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Abstract. We consider last passage percolation (LPP) models with exponentially
distributed random variables, which are linked to the totally asymmetric simple
exclusion process (TASEP). The competition interface for LPP was introduced and
studied in Ferrari and Pimentel (2005a) for cases where the corresponding exclu-
sion process had a rarefaction fan. Here we consider situations with a shock and
determine the law of the fluctuations of the competition interface around its deter-
ministic law of large number position. We also study the multipoint distribution
of the LPP around the shock, extending our one-point result of Ferrari and Nejjar
(2015).

1. Introduction

Random percolation models such as last passage percolation (LPP) and inter-
acting particle systems like the asymmetric simple exclusion process, have been
extensively studied in the past decades and they exhibit limit fluctuations laws
common to random matrix theory as well (see e.g. Baik et al., 1999; Johansson,
2000; Spohn, 2006; Baik and Rains, 2000; Tracy and Widom, 1994, 1996).

In the last passage percolation model on Z?, one assigns to each (i,j) € Z? an
independent random variable w; ; > 0. One can think of Z? to have edges directed
to the right and upwards. Then, given two points A and B which can be connected
through directed paths, the basic random variable of interest in LPP is the last
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passage time,

Li,p= _max Z Wi js (1.1)
(U)GW\A

where the maximum is over the set of directed paths connecting A and B. The
definition extends naturally to the case where A (and/or B) are sets of points.

The LPP model is related with an interacting particle system, the totally asym-
metric simple exclusion process (TASEP) as follows. In TASEP there are particles
on Z, with the exclusion constraint that one site can be occupied by at most one
particle. The dynamics in continuous time is simple: particles jump to their right
neighbor with a given jump rate, but jumps which would lead to a violation of
the exclusion constraint are suppressed (see Liggett, 1985, 1999 for the construc-
tion and main properties of TASEP and related models). If w; ; are taken to be
waiting times of the jumps of particles and A a set given in terms of the initial
position of TASEP particles, then the distribution of the last passage time equals
the distribution of the position of a given particle (see Section 2 for more details).

TASEP is one model in the Kardar-Parisi-Zhang (KPZ) universality class Kar-
dar et al. (1986) in 1 4+ 1 dimensions (see surveys and lecture notes Ferrari and
Spohn, 2011; Corwin, 2012; Quastel and Spohn, 2015; Borodin and Gorin, 2016;
Quastel, 2012; Ferrari, 2010). The observable which is mostly studied in KPZ mod-
els is, in terms of TASEP, the joint distribution of particle positions in the limit
of large time ¢t. From KPZ scaling one expects that particles are correlated over a
distance of order #2/3, while the fluctuation of their position is of order t*/3. The
(conjecturally universal) limiting processes around positions where the density of
particle is macroscopically smooth are also known Johansson (2003); Prahofer and
Spohn (2002b); Borodin et al. (2007); Baik et al. (2010).

The situation changes drastically when TASEP dynamics generates a shock, i.e.,
the density of particles has a discontinuity. In this situation the distribution of
the rescaled particle position changes over distances of order t'/3 instead of t2/ as
shown in Ferrari and Nejjar (2015). One result of the present paper is the extension
of the findings of Ferrari and Nejjar (2015) to joint distributions of particle positions
around the shock, using the good control over local fluctuations in LPP models
established in Cator and Pimentel (2015), see Section 3, Theorem 3.1.

However, the main motivation for this paper is the study of a different observ-
able in LPP, namely the so-called competition interface introduced in Ferrari and
Pimentel (2005a). Basically they consider two lines £* starting at the origin with
Lt (resp. L7) in the second (resp. fourth) quadrant and color the region above
LTUL™ with two colors, a point is (say) red if the LPP time from £ to it is larger
than from £~ and blue otherwise. The interface between the two colors is called the
competition interface. Interestingly, the competition interface and the trajectory of
the second class particle in TASEP are the same Ferrari and Pimentel (2005a) (see
also Section 2.1.2). The importance of second class particles, is that in presence of
shocks they can be used to identify it Liggett (1999), while for stationary initial
conditions the distribution of its position is proportional to the two-point function,
quantity measuring the space-time correlation Prihofer and Spohn (2002a); Ferrari
and Spohn (2006).

If the lines £F have asymptotically a fixed direction, then the direction of the
competition interface converges almost surely to a value which might be determin-
istic or random as shown by Ferrari, Martin and Pimentel in Ferrari et al. (2009,
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Theorem 2). In particular, when in the TASEP framework there is a shock, the
competition interface satisfies a (deterministic) law of large numbers (see also Fer-
rari and Kipnis, 1995).

The main contribution of this paper is the study of the fluctuation of the compe-
tition interface in presence of shocks. In Theorem 2.1 we have a CLT type result for
the fluctuations of the position of the competition interface with some deterministic
L*. The difference with the standard CLT is that the fluctuations at distance t
from the origin are of order t'/3 and the distribution law is not Gaussian. This
result serves as illustration of Theorem 2.2 which applies to more general LPP
problems.

Finally, in Theorem 2.9 we show Gaussian fluctuations for the fluctuations of
the competition interface in the case that £F are random walks corresponding to
TASEP with initial condition given by the product measure with density p on Z_
and A on N (with p < A). In that case the second class particle has also Gaussian
fluctuations in the t'/2 scale around the macroscopic shock position Ferrari (1992);
Ferrari and Fontes (1994); Gértner and Presutti (1990). Although the position of
the competition interface is a random time change of the position of the second class
particle Ferrari and Pimentel (2005a) (see also Section 2.1.2), it is not straightfor-
ward to connect the two quantities when the speed of the shock is non-zero. The
analogue result for the time-changed process (essentially for the second-class par-
ticle) can be found in Theorem 4 of Ferrari et al. (2009) (see also Coletti and
Pimentel, 2007; Ferrari and Pimentel, 2005b for related studies for the Hammersley
process).

The results obtained in this paper are based on the asymptotic independence of
two LPP problems, which in turn are based on the slow-decorrelation phenomenon
occurring along the characteristic lines Ferrari (2008); Corwin et al. (2012). For
TASEP with stationary initial conditions Liggett (1976), i.e., Bernoulli product
measure with p = A, this cannot be applied anymore. This case has been how-
ever studied fairly well. Firstly, one can identify the competition interface with
the maximizer of the (backwards) LPP problem Baldzs et al. (2006). Secondly,
the second class particle starting from the origin has some explicitly known scal-
ing function Prahofer and Spohn (2002a); Ferrari and Spohn (2006); Baik et al.
(2014). Recent progresses on the knowledge of the time-time correlation in the
KPZ height function Dotsenko (2013, 2016); Johansson (2017); Ferrari and Spohn
(2016); De Nardis et al. (2017) show that it would be relevant to study the compe-
tition interface and the second class particle as a process in time as well.

2. Last Passage Percolation and Competition Interface

2.1. Models and main Result. We consider last passage percolation times on Z2. Fix
a starting set S4 C Z? and an endset S C Z2. An up-right path from S4 to Sg is a
sequence of points m = (7(0),7(1),...,7(n)) € Z*" such that 7(0) € S4,7(n) € Sg
and 7(7) — (i — 1) € {(0,1), (1,0)}. We denote by ¢(r) = n the length of w. Take
a family {w; j}i jez of independent, nonnegative random variables, and define the
last passage percolation (LPP) time from S to Sg to be

sy = _max > wiy (2.1)
' (i.5)€m\Sa
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and define, say, Ls,_,s, to be —oo when the maximum in (2.1) does not exist.
We denote by 7™ any path for which the maximum in (2.1) is attained and call
M a maximizing path. In the LPP models we consider in this paper, 7™ is
always a.s. unique. Last passage percolation is linked to the totally asymmetric
simple exclusion process (TASEP) in the following way. In TASEP, each i € Z
is occupied by at most one particle, and each particle waits an exponential time
(whose parameter may depend on the particle) before it jumps one step to the right
iff its right neighbor is not occupied. Labeling particles from right to left

s <22(0) < 21(0) <0< p(0) < x—1(0) < - -+

we denote by x,(t) the position of particle n at time ¢ and have that at all time
t >0, 2p41(t) < n(t), n € Z. TASEP can be translated into a LPP model as
follows. Define

L={(k+zr(0),k): ke Z)} (2.2)
and weights
wi j = exp(v;) (2.3)
where v; is the parameter of the exponential clock attached to particle j. Then we
¢
NlEemmny <0). @4

have
]P’<lé{xnk(t) > g — nk}> - ]P’(k_l

It will be important for us to consider separately the sets
LT ={(k+2zr(0),k): >0} and L~ = {(k+x(0),k): k <0}. (2.5)

We denote by m'** 7™ the (a.s. unique) maximizing paths of L+ (0,
Lz~ _s(mn)- The aim of this section is to obtain limit results for the competition
interface in the LPP model (2.2), (2.3). The competition interface is essentially the
boundary of the region where the LPP to £ is larger than the LPP to £~.

2.1.1. The competition interface. Here we study the LPP model defined by (2.2),

(2.3) with a competition interface, which was introduced in Ferrari and Pimentel

(2005a). To associate a competition interface to the LPP time, we consider TASEP

with initial data satisfying x¢(0) = 1 and z1(0) < —1. Note that for such initial

data we have (with £, £~ defined in (2.5)) almost surely Lo+ ¢ ;) # Lz-—(.j)
for (i,j) € N2, We then define two clusters via

Fio = {(l,]) S Z2 : L£+_)(i7j) > LL*—)(i,j)}u

F(io = {(’L,]) S ZQ . Lﬁ**}(i,j) > LL**}(Z,J)}

We can think of the points in I'S® as painted red, and the points in I'> as painted

blue. Each (i, ) € N? thus has a well-defined color. The two colors are separated

through the competition interface ¢: Set ¢g := (0,0) and define ¢ = (¢o, ¢1, P2, - . .)
inductively via

(2.6)

%H_{%Jr(l,o) if g+ (1,1) €T, e

G+ (0,1) if G+ (1,1) €T,
and we write ¢, = (I, J,). We always have ¢; = (1,0) in our model since

LL*—)(l,l) =wy,1 <wigt+wor < LL+_)(171). Note that I, + J, = n and (k, n — k)
is red for 0 < k < I,, and blue for I,, < k <n.
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FIGURE 2.1. The LPP model of Theorem 2.1 and the associated
competition interface (dashed line).

In Ferrari et al. (2009) some aspects of the competition interface are studied. In
Theorem 1 of Ferrari et al. (2009) it is shown (under the assumption that £* have
asymptotically fixed directions) that ¢, /|¢n| — (cos(6),sin(f)) almost surely, for
some 0, which might be random or deterministic. In Theorem 2 of Ferrari et al.
(2009) they determined the distribution function of 6 for the case corresponding to
TASEP with Bernoulli-Bernoulli initial conditions with higher density on Z_ than
Zy. This corresponds to a situation with a macroscopically decreasing particle
density profile (the so-called rarefaction fan). Furthermore, for initial conditions
generating a shock for TASEP, they prove that § is non-random (with an explicit
value given in term of the shock velocity). Thus for situation with a shock for
TASEP, their result is a law of large number type of result. In our contribution we
want to analyze the fluctuations with respect to the law of large number. It is a
CLT type of result, with the particularity that the fluctuations live in a O(n'/?)
scale and the distribution function is not Gaussian.

In Theorem 2.2 we determine the distribution function for n — I,, — J,, (properly
centered and scaled) under a few assumptions, which need to be verified case by
case (as they depend on £* and the chosen law of the randomness w). In order to
illustrate the result, we now present one special model in which all the assumptions
are verified, see Theorem 2.1.

Let (¢n)nen = ((In, Jn))nen be the competition interface (2.7) associated to the
LPP model with £ = L% UL~ where L, L~ are given by (2.5) and

2,(0) = =2k, k€ Z\ {0} and x(0) =1, (2.8)

see Figure 2.1. The weights are

(2.9)
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where a < 1. Setting 790 = /(2 —a), n = no +ul~2/3 and p = 4/(2 — «)
Corollary 2.2 of Ferrari and Nejjar (2015) gives

s —2u
lim ]P)(L£+_>(ng,g) <l + 851/3) = Feor ( ) )
L—00 01

S0

02

(2.10)
Jm P(Le- ey < pl+st'?) = Foor (

where Fgog is the density of the GOE Tracy-Widom distribution of random ma-

. T - . o 92/3 _ 22/32—2040*)'/3
trices (Tracy and Widom, 1996) and o1 = (PR and og = Ty

Theorem 2.1. Consider the setting of (2.9). Then the fluctuations of the compe-
tition interface are asymptotically given by

Lo — Jis) — (a— 1)t
1im]P’<w “tjl/g(a )Ss)—]P’(Xl—XQZO), (2.11)

t—o00

where x1 and x2 are independent random variables with distributions

P(x1 < #) = Faok (m ;178) , P(x2 <) = Foor (m) ;o (2.12)

g2

with v = 243 /(2 — a)*/3.

In short, to prove Theorem 2.1, one first observes that the event
{Iy) = Jjgy £ —t+2M}, for 0 < M <t amounts to the event that (M,t — M) is
blue, i.e., Lz~ ae—ny) — Lot (a—nry > 0 (see Proposition 2.4). Thus we need
to choose M = at/2 + st'/3/2. Secondly, the key property one needs to show is
that the (properly rescaled) random variables L+ _,ar¢—ary and Lp—(ar—ary are
asymptotically independent. Together with their limiting distributions (2.10) leads
to Theorem 2.1, where to fit the parameters we need to set £ = (2 —a)t/2 — st'/3/2
and u = s21/3/(2 — a)*/3.

2.1.2. Competition Interfaces and second class particles. One of the motivations to
study the competition interface (2.7) is its direct connection to second class particles
established in Ferrari and Pimentel (2005a) and Ferrari et al. (2009). To define the
second class particle one starts TASEP in 7,7’ € {0,1}% where 7,7’ differ only at
the origin, and couples the two processes in the basic coupling (in this coupling,
particles from 7,7’ use the same Poisson processes for their jumps, the graphical
construction of TASEP behind this goes back to Harris, 1978, see also Ferrari, 2016
for an explanation). Under this coupling, the two processes differ at one site for all
time denoted by

X(8) =D 2Ly (o) ns(a)}- (2.13)

TEL

X (t) is the position at time ¢ of the second class particle which started at the origin.
To any 7 € {0, 1}% we can associate the empirical measure

1 )
" (n) = " Zn(l)5i/n- (2.14)
i€Z
The initial data ny of a TASEP can either be deterministic (as in (2.8)) or

random as in Section 2.4 (the initial data is always independent of the evolution of
the process). Furthermore one can also have a sequence of initial data (n{,n > 1).
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Let (n,n > 1) be defined on some probability space with measure Py. Then, the
initial particle density is given by a measurable function po(z),z € R, if for all
continuous, compactly supported f on R

lim [ dx"(ng)f(x) = / dzpo(z)f(x) Pya.s. (2.15)

For example, the py corresponding to (2.8) is simply constant 1/2. The density of
TASEP in the large time limit is then the entropy solution to the Burgers equa-
tion Evans (2010) with initial data given by py, see e.g. Ferrari (2016) and references
therein. An important special case are initial particle densities py of the form

_Jp- ifE<0,
po(§) = {p+ e >0 (2.16)

If now p_ < p4, the solution of the Burgers equation with initial data (2.16) which
gives the t — oo density profile of TASEP is given by

_iféE<l—p_ —pa,
pe 1) =40 e Pm (2.17)
py HE>1—p_ —py.

The discontinuity in (2.17) is called shock and X (t)/t converges a.s. to 1 —p_ — p.
Thus X (¢) provides an interpretation of the random shock position; for Riemann
initial data with p_ > p created by Bernoulli initial data, X (¢)/t is asymptotically
uniformly distributed among the characteristics emanating from the origin, see e.g.
Theorem 3 in Ferrari et al. (2009) for both results. In the construction given
in Proposition 2.2 in Ferrari et al. (2009), an initial configuration with a second
class particle at the origin becomes an initial configuration with a hole at 0 and a
particle at 1 (note that we only defined the competition interface for such initial
data). Associating to such initial data the LPP model (2.4) and the competition
interface (2.7), I, — J,, — 1 becomes then the position of the second class particle
after its (n — 1)th jump (n > 1). More precisely, with 7, = L;_,4, we define for
t>0

(I(t),J(t)) = ¢pn it € [Tn, Tri1)- (2.18)
Then, in the coupling of Ferrari et al. (2009) I(t) —1 (resp. J(t)) equals the number
of rightward (resp. leftward) jumps of the second class particle in [0, ¢], note 71 = 0
in our setting'.

2.2. General Model and Theorem. In this section we consider the general LPP
model defined by (2.3), (2.2) (2.5). We prove a generalization of Theorem 2.1
about the convergence of I,, — J,, under three assumptions, see Theorem 2.2 be-
low. As noted after Theorem 2.1, one looks at the probability that Lz, az:—ar)
—Lp+(myi—nry is positive for suitable M = M(t). Hence, Ly _(a—nn
=L+ (am,t—nr) need to converge under the same rescaling (otherwise the prob-
ability of their difference being positive converges to 0 or 1). This is the content
of Assumption 1. Furthermore, one needs to establish asymptotic independence of

the two LPP times. If the maximizing paths 7'** of L.-_ (a7 ;—pr) and 7% of

Lp+—(a,e—nry uses different (non-random) sets of the LPP random waiting times
with high probability as t — oo, then the two LPP are asymptotically independent.

Un Ferrari et al. (2009), the choice of £ and w;,j differs slightly from the one in (2.4), such
that (I(t) — J(t))¢>0 equals (X (t))¢>0 in Ferrari et al. (2009).
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max

Close to the endpoint, this can not possibly hold, since typically 7** and 7 will
actually intersect. However, if the fluctuations of the two LPP are on the leading
order not affected by the randomness in a region of radius t¥, v < 1 away from
(M,t— M) (Assumption 2), then the maximizers until that distance are supported
with high probability on disjoint set of points (Assumption 3), and the two LPP
are asymptotically independent. The framework of these Assumptions was used
in Ferrari and Nejjar (2015) to prove the limit law of LPP times. Here we prove
convergence of I, — .J,, and obtain Theorem 2.1 as a corollary.

In the following, we do not always write the integer parts, since even any per-
turbation of order o(t'/3) becomes irrelevant in the limit, see (2.36) below. For
convenience, we assume that all appearing distribution functions are continuous,
otherwise statements will only hold at continuity points.

max

Assumption 1. Fiz 19 € (0,00) and n = 19 + ut /3. Assume that there exists
some p such that

. Lo+ 6 — Mt
tlg&P (_2(;17—/3) <s ) =Gi(s;u), (2.19)
and
. Lﬁfﬂ(nt,t) —pt
tli)ngo]P (T < s | = Ga(s;u), (2.20)

where Gy and Gg are some (continuous) distribution functions depending on u.

Secondly, we assume that there is a point E' at distance of order t¥, for some
1/3 < v < 1, which lies on the characteristic from £* to E = (nt,t) and that there
is slow-decorrelation as in Theorem 2.1 of Corwin et al. (2012).

Assumption 2. Fiz ny € (0,00) and n = ng + ut=2/3. Assume that we have a
point ET = (nt — kt”,t — ") such that for some pg, and v € (1/3,1) it holds

. Lg+ 5ty — pot”
tliglo]? ( E <s ) =Gy(s;u), (2.21)
and
: L g — pt + pot” _ :
tlg&]P’ < 173 <s ) =Gi(s;u), (2.22)

where Gy and Gy are (continuous) distribution functions.

Assumption 3. Let v be as in Assumption 2. Consider the points D, = (|ynt],
|vt]) with v € [0,1 =71 and B € (0,v). Assume that

. max —
pme( U {pem, ) <o
D~y
ye0,1—tB—1]

lim ]P< {D'y € }) =
t—o0 L™ —(nt,t)
Dy
yE[0,1—tB—1]

(2.23)

Then, under the proceeding Assumptions, we have the following Theorem.
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Theorem 2.2. Assume Assumptions 1, 2 and 3 hold with
n=mno+ut"?3 uweR (2.24)
Then, for any sequence a; = 0(t1/3) we have

1—mn 2u
_|_
L+mno  (1+m0)

Jim P (Im —Jjyy < —t 7t ) = Pg,uc,_((0,00)),

(2.25)
where Pg,.q, _ is the convolution of the probability measures induced by the distri-
bution functions Ga(x;u) and Gi,—(z;u) := 1 — Gi(—x;u).

Proof of Theorem 2.1: In the proof of Corollary 2.2 of Ferrari and Nejjar (2015),
it has been shown that the Assumptions 1, 2 and 3 hold (z¢(0) = 1 rather than
z0(0) = 0 clearly do not affect the asymptotic behavior. This is easily seen by
comparison and basic coupling, see remark at page 7 of Borodin et al., 2008) with

no = 355 and

T —2u T —2u/a
Gl(x;u) = FGOE ( ) 5 GQ(IE;U) = FGOE (7/> 5 (226)
o1 02

where o1, 02 were defined in Theorem 2.1. Then, taking 2u = 2%/3 /(2 —a)*/?s gives

L—no 2u 1/3 _ 1/3 1/3
—1 + 4 a—Dt+st’° 4+ 0™ 2.27
T 0T m)i =(a—-1) ) (2.27)
from which the result follows using Theorem 2.2. O

2.3. Proof of Theorem 2.2. In the following, we will often use the following elemen-
tary lemma from Ben Arous and Corwin (2011). By “ =" we designate convergence
in distribution.

Lemma 2.3 (Lemma 4.1 in Ben Arous and Corwin, 2011). Let D be a probability
distribution and (X,,)nen, (Xn)neN be sequences of random variables. If X, > X
and Xn, X, = D, then X,, — X, converges to zero in probability. If X,, = D and
X, — X,, converges to zero in probability, then X, = D as well.

We denote by

resc L£+H(77t»t) -t

L+ (ntt) = /3 (2.28)

the last passage time Lp+_, () rescaled as required by Assumption 1. We define

analogously L'?* C—>(nt " Lgse s (ntt) and L7, o, as the last passage times rescaled

as required by Assumption 1 resp. 2.
To study the asymptotic behavior of I,, — J,, we make the following observation.

Proposition 2.4. Let ¢ be the competition interface of the LPP model (2.2), (2.3)
with £o(0) = 1,21(0) < —1. Let n,M € N and M <n —1. Then
P((M,n—M)eTl>) <P(l, —J, < —n+2M) (229)
<P((M,n—M)+(1,-1) eI'>).
Proof: Note that since I,, + J,, = n we have the equality of the events

{In_JnS_n+2M}:{¢n€{(kan_k)aOSkSM}}a (230)
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with ¢, given in (2.18). The statement follows now from
{(M;n—M)eT>} C{py €{(k,n—k),0 <k < M}} 531
C{M,n—M)+(1,-1) eI'>}. (2:31)

O

With this observation, we can translate the behavior of I,, —.J,, into the difference
of LPP times.

Proposition 2.5. Let n = 1y + ut=2/3, with u € R and suppose that

resc resc

£t — Lot Sy = D ast — oo. (2.32)

Then, under Assumption 1, for any sequence a; = o(t1/3) we have

1- 2
hm]P)<I|.tJ_J|.tJ < -t 0 4
t—o0 L+mo (140

where Pp is the probability measure with distribution D.

Proof: Let us define

d= a0 m) a0 =1 M= | s

V73 /3 4 at) =Pp((0,00)), (2.33)

Then setting ¢ = ﬁ we have with 7(¢) = 1o + uf~2/3 and
(M(t),n(t) = M(t)) = (n(€)¢, €) + cr, (2.35)
with ¢, = (c},c2) = o(£'/3).
What we have to show is that if Lrﬁcic_)(n(g)g)g) — Lrﬁcic_)(n(g)g)g) = D, then also for
any by = (b}, b7) = o(£'/?)

resc

e b — LS moe0+6, = D- (2.36)
Indeed, given (2.36), it follows from Proposition 2.4 that
Jim P (1) = Jjyy < —n(t) +2M (1)) = Pp((0,00)). (2.37)

Furthermore, if a; = o(t'/3) there is an integer M (t) such that
—n(t) +2M(t) 4 |ar] = —n(t) + 2M(t), M(t) — M(t) = o(t'/3).  (2.38)

Applying Proposition 2.4 with n(t), M (t) and then using (2.36) we obtain

tli)r{.lop (IUJ — JUJ < —n(t) +2M(t) + Latj) =Pp((0,00)), (2.39)
which is the statement to be proven. So let us now prove (2.36). Writing
Xy = Lraefca(n(e)e,e)v Yo = rcei:(n(fz)e,e)v
7, Le—m@en+be — Le-smoen  Letsmwen — Levsmwegs,  (240)
¢= /173 + /173 ’
we have

L2 oo = L@ ro, = Xe = Yo+ Z, (2.41)
so it suffices to show Z, = 0. Let L = max{ % , ‘bf‘} Then

L?EC—)(n(Z)Z,Z)-i-bg - Lrﬁcicﬁ(n(f)f,f)‘ < ‘LZCE:(n(é)(é—L),Z—L) - L?ECﬁ(n(Z)(Z-i-L),H-L)
(2.42)
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where we defined

s L meeye+ry,e+r) — pl
Lffcﬁ(n(e)(e:l:L),E:l:L) = — /1/3 : (2.43)

Now

L2y e-r1)e—1) < L2 oy (04 1) 04 1) (2.44)
and Lrﬁcica(n(z)(sz),sz)v LrLCE:(n(e)(uL),HL) both converge to the same distribu-
tion by Assumption 1. Indeed, setting {1 = ¢ + L we get

Tresc LL-’, ( (f AW, )_/'Léi B
LE*%(U(Z)(H:L),H:L): AUME P +O(Lf 1/3)

Vs
+ O(Léf/g)(Lta(n(z)zi,ei) —puly) (2.45)
Le-sm@yea,en) = Le-—mea)es on)

+

fat

and all terms except the first one on the right-hand side of (2.45) converge to zero
in probability. Hence by Lemma 2.3 Lrﬁcicﬂ(n(l)(lfL),lfL) — LrLCE:(n(z)(HL),HL) con-

verges to zero in probability and so does the left-hand side of (2.42). An analogous

L.+ —L,+ . -
argument shows that ———En0 -2 —WOLUEL converges to zero in probability.

This implies that Z, = 0. O

In view of the previous proposition, we need to determine the limit law of
?f‘;mt” - Lrﬁcic_)(nt7t). For this, we proceed as in Ferrari and Nejjar (2015),
reducing the problem to the limit law of two independent random variables in the

following three Propositions.

Proposition 2.6. Suppose Assumptions 1 and 2 hold, and let D be a probability
distribution. If

L + L — ut
5 gy — k) o Dast— oo, (2.46)
then
L=y — L2y = D ast — oo (2.47)

Proof: We set

X — [rese B Le+ sp+ + LE*—)(nt,t) —pt
n L= —(nt,t) t1/3 ) (248)

Xn = L% ey = LV S -
By Lemma 2.3 it suffices to show X,, — X, converges to 0 in probability. Now

5 ros L+ g+ + Lp+ (e, — pt
X = Xo = L3 ey — 1173 J

(2.49)

and since
resc Levpr + LE*—)(nt,t) — put

L= (ntt) = $1/3 ’ (2.50)

to show that X, — X, converges to zero in probability, it suffices again by Lemma 2.3

. L,y ++Ly —pt ..
to show that Li%5°, . and B Pt — converge to the same distribu-

tion as t — oo. By Assumption 1, in the large-t limit, P(Lrﬁci‘;(nt)t) < s) = Gi(s)
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and by Assumption 2 P(LS5, o, < s) — G1(s). Furthermore, by Assumption 2
for any € > 0

L — pot”
P <‘ EM(ZZ’Z Ho ‘ > at<1—”>/3) —0ast— o0 (2.51)
Thus M# converges to zero in probability as t — co. Consequently
P Lo+ sp+ + Lp+ e — mt <
+1/3 -
I Lot (2.52)
res E+ ) B 0
=P ( =g+ + ﬁ(zig < s) — G1(s) as t — oo.
O

For the next reduction, define for some set B and point C' L c to be the last
passage time from B to C except that we take the maximum only over paths not
containing any point Uwe[o 1-1-1] D, with D, as in Assumption 3. We rescale

IVJB%C just as Lp_¢.
Proposition 2.7. Suppose that Assumptions 1, 2 and 3 hold. If

7 resc i’ﬁ* E+ + LE+ — /J,t
Yig = L%y — — 73 > (ntt) = D ast— oo, (2.53)

then

Vo o [resc Lo+ g+ + Lpt e — 1t
62— ML (ntt) T 1173

=D ast— oc. (2.54)

Proof: For € > 0 we have

Levspy —Levspe
+1/3

P(|Y;1 — Vi > ¢) < P(’

> a/2>

Le——mte) — Lo
o ———

(2.55)

> a/2>.
On the other hand,

{Levpe —Levpe =0t | {DV e ﬁjﬁﬁ& (2.56)

Dy
velo,1—tB—1]
because if the maximizers do not reach any points D.,, then the two last passage
time are identical. The same holds for E* replaced with (nt,t). However, by
Assumption 3, the probability of the event in the r.h.s. of (2.56) goes to 0 as
t — oo. Hence by Lemma 2.3 if Y; ; = D, also Y; 2 = D. O

Finally, we have the following.

Proposition 2.8. If we have that

LE oy — L pr = D ast — oo, (2.57)
then also
< es Levpe + Lp+ i — pt
) — Ve = D ast — oo. (2.58)
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I g
Proof: Simply note that X; = m(g’f—w converges to zero in probability by
(2.51), hence if (2.57) holds we have by Lemma 2.3

T res T res T res ‘Z’£+*>E++LE+‘>( t,t) —ut
Lffcﬂ(nt)t) - ( £e+:E+ + Xt) = LLe*Cﬁ(nt,t) - t1/3 s = D.

(2.59)
O

Proof of Theorem 2.2: By construction ffﬁeic (it t)? f/rﬁei‘; g+ are independent, since
they depend on disjoint sets of w; ;’s, which are independent random variables.

Furthermore, as shown in the proof of Proposition 2.7, irﬁcic_}(nt)t) — L7E Lnt)

and ifﬁ: g+ — L7, g converge to zero in probability and hence by Assumptions
1,2 and Lemma 2.3

P(LI ) < 8) = Gals) and P(LES, py < 5) = Gi(s) (2.60)

L~ —

as t — oo. Now (2.60) and independence imply that the vector (ff;ﬁ:mt,t),

Lrgzg p+) converges in law to the Eroduct measure Pg, ® Pg,. Consequently, by
the continuous mapping theorem, (Lzeic_)(nt’t) — L$3°, i) converges to P, xPa, _.
Combining this with Propositions 2.5, 2.6, 2.7 and 2.8 leads to the proof of Theo-
rem 2.2. (]

2.4. Application to Bernoulli initial data. In this section we explain that Theo-
rem 2.2 applies to random shock Bernoulli initial data as well. In this case, the
asymptotic independence of LPP times underlying Theorem 2.2 had already been
established in Corwin et al. (2010) and does not require the detailed control over
fluctuations of maximizing paths as in Assumption 3. We review the proof of as-
ymptotic independence given in Corwin et al. (2010) and explain how to obtain the
result from it. For the processes (I(t), J(t) from (2.18), a central limit theorem is
also available, see Theorem 4 in Ferrari et al. (2009).

Consider TASEP (1;);>0 where the (19(i),7 € Z) are independent Bernoulli ran-
dom variables with parameter py (resp. p—) for i > 0 (resp. i < 0). Theorem 2.2
applies when py > p_, i.e., in the shock case. For py < p_ we have a rarefaction
fan and the competition interface has a random asymptotic direction, see Theo-
rem 2(c) of Ferrari et al. (2009), while for p; = p_ the competition interface has
a deterministic direction but there is no underlying independence of LPP times,
see Baik et al. (2010). Hence, Theorem 2.2 does not apply in these cases.

Let now £ and the {w; ;} be given by (2.2), (2.3) (all particles have jump rate 1).
While the set £ is random in our case, an application of Burke’s Theorem Burke
(1956) yields that the correspondence (2.4) holds for a point-to-point problem with
certain boundary weights (see Prihofer and Spohn, 2002a). Namely, neglecting an
asymptotically irrelevant set of weights which are equal to zero (see Proposition 2.2
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ax o (7775775)
TLr o) o
P+ I T
exp(p-) = exp(1) TS ntt)
L1
L } P
exp(1 - ps)

FIGURE 2.2. The LPP model of Theorem 2.9 for py = 3/4 =
1 — p_.The maximizing paths ngf)i)(nt £ and ﬁgl,a’;(nt £ follows

the boundary until points close to Py resp. P_ after which they
enter into the bulk.

of Ferrari and Spohn, 2006), one can choose in (2.4) £ = {(0,0)} and weights”
0 ifi=j=0,
1 if 1,7 >0
wry = P s =0 (2.61)
exp(p_) ifi=0,7>1,

exp(l — py) if j=0,1>1,

see Figure 2.2. Choosing LT = {(0,1)} and £~ = {(1,0)} we can again define the
competition interface via ¢g = (0,0) and (2.7). We then obtain the following result.

Theorem 2.9. Consider the LPP model defined by (2.61) with LT = {(0,1)} and
L7 ={(1,0)}. Let (I, Jn)n>1 be the competition interface in this model. Take

_ (d=p)(d—p-)
K PP+

my=1/(1—p-), m_=1/(1—ps). We then have

and let vy = p% — ﬁ, v = ﬁ — é and finally

1_2
1— ) t1/2 o) T 2(_+Fvyp)
HmP(IL”—JUJS—t 77—}— Y 32>:/ dxe—.
t—o0 1+ n (1 + 77) / w(my—m_) \ 277(1)7 + U+)
(2.62)
Proof: First note that Proposition 2.4 is a general statement and it applies here

too. Denote now

__t
resc _ Lﬁi_’(nt+Utl/27t) P+P—
LE—(nttutt/2t) — 1172

(2.63)

Furthermore, denote by N(m,v) a Gaussian random variable with mean m and
variance v and write Ny = N(myu, vy ). We now have

tli)rgo P(L5Ee ) <s)=P(Ni <) (2.64)

LE—(nt+utt/2 ¢

2In the cited papers Prahofer and Spohn (2002a); Ferrari and Spohn (2006); Corwin et al.
(2010), the parameter put in the exponential was its mean rather than the jump rate, which are
inverse of each other.
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where (2.64) follows for L1 from Proposition 2.8 part (b) in Corwin et al. (2010)
(a random matrix theory variant of this result already appeared in Theorem 1.1
of Baik et al., 2005) by a simple change of variable, for Lz, 41/2 4 one has to
look at the transposed LPP model with weights &; ; = w; ; and transposed endpoint
to apply Proposition 2.8 of Corwin et al. (2010). We can see (2.64) as confirming
the analogue of Assumption 1 in this new setting. In particular, Proposition 2.5
still holds, i.e., we have

(2.62) = lim P(LE, 0 unre ) = LES (egarrrz gy > 0)- (2.65)

Thus one has to establish the asymptotic independence of L, (441724 and
Lz it/ 1), Which is done in Corwin et al. (2010) using coupling arguments.
Namely, one defines the points

nt ut1/2p>
Po=(0t— " ,
i ( (1/p- =12 " 1—p_

. (2.66)
P_=|nt— +ut1/2,0>,
( (1/(1=py) —1)?
and the random variables
XL*ﬂ(nthutl/?,t) = L£+—>P+ + LP+~>(nt+ut1/2,t)7 (2.67)

Xe— w2y = Le-—p. +Lp S qeyutr/2 )

The choice of Py, P_ is such that X, 441724 and Xpv 0172 4 have
the same leading order as Lp_, ;1 y41/2,4). Denote by chisi)(nt—i-utl/?,t) the ran-
dom variables X, (4 41/2,4) Tescaled as in (2.63). Note now that Lo+, p, and
L,- ,p follow a simple central limit theorem. By this and law of large numbers
Lpvp, —(t— ﬁ)/ﬂf and Ly _p — (nt — m)/(l — p+) con-
verge, when divided by /2, to N4, N_. On the other hand Lp, (4 ys1/2,) and
Lp__y(nt+utis2 1) have only t'/3 fluctuations. After centering by their leading order
and dividing by t1/2, Lp, ., (yui/zgy and Lp (1 u/2 ) converge in probability
to 0. This implies that

lim PSS, ey < 5) = P(N < 5). (2.68)

t—o0

But Lp+_,p, and Ly-_,p_ are by definition independent. Therefore we obtain for
independent Ny, N_

lim P (x5 — XI5, (s > 0) = P(N- = N > 0). (2.69)

oo — (nt+utl/2t)

Finally, since X = w2,y < Lesyperurt/2e), Equation (2.68) together with

Lemma 2.3 imply that L’fj‘;(nwutlm)t) — Xzef:(nwutl/?,t) and Lfﬁcﬁ(nwutl/%) —
Xzef‘;(n”utlp)t) converge to 0 in probability, hence (2.69) yields Theorem 2.9. O

3. Multipoint Distributions

In this section we consider an LPP model for which, in the TASEP picture there
is a shock, and we ask the question of the joint distribution of the LPP times around
the shock line, namely

lim P( ﬂ {L£—>(not+um1/37t) < pt 4+ Skt1/3}). (3.1)

t—o0
k=1
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(_ﬁta O) 0 // //

(07 _575)

FIGURE 3.3. The LPP model (3.2). The endpoints are at distance
O(tY3): P, = (t +ust'/3,t).

To define the model, take g > 0 and
‘C+ = (L_ﬂtJvo) and L7 = (Oa L_ﬂtJ)v (32)

as well as 9 = 1 and w; ; ~ exp(1), see Figure 3.3. The physical picture in the
background is the following: the LPP from £* to different points at a distance
O(t) have fluctuations of order O(t'/3) and the correlation length scales as O(t%/3)
due to KPZ scaling theory. Consider thus two different end-point at distance wut/3.
Then, the law of large number from £* and £~ change over that distance at
first approximation linearly in ut?/3 with two different prefactors (except along the
diagonal). This means that in order to see the effect of both boundaries £*, we need
to consider u ~ t~1/3, otherwise one of the two LPP problem dominates completely
the other. However, since on that small scale the rescaled LPP process should have
Gaussian increments (as it is proven for the corresponding limit processes, the Airy
processes Higg, 2008; Corwin and Hammond, 2014; Quastel and Remenik, 2013)
changes in the fluctuation of the two LPP problem will be O(¢'/), thus irrelevant
with respect to the O(t'/3) fluctuations. This leads to the following result to be
proven in Section 3.1.

Theorem 3.1. Let u; < ug < - -+ < Uy, be real numbers. Consider the LPP model
(3.2), L= LY ULt and points Py = (t + upt'/>,t). Then

lim P (ﬂ{LL_)pk <(I+V1+8)%+ sktl/?’})

t—o0
k=1

ming{sg — U ming{sy — p_u
:FGUE( k{sk — pg k})FGUE( risk — 1 k}>7

(oa g

(3.3)

4/3
with py =14+ 1/V1¥8, pe =141+ ,andaz(Hfﬁi Vﬂl)tm

As explained in Section 2.2, our Assumptions imply that Lo+, ¢4,/ 1) and
L+ (mot4uptr/2 1) are asymptotically independent. Consequently the limit (3.1) for
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FIGURE 3.4. The LPP model (3.2). The maximizing paths
Wrﬁnfx_)Ef,W?j‘iE;,W?E‘iPI,W?E‘iP2 cross the line (0,0)D2 with

vanishing probability, where D%O =vP, 0 =1—t""1(1+5/2).

m =1 is given by

lim P (Lﬂﬂ(not+ukt1/3,t) —ut < Sk;)

t—o00 t1/3

. Lyt Snotruner/sy — B Lo notupir/s,e) — Bt (3.4)
- tlggo F <max{ t1/3 ' t1/3 S Sk
= G1(sk)G2(sk)

as shown in Theorem 2.1 in Ferrari and Nejjar (2015). For the particular model
(3.2) the Assumptions 1,2,3 were checked in Ferrari and Nejjar (2015), see Section
4.3.

To determine the limit (3.1) for general m, the first step is to establish an ex-
tended no-crossing result, which guarantees asymptotic independence of the vec-
tors (Lt o mottuptt/s,0) ) k=1,...,m a0d (Lz—(ot4upet/3,0))k=1,...,m- To obtain then
the limit law of each of these vectors, one then needs to control the rescaled local
fluctuations as well,

. Lﬁi%(ngt+ukt1/3,t) - Ll:i—)(’r]ot,t)
lim .
t—00 t1/3

(3.5)

We give the extended no-crossing result in Proposition 3.3, while (3.5) has been
obtained in Cator and Pimentel (2015) (they give a much more refined result actu-
ally), see Proposition 3.10.

For Py = (n(ug)t,t) with n(ug) = 1 4 ugt=2/3, (2.21), (2.22) of Assumption 2
hold for points E;" on the line (—ft,0) Py, i.e., we may take

Ef =t —t"(1 4 B) + upt'/? —upt" =23 ¢ — ), (3.6)

see Figure 3.4 for an illustration.
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This, as well as the validity of Assumption 1, follow easily from the following
theorem of Johansson for point-to-point last passage times, which also identifies
the limit distribution G in this case.

Proposition 3.2 (Point-to-Point LPP: Convergence to Fgug, Theorem 1.6 in Jo-
hansson, 2000). Let 0 < n < co. Then,

Jim P (Lm,ow(m@,w) < pippl + 50,0 3) = Faug(s) (3.7)

where ppp = (14 /)2, and o, = n~/5(1 + /7)*/3 with Foug the GUE Tracy
Widom distribution function from random matriz theory.

The following is the extended no-crossing result.

Proposition 3.3. Let v € (1/3,1), u1 < -+ < Uy, real numbers and take v €
(0,1 —t"=1(1 + B/2)]. Let LT,L~ be as in Theorem 5.1 and consider the points
DI} =Py = ([v(t+ umt'/3) ], [7t]) and E} as in (3.6). Then

Jlim ]P’( U (D e e, E;}) =0 (3.8)
~E[0,1—t¥—1(1+8/2)] k=1
and .

Jlim IP’( U U{pr e wgwgpk}> =0. (3.9)
~e[0,1—-tv=1(145/2)] k=1

The control over the local fluctuations for point-to-point problems is given in the

following Proposition.

Proposition 3.4 (Corollary of Theorem 5 in Cator and Pimentel, 2015). Let s > 0
and u € R. We have in the sense of convergence in probability,

lim L(O,O)%(st+ut1/3,t) - MsUt1/3 - L(O,O)%(st,t)
t—00 t1/3

=0, (3.10)

where g =1+ s~ 1/2.

Proof: This follows directly from the more refined Theorem 5 in Cator and Pimentel
(2015), which in particular tells that the process

L(O,O)ﬂ(stJrutl/?’,t) - /LsUtl/g - L(o,o)—»(st,t)

As(u) = R (3.11)
converges to Brownian Motion in the sense of weak convergence of probability
measures in the space of cadlag functions, implying (3.10). 0

Remark 3.5. Assumptions 1,2, the multipoint version of Assumption 3 (here Propo-
sition 3.3), and the control of the local fluctuations of L+ _, (4 ys1/3 ¢y (here Propo-
sition 3.4) are sufficient to prove Theorem 3.1 for a general LPP model too.

3.1. Proof of Theorem 5.1. To prove Theorem 3.1, we need the multidimensional

generalization of Lemma 2.3, and another elementary lemma from Corwin et al.

(2010). As before, we denote by “ = " convergence in distribution and by ¢ L

equality in distribution. Let X, X,, be random variables with values in R™. We
say that X,, > X, if X,,(k) > X,,(k) for each coordinate X,,(k), X, (k). We write
X, = F where F' is a distribution function on R™, if for every continuity point
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(s1,-..,5m) of F we have that P(N}",{X,,(k) < s}) converges to F(s1,...,5m).
We say that X,, — X, converges to 0 in probability as n — oo, if for every € > 0 we
have P(||X,, — X,||oc > €) converges to 0 as n — oco. Finally, for X,Y in R™ we
define max(X,Y’) := Z coordinatewise, i.e., Z(k) = max{X(k),Y (k)}. With this
notation, we have the following lemmas.

Lemma 3.6 (Lemma 3.5 in Corwin et al., 2010, multidimensional version of
Lemma 2.3). With the above notation for random variables in R™, Lemma 2.3
holds true.

Lemma 3.7 (Lemma 3.6 in Corwin et al., 2010). Let D1, Do, D3 be probability
distributions. Assume that X, > Xn and Xn,Xn = Dy, and equally that Y, > Yn
and Y,,Y, = Dy. Let Z, = max{X,,Y,} and Zp = max{f(n,f/n}. Then if
Zp = Ds, also Z,, = Ds.

To prove Theorem 3.1, we reduce the problem to two independent random vari-
ables with the following two propositions.

Proposition 3.8. Let u = (1+/T1+ B)?, take E; from (3.6) and define R™-valued
random variables

Xy = (3 (L p, — b)) ,

k=1,....m

K= (73 Lo + L, — i) , (3.12)

R S ATy .
k=1,..., m

Then, for D a probability distribution, if max(f(}l, anl) = D, also max(X}!,Y,}!) =

D. Furthermore, with o as in Theorem 5.1

ming{sx — up(1 4+ 1/v/1+ ﬂ)})

g

ming{sx — ug(l + 1T+ ﬁ)}) .

)(é,}gi/:>>fagtng (
(3.13)

Y, Y.l = Foup ( .
Proof: We prove (3.13) first and take the point P = (¢,t). For every k =1,...,m,
we write
Levsp, —pt — Levsp—pt | Levsp — Levsp
t1/3 B t1/3 t1/3 ’

(3.14)

and note L o+ _,p 4 L0,0)=((1+8)t,t)- Applying Proposition 3.4 with s = 1+ 3
and Proposition 3.2 to (3.14) we obtain X} = Fgur (mink{sk*ukglﬂ/v Hﬁ)}) .
Similarily, for ET = (t — t¥(1 + 3),t — t¥), we decompose

L£+—>E,j + LE,j—uP,c — ut

t1/3
, (3.15)
_Leeome —pt—t)  Leespr —Lerome Lgrop —#
- $1/3 t1/3 t1/3

Since the points E,j satisfy Assumption 2 of our LPP model, the last summand in

(3.15) converges to 0, while the second summand converges to ux(14+1/+/1T+ 3) by

Proposition 3.4. Furthermore, we have that P (%fsmitu) < s) converges to
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Fgur(s) by Proposition 3.2. So in total we get X}L =Fqur (min"{s’“_”"fjl“/ VITA)} )

Finally, replacing £ by £~ in (3.14) and noting that L,-_,p 4 Lo,0)=»(1+8)-1¢,0)
mink{sk—uk(l—i-\/l—i-ﬁ)})'

with £ = (14 )¢, by the same argument we get Y, = Foug (

The first assertion of the Proposition follows now from Lemma 3.7, since X} > X}
and Y,! =YL ]

In the following, we denote for sets A, B by L4, the LPP time from A to B
with the difference that the maximum in (2.1) is only taken over up-right paths
that do not contain any point D" = (|y(t+umt'/?)], [vt]), v < 1—t""1(1+ 3/2).

Proposition 3.9. Let D be a probability distribution and define X2 = )N(,ll, Y2=Y,}
and

Xn = (tﬂ/B(LuﬁEg tlgn - ”t))kzl o

~ ~ (3.16)
V7= (til/g(LL*%Pk - /ﬂf))k:l .
Then if max(X2,Y?) = D, also max(X2,Y,?) = D. Furthermore,
2 = Faus (mink{Sk —up(l+1/v/1+ ﬁ)}) ,
o

. — (3.17)

Y? = Four (mmk{Sk —us(lt VIT B)}> .
o

Proof: We prove (3.17) first. First we note that X2 > X2 and Y;2 > Y;2. Now, for
e >0,

m

P(| X2 — X2||os > €) gp( U (Do € TR, ot ) (3.18)
~vE[0,1—t¥—1(1+3/2)] k=1

which goes to 0 as t — oo by Proposition 3.3. Thus, by (3.13) and Lemma 3.6, it
follows that )N(?l = Fqur (mi“’“{s"_u’“glﬂ/ v 1+ﬂ)}). An analogous proof shows that

}72 = Faug (mink{sk—uk(l-i-\/l-i-ﬂ)}

). The first assertion of the proposition follows
now from (3.13),(3.17) and Lemma 3.7. O

With the reductions from Propositions 3.8, 3.9 at hand, we can now proceed to
the proof of Theorem 3.1.

Proof of Theorem 5.1: For the sake of brevity, we define

F(s1,...,5m) =Faus (mink{sk —up(1+ 1/m)}>

o
3.19
ming{sx — ur(1 + 1+ B)} ( )
x Foug -

and the rescaled LPP times

7 resc _ L£+‘>Ek+ B ,LL(t B t”) ircsc — iﬁ*—)Pk - /J’t (320)
Lr—Ef +1/3 ’ L™= Py +1/3 ’
First of all, note that
(3 (L, = ) = max{X},Y,'}, (3.21)
k=1,..., m
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so that by Propositions 3.8, 3.9 we have to show
max{ X2, Y2} = F(s1,...,5n) ast— oco. (3.22)

Define the random variable X[ via

v

Lt p —mt" 1
t1/3 T (=v)/3

Xk (3.23)
Then ﬁXﬁ vanishes as ¢t — oo. This fact together with Lemma 3.6 and (3.17)
implies

(~msc ) - Fous (mink{sk —up(l+ l/m)}) (3.24)

+
LA=E ) j=1,..., o

as t — oo.
Let now € > 0 and take R > 0 such that P(N7, {|Xf| < R}) > 1 — ¢ and define
Ap =N {|XF| < R}. In particular it holds

IP(N {max {X7(k), Y, (K)} < si})

N ~ (3.25)
— B {max {X2(k), V2(k)} < s} N Ap)| <.

We then have

( ﬂ ({Lresc 5t +t-DBR < skkn {LrﬁeSC_)Pk < Sk})) —¢ (3.26)

({Lrﬁ:m +tTIBXE < s bnApn{LiEe,, < Sk}) ) (3.27)

IN

2=}
e N ”

EDE

k=1

<P ﬂ ({Er;j:Ek+ —tUBR < s 3N ARN {ff;igpk < sk}) ) (3.28)
k=1

< ]P’( ﬂ ({Lrgf_)E; —tUBR < s} L, < Sk}) ) (3.29)
k=1

resc resc 3 3
Now (L£+_)E+) - and (L£ —>Pk> . are independent random variables,

since the x coordinate of all E,j is smaller than the z coordinate of DI for v =
1—t"=1(1+43/2) and t large enough. Hence, by (3.17) and (3.24) there is a ty such
that for t > ¢,

F(s1,...y8m) — 22 <(3.26) < (3.27) < (3.29) < F(81,..-,8m) + . (3.30)
Hence applying (3.25) to (3.27) yields

PN, {max { X2(k), Y2 (k)} < sp}) — F(s1,...,5m)| < 3¢ (3.31)

for ¢ large enough, thus proving (3.22). O

3.2. Proof of Proposition 3.3. The no-crossing result (3.8) will be deduced from
the validity of Assumption 3 established in Ferrari and Nejjar (2015) by a soft
argument, see also Figure 3.4. To prove (3.9), we use an extension of the strategy
used in Ferrari and Nejjar (2015), which is based on moderate deviation estimates
for LPP times, given in the following two propositions.
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Proposition 3.10 (Proposition 4.2 in Ferrari and Nejjar, 2015). Let 0 < n < 0.
Then for given £y > 0 and so € R, there exist constants C,c > 0 only dependent on
Ly, So such that for all ¢ > ly and s > sy we have

P (L(())O)A(LUZLLZJ) > /J,ppf + 51/38) < Cexp(—cs), (3.32)

where pi,, = (1 + /).

Proposition 3.11 (Proposition 4.3 in Ferrari and Nejjar, 2015). Let 0 <n < 00
and ppp = (1+ \/ﬁ)z There exist positive constants sg, gy, C,c such that for s <
—s0, £ > Lo,

P (Loo)(nesien) < ol +50/7) < C exp(—cls|*/2). (3.33)

The following proposition shows that if 772 p, basses through a point v P, then

L;-_,p, is unlikely to be larger than the leading order of L,-_,,p, + Lyp,p, plus
a O(t'/3) term.
Proposition 3.12. Let ri,m2 € R, v € (1/3,1) and ¢ = ct*~*,¢ > 0. Define points
D, (r1) = (yt+rritt/3,4t) fory € [0,1—t*"1(14/2)] and P(re) = (t + rot/3,t).
Define

Eh,m,'y = {LL*%DW(Tl) < (,U'y + 5/2)t} N {LDW(Tl)—>P(7‘2) < (/Lpp,'y + 5/2)t}- (3-34)

where ppp~ = 41 —7), py = 2y + B+ 2¢/v(y+ B). Then for some constants
¢,C >0

]P’( U Q\ E7> < Ce ", (3.35)
0<y<1-tv=1(1+8/2)

Proof: We denote by 1 the constant pp,, from Proposition 3.2 for

d
LD, () = L0,0) (014 8/ +12/3m0-213),0) = L0,0)»(me.0) (3.36)
with £ = ~t and by ps the constant pp,, from Proposition 3.2 for

d

LD, (r)=P(r2) = Li0,0)= (@ (ra—rim) @/ (1= /2,0 = L(0,0) =i ) (3.37)

with ¢ = (1 —v)t. A simple computations gives

2
il =yt (1 + \/1 +B8/v+ r2t2/3> = (py + O(t_2/3))t,

2
pal = (1 =)t (1 + \/1 + (re —rmy)t=2/3 /(1 - 7)> = (fipp~ + O 23))t.

(3.38)
Since v > 1/3 we thus have for some d,Cy,c¢; > 0 and ¢ large enough

P((Eryrai7)) S P(L0,0)s(meey > il +d(€/7)") (3.39)
7 7 v eyt 1/8 .
+P(Lig0) s oty > M2l +d(F/(1=7))") < Cre™" 7,

where for the last inequality we used Proposition 3.10. Since there are only O(t)
many events (Ey, r, )¢, (3.35) follows. O

The next proposition shows that the leading order of Ly~ p + Lyp—p, is
O(t”) smaller than the one of L,-_,p,.
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Proposition 3.13. Let 3 >0, v € (1/3,1) and v € [0,1 — t*"Y(1 + B/2)]. Then,
for t large enough, we have with ¢ = Ct¥~!

(Hppy + 1y +E— )t
t1/3

where fippr = 4(1 = 7), iy = 2y + B+ 2/7(v+8), p = (1 + VT+5)* and
C=C()=-32-2/TFB+ o5)>0.

Proof: For Z(y) = py + ppp,, We have Z(0) < Z(1) and Z’'(y) # 0, thus Z is
monotonely increasing in [0, 1]. Let 79 = 1 — t*~1(1 + 3/2). Then

Z(v0) =4+ B+ 27 (-1 + 1+ 5/%)

=4+B+201 "1+ 18) (—1+ 1+ 68+

<o, (3.40)

tU—16(1+_%ﬁ) 2v—2
v o >)

_ v—1 1 o ﬂ 2v—2
=24+ B+2V1+B+t (1+26)(2\/1+B+2+m)+0(t )

=p—2(1+3p)Ct" 1+ Ot ?).
In particular, (Z(vo) + & — p)t?/> < —Ct*~1/3 for t large enough. O
We can now proceed to the proof of Proposition 3.3.

Proof of Proposition 3.3: Define the events
Mt = N (D ¢ mp e (3.41)
v€[0,1-tV=1(1+5/2)]

The fact that P(EF”") converges to 1 as t — oo is precisely the content of Assump-
tion 3 in our LPP model (3.2) with 1 = 1 4 u,,t~2/3, which was checked in Ferrari
and Nejjar (2015), Section 4.3, Proof of Corollary 2.4. Now we have F+ C F™ ™"

for k =1,...,m — 1, since if W?f:E: has to branch from ﬂ'?f:]% to contain a
. P P . + . . . .
point DT, wznjx_) B has to cross Wzli‘x_) g again to reach £, , which is impossible.

Consequently,
m
: m,+ye |
tlggoIP’( Y& ) =0, (3.42)
k=1
which is exactly (3.8). Next define the events
Iymy ={DJ € mf*, p 3 and B = N (IemA) (343)

Y€E[0,1-t¥ =1 (148/2)]

Now we consider the events E,, ,, , from Proposition 3.12 with r1 = u,, and 7 = u,
and take ¢ = Ct"~1 with C' = C(f) from Proposition 3.13. We then bound

P(Ijm) <P (Ik,,,%7 NN Eum,uw) +P ( U(Eum,um)‘?) . (3.44)
8! B
By Proposition 3.12, we have P( U, (Bupuny)©) < Ce=e"""* Now forw € It m AN

M, Eupuy,y We have

Ly _p, (w) < (/Lpp,'y + py + et. (3.45)
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Consequently, by Proposition 3.13 we have
Teomoy V() Eryray © {L-p, < it — Ct"7 13}, (3.46)
2l

Using Proposition 3.11, we thus see for ¢ large enough and some constants C1,é; > 0

]P)<Ik,m,'y N ﬂ Em,rzﬁ) < C~11€7&115L/71/?’- (347)
v
Putting all together, we obtain
P(Ij ) < Coe==" " (3.48)

for some constants Cy, & > 0. Since there are only O(t) many events I, , this

implies that

P(F™7) > 1—0(t)Che " " (3.49)

which converges to 1 as t — oo, for all k =1,...,m, proving (3.9). ]
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