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Abstract. In this paper we study some conditional probabilities for the totally asymmetric
simple exclusion processes (TASEP) with second class particles. To be more specific, we
consider a finite system with one first class particle and N — 1 second class particles, and
we assume that the first class particle is initially at the leftmost position. In this case, we
find the probability that the first class particle is at x and it is still the leftmost particle at
time t. In particular, we show that this probability is expressed by the determinant of an
N x N matrix of contour integrals if the initial positions of particles satisfy the step initial
condition. The resulting formula is very similar to a known formula in the (usual) TASEP
with the step initial condition which was used for asymptotics by Nagao and Sasamoto
[Nuclear Phys. B 699 (2004), 487-502].

Key words: TASEP; Bethe ansatz; second class particles

2010 Mathematics Subject Classification: 60J25; 60K35; 82B23

1 Introduction

In this paper we study some conditional probabilities in the totally asymmetric simple exclusion
processes (TASEP) with second class particles. So far, there have been many works on the
coordinate Bethe Ansatz applicable stochastic particle models, but most of them are on the
models of a single species such as the asymmetric simple exclusion processes (ASEP) [14, 15], the
g-totally asymmetric simple exclusion processes (¢-TASEP) [2], the ¢-Hahn asymmetric exclusion
processes [1, 7] and the g¢-totally asymmetric zero range processes (¢-TAZRP) [6, 9, 13, 18].
Our interests in these models include but are not limited to the transition probabilities, the
probability distribution of a tagged particle’s position for some special initial conditions, and
their asymptotics that may confirm that the models belong to the KPZ universality class.
However, in this direction of studies, the TASEP with second class particles have not been
explored much, and only a limited number of papers were published [3, 16, 17] because of
the complexity in computations. The transition probabilities of the TASEP with second class
particles were studied by Chatterjee and Schiitz [3] and also studied in more general setting (the
ASEP with multiple species particles) by Tracy and Widom [17]. A motivation of this paper
starts from naive questions that “Can we extend the results in the TASEP (such as the one
point distributions for some initial conditions and their asymptotics) to the TASEP with second
class particles?” “Furthermore, what observables are meaningful and should be considered in
connection to the KPZ universality class?” In this paper, we do not provide complete answers
to these questions but would like to study some explicit and exact formulas that can serve as
a starting point for further studies. The integrability of the TASEP with second class particles
has been confirmed in [3, 17], hence as the next step, we are interested in finding a neat
probability formula of a certain event from which we hope to obtain a meaningful asymptotic
result. We provide a probability formula (1.4) whose form is very similar to a known formula
in the TASEP without second class particles. But, it is not clear at this moment whether this
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high similarity in the appearances will imply easy asymptotics or not. Although we consider the
TASEP with second class particles for algebraic simplicity, it seems that the techniques used in
this paper can be also used to extend the results in this paper to the ASEP with second class
particles. The author confirmed this extension for some small systems of the ASEP with second
class particles.

The definition of the TASEP with second class particles is as follows. Each site on Z can
be occupied by at most one particle and each particle belongs to one of two different species,
labeled 1 or 2. A particle of species ¢ at z € Z tries to jump to =z + 1 after a waiting time
exponentially distributed with rate 1. If the target site x + 1 is empty, the particle jumps
to z + 1. But, if z + 1 is not empty, one of the following cases occurs: (i) if z + 1 is occupied by
another particle of the same species i, the particle of species ¢ at  cannot jump to = + 1, and
the waiting time is reset, (ii) if = is occupied by a particle of species 2 and = + 1 is occupied by
a particle of species 1, then the particle of species 2 at x can jump to x 4+ 1 by interchanging the
positions with the particle of species 1 at x + 1, (iii) if « is occupied by a particle of species 1
and x + 1 is occupied by a particle of species 2, then the particle of species 1 cannot jump
to x + 1 and the waiting time is reset (see Fig. 1).

N N .
——o— ——o— (i)
1 1 2 2
VY .
——o— — —eo—o— (ii)
2 1 1 2
e e (iii)
1 2
Figure 1.

In other words, the particles of species 2 have a priority over those of species 1. The particles
of species 1 are called second class particles and the particles of species 2 are called first class
particles.

1.1 Statement of the main results

In this paper we consider a finite system with N particles. The state space of the process is
a countable set of pairs (X, 7) where X = (z1,...,zy) € WY with

WY = {(1‘1,...,.%']\[): (Z1,...,zN) cZN and 2y < - - <:1:N}
and m = (71 -+ -y ) is a finite sequence of length N whose elements are 1 or 2. A state
((xl, N ,HTN), (71'1 s -7TN))

implies that the " particle from the left is at 2; and this particle belongs to species ;. We will
sometimes omit the parentheses in the expressions of (z1,...,zy) and (71 ---7n). If we would
like to express a state at time ¢, we write

((z1,....2zN), (T1- - TN)3 L)

We denote by Py, (X, m;t) a transition probability, that is, the probability that the system is
at state (X, ) at time ¢, given that the initial state is (Y, ). We denote by Py, the probability
measure of the process with initial state (Y,v). Let E; = {(X,21...1;t): 1 = x}, the event
that the leftmost particle is the first class particle and it is at x at time t.
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Remark 1.1. One of the motivations of this paper is the fact that if # = v, then the transition
probabilities Py, ((.7)1, c N,V t) can be expressed as a determinant of an N x N matrix [3].
In the TASEP with N particles of the same kind, the transition probabilities are also expressed
as a determinant [14] and the distribution of the leftmost particle’s position is obtained by
summing the determinants over all possible xo,...,xxy With 21 < 22 < --- < xy for fixed x;.
This multiple sum of the determinants can be expressed as a closed form of a multiple contour
integral when the initial positions of particles are given by (1,2,...,N) [12, 15]. This was
possible due to some special properties of the determinants [12, Theorem 4] or equivalently due
to the algebraic identity which was found in more general setting in [15, equation (1.6)]. Hence,
it is natural to ask if there is a similar algebraic structure originated from the determinantal
form of Py, (X,v;t) in the TASEP with second class particles, and (if so) whether or not it is
possible to express a multiple sum of Py, (X, v;t) over z2,..., 2y with 71 < z2 <--- < a2y for
fixed x1 as a closed form of a multiple contour integral.

Throughout this paper, we will use the notation f{ for ﬁ J. The first result provides an
answer to the question “if the first class particle is initially the leftmost particle, what is the
probability that the first particle moves to x during time t without exchanging positions with
second class particles?”

Theorem 1.2. Let C be a counterclockwise circle centered at the origin with radius less than 1.
Then,

Piyo1..1)(Et) _][c - '][C(l - &) H 51]__5

1<i<j<N

N
1 R
X 1_5 (5@ Yi 16 (éz)t)dé‘ld{N’ (11>

i=1 i=1
where (&) =1/& — 1.

This formula is comparable with that of the TASEP (with a single species). The formula for
the TASEP corresponding to (1.1) is

P(Y,z’...i)(Ft)Z][C---]é(l—gl...&v) 11 451;_—2

1<i<j<N

N
y (ggc—yi—lea(fi)t)dfl --dén,

1
1=&

i=1 i=1
where F; = {(X,i...4;t): 1 =z} [15].

Remark 1.3. In order to obtain (1.1), we need to find an expression of Pry9..1)(X,21...1;1).
One novel point of this paper is that we provide an explicit and exact formula of the transition
probability Py.;..1)(X,21...1;t). Chatterjee and Schiitz [3], and Tracy and Widom [17] dis-
cussed a method to obtain Py, (X, m;t) but did not provide an explicit formula for specific v
and 7. The transition probabilities of an N-particle system (with or without second class par-
ticles) are expressed in a compact matrix form of contour integrals as in (2.31), and each matrix
element is a specific transition probability. Finding an explicit formula of a matrix element
of Py (X;t) in (2.31) means finding an explicit formula of a matrix element of A, in (2.31). But
this may require a tedious matrix multiplication of several 2%V by 2V matrices. To the best of the
author’s knowledge, there are no known shortcut methods to find each matrix element of A,.
Lemma 3.3 is an important result to provide an explicit formula of Py, 1)(X,21...1;1).
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The second result is obtained by applying a special initial condition for the positions of
particles to (1.1). Let Y = (y1,...,yn) be the initial positions of particles given by

L ifi=1, 12)
YTkl i1 '

for some nonnegative integer [. When [ = 0, this condition is called the step initial condition.
Let us recall that

M- i) = Y &Gbnby

1<, <<y <N
is called the [th complete symmetric polynomial of &1,...,&yN, and ho(&1,...,&N) = 1.

Theorem 1.4. If Y is given by (1.2),

]P)(Y,Ql...l) (Et) = N ][C ][Chl(éla e ,5]\7) lgigSN(gj 61) H (5@ _ 1)N—1
N
% H(ém N—-I-1 6(61 )dfl 5 (1'3)
i=1

If Y is given by the step initial condition, then (1.3) is very similar to a known formula in
the TASEP [15, Remark on p. 839]. (Also, see [4, 12] for similar results.)

Corollary 1.5. IfY is given by (1.2) with | =0, then

N(N-1)/2
Piyor.1)(Er) = ][ ][
c

N

x [T (&N e dg - - dew. (1.4)

=1

N

1
~6 g =

1<7,<]<N i=1

Also, (1.4) can be written as

N-1

P11y (E) = (=1)NIN=1/2 get [][C grtire=N=l(¢ _1)=(N=1 /&1t qe
i,j=0

by the same method as in [15, Remark on p. 839].

Remark 1.6. It would be interesting to see if P(y,)(E]) where Ef = {(X,m;t): 1 = z} for
arbitrary v and 7 can be expressed as a determinant. To do so, at first, we need to find an
explicit formula of Py,)(X,7;t). However, as mentioned in Remark 1.3, there are no known
methods to find Py, (X, m;t) except a tedius matrix computation. A partial generalization of
Py21..1)(E¢) was made a few months after the first version of this paper was posted [§].

1.2 Previous results

There are some previous results on the TASEP (or the ASEP) with a different initial configura-
tion. Suppose that initially all negative integers are occupied by first class particles, the origin is
occupied by a second class particle, and all positive integers are empty. In this case, the position
of the second class particle at time ¢ is nontrivial because it is affected by first class particles’
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movements. Tracy and Widom obtained the exact expression of the distribution of the position
of the second class particle at time ¢ in the ASEP [16]. Mountford and Guiol proved the strong
law of large numbers for the position of the second class particle in the TASEP [11]. On the other
hand, for the initial condition considered in this paper, the probability distribution of the position
of the (only) first class particle at time ¢ can be trivially obtained because it is a free particle if
we do not care about the order of particles. But, the probability for the non-intersecting paths of
the particles from the initial configuration to any configurations such that the leftmost particle
(the first class particle) is at a specific position at time ¢ is nontrivial as in Theorem 1.2.

Remark 1.7. The initial configuration (Y,v) for Y = (..., —2,—1) and v = (...221...1), and
the probability formula of the position of the m'" rightmost first class particle at time ¢ are of
particular interest. If we do not care about the order of the first particles and the second class
particle at time ¢, the system can be thought of as the TASEP without second class particles
because the first class particles see the second class particles as holes. Hence, the distribution of
the m*™ rightmost first class particle’s position is trivially obtained from the previous results of
the TASEP and the Tracy—Widom distribution should appear in the asymptotic studies. If we
consider an event that the initial order of particles does not change over time, the probability
of the m™ rightmost first class particle’s position at time ¢ confined in this even is nontrivial.

Organization of the paper. In Section 2, we provide some preliminary background of the
integrability and the transition probabilities of the TASEP with second class particles. Although
the majority of Section 2 is essentially overlapped with [3, 17], we introduce this background for
the notations in this paper and self-containedness. In Section 3, we derive (1.1), (1.3), and (1.4).

2 Preliminary

Since the state space of the process is countable, we may view Fy,, (X, m;t) as elements of an
infinite matrix. This infinite matrix is denoted by P(¢) and we assume that Py, (X, 7;t) is an
element at the (Y, )™ column and at the (X, 7)™ row. We denote a submatrix of P(t) with
elements Py, (X, m;t) for fixed X and YV as Py (X;t). Hence, Py(X;t) is a 2N % 2N matrix.
We assume that the elements of Py (X;t) are listed in the reverse lexicographic order of finite
sequences v and 7 from left to right and from top to bottom, respectively (See (2.2) below for
an example). If G is the generator of the process, then P(t) satisfies the forward equation

d
dt
and it is subject to the initial condition P(0) = I where I is the identity matrix. The definition
of the TASEP with second class particles implies that G = [aji]j ez is a band matrix with

sup |ajk] = N < oo (so, G induces a bounded operator on I3(Z)), and the solution of (2.1) is
J:k

simply given by P(t) = ¢/C. We want to find an explicit formula of each matrix element of e/,
that is, the transition probabilities Py,,y(X,7;t) by using the standard method, the coordinate
Bethe Ansatz [14, 15].

P(t) = GP(t) (2.1)

2.1 Two-particle system

By the definition of the TASEP with second class particles, (2.1) implies that a submatrix
Py (x1,x2;t) given by

Py (@, 22,15t)  Pyg)(@1, 22,115t)  Pryan (21,22, 1158)  Prygg) (1, 22, 115¢)

Py (@1, 22,1258)  Pyig)(@1, 22,125t)  Pryan (21,22, 1258)  Pygg) (21, 22, 12;t) (2.2)
Pya1y(z1,22,21t)  Pryagy(w1,22,215t) Py (1,22, 215t)  Prygoy(z1,32,2158) [
Py (w1,72,225t) Py (71, 72,22;t) Py (@1, 72,22;t) Py (@1, 22, 22;t)
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satisfies one of the following equations, depending on (z1, z2):

d
—Py(z1,22;t) = Py (z1 — 1, 22;t) + Py (21,22 — 151)

dt
— 2Py($1,$2;t), T < T9 — 1, (2.3)
1 0 0 O
d 01 -1 0
aPy(xl,xg;t) =Py (z1 — 1,29;t) — 00 2 0 Py (z1,x9;t), x1 =x9 — 1. (2.4)
00 0 1

Let U(xy,72;t) be a 4 x 4 matrix whose elements are functions defined on Z? x [0,00). If we
suppose that U(x1,x9;t) is a solution of

d
aU(xl,xQ;t) = U(l‘l — 1, z9; t) + U(.%'l,xg — l;t) - 2U(:L‘1,x2;t) (2.5)

for all (z1,22) € Z? and is subject to

10 0 O
01 -1 0
U(z,z;t) — 2U(z,x + 1;t) = — 00 2 0 U(x,z + 1;t) for all z € Z,
00 0 1
so that
1 0 00
0110
U(z,x;t) = 000 0 U(z,x + 1;t) :== BU(z,z + 1; 1), (2.6)
0 0 01

then it is obvious that U(xq,ze;t) for x1 < xe — 1 satisfies (2.3), and both (2.5) and (2.6)
imply that U(xy,x9;t) for x = 21 = z9 — 1 satisfies (2.4). An ansatz of variables separation,
U(x1,x9;t) = X(x1,22)T(t) where X(x1,x2) is a 4 x 4 matrix and T'(¢) is a scalar function of ¢,
reduces the matrix equation (2.5) to a linear matrix recurrence relation of two variables

eX(z1,x2) = X(z1 — 1, 22) + X(21, 22 — 1) — 2X (21, 22) (2.7)

and T'(t) = e°* where ¢ is to be determined. By an ansatz from the theory of the linear recurrence
relation we see that I,£77€5? is a solution of (2.7) where I, is the 4 x 4 identity matrix (we will
write I,, for the n x n identity matrix), and & and & are complex numbers with 0 < [&;| < 1
and 0 < |§2| < 1 (the reason for this restriction on &; and & will be clear soon), and in this case,
€ is given by

E=—+——2. (2.8)

In fact, by the linearity of the equation, for any 4 x 4 matrix Ajs, independent of x; and xs,
A€ €57 is also a solution of (2.7). Also, we observe that 14£5"¢7? is a solution of (2.7) with
the same ¢ in (2.8). Thus, for a general solution of (2.5), we put

U(z1,z25t) = (A126765% + A1 &5 672 ) e, (2.9)

where Ay is another 4 x 4 matrix, independent of 1 and x2. Substituting (2.9) into (2.6), we
obtain

(I — &B)A 12 = —(Iy — §1B) Ay,



On the TASEP with Second Class Particles 7

and
-2 0 0 0
) 0 _1-&% L& 0
Ay =—(I;-B) (I —EB)A = 0 10_51 1:511 0 Ao (2.10)
17
0 0 0 -2
Definition 2.1.
1-¢
*1—@6 1O5 . 05 0
0 L& st - &
Sga = 1=6a  1-&a and S 1= — . 2.11
pe 0 0 1 0 fa =1 e, (2.11)
1-¢
0 0 e

Hence, (2.9) with (2.10) satisfies (2.3) and (2.4). Next, we put Ay = L&Y 16,1 for
Y = (y1,92) in (2.9) and integrate componentwise over counterclockwise circles C' centered at
the origin with radii less than 1, to form a matrix of contour integrals written

][][ mop—leramyamly eyl gty 1821)e€td£1d§2. (2.12)

Recall that the matrix (2.2) satisfies the initial condition which states that at t = 0, if 21 = y1
and xo = yo, then the matrix (2.2) is the identity matrix and, otherwise, it is the zero matrix.
Recalling that x1 > y1, 2 > y2, 1 < x2, and y; < y2, we can show that (2.12) satisfies this
initial condition. Hence,

Py (z1,x9;t ][][ :v1 y1—1 wa y2— II +§ﬂ:1 y2— lgi@ y1— 1521)65td§1d§2.

2.2 Three-particle system

Let U(z1,22,73;t) be an 8 x 8 matrix whose elements are functions defined on Z3 x [0, co).
Suppose that U(z1,x2,x3;t) is a solution of

d
&U(.%l,xz,xg,t) = U(:L’l — 1,1’2,1’3;t) + U(a:l,a:g - 1,%3;t)

+ U(xy,22 — 1,23 — 1;t) — 3U(x1, 22, 73; 1) (2.13)
and is subject to

Uz, z,23;t) = (B I)U(z,x 4+ 1, x3;) for all z,7z3 € Z,
U(zy,z,z;t) = (I @ B)U(21, 2,2 + 151) for all z,z € Z, (2.14)
where ® means the tensor product of matrices. Then, as in N = 2, it is possible to show that

for each (z1,x2,23) € W3, U(xy, z9, 23;t) satisfies the differential equation for Py (x1, z2, 23;1).
As the Bethe Ansatz solution of (2.13), we put

Uy, aa,@3t) = ) Agket) 02 €50 e, (2.15)
oES3
where
1 1 1
E=—+—+-—-3

& & 53
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and &, (¢ = 1,2, 3) are nonzero complex numbers with 0 < |¢;| < 1, and A, are 8 x 8 matrices
of complex numbers independent of z1, x2, x3. Here, the sum is over all permutations ¢ in the
symmetric group S3. Substituting (2.15) into (2.14), we obtain

Agiz = —(Is — B@ &) ' (TIs — B @ Ia&)Ajas,
Azpp = —(Is — B® &) (Is — B ®I1263)Aqso,
Azp = —(Is — B L&) ' (Is — B ® 1x63) A, (2.16)

and

Az = —(Is — I, @ B&) 1 (Is — Ip @ BE3)Aqas,
Aoz = —(Is — T, @ BE;) 71 (Ig — Io © Bés)Ags,
Asp = —(Is — T, @ B&;) 1 (Ig — Ip ® B&) Ao (2.17)

Using the properties of the tensor product of (invertible) linear operators
(A®B)(C®D)=AC®BD, (A®B) !=A"19eB,
and recalling the notation of Sg, in (2.11), we have

I ®Spo = Ty ® (Is = B&) ™' (Is = B&) = ~(Is ~ L ® B&) ™ (Is ~ L ® BE),  (2.18)

Spa @Iz = —(Is = B&) (I — Bép) @ Iy = —(Is — B @ Ir&,) ' (Is — B® Iagp).  (2.19)
Let « = 0(i), 8 = o(i+1) and let T; € S,, be a simple transposition for any symmetric group .S,
such that (T;0)(i) = o(i+1) and (T;0)(i+1) = 0(i), and (T;0)(k) = o(k) for k # i,i+ 1. Then,
(2.16) and (2.17) can be simply written as

AT10 = (Sﬁa b2y IZ)AO'7 ATgo‘ = (IQ X Sﬁa)Aaa

respectively. It can be shown that (2.18) and (2.19) satisfy the following relations by simple
computations

(i) (Sy8® )2 ®S4a)(Spa ®I2) = (I ® Spa)(Sya ® I2)(I2 ® S44), (2.20)
(i) (Sﬁa ® 12)(Socﬁ @h)=Is=(L® Sﬁoa)(12 & Saﬁ)' (2.21)

Hence, we have the following expressions for A,:

A3 = (S21 ® In)Aqas,

Ai3s = (Io ® S32) A3,

A3z = (S31 ® In)(I2 ® S32) A3,

Az = (Io ® S31)(S21 ® In) A3,

A3z = (S32 ® I)(I2 ® S31)(S21 ® I2) Aqas.

If we put Aqjo3 = Ig H & vi=1 and integrate (2.15) over counterclockwise circles C' centered at

the origin with radii less than 1, then we obtain

Py (21,72, 73;1) ][][][ > A, Hﬁx‘ e dgdéadés.

0’653
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2.3 N-particle system
2.3.1 Bethe Ansatz solution

Let U(xy,...,zy;t) be a 2V x 2V matrix whose elements are functions defined on Z¥ x [0, c0).
Suppose that U(z1,...,zyN;t) is a solution of
q N

aU@l,---,fﬂN;t) = ZU(ﬂcl,-wl‘iq,% —L,wip1,. ., on;t) = NU(21, ..., 2N5 )
=1

and is subject to

U(xl, e s Lj—1y Ly Ly L4225+« + s ZL‘N;t) = I?U_l) RB® Igz)(N_i_l)

x U(xy,...,zi-1,Ti 2 + 1, T2, ..., N3 ) foralli=1,...,N — 1. (2.22)
Then, it is possible to show that for each (z1,...,2x5) € WY, U(z1,...,2xN;t) satisfies the

differential equation for Py (z1,...,zn;t). For the initial positions of particles Y = (y1,...,yn)
€ WV, we put the Bethe Ansatz solution

N
i~Yo(i)—1 ;
U(xh <oy TN t) = Z A, H (fj(i)y ® es(él)t% (2.23)
ceSN =1
where
1
e(&)=—-—-1
and &, 1 =1,..., N, are complex numbers with 0 < |§;| < 1, and A,’s are 2N % 2N matrices of

complex numbers.

2.3.2 Matrices A,

Let T;, ¢ = 1,...,N — 1, be simple transpositions in Sy. It is well known that 77,...,TNn_1
generate Sy and satisfy the following relations [5, Chapter 4]: for all 7,5 =1,..., N — 1,

TiTy = 1;1; it [i—j] =2,
TLTT; =TT, if |i—j|=1,
T? = 1. (2.24)

Substituting (2.23) into (2.22), we see that (2.23) satisfies (2.22) provided that

Ane=—(Ly L Ve Ba Ve T Ly - VY o Ba Vg, ) A,

K3

= (Lyi-1) © Sga @ Lywv—i-1)) Ag, (2.25)
where a = o(i) and 8 = o(i + 1) for all 0 and all 4 = 1,...,N — 1. Since T1,...,Tn_1
generate Sy, for each given o € Sy there exists a finite sequence (a;);"_; of integers 1,..., N —1
such that

o=1T,, - Tg. (2.26)

(Here, the representation (2.26) is not unique because of (2.24).) Suppose that T, in (2.26)
interchanges « and (3, that is,

Tol--af-)=(-Ba-).

For each T,, we define a 2V x 2V matrix denoted by T,, = Ty, (c,3) by the tensor product of
N — 2 identity matrices and Sg, as follows.
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Definition 2.2. Let Sg, be given by (2.11). We define
T, = Ti(o, f) =17V © 850 0 ;Y

forl=1,...,N —1.

The matrices Ty, ..., Txn_1 satisfy the matrix version of the relations (2.24),
() Tila, B)T5(1,0) = Ty(1, ) Tila, ) if i~ jl>2, (2.27)
(i) T8, 7)Tj(a,v)Ti(e, B) = Tj(a, B)Ti(e, v)T5(8,v)  if |i—j|=1, (2.28)
(iii) Ti(B,a)Ti(a, B) = Iyn. (2.29)

Here, (ii) and (iii) generalize (2.20) and (2.21), respectively.
Definition 2.3. For given 0 =1, -- -1y, € Sy we define
Ay =T, --Ta,. (2.30)

Here, 0 may have a different representation o =Ty, ---T3, but both Ty, --- Ty, and Ty, --- Ty,
define the same matrix because of (2.27), (2.28) and (2.29). Thus, (2.30) is well-defined.

Lemma 2.4. If A, is given by (2.30), then (2.25) holds. Hence (2.23) satisfies (2.22) for all
(z1,...,zN) € ZN.

Proof. Let 0 =1, -1y, and A, = T,, ---T,,. Suppose that o(i) = o and o(i + 1) = (.
Since Tjo = T;T,, - - -1y, and

Ti = 12(1—1) ® Sﬁa ® IQ(N—i—l),
we immediately obtain
ATia' = TiTan te Ta1 =T;A, = (IQ(i—l) X SBoc ® I2(N—i—1))AU- u

Finally, if we integrate (2.23) over circles centered at the origin with radii less than 1, we
obtain

N
Ti—Yo(i)—1 (g
Py (X;t) :][ ][ > AT e de - dew. (2.31)
¢ JCsesy =1

The proof of

Ly if X =Y,

Py(X:0) = {o X £Y

is given in [17].

3 Proofs of the main results

3.1 Proof of Theorem 1.2

To prove Theorem 1.2, we need to sum P(Y721_”1)(X, 21...1;t) over all allowed configurations,
that is, we need to compute

Pyo1.1)(Et) = Z Pyo1.1)(X,21... 1;¢). (3.1)

r=r1<-<ITN
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Putting z; =z, 20 =z +i1,..., oy =x + i1 + -+ +in—1, (3.1) becomes
Z ][ ][ D (A (@ o) Gom) - Eoan) - (o)™
11,0 N—1=1 JESN

~ H :E yi—1 8(& )d& .. dgN
=1

][ ][ Z o€ Eon
c 1—50 o) (L =&y Eony) - (1 = Exy)

N

x [T (&7 @ dg - - déw,

i=1

where [A,] is the (271 +1,2V~1 4 1)*® element of A,. (We write [A]; ; for the (7,7)"" element
of matrix A but we will simply write [A] for i, j = 2¥~1 +1.) In order to compute

oS0 Eow

A, )
2| ](1 — &) o) (1 = &3y o)) - (1= &)

og€SN

(3.2)

first, we will find an expression for [A,].

Lemma 3.1. Let T; = Ti(a, ) be a 2V x 2V matriz in Definition 2.2 and let A, be given
by (2.30).

(a) Ifl # 1, then [Ti(c, B)] = Spga, and if L =1, then [Ti(a, )] = —

(b) Let (a1, ...,a9n) be the (2VN=1 +1)" row vector of T;. Then, a =0 for all k # 2N~1 +1.
)
)

(¢) Ty is an upper-triangular matriz.

(d) The diagonal terms of A, are given by
_ T [TaJualTayJig if o #1,
(Aol = ‘
1 ifo=1.
Proof. All these properties are easily verified by observing the forms of T. |

Remark 3.2. Unlike Lemma 3.1(d), to the best of the author’s knowledge, it is nontrivial to find
the non-diagonal terms of A, without directly performing matrices multiplication T, --- T4, .
In general, this makes it inconvenient to find an explicit form of Fy,, (X, m;t) for m # v.

Now, we give an expression for [A,].

Lemma 3.3. If N > 2,
N—2 1= & i
A, =sgn(o <2+Z) . 3.3
Ad =seo) IT (g 0 (33)

Proof. If ¢ = 1, the statement is trivial. Suppose that o # 1. We prove the statement by
induction on N. When N = 2, it is easy to verify the statement if we observe (2.10). Let
o’ € Sy and suppose that (3.3) holds for N, that is,

nf{ 1-& 1-¢yy \V7P ( 1 - ¢ >N2
Ao_/ — - oo D — P
[Ar] = sgn() (1 - fo’(3)> <1 - 50'(N—1>> L=&m)
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holds. For any o € Sni1, there are o/ € Sy and an integer K = {1,..., N + 1} such that
o(i)=0'(i)for 1 <i<K-1,0(K)=N+1lando(i) =0'(i—1) for K+1<i <N+ 1.
Suppose that ¢’ =T, - - - T,, for some finite sequence ay,...,a, taking values in {1,..., N —1}.
If we view Ty, ,...,T,, as simple transpositions in Sy41, then

0 =TgTx1  TnTay, -+ Ta, (12N (N +1))
and

[AU]2N+1,2N+1 = [TK]2N+1,2N+1 T [TN}2N+1,2N+1[T(177, o ‘Ta1]2N+1,2N+1
- [TK]2N+1,2N+1 T [TN}2N+1,2N+1[AU’]

by Lemma 3.1(d). Using the induction hypothesis and Lemma 3.1(a), we obtain
(A lgy sy gy = (_1—5N+1> <_1—5N+1> (_1—5N+1)
oA 1 =& (k) 1 — &6k 41) 1= &)

/ 1-& \ [ 1-¢&nva N_3< 1—¢&n )N_2
x sen(@) <1 - €af(3)> <1 - €af(N1)> L =&y - B4

K—-1,0(K) = N+1 and o(i) = ¢'(i — 1) for
+tlsen(o’) = sgn(o), then we see that (3.4) is equal

If we recall that o(i) = o'(i) for 1 <

1
K +1<i<N+1 and note that (—1)V~

to
1_ 1_ 2 1_ N-1
sen(c) < £ > < & ) ( EN+1 ) ' n
1 =83/ \1 =& 1 —&o(vt1)
Now, let us come back to the expression (3.2). The sum in (3.2) with [A,] in (3.3) will be
simplified by the algebraic identity

<
K

o @853 Eon
A,
Ugg:N[ ] (1 =82 o) (1 = &o3) o) - (1 = Eov—1)6a(v)) (1 — &o())
& — & A
=(1-&) ] 1—§-H1—§" N>2. (3.5)
1<i<j<N ti=1 v

Once this identity is proved, the proof of Theorem 1.2 is completed.

Remark 3.4. Although this paper does not deal with the ASEP with second class particles,
it is believed that the generalization of the identity (3.5) to the ASEP with second class par-
ticles is possible. This generalization was confirmed for small systems by the author. Since
P(Kl,)(X ,v;t) in the ASEP with second class particles is not determinantal, it seems that the
determinantal structure of Py, (X, v;t) in the TASEP with second class particles is not essen-
tial in deriving (3.5). But, we do not have a result corresponding to Lemma 3.3 for the ASEP
with second class particles.

If we observe that

1-&

1 N 1
T ' 1—¢) lag—gv—=
IT (1 = &) 21;[]( i) il (1-&)

1=

then we see that (3.5) is equivalent to

1
2 wenlo) g €o@) (1 = o)+ (1= &)~

ogeSN
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N-—1
50(2)53(3)53(4) " Sa(N)

= §o2)  Eov)) (1 = &o3) o)) - (L = Eov—1)8o(v)) (1 — &o())
N
= H (1_;)]\;1 H (& — &), N > 2. (3.6)

i=1 1<i<j<N

Also, if we substitute 1/&nx—_;+1 for & in (3.6), we obtain another equivalent identity

1
2 sgu(0) (o) = DV 2 (&) — DN 3 - (Eov—2) — 1)

oeSN

y Eo(N— 2)52 N-3)"""So(1)
o) Eov—1) = D&y Eov—2) = 1) - €o1)éor2) — V(&) — 1)

N

=11 (511)1\71 II ©-¢. (3.7)

i=1 1<i<j<N

We will prove the identity (3.7). In order to prove (3.7), we will use an identity for the TASEP.
In (3.2) with p =1 in [15], A, can be written as

A, = sgn(o) < 1-& ) < 1- & >2( L —&v )N_l
7 1 =850/ \1 =& 1 =&
Using (1.6) with p =1 in [15], we have

Z A o853 60 " f(J,\ENI)
7(1 - o (2 ..-50(1\/))(1 — &) .gc,(N)) (11— £U(N—1)§U(N))(]- _ fo(N))

ceSN
N
Coseellle T 98 wes
! 1<i<j<N v
equivalently,
1
C,;N gn(o) (1= &) (1= &p))? - (1= Eoy)) V1

N-1
50(2)55(3)53(4) " '50(1\/)

= §o2) Sov) (1 = &3y Sov)) - (1 = Eov—1)éo(n)) (1 — &o ()
N
:(1_51"'§N)H;N II -4 ©~N=2 (3.8)

1 (1-&) 1<i<j<N

1=

If we substitute 1/{n_;41 for & in (3.8), we obtain an equivalent version of (3.8),

1
2 sgul0) (o) = DV M) — DN 2 - (Eov-1) — 1)

oeSN
EoN-1éan—2) ey
X
o) Eov—1) = V(&) Eov—2) = 1) - (€o)éor2) — V(&) — 1)

N
=<51.~5N—1>H(§,_11)N T - (3.9)
i=1 \>*

1<i<j<N

This is the identity we will use in order to prove (3.7). Also, we need the following result to
prove (3.7).
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Lemma 3.5 (Vandermonde determinants).

N
VMg -t I G- = [ & -)- (3.10)
a=1 1<i<j<N 1<i<j<N

Z'mj?éa
Proof. The left hand side of (3.10) is a cofactor expansion of

1 1 . 1
51 52 e §N
N2 N2 . V-2
(& — DN (G -1DNL o (e — DNV
Note that

N
a— DV =D an k)"
k=1

for some constants ay_1,...,a. (Here, ay_1; = 1.) If we add a multiple of the first row by the
constant —ag to the Nth row, the determinant does not change and is equal to

&1 ) EN
det N—2 N—2 N—2
1 2 N
N—1 e N N—-1 Nk
> an—k& > an—ké e Y an—kéy
Lk=1 k=1 k=1 4

We successively perform these row operations to obtain

1 1 .. 1
&1 & - &N
det : : : )
£N—2 §N—2 . ¢N-2
}V—l %V—Q o N1
LS1 2 N
which is the Vadermonde determinant. [ |

Now, we prove (3.7).

Proof of identity (3.7). When N = 2, it is easy to show (3.7). We will show (3.7) for N > 3.
The left hand side of (3.7) is an antisymmetric function of &;,...,&{x because the sum is an
anti-symmetrized sum, so it is divisible by the Vandermonde determinant. Hence, the left hand
side of (3.7) can be written as

G, x I -4

1<i<j<N
where G(&1,...,¢&N) is a symmetric function of &;,...,&{N. So, we want to show that
al 1
G(&1y-.-,8N) = HW

i=1
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Fix o € {1,...,N}. Let ¢/ be a bijective mapping from {1,..., N —1} onto {1,..., N}\{a} and
let S, _; be the set of ¢’. Let 0, € Sy be a permutation such that o, (N) = o and 04 (i) = o’(4)
fori=1,...,N — 1. Then, the left hand side of (3.7) is equal to

a=

N 1
SgN(0 — —
Z:M;N ( )(éaau) — N2 o) — DN 3 (Gouvm2) — 1)
2 N-2
x S0 (N3 " baa(1) . (3.11)
(Coa(r) Eoav-1) = Do) Eoav—2) = 1) == {5y — 1)

The sum over o, € Sy for a fixed « in (3.11) is equal to

1
oy = DN72(Epri2) = N3 (§or(v—a) — 1)

S )

U’GSEV_l
) Eor(N-2)E0r (N _3) " gﬁaﬁ (3.12)
oy Eorv-1) = Doy €2y = 1)+ (€1 = 1) |

because 04(i) = ¢'(i) for i = 1,...,N — 1 and sgn(o,) = (—1)¥~"*sgn(c’). Therefore, if we
apply (3.9) for N — 1 to (3.12) and sum over «, we obtain

N N-1 N

1 1
N—«a _
> (1) CERE I &-¢= HW II &-¢
a=1 @;1 ¢ 1§i<j§N—1 i=1 " 1<i<j<N
1Fa i,j7#o
by using Lemma 3.5. |

3.2 Proof of Theorem 1.4 and Corollary 1.5

Lemma 3.6. Let k; be any integer such that 0 < k; < i —2 fori =2,...,N, and [ be any
nonnegative integer. Let us consider

N—1+1 5N—2+k‘2 §N—3+k3 gN—4+k‘4 L. 14+kn—1 kn
1 1 1 1 1 1

§N—1+l {N—Q—‘rkz §N—3+k3 fN_4+k4 L. I+kn_1 {kN
2 2 2 2 2 2

det (3.13)

§N71+l N—2+ko €N—3+k3 5N—4+k4 . 1+kn_1 kn

N N N N N N
(a) If there is a nonzero k; for some i =3,...,N, the determinant is zero.

(b) If ki =0 for all i, the determinant is

h(,..6n) I & —&)

1<i<j<N

Proof. (a) Suppose that k, # 0 for some a > 3 but the determinant is nonzero. Since the
power of the terms in the second column is (N — 2) and the determinant should be nonzero, the
power of the terms in the third column must be (IV — 3). If we repeat this process, we see that
the power of the terms in the i*" column should be (N —i), i = 2,...,a — 1, for the determinant
to be nonzero. If ko # 0, then the power of the terms in the o™ column is one of N — o + k
where k, = 1,2,...,a — 2, and hence the determinant is zero, which is a contradiction.
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(b) If k; = 0 for all 4, then we have

N-1+l ¢N-2 ¢N-3 =
51 1 1
gé\f—lﬂ é\/f2 évf:a . N
J
det | : : o — det [ ],Jl—hz Il &-¢)
: : : Do Leisyen
N-1+l ¢N-2 ¢N-3 = 4
gN N N

where A = (A1, A2,..., An) = (1,0,...,0) is a partition and h; = hy(&1,...,&N) is the complete
symmetric polynomial of degree [ [10, Chapter 1.3]. |

Now, we apply the initial condition (1.2) to (1.1). Then, we have, after some manipulations,

Py21..1)(Etr) ]Z ][ - &)
c

1<z<j<N ’L=l

X (H(l_&ﬂ)) N+-1 _2£§_3"'5N—1d51“-d£]\7

N'][ ][H &H N1H§lelE(£Z))

1<J 7,:1

-2
x| D sen(o )(H(l—fa@m)") o) o om  Eov—y | dér - dén.

O'ESN =0

N

5 H(nglle(f))

’:]z

N—2 ,
If we expand [] (1 — &5 (244))"; then we see that each term is in the form of

k k k
C- gd?i’;) 0%4) Y €U](VN)

where k; are some integers such that 0 < k; < i — 2 and C is some constant, and

k
Z Sgl’l( )éN 1+Z€N 25 3+k’5 . §1+NN1)1€U(N

ogeSN

is the determinant (3.13). Hence, by Lemma 3.6, we obtain

(—1)N(V-D)/2 il 1
P Ey="N e, NPT |
v,21..1)(Et) N ][C ]é (&1 £N) 1<i1<_]I<N(€J &) E R
N
% H ({f—N—l—leE(fi)t)d‘Sl cdéy. (3.14)
i=1

Finally, we immediately obtain (1.4) if { =0 in (3.14).
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