2)}, hypo(f) = {(z,y) 1 y < f(2)}.
Definition 1.2.2. Let RW,,, m =0,1,2... be the position of a random walker with Geom[%]
jJumps strictly to the left starting at some fized site ¢, i.e.,
RWp=c—x1—Xx2—"— Xm;

where x;, i =1,2,... are the i.i.d. random variable with P(x; = k) = 1/281 k=10,1,2,....

We also define the stopping time

7 =min{m > 0: RW,, > Xo(m + 1)}, (1.2.1)

where T is the hitting time of the strict epigraph of the curve (Xo(k+1))k=0,. n—1 by the random
walk RWy,. When the number of particles is N, Xo(m) is constant and defined only m < N.

At last we define the multiplication operators.

Definition 1.2.3. For a fized vector a € R™ and indices n1 < -+ < ny,, we define xq and Xq
by the multiplication operators acting on the space £2({n1,...,nm} x Z)(or acting on the space

L2*({z1,...,mm} X R)) with
Xa(1j,7) = Lisa;, Xa(ny, ) = lo<q,- (1.2.2)
We obtain the following result.

Theorem 1.2.4 ([2]). We consider the TASEP g, introduced in Chap. 1.1.4. Lett = t1+ta+t3
be the final time, and X.(j), j € Z be the the position of the particle labeled j at t(= t1+ta+13).
Assume that the initial positions Xo(j) € Z for j = 1,2,... are arbitrary constants satisfying
Xo(1) > Xo(2) > -+ while Xo(j) = 0o for j <0.

Forn; €Z>1j=1,2,...,M with1 <n; <ng <---<ny, and a = (a1, az,...,an) e zM
we have
]P’(Xt(nj) >a;,j=1,..., M) = det(I — XaKtXa)KQ({nl,...,n]u}><Z)7 (1.2.3)
where Xa(nj,x) is defined in (1.2.2) and the kernel K is given by
Kt(nivx; njv y) = _an_ni (3;7 y>1ni<nj + (S—t,—ni)*girzi,;)j(())(x?y)a (124)
1 fz—y—1
Q" (2,y) = 5y < 1 )1x>y+ma (1.2.5)
1 (I —w)"
S—t,—n(zh 22) = % f}o dw Qz2—21 gyt ltzz—21 30475’7(11), t), (126)
_ 1 (1 _ w)22—z1+n—1 _
Sonlen,22) = o ﬁo dwt G, ), (12.7)
Sirl)gi,%XO)(Zla 22) = ERWozzl [Sft,nf‘r(RW‘ra 22)17'<n] , (1'2'8)

t1

o) =[] —a e TT {1+ 2% (0= D)Vt 12
a,B,y\W, %a, 1) 2+5j w 5 e , 2.

=1 1= R~ (w —2) j=t1+1

_ il 20 1 it 1 vt (w—1)
Sapa(wt) =[[{1+5—(w—5) Il 7 ets(v=3) 0 (1.2.10)
J

j=1 j=t1+1 1 - 2+5; (w B %)




where Ty is a simple counterclockwise loop around O not enclosing any other poles. The super-
seript epi(Xp) in (1.2.8) refers to the fact that T is the hitting time of the strict epigraph of the
curve (Xo(k +1))k=0,..n—1 by the random walk RW}, (see Def. 1.2.2).

Remark 1.2.5. In the case of continuous time TASEP, i.e. the special case o; = 3; = 0 with
1 <i<ty,t1+1<j <t +ta, this formula has been obtained in Theorem 2.6 in [23]. Theorem
1.2.4 above is the generalization of the result in [23] to the TASEP, g, which includes the two
types of discrete time TASEPs as well as the continuous time one.

1.2.2 The Kardar-Parisi-Zhang (KPZ) scaling limit

Here we state our result on the scaling limit of the joint distribution function in Theorem 1.2.4.
Although we expect that the scaling limit can be taken for the general TASEP,, g, we analyze
two simpler cases, the discrete time Bernoulli TASEP with sequential update and the discrete
time geometric TASEP with parallel update in this thesis since the asymptotic analysis in the
general case would be somewhat involved.

We focus on the following two cases:

e The discrete time Bernoulli TASEP (Chap. 1.1.2)
In the TASEP,, g introduced in Chap. 1.1.4, the case is realized by the specialization

p
a1:a2:---:at1 :’}/:O, 5t1+1:6t1+2:..':6t1+t2:Bzﬂ'
e The discrete time geometric TASEP (Chap. 1.1.3)
As above, it is realized by
ar=ay=-=ay =, V= Py+1=Pyt+2=""= Bt+t, = 0.

To see the universal behavior of the fluctuations, we focus on the height function defined as
follows.

Definition 1.2.6. For z € Z, the TASEP height function related to X; is given by
hi(2) = =2(X; Yz — 1) = XM (=1) — 2 (1.2.11)

where
X, (w) = min{k € Z : Xy(k) < u} (1.2.12)

denote the label of the rightmost particle which sits to the left of, or at, u at time t and we fix
ho(0) = 0.

Note that it can be represented as

where
n(z) 1 if there is a particle at z at time ¢,
Z) =
n —1 if there is no particle at z at time t.

10



We can extend the height function to a continuous function of x € R by linearly interpolating
between the integer points.

It is well known that the TASEP belongs to the Kardar-Parisi-Zhang (KPZ) universality
class. Thus we expect that the proper scaling of the height function is

w, with = = Bt?/3, (1.2.14)
Cts

On average the height of the TASEP grows as t' with speed A, which is a constant. On the
other hand the fluctuation of the height around the average is of order ¢t'/3 contrary to the ¢1/2
of the usual scaling in the central limit theorem. The scaling exponent of the x-direction is
2/3, the twice of the one in h-direction 1/3, which suggest that the path of the height function
becomes the Brownian motion like. The exponents (1/3,2/3) are known to be universal and
characterizing the KPZ universality class while the constants A, B,C are not universal and
depend on the models. As shown in Chap. 3, we have

e the discrete time Bernoulli TASEP case

)
A:pT,Bzz,C:L (1.2.15)

e the discrete time geometric TASEP case

A=—-B=2C=1. (1.2.16)
Based on the property of the height function, we define the scaled height, which is equivalent
to (1.2.15) and (1.2.16) but a slightly different form appearing as the “1:2:3 scaling” in [33].
Definition 1.2.7. Fort € R>g and x € R, we define the scaling height function as the following.

o The discrete time Bernoulli TASEP

RE(t,x) = b |hy(w) + —— L3t (1.2.17)
where t and x are scaled as
2-p)? s -1
t= e3¢, z =2 % 1.2.18
4p(1 —p) ( )
o The discrete time geometric TASEP
Re(t,x) = 2 ht(x)+2_7ag—%t , (1.2.19)
2(1 —a)
where t and x are scaled as
(2 - a)3 1 -1
t= t =2 . 1.2.20
da(l—a)” BT X (12:20)

11



Our goal is to compute the € — 0 limit of the joint distribution function,

~ ~

811_1&](})]P’ﬁg(hs(t,}{1) <ap,...,h°(t,xm) < any) (1.2.21)
forx; <x9 <---<xy,;, € Rand ay,...,a, € R. Here IP’}ALE () represents the probability measure
0

in which the initial height profile is ﬁg((), x). We will show that the limit converges to the joint
distribution function characterizing the KPZ fixed point introduced in [23].
Here we introduce the KPZ fixed point. First we define UC and LC as follows.

Definition 1.2.8. (UC and LC [23]). R ~
We define UC as the space of upper semicontinuous functions h : R — [—00,00) with h(z) <
Cy + Cslz| for some C1,Cy < o0 and h(z) > —oco for some x and LC as LC = {g: —g € UC}.

Now we are ready to state the KPZ fixed point. For more detailed information, see [23].

Definition 1.2.9 (The KPZ fixed point [23]). The KPZ fized point is the unique Markov process

~

on UC, (h(t,-))t>0 with transition probabilities given by

~

N _ hypo(ho)

Py (A, x1) < a1, B, Xpn) < ay) = det (I — xaK IR0 xa> Pty (1222
Here in LHS, x1 < X9 < --- <Xy, €E Randay,...,a, € R, /Iio € UC and Pﬁo means the measure
on the process with initial data /ﬁo. In RHS, the kernel is given by

K20 (x;, 0%, 1)
J— 7; eXp <(U—U)2> 1 + (Shypo(ﬁO)>* S (U 'LL) (1 2 23)
A (z; — x;) A(x; — x;) XX b= bxi A5 T -
1ol (owx g 4 9
Stx(v,u) =t"3e3? € Ai(—t73(v —u) +t73x%), (1.2.24)
hypo(h
SeP™ (0, 1) = Ep )=y [Sexrr (B(T')s ) Lyr<oc], (1.2.25)

where (A)* represents the adjoint of an integral operator A, and B(z) is a Brownian motion
with diffusion coefficient 2 and 7' is the hitting time of the hypograph of the function h.

Remark 1.2.10. (1.2.23) and (1.2.24) can be written in terms of the differential operators
St.x = exp{x0? + t93/3},

~ *
— s hy
K??éii(h())(xiv 5 Xy, )= —elXi XZ)821Xi<xj + <S veot )> St,x]-~

t}_xi

In addition using the integral representation for the Airy function
1
Ai(z) = — /dw e%ws_zw,
2mi Jy

where ( is the positively oriented contour going the straight lines from e~ 00 to e3 0o through
0, we find that S¢x(v,u) (1.2.24) can be expressed as

t

1
Spx(v,u) = 5— /(dw 3w’ taw —(v-ujw, (1.2.26)
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Now we assume that the limit R R
ho = lim A%(0,-) (1.2.27)
e—0

exists. Note that by(1.2.11) and (1.2.27), (1.2.29), this assumption is rewritten as

e3[(X5) 1 (x) + 2 'x — 2] — —ho(—x), (1.2.28)

where (X§)~'(x) := 2X;'(~2¢7'x — 1) and the left hand side is interpreted as a linear in-
terpolation to make it a continuous function of z € R and we chose the frame of reference
by

X H-1) =1, (1.2.29)

i.e. the particle labeled 1 is initially the rightmost in Zq.
Under this assumption, we have the following result for the limiting joint distribution func-
tion (1.2.21).

Theorem 1.2.11. (One-sided fixed point formula for the discrete time TASEPs [2]). Let ho €
UC with ho(x) = —oco for x > 0. Then given x1 < X9 < -+ < X, € R and ai,...,a,, € R, we
have

. o 7 _ hypo(ho)
Y P (Bt 30) < v B 30) < ) = et (T va)
(1.2.30)

where RHS is equivalent to that of (1.2.22).

Remark 1.2.12. We only give pointwise convergence of the kernels. In principle, one expects
the convergence could be upgraded to trace class (see [23], [31] and [40]) which would give a full
proof of Theorem 1.2.11.

Remark 1.2.13. The One-sided fixed point formula for the continuous time TASEP has been
given in Proposition 3.6 in [23]. Our theorem 1.2.11 indicates that Bernoulli TASEP and geo-
metric TASEP settle into the same class “KPZ fixed point”. The KPZ fixed point is believed to
be the universal process for the KPZ class with arbitrary fixed initial data. Our result supports
this universality.

Remark 1.2.14. In fact we can remove the assumption /I{O(x) = —oo for x > 0 in the above
theorem by using the similar argument in Theorem 3.8. in [23].

To prove Theorem 1.2.11, we use the following relationship between the particle positions
X:(7) and the height function h;(z) (1.2.11). Let s1,..., Sk, m1,...,mx € Rand z1,..., 25, n1,...,n% €
Z. We have

P(ht(2’1> < Slyeeny ht(zk) < Sk) = P(Xt(nl) 2 mi, ..., Xt(nk) > mk), (1231)

which follows from the definitions of h;(z) (1.2.11). By this relation, we see

~ ~

lim Pr (h°(t,x1) < a1,...,h%°(t, %) < ap) = lim Pxe (X5(n1) > a1,..., X{(nm) > am) ,
e—0 "o e—0 0
(1.2.32)
where a1, ...,a, € R and ¢, n;, x; are scaled as

13



e the discrete time Bernoulli TASEP case

2-p)3 s 2 _3 1 1 _
t:Ms S, ny = 4p5 ool - se a4 =20 X -2, (L2.33)
e the discrete time geometric TASEP case
2—a)® _s 2—a _s _ 1 1 _
t:4(04(1—)a)8 2t, ni:ma 2t —¢ lxi—§5 2a; + 1, a; = 2 1%, — 2.

(1.2.34)

Thus we find that our goal, LHS of (1.2.32), can be obtained by taking the ¢ — 0 limit of
the expression (1.2.3) in Theorem 1.2.4 under the scaling (1.2.33) or (1.2.34). The critical step
of this problem is the following propositions about the pointwise convergences. First, we state
the result for the discrete time Bernoulli TASEP.

Proposition 1.2.15. (Pointwise convergence for the discrete time Bernoulli TASEP [2]). Under
the scaling (1.2. 33) (dropping the i subscripts) and assuming that (1.2.28) holds in LC, if we

set z = ngpg St+ 2 Ix+e 2(u+a) —2andy =¢e” 211 then we have for t >0 ase — 0,
St .(v,u)i=¢ 2SBer WY, 2) = St x(v,u) (1.2.35)
S%, L(v,u)i=¢ 2SBtn(y z) = S_t x(v,u) (1.2.36)
ST () 1= ez GREePI0) (17 oy, GBI (4, ) (1.2.37)

pointwise, where ?La(:z:) = ﬁo(fx) for x >0, S¢x(v,u) is given by (1.2.24) and for g € LC,

SO (1, 1) = B (g)=o[Stx—r (B(T'), )1 _s__]

t,x T <00
and
1 (1 —w)" 2p 1\’
B
S er (zh 22) % fi—‘o dw222—z1wn+1+zg—z1 <1 + 9 _ D <'U) — 2>> s (1238)
1 1 — w)z2—2tn—l 2 1\
SBer (21, 29) = 7{ L= ) 1- L (w2 . (1.2.39)
2ri To 251~z 2—-p 2
S?:;,Lepi(Xo)(zl’ 22) = ERW0:21 [SBgrn T(RWT, Z2)17—<n] (1.2.40)

with Ty being a simple counterclockwise loop around 0 not enclosing 1, 1/p and (1 — p)/p.

Next, we state that the point wise convergence for the discrete time geometric TASEP is
obtained as the following.

Proposition 1.2.16. (Pointwise convergence for the discrete time geometric TASEP [2]). Under
the scaling (1.2. 34) (dropping the i subscripts) and assuming that (1.2.28) holds in LC, if we set

z= —48 a)) 3t + 2 x+6_%(u+a) —2andy' = e~3v, then we have fort >0 ase—0,
S o(v,u) == 2S5 (), 2) = S_gx(v,u) (1.2.41)
S%, L(v,u):=¢ 2Sgeo (Y 2) = St —x(v,u) (1.2.42)
ST ) (4, ) 1= o3 GELIN) (o oy g0 ) (1.2.43)
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pointwise, where ﬁo_(ac) = ﬁo(—az) for x >0, S¢x(v,u) is given by (1.2.24) and for g € LC,

and

S (0, u) = Ep(0)—o[Stx—r (B(T)), )1 s __]

1 (1—w) 20 1\

geo _
S—t,—n(’zh 22) = 2771'7, fi—:o dw222—21wn+1+22—2’1 <1 — 2 o (UJ - 2)) s (1244)
~ 1 (1 —w)»—=tn-1 20 1\’

geo _ T
Sft,n('zl, z9) = 271 jéo dw Qz1—22qM 1+ 2 o w 5 ) (1.2.45)
—geo.epi(X. ,
SECPN) (21 20) = Epivges, [S500_r (RWr, 22)15<n] (1.2.46)

with Ty being a simple counterclockwise loop around 0 not enclosing 1, 1/a and (1 — «)/a.
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Chapter 2

Distribution function of the TASEP

2.1 Transition probabilities for TASEPs

Let
QN:{f:(ﬂSN,INfl,H' ,$1)62N2$N<"-<$2<I1}

be the Weyl chamber, whose elements express the particle positions of the TASEPs.
The main object of this section is the transition probability of the TASEP: For &, ¢ € Qy,
we define
Gt(a;N,...,xl) :P(Xt ::E\X():;J), (2.1.1)

which means the probability that at time ¢ the particles are at positions zny < -+ < z2 < 23
provided that initially they are at positions yy < --- < y2 < 1.

For all the three types of the TASEPs introduced in Chap. 1.1.1-1.1.3, the transition prob-
abilities are obtained using Bethe ansatz (See [39]) and represented as determinants.

First, we give the result of the continuous time TASEP introduced in Chap. 1.1.1.

Lemma 2.1.1. ([39])
For the continuous time TASEP with N € {1,2,3,...} particles and rate v > 0 introduced in
Chap.1.1.1, the transition probability has the following determinantal form

GE“’) (TN, -yz1) = det[Fi(j;(xN—H—i — YN+1-j)]1<ij<n (2.1.2)
with (1 a -
(’Y) = _ i 'Yt(wfl)
F\(x,t) 5 7{10’1 dw s (2.1.3)

where I'g 1 is any simple loop oriented anticlockwise which includes w =0 and w = 1.
Next we introduce the result on the discrete time Bernoulli TASEP as follows.

Lemma 2.1.2 ([2]). For the discrete time Bernoulli TASEP with N € {1,2,...} particles and
parameters B; > 0, i = 1,2,...,t introduced in Chap. 1.1.2 , the transition probability has the
following determinantal form

&P (ay,...,11) = det[Fi(_'B])- (TN+1-i — YN+1—j: D]1<ij<n (2.1.4)
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with

F® (z,1) = (_1)717{ P Gl f[ L+ fjw (2.1.5)
To1

27mi wr—n+1 i 1 —i—ﬁj
where I'g 1 is any simple loop oriented anticlockwise which includes w =0 and w = 1.

Proof. This determinantal formula has been obtained for the time homogeneous case 51 = S =
p

that the result can be extended to the time inhomogeneous case:

in [10] and [34]. If we confirm that the following two equations hold, one easily find

1 B
FB (g t+1)= ——FB (g t)+ L FB(z—1,t 2.1.6
Pt +1) = g FO )+ R - L) (216
and
FP (z,t) = FP) (a,t) — F® (2 + 1,). (2.1.7)
It is easy to see that the above two equations hold. O

We also give the result on the discrete time geometric TASEP introduced in Chap.1.1.3.

Lemma 2.1.3 ([2]). For the discrete time geometric TASEP with N € {1,2,...} particles and
parameters 0 < a; < 1, ¢ =1,2,...,t introduced in Chap. 1.1.3 , the transition probability has
the following determinantal form

Gga) ($N, - ,1‘1) = det[FZ(f‘]) (:EN+1,¢ — YN+1—js t)]lgi,jgN (2.1.8)

with

F(a)(m,t) _ (—1).71 7{ dw(l —w)™" ﬁ 1—aqj
To1

" 27 wr—rtl L] —ojw
7j=1
where I'g 1 is any simple loop oriented anticlockwise which includes w =0 and w = 1.

Proof. We will check that the determinantal representation (2.1.8) satisfies the Kolmogorov
forward equation

ki—2
Ggi)l(l’m 1) = Z (1 — oy H Z gt - H afﬁl . GE"‘) (f“”) (2.1.9)

ncil,..,N—1} iepU{N} a;=0 JER

where p can take the empty set ¢, p:={1,..., N — 1} \ p, |z| means the number of elements in

i, and we define k; and Z#) = (zly,...,2l) by
by — Ti— Tit1 forzizl,...,N—l, fLI Tiv1 + 1 forz:EN, (2.1.10)

00 for i = N, xi—a; foriepnU{N}.

RHS in (2.1.9) consists of 2V~ terms and each element j in the subset p represents the label

of the particle which is on 1 + 1 at time ¢. Taking the hopping probability (1.1.2) in the

geometric TASEP into account, we see that when j € u, we should assign the weight agﬂn P

without the factor 1 — a1 for the jump of the j + 1th particle. Thus for the jumps of the
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— || = |z| + 1 particles, we put the factor (1 — a;41)/#*+!. In Appendix A, we explain (2.1.9)
in the case of N = 3. We see that (2.1.9) is equivalent to the following two conditions

Ggi)l(:mv,...,xl) = Z (1 —ouy1) atr{ +aNG( )(xN—aN,...,xl—al) (2.1.11)
ai,...,an€{0,...,00}

o

Z (1—at+1)aﬁ1 G( )(J:N,...,xk.—m—l,xk—n,xk_l,...,xl)

m,n=0
o0
=5 al G (o —m - L ap, . on) (2112)
m=0

for k =1,...,N —1. Now we show that (2.1.11) and (2.1.12) imply (2.1.9). First, we show
below the equivalence

HZ (1 — ouy1) at+1G( )(xN—aN,...,xl —ap)

1=1a;=0

= Z (1 — agqp) P! H Zo‘tﬂ Hat ' (fw))

pc{l,.,N—1} i€EpU{N} ai= Jjep

(2.1.13)

by using the equation (2.1.12) with k£ = 1 and the version of N — 1 particles in (2.1.13),

N oo
H Z(l — atﬂ)agjrnga)(xN —an,...,Ty — a2, 1)

1=2 a;=0
(2.1.14)
= Y aw) ] z oty [Laft" - 64 (70.01)
vC{2,...,.N—1} 1€EDU{N} a;= jev
where 7 :={2,...,N — 1} \ v, #®) := (2%, ..., 24) with

; 1 foriev,

gy = Tt L orrer (2.1.15)
x;—a; forievU{N}.

In LHS of (2.1.13), we divide the sum of a; as follows.

ki1—2
LHS of (2.1.13) (H Z (1 — g1 at+1> { (Z (1-— atﬂ)agjrl) Gga)(:cN —an,...,T1 —aj)

=2 a;= a1=0
— apy1)oh Gfta)(xzv —an,..., %1 — al)}
a1= k1 1
k1—2
(H Z (1 — g1 Oét+1> { (Z (1- Oét+1)04fi1> Gga)(l"N —an,...,T1—a)
i=2a;= a1=0
+ ( — y41) a?ﬂrkl 1) Gl(fa)(:EN —an,...,r2 —ag,r2+1— al)}-

(2.1.16)
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By using (2.1.12) with k£ = 1, we find

k1—2
(2.1.16) (H Z (1 - apy1 at+1> { (Z (1- atﬂ)agil) Gy —an,..., 71— a1)

i=2 a;= a1=0

—|—Oét+1 G( )( aN,...,IL‘Q—aQ,I'Q—Fl)}.

(2.1.17)

By applying (2.1.14) to (2.1.17),

(2.1.17) = { Yo U—a)” ] Z AR at—&;ll}

vC{2,.,N-1} 1EDU{N} ai= Jjev

ki—2
X { <Z (1- Ott+1)0‘?i1> GEQ)@( Y) @1 — a1) + atHlG(a)( 7¥), 2y + 1)}

a1=0

= RHS of (2.1.13).

Thus we have shown (2.1.13) by using (2.1.14). Similarly, we can show (2.1.14) by using the
equation (2.1.12) with £ = 2 and

HZ (1 — a)oft G @y — an, ... w3 — a3, 22,21)

=3 a;=

= Z (1- at+1)‘5‘|+1 H i a?jrl ) H afﬁl ’ Gga) (f(/\),m,:m)

AC{3,...,N—1} i€EAU{N} ;=0 JEA
where X := {3,..., N —1}\ ), 72N = (:L"j\v,,x?’)\) and for i =3,...,N

A J T+ 1 forie A,
B T, — a; fOI‘Z'EXU{N}.

Therefore, by repeatedly using the similar calculation, we can show the equivalence (2.1.13) by
using conditions can be obtained from (2.1.12) for k = 1,..., N—1, which leads to the equivalence
between the Kolmogorov forward equation (2.1.9) and two conditions (2.1.11) and (2.1.12).
Now we will check (2.1.11) and (2.1.12). For convenience, we put FJ(z,t) = Ega)(a:
YN+1—j,t). Inserting (2.1.8) into RHS of (2.1.11) and using the multilinearity of the determinant,

we find that RHS of (2.1.11) becomes

Z (1 — )NVt TN det[FY (@Np1— — anvi—j, Hhi<ij<n
ai,...,an€{0,...,00}
- (2.1.18)
= det (1 — O[t+1) Z Oét_]:fl lF] ($N+l—i - aNH_j,t)
ON+1-=0 1<ij<N
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Thus we see that if the functions Fy(La) satisfies

F®) (2, t+1) ZatH — 1) E® (2 =y, 1), (2.1.19)

then (2.1.18) is equal to LHS of (2.1.11) G\%) (z, ..., 21) = det [ S@npiit+ 1)}

We also consider the condition (2.1.12). It can be written as

1<ij<N’

1 ] .
A F (= 1Lt + 1)

0 = det Fl ot 1) Flo ot (2.1.20)
1<j<N.
One easily sees that it holds if the functions Féa) satisfy
F9% —1,t+1) = c(F(2,t + 1) — E®(a, 1) (2.1.21)

for arbitrary c¢. Here we choose ¢ = (1 — ay41)/0u41-
Therefore the function F\* are determined by the two relations (2.1.19) and (2.1.21), as
well as the initial condition

Géa)(xNa"'axl) :6yN,zN "'6y1,x1~ (2122)

Fo(a)(:v, t) is already determined by one particle configurations. In fact, in this case, Gga) (x) =
P(x(t) = z]x(0) = y) = F\*(z — y,t). Therefore

t
1 1—a,
Fl*(z - — ?é J 2.1.23
0 (.Z' Y, ) 2i To wx y+1 H 1_@] ( )
where I'y is any simple loop around O oriented anticlockwise. This result is consistent with
1 —
(2.1.19) and (2.1.22). Denote by A the discrete derivative A, f(x,t) = & (flx+1,t) —
f(z+1,t—1)). Then by (2.1.21),
FL) (1) = (—1)"(A%, B (@, 1) (2.1.24)
holds. Therefore to obtain FE?;) we simply apply
t t
1 1—qj (1 —w)” 1—qj
A — || ——— = ()" L 2.1.2
atwf,l_‘[l—ajw (=1) wrtn 11— ajw ( )
J=0 J=0
From the above, for n > 0,
t
(@) 5 _ (=D" A—w)" -9
F5) (1) = =2 A dw> 11 o (2.1.26)



In this case, there is no pole at w = 1, and therefore replacing I'g by I'g1 leaves the result
unchanged.

For n > 0, F,(La) is determined by the recurrence relation

E% (z,t) =Y E®(y,1) (2.1.27)
y2x

together with the property that Féa) (z,t) = 0 for = large enough.
In order for (2.1.27) to be satisfied for all n, we need to take the poles both at 0 and 1. [

Finally, combining the above three formulas in Lemmas 2.1.1-2.1.3, we obtain the transition
probability of the TASEP, g, introduced in Chap. 1.1.4.

Proposition 2.1.4 ([2]). For the TASEP, g, with N € {1,2,...} particles and parameters
ay, = (a1, ap) € (0,101, By i= (Bry+1,- -+, Bt+1,) € Rtgo, v >0 and t3 > 0 introduced in
Chap. 1.1.4 , the transition probability to t = t1 + t2 + t3 has the following determinantal form

G?’B”Y($N, ... ,1‘1) = det[Fioﬁf”y(a?NJrl,i — YN+1—7, t)]lﬁidSN (2.1.28)

with

B (1) = (_1)nfr dwwfaﬁﬁ(w,t)

27 wr—ntl

where L' 1 is any simple loop oriented anticlockwise which includes w =0 and w =1 and

2 1— «; futt 1“!‘611] ( 1)
t) = — . — D etslwl) 2.1.29
o) = [ f— e I 50 e (2.1.29)
Jj=1 Jj=ti+1

Proof. From Lemma 2.1.1, Lemma 2.1.2, and Lemma 2.1.3, we can show that (2.1.28) satisfies
the Kolmogorov forward equation of the discrete time geometric TASEP from time 0 to ¢1, and
satisfies the Kolmogorov forward equation of the discrete time Bernoulli TASEP from time #;
to t1 + to, and satisfies the Kolmogorov forward equation of the continuous time TASEP from
time t1 + to to t1 + to + t3. OJ

Remark 2.1.5. In the case of the step initial condition, y; = —j, j = 1,2,..., it has been
known that the TASEP has a connection to the Schur measures and processes [18, 20, 22, 42].
It is natural to ask the corresponding Schur measure to the TASEP, g, with the step initial
condition. Combining the findings in [22, 42], we expect that the position of the Nth particle
from the right is equivalent in distribution to the marginal Ay of the Schur measure,

sx(1,1,...,1)s Z, 2.1.30

A( )sx(p)/ ( )
Ntimes

where A = (A1,...,AN) € Z>o with Ay > --- > Ay is a partition, Z is the normalization constant,

sx(x1,...,xN) is the Schur symmetric polynomial and sy (p) is the Schur function with the Schur

positive specialization p defined by the relation of the specialization of the complete symmetric
functions hi,k=0,1,2...

szhk@):Hl_lmi' [T (t+28) . (2.1.31)



2.2 Biorthogonal ensembles

In the following we consider the joint distribution function of the particle positions in the
TASEP, g, introduced in Chap. 1.1.4. We will give a formula in terms of a Fredholm de-
terminant whose kernel can be written in an explicit form.

Proposition 2.2.1. We consider the TASEP,, g - introduced in Chap. 1.1.4. Let1 <mnj <ng <
s <y <N and (ay,a9,...,an,) € Z™. Then we have

P(Xi(nj) > aj,5=1,...,m) =det(I = XaKtXa)e2({n1,...nm} x2)- (2.2.1)
Here the kernel Ky is given by
j
. _ T i 5
Kt(ni,xi,nj,xj) =—@Y ($i,xj)1ni<nj + anrk(xi)cpnrk(xj) (2.2.2)
k=1

where ¢(z,y) = lgsy. The functions Y (x) and ¢} (x),k = 0,...,n — 1 are defined as the
following: For 4} (x) with k <n — 1, we define

(1—w)"

n 1
Vi (2) = 2mi Jr, dwwz+k+1—X0(n—k) o (w, 1) (2.2.3)

where T'g is any positively oriented simple loop including the pole at w = 0 and fop~(w,t) is
defined by (2.1.29). The functions ¢} (x),k =0,...,n —1, are defined implicitly by
(1) The biorthogonality relation Zl/},?(x)gof(x) = 1p—y;
€L
(2) i (x) is a polynomial of degree at most n — 1 in x for each k.

Remark 2.2.2. The fact that the joint distribution of particle positions can be expressed by the
Fredholm determinant is proved by [10] for the discrete time Bernoulli TASEP and by [11] for
the continuous time TASEP. The above result includes a generalization of the initial conditions
for particle position in the results of distribution of particle position of [10] and [11], and is the
result when the continuous time TASEP, the discrete time Bernoulli TASEP and the discrete
time geometric TASEP are mixed.

Proof. We denote by M, ,, the set of all n x m matrices with real entries. Then for 1 < n <
m < N we put W[n,m) : AN — My, for a fixed particles configuration z = (2]') € Ay where

AN:{z:(zf)ni:z?EZ,1<i<n<N} (2.2.4)

and the matrix Wy, ,,)(z) is given by

[(Winm) (z)]ij =@M (2 2) Lnemy, 1<i<n,1<j<m. (2.2.5)
Similarly we set w(N) AN — My n with

[W(z)}u =yN_; ('), 1<ij<N (2.2.6)
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Also, for 0 < m < N, let us define the function E,, : Ay — My y,+1 with

¢<Z§+17Z;n+1>7 ifi=m+1,1<j<m+1

(2.2.7)
0, otherwise.

[Em(z)]z] = {

By Appendix B, we can rewrite (2.1.28) in a form involving transition probabilities of non-
intersecting random walks whose configurations form a Gelfand-Tsetlin pattern and distribution
forms a determinantal point process with correlation kernel K;. Therefore, we derive kernel K.
By Appendix C, the (n,m) -block of K} is

m—1
(Kiltn,),0m) = ~Winm) Linemy + W[n,N)qp(N)M*l (Z B 1 Wi my + Em_1> (2.2.8)
k=1

where the matrix M is

I ICINEES:

[M}ij =19 1, i=j (2:2.9)
0, 1> 7.
Since
UN_g(@) =D NI (= (2.2.10)
y<zx
holds for =,y € Z, we obtain
Wi ™(@)] = (6V0N) G = ol D). (2.2.11)
Also, it is easy to see that
= mA1 (=1 om <i<
Z Ek—lw[k,m) + B (z) = ¢ <2Z ' >  1sism (2'2'12)
1 i j 0, m <1< N.

By (2.2.10), (2.2.11), we have

[K2(2)) (. my = =™ " (1 2") Lgnamy + Z Ui () (M7 0™ (7027

£,k=1
(2.2.13)
Note that for i = 1,...,m, ¢™*H! (zf_l,x) form a basis of span{l,x,...,xmfl}. From the
assumption of Proposition 2.2.1, {¢_ (z),...,¢f"(x)} also form a basis of this space, so let us

define a matrix Ay, € My, ,, which does a change of basis to {¢™_,(x),...,¢g"(z)} such that

6 (7 w) = 3 (Al (@), (2.2.14)
/=1

By the biorthogonality assumption of Proposition 2.2.1, we get
[Aml;y = (6" 0y) (271) -
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Note that Ay = M and M is invertible. From the assumption of Proposition 2.2.1, we can
define 7! uniquely. Therefore we have

> [ <bm“< J) S AN DT (Al el () (2.2.15)
i=1

k=1 k=1
Because
Al = (0™ Mwm) (57) = (0" 10N=) (3571) = [Anl,
holds for 1 < k,i < m, by the fact that Ay is upper-triangular, we get

N

Z [AJ_Vl}M [Am]k,i = Z [AJ_vl}M [AN}k,z' = [Aﬁl}e,k [AN]k,z' = 0g,i

k=1 k=1 k=1

for 1 < i < m. Because
(2.2.15) = @i _p(2]"),
we obtain the (n,m) -th block of K,

[Kt(z)](n 1),(m,j) — _(bm " ( i ) 1{n<m} + an Y Som / ( ;n) .

=1
From the above, we have (2.2.2).

This completes the proof. O
Theorem 2.2.3 ([2]). We consider the TASEP,, ., introduced in Chap. 1.1.4. For (ni,ng,...,ny) €
7™ with 1 <njp <ng < -+ <nym <N and (a1,a,...,ay,) € Z™, we have

]P’(Xt(nj) >aj,7=1,... ,m) = det(I — XaKtxa)ZQ({nl,...,nm}><Z)‘ (2.2.16)

Here the right hand side is a Fredholm determinant with the kernel

"y
Ki(ni, wi5m5,25) = — Q™ (4, 25) Ln,<n, + Z\Ilzz_k(xz)tbg_k(a:]) (2.2.17)
k=1
where Q" (x4, x;) represents n-times convolution of Q(x,y) = 1/2*7Y-1,+,. The functions U} (x)

and O} (x), k 0,...,n—1 are defined as follows: For V}(x) with k <n — 1, we define

n o 1 (1 — )
\Ijk(l') = 277]'@ -, d'UJQ:l3 XQ(TL k)warkJrl Xo('n k fOC’ﬁ,y("UJ t) (2218)

where T'g is any positively oriented simple loop including the pole at w = 0 and fop~(w,t) is
defined by (2.1.29). The functions ®}(x),k =0,...,n — 1, are defined implicitly by
(1) The biorthogonality relation Z Uy (z)®] () = 1p=;

rEZL
(2) 27*®}(x) is a polynomial of degree at most n — 1 in x for each k.

Proof. We can prove by conjugating the kernel of Proposition 2.2.1 by a power of 2.
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In the following, we will write ®}!(x) that was not explicitly written in previous research [10]
in an explicit form.
First, we prepare the tools to use. Q™ can easily be taken from definition Q);

Q" () = — (x R 1> Losyim- (2.2.19)

2=y m—1

As operators on (2(Z), Q and Q™ are invertible;

Q Hwy) =2 1yy1 — Luey, Q ™(2,y) = (—1)yz+m2y:’3< " > (2.2.20)
y—z
Now we define F (w. 1)
— B,y \Ws
Ra7ﬁ77,t($,y) = 277” Y UJW, (2221)
where . s
Ll—a o 1+ Bw
fopo(wt) =T =20 TT 557
i P i Bj
Note that ¥y = Raﬁ,%téXO(n) with 5y(x) =1;—y.
Then, the following lemma holds.
Lemma 2.2.4 ([2]). Forn € Z,
K= RapyiQ Foxom—)- (2.2.22)

Proof. By Qm~™W"_, = W™ and (2.2.21),

k= Q_kRa,ﬂmtéXo(n—k)

holds.
Now, note that @ and R, g, commute, because the kernels Q(z,y) and R, g~.+(x,y) only
depend on x — y. Therefore, we obtain

\PZ = Ra,,@,'y,tQ_kdXo(n—k) .

O
From the expression of R, g, we define
-1
1 fopr(w,1)
-1 L o,y
Bbalo) = 5o g0 2229
It is not hard to check that Ra,ﬁ,%tR;,%mt = R;lﬂ’%tRa’g,%t = I. At this time, the following

theorem holds.
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Theorem 2.2.5 ([2]). Fiz 0 < k <n and consider particles at Xo(1) > Xo(2) > --- > Xo(n).
Let hi (1, z) be the unique solution to the initial-boundary value problem for the backwards heat
equation

(@A, 2) = A1+ 1,2) 1<k,z€7Z, (2.2.24a)
W2 (k, z) = 25~ Xo(n=k) z €7, (2.2.24D)
hR(l, Xo(n —1)) =0 1< k. (2.2.24c)

Then the functions ®} from Theorem 2.2.3 are given by

Op(2) = (Ropr ) T HE(0,)(2) = D RO )RS (. 2). (2:225)
YEL

Here Q*(z,y) = Q(y, x) 1s the kernel of the adjoint of Q (and likewise for R 5_ ).

Remark 2.2.6. It is not true that in general Q*h}} (I +1,2) = hi(l,z). In fact, Q*hi(k,z) is
divergent from the following.

Q*hi(k,-)(2) = Y hi(k,9)Q(y, 2)

YEL

1
_ —Xo(n—k
= ZZ 2y O(TL ) oy—2 1y>z
ye

_ Z 2z—X0 (n—k)

YEL,Yy>z

= OQ.

Proof. This proof is almost the same as [23]. We show that the same can be proved in the mixed
TASEP.

The existence and uniqueness of solutions of (2.2.24a)-(2.2.24c) is elementary consequence of
the fact that ker(Q*)~! has dimension 1 and it is spanned by the function 27, which allows us to
march forwards from the initial condition h}(k, z) = 22=X0(n—k) yniquely solving the boundary
value problem h} (I, Xo(n — k)) = 0 at each step.

First, we prove that 27*h}(0, ) is a polynomial of degree at most k. We use the mathematical
induction. By (2.2.24b),

2R (k, x) = 27727 Xo(n=k) — g=Xo(n—k) (2.2.26)

Therefore, 27%h}(k, ) is polynomial of degree 0.
Now, assume that h}(l,z) := 27"h}!(l,x) is a polynomial of degree at most k& — [ for some
0 <1< k. By (2.2.20) and (2.2.24a),

Al y) = 279(Q") " hi (1 — 1,y)
=272 AR~ Ly —1) = hi(l - L,y))
=27 W IRR( — 1,y — 1) = 27RE( — 1,y)
=hp(l—1,y—1)—hp(l—1,y).
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Taking the sum over © > Xg(n — [ + 1), one sees

Yoo 2y = Y. Ry
y=Xo(n—I4+1)+1 y=Xo(n—Il+1)+1

T

> (R -1y—1) =B —1,y))

y=Xo(n—1l+1)+1
=np(l—1,Xo(n—1+1)) —hi(1—1,2).

xX
Therefore, using (2.2.24c), we have hf(l — 1,2) = — Z 27YhE(l,y).
y=Xo(n—l+1)+1
By the induction hypothesis, h}!(l —1,x) is a polynomial of degree at most k — [ + 1 because

}\LZ(Z, y) is a polynomial of degree at most k — 1.
Xo(nfl+1)
Similarly, taking the sum x < Xo(n —1+1), we get hp(l —1,2) = Z hy (1, y),which is
y=z+1
again a polynomial of degree at most k — [+ 1. From the above, it was shown that 27*h} (0, x)
is a polynomial of degree at most k.

-1
Now, we show that Z hi (0, y) R, 54
yEZ

tion (2) in Theorem 2.2.3. By (2.2.23), we have

—z n -1 —z 1 fozl,'Y(w’t) n
2 th(oay)Ra”&%t(yvz)ZQ Z mﬁodwmy_zﬂ hi. (0, y)

YyEZL y>z

1 fik L (w,t)
= — Py 7 —yn
=2 (2m’ fio dw=" g | 27"k(0,) (2.2.27)

y>z

— a0, —(z+2)pn
g <2m' jio dwiwxﬂ 2 hi (0, z + z).

x>0

(y, z), which is the rhs of (2.2.25), satisfies the condi-

Because 27%h} (0, z) is a polynomial of degree at most k, it is enough to note that the sum is a
polynomial of degree at most k in z as well. Next, we check the biorthogonality relation (1) of
Theorem 2.2.3. Using (2.2.22), we get

DU = D D Rapai(z21)Q (21, Xo(n — DR, 22) R (22, 2)

2€Z 21,220€7 zEZL
= Q7 (2 Xo(n = )h0,2) = (Q°) "hj(0, Xo(n — 1)),
2€EZL

where in the first equality we have used the decay of R, ., and the fact that 27h}(0,z) is a
polynomial together with the fact that the z; sum is finite to apply Fubini.

n k

* 1 1 -

!This can be understood from Faulhaber’s formula : E A p— E k+ Bjnk+l 7 where Bj is
= k+1 = J

Bernoulli number.
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For | <k, from (2.2.24b) and (2.2.24c), we have the boundary condition

hﬁ(l, X(](?”L — l)) = 1l—k- (2.2.28)
Thus, we get
(Q")'hi(0, Xo(n — 1)) = hit(l, Xo(n — 1)) = L.
For [ > k, we use (2.2.24a) and (2.2.24b), 2% € ker(Q*)~1,

(Q)'hi(0, Xo(n — 1)) = (@)~ D(Q") " hii (k, Xo(n — 1)) = 0.

This completes the proof. ]

2.3 Representation of the TASEP kernel by using a hitting
probability

Combining Theorem 2.2.3 with (2.2.22) and (2.2.25), we have obtained the following expression
of the kernel K; (2.2.17),

Kt(ni’ ) TL]', ) = _anini 17’bi<n‘j + Ra,ﬂ,’y,tQiniGU,’VZ]'RC_V’%/YJ- (231)

Here Q, R, g, and R;}B'yt are given by (2.2.19), (2.2.21) and (2.2.23) respectively and Gon,
is defined by

n—1

Gonl(z1,22) = Y Q" " (21, Xo(n — k)R (0, 22), (2.3.2)
k=0

where h}! is the solution of (2.2.24a)-(2.2.24c).

In this section, following the method in [23], we further rewrite the kernel in order to take
the KPZ scaling limit. We use the fact that A, can be written as hitting probabilities of random
walk. Let RW}, with RW*, = c be the position of the random walk with Geom[%] jumps strictly
to the right starting from ¢ € Z, i.e.

RW; =c+xo+ -+ Xm,

where x;, 7 = 0,1,...,m are i.i.d. random variables with P(x; = k) = /281 k€ Zso.
Note that Q* defined below (2.2.25) represents the transition kernel of the random walk: for
m=—1,0,..., we have

Q*(w,y) = P(RW;,., = x| RW, = ). (2.3.3)
For 0 <1 <k <n—1 we define the stopping times
' =min{m e {l,...,n—1} : RW} > Xo(n —m)}, (2.3.4)

where we set min @ = oo.
Then, we have the following.
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Lemma 2.3.1. ([23])
For z < Xo(n —1), the function hi} can be written by

h};:b(l) Z) = PRWZ*_lzz(Tlm = k) (235)

which is the probability of the walk starting at z € Z at time | — 1 € Z and hitting Xo(n — k) at
time k € Z.

Remark 2.3.2. Eq. (2.3.5) is written in [23] and the proof is left to the readers as Exercise
5.17 in [33]. Here we give an answer.

Proof. By (2.2.24a)-(2.2.24c), it is enough to check (Q*)AIP’RWLL:Z(TZ’” =k)= IP’RWI*:Z(TZH’" =

k). Now, we assume that Xo(n — k) = "2 for convenience. Then, by(2.2.20)

(Q) " Prwy == (" = k) = 2 Prwy =1 (7" = k) = Prwy (7" = k)

In 1 In (2.3.6)
=2 PRWZ*—1:Z—1(T = k) - 5 PRWL*_1:Z(T = k) .
By the memoryless property of geometric distribution, for Yy > Xo(n — k),
Prwy et (710 = ) = 207 X000 Oy (7= R =y). (23.7)

Also, by (2.3.4),

Prw; =1 (7" =k, RW} =y)

1 y—(2—1) 1\ Vi1 U 1\ ¥ ¥k-1
= > <2> <2> <2> X Ly<Xo(n—1) X = X Ly ) <Xo(n—k+1)

2—1l<y; < <yp_1<x

1 y—(2-1)
= <2> Z lylSXo(n—Z) X X lyk—ISXO(n_kH—l)'

z—1l<y; < <yp_1<x

(2.3.8)

r—1

z—1 z—1
Note that Z = Z Z Z , by (2.3.7) and (2.3.8),

2=1<y<-<yp_1<r Y=z yp1=y+1 Yk—1=Yr—2+1

z—1

z—z cr—1 z—1
1
(2.3.6) = <2> {Z Yoo > Lyexomen X X Ly <xmokt)

Y=z y+1=y+1 Yr—1=Yk—2+1

z—1

rz—1 x—1
= > D Y Lyexemen X X 1yk1<Xo(nk+1)}

yi=z+lyr1=y+1 Yk—1=Yg—2+1

1 r—z r—1 r—1
= <2> Z Z Lo<Xotm-1) X Ly <Xo(n—1-1) X =+ X Ly <Xo(n—k+1)-

Yi+1=2+1 Yk—1=Yk—2+1

(2.3.9)

"2Since we start from arbitrary fixed right finite initial configuration, we can write like this.
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Since z < Xp(n — 1) was assumed,

1 r—z
(2.3.9) = <2> Z Ly i<Xo(n—1-1) X X Ly <Xo(n—k+1)
2<yY41 < <Yp—1<T (2310)
= PRWZ*:,Z (TH.L” =k).
This completes the proof. ]

From the memoryless property of geometric distribution we get for all y > Xg(n — k),
Pryve - (1" =k, RW}; = y) = 2500 vp gy (707 = k) (2.3.11)

and as a consequence we get for zo < Xo(n), Gon (21, 22) can be expressed as

Gon(21,22) ZPRW*l—ZQ O = k)(Q")"*(Xo(n — k), 21)

2.3.12
B S SRR e ST

k=0 2>Xo(n—k)
0’ JE—
= PRlezzg(T "< n, RW;_I = Zl),

where in the second equality we used (2.2.19) and (2.3.11). while in the third one we used (2.3.3).
Note that RHS of the above equation represents the probability for the walk starting at zo € Z
at time —1 to end up at z; € Z after n steps, having hit the curve (Xo(n — m))m=0,. . n—1 in
between.

The next step is to extend the region zo < X¢(n) in (2.3.12) to 2o € Z. We begin by observing
that for each fixed y; and n > 1, 27%2Q"™(y1, y2) extends in ya to a polynomial 27¥2Q (y1, )
of degree n — 1 with

~ 1 (1 +w)yr—v2—1
() _ L g 231
Q" (y1,y2) = 5 ﬁo (i vre— (2.3.13)
Now, for y; — y2 > 1, we note that
QM (y1,y2) = Q" (y1,2). (2.3.14)
By (2.2.20) and (2.3.13), for n > 1, we get
Q1M = Q@1 = QnV, (2.3.15)
Also, we get
Q’IQ(U — Q(UQ*1 =0. (2.3.16)
Remark 2.3.3. We note that
QMQ => Q™ ™ (z,y)
2€EZ
_Z f 1+wcczl i J (1+w)z—y—1
2mi Jr, 2e—zqn 2mi Jr, B E T
= 0.
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Using the extension of Q™, we have the following lemma.
Lemma 2.3.4. ([23])
For all 21,29 € Z, we have
Gon(21:22) = By | QU7 (RWr, 22) 1y (2.3.17)
where RW,,, and T are defined by Definition. 1.2.2.

Proof. Although the proof is given in Lemma 2.4 of [23], we give its outline for self-containedness.
For z9 < Xy(n), (2.3.12) can be written as

Gon(21,22) =Prws =2 (79" <0 — LLRW; | = 21) = Priy—z, (1 < — 1, RW,, = 23)
n—1

= Z Z Prwy—z (T =k, RW), = 2)Q" ¥ (2, 22)

k=0 z>X0o(k+1)
- ERW():Zl [Q(niﬂ (RWT7 22)1T<n} )

where in the second equality we used the fact Q" (x,y) (2.2.19) represents the n-step transition
probability of RW,,. Let

Gon(21:22) = By, | QU7 (RWr, 22) L (2.3.18)

From the relation 20 < RW, < z; for V7 < n and (2.3.14) we see that for G, (21,22) =
Gon(z1,22) for zo < Xo(n). Furthermore we find that 272Gy ,,(21, 22) is polynomial in 2z with
degree at most k, and similarly 27%2Gy (21, z2) is polynomial in 2y with degree at most k since
2792170, y2) is polynomial in yo with degree at most k. From the above, we find that the
equality Gon(21,22) = Gon(21,22) holds for the all 23 € Z. O

Thus from (2.3.1) and (2.3.17), we see that the kernel K; (2.2.17) can be expressed as

Ki(ni,z15n9,22) = —Q™ " (21, 22)1n, <no

+ Z (Ra,ﬁ,'y,tQ_nl)(xla:E)ERW():I [Q(nQ_T) (RWTay)R;}ﬁ’%t(ya $2)17<n21| .
RV

(2.3.19)

2.4 Formulas for the mixed TASEP: Proof of Theorem 1.2.4

To show Theorem 1.2.4, we have the following relations.

Proposition 2.4.1 ([2]).
A;}g”y(t)(Ra,,B,'y,tQ_n)*(zl> 22) = Sft,fn(zla Z2)a (241)
AaprOQMRL Y (21,22) = S_yn(21, 22). (2.4.2)

Here S_y (21, 22) and S_y (21, 22) are defined by (1.2.6) and (1.2.7) respectively and Ay g~ (t)
1s defined by

t1 t1+to

Aty 1— 24 G
A t) := | | — | | -7 2.4.3
Oé:ﬁv’y( ) € 2 L 2 _ Oéj A 1 +/8] ( )
j=1 Jj=t1+1
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Proof. By (2.2.22), the lhs of (2.4.1) becomes

A5, (TR (21) [xo(0)=22= Aq g, (D (W) (22) [x0(0)=2

1 (1 —w)"

- 27i Iy e 9z —z1gynt1+22—21 ga’ﬁ"y(w’ t) = S-t,—n(21, 22)-

By (2.2.23) and (2.3.13), the lhs of (2.4.2) is written as

’B,y ZQ Zl’ Olﬁy%t(z’z2)

2€EZ
-1 _
+w Zl z—1 1 _fa7ﬁ’ﬂy(w7t)
=A 7/3’Y 2z1 z9 Z 27 fi—‘ Tm T dw u_)Z—ZQ-‘rl
)l 1 Fap(@:)
* -%v n—1_= Japy )
=A 7/8’Y 27;1 29 Z 2 fi_‘ ( 1) 27i fi;o dw WE— zo+1

1 (_1)n 1 (1_ )Zl zo—1 1 1
= Aaso (D5 5m }éo o e \ Tt

By changing variables w 1_710, we have
w

Aapy(t) 1 (1 —w)z—stn=l
ﬁodw fap, (1 —w,?)

251722 2y wn

1 (1 — w)z2—z1+n—1 _ -
211 T 921229 30‘76’7(1‘07 t) = S—t,n(zh z2)
0

This completes the proof. O

Proof of Theorem 1.2.4. First, we consider right finite initial data. If X((1) < oo then we are
in the setting of the above chapter. Formula (1.2.4) follow directly from above definition.
Now, we check (1.2.3). To check (1.2.3), it is enough to check

@I = (5., )50

t,nj

where Kt(nj): Rop Q" Gon]Ra_B’yt

Because () and R, g~ commute, by lemma 2.3.4,

an—mKt(nj) = Ra Q™" Go ”JROZ%'”
=AY () RapriQ " Gom, Ryl Aaps(t)

aepi(X
= (S_t7_n7,) S I;’(I’L]O)
If Xo(j) =oc0forj=1,...1 and Xo(l + 1) < oo then
]P’XO(Xt(nj) >aj,j] = 1,..., M) = det([ - XaKt(l)xa)fz({nh...,nM}XZ
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with the correlation kernel

Kt(l) (ni’ 31, ) = QMM 1ni<n]- + (S_t’_ni)*gepi(elxo)

—tnj—l

where 0, Xo(j) = Xo(l + 7). Now, using the fact that QISPIOX0) _ geritXo) ;g (2.4.1), we have

tnj—l — Y —tn;

that (1.2.4) still holds in this case. O
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Chapter 3

Asymptotics for the discrete time
TASEPs

In this chapter we take the KPZ scaling limit for the discrete time Bernoulli and geometric
TASEP and prove Proposition 1.2.15 and 1.2.16.

3.1 Proof of Proposition 1.2.15

1
First, we prove (1.2.35). By changing variables w = 5(1 - E%y), we have

1
1 1 T(1+ezy)}n !
(1.2.38) = 7{ LS {31 +e2y)} (1_ p E;y)
21 Jo. 2 2273;’{%(1 2—p

(3.1.1)
1

1
14e2y)”
L ( +e y) <1_ P €;y>
2mi Jo. (1 — gzy)ntitz—y 2—-p

where C. is a circle of radius £72 centred at e~ 2. In order to apply the saddle point method,
we rewrite (3.1.1) as

i c3 ef"(f%z/)-x-a*le(a%y)—ir«s_%‘F1(£%y)—|rFo(<€%y)dy7 (3.1.2)
21 Jeo.

where the functions f(x) and Fj(z), i =0, 1,2 are defined by

e 0y )3

f(z) = %tlog(l +x) — I _Z;)tlog(l —x)+ Mtlog (1 — 2?})95) , (3.1.3)
Fy(z) = —xlog(1 — 2?), Fi(z) = (v —u — %a) log(1 —xz) — %alog(l +x), Fo(x) :=log2(1+=x
(3.1.4)
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where 7 := 5_%t, t and n are defined by (1.2.33), z and 3 are defined above equation (1.2.35).
Calculating the derivatives of f(z) up to the third order, we have

P = e 0 = g i
(1—2?)(1—-22) " (1— gty —a? + 52a%)
2 2
£ = 2 <1 + 322 — S%x?’ +3 (2%1)) zt + (%) 26 " 55
(1— gt —a? + 3a%)3
Thus we see that f(x) has the double saddle point at = = 0,
£(0)=0, f/(0)=0, f'(0)=0and f*(0) = 2. (3.1.6)
Therefore, for small e, f(x) is expanded as
flezy) ~ §y3- (3.1.7)
For small ¢, we also have
e Ry(e2y) ~ xy?, e 2 Fi(e2y) ~ (u—v)y, Fy(e?y) ~ log2. (3.1.8)

I

Now, we see the convergence of the integration path. First, we deform C: to the contour (. U C¢
where (. is the part of Airy contour ( within the ball of radius £~2 centred at 8_%, and C2 is
the part of C. to the right of (. From (3.1.2), (3.1.7), and (3.1.8), we have

1 1 _ 1 _1 1 1
li o /< e (JERITIRERN T RREEI D gy = 8 (), (3.1.9)

where S¢ x(y) is defined by (1.2.24). Thus the remaining part is to show that the integral over

C2 converges to 0. To see this Illote that the real part of the exponent of the integral over C. in
(3.1.1), parametrized as y = e 2(1 — €'?), is given by

e 3t [M log (1 + 4(1;(1_;)];)(6089 - 1)) + <2gp + (9(55)) log(5 — 4 cos 0)].

Because the y € CZ correspond to § <[] < 7L, using log(1 + x) < 2”2 for € (—1,00) \ {0},
we get

s [ 2-p)? ( 4p(1 - p) )] 2-p _s
e 2t | ———log |1+ ——+(cos — 1 < e 2t[cosf —1 3.1.10
[819(1 —p) E (2 —p)? ( ) | ] ( )
and 5 )
e 2t [ ;plog(5—4cosﬁ)} < _pa_%t[l —cosf]. (3.1.11)

"1Since 6 = 0 corresponds to the origin 0 € C. and ( is the positively oriented contour going the straight lines
from e~ 3 0o to e 0o through 0, the domain of 6 can be written by this domain.

*2This inequality comes from log(1 + z) < z for > —1, but since z = 0 corresponds to = 0 in (3.1.10) and
(3.1.11), we use this inequality to correspond to the calculations of (3.1.10) and (3.1.11).
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Therefore, for sufﬁcientlgf small €, the exponent there is less than —e~ 3kt for some x> 0. Hence
we see that the part CZ of the integral vanishes and this completes the proof of (1.2.35). We
can also prove(1.2.36) in the similar way to (1.2.35) thus omit the proof.

For the proof of (1.2.37), we define the scaled walk B*(z) = ez (RW.-1, +2c 'z —1) for x €
€Z>p, interpolated linearly in between, and let 7° be the hitting time by B of epi(—ﬁ‘E (0,)7),
where h¢(t,x) is defined by (1.2.17) and % (t, X)” = he(t, —x). By Donsker’s invariance principle
[6], B®(x) converges locally uniformly in distribution to a Brownian motion B(x) with diffusion
coefficient 2. Combining this with (1.2.28), one finds the hitting time 7° converges to 7. (For
more detailed proof, see Proposition 3.2 in [23]).) This leads to (1.2.37).

3.2 Proof of Proposition 1.2.16

Proposition 1.2.16 can be shown in a similar manner to Proposition 1.2.15. Here we give only
the proof of (1.2.41). (1.2.42) can be obtained in a parallel way to (1.2.41) whereas (1.2.43)
follows from (1.2.42) and the Donsker’s invariance principle as in the case of (1.2.37) in Proposi-

tion 1.2.15. As for (3.1.1) and (3.1.2), we rewrite (1.2.44) by changing variables w = (1—€%y)/2,

1 —t
1 1 n
(1.2.44) = 7{ e3dy (1 +e2y) <1+ 5 “ séy)
—

271 (1 — e2y)ntltz—y
I G D HC R I RN C I (3.2.1)
211 C.

where C; is a circle of radius £~% centred at e~7 and g(z), Gj(z), j =0,1,2 are defined by

—a — o~ —a) N
g(z) = 4(21_(1)1510g(1 +z)— 2Ttlog(1 —x) — Zl(j(l_)()[)tlog <1 + 5 ax)
Go(x) = —xlog(1 — x2), Gi(z)=(v—u— %a) log(1 —z) — %alog(l + ), Go(z) =log2(1 + x)

(3.2.2)

where 7 := e~ 2t, t and n are defined by (1.2.34), z and ¢ are defined above equation (1.2.41).
Here we apply the saddle point method to (3.2.1). Noting

2
i —~ 2x + 2_a$ + Q—QI —~

9@ = gt ¢ @ =

2 2
2 (1 + 327 + 85223 + 3 (ﬁ) zt + (ﬁ) x6)

9@ () = S t, (3.2.3)
we find g(x) has a double saddle point at = = 0,
9(0) =0, ¢'(0) =0, g"(0) =0 and ¢®(0) = 2t. (3.2.4)
Therefore, for small €, we have
glezy) ~ %y?’- (3.2.5)



For Gi(x), i =0, 1,2, we easily see

e Gy(e2y) m xy?, e 2G(e2y) & (u—v)y, Gole?y) ~ log2. (3.2.6)

ol

As discussed above (3.1.9), we divide the contour C; in (3.2.1) into two parts (- U C¢&. From
(3.2.1), (3.2.4), and (3.2.6), we have

1 1 _ 1 1 1 1
15%27”[ et eoehnreGacty e batn g, g, (), (3.2.7)
where S¢ x(y) is defined by (1.2.24).

Finally we show that the part coming from CZ& vanishes as ¢ — 0 To see this nlote that the
real part of the exponent of the integral over C. in (3.2.1), parametrized as y = ¢~ 2(1 — '), is

given by
(20 0o (14 DI )

(1-a)
2-a)d-a)
+( Sa

VI

li¥sY

Note that we used an expression transform

. e _
2 on(s— dcont) = 227D g (14 S0

8(1—«) 8a(l — ) (2—a)?
2 —« 4a(1 — cos @ 2—a)4—«a 4a(1 — cos @
= S0 [log(5—4cos€)—log <1+ ((2—a)2 )>] ¢ gé )log <1+((2—a)2)

_ 2-a 4(4 —a)(1 —a)
N mlog (1 " (2—a)?+4a(l - cos&)(1 - C089)>

(2—a)(4—a) 4o
+—8a log <1+(2—a)2+4a(1—cos0)(cosa_1)>‘

Because the y € CZ2 correspond to % < |0| <, using log(1 + x) < z for x € (—1,00) \ {0}(See
*1 and *2), we get

ot [8(21__0;) log (1 + @ _40(3121020(;1—_04(:)08 0) (1 = cos 9))}

(2—a)(4—a) 3
< 2{(2—a)2+4a(1—cos@)}6 *t[1 - cosf]
and
3. [2=a)d—a) 4oy
e 2t [804 log <1+ (2_a)2+4a(1_cosg)(cosﬁ—1))]
(2—a)(4—a)

<3 {2 —-a)?+4a(1 — cos 0)}8751: [oos 6 —1].

Therefore, for sufficiently small €, the exponent there is less than — &3kt for some x> 0. Hence
this part of the integral vanishes.

37

+(9(eé)> log <1 S g o v g (G 1))].



3.3 Proof of Theorem 1.2.11

By using Propositions 1.2.15 or 1.2.16, we can prove Theorem 1.2.11 as following. This proof

is almost the same as [23]. First, we change variables in the kernel as in Proposition 1.2.15

(resp. Proposition 1.2.16), so that for z; = Zg:i;s_gt +2e % + 6_%(21,2‘ +a;) — 2 (resp. z; =

a(2—a)
T 4(1-a)
Note that the change of variables turns Xo.-1x_2(2) into x_a(u). We have n; < n; for small € if
and only if x; < x; and in this case we have, under our scaling,

5_%t+25*1xi+€_% (u;+a;)—2) we need to compute the limit of e73 (X2e-1x—2 Kt Xoe-1x_2)(2i, Z5)-

5_%an—m‘(zi’ Zj) N e(xi—xj)BQ(ui’uj)’ (331)
as € = 0. For the second term in (1.2.4), by Proposition 1.2.15 we get

3

N

—t,n; —t,n;

(St -n) ST (51, 25) = €73 / (S s, —n,)* (20, ) ST (v, 2)

—00

—t,n;

=< / (St —n,)* (2,67 20) 8T (e 50, 2)

oo
00 . e —
_ / AV(SE ) (s, ) ST ) (1) (3.3.2)
—0o0
*xQ& i _hE,_
= (840" ST (s )
+qepi(—hy)
—7 (S-ta) ST e (uiy uy).
Therefore, we have a limiting kernel
. e cepi(—
K (24, 155 27, 07) = —€%790% (0 ) 1) + (S0, 'S (g, ) (3.3.3)

surrounded by projection Y_a. It is nicer to have projection xa,, so we change variables
u; — —u; and replace the Fredholm determinant of the kernel by that of its adjoint to get
hypo(h . hypo(h

det (I — XaKtlf‘;Eg( O)Xa) with Kti;f:f( 0)(ui,uj) = Kiim (25, —uj; i, —u;).
By using (St x)*St,—x = I and Se_ptifp (v,u) = S?cho(_h)(—v, —u) (see [23] for more informa-
tion on these equations), we get the following:

~ o~ *

hypo(h x.)82 hypo(hg
Kt,}éii( O)(Xi, 7X], ) — _@(X] Xz)a 1xi<xj -+ (S lyPO( 0 )) St,x]-~

t,—xi
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Appendix A

The master equation for the discrete
time geometric TASEP with N =3

Here, we explain (2.1.9) in more detail in the case of N = 3. In this case (2.1.9) can be
decomposed into four terms,

G\ (w3, w2, 21) = G\ (w3, 29, 21) + CL% (w3, 9, 1) + G\ (23, w9, 21) + G\ (w3, w9, 1)
(A.0.1)

where for k1 := x1 — x2, ko := 9 — x3, and

oo ko—2k1—2
Gga’l) IL’3, o, 1‘1 Z Z Z 1-— at—l—l Sati—i_aﬁ_a?’G( )( r3 —as,ro — a,r1 — al) (AOQ)
a3=0a2=0a1=0
oo ko—2
G,§°‘ 2) (3,2, 21) Z Z (1 — aq1) 2atj+“3+k1 IG( )( x3 — as, Ty — ag, Ty + 1) (A.0.3)
a3=0as=0
oo ki1—2
G( 3) (z3,22,21) Z Z (1 — aqq) Q(ygjfaﬁb lG( )( x3 —as,r3+ 1,21 —ay) (A.0.4)

a3=0a1=0
oo

G,ﬁ"‘?“)(xg, To, 1) = Z (1 — a1 )atf{kﬁb 2G( )( x3 —as,r3+ 1,29 + 1) (A.0.5)

a3=0

The four equations (A.0.2) through (A.0.5) correspond to the case u = ¢, u = {1}, p = {2}, and
= {1,2} respectively and the situations for all the equations are illustrated in Fig. A.1(a)-(d)
below.
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T3 r3+1

T3 x3+1 ) x9+ 1 Ty

x3 xg+1 X9 z9+1 x1
oo N 0T N o7 N,
xs3 3+ 1 X2 zo+ 1 ]

Fig. A.1: The evolutions of the geometric TASEP with 3 particles. The circles correspond to
the particles and they move to the directions of arrows during time step ¢t — ¢+ 1. (a) The case
= ¢. Neither of the particles are blocked by each other. (b) The case p = {1}. At time ¢, the
first particle (from the right) is at z2 + 1 which leads to the blocking of the second particle. (c)
The case u = {2}. At time ¢, the second particle is at z3 + 1 which leads to the blocking of the
third particle. (d) The case p = {1,2}. At time ¢, the first and second particles are at zo + 1
and x3 + 1 respectively which leads to the blockings of both the second and the third particles.
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Appendix B

Rewriting formula with
non-intersecting random walks

In this appendix, we provide that (2.1.28) can be rewritten by using the transition probabilities
of non-intersecting random walks whose configurations form a Gelfand-Tsetlin pattern and dis-
tribution forms a determinantal point process with correlation kernel. Note that the content of
this appendix is written in [33].

First, we start by reviewing the following proposition.

Proposition B.0.1 ([33]). For &,y € Qn, we have the following identity:
P(X,=2|Xo=9)= >  det[py (z{V)]ngN, (B.0.1)
zeGT N2 =z

where the functions ¢ are defined in (2.2.3) and the sum runs over the domain GT of triangular
arrays given by a Gelfand-Tsetlin pattern

GTN:{z:(zZN)m NeZ1<i<n< N,z <2l <Z?++11}

with fized values Z{V =x, forall N=1,--- N.

Proof. We use only the following equation for this decomposition

Fri1(x,t) ZF y,t (B.0.2)
Y=

By Schiitz’s formula, we get

Fo (2 —yn,t) - Fongr (2 — st
P(X;=7 | Xo=7) = det : : . (B.0.3)

FN—I(Z%_yN7t) FO(Z%_yht)

Now, by (B.0.2), we have

[En_1 (21 —ynet) - Fy(z2f —yi,t)] = Z [Fn_2 (23 —yn.t) -+ Foi(25—yi,t)]

454

Z Z Fn_s(25 —yn,t) -+ Foo(25—y1,t)].

z2 221 z32z2

(B.0.4)
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Applying (B.0.2) to the penultimate row in (B.0.3) we derive

Z [FN 3 ( — yN,t) s F,Q (Zg) - yl,t)] . (B05)

3
2292'1

By (B.0.4) and (B.0.5), we obtain

Fy (2 —yn,t) o Fong (2 —y1,t)
BO3)= 3, D . det] By Sognt) o Pa(dowy) |- (B0O
>z1 z3>z2 22221 FN 3 ( yN’t) . Fi2 (Zg — ybt)
Fn_s( §’ ynst) - Foo(23 —yu,t)

Because the determinant is antisymmetric in the variables 23 and 23,

Fy (2 —yn,t) - Fonygr (o —yint) ]
(B.0.6) = Soodet | By s (F—ynat) - Fo(F-yut) |- (BOT)
232z 23275 23€[2},23) Fy_3 (25 —yn,t) - Foo(25—y,t)
FN—B(Zg_?/N,t) F—2(Z§_ylat) ]

By repeating the same procedure, we have the formula

P(X; = i | Xo = 7) = Z det [Flfj (ZZN - yN+1—j’t)]1<i,j<N‘ (B.0.8)

2€GT 2=,
Here, by using the identity
O () = (1P F g (2 — yn ks 1), (B.0.9)
we get

det [Fi—; (ZZN - yN+1—j7t)]1<i,j<N = det [(_1)%1%\:1 (ZN)] 1<i,j<N
= (

—1) (2NN det [ (ZZN)}1<i,j<N'

Also, we transform the formula as the following:

N (N N/2 N N
det [¥751 (2M)] i e = GO det [0 ()] e (B.0.10)
Since it is easy to see that (1+24---+ N)— N + | N/2]| is an even integer, we get

det [Fi—; (ZzN - yN+1—j’t)]1<i,j<N = det [T/’%ﬂ' (le)]1<i,j<N'

Now, note that the weight of a configuration z € GT in (B.0.1) is given by

(H det [¢ (2171, 3)]1<@J<n> det [t} _ _j (ZN)]KLKN' (B.0.11)
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where ¢(x,y) = 1(y5,) and 21 = 400. Then for z = (20), . € Ay we get

N
H det [¢ (z?_l, 2] I<ijn = 1{zeaTy) (B.0.12)
n=1

where Ay is defined in (2.2.4). By (B.0.1), (B.0.11) and (B.0.12), we derive

P(X;=7|Xo=7)= > Wy (B.0.13)

zEA N
z?:xn

From the above, we have been understood that (2.1.28) can be rewritten by the transition prob-
abilities of non-intersecting random walks whose configurations form a Gelfand-Tsetlin pattern.
Thus, we prove that the measure Wy is a determinantal point process. First, we show that
the measure Wy is a L-ensemble. Let X be a discrete space. Also, we put 3 C X such that
X={1,2,...,N}U3. Then we define L : X x X — R such that

0 Ep Ey E, En_4
0 0 Wy 0 0
Lizuse = ? 9 (:) _W[273> : (z) (B.0.14)
0 0 0 0 o =Winow
i pN) 0 0 0 e 0 |

where z = (2'),, ; € An, Wi, m)(2), W) and E,, are defined in (2.2.5)-(2.2.7). Here we set the

(]
square matrices

_ m _m+1 .o
Ty =6 (22 ), 1<ij<m+1, (B.0.15)
Then we obtain ) )
0 v 0 0 ... 0
0 o 7. 0 --- 0
(B.0.14) = o v 0h (B.0.16)
0
0 0 0 O Tn_1
L vM(z) 0 0 0 0 |
Therefore we have
WN(Z) = det (L{Z}U3c) (B.0.17)

which means that Wy is a conditional L-ensemble. By Proposition 3.24 in [33], the measure
Wy is a determinantal point process with correlation kernel.
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Appendix C

Correlation kernel

Because we found that the measure Wy is a determinant point process in Appendix B, we derive
its correlated kernel in this appendix whose content is written in [33].

Let X be a discrete space. Then, we set 3 C X such that X = {1,2,..., N}U3. By Proposition
3.24 in [33], the measure Wy on 3 is the determinantal point process with correlation kernel
K : 3 x 3 — R written by

Ki=135— (13+L)"" (C.0.1)
3%3
where L is defined in (B.0.14). Then we can rewrite L as
0 B
[n 2] o2

Here in RHS,

!/

/
B = [EO,.. . 7EN—1] : AN — MN,N(N—}—I)/Qa C = |:0, ,0’ <¢(N)> :| :AN — MN(N+1)/2,N

and Dy : Ay — MN(N+1)/2,N(N+1)/2 such that

[0 ~Wpgy 0 - 0

0 0 Wpas) :
Do=1: RS 0

0 0 0 - —Woiw

0 0 0 0

where Wi, 1y, YN and E,, are defined in (2.2.5)-(2.2.7). Now we put

1 Wy 0 - 0
0 1 —Wps :

D= - 0
0 0 0 ~Win_1.3)
00 0 1 |

Then the following lemma holds.
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Lemma C.0.1. The operators D and M = BD~'C are invertible. Moreover we can write the
correlation kernel K; given by (C.0.1) as

K;=13-D '+ D 'CcM~'BD . (C.0.3)

Proof. We prove only (C.0.3) because it is easy to see that D and M = BD~'C are invertible.
Note that the following holds:

(15 + L) -M-! M-'BD!
3 p~'cM~' D'-D'CM'BD!
[0 B M1 M-'BD™!
- | C D D~'cmM—!' D-'— D 'CM~'BD™!
B BD- oMt BD~!' - BD'CM~'BD™!
T | -CcM'+CoMTt CMT'BD'4+1-CM'BD!
T MMt BD™' -~ MM~'BD™! (10
| -CMt'+CcMt CMT'BD ' +1—-CMT'BDTM | |0 17
Therefore we get
_ —M! M~-'BD™!
1_
5+ =| p-igy— p-'— p-loM—BD-! }
From the above we have (C.0.3). O
Now, note that we can easily check that
L Wha) Wi
-1 -1 k 0 1 :
D'=(1+Dy)"'=> Dg=| . ,
k>0 : . - Winoiw
0 0 0 1
Wi ™)
D7lC = :
W[NA,N;W )
N
and
N-1
BD ' = |Ey EgWpa)+Er -+ Y Ex Wy + Eno1
k=1
Form the above we derive the (n,m) -block of the correlation kernel
m—1
[Kt](n,-),(m,-) = _W[n,m)]-{n<m} + W[n,N)d}(N)Mil <Z Ek—IW[k,m) + Em—l) .
k=1
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