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Optimal exponent for coalescence of finite geodesics in
exponential last passage percolation

Lingfu Zhang*

Abstract

In this note, we study the model of directed last passage percolation on Z2, with i.i.d.
exponential weight. We consider the maximum directed paths from vertices (0, [+*/3])
and (|k%*2],0) to (n,n), respectively. For the coalescence point of these paths, we
show that the probability for it being > Rk far away from the origin is in the order
of R~2/3. This is motivated by a recent work of Basu, Sarkar, and Sly [7], where the
same estimate was obtained for semi-infinite geodesics, and the optimal exponent
for the finite case was left open. Our arguments also apply to other exactly solvable
models of last passage percolation.
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1 Introduction

As a model of fluid flow in a random medium, first passage percolation (FPP) has
been studied by probabilists for more than fifty years, while many predictions about
its geometric structure remain unsettled. One major prediction is that the planar FPP
belongs to the so-called KPZ universality class, proposed by Kardar, Parisi, and Zhang
in their seminal work [23]. While little progress has been made to rigorously establish
this prediction for the planar FPP, similar results are known for some exactly solvable
directed last passage percolation (DLPP) models, where exact distributional formulas
exist and are obtained from combinatorics, representation theory, or random matrix
theory. See e.g. [10, 29] for surveys in this direction.

For general planar FPP, due to the absence of such formulas, its study relies more on
understanding of the geodesics (i.e. minimal weight paths between points). In particular,
coalescence of geodesics has been wildly used in obtaining geometric information of the
model. The study in this direction was initiated by Newman and co-authors, see e.g. [27].
A breakthrough was then made by Hoffman [21], where he used Busemann functions to
study infinite geodesics. These techniques then led to more progress in the geometric
structure of geodesics, see e.g. [13, 14].

For exactly solvable DLPP models, there are also several motivations to study the
geometry of geodesics (which are maximal weight paths under this setting). For example,
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Optimal exponent for coalescence of geodesics in LPP

for models obtained by adding local defects to exactly solvable ones, the integrable struc-
tures are destroyed, thus the geometric properties of the geodesics play an important
role in the study of such models; see e.g. [8], where the authors settled the “slow bond
problem”, where extra weights are added to the diagonal in the exactly solvable DLPP
models. Besides, the coalescence of geodesics in exactly solvable models would help to
understand the geometry of the scaling limiting objects of the KPZ universality class, e.g.
the coalescence structure in Brownian LPP is used towards understanding Brownian
regularity of the Airy process [18, 19].

In recent years there are several results about geodesics in DLPP models, see e.g.
[12, 15]; and some of these results have been proved beyond exactly solvable models,
see [16, 17]. There is the problem of the speed of coalescence, i.e. to understand
the distribution of the coalescence location of two geodesics. For two semi-infinite
geodesics in the same direction, such problem was first studied in [32]. A lower bound
of the tail of the distribution was obtained by Pimentel in [28], using a duality argument.
A corresponding upper bound was conjectured in [28], and this was settled by Basu,
Sarkar, and Sly in [7]. In a different line of works, using inputs from the connection
of the stationary LPP with queuing theory, Seppéaldainen and Shen ([30]) also obtained
an upper bound which falls short of the optimal order by a logarithmic factor. They
also obtained upper and lower bounds of matching orders for the probability of the
coalescence location being very close to the starting points. More recently, in [9] various
coalescence results are obtained, and are used to deduce universality of geodesic trees.

In this note, we study coalescence of finite geodesics, in the model of DLPP with
exponential weights. We consider two geodesics, from two distinct points to the same
finite point in the (1, 1) direction, and study the tail of the distribution of their coalescence
location. This problem was also studied in [7], where the tail of the distribution of the
coalescence location was conjectured to have the same order as that of semi-infinite
geodesics, and the authors also gave an upper bound of polynomial decay. We settle this
problem in this note, by providing matching upper and lower bounds up to a constant
factor. Very soon since this note was posted, similar result was also obtained in [2], with
slightly more restricted conditions (using notations of Theorem 1.1 below, in [2] the
estimates are proven for n > (Rk)5, while we only assume that n > Rk).

As [7], our proofs work, essentially verbatim, for several generalizations; while we
state and prove our results in the current form for technical and notational convenience.
First, following our arguments, the same result also holds when consider two finite
geodesics in any fixed direction (rather than the (1, 1) direction), except the axial direc-
tions. Besides, our arguments generalize to some other exactly solvable models beyond
DLPP with exponential weights. These include Poissonian DLPP in continuous space R?,
and DLPP with geometric weights. The difference is that, unlike DLPP with exponential
weights, under these two settings the geodesics are not almost surely unique. Thus we
consider the right-most (or left-most) geodesics between pairs of points, and study their
coalescence location instead. The same estimates as our main result (Theorem 1.1 below)
can be obtained. For these two settings, we would also need the Tracy-Widom limit and
one point upper and lower tail moderate deviation estimates for the last passage times
(as given by [22, 24] for exponential DLPP). For Poissionian DLPP these can be found in
[25, 26], and for geometric DLPP these are in [1, 11].

1.1 Notations, main results, and proof ideas

We set up notations for the model and formally state our results here. Consider the
2D lattice Z2. For each v € Z? we associate a weight &,, which is distributed as Exp(1)
and independent from each other. For any upper-right oriented path ~ in Z?, we define
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the passage time of the path to be

T(y) := Z &o-

veEYy

For any u,v € 72, we denote u < v, if u is less or equal to v in each coordinate; and we
denote u < v if u < v and u # v. For any u < v € Z?, there are finitely many upper-right
paths from u to v. Almost surely, there is a unique one « with the largest 7'(y). We denote
it to be the geodesic T, ,,, and T, , := T'(7y) to be the passage time from u to v. For any
u = (ur,u) € Z?, we denote d(u) := u; + uy. For each n € Z, we denote IL,, to be the line
{v € Z? : d(v) = n}. For any u,v < w € Z?2, we denote C*V* = (C;""*",C5""*") € Z to be
the first coalescence point of Iy, ,, and Iy, ,,, i.e. C*"" € I'y, ,, NIy, With the smallest
d(C®vw),

For any n, k € Z,, we denote n := (n,n) and k := (|k*/3|, —[k?/3]). In particular, we
let 0 := (0,0). Our result is about the location of C¥~kn,

Theorem 1.1. There exists universal constants Cy,Cs, Ry > 0, such that for any k,n €
Z,, R > Ry, and n > Rk, we have

CLR™2/3 < Pld(C*~%") > Rk] < CoR™2/3.

Denote k := (0, |k*/3]). In [7, Theorem 1] the problem was presented in a slightly
different setting, where the first coordinate of CYkn was studied; and it was shown there

that ]P[C?’k”‘1 > Rk] < CR™*, for some constants C, ¢ > 0. Our result confirms that the
. . 2

optimal c is 5.

Corollary 1.2. There exists universal constants C},C}, Ry > 0, such that for any k,n €

Z., R > Ry, and n > 4Rk, we have

C|R™%3 < P[CO%™ > RE] < C4R™2/3.

Let us explain the main ideas and difficulties in proving these results, and the new
ingredients based on previous works. To get matching upper and lower bounds for the
coalescence probability P[d(C¥-~%?) > Rk|, which is a small quantity, a general idea
from [7] is to “magnify” it, i.e. to prove that multiplied by R?/? it is upper and lower
bounded by constants. For semi-infinite geodesics in the same direction, all of them have
the same distribution (under translations). The argument in [7] is to take LC’RZ/ 3J +1
points in Iy of equal distances (for some constant C), and take the (1, 1)-direction semi-
infinite geodesic from each of them. For any two “neighboring” semi-infinite geodesics,
the probability that they do not coalesce before IL| | is the same by the translation
invariance. Then this probability multiplied by LC’R2/ 3| is precisely the expected number
of different intersecting points of these LC’RQ/ 3| 4+ 1 semi-infinite geodesics with L\ reJ,
minus 1. This quantity is shown to be in constant order, using results from [6, 8].

However, to study coalescence of finite geodesics ending at the same point, one could
not directly magnify the probability in a similar way. The main difference is that finite
geodesics (from different points to the same end point) do not have the same distribution.
Thus approaches from some different directions were taken to study coalescence of finite
geodesics. In [7], a multi-scale argument is used; and the bounds in [2] are obtained
from a comparison between finite and semi-infinite geodesics. Our main contribution
is a short geometric construction utilizing invariances of this model in a novel way,
which allows us to still magnify the coalescence probability by R?/3, and to get matching
bounds with the least requirements. Specifically, in addition to translation invariance,
a key and simple observation is that the model is also invariant under rotation by .
With this, we convert the study of coalescence of I'_i  and I'y , to that of coalescence
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of I &n and I'g noke The advantage of the later one is that g niok has the same law
as I‘fgn, after translating by 2k (and we call them parallel geodesics). Then to do the
magnification, we make LC’R2/ 3| translations by 2k each time, and consider a family of
LC’RQ/ 3| + 1 parallel geodesics. It remains to study the number of their intersections
with IL| gy, and for this we adapt arguments from [7] and also use results from [6, 8].

2 Geometric construction and parallel geodesics

2.1 Preliminaries

We start with some basic geometric properties of geodesics. A first observation is
that, forany v < v € Z2, if v/ <o’ and v/, v’ € Iy ,, we must have that ', ,» C T, ,, and
Iy . is the part of T, , between «’ and ¢’ (including «’,v’). This immediately leads to
the following result.

Lemma 2.1. Take points u < v and v’ <v'. ThenT', , NT . is either empty, or equals
Fu”,v” for some UN S ’UH.

In particular, this implies that for u,v < w € Z?, the geodesics I',, ,, and T, ,, follow
the same path from C*"* to w.

We define another (partial) order of points in Z2: for u = (uy,us),v = (vy,v2) € Z2,
we denote u < v, if u; < v; and uy > vy, and we denote u < v if u < v and v # v. From
Lemma 2.1 we get the following result which says that geodesics are ordered.

Lemma 2.2. Suppose u,u’,v,v’ € Z? satisfy thatu < v, v < ', andu < v', v < v'. Then
for any w € T, , and w’ € I'ys ,», we cannot have w' < w.
The next (less elementary) result is an estimate about spatial transversal fluctuation

of geodesics, and will be repeatedly used in the rest of this note. It can be thought of as
[7, Theorem 3] in a slightly different form.
Proposition 2.3. There are absolute constants c,ry € R4 such that the following is
true. Let n,r € Z withro < r < n, and m € Z with |m| < 10r*/3. Take f, € Z such
that (r + fo,” — fo) = I'(sm,—m)n N L2y, then we have P{| fy| > zr*/3] < e=°* for any large
enough x.

The proof of this proposition is similar to that of [7, Theorem 3], and the arguments
could be traced back to [27] in the setting of first passage percolation. We leave the
proof to the appendix.

2.2 Proof of the main results: rotation and translation

Exploiting rotation invariance of this model, we convert the probability considered in
Theorem 1.1 to the probability of coalescence of two parallel geodesics.

Lemma 2.4. Take any k,n € Z,, R > 10, with n > Rk. We have

Pld(Ck*m) > RE] <1 2.1

<
T PL g, MLk # T niox VL reg] —

1
2
Proof. Denote &£; to be the event where Fi,n NL gy # ILEH N L gg|- Then we note that

the event d(CE'f‘E;“) > Rk is equivalent to &£, by Lemma 2.1. Also, denote &> to be the
event where

P ML RK) # T ok N L Re) s

and &3 to be the event where

P g o NLire) # Ig piox N L RE-
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Figure 1: An illustration of the objects in the proof of Lemma 2.4.

Now (2.1) is equivalent to $P[E5] < P[&;] < P[&s).
We define & as &; rotated by 7 around I‘J’T“ ie.

P N Lon— | ri) # T o N Lon— Rk -

We have P[€{] = P[&;] by rotation invariance of this model. Note that both &, and &
are about the geodesics I' |, I' o Since n > Rk, we have 2n — |Rk| > |Rk], so &
implies £] by Lemma 2.1, and P[&,] < P[€]]. By Lemma 2.2 we have I' ¢ N L gy =
Fﬂ,n n lLl_Rkj = FE,n+2K N LLRkJ: so &3 = & U&,. Thus

P[&] < P[&] + P[E] < PI&] + P&f] = 2P[&1] < 2P[&3],
and our conclusion follows. O

Our next step is to study coalescence of two parallel geodesics. For this, we consider
a family of parallel geodesics as follows.

Take a,b € Z and m,d, s € Z,. We define two sequences of points: ug, ui, - , U, € Lo
and vg,v1, - , Uy € Ly, where u; := (a+id, —a—id), and v; := (|s/2|+b+id, [s/2] —b—id)
for each 1 < i < m. We take the family of geodesics {I'y, ,, }1™,, and study the number of
intersections of them with L,, for some 0 < r < s. We will show that when md is in the
order of r%/3, its expectation is lower and upper bounded by constants.

Proposition 2.5. There exist constants M,r € R, such that if md > Mr?/3, rqg < r < s,
and |al, |b| < %3, we have

3
E|L, NUZ, Ty, 0| > 5 (2.2)
Proposition 2.6. There exist constants C,ry € Ry, such that if r > ry, s > 3% and
md, |al,|b| < r?/3, we have
E|L, NUZ Ty, +] < C. (2.3)

The proofs of these results are adapted from the proof [7, Theorem 2], and we
leave them to the next subsection. We now prove our main results assuming these two
propositions.

Proof of Theorem 1.1. For the parameters in the setting of Proposition 2.5 and 2.6, we
take r = |Rk|, s = 2n, a = —|k*3], b = 0, d = 2|k*/3|. We leave m € Z, to be
determined. Then we have uy = —k, u; = k, vg = n, and v; = n + 2k. In view of
Lemma 2.4, we just need to upper and lower bound P[I",, ,, N L, # 'y, 4, N L.

By letting R large, we can make r large, |al, |b| < 7%/3, and s > 3—; (since we require
that n > Rk). By translation invariance, for each 0 < i < m — 1, we have

PCuywo "Ly Ty, 0, NLy] =Py, 0, "Ly #T, NL,].

i+1,Vit1
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This (with Lemma 2.2) implies that

m—1

E[L, N U;:zoruq,,vi‘ =1+ Z Pl 0 MLy # DPuigrwiga N L]
=0
=14+ mP[ly, v, "Ly # Ty, 0y NL,

First, we take m = [M R?/ 3], where M is from Proposition 2.5. By taking R large enough,
we have m < 2M R?/3, and md > 2M R?/3|k?/3] > Mr?/3. Hence by Proposition 2.5 we
have

1
P[Tugvo MLy # Ty oy NI, > 5 > (4AM)~'R™2/3,

Second, we take m = | R?/3/3|. Now we have m > R?/3/4 and md < 2(Rk)?/3/3 < r?/3
when R is large enough. By Proposition 2.6, we have that

C .
PTup,00 N L # Lu o NIy < — < ACR™?/3,
Finally, putting these together and using Lemma 2.4, we get
(8M)"'R72/3 < PlA(c*"X”'m) > RE] < 4CR™2/3,

and our conclusion follows since M and C are constants. O

Proof of Corollary 1.2. For the upper bound, first note that cokin < cx~kn which is
due to —k < 0,k < k and Lemma 2.1, 2.2. Then applying Theorem 1.1 we have

P[CO%™ > RE] < P[d(CO%™) > Rk] < P[d(C**") > RK] < CoR%/3.

Now we prove the lower bound. Denote k’ := (|k*/3],0). By symmetry of the model we
have

2P[d(CO%™) > 4RK] = P[d(CO*™) > 4Rk] + P[d(C®*'™) > 4Rk] > P[d(C*¥'™) > 4Rk,

where for the second inequality we use that d(C**'®) = max{d(C%*™), d(CO¥'™)}, which
is due to Lemma 2.1. By Theorem 1.1, we have that

Pld(C¥¥'™) > 4RK] > C1R~2/3/3.

Next, by Proposition 2.3 we have

Pld(COkm) > 4Rkac?’l~(;n < Rk] < P[fo < —RK] < e °R/*F"*,

where fy € Z such that ([2RE] + fo, [2Rk] — fo) € T'o.n, and ¢ > 0 is an absolute constant.
Thus we have

P[CO%™ > RE] > P[d(CO5™) > 4RK] — P[d(CO*™) > 4Rk, COS™ < Rk]
> C R™2/3/16 — ¢ B/

Then by taking Ry large enough the lower bound follows. O

2.3 Intersections with parallel geodesics

In this subsection we prove Proposition 2.5 and 2.6, adapting the arguments in [7,
Section VI]. We start with the lower bound, which follows from the spatial transversal
fluctuation (Proposition 2.3).
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Proof of Proposition 2.5. It suffices to consider two geodesics Iy, », and L'y, ...

Take fo, fm € Z such that ([ 5]+ fo, [5]— fo) = Tugwo MLy, @and ([ 5]+ fin, [5]— fm) =
I, .», N L,. By Proposition 2.3, and translation invariance, we can find constant p € R
such that

1
Pllfol > pr*/%), Pl fon — ] > pr?/9) < 1

By taking M > 2p, we have md > Mr*® > 2pr?/3, and P[fy = f,»] < 3. Then

b

E[L, N U2, Ty, o,

N w

> E[L, N (Cug v Ul 0,,) | = 1+ Plfo # fin] >

and our conclusion follows. O

wo Jwifwa w5/ we

Up U1 U2 Us Us ]LO

Figure 2: An illustration of the objects in the proof of Proposition 2.6, rotated by /4.

For the upper bound, in addition to Proposition 2.3 we also need the following
estimate on the number of disjoint geodesics.

Proposition 2.7 ([6, Corollary 2.71). There exists ng, {y,c € R such that the following
is true. Take any n,¢ € Z, n > ng, n®% > £ > fy. Let Ap,, := {(i,—i) 1 i € Z,|i| <
0Y/1602/3y © 1y, and By, := {(n +i,n —i) : i € Z,|i| < £Y/*n?/3} C Ls,. Let &, be the
event that there exists @y, - , Uy € A¢y and ¥y, -, € By, such that the geodesics
{Ta, s }¢_, are mutually disjoint. Then P[] < et

In [6], this result is stated as a generalization of [6, Theorem 2] (see also [3, Theorem
3.2] for a refinement of the arguments). For completeness we also contain a proof of this
proposition in the appendix.

Now we finish the proof of the upper bound.

Proof of Proposition 2.6. We can assume that » > 10'°°!, since otherwise the result
follows by taking C' large enough.

Take an absolute constant 7 := max{10'°,2¢, + 1}, where /; is from Proposition 2.7.
Forany 7 € Zy, 1o < 7 < r%%1, we wish to bound P[|L, N U Ty, »,| > 7]. We denote
w; =1y, », N L, foreach ¢ =0,--- ,m. Then by Lemma 2.2 we have wg < --- < w,,. For
any 0 <i < j <m, if w; # w;, then by Lemma 2.1 at least one of Iy, ,, N Loujow; = ¢ and
| P ij,vj = () happens (see Figure 2 for an illustration). Now we denote

I:{’LG{O, 7m—1}:wi7éwi+1}7
Il = {7’ € {07 e, Mm = 1} : Fui,wi mrui+lawi+1 = ®}7
12 = {Z € {O’ e, — 1} : Fw'iyvi mruﬂi+1yvi+1 = (b}

From this definition we have that I = I; U I,. We also have that {T',, ., }icr, are mutually
disjoint, and that {I',, ., }ic1, are mutually disjoint.

We let fo, fm € Z such that (| 5] + fo, [5] — fo) = wo, and (| 5] + fm, [5] — fm) = Wi.
Now suppose that |L, VU™ Ty, .| > 7, and |fol, |fm| < [7/2]*/1¢|r/4]?/3 — 1. Then
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|I| > 7, so either |I;| > 7/2 or |I3| > 7/2. Using the notations in Proposition 2.7, these
imply that either the event £, /3| |,/2) happens, or the event £, /3) |(s—r)/2) translated
by ([r/2],[r/2]) happens (here we use that |(s —r)/2| > |r/4] since s > 3r/2). Thus
P[|L, N U™y, ;| > 7] is bounded by

Pmax{]| fol, [ fm|} > LT/QJI/16 U"/4J2/3 -1+ IP[SLT/zj,Lr/zj] + P[5L7/2J,L(s—r)/2j]~

Note that ¢y < |7/2] < [r/4]%° < [r/2]991 | (s—7)/2]%0L, so by Proposition 2.7 we have

/8

PE -2, 1z1] + PIE2/2), [ (s—r)/2)] <2747 7, (2.4)

for some constant ¢; > 0. By Proposition 2.3, and translation invariance, for some
constant ¢, > 0 we have

Pl fol > |r/2]" "0 [r/4]%7% /2], P|fim —md| > [7/2]/1C[r/4]?/?)2] < em7

r
2

1/16

Since r is taken large enough, and md < 2/, 7 > 10'°, we get that

/16

Plmax{|fol, | fm} > |7/2)/10[r/4|2/% — 1] < 277"

Using this and (2.4), we have that

PlIL, N ULy, 0, > 7] < 267627'1/16 + 2€7c1frl/s.

Finally, note that |L, N U Ty, 0,| <m + 1 < 72/3 +1, we have

E[[L; 0 UL,

[TOAOOI-‘
<70+ (r*® + DP[L, VUL Ty, | > 0% 470 > P|Ly AUy, 0] > 7]
T=[70]
"TO.DOI
<70 4 (T2/3 4 1)(2€7C2(T0-001)1/16 4 26701(,’“0.001)1/8) i 0 Z 2676271/16 I 267C17—1/87
7=[70]
and this is upper bounded by a constant. O

A Transversal fluctuation estimates and disjoint geodesics

In this appendix we provide proofs of Proposition 2.3 and 2.7, following arguments in
the proof of [7, Theorem 3] and [6, Theorem 2], respectively.

We start with estimates on passage times. We have that Ty (,, ) has the same law as
the largest eigenvalue of X*X where X is an (m + 1) x (n + 1) matrix of i.i.d. standard
complex Gaussian entries (see [22, Proposition 1.4] and [4, Proposition 1.3]). Hence we
get the following one point estimates from [24, Theorem 2].

Theorem A.1l. There exist constants C,c > 0, such that foranym >n > 1 and x > 0, we
have
P[To (mn) — (Vm +/n)* > xm?n 10 < Cem, (A1)

In addition, for each v > 1, there exist C', ¢’ > 0 depending on 1 such that if > < 1), we
have

P(To (m.my) — (VI + /)2 > an'/3] < Ol minta® % an /%)

‘ , (A.2)
IP[TO,(m,n) - (\/E + \/E)Q § 71'”1/3] S Cleic Iga
and as a consequence
|ET0,(m,n) - (m"" \/ﬁ)2| < Cln1/3- (A3)
ECP 25 (2020), paper 74. https://www.imstat.org/ecp
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We also have the following segment to segment estimate.

Proposition A.2. Let A and B be segments of length n?/® which are aligned with L
and Iy, respectively, and let their midpoints being (m, —m) and n. For each ¢ < 1, there
exist constants C,c > 0 depending only on 1), such that when |m| < ¢n,

P| sup |Tyo—ET,.| > xnl/?’} < Ce ",
uc€A,veEB

A more general version of this result (where u, v are taken in a parallelogram rather
than two segments) is proved as [8, Proposition 10.1, 10.5], in the setting of Poissionian
DLPP (see also [20, Proposition B.1]). In the setting of exponential DLPP a proof is given
in [5, Appendix C] by Basu, Ganguly, and the author, following the ideas in [8]. For
completeness we also write the proof here, and it is reproduced from the proof in [5,
Appendix C].

We start with a segment to point lower bound.
Lemma A.3. Let A’ denote the line segment of length 2n?/3 on L, with midpoint at
(m,—m). For each ¢ < 1, there exist C,c > 0 depending only on v such that when
|m| < ¢n, we have forallx > 0 and alln > 1,

P u-gfy(T“’“ —ETyn) < —xnl/?’] < Cec=",
Proof. For simplicity of notations, we write this proof only for the case m = 0, and the
same proof will apply to the general case. We shall also ignore some rounding issues.
We will use C, ¢ > 0 to denote large and small universal constants throughout this proof,
and the value could change from line to line.

We construct a tree 7 whose vertices are a subset of vertices of Z?; in particular root
of 7 will be the vertex n and the leaves of T are the vertices on A’. Let n be sufficiently
large so that there exists J such that n!/* < 877(2n) < n'/3. For smaller n the lemma
follows by taking C large and c small enough. For j = 0,1,2,...,J, there will be 4/
vertices of 7 at level j (let us denote this set by 7;) on the line ILg-;2,), such that these
47 vertices divide the line joining 8 /n + (—n?/3,n%/3) and 8 In + (n?/3, —n?/3) into 47 +1
equal length intervals. Notice that, for each j the vertices in 7; are ordered under <
from left to right. The vertices of T is Up<j<s7;, and the k-th vertex at level j from the
left is connected to the four vertices in level (j + 1) which are labeled 4k — 3,4k — 2,4k — 1
and 4k from the left.

Noticing that it suffices to prove this lemma for z sufficiently large. Let A; denote
the event that for all u € 7; and for all v € 71, such that the edge (u,v) is present in
T, we have T, > ET,, — 227%/1071031/3 We claim that P(U;A$) < Ce=<" for all z
sufficiently large. Indeed, by our construction of 7, for each edge between a vertex
u € 7; and a vertex v € 741, using (A.2) we have that

IP[Tv,u —ET,, < _$2—9j/10—10n1/3] < C«e—cm323j/10.
By taking a union bound over all 47*! such edges, and overall j =0,1,2,...,J — 1, we
get that IP(U;A$) < Ce—ca”,

Now it remains to show that, on Ng<;<s.A;, we have inf,c 4/ (Tyn — ETyn) > —ant/
for all = sufficiently large. Let us fix u € A’ and let u(’) be its closest vertex in 7.
Let u < v < ul/=V < ... < 4 = n denote the path to n in 7. Hence we have
Tyun > Z;}:—Ol T, +1) 4~ By definition, on Ng<;j<.A; we also have that Z}]:_Ol Tyti+1) u) —
ET, G+ ui) > =% 1/3 for z sufficiently large. Observe also that by our definition of 7T,
we have ET,, ,» < %nl/‘q’ by (A.3), and hence it suffices to lower bound Z;‘I:O ET,G+1) w6
(here we write u = u(/*1)). For u = (u1,us) € Z?, we denote ¢(u) = u; — up. Observe

3
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now that, by the construction of 7 and the choice of u?), we have for each 7 < J that
|p(ulTD) — p(u))] < C’E/s. Using (A.3) we get ET,G+1) 00 > 2(d(u?)) — d(ul+))) —
C277n'/3, for each j < J. Summing over j from 0 to J we get Z}]:o ET,G+1) )
ETyn — %nl/ 3, and this completes the proof.

V

O

Proof of Proposition A.2. Applying Lemma A.3 twice we get the bound for the lower
tail of infueaven Tuw — ETu,0. Now denote Ay = {sup,cavep(Tuw — ETuy) > an'/3},
it remains to show that P[A4y] < Ce™“* for some C, ¢ > 0 depending only on . Again
we only prove the case m = 0 for simplicity of notations, and the general case follows
similarly. We also observe that it suffices to prove the result for = sufficiently large.
Consider the following events:

Inl xnl/g

} -/42 {Jgg Tv,2n - IET'v,2n Z - 10

Al = {JrelfA T—n,u - IEﬂj—n,u > — }
It follows from (A.3) that for x sufﬁmently large we have for any u € A and v € B, we have
IE)zj—n u + ETLL v + ETU 2n > IEjj—n 2n -

where A = {T_,, o0 — ET_, op, > "”” } Smce Ao, A1, As are all increasing events in the
weights {&, },ecz2, it follows that IP[A} > P[Ag N A N Ag] > P[Ay|P[A1]P[A2] by the FKG
inequality. The result follows by noting that we have P[A4,], P[4;] > 1 by Lemma A.3,

and P[A] < ¢ min{e??an'/?} by (A 2). O

A.1 Transversal fluctuation

Now we give the proof of Proposition 2.3. We note that it is an analog of [7, Theorem
3], in the sense that both bound the fluctuation of the geodesic from the diagonal. The
main difference is that in [7, Theorem 3], the fluctuation is measured in terms of the
intersections with a vertical or horizontal line, while here we use the perpendicular
distance of a point on the geodesic to the diagonal. In our setting the transversal
fluctuation at ILo, is at most linear in r, avoiding some technical complexities (see also
[7, Remark 1.3]).

Proof of Proposition 2.3. For simplicity of notations, we assume that m = 0, and we
write I' = I'g ,. We also assume that n = 27r for some J € Z, . The general case follows
the same arguments. By symmetry it suffices to show that P[f, > 2r?/3] < e~°*,

Let « = 25. For 0 < j < J, take f; € Z such that (277 1r + f5,2/"'r — fo)
I' N Ly;,. Denote f;.1 = 0. Let B; denote the event that f; > z((2a)’r)?/? and f;41
z((2a)?*17r)?/3. Then {f, > xr2/3} C U/ZyB;, and it suffices to show that P[B;]

e~c=a®’* For this we split Ly, and Ly;+1, into segments of length (297)%/3. For t,t' =
0,1,2,..., denote

VAVANI

U={(2 '+ £,27 Y — f): f € (2((2a)7r)%3 + t(277)%/3, 2((20)7r)?/3 + (t + 1)(277)?/3]},
Ve ={(@r + f,27r — f): f € [2((2a)77)2B = (t + 1)(27r)*/3, 2((20) 1) 23 —(277)2/3) },

and we let By = {u € Up,v € Vi),0 < u < v T0u+TM To,, > 0}. Then we

have B; C UgS,_oBj 1. We claim that P[B; ] < e~z ? F+4) for some ¢1 > 0. Then
summing over j,t,t gives the result.

Fix some j,¢,%, and assume that there exist v € U; and v € V;» with 0 < u < v. Then
for any v = (v1,v2) € Vx we must have that ;* € (0.1,10). We can also assume that for
all u = (u1,uz2) € Uy and v = (v1,v2) € Vi, we have 2, :2=2 € (0.01,100) (otherwise, we
can get the desired bound of P[B;, ] by (A.1) and (A.2) and taking a union bound over
allu € U, v € Vi with 0 < u < v). Now by (A.3), we have that there exists some constant
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C independent of r, z,¢,t’, j, such that for all u € Uy, v € Vi and all z sufficiently large,
we have ETp ,, + IETu » < BTy, — C(za™ +t +t')2(29r)Y/3. By Proposition A.2 we get

P[Bj ] < eclwa? F4t+t) 4 desired. O

A.2 Disjoint geodesics

For completeness, in this subsection we give a proof of Proposition 2.7 (which is
precisely [6, Corollary 2.7]). It is reproduced from the proof of [6, Theorem 2], and the
only difference is that we write in the slightly more general setting of [6, Corollary 2.7].

Fix n, ¢, which are sufficiently large and satisfy / < n%%!. Below we will ignore some
rounding issues. Let h = ¢!/2, consider h line segments Lg, - - , L;, each with slope
—1 and length 2¢/312/3, and the midpoints are in the line connecting 0 and n. These
segments are equally spaced with internal spacing = 2n and Lo C Lo, Ly, C Loy,.

Let £ be the event that there exist u € Ay, v e By, and 0 < 7 < h, such that
I'y» does not intersect L;. Then we have P(£) < e‘dl/8 for some ¢ > 0. Indeed, by
Lemma 2.2, £ implies that at least one of Iy, 4, +n and I',,,_ ., +n do not intersect some L,.
Here u; and u, are two end points on Ay ,,. Then we just apply Proposition 2.3.

Take a constant ¢; > 0 to be determined. Using (A 3) and Proposition A.2, we have
that Plinfuca, , ven,, Tuw < 4n — c1£/*n1/3] < e="’* for some ¢ > 0. Now to get
Proposition 2.7 it suffices to prove the following result.

Proposition A.4. Let G,,, denote the event that there exists u,--- ,us € Ay, and
V1, ,0¢ € By, and disjoint paths v; joining u; and v;, such that -; intersects Ly for
each 0 < k < h, and T(7;) > 4n — c10"/*n"/3. Then P(Gy,) < e~

Our argument to prove this proposition is as follows. Take some g € Z, to be
determined, and divide the line segment L; into equally spaced line segments L; ; (for j €
[—¢1/8g,0'/89) N Z), each of length %fs. For a fixed sequence J := {jo, 51, 2, - - > Jh_1,Jn}
taking values in [—¢1/8g, ¢1/8g) N Z, we shall consider the best path ~; from Ay, to By,
that passes through the line segment L; ;, for each 7 = 0,1,...,h. We shall show that
T'(v,) is typically much smaller than 4n. For this we need the following lemma.

Lemma A.5. Let A, denote the line segment joining (— 00”22/3, o o ) and (<% 7 , —60”22/3 ),

and let B, = A, + (n + m,n — m). For ¢y sufficiently small there exists ¢y > 0 such that
for all n sufficiently large and |m| < 0.9n, we have Esup,c 4. ,cp, Tu.o < 4n — con'/3.

Proof. For simplicity of notations we assume that m = 0, and the same arguments work
for the general case. Consider ug = (—cg/zn, —cg/zn) vgp =1n+ (00/271 ‘30/ n), and note

E sup Tyo<ET, ., —E mf Tuou —E inf T, .
u€A, vEB, vE DB,

By Proposition A.2 we have Einfy,ca, Tug.u, Einfyep, Tov, > 4c‘3/2 — Ccé/znl/?’ for some
constant C' > 0. From the Tracy-Widom convergence result of [22], and the fact that the
GUE Tracy-Widom distribution has negative mean, it follows that that for n sufficiently

large ET,, ., < 4(n+2c3/*n) —C'n!/? for some C’ > 0. Thus we can choose ¢, sufficiently
small to complete the proof. O
From now on we fix ¢y such that Lemma A.5 holds, and choose g = n2/

Lemma A.6. For any sequence J := {jo,j1,J2,---,Jn—1,Jn} taking values in
[—01/3g,0Y/%g) N Z, let ; denote the best path from A, to B, that intersects the
line segment L, ;, for eachi =0,1,...,h. Then there exists c;,c > 0, such that for each
J we have P[T(y;) > 4n — c;h?/3n1/3] < e=eh'/?,
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Proof. Fix a sequence J, first observe that 7'(y;) < Z?;ol SUPyer, 5 weLi1y,,, Ty.,», which
is a sum of h independent random variables. By our choice of ¢ and h we have that the
slope of the line joining the midpoints of L; ;, and L;,1 j,,, is between 1/2 and 2. Thus
for each 7, by Lemma A.5 we have

E sup Ty < 4n/h — co(n/h)'/3;

u€l; j, ,’UELH»I,qu,l

and by Proposition A.2, for large enough x we have

IP[ sup Ty —4n/h > x(n/h)l/‘g} <e .

u€li j; veLlit1,j; 4

By a Bernstein type bound on sum of independent variables with exponential tails, we
have P[T(v;) — (4n — coh?/3n'/3) > xh'/n1/3] < e~°* for some ¢ > 0 and each z > 0
sufficiently large. By taking ¢; = ¢2/2 and © = ¢; h'/2 we finish the proof. O

Proof of Proposition A.4. We use the BK inequality, and bound the entropy term of
disjoint paths. Clearly we can assume that n, £ are sufficiently large with £ < n0-0L,

We let C denote the set of all tuples (J1, Ja,. .., J¢), where each J; = (j((f), .. ,j}(f)) is a

sequence taking values in [—('/8g, (}/3¢) N Z, satisfying that j\") < j{"*) for any 1 < iy <

io <land 0 < k < h. For (Jy, Ja,...,J;) €C, let Ay, j,...j, denote the event that there
exist disjoint paths 7i,...,7 from A, to By, such that each T(vy;) > 4n — ¢ h?/3n'/3,
and v; intersects Lku‘ff) for each k. Since geodesics are ordered (Lemma 2.2), we have
that Gy, C U, 1,000 €CAT Tay o Ty

For each 1 < i < /, consider the event that there is a path v; from A, to By,
intersecting kaj;:-) for each k, with T'(v;) > 4n — ¢;h?/?n!/3. This is an increasing event
in the weights {¢,},cz2. Thus by the BK inequality [31] !, the probability of such events
happening disjointly is upper bounded by the product of the marginal probabilities. It
therefore follows using Lemma A.6 that P(Aj, ,....J,) < e—et®

It remains to bound |C|. Note that C can be enumerated by picking (h + 1) many
non-decreasing sequences of length ¢/, where each co-ordinate takes values between
—('/8g and ¢'/8g. Now we need to enumerate positive integer sequences —¢/3¢g < y; <
Yo <o <y < 61/89. By taking the difference sequence z = (yx — yr—1) this reduces to
enumerating sequences with 21 + 29+ - -+ 2y < 201/ 8g. It is a standard counting exercise

/
to see that number of such sequences is bounded by (”M 89). Hence as h = (/2 and

2@1/89
g= R for any € > 0 we have |C| < 0¢°"**** and the result follows. O

co
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