OPTIMAL TAIL EXPONENTS IN GENERAL LAST PASSAGE
PERCOLATION VIA BOOTSTRAPPING & GEODESIC GEOMETRY

SHIRSHENDU GANGULY AND MILIND HEGDE

ABSTRACT. We consider last passage percolation on Z? with general weight distributions, which
is expected to be a member of the Kardar-Parisi-Zhang (KPZ) universality class. In this model,
an oriented path between given endpoints which maximizes the sum of the i.i.d. weight variables
associated to its vertices is called a geodesic. Under natural conditions of curvature of the limiting
geodesic weight profile and stretched exponential decay of both tails of the point-to-point weight,
we use geometric arguments to upgrade the assumptions to prove optimal upper and lower tail
behavior with the exponents of 3/2 and 3 for the weight of the geodesic from (1,1) to (r,r) for all
large finite . The proofs merge several ideas, including the well known super-additivity property
of last passage values, concentration of measure behavior for sums of stretched exponential random
variables, and geometric insights coming from the study of geodesics and more general objects
called geodesic watermelons. Previously such optimal behavior was only known for exactly solvable
models, with proofs relying on hard analysis of formulas from integrable probability, which are
unavailable in the general setting. Our results illustrate a facet of universality in a class of KPZ
stochastic growth models and provide a geometric explanation of the upper and lower tail exponents
of the GUE Tracy-Widom distribution, the conjectured one point scaling limit of such models. The
key arguments are based on an observation of general interest that super-additivity allows a natural
iterative bootstrapping procedure to obtain improved tail estimates.
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1. INTRODUCTION, MAIN RESULTS, AND KEY IDEAS

The 1+1 dimensional Kardar-Parisi-Zhang (KPZ) universality class includes a wide range of models
of interfaces suspended over a one-dimensional domain, in which growth in a direction normal to
the surface competes with a smoothening surface tension, in the presence of a local randomizing
force that roughens the surface. Such interfaces are expected to exhibit characteristic exponents
dictating one-point height fluctuations and correlation length. While the class is predicted to
describe a plethora of models including first passage percolation, last passage percolation, the KPZ
stochastic PDE, and the totally asymmetric simple exclusion process, among others, the above
predictions have been rigorously proven only for a very small subset of them.

A canonical object in this context is the Airy, process [PS02], a stationary continuous stochastic

process, and its one point distribution, the GUE Tracy-Widom distribution, first discovered in

random matrix theory [TW94]. The Airy, process is the universal limit that many of the interfaces
1
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in the above class are expected to converge to, under proper centering and scaling and appropriate
boundary conditions.

We now give a brief description of the model of last passage percolation, an important member of
this class and the model in consideration in this article.

In last passage percolation (LPP) one assigns i.i.d. non-negative weights {&, : v € Z?} to the vertices
of Z? and studies the weight and geometry of weight-maximising directed paths. The weight of
a given up-right nearest neighbor path v is £(y) := Zvey &. For given vertices u = (ug,uz2),v =
(v1,v2) € Z? with u; < v; for i = 1 and 2 (i.e., the natural partial order), the last passage value Xuw
is defined by X, = max.,—v £(7), where the maximization is over the set of up-right paths from
u to v; maximizing paths are called geodesics. For r € N, we adopt the shorthand X, := Xy 1) (.1

A few special distributions of the vertex weights {¢, : v € Z2} render the model integrable, i.e.,
admitting exact connections to algebraic objects such as random matrices and Young diagrams.
This allows exact computations which lead to the appearance of the Airys process and hence the
GUE Tracy-Widom distribution. Most of the progress in understanding the KPZ universality class
has relied primarily on such exactly solvable features. For concreteness, we highlight next the special
case of exponentially distributed (with rate one) vertex weights. In this case, Johansson proved the
following [Joh00] via the development of the aforementioned connections to representation theory.

Theorem 1.1 (Theorem 1.6 of [Joh00]). Let {&, : v € Z2} be i.i.d. exponential rate one random
variables. As r — oo it holds that

where Frw is the GUE Tracy- Widom distribution, and % denotes convergence in distribution.

This one-point convergence was later upgraded to convergence to the Airys process in the sense of
finite dimensional distributions by considering a suitable observable (see for example [BF08]).

An important feature of the GUE Tracy-Widom distribution is the “non-Gaussian” behavior of its
upper and lower tails. In particular, it is known, for example from [RRV11, Theorem 1.3], that as
0 — o0,

Frw ([0, 00)) = exp (—§93/2 (1+ 0(1))) and
(1)
Frw ((—o0,—0]) = exp (—11293 (1+ 0(1))> .

In fact, these tail exponents of 3/2 and 3 are more universal in KPZ than just the GUE Tracy-
Widom distribution. The latter distribution and the Airys process are only expected to arise under
what is called the narrow-wedge initial data; this is seen in Theorem 1.1 by the imposition that X,
be the weight of the best path from the fized starting point of (1,1). But the same tail exponents
are expected for a much wider class of initial data. For example, the results of [CG18] assert that
the (suitably scaled) solution to the KPZ stochastic PDE has upper bounds on the one-point upper
and lower tails with the same tail exponents (up to a certain depth into the tail) under a wide class
of general initial data. Similarly, the same exponents are known from [RRV11] for the entire class
of Tracy-Widom(f) distributions (with the GUE case corresponding to 5 = 2).

Given the distributional convergence asserted by Theorem 1.1, it is natural to ask whether tail
bounds similar to (1) are satisfied by X, at the finite r level. Indeed, again in the case of exponential
weights, estimates along these lines have been attained which achieve the correct upper and lower
tail exponents of 3/2 and 3. Johansson proved in [Joh00, Remark 1.5] via representation theoretic
techniques that X, is equal in distribution to the top eigenvalue of the Laguerre Unitary Ensemble,
and upper bounds on the upper and lower tails on this eigenvalue were proved in [LR10, Theorem 2].
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[LR10] remarks, but does not prove, that a lower bound on the upper tail should be achievable by
methods in the paper, but not a lower bound on the lower tail; the latter was proved very recently
in [BGHK19, Theorem 2|. This discussion may be summarized as the following theorem.

Theorem 1.2 ([Joh00, LR10, BGHK19]). Let {&, : v € Z?} be i.i.d. exponential random variables.
There exist positive finite constants c1, ¢, c3, 0p, and ro such that, for r > ro and 6y < 0 < r2/3,

P (XT > 4r + 0r1/3) < exp (—0103/2) and
exp (—0293) <P <XT < 4r — 6r1/3> < exp (—0303) .

Remark 1.3. In fact, the missing lower bound on the upper tail is a straightforward consequence
of one of our results (Theorem 2) along with with the distributional convergence in Theorem 1.1
and an application of the Portmanteau theorem.

That the above bounds hold only for 8 < r2/3 is an important fact because one should not expect
universality beyond this threshold. The lower tail is trivially zero for § > 4r%/3 since the vertex
weights are non-negative; for the upper tail, beyond this level, we enter the large deviation regime,
where the tail behavior is dictated by the individual vertex distribution. Thus in the case of
exponential LPP, the upper tail decays exponentially in 8r'/3 for 6 > r2/3.

Similar bounds as Theorem 1.2 are available in only a handful of other LPP models; these are
when the vertex weights are geometric [JohOO, BDM'01], and the related models of Poissonian
LPP [LMO1, LMRO2] and Brownian LPP [OY02, LR10]. In these models as well, the bounds
are proven using powerful identities with random matrix theory and connections to representation
theory, combined with precise analysis of the resulting formulas.

However, the conjectured universality of KPZ behavior suggests that similar bounds should hold
under rather minimal assumptions on the vertex weight distribution, i.e., even when special connec-
tions to random matrix theory and representation theory are unavailable. Thus it is an important
goal to develop more robust methods of investigation that may apply to a wider class of models,
an objective that has driven a significant amount of work in this field, with the eventual aim to go
beyond integrability. The present work is a continuation of this program.

Nonetheless, despite various attempts, so far only a few results are known to be true in a universal
sense. These include the existence of a limiting geodesic weight profile (i.e., the expected geodesic
weight as the endpoint varies) and its concavity under mild moment assumptions on the vertex
weights [Mar06]. This is a relatively straightforward consequence of super-additivity properties
exhibited by the geodesic weights, as we elaborate on later. This and certain general concentration
estimates based on martingale methods were first developed in Kesten’s seminal work on first
passage percolation (FPP) [Kes86]; FPP is a notoriously difficult to analyze and canonical non-
integrable model in the KPZ class where the setting is the same as that of LPP, but one instead
minimizes the weight among all paths between two points, without any orientation constraint.
Similar arguments extend to the case of general LPP models. Note that while the precise limiting
profile is expected to depend on the model, properties such as concavity as well as local fluctuation
behavior are predicted to be universal.

Following Kesten’s work, there has been significant progress in FPP in providing rigorous proofs
assuming certain natural conditions, such as strong curvature properties of limit shapes and the
existence of critical exponents dictating fluctuations. Thus an important broad goal is to extract
the minimal set of key properties of such models that govern other more refined behavior. The
recent work of the authors with Riddhipratim Basu and Alan Hammond in [BGHH?20], as well as
the present work, are guided by the same philosophy. We will revisit this discussion in more detail
after the statements of our main results.
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To initiate the geometric perspective of the present paper, we point out the disparity in the upper
and lower tail exponents in Theorem 1.2. This is not surprising since, while the upper tail event
enforces the existence of a single path of high weight, the lower tail event is global and forces all
paths to have low weight.

However, the precise exponents of 3/2 and 3 might appear mysterious, and it is natural to seek a
geometric explanation for them. This is the goal of this work. More precisely, we establish bounds
with optimal exponents in the nature of Theorem 1.2, starting from certain much weaker tail bounds
as well as local strong concavity assumptions on the limit shape. In particular, we do not make
use of any algebraic techniques in our arguments. Instead, our methods are strongly informed by
an understanding of the geometry of geodesics and other weight maximising path ensembles in last
passage percolation.

We next set up precisely the framework of last passage percolation on Z2, describe our assumptions,
and state our main results.

1.1. Model and notation. We denote the set {1,2,...} by N, and, for i,j € Z, we will denote
the integer interval {i,7+1,...,7} by [, j].

We start with a random field {fv RS ZQ} of i.i.d. random variables following a distribution v
supported on [0, 00). We consider up-right nearest neighbor paths, which we will refer to as directed
paths. For a directed path ~, the associated weight is denoted £(y) and is defined by

6(7) = Z Su-

uey

For u,v € Z2, with u < v in the natural partial order mentioned earlier, we denote by X, the
last passage value or weight from u to v, i.e.,
Xy = max £(v),

Yu—v
where the maximization is over all directed paths from w to v; for definiteness, when v and v are
not ordered in this way and there is no directed path from u to v, we define X, , = —0o. Now for
ease of notation, for sets A, B C Z?, we also adopt the intuitive shorthand

Xap:i= sup Xy,

ucAveB
For v € Z%r, X, will denote X1 1),, and for r,z € Z, we will denote Xy 1) (. r4.) by X7. We
will also denote the case of z = 0 by X,., as above. Notational confusion between X, and X, is
avoided in practice in this usage as v will always be represented by a pair of coordinates, while r
is a scalar. Recall that a path (which may not be unique) which achieves the last passage value is
called a geodesic.

For an up-right path « from (1,1) to (r — z,7 + z), we define the transversal fluctuation of v by
TE(y) :=min{w : vy C Uy},

where U,.,, . is the strip of width w around the interpolating line, i.e., the set of vertices v € Z?
such that v +¢ - (—1,1) lies on the line y = 22 .  for some t € R with || < w/2.

T

1.2. Assumptions. The general form of our assumptions is quite similar to the ones in the recent
work [BGHH20] devoted to the study of geodesic watermelons, a path ensemble generalizing the
geodesic. We start by recalling that v is the distribution of the vertex weights and has support
contained in [0, 00). The limit shape is the map [—7,7] — R : 2 + lim,_,o, 7~ 'E[X?]. It follows from
standard super-additivity arguments that this limit exists (though possibly infinite if the upper tail
of v is too heavy) for each z € [—r,r| and that this map is concave [Mar(6, Proposition 2.1]. Let

T |
o= Jim B
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be this map evaluated at zero. Also note from Theorems 1.1 and 1.2 that the fluctuations of X,
around £ can be expected to be on scale /3. Finally, we point out that the normalized limit shape
map in the exactly solvable models of Exponential, Geometric, Brownian, and Poissonian LPP is,
up to translation and scaling by constants,

2 4

2 _ 2 c .
rtoat=r— o O<r3>’ (2)
this will be relevant in motivating the form of our second assumption. Note that the first term of
the right hand side of (2) denotes the expected linear growth of the model, while the second encodes
a form of strong concavity of the limit shape. Also, the non-random fluctuation, i.e., how much
the mean of X7 falls below (2), is expected to be ©(1'/3), which is known in the aforementioned
exactly solvable models.

Given the setting, we state our assumptions; not all the assumptions are required for each of the
main results, and we will specify which ones are in force in each case. We will elaborate more on
the content of each assumption following their statements.

(1) Limit shape existence: The vertex weight distribution v is such that p < co.
(2) Strong concavity of limit shape and non-random fluctuations: There exist positive
finite constants p, G, H, g1, and gy such that, for large enough r and z € [—pr, pr],
22 24
E[X7] € pr—G— + {—H:,),o} + [—917’1/3, —gar'/?| .
r r
The first three terms on the right hand side encode the limit shape and its strong concavity
as in (2), while the final interval captures the non-random fluctuation.
(3) Upper bound on moderate deviation probabilities, uniform in direction: There
exists a > 0 such that the following hold. Fix any ¢ > 0, and let |z| € [0, (1 — €)r]. Then,

there exist positive finite constants ¢, 0y, and ro (all depending on only ¢) such that, for
r > 19 and 6 > 6y,

(a) P (Xf —E[X?] > 97‘1/3) < exp(—ch?),
(b) P (Xf —E[X}] < —07"1/3) < exp(—ch?).

(4) Lower bound on diagonal moderate deviation probabilities: There exist constants
6 >0, C >0, rg such that, for r > rg,

(a) P (X,n — pr > Cr1/3> >4,
(b) P (Xr —pr < —Cr1/3> > 0.

These will be respectively referred to as Assumptions 1-4 in this paper. Assumption 1, which is
known to be true under mild moment conditions on v, is stated to avoid any pathologies and will be
in force throughout the rest of the paper without us explicitly mentioning it further. Assumption 3
is the a priori tail assumption that our work seeks to improve on. We will refer to the tail bounds
as stretched exponential though this term usually refers to 0 < a < 1, (which is the case of primary
interest for us).

Assumption 1 in fact follows from Assumption 3a, for the latter implies that v([¢, 00)) < exp(—c0?),
for a possibly smaller ¢ and sufficiently large 6 (see Remark 1.5).

Observe that Assumption 2 is a mild relaxation of the form of the weight profile in all known
integrable models, as we do not impose a lower order term of order —z*/r® in the upper bound.
Our arguments would also work if we replaced the third term [—Hz*/r3,0] of Assumption 2 with
[—Hz*/r3, Hz*/r3], but we have not included this relaxation so as to not introduce further com-
plexity.
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The additional translation by —©(r'/3) in Assumption 2 for the non-random fluctuation is an
important ingredient (note that E[X,] < ur by super-additivity). Non-random fluctuations are an
important object of study as will be evident from their role in the arguments in this paper (in
particular that they are the same scale as the random fluctuations) as well as in past work: see, for
example, [BGHH20, BHS18]. For applications in FPP, see [Chal3] and [AD14]. A powerful general
theory to control such objects for general sub-additive sequences, particularly in the context of
FPP, was developed in [Ale97].

Note that the upper and lower bounds on E[X?] in Assumption 2 are within the order of the
fluctuations r/3 for z up till order 75/6; this fact will be relevant several times in this paper, and
explains the future recurrence of the 5/6 exponent. However, the precise form of Assumption 2
should not be essential, and we expect our arguments to go through under reasonable relaxations.
For example, a polynomial lower order term in (2), say of the form |z|?%9/r'*? for some § > 0, or
the related assumption of local uniform strong concavity of the limit shape may be sufficient.

We end this discussion by pointing out that Assumption 4b follows from Assumptions 2 and 3b; see
Lemma 4.2. This is essentially because by assumption pr > E[X,] + ©(r!/3) and we have assumed
deviation bounds from the expectation. However, this style of argument does not work to derive
Assumption 4a from Assumptions 2 and 3, and this task seems more difficult.

1.3. Main results. The main contribution of this paper is to obtain the optimal upper and lower
tail exponents for X, in terms of upper and lower bounds, starting from a selection of the assump-
tions just stated. Here are the precise statements.

Theorem 1. Under Assumptions 2 and 3a, there exist constants ¢, ¢ € (0, %], ro, and Oy (all
depending on o) such that, for 6y < 0 <r¢ and r > rg,

P (XT -E[X,] > 9r1/3> < exp <—c€3/2(log 9)_1/2> .

Further, {(a) = 0 as a — 0, and {(«) = % if a > 1.

Theorem 2. Under Assumptions 2 and 4a (the former only at z = 0), there exist constants ¢ > 0,
n > 0 and rg such that for r > rg and 6y < 0 < 77r2/3,

P (XT - E[X,] > 97“1/3) > exp (— 003/2).

Theorem 3. Under Assumptions 2 and 3, there exist constants ¢ > 0, o, and 0y (all depending
on «) such that, for 6 > 6y and r > rg,

P (XT - E[X,] < —97"1/3) < exp (—cb?).

Theorem 4. Under Assumptions 2, 3, and 4b, there exist constants ¢ > 0, n > 0, 0y, and ro (all
depending on o) such that for r > ry and 6y < 6 < nr2/3,

P (X, ~EIX,] < ~0r'/%) = exp (~ct?)

The constants 6y and r¢ in the theorems should not be confused with the ones appearing in the
assumptions.

Next we make some remarks and observations on the results, focusing mainly on aspects of Theo-
rem 1.

Remark 1.4 (Suboptimal log factor in Theorem 1). The reader would have noticed that the tail in
Theorem 1 is not optimal, due to the appearance of (log 9)_1/ 2. This arises due to the lack of sub-
additivity of the sequence { X, },cn (which is super-additive instead), which necessitates considering
a certain union bound; coping with the entropy from the union bound leads to the introduction of
the factor of (log#)~'/2 in the exponent. We discuss this further in Section 1.4.
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Remark 1.5 (((a) — 0 as @ — 0). The tail exponent claimed in Theorem 1 holds only for § < r¢
for a positive ¢ = ((«) with lim,—0((a) = 0, and as we will see now, this is indeed necessary.
First note that Assumption 3 implies that the vertex weight distribution’s upper tail decays with
exponent at least a; to see this, observe that P(X(,_1,) — E[X_1,9] > —0.5tr/3) > 1/2 for all
large enough ¢t by Assumption 3b, and so

1
9 P (f(r,r) > trl/?’) <P (X(r—l,r) - E[X(T—l,r)] > —0.5[’57’1/3,5(7«77,) 2 trl/?))

<P (XT - E[X,] > 0.25757“1/3) < exp(—ct?),

using Assumption 3a in the last inequality, and bounding E[X,] — E[X(,_; )] by 0.25¢r1/3. This
holds for all r and t large enough; taking r = ry large enough for the bound to hold and letting &
be any random variable distributed according to v shows that, for all large enough ¢,

]P’(f > tré/g) < exp(—ct®) = P(§ > t) < exp(—ct®).

Conversely, assuming that ]P’({ > t) > exp(—ct®), it follows that Assumption 3a cannot hold with
any power § > « for the entire tail. Now recall, as mentioned after Theorem 1.2, that after a
certain point the behavior of individual vertex weights is expected to govern the tail of point-to-
point weights. So under the aforementioned assumption on &, an upper bound for () could be
obtained by considering the value of { which solves

exp(—ct3/?) = exp(—c(6r'/3)®)
for § = r¢, which is ¢ = 2a/(9 — 6a). This goes to zero as a — 0, as in Theorem 1.

Remark 1.6 (Intermediate regimes for upper tail). While Theorem 1 asserts the 3/2 tail exponent
up till r¢, its proof will also show the existence of a number of ranges of # in the interval [rc, 00)
in which the tail exponent transitions from 3/2 to «. More precisely, there exists a finite n and
numbersa = 1 < fa < ... < B, =3/2and co = (1 > (2 > ... > (, = ¢ such that, for j € [1,n—1]
and 0 € [rSi+1,r%],

P (XT ~E[X,] > 9r1/3) < exp (—ceﬂf) .
Recursive expressions are also derived for the 3; and (; quantities; see Remark 3.2.

However, we believe that these intermediate regimes are an artifact of our proof, and that the true
behavior is that the tail exp(—c#%/2) holds for 6 till 72%/(=62)  and exp(—c(r'/3)®) after (as in
Remark 1.5). Note also that for o = 1, 12¢/9=60) — :2/3 'matching Theorem 1.2.

Remark 1.7 (Extending to other values of z). We have stated our results for the last passage
value to (r,7), but some also extend to (r — z,7 + z) for certain ranges of z. For the upper tail the
argument of Theorem 1 also applies for |z| = O(r?/3), while Theorem 2 extends to all |z| = O(r%/%);
as mentioned after the assumptions, the source of the 5/6 is that for z of this order, the upper
and lower bounds of Assumption 2 differ by the weight fluctuation order, i.e., 71/3. Regarding the
upper bound on the lower tail, the argument for Theorem 3 does not conceptually rely on z = 0,
but formally uses a result from [BGHH20] which is not proven for z # 0. The latter result can
be extended to larger z without much difficulty, but we have not pursued this here. Finally, the
argument for Theorem 4 applies for |z| < r%/6,

The set of assumptions we adopt bears similarities to the ones that have appeared in the past
literature on FPP. The most prominent of these include the work of Newman and coauthors (see
e.g. [NP95, ADH17]) which investigated the effect of limit shape curvature assumptions on the
geometry of geodesics and the fluctuation exponents. More recently, the work [Chal3] of Chatterjee
assumed a strong form of existence of the exponents governing geometric and weight fluctuations of
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the geodesics and verified the KPZ relation between them; see also [AD14]. Subsequently [DH14]
and [Ale20] studied geodesics and bi-geodesics under related assumptions.

Inspired by this, recently, results in the exactly solvable cases of LPP have been obtained, relying
merely on inputs analogous to the ones stated in the assumptions. See for example the very
recent work [BGHH20] which develops the theory of geodesic watermelons under a similar set of
assumptions to deduce properties of all known integrable lattice models. Other examples include
[BHS18, BSS14, FO18], which work in the specific case of LPP with exponential weights; and
[Ham17a, Ham17b, Ham17c|, in which geometric questions in the semi-discrete model of Brownian
LPP are studied.

An intriguing aspect of our arguments is their use of the concentration of measure phenomena
for sums of independent stretched exponential random variables, which is in fact at the heart of
this paper. General concentration results have, of course, been widely investigated in recent times
[BLM13]. A common theme is that sums of independent random variables have behavior which
transitions, as we extend further into the tail, from being sub-Gaussian to being governed by the
tail decay of the individual variables. When the variables have stretched exponential tails, a precise
form of this is a bound that is a generalization of Bernstein’s inequality for subexponential random
variables. Though such results are not unexpected, the recent article [KC18] explicitly records many
extensions of concentration results for sums of sub-Gaussian or subexponential random variables to
the stretched exponential case with a high dimensional statistics motivation, in a form particularly
convenient for our application.

We next move on to an outline of the key ideas driving our proofs.

1.4. A brief discussion of the arguments. Before turning to the ideas underlying our argu-
ments, we deal with some matters of convention. We will use the words “width” and “height” to
refer to measurements made along the antidiagonal and diagonal respectively. So, for example, the
set of (z,y) € Z? such that 2 < x4+ y < 2r and |z — y| < r?/? is a parallelogram of height 7 and
width ¢r2/3. This usage will continue throughout the article.

In the overview we will at certain moments make use of a few refined tools, which have appeared
previously in [BGHH20], and whose content is explained informally in this section; their precise
statements are gathered in Section 1.8 ahead.

Now we turn to the mathematical discussion. The flavors of our arguments are different for the
upper and lower bounds on the two tails. Super-additivity, in various guises, plays a recurring role
in all except the upper bound on the lower tail. In all the arguments a parameter k appears which
plays different roles, but is essentially always finally set to be a multiple of #3/2, where # measures
the depth into the tail we are considering. The reader should keep in mind this value of k in the
discussion. Also, we assume without loss of generality that o < 1 in this section.

We briefly give a version of a common theme which underlies the different arguments, namely of
looking at smaller scales, which further explains why we take k = @(03/ 2). Consider a geodesic path
from (1,1) to (r,7) which attains a weight of ur + 6r'/? for large @ (the following also makes sense
for —@). If we look at a given 1/k-fraction of the geodesic, that fraction’s weight should be close to
ur/k + Orl/3 /k if the geodesic gains weight roughly uniformly across its journey; but on the other
hand, KPZ fluctuation dictates that the fraction’s weight should typically be ur/k+ C(r/k)Y/3. So
we look for a scale at which the typical behavior is not in tension with the notion of the geodesic’s
weight being spread close to uniformly over much of its journey. This means finding k such that
0r'/3 /k and C(r/k)'/? are of the same order, which occurs if k = ©(63/2).

Now we come to the detailed descriptions.

Upper bound on upper tail. We start by discussing a simplified argument for the upper tail of
the upper bound to illustrate the idea of bootstrapping. The starting point is a concentration of
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measure phenomenon for stretched exponential random variables alluded to before. More precisely,
sums of independent stretched exponential random variables have the same qualitative tail decay
deep in the tail as that of a single one (see Proposition 2.1 ahead). Not so deep in the tail lies a
regime of Gaussian decay, but we will never be in this regime in our arguments.

Let Xﬁj)k be the last passage value from i(r/k,r/k) + (1,0) to (i + 1)(r/k,r/k). Suppose, for

purposes of illustration, that we actually had that X, are sub-additive rather than super-additive,

i.e., we had that X, < 3% | Xr(j)k. Each Xﬁj)k fluctuates at scale (r/k)'/3, and

(ZE X9 - E(X,]

using Assumption 2. So under this illustrative sub-additive assumption we would have

<k-C(r/k)V3 = Ck*31/3, (3)

k
P (Xr ~E[X,] > 97«1/3) <P (Z(Xﬁ}’k —E[X)) > 0r'/3 — Ck2/3r1/3>
i=1
k
1 1 ]‘
<P (Z(X% E[X,73]) > 2ek1/3<r/k>1/3) , (4)
=1

the last inequality for k£ < (20)_3/ 203/2 which dictates our choice of k. Now by Assumption 3a we
know that

P <Xr/k,i - E[X, k] > H(T/k)1/3> < exp(—ct?)
— P <X,4/,m- —E[X, 1] > 0k1/3(r/k:)1/3> < exp(—cfko/3).

Because sums of stretched exponentials have the same deep tail decay as a single one, (4) shows
that the probability that X, — E[X,] is greater than 6r'/3 is essentially like that of X, /k — E[X ]
being greater than Ak/3(r/k)Y/?, which is at most exp(—c8*k®/3). This gives an improved tail
exponent of 3a;/2 for the point-to-point’s upper tail, compared to the input of «, since k can be at
most O(6%/2).

We can now repeat this argument, with the improved exponent as the input, and obtain an output
exponent which is greater by a factor of 3/2, and we can continue doing so as long as the input
exponent is at most 1. If we perform the argument one last time with the input exponent as 1, we
obtain the optimal exponent of 3/2.

The reason we require the input exponent to be at most 1 is that, beyond this point, the con-
centration behavior changes: for @ < 1 the deep tail behavior of a sum of independent stretched
exponentials is governed by the event that a single variable is large, while for o > 1 the behavior is
governed by the event that the deviation is roughly equidistributed among all the variables. This
is a result of the change of the function z® from being concave to convex as « increases beyond 1.
More precisely, suppose a € (1,3/2] is the point-to-point tail exponent and let us accept the equidis-
tributed characterization of the deep tail (as is proved in EKCl&]). Then the probability (4) would
be at most the probability that each of the k variables X(/k E[Xﬁl/)k] is at least 0k/3 /k = Ok—2/3,
which is in turn bounded by

exp (—ck . (Qk_2/3)°‘> = exp (—cﬁakl_mB) .

By taking k = 7793/ 2 which, as mentioned earlier, is the largest possible value we can take, we see
that this final expression is eXp(—CH?’/ 2). In other words, the exponent of 3/2 is a natural fixed
point for the bootstrapping procedure.
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FIGURE 1. In green is depicted the heaviest path which passes through the selection
of intervals in blue. The cyan curve between the second and third (similarly the third
and fourth) blue intervals is the heaviest path with endpoints on those intervals.
Because these consecutive cyan paths do not need to share endpoints, the weight of
the green path is at most the sum of the interval-to-interval weights defined by the
blue intervals, which provides the substitute sub-additive relation.

Now we turn to addressing the simplifications we made in the above discussion. Handling them
correctly makes the argument significantly more complicated and technical, and reduces the tail
from 63/2 to 63/2(log §)~1/2.

One simplification we skipped over is that the improvement in the tail bound after one iteration
only holds for 8 < r2/3 and not the entire tail (since k, the number of parts that the geodesic to
(r,7) is divided into, can be at most r, and k = ©(8%/2)), which is a slight issue for the next round
of the iteration. This is handled by a simple truncation.

But the main difficulty is that the X, are super-additive, not sub-additive. To handle this, we
consider a grid of height  and width poly(6) - 72/3. This width is set such that, with probability at
most exp(—c93/ 2), the geodesic exits the grid, using the bound recorded in Proposition 1.9 ahead
on the transversal fluctuation; this allows us to restrict to the event that the geodesic stays within
the grid. Intervals in the grid have width (r/k)%/® and are separated by a height of r/k.

The utility of the grid is that X, can be bounded by a sum of interval-to-interval weights in terms
of the intervals of the grid that the geodesic passes through; this bound can play the role of a sub-
additive relation. See Figure 1. Then, just as we had a tail bound above for Xr(l)k to bootstrap, a
requisite step is to obtain an upper bound on the upper tail of the interval-to-interval weight, using
only the point-to-point estimate available. We do this in Lemma 3.5 with the basic idea that the
interval-to-interval weight being high will cause a point-to-point weight, from “backed up” points,
to also be high; see Figure 5 for a more detailed illustration of the argument (such an argument of
backing up has previously been implemented in [BSS14, BGHH20]).

With the interval-to-interval tail bound, we discretize the geodesic by considering which sequence
of intervals it passes through, and bound the highest weight through a given sequence by the
sum of interval-to-interval weights. This uses the bootstrapping idea and yields an improved tail
estimate for the highest weight through a given sequence. Later we will take a union bound over all
possible sequences of intervals; this union bound is what leads to the appearance of the suboptimal
(log #)~1/2 in the bound as mentioned in Remark 1.4.



OPTIMAL TAIL EXPONENTS IN GENERAL LPP VIA BOOTSTRAPPING & GEODESIC GEOMETRY 11

FIGURE 2. A simulation of the k-geodesic watermelon in the related model of Pois-
sonian last passage percolation for k£ = 10.

This strategy requires handling paths which are extremely “zig-zaggy”; to show that these paths
are not competitive, we need upper bounds on upper tails of point-to-point weights, i.e. X7, in a
large number of directions indexed by z, though we are only ultimately proving a bound for paths
ending at (r,7). (Recall that X7 is the weight to (r — z,r + 2z) from (1,1).) Further, in order to
repeat the iterations of the bootstrap, the bounds in other directions must also be improving with
each iteration. To achieve this, we in fact bound the deviations not from E[X?] (which to second
order is ur — G22/r) in the j'* round of iteration, but from the bigger ur — \;Gz2/r, for a \; < 1
which decreases with the iteration number j. By adopting this relaxation we are able to obtain the
improvement in the tail for all the required z with each iteration, which appears to be difficult if

one insists that A\; =1 for all j.

A similar grid construction has been used previously, for example to obtain certain tail bounds in
[BGHH20], to bound the number of disjoint geodesics in a parallelogram in [BHS18], and to study
coalescence of geodesics in [BSS17].

Lower bound on upper tail. This is the easiest of the four arguments. Recall that we have C and ¢
from Assumption 4a such that P(X, /, > pr/k + C(r/k)Y/3) > 6, and let Xf,z/)k be as in (3). By the
super-additivity that the X, genuinely enjoy, for any k it holds that X, > Zle Xr(;)k. Choosing k
to be an appropriate multiple of 63/2, we obtain

k
P (XT > ur + 97’1/3) > H]P’ (sz/)k > ur/k+ C(r/k)1/3> > 6% = exp(—ch>/?).
i=1
Replacing pr by E[X,] is a simple application of Assumption 2.

Upper bound on lower tail. The illustrative argument using sub-additivity given above for the upper
bound on the upper tail is actually correct for the upper bound on the lower tail, as the super-
additivity of X, is in the favorable direction in this case. But, as we saw there, the approach can
only bring the tail exponent up to 3/2, and not 3. This is essentially because that argument focuses
on the weight of a single path, while the exponent of 3 for the lower tail is a result of all paths
having low weight. Thus our strategy to prove the stronger bound is to construct 6%/2 disjoint
paths moving through independent parts of the space, each suffering a weight loss of #r1/3. By the
discussion above and independence, the probability of each of them being small can be bounded
by exp(—c83/2 . 63/2) = exp(—ch?).
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To do this formally, we rely on an important ingredient from [BGHH20], which studies the weight
and geometry of maximal weight collections of k disjoint paths in [1,7]?, called k-geodesic water-
melons. See Figure 2. It is shown that these k paths typically are each of weight pr — Ck2/311/3,
and that they have a collective transversal fluctuation of order kY/3r2/3. In fact, the following
quantitative bound on the weight X* of the k-geodesic watermelon is proved there via a direct
multi-scale construction of disjoint paths with correct order collective weight, which we formally
state ahead as Theorem 1.10:

P (X,’Y < pkr — C’k5/3r1/3) < exp(—ck:Q), (5)

for all k£ < nr for a small constant n > 0. We give a brief overview of the construction in Section 4.2
due to its conceptual importance in the argument for the lower tail bound.

For our purposes we observe that, for any k& € N,
P <X,~ < pr — 07“1/3) <P (Xf < pkr — 9kr1/3> .

Taking k = 103/2 and noting that then k6 is of order k%% and that 6 < r?/3 — k < nr shows
that

P (Xr < pr — 97"1/3) < exp(—ck?) = exp(—ch?),

and it is a simple matter to replace ur by E[X,] by possibly reducing the constant c.

However the framework in [BGHH20] works with strong tail bounds on the one point weight of the
kind we are seeking to prove in this paper. So in order to access the bound (5) from [BGHH20] we
need to deliver the required inputs starting from our assumptions. There are three inputs required.
The first is the following:

(1) Limit shape bounds, which we have by Assumption 2.

The next two inputs concern the maximum weight over all midpoint-to-midpoint paths constrained
to lie in a given parallelogram U = U, , of height r, width ¢r?/3 | and opposite side midpoints (1,1)
and (r — z,r + z). We will call such weights “constrained weights”.

(2) An exponential upper bound on the constrained weight’s lower tail, which we will arrive
at by bootstrapping. To elaborate, by using Assumption 3b and the previously mentioned
Proposition 1.9 on the transversal fluctuation of the unconstrained geodesic, we can obtain
an initial stretched exponential upper bound ((7) of Proposition 1.11 ahead) on the con-
strained weight’s lower tail. Then, via a bootstrapping argument as above, we can upgrade
this to a tail with exponent 3/2 (see Proposition 2.3).

(3) A lower bound on the mean of constrained weights using the above tail, provided by (8) of
Proposition 1.11.

Lower bound on lower tail. A detail about the construction described, which is captured in its
formal statement Theorem 1.10, is that it fits inside a strip of width 4k'/3r%/3 around the diagonal.
To lower bound the lower tail probability, this suggests that we need to focus on paths which remain
in the strip of this width (again we will be setting k to be a constant times #3/2). Essentially this is
because a consequence of the parabolic weight loss of Assumption 2 is that any path (not just the
geodesic) which exits the strip of width k/31-2/3 suffers a loss of (k'/3r2/3)2 /r = k2/31/3 which is
of order #r'/3, with high probability. This is captured more precisely in Theorem 1.8 ahead.

Similar to the argument for the upper bound on the upper tail, we consider a grid where each
cell has height r/k and width (r/k)?/3, but with overall width k'/3r2/3, This gives k cells in each
column and in each row, for a total of k? cells. See Figure 3

Now consider the event that, for each interval in the grid, the maximum weight from that interval
to the next row of intervals is less than pr/k — C(r/k)'/?, and that the maximum weight of a path
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FIGURE 3. The grid of k2 intervals for the lower bound of the lower tail. An interval
and the following row of intervals are blue: consider the event that the heaviest path
from the former to the latter is at most pr/k — C(r/k)'/3. To prove that this has
positive probability, we make use of parabolic curvature of the weight profile (shown
in green) to argue that if the endpoint on the row is too extreme, it will typically
suffer the loss we want; a separate backing up argument is employed for when the
endpoint is near the center where the parabolic weight loss is not significant.

which exits the grid is at most pur — Ck?/3r1/3. This is an intersection of decreasing events, and on
this event X, is at most pur — Ck%/3r1/3: if it exits the grid it suffers a loss of Ck?/3r/3 and if it
stays in the grid it undergoes a loss of at least C(r/k)'/? for each of the k rows. Now if we know
that there is a constant probability (say 6 > 0) lower bound on the event that a single interval-to-
line weight is low, the FKG inequality (along with Theorem 1.8 to lower bound the probability of
parabolic weight loss when exiting the grid) provides a lower bound of order 6 on the described
event’s probability; setting k to be a multiple of #3/2 will complete the proof.

To implement this we need a lower bound on the probability that the interval-to-line weight is
small using the point-to-point lower bound. This is Lemma 4.4. The proof proceeds in two steps.
First, a stepping back strategy as earlier gives a constant lower bound on the interval-to-interval
weight’s lower tail for intervals of size er?/3, for some small £ > 0 (as will be clear from the precise
argument, the smallness of ¢ is crucial for this). By the FKG inequality, this is upgraded to a
bound for intervals of length r2/3; essentially, if each of the intervals are divided into e~! intervals
of size er?/?, and all e=2 pairs of intervals have small weight (which is an intersection of decreasing
events), then so must the original intervals. To get from this to an interval-to-line bound we again
argue based on FKG. We divide the line into r'/3 many intervals of size r%/3 each. We can ensure
that the weight is low whenever the destination interval is one of a constant number near (r,7)
using the previous bound, and for the rest the parabolic curvature ensures that it is so likely to be
low that the FKG inequality gives a positive lower bound independent of 7, in spite of considering
an intersection of r1/3 many events; see Figure 3.

1.5. Tails for constrained weight. The ideas described in the previous section can be applied
slightly more generally to yield the following theorem on the lower tail of the constrained weight
XY of the best path from (1,1) to (r,7) constrained to stay inside a parallelogram U.

Recall that U = U, 4 . denotes a parallelogram of height r, width 0r?/3 and opposite side midpoints

(1,1) and (r — z,7 + z), defined to be the set of vertices v = (vy,v,) € Z? such that v + t(—1,1)
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lies on the line y = 4= . z for some t € R with [t] < er2/3/2, and 2 < v, + v, < 2r. Let XU be
the maximum weight among all paths from (1,1) to (r — z,7 + z) constrained to be inside U. The

notation U, ., will be used for parallelograms throughout this article. Here we take z = 0.

Estimates on constrained weights have been crucial in several recent advances, see [BSS14]. The
following theorem proves a sharp estimate on the tail as a function of the aspect ratio of the
parallelogram, measured on the characteristic KPZ scale.

Theorem 5. Under Assumptions 2, 3 and 4b, there exist finite positive constants c1, ca, 1, C,
0o, and ro (all independent of ¢) such that, for z = 0, ranges of 0 to be specified, r > 1o, and
CoO~t << 2rt/3,

exp (—01 min(£6°/2, 03)> <P (Xy —pr < —97‘1/3)) < exp <—C2 min(¢6°/?, 03)) ;

the second inequality holds for 8 > 6y while the first holds for 6y < 0 < 777‘2/3. If £ is bounded
below by a constant € > 0 independent of 8, we can replace pr by E[XY] for r > #y(e) and with c;
depending on €.

We note that Theorem 3 and Theorem 4 are implied by Theorem 5 by taking ¢ = 2r1/3.

We also remark that the transition from £6%/2 to 6% occurs when ¢ becomes of order 61/2: this
matches the belief (which comes from the parabolic curvature) that the geodesic, conditioned on
its weight being less than pr — 0r/3, will have typical transversal fluctuations of order §1/212/3.

The proof idea of Theorem 5 is a refinement of those of Theorems 3 and 4 described above, by
picking the number of paths of average separation =2/ = 0! to be packed inside U, which turns
out to be min(¢k?/3, k) (rather than k as before). We omit further outline to avoid repetition.

1.6. Related work. The main tools we use in our arguments are the super-additivity of the X
(e, Xpyj > X, + X(Hl’r)’(rﬂ-,rﬂ-)), geodesic watermelons, and concentration of measure results
for sums of independent stretched exponential random variables. We have discussed aspects of
the latter two that have appeared in various works, and here we briefly overview the first, i.e.,
super-additivity.

Not surprisingly, super-additivity of the weight has been an important tool in other investigations
of non-integrable models; for example, the proof of the almost sure existence of a deterministic
limit for X, /r as r — oo under a wide class of vertex distributions goes via Kingman’s sub-additive
theorem. Super-additivity was also crucial in [Led 18], where a law of iterated logarithm for X, was
proved. More precisely, for exponential weights, limsup, _, . (X, — 4r) /1"1/ 3 was shown to almost
surely exist and be a finite, positive, deterministic constant. Super-additivity only aids in proving
a result for the limsup, and so the result on the liminf in [Led18] is weaker. This was addressed
in [BGHK19], where the lack of sub-additivity was handled by shifting perspective to also consider
point-to-line passage times, which, as we have outlined, we will do in the present article as well.

An example closer in spirit to our usage of super-additivity was made by Johansson in [Joh00],
where, from a limiting large deviation theorem for the upper tail, it was pointed out that the same
gives an explicit bound for finite r by a super-additivity argument. Briefly, and again in the context
of Exponential LPP, the observation is that for every r and every N > 1,

P(X, > 0)" <P(Xy, > NO) = P(X, >0) < lim [P(Xy, > nNo)|Y (6)

—00

and the latter limit was shown to exist and explicitly identified in [Joh00]. In a sense our arguments
are dual to that of (6); while (6) uses super-additivity to go to larger r in order to obtain a bound,
our arguments use super-additivity to reason about smaller r to obtain a bound.

Finally, we mention the recent work [F2.JS20] which proves a sharp upper bound (i.e., with the correct
coefficient of 4/3 as in (1)) on the right tail of X, (centred by ur = 4r and appropriately scaled)
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in exponential LPP via more probabilistic arguments, rather than precise analysis of integrable
formulas. The technique utilizes calculations in an increment-stationary version of exponential
LPP (where the vertex weight on the boundaries of Z2, differ in distribution from the rest) and a
moment generating function identity specific to this model—features absent in the general setting
under consideration in this article.

1.7. Future directions. This work leads to several research directions, some of which we outline
below. A natural question is whether the stretched exponential tails of Assumption 3 may be
weakened, for example to polynomially decaying tails. An important aspect of our arguments is
that we are able to reach the exponent of 3/2 in finitely many iterations of the bootstrap. While
it should not be difficult to show via a bootstrapping argument that, starting from a polynomial
decay of a given degree, one can reach a polynomial decay of any given higher degree after finitely
many rounds, it appears to us non-trivial to bridge the gap and reach a superpolynomial decay,
such as the stretched exponential decay of Assumption 3, in finitely many steps.

Another interesting direction of inquiry is whether these methods can be used to study directed
last passage percolation model tails in higher dimensions. This appears to us doable in principle,
given suitable assumptions on fluctuation scales and the limit shape.

It is worthwhile to point out that the basic super-additive argument for the lower bound on the
upper tail explained above does not have any dependencies on the limit shape or dimension, and,
assuming a weight fluctuation exponent of , yields a lower bound of exp(—c'/(1=X)) for the
probability that X, is at least ur + 6rX under an analogous assumption to Assumption 4a. It is
an interesting question whether there is a matching upper bound and what is the exponent of the
lower tail. A natural guess for the latter, by considering disjoint paths packed optimally, would be
2/(1 — x), which, given the KPZ scaling relation xy = 2¢ — 1, is the same as 1/(1 — &) (¢ being the
exponent of transversal fluctuations, which, for example, is 2/3 in two dimensions).

Finally, we comment on the possibility of applying these techniques to first passage percolation,
perhaps the most canonical non-integrable model expected to be in the KPZ class (and hence have
weight and transversal fluctuation exponents of 1/3 and 2/3 in two dimensions). In principle many
of our arguments should apply, as FPP enjoys a natural sub-additive structure analogous to the
super-additive structure of LPP. But one technical difference that arises is that the paths in FPP
are not directed and can backtrack, and this would require changes in the grid based discretizations
employed in this paper for several of the main results. This will be pursued in future work.

1.8. A few important tools. In this section we collect some refined tools for last passage perco-
lation which we will use for our arguments as outlined in Section 1.4. There are four statements:
the first asserts that it is typical for a path to suffer a weight loss which is quadratic in its transver-
sal fluctuation, measured in the characteristic scalings of /3 and r2/3; the second is a related
transversal fluctuation bound, but for paths with endpoint (r — z,7 + z) for |z| < r®/; the third is
a high probability construction of a given number of disjoint paths which achieve a good collective
weight; and the fourth provides bounds on the lower tail and mean of constrained weights.

We will import the proof ideas from [BGHH20] where similar statements have appeared. Our proofs
are essentially the same but adapted suitably to work under the weaker tail exponent o assumed
here; for this reason, we only explain the modifications that need to be made for the first, second
and fourth tools in Appendix A. The proof of the third tool is discussed in Section 4.2 in slightly
more detail.

1.8.1. Parabolic weight loss for paths with large transversal fluctuation. The following is the precise
statement of the first tool.
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Theorem 1.8 (Refined transversal fluctuation loss). Let X2 be the mazimum weight over all
paths I’ from the line segment joining (—tr2/3, tr2/3) and (trz/?’, —tr2/3) to the line segment joining
(r — tr2/3 7 4+ tr2/3) and (r + tr2/3 7 — tr?/3) such that TF(L) > (s 4+ t)r?/3, with t < s. Under
Assumptions 2 and 3a, there exist absolute constants rg, so, ¢ > 0 and co > 0 such that, for s > sg
and r > 1o,

P (X;f’t > pr — 02327’1/3) < exp (—cs™).

The proof of this follows that of [BGHH20, Theorem 3.6]. We explain the necessary modifications
in the appendix.

An important feature of Theorem 1.8 is that it bounds the probability of a decreasing event, which
is useful as it allows the application of the FKG inequality.

1.8.2. Transversal fluctuation bound for |z| < r%/6. The second tool is a result on the transversal
fluctuation of geodesics to (r — z,7 + z) (note that Theorem 1.8 is related but only for z = 0),
which is the following. We note in passing that the event of the geodesic having large transversal
fluctuation is neither increasing nor decreasing.

Proposition 1.9 (Transversal fluctuations). For given z, let I'Z be the geodesic from (1,1) to
(r — z,r + z) with maximum transversal fluctuation. Under Assumptions 2 and 3, there exist
constants ¢ > 0, sg, and ro such that, for r > rg, s > sg, and |z| < r5/6,

P (TF(Ff) > 31“2/3) < exp (—6820‘) .
The proof of this is similar to that of [BSS14, Theorem 11.1] and appears in the appendix.

1.8.3. A high probability construction of disjoint paths with good collective weight. Here is the state-
ment of our third tool.

Theorem 1.10 (Theorem 3.1 of [BGHH20]). Under Assumptions 2 and 3, there exist ¢,Cy >
0,ko € N and n > 0 such that for all kg < k < nr and m € [1,k], with probability 1 — =™,
there exist m disjoint paths 1, ..., Ym in the square [1,7]?, with ~; from (1,3) to (r,r —i+1) and
max; TF(v;) < 2mk~=2/312/3 | such that

m

Zﬁ(%) > urm — Cymk2/3p1/3,

i=1
The proof of Theorem 1.10 will be discussed in some detail in Section 4.2 and will require as input
our fourth tool on bounds for the lower tail and mean of constrained weights.

1.8.4. Bounds for constrained weights. To state our fourth and final tool, recall from Section 1.5
the notation for parallelograms U, . of height r, width ¢r?/3 and opposite midpoints (1,1) and
(r — z,7 + z) as well as that for maximum weight of paths constrained inside U, XV.

Proposition 1.11 (Lower tail & mean of constrained point-to-point, Proposition 3.7 of [BGHH20]).

Let positive constants L1, Lo, and K > 0 be fized. Let z and € be such that |z| < Kr2/3 and L <
¢ < Lo, and let U = Uy .. There exist positive constants ro = ro(K, L1, La) and 0y = 0o(K, L1, L2),
and an absolute positive constant c, such that, for r > rq and 8 > 6y,

P (XTU < ur — 07“1/3) < exp (—c€2°‘/392°‘/3) . (7)
As a consequence, there exists C = C(K, L1, Lo) such that, for r > rg,
E[XY] > pr — G22/r — Cr/3, (8)

To be consistent with previous expressions we have included the parabolic term —G2%/r in the
previous, but note that for the ranges of z mentioned we can absorb it into the Cr!/3 term.
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1.9. Organization of the article. In Section 2 we collect the concentration statements for
stretched exponential random variables and prove an abstracted version of the bootstrap. In Sec-
tion 3 we prove Theorems 1 and 2 which respectively concern upper and lower bounds on the upper
tail. In Section 4 we address Theorems 3 and 4 on the corresponding bounds for the lower tail, as
well as Theorem 5 on the lower tails of the constrained geodesic weight. Finally in Appendix A we
explain how the proofs of the first and fourth tools (Theorem 1.8 and Proposition 1.11) of Section 1.8
follow from the proofs of analogous results in [BGHH20] by replacing the use of tail bounds with
exponent 3/2 with the stretched exponential tails assumed here; provide the proofs of Lemmas 3.5,
4.5, and 4.2 from the main text; and prove the second tool of Section 1.8, Proposition 1.9.

Acknowledgments. SG is partially supported by NSF grant DMS-1855688, NSF CAREER, Award
DMS-1945172, and a Sloan Research Fellowship. MH is supported by a summer grant and the Rich-
man Fellowship of the UC Berkeley Mathematics department, and by NSF grant DMS-1855550.

2. CONCENTRATION TOOLS AND THE BOOTSTRAP

In this section we collect the concentration inequality for stretched exponential random variables
from [KC18] and prove a slightly more flexible version which is more suitable for our applications.
We then move to stating a general version of one iteration of the bootstrap, which will both illustrate
the basic mechanism and be used later in Section 4.

To set the stage, let a € (0,1] and suppose Y; are independent mean zero random variables which

satisfy, for some L, M < oo,
Y;
inf{n>0:E[ga,L(’ ')} s1}§M, (9)
n

where gq,1,(x) = exp (min{z?, (z/L)*}) — 1. The above condition is equivalent to the finiteness of a
certain Orlicz norm introduced in [[KXC18]; see Definition 2.3 and Proposition A.1 therein. The use
of Orlicz norms to prove concentration inequalities is well known; see for example [Verl8, Wail9)].
The reader not familiar with this notion can keep in mind mean zero random variables Y; with the
property that, for some ¢ > 0 and C, and all £ > 0,

P(]Y;| > t) < Cexp(—ct®), (10)

which are known to satisfy (9).

Proposition 2.1. Given the above setting, there exists ¢ = ¢(M, L) > 0 such that for allt > 0 and

all k € N,
P(

These two regimes capture the transition from the Gaussian behavior in the immediate tail to
stretched exponential behavior deep into the tail.

k Ct2 1/(2—
= <t < pl/2-o)
>t>§ 2exp< k) 0<t<k

pR =
im1 2exp (—ct®)  t> k@),

Proof of Proposition 2.1. [IKC18, Theorem 3.1] and the discussion after Remark 2.1 therein imply
that, for some constants C' and ¢ > 0 (depending on M and L), for all ¢ > 0,

P(.

k
dy,
=1

> C(Vkt + tl/a)> < 2exp(—ct).

Evaluating the transition point where vkt = t1/¢ yields the statement of Proposition 2.1 by mod-
ifying the value of ¢ in the previous display. 0
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In our applications, we will only have an upper tail bound and hence not a direct verification of
the hypothesis (9) which needs two sided bounds as in (10). It will also at times be convenient to
center the variables not by their expectation but by some other constant for which a tail bound is
available. These two aspects are handled in the next lemma.

Lemma 2.2. Suppose k € N, {Y; : i € [1,k]} are independent, and there exist constants v;,
a € (0,1], and ¢ > 0 such that, for t > to, and i € [1,k],

P(Y; —vi > 1) < exp(—ct®) (11)
Then there exist constants ¢1 = c1(c, o, tg) and ¢ = (¢, ) > 0 such that, for t > 0 and all k € N,

k 2
2 ) 0<t<kl/C
P(E (Yz‘—l/z')>t+k61)§ exp< k) -
i=1 2exp (—dt®)  t> k),

Proof. Let W; be independent positive random variables whose distribution is defined by P(W; >
t) = exp(—ct®) for t > 0. Then the hypothesis on Y; implies that Y; — v; is stochastically dominated
by W; + tg, and hence there is a coupling of the Y; and W; over all ¢ simultaneously such that

}/i_yigm+t07

by standard coupling arguments. It is a calculation that E[W;] = ac '/°T(a), where I'(z) =
fooo z*~le~® dz is the gamma function. Thus we get

k k
P <Z(Y — ) > t+ k:cl> <P (Z(Wi ~E[Wi)) >t + k(1 — to — ozc_l/af(a))> .
i=1 i=1

Setting ¢; = to + ac™t/ “*T'(«v) and applying Proposition 2.1 completes the proof of Lemma 2.2,
under the condition that W; — E[WW;] satisfies (9) for some L and M depending only on « and c.
We verify this next. [KC18, Proposition A.3] asserts that for any random variable Y satisfying, for
all ¢t > 0,

P(|Y| > t) < 2exp(—ét®), (12)
there exist M and L, depending on « and ¢, such that (9) holds with Y in place of Y;. Therefore
it is sufficient to verify (12) for Y = W; — E[W;] for some ¢ depending on « and c. Since Wj is
positive for each i, we have the bound

B | 1 0 <t < E[W]
]P’(!Wz E[Wi]| = t) < {exp(—Cta) t>EW;]

which implies that (12) holds with ¢ = min(c,log2) - (E[W;])~%, since 2exp(—ct®) > 1 for 0 <t <
E[W;]. Note that ¢ depends on only « and ¢. This completes the proof of Lemma 2.2.

O

With the concentration tool Lemma 2.2 in hand, we next present the driving step of the bootstrap-
ping argument. It is the formal statement and proof of one step of the iteration under a sub-additive
assumption. As indicated in the outline of proof section, since X, are super-additive, this will not
be of use for the upper bound on the upper tail; but it will find application in the upper bound on
the lower tail, where super-additivity is the favourable direction.

Proposition 2.3. Suppose that for each v,k € N with k < r, {Yr(f) 1 € [1,k]} is a collection of

independent random variables. Suppose also that there exist o € (0,1], ¢ > 0, ro, and 0y such that,
forreN, keN,iec[lk], and 0 € R such that r/k > ro and 0 > 0y,

P (YT(f) > 9(r/k)1/3) < exp (—ch¥). (13)
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Finally, let Y, be a random variable such that Y, < Zz Y for any k € N satisfying r/k > ro.
Then there exist 00 = 90(0 a,by,19) and ¢ = (¢, a, 0y, 70) Such that, for 90 <0 <73 andr >,

P (Yr > 0r1/3> < exp (—0’03a/2) .

Proposition 2.3 is written in a slightly more general way, without explicit reference to the LPP
context it will be applied, to highlight the features of LPP that are relevant. In its application Y,
will be the weight of the heaviest path constrained to be in a certain parallelogram of height r,
centred by ur, and Y( ) will be weights when constrained to be in disjoint subparallelograms of
height r/k, centred by ur/k.

Finally, we mention a rounding convention we will adopt for the rest of the paper: the quantities
k and r/k should always be integers and, when expressed as real numbers, will be rounded down
without comment. The discrepancies of 1 which so arise will be absorbed into universal constants.

Proof of Proposition 2.3. By the bound Y, < ZZ 1 ®) for every 7,k € N with k <,

T’L’

k
P (Y, >0r') <P <Z y® > 9r1/3> . (14)

i=1

We will choose k = n63/2 for some 1 € (0,1), a form which is guided by our desire to apply the
concentration bound Lemma 2.2 with its input bound (11) provided by the hypothesis (13) of
Proposition 2.3; we also need k > 1. The first two considerations will determine an acceptable
value for n via their development as the following two constraints:

(1) Lemma 2.2 introduces a linear term kei, which, when multiplied by the scale (r/k)/3 of

the Y( ) indicated by (13), is c1k2/311/3; we want this to be smaller than a constant, say 2,

times 9r1/3. Note that ¢; depends on «, ¢, and 6.

(2) We require r/k > ro to apply the hypothesis of Proposition 2.3.

These two constraints, and that @ < r?/3 by hypothesis, force 7 to be smaller than 7’0 and
273/2¢ We pick an 1 which satisfies these inequalities; thus n depends on 01 and ro. Set

00 = 77 ~2/3. then 6 > 6y implies £ > 1. We will apply Lemma 2.2 with ¥; = (T/k) 1/3
v; = (r/k:)2/3, and ¢t = %le/?’. For 6 > 6, and for a ¢ depending on only ¢ and a,

P (12 0) <2 (3or0 > Jon (1) e (1))

2 exp (—602]@_1/3) Ookl/3 < gK1/3 < g1/ (2—)
2exp (—c0°k/3)  OKY3 > max(fo, k1/(2-2))

< 2exp (—6170‘/3030‘/2> ;

(applying Lemma 2.2)

in the final line we have taken the second case of the preceding line. This is because o < 1 implies
k1/(2=2) < k. and the choice of k (and that 7 < 1) ensures that 0k'/3 > k; so the second case holds,
since we have already assumed 6 > 6.

The proof of Proposition 2.3 is complete by absorbing the factor of 2 in the final display into the
exponential, which we do by setting ¢ to en®/3 /2 and increasing 6 (if needed), depending on ¢, so
that exp(—c/(6)3*/?) < 1/2. O
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3. UPPER TAIL BOUNDS

In this section we prove Theorems 1 and 2, respectively the upper and lower bounds on the upper
tail.

3.1. Upper bound on upper tail. As mentioned in Section 1.4, for the argument for the upper
bound on the upper tail, we need a sub-additive relation, instead of the natural super-additive
properties that point-to-point weights exhibit. To bypass this issue, we discretize the geodesic
and bound the weights of the discretizations by interval-to-interval weights, which do have a sub-
additive relation with the point-to-point weight; this allows us to appeal to a form of the basic
bootstrapping argument outlined around (3); Then performing a union bound over all possible
discretizations will complete the proof.

We next state a version of one iteration of the bootstrap for the upper bound on the upper tail.
There are a number of parameters which we will provide more context for after the statement.

Proposition 3.1. Let \j = %—i— 2% Suppose there exist a € (0,1], 5 € [a, 1], ¢ € (0,00], j € N and

constants ¢ > 0, 6y, and 7o such that, for @ > 6y, r > 1o, and |z| < r%/6,

2 Y .
P XZE,U«T—)\'G—Z-}-QTU?) < eXP( ct ) Op<O<r 15)
r Iy exp (—66’0‘) 9 > e

Let ¢! = min(l_?:glC . %, gfﬁ), with 1igc interpreted as 1 if ( = oo. There exist ¢ =
d(c,a,B,7) > 0, 6, = 0((0o,c,,B,7), and rly = r{((c, j,r0) such that, for 0 > 60, r > r(, and
|2 <%/,
G2* exp <—c’6%(log 0)7%> o < 6 < r¢
P<X5>ur—>\j+1+9r1/3> <{ /
r exp(—c'6%) 6> <.

In particular, the input (15) with parameters (a, 3,(,j) gives as output the same inequality with
parameters (o, ',¢",j + 1), where 8 > B may be taken to be 3;_%2 - B in order to absorb the
logarithmic factor.

We first explain in words the content of the above result and describe the role of the various
quantifiers appearing in the statement.

The range of z. Though Theorem 1 is stated only for z = 0, the discretization of the geodesic
we adopt demands that we have the bootstrap improve the tail bound in a number of directions,
defined by |z| < r5/6 in order to handle the potential “zig-zaggy” nature of the geodesic. Here we
choose to consider |z| till 7°/6 as till this level the second order term Hz*/r® in Assumption 2 is at

most of the order of fluctuations, namely /3.

The role of A\j. One may expect to be able to obtain an improved tail for deviation from the
expectation, which is pr — G2%/r up to smaller order terms. However, for technical reasons,
this proves to be difficult; we say a little more about this in the caption of Figure 5. Instead,
Proposition 3.1 proves a bound for the deviation only from a point away from the expectation,
reflected by the factor ); in front of the parabolic term, which decreases as j increases. Nonetheless,
this weaker bound suffices for our application: the relaxation has no effect for the z = 0 direction
asserted by Theorem 1 since the parabolic term is always zero in that case.

The role of ¢. Notice that in the hypothesis (15) we allow two tail behaviors (with tail exponents «
and j3) for X7 in different regimes, with boundary at r¢. This is to allow the use of the conclusion
of Proposition 3.1, which only improves the tail exponent for 6 up to TC/, as input for subsequent
applications of the same proposition. Theorem 1 will be obtained by applying Proposition 3.1 a
finite number of times, with the output bound (with an increased exponent) of one application
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being the input for the next, till the exponent is raised from the initial value of 5 = a to a value
greater than one for # in the appropriate range of the tail. Then the same proposition will be
applied one final time with 5 = 1; at this value of 3,

938/ (3=8) (log 9)—B/(3—ﬂ) — p3/2 (log 9)—1/2,
which will yield Theorem 1. The quantity

C'-min( o 3-p 2a >
N 1+al 38 7 9+ 16«

measures how far into the tail each improved exponent holds via our arguments. The above explicit
expression we obtain is perhaps hard to parse and is not of great importance for our conclusions.
Nonetheless, we point out two basic properties of ¢’: (i) it is smaller than ¢, as may be seen by
algebraic manipulations of the first of the two expressions being minimized in its definition (along
with 8 > «); and (ii) it decays to zero as o — 0 linearly.

We next prove Theorem 1 given Proposition 3.1, before turning to the proof of Proposition 3.1.

Proof of Theorem 1. First, if « > 1, we apply Proposition 3.1 with a = =1, ( =00, j =1, and
the hypothesis (15) provided by Assumption 3a. This yields Theorem 1 by taking z = 0.

If o € (0,1), we will apply Proposition 3.1 iteratively finitely many times. Let o, 8, and (; be
values which we will specify shortly. We will select these values such that the hypothesis (15) of
Proposition 3.1 holds with parameters (a1, 81, (1, 1) for all |z| < 7%/6, and, knowing that (15) holds
with parameters (aj, 8;,(;, ) for all |z| < r°/6 and applying Proposition 3.1 will imply that (15)
holds with parameters (a1, 8j+1,(j+1,J + 1) for all [z] < 75/,

We set oj = o for all j, and adopt the initial settings 1 = « and (; = oo; so again (15) is provided
by Assumption 3a when j = 1. The subsequent values are read off of Proposition 3.1 as follows for
J=2

. (3—3Bj-1 . agi—1 33— B 2a
_ R Lot e V| d ¢ = - ’ 1
B; = min ( 556, Bj-15 and (j = min (1 Tl 3B 0+ 16a> ; (16)

where a(j—1/(1 + a(j—1) in the definition of ; is interpreted as 1 when (;_1 = co. We adopt the
previous expression for 3; instead of the one given by Proposition 3.1 in order to absorb the log
factor in the denominator of the exponent furnished by that proposition. Observe that 5; > 3,1
whenever 3,1 < 1.

We define n € N by

n = min {j B = 1}; (17)
it can be checked that n is finite since, if 8; < 1,
1
I S N R S S Y
Bji-1 3 —Bj-1 2(3 = Bj-1) 23— «a)

as ﬁj,1 >6j72 >...> 01 =a.
By the previous discussion, we know that (15) holds with parameters (au,, 5, = 1, (s, n). Applying
Proposition 3.1 with these parameters and taking z = 0 gives the statement of Theorem 1 with

(="Crr1 = min(% . 1$i’zn , g)fﬁ). It is clear from this expression that ( — 0 as @ — 0, and, since
2a/(9 + 16a) achieves a maximum value of 2/25 for all a € (0, 1], that ¢ € (0,2/25]. O

Remark 3.2. We can now specify more precisely the regimes of 8 provided by the proof of Theo-
rem 1 where the tail exponent transitions from 3/2 to a, as mentioned in Remark 1.6. That is, for
j = [1,n] with n as in (17) and 3; and ¢; as in (16), it holds for § € [r%+1,(;] that

P (X,n —-E[X,] > 97“1/3) < exp (—c@ﬁj) for @ € [rb+1,159).
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It remains to prove Proposition 3.1. A roadmap for the proof is as follows.

(1) As indicated immediately before the statement of the proposition, to achieve a stochastic
domination of the geodesic weight by a sum, we specify a grid-based discretization of the
geodesic, and Lemma 3.3 bounds the cardinality of the number of possible discretizations.

(2) Lemma 3.4 provides an improved tail bound (compared to the hypothesis (15)) for the
weight of a given discretization, using the bootstrapping idea of looking at smaller scales.
This makes use of Lemma 3.5, which takes the point-to-point tail available from (15) and
gives an interval-to-interval bound with the same tail.

(3) When Lemmas 3.3 and 3.4 are in hand, the proof of Proposition 3.1 will be completed by
taking a union bound.

We address each of the above three steps in turn in the next three subsections.

3.1.1. Step 1: The discretization scheme. We will define a grid G? of intervals through which any
geodesic from (1,1) to (r — z,7 + z), on the event that it is typical, must necessarily pass through;
see Figure 4.

We recall from Section 1.4 that “width” refers to measurement along the anti-diagonal and “height”
to measurement along the diagonal. For k£ € N to be set, the width of a cell in the grid will be
(r/k)?/3, and the height r/k. The number of cells in a column of the grid is k, and the number
of cells in a row is M = 20%/**k2/3 as we want the width of G* to be 26%/4*r2/3, The width of
G~ is set to this value because, by Proposition 1.9 on the probability of any geodesic having large
transversal fluctuations, P(TF(I'?) > §3/4%12/3) < exp(—c#/?); note that this is smaller than the
bound we are aiming to prove in Proposition 3.1 and so we may essentially ignore the event that
any geodesic exits the grid.

We now move to the formal definition. We assume k is small enough that (r/k)%/3 > 1, ie., k <r
(as the minimum separation of points in Z? is 1). The grid G* consists of intervals LL7; as follows:

G* = {Lj; :i e [0,k],j € [0, M]},
where M is defined as
M =2 [9iak2/3]. (18)

Let v; = |ir/k] and hi; = |iz/k + (93 — jk~2/3)r2/3]. For i € [0,k] and j € [0,M], the line
segment L7, will connect the points

(UZ‘ —h?. v+ hf,j) and (UZ‘ - hf7j+1,vi + hijﬂ)

Z7j ’

In words, the grid G* is contained in the rectangle {|y — % cx| < 9%7“2/3, 0<xz+4+y<2r} Grid
lines along the anti-diagonal will be called G7, i.e., for i = 0,1,...,k,

G? = {L% : j € [0, M]}.

We call £* = (Lo, ..., L) a discretization, where L; € G is an interval on the i*® grid line. We
impose that Ly and Ly are the intervals whose midpoints are (1,1) and (r — z,7 + z) respectively.

Lemma 3.3. The set of discretizations has size at most exp {k (log k+ % log 8 + log 2) }
Proof. This follows from the observation that there are M = 20% k2/3 < 29%14: intervals on each

grid line G7, and there are k—1 grid linses in total where there is a choice of interval (as the intervals
from GZ and G7 are fixed), giving (203a k%/3)*=1 discretizations. O
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FI1GURE 4. The grid utilized for the discretization in Step 1 of the proof of Propo-
sition 3.1. Note that measurements are made along the antidiagonal and diagonal
only, with the diagonal chosen over the line with the slope of the left or right bound-
ary of the grid. The lower boundary of the grid G is centered at (1,1) and the upper
boundary at (r—z,r+z). From each grid line G}, one interval L; is picked to form a
discretization £L* = (L, ..., L) with the constraint that Ly is fixed to be the inter-
val on G§ whose midpoint is (1,1) and Ly to be the interval on G} whose midpoint
is (r — z,7 4+ z). On the high probability event that all geodesics passes through
the grid, its weight is upper bounded by the maximum, over all discretizations £?,
of the sum of interval-to-interval weights of the intervals in £*. These weights are

independent and have fluctuations of scale (/k)'/3, which allows us to use the idea
of bootstrapping.
For a given discretization £* = (Lo, ..., L), let X,z be the maximum weight of all paths which

pass through all intervals of £?. The discretization described above implies that, on the event that
3
TR(?) < 6757%/3,
X;: < max Xr-,

where the maximization is over all discretizations £*. So to prove Proposition 3.1, we need a tail
bound on X - for a fixed discretization £#; this is Step 2 and is done in the next subsection, where
the hypothesis (15) and bootstrapping are used to provide an improved tail bound on X -.

3.1.2. Step 2: An improved tail bound on X -. Because 6 is a global parameter which affects the
set of discretizations, we will use the symbol ¢ as in (19) ahead to denote the scaled deviation when
considering the weight associated to a fixed discretization, though we will eventually set ¢ = 6. The
following lemma uses the idea of moving to lower scales to obtain an improved tail bound for X -
for a fixed discretization L?.
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Lemma 3.4. Under the hypotheses of Proposition 3.1 there exist ¢ = d(c,a,8,7) > 0, 6 =
5(c, B,4,00) > 0, and to = to(c, B,7) such that the following holds. Lett > to, r > 1o, 26 < k <
min(6t3/2,r5'r), 6 > 6o, and z € [—r,7] be such that |z| < /% and (r/k)>/6 > 463/4p2/3. Let
L* = (Log,...,Ly) be a fived discretization. Then

G 2
P <X£z > pur — >\j+1Tz + tr1/3> < exp (—c’tﬂkﬁ/g) + k- exp (—c'(r/k:)ac) , (19)
with the second term interpreted as zero if ( = co.

The basic tool in the proof of Lemma 3.4 is to bound X,= by the sum of the interval-to-interval
weights defined by the intervals in £?. So given a point-to-point upper tail bound, as in the
hypothesis of Proposition 3.1, we will first need to obtain an upper tail bound for interval-to-
interval weights.

We define the relevant intervals to state the interval-to-interval bound next. For r fixed, and
lw| < 75/6, let Ligy be the line segment joining (—r%/3, 72/3) and (r%/3, —2/3) and let Ly, be the
line segment joining (r — w — %3, r + w 4+ r*3) and (r — w + r?/3,r 4+ w — r*/3). Thus w is the
midpoint displacement of the intervals, and note that their height difference is r. Define Z by

Z = XLlowJLup‘
The content of the next lemma is a tail bound on Z.

Lemma 3.5. Suppose (15) holds as in Proposition 3.1. Then there exist ¢ = &(c, j), to = to(6o, j),
and 7y = 7o(ro, j) such that, for r > 7, |w| < 7%/6, and t > 1,

Guw? exp (—Etﬁ) to <t <r¢

P(Z>pr—N\—— +trt/3) < 20

( a AR = lexp (—ét®) t>rS. (20)

We note that the hypothesis (15) of Proposition 3.1 is a point-to-point tail bound from pr—A\; G2%/r,
whereas the conclusion of Lemma 3.5 has the weaker Aj11 in place of \; (recall \; = 1/2 + 277).
This reduction in the coefficient of the parabolic term is the previously mentioned relaxation which
allows the bootstrap to proceed to the next iteration.

The proof of Lemma 3.5 relies on the geometric idea of stepping back from the two intervals
and considering a proxy point-to-point weight. Similar arguments have appeared in the literature
previously (see e.g., [BSS14]), but for completeness we give a self-contained proof of Lemma 3.5 in
Appendix A. However, we highlight the main idea in Figure 5 where we also say a few words on
why it is difficult to avoid the relaxation in the parabolic loss.

Proof of Lemma 3.4. Observe the following stochastic domination

k
Xe= =Y 7,
=1

where Z; are independent random variables distributed as the weight of the best path from L; 1 to
L;. Apart from possible rounding, because Z; and Z;_; are independent versions of weights which
overlap on the interval L;_j, it is possible that the linear term in Z; is ur/k + O(1) rather than
ur/k. We handle this discrepancy by absorbing it into the term tr'/3 of Lemma 3.5, which is the
only situation where it arises, without further comment.

We note that the diagonal separation between the sides of Z; is r/k, instead of r as in the definition
of Z. We denote the anti-diagonal displacement of the midpoints of the corresponding intervals of
Z; by z;. We want to eventually apply Lemma 2.2 to ) Z;, appropriately centred, with its input
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@/

FiGURE 5. The argument for Lemma 3.5. The two black intervals have midpoint
separation of z in the antidiagonal direction. The orange path is the heaviest path
between the two intervals (so has weight Z), and the brown paths are geodesics
connecting the black points to the endpoints of the red path. The green path is
a geodesic between the two black points. With positive probability the two brown
paths each have weight greater than pd;r — %97“1/ 3 and so, on the intersection of
those events with {Z > ur — \j11G2?/r + 0r'/3} it holds that the green path
has weight at least u(1 + 28;)r — \j 1G22 /r + %07“1/3. We choose d; such that the
parabolic term in this expression is A\;Gz?/(1 + 2§;)r and apply the point-to-point
bound we have. It is because the antidiagonal separation between each pair of black
and green points is zero that we have a decrease in the parabolic term. If we make
this separation proportional to z, then there is no decrease in the parabolic term,
but for large z the gradient of the limit shape from Assumption 2 causes issues. This
can be more carefully handled if we instead consider the supremum of fluctuations
of point-to-point weights from their expectation, and we will have need to do this
on one occasion in the appendix.

tail bound (11) provided by Lemma 3.5. To reach a form of the probability where Lemma 2.2 is
applicable, we observe that

[E

2 2
P(ng >w“—)\j+1GZ+trl/3> S]P’( ZiZuT—)\jHGZ—i—trl/3>
T T

=1

Il
= |l

I
—

i

IN

(R

P

G2? i
P (Z(Zi — Vi) Z = Ajp— = z; Vi + trl/?’)

(Zi —v) > tr1/3> : (21)

1

7
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where v; = pr/k — \j+1G22k/r. The choice of v is dictated by the desire to apply (20) with
r replaced by r/k. All the steps before the last inequality are straightforward consequences of
definitions. To see the last inequality, note that since > z; = z, the Cauchy-Schwarz inequality
implies that Y v; is smaller than pr — \j11Gz?/r.

We will soon apply Lemma 3.5, which will yield a tail bound for Z; — v;; the tail bound is (20)
with r replaced by r/k. However, this tail bound has two regimes with different exponents, o and
(B, while the basic concentration result we seek to apply, i.e., Theorem 2.2, assumes the same tail
exponent throughout.

Thus to have variables that have the larger exponent 5 in the entire tail, we will apply a simple
truncation on Z;: define
¢+1/3

)C+1/3 ‘

i =

7_ Z,L 1fZ2—uZ§
v ifZZ'—VZ'>(

—
Eoul e
SN—

Now following (21), we get

) k
P <X£z > ur — )\j+1G72 + t?“l/S) < P (Z(ZZ — Vi) > tr1/3>
T

i=1

+ IP’< Lk) {ZZ- > (r/k)<+1/3} )

=1

(22)

We will apply the concentration bound Lemma 2.2 to bound the first term. We first want to apply
Lemma 3.5, with r/k in place of 7, in order to get the tail bound on each individual Z; — v;, which
will act as input for Lemma 2.2. Two hypotheses of Lemma 3.5, namely (15) and that r/k > ro,
are available here by the hypotheses of Lemma 3.4.

But Lemma 3.5 has the additional hypothesis that the anti-diagonal displacement |w| is at most
(r/k)®/6, which must also be checked. The verification of this follows from the hypothesis in
Lemma 3.4 that (r/k)%¢ > 463/4%y2/3 as the maximum anti-diagonal displacement possible in a
single row of the grid is at most 20%/4¢72/3 4 |z|/k, where the first term is the grid width 263/4@2/3,
and the second term is the shift caused by the overall slope of the grid. Now since |z| < 7%/¢ and
k > 2, we see that |z|/k is at most & (r/k)*/%, and some simple algebra completes the verification.
Thus, applying Lemma 3.5 with r/k in place of r, we use the first case of (20) (since Z; has
been appropriately truncated to give Z;) as the input tail bound with exponent 8 on Z; — v;
required for Lemma 2.2. Finally, with ¢; = ¢1(c, 5,6p,7j) as in the statement of the latter, let
6 = min(1, (2¢;)3/2) where recall we have the hypothesis that k& < min(6t%2,r;'r); § depends on
¢, 3,7 and 6y. With this preparation, we see

k k
P <Z(zi — ) > tr1/3> =P (Z% —v))(r/k)"V3 > (thY? — key) + k:q)

i=1 i=1

V

V

k
<P (Z(Zi —vi)(r/k)"? > %tkl/?’ + kcl)

i=1
[since by hypothesis k < (2¢;)~3/2¢3/2]
. {2exp (—et2k=1/3) 0 < th'/3 < kY/2-H)

2exp (—atPkO/3) k3 > k-0, [by Lemma 2.2]

we have applied Lemma 2.2 with tk'/3 in place of ¢ and o = 3. Here ¢ is a function of ¢ (as given in
the hypothesis (15)), 5, and j. We now claim that the second case of the last display dictates the
fluctuation behavior under our hypotheses. To see this, note that since 8 < 1, k(=) < k. Thus
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the first case in the last display holds only if k& > t3/2 while by hypothesis k < ¢3/2 since § < 1.
Further, since k > 1, we may set the lower bound ¢, on ¢ high enough that exp(—3ét®) < 1/2 so as
to absorb the pre-factor of 2 in the last display; to depends on ¢ and 5. We have hence bounded
the first term of (22).

To bound the second term when { < oo, we take a union bound and apply Lemma 3.5, where the
latter’s hypotheses are satisfied by the same reasoning as used above in the application for the first
term. This yields that the second term of (22) is bounded by & - exp (—¢(r/k)*¢), using the second
case of (20) with r/k in place of r. Here ¢ is a function of ¢, o, and j. When ¢ = oo, the second
term of (22) is clearly zero.

Returning to (22) with these two bounds completes the proof of Lemma 3.4, taking ¢’ = ¢. O

3.1.3. Step 3: Handling all the discretizations. With the improved tail bound for a fixed discretiza-
tion provided by Lemma 3.4, we can implement Step 3 and complete the proof of Proposition 3.1,
essentially via a union bound.

Proof of Proposition 3.1. Recall that 6 is the lower bound on # under which the conclusions of
Proposition 3.1 must be shown to hold, and that we have the freedom to set it. We will increase
its value as needed as the proof proceeds. We will be explicit about the dependencies 6], takes on
at each such time. We start with 6, = e so that logf > 1. Also, in this proof, ¢ is reserved for the
constant in the point-to-point tail hypothesis (15).

Lemma 3.3 says that the entropy from the union bound we will soon perform will be exp{©(k log k+

klog )}, which needs to be counteracted by the bound from Lemma 3.4. Anticipating this we take,
in Lemma 3.4,

38 _ 3
t=1¢0 and k=¢e-035(logh) 3-5, (23)
for e = e(c, e, B,7) € (0,1) a sufficiently small constant, to be set shortly. At this point we will
ensure that the hypotheses of Lemma 3.4 hold. We set 6], larger if needed so that it is at least g

as in Lemma 3.4, so that the value of t above satisfies t > tg. Additionally we have to verify that,
with ¢ as provided by Lemma 3.4,

o 403/492/3 < (v [k)>/S.

o k€ [26, min(6t3/2,ry )]
For the first condition, the fact that k < 63/2 (since e, < 1 and logf > 1), and some algebraic
manipulation, implies that it is sufficient if § < %7“(2‘“)/ (9+150). t6 avoid carrying forward the factor
of 4, we instead reduce the exponent of r to absorb it and impose that

9 S r{)flaﬁa; (24)

this implies 6 < ir@a)/ (9+152) (and hence the first condition above) when rj, which is the lower
bound on r that we are free to set, is large enough. The value of r{, depends only on c.

For the second condition, note that 2a/(9 + 16cr) < 2/3, and that 8 < 1 implies 33/(3 — ) < 3/2.
Combining this latter inequality with the value (23) of k, and that § < 7%/3 from (24), ensures
that [ € [25, min(56°/2, Ty 1] by setting ¢, large enough, depending on 3, §, and ¢; so the second
condition holds.

Thus applying Lemma 3.4 with values of ¢ and k as in (23) we obtain that, for 6 < 6 < 20/ (9+16a)

2
]P) (Xﬁz > ur — )\j+1G72 + 97’1/3)
" (25)

38 __B_ 38 _ 3aB¢
< exp (—c’ - eP/3g3=p (log 0) 3—ﬂ> + 03-8 exp (—C'TO‘CH 3-5 ) ,
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with the second term equal to zero if ( = oo, and with ¢ as in Lemma 3.4; thus ¢/ depends on
c,a, 3, and j. In substituting k in the second term of (19) we have used that k& < 63%/=5) since
e < 1andlogf > 1. When ¢ < oo, we would like the exponential factor of the second term to be
smaller than the first term; i.e., it is sufficient if

==

We will soon absorb the polynomial-in-6 factor in the second term by reducing the constant c¢. Simple
algebraic manipulations show that the inequality of the last display is implied by the condition

af 3-0
1+aC 38 °
For simplicity, we impose this last condition on 6 even when ( = oo, even though in this case the

second term of (25) is zero (and so smaller than the first term) for all § up to 20/ (9+160) (when
¢ = 0o, we interpret the first factor of ¢ to be one, i.e., ( = (3 — 3)/305).

To handle both the condition in the last display and (24), we impose 6, < 6 < 'rcl, with

(= <C’9—F16a>

So far we have shown that, for r > 7} and 6} < 6 < <,

0 <rC with (=

2
P <X£z > pr — )\j+1G—Z + 9T1/3> < 2exp ( 3¢ . ePI3g3ts ﬂ(log9)7%> ; (26)
T

where, for all 6 > 6, the 9% polynomial factor coming from the second term of (25) has been
absorbed by the reduction of ¢’ to ¢//2. To do this we may also need to increase the value of 6;;
this choice of 8}y can be made depending only on ¢’ since we only need %%/ G=5) exp(—¢/38/=P)) <
exp(—0.5¢ 938/ (3_5)) and the same function of # is in the exponent and as the polynomial-factor.
Now we observe that on the event that any geodesic stays within the grid G*, X7 is dominated by
maxgz X=. This yields

G 2
P <Xf > pur — )\jHTZ + 07“1/3)
) (27)
Gz 1/3 z 3 92/3
<P nzaXX[;z>,ur—)\j+1—+9r —|—]P’(TF(FT)>94ar )
= r

The second term is bounded by exp(—¢’ 3/ 2) by Proposition 1.9 for all § such that 03/% > g with
so an absolute constant as given in the statement of the corollary. We increase ¢’ if needed to meet
this condition; this increase can be done in a way that depends only on sy as since o < 1, it is
sufficient if 6y > sg/ 3

We want to bound the first term of(27) by a union bound over all discretizations £*. First we
bound the cardinality of the set of discretizations using Lemma 3.3. Note that the definition of k
in (23) implies that logk < 375 logé? as € < 1. Lemma 3.3 asserts that the set of discretizations
has cardinality at most exp{k(logk + i log¢9 +log2)}. The just mentioned bound on log k and
the value of k from (23) shows that thls cardmahty is at most

i 8 i
exp (5593%*(1055 0)_ﬁ+1> = exp (éseffﬁ(log 0)_W> ,

with ¢ a constant which depends on only « and 3. Given this and the bound in (26), we apply a
union bound. This yields that, for 6 < 6 < <, the first term of (27) is at most

2exp< 1. Pl3gas 5(log6) 7 +é- 37 B(log@) 3= ﬁ)
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Now since 8 < 1, for sufficiently small ¢ it holds that ¢e < %c’ -eB/3_ and we fix ¢ to such a value;
note that ¢ does not depend on 6 and only on ¢, «, 5, and j. This can be seen since € depends on
¢ and ¢, which respectively depend on « and f3 only, and ¢, a, 3, and j.

For this value of € and for 6 < 6 < ¢, the previous display is bounded above by
8 8
exp (—ic’ : 55/3033—7(10g0)_m) :

Putting this bound into (27) completes the proof of Proposition 3.1 for 6 < 6 < <" after relabeling
¢ in its statement by 1¢ - /3. For when 0 > r¢', the hypothesis (15) provides the bound when
r > rg, which we ensure by raising r{, (if necessary) to be at least 9. This completes the proof of
Proposition 3.1 by relabeling ¢’ in its statement to be less than c if needed. ([l

3.2. Lower bound on upper tail. We prove the lower bound on the upper tail, i.e., Theorem 2.
Proof of Theorem 2. Assumption 2 implies that P(X, > ur+6r'/3) <P (X, > E[X,] + 9T1/3), and
we prove the stronger bound that P(X, > ur + 0r/3) > exp(—c6/2) for appropriate 6.

Observe that X, > > Xf?k where Xﬁj)k = Xi(r/kyr /k)+(1,0),(i+1)(r/k,r/k)- NOW by Assumption 4a
at z = 0 we have that A
P (XU > pr/k+Cr/0)?) = 6

for each i € [0,k — 1], as long as r/k > ry. Since

k k-1
{ZXT(‘Z/)k‘ > pur + Ck2/3r1/3} D ﬂ {Xﬁz/)k > pr/k+ C(r/k)1/3},
=0 =0

we have
P (X, > pr 4+ ORI > 6%,

using the independence of the X’/(‘j)k across i. Now we set k = C~3/203/2 giving

P <XT > ur + 07’1/3> > exp(—ch?/?)

for some ¢ > 0 and for all # satisfying 1 < C—3/203/2 < r/ro, which is equivalent to C' < 6

<
C’r0_2/3 x 72/3. Thus the proof of Theorem 2 is completed by setting 6y = C and n = CTO_2/3. 0

4. LOWER TAIL AND CONSTRAINED LOWER TAIL BOUNDS

In this section we prove Theorems 3, 4, and 5. In fact Theorem 5 implies both of the other two,
but we prove Theorem 3 first separately to aid in exposition.

4.1. Upper bound on lower tail. Note that the abstracted bootstrap statement Proposition 2.3
is applicable with Y, = —(X, — pr) and Yr(f) = —(Xﬁz/)k — pr/k), where Xﬁl)k is the last passage
value from (i —1)/k - (r,7) + (1,0) to i/k - (r,7) for i = 1,..., k. Iterating this would yield a lower
tail exponent of 3/2 (a similar argument for the upper tail under sub-additivity was outlined in the
beginning of Section 1.4) but will not be able to reach the optimal exponent of 3.

Recall from Section 1.4 that our argument relies on a high-probability construction from [BGHH20]
of k disjoint paths with good collective weight, here Theorem 1.10. Thus the probability the
construction fails is an upper bound on the probability that many disjoint curves have small weight,
which in turn bounds the probability that the geodesic has small weight, as we seek.

As outlined before, the construction relies on three inputs: the first is the parabolic curvature on the
limit shape, provided by Assumption 2; the second is an exponential upper bound on the lower tail
of the maximum weight among all paths constrained to stay within a given parallelogram; and the
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third is a lower bound on the mean of such weights. Recall that we call such weights “constrained
weights”. Like the first input, the third input is available to us already, and is the content of (8)
of Proposition 1.11. So only the second input needs to be attained via bootstrapping.

From here on the argument has two broad steps.

(1) Use our assumptions to obtain the exponential bound (in fact, we obtain an exponent of 3/2)
on the constrained weight’s lower tail that can be used as an input for the construction in
[BGHH20]. This is Proposition 4.1. The argument uses bootstrapping as in Proposition 2.3,
and applies that proposition iteratively.

(2) Relate the lower tail event of X, to the event of the existence of k disjoint paths constructed
in [BGHH20] (Theorem 1.10 here).

We will implement these two steps in turn next, and then, in Section 4.2, we provide an overview
of the main ideas of the construction from [BGHH20] that we are invoking. We start by specifying
some notation for constrained weights.

Recall the notation for parallelograms introduced in Section 1.8.4, where U = U, , is a parallel-
ogram of height 7, width ¢r%/3, and opposite side midpoints (1,1) and (r — z,7 + z). Recall also
that XU is the maximum weight over all paths from (1,1) to (r — z,7 + z) which are constrained
to stay in U.

Proposition 1.11 provides a stretched exponential lower tail for XV from our assumptions. The
following upgraded tail obtained via bootstrapping will suffice for our purpose; note that the bound
is still not the optimal one stated in Theorem 5, which we prove later.

Proposition 4.1. Let Ly, Ly, and K be such that Ly < { < Ly and |z| < Kr?/3. Under Assump-
tions 2 and 3, there exist constants rg, 0y, and ¢ > 0, all depending on only Ly, Lo, K, and «a,
such that, for r > rq and 6 > 0,

P (an] < pr — 9T1/3> < exp(—ct?/?).

This is the first step outlined above. The proof is similar to that outlined at the beginning of
this section for X,., and involves using bootstrapping for a number of iterations, with the exponent
increasing by the end of each iteration to 3/2 times its value at the start of it. Once the exponent
passes 1, a final iteration brings it to 3/2.

Proof of Proposition 4.1. Consider the k subparallelograms U;, ¢ € [1, k], where U; is defined as
the parallelogram with height r/k, width min(¢r2/3, (r/k)?/3), and opposite side midpoints (r —
z,r+2)-(i—1)/k+(1,0) and (r —z,7+2)-i/k. Let Y, = —(XYV — ur) and Y(k) (XUI —ur/k).

We want to apply Proposition 2.3 to these varlables By the definition of X Uand X U/ , we have
that Y, < ZZ Y ( ) for all k < r. The variables { 4 € [1,k]} are independent for each k as
they are defined by the randomness in disjoint parts of the environment, and (7) of Proposition 1.11
provides a stretched exponential tail (of exponent o’ = 2a//3) for each Y., " Since the constants c,
6o, and 7 of Proposition 1.11 depend on only K, L1, La, we obtain from Proposmon 2.3 that there
exist ¢ = ¢(K, Ly, Ls), 7o, and 0y such that, for r > 7y and 6y < 6 < r2/3,

P (Xg < pr — 97‘1/3> < exp(—af>*'/?).

Note that if > 1, the constraint < r2/3 can be extended to 6 < pr?/? by reducing the constant
¢ if needed, in a way that depends on only a and p. Beyond pr?/3, the probability on the left
side of the last display is zero since the vertex weights are non-negative, and so the last displayed
inequality actually holds for all 6 > fo.

We may iterate the above argument, such that at the end of each iteration the tail exponent is 3/2
times its value at the beginning, till the tail exponent exceeds 1. Then we may apply the above
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argument one last time with o/ = 1, and this completes the proof. Since the finite number of
iterations is only a function of «, the proposition follows. O

We may now formally prove Theorem 1.10 under the weaker point-to-point tail assumptions of this
paper (as compared to [BGHH20]) by detailing which statements of the latter paper need to be
replaced by statements proved in this paper; an overview of the construction given in [BGHH20]
will be discussed shortly in Section 4.2.

Proof of Theorem 1.10. As mentioned, [BGHH20, Theorem 3.1] has three inputs: (i) parabolic
curvature of the weight profile; (ii) an exponential upper bound on the constrained weight lower
tail; and (iii) a lower bound on the expected constrained weight. [BGHH20, Assumption 2| provides
(i), while (ii) and (iii) are provided by [BGHH20, Proposition 3.7].

In this paper, Assumption 2 implies [BGHH20, Assumption 2] and provides (i). The item (ii) is
provided by Proposition 4.1, and (iii) by (8) of Proposition 1.11. The proof of [BGHH20, Theorem
3.1] applies verbatim after making these replacements. ]

Next we prove Theorem 3 using Theorem 1.10.

Proof of Theorem 3. Since E[X,] < pr by Assumption 2 (this is also implied directly by the super-
additivity of {X,}ren), it is sufficient to upper bound the probability P (XT < pr — ort/ 3) . Let
7 be as given in Theorem 1.10, and denote the event whose probability is lower bounded there
by Ep kr, i€, Ey i, is the event that there exist m disjoint paths v1,...,v, with prescribed
endpoints, max; TF(y;) < 2mk=2/371/3 and 3", £(y;) > prm — Cymk?/37/3. Observe that any
of these paths ~; can be extended to a path from (1,1) to (r,7) without decreasing its weight. Now
for 6 < C1?/3r2/3, set m =k = Cf3/203/2, and observe that Cymk?/® = m#. Thus,

P (Xr < ur— (97“1/3) <P (EC Jw") < exp(—cmk) = exp(—ch?),

m

the second inequality by Theorem 1.10 since the value of k satisfies k < nr; this latter inequality
is implied by the condition that § < Cy5?/3r?3. The inequality for § € [C1n%/3r2/3, ur?/3] can
be handled be reducing the value of ¢ (if Cin?/3 < u), and for 6 > pr?/3 the probability being
bounded is trivially zero. This completes the proof of Theorem 3. U

We next present a brief outline of the construction from [BGHH20] before going into the proof of
Theorem 5, which then also implies Theorem 4.

4.2. An overview of the proof of Theorem 1.10. Here we give a brief overview of the high-
probability construction that proves Theorem 1.10, with the help of Figure 6. A detailed description
and proof appears in [BGHH20, Section 8.

Recall that we have to construct m disjoint paths, each with weight loss at most of order k2/3p1/3 in
a strip of width 4mk=2/3r2/3. In the bulk of the environment, this is straightforward: for each curve,
we set up order k many parallelograms of width (r/k)%/® and height r/k sequentially and consider
the path obtained by concatenating together the heaviest midpoint-to-midpoint path constrained to
remain in the corresponding parallelogram; see Figure 6b. The weight loss in each parallelogram is
on scale, i.e., of order (/k)'/3, and so the total loss across the m curves is m-k-(r/k)Y/3 = mk?/31/3,
The total transversal fluctuation is of order m(r/ k)z/ 3 as required, and it is in this phase of the
construction that the transversal fluctuation is maximum.

But the previous description is only possible in the bulk, and if the curves have already been
brought to a separation of (r/k)?/3. Since the curves start and end at a microscopic separation of
1 at the corners of [1,7]?, the difficult part of the construction is there, where the curves must be
coaxed apart while not sacrificing too much weight. Here the construction proceeds in a dyadic
fashion, doubling the separation between curves as the scale increases, while ensuring that the
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(A) One scale of construction near corners (B) Bulk phase of construction

FIGURE 6. Panel A is a depiction of one scale (indexed by j) of the construction
near the corners of [1,7]? when m = k = 5. The paths which form the construction
are in blue, and the separation on the j*" scale is denoted sep), which is also the
width of the green parallelograms that the paths are constrained to pass through.
Note that each individual green parallelogram has on-scale dimensions. Depicted
in lower opacity is how the construction continues on the succeeding (larger) and
preceding (smaller) scale. In panel B is the bulk phase of the construction, where
the separation between curves is maintained for a distance of order r; thus there are
order k cells in a single column. Also depicted in lower opacity on either side are
the largest scales of the second phase.

antidiagonal displacement borne by the curves is not too high, so as to not incur a high weight
loss due to parabolic curvature. Again the idea is to construct a sequence of parallelograms for
each curve that it is constrained to remain within; see Figure 6a. It is to estimate the weight loss
in this phase of the construction, where antidiagonal displacement is increasing, that we require a
curvature assumption such as Assumption 2, and a calculation shows that the weight loss is again
of order mk2/3r1/3,

The other two inputs, namely a lower bound on the means of constrained weights and exponential
decay of the lower tails of the same, are needed to control the probability that the paths constructed
by concatenating together these constrained paths have the requisite weight; in particular, the mean
bound is used to show that the expected weight is correct, while the lower tail bound is used to
control the deviation below the mean of the total construction weight after expressing it as a sum
of independent subexponential variables and invoking a concentration inequality.

4.3. Bounds on constrained lower tail. In this section we will prove Theorem 5; this will also
imply Theorem 4. We start with the short proof of the upper bound of Theorem 5 which is a
straightforward consequence of Theorem 1.10 and is a refinement of the argument for Theorem 3.

Proof of upper bound of Theorem 5. We prove a stronger bound with ur in place of IE[XTU ] (since
E[X] < pur).

Recall that the width of U is £r?/3. On the event that XU < ur — r'/3, it follows that any m
disjoint paths which lie inside U must have total weight at most pmr — mér'/3. But for any m
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which satisfies 2mk—2/312/3 < ¢r2/3 m disjoint paths which lie inside U with total weight at least

—3/2
1/3 ; /293/2

umr — mfr/° are provided by Theorem 1.10 by setting &k = C

1 — exp(—cmk) = 1 — exp(—cmb3/?).

, with probability at least

Thus for any m and ¢ satisfying m < k and m < %€k2/3 we have
P (Xf/ < ur — 97"1/3) < exp(—emb3/?).

Taking m = min (%Ekw 3, k:) with k£ as above completes the proof if we verify that m > 1. This
follows by setting C' = 2C in the assumed lower bound ¢ > C#~! and setting 6y > C;: the bound
on £ and the value of k implies that %El{:z/ 3 > 1, and the bound on # and the value of k implies that
kE>1. O

The rest of this section is devoted to assembling the tools to prove, and then proving, the lower
bound on the lower tail of Theorem 5. To start with, we need a constant lower bound on the lower
tail of the point-to-point weight for a range of directions. This is a straightforward consequence of
the assumed mean behavior in Assumption 2 and the lower tail bound in Assumptions 3b, and its
proof is deferred to the appendix. In fact, we only need X? < pur — Cr'/3 with positive probability
in our application, but we prove a stronger statement with a parabolic loss.

Lemma 4.2. Let p be as given in Assumption 2. Under Assumptions 3b and 2, there exist C' > 0
and § > 0 such that, for r > rg and |z| < pr,

2
IP’(X,’?</M—GZ—C7’1/3> > 0.
T

The argument for the lower bound of Theorem 5, however, will require moving from the above
lower bound on the point-to-point lower tail to a similar lower bound on the interval-to-line lower
tail. Note that although we had previously encountered interval-to-interval weights, this is the first
time in our arguments that we are seeking to bound interval-to-line weights. This is the content
of the next lemma. The proof will entail a few steps which we will describe soon. For the precise
statement recall that for two sets of vertices A and B in Z2, X A,B is the maximum weight of all
up-right paths starting in A and ending in B.

Lemma 4.3. Let I C 72 be the interval of lattice points connecting the coordinates (—r2/3,r2/3)
and (7“2/3, —TQ/S) on the line x+y =0, and let L, C Z? be the lattice points on the line x +1y = 2r.
Under Assumptions 3b and 4b, there exist C', &' > 0, and r{, such that, for r > r{,

P (XI,JLT < pr — C’/rl/3) > 4.

Before turning to the proof of Lemma 4.3, we finish the proof of the lower bound of Theorem 5 and
hence also the proof of Theorem 4.

Proof of Theorem 4 and lower bound of Theorem 5. Recall the lower bound statement of Theo-
rem 5 that, for 6y < 0 < nr2/3,

P (X!~ pr < —0r'/%)) = exp (—er min(067/2,6%) ) ;

note that Theorem 4 is implied by the case that ¢ = r!/3, since by choosing § < 1 in the statement
of the latter, we assume 6 < r2/3, and hence min(£95/ 2 0%) = 63. We now proceed to proving the
bound for general £.

Let k£ and m be positive integers whose values will be specified shortly. We will define a grid similar
to the one in Section 3.1.1 that was depicted in Figure 4, but of width mk=2/3r2/3. For i € [1, k]
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and j € [1,m], let v; ; be the point

IO S O R (ORI ()

and let I; ; be the interval with endpoints v; ; and v; j4+1 (of width (%)2/3). As in Section 3.1.1,
we will collectively refer to these intervals as a grid, and so the rows of the grid are indexed by 4
and the columns by j. Note that the grid lies inside U if m < ¢k?/® and covers the breadth of U if
m = Ck?/3, since the total breadth of the grid is mk=2/37r2/3,

This is what dictates the choice of m, although for technical reasons, we set

m = min(Ck*/3, k), (28)
where our choice for k later (of order #/2) will ensure that indeed for all interesting values of /
(i.e., £ = O(0'/?)), we would have m = (k?/3,
The idea now is to construct an event on which XV < pr—6r/3. Let X}"i be the maximum weight

r

among all paths with starting point on I;; and ending point on the line  +y = 2(i + 1)1. The
event will be defined by forcing

(1) all the X}"H; to be small, i.e., X%]]L < u(r/k) — C'(r/k)'/3 for a constant C’; and

(2) any path which has transversal fluctuation greater than k1/312/3 to suffer a parabolic weight
loss of order k2/371/3,

Before proceeding, we let Y,* be the maximum weight among all paths T' from (1,1) to (r,r) with
transversal fluctuation satisfying TF(T") > k1/3¢2/3 Thus the second condition above says Y falls
below pr by at least order k2/3r1/3.

We claim that, on the event described, XU < pr — Q(k?/3r1/3). This is due to the following. First,
any path within the grid must pass through one of {I; ; : j € [1,m]} for every i € [1, k] and so has
weight at most k - max; ; X;’{L < pr — C'k?/3r1/3 . Second, any path which exits the grid, by our
choice of m, either exits U and may be ignored or has transversal fluctuation greater than k!/37-2/3
and so suffers a weight loss of at least order k2/3r1/3.

Finally, we will show that this event has probability at least exp(—cmk) (since there are mk values
of (i,7) for which X?,L is made small) and set k to be a multiple of #3/2.

A more precise form of the above discussion starts with the following inclusion, where ¢ is as in
Theorem 1.8 and C’ is as in Lemma 4.3:

{Xf/ < pr —min(cg, C')k2/3r1/3}

2 {Yrk < pr— 02k2/3r1/3} N ﬂ {X}"i < ur/k— C'(r/k:)l/3} .
1<i<k
1<j<m

Note that all the events on the right hand side are decreasing events. Hence, by the FKG inequality,
P (XU < ar = min(es, CYPr) > B (V)< pr — eo?3r119)

x I[ ® (X;’i < ur/k — C'(r/k)1/3>
1<i<k
1<j<m

> (1 — exp(—ek?/%)) - (5')"*. (29)
The final inequality was obtained by applying Theorem 1.8 with s = k'/3 and ¢t = 0 to lower

bound the first term and Lemma 4.3 (with r/k in place of r) to lower bound the remaining terms.
Theorem 1.8 provides an absolute constant sy and its application requires k/3 > sy, a condition
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that will translate into a lower bound on 6 after we set the value of k next; Lemma 4.4 requires
that r/k > rg, which will translate to an upper bound on 6.

Take k = (min(cg, C”))_3/2 63/2 and recall the value of m from (28). Note that the assumed lower
bound of £ > CH~! ensures that m > 1; we additionally impose that k > s3 to meet the requirement
of Theorem 1.8 mentioned above. We also assume without loss of generality that sy > 1 to encode
that k£ must be at least 1. Thus we obtain from (29), for some constant ¢; > 0,

P (Xf,] < pr — 97"1/3) > exp (—cl min(€95/2,93)) ; (30)

this holds for every @ which is consistent with sj < k < Ty Ly, the latter inequality to ensure that
r/k is at least 1y as obtained from Lemma 4.3. Recalling the value of k, this condition on 6 may
be written as

52 - min(cg, C") < 6 < min(ca, C/)TEZ/S 23,

Recall that Theorem 5 must be proven only for 6y < 6 < nr?/3. Thus we may meet the condi-
tion of the last display by modifying 6y to be greater than 8(2) min(cz, C’) and 7 to be less than
2/

min(cz, C")ry % if required.

Now we turn to the final statement in Theorem 5 on replacing pr by E[XY] in (30) when ¢ is
bounded below by a constant . For this, all we require is that E[XY] > ur — Crl/3 for r > rg for
a C and ro which may depend on e. This is because with that bound we may absorb the Cr!/3
into #r'/3 by reducing the constant ¢ (which will then depend on €). Now the required bound on

E[X] is provided by (8) of Proposition 1.11.
This completes the proof of Theorem 4 and the lower bound of Theorem 5 O

The remaining task is to prove Lemma 4.3, which lower bounds the lower tail for interval-to-line
weights. Recall from Figure 5 our strategy of obtaining bounds on interval-to-interval weights from
similar bounds on point-to-point weights by backing up. Notice that we are presently seeking to
lower bound the probability that interval-to-line weights are low; in other words, expressing the line
as a union of disjoint intervals, we want to lower bound the probability of the intersection of the
decreasing events that all the corresponding interval-to-interval weights are low. This will involve
an application of the FKG inequality and the following two lemmas, which lower bound the lower
tail of interval-to-interval weights. The first one (Lemma 4.4) treats the case when the anti-diagonal
displacement between the two intervals is small. The second one (Lemma 4.5) handles intervals at
greater anti-diagonal separation, exploiting the natural parabolic loss in the mean which makes the
weights unlikely to be high in this case.

Lemma 4.4. Let I be the interval connecting the points (—r%/3,r2/3) and (r?/3,—1/3), J be the
interval connecting the points (r — z — r2/3 v + 2 + 123 and (r — 2z + 23,7 + 2 —r2/3), and p be
as in Assumption 2. Under Assumptions 3b, 4b, and 2, there exist C", §" > 0, and r{ such that,
for r > r{ and |z| < pr — 2r2/3 (this quantifies the closeness of the intervals in the anti-diagonal
direction),

P (XLJ < pr — C’"rl/s) >4

Proof. We first prove a similar statement for intervals of size er?/3 for an € > 0 to be fixed later.
This is a crucial first step as it is difficult to directly control the possible gain in weight afforded by
allowing the endpoints to vary over an interval of size 2r2/3; initially using the leeway of making the
interval sufficiently small (but on the scale 72/3) makes this control achievable. This will be done
using a backing up strategy similar to the one illustrated in Figure 5 for the interval-to-interval

upper tail bound Lemma 3.5.
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Let |w| < pr, and let I. be the interval joining the points (—er?/3,er?/?) and (er?/3, —er?/3) and
J. be the interval joining the points (r —w —er?/?, r +w 4 er?/3) and (r —w +er?/3, r +w —er?/3).
We will prove that there exist positive C”, §, and e, independent of w, such that

P (XIE,JE < pr — C"r1/3> >6/2. (31)

Let u* € I. and v* € J. be such that X7 ;. = Xy ,+. Also let ¢ = (—53/2r, —53/2r), ¢o =
(r—w+ 32 r 4w+ 63/27") be the backed up points. Then we have the inequality
X162 2 X —(1,0) T Xpepte + Xors(1,0),60-
For M to be fixed and C as in Lemma 4.2, we will consider the constant probability events
3/2 w’ 1/3
Epp = {X¢17¢>2 < p(1+2e7)r — Gm -Cr } :

Epint := {X¢>1,U*7(071) > u€3/2r — M51/2r1/3} , and

Eingsp == {Xv*+(1,0),¢2 > ,u53/27‘ — M51/2r1/3} .
On the intersection Ep_p N Ep_sing N Eint—p we have

X1 < pr—(C —2Me/?)rl/3, (32)
We must lower bound the probability of this intersection. From Lemma 4.2 we see
P (EP—HD) > 67

since C' < (1 + 63/2)1/30. Next, recall that u* is a vertex of I., which lies on the line z + y = 0,
which is the starting point of a heaviest path from I, to J.. Thus u* is independent of the random
field below the line = +y = 0. Now we see that, for large enough M (depending only on §),

]P)( ]f—)int) =P (X¢17u*_(071) < #63/27“ _ M51/2T1/3>

d
< sup P (Xg, o) < pe¥/2r — M) < 4,
UGIE

with the mentioned independence allowing the uniform bound of the second line. The same bound
with the same M holds for P(E, , ) as well; we fix this M. Now we set ¢ > 0 such that C —
2Me'/? = C/2. From (32) the above yields (31) with C” = C/2.

To move from I, J. to I,.J, we let I.; for i € [1,e7] be the intervals of length e which make up
the length one interval I in the obvious way, and similarly for J. ; and J. Next observe that

{X]’] < pur — %CT1/3} D) m {Xjamje’j < ur — %CTl/g} . (33)
ij

Now, the bound (31) holds as long as the intervals are of length er?/3 and their antidiagonal
displacement is at most pr. The intervals I.; and J.; have this length, and their antidiagonal
displacement is at most |z| + 2r2/3 where recall z is the antidiagonal displacement between I and
J. This occurs, for example, I.; is the left most subinterval of I and J,; is the right most sub
interval of .J. But since we have assumed |z| + 2r?/3 < pr, the bound (31) applies to X1, 0., and
so the probability of each event in the intersection of (33) is at least /2.
The intersection of (33) is of decreasing events, and so we may invoke the FKG inequality and the
just noted probability lower bound to conclude that the probability of the right hand side of (33)
is at least (6/2)° . This completes the proof of Lemma 4.4 with C” = C/2 and 6" = (§/2) . O
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While the previous lemma provided control when the destination interval is relatively close to (r,7),
i.e., have x- and y-coordinates within pr of r, the next lemma will be used to treat pairs of intervals
which have greater separation. Let I C Z? be the interval connecting (—72/3,72/3) and (r2/3,r%/3),
and J C Z? be the interval connecting (r — w — /3, r +w + r%/3) and (r —w 4 r2/3, 7 + w — r?/3);
thus w represents the intervals’ antidiagonal displacement, while z will be used as a variable in the
hypothesis.

Lemma 4.5. Suppose there exist o € (0,1], A > 0 and constants ¢ > 0, to, and ro such that, for
t>to, r>ro, and |z| <r/2

z G2 1/3 @
P(X:>pur—A— +tr < exp (—ct?).
r

Then there exist ¢ > 0, tg = to(to), and 7o = 7o(ro) such that, for r > 7, |w| < |r|, and t > to,

Guw?

A
P(X[’J>MT3' +t7‘1/3> < exp (—ct?).

r

We impose the condition that |z| < r/2 because the tail bound hypothesis will be provided by
Assumption 3a in our application, and the latter requires |z| to be macroscopically away from 0
and r. But note that we allow |w| to be as large as r, as we do need to allow the destination interval
to be placed anywhere between the coordinate axes.

Lemma 4.5 will be proved along with Lemma 3.5, as they are both interval-to-interval upper tails,
in the appendix via a backing up argument. With the bounds of the previous two lemmas, we can
prove the interval-to-line bound in Lemma 4.3 and thus complete the proof of Theorem 5.

As earlier, we will construct an event as an intersection of decreasing events which forces X7y, to
be small, and use the FKG inequality to lower bound its probability. So, we need to make any path
starting in I and ending on the line L, have low weight, which we will do by forcing such paths
which end on various intervals on L, to separately have low weight. When the destination interval
is close to the point (r,7), the probability that all such paths have low weight will be lower bounded
by Lemma 4.4. When the destination interval is far from (r,7), Lemma 4.5 says that it is highly
likely that the paths will have low weight, and it is a matter of checking that the probabilities
approach 1 quickly enough that their product is lower bounded by a positive constant.

Proof of Lemma 4.3. For j € [—r'/3 r1/3], let J;j be the interval connecting the points (r—jr2/3 r+
§r23) and (r — (j 4 1)r?/3, 7 + (j + 1)r2/3). We observe that, with C” as in Lemma 4.4,
{XI,JLT < ur — C’"rl/g} D ﬂ {XLJj < pr — C”T‘l/3} . (34)

lj|<rt/3

Assumption 2 says that, for |z| < pr, E[X?] < pr — G22/r — gir'/3. But then observe that the
concavity of the limit shape implies the existence of a small constant A € (0,1) such that

2
E[X7] < pr — AGTZ (35)

for |z| < r. For this value of A\, Assumption 3a, with ¢ = 1/2, implies that there exists ¢ > 0 such
that, for all r > rg and |z| <r/2,

z G2 1/3 @
P(X?>pur— )\T +tr < exp(—ch?).

With this value of A and the above bound as input, we will apply Lemma 4.5 with ¢ = AG 2/3—C.
Lemma 4.5 requires ¢ > tp, which implies that |j| must be larger than some jy. So for [j| > jo,
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Lemma 4.5 implies that
P (XI,J]. < ur— C"r1/3) > 1 — exp(—élj|2). (36)
Applying (36) and the bound from Lemma 4.4 to (34), along with the FKG inequality, gives

P (XI,JLT < pr — C"Tl/3> > H P (Xz,Jj < pr — C’”rl/3) X H P (XI,JJ. < ur— C"r1/3>

l71<30 jo<|jl<r1/3

> (§") 20+ x H (1 —exp(—¢l7]*));
Jo<|j|<rt/3

we employed Lemma 4.4 for the factors in the first product and (36) for those in the second.
The proof of Lemma 4.3 is complete by taking C’ = C” and ¢’ equal to the final line of the last
display; note that the second product in the last display is bounded below by a positive constant
independent of r since exp(—¢|j|*) is summable over j for any « > 0, and so §’ > 0. O

APPENDIX A. TRANSVERSAL FLUCTUATION, INTERVAL-TO-INTERVAL, AND CRUDE LOWER TAIL
BOUNDS

In this appendix we explain how to obtain the first, second, and fourth tools of Section 1.8, i.e.,
Theorem 1.8 and Propositions 1.9 and 1.11, and provide the outstanding proofs of Lemmas 3.5,
4.5, and 4.2 from the main text. The third tool was already explained in Section 4.

The proofs of the first and fourth tools follow verbatim from corresponding results in [BGHH20] by
replacing the upper and lower tails used there with Assumption 3; the parabolic curvature assump-
tion there is provided by our Assumption 2. In particular, Theorem 1.8 follows from [BGHH20,
Theorem 3.3] and Proposition 1.11 from [BGHH20, Proposition 3.7].

The proof of the second tool, Proposition 1.9, will be addressed in Section A.1, after we next provide
the outstanding proofs of Lemmas 3.5, 4.5, and 4.2 from the main text.

We start with the proofs of Lemmas 3.5 and 4.5 on an upper tail bound of the interval-to-interval
weight; this largely follows the proof of [BGHH20, Proposition 3.5]. The strategy is to back up
from the intervals appropriately and consider a point-to-point weight for which we have tail bounds
by hypothesis; this strategy was illustrated in Figure 5 and in the proof of Lemma 4.4.

Proofs of Lemmas 3.5 and 4.5. We prove Lemma 3.5 and indicate at the end the modifications
for Lemma 4.5. We set A\ = \; and A = X\j1; to avoid confusion later when we describe the
modifications for Lemma 4.5. Note that X < \.

By considering the event that Z is large and two events defined in terms of the environment outside

of U, we find a point-to-point path which has large length. To define these events, first define points

Plow and ¢y, on either side of the lower and upper intervals as follows, where § = 1 (% — 1) > 0:

2
Dlow := (=07, —Ir)
Gup = (L +0)r —w, (1 +0)r+w).

Let v* and v* be the points on A and B where the suprema in the definition of Z are attained, and
let the events Fjy, and Ey, be defined as

t t
Eiow = {X¢10W,u*—(1,0) > uor — 3r1/3} and Ey, = {XU*JF(LO),%I) > por — 37"1/3} .

Let 7 = %r = (1 + 20)r, and observe that the diagonal distance of ¢joy and ¢yp is 7. Also note

X¢low7¢UP Z X¢low7u*_(170) + Z + Xv*+(170)7¢up.
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Then we have the following;:

2
]P’(Z > ur — /\’Gl

Guw? ¢
+tr'/3, Blow, Eup> <P <X¢10W,¢up > (14 26)r — N 3rl/3) (37)
T T

- Guw? t M\ /3 -
=P <X¢1DW7¢up > ur— A Z + 3 . <)\> . (r)1/3

< exp(—ét?) to <t <t
= | exp(—ét®) t > S,

The final inequality uses the hypothesis (15) on the point-to-point tail, which is applicable since the
antidiagonal separation of ¢joy and ¢y is w while the diagonal separation is (1 + 2§)r, and clearly
lw| < 7%/¢ implies |w| < (1 + 28)%/%r%/6. We applied (15) with 6 = t(\'/\)'/3/3, which is required
to be greater than 6. This translates to ¢ > ty for a ty depending on 6y and X' /A. Similarly, we
absorbed the A'/\ dependency in the tail into the value of ¢, which thus depends on the original
tail coefficient ¢ in (15) and X' /.

Let us denote conditioning on the environment U by the notation P(- | U). By this we mean we
condition on the weights of vertices interior to U as well as those on the lower side A, but not those
on the upper side B. Then we see

Guw
IP’<Z > pr— N —— + trY/3 Blow, Eup | U)

_IP’<Z>/M“—XG +t1/3|U> (Elow‘U>‘P(Eup‘U)-

So with (37), all we need is a lower bound on P (Ejsy, | U) and P (Eyyp, | U). This is straightforward
using independence of the environment below and above U from U:

1

P (B | 0) < 510 P (X1, < pir = 79 < (39)
u€A 3 2

for large enough t (independent of §) and r (depending on §), using Assumption 3b. A similar

upper bound holds for P ( pper | U ) Together this gives

IP’<Z>W—)\’G + tr'3, Blow, up|U>>4 IP’(Z>,W—XGT +tr1/3>

and taking expectation on both sides, combined with (37), gives Lemma 3.5. The fact that \'/\
depends only on j and the previously mentioned dependencies gives the claimed dependencies of
L:o, 7:0, and ¢.

To prove Lemma 4.5, we take 6 = 1, which is equivalent to X = A\/3. Then in (37) the final bound
is done with the hypothesized bound on Xy, = s . i.e.,

= —{—tr1/3) < exp(—ct®).

N Guw?
]P) <X¢low7¢up > IU’T - )\f
Applying this bound requires |w| < 7#/2. Since |w| < r and 7 = Ar/X = 3r, this is valid. O

Next we prove Lemma 4.2, on a constant probability lower bound on the lower tail, based on
Assumptions 3b and 2.

Proof of Lemma 4.2. Let X? = X? — ur + G2%/r. We know from Assumption 2 that E[X?] <
—ggr1/3. Let E be the event

2
E=E@#) = {Xf<u7"—Gj—9rl/3},
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so that P(E) < exp(—cf®) for § > 6y, by Assumption 3b.

Observe that —Xfﬂ E 1s a positive random variable and so, by Assumption 3b,

E[-X?1z] = 7«1/3/ P (X,an < —tr1/3> dt
0

G 2 00 G 2
= rl/3 [9-P<Xf < pr — == —9r1/3> +/ ]P’(Xf < pr — == —tr1/3> dt]
T 0 T
o0
<rl/3 [Hexp(—cea) -|—/ exp(—ct®) dt] ;
0
this may be made smaller than 0.5¢gor'/3 by taking 6 large enough. We now set 0 to such a value.

We also have E[X?] = E[X?(1g 4 1gc)]. Combining this, the above lower bound on E[X?1g], and
the upper bound on E[X?], gives that

~ 1
E[X?1p] < —5927”1/3. (39)
The fact that X;?Il% is supported on [—0r!/3, 00) implies that
Gz? 1
P (Xf]lEc < pr — TZ - 4ggr1/3> > %; (40)

this follows from (39) and since

. - 1 1 - 1
E[X?1%] > —60 - P <X,% ¢ < 4ggrl/3> — Zggrl/gﬁ” (X:n}; > 4927“1/3)

v

- 1 1
—0-P(X?1% < —=gor'/3 ) — —gor'/3,
4 4
Since X?1p < 0, it follows that X7 < XZ1 g, so (40) gives a lower bound on the lower tail of X7,
as desired, with C = %92 and 6 = go/40. O

A.1. Proof of transversal fluctuation bound, Proposition 1.9. In this section we prove
Proposition 1.9 on the tail (with exponent 2«) of the transversal fluctuation of the geodesic path
on scale 72/3; we closely follow the proof of Theorem 11.1 of the preprint [BSS14], but adapted
to our setting and assumptions. We give the argument for the left-most geodesic I'Z from (1,1)
to (r — z,7 + 2); the argument is symmetric for the right-most geodesic. (Note that these are

well-defined by the planarity and the weight-maximizing properties of all geodesics).

We start with a similar bound at the midpoint of the geodesic, which needs some notation. For
x € [1,7], let T'Z(x) be the unique point y such that (z —y,z +y) € I'Z.

Proposition A.1. Under Assumption 2 and 3, there exist ¢ = c(a) > 0, 19, and so such that, for
r > 1o, s > sg, and |z| < 15/6,

P (|Ff(r/2)\ > z/2+ 87’2/3) < 2exp(—cs*?).

To prove this we will need a bound on the maximum, Z , of fluctuations of the point-to-point weight
as the endpoint varies over an interval, i.e.,

Z= sup (X,~E[X,]),

vE€ELup

2/3

where Ly, is the interval of width 2r*/° around (r — w,r + w). Note that this is not the same as

the point-to-interval weight.
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Lemma A.2. Let K > 0 and |w| < Kr®/6. Under Assumptions 2 and 3, there exist ¢ > 0,
0o = 0p(K), and rq, such that, for 6 > 0y and r > o,

P (Z > 07“1/3) < exp(—ch?).

Proof. The proof is very similar to that of Lemma 3.5 above.
We take ¢up = (2(r — w),2(r + w)) to be the backed up point. Let v* € Ly, be the maximizing

point in the definition of Z. For clarity, define the lower and upper mean weight functions M.y,
and My, by Miow(v) = E[X,] and Myp(v) = E[X, 4,,]; this is to use the unambiguous notation
Mo (v*) (which is a function of v*) instead of E[X,«]. We also define

. 0
Byp = {Xv*+(1,0)7¢up — Myp(v* +(1,0)) > _2T1/3} :

Now observe that
Xy — Moy (v*) + XU*+(170)7¢up - Mup(v* +(1,0))
< Xpup = inf (Miow (v) + Mup(v + (1,0). (41)
up

We want to replace the infimum on the right hand side by E[X, |. The latter is at most 2ur —
2Gw?/r. We need to show that the infimum term is at least something which is within O(r/3) of
this expression. For this we do the following calculation using Assumption 2. Parametrize v € Ly,
as (r —w — tr?/3 7 4w + tr?/3) for t € [~1,1]. Then, for all t € [-1,1],

r r3

G(w + tr2/3)? w + tr2/3)4

Miow(v) + Myp(v + (1,0)) > [MT_ ( , ) _H( r3 )
_ 4922/3)2 _ 1,.2/3V4
) G(w — tr</?) _H(w tre/?) ]

2Gw?
> our — 2 ot/ _ 39 H K43,
T

the last inequality since |w & tr2/3| < 2Kr%/6. Since t € [—1,1], 2Gt?r'/? < 2Gr'/3, and so the
right hand side of (41) is at most Xy, —E[Xg ]+ grl/g’ for all large enough 0 (depending on K).
Thus, recalling the definition of Ep,

P (Z > 0r'/3, Eup) <P (X¢up - E[X4,,] > Zr1/3)> < exp(—ch?).

We now claim that Ey, has probability at least 1/2; since ., is independent of A , this will imply

that P(Z > 0r1/3) < 2exp(—c#®). The proof of the claim is straightforward using the independence
of u* with the environment above L, and Assumption 3b, for

P (Ey,) < sup P <Xu+(1,0) — Myp(v +(1,0)) < —ZTI/B) <1/2,
vE€Lup

for all # larger than an absolute constant. 0

Proof of Proposition A.1. We will prove the bound for the event that T'?(r/2) > z/2+ sr?/3, as the
event that it is less than —z/2 — s7%/3 is symmetric.

For j € [0,7/3], let I; be the interval

(g - % — sr2/3, g + g + 57“2/3) — [, 5+ 1] - (23, —/3).
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Let A; be the event that T'Z passes through I, for j € [0,71/3]. Observe that

r1/3

{Fi(r/Q) > 2/2 4 37«2/3} c | 4;. (42)
j=0

We claim that P(A;) < exp(—c(s+7)?®) for each such j; this will imply Proposition A.1 by a union
bound which we perform at the end.

Let ZJ(I) = X@,1),1; and Z](-z) = XTI, (r—zr+2)- Also, let Z](-l) = SUpPyep, (X, —E[X,]), and define Z](-2)
analogously.

We have to bound the probability of A;. The basic idea is to show that any path from (1,1) to
(r — 2,7 + z) which passes through I; suffers a weight loss greater than that which X7 typically
suffers (which is of order Gz2/r), and so such paths are not competitive. When j is very large, it
is possible to show this even if we do not have the sharp coefficient of GG for the parabolic loss; but
for smaller values of j, we will need to be very tight with the coefficient of the parabolic loss. So
we divide into two cases, depending on the size of j, and first address the case when j is large (in
a sense to be specified more precisely shortly). Observe that, for a co > 0 to be fixed,

P(4)) <P (X7 <EIX7] - eo(s + )% 2) + B (27 + 27 > BIXF] - eals + )%

the first term is bounded by exp(—c(s + j)?%) by Assumption 3b for a ¢ depending on ¢z, and we
must show a similar bound for the second. Note that the second term is bounded by

2
P (Z](.l) + 2 > pr — GTZ — Hr'/3 — cy(s + j)2r1/3) , (43)

using Assumption 2 and since |z| < r°/6,

Recall from (35) and Lemma 4.5 that there exists a A € (0,1) such that, for |z/2+ (s + j)r?/3| < r,
and 7 = 1 and 2,

P (ZJ(.i) > Vij + 07“1/3) < exp(—cf?), (44)

where v; j = $ur — X - T/% (32 £ (s + §)r?/?)? with the + for i = 1 and — for i = 2; v; ; captures
the typical weight of these paths. Note that we are very crude with the parabolic coefficient, but
the bound (44) holds for all j; and also that we measure the deviation from the same expression
v;; (which is obtained by evaluating (35) at one endpoint) for all points in the interval. As we will

see, comparing the full interval to a single point will not work for the second case of small j.

We want to show that the typical weight 1 j + 15 ; is much lower than pr— Gz?/r. Simple algebraic
manipulations show that, if (s + j)r?/3 > (A=1 — 1)1/25/6 (which is the largeness condition on j
defining the first case),

2 G2* 2/3 N2 1/3 G2? 2 1/3
Zw,j<ur—>\7—(l—A)Gr —3AG(s+j)*r <,ur—7—3)\G(s+j)r ,
i=1

the final inequality since |z| < 7%/6. We have to bound (43) with some value of ¢, and we take it
to be 2AG; note that any bound we prove on (43) will still be true if we later further lower co. The
previous displayed bound shows that, for (s + 7)r?/? > (A\=1 — 1)1/2¢5/6,

2
P (ZJ(-D + ZJ(-Q) > pr — GTZ — HpB ca(s —i—j)er/S)

<P <ZJ(,1) + ZJ(?) > v+ 1o+ %AG(s +j>27”1/3> .
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In the inequality we absorbed —Hr/3 into the last term by imposing that s is large enough,
depending on A\, G, and H. Now by a union bound and (44), the last display, and hence (43), is
bounded by 2 exp(—c(s + 5)%%).

Now we address the other case that (s + 5)r2/3 < (\=1 —1)1/2¢5/6, Thus I; is close to the interpo-
lating line, and we need a bound on the interval-to-interval weight with a much sharper parabolic
term than in the previous case. Here above approach of the first case faces an issue. Since the
gradient of G22/r at z is 2Gz/r, the weight difference across an interval of length /3 at antidi-
agonal displacement z is of order z/ r1/3 which is much larger than the bearable error of O(rl/ 3)
when z is, say, 7%/6; so the crude approach of using the same expression (which we need to be less
than pur — Gz2/r) for the typical weight of all points in the interval, as we did in the first case, is
insufficient—to have a single expression for which a tail bound exists for all points in the interval,
we must necessarily include the linear gain of moving across the interval in the expression, and this
will force it above pr — Gz2/r. So, for this case, we will use Lemma A.2, which avoids the problem
by taking the supremum after centering by the point-specific expectation.

Let X! = X,

(r—zr+z)- NOwW we observe

P(4;) <P (X: < E[X}] — ca(s +j)27«1/3) +P <sup(Xv +X,) > E[X7] — ca(s +j)27~1/3> ;
’UEIJ'
note that X, + X, counts the weight of v twice, but this is acceptable as this sum dominates the
weight of the best path through v. The first term is at most exp(—c(s+5)%®) for a ¢ > 0 depending
on ¢3. We bound the second term as follows. First we note that E[X?] > ur — G22/r — Hr'/3 and
that sup,ey, (E[Xy + X7]) < pr— G2?/r—G(s+4)*r'/3 by a simple calculation with Assumption 2,
and so

P (sup(XU + X)) > E[X7] — co(s +j)27“1/3>

UEIj

<P (sup(Xv —E[X,] + X, —E[X]]) > —Hr'/* + (G — c2)(s + j)2r1/3> :
”UGI]'

We lower ¢y (if required) from its earlier value to be less than G/2. Now, we need to absorb the

—Hr'/3 term above into the (s + j)2r1/3 term, which we can do for s > sg by setting sq large

enough depending on G and H. So for such s, by a union bound we see that the previous display

is at most

UEI]‘

P (sup(Xv —E[X,]) > £G(s —|—j)2r1/3> +P <sup(X; ~E[X]]) > 1G(s _|_j)2741/3> _
UEI]‘

We bound this by applying Lemma A.2, with K = (A™! —1)/2 and 0 = %G(s + 7)%2. Recall
that the bound of Lemma A.2 holds for § > 6y(K). Thus we raise so further if necessary so that
(s +4)? > 0g(K) for all s > sp and j > 0. Then we see that, for s and j such that s > so and
(s +7)r¥? < (A\=1 = 1)r%/6 the last display is at most 2 exp(—c(s + 7)2).

Returning to the inclusion (42) and the bound of exp(—c(s + 7)2%) of P(4;) for the two cases, we
see that

F1/3

P (Ff(r/Q) > z/2 + 57"2/3) < Zexp(—c(s + 7)%*) < Cexp(—cs®)
j=1

for some absolute constant C' < co and ¢ > 0 depending on «. Here we used that, if a € (0,1/2),
then (s+7)%¢ > 22071(s22 4 52%) while if « > 1/2, then (s+7)%* > 52+ 52%; and finally exp(—cj>®)
is summable over j. This completes the proof of Proposition A.1. O
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To extend the transversal fluctuation bound from the midpoint (as in Proposition A.1) to anywhere
along the geodesic (as in Proposition 1.9), we follow very closely a multiscale argument previously
employed in [BSS14, Theorem 11.1] and [BGHH20, Theorem 3.3] for similar purposes. For this
reason, we will not write a detailed proof but only outline the idea.

Proof sketch of Proposition 1.9. First, the interpolating line is divided up into dyadic scales, in-
dexed by j. The ;' scale consists of 2/ + 1 anti-diagonal intervals, placed at separation 2777, of
length of order sjrz/s =T (1+ 2’1'/3)37“2/3. By choosing the maximum j for which this is done
large enough, it can be shown that, on the event that TF(I'?) > sr/3, there must be a j such that
there is a pair (11, I3) of consecutive intervals on the j*" scale, and the interval I5 of the (j + 1)
scale in between such that the following holds: the geodesic passes through I and I3, but fluctuates

enough that it avoids I, say by passing to its left.

Planarity and that the geodesic is a weight-maximising path then implies that the geodesic from
the left endpoint of I to that of I3 is to the left of the geodesic I'Z (this observation is often called
geodesic or polymer ordering), and so must have midpoint transversal fluctuation at least of order
(41 — sj)r2/3 = 2-U+1/35:2/3 But since this transversal fluctuation happens across a scale of
length 7/ = 277r, in scaled coordinates it is of order 2//3s(r')%/3. Applying Proposition A.1 says
that this probability is at most exp(—c22%7/352%), Now it remains to take a union bound over all the
scales and the intervals within each scale. Since the number of intervals in the ;' scale is 27, and
since 27 exp(—c22%9/35%%) is summable in j, we obtain the overall probability bound of exp(—cs®)
of Proposition 1.9. O
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