Large time asymptotics of growth models on
space-like paths II: PNG and parallel TASEP

Alexei Borodin? Patrik L. Ferrari!
Tomohiro Sasamoto?

December 18, 2007

Abstract

We consider the polynuclear growth (PNG) model in 1+1 dimen-
sion with flat initial condition and no extra constraints. The joint
distributions of surface height at finitely many points at a fixed time
moment are given as marginals of a signed determinantal point pro-
cess. The long time scaling limit of the surface height is shown to
coincide with the Airy; process. This result holds more generally for
the observation points located along any space-like path in the space-
time plane. We also obtain the corresponding results for the discrete
time TASEP (totally asymmetric simple exclusion process) with par-
allel update.

1 Introduction

The main focus of this work is a stochastic growth model in 141 dimensions,
called the polynuclear growth (PNG) model. It belongs to the KPZ (Kardar-
Parisi-Zhang [19]) universality class and it can be described as follows (see
Figure 1). At time ¢, the surface is described by an integer-valued height
function = — h(x,t) € Z, x € R,t € R,. It thus consists of up-steps (1)
and down-steps ('L). The dynamics has a deterministic and a stochastic part:

(a) up- (down-) steps move to the left (right) with unit speed and disappear
upon colliding,
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Figure 1: Hlustration of the PNG height and its dynamics. The bold vertical
piece is a nucleation. The arrows indicate the movements of the steps. A
Java animation of the PNG dynamics is available at [9)].
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(b) pairs of up- and down- steps (nucleations) are randomly added on the
surface with some given intensity.

The up- and down-steps of the nucleations then spread out with unit speed
according to (a). The PNG model can be interpreted in several different
ways, see [11] for a review.

On a macroscopic scale the surface of the PNG model grows determin-
istically, i.e., lim; .o t 7 h(&t,t) = H(£) is a non-random function. However,
on a mesoscopic scale fluctuations grow in time. This is called roughening
in statistical physics and extensive numerical studies have been made [3].
Since the PNG model is in the KPZ universality class, the fluctuation of the
surface height is expected to live on a t'/3 scale and non-trivial correlations
are to be seen on a t*/3 scale. Therefore, to have an interesting large time
limit, we have to rescale the surface height as

h(ut??,t) — tH (ut='/3)
e . (1.1)

One of the initial conditions most natural and used for numerical simula-
tions for PNG is the flat initial condition, i.e., h(z,0) = 0 for all z € R. We
consider nucleations occurring with translation-invariant intensity. In other
words, the nucleation events form a Poisson process with constant intensity
in the space-time upper half-plane. We refer to the PNG model with such
initial condition as flat PNG. In this case, by mapping the flat PNG to a
point-to-line last passage directed percolation model it was proven [2,21,22]
that the one-point distribution is, in the ¢ — oo limit, the GOE Tracy-Widom
distribution F7, first discovered in random matrix theory [27]. However, no
information on joint height distributions at several points has been previously
known.



New Results. The main results of this paper are precisely the computation
and asymptotic analysis of these joint distributions. In particular, we prove
the convergence of the height rescaled as in (1.1) to the Airy; process in the
t — oo limit (see Section 2.2 for a definition of the process). The Airy,
process has been discovered in the context of the asymmetric exclusion pro-
cess [5—7,24]. Our result, stated in Theorem 6, is obtained by first determin-
ing an expression for the joint distributions for finite time ¢ (Proposition 4)
and then taking the appropriate scaling limit.

Proposition 4 is actually just a particular case of Theorem 5, where we
determine joint distributions along any space-like paths (as in Minkowski
diagram). Space-like paths are described later in details, for now one can
keep in mind the special case of fixed time ¢. The scaling limit is analyzed
at this level of generality, thus Theorem 6 holds for any space-like paths. In
contrast to previous works on the subject, our approach does not rely on the
so-called RSK correspondence (RSK for Robinson-Schensted-Knuth), which
was successfully applied for corner growth models, but does not seem to be
well suited for the flat growth.

Our real interest is the flat PNG model. However, one of the new key
ingredient in our solution is a precise connection with the totally asymmetric
simple exclusion process (TASEP) in discrete time with parallel update. In
fact, to get the results for the flat PNG, we first consider a discrete time ver-
sion of it, the Gates-Westcott dynamics [12,23]. This model is closely related
to the TASEP in discrete time with parallel update and alternating initial
conditions. The corresponding results for the TASEP are Theorem 1 for the
joint distributions along space-like paths, and Theorem 3 for the convergence
to the Airy; process in the scaling limit. For the TASEP, the extreme situ-
ations of space-like paths are positions of different particles at a fixed time
and positions of a fixed particle at different time moments (tagged particle).
The space-like extension for TASEP is based on the previous paper [4].

Previous works on PNG. Another type of initial conditions for the PNG
model has been analyzed before. It is the corner growth geometry, where
nucleations occur only inside the cone {|z| < t}. The limit shape H is a
semi-circle, and the model is called PNG droplet. In this geometry, the limit
process has been obtained in [23]; it is known as Airy, process (previously
called simply Airy process). The approach uses an extension to a multilayer
model (inherited from the RSK construction), see [16,23]. The multilayer
method was also used in other related models [8, 13, 14,17, 18,26]. Also,
for the flat PNG it was used to connect the associated point process at a
single position and the point process of GOE eigenvalues [10]. Results on the
behavior for the PNG droplet along space-like paths can be found in [8]. For a



very brief description of the previously known results on TASEP fluctuations
see the introductions of [4,25].

Outline

In section 2, we introduce our models and state the results. In section 3, we
give an expression of the transition probability of the discrete TASEP as a
marginal of a determinantal signed point process. In section 4 the Fredholm
determinant expression for the joint distributions is obtained. The argument
substantially relies on the algebraic techniques of [4]. In section 5, we consider
the scaling limit of the parallel TASEP. In section 6, the continuous time
PNG model is considered. In section 7, we consider the scaling limit for the
continous PNG model.
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2 Models and results

We start from the discrete time TASEP with parallel update. Then we will
make the connection with a discrete version of the PNG, from which the
continuous time PNG is obtained.

2.1 Discrete time TASEP with parallel update

We consider discrete time TASEP with parallel update and alternating initial
conditions, i.e., particle i has initial position z;(0) = —2i, i € Z. At each time
step, each particle hops to its right neighbor site with probability p =1 — ¢
provided that the site is empty. The particle positions at time ¢ is denoted

The dynamics of a particle depends only on particles on its right. This
fact allows us to determine the joint distributions of particle positions also for
different times, but restricted to ”space-like paths”. To define what we mean
with ”space-like paths”, we consider a sequence of couples (n;,t;), where n;
is the number of the particle and ¢; is the time when this particle is observed.



On such couples we define a partial order <, given by

(ni,t;) < (nj,t;) if n; > ny;,t; <t;, and the two couples are not identical.
(2.1)
A space-like path is a sequence of ordered couples, namely,

S = {(nk,tk), k= 1,2,... \(nk,tk) < (nk+1,tk+1)}. (22)

The reason of the name ”space-like” will be clear in the large time limit,
where everything becomes continuous. Then space-like is the same concept
as in the Minkowski diagram. The border cases for space-like paths are fixed
time (¢; = t,Vi) and fixed particle number (n; = n,Vi). The next theorem
proved in section 4 concerns the joint distributions of particle positions.

Theorem 1. Let particle with label i start at x;(0) = —2i, i € Z. Consider
a space-like path S. For any given m, the joint distribution of the positions
of the first m points in S is given by

P( () {zn, (1) = ak}) = det(L — XS EXS) e i) mmmtayxzy - (23)
k=1
) _ .
where xao ' ((ng, t), x) = L(x < ax). The kernel K, is given by
K((n1,t1), @15 (na, ta), @2) = =022 (01 20) 11601 1) <(mavte))
+ K((?’Ll,tl),l'l;(ng,tg),l'g), (24)
where

k((nlu t1), z1; (n2, t2), x2)

927 T (—z)zrtnatnatl (1 4 pz)t1+t2+l—(x1+n1+nz)’ ’

and
¢((n1,t1)v("2’t2)) (1’1, $2)
1 (14 pw)hr—t —w .
— w z1—x2+1 (26)
5 - (1 + w) 1—x2 (1 + w)(l +pw)

where Iy (resp. I'_1) is any simple loop, anticlockwise oriented, with O (resp.
—1) being the unique pole of the integrand inside the contour.

Remark. In the limit p — 0 under the time scaling by p~! the discrete
time TASEP converges to the continuous time TASEP, and Theorem 1 turns
into a special case of Proposition 3.6 of [4], where a more general continuous
time model called PushASEP was considered.
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Figure 2: An example of a space-like path 7(6). Its slope is, in absolute
value, at most 1.

2.2 Airy; process and scaling limit

Starting from Theorem 1 we can analyze large time limits. The limit process
is the so-called Airy; process introduced in [6,24], which we recall here.

Definition 2 (The Airy; process). Define the extended kernel,

Wi cern i brome) MCER

+Ai(G 4+ & + (2 —11)?) exp ((Tz —71)(& + &) + %(72 - 71)3) . (27)

KA1(7'17§1;7'2752) = -

The Airy; process, A, is the process with m-point joint distributions at
1< Ty <...<Tm given by the Fredholm determinant,

IP( A < sk}) — det(L = Yo Kot Xo) 2 (nmmys (28)

k=1
where xs(Tk, x) = L(xz > si).

Theorem 1 allows us to analyze joint distributions of particle positions
for situations spanning between fixed time and fixed particle number (the
tagged particle problem). One way to parametrize such situations is via a
space-like path. We thus consider an arbitrary smooth function 7 satisfying

|7'(0)] <1 and 7(0) + 6 > 0, (2.9)

see Figure 2. The requirement w(f) + 6 > 0 reflects ¢ > 0. Then, we
choose couples of (t,n) on {((w(0) +0)T, (n(8) —0)T),0 € R}, where T is a
large parameter. The case of fixed time, say t = T, is obtained by setting

6



7(0) = 1 — 0, while fixed particle number, say n = a1, by 7(0) = o+ 6 with
some constant o.

From KPZ scaling exponents [19], we expect to see a nontrivial limit if
we consider positions at distance of order T%/3. Thus, the focus on the region
around 0T is given by T — uT?/3, i.e., setting § — uT~'/3 instead of § and,
by series expansions, we scale time and particle number as

tu) = |[(7(0) +0)T — (7'(0) + VuT?? + La"(0)u*T"?],
n(u) = [(7(0) —0)T + (1 —7'(0)uT?? + ix"(0)u>T"/3].  (2.10)

The KPZ fluctuation exponent is 1/3, thus we expect to see fluctuations of
particle positions on a scale of order T/3. Therefore, we define the rescaled
process Zr by

Ty (t(w)) = (=2n(u) + vit(u))

> Ep(u) = — . (2.11)

Here the mean speed of particles, v, is determined to be v = 1 — /g from
the subsequent asymptotic analysis but can be known beforehand from the
stationary measure for density 1/2 [15]. This process has a limit as T' — oo
given in terms of the Airy; process. In section 5 we prove

Theorem 3. Let Zp be the rescaled process as in (2.11). Then

lim ET(U) = Iiv.Al(u/FLh), (212)

T—o00

in the sense of finite dimensional distributions. The vertical (fluctuations)
and horizontal (correlations) scaling coefficients are given by

Ky = (m(0) + 0)3(1 — q) 3¢S, (2.13)
(m(6) + 9)2/3(1 _ q)2/3q—1/6
(x'(0) + 1)(1 — \/9)/2+ 1 —'(6)

Remark. A similar result for the PushASEP with alternating initial
condition has been proved in Theorem 2.2 of [4].

(2.14)

Rh =

2.3 TASEP and growth models

As mentioned in the introduction, the discrete TASEP with parallel update is
related to a surface growth model from which the polynuclear growth model
in continuous time can be obtained as a limit. Let ¢ > 0 and x € R denote
the time and the one-dimensional space coordinate respectively, and let h(x)

7
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Figure 3: A surface growth model. For half-odd integer times this is equiva-
lent to the discretized Gates-Westcott dynamics and for integer times to the
discrete TASEP.

be the height of the surface at time ¢ and at position x. Let us introduce
a dynamics of hy(x) as follows. Initially, at time ¢t = 0, the surface is flat;
ho(z) = 0, for all x € R. Right after each integer time (¢t = 0+, 14+,2+,...),
there could occur a nucleation with width 0 and height 1 with probability ¢
(0 < ¢ < 1) independently at each integer position x such that t+x+ h;(z) is
even. Each nucleation is regarded as consisting of an upstep and a downstep
and each upstep (resp. downstep) moves to the left (resp. right) with unit
speed. This is a deterministic part of the evolution. When an upstep and a
downstep collide, they merge together. See the solid line in Figure 3 for an
example until ¢ = 2. The dynamics of the growth model, if we focus only
on half-odd times (¢t = 1,2,...), is the same as one considered in [23], i.e.,
a discretized version of the Gates-Westcott dynamics [12]. It is known that
in an appropriate ¢ — 0 limit this growth model reduces to the standard
continuous time PNG model [23].

To see the connection to the discrete TASEP, let us focus on integer



Figure 4: Surface height and TASEP particle positions. An example for
t=4.

times (¢t = 0,1,2,...) and positions (z € Z) from now on and represent the
surface as consisting of elementary upward slopes  and downward slopes
. as indicated by dashed lines in Figure 3. At ¢t = 0, even (resp. odd) z’s
are taken to be the center of the upward (resp. downward) slopes. Then
the dynamics of the surface is described as follows: At each time step the
surface grows upward by unit height deterministically and then each local
maximum (,\) of slope turns into a local minimum (\_/) independently
with probability p = 1 — ¢. If we interpret an upward (resp. a downward)
slope as a site occupied by a particle (resp. an empty site), this is equivalent
to the discrete time TASEP with parallel update under the alternating initial
condition.

The relation between the surface height hi(x) and the position of the
TASEP particle is given by

hi(w) < H & oo (1) > @ (2.15)

and is understood as follows. On the plot of the surface at some fixed time
t, draw also the initial surface at h = t. See Figure 4 for an expample.
Then, from the correspondence between the growth model and the TASEP,
the surface at time ¢ can be regarded as the particle positions. In this plot
particles move along the down-right direction as indicated. The left hand side
of (2.15) is equivalent to the condition that the TASEP particle corresponding
to (x,h = t— H) has already reached x. Since the axis of the particle number
n is in the down-left direction, the value of n corresponding to (z,h =t — H)
is |(t — H — x)/2]. This consideration results in the relation (2.15). From
the relation (2.15) the joint distributions of the height of the growth model



is readily obtained through

m

113( (e, () < HZ-}) - 113( ﬁ{xm (t) > x}) (2.16)

i=1 =1

combined with Theorem 1.

When ¢ — 0, the TASEP particles move almost deterministically and
the surface h;(x) grows slowly, when a particle decides not to jump (with
probability ¢). The continuous time PNG model is obtained by taking ¢ — 0
while setting space and time units to ,/q/2 (the 2 is chosen to have nucleations
with intensity 2 like in [23]). Denote by x and t the position and time
variables in the continuous time PNG model. The PNG height function
hPNG(x,t) is then obtained by the limit

WP (x, 6) = lim o a(=2x/V/2). (2.17)

Here the minus sign on the right hand side is put for a convenience. The
results below do not depend on this sign because of the symmetry of the
model in consideration. The joint distribution of the surface height at time
t is given as follows.

Proposition 4. Consider m space positions X1 < Xg < ... < X,,. Then, the
joint distribution at time t of the heights hYNG(xx,t), k =1,...,m, is given
by

k=1

where the kernel is given by

KN (%0, hys Xa, ha) = =Ly —ny) (2(%2 — x1)) 1(xg > x3)
<2t + X2 _ Xl)(h1+h2)/2

T shs (2\/4’52 - X1)2) 1(2t > [x2 — %)
(2.19)

2t—X2+X1

where I,(x) and J,(z) are the modified Bessel functions and the Bessel func-
tions, see e.g. [1].

The last indicator function is obvious if one thinks about the PNG model.
In fact, the height at position x at time t depends on events lying in the back-
ward light cone of (x,t) on RxR,. Thus, when |xs—x;| > 2t, the backwards
light cones of (x1,t) and (x2,t) do not intersect in R x R, , which implies

10



that the two height functions are independent. The Fredholm determinant
then splits into blocks.

The result of Proposition 4 is actually a specialization of a more general
situation which follows from the TASEP correspondence. In the TASEP, the
space-like paths m we had for particle numbers and times become the paths

(x,t) = (w(0) — 30,0 + 7 (0)). (2.20)

The condition |7'(f)| < 1 implies that 0t/0x € [—1,0], i.e., these are space-
like paths as in special relativity oriented into the past. By the symmetry of
the problem, one can consider also space-like paths locally oriented into the
future, just looking at the process in the other direction.

Denote by « such a path on R x R% | ie., (x,t = y(x)), then 6 and 7(0)
are given by the relations

0=((x)=x)/4, 7(0) = (37(x) +x)/4, (2.21)

and the joint distributions of the surface height along the path ~ are expressed
as in Theorem 5. This is proved in section 6.

Theorem 5. Let us denote by ty, = y(xx). Then, the joint distributions of
hENG (xp,t1), k= 1,...,m, is given by

k=1
(2.22)
where the kernel is given by

X9 — X1 + tl — t2) Ih1=h2|/2

KPNG t hqe t ho) = —
(Ger, £1), P (%2, £2), ho) (Xz—X1—t1—|—t2

X iy | (2\/(X2 —x1)? — (b2 — t1)2> Li(br1,61) =< (b2 +32,82))
(1 + o) + (g — x) "2/
i <(t1 +t2) = (x2 —x1) et <2\/(t1 )= (X - x1)2)
X Lty o> a1 —xa)} (2.23)

where I,(x) and J,(x) are the modified Bessel functions and the Bessel
functions. The first term is present only when X9 — x; > t; —ty > 0 or
Xy — X1 > t; —ty >0 due to (21)

In the first term, for x5 > x;, the condition x; — x; > t; — t5 is satisfied
for t;, = y(xx). Also, notice that when x, — x; — t; — t, the first term of

the kernel goes to (2(xg — x1))/"17"2 /(|hy — hol)! since I, (z) = 2 (g)ln\ +

= 2 (2
O(xI"+1) for small x.

11
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Figure 5: A space-time path 7 for continuous time PNG. T is proportional
to the PNG time t.

2.4 Scaling limit for the continuous PNG model

The last result of this paper is the large time behavior of the flat PNG. The
large parameter denoted by 7' is proportional to time t. Using the function
7, we consider t = Ty (x/T), see Figure 5.

Since the system is translation invariant, we focus around the origin, i.e.,
we look at the PNG height at

x(u) = uT??,
(2.24)
{t(u) = y(0)T + ' (0)uT?? + 14" (0)u*T"/3.

The surface height grows with the speed equal to 2. Thus, for large time t,
the macroscopic height will be close to 2t. Fluctuations live on a T3 scale.
Consequently, we define the rescaled height process hEN¢ by

_ O (x(u), t(w) — 26(u)
T1/3 ’
thG

u e by (u)

(2.25)

The large T' (thus large time too) behavior of is given in terms of the

Airy; process as stated below.

Theorem 6. Let hPNC be the rescaled process as in (2.25). Then, in the
limit of large T, we have

Jim hENG (1) = S, Ay (u/Sh), (2.26)

in the sense of finite dimensional distributions. The scaling coefficients S,
and Sy, are given by

S = (29(0)"2, S, = (27(0))** = 52, (2:27)

For v(z) = 1, i.e., fixed time, this was conjectured to hold in [6]. The proof
of this theorem is given in section 6.

12



3 Transition probability for the finite system

Let G(z1,...,xy;t) denote the transition probability of the parallel TASEP
with N particles starting at ¢ = 0 at positions yy < ... < y;. This is the
probability that the N particles starting from positions yy < ... < y; at
t =0 are at positions zy < ... < xp at t.

Consider a determinantal signed point process on the set
z={zl'1 <i<n < N} by setting the measure

N-1
W (z) = ( H det(&@?ﬁ?ﬂ))ogmgn) det(F—i—l—l(x;‘v_yN+1—iat"‘l_i))lgi,jgN
n=1

(3.1)
where
L, y=u,
0, y<z—2,
the function F),(z,t) defined by
Pt =g d dogte (e -gu), (33
—n x) - 27]'1 1—\0,71 w(l +w)n+m+1 q w 9 .

with the paths I'y _; being any simple loops anticlockwise oriented including
0, —1 and no other poles and we used the convention, zj = —oo.

The following proposition states that the one time transition probability
of the TASEP is given as a marginal of the signed measure (3.1).

Proposition 7. Let us set 27 =z,,n=1,...,N. Then
G(ry,...,ont) = Y Wi(z) (3.4)
D

where summation is over the variables in the set,
D={z]'\2<i<n< Nz} >z} (3.5)
varying over 7.

Note that Wy (z) is actually symmetric with respect to permutations of
variables with same upper index, so the ordering in (3.5) is used for singling
out the minimal 2} = min{z?,i =1,...,n}.

Remark. Similar representations for the transition probability of con-
tinuous time TASEP, discrete time TASEP with sequential update and
PushASEP have been obtained in [4-6].

In the different parts of the proof of Proposition 7, we will use several
properties of the function F;,, which are listed below.

13



Lemma 8.

Fopi(z,t) =Y Fuly, 1), (3.6)
F.(x,t+1)=qF,(x,t)+ (1 — q)F,(x — 1,1) (3.7)
=F,(z,t)+ (1 —q)Fh_1(x — 1,¢), (3.8)

(0" % F,)(x,t) = Fpr(z,t + 1), (3.9)
F ,(z,—n) =0 forz < —n,n >0, (3.10)
F.(z,n)=0 forxz>n,n>0, (3.11)
F.(n,n)=(1-¢)",n >0, (3.12)
F_.(—n,—n)=1/(—¢)",n > 0. (3.13)

Here “” represents the convolution: (¢* * f)(z) = >y & (x,y) f(y).
Proof of Lemma 8. These are proven by using the definition (3.2) and (3.3).

]
The first step in the proof of Proposition 7 is the following Lemma.
Lemma 9. Let us set
werE 2w,
Sh(ry)=ql-q y=z-1, (3.14)
0, y<zx—2

and ¢} (—o0,y) = v¥. Then, for any antisymmetric function f(by,...,by),

Z det(¢f, (ai, b;))oij<n - f (b1, bn)

bp>...>b1 >bo
bo:fixed
= go(ar,bo) > det(df(ai, b))i<ijen - flbr, -, bn) (3.15)
bn>...>b1>bg
bo:fixed
where a,, > ... > ai, a9 = —o0 and
0, b > a,
g(a,b) =< v (1 - (1 —q)v), b=a—1, (3.16)
P, b<a-—2.

14



Proof of Lemma 9. From the antisymmetry of f and of the determinant,
(3.15) is equivalent to

Z det(¢h (ai, b;))o<ijen * f(br,- -, by)

bl ----- bn>b0
bo:fixed
= gu(ar,bo) Y det(f(ai, bj))i<ijen - f(br,- . bn). (3.17)
b1,..., bn>bo
bo:fixed

Since a basis of the antisymmetric functions is made of the antisymmetric
delta functions and the relation to prove is linear in f, it is enough to consider

(=1)7, if (by,...,b,) = (boy,---,bs,) for some o € S,
0, otherwise

f(bl,...,bn):{

(3.18)
for fixed by,...,b, > by. Here S, is the group of all permutations of
{1,...,n}. For this special choice of f, the left hand side of (3.17) is n!
times the single determinant,

o o ce on
det gb,ﬁ,(a.l, bo) ¢,ﬁ/(a.1a bi) ... ¢,ﬁ/(a.1> bn) (3.19)
%(a.n, bo) ¢,ﬁ/(a;z, bi) ... Qﬁ(a;u bn)
We have the following three cases.
(a) a; < by: the second row gives (v~ ... pP»~%) which is proportional

to the first row. Therefore in this case the LHS is zero.
(b) a; = by + 1: The second row is (1 — q, =% ... P~%) Subtracting
v times the second row from the first row one obtains

V(1= (1 = q)v) - det(¢h (ai, b)) 1<i j<n- (3.20)

(¢) ay > by + 1: The first column is (v*,0,...,0)". Thus the determinant is
vh - det(¢f(as, bj))1<ij<n-

The result in each case agrees with 1/n! times the RHS of (3.17) and hence
the lemma is proved.

Let N(zy,...,zy) denote the number of j’s st. x; — ;41 = 1,5 =
1,...,N — 1. Using the above lemma with v = 1 in which case ¢? reduces
to ¢, we have the following result.
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Lemma 10. With 2} =x,,n=1,..., N, one has
Z Wy(z) = ¢V det[Fj_i(zn_j+1 — Yn—it1, t+J — D)]i<ij<n
D
= G(a1,...,x5:1). (3.21)
Proof of Lemma 10. For simplicity, we denote
filz) = F_ii1(x —yn_iz1, t —i+ 1), (3.22)
fori=1,..., N. From the definitions (3.1), the LHS of (3.21) writes

S (L aiionen) et Dressen. 625

Tp>Th > >T)
z7fixed, 1<n<N

n=1

Applying Lemma 9 with v = 1,n = N — 1, a; = va_l, 1=1,...,N —1,
bi=al,,1=0,...,N—1and

f(bl, ey bn) = det(fi(l';-v))lgi’jgjv, (324)

we obtain

(3.23) = ga(ay~H,a7) - > < H det (¢ (a7, ;Lill))osam)
Tp>an 1 >..>T]
zffixed,1<n<N-1

X > det(0f (2] ", a1 )i<ojen—1 - det (fi(2]))i<ijan
x%>x%71>...>x{\’
x{\’:ﬁxed
(3.25)

Heine’s identity,

Z det(¢i(x))1<i,j<n det(Vi(25))1<i,j<n = det [@ * wﬁ:|1<z J<n’ (3.26)

allows us to rewrite the last summation in (3.25) as

fi(a1') (cbﬁ*fl)(xf’_l) o (PP fl)(l"zv 1)
det : : (3.27)

(@) (¢ = fn )( 1) (¢ fN)(xN 1)
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We repeat the procedure up to a total of j — 1 times in column j and we get

j—1

T N— .
3 25 ( H [%1 Il, n—l—l ) det[@j EOSE (ﬁﬁ *fi(xiV_J—i_l)]lgi,jSN- (328)

The proof of the lemma is finished wusing (3.22), (3.9) and
[0 g1, o) = gVlenmen), O

Proof of Proposition 7. We need to prove
G(l’l,...,l’N;t):é(l'l,...,l']v;t). (329)

This statement was also proved in [20] by the Bethe ansatz techniques. Our
proof is by induction in . We start by showing that the initial conditions
agree, i.e., G(x1,...,xN;0) = G(z1,...,2N;0), that is,

det[ i—i(TN—jr1 — YN—it1, ] — D]i<ij<n = H‘Sxmyn' (3.30)

We first show that LHS of (3.30) is zero if xy # yn. If xy < yny — 1, since
YN—it1 > Yynv +¢— 1, one has xy —yny_i11 < —t+ 1,2 = 1,..., N. Then,
from (3.10) we have Fy_;(zn — yn_i+1,1 — 1) = 0, i.e., the first column of
LHS of (3.30) is zero. Similarly, if xxy > yn + 1, since oy_j41 > 2n +j — 1,
one has xy_j11 —yv > j— 1,5 = 1,...,N. Then, from (3.11) we have
Fi_1(xn_jy1 —yn,j—1) =0, i.e., the first row of LHS of (3.30) is zero. This
agrees with RHS of (3.30) also being zero if 2y # yy.

Now let us assume zy = yn. There are two cases.
(a) yn—1 > yn+1. In this case, since txy —yn_it1 = YN —Yn—iz1 < —i+1,i =
2,...,N, one has Fi_;(xty —yn_iz1,1 —1) =0,i =2,..., N. Then the first
column of LHS of (3.30) is (1,0,...,0)" and hence the determinant is equal
to det[Fj_i(tn_j41 — Yn—it1,] — 1)]2<ij<n-

(b) ynv—1 = yn + 1. First let us see that LHS of (3.30) is zero when zx_; #
yn-1- Wehave ry 1 > oy +1=yy+1=ynv1. fan1 > ynv1 +1, we
have n_j11 —yn > ony_1+J—2—(yyo1 — 1) > j, for j =2,..., N, and
TN_j+1 —Yn—1 > J — 1, for j = 2,..., N. Then the first and the second
row of LHS of (3.30) are both of the form, (x,0,...,0) where % represents an
arbitrary number and hence the determinant is zero. Hence LHS of (3.30) is
zero if zn_1 # yny_1. On the other hand, when zx_1 = yn_1, the upper-left
2 x 2 submatrix of the determinant is

Fy(0,0) Fi(1,1) 1 1—
Foy(—1,-1) FO(O,O)} = {_1/(] 1q], (3.31)

17



whose determinant is 1/q.

Repeating the same procedure, at each step one has either case (a) or (b).
The final result is that y, = x, for k =1,..., N, otherwise the determinant
in LHS of (3.30) is zero. Moreover, when y, = x, k = 1,..., N, denote by
ni,n1 + Na,...,ny + ...+ ng the values of j such that ;1 —x; > 1. Then
LHS of (3.30) is equal to [[',_; Dy,, with

Dy = det [Fy—i(j — i, — i)],ci jen (3.32)

Finally using (3.12), (3.13), we obtain an explicit form of the matrix. To
compute its determinant it is enough to develop along the first row. The
determinant of the (1,1) minor is D,,_;, while the one of the (1,2) minor is
(=1/q)D,—1 because the minor is the same as the (1,1) minor except the
first column is multiplied by —1/¢. All the other minors have determinant
zero, because the first two column are linearly dependent. Thus, D, =
1-Dyp 1 —(1=q)/(—q)D,_1, and since D; = 1, it follows that

D, =—. (3.33)

This ends the part of the proof concerning initial conditions.

Next we prove that (3.29) holds for ¢+ 1 if it does for t. Since this is true
for t = 0, by induction it will be true for all ¢t € N. G satisfies the TASEP
dynamics, thus

G(zy,...,xy;t+ 1)

= Z G(z1,..., 2y, Hw(z,x) = Z G(z1, ..., 2n, Hw(z, z) (3.34)
= ZW(ZJ)QN(Zl """ *N) det[Fj_i(zn—jr1 — Yn—i1,t +J — i)1<ijen-

Here

N 17 ZTL:ZTL—l_17x’fL:ZTL7
w(z,z) = an, Uy =< q, 2 < Zpe1 — 1, Tp = 2, (3.35)
=l 1_Q> Zn<Zn_1—1,Zl§'n:Zn+].,
and in the second equality we have used the assumption of the induction.

We rewrite G(z1, ..., 2yt + 1) using (3.7) and (3.8) as follows. For k from
1to N:

(a) if 2, = xp41 + 1, then we use (3.8) to the N 41— kth column. Then, the
new term with the (1—¢) factor in front cancels out because it is proportional
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t t+1 t t+1

q q
m—1 qul qm—2 q'm,fl
q q—1
el
(a) (b)
q q—1
{ —
1 .
¢ < 1

Figure 6: Graphical representation of (3.38). The dots represents empty
places, while a line leaving/arriving to a point is an occupied position. In (a)
and (b), on the left (resp. right) we indicate the weights different from 1 of
LHS (resp. RHS) of (3.38). In (c) and (d) the bottom and top lines of two
blocks at distance 2 at time ¢+ 1 are represented, for the cases corresponding
to (a) and (b) for the top block.

to its left column of the determinant.
(b) if x > xpy1 + 1, then we just use (3.7).

With these replacements we get

G(zy,...,zN;t+ 1) (3.36)

where
N 17 In:In+1+1azn:Ina
w(z,z) = H U, Tp=21Xq, Ty > Tpi1 + 1,2, = Ty, (3.37)
n=1 1—¢q, zp>2p1+1,2,=2,—1

Comparing (3.34) and (3.36), it is enough to show
VI (2, x) = V@ TN (2, ). (3.38)

This indeed holds and can be seen by checking case by case. We illustrate
it using Figure 6. First consider a block of particles, say m of them at time
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t + 1. There are two possibility of reaching this situations in one time step,
as indicated in Figure 6 (a) and (b). The products of all the weights on
the right and on the left are the same, i.e., (3.38) holds for a single block
of particles. If two blocks of particles at time ¢ + 1 are at distance at least
2, they are independent during one time step. We just have to check that
(3.38) holds for two blocks at distance 2 at time ¢t + 1. Case (a) is illustrated
n (c) and the weights are unchanged for both blocks. Case (b) is illustrated
in (d). This time, the ¢ on the top line of the second block becomes a 1, but
this is compensated by an extra factor ¢ on the left. O

4 Joint distributions along space-like paths

Theorem 11. Let us consider particles starting from y, > ys >
and denote xj(t) the position of jth particle at time t. Take a sequence
of particles and times which are space-like, i.e., a sequence of m couples
S = {(n, tr), k= 1,....m| (ng, tx) < (Nis1,tes1)}. The joint distribution
of their positions x,, (tx) is given by

P( ﬂ {z, (t,) > ak}) = det(1 — Xa K Xa)2({(n1,t2) s (st} xz) (A1)

k=1

where xo((ng, tx), x) = L(z < ai). Here K is the extended kernel with entries

K((n1,t1), 215 (na, ta), w2) = —g* (01 022) () g9 +Z Ut (21) PR3 (x)
k=1

(4.2)
where
¢*((n17t1)7(n27t2)) (Il, xz) (43)

1 (1 +pw) w o
— - Litnyt)<(a,t2)]5
2mi Jr, (1 +w)zr—z2tl \ (1 4+ w)(1+ pw) ’ 7

the functions {\If;” ;‘;& are given by

n,t _ 1 (1+pw)t w g
v ‘”‘%751 e <<1+w><1+pw>> - 44

where the contour I'_q is any simple loop anticlockwise oriented and including

—1 and no other poles. The functions {CI)”t ”_1 are characterized by the two

conditions:

S U @)@ (x) =0k, 0<kl<n-—1, (4.5)

TEZ
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and
@;L’t(x) is a polynomial of degree j, 7 =0,...,n — 1.

Proof of Theorem 11. The statement is the analogue of Proposition 3.1 of [4].
The proof is also quite similar. We start with the analog of Theorem 4.1

of [4].

Proposition 12. Setty = 0 and n,,.1 = 0. The joint distribution of particles
from Theorem 11 is a marginal of a determinantal measure, obtained by
summation of the variables in the set

D={2t(t),1<k<1,1<1<n;,0<i<m}\{z}(t),1<i<m};
the range of summation for any variable in this set is Z. Precisely,
Pz, (t;) = 277(t;), 1 <i <m | 2x(0) = yx(0),1 < k < ny)
= const X Zdet [\IIZ:‘} (le(to))] L<hi<m
D

X H [det [Zivtifl (xlnl (ti)> ZEZZ (ti—l))]lﬁklﬁni
i=1

X 1_1 det[¢f (z " (t:), 2} (t:))] 1<k i<n

n=n;41+1
where
1 (14 pw)t—t
T .. = —

t@,t@71(5l7ay) i To s w (1 +w)z—y+1 ’

1 1 (14 pw)(1+w)
i = d
", y) 2mi Jr, w(l + w)z-ytl w

and ¢ (27" y) = 1.

The proof of this Proposition is word-for-word repetition of the proof of
Theorem 4.1 of [4] in the case when all parameters v; = 1 with the following
replacements:

PushASEP Parallel TASEP
p(z,y)  Hy)
Fo.(z,a(t),b(t)) | Fu(z,t) = F(x,t+n)

The role of Lemmas 4.3 and 4.4 of [4] used in the proof of Theorem 4.1 there
is played by the identity

((bﬁ * ﬁn)(wi = ﬁn+1(x7t)7
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cf. (3.9), and Proposition 7 above, respectively.

As the next step, we would like to apply Theorem 4.2 of [4]. This can-
not be done directly because the functions (4.43) of [4] are not well-defined
(the series diverge), and we need to deform our measure to guarantee the
convergence of all the series involved.

Let vy, ..., v, be arbitrary nonzero complex numbers. Set (7 =1,...,n)

] 1 (1+p(v; (1 +w) = 1))(1 +w)

2_7r1fi“ . 1dw(1+w)x_y+1 v (1+w) -1 |
ot () = w(1+—pw)t v (14 w) —1

RIC 75 (1 +w)e—wt kl;-[i-l (1+p(o (1 +w) = 1)1 +w) |

¢y(x,y)::

Also set qu(:)sg_l, y) = v} (recall that x§_1 are fictitious variables). Observe

that as all v; — 1 these functions converge to ¢* and \Ifo]
Consider the following deformation of the measure from Proposition 12:

const x det [\If"“to(xkl(to))}

ni—I

1<k,I<n1
m
< 1] [det tote (27 (£), 2 (1) 1<t
i=1

1_1 det[¢y, ()~ (t:), 27 ()] 1<hizn | - (4.6)

n=n;+1+1

Since all functions \Tf?t(x) are finitely supported, there are only finitely
many sets of values of the variables {2} },,<n, k<n for which the above weights
are nonzero. This implies that all the correlation functions are analytic in
the parameters vy, ..., v,.

Following [4], let us introduce additional notation. For any level n there
is a number ¢(n) of terms det[7] in (4.6) which involve the particles with
upper index n (in other words c(n) is #{i|n; = n}). Let us denote the

time moments involved in these factors by ¢5 < ... < t7,,. Notice that
tn = t"(t;l) to! = to, t7' = t1, and 1§ = t2) = tp.

Let us now apply Theorem 4.2 of [4] to the measure (4.6). Since we are
using the same notation (except here we have extra tilde over W’s), let us
also use (4.36)—(4.40) of [4]. The computation of the matrix [My ]}, yields,
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1 1 + pw)few
VO PR e i

(14 w)y—utl

|w+1|=const

ny —1(1+w)_1 L (1—|—p( "4+ w)—1)(1+w)
<11 (1+p(v; <1+w>—1>>(1+w>jH v (14 w) 1

j=l+1 =k+1

with the positive oriented integration contour going around points w = —1
and w=v; — 1, 7=k +1,...,n, but not other poles of the integrand.

To make sure that we can move the sum inside the integral without mak-
ing the sum divergent, and to guarantee the convergence of the sum in (4.9)
below, we assume that

log| > || > -+ > |vp, |- (4.8)

Then we obtain Mj; = 0 for [ < k, and M}, ;, # 0 for any k. Thus, the matrix
M is upper triangular and nondegenerate.
Following Theorem 4.2 of [4], we now need to find the linear span of

{61 650 D), 2), ..., (6, D) an ) .

We have
k n
(1+ pw)te(kfta
c(k)
R Z Ve 27?1 7{ dw (1 4+ w)y—=+1
yez |w+1|=const>>1

(1 +p(v; M4+ w) = 1)1 +w)

< I1

vy "T+w)—1

= const - vy, (4.9)
Jj=k+1

where the constant is given by (1+p(vx — 1))t5(k>_tgv,2‘_k_l | %
J
Remark that this constant diverges if v; = vy.
Thus, the corresponding biorthogonal functions @?’t must be linear com-

binations of v{, ..., v¥. Equivalently, E?t are linear combinations of
1 = 1+p( 142 —1D))(1+2)
xr) = dz(1 4 2)* , 4.10
Jil(@) 2%1% ( ]Hk (1+z)—1 (4.10)
k=0,...,n— 1, with the integration contour going around the poles z =
vj—1,7=n—k,...,n. Indeed, fi(z) is a linear combination of vZ_,, ..., v}.
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Denote by G = [G]; 2, the Gram matrix

Gri = ka YU (@ (4.11)
TEZ
Then we have B
Opt(x) = > (G ki filw). (4.12)
1=0

Theorem 4.2 of [4] implies that the correlation functions of the measure
(4.6) are determinantal, and the correlation kernel is expressed in terms of
&DZ’t’s, \Iff’t’s, and ¢,’s. This statement can be analytically continued in the
parameters vy, ..., v, varying in a small enough neighborhood of 1. Indeed,
the only ingredients of the obtained formula that may not be analytic are
the matrix elements of G~!. Since M is triangular, G is also triangular. In
particular, Gy . = v/, ’“+2(1+p(vn r—1))’. So the diagonal elements of G are

rational functions in vq,...,v, not equal to zero at vy = vy =--- =, = 1.
Thus, the matrix elements of G~1 are analytic around this point, and we can
continue the result tov; =--- =wv,, = 1.

Observe that for v; = -+ = v, = 1, fi(x) is a degree k polynomial in x.
Thus, @Z’t(a:) are the unique polynomials of degrees deg @Z’t(x) = k that are
biorthogonal to W;""’s. O

Theorem 11 holds for general fixed initial conditions. We want to ap-
ply it to the alternating initial condition. For that we first have to do the
orthogonalization with the result given in the next lemma.

Lemma 13. For initial conditions y; = =25, j = 1,...,n, we have
1 w? (14 pw)t7
U (2) = — d : 4.13
J (ZIZ’) o2 \%Fo ) w (]_ + w)x+2n—]+1 ’ ( )
and 1 1 2 2 1 z+2n—j—1
O™ () = _,]{ d, L2+ p)(1+2) , (4.14)
J 27i Jr, ZIH(1 + pz)t=i+l

where, as before, p =1 — q. In particular, ®}*(z) = 1.

Proof of Lemma 13. The formula for W7 is just obtained by substituting the
initial conditions into (4.13). Now we prove that the orthonormality relation
(4.5) holds. For k =0,...,n—1, the pole at w = 0 in ¥} is not present, and
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for v < —2n + k, ¥} (z) = 0 because the residue at —1 vanishes. Thus

> e (@)U (@)

TEZL
_ f dz f (1422 + p22) (1+ 2)2" 791 wh(1 + pu)'*
B 27?1 To r_, 21 4 pz)t-i+t (14 w)2n—k-1
1+2
X 4.15
Z <1 + w) ( )
r=—2n-+k

where we have the constraint on the integration paths |1+ z| < |1+ w|. The
last term (the sum) equals

1 —2n+k 1
( e ) tw (4.16)
14w w— 2
Now the pole at w = —1 has disappeared and instead of it there is a simple

pole at w = z. Thus, the integral over w is just the residue at w = z, leading

to
1 1422 +4p2% (2(1+2)\"7"
OV (2) U (z) = — 7{ d
Z i@V @) 27 Jr, : (1 + pz)? (1+pz

T€EL
1 .
= 5= dun* 1 = 6, (4.17)
where we used the change of variable u = Zl(f;) O]

Lemma 13 together with Theorem 11 leads to the kernel for the alternat-
ing initial condition.

Proposition 14. For y; = —2j,7 = 1,...,n, the kernel K in Theorem 11
15 given by

K((n1,t1), 215 (ng, ta), x2) = —¢(("1’t1)’("2’t2))(9§1,$2)1[(n1,t1)<(nz,tz)]
+K((n1,t1), 215 (ne, ta), 22) (4.18)

where ¢M4)(n2:2) (1 20) is given by (2.6) and

n1 1 +pw)t1 ni+1
K((nlatl) X1 (n2>t2) 1'2 27T1 fi" 1 dw fi_‘o 1+w r14+n1+1
(14 2)%2%72(1 + 22 + p2?) 1
22 (1 + pz)t2—n2+t2 (w—z)(w + 11:52).
(4 19)
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Here T'y (resp I'_1) is any simple loop, anticlockwise oriented, which includes
the pole at z = 0 (resp. w = —1), satisfying {_11:;’2 €l'g} 'y and no
point of Ty lies inside I _4.

Proof of Proposition 14. We substitute (4.13) and (4.14) in the kernel (4.2).
Since @?’t(:c) = 0 for j < 0, we can extend the sum over k to co. We can take

1+pw z(1+2)
w(l4+w) 14pz

< 1.

the sum inside the integrals if the integration paths satisfy }
Then we compute the geometric series and obtain

n1 t1—ni1+1
\Ifnl’tl q>n2,t2 ZL’ dw 1"—]9’(1])
ny— k na—k 2 27T1 1+w x1+n1+1
Fo,—1 1“0

(1 + 2)"2t2(1 + 2z + pz?) 1
2m2(1 4 pz)t2—n2+2 (w—2)(w + 11:;2)'

(4.20)

At this point both simple poles w = z and w = —(1 4 2)/(1 4 pz) are inside
the integration path I'y _;, but the integrand does not have any pole anymore
at w = 0. Thus we will drop the 0 in I'y _;. Separating the contribution from
the pole at w = z we get

Z Ut (e) 2 (a2) = K((n1,t1), 215 (na, 12), x2) (4.21)
1 1+pz\™ ™ I
J— 1 no+ro—ni—r1 1.
27 < z ) ( T Z)

Moreover, we also have

¢*((n17t1)7(n27t2))(1~1’ Ty) = ¢(("17t1)7(n27t2))(x1’ ) (4.22)
1 1+pz\™ ™ e
- 1 n2+r2—ni1—r1 1.
2mi ( z ) (1+2)

Thus the last two terms of (4.21) and (4.22) cancel out, leading to (4.19). O

With Proposition 14 we almost obtained Theorem 1. What remains to
do is to focus far enough into the negative axis, where the influence of the
finiteness of the number of particles is not present anymore. There the kernel
is equal to the kernel for the initial conditions y; = —2i, ¢ € Z.

Proof of Theorem 1. The kernel for the flat case is obtained by considering
the region satisfying x1 +n; + 1 < 0 where the effect of the boundary in the
TASEP is absent. Here the pole at w = —1 vanishes. Computing the residue
at w = —(1 + 2)/(1 4+ pz) in Proposition 14 gives the kernel (2.5) up to a
factor (—1)™~"2 which we cancel by a conjugation of the kernel. O
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5 Proof of Theorem 3

From Theorem 1 we have that P(z,(t) > z) = det(1l — L—oon) K L(—o0))-
We have such a situation but with z = y — sT%3. With this change of
variable, we get P(z,(t) > y — sT3) = det(1 — 1(500) K31 (5,)) Where
Ko (€1, 6) = TY3K (2, —6 T3, 20—&T?) (here we did not write explicitly
the (n,t) entries). Taking into account the scaling (2.10), we thus have to
analyze the rescaled kernel

K%Csc(ulvgl;u%gﬂ (51)
= TYPK((n(w), t(w)), z(w) = &ET?; (n(us), t(us)), x(uz) — &TY?),

with z(u) = —2n(u) 4+ vt(u), v = 1 — /g. In particular, we have to prove
that, for uy, us fixed, K3 (or a conjugate kernel of it) converges to the ker-
nel kg K 4, (ky ur, k7260, Ky tug, Ky 1E) uniformly on bounded sets and have
enough control (bounds) on the decay of K¢ in the variables £, &> such
that also the Fredholm determinant converges.

In order to have a proper limit of the kernel as T — oo, we have to
consider the conjugate kernel K77™ given by

Kconj (ul 51_u2 52) — Krosc(ul 51_u2 52) < \/a ):c1 T2 qn1_n2q—(t1—t2)/2.
T s G1y ) T ) 61y ) 1+ \/a
(5.2)

The new kernel does not change the determinantal measure, being just a
conjugation of the old one. So, in the following we will determine the limit
of (5.2) as T' — oc.

Proposition 15 (Uniform convergence on compact sets). For uy, usy fized,
according to (2.10), set

z; = [=2n(u;) + vt(u;) — &T?] (5.3)
n; = n(u), t;=t(u). (5.4)

Then, for any fixred L > 0, we have

%EI;OKCOHJ(nl,SL’l,ng,SCQ)Tl/:s =k, K, (K Mg, k) Y Ry tug, K TE) (5.5)

uniformly for (&1,&) € [—L, L]?, with the kernel K4, given by (2.7) and the
constants ky and ky given by (2.13).

Proof of Proposition 15. First we consider the first term in (2.4). We thus
consider (2.6) with the above replacements and conjugation. This term has
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to be considered only for us > u;. The change of variable w = —1 + /g
leads then to

1/3
T2 [ 42 1200 + T2 1 ()01 (o0) (5.6)
2m Jp, 2

with z. = (1+ /)" and

(=) = (w2~ ) (6) + V(G + (1~ 0)2) — (1~ @) n(2))
—u —71'/ n \/a+(1_Q)Z
(o)1 = (0 n (YA
91(2) =~ ~ " O) (VaIn(:) + (1~ V2) ~ (& ~ §)n(z). (5.7

The function gg has a critical point at z = z.. The series expansions around
z = z. are

90(2) = go(ze) + (uz — ur)ka(z — z)* + O((z — 2)°), (5-8)
91(2) = g1(ze) — (&2 — E) (L + V@) (2 — 2) + O((z — 2)°),
where 1
k1 = a1+ /q)* |(7'(0) + 1)_7\/(_1 +1-7'(9)|. (5.9)

2

To prove convergence of (5.6) we have to show that the contribution
coming around the critical point dominates in the 7" — oo limit. We do it
by finding a steep descent path! for gy passing by z = z.. Consider the path
Ty = {pe'®,¢ € [=m,7m)}. Then, on Ty, FRe(In(z)) =0,

Va1 — q)psin(¢)

— N e (5.10)

%Re(ln(\/a +(1-1¢q)2)) =

and 1 Japsi )
qp sin
—Re(—In(1 - /q2)) = —Y———. (5.11)
a9 V) =T P
Thus I'y is a steep descent path for go. Now we set p = z.. Then, the
real part of go(z) is maximal at z = z. and strictly less then g(z.) for all
other points on I'y. Therefore, we can restrict the integration from I'y to

I = {z € Ty||z — 2] < 6}. For ¢ small, the error made is just of order

'For an integral [ = f,y dzet’ () we say that v is a steep descent path if (1) Re(f(2))
is maximal at some 29 € v: Re(f(z)) < Re(f(z0)) for z € v\ {20} and (2) Re(f(z)) is
monotone along v\ {20} except, if v is closed, at a single point where Re(f) is minimal.
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O(e=T"") with ¢ > 0 (¢ ~ 02 as § < 1). In the integral over ') we can use
(5.8) to get

1/3
(1 + \/a)T / % dzeT2/3(u2—u1)H1(Z—Zc)Q—Tl/S(&—fl)(1"'\/5)(2—26)
271-1 Fg

X 6O(T2/3(Z_Z(;)SyTl/S(Z_ZC)27(Z_ZC)). (5.12)

We use |e® — 1| < |z|el*!l to control the difference between (5.12) and the
same expression without the error terms. By taking ¢ small enough and the
change of variable (2 — 2.)T"/® = W, we obtain that this difference is just
of order O(T~/3), uniformly for £;,&, in a bounded set. At this point we
remain with (5.12) without the error terms. We extend the integration path
to z + iR and this, as above, gives an error of order O(e=T**). Thus we
have

(5.6) = O(e~T** T-1/3) (5.13)
1/3
L+ vaTY % e/ ) (2= 22T (€= E0) (L) (- 20)
27T1 2R

Therefore, uniformly for &1, & in bounded sets,

lim (5.6) = ! (52_—51)2) (5.14)

exp [ —
T—o00 47T(U2 — Ul)Oé < 4(UQ — Ul)Oé2

with o = k1 /(14 /9)* = k2/kn.
Now we have to consider the second term in (2.4). Notice that this time
the restriction uy > u; does not apply. Set z. = —1/(1 4 /q). Then

K5 (g, €43 12, &) = (5.15)

i T2 F1(ze) ¥ T3 fa (ze)

—T1/3 % T To()+T2/ fi(2)+T3 fa(2)+f3(2)
d
To

with

o) = )+ )= VA (27 ) = (14 VD I+ (1= 0)2) + Vala(o)]

£1(2) = () + 1) [ul(u — V) In(=2) + aIn((1 + (1 - ¢)2)/q))
—u((1 = /@) In(1+2) —In(1 + (1 — q)z))

+ (1= 7(0)(u1 — ug) In <w> , (5.16)

1+ (1—gq)z
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71_//(0)

falz) = 52 [uf(lna +2) +/GIn(—q2) — (1+ @) In(1 + (1 — )2))

— u3(v/an(1 + 2) + In(~2))|
+&(—gz/(1+ (1 - q)2)) — &In(1 + 2),
f3(z2) = —In(—z(1 + (1 — q)2)). (5.17)

The function fp has a double critical point at z = 2. and the series
expansions around z = z. of the f;’s are given by

fo(2) = Lra(z = 2)° + O((z — 2)"),
[i(2) = filze) + ;(u —up)(z — 22 + O((z — 2.)%),

= fa(ze) — 1+\/az—z z— 2,)?
fo(2) = falze) — (& + &) \/6_1( )+ O(( e));

f3(2) = (1 + va)/va) + O((z — z)), (5.18)

with k; given in (5.9) and

(m(0) + 6)(1 — )1 + yD)*

q

Ko = (519)
The leading contribution in the 7' — oo limit will come from the re-
gion around the double critical point. The first step is to choose for 7, a
steep descent path for fy. First we consider vg = {—pe?, ¢ € [—m, )},
p € (0,1/(1+,/q)]. The only part in Re(fy(z)) which is not constant along o
is the term (7(0)+6)(1—/q) multiplied by A(z) = In [1+z|—aln [1+(1—q)z|,
a=(1+,/q)/(1—/q). Simple computations lead then to

iA(z) _ sin(@)py/a(2 + Vg — 4p(1 + /) cos(¢) + p*(2 — VD) (1 + v/7)*)
a6 1+ 2P+ (- )P |
(5.20)
This expression is strictly less than zero along vy except at ¢ = 0, —m, pro-
vided that the last term is strictly positive for ¢ # 0, —m. This is easy to
check because the last term reaches his minimum at cos(¢) = —1. Solving
a second degree equations, we get that on p € (0,1/(1 4 /q)) it is strictly
positive and at p = 1/(1 4+ /q) is zero. Thus, the path 7, is steep descent
for fo.
But close to the critical point, the steepest descent path leaves with an an-
gle +7/3. Therefore, consider for a moment vy, = {z = z,+e ™8@)/3|3| x €
R}. By symmetry we can restrict the next computations to x > 0. We have
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to see that B(z) =In|l+4z|—In|z|—aln |1+ (1 — ¢)z| is maximum at z = 0
and decreasing for x > 0. We have

d x?
PR sy e v Ty g
X (2¢+2(1—q)vgr — (1 =3+ )1+ /q)’z” +2(1 — ¢)(1 + /q)°2°).

The term in the second line is always positive for all x > 0. To see this,
remark that it is a polynomial of third degree which goes to co as r — oo
and at x = 0 is already positive and has positive slope. Therefore one just
computes its stationary points and, if reals, takes the right-most one. There,
the term under consideration turns out to be positive, which concludes the
argument. Consequently, ~; is also a steep descent path.

We choose a steep descent path I'y as follows. We follow v starting from
the critical point until we intersect it with 7o, and then we follow v,. Since I’y
is steep descent for fy, we can integrate only on I') = {z € T'g||z — 2| < d}.
The error made by this cut is just of order O(e=T) for some ¢ = ¢(§) > 0
(with ¢ ~ 6% as § — 0). Around the critical point we use the series expansions
(5.18). Thus we have

(5.21)

kgonj(ulaﬁ; ug, &) = O(Q_CT)

1/3
—T ./ / dzl + \/aeO((z—zc)4T,(z—zc)3T2/3,(z—zc)2T1/3,(z—zc))
2mi Jrs Va

5 r2(e—2e) T+ 5L (ua—ur) (5= 2) 2T/~ (E1-+£2) YT (5 20) /3

+

xe3 (5.22)

We want to cancel the error terms. The difference between (5.22) and the
same expression without the error terms is bounded using |e* — 1| < el®l|z],
applied to x = O(--+). Then, this error term becomes

1/3
T /F(S 1+ \/_(’) ((z — 2)'T, (2 — )3T2/3, (2 — zc)2Tl/3, (2 —2.)

27

clgng(z ZC)ST-"-CQ (ug u)(z—zc )2T2/3—03(£1+§2) ﬁ(z—zc)Tl/S

xe (5.23)

for some ¢y, 9, c3 depending on . As § — 0, the ¢; — 1. Thus, for  small
enough, we have ¢; > 0. By the change of variable (z — 2.)TY? = W we
obtain that (5.23) is just of order O(T~'/3). Thus we have

[?’}Onj(ubgl;u%&) = O(e™ T, 1719 (5.24)
—T3 / dz 1+ \/_ Fr2(z=2e) T+ "} (uz—u1) (2—2)T?/3— (§1+€2)1%§(Z—Zc)T1/3.
1'\6

2mi \/5
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The extension of the path ') to a path going from e™/3co to e7*/300 accounts

into an error O(e~<7) only. We do the change of variable Z = ry/*TV3(2— 2,)
and we define 3 2
_ e V4 ’{2/ q

Ry = y Rn =
1_‘_\/6 K1

(5.25)

Then,

lim [?fcronj(ubfl;uz,fz) = /-fv_l_—l./ dZe%ZS+(“2—“1)Z2H£1—(€1+€2)Z'i51
i
Yoo

T—oo
(5.26)
where 7, is any path going from e300 to e "/300. The proof ends by using
the Airy function representation (A.5). O

Proposition 16 (Bound for the diffusion term of the kernel). Let n;, t;, and
x; be defined as in Proposition 15. Then, for us — uy > 0 fized and for any
£1,& € R, the bound

((n1,2),(n2.12)) s (VTN ns ()| < -
o (1, 29)T i q q < const e
q
(5.27)

holds for T large enough and const independent of T

Proof of Proposition 16. We start with (5.6). The difference now is that the
contribution coming from large |{; — &;| can be of the same order as the one
from go(2). We consider as path [y = {pel?, ¢ € [—7,7)}.

The difference is that now we choose p as follows. For an ¢ with 0 < ¢ < 1
and z. = 1/(14+ /q),

Zc_l'wa 1f|§2_€1| SETl/ga

(uz—u1)k1

P =19 2+ m, if §2 — 51 > €T1/3, (528)
Ze — —= if & — & < —eT'3.

(ug—u1)k1’

By (5.10) and (5.11), I'y is a steep descent path for go(z) plus the term
proportional to & — & in gi(2). So, integrating on I') = {z = pel?, ¢ €
(—4,8)} instead of I’y we do only an error of order @(e=<T*?)
at ¢ = 0, for some ¢ > 0. Thus

times the value

LHS of (5.27) = T (90(p)=g0(2e))+T/ (g1(p)— 1 (2¢)) (5.29)

1/3
x (O(e—cT”B)Jrl / %€T2/3(90(2)—90(p))+T1/3(91(Z)—gl(p))>.
211 Jrs 2
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On I, the &-dependent term in Re(g;(2) —g1(p)) is equal to zero. With the
same procedure as in Proposition 15 one shows that the integral is bounded
by a constant, uniformly in 7.

It remains to estimate the first factor in (5.29). With our choice (5.28),
we need just series expansions of gy and g; around p. Namely, by (5.8)

T**(go(p) — go(ze)) = (w2 —ur)ra(p — 2)*T**(1L+ O(p — 2c)),
TY3(g1(p) — g1(2)) = (&= &)1+ VD(p—2)T"*(1+O(p— )
+ O((p— z)H)T3. (5.30)

First consider the case |& — & < eTY/3. We replace p given in (5.28) into
(5.30) and get that the sum of the two contributions in (5.30) writes

—M(l +0(e) + O(T7'7%)). (5.31)

(U2 - U1)f€1
O(g) comes from O(p — z.), while the O(T~'/3) from O((p — z.)?). Then, by
taking € small enough and 7' large enough, we get

(5.31) < —|& — & | + const. (5.32)

In the case, & — & > €T3, we also replace the appropriate p given in
(5.28) into (5.30). We explicitly use the bound T3 < & — & to bound
O((p— 2)?) < (& — )T ~/3¢. Then, we obtain the following bound for the
sum of the two contributions in (5.30),

‘52 — 51‘8T1/3 (O(T‘1/3> _ ﬁ(l + 0(8))) < _|£2 — 51‘ (533)

by taking a fixed ¢ small enough and then T large enough. Finally, for
& — & < €T3, the same result holds in a similar way. O

Proposition 17 (Bound for the main term of the kernel). Let n;, t;, and x;
be defined as in Proposition 15. Let L > 0 fixed. Then, for given uy, us and
&1,& > —L, the bound

‘k;onj(ul7 ISHZE 52)‘ < const e~ (€1+82) (5.34)

holds for T large enough and const independent of T'.

Proof of Proposition 17. For £, € [~L, L] it is the content of Propo-
sition 15. Thus we consider &,& € [—L,00)? \ [-L,L]*. Define & =
(& +2L)T~2/3 > 0. Then we consider a slight modification of (5.15), namely

fzccponj(ubfl;umé) =

_T1/3 T Fo(2)FT2/3 f1(2)+ T2 fa(2)+ f3(2)
% (5.35)
N

o O T R G T2 (e T3 o)
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with fi(z) and f3(2) as in (5.16)-(5.17), fa(2) as fo(z) in (5.17) but with &
and & replaced by —2L, and finally fy(2) is set to be equal to fo(z) in (5.16)
plus the term

—& (1 + (1 - )2)/(=¢2)) — & In(L + 2). (5.36)

We also chose I'g = {—pe?, ¢ € [—m,7)}. In the proof of Proposition 15 we
already proved that I'y is a steep descent path for fj for the values p € (0, z.].
Also, since & > 0, Re((5.36)) is also decreasing while |@| is increasing. The
precise choice of p is

(5.37)

_ ) TR (G +&)/m)?, i &+ & <e,
S EE O it |6+ & > =,

for some small € > 0 which can be chosen later. Let us define

Qp) = R (TP -RED T G- AGDT A R-p)-2D)  (538)

Then, since Ty is a steep descent path for fo,

_T/3 T Jo(2)+T/3 f1(2)+ T3 fa(2)+f3(2)
/1“ T fo(p)+T%/3 f1(p)+T 3 fa(p)
(5.39)

where T = {—pe'?, ¢ € (=6,8)}, for a small § > 0. The expansion around
¢ = 0 leads to

(5:35) = QIO ) + Qp) 5 |

Re(fo(—pe®) — fo(=p)) = —me*(1 + O(¢)) (5.40)
with

(1= p(1+@)pv/a(1 = /@)(pg + (1 = p)(2+ /7))
2(1=p)2(1 = p(1—q))?

n g( & n &(1-q) ) (5.41)

"=

2\(1=p)2  (1-p(1-p)?

which is strictly positive for p chosen as in (5.37). Also, Re(fi(—pei?) —
fi(=p)) = 1¢*(1 + O(¢)) for some bounded 7, (we do not write it down
explicitly since the precise formula is not relevant). Therefore, the last term
in (5.39) is bounded by

é
const Q(p) T3 / dge1# TA+O@) (L0 1/2)) (5.42)
-4
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with v = 71 + %7 ~'/3. By choosing ¢ small enough and independent of T,
and then T' large enough, the error terms can be replaced by 1/2; and the
integral is then bounded by the one on R. Thus

1

In the worse case, when v — 0, which happens when p — 2., we have
T3 ~ (& + & +4L)Y? > (20)"/2, which dominates 7, for L large enough.

Therefore we have shown that
K5 (uy, €5 s, &) | < Q(p)O(1). (5.44)

It thus remains to find an bound on Q(p). We have, by (5.18),

(5.42) < const Q(p) (5.43)

O(p) = elBma(rms =@t S o T amupms P 04020
o (5.45)
In the case &1 4 &| < e, we then obtain

(rrerany? (2T 12110+ (61 +2+40)O(1)

Qp) < va < conste”(61+¢2)
o (5.46)
for L > 1, e < 1. Finally, when | + &| > €, we have
1 1+.4 _
0(p) < @ ((5-"77) e on) _ c@re)  (5.47)
by first choosing € > 0 small and then 7T large enough. O

Proof of Theorem 3. The proof of Theorem 3 is the complete analogue of
Theorem 2.5 in [5]. The results in Propositions 5.1,5.3,5.4, and 5.5 in [5] are
replaced by the ones in Proposition 15, 16, and 17. The strategy is to write
the Fredholm series of the expression for finite 7" and, by using the bounds
in Propositions 16 and 17, see that it is bounded by a T-independent and
integrable function. Once this is proven, one can exchange the sums/integrals
and the T" — oo limit by the theorem of dominated convergence. For details,
see Theorem 2.5 in [5]. O

6 Proof of Theorem 5

In this section we prove Theorem 5. By Theorem 1, the right hand side of
(2.16) with n; = |(t; — H; — x;)/2] can be written as Fredholm determinant
of the kernel

H(XZ < xl)K((nZ,tl),X“ (nj,tj),Xj)]l(Xj < I‘j) (61)
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with K given in (2.4). By the change of variable X; = —h; + H; + x;, one
obtains the Fredholm determinant of the kernel

L(h; > H)K((ni, t;), H; + x; — hi; (ng,t;), Hj + x; — h;)1(h; > H;). (6.2)
With this preparation, we now go to the proof of Theorem 5.
Proof of Theorem 5. We have to analyze the kernel (2.4) with entries
o tit+x H; 2t

o 2Xi
viozoivg
and take the limit ¢ — 0 with h;, H; fixed. The scaling of x; might look
different from the one in (2.17) but, as we can see below, (6.3) with the
last one replaced by z; = —2—\;‘(]_’" gives the same limiting kernel. As ¢ — 0,
the kernel does not have a well defined limit and, as usual, we first have to
consider a conjugate kernel. More precisely, we define

+H — b (6.3)

n;

- qnl_n2
K61, 1), B (e ). ) = K (1), ). )= e
(6.4)
What we have to prove is
}Iii% det(1 — xg K xr) = det(1 — xg K"Nxp). (6.5)

First we prove the pointwise convergence and then we obtain bounds allowing
us to take the limit inside the Fredholm determinant.
Consider the term coming from (2.6). By the change of variable w =

—1+/qz, we get

g e =) B

27 Jp, z ZT1 e 2(Va+(1—¢q

and, by inserting (6.3), one obtains

1 7{ dz (wm (1-9)2)(1— ﬁZ))(“‘t”/ﬁ 67)

27 z z

(\/a_‘_(l_q)z)(m—xz)/\/a (\/a+(1_q)z)(H1—H2)/2 1
(1-/q2)z (1—-./92)z
Consider ¢ < qo for some ¢y < 1 fixed. Then, we can fix the path I'y
independent of ¢, and the ¢ — 0 limit is easily obtained. It results in

1 dz 1
lim (6.7) = — —
ql—>n(1J( ) 27 Jp, z zheh

|h1—h2|/2
X2_X1+t1—t2
= ]_<2 x—xz—t—t2),

<X2_X1_t1+t2) |h1—ha| \/( 2 1) (t1 2)

zha—h1 ’

e—(tl—tQ)(z—zfl)e(XZ—Xl)(z"‘ZﬁU (68)
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where we applied (A.4).
It is the turn of the term coming from (2.5). We do the change of variable
z = —w/(w + ,/q) and then we insert (6.3). The result is

1 dw Va+w (t1+t2)/v/q w
271 Jr, w(l + /qw) (w(1+\/c_1w)) (l—l—\/c_]w
)(Xl—xz)/\/éJr(Hz—Hl)/?

)hl (w+ 3"

w

. ((w + VD)1 + aw)

If x9 — x1 > t1 + tg, then for ¢ small enough, the result is identically equal
to zero, because the pole at w = 0 vanishes. If x; — xo > t; + to, then the
result is also zero, because the residues at all other poles, /g, 1/,/q, and oo
vanishes. In the other case, when |xy — x;| < t; + t2, the apparent pole at
w = —,/q is actually not there. So, we can choose a I'y independent of ¢ < ¢q
for some ¢y < 1. Then, we can simply take the limit ¢ — 0 of the integrand,
which leads to

(6.9)

1im(6.9):i W et g1 t2) ) =) ) (6.10)
q—0 2 Jp, w

T o (2\/(’51 )2 — (%2 — X1)2) :

<t1 +t+ X2 — X ) (hsha)/2
tl + t2 — X9 + X4

where in the last step we made the change of variable w — 1/w and applied
(A.3).

To have convergence of the Fredholm determinants we still need some
bounds for large values of hy,hy. For ¢ small enough, say ¢ € [0, qo] for
some ¢y < 1, we can set in (6.7) I'y = {z,|z| = e} in the case hy > hy, and
[y = {z,|2| =e '} in the case hy < hy. Then, we get the bound

(6.7)] < Cpe~lh2=ml (6.11)

for some finite constant C; independent of q. Moreover, in (6.9) we can
choose Ty = {2, |2| = e72}, which leads to the bound

(6.9)] < Cye™hath) (6.12)

with Cy < oo independent of ¢ < gy. These two bounds are enough to have
convergence of the Fredholm determinants. The strategy is exactly the same
as in the proof of Theorem 3. O
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7 Proof of Theorem 6

We analyze the kernel (2.23) with the scalings

X; = uiT2/3, (71)
/ 2/3 7”(0) 21/3

ti = (O)T + ' (0w T** + — =T, (7.2)

hy = |2t; + T2 (7-3)

(See (2.24) and (2.25)). The strategy of he proof is the same as that for
Theorem 3 and hence we only give the main differences.

First we consider the first term in (2.23). From (6.8) it is rewritten in the
from (5.6) with go(z), g1(z) replaced by

go(2) = (uz —u1) (Y (0)(z —1/2 = 2Inz) + (2 + 1/2)), (7.4)
010 =@ - i)e -1/ 2 - - @)ms (79

The critical point of go(z) is now z. = 1. The series expansions around z = z
are

90(2) = go(ze) + (uz —ur)(2 — 2)* + O((z — z)°), (7.6)
91(2) = g1(2zc) — (62 — &1)(= — 2) + O((z — 2)°). (7.7)

The steep descent path can be taken to be 'y = {e'®, ¢ € [~7,7)}. Then the
same arguments as in the proof of Theorem 3 give the first term in (2.7).
Next we consider the second term in (2.23). From (6.10) it is rewritten

in the form (5.15) with fo(2), f1(2), f2(z) replaced by

folw) = 29(0) (1) — w + 2 w), (78)
fi(w) =~'(0)(u1 + ug)(1/w — w+ 2Inw) + (uy — uy)(w + 1/w),  (7.9)
)

fo(w) = (

Their series expansions around z. are

(uf 4+ u3)(1/w —w + 2Inw) + (& + &) Inw. (7.10)

folw) = =280 12 4 O — 1), (7.1
Fiw) = o) + (o — )~ 12 4 O((w—17), (112
folw) = ) + (64 &)w 1) + 0w~ 1. (113

The steepest descent path is taken to be Iy = {pe’®,¢ € [—m, )} with
0 < p < 1. Using these one obtains the second term in (2.7).

The bounds for the diffusion terms and the main term of the kernel are
also proved in the same way as those of Propositions 16 and 17.
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A Some integral representations

In this appendix we list some integral representations of the Bessel functions
and the modified Bessel functions (we use the conventions of [1]). For n € Z,

1 d t(z—z"1)
Ja2t) = — ¢

27 Jp, 2 2"

: (A1)

1 dz etz+z1)
Ln(2t) = 5= ¢ —

1 n
2m Jp, 2 2

: (A.2)

1 d b(z—z"1) Ja(z+z71) b n/2
I ¢ = ( +“) I, (2\/b2 - a2), (A.3)

n
27 Jp, 2 z b—a

1 d b(z—z~1) Ja(z+z71) b Inl/2
1 [ dee e _ (a + ) I (2 02 — bz) ’ (A.4)

2 Jp, 2 2" a—>b
-1 .
—— [ dve”’ Bt — Aj(a® — b) exp(2a®/3 — ab), (A.5)
21 oo

where v, is any path from e™/300 to e ™/300.
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