Integral formulas of ASEP and ¢-TAZRP on a Ring
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Abstract

In this paper, we obtain the transition probability formulas for the Asymmetric Sim-
ple Exclusion Process (ASEP) and ¢-deformed Totally Asymmetric Zero Range Process
(¢-TAZRP) on the ring by applying the coordinate Bethe ansatz. We also compute the
distribution function for a tagged particle with general initial condition.

1 Introduction

We investigate the transition probabilities of 1-dimensional interacting particles systems with
spatial periodicity by using the coordinate Bethe ansatz. We concentrate on two models: the
Asymmetric Simple Exclusion Process (ASEP) and the g-deformed Totally Asymmetric Zero
Range Process (¢-TAZRP). We give the transition probability function and the one-point func-
tion for the ASEP and the ¢-TAZRP under spatial periodic constraints.

The ASEP and the ¢-TAZRP are continuous time Markov processes on a discrete one-dimensional
lattice. In particular, we assume that the models are defined on a one dimensional periodic lat-
tice such as Z/LZ. The state of the Markov process is determined by the (random) location
of N particles. For the case of the infinite lattice Z, the ASEP and the ¢-TAZRP have been
well-studied resulting in exact transition probability formulas and asymptotic computations
[Joh00, TW08, TW09, KL14, LW17, BCPS15b]. Now, we show explicitly that one may regard
the ASEP and the ¢-TAZRP on Z as the limit of the processes on the periodic lattice Z/LZ
with L — oo (see Sections 5 and 7).

In the ASEP, each site can be occupied by at most one particle and particles move independently
to left or right, unless they are blocked by their neighbors. In the ¢-TAZRP, more than one
particle may occupy a site and only the top particle at a site may move to right, regardless of
the surroundings. For the precise definition of the models, see Section 1.1.



For one dimensional integrable interacting particle systems on the lattice Z, the coordinate
Bethe ansatz (originally introduced in [Bet31]) has been most notably been applied to the
ASEP [TWO08] and the ¢-TAZRP [KL14, WW16]; see also [BCPS15a]. For one dimensional
periodic integrable interacting particle systems on the lattice Z/LZ, the coordinate Bethe ansatz
has been applied successfully to the Totally Asymmetric Simple Exclusion Process (TASEP)
[PPO7, Prol5, BL16, BL18, BL17], with all of the particles jumping to the right on the ring,
and for the ASEP with general asymmetry, the Bethe ansatz has been applied in [GS92] to
determine the thermodynamic limit of the gap between the ground state and the first excited
state. Additionally, the recent work of [FP18] considers the spin—% XXZ chain on the ring, which
is related to the ASEP by a (not necessarily unitary) transformation, and the authors give a
contour integral formula (with a precise proof only for the two particle case) for the propagator
of the chain, which corresponds to the transition probability function that we consider in this
work, that is very similar to the formula that we present here.

In both models on Z, the transition probability function is given by the sum of N! nested
integrals, if the number of particles is N. The sum with N! terms should not be a surprise. In
both models, the domain of possible configurations is given by {(z1 < 2o < --- < xy)} C R,
after taking a continuous limit, since the order of particles does not change. This is exactly
the Weyl chamber for the Weyl group of the root system Axn_;. Hence, by applying a type
of reflection principle, the transition probability function defined on the Weyl chamber can be
expressed as a sum over the Weyl group of Ay _1, which is isomorphic to the symmetric group
Sy with cardinality N!. In the coordinate Bethe ansatz analysis of the models, we apply N —1
boundary conditions to set up the reflection principle, which act as the generators of the Weyl

group.

The main hurdle for the periodic model lies in controlling the spectrum of the Markov operator
defining the evolution of the models. For instance, the spectrum for the ASEP on the ring
is discrete whereas the spectrum for the ASEP on the line is continuous. In particular, the
spectrum of the ASEP on the ring depends on the Bethe equations, a system of algebraic
equations with rank proportional to the number of particles and degree proportional to the
period of the ring, that serve as a consistency condition for the periodic constraint of the
models. Our solution is to introduce the winding number as a parameter so that the state space
is infinite, and the spectrum is no longer discrete. Moreover, taking a continuous limit, the
domain of configurations is given by {(z; < 72 < --- < xy < 21+ L)} C RY since we must also
consider the periodic condition. Then, the domain of configurations is the Weyl alcove for the
affine Weyl group of the root system Ay_;. Hence, by applying a type of reflection principle, it is
natural that the transition probability function defined on the Weyl alcove is the sum of functions
on RY over the affine Weyl group of Ax_1, which is an infinite group Sy x Z¥~1. We conjecture
that the coordinate Bethe ansatz can be applied to integrable interacting particle models with
different symmetry types, and the transition probability function should be a summation over
the (affine) Weyl group of that symmetry type. Symmetry type By was already considered in
[TW13].

In the present work, we would like to note the following two contributions: (1) we give a
formula for the transition probability function for the models mentioned above that is construc-
tive (see Theorem 1 and Theorem 3), and (2) we provide a clear and precise algebreo-geometric



structure for non-determinantal periodic interacting particle systems. We construct the tran-
sition probability function through the coordinate Bethe ansatz, similar to the construction
of the transition probability function for similar models such as the ASEP [TWO08] and the
¢-TAZRP [KL14, WW16] on the integer lattice Z and the TASEP on the periodic lattice Z/LZ
[BL18, BL17]. In this work, we are able to carry out the coordinate Bethe ansatz successfully
though certain algebraic identities (related the eigenfunctions from the coordinate Bethe ansatz)
and through a careful control of the Bethe equations. For models on an infinite lattice, such as
the ASEP [TWO08] and ¢-TAZRP [WW16] on Z, the Bethe equations become trivial and may be
avoided in the coordinate Bethe constriction. In the periodic TASEP [BL18, BL17], the Bethe
equations decouple and many determinatal formulas apply making the coordinate Bethe ansatz
methods straight forward. In this work, we successfully apply the coordinate Bethe ansatz
method for a non-determinantal model with non-trivial Bethe equations.

In the rest of the introduction, we briefly describe the periodic ASEP and the periodic ¢-TAZRP,
and we state the main result for each model. Then, at the end of the introduction, we give an
outline for the rest of the paper.

1.1 Description of models

For both the ASEP and the ¢-TAZRP, we consider the processes on a ring

Z)LZ = {[1],[2],....[L]}, (1.1)

such that the right neighboring site of [k] is [k + 1] and [L + 1] is identified with [1]. In fact, by
keeping track of the winding number, we actually realize the models on Z, that is, if a particle
moves a whole period monotonically from [1], [2], [3],...,[L] to [1], we realize it as moving from
kL+1,kL+2,...,(k+ 1)L to (k+ 1)L + 1 on Z with k any integer. The drawback of lifting
up the model to Z is that the cyclic symmetry is broken. We discuss this in Section 3.

Remark 1.1. When we realize the periodic model on Z, we may order the particles two possible
ways: (1) z; < xiq1, or (2) x; > x4 (with equality only possible for the ¢-TAZRP). In the
following, we order the particles differently depending on the model in order to align with the
convention of the established literature. That is, the notation we use for the periodic ASEP,
x; < xiy1, is consistent with the notation for the ASEP on Z and the periodic TASEP on Z/LZ,
and the notation we use for the periodic ¢-TAZRP, z; > x;41, is consistent with the notation
for the ¢-TAZRP on Z.

1.1.1 ASEP on a ring

The ASEP with N particles moving on a discrete ring of length L is a continuous Markov
process with the finite state space

{([z1], ..., [zN]) € (Z/LZ)N | [21],..., [xy] has strict cyclic increasing order}. (1.2)

We lift the particle configurations and dynamics to the integer lattice by tracking the winding
number. For consistency with the notation from the literature on the ASEP on a line [TW0§],
we order the particles as

xl(t) < xg(t> <0 << xN(t). (1.3)



Also, the periodic property of a ring that 1 and x5 block each other is realized by the additional
requirement
xn(t) < z1(t) + L. (1.4)

Then, we denote the configuration space for the ASEP on Z/LZ as follows:
An(L) :={X = (z1,...,an) €ZN |21 < --- < ay < a1 + L}. (1.5)

Here, N and L denote the number of particles and the length of the ring, respectively. Note
that this configuration space is larger than the configuration space of particles on a ring as it
also carries the information of the winding number of the process.

The evolution of the ASEP is governed by independent exponential clocks of rate 1, which
update the location of the particles, for each particle. When the exponential clock for a particle
is activated, the particle will change locations to the right (resp. left) neighboring site with
probability p (resp. ¢ = 1 — p) only if the new location is not occupied by another particle, and
the exponential clock for that particle is reset. Otherwise, if the new location is occupied, the
particle will not change locations, and the exponential clock is also reset so that the particle
attempts to change location once the exponential clock is activated again. In the following, we
assume that p,q € (0,1), and denote 7 = ¢/p. See Section 2.1 for more specific details on the
dynamics of the ASEP.

1.1.2 ¢-TAZRP on a ring

The ¢-TAZRP with N particles moving on a discrete ring of length L is a continuous Markov
process with the finite state space

{([z1], ..., [zn]) € (Z/LZ)N | [21],..., [xn] has a weak cyclic decreasing order}. (1.6)

In this model, we allow for a spatial inhomogeneity by introducing parameters called conduc-
tance on each site. We denote the conductance of site [i] on the ring as aj; € R>o. Similar to
the ASEP model, we lift the particle configurations and dynamics to the integer lattice keeping
track of the winding number of the particles. Accordingly, we take the conductances a; at site
i € Z such that agr+; = ap for all i =1,2,..., L and k € Z. For consistency with the notation
from the literature on the ¢-TAZRP on a line [KL14, WW16], we order the particles as

l’l(t) Z l’g(t) Z e Z .’L‘N(t), (17)

which resembles the order in (1.3) but with the opposite order. Also, similar to (1.4), we have
the periodic condition
x1(t) < an(t) + L. (1.8)

Then, analogous to (1.5), we denote the configuration space
Xn(L) = {(z1,...,an) €ZN |ay+ L >z > 29 > --- > N} (1.9)

Here, N and L denote the number of particles and the length of the ring, respectively. Note
that this configuration space is larger than the configuration space of particles on a ring as it
also carries the information of the winding number of the process.



When particles occupy the same site, they have to be labeled consecutively according to Z/NZ.
For instance, take xj 41,2 42, ..., 74 with j+k < N so that they have identical position z, or
alternatively, take z;1,2j41,...,2N,21,22,...,2j4k—N With j +k > N so that z;,q,...,2N5
have position x and z1,...,2j4,—n have position x + L. Particles stacked on the same site
obey the vertical order where x; is atop of xj4q for j = 1,...,N —1 and xy is atop of x7 if
x1 = xn + L. From the dynamics described at the beginning of the paper, this property remains
as the system evolves.

For N particles in ¢-TAZRP on the ring Z/LZ, we denote n(; as the number of particles on site
[i], and equivalently, for any state in Xy (L), we denote

nj)(X) = # of particles in the congruence class {kL +i | k € Z}, (1.10)

for any ¢ € Z. Although ny; is defined as an infinite sum, at most two terms in the defining
sum are nonzero making the summation well-defined. Moreover, we have n(;7)(X) = nj)(X)
and np(X) + -+ +ni)(X) = N.

The evolution of the ¢-TAZRP is governed by independent exponential clocks for each particle
with the rate of an exponential clock associated to a specific particle depending on the position
of the particle and the vertical position of the particle in the stack. If a particle is at site ¢
with k particles stacked, the rate of the corresponding exponential clock is 0 unless the particle
is at the top. On the other hand, if a particle is at the top of the stack at site i, the rate of
the corresponding exponential clock is am(l — qk). We always assume that ¢ € (0,1). Hence,
if a particle occupies site ¢ by itself, the corresponding exponential clock has rate am(l - q),
which we later denote as by;. When the exponential clock for a particle is activated, the particle
changes location to the right neighboring site and becomes the bottom particle in the new stack.
Note that if a particle is in a stack but not the top one, it doesn’t change locations.

1.2 Statement of results

We denote L = (f1,...,0y) € ZV, and write L € ZN (k) if and only if £1 + --- + {n = k.

ASEP on a ring We introduce some notation to state the main result for the ASEP on a
ring. Let &1,...,&n € C be some undetermined complex variables. For each pair of integers
a,B € {l,...,N}, we denote

P+ a€ala — &5

Spa = . 1.11
2T TP+ q6pba — ba (L11)

For a permutation o € Sy, we denote

p + qgo ] 50’ i) 60 )
As(&1,... EN) = H Sp.o = sgn(o) H +(2>§.§(.])_ : (z), (1.12)
(B,a) is an 1<i<j<N P 48is; v
inversion of o

with (8, «) an inversion of ¢ if a and 8 are distinct numbers in {1,..., N} so that 5 > « and

o 1(B) < o7 (a). We write A, = A, (&1,. .., &EN) if there is no possibility of confusion.

Denote the transition probability function by Py (X;t), which gives the probability that the
process is in state X = (z1,...,2y) € XAn(L) at time ¢ given the initial configuration ¥ =



(y1,...,yn) € Xn(L) at time t = 0. For X = (z1,...,2ny) € ZV, Y = (y1,...,yn) € ZV,
L € 7ZN(0) and o € Sy, we set

N
AV (Xiti0) = ][C gy ][C denAq [T [0, | Duter - an) (113)
j=1

using the notation f,, dw; as a shorthand for (2mi)~* ¢, dw; and C' = {|z| = r} a counterclock-

wise contour with r > 0 small enough so that the integrand in (1.13) is analytic in the domain
{0<|&| <r, i=1,...,N}, with

4
D6, ) H(£ H(%)) WO =pe g1 (114

7=1

Theorem 1. Let X,Y € Xn(L). The transition probability function for the ASEP is
Py (X;t) = uy (X;t), (1.15)

with
uy (X;t) = Z uy(X;t), and ul(X;t) Z AY(X;t;0) (1.16)
LeZN(0) cESN

Lemma A.4 implies that for any o € Sy, the sum ) ; .~ 0) ui(X;t) is absolutely convergent.
Hence uy (X;t) is well defined.

Remark 1.2. The transition probability formula (1.16) is a generalization of the transition
probability formulas for the ASEP on the line and the TASEP on the ring. The transition
probability formula for the ASEP on the line given in [TW08, Theorem 2.1] is our Ag) ””” 0 (X;t).
In the limit L — oo, the other terms vanish and we recover the transition probability formula
for the ASEP on the line given in [TWO08, Theorem 2.1]. Setting p = 1, Theorem 1 degenerates
into the transition probability formula for TASEP on the ring given in [BL18]. We give more
details in section 5.

From the transition probability formula in Theorem 1, we can derive the marginal distribution
of a tagged particle given any initial condition.

Theorem 2. LetY € Xy (L) be the initial state of the ASEP on the ring. Then, the distribution
of tym (m=1,...,N) is

m-ny(v—1) PNV e R
Py(an(t) 2 M) = (-1 D f o) 3 st S
0 oy

211
k=1-m LeZN (k)

& dén M—y;=1 (&)t _&5-&
][01_51 ][ 1—£NH£ H p+q£i£j_§i ]L(gla---agN)a (117)

1<i<j<N
with C, €(&;) and Dy (&1,...,€N) defined as in (1.13), and

N-1

Cn(z) =[] @+ (=DVrmz). (1.18)

J=1



The summation over L € ZV (k) is discussed further in Lemma A.4.

Remark 1.3. The one-point probability formula (1.17) is also a generalization of the one-point
probability formulas for the ASEP on the line and the TASEP on the ring. The corresponding
results may be found in [TWO08] and [BL18], respectively. We give more details in Section 7.

¢-TAZRP on aring We introduce some notation to state the main theorem for the ¢-TAZRP
on a ring. For X € Xy (L), denote

L
W(X) = [[lng(X)]gh, with [kl = (1 =) (1 —¢*) - (1= ¢")/(1 - )" (1.19)
i=1
Let w1, ..., w, € C be some undetermined complex variables. For each pair of integers «, 8 €
{1,..., N}, we denote
quwp — Wq
Sgo=—"""—". 1.20
B Qo — wg ( )
For a permutation o € Sy, define
A(wr,oocyun) = [[ Ssa=sene) [ —2 70 (1.21)
(B,a) is an 1<i<j<N

inversion of o

We write A, = Ay (w1, ..., wy) if there is no possibility of confusion. Additionally, for X =
(x1,...,2N8),Y = (y1,...,yn) € Z", L € ZN(0) and o € Sy, we set

A (Xt0) =
e b
4o ————— e D 1.22
<klb[xk1>][dwl Fom H kl;[H(bw—wa(j))e | Drlwn, o), (122)

with C' a the positive-oriented circle {|z| = R} for R a large enough positive constant,

N /L N quwr — W 4
Dy(wi, ..., wy) = ]Hl (H(bm —w;) [[ <M>> , (1.23)

i=1 k=1

and [’ an extension of the usual [] notation so that

n HZ:m f(k;) if n >m,
T sk =41 ifn=m—1, (1.24)
h=m ! il 1 ifn<m-—1.

For example, [[,~5 f(k) = 1/[f(~1) f(~2)].

Remark 1.4. The notation for Sg., As, C, Dr, and some other terms defined later have
different meanings for the ASEP and the ¢-TAZRP. We prefer to use the same notation for
analogous quantities since they should be easily distinguished by the context and hardly confuse
the reader.



Denote the transition probability function Py (X;t), which gives the probability that the pro-
cess is in state X = (z1,...,xy) € Xy(L) at time t > 0 given an initial configuration
Y = (y1,...,yn) € X(L) at time t = 0.

Theorem 3. Let X = (x1,...,2x),Y = (y1,...,yn) € Xu(L). The transition probability
function for g-TAZRP is
Py (X:1) = uy (X:)/W(X), (1.25)
with
uy (X;t) = Z u(X;t), and up(X;t) Z AL (Xt 0) (1.26)
LeZN (0) oESN

By Lemmas A.1 and A.2, only finitely many terms u]{“,(X ;t) are nonzero for the sum over
L € ZN(0). Thus, the function uy (X;t) in (1.26) is well-defined.

Similar to Theorem 2, we have the marginal distribution for a tagged particle given any initial
condition, assuming the technical condition that all conductances are identical.

Theorem 4. Take the conductances so that ajy) = apg) = -~ =any = (1—q). Let Y € Xy(L)
be the initial state of the q-TAZRP on the ring. Then, the distribution of TN_m+1 1S

Py (xn-m+1(t) > M) = ;rifg,jiofv(z) Z Lk Z

k=1-m LeZN (—k)

d d o,
=, ][wNH (1w M=t T 2Dy (wn,. . wy), (1.27)

Wi — W
1§i<j§Nq v J
with

N—-1
= H 1+ (-1)Ng'2). (1.28)
j=1

By Lemmas A.1 and A.2, only finitely many terms in the integral (1.27) are nonzero for the
sum over Z"(—k) making (1.27) well-defined.

1.3 Outline

We prove Theorem 1 (resp. Theorem 3) by showing that (1.16) (resp. (1.26)) satisfies the
(Kolmogorov forward) master equation for the Markov process at hand. More specifically,
we take a coordinate Bethe anstaz approach by decomposing the master equation into a non-
interacting equation with specific boundary conditions (on a Weyl alcove) that encode the
interactions. This way, showing (1.16) (resp. (1.26)) satisfies the master equation is much
simpler and the more technical point of the proof is showing that formulas indeed satisfy the
initial conditions (i.e. Py (X;0) = dy(X)). The sensibility of the contour integral formulas is
choosing the contours so that the contour integrals converge without picking any stray residues.

In Section 2, we write down the master equations for the transition probabilities of the ASEP and
the ¢-TAZRP on a ring. In both cases, we characterize the transition probabilities Py (X;t) by
a free equation together with boundary conditions, in the spirit of the coordinate Bethe ansatz.



In Section 3, we introduce identities for both models that are due to the cyclic symmetry of the
ring. These identities will simplify many computations throughout the rest of the arguments.
Then, Theorems 1 and 3, regarding the transition probabilities for both models, are proved in
Section 4, and Theorems 2 and 4, regarding the one-point functions for both models, are proved
in Section 6. Additionally, in Sections 5 and 7, we show that the results from Theorems 1 and
2, regarding the ASEP model, agree with previously known results in [TWO08, BL18]. Lastly,
in Section 8, we perform some residue computations for the transition formula for the ASEP in
Theorem 1, and we obtain a formula that resembles some of formulas form the coordinate Bethe
ansatz. At the end, in Appendix A, we include some bounds on the type of integrands that we
use in the contour integral formulas, and these are needed to justify some of the manipulations
we do with the contour integral formulas.
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2 Master equations, boundary conditions and initial conditions

We set up the master equations - describing the evolution of the probability function - for the
two models. Additionally, we express the master equation as a free equation with boundary
conditions. For both models, the two-particle boundary conditions are enough by the Bethe
ansatz. Hence, the proof of Theorems 1 and 3 is reduced to the verification of (i) the free
equation, (ii) the boundary conditions, and (iii) the initial conditions. We discuss the two
models separately. In the discussion for either model, we denote

XF=(x1, . 21,2 £ 1,41, ..., TN) (2.1)

for X = (z1,...,2y5) € ZV. Note that X;° may not belong to Xn(L) (resp. Xn (L)) if X €
XN(L) (resp. X € Xn(L)).



2.1 ASEP

As a continuous time Markov process, the evolution of the transition probability function for
the ASEP is given by the Kolmogorov forward master equation

N
d _ _
@Py(X t) = ZX; (pIP’y(Xi ;t)—qIF’y(X;t))]lxi_gézi—ﬁ(ppy(Xl ;t)_qPY(XQt)>]lxN¢$1+L—1
+ Z (q]P’Y - pPy (X; t)) szl T (qIPy(X]T,;t) —P]P’Y(X;t)ﬁms«éxwml- (2.2)

Note that X may not be Xy (L), but all Py(XF;t) with X ¢ Xx(L) are nullified by the
indicator function. The transition probability function Py (X;t) is uniquely determined by the
master equation (2.2) given the initial condition

Py (X;0) = 6y (X), forall X € Xy(L) (2.3)
with Y € Xy (L).

We further decompose the master equation by the coordinate Bethe ansatz as follows. Suppose
uy (X;t) are differentiable functions of ¢, indexed by X,Y € Z~. We impose the free equation
on the functions uy (X;t). That is,

d
—uY (X;t) ZpuY )+ quy (X;5t) — uy (X ). (2.4)

Moreover, we impose the boundary conditions on the functions uy (X;t). That is,

uy (X;t) = puy (X7 ;1) + quy (X ;1) (2.5)
when 2y +1 =21+ L,and fori=2,...,N
uy (X;5t) = puy (X; ;1) + quy (X5 5t) (2.6)

when x; = 2;_1 + 1. We have that the master equation (2.2) is equivalent to the free equation
(2.4) with the boundary conditions (2.5) and (2.6).

Lemma 2.1. If the differentiable functions uy (X;t) with X,Y € ZN satisfy both the free
equation (2.4) and the boundary conditions (2.5) and (2.6), then the functions uy (X;t) with
X,Y € Xn(L) satisfy the master equation (2.2) with Py (X;t) replaced by uy (X;t).

Proof. Suppose X € Xn(L). If X; and X' are in Xy(L) for all i = 1,..., N, then the free
equation (2.4) is identical to the master equation (2.2) with Py (X;t) replaced by uy (X;t).
Otherwise, we can express those uy (X, ;t) and uy (X, ;t) on the right side of (2.4) that are
not in Xx(L) by linear combinations of uy (Z,;t) with Z, € Xn(L) by using (2.5) and (2.6)
recursively. Thus, we can express the right side of (2.4) with only terms uy (Zy;t) so that
Za € XN(L), and we find that it agrees with (2.2). O

Therefore, we compute the transition probability function Py (X;t) by constructing uy (X;t)
with X,Y € Z% that satisfy the free equation, boundary conditions, and the initial condition

uy (X;0) = oy (X), forall XY € Xn(L). (2.7)
We note that the initial condition (2.7) is only required for X,Y € Xn(L).
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2.2 ¢-TAZRP

We introduce some necessary notation. Denote

0(X) := # of congruence classes {kL +i | k € Z} that contains at least one particle in state X,

(2.8)

and
v;(X) := the i-th largest value attained by x1,...,zn, fori=1,...,0(X). (2.9)
Then, the congruence classes containing particles are {kL+wv1},...,{kL+vyx)}. In particular,

note that x,, = =z, if both z,, and z, belong to the congruence class {k:L + v} with i =
2,...,4(X). On the other hand, if z,, and x,, are both in the congruence class {kL + v; }, then
it is possible that z,, = v; and x, = v; — L, given that m < n. Recall the notation ni (X)
defined in (1.10). Then, generally there exist a pair of integers nf(X) > 0 and n{(X) > 0 so
that

ny(X) +n{(X) = np(X), and 1= =xy =01, Ty = =28 =0~ L
(2.10)
We define

Ni(z) =ny(X), and Ny(X) = n)(X)+np, (X)+ - +np (X), fori=2,... 0(X). (2.11)

For X € Xx(L), the evolution of the transition probability function for the ¢-TAZRP is given
by the Kolmogorov forward master equation

p 0(X)
%PY X t = Oz, Py X_ ) 5,( )Py(X;t) (2.12)
=1
with the coefficients given by
a(X) (1 - ql—M[UiH(X)]) Loy 1 (x)=vi(x)-1 + (1- q)]]"Ui+1(X)<Ui(X)_1’ i # 4(X)
Avi(x)-1] (1 — g" ) Loy (X)=vxy+L-1 T (L= @)Ly (X)<vgyy+L-1, @ =H(X)
Bi(X) {1 — "o, i £ 0(X)
Qi (X)) (1—q"0) ]lUI(X)<UZ(X)+L? i=0(X)

(2.13)

The transition probability function is uniquely determined by the master equation (2.12) given

the initial condition
Py (X;0) = 0y (X), forall X € Xy(L) (2.14)

with Y € Xn(L).

Similar to the ASEP, we can also decompose the master equation by the Bethe ansatz. Suppose
uy (X;t) are differentiable functions with respect to ¢t > 0, indexed by X,Y € Z". For by =
(1 — q)ajy), we impose the free equation

—u (X;t) Zb[mz—l]u Tit) — b[xi]u(X;t). (2.15)
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Moreover, we impose the boundary conditions, analogous to (2.5) and (2.6),

be—1u(Xyit) = gbp—1ju(Xy ;) + (1 — @)bpu(X; 1) (2.16)
with x1 =2y + L =z, and

be—1ju(X; 5 1) = gbp_1ju(X;3 5 1) + (1 — )bpju(X;1) (2.17)

with x; = ;41 =z for ¢ = 1,..., N — 1. Then, analogous to Lemma 2.1, we have that the
master equation (2.12) is equivalent to the free equation (2.15) with the boundary conditions
(2.16) and (2.17).

Lemma 2.2. If the differentiable functions uy (X;t) with X,Y € ZN satisfy both the free equa-
tion (2.15) and the boundary conditions (2.16) and (2.17), then the functions W (X) tuy (X;t)
with W(X) defined in (1.19) and X,Y € Xy(L) satisfy the master equation (2.12) with Py (X;t)
replaced by W (X) tuy (X;t).

The proof is similar to that of Lemma 2.1 and we omit it.

Therefore, similar to the ASEP case, we find the transition probability Py (X;t) for ¢-TAZRP
by constructing uy (X;t) with X,Y € Z" that satisfy the free equation, boundary conditions,
and the initial condition

uy (X;0) = W(X)dy(X), forall X,Y e Xy(L). (2.18)

3 Cyclic invariance

The ASEP and the ¢-TAZRP defined on the line are translation invariant. Namely,

P(yl,---,yN)(xl’ .., TN t) = P(y1+c,...,y1\z+c) (.1‘1 +¢ ..., TN T C t) (3.1)

for any integer ¢ € Z. The models defined on the ring have the same translational invariance.
Additionally, the geometry of the ring induces a cyclic invariance. Below, we state and prove a
technical result that yields the cyclic invariance together with Theorems 1 and 3.

We define a cyclic translation for possible configurations of the models. Suppose Z = (z1,...,2n) €

ZN . Let

~ ~

Z =(z2,...,2n,21+ L), and Z=(z9,...,2n,21 —L). (3.2)

Note that X,Y € Xy(L) if X,Y € Xn(L), and similarly, X,Y € Xy(L) if X,Y € Xy (L).
Then, we have that the ASEP on the ring and the ¢-TAZRP on the ring are invariant under
the cyclic translations defined above, respectively.

Lemma 3.1. For the ASEP, take the function given in Theorem 1. Then,

up (X;t) = uy (X;t), (3-3)
for any configurations X,Y € Xn(L) and their cyclic translations X,Y € Xn(L) given by (3.2).
For the q-TAZRP, take the function given in Theorem 3. Then,

uf,(f(; t) = uy (X;t), (3.4)

for any configurations X,Y € QEN(L) and their cyclic translations X,Y € )EN(L) given by (3.2).

12



Proof. We prove only the ¢-TAZRP case. The ASEP case is similar, but the notation is heavier
and more cumbersome. First we define a bijective mapping F' from Sy to Sy, such that

F(o)=cloc, with ¢(N)=1landc(i)=i+1fori=1,...,N—1. (3.5)
Below, let 0 € Sy and A = F(o0). If o(1) =1
AH{,()A(;L‘; N =AY (Xt o). (3.6)
Otherwise, in the variables uq,...,uy and uyg = uy, we write

N N :I)]'
A -1 / b[k] L
AL (Xt 0) = ][ duq- - ][ dunAx(ui, ..., un) <> et
v (;};[1 b[m) c c 1111 bik] — U (j)—1

J=1 [k=Yo(;)

(quk — w)( ) ~ k) N Al qui — U K
XH (qui — uyg) quk—u 1;[ H _UJ)H<> , (3.7)

= jm1 N7 T

with ¢4 =6, — 1, E;(l) = ly1) + 1, and £} = {; for j # 1,0(1). It is straightforward to check

that
al (qui — u1)( Uog(1) — ug)
A ul,..., H :Ag(wl,...,wN) (38)
i (qui — uk) (qui — ug(1))
for u; = wi4q withi=1,..., N — 1 and uy = wy. Then,
AL (R5:0) = AR (X 450), (3.9)
with L = (05,05, . .., 0, ¢}). Note the mapping L — L is one-to-one for each o. Hence, uY(X; t),
which is the sum of AH};(X; t; ), is equal to uy (X;t), which is the sum of A% (X;t; ). O

4 Proof of Theorems 1 and 3

In this section, we show that the function uy (X;t) defined in (1.16) satisfies the assumptions
of Lemma 2.1, and by the statement in Lemma 2.1, this proves Theorem 1. Also, at the same
time, we show that the function uy (X;t) defined in (1.26) satisfies the assumptions in Lemma
2.2, proving Theorem 3. More specifically, we show that in either case uy (X;t) satisfies the
free equation, the initial conditions, and the boundary conditions introduced in Section 2. For
the most part, we treat both models in parallel. Checking the initial conditions for the ASEP
on the ring is the most technically challenging aspect of these series of arguments as it was
also the case in the work of Tracy and Widom [TWO08] for the probability function formula of
the ASEP on the line. As a consequence, the arguments for checking the initial conditions of
the ASEP and the ¢-TAZRP are different, but the essential idea of residue calculations is the
same for both the ASEP and the ¢-TAZRP with the residues arising in the ASEP being more
subtle to control. We begin by looking at the free equation in Section 4.1, move onto the initial
conditions in Section 4.3, and end with the boundary conditions in Section 4.2.
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4.1 Free equation

Lemma 4.1. The function uy (X;t) given in (1.16) satisfies the free equation (2.4), and the
function uy (X;t) given in (1.26) satisfies the free equation (2.15).

Proof. First we prove the ASEP case. For each set of fixed parameters L € ZY, o € Sy and
X € ZN, it is straight forward to check that

N
d 7 7
ﬁA%f(X; tio) = ; <pAH?(X_; t;0) + gA (X5t 0) — A (Xt 0)) : (4.1)

That is, the function A]{“,(X ;t; 0) satisfies the free equation. Then, we have that

d . .
%uY(X;t) = puy (X" ;t) + quy (X :t) —uy (X;t) (4.2)

by summing both sides of the previous identity over o € Sy and L € Z™(0). The convergence
of the sums over o € Sy and L. € Z"(0) are guaranteed by Lemma A.4. Hence, we derive that
uy (X;t) satisfies the free equation.

We prove the ¢-TAZRP case analogously. For each fixed set of parameters L € ZV, o € Sy
and X € ZV, we have

N
d .
@A%(X;t; BED (b[xﬂ]/\%(Xl;t;a) — bl A (X5 85 0))- (4.3)

i=1

That is, the function A]{“,(X ;t;0) satisfies the free equation. Summing over o € Sy and L €
ZN(0), we derive that uy (X;t) satisfies the free equation. We note that the convergence is not
an issue since both sides of (4.3) are nontrivial only for finitely many L by Lemma A.2. O

4.2 Boundary conditions

Lemma 4.2. The function uy(X;t) given in (1.16) satisfies the boundary conditions (2.5)
and (2.6), and the function uy (X;t) given in (1.26) satisfies the boundary conditions (2.16)
and (2.17).

We establish some notation before giving the proof. We define

up(Xit) = Y up(Xstio), (4.4)

geSN

in both the ASEP case and the ¢-TAZRP case with A} (X;¢;0) defined by (1.13) for the ASEP
and (1.22) for the ¢-TAZRP.

Proof. First, we give the proof for the ASEP. From [TWO08, Theorem 2.1], we have
Uy (X5t) = puy (X5 31) + quy (X;7 15 8). (4.5)

foralli=2,...,N and all X,Y € ZV if L = (0,...,0). For a general L. € Z"(0), the same
arguments found in [TWO08, Theorem 2.1] may be applied. Thus, we have that (4.5) is true for

14



foralli =2,...,N,all X,Y € Z", and any L. € Z"(0). Hence, by summing over all . € Z" (0)
on both side of (4.5), we prove that uy (X;t) satisfies the boundary condition (2.6).

We prove that uy (X;t) also satisfies the boundary condition (2.5) by use of the cyclic invariance
of uy (X;t) discussed in Section 3. Suppose X = (z—L+1,29,...,2N-1,2),Y = (y1,...,YN) €
ZN . Then, by Lemma 3.1, we have that uy (X;t) = u?(f(; t) with X = (x2,...,eN_1, T, + 1)
and Y = (...,yn_1,yn,y1 + L). Also, we have uy (X[ ;t) = u?(f(;,;t) and uy (X;t) =

ug (X3 _;:t). Hence, the boundary condition (2.5) is equivalent to the condition
up (X5 t) = pup (Xyit) + qug (X3 _31), (4.6)

which is the ¢ = N case of (2.6). Therefore, we have that uy (X;t) also satisfies the boundary
condition (2.5).

The same arguments of the ASEP work for the ¢-TAZRP. From [KL14] and [WW16], we have

7

blo—1ju™ (X 5t) = gbp_1u (X 15t) + (1 — @)bpgu (X ¢) (4.7)

foralli =1,....N —1if L = (0,...,0). It is straightforward to generalize the identity to
all L € Z"(0). Hence, by summing over all L. € Z(0) on both side of (4.7), we prove that
uy (X;t) satisfies (2.17).

Next, we want to check that uy (X;t) satisfies (2.16) with X = (z + L,z9,...,zy_1,2) and
Y =(y+L,y2,...,yn—1,y). Note that, by Lemma 3.1, uy (X;t) satisfies (2.16) if and only if
uy(f( ;) satisfies the identity

b1ty (Xy_13t) = qbpe_1uy (Xyit) + (1 — q)bpug (X;t) (4.8)

with X = (20,3,...,2n_1,2,2) and Y = (y2,93,...,yN_1,¥,¥y). Since this is simply the
statement that uf,()z' ; ) satisfies the boundary condition (2.17) with i = N —1 and X replaced
by X , which was proved in the previous argument, we also know that the boundary condition
(2.16) is satisfied. O

4.3 Initial conditions

Proving that the function uy (X;0), given by (1.26), satisfies the initial conditions (2.18) for the
¢-TAZRP case is more straightforward than proving that the function uy (X;0), given by (1.16),
satisfies the initial conditions (2.7) for the ASEP case. In both cases, we have that the function
uy (X;0) is a linear combination of N nested contour integrals that depend on the parameters
LezN (0) and o € Sy. We show, in both cases, that these integrals vanish (for ¢ = 0) unless
L=0= (0,...,0). In the ¢-TAZRP case, we show that each specific nested integral vanishes
(for t = 0) unless L. = 0, but in the ASEP case, we show that the nested integrals vanish in
pairs depending on the parameter ¢ € Sy. The argument for the ASEP case is similar to the
argument given by Tracy and Widom in [TWO08, TW11] where the authors show that their
formula for the probability function of the ASEP on the integer line also satisfies similar initial
conditions, but our arguments are a bit more involved since we are dealing with infinite sums
of nested contour integrals and our integrand gives rise to more complicated residues. In the
following, we leave some of the more technical proofs to the end of the section in an attempt to
give more streamlined arguments.
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4.3.1 Notation

We introduce some notation before the proof of the initial conditions (Lemmas 4.3 and 4.6).
Take L = (¢1,...,0y) € ZV, and set

min(L) = min(¢;), max(L) = max(¢;)
m=m(L) € {1,...,N} suchthat /¢, =min(L) and ¢; >¢,ifm<j<N (4.9)
M=M(L)e{l,...,N} suchthat ¢y =max(L) and ¢ </pifl<i< M.

In particular, note that £3; > 1 and £, < —1 if L € Z¥(0) and L # (0, ...,0). Additionally, for
some parameters M, m € Z, define the subset

ZN(0;m; M) < ZN(0) (4.10)

so that (f1,...,0x) € ZN(0;m; M) if and only if

(i) 2ot =0,
(ii) ¢y = M, and
(iii) 4z >Mif 1l <i<mand ¢; > Mifm<i<N.
It is clear that Z (0;m; M) = for some values of M and m, but we don’t use this property in
the following arguments.

Lastly, throughout this section, we use the short-hand notation A, = A,(wi,...,wy) for the
g-TAZRP case and A, = A, (&1, ..,&n) for the ASEP case.

4.3.2 Initial conditions for the ¢-TAZRP

Lemma 4.3. The function uy (X;t) given by (1.26) satisfies the initial condition (2.18).

Proof. We assume, without loss of generality, that Y = (y1,...,yn) € Xn(L) and y; —yn < L
by the cyclic invariance of the model (see Section 3). Then, by the result in [WW16, Lemma
4.2], we have that

S AL (X050 =
gESN

for all X € Xy(L). Therefore, to show the initial conditions for the ¢-TAZRP case, it suffices
to show that A} (X;0;0) = 0 for all X € Xy (L) and o € Sy if L # (0,...,0).

{W(Y) if X =Y, (@11)

0 otherwise.

If N =1, the statement is trivial. So, we take N > 2 from now on. Recall that

N N Zj
AV (X;0;0) = (H ! >][ dw1-~][ dwNAJH 1_1/ (Z)m)
i1 Vel ) Jo c by — Way)

J=1 [k=Ys(j)
N L N g — w; £
x by — w; B . (412
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with the contour C' = {|z| = R} for R large enough. Let m and M be defined as in (4.9). We
consider two cases: the integral with respect to wys or wy,.

Consider first integrating with respect to wjs, regarding all other w; as fixed parameters with

absolute values equal to R. The only poles of wjys that are inside the contour C' are those
/330_71 V L

from the term Hk:yM(M)(b[k]/(b[k] —wn)) [Ty (b — wyy)t™. If ZTo-1(ar) < Ym + L, we have

that the integral with respect to wjs vanishes, and then A]{“,(X ;0;0) = 0. Hence, the function

ALY (X;0;0) may be non-trivial only if

To-1(nv) = Ym + € L. (4.13)

On the other hand, suppose we first integrate with respect to w,, and regard all other w; as
fixed parameters with absolute values equal to R. We have that all poles of w,, are inside the
contour C. Then, we take all other w; fixed while deforming the contour for w,, into a larger
circular contour C' = {|z| = R’} with R’ > R. Taking R’ — oo, we have that the integrand
of AL(X;0;0) is of order O((R') ¥ ~%o=1em~1) " which is uniform in w,, € C’ and other
w; € C. Thus, the integral with respect to w,, vanishes and A]{;(X ;0;0) = 0 by letting R — oo
if 5-1() > €m L + ym. Hence, the function A% (X;0;0) may be non-trivial only if

To-1(m) < Ym + lm L. (4.14)

Now, for a contradiction, assume that A% (X;0;0) # 0 for some L # (0, ...,0). By the previous
two arguments, we must have that

Y1 — YN = Ym — YM = To—1(m) — To=1(M) + (6]\/[ — ém)L (415)
Since we are considering IL # (0,...,0), we have £3; > 1 and ¢, < —1, and generally we have
To—1(m) — To-1(m) = —L. Then, by the inequalities (4.15), we may conclude that y1 —yn > L,

but this is a contradiction to the periodic assumption that y; — yy < L. Therefore, we have
that AL (X;0;0) = 0 for all X € Xy(L) and o € Sy if L # (0,...,0). This establishes the
initial conditions for the ¢-TAZRP case by the discussion in the beginning of the proof. O

4.3.3 Initial conditions for the ASEP

The proof for the initial conditions for the ASEP case is based on residue computations as is
the proof of the initial conditions for the ¢-TAZRP case (Lemma 4.3). There is a big difference
in the technical difficulty between the proof of the two cases since the residues of the ASEP case
are more difficult to control. To this end, we begin with some preliminary results (Lemmas 4.4
and 4.5) that allow us to better control the residues in the formulas for the ASEP case. Since
these results are mostly technical, we leave the proofs of the statements to Sections 4.3.4 and
4.3.5.

We note that in Sections 4.3.3 — 4.3.4, all integrals § d&; are over the circular contour |&;| = r
with a small enough r > 0.

Lemma 4.4. Fort =0, the function uy (X;t), given by (1.16), may be simplified as follows,

uy (X;0) = > (—1)m<Nm>7§de(M“>Nm1 > Lz X;vimMy o (4.16)

27
MeZ, m=1,....N oc€SN
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for any X = (z1,...,2n),Y = (y1,...,yn) € An(L) and o € SN with

N-1 N
X Y) = _ P+ a8k — &k Tj—Yo(;)—1
v~ f e 1 (- f1222858) e wm

and the shifted configuration Y (M) = (ygm’M), e ,yg\T,n’M)) € Xn(L) given by

im — (M +1)L fi=1,...,N —m,
YieN4m — ML ifit=N-m+1,...,N.

The form of uy (X;t) given by (4.16) is better suited for residue computations. We defer the
proof of Lemma 4.4 to Section 4.3.4. In the following Lemma 4.5, we compute some residues for
the integrals I, given by (4.17). In particular, we group different integrals I, together to cancel
out some residues. In the following, we introduce more notation necessary for the statement of
Lemma 4.5.

Take two subsets A, B C {1,...,N — 1} with |A| = |B| = n, for some 0 <n < N —1, and a
bijective map ¢ : A — B. Then, we denote

Sip=1{0€Sn|o(i) = (i) for all i € A and o(N) = N}. (4.19)

(B)

Additionally, given some subset B C {1,..., N — 1}, we introduce an integral I, ’ that gener-

alizes the integral I, given by (4.17). We set

’ d ]Zd _ | | r qgké gk 1 HN — 1
l( Z ‘X ) 51 gN ( 5‘7 J ) Ij. ya(j)_ '
€ p Qf é 0( )

Note that I,(z; X;V) = I8 (2: X;Y) for B = 0.

Lemma 4.5. For any pair of subsets A,B C {1,...,N — 1}, so that 0 < |[A|] = |B| < N — 1,
and any bijective map ¢ : A — B, we have

Yo IP(mXY)= > ][dgl ][dgNA Hg% Yoty ==, (4.21)

UGSXB O’GSX B
with S% 5 gwen by (4.19) and hp given by (4.20).

This Lemma 4.5 is the corner stone for the proof of the initial condition for the ASEP case.
Moreover, this Lemma 4.5 is reminiscent of [TW08, Lemma 2.1] that is proved in [TW11], which
was also crucial for the proof of the initial conditions of the ASEP on the integer lattice by Tracy
and Widom. In fact, the proof of Lemma 4.5 relies on residue computations and cancellations
very similar to the ones given in the proof of [TW08, Lemma 2.1] in [TW11] by Tracy and
Widom. We defer the proof of Lemma 4.5 to Section 4.3.5, and now, we state and prove the
initial conditions for the ASEP case.

Lemma 4.6. The function uy (X;t) given by (1.16) satisfies the initial conditions (2.7)
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Proof. We show
Y I(%X;Y) =6xy. (4.22)
oESN
for any X,Y € Xy(L). This implies the desired result that uy (X;0) = dxy by (4.16) and
(4.18).

We compute the left side of (4.22) by decomposing the summation into N distinct summations.
In particular, we consider the summations over the subsets

Sny(n) ={oc € Sy |o(n)=N} C Sy. (4.23)

First, we take n = N and consider the summation of I, over Sy (V). Note that we may write
SN(N) = 58(2) using the notation from (4.19) with O representing the trivial mapping from
A=0to B=0. Then, by Lemma 4.5, we have

S LeExy) = Y 1965y ][ dey- f den Ao Hsjgj WO sy,

geSN(N) 065870 oc€SN(N
(4.24)
with the last equality following from the initial condition result for the ASEP on the integer
line (see Theorem 2.1 [TWO08]).

Now, we consider the summation of I, over Sy(n) for n # N. We decompose Sy(n) further
into subsets

St =S(rin) = {0 € Sy()|o(k) = if for k=n+1,..., N} (4.25)

Tn41,--52

for any subset I = {in41,...,in} C {1,..., N — 1} of N — n distinct integers. Then, for each
o € Sy with [ ={ip41 <--- <in}, we define 7 € Sy(N) so that

‘ o(j+n)=tij4n j=1,...,N —n,

() =4 " e (4.26)
o(j+n—N) j=N-n+1,...,N.
Moreover, given X = (z1,...,zy) € Xy(L), we introduce the shifted configuration X ™ =
@\, ..., 20y € Xy (L) with
in—L j=1,...,N —n,

O R J " (4.27)

Tjyn-N J=N-n+1,...,N.

Then, we write
A, [T 5 Yo = (ynV=m) g T e ~4@ el TT B985k — Sk (4.28)
jl;[l a(j) Jl;[l 7(5) gI;II J kgc P+ q€i&k — 6]
for I¢={1,...,N}\ I. In particular, we have
oy —1
S LX) = (1 (-2 Y f e f dewas Hs,(j v
oE€ST ES’

-1
P+ €&k YT PG
H<€jHP+Q£J§k_£j>H(1 E Hp+qgk§j 5])

Jjel Jj=1

(4.29)
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for any [ = {ip4+1 <---<in}C{l,...,N—1} and
St ={71 € SN(N)|7(j) = ij4n for j=1,...,N —n} C Sy(N).

Now, consider the identity
~1
P+ qké; P+ qké; P+ qk&;
1 —2z¢ - z€ 1 — 2z
( ]I1p+%&5 & ]I1p+%&3 & 3I1p+%&5
for any 1 < j < N — 1. Then, we simply (4.29) further as

N—n

(VDS LX) =3 S ) Y e fdeva
o€ST Tes; 1=0 SCI and |S|=l
N N —1
H % —Yr(j)—L H (1 _ ok P+ g€k — §k>
J S
j=1 el N=1]\S i1 PG = &

So, if we consider the summation of I, over Sy (n), we may write

N—n
)M=Y YL LEXY) =) (- 2 Is,
JESN(n) =0 SC{l,...,N—l} and |S|=l

Is = . ][ aé; - ]l denA,

TESN(N )andT 1,..,
A AN
)~ P+ k€ — &k
X H§ @~ H (1 — ZﬁjL ])—I—qfkg—f>
je{1,...N—1}\S k=1 J J
Moreover, by Lemma 4.5, we have

Is = ][dfl ][dgNA Hg N e~

T7€SN(N) and T({l ..... N—-n})D

(4.30)

-1
¢) -

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

Finally, we compute the summation of I, over Sy(n) by using formula (4.33) and the expression

(4.35) for Is. We have
(D)"(=2)N Y (5 X3Y)

c€SNn(n)

= (—1)! ][d& ][dgNA Hg v~

TE N(N =0 SCr({1,...,.N— n} ) and |S|=l

- (][ dey-- f den Hé et 1)

TE N(N

N a:(-n>— ~—1
= ( dy- - ][dﬁNATHij) o ) (11—
Jj=1

TESN

N—n ’I’L)'

— —n—l)

=0.
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Thus, we showed that the sum of I,(z; X;Y) over Sy(n) vanishes if n < N. Together with
(4.24), this show that the sum of I, over Sy is dx,y, completing the proof. O

4.3.4 Proof for Lemma 4.4

We use the indicator function
N
1 lH4+---+4ny=0
7{ ! N , (4.37)
2mz 0 1+ - 4+In#0

with the contour of z a small enough circle centered at the origin, for any L = (¢1,...,¢y) € ZV.

Then, we write

X;00= > > ub(X;00) = > Y uk(X;00)L(L), (4.38)

o€SN LEZN (0) MEZ,m=1,...,N 0€Sy LEZN (0;m,M)
since ZN(0) C (U%:1 U - oo ZN(0;m, M)) In particular, we have
vags-a)
DT 4SSk k y 1
X;0;0)1 ][d ][d 7{ . e
uy( Sl o ZZ Jl_[f] HP+Q§k§k—§g H

) (4.39)

and moreover, we have

Z (X 0;0) ][dfl ][di% dz S(M+1)N—m— 1A Hémi Yo(j) +ML—1

LeZN (0;m,M)

-1 N
P+ a&iSk — &k LT P+ a8k — &k
X 1— 26 3 . (4.40)
jng ( H 1P SIS 5} jzln;[+1 H P + &€k — §j
i#m
Now, we introduce the change of variables
Cianem ifj=1,...,m,
&§=19" . (4.41)
Ci—m ifj=m+1,...,N
for any m € {1,..., N}, and the permutation
_ o(j)+ N—-—m if o(j)
T =9 e
o(j)—m ifo(j)=m+1,...,N

1,....m,
" (4.42)

for the same m as in the change of variables. Then, we have

(1N AL (¢ ) = H H PHAERE “Ch g e ey, (4.43)

kel j= m+1p+Q§k€j 5]
Additionally, for any configuration Y = (y1,...,yn) € Xn(L) and any M € Z, we introduce
the shifted configuration Y ("-M) = (yim’M), e yj(\q,n’M)) € Xy (L) given by

iom — (M + 1)L ifi=1,...,N—m,
y(m,M):{y+ (M+1)L ifi m (4.44)

‘ YiN4m — ML ifi=N-m+1,...,N.
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Then, we have
T Yoy tML=1 _ - =y -1 4.45
H & 1_[5 HCT(j) ; (4.45)
j=m+1 7j=1 j=1
Hence, for any X = (z1,...,2n5),Y = (y1,...,yn) € Xn(L) and o € Sy, we write (4.40) as

Y ub(X:00)1(L) = (~1)m ) 7{ %Z(M“)N‘m*ff(z;X;YWM)), (4.46)
LeZN (0;m, M) 7TZ
with 7,0 € Sy given by the one-to-one mapping in (4.42) and I,(z; X;Y) is defined in (4.17).
Therefore, by (4.38) and (4.46), we have
uy (X;0) = Y (—1)m<N—m>7§ 02 (rrN-m-1 > Lz XM (4.47)

27rz
MeZ,m=1,..,.N cESN

This completes the proof of Lemma 4.4.

4.3.5 Proof for Lemma 4.5

We prove Lemma 4.5 by induction on n = N —1—|A| = N —1—|B|. Note that the statement of
the lemma is trivial for |A| = |B| = N — 1 and n = 0. In this subsubsection, we take a slightly
different choice of the contour for f d¢;. Instead of assuming |§;| = r for all ¢ in Sections 4.3.3
— 4.3.4, we assume that |z;| are around a small r but distinct. This is harmless for the n = 1
case and useful for the n > 2 case. See Remark 4.7.

We start with |[A| = |B| = N —2 and n = 1. Then, there is a single a € {1,. —1}\ A and
a single b € {1,...,N — 1} \ B, and there is a single o € S% ;5 such that 0( ) = b for a given
¢ : A — B. Hence, in this special case, the summation on the left side of (4.21) (which we want

to prove) has a single term. In particular, for n = 1, we want to show

][51‘..][&\; Adll- 1o ]p::& = ][51 ][fNA fo] Vo)~ (4.48)

1- Zgb Hk 1 p+a&é&p—

for any o € Sy with o(N) = N. So, we introduce the change of variable

v = Hﬁa (4.49)

and, using a geometric series since we may take |z| arbitrarily small, we rewrite the left side of
(4.48) as

gj —Yo(j) “TNTYN— 1n$1\] yn—1

o N >
farfenf dn ® =3 (=o', (450)
L p€1-EN—1+95m—1 HN 1 p+q€rlp— )

b (p—&p)E1--Ep-En_1+qn T HR=1 p+a&e&—& =0

with §b denoting that the term &, is removed in the product and

N-1 !
p=de o Leo Lan (e PoEn-1tasn —n P+ €k — &k
l ][51 ][gN 1][ n<£b (p—ﬁb)ﬁl"'ﬁb"'éN_1+qn,}_[lP+Q§k§b—§b

< A, Hf% Yo TINFIN L an—un =1 (g 5Y)
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Note that, in (4.50) and (4.51), the factor A, is independent of {x since o(/N) = N, meaning
that the term A, is not affected by the change of variable (4.49). Also, note that & = 0 is
the only possible pole in the contour integral formula for I; (4.51) if we integrate over &, first.
Lastly, note that

:ngl(b)—yb—$N+yN—1+l(L—1) >0, (4.52)

if [ > 1. So, the integral over &, vanishes for [ > 1, and we have that I; = 0 for all [ > 1. Then,
the integral in left side of (4.50), which is equivalent to the left side of (4.48), is equal to I
defined in (4.51), which is equivalent to the right-hand side of (4.48). This proves the lemma
for the case n = N — 2.

Now, consider the case n > 2, that is, |[A| = |B|] < N — 3, and assume the lemma is true
for smaller n. To make notation simpler, we assume without loss of generality that A = B =
{n+1,...,N — 1} and (i) = i for i € A. Then, we apply the change of variable given by
(4.49), and we obtain

Z I(g Z X; Y Z ][dfl ][di 1][d77A Héﬂi] Yo(j) —TNTYN— 177]va yn—1

oest 5 o€SY

n N-1 -
| pel_ PSLEN-1Hagin = P+ q8ké; Ek) (453
XHl< . (p—&)er--&En1+qn o P A& — & (4.53)

For each o € S B> We integrate over &n first. Then, we need to consider n possible poles. There
are two type of locatlons for the poles: (1) at &, = 0, depending on the exponent of the variable
&n; and (2) at &, = §n ,for j=1,. — 1, so that &, is a solution of the equation

p&1---En—1+q§m—n Hp+q£k£g

1— 2t
% (p—&)ér- f EN-1t+qn p+ka§J &

= 0. (4.54)

Note that 5 depends on &1,...,8n-1,&n41,---,&N—_1,7n analytically. Also, it turns out that
(4)

the residues at §n) are non-trivial. Below we show that the residues at &;’ associated to

each o cancel out to zero as a summation over all ¢ € Sﬁ - In particular, we will com-

pute the residue at 5,(1] ) as an (N — 1)-fold contour integral with respect to the variables
E1so - én—1,&n41, - - -, EN—1,7, and then we take another integral (but now over ;) to obtain
the cancellation.

Now, consider the residue at &, = ,(f ) more carefully. We write

-1
(1_25;_1 p€L - EN-1+a§m — 1l YT Pt —§k>
Tolp—&)a & vt oo PGS &
((p — &) & Enar q17> (p +aén&j — &)
f(§17"‘7£N71777)

(4.55)
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with

f&1,..én—1,m) = ((P—fj)fl'“é:"“fol+q77) (p+ a6l — &)

2 (e g€ — 1) (0 + s — En) Hm
k;ﬁn
(4.56)

Note that the function f(&1,...,{Nx—-1,7) is a quadratic polynomial with respect to &,, and so,
we write

P v = O — €& —E9), O =Tlalp—&) —p2€/ (g — €1 &n---En

(4.57)
Also, for the contours of integrations small enough, one may check that one of the roots of
f(&, ..., En—1,n) with respect to &, will be inside the contour of integration and the other root
will be outside of the contour of integration. We take 5}9 ) to be the root inside the contour of
integration and the root ér(f ) to be outside of the contour of integration. Then, we write the

residue at &, = ,(3 ) as

N-1
Ts—Yo(s)—ENFYN—L grn— _
][d&' . .][dgN_l][ dnAs H gg(s)y () ~TNHYN PN TN 1
s=1

p&r---En—1+qésn —n "D+ gbils — &
g H ( Zﬁs (p—&)& & v+ an H P+ a8k€s — 55) (4.58)
S#J

((P — &)1 Enar + Cm) (p+ a6l — &)
o - &)

X

with the integral with respect to fn omitted and all &, evaluated as 5,(3 ), Alternatively, we may
() o

write the residue at &, = &y

N-1

> Ts—Yq(s)—T -1 pn—ynv—

][d&. . ][dfn . '][dgNlj[ dnA, | | ga(s)y (s)"ENHYN 77NN yn—1
s=1

N-1 -1
1 el p§1~--§N—}+q£sn—n P+ q€k€s — &k
< A ( - <p—ss>sl-~gsm5N1+qn,gp+q5k£s—fs (4.59)

zij_l (p&1---En—1 + q&;m — n) (p + qéné; — fn H P+ ks —
lc;én

s=1,...,n and s#j

c(e) — &) P+ g€l — sj

with the integral with respect to §n removed and all £, evaluated as §n ,since f(&1,...,6N—1,1) =
0 is the defining equation of £n In particular, note that the exponent of &; of the integrand in
(4.59) is z5-1(;) — y; — N +yN + L — 2. Then, by an inequality similar to (4.52), we have the
integrand in (4.59) is analytic at the origin with respect to §;.

Now, we integrate (4.59) with respect to ¢;, and we have to consider n — 1 residues. We have
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the residue at §; = §§n’i), forie {1,...,n}\ {j}, given by the solution to

pe1 - EN—1+g&n — 1 Trptess—& _
(p—&)ér---&---En1+qn oy P+ akbi — &

1—z¢lt 0, (4.60)

with respect to &;, taking &1, ... ,fj, e ,én, ...,&n—1,n as fixed parameters and &, = ,(lj) as an
™) is an (N —2)-fold contour

integral with respect to the variables &1, ... ,éj, e ,fn, ...yEN—1,7m. Moreover, by the defining
equations (4.55) and (4.60), we have

analytic function depending on &;. Note that the residue at §; = fj(-

e = ¢, (4.61)
forie{l,...,n—1}\{j}, and
€ gt (42

Remark 4.7. We let r be a small enough constant, and r; > ro > --- > ry be around r, say,
0.9r < ry <11 < L1r, and then let [§;| = 7,-1(;), so that the contours are not through the
poles.

Now, we pair up 'different residues to cancel them out. In particular, we denote the double
residue at &, = &) (je{l,...,n—1}) and at §; = 5](-"’1) (te{l,....,n}\ {j}) by

Res  IP (2 X;Y) (4.63)
(&n,g]):<££§), ](n,z))

with IgB)(z; X;Y) denoting the integrand on the right side of (4.53). We note that this residue
vanishes if 071(i) < ¢~!(j) since the pole fj(n’] ) is outside of the contour for &;, but otherwise
the residue is nontrivial. Then, we have two cases:

(a) ifi,je{l,...,n—1},

Res TP (5 X;Y)=- Res Ic(f)(z;X;Y) (4.64)
(€)= ") (nsi)=(e10.€m7)

for 0,0’ € S% 5 so that o’ = (ij) o o; and

(b) if j € {1,...,n—1},

Res — IP(5X;Y)=—  Res  ZU)(5X;Y)  (4.65)
(€n)=(67 ™) (6n )= (69.6™)

for o,0” € S% 5 so that ¢’ = (jn)oo.

These cases follow by an argument similar to the argument given in the proof of [TW11, Sub-
lemma 2.3] by Tracy and Widom. In particular for case (a) above, when we compare the
(B)

residue of Zs ' (2; X;Y) at (§,,5) = ( gj),gj("’i)) and the residue of I((f)(z;X;Y) at (§n,&) =

( 7(5), ffn’j )), we have that all of the terms in the resulting (N — 2)-fold contour integral will be
the same except for possibly the terms A, and A,. Then, in fact, we have

Ay . o= —Ay _ ‘ m
(gnygj):(fg)vf](-nyz))) (§n7§i):(£7(11>7§§"13))) ( )
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by (4.61). The full argument for (4.66) breaks down into smaller sub-cases depending on the
relative positions of the indices ¢, j of the residues. For sake of brevity, we refer the reader to
the full argument in the proof of [TW11, Sublemma 2.3]. Also, we have that case (b) above

follow by a similar argument.

Hence, we conclude that all these (N — 2)-fold contour integrals cancel out, and we only need
to consider the sum of all residues at &, = 0 that are associated to all o € Sﬁ B

Now, in order to carry out the induction argument, we consider

> e xy) = X fdae f devaf aia, H P G

oest 5 o€SE

-1
1 P+ gk — PEL- N1+ a6 — 1] ) (46T
Jlj[ ( 5 H P+ q&k&; — 5] (=& En—1+qn ( )

We evaluate LSBU{n})(z;X; Y') similar to how we just evaluated LSB)(z;X; Y') above. First, we
integrate over &, first. Again, there are n possible poles: &, = 0 and &, = fﬁbj) (j=1,....,n—-1)
which are deﬁned by (4.54). Note that j = n is not a pole. Then, we proceed to compute the
residue at &, = §n , and find that the residue is an (N — 1)-fold contour integral with integral
variables &1,...,&—1,&n+1,- .., &N, n. For the residue at &, = fn)
and find that the poles are {; = §J(-n D for i € {1,...,n} \ {j}. Here, the locations é’j( are the

same as those deﬁned above for I(B)(z X;Y) in (4.60). Also like in the case for I(B)(z X;Y),
the residue at 5 ) is expressed by an (/N —2)-fold contour integral with respect to the variables

ST ,§J, oy En—1,m, and either fj(.n ) 57(3) or §j" A = & (for i # n) in the integrand.
We note that, if we sum over all ¢ € S% 5, then the sum of the (N —2)-fold contour integrals for

, we further 1ntegrate over &j,

the residue at §§n’i) cancel in pair, so the right side of (4.67) is equal to the sum of all residues
at &, = 0 that are associated to all o € Sﬁ p- This is similar to the conclusion for the right

side of (4.53), but in this case, we evaluate the residue at &, for the integral I(Bu{n})( ; X5Y)
instead of the integral 18 )(z, X;Y).

Now, we compare the residues at &, = 0 for I(Bu{n})( ; X;Y) and I((;B)(Z;X;Y). For any
o€ SA,B’ the residue at &, = 0 for IC(,BU{n})(z,X, Y) is the same as the residue at &, = 0 for
IC(,B)(z; X;Y). The special case with |[B| = N — 2 is given by (4.48), which we already showed
to be true. Then, the general case is proved similarly, and we omit the detail. Hence, we have

Z I((,B)(Z;X;Y) = Z I((TBU{"})(z;X;Y). (4.68)
€S o€S) B
Also, note that
Sﬁ B = U SAU{k} BU{n}’ (4.69)

with the mapping ¢, : AU {k} — B U {n} defined by (i) =i if i € A and (k) = n. Then,

> 1P (XY Z > I8 (2 X, Y). (4.70)

©®
o€S, k=1 JESAu{k} Bu{n}
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Moreover, by the inductive assumption, we have

S B = Y ][ gy ][ dén A Hfffij SOV

) K
UESA@{k},Bu{n} UeSAu{k} BU{n}

Therefore, we have
Yo IP(nXiY)= > ][dgl ][dgNA Hg’”ﬂ Yo~ (4.72)
o€Sh 5 o€Sh p

and this completes the proof for Lemma 4.5.

5 Formulas for TASEP on the Ring and ASEP on the Line

We use the formula introduced in Theorem 1 to recover transition probability formulas for the
TASEP on the ring obtained originally by Liu and Baik [BL18] and for the ASEP on the line
obtained originally by Tracy and Widom [TWO08].

TASEP on the Ring In [BL18], the authors give contour integral formulas for the TASEP
on the ring. In particular, the integrands in [BL18] depend on the solutions to a system of
algebraic equations, called the Bethe equations. In the case of the TASEP, the Bethe system of
equations become decoupled, as opposed to the Bethe equations (see (8.1) in Section 8) for the
ASEP with generic p # 1. We denote the set of Bethe roots by

R, = {w € C]z' = w™(w + 1)FN} (5.1)
for any z € C.
Corollary 5.1. If p = 1, then the transition probability function (1.16) is equivalent to the

transition probability function for the TASEP on the ring in [BL18, Proposition 5.1], that is,
. . N
w]7k+1(1 +w)ka+yj+kfjetw

Z L(w + p)

weR, J,k=1

dz
Py (X:t) = 2
v (X;t) %QW det , (5.2)

with p= N/L.

Proof. If we take p = 1 in (1.16), we have the transition probability of TASEP in Xxn(L).
We let K be a positive integer such that —K(L — N) < y; — zny — N. Recall the notation
min(L) = min(¢;) for L = (¢1,...,¢y) € Z" and the indices m, M € {1,...,N} defined in
(4.9). Then, by Theorem 1, we have
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N
Pr(Xit)= > D sen(o) H(Csxv-lwW“1(1—@”‘1@””@“5””dg)

LezZN (0) o€SN Jj=1

N
= > ) sen(o H< o=ty g)i—ffl(j)—ijet(ﬁl—l)d£>

LezZN(0) oE€SN

min(L)>—K
N ((EZE)N)K
_ o= -y N S )
Z sgn(o %27712 H ][ & c 1 & df ’
og€SN j=1 (1 f)

(5.3)

with the integral with respect to z over a small enough circle centered at zero such that
1(z6)F/(1 — &)N| < 1 always holds. Note that the integral with respect to &, vanishes if
min(L) < —K. Thus, the restriction min(L) > —K in the second line does not affect the
summation.

Now, we simplify the summation over Sy as a determinant. We have

d (“ZQLN)K
Py (X;t) = 7{ ®_ det ][ goru (] gk e ) N ) e : (5.4)
0 2miz c 1— & ol
-9~ .
7,k=1
Also, we introduce the change of variables
1
g % TH’ (5-5)
and we have
N
dz o - L (wN(l—i—w)L*NZ*L)K
Pyv(X:t) = det jkl yj—xp+k—j—1 _wt d
Y( ) ) 7{27‘,22 € []l[wl Rw ( +w) € ZL(l_‘_w)fL#»waN_l w . 17
j7 =
(5.6)

so that we may take the contour |w| = R with R is large enough since we can take |{;| to be
arbitrarily small. It is straightforward to convert the contour integral over C into a discrete
sum by using residue computations.

dw =

ZL(l + w)fLJerfN -1
Z wj—k—i-l(l 4 w)—xk—i-yj—l-k—jetw
’LUERZ L(w + p)

][ wj—k(l + ,w)y]-—xk+k—j—lewt (wN(l + w)L_NZ_L)K
lw|=R

(5.7)

Hence we prove the result. ]

ASEP on the Line
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Corollary 5.2. In the limit as the size of the ring goes to infinity, the transition probability
function (1.16) for the ASEP on the ring is equal to the transition probability function for the
ASEP on the line that was obtained in [TWO0S]. That is,

. L oy (0,.,0) .
LeZN (0)

Proof. 1t suffices to show that

lim A} (X;t;0) =0, (5.9)
L—o0
for any L € Z~ (0)\{(0,...,0)} and the convergence becomes exponentially fast as max(IL) — oco.
By Lemma A.5, we have that
’AL (X t; a)) < (5.10)
YA = Imax(L)L/2]! '
for large enough L. The desired result then follows Lemma A.1. O

6 One point distribution

Our strategy is to prove the m = 1 case of Theorems 2 and 4, and then use the cyclic invariance
property to generalize the result to all m.

6.1 Distribution of z(¢) for ASEP

First, we compute Py (z1(t) = a), for some a € Z, by taking the sum of the joint probability
function Py (X;t) over all configurations X € Xy (L) with z1(t) = a, and then sum over all
a > M to obtain Py (x1(t) > M). The main obstacle in this strategy to compute the one-
point function is the summation over all configurations X € Xn(L) with z;(t) = a, which is
more difficult that the analogous case for the ASEP on Z. In the periodic ASEP, we overcome
this obstacle through Lemma 6.1, introduced in [BL17]. For the ASEP on Z, the proof of the
one-point function of z; was due to Lemma 6.2, introduced in [TWO08].

In this subsection, the contour integral f d¢; is over a counterclockwise contour {|z| = r} with
a small enough r unless otherwise stated. Also, we denote

N
A&, ) =sen(o) [ 0+ Gwéow —&n) ] & (6.1)
1<i<j<n j=1

for o € Sy, and

G(,.... )= ]I I w+eass—<) [ 1 (6.2)

1<i<j<k \ a€J;, BeJ; Joc>g 5
acd;, peJ;

for Ji, ..., Ji disjoint finite subsets of positive integers.
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By Theorem 1 and expressions (1.13) and (1.12), we write the one-point probability function

Py (z1(t) = a) = > Py (X;t)

XGXN(L) r1=a

= ][dgl ][diD]L 51, ,gN Z 0517"'751\77 )

LeZN (0 XeXn (6-3)
r1= O
N
< I +agg—e) ] e e,
1<i<j<N k=1

with Dr, (&1, ,&n) defined in (1.14) and

N
Cl6r, b X) = > A&y, 1 6N) H s (6.4)
ogE€SN j=1
First, we evaluate the summation over C(§1,...,&N; X) in (6.3) with the following lemma.

Lemma 6.1 ([BL17, Lemma 5.3]). Let Finpn = [[}_,,&; for all m <n. Then

N o
> [I&77) =

Xexn(L), z1=0 \Jj=1

i 1-F k 1

k —Fi 61 _
3 e - 65)
k=0 1=sg<s1<-<sp<spsr=N+1 ~ LS171 o [L2S, (1= Fjsia—1)

We assume Fj, ;,—1 = 1 here and in similar cases below.

By changing the order of summation and applying Lemma 6.1, we have

N-1
Yoo Cl X)) =) (-1 > oG bn), (66)
XeXn(L), z1=0 k=0 1<s1 < <sp<N+1
with
81, ] (é-l)’"aéN):
. 1-F 4 T 1

Z (Aa(ﬁl,"‘ agN)FO—77I<F81,N)L N Sip1—1 . ) ) (67)

ceSN 1,s1—1 i= OHJ =s; ( j75i+1_1)
and Fy7 H] —m o). If k=0, then s; = N + 1 in the expression of C_.

Next we simplify the expression of Cy, ., (&1,...,€n) for fixed k = 0,1,...,N —1and 1 =
S0 < 81 < -+ < S < Sgr1 = N 4+ 1. Each permutation o € Sy is uniquely determined by
the restriction of the permutation o to the sets {1,...,s; — 1} and {sj,..., N}, separately.
Moreover, the restriction to the latter set is determined by the restriction of the permutation o
to the sets {s;,s; +1,...,sj41 — 1} for each j = 1,..., k. We use the notation

f(§I> = f(€11 ’ §i27 s 7515) or f(fa([)) = f(giau) ) gid(2)7 s 7§ig(s)) (68)
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for any subset I C N with [I| = s and I = {i; < i2 < --- < i}, for any function f on s

arguments, and for any o a permutation of the set {1,2,...,s}. For example, we have
|1]
Fj11(6(n) H iy (6.9)

for I = {i1 <ig <--- <ijp}. We introduce the functions

1 Ax(&r)
.E(I)—»( 1) : (6.10)
aci So A;,:, T2, (1= (&)
and k ) 5 ) ))L—N+s1—1
Dy, (1) = Ss’fl+1 o . (6.11)
Teg—l H sz —i—ll(1 F] Sit1— 1(§T I¢) ))

for fixed k = 0,1,...,N — 1,1 = 59 < 81 < --- < 8 < 841 = N + 1, and any subset
I'c{l,...,N}with [I| =s;—1and I*={1,...,N}\ I. In the case k =0 and s; = N + 1, we
assume that D_(()) = 1. Then, we write

Coprnse (&1, 68) = Y G(ILI)D,,, . 4 (I)E), (6.12)
I|l=s1—
oy

so that the sum is over all subsets I C {1,...,N} with [I| =s; —1 and I = {1,...,N}\ I.

We simplify E(I) and Dy,
venience, we introduce

s, (1¢) with the following lemma. Additionally, for notational con-

-----

RO (a1, .y 20) = D2 T 2 () — =), and Ry™(-)=1 (6.13)

for n complex variables z1, ..., z,.

Lemma 6.2 (Equation (1.6) in [TWO08]).

3

517”'7671):

.,MMP%:HQW (6.14)
o

Then, we have

B(D) = By v 600) [T 7= ( 11 @) (6.15)

aGI ael
with the help of Lemma 6.2.

Next, we simplify Dy, ., (I¢) by taking the summation over all possible partitions Jy U---U Jj
of I¢ with |J;| = s;41 — s;. We have
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k A — —
A &) F AD (g NL—N+s-1
Do)=Y Gl [[| 30 BT

[Ju
‘Jl|:81+1—51 =1 )\(l)elez\ H l ( F},\J”()\(l)(‘]l)))

J1U.. .UJ=I¢ ( )
6.16

Furthermore, by applying Lemma 6.2 to each summation over A), we have

. )

L—N-+s s;—s

Doy, (1) = [] 65771 fg S G RS En). (6.17)
pele [Ji|=s11+1—5 =1

J1U...UJ=I°

At this point, equations (6.15) and (6.17) seem to give us the simplest expression for Cs, 5, (&1, - -

in (6.12) with fixed 1 < 51 < ... < s < N. So, we now consider and simplify the summation of
the terms Cy, . s, (&1,...,&n) over all possible k =0,1,...,N —1land 1 <s; <...<s, <N.

As an intermediate step, we fix s1 < N and sum over indices ss,..., Sk, or equivalently, sum
over all possible partitions of I¢. We let s; = s + 1. That is, take |I| = s and |I¢] = N — s.
We set I = {i; <--- <ig}and I°={j; <--- < jy_s}. The index k may vary between 1 and
N — s. Then, we have

N-—s

S (-1 3 Dy (19) = (—)N=5r =25 R0 (e T ——

k=1 s+l=s 18
= =51<82<<S <N Berl
(6.18)

with 7 = ¢/p as defined in Section 1.1. This is a consequence of the following lemma whose
proof is given in the end of this subsection in Section 6.1.1.

Lemma 6.3. For any positive integer n, we have

n k 1
C“ I n n(n—1) n—
D s | O (6 ) = (T RO @, )
k=1 NU-Ul={1,....n} a=1
(6.19)
so that the inner-most sum on the left side of (6.19) is over all disjoint sets Ir,..., I, C
{1,...,')1} wz’th[lu---UIk:{l,...,n}.
Then, using (6.18) and (6.12) in (6.6), we simplify the summation in (6.3) as
Y C,. e X) =
XeXn(L)
z1=0
l 1 Y c Nog N=s)(N=s-1) (L)
11 s > > RP 1-JJé | GUu -V 2 Ry (&) (6.20)
j=1 T s=1  |I|=s acl
Ic{1,..,N}
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We note that

G(IL IR (¢r)Duler,. .. &n) = GU T)RY (€r) Dyrey(€ny -, EN), (6.21)

for any . = (¢1,...,¢n) and L(I¢) = (¢1,...,ly) so that £ = ¢; if i € T and £ = £; + 1 if
j € I¢. Also, note that L(I¢) € ZV (N — s) if and only if L. € Z"(0). Hence, we have

C(éla"-agN; a—yr—1 €(§k)t
Z ][d& ][dﬁNDJL £1,...,€N) Z H1§i<j§N(p+Q5ifj H§

Z

LeZN (0 XeXn 0
N (N=s)(N—s—1) s)(N s—1)
= Y ()N DS ][dsl faennuter, . )
s=1 [I|=s LeZN(N-s)
Ic{l, ,N}
G( ) (51) N S(flﬂ) fa vt ()t
1-— o k
- < };If ) H1§i<j§N(p+Q§z§y &) 141;[1 1—& ¢
N s(s 1) (N— s)(N s—1)
= (Nt D ][da f denDutéan6w)
s=1 lI|=s LeZN(N—s)
Ic{1,..., N}
P+ ababs — &5 &6  TT&"" oo
x [1— &a ee\Skt,
< };II > ae;l_ﬁ[EIC ‘55 —&a 1<i1;[§Np+ qugj éz IH - fk

(6.22)

We remark that for each s = 1,..., N and fixed I with |I| = s, the sum over L. € Z¥(N — s) in
(6.22) converges absolutely by Lemma A.4. We simplify the right side of (6.22) further by the
following lemma.

Lemma 6.4 ([TWO08, Formula (1.9)]). Fors=1,...,N

2

a _ _[N-1 N
> (1 - H@) I1 “35_52 = ()N (q/p)V S[S_ 1} (1 - Hfj)
T|=s aEl acl B Sa T j=1
Ic{1,..,N} pel

(6.23)
so that the sum on the left side is over all subsets I C {1,..., N} with |I| = s.

By applying Lemma 6.4 on the right side of (6.22), we have

C(ﬁ,-u,fN; a— 1
d d Z) Sy Yk — Eﬁk
E ’ 51 ’ €N ]Lgl §N E '&.] gz | |£

LezN (0 XeX H1<z‘<j<N(p+€Ifz
0

B OEDS ][dgl fdenDian )

s=1 LeZN(N-s

5*2,%1 B
< 1l p+q&@ aH & © (1 H@)’ (6.24)

1<i<j<N
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with N1
— (-1 (N=s)(s—1), (2N—s)(s—1)/2 (N—s)(N—s+1)/2 - ) 9
cfs) = (1) p , 1) (6.25)
We note that sum on the left side of equation (6.24) is absolutely convergent for L. € Z~(0),
and on the right side of equation (6.24), the sum over L € Z¥ (N — s) is absolutely convergent
for each s by Lemma A.4 and Lemma A.5.

Lastly, we use the identity

N-1 N-1o 1
H(l—i—T:r quJrk)/Q[ i ] z*, (6.26)
i=1 k=0 T
found in [AAR99, Formula (10.0.9)] so that we may write
N
S e(s)e Nt = pNV D20 (2), (6.27)
s=1

with Cn(z) defined in (1.18).

From (6.3), we recognize that the left side of (6.24) is p~ N =1/2Py (2, (t) = a). Then, using
identity (6.27), we have

N-1

N(N-1)/2 dz
Py (o1(t) = a) = 5o | = z dér - dénDy(&1,- -+ €N)
271 /0 z — ILGZZN(k ][ ][
g] - 5@ fk a1 “
% 3 &), (6.28)
1Si1<—]ISNp+q§¢§j —&i kI;[l H H
Hence,
Py(z1(t) = M) = > Py(zi(t) =
a=M
pN(N—l)/Q dz N-1 00
=5 | d dén Dy ( .
2mi /0 z rar Z G%Le;(k ][ SEE ][ EnDL(&, -, €n)
gj — & é-k e(fk)t a—1
- 1<i1;[<Np+QEi§j_§zl£[1 HE Héﬂ

(6.29)

Since the infinite summation over a > M and L € Z" (k) on the right-hand side of (6.29) is
absolutely convergent by Lemma A.4, we conclude the proof of the m = 1 case of Theorem 2
by changing the order of summation so that the sum over a is taken first.

6.1.1 Miscellaneous Proof

Proof of Lemma 6.3. We prove the lemma by induction on n. The n = 1 case holds trivially.
Suppose the lemma holds if n is replaced by 1,2, ..., n—1. For notational convenience, we write
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It = I with |I1] = s > 1. Then, the left side of (6.19) becomes

_1)2 Z G(LIC) (fl) n— s(gfc) (630)

s=1|I|=s and IC{1,...,n}

with Is, ..., I} defined as in (6.19),

N—s+1
Hooo) = [ Y (0 Y Gl 1 HR“a”ul (€r). (6.31)
JjEl° k=2 Io,... Iy

fors=1,...,n—1, and H,,_s(&c) = Ho(—) = 1 for s = n. By the induction assumption,
(n— s)(n s— l)

Hyoy(610) = (~1)" 17 525 R D ), (6.32)

for 1 < s < n. We note that the summation over s in (6.30) is from 1 to n. That is, I; can
be any subset of {1,...,n} except for the empty set. Then, it suffices to show the following
identity

N
> (—1)n G (L 1RO () RV (6re) = 0, (6.33)
s=0|I|=s and IC{1,...,n}

since the right side of (6.19) corresponds to the I = ) term in (6.33) and the left side of (6.19)
corresponds to the negative of the sum of the terms with I # () in (6.33).

First, we apply the change of variables & = (1+z;)/(1+7z;) to (6.33). Then, we multiply both
sides of (6.33) by (—1)""*+D/2(p — q)"(*=V/2T¥_ (1 — 724,)>"~2 on both sides so that (6.33) is
equivalent to

PBCHEEDS II D I] Go—z) JI (2 —720)

s=0 |I|=s a€l, pelc a,’el B,8'eI¢
IC{1,...,n} a>p a<ad B<pB’

< I (zs—za) [ +72)" P [0+ 29" | =0. (6.34)

acl,Bele acl pele

Applying the Cauchy-Binet formula, we have that the left side of (6.34) may be written as

det ((1+Tz,-)n*1zg—1 (1+ 2)" N (rz)i™ 1) - (6.35)
’-]

This determinant vanishes, because the n x n matrix has rank < n — 1. (To see this, we note
that the entries in the last row of the matrix have degree n — 2, so the last row is a linear
combinations of the other n — 1 rows.) Hence, this prove the lemma. O

35



6.2 Distribution of zy(t) for ¢-TAZRP

For technical reasons, we assume that aj;) = -+ = q) = (1 — ¢q)~! for the conductance, or
equivalently, by = --+ = by = 1, in the definition of the model, see Section 1.1. Note that in
this subsection we use a few symbols identical to those in Section 6.1 with similar but different
meanings. We assume in this subsection that all integral § are over a big counterclockwise circle
C = {|z| = R} with R large enough. Analogous to (6.2), we define

G, d) = 1 I1 _A%a m W5 ) (6.36)

1<i<j<n \a€J;, B€J;, and a>3 qWp — Wa
for finite disjoint subsets Ji, ..., J, of positive integers. Also, we use the notation
flwr) = flwiy, iy, ywi)  or f(weny) = Wi,y Wiy Wiy,) (6.37)
for any function f on s arguments, o a permutation of the set {1,2,...,s}, and any subset

I C Nwith [I| =sand I = {i1 <ia < -+ <is}.

In this subsection, we need the following result that is analogous to Lemma 6.2 and formula
(6.33) for the ASEP case.

Lemma 6.5. Let ex(z1,...,zy,) be the elementary symmetric polynomial and
By (wi, ..., wy) = H u, so that Bop(—) = 1. (6.38)
1<icj<n 1Y T Wi
<i<j<n
Then,
3 By(wr) Bp_s(wie)G(I, 1) = m Bp(wi, ..., wp), (6.39)
[I|=s and IC{1,...,n} 5lq

> By(wy) [ [wiBn-s(wre) [] (1 = tw))G(1, I°)

|I|=s and IC{1,...,n} iel jele
& k
= (—1)°Bp(wi, ..., wy) Z(—l)kqs("k){ ] ex(wi, ..., w,)t" (6.40)
k=s 5lq
> By(wr)Bp—s(wre) ] (1 = twj)G(I,1°) =
[I|=s and IC{1,...,n} jele
n—s _ k
Buwn. . ) S (-1 [” ) } x(wn,. . wa)t® (6.41)
k=0 q

so that all the sums on the left side of the identities are over all subsets I C {1,...,n} with
|[I| =s and I¢°={1,...,n}\ I.

The proof of the Lemma 6.5 is given at the end of this subsection in Section 6.2.1.

36



We compute the one-point function for the periodic ¢-TAZRP analogous to (6.3). We have

Py (Xn(t) = a) = > Py(Xst)
XG.)EN(L), TN=a

~(" 50 faunef du Dt (6.42)

LeZN(0)

N
X Z C’(wl,...,wN;X)H(l—wj)yjfaflefwft

XeXy(L)znN=0 J=1
with
1 N
C(wl, Swn; X) = W(X) Z Ao—(w17- ,wN)H(l—wa(]))_IJ, (6.43)
ocESN j=1
parameters by = bg = -+ = by =1, L = ({1,...,fn), and Dy, (w1, ..., wy) defined by (1.23).
Let
J A
Fo(z1,...,2n) = > x| 2. (6.44)
L>x1>2x2>->20,>0 7j=1

Then, consider the summation in the last line of (6.42). We have

Z Cwy,...,wn; X) = ZAU(wl,...,wN)

XE/?N(L), zny=0 ceSN
N N-r 1 p 1 1
X (1= woq)) “Fn—pr < e > . (6.45)
; =0 [p + T]q! kl_‘[l 1-— We(p+1) 1-— We(N-r)

Set I = {o(1),...,0(p)}, s ={o(N—r+1),...,0(N)} and I3 = {1,..., N} \ (I; U I2) so that
we may rewrite the right side of (6.45). Using the identity ((WW16, Formula (5.1)])

D Ag(wi, ... wn) = [nlg!Bu(wy, ..., wy), (6.46)
ocES
we have that
N N-—r
> Clwy, ..., wn; X) =) > By(wr,)Br(wry) [ G, 1)
XeXn(L), zn=0 r=1p=0  |L|=p,|I5]=r, 1<j<k<3

IlLJIQUIg:{l ..... N}

o | R R e D S A L e T

|
Tlg-: w
T ]q HESN —p—r w(I3)

so that the third sum on the right side is over all disjoint subsets Iy, I, Is C {1,..., N} with
|Il’ =D ‘12| =T, and |I3| =N —p—-T.

Now, we set up some preliminary definitions to simplify Fy_,_, in (6.47). For any positive in-
teger n, a k-composition C*)(n; sy, sa,...,5x_1) is given by the partition {so+1=1,2,...,51},
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{s1+1,...,8}, ..., {sg—1+1,...;8, =n} with 0 =59 < 81 <2<+ <81 <8 =n. We
denote
I, = {all k-compositions of n with £k =1,...,n}. (6.48)

For a composition o of n, we write ¢(c) = k if o is a k-composition. The total number of
compositions of n is 2!, and for each k = 1,...,n, the number of k-compositions of n is
(k 1) Let 0 = C®)(n;sy,...,s5_1) be a k-composition of n and 7 = C¥)(n;ty,...,t,_1) be an
[-composition of n; we say 7 is a refinement of o, or 7 < o, if {s1,...,s6-1} C {t1,...,t;—1}. It
is clear that < is a partial order, and 7 < o implies ¢(7) > ¢(o). The unique maximum among
compositions of n is the 1-composition CM) (n; —) and the unique minimum is the n-composition
C™(n;1,2,...,n—1).

We define real constants c1, co, ... recursively by the identities
1 k
Z (o) = ]y’ with  ¢(C® (n;s1,...,55-1)) = H Csj—s;_1- (6.49)
o€l & j=1
Lemma 6.6. For any k-composition 0 = C*®)(n;s1,... s,_1) of n,

k
> H . (6.50)

—'8
T7€l'y and T<0 = 1

Proof. Tt is clear that (6.50) is true for £ = 1, which is directly given by identity (6.49). For
k > 1, we have a one-to-one mapping between the set of compositions 7 which are refinements

of C®)(n;sy,...,s5_1) and the set of k-tuples of compositions (71, ...,7) so that 7; is a com-
position of s; — s;_1. In particular, if C®(n;ty,...,t)_1) =7 <0 = C®(n;sy,...,s,_1) with
81 =13;,82 = tigy ooy Sp—1 = ti)_4, then

= O™ (s — sj_13ti, 11— Sj—1sti; 142 — Sjs-- s ti;—1 — 85), 4 =1,2,....k (6.51)
with ig = 0 and iy, = [. It is clear that ¢(7) = ¢(71) - - - ¢(7%). Hence,

oo =]] > li[ : (6.52)

— S
7€l'y, and 7<o j=1 \7;€ls. s J— 1

Next, we define

k
fr(z1y.iy2n) = Z H H 2j (6.53)

L>zs) 22z, >0i=1 \j=s;—1+1
for any k-composition 7 = C%) (n;81,...,8k—1) of n.

Lemma 6.7. Take F,, as given in (6.44) and f; as given in (6.53). Then,

Fu(21,. ) = Y e(m) fr(z1,- - 20). (6.54)

Tely
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Proof. Consider any monomial zi™* - - -z such that

1 =-""=Ts = Y1, Ts141 = " = Tsy = Y2, ey Tsp_141 = = Tn = Yk, (655)
with L > y; > --- > yr > 0. Then, this monomial occurs only once in the polynomial
fr(21,...,2,) on the right side of (6.54) if 7 < C*)(n; 51, ..., s,_1), and otherwise, the monomial
does not occur in the polynomial f;(z1,...,2,). Thus, the coefficient of this z7* - -+ zZ" on the
right side of (6.54) is H§:1([3j — 8j_1]¢!)"! by Lemma 6.6, and this agrees with the coefficient
on the left side of (6.54) given by (6.44). O
We want to express fr(z1,...,2,) in a compact and explicit form. It suffices to consider the
case with 7 = C(™(n;1,2,...,n — 1) since

s1—1 sa—1 n
few (nisr,osi 1) (B3 20) = fow k1.2, 5-1) H Zi, H Ziseoos H zZi | - (6.56)
=1 1=51 =Sk _1

by (6.53). To this end, we define

n

Py
gn(21, -y 2n) = ]11 T Zijj—l T forn=1,2,..., sothat go(—)=1 (6.57)
and also
Gn(z1y. .y 2n) =
n Sk k
Z(_1>k Z gn—sk(zsk—‘rlw- . 7zn)HziL_1 Hgs]'—s]-_l(zs]-_1+17- -~7Z5]-)- (658)
k=0 50< <5 =1 J=1
Then, we have
fC(")(n;l,Q,...,n—l) (Zl, N ,Zn) = Gn(zl, ce ,Zn). (659)

by using Lemma 6.1 and the expression

Jowmiz anom)= 3 =]l 0 A (660)

L>a1> >0 >0 =1 Ln—1>y>>yn>0

with y; = x; — j +n. So, it is straightforward to check that

C(C(l)(n; t1,..., tl—l))fC(l)(n;tl,...,tl_l)(Zl’ ceeyZp) =

l Sk k
(T3sx+1n) L—1 (T585-1+1,55)
> > o ) [T [ hereis ™ (2sy a5 -0 85), (6.61)
k=0 S0 << 5, i=1 =1
{51,588 YC{t1, 511}
for an [-composition C(l)(n; t1,...,t;—1) with

(ritib 1)) J tit1 tit2 t;

Fitib Lt
htr;i 2ty 2t) = H Cly—ty 1 9j—i H Zks H Zhy oo ey H zr |, (6.62)

k=i+1 k=t;+1 k=t;y1+1 k:tj,1+1
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for 0 <i< ] < [ so that héT;nJrl’n)(*) =1land 7 = C(j_i)(tj - ti;ti+1 — iy .. ,tj,1 - ti) a
(j — 4)-composition of t; — ¢;. Let

hn (21, ...y 2n) = Z c(m)agi sz, H P H 2 |, (6.63)

reln k=1 k=ti+1 k=t;_1+1
=CWO (nst1,...t1—1)

and
n k
Hy(z1,...,2n) = Z(—l)k Z (H Ps;—si 1 (Zsy_y41s -+, Zs)) ) (6.64)
k=1 s0<-<sp \i=1
Lemma 6.8. Take F,, as given in (6.44), h, as given in (6.63) and H, as given in (6.64).
Then,

n S
Folz1, ..., 2n) = Z H 2FVH (21, 2 hnes(Zsa1s - s 20). (6.65)
s=01=1

ti

Proof. First, we introduce some notation. Let Z; = Hj:ti—l 11

zj fori=1,...,1 with tg = 0
and ¢; = n, and define
ik k
Irivsoin) = =i Zigrts - Z) [T 25 [ 955451 (Ziy s -+ Ziy) (6.66)
j=1 j=1
with 7 = (t1,...,%—1) an l-composition of n and {i; < --- <t} C {1,2,...,1}.

By Lemma 6.7, the left side of (6.65) is a sum of terms ¢(7)f-(z1, ..., 2n), which are weighted
sums of [(r,;, ;) by (6.61) and (6.62). On the other hand, the right side of (6.65) may also

be expressed as a weighted sum of I(.;, ;). By comparing the coefficients of I(;; ;) the
lemma follows. O
We also use the following identity for the functions h, and H,.
Lemma 6.9. Take h,, and H,, as defined in (6.63) and (6.64). We have
S Ag(w w)h( ! ! ) (1)”ﬁlB(w wn).  (6.67)
o\W1y...,Wn)n Yo =\~ — Dp\W1,...,Wn). .
foerd I —wy) L = we(n) s Wk
and
1 1 n(n—1)/2 S
D Ag(wr, ... wn)H, - T =q [[-—Bn(wi,...,wn). (6.68)
0€Sp - wa(l) - wa(n) 1 Wi

Proof of Lemma 6.9. Note that we may write the multi-series expansion

In(215 -5 20) = > 11 = (6.69)

1<zp<zpn_1<--<z1<00 k=1

if |zx| < 1for all k =1,...,n. Then,

n

(21, ey 2n) = Z W(lX) kl_I 2k (6.70)

1<zp<zpn-1<--<x1<00 =1
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for X = (x1,...,2p).
Identity (6.67) is proved in [LW17]. More specifically, [LW17, Proposition 2.1] yields that

dw1 dwy, - g 1 1
. 1 — wy)¥ A (wry g [ —m ) =
][ ][ Wnp ]!;‘[1( wk) Z (wl v ) ( 1- wa(n))

oE5n L= o)
dwy dw, 1~ ol
(1 — wy)¥ — Bp(wi,...,wy), (6.71
o f [[0 - w0 T g Batwne v (671

with N replaced by n, M =0, b; =1 for all ¢ € Z and any y; > y2 > --- > y,. The left side of
(6.71) is the probability that the leftmost particle is > 0 in the n-particle ¢-TAZRP with initial
condition Y = (y1,...,yn). The proof of [LW17, Proposition 2.1] actually verifies (6.67), that
the integrands on both sides of (6.71) are equal.

We prove identity (6.68) by induction. The n = 1 case is obviously true. We express

Hy(z1,...,2 Zh 21y 2s) Hyos(Zss1s - - oy 2n)- (6.72)

Suppose (6.68) holds for n — 1,n — 2,...,1. Then, we multiply the left side of (6.68) by
(—=1) IT5—; wk, and it becomes

ST Y By(wy) B o(wre)GULIY) =

s=1 [Il=s
Ic{1,..,n}

n

(n—s)(n—s—1)

Bu(wi, ..., wa) Y (-1 H U= (6.73)
s=1 q

by applying the n — s case of (6.67) and the n — n — s case of (6.68) and using (6.39) for the
last step. Lastly, we evaluate the sum over s in (6.73) by [AAR99, Corollary 10.2.2(c)], and this
gives (6.68) for n. O

Now, we evaluate the sum over p € Sy_,—, in (6.47) by using Lemmas 6.8 and 6.9. We have

N N—-r N—p—r '[7’] |
S ClwnuniX) =) 7qqs(s 1/2(_q)N-p-r—s
g — L L= [p+ 7]
XEXN(L), zny=0 r=1 p=0 s=0
4
x Z HBIL-\(U’IJ H G (1, Iy) H (1—wa) L H (1—wg)'~F H
|| =p,|Lo|=s,|Ls|=r i=1 1<j<h<d €l el velur

11U12UI3UI4={1,...,N}
(6.74)

so that the inner-most sum on the right side is over disjoint subsets I, Is, I3, Iy C {1,...,N}
with [I1| = p,|I2] = s,[I3| = N —p—1r —s, and |I4| =r.

Analogous to (6.22) in the ASEP case, we have
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[p]q!['r]q|q (s—l)/2( 1)N p—r—5
!
XeXy (L) r=1 p=0 s=0 [P +7lq
=0
X Z (_1)(p+8)(N_p—S)D]L(I3UI4)(w17 s ,U)N)

|12|=r,|13|=p,|ls|=s
11U12U13U14:{1,...,N}

4
T[Buwn) I ¢ [[a-w) [[ - ©7)
=1

1<j<k<4 a€ly BeE Ul

with L = (¢1,...,¢n) and L(I3 U Iy) = (¢},...,¢) defined by ¢, = ¢, — 1 if k € I3 U I, and
0. = 4, otherwise. Note that L(I3UI4) € Z¥(—p —s) if L € Z™(0). Then, L(I3U I,) runs over
ZN(—p — s) if L runs over Z"(0) for any fixed I3 U I4. So, we have the identity

N-1
S( Z ][dwl ][dwNDL Wlye .., W )
K=0 LeZN (0)
N
<Y Clwr,.wy X) ] = wy)rete it (6.76)
XeXy(L),zny=0 j=1
with
K N-K
S(K) = (—1)FN-1) 3 ][dw1 ][dwNZ Dy(wi,. .., wy)
LeZN (- p=0 r=1
N
x Skcpr(wr, .. owy) [J(1—wy)v = temt, (6.77)
7j=1
and
Pl![rlg! G=mic—p-n g
Skpr(Wi, ...y = -1 r
K,p, (UJ1 'U}N) [p-i-?”]q'q 2 ( )
4
1
x Z HB|11|(w11) H G(Ijajk) H (1 _wa) H wf (678)
|I2|=7”7|13\=p,\14|=K—pi:1 1<j<k<4 acly Bel Ul B

IlUIQUI3UI4:{1

-----

so that K is an integer that corresponds to p + s in (6.75). Recall, by Lemma 6.5 and (6.39),
that

S By (wn) By(wie) G(I°, 1) = [[];]*‘Q :Bp+r(wU). (6.79)
\T]=p ~
ICU

if U is a subset of {1,..., N} with |U| =p+rand U = {l; < --- < lp4r}. Then, applying this
identity to (6.78), we have
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K-—p)(K-p-1) e
Skpr(wi,...,wN) =q e (m N
3
1
x Z HB|11|(wIz) H G(Ijalk) H (1 - wa) H ’LUi (680)
|Io|=p+r,|I3|=K—pi=1 1<j<k<3 a€ls Berul; P

IlLJIQUIg:{l ..... N}

We note that for each K =0,..., N—1, S(K) is well-defined because the the right side of (6.77)
is absolutely convergent by Lemma A.3. Only finitely many terms on the left side of (6.76) are
non-vanishing by Lemmas A.1 and A.2.

Now, by Lemma 6.5 and the ¢ = 1 case of (6.40), we have

N
(K—p)(K—p=1) K 1
SKypﬂ“(wlv"‘va):q ’ 2 . (_1)N K TH7
o1 Wk
K+r L
x Y Brir(w)By_g—p(wre)GIT) Y (—1)k+p+rq<p+T><K+rk>L+T] er(wr)
[ I|=K+r k=p+r q

Ic{1,..,.N}
(6.81)

Moreover, if we compare the t* coefficient on both sides of (6.41) in Lemma 6.5, we have

n—=k
Z Bs(wr)Bp—s(wre)eg(wre)G(I, 1) = By (wi, ..., wy) [ . } ex(wi,...,wy) (6.82)
I|=s q
[CJ‘[1|,...,N}
for k <n —s. Then, by applying (6.82) in (6.81), we have
N 1 K+r
Skpi(wi, ..., wy) = Hw—BN(wl,...,wN) > (D Fskpr(B)er(wr, ..., wy),  (6.83)
k=t k=p+r
with the coefficients
»? 2_ k N —k
(k) = (=1 N—K+p 2 +(r—k+3)p+ E=EL  r(K4+r—k) . 8’4
St (k) = (~ )N K ks D 1 P P G

Furthermore, if we assume that sx (k) =0if k <p+r or k > K + r, we will have

SO sipelk) = (~)N K GUER)/2 [N - 1} , (6.85)

for K =0,1,..., N — 1. We give the proof of (6.85) at the end of this subsection in the Section
6.2.1. Then, we have that

N K N-K ) N —1 N
DD skpeR)er(wn, .. ) = ()N KK *KW[ K ] (H(l—wo—l),
k=1 p=0 r=1 q \i=1

(6.86)
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by (6.85). In turn, we may write

S(K) = (—1)E-DW—K) ((K*+K)/2 [N - 1]

Z ][dwlm][dwNDL(wl,...,wN)

4 LezZN (- N
N

X By(wi,...,w H (1 —w;)¥i—a=temwit (H(l—wi)—l), (6.87)
7j=1 =1

by (6.77) and (6.83). Similar to (6.77), only finitely many terms on the right side of (6.87) are
non-vanishing. We simplify the integrand on the right side of (6.42) using (6.87) and (6.76).
Next, we obtain the one-point function

Py (zn(t) = a) = (=% jgd"’cN(z) > ][62”1 QN by (s w)

211 z
N N

X By (wy, ..., w H1— yimalemwit (Hu—wi)—l), (6.88)
7j=1 =1

by using identity (6.26) with 7 replaced by ¢ and Cn(z) defined in (1.28). Also, due the estimate
in Lemma A.2, we have the summation formula

[e.e]
Py(ZL’N(t) >M): Z Py(ZL’N(t)Za)
a=M+1
()N [ dz ply dw dwy
:%fZCN(z)ZZ_k Z 1---][wD]L(wl,...,wN)
0 k=0 LezN(-k)’ % N

N 0 N N

XBN('ZUl, 7wN)Heiwjt Z H(l_w )yj G_H(l_ )yy ot
j=1 a=M+1 \j=1 J=1

Hence, we prove the m = 1 case of Theorem 4.

6.2.1 Miscellaneous proofs

Proof of (6.85). Equation (6.85) verified easily for k = 1. Then, by an induction argument, we
only need to show that fo:o Zf};K(s(kﬁ— 1)—s(k))=0for k=1,..., N —1. To this end, we

write

SKpr(k) = /pr+r IN_K—rs (6.90)
with L Nk
A =ql) [ ] (=", g =ql) [ N ] (—¢' M. (6.91)
J1q J g
These terms have the following generating functions:
k— k N-1 N—k '
Hl—q x) :Zf](k)x], H (1—q ‘) ng):cj. (6.92)
= j=0 i=k 7=0



So,

ptr N—K-r
sK.pr(k) = > I ] (=a™). (6.93)
{a1<<ap4+r}C{0,....k—1} =1 i=1

{b1<-<by g —r}C{k,.... N1}

By comparison, we have

N-K 0 if k> K,

K —
— k P
D> (stk+1) —s(k) = 3 3 [T=a") | (=aMei™R itk < K.

p=0 r=1

p=0{a1,...,ap }C{0,....k—1} i=1

(6.94)
Noting that
k P k—1 ’

> > [[e)=]]a-¢" =0 (6.95)

p=0 {a1,...,ap} C{0,...,k—1} i=1 i=0
for k > 1. Thus, we have that fozo an\[:_lK(s(k +1)—s(k)) =0for k=1,...,N — 1. This
proves (6.85). O

Proof of Lemma 6.5. We only prove (6.40) since (6.41) is similar to (6.40). Also, we have that
(6.39) is equivalent to [LW17, Formulas (98) and (105)], which are proved in the same way as
we prove (6.40) below. So, we also omit the proof of (6.39).

We multiply the left side of (6.40) by the factor ¢*(s=1)/2 [Ti<icj<n(qwi; — wj), and it becomes

Z H (qui, — qui,) H Wa H (wjy, —wjy) H (1 — twg)

[I|l=s 1<k<I<s acl 1<k<l<n—s Bele

Ic{1,..,n}
< [T 11 (qwa — wp) 11 (—=1). (6.96)

ael pele a€l, pelc, a>p

We recognize that this can be written as the 2° coefficient of

. . n
det ((1 — twi)wgfl + zwi(qwi)]_l)A L (6.97)
27‘7:
By the determinantal representation of eg(wi,- - ,wy), we have that the determinant above is
equal to

n k
T (wi—w)) <Z [1@ "2 = ter(wr,. .., wn)> . (6.98)

1<i<j<n k=0 i=1
It is straightforward to check that the z® term of (6.98) is equal to the right side of (6.40)
multiplied by the factor ¢*(s—1)/2 H1§i<j§N<qwi — wj). O

6.3 The m=2,...,N cases of Theorems 2 and 4

In this subsection we concentrate on the ASEP, and prove the m = 2,..., N cases of Theorem
2 by the m = 1 result and the cyclic invariance of the ASEP on a ring. The argument for the
g-TAZRP is analogous. Thus, we omit the proof for Theorem 4.
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We note that
Py (zm(t) > M) = Py (21(t) > M) (6.99)

by the cyclic invariance of the model, for the initial conditions Y = (y1,...,yn) € Xn(L) and
Y = (ymaym—f—lw YN, YL +L7 yYm—1 +L) S XN(L) Then7

IDEREDY ]lld—&&...][cld—&gN

k=l-m  LeZN(—k)

(N=1)/2 r g
D z
Py (zm(t) = M) = T a— % ZTLCN<Z)
M Y - & — &
X H E my—&J-l H £j+Nyim+1 eﬁ(fk)t H ﬁDL(gl, .. ,EN) (6100)
j=1 k=1 1§z’<j§Np 4SSy v
by the m = 1 special case of Theorem 2. Then, we use an identity analogous to (6.21). We have

m—1
Ny & —6&
j]i[l gj-l—LN—m—‘rl H mDL(fl,...,&V) —

1<i<j<N

_ _ Nj — i
(_1 (m 1)(N m+1) —D]L”(nh e ,7’]]\[), (6101)
) 1<¢1<_J['<N P+ qning —ni

with the change of variables L = (¢1,...,¢n) — L" = (¢{,...,0%;) and £ — n given by

'_{gﬁN_mH for j=1,...,m—1, g,,_{eﬁj\,_mﬂ—l for j=1,...,m—1,
;= _

§j—m+1 forj=m,..., N, [ E— forj=m,...,N.
(6.102)
Hence,
-1 N
Z &, [ dén H M—y;—1 ri‘[ My 1L T el6n)t
1 . 51 1 . gN —m+1 j+N—m+1
LeZN (- j=m j=1 k=1
& —&i
H ——————Dp(£1,...,éN)
\<icjen P T A58 — &
— (-n)imD@emiy§ ][ dm ][ dnn
LeZN (—k—m) L=m Jol=nn
H M—y; =1 e(n;)t I1 — Dy (). (6.103)
1§i<j§Np+q77i77j — i

Plugging this into (6.100), we prove Theorem 2 for m = 2,..., N.

7 One Point Function for TASEP on the Ring and ASEP on
the Line

We show that the formula (1.17) from Theorem 2 for the ASEP on the ring agrees with the
corresponding formulas for the ASEP on the line from Tracy and Widom in [TWO08] and the
TASEP on the ring from Baik and Liu in [BL18]. In the case of the ASEP on the line, we take
the length of the ring L € Z>; approaching oo. In the case of the TASEP on the ring, we take
the asymmetry parameter p € [0, 1] and set it to p = 1.
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TASEP on the Ring The argument for the one point function is similar to that for the
transition probability in Section 5.

Corollary 7.1. If p =1, the formula for Py (z,,(t) > M) from Theorem 2 is equivalent to the
one-point formula in [BL18, Proposition 6.1] for the TASEP on the ring:

Py (zp(t) > M) =

(_1)(m71)(N+1) 1 wjfk+1fm(1 _,’_w)yj*j*M+m+1etw N dz
omi %det L w+ S (7D
0 wER, P k=1
where p = N/L and R, is defined in (5.1).
Proof. We start with (1.17) and set p =1 and ¢ = 0. We have that
=0, Cn(2)=1, €& =¢"1-1 (7.2)

Then, with the change of variable £; — (w; + 1)7, like in (5.5), we rewrite (1.17) as

(_1)(m—1)(N—1)
Py (zm(t) > M) = Y 5 fgzl o= ][dwl ][ddeet

LezN
£
L J w] metw]
J . (7.3
X H ( w +1)L N) ((wj+1)Myj+]m> ( )

where the contour for w; can be taken as |w;| = R with R large enough. Although (7.3) involves

a summation over Z", actually the summation is over Z" (1—m), since the integral with respect
to dz will be zero unless ¢1 + --- + £ = 1 — m. Moreover, only for finitely many L. the N-fold
integral is nonzero. To see this, we can take K to be a large enough positive integer, and find
that if min(¢y,...,¢n) < —K, then the N-fold integral associated to L = (¢1,...,¢x) vanishes.
Hence we have

(—1)(m=D(N-1)
Py (zm(t) = M) = - 7{21 L(m—1 ][dwl ][dwN detfw; |-y

21

N e w] metwj
’ H ; Z (wN(wj + 1)L_N> ((wj +j1)M yj+]m> - (74)

Using identity

0 _
& 2V i s -
P ij(wj + 1)L=N ij(wj + 1)L-N — L’

we have, similar to (5.4), that

B (_1)(m71)(N71) dz

(0 + 1))
wﬁv(wj + 1)L=N — L

dw . (7.6)

det [][ w! TR (1 4 ) I M A M
k=1

47



Then, similar to (5.7), we have

(W (wj + 1)F=N)K
wf (w; + DEN 2L

wERz

j—k—m —j—M+y;+m
dww (1+w)

(7.7
w+o (7.7)

and this concludes the proof. O

ASEP on the Line

Lemma 7.2. In the limit L — oo with other parameters fized, the formula for Py (z1(t) > M)
from Theorem 2 is equivalent to the formula in [TWO0S, Theorem 3.1] for the ASEP on the line:

PY(ﬂfl(t)ZM)sz(N‘l)/2][ A&y ][ din HfM wleer ] §—&

cl=& 1—&n s rcicjen PG =&
(7.8)
Proof. Starting from (1.17), we write
N-1
Py (21(t) > M) = Py(M) (7.9)
k=0 LezZN (k)
with
P]L(M) _ pN(N—l)/2 CN(Z)dZ][ d§1 B ][ di H{M y—1 o (&)t
Y 2mi L Jo1 - 1—¢n |
RPINY (7.10)
P+ a8k — Sk
e s H(@ H( ¥ 55—5))
1<icj<n P q” 1 \P T 4SkSj — S5
We consider the term Pi(M) for two cases: (i) L = (0,...,0), and (ii) L # (0,...,0).
In Case (i) it is easy to see that Py(M) is the right-hand side of (7.8).
In Case (ii), we show that
lim P¥(M) =0 (7.11)
L—oo
for L # (0,...,0) and the convergence is exponentially fast as max(IL) — oc.

When L # (0,...,0) and L € Z¥ (k) with 0 < k < N — 1, we have max(L) > 1. Then, by

Lemma A.5, we have
1

P M| < ——F
IBy(M)] < [max(L)L/2]!
if L is large enough. Thus, not only do we have that P(M) — 0 as L — oo, but we also have

that the sum of P(M) on the right-hand side of (7.9), except for L = (0, ...,0), converges to
0 absolutely in the limit L — oco. Hence the proof is done with the help of Lemma A.1. O

(7.12)
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8 Bethe root formula for ASEP

We give an additional formula for the transitional probability function for the ASEP on a ring,
which we call the Bethe root formula. In particular, we take the formula from Theorem 1
and derive the Bethe root formula by residue calculations. It turns out that the residues that
we consider are located at the solutions of a system of algebraic equations called the Bethe
equations, which arise in the Bethe ansatz. (See [Sut04] for a review on the Bethe ansatz.)
In the end, the Bethe root formula will be an integral on a single variable over a finite linear
combination of solutins to algebraic functions.

The Bethe equations are the system of equations

1T Pt 498kSs 1N 8.1
HP+Q€k§] €1c I et (81)

with some complex parameter z € C. Assuming ¢ > 0 is small enough, we take the solutions
to the Bethe equations with each component {; bounded in absolute value by € and |z| =
e~ (1 — \/e)F, and call them Bethe roots. Note that the Bethe equations have more solutions,
and they are not the Bethe roots considered in our paper. The existence of Bethe roots is
guaranteed by part 3 of Lemma 8.3, and we have that for a fixed z, there are LY Bethe roots.
For some d(e) — 0 as € — 0, we index the roots as follows:

(€, ™), with Bi=1,...,L, suchthat [/ — XMLV < 5(e)e¥2. (8.2)

We denote for k,j=1,...,N

0
o= - 59

- p+a& =&
(p+ q&r&; — §j)(P + @6kés — &)

2
5 p+a§ — & _
* Ok <L§ +Z (0 + 46— &)(p T 46 — &)

The following proposition gives the Bethe root formula for the transition probability function
for the ASEP on a ring.

Proposition 8.1. Let Py (X;t) be the transition probability for the ASEP with N particles
on a ring of length L with initial configuration Y = (y1,...,yn) € Xn(L) at time t = 0 and
configuration X = (z1,...,2n) € Xn(L) at time t € R>g. Then,

. N £V el
IPY(X,t) = —_ AO’(&I""?SN) ’ ’
“ 5i=17..-§=17-..71\7 O'EZSN 31_[1 det(k; (€1, V3 2))ic

(617"'7‘51\7):( ;ﬁl)""’ 5\?1\,))

(8.4)
with € > 0 a small enough constant and z € C on the circle |z| = e (1 — \/e)F.

We give a proof to Proposition 8.1 at the end of this section. First, we establish preliminary re-
sults. The starting point to obtain the Bethe root formula is the transition probability function

49



from Theorem 1; it consist of an infinite sum of integrals over the lattice Z"(0). In the com-
putations below, we proceed by first performing the sum over Z¥(0) in Lemma 8.2, and then,
evaluating the residues of the resulting integral. Throughout this section, we fix the contour

C = {[¢] = e}

Lemma 8.2. Let Py (X;t) be the transition probability for the ASEP with N particles on a ring
of length L with initial configuration Y = (y1,...,yn) € Xn(L) at time t = 0 and configuration
X = (z1,...,2n) € An(L) at time t € R>q. Then,

Py(X;t) = lim PU (X t) (8.5)
for
PO (X 1) = %iZU(K)(X t; 2) (8.6)

with the contour of z, a large positively oriented circle centered at zero of radius (1 —+/e)~ et
for some small positive e < 1, and

K§KL+Ij—yo<j> “Loelg

z .
U X t;z) ][ dy- ][ dén Z As H 1_ z_]lf LTIV, P+a€ué&;i—¢; (8.7)

oESN J=1 PH+q€r€i—Ek

with the contours C, positively oriented circles centered around the origin of radius € for the
same small positive € < 1.

Proof. Take the series expansion

N ZK@LK

H PragE =& Z Z TN D G (& En) (8.8)

g
212G et prggg—6r =0 a0

for |z| = (1 — /e) Fe L and |&| = e. Note that this sum is absolutely convergent since by
Lemma A.5

[ZEND (€ )| S () (8.9)

for some positive constant c(e) that is less than one for € small enough. We use this identity to
write

N
U X’ tv z ][ dé—l ][ déN Z Z Z]LAUDIL(él, . 7£N) H f;xjiya(j)_lee(fj)t
j=1

LeZN, max(L)<K 0€SN
(8.10)
with the shorthand 2 = 26+~ for . = (¢1,...,0y). Then, we use (8.10) in (8.6) and
switch the order of integration in (8.6) so that we take the integral with respect to z before
any other integral or summation. Note that the integral with respect to z will vanish unless
lp+--+ ¢y =0for L =({,...,¢y). Thus, we have that

PYO () = S (8.11)

LeZN (0), max(L)<K

with u}:(X;t) given by (1.16). Therefore, by Theorem 1, the limit (8.5) follows. O
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We obtain the probability formula in Proposition 8.1 by simplifying the formula in Lemma 8.2.
In particular, we compute the nested contour integrals for the function Ui(,K) (X;t;2), given in
(8.7), by residue calculation. So, in the next lemma, we find the poles of the integrand in
U)(,K) (X;t; 2) that are inside the contours C.

Lemma 8.3. Let € > 0 be a small enough constant, and j € {1,...,N}. Assume |§| < € for
all k€ {1,...,N}Y\ {j} and |z| = (1 — /&)~ Le L for some small enough ¢ > 0. Then:
1. if j #1i, the equation

_1 _ P+ q&ri —
=0 8.12
“ H L P+ gk — fk (8.12)

has no solution with respect to & so that |&;| < e;

2. if j # 1, the equation

p+a&i — &
L — .
& Z (p+ & — &) + aén& — &) ! (8.13)

has no solution with respect to & with |;| < €; and

3. the equation

1L P+ q&ké; B
S HP+Q§k€y €k =0 (8:14)

has L solutions with respect to & with |£;| < € so that the solutions fj(.k) (k=1,...,L)
satisfy
ffj(k) — 2mkR/L =1L < 5(e)ed/?, (8.15)

VL takes the principal branch with arg(z) € (—m, 7], and 6(¢) — 0 as € — 0.

where 2z~
Proof. All three statements are base on Rouche’s theorem. It states that two holomorphic
functions f and g (on a closed region R) have the same number of zeros in the interior of R if
7 (2) —g(2)| < |f(2)|+|g(z)] for all z € OR. Since all the statements follow similar arguments,
we only discuss part 3 in more detail and the reader may check the other cases.

First, we show that (8.14) has exactly L solutions with respect to &; so that |;| < e. Take
_ N +
f(&) =& and g(&) = ¢F — 2 [T, % Then,

_ P+ q&ké; B
1) - 1Hp+q% S| =avatarow),  (316)

and |f(&;)| = L. By Rouche’s theorem, this means that f(&;) and g(¢;) have the same number
of zeros inside of the contour C for &;. Therefore, (8.14) with respect to &; has exactly L
solutions so that |{;| < e.

Now, we find L distinct solutions to (8.14) with respect to &; so that |{;| < e. For any § >
0, let Ry be the region enclosed by a circle of radius de*/2 and centered at e2™¢/L,=1/L for

¢=0,...,L —1. Note that || < € for all §; € Ry. We apply Rouche’s theorem again. Take
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(&) =¢&& — 2z and g(¢) = z71 Hk 1% Then, by a series expansion, we have

thet PH+a€K&i—&k
a
N ) —1 p+ qgk&] L-‘rl L

for some constant ¢1(N, L) independent of € if € is small enough. Additionally,

L—-1
&) =TT |& = e/ 7V = ea(N, D)l 121 = ey (8.18)
=0

for some constant ca(N, L) independent of § and e if € is small enough. Then, by Rouche’s
theorem, f(&;) and g(§;) have the same number of roots inside the region Ry for £ =0,1,...,L—
1, given that e is small enough. Therefore, the solutions to (8.14) with respect to &; so that
|€;| < € are approximated by (8.15). O

Proof of Proposition 8.1. We decompose the contour C as C1 +Ca+-+-+Cp +C1 +Ch+-- -+
C; + Cy, with Cp = {|¢| = (1 — 21/€)e} a circular contour, Cj, a contour with four sides:

1. the arc on C from ee®8(x)+2mik/L—v/e ¢ cearg(z)+2mik/L+/e
2. the line segment from ee?8()H2mk/LEVeE 6 (1 — 2, /e)eerra(2)+2mik/Ltv/e,
3. the arc on C from (1 — 2y/€)ee® &) T2mik/ L=V {6 (1 — 2, /€)eera(x)+2mik/ L/
4. and the line segment from (1 — 21/€)ee®8(2)+2mik/L=Ve  ¢para(z)+2mik/L—\/e
and (), also a contour with four sides:
1. the arc on C from ee8(2)+2mik/L+vVe ¢ cparg(2)+2mi(k+1)/L—V/e
2. the line segment from ee®8(z)+2mi(k+1)/L—vVe (1-— 2%)eearg(z)””(k*l)/L*ﬁ,
3. the arc on Cp from (1 — 2y/€)ee8()+2milk+1)/L=Ve t (1 — 2, f¢)eerra(2)+2mik/L+\/e

4. and the line segment from (1 — 21/€)ee®8(2)+2mik/LHVe ¢ ¢para(z)+2mik/L+/e,

See Figure 1 for an illustration.

We assume all these contours have a positive orientation. Also, we write C = Cy+---+C L+C1+
-+ 4+ C7, which is an annulus. Moreover, given an array A = (o, ..., ay) whose components
are o; = 0 or 1, we introduce integrals with the different type of contours

(K) ﬁ KM et
U (X t; 2 4) :][ dfl---][ dEnF (6, ... Ex) . (8.19)
ot o o 1= =GP L pree=e
WithM:yl—xN+1 and
T - 1+M
Flr,....bn) = > 4, Hgﬂ e (8.20)
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Figure 1: Schematic shape for C; and C’Z for L =5 and arg z = 0.

so that
Cy if o =0,
oty — )20 % (8.21)
C if A = 1,
for k =1,...,N. Then, we have
U}(,K) (X3t 2) = Z U;K)(X;t; z; A). (8.22)
Ae{0,1}N

For any A # (1,1,...,1), take a component, say «;, equal to 0. If we integrate &; over Cj first,
the result is an N — 1 fold integral over C(1) x ... x CU=1) x CU+D x ... x CV) Since 0 is the
only pole within Cy for {;, we integrate £; by the residue theorem, and find that the integrand
of the N — 1 fold integral is bounded by

LNK _—LNK e 1t(N—1) CL(KH)iM
o - — e t(N—-1 2
c1(1 = Ve) € e TS (8.23)

with a constant ¢; and co that don’t depend on K but may depend on € and F'. It is clear that
U)(,K) (X;t;2) —» 0 as K — oo, and then

lim U (Xit2) - U (Xt 1) =0, T=(1,1,...,1). (8.24)
—00

Hence we only need to evaluate Ui(/K)(X ity 25 1)

Next, we denote B = (f31,...,0n) as an array whose components are 3; € {1,...,L} U
{—1,...,—L}, and have
U}(,K)(X;t;z; )= Z 0}(,K)(X;t;z; B), (8.25)
Be{—L,...—1,1,...,L}N
with
N K ¢LK—M _e(&;)t
Fr(K) z Ej e
00tz B) = daf  devF@n e - (8.26)
y by <5 . N ’ ) C1e— P+aéké;i—&;
o o) =1L =27 et praee =
so that
A C if B > 0,
oty _ o 1B (8.27)
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If B contains a negative component, say 3; < 0, we integrate &; over C”_ 3 first when evaluating
(?1(,1() (X;t;2;B), and find that the integral vanishes since &; has no pole within C” 8;- Hence,
J

ﬁx(,K) (X;t; z; B) is nontrivial only for B with all positive components.

Now, suppose B = (f1,...,0n) has all positive components. Then, f]}(/K) (X;t;2;B) is an N-

fold contour integral over Cg, x --- x Cg, . Also, note that the Bethe roots (§§’31), s ](51\’)) are
labeled so that f,(f'“) lies inside the contour Cpg,. Hence, near the Bethe root (5%51), cee %’)N)),
the denominator in the integrand of (8.26) is

N /N N

11 ( (&), €05 2) (6 §£Bk))> +0 (rgg;c!fﬁ) - (8.28)

j=1 \k=1

Then, we evaluate U}(,K) (X;t; z; B) by shrinking the contours Cg, into very small circles around

. Note that if all the N contours shrink at the same scale, the contours do not cross any
singularity and so the integral is constant. As the contours approach the singularity f,gﬂ ’“), we

find that the integral (8.26) can be computed as

1
det(yr; (&1, - 7§N))gj=1

N ~
F(&, ... en) [J (&) M e (8.29)
k=1

(1,n€n)=(PD 0N

Summing up all these Ul(/K) (X;t; z; B) and taking the limit K — oo, we derive the result. [

A Convergence lemmas for ASEP and ¢-TAZRP on a ring

We need to make sure that the right side of (1.16) and (1.26) are well-defined before we prove
Theorems 1 and 3. That is, we need to show that the sum of A} (X;¢; o) over the infinite lattice
ZN(0) converges. Also, we need to show that the integrands of the z-integral on the right side
of (1.17) and (1.27) converge in Theorems 2 and 4. For these integrands, the problem is more
serious since we need to deal with convergence of other series in the proofs of Theorems 2 and
4. In this appendix, we show that all the required convergences hold.

We establish some notation and a basic estimate to facilitate the upcoming proofs in this section.
Recall the notation set up in (4.9). It is straightforward to see that given any k and n, there
are only finitely many L € Z" (n) such that max(IL) < k. We have a very rough estimate.

Lemma A.1. The number of L € ZN(n) with max(L) < k is no more than N (k — |n/N|)N
if n < Nk, and there is no L € ZN (n) with max(LL) < k if n > Nk.

Proof. The statement for n > Nk is obvious. For n < Nk, we assume that n = [N with [ an
integer without loss of generality. Note that, if L = (¢1,...,4x) € ZN(n), then L/(¢1 — 1,05 —
l,....4n — 1) € ZN(0). Then, the inequality max(LL) < k is equivalent to max(L') < k — I.
Hence, the lemma is reduced to the n = 0 case.

Suppose n =0 and L = (¢1,...,¢y) € ZV(0) satisfies max(IL) < k. Then, if there is an ¢; with
¢; < (1 — N)k, the sum of the other (N — 1) components is greater than (N — 1)k, and at least
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one among them is greater than k, a contradiction. So, the value of each ¢; is less than k and
no less than (1 — N)k. Hence, each component ¢; has no more than Nk possible values and LL
has no more than (Nk)" possible choices. O

A.1 ¢-TAZRP case

In this subsection, we assume C' = {|z| = R} is a circular contour with positive orientation and
R a large constant. Recall that by}, - -, bjz) are positive constants defined in Section 1.1.2. We
assume g(wi, ..., wy) is an analytic function on C and

N L
g(wl,...,wN) U}l,..., HH b[z] —wj (Al)

for some m > 0. In this subsection, we take Dy, as defined by (1.23).

Lemma A.2. Denote

:][del---][deNg(wl,...,wN)D]L(wl,...,wN) H (qwi—wj)_l. (AQ)

1<i<j<N

Then A = 0 if max(L) > m.

Proof. Consider the integral over w,,r). We have that the contour C' encircles no poles with
respect to wy,). Then, the integral of w,,r) over Cp,r) vanishes, which implies that AL

vanishes. O
Next, we consider the special case with by;) = -+ = by} = 1. Then, the function (w1, ..., wn)
defined in (A.1) becomes g(w1,...,wy) Hj.vzl(l — w;)~™E. Furthermore, we assume that the

radius R of the contour C' is bigger than N. We denote

Mg - wz‘EC'r,nii)i,...,N’g(wl’ T ’wN)" (A3)

Lemma A.3. Denote

~ dw dwy _
AL = w—l ][ —Ng(wl,...,wN)DL(wl,...,wN) H (qw; — wy) 1, (A.4)
c w1 c 1<i<j<N

and Ay = Z]LEZN(S)’AL| for some s € Z. Furthermore, assume the radius R of the contour C

RN 14 ¢\
(R —1)L@—) <1 — q) <L (A.5)

satisfies

Then, Ay < CM, for some constant C' that depends on m,s but not g.

Proof. We partition Z" (s) into disjoint subsets Zo U Z; U Z U - - -, with

Zy = {L € Z"(s) | Lmax(L) < m}
={L e Z"(s) | m+ (n—1)L < Lmax(L) < m +nL}
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for n =1,2,.... By Lemma A.1, each Z, is a finite set and |Z,| < NN (n + [m/L] — |s/N|)N
if n+m/L —s/N > 0. Without loss of generality, we assume m = s = 0 below for notational
convenience. Then, in this case, Zy = () and we only need to consider n > 1.

For L = (¢1,...,¢N) € Z,, we have that the integrand in (A.4) has no pole with respect to
Wy Within €' and has a zero of order at least (n — 1)L at 1. So, by the identity

(n—1)L
1 1 1
- A.
b A Dl e D
we have
~ dw dw Wiy eon, W _
Rom f e Do) TT )™ (4
c w1 c WN (1= wyw)) 1<i<j<N

Also, we have Zf\iﬂm < 2nN since maxY,(¢;) < n and Zf\il ¢; = 0. Then, it is not hard to

see that N
R \* 1+gq N
D A.
Dy wr, ,wN>|<((R_1) (79 ) (4.9)

ifw; € C foralli=1,...,N. Additionally, we have

MO T (g — )| <

— (1 + q)R)YNWN=1/2, (A.10)

M,
(R —1)(n—DL

Thus, we obtain the following estimate,

. R2NL 1+q\ 2"
L N B N(N-1)/2
LEGZj A4 < (Nn)M My (R — 1)((1 + q)R) <(R_ T (1 _q) . (A1)

by combining the previous two estimates. Hence, we obtain the result by summing the last
estimate over n > 1. ]

A.2 ASEP case

Later in this subsection, we assume that C' = {|z| = p?} is a circular contour with positive
orientation. Let f(&1,...,&n) be a meromorphic function such that it is analytic on the multi-
cylinder {|&] < p? |i=1,...,N} with maxie, |=r, i=1,..,N|f(§1,- -, En)| = My. Let t € Ry,
m € Z~g and s € Z be constants. Then, we have the following estimate.

Lemma A.4. Denote

N
][dsl ][dng51,...,5N>DL§1,...,5NH me @) and A, = 3 |AL|

We have Ay < C1Mjy for a constant Cy that depends on m,s but not on f(&1,...,6N).
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For the proof of Lemma A.4, we need to estimate A" for each L.. We decompose the exponential
factor e“Em@)t into the sum of two terms: one is the partial sum of the Taylor expansion of the
exponential function, and the other is the remainder term. To be precise, we write

ok
e = P,(z) + En(z), sothat P,( Z L E.(z) = Z % (A.13)
k=n+1

Then, we write

ALY = ABP(n) + ABE (n), (A.14)

for any n > 0 with

LB ][ e, ][ AN F(Er, - En)DL(En - EN)
N
11 &0 I1 (&)t Dn(tpfﬁa))et(qgm@_l) (A.15)
=1 j=1,...N j#m(L)
fordO=Por E.

Lemma A.5. Suppose max(L)L —m = M > 0. Then

1. ABP(M) = 0.
2. If L € ZN(s), we have |[A“F(M)| < CoMpesM+esL /M for some constant Ca,c3,chy > 0
depending on s, t, m but independent of f and L.

Proof. The proof of statement 1 is similar to the proof of Lemma A.2. We first note that the
contour C' encloses no pole with respect to &,,r). In particular, there is no pole at ;1) =
0 due to the assumption that max(L) = U@y = m. Hence, the integral with respect to
Emy over Cp,qy vanishes for the multiple integral that defines AH{/;P(X ;t;0; M), and so does
AH;P(X;t;U;M).

For statement 2, we note that |¢;| = p? if & is on the contour C. Then,

Hé- m H 5 p2(—mN+L(s—m(]L)L)) (A16)
j#m(L)

for all L € Z™ (s). Also, we have
et (@Ema)—1) H (&)t < eNeat (A.17)

with cq = (14 p?)(p + p~2q) since Re(§;) < 1 and R(g&; — 1) < cq if ;] = p®. Next, we have

that
[l

Jj=1k=1

p+a&ué — &k

Nmax (L) N(M+m)
< c = A.18
P+ géréj — H °T “ (4.18)
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with ¢5 = (14+p+p3q)/(¢ — p3q) for all i = 1,..., N since

plg—p’q) < |p+¢&& — &l < p(1+p+p’q). (A.19)

At last, we have an adequate upper bound of the integrand in (A.15) for AH{}E(X;t; o; M) by
using the estimate

2
‘EM(tpf;L%L))‘ < m(tp_l)M+17 (A.20)

which corresponds to the estimate of the error term in a Taylor expansion. Then, we have

’AL;E(M” < pr2(—m(N+1)+Ls)céV(M+m) 2 (tp_l)M+2€Nc4t (A.21)
(M +1)!
after evaluating the integral. This implies statement 2 of the lemma. O
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