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Abstract

The totally asymmetric simple exclusion process (TASEP) on Z with the Ber-
noulli-p measure as an initial condition, 0 < p < 1, is stationary. It is known
that along the characteristic line, the current fluctuates at an order of t1/3. The
limiting distribution has also been obtained explicitly. In this paper we determine
the limiting multipoint distribution of the current fluctuations moving away from
the characteristics by the order #2/3. The main tool is the analysis of a related
directed last percolation model. We also discuss the process limit in tandem
queues in equilibrium. © 2010 Wiley Periodicals, Inc.

1 Introduction and Result
1.1 Continuous-Time TASEP

The totally asymmetric simple exclusion process (TASEP) is the simplest non-
reversible interacting stochastic particle system. In TASEP, particles are on the
lattice of integers Z with at most one particle at each site (exclusion principle).
The dynamics is defined as follows. Particles jump to the neighboring right site
with rate 1 provided that the site is empty. Jumps are independent of each other
and take place after an exponential waiting time with mean 1, which is counted
from the time instant when the right neighbor site becomes empty.

It is known that the only translation-invariant stationary measures are Bernoulli
product measures with a given density p € [0, 1] (see [23]). In what follows we fix
ap € (0,1) to avoid the trivial cases p = 0 (no particles) and p = 1 (all sites occu-
pied). One quantity of interest is the fluctuation of the currents of particles during
alarge time ¢. Consider x = (1 —2p)t, the so-called characteristic line.The current
fluctuations seen from the characteristic are O(z'/3) (in agreement with the scaling
for the two-point function established in [32]), and the limit distribution function
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has been determined (conjectured in [27] and proved in [16]; see also [4]). The
limiting distribution was first discovered in the context of a directed last passage
percolation model [3]. On the other hand, if one looks at the current along a line
different from the characteristic line, say x = ct with ¢ # 1 — 2p, then for large
time ¢ one just sees the Gaussian fluctuations from the initial condition on a 11/2
scale, since the dynamics generates fluctuations that are only O(Zl/ 3) and thus
irrelevant [15].

A nontrivial interplay between the dynamically generated fluctuations and the
one in the initial condition occurs in a region of order 12/3 around the characteristic
line. One of the main results of this paper is the determination of multipoint limits
of the current fluctuations around the characteristic x = (1 — 2p)f + O(t2/3) (see
Theorem 1.6 and Theorem 1.7).

There has been a great deal of work pertaining to the limiting fluctuation of
TASEP over the last ten years since the well-known work of Johansson [18] was
published. See, for example, the review paper [14] for the limit processes that arise
from deterministic initial conditions. A recent paper [9], building on the earlier
work [7], is concerned with the situation where random and deterministic initial
conditions are both present but not stationary.

1.2 Directed Percolation Model

It is well-known that the currents of TASEP (of arbitrary initial condition) can be
expressed in terms of the last passage time of an associated directed last passage
percolation model (see, for example, [18, 27]). We first discuss the asymptotic
result of the following directed percolation model associated to stationary TASEP
[27]; see the paragraphs preceding Theorem 1.6 below for the exact relation to
stationary TASEP. Let w; j, i,j > 0,1, j € Z, be independent random variables
with the following distributions:

wo,0 = 0,

wn wi,0 ~ Exp(1/(1 — p)), i. > 1,
wo,j ~ Exp(1/p), j=1,
wj,j ~ Exp(1), i,j>1

Here the notation X ~ Exp(r) means that X is a random variable exponentially
distributed with expectation r. An upright path  from (0,0) to (x,y) € N2 is a
sequence of points {y € Z? : £ = 0,...,x + y}, starting from the origin, 7y =
(0,0), ending at (x, y), x4y = (x,y), and satisfying g —mg € {(1,0), (0, 1)}.
Let L(w) = Z(i,j)en w;, ;. Then the last passage time is defined by

(1.2) G(x,y) = max L(m).
7:(0,0)—>(x,y)

We are interested in the limit distribution of the properly rescaled last passage time
of G([xN],[yN])in the N — oo limit.
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For the case of no “borders,” i.e., w;,; = 0 wheni = 0 or j = 0, the limiting
distribution of G(x, y) was first obtained in [18]. The case of “single border”
when w; o = 0 but wg,; = Exp(1/p), was studied in [1]. The above “double-
border” case was considered in [16, 27]. (The Poisson and geometric variations
were studied earlier in [3].) One can also consider a more general model when
Wi ~ Exp(l/(% +a)) fori > 1 and wo,; ~ Exp(l/(% + b)) for j > 1, where
a,b > —%. Such a model was considered in [27], and a conjecture on the limiting
distribution left in that paper was recently confirmed in [4]. For the Poisson and
geometric variations, this generalization was considered in [3] earlier when x = y.

An interesting characteristic behavior in such bordered models is the transition
phenomenon. One can imagine that the last passage time comes from the com-
petition between the contributions from the “bulk” 7, j > 0 and the edges i = 0
or j = 0. See, for example, section 6 of [1] for an illustration of such heuristic
ideas. For the model (1.1), a crucial role is played by the critical direction (which
corresponds to the characteristic line of TASEP),

y P’
(1.3) A=
It is easy to check that along a direction other than the critical direction, the fluc-
tuations of G([xN],[yN]) is given by Gaussian distribution on the N1/2 scale;
see Appendix D. This situation corresponds to the Gaussian fluctuations along a
noncharacteristic line in a stationary TASEP [15] mentioned earlier.

Along the critical direction and also in a N 2/3 neighborhood of the critical di-
rection, the fluctuations of G([xN],[yN]) are on the N '/3 scale. Specifically, the

following, among other things, is proven in [16]. Let us set

(1.4) x = p(l—p).
Then set the parameter N = |(1 —2y)T |, where T is considered to be large.
Consider the scaling

2 4/3
x(r) = {(1—p)2T+f X T2/3J,

1—-2y
2 4/3
(1.5) y(r) = /ozT—r)(iTz/3 ,
1-2y
2(1—2p)x/3 T1/3
E(f,s)=T—fwT2/3+s—.
1—2){ X1/3

The parameter T measures the displacement of the focus with respect to the critical
line (on a T2/3 scale). In particular, for t = 0 one looks exactly along the critical
direction. The macroscopic value of the last passage time for large 7" is £(z, s = 0),
while the parameter s in £(t, s) measures the amount of the fluctuations (on a T/3
scale) of the last passage time. Then for any fixed t € R,

(16) lim P (G(r(0). (1) = U(z.5) = Fe(s)
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for an explicit distribution function F;, which satisfies F;(s) = F_;(s). An anal-
ogous result was first obtained in [3] for a Poissonized version of the problem in
which F; was obtained in terms of a solution to the Painlevé Il equation (see (3.22)
of [3]: Fy(x) = H(s + t2;1,—1)). Based on this result, Priihofer and Spohn con-
jectured in [27] that (1.6) holds. This conjecture was proven in [16], where the
analysis is somewhat different from [3]. This results in a different formula for Fz,
expressed in terms of the Airy function (see (1.20) in [16]). It can be checked that
these two formulas do agree.

One of the main objects of study in this paper is the limit of multipoint distribu-
tion G(xj,y;), j = 1,...,m. The limit of the process for the no-border case was
first obtained in [20] following the earlier work of [28] on the Poissonized version
of the model. The limit of the process for the double-border case was considered in
[10] for the model when wo,o ~ Exp(1/(a + b)) and w; o ~ Exp(l/(% + a)) for
i>1,wg,; ~ Exp(l/(% + b)) for j > 1 when (a,b) € (—%, %) anda + b > 0.
Note that when a = —b = % — p, the random variable wg o becomes singular
in this model: the restriction wg,o = 0 is significant in connection to stationary
TASEP.

The geometric counterpart of the model (1.1) was studied earlier by Imamura
and Sasamoto [17]. Denoting by Geom(g) a random variable with the probabil-
ity mass function (1 — ¢)¢%, k = 0.1,..., the authors of [17] considered the
model (1.1) where wo,p = 0, w;,p ~ Geom(y4a), wo,; ~ Geom(y_«), and
wj,; ~ Geom(a?) for i, j > 1. Since the exponential model (1.1) can be obtained
as a limiting case of @ — 1, the analysis of [17] can in principle be used to yield
the corresponding result for the model (1.1). Nevertheless, this paper differs from
[17] in the following aspects:

(a) The authors of [17] obtained explicit limiting distribution functions for
the case a + b > 0 (and @ + b < 0) in (1.1). However, they left the
case corresponding to a + b = 0 as the limit of the a + b > 0 case
and did not compute the limiting distribution explicitly (see remarks after
theorem 5.1 in [17]). This critical case is the most interesting (and the
most difficult) case for our situation and we give an explicit formula in
Theorem 1.2 below.

(b) The justification of the limits of the Fredholm determinant and other quan-
tities appearing in the analysis requires proper conjugations of correspond-
ing operators in order to make sense of the Fredholm determinant and trace
class limit. These issues were not discussed in [17] (the main issue was to
determine the possible limit regimes and not specifically the a + b = 0
case).

(c) In addition to the multipoint distribution on the line x + y = const con-
sidered in [17], we also obtain the limit of the process for points (xj, yx)
not necessarily on the same line (see Theorem 1.5).
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(d) The limit of the process for points at more general positions than on a line
mentioned in (c) is used to prove the limit of the process (in the sense of
finite distribution) of stationary TASEP (see Theorem 1.6 and Theorem 1.7
below).

We first state the result extending (1.6) to the joint distributions at points on the
line

(1.7) Ly ={(x,y)>0|x+y=N}
at and near the critical direction. We first need some definitions.

DEFINITION 1.1 Fix m € N. For real numbers 71 < --- < 7, and 51, ..., Sy, set
2 3 o0 o0
R =51 +e 34 / dx/ dy Ailx +y + tlz)e_rl(x'H’),
Wi(y) = 3T - / dx Ai(x +y + t7)e” 7,

®; (x) =e_§r1/ d)&/ dy e A=) gmT1y
0 S1
(1.8)
<Ai(x + Tiz + M)Ay + 12+ 1)

2.3 . —
¢T3 T S1—X g2
dy e 4(t;—11)

Varn(t — 1) J-

o
—/ dy Ai(y + x + t)e"?.
0

+ Lji>2)

fori,j =1,2,...,m, where Ai denotes the Airy function.
The first result is the following.

THEOREM 1.2 Fix m € N. For real numbers 11 < -+ < Ty, and $1, . . ., Sm, With
the scaling given in (1.5),

(19 tim P(({G(r(me). y(@)) <tk sp)}) =

k=1
m
2w

Here L2({1,...,m} x R) is equipped with the standard measure v @ dx where v is
the counting measure on {1, ...,mj}. The projection operator Pg(k,x) = l[x>g]

gm(‘f S) det(]l - PSKAIPS)Lz({l ..... m}XR))'

QJ
(o5
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is denoted by Ps, and K Ai s the so-called extended Airy kernel [28] with shifted
entries defined by the kernel

Kai((i, %), (7, ) := [Kaili,; (x, »)

o0
(1.10) / dAAi(x + A + 11.2) Ai(y + A + TJ?)e—/l(rj—rf) ift <1,
_J)Jo
= 0
—/ dAAi(x + A+ 1P Ai(y + A + rjz)e_)“(’f'_’i) ifti > 1.

The function gn,(t,s) is defined by
gm(t,s) = R+ (pPs®, P W)

111 Al PN i
(L.1T) =R+ZZ/, dx/' dy Wi (y)pji(y, x)@i(x),

i=1j=1
where

(1.12) pi=(1— PsKaiP)™",  pji(y,x) = p((j,»), (i, x)),

and ®((i,x)) := &;(x), ¥((J,y)) = V;(y). Finally, the functions R, ®, and ¥
are defined in Definition 1.1.

Observe that dist((x(t), y(tx)), Ly) < 2.

Remark 1.3. Whenm = 1, (1.9) agrees with the limiting function in (1.20) of [16],
as one might expect.

Reniark 1.4. The fact that 1 — Ps K Ai Ps 1s invertible fgllows from the fact that
Py Kai Py is trace-class (see [20]) and that det(1 — Py Ka; Pg) > O for all given
s € R. See Lemma B.1 in Appendix B.

The shift in the integrand by Tiz is due to the fact that the last passage time is
(macroscopically) a linear function along the line £y, in contrast with the non-
border case (i.e., w;,0 = wp,; = 0) where the last passage time has a nonzero
curvature. Therefore, when |tz | >> 1, the contribution from det(1 — PKa; P) will
be very close to 1 and the main contribution comes from g, (z, s).

The second theorem is a generalization of Theorem 1.2 to the case when the
points (xz, yx) are not necessarily on the same line Ly, x + y = N. We show
that the fluctuation is unchanged even if some of the points are away from the line
to the order smaller than O(T'). This is due to the slow decorrelation phenomena
obtained in [13]: along the critical direction the fluctuations decorrelate to order
O(T'/3) over a time scale O(T) (instead of O(T2/3)).

More precisely, if we compare the last passage time G at two points (x, y) and
(x', y") with (x'—x, y'—y) = r-((1—p)2, p?), their fluctuation will be r +O(r'/3)
(see Lemma 5.3 below for details). Consider a v € (0, 1) and any fixed number 6
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Ay

_+ Critical line

FIGURE 1.1. Assume that the black dots are O(T") for some v < 1
away from the line £x. Then the fluctuations of the passage time at the
locations of the black dots are, on the T1/3 scale, the same as the one of
their projection along the critical direction to the line £, the white dots.

and consider the scaling (a generalization of (1.5)) given by

2X4/3
x(z,0) = {(1 — )X (T +6T") + 1 T T2/3J,

—2X

2 4/3
(1.13) §(2.0) = Lpz(T L OTY) — 1 X—T2/3J,

1—-2y

2(1 =2 1/3 T1/3
005y =T + 07" — 7 20 =200 o3 T
1—2)( X1/3

See Figure 1.1 for an illustration.
THEOREM 1.5 Fixm € N and v € (0,1). For real numbers 11 < -+ < Tp,
01,...,60m, and s1, . .., sm, with the scaling given in (1.13),

(.14 tim PG (k. 60 ¥tk 6)) = Ltk .03 ) =
k=1

m

2

k=1

B

(gm(z.s) det(L — PSKAAiPs)L2({1,...,m}xR))-

=5

Sk
This generalization of Theorem 1.2 is proven in Section 5.

1.3 Stationary TASEP and Directed Percolation

We now discuss the result in terms of stationary TASEP. The mapping between
TASEP and the last passage percolation model is as follows. We assign label 0 to
the particle sitting at the smallest positive integer site initially. For the rest we use
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the right-to-left ordering so that
<o <x2(0) < x1(0) <0 <x9(0) <x-1(0) < ---.

Then xg (1) > Xg 41 (¢) for all > 0, since the TASEP preserves the ordering of the
particles.

Fori,j € Z suchthati — j > x;(0), let Q(i, j) be the waiting time of particle
with label j to jump from site i — j — 1 to site i — j (the waiting time is counted
from the instant where the particle can jump; i.e., the particle is ati — j — 1 and
site i — j is empty). The Q(i, j) are iid Exp(1) random variables. Let L(x, y) be
the last passage time to (x, y) € N? along a directed path in the domain

D:={(i,j)eZ*|i<x, j<y i—j>x;0)}

starting at any point in the domain. This is a curve-to-point optimization problem.
An example of the nontrivial part of the boundary of this domain is illustrated in
Figure 1.2 below as the curve at ¢ = 0. Then a straightforward generalization of
the step-initial case of [18] shows that

(1.15) P(ﬂ{L(xk,yk) < lk}) = P(ﬂ{xyk(lk) > X — yk})-
k=1 k=1

When the initial condition is random, the domain of directed percolation is also
random. Note that (see Figure 1.2), the part of the domain D in the first quadrant
is the rectangle {1 < i < x,1 < j < y}, but the parts in the second quadrant
i <0,j > 1 and the fourth quadrant i > 1, j < 0 are of random shape. Observe
that D does not intersect with the third quadrant 7, j < 0.

Define —({— + 1) to be the rightmost empty site in {...,—2,—1} in the ini-
tial particles’ configuration and ¢ to be the position of the leftmost particle in
{0,1,...}. First, let us focus on the case {— = 0, {4 = O (as in Figure 1.2).
Then, since the initial condition is stationary Bernoulli, an interpretation of Burke’s
theorem [11] (see also [12]) shows that the {L(0,j) | 1 < j < y} is dis-
tributed as {X1, X1 + X»,..., X1 4+ -+ + X, } where the X;’s are iid Exp(1/p)
distributed. Similarly, by considering holes instead of particles, one finds that
{L(,0) |1 <i <x}isdistributed as {Y1,Y1 + Y2,..., Y1 4+ --- 4+ Yy} where the
Y;’s are iid Exp(1/(1 — p)) random variables. Hence L(x, y) has the same distri-
bution as G(x, y) defined from (1.1). This argument was sketched in section 2 of
[27]. Consequently, we have for xz, yx > 1, t; > 0.

m m
16 P () = xi = e}) = P([){G 0 30) = 1)
k=1 k=1

for stationary TASEP when initially position 0 is empty and position 1 is occupied.

For generic {— > 0 and {y > 0, L(x, y) is distributed as G(x, y) where now
we assume in (1.1) that w9 = --+ = We, 0 = Wo,1 = *++ = Woz_ = 0 where
¢4+ ~ Geom(1l — p) and {— ~ Geom(p). But as shown in proposition 2.2 in [16],
this change does not affect the asymptotics.
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by

.- Characteristics

FIGURE 1.2. The dots are (random) particle configurations at time
t = 0 and some later time . The position of the particle with labeln =y
is its projection onto the J-axis. Interpolating between particles as in this
example, one gets a line configuration, which is interpreted as a height
function /4, (j) above position j.

Geometrically, the TASEP and directed percolation can be thought of as two
different cuts of the three-dimensional object

1.17) {x,y,G(x,y) | x,y > 1}:

(a) the directed percolation problem we analyze is the cut at {x + y = N},

(b) the particles’ configuration of the TASEP at time ¢ is the cut at {G = ¢}.
We have shown in Theorem 1.5 that the limit process does not depend on the cut
chosen for the analysis as long as we avoid the cut along {x/y = (1 — p)?/p?},
the characteristic. Thus, to get the fluctuations around the characteristic line it is
enough to project on {x + y = (1 — 2y)¢} (see Figure 1.2 for an illustration), for
which the limit theorem was proven in Theorem 1.2.

The following two theorems are proven in Section 5. Define the functions

n(r) = [p°T =210y T2,
(D) = [(1=p°T +20f T2 — (1 = p)s T2/ 513 ).

THEOREM 1.6 (Particles’ position representation) Fix m € N. For real numbers
1 <--<Tpandsi,...,Sm,

(1.18)

(1.19) Tlgan(ﬂ{xn(fk)(T) > q(fk)}) =
k=1

> o

k=1

Q_D
(o5

gm(t s)det(1 — PyK i Ps ).
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An equivalent but geometrically slightly different way to represent the TASEP
is via a height function (see, e.g., [16, 27]). Let us define the occupation variable,
ni(t) = 1, if there is a particle at site i at time ¢ and 7; () = O otherwise. Then
define the height function

2N+ Y (1=2mi(0)  forj = 1.
(1.20) he(j) = {2N; for j =0,
2N = Y0_ i (1 =23 (1)) for j < —1,
where N; is the number of particles that jumped from site O to site 1 during the

time span [0,¢]. Then the link between the height functions and the locations of
particles is

(1.21) P(ﬂ {hay (k= yi) = Xie + yk}) = P(ﬂ Xy (16) = X — yk})-
k=1 k=1

Let us consider the scaling
J(1) = |(1—=2p)T + 213723,
(1.22)
H(t) = (1 =2))T + 21(1 —2p) y1/3T2/3 —252371/3],

THEOREM 1.7 (Height function representation) Fix m € N. For real numbers
MM<T<--<tuandsi,...,Sm,

(1.23) Tli_r)noo]P’(ﬂ{hT(J(Tk)) > H(fk)}) =
k=1

2.

k=1

|~

(gm (t,s)det(1 — PsleAiPs)).

(o5

Sk

Remark 1.8. For simplicity, in Theorems 1.6 and 1.7 we stated the result only for
fixed time. However, the statements can be extended to different times in a similar
manner to the extension from Theorem 1.2 to Theorem 1.5.

1.4 Queues in Tandem

There is a direct relation between queues in tandem and TASEP. Suppose that
there are infinitely many servers, and assume that the service time of a customer at
each server is independent and distributed as Exp(1). Once a customer is served at
the server i, then the customer joins at the (i +1)™ queue, and so on. In other words,
the departure process from the i ™ queue is the arrival process at the (i + 1) queue.
Suppose that the system is in equilibrium with parameter p: the arrival process at
each queue is an independent Poisson process of rate p. Then the departure process
at each queue is also an independent Poisson process of rate p due to Burke’s
theorem (see, e.g., [11, 22]; see also [24]). This also implies that at each time,
the number of customers in each queue is distributed as Geom™ (1 — p). (Here
X ~ Geom*(1 — p) means that P(X = k) = p(1 —p)*, k =0,1,...))
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EServer —2} EServer—l} E Server 0 } [ Server 1 } [ Server 2 }

@©@®

Cs Cs Ci G C, C_,
—@ O @ O @ o @ O O o
-5 -4 -3 -2 -1 0 1 2 3 4

FIGURE 1.3. Queues in tandem in equilibrium. The black dots repre-
sents the customers and at every white dot one changes to the next
counter.

Now consider a fixed time ¢ = 0 and arbitrarily select one customer and assign
label 0O to that customer. For convenience, we call the queue in which that customer
is in at time 0 the 0™ queue. We assign labels to the other customers so that the
labels decrease for the customers ahead in the queues (see Figure 1.3). Let Q; (¢)
denote the label of the queue in which the j ™ customer is in at time 7. The mapping
from the queueing model to the TASEP is obtained by setting x; (t) = Q;(¢) — j
(see Figure 1.3). The equilibrium condition implies that the initial condition for
the corresponding TASEP is stationary. Hence if we define E; (i) be the time the

7™ customer exits the queue i, then we find that

]P’(ﬁ{Eyk(xk —1) < tk}) = P(ﬁ{ka(tk) > Xk})
(1.24) k=1 =
= P(ﬂ Xy, (1) > xp — yk})~
k=1

Hence using (1.16) and Theorem 1.5, we immediately obtain the following result:
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THEOREM 1.9 Fixm € N and v € (0,1). For real numbers 11 < -+ < Ty,
01,...,0m, and s1, ..., Sm, with the scaling given in (1.13),

m
(1.25) Th—r>nooP<kol{Ey(f’“9k)(x(tk’ Ok)) < (k. kask)}) =
m

2.

k=1
1.5 Outline of Proof for Theorem 1.2

To prove Theorem 1.2, which is the basis for Theorems 1.6 and 1.7, we first
consider a slightly different directed percolation model that is known to be de-
terminantal. This model is then related to (1.1) by a shift argument (Section 2)
followed by an analytic continuation (Section 3), resulting in an explicit formula
of the joint distribution of the last passage times of a more general version of (1.1)
when w; o ~ Exp(l/(% +a)) fori > 1 and wo,; ~ Exp(l/(% + b)) for j > 1,
fora,b € (—%, %) (see Theorem 3.2). The formula for the model (1.1) is obtained
by settinga = —b = p — % These arguments are a generalization of the argu-
ments given in [3, 16] for the one-point distribution. In Section 4 we carry out the
asymptotic analysis of the formula obtained in Theorem 3.2. The proofs of The-
orems 1.2, 1.6, and 1.7 are given in Section 5. Some technical computations are
given in the appendices: various expressions of integrals involving Airy functions
are given in Appendix A, the invertibility of an operator appearing in Theorem 1.2
is discussed in Appendix B, certain operators are shown to be trace-class in Appen-
dix C, and finally we explain the Gaussian fluctuation along noncritical directions
in Appendix D.

|~

.....

(o5

Sk

Remark 1.10. As mentioned above, Theorem 3.2 below contains a formula for
the model with w; o ~ EXp(l/(% +a)) fori > 1and wy,; ~ Exp(l/(% + b))
for j > 1, fora,b € (—%, %), which is more general than (1.1). This would
correspond to other random initial data that possibly allow a shock. Essentially all
the ingredients for the asymptotic analysis for this more general case are in this
paper, and one can obtain the limit laws for such models. However, for the sake of
simplicity, we do not pursue this direction here.

2 The Shift Argument
We first consider a slightly different directed percolation model. Let
wo,0 ~ Exp(1/(a + b)),
Wi ~ Exp(1/(5 +b)), i>1
o.; ~Exp(1/(3 +a)).  j =1,
w;,; ~ Exp(1), i,j>1

2.1)
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where the parameters a and b satisfy

2.2) a.be(-3.2). a+b>0.

Denote by G:b (x, y) the last passage time from (0, 0) to (x, y) for this modi-
fied model. This model is well studied and has nice mathematical structure. In
particular, the correlation functions and joint distribution functions on £y are de-
terminantal,’ which is well-suited for an asymptotic analysis. Note that the original
model given in (1.1) corresponds to the case when a + b = 0 and Wwp,0 = 0. We
will show in Sections 2 and 3 how to obtain a joint distribution formula for the
original model (1.1) from this modified model (2.1).

Let G, p(x, y) be the last passage time for the model (2.1) with W o replaced

by 0. We proceed as follows:
(1) SHIFT ARGUMENT: For a,b € (—%, %) with a + b > 0, we relate the
distribution of G, ; with the one of G:,b‘
(2) ANALYTIC CONTINUATION: We determine an expression for G, that
can be analytically continued in all @, b € (—%, %).
(3) CHOICE OF PARAMETER: Finally, we seta = p — % and b = % —p.

Step 1 is done in Section 2, and Step 2 is presented in Section 3.

PROPOSITION 2.1 (Shift argument) Let a,b € (—%,%) witha + b > 0. Let
(X1, 1), -+ +» (Xm, Yym) be a set distinct of points in Z%r and define

P(uy,....um) = P(ﬂ{Ga,b(xkvyk) =< Mk})7

2.3) =
PH(uy,.. . up) = P(ﬂ (Gl (i yi) < uk}).
k=1
Then

1 &0,
(2.4) P(ul,...,um)=(1+mk§m)13 U1.. .. Um).

PROOF: Let us only consider m = 2; the proof for general m > 2 is a straight-
forward generalization and we leave it to the reader. Set r = a 4+ b. Then

Pt (ur,uz)

o0
05 = [ PG 2060 =z | Too = )P (@00 = 1)
: 0

o0
:/ dy P(uy — y,us — y)re” .
0

Ut is a limit of geometric random variables studied in [19, 20] or of the Schur measure [25].
Exponential random variables are studied directly in [10] on a more general case than the present
one.
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Consider the Laplace transform

o0 o
/ dulf duy P (uyp, up)e 1411212
0 0
o0 o0 o0
0o = [Ty [T [ dus P =y -yt
0 0 0

o0 00 00
N r/ dy/ dzy / dzs P(21,22)e Y11+ —0(za+y)
0 —y .

Since P(z1,z2) = 0 when either z; < 0 or z < 0, we can restrict the integral
from —y < z; < coto 0 < z; < oo. Then the above equals

o0 o0 o0
2.7 r/ dy/ dZ1/ dz, P(Zl’Zz)e—(r-i—tl+t2)J’—t111—t212 —
0 0 0

r * * t ¢
R — dZ1/ dzp P(z1,z2)e 15171242,
r+t -+ /0 0

Multiplying by (r + 1 + t2)/r and integrating by parts leads to

o0 o0
/ duq / dus P(uy,up)e 1171242
0 0

r+t+itp [ *© PR
= _rarne 2/ dul/ du2 P+(u1,u2)e w1 —f2u2
r 0 0

= * h+o + —tu—tu
(2.8) = duq dus| 14+ ——= P (uy,up)e #1122
0 0 r
o o0 i 1/ 0 0 n
= duy dus| P (ur,uz) + = m— + w— | P (u1,u2)
0 0 r\du;  dup
X e_tlul_t2u2‘

Since this holds for all #1,#, > 0, by inverting the Laplace transform we obtain

1( 0 0
(2.9 P(uy.uz) = P (uruz) + = — + — | P (u1.u2).
r 8u1 8u2
O
As mentioned earlier, the probability P " (u1, ..., u,;) has an explicit determi-

nantal expression. In fact, the joint distribution function at points on £y for the
directed percolation model with w; ; ~ Exp(1/(a; + bj)), a;i + bj > 0, has
a determinantal structure (it is a limit of the geometric random variables studied
in [19, 20] or of the Schur measure [25]; see [5] for a direct approach to exponen-
tial random variables).? Specifically, this follows, for example, from theorem 3.14

2 The result can be extended to any set of points that can be connected by down-right paths,
called spacelike paths, but we do not enter in the details here. See [5, 8] for some examples in similar
situations.
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and (1.3) of [20] after substituting a; +— 1—a; /L and b; — 1—b; /L into (1.3) and
taking the limit L. — oo. The kernel in this limit is explicitly derived in theorem 3
of [10]. For good survey papers on the topic, see [21, 31].

By specializing to the case with weights as in (2.1), we have the following result.
Consider a set of distinct points (x1, ¥1), - - -, (Xm, Ym) on the line L,; = {(i, j) €
Z? | i + j = 2t}, which can be ordered and parametrized by t; < -+ < t;, €

[_[’Z]a

(2.10) Xp =t +1tg, Yp=1—1I.
Set
_ o

(2.11) i (w) = A wy
and’

ﬁ(.x) - _ ¢ d ¢l (w)e_ ,
2.12) fau/2

' S ¢ . BT
&)= 2mi zZ+ b
Fp—1/2

Define the kernels

(2.13) Kij(x,y) = Ki j(x,y) = Vij(x,y)

where

Trie
Vij(x,y) = M/dz Z(y—x) ¢z(z)

2mri ¢] (Z)
(2.14)
Kij(x.y) = —— ¢ dz ¢ dw eZY WX $i(w) '
@) @ w—z
I_i2  Tip2
Then,
(215) P+(u1, ey um) = det(]l — PuKPu)L2({1,m’m}XR+)

where Py (k, x) = l{x>y,] and the operator K is defined by the kernel

(2.16)  K((i.x).(j.) = Ki j(x.y) := K j(x.y) + (a + b) f; (x)g; (¥).
In (2.15), we have used a slight abuse of notation as Py, K P, is not a trace-

class operator: one can indeed observe that for i > j, Py, Vi Py, (x,x) /> 0

3 For any set of points S, the notation gSFS dz f(z) means that the integration path goes anti-

clockwise around the points in S but does not include any other poles.
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as x — oo. Nevertheless, with a suitable multiplication operator M, the con-
jugate operator M P, K P, M~ becomes trace-class so that the Fredholm deter-
minant is well-defined, and the identity becomes valid analytically. More con-
cretely, if we take M as in (2.18) below, then it is shown in Appendix C below
that M P, KP, M~ is a trace-class operator for a,b € (0, %). Thus, after conju-
gation, the Fredholm determinant is well-defined, and the identity becomes valid
analytically, as proved in the following.

PROPOSITION 2.2 Leta,b € (0, %). Fix constants a1, . . ., oy, satisfying
.17 —a <oy <<y <b.

Define the conjugated operator K by the kernel

(2.18) KU, y) = Mi(0)Ki j(x, )M (0) 7 My(x) = e,
Then P, K Py, is a trace-class operator on L>({1,...,m} x R) and

(2.19) PHur,....um) = det(l — Py KNPy 1201 mixRy)-

.....

Proposition 2.2 and (2.15) give the standard extension from a one-point kernel
to the multipoint (or extended) kernel. All the ingredients are included in appen-
dix B and section 3 of [16], and also in [30]. The extended kernel can be found
in the more recent work [10]. There the setting is more general, allowing several
lines/columns to have waiting times different from 1.

Observe that K is independent of a and b, and the only dependence on a and b
in K is through the rank-one term (a + b) f;(x)g;(y). Using this, we can find
an expression of P (uy,...,un) in which the condition (2.17) can be relaxed
to (2.20). This relaxation is important when we take the limit @ + b — 0 in the
next section.

PROPOSITION 2.3 Leta,b € (0, %). Fix constants a1, . . . , oy, satisfying
1 1
2.20 ——< < < < —.
(2.20) 5 < Im < 2
Define the conjugated operator K coni by the kernel
(2.21) K, p) = Mi(x)Ki j O M) 71 Mi(x) o= e,
Then

(222) PT(ui,....um) =
(1—(a+b)((1— PyKP,) ' P, f Pug))det(l — P,K“" P,).
where the notation (- ,-) denotes the real inner product in L>({1,...,m} x Ry).

Remark 2.4. One can check that the expression (2.22) can be analytically extended
toa,b € (—%, %) with a + b > 0. Nevertheless, since we will discuss the issue of

extending the domain of analyticity of P(uy,...,un,) toa,b € (—%, %) (with no

restriction of a + b > 0) in the next section, we do not discuss the details here.
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PROOF OF PROPOSITION 2.3: From (2.16),
(2.23) Py KV Py = PyK®Y Py + (a + b)(Py f©V) ® (7 Py)

where £ and g are multiplication operators by the functions f<°M(i, x) =
M;(x) f;(x) and g«V(j,y) = g;j(y)M;(y)~!. The functions f°M(i,x) and
g% (j,y) are L?>(R): see the end of the proof of Proposition C.1. To sim-
plify notation, set [K] = P, KW P,, [K] = P,K®NP,, [f] = P, f, and
[g] = g P,. Thus

det(1 — [K]) = det(1 — (a + b)(1L — [K])™'[f] ® [g]) - det(1 — [K]).
= (1 —(a +b)((L — [KD'[f].[g])) - det(L — [K]).

The above step holds assuming that 1 — [K] = 1 — P, K" P, is invertible. The
invertibility can be verified as follows. Consider the modification of the directed
percolation model where w; ; = 0 if i and/or j are equal to 0, and w;,; ~ Exp(1)
for i, j > 1 (i.e., the model without sources). Denote by P the new measure.
This is the model with a = b = 0 in (2.1), and hence ﬁ(ul, coy Uy) = det(l —

(2.24)

P, K P,) for any given ui,...,u, > 0. Itis easy to obtain a lower bound
Puy,...,up)>010- 53_8)2’2 > 0, with ¢ = min{uq,...,us}/2¢t. Indeed, it is
enough to take the configurations with w; ; < min{uy,...,up}/2t fori,j > 1

such that i + j < 2¢. This implies that det(1 — P, K P,) # 0, and hence
1 — P, K" P, is invertible.

Finally, since P, K P, is a bounded operator in L2(R), and P, f, P,g € L*(R),
((L=[KD)7[f]. [g]) equals ((1— P, K P,)~! P, f. P,g) by conjugating back M.
Now the condition (2.17) for the «;’s can be relaxed to the condition (2.20) since
K is trace-class under this assumption: see Proposition C.1. (]

3 Analytic Continuation

We now find a formula extending (2.4) to the case when a,b € (—%, %) with-
out the restriction that ¢ + b > 0. For this purpose, we show that both sides
of (2.4) are analytic in the parameter a,b € (—%, %). Analyticity of the left-hand
side of (2.4),i.e., of P(uy,...,um),is a straightforward generalization of proposi-
tion 5.1 in [16]. This section is devoted to finding the analytic continuation of the
right-hand side of (2.4).

By using (2.22), the right-hand side of (2.4) becomes

U 1 _
((a+b)+za)|:(a+b_<(]1_PuKPu) Pufqug))
3.1 k=1

x det(1 — P, K Pu)]
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The last determinant is independent of a and b. It is enough show that

1

G- a+b

—((1— PyKPy) ' Py, f, Pyug)

is analytically continued ina, b € (—%, %) Note that by changing the contour,

(3.3) fi(x) = fi(a)(x)+fi(1/2)(x)

where

(34) ]Fi(d)(x) — ¢i (a)e—ax’ fl(l/Z)(x) _ ¢ dw ¢l (w)e—wx
I'1/2

PROPOSITION 3.1 (Analytic continuation) Fora,b € (0, %),

1 & p \—1 _
(3.5) m_((l_PuKPu) Pyf. Pug) =

- <(1_PuEPu)_1PuF, Pug) +Ra,b-

where

_ Pi@) e
(3.6) Rap = 5— 75 dw $1(w) (w —a)(w + b)’

Ta—b—1/2

and F((i, x)) = F;(x) with

Fi) = £ ) + / dy Kot (x.9) £9 ()
(3.7) w1

U
Flm [ Ay Vi) A0,
—00
The term R, p is analytic ina,b € (—%, %) and
(3:8) ((1— PuKPy,)™'PyF, Pyg) =

S [ dxt - PuR P PUF) (.35 (0)

i=1"%
. . .o 11
is convergent and is analytic ina, b € (=3, 3).

Hence the right-hand side of (3.5) is an analytic continuation of (3.2) to a,b €
(—%, %). Combining (2.4), (3.1), and (3.5), we finally obtain the following repre-
sentation of P(uy,...,uy) defined in (2.3):
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THEOREM 3.2 Recall the conditions and definitions from (2.10) through (2.14)

above. Fora,b € —%,% ,

Puy,....unm)

m 9 o
: = — )[det(1 — P, K™ P,
(3.9) (a+b+k§8uk)[ et( )

x (Rap = (L= PuKPy) "' PyF, Pug))]
foruy,...,um € Ry, where R, p, and F are defined in Proposition 3.1.

PROOF OF PROPOSITION 3.1:
Part 1. Decomposition. First we decompose the contribution coming from the
pole at % and a of f, namely,

1 _
32)= — —((1—P,KP,)" P, f/2 p
(3.10) 3.2) atb (( u u) uf , ug>

— (1= PyKP) 'P, f@ P,g).

From Lemma 3.3 below, P, /@ = (1 + P,VP,)P,F® + P, V(1 — P,)F®,
where F@ is defined in (3.18). Here, (V(1— P,) F @)(i, x) is well-defined point-
wise and is in L2(R) as we can check from the proof of Lemma 3.3. Hence by
using the identity (recall that K=K-Vin (2.13))

3.11)  (1-P,KP) "1+ P,VP) =1+ (1— P,KP,) 'P,KP,,
the last term in (3.10) becomes
(3.12) (PuF@, Pug)+((1—PyKPy)  (PuK Py+ P, V(1—P,))F @ Pyug).

Observe that the function (I? Py + V(1= P,))FD((,x))is precisely the last two
terms in (3.7). Hence from (3.10), we obtain

_ 1
(3.13)  (3.2)=—((1—- P,KPy) 1PuF,Pug)er—(PuF(“),ng’)-

Now a direct computation shows that

(PyF @, Pg) = / dx £ (0)g1(x)

BRI ¢11(w>/ R

2mi w+b
T'—1/2.—»
(3.14) o (a) ¢ p b1 (w)—le—ul(a—w)
= i YT w T by —w)
T'—/2.-»
e
= 2 Yo wtba—w atb

F_1/2.-b.a
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Here in the third equality, we use the fact that the contour I'_; /5 _; can be made
to be on the left of the point w = a since a,b > 0. Hence (3.13) and (3.14)
imply (3.5).

Part 11: Analyticity. We now show that the functions on the right-hand side
of (3.5) are analytic ina, b € (—%, %). Clearly, R, p is analyticina,b € (—%, %)
since both the poles w = a and w = —b lie inside the integration contour. We
need to show that ((1 — P, K P,) ' P, F, P,g) is analytic. Note that K, K, and
V are independent of a,b. As fl(a) (x) = ¢i(a)e™* is analytic ina € (—%, % ,
F;(x) is analytic in a in the same domain. Also, it is clear from the integral repre-
sentation (2.12) that g; (y) is analytic in b € (—%, %) Hence it is enough to show

that ((1 — P,K P,) ' P,F, P,g) is well-defined for a, b € (—%, %)

Fix &¢ € (0, %) Leta,b € —% + 8o, % — 8p]. Using the identity
(3.15) (1—P,KP,) 'P,F =1+ P,KP,(1—P,KP,) Y)YP,F
and estimates (3.23) and (3.25) in Lemma 3.4 below, we see that

(3.16) (L= PuR P PuF) (i) < Ce BT =,

for some constant C > 0. On the other hand, from (3.24),

(3.17) g7 ()] = CeG=P ) e R,

for some constant C > (. Therefore, the inner product is convergent, and the
proposition is obtained. U

LEMMA 3.3 Leta € (0, %). Define the function F@ in L2({1,...,m} x R) by

(3.18) FO0) = f2®)8.

Then VF'® defined by

(319 (VED) G0 = [ dy Vi e ) A9 )
R

is well-defined for each x € R and is in L*>(R). Moreover,
(3.20) f@=F@ L yp@,

PROOF: Recall from (3.4) that fl(a)(x) = e %*¢1(a). The estimate (3.22)

shows that the integral in (3.19) is well-defined. (VF@)((i, x)) is well-defined
pointwise. Note that V; ;(x,y) = d(x — y) for some function v € L2(R) N

LY(R) (see (C.9)). Hence the integral in (3.19) equals (D * fl(a))(x). Hence the
L?(R) norm of the integral is bounded by 19121 ®) ||f1(a) lL2(r)- Butas [0(x)| <
Ce~(1/2=8)Ix| by (3.22), we find that the integral in (3.19) is in L2(R).

Now let n; € (0,a) and 2 € (a, %) be fixed. In the integral formula of
Vi1(x,y) in (2.14), we can change the contour iR to either iR + 1y or iR + 7.
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We will use the contour iR + 7; when y > 0 and the contour iR + 7, when y < 0.
Then fori > 2,

(VF@)((i, x))
_ ¢1(a) e ¢i(z) e " $i(2)
(3.21) 2w ( / dza—2¢1(Z) / dzd_Z(Pl(Z))
iR+n; iR+n>
= e gi(a) = P )

where the integral is evaluated using Cauchy’s formula. Taking into account the
case when i = 1, we obtain (3.20). U

LEMMA 3.4 Forany 6 € (0, %], there exists a constant C > 0 such that

(3.22) Vi (roy)l < Cem GO, 0 vy eR,
and
(3.23) |Ki,j ()] < Ce~G=DGEEN 1y 50,

Forany b € (—%, %), there is a constant C > 0 such that
(3.24) g =Ce™. yeR.

Finally, suppose that a € (—%, % is given. For any & € (0, (% + a)(% — a)), there
is a constant C > 0 such that

(3.25) Fi()] < Ce™G70% x>
Here the constants are uniform if the parameters a, b, and § are in compact sets.
PROOF: When y — x > 0, by deforming the contour to iR — % + §in (2.14),

we obtain fori > j,

Vi ()] = "GO0 L
(3.26) 2n

< Ce~B=90—x)

/OO ds eis(y—x) ¢i (_% + 8 + IS)
(1 ;
0 ¢j(—5 + 8 +is)

since the integrand is absolutely convergent (recall that 7; —#; > 1 fori > j). We
obtain the bound (3.22) similarly by using the contour iR + % —d&when y —x < 0.
The estimate (3.23) is easily obtained by taking the contours I'_; /> and I'y /, as
the circles of radii of § centered at —% and %, respectively, in (2.13).
Recalling g;j(y) (from (2.12)) we obtain the estimate (3.24) by evaluating the
residue at z = —b and making the remaining contour I"_; /, small enough.
Finally, in order to estimate F; (x), first note that |fi(1/2) (x)] < Ce1/2=0)x by
using the integral representation (3.4) with the contour given by the circle of radius
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8 centered at % Also, from (3.22) and (3.23), |Ei,1(x,y)| < Ce~(1/2=89)(x+y)
Using these estimates and | fl(a) (x)| < Ce™%* in the definition (3.7),

Fi) = £ 00 + / dy iy (e, 9) 9 ()
(3.27) “1

U
+ Ljaa / dy Vit (e ) £2 ().
—0oQ

we obtain (3.25) for x bounded below. In particular, to have the 1ntegrals over y
bounded we need 0 < § < > + a for the integral with K, 1and 0 < § < 5 —afor
the integral with V; ;. Both COIldlthIlS are satisfied for 0 < § < (5 —a)(2 +a). U

4 Asymptotic Analysis

By settinga = —b = p — % in Theorem 3.2, we obtain

m
P _

P(uy,..., —[det(1 — P, K" Py)

(4‘1) 1 2:: 8 u u

X (Ra,—a — (L — PuK Py) ™' PuF, Pyug))].

We now begin asymptotic analysis of this formula.

To obtain our main theorem (Theorem 1.2), we need to consider the following
scaling limit: Fix p € (0,1). Set y = p(1 — p), b = % —p,anda = p— % For a
large parameter T, according to (1.5) and (2.10), we consider

1-2 1-2
:TXT, fi:TpT-i-TiﬁTz/S,
— X
4.2)
202022 oy TV
U =T—17——FT" +35; ,
1—2){ X1/3

where we order 17 < --- < 1, With #; € [—t,¢] for all i. The convergence of the
Fredholm determinants is ensured only after (yet another) proper conjugation. For
this purpose, set

. . 277 . —au:
4.3) A(i) = Z(i) exp T’ +1isi ), Z(@) = ¢i(a)e” M.
PROPOSITION 4.1 Consider the scaling (4.2). Then

' T\1/3 4
4.4) Th—l;noo (;) A((j)) lj(uhuj) = [KA1]1 j(shsj)

uniformly for s;, s; in a bounded set. The operator K is defined in (1.10).
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PROOF: Recall that I?i,j = Ei,j —Vi,j, with V; ; = 0for 7; < 7;. The same
structure holds for K Ai- Indeed, using identity (A.7) of Lemma A.1, we can rewrite
(1.10) as follows:

[Kailij(si57)

o
= / dAAi(s; + A+ 11-2) Ai(sj + A + sz)e_/l(rj_fi)
4.5) 0
(si—=s;)* | 2,3 3
exp(—z6=5 T 5(t7 — 7)) + (vjsj — wsi)
_ ( 4(ti—1;) 3V i J®J iSi )]l(‘fi . Tj)‘

1/47T(‘Ei - ‘Ej)

The proof is divided into the convergence of V; j in Lemma 4.2 and of 1?,-, jin
Lemma 4.4 below. U

LEMMA 4.2 Consider the scaling (4.2) andi > j. Then

T\ A(j)
(4.6) (;) Ti)vi,j(”iauj):

. _¢:)2
exp(— f(lr,- j’;) + 35 =) + (sj —usi))

Van(ti — 1)

uniformly for s; — s; in a bounded set.

+ O(T~V/3)

PROOF: Recall that 7; > ;. We derive the asymptotics by saddle point analy-
sis. Set

_ 2X1/3 5 1 —

1) == —Z(si —s;) V3,

4.7)
g(2) := go(z) + T73g1(2).

Then by plugging (4.2) into (2.14),

1 - _
Vi i) = 51 [ dZexp(125®)
iR
1 - - -
- L / 4% exp(T3go () + T3 g1 (3)).
21
iR

(4.8)

There is a unique critical point for g¢ in the interval (—%, %), namely,

- 1
4.9) zc=a=p—5.
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A straightforward computation gives

_ 2)(4/3 1 1
SR C U Ly
° l ’ 1 =2y (%4‘2)2 ——Z)2
from which Ze) =2(7i — 5 —2/3 5. Also, observe that
g )X
(4.11) T28@ _ T go@+T @) _ 20
Z(j)

For the saddle point analysis we use the contour y := {Z.+it | t € R}. First, let
us show that the contribution coming from |¢| > § > 0 is negligible in the T — oo
limit. Let 5 := {z € ¥ | |S(z)| > J}. Then we have

1/3
() s

T\'"? 1 2/3 2/3
=(= T exp(R[T* g (Ze +it) — T* g (a)])
X
(4.12)
(T)1/3 1 /wd 1
= — _ t ~ . ~
X T Js (1 =it/(z = ZI L +it/(5 + Ze) )
T\'31 [ 1
=|— — dt
(X) n /5 (1+2/p2)"2(1 +12/(1 = p)2)n/2
with 43
2
ni==t—1tj = (‘L’i—‘fj)il)i XT2/3 >1
when T is large enough. For p > 1, we have the bound
1 1
(4.13)

< .
U+ 12/ )12+ 2/ (1= p2)12 = (141227
Hence using the linear lower bound

(4.14) 1+ 5)2> 1+ﬁ 1+(t—8)i)
' p) & 8 +p?
for all ¢ and §, we have
o) 1 52 -n 52+p2
4.15 dt —————— <1+ —= _
(19 / A+ 207 = ( p2) 25(1- 1)

Therefore there exist a constant i = (6) > 0 and a constant C = C () > 0 such
that

exp(—p(8)T2/3)
T1/3

(4.16) I£<C

When p < 5, we obtain the same estimate by just replacing in some of the bounds
pby1—p.
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Next we determine the contribution from a §-neighborhood of the critical point.
Noting the Taylor series

20(2) = 80Ge) + (i — 1) PE 2?1 + OF - Ze)),

4.17) N ” e o
g1 =81(Ze) —(si —s))x 7 (@ —Z¢),
we find that
- _ _ s; —s;)(Z -2
(@) — 8Ge) — (1 — ) 2PE —Z)? + ()(1;3%
3)
D). -
4.18) <  sup 8o '() 77
teBGe,lZ-Zc) | 3!

< (- ( : P )r
=071 = = Z—2
LI 2\ A —p—Z-Z)3 T (p— 12 —Ze])? ¢

Thus by choosing ¢ small enough, we find that for |Z — Z.| <6,

(4.19) (4.18) < ;"X‘Zf; A

and also

(4.20) 4.18) < C[Z - Zc

for some constant C > 0. Using (4.19), (4.20), and the general identity
4.21) le* —e™] < |z — w|max{|e®|, |e"]},

we deduce that

; 1/3 1/3
’Z(]) (Z) / s / dz T 3e@ _ 1 /B(T/X) e—Yz(Ti_fj)_iY(Si—Sj)dY‘
z@y\x) 2mi 2 J=sr/01/3

VAVZ

(4.22)

s(r/p'/3
1 / T (T3 @i (T 01— @) PTGy
2m J-s(1/ )"/

cy @'’
<
~ 2mxT1/3 /‘—S(T/X)1/3

dY Y3 22— = o(7~1/3),

Finally, since

1/3
L /S(T/X) e—Yz(fi_T,/')_iY(si_sj)dY _ 1 exp [ — (Si — S]) ’
2 J_s(T/p)1/3 Van(t —1j) 4(7; — 75)
1 8@/nt/3
2 /—B(T/x)1/3

1 [ 2 ;
__/ e Y @i—T)—iY(si—s;) gy
2w

2/3
<e—cT/

e—Yz(ri—rj)—iY(Si—Sj)dY

(4.23)

—0o0

for some constant ¢ > 0, which is uniform for s; — s; in a bounded set, we ob-
tain (4.6) from (4.16) and (4.22). O
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Before discussing the asymptotic of K, we also obtain an exponential bound of
Vi j(ui,u;) whens;,s; — o0, which will be used later.

LEMMA 4.3 Consider the scaling (4.2) and i > j (i.e., Ty > t;). Then, for any
given k > 0, there exists a Ty > 0 large enough such that

1/3 .
(4.24) Z MVZ i uj)| < Co—T@—1j)(si+s/)/2 ,—klsi—s;
X A@) -

forallsi,sj € Rand T > Ty. The constant C is uniform in s;,s; and in T > T.

PROOF: Set
at DT s =] = o712,
(4.25) Zei=4a+ #1_/3]) if s; —sj > eT1/3,
a— zfﬁfl_/jj) ifs; —s; <eTV/3,

where ¢ > 0 is a fixed constant chosen small enough so that z. lies in a compact
subset of (—%, %). Taking the integration path as y := {z. +1it | t € R}, a
computation as in (4.12) yields (the function g(z) is defined in (4.7))

Z(J)
‘ml/i,j(ui,uj)
1 ~ ~
(4.26) - '% / dZ exp(T*¢(@) — T*g(a)) ‘
¥
< T8 )-T @ L / dt T : 1
2 (11 =it/ (3 =zl +it /(5 + z¢)])"
R
where
2X4/3
n = (u —zj)l_zx T2/3 > 1
when T is large enough. Hence
426) < T 8G-Tg@ | / - di
B T Jo  (1+12/(5 = |ze))H)7

(4.27) 2
L A O Ly / 4
T \2 0 (1 + [2)7]

The last integral satisfies

428) /00 dt 1 /00 (1+52)_"d 1 /°° 2
. _— = — — S ~ e N
o L+ /mlo n V1 Jo
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asn = O(T?/3) — 0o. Therefore we find that there is a constant C > 0 such that
for T large enough,

3 2(j) 23
(4.29) — | S5V wiug)| < Cexp(T*(g(ze) — g(a))).
X Z(i)
Now from (4.18) and (4.19) (with z = z, and Z, = a), if we have taken ¢ small
enough, then
3(‘[,' — ‘L’j)

(4.30) 8ze) — g(@) = = 5= (e —a)?

i — S5

_ —X1/3T1/3 (z¢ —a).

Now we plug the value of z. into (4.25) for three difference cases. When [s; —s;| <
eT 1/3 ,

(si —s7)?
4.31 Ze)—ga) < ————
When s; —s; > 8T1/3, then

(4.32) 2(z¢) —gla) < _8(4(Si —5j) — 3eT1/3) - e(si — 5;)

8(ti —7;)T/3 - _8(‘L’i —1;)TV3
When s; —s; < —8T1/3, then
e(4ls; — 55| — 3eT1/3) elsi — sl
4.33 Ze) —gla) = — == -
( ) g( C) g( ) = 8(‘171' _ ‘Ej)Tl/3 — 8(1’,' _ Tj)T1/3

Therefore, we obtain

T\ 2())
434 (=) 2LV iuiup)| <
( ) ‘(X) 20) l,](ul u]) =
(si—sj)? 1/3
C - exp(—gr=y)- |si —sjl < eT™/7,
T1/3 i—S;
Cexp(-Lediostl), sy | > o7

As a result, for any given k¥’ > 0, by taking & > 0 small enough but fixed and then
taking Ty large enough, there is a constant C > 0 such that for all 7 > Ty,

1/3 > -
(4.35) ‘(;) 2G) Vi,j(ui,uy)

0] < Cexp(—«'|si — s5]),

and hence

1/3 .
(4.36) ‘(;) A(J)V,-,j(ui,uj)

10 < Cexp(—«'|si — sj| + Tjsj — Tisi).
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Finally, given any « > 0, by taking «” > « +max{|t1],....|tm|}, Wwhens; —s; >
0, then

Tis; — TS + (x — K/)|Si —Sj|
(4.37) = —(ti —1)si — T (si —55) + (k —&)|si —;
1
< —(ti —15)8 < _E(Ti —7;)(si + 55)
since ; — r; > 0. Similarly, when s; —s; < 0, then
Tis; — s + (k — k')|si — sj]
(4.38) = —(t; — 1j)s; — T (si — ;) + (kK —Kk)|s; —s;
1
<—(u—1)sj < —E(Ti — 7)) (si + 7).
This implies (4.24). O

We now prove an asymptotic result for K.

LEMMA 4.4 Consider the scaling (4.2). Then

T\'?A() -
(4.39) (;) mKi,j(ui,uj)Z

o0
/ dAAIA + 5 + 1) AL + 55 + tH)e BT 1 O(T713)
0

uniformly for s;, s;j in a bounded set.

PROOF: By the definition (2.14),

T3 _
(4.40) (;) Ki,j(u,-,uj):

T\ -1 eV g (w) 1
(?) @ni)? 75 az §£ W e

1,2 T2

The steepest-descent analysis of integrals very similar to this one with the same
scaling (4.2) has been performed repeatedly in various places (see, e.g., [1, 6, 10,
16, 18]). The only difference here is that we have a double integral and must
make sure that the two paths do not touch. However, this can be easily handled
by locally modifying the steep(est)-descent contours near the critical point. Except
for this modification, the analysis of our case is similar to those in the literature.
Nevertheless, we provide the proof for completeness, and also since the analysis
of this lemma and Lemma 4.5 is a prototype for all the remaining lemmas in this
section (except for Lemma 4.9).
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The first step is to find a steep descent path for ¢; (w)e™*¥i and ¢;(w)~Le"/.
Let us write
@4 i)™ = exp(Tho(w) + T*Phy(w) + T3 ha i (w)),

where

ho(w) = —w + p? ln(% + w) —(1-p)? ln(% — w),

24173 1
(4.42) hi;(w) =1 X |:(1 —2p)w — )(ln(— — wz):|,
’ 1—2y 4

1/3

hai(w) = —sjwy™

Note that /¢ (w) is independent of i.

For the steep descent analysis we need to determine a steep descent path for Ay.
The steep descent path will always be taken symmetric with respect to complex
conjugation. Thus we can restrict the discussion below to the part lying in the
upper half-plane. We have

2 1— 2

6(w)=—1+1p +(1 "

(4.43) 2tw oW
p> (1—p)?

/i
o(w) = — )
(+w? (G-w)?
which both vanish at the critical point w, = a = p — % and hy'(we) = %
Let y, = {w = %—aeie 10 € [%,37”)} with o > 0. Then, for 6 € [7,7),
N(ho(w)) is strictly decreasing in 6. Indeed,

(4.44) Lo L - et = —asin(9) 1—"—2 <0
' a0 "\ "°\2 - o+ 1P ’
1

since the last parenthetical group is strictly positive: for 6 € [5,7), R(w) > 3,
and |w+ %| > 1, while p < 1. In the neighborhood of the critical point we consider
a second path, y; = {w = p — % + e 73t 1t € ]0,2(1 — p)]}. Along that path,
we have

2(2p(1 — p) 4 (1 —2p)t 4 1?)

1 1
2|3 —w|* |3 +w|?

d
(4.45) T (ho(w)) =~

The second-degree term, 2p(1 — p) + (1 — 2p)t + t2, is strictly positive for all
p € (0,1)and ¢ € [0,2(1 — p)]. Therefore y; is also a steep descent path and close
to the critical point will be steepest-descent.

Now we can define the steep descent path used in the analysis. Let y = y; U
y:/g (1-p) U 71. In a similar way, one obtains a steep descent path for —/¢(z),
namely, I" is the path obtained by rotation around the origin of the steep descent
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—
>
\/

~1/2 1/2

L —=

FIGURE 4.1. The modified contours y and I" are both anticlockwise
oriented. The modification of I' close to the critical point a is of order
T3

path y but with 1 — p instead of p. Finally, as we shall discuss below, any local

modification of the contours in a region of order T~1/3 around the critical point is
allowed (see Figure 4.1), provided that |z — w| > ¢T /3 for a fixed & > 0.

The paths y and T" are steep descent paths for sg(w) and —hg(z). Therefore, for
any given small § > 0, the contribution to the double integral (4.40) coming from
yxT\{|z—a| < 8, |lw—a| < 8} is only of order Z(i)/ Z(j)O(e T for some j1 =
w(8) > 0 (with u ~ §3 for small §), which is smaller than Z(i)/Z(j)O(T ~'/3).
Note that Z(i)/Z(j) is the value of the integrand at the critical point.

Next we analyze the contribution coming from a §-neighborhood of the critical
point w, = a. There we can use Taylor series expansions of fg, hy;, and Ay ;,
which are given by

o) = ho(we) + 31w = we)® + O((w — ),
(4.46) hl,i (w) = hl,i (we) + 7 )(_2/3(11] - wc)2 + O(ti(w — wc)S),

ha i (w) = hy i (we) —si x "3 (w — we).

Therefore, the main contribution to (4.40) is given by

za)(T)”3
Z(j)\x
_1 POTW—w)* T2 3 w-we)®) |
(4.47) X —(27ri)2 /dz/dw SOT(z—w )5 T3 —w)?) 1 — 2
Ts Ys

e TW=we)3/3x+T2/ 35 (w—we)? /x> 3T 35 (w—we) /13

X )
eT(@—we)3/3x+T2/3t; (z—we)?/ x2/3=T13s; (z—we) [ x1/3
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where ys and I's are the pieces of y and I' that lie in a §-neighborhood of the

critical point w, = a.
More precisely, setting H; := hg + T_1/3h1,i + T_2/3h2,,~ one has that

t»3
TH; (we + 1) — TH; (we) — Th((f)(wc);

t? s;
2/3 1/3 Si
(4.48) — 12/ Wi ()3 =T / Tt
) 4 13 o173
<T sup M+T2/3 M
BGwe.leD # B(we, 1) 3!

Assume that 0 < n < % min{p, 1 — p}; then

(4.49) sup B ()] < 624072 + (1—p)72)
B(wcﬂl)
and
3) 3243 4 3
(4.50) sup |hy; ()] < |z (P "+ 1d=p)7).
B(wc,ﬂ) ’ 1_2X

Thus, it is an easy computation to check that one can find n > 0 small enough so
that

3

n

n* sup g ()] < kg (we) ;.
B(wc,n) :
2

n
sup [ (w)ln® < [k ;(we)| 75
B(we,n) :

4.51)

Assume that 0 < § < 1. Then it is easy to show as in (4.22), Lemma 4.2, that

Zi) (T\"?( -1 / / TH; (w)-TH;(z) |

- d i (w i@~

)Z(j)(x) ((2m)2 da | dwe ez
T )2

8

2 '
w—we)3 | 2/3 7 (W—we)®  1/3 8 (w—we)
T =+T 23 T 73

4.52 —1 e x 1
( : 2771)2 dz | du 3 ( )2 ( )
Tl (Z—wce) ALY SjE—we) W —
( ) eT%J’_Tﬂ/S J 73 _T1/3 ])(1/3 Z

Iy 1Z]

<O(T™ 3.



1048 J. BAIK, P. L. FERRARI, AND S. PECHE

It thus remains only to determine the asymptotic of (4.52). We make the change
of variables W = (w — we)(T/ )Y/ and Z = (z — we)(T/x)'/? and obtain

Z . _1 e2m/35(T/X)1/3
(i) iz

Z(j) @mi)? Jo—2mis3gr/y)1/3
e=T/38(T/x)1/3 IBETWRs W
x/ dW —; >
emi/38(T/x)1/3 eZ’3+122=s;Z W — Z

where the integration paths do not touch. We can now extend the integration path
to infinity, since
7() —1 e27/300 e /300 W33+, W2—s; W 1
‘ (l.) '2/ dZ/ Jw € : 2
Z(j) 2mi)? J. e7i/3 00 e L3414 2%=s;Z W — Z
Z(l) | eZni/38(T/X)1/3
e~ T/3§(T /)13 W3B+uWi-siWw
.
e

daw
Ti/3§(T/3)1/3 eZ3 3+ Z2—s;Z W — Z

(4.53)

—27ri/300

dzZ

< Ce—8T/60),

The conjugation by A(j)/A(i) and the identity (A.2) end the proof. O

Now we give a bound that holds uniformly for s;,s; bounded from below. Let
so € R be given.

LEMMA 4.5 Consider the scaling (4.2). Then, for any given k > 0, there exists a
Ty > 0 large enough such that for all T > Ty and s;,s; > s
T\'? AG) &
4.55 — LK (ui,uj)| < Cem¥GiTSI),
( ) ’(X) A(i) l,j( i ]) =
The constant C depends only on k, t;, and ;.

PROOF: The upper bound of the integrals similar to (4.40) has also been ob-
tained in various places (see, e.g., [1, 6, 10, 16, 18]). The analysis in our case is
similar to those in the literature. However, again we provide the proof for com-
pleteness; also, the analysis in this proof is going to be used and adapted in all the
remaining lemmas in this section except for Lemma 4.9.

First of all, we can rewrite

- T 1/3 poo 1 s
Kij(ui uy) = (—) / dl(—. §I§ dw ¢i(w)e w("’+x1/3’1))
X 0 2ri
T

1/2

(4.56) NPT

1 eZ(“j Y173
— dz ——|.
X(zm ¢ TTHQ )

1,2
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- 20=2p)x' 3 12/3
—2x

Setug =T — 1 T (which corresponds to s; = 0). Then

1/3 N o0
(4.57) (Z) A(])Ki,,-(ui,uj)=/ dA E1(si +A)Eax(s; +4),
0

X A(r)
where
™3/ 1 »
Eq(x) := (_) (— ¢ dw ¢; (w)e_w(u0+x(T/X)l/2))A(l-)—l
X 2mi
Ti/2
(4.58) T\3/ 4 2o +x(T/0)1/3)
E = — - d ey
2(x) (X) (Zni ¢ < $;(2) ) ()
1,2

We now show the exponential decay of Ej(s;) for large positive ;. Lemma 4.4
indeed implies the result when so < s; < 0. It is thus enough to consider the case
where s; > 0. The analysis of E»(s;) is made in exactly the same way, up to a
rotation around the origin and exchange of p with 1 — p.

To this aim we modify the contour given on Figure 4.1 as follows, defining a new
contour y’. Call ' the part of the contour lying in the upper half-plane {3z > 0}.
Let « > 0 be a fixed constant and

(4.59) e(@) :=2|ti| + 2«.
Then we set
Yt =ta+ 13 1= (i) T/ )3

4.60 ‘
(30 Ufa+e()(T/x) Pe?:0<0 <2

The contour y’ is then completed by adjoining the conjugate of y’*. This mod-
ification of the contour y has no impact on the saddle point analysis made in the
proof of Lemma 4.4. Indeed, for 7" large enough
4.61) [Tho(a) + T*hyi(a) — Tho(a + e(i)(T/ )" 3e")

= T2Phyia+e(@)(T/ 073 = CG),
where C(i) = 2&(i)?(|t;| + (i)) is a uniformly bounded constant as z; is chosen

in a compact interval of R.
Along y’ we have

@ o)z Dy ot mhai

Thus, along y’

(463) |e_(w_a)si(T/X)l/3+fiS[| < e—ICS[.
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\/
\/

(a) (b) (©)

FIGURE 4.2. Contours used in the following lemmas. The paths have
local modifications close to the critical point a that are only of order
T3,

Using the saddle point argument used in the proof of Lemma 4.4 and (4.61), we
easily deduce that there exists C > 0 independent of s; such that for T" large enough

(4.64) |E1(si)| < Ce ™%,
Thus,
o0
(4.65) |(4.57)| < / dAE1(si + M| |E2(sj + A)] < Ce*Gits))
0
for some other constant C. O

The saddle point analysis made for K in the preceding lemmas will now be used,
up to minor modifications, to consider the asymptotics of the remaining terms.

LEMMA 4.6 Uniformly for sy in a bounded interval one has that

7\ 1/3
(4.66) Tlim (;) Ra’_a ==

9] 9]
S1 +e_%ri7’—r1s1/ dx/ dyAi(‘L'lz + 51+ x +y)e—rl(x+y)'
0 0

Moreover, for any given k > 0, there exists a Ty > 0 large enough such that for all

T > Ty we have
T\ 1/3
(_) Ra,—a — 81
X

for any s > sg. The constant C does not depend on T or s7.

(4.67)

S Ce—K.S‘]

PROOF: We have

- ARal P ]
(4.68) (}) R“"“‘(}) 2 ¢ e G —a?

—1/2.a
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and also

(4.69) = exp[—(Tho(2) + T?h1,1(z) + T3h51(2))]

1
P1(z)e 24
with iy ’s defined in (4.46). As a steep descent path we use almost the same contour
I" as in Figure 4.1, up to T~1/3Jocal deformation so that it passes to the right of
a; see Figure 4.2(a). Then, using the same asymptotic argument as in the proof of
Lemma 4.4, we deduce that

1/3 1 e—Z3/3—1122+s12
(4.70) lim | — Ro—g=— 1] dZ ,
T—oo\ ¥ ’ 2mi A
Loy
where gy designates the path from e 271/360 to ¢2™/3 60 and passing on the right

of 0. We can take it to its left up to adding a residue term, which is just s;. Then
the identity (A.4) gives the first formula of the lemma.
For the exponential decay, one first computes the residue at z = a, yielding that

T\~ 1/3 T\ 3 1 $1(a)e™ 1
@.71) (;) R‘“‘“‘“*’(}) 2 ¢ e G

F_1/2

The contour now lies to the left of a, so that, using the same argument as in
Lemma 4.5, we have the exponential decay for large positive sy . O

Now we turn to the asymptotics of the function g defined in (2.12) and the
different terms of the function F defined in (3.7).

LEMMA 4.7 Consider the scaling (4.2). Then
. l (1/2) o . 2 .
4.72) T11_r>noo mfl (uj) = — | dy Ai(tf +5; + y)e®”
uniformly for s; in a bounded set. Moreover, for any given k > 0, there exists a
To > 0 large enough such that for all T > Ty we have

L oamy,,
A(i)fi (ui)

for some constant C independent of T and uniform for s; bounded from below.

4.73) < Ce™ %

PROOF: We have

1
N ¢ duw
71
T2

e ThoW)+T2/3hy ; (w)+T 1 3hs ; (w)

w—a

with the Az ’s defined in (4.46). As a steep descent path we use y in Figure 4.1
with a local modification on the 7~1/3 scale so that it passes to the right of a; see
Figure 4.2(b). Then the same asymptotic argument of the proofs of Lemma 4.4
and Lemma 4.5 still holds and gives us the claimed result. We also use the identity
(A.5) to express the result in terms of Airy functions. U
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LEMMA 4.8 Consider the scaling (4.2). Then

o0

) 1 = (@)
1 — dy K; i
T1—r>rcl>o AG) . y z,l(uz J’)fl 6]

2

o0
(4.75) — e 3T s / dXe @) Ai(z2 45 + A)
0

o0
x/ dy e ™Y Ai(t? + 51+ A+ y)
0

uniformly for sy, s; in a bounded set. Moreover, for any given k > 0, there exists a
To > 0 large enough such that for all T > Ty we have

1 o0 ~
(4.76) — / dy Ki,1(ui,y)f1(a) (y)‘ < CeGits)
A@) Ju,

for some constant C independent of T and uniform for s;, s1 bounded from below.

PROOF: Notice that fl(a) (y) = ¢i(a)e™®. Then, choosing the integration
path for z in (2.14) so that i (z) < a, we can explicitly integrate the variable y and
get

(4.77) / dy Kiy (i, y) 19 (y) =

L ¢SV (1) by (@)W
@r1)? 56 az 56 s

Fy2 T2

where the integration path for z does not include a and does not cross the integra-
tion path for w. The rest of the proof follows along the same lines as those for
Lemma 4.4 and Lemma 4.5. Finally, one uses (A.6) to rewrite the double integral
expression in terms of Airy functions. O

LEMMA 4.9 Consider the scaling (4.2) and leti > 2. Then

) 1 “1 a
(4.78)  lim m/_wdy Vi,l(“i»)’)f1( '(y) =

T —o00

2.3
e—gl’i —T; S8 S$1—S; y2

_— dye *@i—TD,
Van(ti —11) J-o0

uniformly for s; — 81 in a bounded set. Moreover, for any given k > 0, there exists
a Ty > 0 large enough such that for all T > Ty we have

Ui

1 a
10 ) dy Vi1 (ui. y) 9 ()

C[e—K\Si—Sﬂ—fiSi—i-nSl + 1, s 1]8—2‘51-3/3—‘51'51']
1>8i—

for some constant C independent of T and uniform in s;, s1.

=

(4.79) ‘




LIMIT PROCESS OF STATIONARY TASEP 1053

PROOF: Using fl(a)(y) = ¢i(a)e™® and modifying the integration path in
(2.14) to iR + « for any « € (a, %), we can integrate out the y-variable with the
result

1
Z(i)

uy
/ dy VinGui. ) £ ()

LL / dz eZ(u1—ui) ¢i (Z) ¢1 (a)e_aul
(4.80) Z(i) 27ri‘R+ $1(z) z—a

_zh 1 /dZeZ(ul—ui)¢i(Z) !

Z(i) 2ni $p1(2)z—a’
iR+o

For the saddle point analysis we then deform back our integration path to a 4 iR
with only a local deviation of order T~1/3 around z = a to make it passing to the
right of a. Specifically, for a given small ¢ > 0, we use the integration path

y={a+ix,x eR\ (=773 e771/3))

(4.81) )
Ufa+eT7 3% 0 ¢ [-Z. %1}

see Figure 4.2(c). The asymptotic analysis for s; — s7 in a bounded set is the
same as in Lemma 4.2 except that the integral has an extra % in the denominator.
Explicitly, we get

.1 o @,y —
(4.82) Thm Z0) /_Oody Via(ui, y) f17(y) =

—00
1 =Y 2(r;—11)—iY (s; —s1)
— / dy &

21 1Y
R—ie

for any ¢ > 0.
The function

1 e—Yz(r,-—r1)+iYs
(4.83) v(s) ;= T / dY — 7
R—ie
satisfies
(4.84) K S exp(_L)
ds Van(t — 1) 4(ti — 1)

and the boundary condition

(4.85) lim wv(s) =0.
§S—>—00
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Therefore, v(s) is a Gaussian distribution function, so that our limiting function is

1 U1 a
- f_ Ay Varlur )00 =

(4.86) lim
T—oo Z

1 S178i X2
—/ dx e *@i—t0,
Van(ti —11) J-o0

In order to prove (4.79), we adapt the proof of Lemma 4.3. First, suppose that
s; —s1 > 1. For this case, we take the contour y = {z, + it | t € R} as in the
proof of Lemma 4.3. Note that
y1/3

dist(a,y) = dist(a,z,) > ——————.

Hence the term z+a in (4.80) is bounded by O(T''/3) and an analysis as in the
proof of Lemma 4.3 (noting the presence of T1/3in (4.24)) implies (4.79).

Second, consider the case s; —s1 < —1. We take the same contour y = {Z.+i? |
t € R}. In this case, the residue at the simple pole a should be taken into account.
Except for this term, the analysis on the contour y is the same and we obtain (4.79).

Finally, when —1 < s; — 57 < 1, we take the contour y = y; U y, where
y1 is the part of the contour {7z, + it | t € R} that lies outside the circle of
radius r = W centered at a, and y; is the part of the circle of radius r
centered at a whose real part is at least z.. This contour is the same as the straight
line {zc + it | t € R} except that it goes around a on the right in a O(T~1/3)-
neighborhood of a. On yy, since dist(a, y1) = r = O(T~1/3), we obtain, as in the
proof of Lemma 4.3,

Z(l) L z(u1—u;) ¢i (Z) 1
4.87) ‘ Z() 2 /dZ e —¢1 @ P <

Y1

o—*lsi—si|

On the other hand, on y», observe that dist(a, y2) = O(T~1/3) and the arc length
of p, is also O(T~1/3). By using the estimates (4.18) and (4.19), which hold on y,
if T is large enough, we obtain that T2/3¢(z) is bounded for z € y2 (where g(2)
is as in (4.7)). Hence (recall the first equation of (4.26))

@L Z(ul_u[)¢i(z) 1
(4.88) 70) 2 /dz e 51 i—a <

V2

|z —al

This, together with (4.87), implies (4.79). O

1 eT??18(2)~g(@)]
—/|dz|— = O(1).
2

Y2

The last term to be computed is the asymptotic of g.
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LEMMA 4.10 Consider the scaling (4.2). Then
. . 23 4as; * s 2 —Ti X
(4.89) lim A(j)gj(uj) =e3% "7 — dx Ai(t; +sj +x)e” ¥
T—o00 0 J

uniformly for s; in a bounded set. Moreover, for any given k > 0, there exists a
To > 0 large enough such that for all T > Ty we have

(4.90) ()8 ()| < 3T T5Y 4 cems
for some constant C independent of T and uniform for s; bounded from below.

PROOF: We have

4.91)

1 e—(Tho(Z)+T2/3h1,j(Z)+T1/3h2,]’(Z))
() = — d
8 (y) 2mi ¢ ¢ zZ—a
I'—i/2.a
with the /’s defined in (4.46). As a steep descent path we use I' in Figure 4.1
with a local modification on the 771/3 scale so that it passes on the right of a;
see Figure 4.2(a). Then the asymptotic argument of the proofs of Lemma 4.4 and
Lemma 4.5 still holds and gives us the claimed result. The only small difference is
that for the bound the integration path for large s;’s has to be chosen to pass on the

2r]3/3+1:j

left of a, which is fine up to adding the residue at a. The factor e 57 comes

from the multiplication by A(j). To rewrite the result in terms of Airy functions,
we used (A.3). O

5 Proof of the Main Theorem
In this section we prove Theorem 1.2. Recall (4.1),

m

6.0 PG00 (m) < Lrks)}) =
k=1
< J - conj
Z @[Qe ~det(1 — PgKV Py)].
k=1
where
1/3 —
(52) Ge:= ()" (Raca = (@ = PR P PLF. Prg))

anda = p — % We take the limit 7 — oo with the scaling (1.5).

Note that the scaling of (1.5) is related to the scaling (4.2) by the identities
|x(7;)+ y(ti)—2¢t] <2and |x(1;) —y (i) —2t;| < 2. The difference (at most) 42
does not contribute to the asymptotics and only makes the notation complicated.
For this reason, we will ignore this difference £2 in the following presentation.
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PROPOSITION 5.1 Fix m € N real numbers 11 < -+ < Ty and s1,...,5m € R.
Let x (1), y(tx), and L(ty, s ) be defined as in (1.5). Then we have

.....

.....

where Py(k,x) = Lixsg(z,50)] and Ps(k,x) = L x>

PROOF: Proposition 4.1 implies that for s;, s; in a bounded interval 7,

(T2 AG) oo -
(5.4) Tli)moo(;) 20) K; o (wisuj) = [Kaili,j (si.s5),
and that the convergence is uniform on /. Now Lemmas 4.3 and 4.5 then imply the
convergence in the trace-class norm of rescaled kernels (7'/ )()1/ 3 i(({)) ij (Ui uj)
and (T/x)'/3 fl(({)) Vi,j(ui, u;). This completes the proof. O
PROPOSITION 5.2 Fixm € N real numbers 11 < -+ < Ty and s1,...,5m € R.
Let x (1), ¥(tx), and L(tx, sy ) be defined as in (1.5). Then
(5.5) lim Gy = gm(7,s)

T—o00

where g, (1, s) is defined in (1.11).

PROOF: Consider the term ((1— Py K Py) "' Py F, Pyg). We first scale and also
conjugate by some operators. Define the function

2(1 —2p) /3 72/3 T1/3

(5.6) uix) =T —1 =2y +x PATER
Set B =14+ max;=1,..m|t|.i =1,...,m, and define the multiplication operator
(5.7) W(i,x) = A(i)e P

Set

1/3 B
(5.8) LT (x.x') = (;) Wi, x)K; (i (x),u; (X)WL, x)
and
(.9 W (x) =W, x)gi(ui(x)., O (x) =W, x)F(ui(x)),

where one recalls the definitions of F; in (3.7) and g; in (2.12). Here the super-
script T indicates the dependence on 7.

By Lemmas 4.7, 4.8, 4.9, and 4.10, for any given k > 0, there exists a 7o > 0
large enough such that for all T > Ty, \IIIT and CIDiT are L2([s;, 00)) for any given
s;i. Then for T large enough,

X

1/3 B
(5.10) (7) (L—PyKPy) ' PyF, Ppg) = (1—Ps LT Py~ PydT, PowT),
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Let Q be the multiplication operator Q(i, x) = e #* and set
(5.11) p=(1-PQKxnQ 'P)™", U=0w, d=07""0
\ZherNe the functions W and @ are defined in (1.8). Observe that the functions
U;, ®; € L2((s;,00)). Since
(5.12) (1 — PyKaiPs)™' Ps®, Ps¥) = (5P;®, Ps0),

it is enough to prove lim7_ oo (p! Ps®T, P,wT) = (EPSED, Psli) where pT =
(1 — PsLT Pg)~'. Clearly

[(pT Py@T, PywT) — (5P, ®, PyV)|
(5.13) < |loT =5l | Ps@T || || PswT |
+ ol 1 Ps (BT — @) || | PsdT || + [loll | s ¥ | || Ps (@7 — D).

First consider || pT —p|. As the operator norm is bounded by the Hilbert-Schmidt
norm || - |2,

|PsLT Py — PsQ Kas Q71 Py ||?

< ||PsLT Py — PsQKps Q71 Py |3
(5.14)

m 00 0 .
=y / dx/ dx'|LT (x,x") — e PO [ Rl (x, X)),
i,j=1"5 57
By taking k = B + 1 in Lemmas 4.5 and 4.3, and using the dominated conver-
gence theorem and Proposition 4.1, the limit as 7" — oo of (5.14) becomes 0. By
Lemma B.1, the operator 1— Pg K i Py is invertible, and it follows that T 5| —

Oas T — oc.
Now consider the term P;W7 . From (4.90) of Lemma 4.10, we have |\IIJT )| <

Cire~B=ItiDx 4 Chre=(B+6)x for x > s; for a fixed s;. The conjugation e Bx s
introduced to make this function decay exponentially as x — oo. Hence || Ps W7 ||
is bounded uniformly for large enough 7'. Also, by noting that the right-hand side
of (4.89) is precisely W, (s;), it follows from the dominated convergence theorem
that || Py (W7 — 0)|| - 0as T — .

It follows from Lemmas 4.7, 4.8, and 4.9 that |®JT (x)] < Ce=®k=P)x for x > Sj
for a fixed s;. Hence || Py®T || is uniformly bounded for large enough 7 if we set,
for example, k = B+ 1 > 0. Also, it follows that || Ps(®T — ®)|| — 0as T — oc.

Hence we have shown that (5.10) converges to (5.12). The remaining term in
Ge is (x/T)Y3R4._q. But Lemma 4.6 shows that this converges to R (after the
changes of variables x +— x — s1). This completes the proof. (]

The above two propositions prove that Gy det(1 — Py K" Py) converges to
gm(t,s)det(l — PsKajPs) as T — oo. It remains to show that the derivatives
with respect to the s ’s also converge.
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Let us first consider (x/T)Y3((1 — PKPy)" P, F, Pyg) of Gy. Asin (5.10),
this equals ((1 — PsLT Pg)~' P;®T, P,WwT). Note that the dependence on sj is
only through the projection operator Pg. Hence by simple translations

(5.15) (1= PLT Py tP@T, PowT)y = (1 —LT) @7 wT)

where LT ((,x), (j. ) = LT (i, x +5:), (. y +5;)), @7 ((i,x)) = ®T (i, x +
s;i)), and W7 ((i,x)) = WT((i,x + s;)), and all the (real) inner products, the

operators, and the functions are defined on L2({1,...,m} x Ry). Then
i((]l _ LT)_1<I>T, \I’T)
8Sk
0
(5.16) = <(11 —LT)_l(a—LT)(]l —LT)_1<I>T,\IIT>
Sk
0 0
+{a-LDH) Y —oT ) wT)+ {1 -L))le? —wT)
0Sk sk

Hence we need to control the asymptotics of the derivatives of the kernels. But
since all the asymptotic bounds for large x in the lemmas in Section 4 are expo-
nential, while the derivatives of the kernels yield only polynomial terms, we can
check that the dominated convergence theorem still applies and obtain the conver-
gence of (5.16) to the corresponding derivatives of the limit. We omit the details.
The other terms are similar. This completes the proof of Theorem 1.2.

To prove Theorems 1.5 through 1.7 we use the following slow-decorrelation
result, which is an extension of proposition 8 of [13].

LEMMA 5.3 Let A = (¢1T,c2T) for some ¢1,co > 0. Choose r ~ TV with
0<v<landset B= A+ r((1—p)2 p?). Then, forany B € (%,% , it holds
that

(5.17) Jim P(G(B) = G(4)—r| < TPy = 1.

PROOF: First of all, it is easy to check by proposition 2.2 of [16] that the differ-
ence between the model (1.1) and the last passage percolation model corresponding
exactly to the stationary TASEP becomes irrelevant in the order 78 as T — oco.
Denote by Pra the measure for the last passage percolation corresponding to the
stationary TASEP. Due to the stationarity in space and time of TASEP, we observe

that G(B) — G(A) and G(B — A) have the same distribution. Therefore,
5.1 FAGB) =G —r < %) = Pra(IG(B — 4) —r| < TF)
= Pra(IG(r(1 = p)*,rp?) —r| = TP).

But since the distribution of (G(r(1 — p)2,rp2) — r)/(r/x)'/? converges to F
[16), and r'/3/T# = O(T"/3~F) — 0 as T — oo, we find that (5.18) converges
to 1 as T — oo. This completes the proof. U
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PROOF OF THEOREM 1.5: The projection of (x(z,8), y(r,0)) onto the line
{x +y = (1 —2y)T} along the critical direction ((1 — p)?, p?) is (x(7), y(7))
with x, y defined in (1.5). We have
(5.19) x(1) =x(1.0) —r(1—p)%,  y() = y(x,0) — rp?,

with r = r(0) = 0T". In particular, £(z,0,s) = £(t,0,s) —r(08). Then

(520 P((VAG etk ). ¥ (e O0)) = Lo 503 ) =
k=1

P (G (k. 0). y (. 0)) = E(w.0.5¢) + Ex})
k=1
with
(5.21) Ek = G(x(1x,0), y(t%, 0)) + r(0k) — G(x (g, Ok), y (i, Ok))-

By Lemma 5.3 we have 2j, = o(T'1/3) so that

m
(522 lim (520)= lim P(({G(x(.0), y(m.0)) < €. 0.5¢)}):
T —o00 T —o00 k=1
see the proof of theorem 1 in [13] for detailed steps. This is by Theorem 1.2 the
desired result. (]

PROOF OF THEOREM 1.6: The goal is to express our setting into the one of
Theorem 1.5. Denote p(t) := ¢g(t) + n(t), which is given by

sT1/3
(5.23) P(0) = A= p’T +220 =) PT*P = (1= )=
and recall
(5.24) n(r) = p?T — 2px/312/3,

(Since n(t) and g(t) are integers, the above formulas are are exact up to the error
of size 2 at most: since this difference does not affect the asymptotics but only
complicates the formulas, we drop this difference in the following presentation.)
By (1.16) we have

525 PV = a@)}) = P(({G(p(m).n(w)) < T}).
k=1 k=1

Denote by (X(7), Y(7)) the projection of (p(t),n(r)) onto the line {x + y =
(1 —2x)T} along the critical direction ((1 — p)Z, p?). We get

(5.26) X(@) = p() —r(1=p)* Y()=n()—rp,
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where
2(1 —2p)x'312/3 1-
(5.27) r=r(t,s)=rt ( P - P (T/)()l/3.
1—-2y 1 -2y
Let us further denote
s ___ _SP 413
(5.28) =1 2)(2/3
Then
(5.29) T =4L(°s) +r(t,s)
where £(t, 5) is defined in (1.5). Substituting (5.27) into (5.26) we get
2 y4/372/3 2/3
X() = (1—p>T + 1L _s P s (19,
1—-2y 1—-2y
(5.30)
24437213 o3 e
Y(r) = p?T — 1 +s T = y(r),
1 -2y 1 -2y

where x(7) and y(t) are defined in (1.5).
With this notation we can rewrite (5.25) as

530 PG E) + il = p)% y(5) + rep®) < Urfose) + i}
k=1

where rg 1= r(t, sg) ~ O(T?/3). By Theorem 1.5 the result follows. U

PROOF OF THEOREM 1.7: The proof of Theorem 1.7 is very similar to the one
for Theorem 1.6. The scaling (1.22) corresponds, in terms of x and y, to the scaling

x = (l _p)ZT +2T(l _p)X1/3T2/3 —SX2/3T1/3,
y = pZT _2_L,pX1/3T2/3 —SX2/3T1/3.

The projections (X (), Y (7)) of (x, y) onto the line {x +y = (1—2y)7T } along the
critical direction ((1—p)?2, p?) are given by X () = x—r(1—p)%, Y (1) = y—rp>.
Explicitly we find

(5.32)

2(1 _ZP)X1/3T2/3 B 2X2/3T1/3

r(t,s) =1 s ,
1-2y 1—-2y
4/372/3 _ 2/371/3
(5.33) Xt)=p’T ++1 2T s (=202 T ,
1 -2y 1—-2y
Y() = 2T — ¢ LT (=20
1—2y 1—2y )
Setting
1-2p)T71/3
(5.34) g 2T

2)(2/3
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we get
(5.35) T =L, s) +r(r,s), X()=x(%), Y()=yE’.

Setting ri := r(tx, sk ), we get (5.31) and then by Theorem 1.5 the result follows.
O

Appendix A: Some Airy Function Identities

In the asymptotic analysis we get two basic integral expressions which can be
rewritten in terms of Airy functions and exponentials, namely,

-1 e 00 W3/34+bW2—cW ) 2p34be
A.l) 27i e7i/300 e = A7+ c)e? ’
“ 1 e/ o0 ~Z3/3-bZ2%4cZ ) —2p3—bc
7 e dZe = Ai(b” + ¢)e” 3 )

Starting from these two formulas we state some identities.

LEMMA A.1

€27/ 300 e /300 W33t W2—ciW
az [
e

-1
A2) —— aw =
(4.2) (2mi)? /e—zm/3oo 7i/3 00 eZ3/3+b2Z2—c2Z W — Z
e%b13+b1c1

o0
- —A(ba—b1) p: (12 s
303 +hacs /0 dle Ai(bT +c1 + M) Ai(b + 2+ A),

e27i/3 50

(A3) __1 dZ 6—23/3—b22+02l —
27ri e—27‘[i/3oo’left0f0 Z
o0
e—3b7—be / dx Ai(b? + ¢ + x)e P*,
0
2mi/3
wo LT g msemie ]
271 Je—2mi/3 00, left of 0 z2
—2p3pe [ °° 72 —b(x+y)
e’ 3 dx dy Ai(b” +c¢c+x + y)e »,
0 0
—mi/3
ws) = [T awemnrewew L _

271 J emi/3 00, right of 0 w

o
e%b3+bc/ dx Ai(b? + ¢ + x)eb™,
0
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€271/ 300 e /300 eW3/3+b1W2—L‘1W 1
iz /
e

A6) —— aw =
(A.6) (2mi)? /e—zm/soo,leﬁ of 0 7i/300 eZ3/3+b2Z%—c2Z (W — Z)Z
e%b?+blcl

o o
——— / dA / dx e 227D Ai(h? 4 ¢; + 1) Ai(b2 + 5 + A)e P2*,
e§b2+b2c2 0 0

For bz < bl,

(A7) /d)t e 2027V Ai(B2 4 ¢ + L) Ai(b2 + e + A) =
R

1 (c2 — Cl)2 2 3 3
exp( 2 23 ) e, — by ).
VA (b — by) ( 4(by —b2) 3

PROOF:
(A.2): Since we can choose the paths for W and Z such that R(W — Z) > 0,
using

1 o0
(A.8) = / d)e *W-2)
w—Z J

and (A.1) we get (A.2).

(A.3): Let f(c) := Lhs.of (A.3). Differentiating and using (A.1) we get
f'(c) = —Ai(b? + c)e™2P 3/3=be, Together with the boundary condition

Jim_f'(c) =0,

we get (A.3).

(A.4): Let f(c) := Lh.s. of (A.4). Differentiating twice and applying (A.1), we
obtain f”(c) = Ai(hb? + c)e_2b3/3_bc. The boundary conditions are

M, f1€) = 0= lig /.

Integrating twice and shifting the integration bounds to 0, we get (A.4).

(A.5): This can be derived by (A.3) by the change of variable W := —Z.

(A.6): This identity can be found by first using (A.8) to decouple the two com-
plex integrals. For the integral over W one uses (A.1), while for the integral over Z
one uses (A.3).

(A.7): We apply the identity (2.20) of [20], which holds for b, < b;:

(A.9) / dX e 0270 Aj(dy 4+ 1) Ai(dy + A) =

R

1 (dr — dy)? di+dy, (b1 — b2)3)
— exp(—-2— (b b + .
Jin, —by) e"p( b —by 1T 12

Then we set d; = b% +cyand dp = b% + co. U
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Appendix B: Invertibility of 1 — P K Ai Ps

LEMMA B.1 For any fixed real numbers s1, ..., Sy,
(B.1) (1 — PyKaiPs) ™"
exists.

PROOF: First of all, notice that

m
(B.2) det(1 — Py Rai Py) = IP’( N (A@) - < sk}).
k=1
Now, let S := min{sy,..., Sy }. Then,

B.2) = P( (A - < 5})
(B.3) k=1

> P(sup(A(r) — 7°) < §) = Fgor(S) > 0.
teR

The equality with the GOE Tracy-Widom distribution, Fgog, is proven in corol-
lary 1.3 of [20], while the strict inequality follows from the monotonicity of the
distribution function and the large-S asymptotics (see, e.g., [2]).

Moreover, as shown in Section 2.2 of [20], Ps K ai Py is trace-class (the shift by
113 is irrelevant for that property, since it holds for any si). The proof ends by ap-
plying a known result on the Fredholm determinant; see, e.g., theorem XIII.105(b)
in [29]: Let A be a trace-class operator; then

(B.4) det(1 + A) #0 <= 1 + Ais invertible.

Appendix C: Trace-Class Properties of the Kernel

In this section, we discuss the basic properties of the operators K and K in
Section 2.

PROPOSITION C.1
(i) The operators P,K P, and P, K P, are bounded in Lz({l, ...,m} xR).

(i) Leta,b € (0, %). Fix constants o1, . . ., 0y, such that
.0 1 1
. —— < U <<y < =
2 ! (N

Then P, K™ P, defined in (2.21) is a trace-class operator on
L>({1,...,m} xR).

On the other hand, P, K™ P, defined in (2.18) is trace-class in the same
space if the constants satisfy the more restricted condition

(C.2) —a<oy <--<ay<b.



1064 J. BAIK, P. L. FERRARI, AND S. PECHE

PROOF: We only prove (ii). The proof of (i) follows easily by modifying the
analysis for part (ii).

We start with P, K P,,. Since the set of trace-class operators is a linear space,
it is enough to prove_that P”L M; IZ,', iM j_lPu , 1s a trace-class operator in L?(R)
foreach i, j. Since K; ; = K; ; — V; j (see (2.13)), we prove that each of the two

operators is trace-class.
It is easy to check that the operator K; ; can be re-expressed as (see (4.56))

C3)  Pu (e R (v, )¢ Py, (v) = f dz L(x.2)R(z. )

R
where
—1
L(x.2) = Py, ()e™ — 95 dw i (w)e ™" Po (2).
i
4 T2
(C ) oy l d ez(y+z)
R(z,y) =e%' Py, —.%z Py(2).
(2.7) e o P
—1/2

By choosing the integration paths close enough to %, (respectively, —%), a simple
estimate shows that there exists 0 < § < min{o; + %, % — Oy } SO that

(C.5) |L(x,2)| < CemGdrere=Ghzgy o).
R(z.y)| < Ce™GoaNxe=G=Day, o)
From this it follows immediately that L. and R are Hilbert-Schmidt operators on
L?(R). So the conjugated kernel of Ei, j is trace-class.

Now consider the operator V; ;. Because V; ; = Ofori < j, assume thati > j.
In this case, we have

(C.6) At =t -l = 1.
From (2.14), by plugging in ¢; and ¢; and by changing the contour from iR to R,
we obtain
( ) 1 oo e—iz(x—y)

Vi,j X, V)= 5= / . .

€7 21 Jooo (3 +i0)M (5 —i0)A
_ i o e—iz(x—y)f(z)dZ
27 J oo
where
1
(C.8) f@) = . —— e L'(R) N L*(R).
(5 +iz)2 (3 —iz)d

Hence

(C.9) Vij(x,y) = fx =),
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the Fourier transform of f.
Note that f(z) = g(z)h(z) where

(C.10) 8@) = /7 M) =374
(7 +iD)A (z —ig)A
Because g € L2(R), so then is & € L?(R). Moreover, as
1 eizs
(C.1D) — / —dz
2 J (% +iz)A!

is well-defined pointwise except at s = 0 (since it is conditionally convergent),
£(s) equals (C.11) almost everywhere. Furthermore, we can compute (C.11) ex-
plicitly and obtain

Ao (—s)Ar—t /2
(C.12) g(s) = me Iis<o]-
Similarly,

) gAr—1
(C.13) h(s) = arDl e 2 1)
We have
(C.14) (& * h)'(s) = g()h(g) = f(s).
Hence

(C15) Vij(x,y)= fx—y)=(@*h)(x—y) =
/ 2(x—y —$)h(s)ds = / 2(x — s)h(s — y)ds.
R R

Here all the steps make sense since g,l; e L>(R) N L1 (R).
Note o; > oj fori > j,and 1 & (a; + ;) > 0. By using (C.15), we see that

(C.16) Py MV jM7' Py, = (Pyy MiGN ™Y (NHM; ' Py))
where G and H are the operators with kernel

(y —x)i7=1 oy

CEDE T
(C.17)
(x =)=~ o
N T

and N is the multiplication operator

(C.18) N(x) = e 2(@ita))x,
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Then

(C.19) /dxdyl(Pul.MigN_l)(X,yﬂz:

R2
/ dxdy|e

y>xX=Zu;

2

_\ti—tj—1
—aix (y x) e(’C ) 2(0lj+0lj)y

@t —tj =1

Changing the variable y by s := y — x, the above equals

! > @—-apnx [ 0 ati—t-1),—(1 )
(C.20) / dxe Y% x/ ds s“\iTlm T Umime )Y
((t; —t; — N2 Jy, 0

which is finite. Hence Py, M;GN ~1is a Hilbert-Schmidt operator. Similarly,

[ axav i
Rz

(C.21) = // dxdy

X>y>u;

ti—ti—1
e 2(0‘1 +oj)x (X — yi) Y _(XEY) %Y
G —t; — D)

1 o0 o0
— 5 / dx e—(a,-—ot_,-)x / dS sZ(t,‘—tj—l)e—(l-FOt,' +o¢j)y
((Zi - t] - 1)') u; 0

is finite, and hence NHM j_l Py is a Hilbert-Schmidt operator. Therefore
M; Py, Vi j Py, M

is a trace-class operator.
Now we consider K°°V. From (2.16),

(C22) Py K" Py, = Py KPPy, + (@ + b) Py, Mi f; @ g M Py,

But by changing the contour in (2.12),

(C.23) fi(x) = ¢i(a)e™ + ¢ dw ¢l(w)e—wx

I'1/2

Hence there is a constant C > 0 such that | f; (x)| < Ce™%* for some constant C
for x > u;. Therefore M;(x)fi(x) € L?*((u;,o0)) if &; > —a. Similarly,
gi(»)Mj(y) € L?>((uj,00)) if &; < b. Being a product of two Hilbert-Schmidt

operators, Py, M; fi @ gi M j_l Py is trace-class if (C.2) holds. This completes the
proof.
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Appendix D: Gaussian Fluctuations

Consider the directed percolation model defined in (1.1), but focus away from
the characteristic line. We set

y 1

D.1 =_7 -

©-1 * 1+yN’ Y 1+yN

Denote Q(a,b) = G((a,b), (x, y)) the passage time from (a, b) to (x, y). Then
(D.2) G(x,y) =max{Q(0,1), 0(1,0)}.

In Section 6 of [1] (see also [26]) a last passage percolation with one source only is
considered. Nevertheless, the arguments given therein can readily be used to prove
the following: if y > y. = p?/(1 — p)?,

(D.3)  lim P(Q(1,0) < 1N + casNY?) = dx e 12 = @(s),
N—o0

7=l

where

y 1 1 y 1 1
(D.4) c1=—(—+—), o= | —m— |5 - ——.
IL+y\p y(1-p) L+y\p2 y(d-p?)

If y < y. then there exists a constant cé (see [1]) such that

(D.5) Nli_r)nooIP’(Q(l,O) < ¢\ N + ¢hsNY3) = Foue(s),
where
1 2
(D.6) ¢l = L(l + —)
14+ JY

and Fgug is the GUE Tracy-Widom distribution. By symmetry, if y < y,, setting

y 1 l) y 1 1
D7) bh=——(—+—) b= -—,
B ' 1+y(1—p vp ’ \/1+y\/(1—p)2 yp?

we obtain

(D.8) Jim P(Q(O.1) <biN + basN12) = &(s)

and for y > y,

(D.9) lim P(Q(0,1) < ¢} N + ¢hsN?/3) = Fgue(s).
N —o0
Consider now the case y > y.. Since ¢; < ¢; we have

(D.10) lim P(Q(0,1) < 1N 4 casNV?) = 1.
N—o0



1068 J. BAIK, P. L. FERRARI, AND S. PECHE

With the notation d := ¢1 N + c2sN /2 and (D.2) we obtain
P(Q(1,0) <d) > P(G(x,y) < d)
=P(Q(0,1) =d N Q(1,0) < d)
=P(Q(0,1) =d)-P(Q(0,1) =d N Q(1,0) > d)
> P(Q(0,1) =d) -1+ P(Q(1,0) = d).
We take the limit N — oo on both sides, and by (D.3) and (D.10) we get

(D.12) Jim P(G(x,y) < c1N + casN?) = d(s).
—>00

(D.11)

Similarly, for the case y < y., one shows in the same way that

(D.13) Jim P(G(x.y) biN + basNY2) = &(s).
—> 0
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