UPPER TAIL LARGE DEVIATION FOR THE ONE-DIMENSIONAL FROG MODEL
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ABsTrRACT. In this paper, we study the upper tail large deviation for the one-dimensional frog model. In this model,
sleeping and active frogs are assigned to vertices on Z. While sleeping frogs do not move, the active ones move as
independent simple random walks and activate any sleeping frogs. The main object of interest in this model is the
asymptotic behavior of the first passage time T(0,n), which is the time needed to activate the frog at the vertex n,
assuming there is only one active frog at 0 at the beginning. While the law of large numbers and central limit theorems
have been well established, the intricacies of large deviations remain elusive. Using renewal theory, Bérard and Ramirez
[2] have pointed out a slowdown phenomenon where the probability that the first passage time T(0,n) is significantly
larger than its expectation decays sub-exponentially and lies between exp(—n!/2t°(1)) and exp(—n'/3+t°(1). In this
article, using a novel covering process approach, we confirm that 1/2 is the correct exponent, i.e., the rate of upper
large deviations is given by nl/2. Moreover, we obtain an explicit rate function that is characterized by properties of
Brownian motion and is strictly concave.

1. INTRODUCTION

In this paper, we treat the interacting particle system consisting of “active” and “sleeping” states as follows: First,
we place infinitely many particles in some space, according to a deterministic rule. Active particles can randomly move
around in the space and sleeping particles do not move at first. However, sleeping particles become active and start
moving around as soon as they are touched by active particles. Initially, only one particle is active, and the others
are sleeping. When the system starts, the first active particle gradually generates active particles by touching sleeping
ones, and they propagate across space.

We call the interacting particle system above the frog model and regard particles as frogs in the present paper.
However, the frog model has several names circumstantially. The frog model was originally introduced in the image of
information spreading (see the introduction of [4]): every active frog has some information and shares it with sleeping
frogs touched by active ones. In [29, Section 2.4] (which is the first published article on the frog model), the frog model
is called the egg model. It is said that R. Durrett coined the name “frog model” proposing a discrete space-time version
(see the introduction of [1] again). On the other hand, a continuous-time version of the frog model is interpreted as
a combustion phenomena described by a system composed of two types of frogs. In this case, the frog model is often
called the “combustion model” or “the reaction A+ B — 2A” (see for instance [28]). One of interest object of the frog
model is the diffusion speed of active particles, and it has been investigated in the view of the probabilistic theory for
several decades: the law of large numbers, the central limit theorem and the large deviation principle, which provide
the asymptotic behavior, the fluctuation around the average behavior, and the decay rate of the tail probability for
the diffusion speed, respectively.

The study of the diffusion speed has mainly made progress in the case where an underlying space is the d-dimensional
lattice Z? (d > 1) and each site of Z¢ initially has one frog (the active frog is put on the origin in Z¢). Alves et al. [4]
and Ramirez and Sidoravicius [28] completely solved the law of large numbers for the diffusion speed in all dimensions
and both discrete and continuous-time settings. On the other hand, the central limit theorem and the large deviation
principle on Z are studied in [7] and [2], respectively.

This paper deals with a part of the large deviation principle for the diffusion speed in the discrete-time frog model
on Z. Bérard and Ramirez [2] investigated this topic in the continuous-time setting. They observed the so-called
slowdown phenomenon for the propagation of active frogs by giving some partial estimates for the upper tail large
deviation probability for the diffusion speed, which is the probability that the diffusion speed deviates upward from
its typical behavior (see the discussion above Theorem 1.2 for more details). The argument used in [2] might work for
the discrete-time setting as well. However, in this paper, we take a different approach using a novel energy coming
from the one-dimensional Brownian motion (see (1.3)), and completely solve the upper tail large deviation probability
for the diffusion speed in the discrete-time setting.
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1.1. The main result. We first state the dynamics of frogs and define the diffusion speed precisely. Let d > 1. The
dynamics of frogs are given by independent simple, symmetric random walks on Z? (we drop the adjective “symmetric”
below, as is customary). For each x € Z¢, write (S%)32, for these random walks on Z? with S = z. This describes
the trajectory of the frog initially sitting at site x after becoming active. For any x,y € Z<, the first passage time
from x to y is defined by

k—1
] kE>1and zo,21,...,25 € Z¢
T ;= inf t(x;, x; H Ol Tk
(z,y) :=in {; (i, Tigp1) with o = = and z = y ’

where
t(wi aipr) = inf{n >0: 8% =z, }.

The main object of interest in this paper is the first passage time T(0, -), which represents the diffusion speed at which
active frogs propagate from the origin 0. Let us now explain the dynamics of our frog model and the intuitive meaning
of the first passage time T(0,y): First, we put the particle on all sites of Z¢. The behavior of the frog sitting at site =
is controlled by the simple random walk S%, but not all particles move around from the beginning. At first, the only
frog sitting on 0 are active and perform a simple random walk. On the other hand, the other frogs are sleeping and
do not move. Each sleeping frog becomes active and starts to perform a simple random walk once it is touched by an
active frog. When we repeat this procedure for the remaining sleeping frogs, T(0, y) represents the minimum time at
which an active frog reaches y. It is clear that the first passage time is subadditive:

T(z,2) < T(z,y) + T(y,2),  w,y,2€Z".

Furthermore, Alves et al. [4, Section 3] showed the integrability of the first passage time T(x,y). Combining these
with the subadditive ergodic theorem (see for instance [13, Theorem 6.4.1]) yields the following asymptotic behavior
of the first passage time: there exists a (nonrandom) norm fx(-) on the d-dimensional Euclidean space R? such that
P-a.s.,

T(0,y) — p(y)

1.1
(L) lyl1—o00 lyl1

=0,
where | - |; denotes the ¢!-norm on R?. Furthermore, p(-) is invariant under permutations of the coordinates and
under reflections in the coordinate hyperplanes. The norm p(-) is called the time constant and T(0,y) asymptotically
behaves like p(y) as |y|1 — oo.

From now on, we assume d = 1 and set u := p(1). Before stating our main result, we shall explain the motivation
for the present work. As stated at the beginning of this section, Bérard and Ramirez [2|' studied large deviation
principles for the continuous-time frog model on Z. In particular, they observed that the slowdown phenomenon for
the propagation of active frogs, i.e., the upper tail large deviation probability for the first passage time decays slower
than exponential [2, Theorem 2|: for any £ > 0,

(12) Y < P(T(0, 1)) = (n+ ) < e

where [t] is the greatest integer less than or equal to ¢t. However, this estimate is not optimal, and hence the present
work is motivated by the desire to complete the upper tail large deviation estimate.

Let us prepare some notation to state our main result. First, for any £ > 0, denote by C(§) the set of all functions
f:R — [0, 00) satisfying the following three conditions:

_41/340(1)
¢ as t — 0o,

e f is non-increasing and non-decreasing over (—oo, 0] and [0, 00), respectively;
e lim, o f(x) = 0 holds;
* [[fllco = sup,er f(2) < & and lim, o f(z) = ¢
Next, for each z € R, let P2M be the law of one-dimensional Brownian motion starting at z. In addition, write (B;);>0

for the trajectory of Brownian motion, and 7, := inf{t > 0 : B; = y} stands for the hitting time to y € R. Then, for
any f € C(£), the energy of f is defined by

(13) BU) = - [ 18P (5, 2 1) - 1) Vo € R)
In addition, given £ > 0, we define the minimum energy over C(§) as
(1.4) r(&) :==inf{E(f): f€C()}.

lActually, [2] adopts a little different setting from the one-particle-per-site frog model on Z as follows: Initially, every site of the left of
0 has a random number of active frogs, and every site on non-negative integers has a common fixed number of sleeping frogs. Although
it seems that arguments used in [2] also run along the same lines for the discrete-time, one-particle-per-site frog model on Z, we use a
completely different approach in the present article to complete the upper tail large deviation estimate.
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Remark 1.1. As we will see later (Step 2 in Section 1.3), the key of the present work is to observe a localization
phenomenon of the upper tail large deviation event {T(0,n) > (u+ &)n}. More precisely, {T(0,n) > (u+ &)n} is
mainly affected by frogs siting on a bad interval, whose length has order \/n but whose passage time is more than
én. The ensemble C(§) can be referred as the set of functions recording all possible profiles of the space-time rescaled
first passage time on a bad interval whose left endpoint is 0, i.e., f(u) = T(0,uy/n)/n for u € R. Moreover, as
explained Section 4.1, given f € C(£), the event that the scaled passage time T(xz+/n,y~/n)/n is approximated by the
(f(y) — f(x))4 has probability roughly equal to e~ V"F) . Hence, we refer to E(f) as the energy of f, following the
custom of statistical mechanics.

We are now in a position to state our main result. For the discrete-time, one-particle-per-site frog model on Z, the
following provides the upper tail large deviation.

Theorem 1.2. Let r, := (1) and p := pu(l). Then, r. is positive and finite, and the first passage time of the frog
model on 7 satisfies the upper tail large deviation with speed \/n and rate function & — r/€ (€ > 0). More precisely,
for all € >0,

nl;ngo % logP(T(0,n) > (u+&)n) = —r/E.

1.2. Related works. Let us finally comment on earlier literature for the frog model. The recurrence/transience
problem was the first published result on the frog model. Telcs and Wormald [29, Section 2.4] treated the one-particle-
per-site frog model and proved that it is recurrent for all d > 1, i.e., almost surely, active particles infinitely often visit
0 (the frog model is said to be transient if it is not recurrent). This result was developed into the relation between the
strength of transience for a single random walk and the number of frogs. Popov [25] introduced the frog model with
random initial configurations and exhibited phase transitions of the recurrence and transience in terms of the density
of initial configuration. After that, Alves et al. introduced the frog model on an arbitrary graph with random initial
configurations and random lifetimes, and studied phase transitions of the survival of frogs and recurrence/transience
(see [1] and [26] for more details). Recently, Kosygina and Zerner [18] obtained a zero-one law of recurrence and
transience for the frog model with random initial configurations. Furthermore, in [12, 14] and [15, 16, 22, 23, 24],
the recurrence/transience problem is also studied for the frog model with drift (this means that active frogs perform
asymmetric random walks) and on some trees, respectively.

The spread of active frogs, which is the interest of the present paper, was first investigated for the frog model on
7% in the discrete- and continuous-time settings (see [4] and [27]). More precisely, they showed that the asymptotic
behavior of the first passage time can be controlled by the time constant, which is a (nonrandom) norm on R? (see
(1.1)). Hence, the central limit theorem and the large deviation principle are the next step to understand the behavior
of the first passage time in detail. However, there are a few results for these topics. In the multi-dimensional case,
the authors proved that the first passage time has a sublinear variance and satisfies a concentration inequality, and
its tail probability decays sub-exponentially (see [6] and [19]). These results give some clues for the central limit
theorem and the large deviation principle for the first passage time, but they are not enough to solve these problems
completely. Moreover, since the main tools used in [6] and [19] are percolation arguments, those do not work in the
one-dimensional case. Hence, we may need completely different approaches to study the central limit theorem and the
large deviation principle in the frog model on Z. Actually, Ramirez et al. [2, 7] discussed the central limit theorem and
the large deviation principle for the frog model on Z by using a renewal structure, which is developed in the study of
random walks in random environments. Moreover, in the present article, we complete the upper tail large deviation
estimate by using the energy E(f), which is never seen in previous works.

In forthcoming papers, we will study large deviations for the first passage time in higher dimensions. Then, for the
upper tail large deviation, it is also useful to observe a localization phenomenon: let e; be the first coordinate vector
of Z4, and the upper tail large deviation event {T(0,ne;) > (u+&)n} is affected by frogs sitting on a bad region which
is the ball centered at ne; and of radius O(y/n). Due to the geometry of the bad ball, the results in higher dimensions
are different. Particularly, when d = 2 (resp. d > 3), the speed is n/logn (resp. n) and the rate function is linear
& — cq€ (where ¢g4 is a constant depending on d). In contrast, it appears that the lower tail large deviation event
{T(0,ne1) < (u—&)n} is affected by overall frogs and the lower tail large deviation probability decays exponentially
regardless of the dimension.

Similar localization phenomena have been observed in other models, including First-passage percolation and the
chemical distance in percolation. In a study of First-passage percolation with weights under tail estimates, Cosco
and Nakajima [9] established a specific rate function for upper tail large deviations, known as the discrete p-capacity.
Furthermore, Dembin and Nakajima [10] demonstrated the existence of the rate function for upper tail large deviations
of the chemical distance in super-critical percolation when the dimension is three or higher. This is characterized by a
space-time cut-point that all paths between the endpoints must pass through later than a specified time. These upper
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tail large deviations share similarities in the sense that the passage times are abnormally large due to the environments
surrounding the endpoints. In our current study of the one-dimensional frog model, we also confirm the appearance
of localization phenomena on the event of upper-tail large deviations. However, we do not know its location, which
makes the structure complicated. Moreover, the analysis of the models mentioned above heavily relies on the slab
argument, a concept introduced by Kesten, which is not applicable in our current study due to its one-dimensional
nature. Instead, we introduce a new argument of covering process (see Section 5 for details), which will be also used
for upper tail large deviations in the two-dimensional frog model in the forthcoming paper.

1.3. Sketch of proof. We summarize here the main steps in the proof of Theorem 1.2. The symbol 0p;(1) stands for
some constants satisfying limps_, o limsup,,_, ., [oar(1)] = 0, which may change from line to line.

Step 0: Scaling invariance of energy. In Lemma 2.2 (see Section 2.1 below), we demonstrate the scaling invariance
of the rate function taking advantage of the scaling invariance of Brownian motion:

(1.5) (&) == fé%f@ E(f)=7r./¢ and r, :=r(1).

Step 1: Localization of upper tail large deviation event. Let us next observe that a certain localization
phenomenon affects the upper tail large deviation event. Intuitively, a good strategy to delay the transmission on Z
is to retard the propagation of active frogs on a bad interval whose length is of order /n, but the passage time is of
order n: for all sufficiently large M € N, as n — oo,

1 1
108 P(T(0.m) > (u-+ €n) ~ = logP(T(0. LM V) > &) + o(1).
However, this strategy does not work directly. Instead, we show the following inequalities in Proposition 3.1 (see
Section 3 below), which are weaker versions of the above approximation:

P(T(0,n) > (1 +&)n) > exp(onr(1)v/n) x P(T(0, [Mv/n]) > (& + on(1))n),
P(T(0,n) > (1 + &)n) < exp(onr(1)v/n)

M
x sup  [[P(TO, [Myn]) > (& — 248 )n).
€156 20 i=1
S14. +HEm=E

These inequalities tell us that the upper tail large deviation event can be localized around several bad intervals whose
length is of order v/n and where the total passage time is approximately greater than &n.

Step 2: Upper tail estimate for the first passage time on the bad interval. Thanks to Step 1, it suffices
to take care of the upper tail probability of the form P(T(0, | M+/n|) > &n). Our task is now to prove that for all
sufficiently large M € N, as n — oo,

-1 )
(1.6) NG log P(T(0, [M+/n]) > én) ~ férclfg) E(f) + o (1).

The heuristic ideas of the above approximation is as follows: Let f(u) := T(0,u\/n)/n be the space-time rescaled
passage time on the bad interval. Then, T(0, M\/n) > &n if and only if f € Cp (&) :={f € C(&) : f(M) > ¢} In
addition, it always holds by the triangle inequality that

t(z,y) = T(0,y) = T(0,2) = n(f(y/vn) — f(z/vn)) Va,yeL.

Since t(x,y)’s are the hitting times of simple random walks, one can expect by Donsker’s invariance principle that as
n — oo,

P(t(,y) = n(fly/V) = f@/V)) Vay € [-Myn, Myn])
~ exp(—Va(E(f) +om(1))),

where for any a,b € R, [a, b] is the set of integers on the interval [a, b] (see Section 4.1 for more detailed explanation
of this approximation). These observations imply (1.6). It should be noted that the final approximation is heuristic
in nature, even though we have chosen f as a random quantity included in the class Cps(€) in our previous discussion.
Specifically, certain approximations are only valid when applied to step functions. Consequently, we will establish the
final outcome through a two-step proof.
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Step 2a: Arising of energy functional. Let C5%P(¢) be the set of all step functions in C(£). In Proposition 3.2
(see Section 3 below), we estimate the left-hand side of (1.6) precisely:

-1
limsup — log P(T(0, |My/n]) > én) < inf  E(f) + onr(1),
imsup —=log P(T(0, M Vn]) > én) redif, o B +on(1)

lim nf \‘/—% log P (T(0, M) = n) = inf_ E(f) — o (1)

Step 2b: Energy approximation. In Proposition 3.3 (see Section 3 below), we show that the ground state energy
in C(&) can be approximated by the energy of step functions:

1.7 inf E = inf  E(f).
(L7) fec(s) () fecster(g) ()

Conclusion: It directly follows from Steps 0 and 2 that as n — oo,

(1.8) \/—% logP (T(0, [M+/n]) > &n) ~ e/ €+ oar(1).

Plugging this into Step 1, we arrive at

lim sup \/—% log P(T(0,7) > (1 +&)n) < r/E,

lim inf ;—; log P (T(0,1) > (s + €)n)

> lim inf lim inf sup r*( §1+...+\/§M)—0M(1) zr*\/é,

M—o00 n—oo €14k >0

by the inequality /x1 + ...+ \/Tm > /T1 + ... + T, which ends the proof of Theorem 1.2.

1.4. Organization of the paper. Let us describe how the present article is organized. First, in Section 2, we
summarize properties of the simple random walk, the Brownian motion and the frog model, which are used throughout
this paper. In particular, by using the scaling invariance of Brownian motion, Lemma 2.2 gives the scaling invariance
of energy and completes Step 0 in Section 1.3.

Section 3 is devoted to the proof of our main result (Theorem 1.2). While Proposition 3.1 guarantees the validity
of Step 1 in Section 1.3, Propositions 3.2 and 3.3 deal with Steps 2a and 2b in Section 1.3, respectively. We just give
the statements of the above propositions in Section 3, and complete the proof of Theorem 1.2 for now.

The aim of Section 4 is to show Proposition 3.2. This section consists of two parts: In Subsections 4.2, we optimize
the energy for the lower bound of the upper tail probability (see Proposition 3.2-(i)). Note that at this stage, the energy
on CS*P(¢) (not C(€)) is used for the lower bound (In Section 6, we check that the energy on C(¢) is approximated by
that on C5*P(¢)). On the other hand, in Subsections 4.2, we optimally estimate the upper tail probability from above
by using the energy on C(£) (see Proposition 3.2-(ii)).

Section 5 gives the proof of Proposition 3.1. This proposition consists of parts (i)—(iii), and those proofs are mainly
given in Sections 5.1, 5.3 and 5.4. The proof of part (ii) is the most difficult, and the key lemma is Lemma 5.1 stated
in Section 5.1. Since its proof is a little bit long, we postpone it into Section 5.2.

In Section 6, we prove Proposition 3.3, which guarantees that the energy on C(&) is approximated by that on
CSteP(¢). More precisely, we shall use a delicate multi step deformation that gradually transforms a function in C(€)
to another in C5*P(¢) with approximated energy.

In Appendix, we prove some technical lemmas used in the paper. In particular, we show a version of conditional
FKG inequality for Brownian motion, which is of independent interest.

We close this section with some general notation:

e For any a € R, |a] is the greatest integer less than or equal to a. In addition, [a] is the smallest integer larger
than or equal to a.

e For any a,b € R, [a, b] is the set of integers on the interval [a, b].

e For any subset A of Z, denote by |A| the cardinality of A.

e For any A, B C R, d(A4, B) denotes the Euclidean distance between two sets A and B:

d(A,B) :=inf{lx —y| : x € A,y € B}.



6 V. H. CAN, N. KUBOTA, AND S. NAKAJIMA

e Forx € ACZ and y € Z, we denote by T 4(z,y) the first passage time from z to y using only frogs inside A,
or more formally

k—1
. k>1land zq,...,25_1 € A,
Ta(z,y) = 1nf{§ t(ﬁvi,xi+1):an€1 zo :x;nd xkk:; }
i=0

Moreover, define for A, U,V C Z¢,
TA(U, V) :=inf{Ta(z,y):x € UNAyecV}

Note that we have T4 > T for all subsets A of Z.
e Throughout the paper, ¢, ¢/, C, C’, ¢; and C; (i = 0,1,...) denote some constants with 0 < ¢, ¢/, C,C’, ¢;, C; <
oo. If it is necessary to emphasize the dependence on some parameter a, then we write ¢(a) for instance.

2. PRELIMINARIES

This section summarizes properties for the Brownian motion and the simple random walk. In particular, Lemma 2.2
proves the scaling invariance of energy, which corresponds to Step 0 in Section 1.3.

2.1. Some properties of simple random walk and Brownian motion. We start with some simple estimates for
the hitting time and the range of the simple random walk.

Lemma 2.1. For simplicity of notation, we use the notation (S;), to express the simple random walk (SP)$2,
starting at 0. Then, the following results hold:

(i) Let R, be the range of the random walk up to time t, i.e., Ry := {S; : i € [0,t]}. There exists a positive
constant ¢ such that for all t > m?,

P(|R¢| < m) < exp(—ct/m?).
(ii) For any a > 0, there exists a constant ¢ = c(a) € (0,1) such that for alln € N,

sup P(¢(0,z) > n) <ec.
lz|<av/n

(iii) There exist positive constants ¢ and C such that for all x € Z and n € N,
P(t(0,z) < n) < Cexp(—cz?/n).
Proof. By the central limit theorem,
kli_)ngc P(Sp: <k)=P(Z<1)<1,
where Z is a standard normal random variable. Therefore,

sup P(|Ri2| < k) < supP(Si2 < k) =1 a < 1.
k>1 k>1

This combined with the Markov property implies that for ¢t > m?,
P(|R.| < m) < P(\{Si e [jm? 41, (G + Dm}| <m Vi e [o, t/mQ]]) < ot/2m®,
and part (i) follows. For part (ii), we use Donsker’s invariance principle: as n — oo,

sup  P(t(0,2) = n) = P(1(0, [av/m]) = n) — PEM(r, > 1) € (0,1),
2| <av/m

where PEM is the law of Brownian motion starting at 0 and 7, is the hitting time of Brownian motion to a (see also
above (1.3)). This implies part (ii) immediately. For part (iii), from [21, Proposition 2.1.2-(b)], there exist constants
¢ and C such that for all x € Z \ {0} and n € N,

P(t(0,2) <n) <P ( max |S;| > |x|) < Cexp(—cx?/n),

1<i<n
and part (iii) follows. O
Let us next state some properties for the hitting time of the Brownian motion.

Lemma 2.2. Given £ > 0 and f € C(§), we define the rescaled function fe(x) := 71 f(\/€x). Then, fe € C(1) and
E(f) = VEE(fe) for any € > 0 and f € C(§). As a corollary, the function r defined in (1.4) satisfies that for any
§>0, (&) =vEr().
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Proof. Let f € C(&) with £ > 0. Since limg_,oo f(z) = &, we have lim,_,o fe(z) = 1 and f¢ € C(1). By the scaling
invariance of Brownian motion, i.e., the laws of (B;);>¢ and (Bet/v/€)i>0 coincide (e.g., [17, Lemma 9.4]), we have

_E(f) = /R logPPM (r, > f(y) — f(z) Vy€R)de

= [ 10PRe (rve = €71 ) — fl@) Wy € R) o

By the change of variables t = x/1/€ and s = y/+/£, the rightmost side above is equal to
ﬁAlogP?M (Ts > ¢ (VEs) — €T F(VE) Vs e R) dt

Therefore, we obtain the equality E(f) = v/€E(fe), which implies that () = /Er(1). O
d 2
]P’BM (max B, < u) = \/76_“2/2.
du 0<s<1 T
2 [u/Vt
POBM(Tu>t):\/7/ e ds < 1A =
T Jo Vit

Proof. The first statement is proved in [17, page 96]. Hence, the scaling invariance of Brownian motion shows that for

all t,u > 0,
BM(_ < 4 _ pBM < \/7 e—5%/24
Py (ru > t) =Py ((glsagt B, < u) peM <max B; < \[> /

The last asymptotic formula follows from that for all > 0,

Al T
x;\lg/ e*SQ/stg/ e*SQ/stgx/\\/E
0 0

Lemma 2.3. We have for any u > 0,

As a consequence, for all t,u >0,

O

In Step 2 of Section 1.3, we use Donsker’s invariance principle and approximate the trajectory of the simple random
walk by that of the Brownian motion. To do this procedure rigorously, for any function f on R and € > 0, we define
two perturbed versions f€ of f by

(2.1) )= sup  flv), f(u):= inf  f(v) for weR.
vE[u—e,ute| vE [u—e,ute]

In particular, the following play a key role in approximating the energy by using step functions in Step 2a of Section 1.3.

Lemma 2.4. Let f and g be bounded functions on R with f(x) < g(x) for all x € R. For €1,ea, M > 0, there exists
ng € N such that for all n > ng and x € [-M+/n, M+/n],

PO (> 70 0) — glo/VR) o € M) - g
(2.2) < P(t(m,y) >n(f(y/vn) —g(z/vn)) Vye[-Mvn, Mﬁﬂ)
<P (n 2 £ 0) — gla/VR) W€ [FM, M) + e

Proof. Let €1,€e3, M > 0. Without loss of generality, we assume that g(z/v/n) = 0 by subtracting g(x//n) from f
and g if needed. Let (By)¢>0 be the Brownian motion starting at x//n, and (5;)32, the simple random walk starting
at z. The Komlos—Major-Tusnady approximation (see [11, Lemma 17] for instance) allows us to couple ( nSLnt 1)t>0
and (B;);>0 on a common probability space with probability measure P in such a way that for all n large enough
depending on €1, €3, f,

61 }

(2.3) P(&;) < €2, where &, := { sup |B:—

0<t<|| flloo

f —=5nt]
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We first consider the second inequality in (2.2). Suppose that &, occurs, and assume further that for all y €
H_M\/ﬁ7 M\/E]L
(2.4) t(z,y) > nfly/vn).
If y > z, then (2.4) implies sup{S; : t < nf(y/v/n)} <y. Thus, by &,, choosing y := [(v — (e1/2))+/n], one has for all
v € [x/y/n+ e, M|,
sup {Bt it < f_’El(y)} < sup{Bt 1t < f(y/\/ﬁ)} < %
which implies 7, > f7 (v). By symmetry, we have 7, > f~(v) for all v € [-M,z/+/n — €1]. Observe that for all

v € R with |[v — z/y/n| < €1, by the assumption that f < g, we have f~(v) < f(z/v/n) < g(z/+v/n) = 0. Hence, we
have 7, > f~(v) for all v € [-M, M]. In conclusion,

& {t@,y) = nf(y/vn) vy € [-Mv/n, MVA]} < {r, = 7 (v) Yo € [-M, M]}.

This combined with (2.3) yields the second inequality of (2.2).

Next, we consider the first inequality in (2.2). Suppose that &, occurs and that 7, > 7 (v) holds for all v €
[—M, M]. If v > x/\/n, then sup{B; : t < nfT(v)} <wv. Thus, by &,, for all y € [x, M/n], with v := y/\/n —€1/2,

J€ €1 €1 o Yy
sup { S, :n < f(y/vn)} <sup{B:t < f* 1(“)}"‘5 SU—FE =/
which implies ¢t(z,y) > f(y/v/n). By symmetry, we have t(z,y) > f(y/v/n) for all y € [-M+/n, z]. Putting things
together, we reach
& {r 2 £ ) v e [-M, M} € {ta,y) 2 nf(y/V) ¥y € [-MV, M/l }.

This combined with (2.3) yields the first inequality of (2.2). O

Lemma 2.5. Fiz & > 0. Let f € C5tP(&) (which is the set of all step functions in C(£)) and let T be the set of all the
points of discontinuity of f. Then, for any u € T'°,

;%PEM (1o > fT0(v) = f(u) Vv eR)=PEM(r, > f(v) — f(u) YveR).
Proof. Since f is bounded, we can take a constant M such that the support of f is in [—-M, M]. Hence, it suffices to
show that for any u € I'°,

s i P2 (1, > £79(0) — f(w) Vo€ [M,M))
' —PPM(r, > f(v) — f(u) Yo e |[—M,M)).

To this end, we fix u € T'°. Due to the monotonicity of f* in §, the limit of the above expression exists and
lim PEM (7, > /+9(0) - f(u) Yo € [~M, M)) < PN (r, > £(0) — f(u) Yo € [~M, M)

For the opposite inequality, let I' be the set of all the points of discontinuity of the function f. Note that I is finite
since f is a step function. Moreover, set f¥(z) := limgs\ o f7(z) and consider the event

£ = {Vw el 1 # fT(w) — f(u), nli_}r{.lorwil/n = Tw}.
Clearly, PBM(£) = 1 holds due to the finiteness of I'. Hence, the desired opposite inequality follows once we prove that
(2.6) (V6 >0,Fve[-M,M], 7, < fH0) - flw)}NEC{Fve[-MM]), 71 < fv)— f(u)}
Indeed, (2.6) combined with the monotonicity of £+ in ¢ implies that
i P2 (1, 2 f79(0) — f(w) Vo € (M, M))
=PBM({30>0, 7, > f0(v) — f(u) Vo€ [-M,M]}UE®)
> P(ry > f(v) = f(u) Vv e[-M, M),

and the desired opposite inequality follows.

To prove (2.6), suppose that the event in the left-hand side of (2.6) occurs. Then, for each ¢ € (0, 1], we can take
vs € [~M, M] such that 7,, < fT%(vs) — f(u). By the compactness of [0,1] and [~M, M], there exist a sequence
(61)22, on (0,1] and v, € [—M, M] such that §; N\, 0 and vs, — v, as k — co. If v. ¢ T, then f+o(vs,) = f(vs,)
holds for a sufficiently large k. This means that we have 7,, < f(vs,) — f(u), and thus the event in the right-hand
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side of (2.6) occurs. Let us next treat the case where v, € I'. Since f is a step function, f*% (vs,) < f¥(vs) holds for
all large k. Hence,

lim sup Tos,, < lim sup f+’5k (vs,) — fu) < f+(U*) — f(u).

k—o0 k—o0

This, together with the fact that 7,, # f*(vi) — f(u) and 7,,, — 7, as k — oo on the event &, implies 7,, <
ft(ve) — f(u). Hence, there almost surely exists a (random) constant £ > 0 such that 7, < f*(v.) — f(u) for all
v € [vx — &,v, + €]. Moreover, since f is a step function and v, € T', there exists an open interval I C [—-M, M] such
that v, is an endpoint of I and f(v) = f*(v,) for all v € I. Since [v. — €,v, + €] N [ is not empty and we can take
v € vy — &, v +] NI C[—M, M] such that

T < ST (va) = flu) = f(v) = f(u),
the event in the right-hand side of (2.6) also occurs when v, € I'. Thus, (2.6) is proved. O

2.2. Some prior estimates of the one-dimensional frog model. In this part, we present some lemmas on large
deviation behaviors of the first passage time of the frog model around the starting point.

Lemma 2.6. There exists ¢ € (0,1/64) such that for any § > 0, A > 4¢\/5, and n large enough, we have
(2.7) B(Bsa| < cdv/n/A) < exp(~Ai),
where fort >0,
Bi:={zx €Z:T(0,z) <t}
Consequently, for any n, A > 0 satisfying A > 32cn,
(2.8) P(T(0, [nv/)) A T(O, ~[nv/n]) = 243m/c) < exp(~Av/n).
Proof. For any k > 1, let us define
Ty := min{t € N : |B;| > 2¥}.
By Lemma 2.1-(i), there exists a positive constant ¢y such that for ¢ > m?
(2.9) P(|R¢| < m) < exp(—2cot/m?),

where R; is the range of the simple random walk starting at 0 up to time t (see also the statement of part (i) in
Lemma 2.1). Let

€ 1= (cod/4A)?, ky, := [logy(v/en)].
Next, we consider the filtration (F;),>1 defined by
Fi=0(Tq,---,Tj).
By the Markov inequality, for any a > 0
P(|Bsn| < Ven) < P(Ty, > 0n) < e *"E[e* ]

kn
(2.10) = e B[ ] BT | 5],
j=1

Since [Br,_,| > 277!, using (2.9), we have for ¢ > 2%/
i1 ;
(2.11) P(T; — Tjo1 >t | Fjo1) < (P(|Re| < 2ﬂ))2” < emot/?
Taking o := co/(2v/en) = 2A4/(6+/n), we have co/27 > co/2F > ¢o/\/en = 2a for all j € [1, k,]. Hence, for all
j E [[17 k’ﬂ]]y
Ble"(h T | 7y

< Oé/ €at]P(Tj — Tj—l >t | ‘/_'.j_l)dt
0

oo

6at€760t/2jdt S €a22j+1 —|—Oé/ 67atdt S 260422j+1.

223

oo
o
< 2% 22" —|—o</

223
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Thus, since 2222 < 4en < 6n/4 and ad/2 = A//n by the choice of €, a and the condition A > 4¢v/3, we have for n
large enough depending on ¢y, ¢, A,

kn kn i+1 kn 2j+1
efaénE[H]E[ea(ijTj_l) | ]:j—l]} < 6704671 H (ea221+ + 1) < 670{5” H 2e%2 i+

j=1 j=1 j=1

< exp (704571 + kylog2 + a22k7‘+2)

< exp(—adn/2) = exp (—Av/n).
This combined with (2.10) yields (2.7).

Next, we treat (2.8). Given 1, A > 0, we set § := 2An/c. Since A2 > 32Acn = 1625 by the assumption A > 32cn,
Part (i) gives
P(\B5n| > 277\/ﬁ) > 1 —exp(—Avn).

Moreover, if |Bs,| > 2n+/n, then either T(0, [nv/n]) < dn or T(0, —|ny/n]) < n. Hence,

P(T(0, [nv/m)]) A T(0, ~[nv/n]) < n) = 1~ exp(~Av/n),
and the proof is complete. O

Lemma 2.7. The following results hold:
(i) For any o > 0, there exists ¢ = c(a)) > 0 such that if n € N is large enough, then for all x € [—/n, /0],

P(T[—m,m] 0,2) > n) < exp(—cyv/n).

(ii) There exists a universal constant ¢ > 0 such that for any a, 8 > 0, if n is sufficiently large depending on «
and 3, then

P(T(0, lav/i]) > fn) < exp(—ca™ B/,
Proof. First of all, let ¢ € (0,1/64) be the constant as in Lemma 2.6 and recall Ty, = inf{t : |B;| > 2*}. Fix a > 0 and
x € Z with |z| < /n, and define
e :=min{a,c?/4}, ky, := [log, Ven|.
Then, for all n sufficiently large (independently of ¢, @ and ¢),
(2.12) P(Tk, >n/2) <P(|B, 2| < Ven) <P(|B, 2| < ev/n/2) < exp(—vn),

where we have used Lemma 2.6 with 6 =1/2, A=1 > 4¢v/3 in the last inequality. Note that, at the time Ty, , the
number of active frogs is larger than \/en/2 and the set of sites visited by active frogs is a subset of [—+/en, \/en].
Therefore, by the strong Markov property, we have for any x € Z with |z| < \/n,

}\/a/z

> < < >
]P’(T[f\/g—nﬂ/ﬁ(o,x) >n, Ty, < n/2) < {erglim/)(?nl[”(t(z,x) >n/2)

< exp(—c'v/n),
for some ¢’ = /() > 0. Here, the last inequality follows from Lemma 2.1-(ii) and that max{|z — x| : |z| < v/en, |z| <
vn} < (14 +/2)y/n. Combining this with (2.12) yields that

P(T[*\/ﬁ,\/@(ow) > n) < exp(—v/n) + exp(—c'v/n).

Hence, part (i) of the lemma follows since T(_ /7 /zn)(0,2) > T\ /a7 /an)(0,2) by € < o
Next, we consider part (ii). Fix o, 8 > 0. Then, letting n large enough and taking m := [a?n] and v := 3/(2a2),
one has

P(T(0, /) > Bn) < B(T(0, [/m]) > ym).

Hence, for part (ii), it suffices to check that there exists a positive constant ¢ (which is independent of o and ) such
that if n is large enough depending on « and 3, then

(2.13) P(T(0, |y/m)) > ym) < exp(—ca~1By).

Since T;(0,-) > T(0,-) for all I C Z, part (i) implies that there exists a positive constant ¢; (which is independent of
a and ) such that for all ¢ sufficiently large,

(2.14) B(T(0, |VZ]) > €) < exp(~e1V).
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In the case v > 1, (2.13) is a direct consequence of (2.14). For v < 1, using the subadditivity
K-1

T, [vim)) < 3_ T(il(v/2)vm), (i + Dil(7/2)vm) )
i=0
with K := [2/7]. Therefore, the union bound, the translation invariance and (2.14) show that there exists a positive
constant ¢ (which is independent of o and ) such that if n is large enough depending on « and 3, then
ym

P(T(0, |ym]) = ym) < K x B(T(0, |(v/2)vm]) = =)
< K x P(T(0, [VGZ/Am]) > (42 /4)m)

< (% + 1) eXP(f%aflﬁx/ﬁ) < exp(—ca™'Bv/n).

This is the desired conclusion (2.13), and part (ii) is proved. O
Lemma 2.8. There erists a universal constant o > 0 such that for all L € N and a,h > 0 satisfying a®> > h, we have
P(T(q,2)(0,L) > h) < exp(ah/a)P(T(0,L) > h).

Proof. We notice that

{Tpa)(0.L) > hY 0 {¥z < —a, (z,0) > h} € {T(0,L) > h},
and that the two events appearing on the left-hand side are independent. Thus,

P(Vx < —a, t(z,0) > h)IP(T[,mL] (0,L) > h) <P(T(0,L) > h).
Hence, once it is proved that there exists o > 0 such that for all a,» > 0 with a? > h,
(2.15) P(Vz < —a, t(x,0) > h) > exp(—ah/a),

the desired conclusion follows immediately. To prove (2.15), we use Lemma 2.1-(iii): there exist positive constants ¢
and C independent of x, h such that

P(t(x,0) > h) > 1 — Cexp(—cz?/h).
Moreover, if 22 > h, then
1 — Cexp(—cz®/h) > exp (—c exp(—ca®/h)),
with some ¢’ = ¢/(¢,C') > 0. Hence, since

—0o0 o0

> ew(-et/h) < [

rz=—a—1 a

exp(—ct?/h)dt < exp(—ca®/h) /000 exp(—cs?/h)ds

< /e exp(~ca/h),
we have

P(Vz < —a, t(z,0) > h) > exp ( f d exp(ch/h)>

r=—a—1
> exp (—c” heXp(—caQ/h)> ,
where ¢’ := ¢//y/c. In addition, using e~* < 1/(1 +t) for ¢ > 0 and the Cauchy—Schwarz inequality, one has

2 VR Vi h
Vhexp(—ca®/h) < T+ (ca?/h) < NG

With these observations, for all a, h > 0 with a? > h,

/1
P(Vz < —a, t(xz,0) > h) < exp < 22\%) ,

and (2.15) follows by taking a := ¢’ /(2+/c). O

The following lemma gives a rough upper tail large deviation estimate, which is a counterpart of the result for the
continuous-time frog model [2, Theorem 2-(b)].

Lemma 2.9. There exist positive constants ¢ and C such that for all n sufficiently large,
P(T(0,n) > Cn) < exp(—ent/*).
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Proof. By the subadditivity and the fact that T4 > T holds for all subsets A of Z, we have for all C' > 0,
P (T(0,n) > Cn) < nP(Ta, (0)(0,1) > v/n)
(2.16) —HP’(ZTA (4,04 1) I{Ta, 53+ 1 <\/ﬁ}20n>,
where A;(i) := [i — Vt/4,i+ /t/4] for t > 0 and i € N. Let us first estimate the first probability in the right-hand
side of (2.16). Note that by Lemma 2.7-(i), there exists a constant ¢y > 0 such that for all t > 1,
(2.17) P(Ta,0)(0,1) > t) < ¢yt exp(—coV).
This implies that for all n € N,
(2.18) P(Ta,(0)(0,1) > V) < IE”(TAﬁ(O) 0,1) > \/ﬁ) < 5t exp(—con'/d).
We next estimate the last term in (2.16). Define for ¢ =0,...n — 1,
Xi=Ta, )i+ 1) 1{Ta, (i +1) < Vn}.
By (2.17), for all i =0,...,n — 1 and ¢ € [1,/n],
P(X; > t) =P(Ta,0) > t) <P(Ta,0) =t) < ¢y exp(—coV).

Combining this with X; < /n a.s., one has Ilil(exp(2CO VXi)) < A < oo, where A = A(cp) is a positive constant.
Moreover, since X; < /n a.s. and et > t2/2 for all t > 0,

Xiexp(z7Xi) < Xiexp(§vXi) < i—gexp(%\/Xi).

Co 18 260 184
fven(550)] < oo () < 2 <

€o

Therefore,

Combining this with the inequality e* <14 ze® for all z > 0, we get for all i =0,...,n — 1,
Co co e
(2.19) E[exp(WXO} <1+ 31/ E{X exp<3 1/4X)] <1+ /A

where « is a positive constant. We turn to estimate the sum of (X;)?=". First, divide [0, n — 1] into |\/n] groups as
follows:

Lvm)-1
[0,n—1] = U Z;, Z;:={ie[0,n—1]:i=j (mod [vn])}.
=0

Remark that X; depends only on the frogs (S),_;<,m/a- Thus, for each j < [\/n] — 1, the random variables
(Xi)icz; are independent. Therefore, Markov’s inequality and (2.19) show that if h > 6a|Z;|/co, then for each

J=0,.... [Vn] =1,
P(ZXi>h> <exp< = 1/4) HE[exp(S MX”

i€Z;
< coh a \/E < coh
< exp ey 1+—n1/4 < exp ~oni/i )

For each j = 0,...,[v/n] — 1, we have 12ay/n/co > 6c|Z;|/co due to |Z;] < 24/n. This enables us to use the above
estimate with h = 12a+/n/cy to obtain

120\ K 120 - "
ZX >—n < Z ZX> vn | <+vnexp(—an'/*).

7=0 1€ZL;

Therefore, combining this estimate with (2.16) and (2.18), we get the desired conclusion. O
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3. LARGE DEVIATION OF THE FIRST PASSAGE TIME: PROOF OF THE MAIN THEOREM

The aim of this section is to show Theorem 1.2. To this end, we fix £ > 0 and prove

(3.1) Ty € (0700)
(3:2) lim sup —= L log P(T(0,n) > (1 + €)n) < r(€) = . /&,
(33) hnn;gngIogM (0,n) > (p+&)n) > r(€) = r/&.

The proofs of these claims are based on the following three key propositions. The first proposition treats Step 1
of Section 1.3, which asserts a localization phenomenon of upper tail large deviation. We also observe a slowdown
phenomenon (Proposition 3.1-(iii)) for the upper tail large deviation probability of the first passage time.

Proposition 3.1. The following results hold:

(i) For any &,6 > 0, there exists ¢ = c¢(£,0) > 0 such that for any M € N, if n € N is large enough depending on
M, then

P(T(0,n) > (u+&)n) > B(T(0, [My/n]) > (§+ 6)n) — exp(—cn®/?).

(ii) For any &,¢,0,A > 0, there exists My = My(&,¢,0, A) > 2+ & such that for any M > My, if n € N large
enough depending on M,

P(T(0,n) > (pn+&)n)
M m

<exp(—Avn) +exp(evn) Y Y J[P(TO, [MVa]) = h),
M=l (hi)Ly €HS, , =1

where
(3.4) H = {(hi)’fl EN":((-0)n <Y by < Mn}.
i=1

(i1i) For any & > 0, there exists a positive constant ¢ = c(§) such that
P(T(0,n) > (u+&)n) < exp(—cyv/n).

The following two propositions justify Steps 2a and 2b of Section 1.3, which surfaces energy functionals and claims
that the ground state energies in C(¢) and C5**P(¢) coincide, respectively (see above (1.3) for the definition of C(¢) and
recall that C5*P(¢) is the set of all step functions in C(€)).

Proposition 3.2. For any £ > 0, the following results hold:
(i) We have

lim sup lim sup — log]P’( (0,[Mv/n])>¢&n) < inf E(f).

M—o00 mn—oo fecster (¢)

(i) For any M sufficiently large,

hnH—lingbgP( (0, |[M+y/n]) > ¢n) > férclf)E(f)—Mfz

Proposition 3.3. We have
inf {E(f) : f € C*P(&)} = nf {E(f) : f € C(&)}.

The proofs of Propositions 3.1, 3.2 and 3.3 will be presented in the subsequent sections, and let us here complete
the proofs of (3.1), (3.2) and (3.3).

Proof of (3.1) and (3.2). We first prove r, < oo. Use the fact that log(1 —¢) > —t/2 for t € (0,1) and Lemma 2.3
to obtain

1
log PEM (7, > 1) > —§P§M(rm <1)>-—
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Since the function g(x) = 1{z > 1} belongs to C(1), we have

1 0
r« < E(g) = —/ logPPM(7; > 1)da = —/ log PEM (7, > 1) dx
(3.5) L e —oo 0

2 1
< — e 2dr = = < 00.
_\/27r/0 2

Next, Lemma 2.2 and Propositions 3.3, 3.2-(i) and 3.1-(i) show that for any § > 0,

re/E+ > hmsuphmsup—log]P’( (0, [M+/n]) > (€ + 6)n)

M—oco n—oo \F

(3.6) > lim sup min {\_f logP(T(0,n) > (1 +&)n), cn1/6}
~ limsup L 1og P(T(0.n) = (1 + ).

and (3.2) follows by letting 6 \, 0.
It remains to show 7. > 0. Due to (3.6) and Proposition 3.1-(iii) with £ =6 =1,

—rV2 < liminf T logP(T(0,n) > (x4 1)n) < —¢(1) < 0,

n—oo

where ¢(1) is a positive constant as in Proposition 3.1-(iii). Therefore, r, > 0 holds. O

Proof of (3.3). By Proposition 3.1-(ii), for any ¢,d, A > 0, there exists My > 2 + & such that for all M > My,
lim inf logP(T(0,n) > (i + &)n)

n—oo — \/ﬁ

> min {A —c+ min liminf  min \_/—E E log P(T(0, [M+/n]) > hl)} .
n
i=1

1<m<M n—oo (h;)m €M,

Thus, it suffices to prove that for any ¢ € (0,£/2), M > My and m € [1, M],

(3.7 liminf ~ min ZlogIP’ 0,[My/n]) > h;) > ro/E—26 —2M .

n—00 (h "”167{

Indeed, by (3.7),

hmmf—logIE”( 0,n) > (p+&n) > min{A, —c+ 1€ —20 — 2M_1}.

n—oo

Hence, letting M — oo, and then ¢,6 ~\, 0 and A — oo proves (3.3).
To prove (3.7), we fix M > My and m € [1, M]. By Proposition 3.2-(ii), if n is large enough depending on M, §,
for any i € [1, M?/4],

\_/—% log P(T(0, [M+/n]) > ién/M) > r.\/i6 /M — 2M 2.

Therefore, for n large enough, we have

min \f Z log P(T(0, [M+/n]) > h;)

(ha)y, €M8,

>(h )mﬁHmanlogP( LMfJ)>{

- Mh;| 6 Ly
> I
B Z( | o )

=1

> r, X min —_— —oM L
- (hi)™  €HS Z ( >+

m,n ;1
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Since r, > 0 and /a1 + -+ + /ag > /a1 + -+ ay for any ay,...,a, > 0, this is further bounded from below by

" [ h; )
Ty X min E = — oMt >y —25—2]\/[_1,
(hi):r;lef}-lfn,n i=1 (n M)J,- B 5

which is the desired bound (3.7). O

4. ARISING OF ENERGY FUNCTIONAL: PROOF OF PROPOSITION 3.2

In this section, we focus on proving that

. . —1 .
(4.1) A}gnoonlggoﬁlogp(T(O, [M+/n]) > ¢n) = lnf E(f).

The section is divided into four parts. First, we explain the heuristic of the proof in Section 4.1. Second, we prove the
lower bound (Proposition 3.2-(i)) in Section 4.2. Third, we prove the upper bound (Proposition 3.2-(ii)) in Section 4.3.
Finally, we prove an auxiliary result, Lemma 4.2, that is used in the proof of Proposition 3.2-(ii).

4.1. Heuristic behind the proof. We explain here general ideas to prove Proposition 3.2. Observe that if T(0, | M+/n]) >
&n, letting f(u) := T(0,+/nu)/n for u € [-M, M] so that f € C(£), then using the triangle inequality

t(z,y) > T(0,y) — T(0,z) = n(f(y/vn) — f(x/Vn)) Y,y e [-Mvn, My/n].

On the other hand, Lemma 4.1 below shows that if the above claim holds for some step function f € CSt*°P(¢), then
T(0, | M+/n]) > én. Additionally, as it will be shown in Section 6, we can interchange the spaces C(£) and C5*P(¢) in
the computation of the rate function, and hence, we essentially have the approximation

P(T(0, [M+/n]) > &n)
(4:2) ~P(3f € C(&): Yo,y € [-Mv/n, MVA, He,y) = n(f(y/Va) = [(2/vVn))).

By the Laplace principle, one expects that the right-hand side of (4.2) is approximated by

sup P(¥a.y € [-Myn, Myal, Ha,y) = n(f(y/vVn) - f (/)

fece)

= sup 11 P(Vy € [-Mvn, My/n], t(z,y) = n(f(y/vn) — f(x/\/ﬁ)))-

fec(é) ze[—M+y/n,M+/n]
By Donsker’s invariant principle, one further expects that
B(vy & [—Mv/m, My/al, t(z,y) = n(f(2/v/m) = f(y/V))
~ Py (Yo € [-M, M), 7 > f(v) = f(z/vn).
Hence, one would get
[I  B(vyel-Mvi Myal, t.y) = n(f(y/v) - f/V)
€[~ My/m, My/m]

~ I1 P2 (Vo € [-M, M], 7, > f(v) — f(x/V/n))
z€[-M~/n,M+/n]

—ep (Vo= S 10gPEM (Yo e [-M,M], 7, > f(0) - f(z/v/R))
v r€[-M/n, M\/n]

M

~ exp (ﬁ/ log PpM (Vo € [-M, M], 7, > f(v) — f(u))du)
-M

= exp(=vn(E(f) + on(1))).

Combining these approximations we arrive at the desired equation (4.1).
It should be noted that some of the equations above are not straightforward and we will only prove that

it B(F) -~ ou(D) < lim \‘/—% log P(T(0, [MVA)) 2 €0) £ _inf  E(f) +oxr(D).
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4.2. Proof of Proposition 3.2-(i). Let us start with a simple observation.
Lemma 4.1. Let £ >0 and f € C5*P(€). If M is large enough, then for alln € N,
10g P(T(_ a1 arym) (0 M) = én)
> > logP(ta,y) = n(f(y/Vi) — fl@/Vi) Vy € [-MVa, Mya]).
z€[—M+/n,M/n]

Proof. Fix ¢ > 0 and f € C5%P(¢). By definition, f(0) = 0 holds and we can take a sufficiently large My € N such that
f is constant outside [—My, My]. Note that f(My) = || flloc = &, where || f|loc = sup,cr f(u) (see also above (1.3)).
Let M > My + 1 and n € N. Suppose that

t(z,y) = n(f(y/vn) = f(x/Vn)) Va,y € [-Myn, My/n].
Then, since £ = f(M —1) < f(|My/n]/v/n) < f(M) = £ holds, one has for all sequence (z;)¢_, on Z with 29 = 0 and
we = [My/n],

fj Hoioss) 2 3 7o) — Fmies D) = e ) — 50) =
which implies T/(0, L;wl\/ﬁj) > &n. T}Z;efore,
logIP’(T[_M vy (0, [My/n]) > gn)
> logP(t(x.y) > n(f(y/Vn) = fa/Vi)) Va,y € [-Mi, M)

= Y 1ogP(tey) = n(f /) — fe/VR) Yy € [-Myn, M),
z€[—M+/n,M+\/n]
where the last equation follows from the independence of the simple random walks. Hence, the lemma follows. (]

We are now in a position to prove Proposition 3.2-(i).

Proof of Proposition 3.2-(i). Using Lemma 2.8 with a = M+/n, L = | M\/n|, and h = £n, one has

-1 aé 1

n log P(T(0, [My/n]) > &n) < NG IOgP(T[fM\/E,M\/ﬂ (0,[Mv/n]) > fn),
where « is a universal, positive constant as in Lemma 2.8. Therefore, it suffices to prove
4.3 lim sup lim su 10 IP’(T M > n) inf  E(f).
(4.3) im sup n%op gP( T arymarym (0, [MV/n]) > ¢ redE o B
Let n > 0 and M € N be sufficiently small and large, respectively. We take f, € C5*P(¢) such that
4.4 P inf F +7n.
(4.4) B(f)< _int B()+

Lemma 4.1 yields that for all n € N,

(45) logP(T[—MﬁMﬂ} (0, [M+/n]) > €n) > I,
where
j. 3 log P (t(%y) > n(fuly/vn) — fu(z/V/n)) > .
#€[-My/m, M| vy € [-My/n, My/n]

We enumerate the points of discontinuity of fi, as u_p < u_; <0 < wuy < --- < ug and set up := 0. Given € € (0,1)
and n € N, let
K = (/nKD)nZ, KO = (/nK®)NZ,

67/'7’ k)

where
¢
KW .= [—M, M]\ U [w; — 26,u; +2¢], K& = U [wi — 2¢,u; + 2€].
i=—t i=—t
Now, decompose
I, =10 4 1
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where

10) =3 1ogP(t,y) = nlfuly/vVi) — folx/VR) 'y € [-M, Myi]),

(1)

TEKe n
18 = 3" 10gP(x,y) = n(fuly/V) — f.(x/vn) ¥y € [-Mv/n, MVa]).
meKé%r)L
Once we prove
M
(4.6) lim sup lim sup — 5(172 < / log PEM(7, > f.(v) — fu(u) Yo € R)du,
N0 n—00 \F —-M
(4.7 lim sup lim sup —[(2) =0,

eN0 n—oo f en

these combined with (4.4) and (4.5) imply

—1
lim sup lim sup N 1ogP(T[,M\/ﬁ,Mm(O, |M+/n)) > fn)

M—o0o n—oo

< lim sup lim sup lim sup T(I(l) + 1(2))

M —o0 e—0 n— 00

< —/Rlog]P’EM(Tv > fu(v) = fu(u) Yo €R)du= E(f.) < férclfg)E(f) +,

and hence, (4.3) follows by letting n “\, 0.
It remains to prove (4.4) and (4.5). We first check (4.6). Let 6," € (0,¢) be sufficiently small. Given u € R, we
define

B3 (u) := PBM (Tv > fHO0) — fulu) Yo e R).

Remark that since f, is a step function, we can take M sufficiently large such that fi|(—cc,—ar+1] and fi|jar—1,00) are
both constant functions, and thus for any u € R,

(4.8) B (u) = PBM (TU > fHO(0) — fulu) Vo€ [-M+1,M— 1]).

Lemma 2.4 with f = g = f, and €; = J, €3 = ¢’ yields that if n is large enough and z € K6(1727 then

P <t($7y) > n(fi(y/vn) — fo(x/v/n))
Yy € [-M+/n, M+/n]

Moreover, due to the definition of K™ and the fact that I f<lloo = &, we have for all u € Ke(l),

(4.9) ) > 1 (/) -

(4.10) RS (u) > PPM(7,_  ATyye > &) = PEM <max |B;| < e> =:c(&€) € (0,1).

0<t<

By (4.9) and (4.10), for all z € Ke(,lrz,

tx,y) = n(fi(y/vn) — fu(z/V/n)) 0 ()
P( vy e [[—M\/ﬁ,Mm> - <1 6(576)) nalw/ V).
It follows that
(4.11) 18) > > loghl(x/v/n)+ (2M/n+1)log (1 - 0(2/6)) .

IGKE(,I’V)l
Notice that if 0 < h < §, then for all x € Kél,i and v € R,

fo(@/Vn+h) = fu(z/vn), fFP+h) > ().
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This together with (4.8) yields
R (/v ) PR (72 fE# W) = fu(e/vVR+ ) Yo € =M, M])
= P (roon = 52(0) = fu(@/v/m) Vo€ [-M, M])
= Pfyf( > fH2 (04 k) — fu(z/v/n) Yo e[-M—h,M— h])
<B2a(ro 2 £5°(0) ~ fule/vm) Vo€ [-M —h, M~ 1)
< B(z/V/n).

Hence, if n is large enough so that 1/y/n < § < e, since log h?%(u) = 0 for any u > M — 1, then we have

26 < 1 20 1 §
\/ﬁ/KE%logh* (u)du < Z sup loghi’(z/v/n+h) < Z og hl(z/v/n).

0<h<1
exc() OShELVE rek()

This together with (4.11) proves that

6/
lim su —I(l) < limsu log h (xz/+/n) — 2M lo ( )
n—>oop \/> - n—)oop Z s / ) s c(&,€)

1)
(4.12) refter 5
< — log h2° (u) du — 2M log ( ) .
o 0 .0

Since f, € C5*P(¢), Lemma 2.5 and the monotone convergence theorem imply

M
lim log h2° (u) du > /

1 PBM > f, —f R .
N0 k) Y 0g Iy (Tv_f(v) falu) Yve )du

Combining this with (4.12), we have for any € > §’ > 0,

(1
lim Sup Iem
n—00 n

) /
S—/_MlogIPEM<TUZf*(U)—f*(u) vveR)du_leogO_c(ge))_

Therefore, (4.6) follows by letting 6’ \, 0 and then € \, co.
Let us finally check (4.7). Define for i € [—¢', ] and ¢ > 0,

L57n(i) = [\/ﬁ(ul — 25), \/ﬁ(uz + 25)} NZ

Let 0 € (0,1) be small enough (depending on f.) so that for any n € N, (Ls,(4))ic[—e ¢ are disjoint.

arbitrary € € (0,9/2) and note that Ke(%% = [_|f:4, L ().

Take an

We first consider ¢ € [1, ¢] and z € L., (7). Since f. is increasing in [0, 00) and decreasing in (—oo,0] and satisfies

0 < fi(u) <€ for all u € R, we have
P(t(x,0) > &n, t(z,y,) > &n)
< P(t(e,y) > nlf.(y/V) — f.(e/v/m) Yy € [-Mv/n, M),
where A, := [d4/n] and
[uiv/n] if (ui — 2e)v/n < & <uiv/n,
Yo = {[ui\/ﬁ] YA, ifup/m < @ < (ui + 26) /A
The strong Markov property shows
P(t(z,0) > &n, t(x,y.) > &n)

> IP’(t(:c, An) <o), o 157,00~ Sl < An)

=P(t(z,A,) < t(z,y,)) P SV <A, .
(1. 80) < ) P (w1591 < )



UPPER TAIL LARGE DEVIATION FOR 1D-FROG MODEL 19

A standard result of SRW (see e.g., [20, (1.20)]) and the fact y, > 2A,, give

Yo — Yo —
P An Yz )) = > .
(1.0 < tr ) = B > B

Moreover, by Donsker’s invariance principle, for n large enough,

1 J
0 = —.
P <0g]1€ag)$l€|5k| < An> > QIP ( sup |By| < ) =:¢(£,0)>0

0<t<¢

Therefore,

P(ta.) > i lu/vi) = fo(o/V) V€ [-MVi M) = e 2
with ¢, = ¢, (§,6) :=c(§,9)/6. Hence,

(t(x,y) > n(fu(y/Vn) = fe(z/v/n)) )

-1
limsup — log P
vn 2 Vy € [-My/n, M\/n]

zeK3) (i)
[2en]
(4.13)
< _ _ _
< —4elog(cy) 211nrglor<1)f f Z log

2e
= —4elog(c.) — 2/ logtdt = —4e(log(2cye) — 1).
0

In the case i € [—¢', 1], the above argument also works by symmetry, and (4.13) is valid for i € [—¢', 1]. In the case
i =0, setting for x € L. ,(0),
0 if x <0,
Yz = .

A, ifz>0,

one can apply the above argument again and obtain (4.13) for ¢ = 0. In conclusion, we reach

0 < limsup —=1I2) < —4e(£+ £ + 1) (log(2c.€) — 1),
n—oo f

and letting € N\, 0 proves (4.7). O
4.3. Proof of Proposition 3.2-(ii). For any &, M,n > 0, we define
m (&) == {f € C(&) : fl(~o0,~ ] = const and f|[rr,cc) = const},
Carn (&) = 1{f €C(§) : fl(—oo,—n1) = const, f|[ar,00) = const and f_, , = 0}.
Recall the notations f* from (2.1). For any &€ > 0 and f € C(&), set

M
Bu(f) == [ 10 (7, 2 f(0) = f(u) Vo € R)du

—-M
M
Efy(f) = - [MlogPSM (Tv > f0(v) — fH0(u) Vo € R)du.

Lemma 4.2. For any & > 0, there exists My € N such that for any M > My and & € (0,&),

inf FE > inf E(f)— M2
sl Bu(h) =l B(S)

Furthermore, for all M > 1 and n € (0,1),

lim inf EF = inf F .
50 FECh1n(€) s (f) FEC1A () (/)

The proof of Lemma 4.2 is postponed until Section 4.4, and we complete the proof of Proposition 3.2-(ii) for now.

Proof of Proposition 3.2-(ii). Fix £ > 0 throughout the proof. By Lemma 2.6 with 27 in place of n and A = (),
there exists C' = C(§) > 0 such that for any n € (0,7(£)), if n € N is large enough, then

(4.14) P(T(0, [20v/]) AT(0, = [20v/A]) = Cipn ) < 7OV,
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By Lemma 2.7-(ii) with o = 2M and B = 4M?, there exists a universal constant ¢ > 0 such that for any M > 0, if
n € N is large enough, then

(4.15) P(T(0, |2M/7]) v T(0, ~ [2M/n]) = 4M?n) < e~ MV,

Set My := |r(§)|/c and no := min{{/(2C),1/4}. We fix M > M; and n € (0,79). For simplicity, we are not explicitly
mentioning the dependence on M and 7 in the absence of any ambiguity. We define for n € N,

e T(0,[My/n]) = ¢&n,

o T(0, [20v/m]) A T(O,~[20vi)) <
En = Cnn,
o T(0, [2MyR)) v T(0, ~ [2M /1)) <
AM3n
Assuming
.1 .
(4.16) hnrggcl)f NG logP(€,) > fECMJrlzr,lnf(f—C’r]) Enia(f),

we first complete the proof of Proposition 3.2-(ii). By (4.14) and (4.15) and the choice of M, we have

n—oo

-1 -1
lim inf NG logP (T(0, | M/n]) > &n) > lim inf 7 log {2e—r(f)ﬁ + p(gn)}

zuin{r(©, ot Bl

fECM42,m(§—Cn)
By Lemma 4.2, since Car12.,(§ — Cn) C Crrq2(§ — Cn), if M > My(§) the constant as in this lemma, then

inf FE > inf E
f€Cr+2,7(E—~Cn) a2(f) 2 fe€Cr+2(£—Cn) a+2(f)
> inf E(f)-M?*=r(E-Cn - M2
2 ot (f) (£—Cn)

Letting 1 N\, 0 with continuity of r (Lemma 2.2), as desired in Proposition 3.2-(ii), we have for M > max{M;, My}

lim inf ;; logP (T(0, [M+/n]) > én) > r(¢) — M2

n—o0

Our task is now to prove (4.16). To this end, let 6 € (0,7) be sufficiently small, and set J := 2[2M/§]. For
n € N sufficiently large, we consider the sequence x;,, := |i(§/2)y/n| for i € [—J, J]. Furthermore, the subset .A,, of
(Np)?/*1 is defined by

tJ/Q Zf’fl,

te Nt_g < Crn,

0 < t; < 4M?n for all i €
[[7‘]7‘]]]’ ’
o t; <t;yq forallie[0,J—1],

o t; >ty forallie[—J,—1]

where o := [4n/0| and C is the constant appearing in (4.14). This describes the space induced by the configuration
of (T(0,z;,,))]__; conditioned on the event &,, and note that |A,| is at most (4M?n)?/*!. Hence,
PE)< > PT0,2i0) =t; Vie[-J,J])
(ti)qzjszeAn

(4.17) < (AM?*n)*’ Tt max  P(T(0,24,) =t; Vi€ [-J, J]).
(ti)]__ €A,

An = (ti)J _J € (No)2j+l :

i=

For each n € N, let (¢;,,)7__; be an element of A,, attaining the above maximum. To derive the desired bound (4.16),
we take the following steps:

(1) For all sufficiently small 6 > 0, if n € N is large enough, then we can construct a step function ¢ = ¢,, on R
satisfying that ¢(u) > £ for all u > M + 1, ¢(n) A ¢(—n) < Cn, and

% log P(T(0, 25.0) = ts.n Vi € [T, J])
M+3 — 8 () _ 0
w1 S/ + o []P’E’M (Ty > ¢%(v) — ¢ (u) > +6] du,
—(M+3) Yo € [—(M +3), M + 3]

where log™ v :=log (u A1) <0 for u > 0.
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(2) We build a function ¢ =1, € Cary2,,(& — Cn) such that

M+3
/ log {PEM (r,, > 670 (v) — O (u) Yo € [ (M +3), M + 3]) + 5} du
—(M+3)

M+2
< / log [PEM (TU >0 (v) — T (u) Yo € R) + 6} du.
—(M+2)

(4.19)

These guarantee that for all suﬁiciently small 6 > 0,

L ) — . . > Tim +
hnrr_1>10r<1>f Tn logP(T(O,xl,n) tin Vi€ [-J,J]) > lgr_l}loréfE&MJrQ(z/)n)

>

inf ET .
T f€CMt2,,(E—Cn) 5’M+2(f)

This together with (4.17) leads to

li f—] P(&,) > 1i f Ef ,
it 5 108 PEn) 2 I ey B2l

and (4.16) follows. We shall complete the proof by carrying out steps (1) and (2).
Step (1) For simplicity of notation, we write ¢; = t; , and z; = x;,,. We define for u € R,

0

¢(u) = ¢n(u) = LT] I]'{u < Ufj} + Z % Il{ui,l <u< ui}
i=—J+1
J—1

ti tJ
+ Z - T{u; < u < wipr(u) + -~ H{uy < uj,
i=0

where u; = u;, 1= % n/+/n for i € [—J, J]. From the definition of A,, ¢ is a step function on R satisfying that
¢(u) > & for all w > M + 1 and ¢(n) A ¢(—n) < Cn.
Suppose T(0,z;) = t; for any ¢ € [-J, J]| . Note that for all z,y € [-2M+/n, 2M/n],

t(z,y) > T(0,y) = T(0,2) > n(¢™(y/v/n) — ¢+ (x/Vn)).
Hence, by the independence of the simple random walks,
P(T(0,z;) =t; Yie[-J,J])
< P(Ue,y) = n(0™(y/Vn) — 6" (/v/n) Ya,y € [2M/n, 2M /7] )
_ 0 . (t(w,y) >n(¢7°(y/v/n) — o™ (z/v/n)) ) .
ve[—2M/n,2M /7] Yy € [-2M+/n, 2M+/n]
By Lemma 2.4 with f = ¢~%, g = ¢79, ¢, = €5 = 4, this is bounded from above by

II (1 A hs(z/v/n)),
ze[-2M/n,2M/n]
where for u € R,
hs(u) := PEM (Tv > ¢ () — ¢TP(u) Yo € [-2M 4 6,2M — 5]) + 26.
Note that if z € [-2M+/n, 2M+/n], v € R and 0 < |h| < 1/y/n < §, then
¢T @/ +h) z ¢ (x/Vn), 6T+ h) <¢T?(v), YweER.

Hence, for all large n,

(z+1)/
> log™ hs(z/v/n) < > / 1og* has(u) du
z€[-2M+/n,2M /1] z€[-2M/n,2M/n]

< /M+3 log~ |PBM T > ¢ (v) — T (u) Y
S (m+3) “ Vo € [—(M + 3), M + 3]

Bl

Therefore, (4.18) follows by replacing 4§ with 4.
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Step (2) We write
po(u) := ((d(u) NE) = Cn)y,  weR
Since
(657°(0) = 5P (u)y < (67°(w) =™’ (u)y,  wvER,
we have

M+3
/ log™ {IP"SM (n > 670 (w) — ¢t (u) Yo € [-(M +3), M + 3]) n 5} du
—(M+3)

M+3
< / log™ [IP’EM (Tv > ¢ (v) — o0 (u) Yo € [-(M 4 3), M + 3]) + 5} du.
—(M+3)
Note that min{¢(n), #(—n)} < Cn from step (1). We define a function ¢ = v, as follows:

V() = ¢o(-+m) if ¢(n) < Cn; Y(-) = ¢o(- —n) otherwise.

Then, ¢ € Cary2,,(§ — Cn). In the case ¢(n) < Cn, applying the change of variables w = u — 1), we have for any
d € (0,n/5),

/M+3 log™ [PUBM(TU > 650 () — o0 (u) Yo e [—(M+3),M+3}) +5} du

—(M+3)
pBN <n > = 9() — o+ (w) ]> i

M+3-3n
< / log™
—(M+3)+2n Yoe[-M+3—-n,M+3—n

dw

M+2

< log [PBM (7, > ¢~ % () — ¢t (w) Yo eR)+46| dw=—FE; V).

w 6, M+2
—(M+2) ’

When ¢(—n) < Cn, by the change of variables w = u + 1, we have the same. Therefore, (4.19) follows. O

4.4. Proof of Lemma 4.2. This subsection is devoted to the proof of Lemma 4.2. We first introduce a variant of
the Lévy distance in Car,(§): given f,g € Carp (), we define

D(f,g) :=inf{e>0: f(z) > g “(z) —eand g(x) > f(z) —e¢ VzecR}.
The next lemma provides the compactness of the distance.

Lemma 4.3. Let (f1)72, be a sequence on Car,,(&). Then, there exist a subsequence (fin))ney and f« € Cary(§) such
that D(fi(n), f+) — 0 as n — oo.

Proof. Since the same argument works when dividing these functions by &, without loss of generality, we suppose
&€ =1. Given f € C(1), we define the new functions

f@) He30 1 if o> M+1
1
f+(x):—{ YT ET p (@)= f(ex) f0<z<M+1l.
0 ifzx <0 .
0 ifz <0

Given increasing functions F, G with lim,_,, F(z) = lim,_, . G(x) = 1, the Lévy distance is defined as
L(F,G):=inf{e >0: V2 eR, F(z) > G(x —¢) — ¢, G(z) > F(x —¢) — €}.
By the definition of D, we have
D(f,9) < L(f*.g") +L(f.97).

By Prokhorov’s theorem and the fact that weak convergence implies convergence of Lévy distance (c.f., [I, Theorem
5.1 and Remark (iv) on page 72|), there exist a subsequence (f,, )x>1 and f; such that L(f, , fF) — 0 as k — oc.

Applying the same results again, there exist a subsequence (n})r>1 of (nx)r>1 and f; such that L(f;;c,f*_) — 0 as
k — oco. Letting

1 ifx > M,

fir(z ifn<zxz< M,
fulwy= {0

0 if |z| <,

we have D(f,,, f«) — 0 as k — oco. By definition, f. is non-decreasing in [0,00) and non-increasing in (—oo, 0].
Moreover, by the convergences in Lévy distance, fi|(ar,00) =1, fil[—ny) =0, and hence, f. € Carp(1). O
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We next consider a modification of the energy E;M( f): for any f € C(£),

M
Ef\(f) = *LMlog [PBM (1, > f7%(y) — fT9(z) =6 Wy € R) + 4] da.

By definition, E;M(f) < E;M(f) < Ep(f) holds for all § > 0 and f € C(¢).
Lemma 4.4. Let M > 1 and n > 0. If

lim inf EF < inf  Eum(f),
I rednt o Bonf) < nt o Enlf)

then we can find a sequence (6;)72, L 0 and f. € Car,n(§) such that
lim EJ /(. inf :
e Es u(f) < feclﬁ‘y,(g) En(f)
Proof. We fix € > 0 such that

4.20 lim inf EF +e< inf E — e
(4.20) 50 fEChr. (€) s(/) FECH (&) (/)

Since ¢ + infyrec,,  (¢) E;"M(f) is non-decreasing, there exists dy > 0 such that for any § € (0,dp), we can find
f5 € Carp(§) satisfying

ot < : It
(4.21) Eifs) < Jimy _inf () e

By Lemma 4.3, there exist a sequence (6;)°, C (0,dp) and f. € Caz,,(§) such that §; | 0 and D(fs,, f«) = 0 asl — oo.
Fixing k € N, we take [ > k large enough satisfying that 6; < d/4 and D(fs,, f«) < x/4. We show that for all = € R,

_ _ J 5
(4.22) J @) < S @)+ s ) > 1 @) -
The first inequality directly follows from D(fs,, f«) < dx/4. Since fs,, f« € Carn(€) and max{D(fs,, f«), 01} < 6x/4,
_ )
Ok () = sup fely) > sup inf f 9k/4 y+68)— =
( ) ye[;c—ék,x+5k] ( ) ye[x—5k,x+6k] 66[_5k/4767€/4] & ( ) 4
. 1) )
> @) = 2 @) -

Hence, the second inequality of (4.22) holds. Therefore,
P (1y 2 [0 () = £ (@) — 6 ¥y € R)

> PP (7, 2 5" ) = £ @) — 6 Yy € R)).
Combining this with (4.20) and (4.21), we obtain for all k,

£ < Et <1 ' £ i —e.
Esn(f) < B a(fo,) < lim feclﬁi(g) Egy(f)+e< feclﬁi(g)EM(f) €

This completes the proof by letting k — oo. |
We are now in a position to prove Lemma 4.2.

Proof of Lemma 4.2. Fix &,n > 0. We first prove the first claim, i.e., there exists My € N such that for any

M > My and £ < &,

inf F > inf E(f)- M2
sl Bull) = Il B(F)

We take My = My(&y) € N sufficiently large such that for any M > Mo,
1 4 oo 2
PEM (1p < &) < =, —/ / e 2 Atde < M2
0 ( 3} ) 2 /727_‘_ o /s

Suppose that M > My and € < &. For any f € Cpr(§), since & > f > 0, and f is a constant function on (—oo, —M]
and [M, o), we have

—M
Eu(f) — B(f) = / log PP (r, > far(y) — fur(x) Vy > 0)de

— 00

—M e}
> / log PPM (75 > &) da > / log PEM (7, > &) da.
—00 M
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By Lemma 2.3 and the fact that log(1 —¢) > —2t for 0 < ¢ < 1/2, we have for all z > M,
log PEM (7, > &) = log {1 — PEM (7, < 50)}

> oPBM(7, < &) = e t/2 4t

Ver //w?o

Combining the last three displayed equations, we reach

_ e—t'/2 -
Ex(f) > m/ //r dde > —M

This estimate holds for all f € Cps(€) and thus the first claim follows.
Let us next prove the second claim, i.e., for all M > 1,

Efy(f)=_inf  Eun(f).

lim  inf
0—0 fE€Cn,y(E) feCurn(§)

Since E;M(f) < E;M(f) < En(f) for all f € Caryy(€), it suffices to show that for all M > 1,

4.23 lim inf EF > inf FE .
(4.23) 3550 £EC 1, (€) 5’M(f)_fecM,n(£> ()

Suppose, towards a contradiction, that

lim inf EF < inf E .
550 FECH,(E) s (f) FECM . (E) (/)

By Lemma 4.4, we can find a sequence (dx)52; | 0 and f. € Car,(§) such that

hm Eék, (fo) < inf  Em(f).

fFE€CM 5 ()

Once we prove
(4.24) Ex(f.) < lim E5 o (f),
the following inequalities hold:

inf FE < Ey(f) < lim EF )< inf E ,
FEC A (6) u(f) < Ey(f) < lim B5, p(f2) FECALA(E) wlf)

which derives a contradiction. Therefore, one has (4.23). It remains to check (4.24). Let ', be the set of all the points
of discontinuity of f.. Since f. € Cary(€), T'x is a finite subset of [—M, M]. Hence, by the monotone convergence

theorem and limy_, fZ°%(2) = f.(z) holds for any z € [-M, M] NT¢,
~Ef u(f) = / log [P (ry > [ (y) = [ (2) = 0 Vy €R) + 0] dw
) (—M,M]
< / log [PEM (7, > f,% (y) — 0% (x) — 6 Yy € T¢) + 63 da
[—M, M)
(4.25) LN / pEM (Ty > fily) — fu(z) Vye rg) dz.
[—M,M]

Let &, be the event appearing in the last probability. Fixing z € I',, we can find a sequence (y;)$2; on I'S such that
lim; o0 yi = 2 and lim; o0 fi(yi) > fu(2). Moreover, if &, occurs, then 7,, > fi(y;) — f«(z) for all ¢ > 1. This
combined with [17, (8.8)] shows that PPM-a.s. on &,,

Tz = .lim Ty; > .hm f*(yZ) - f*(x) > f*(z) - f*(:lf)
71— 00 11— 00
Since T, is finite, this implies
PEM(E,) = PEM(1, > fu(y) — fu(z) Yy €R).

Combining the above with (4.25), we obtain (4.24). O
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5. LOCALIZATION PHENOMENON: PROOF OF PROPOSITION 3.1

In this section, we consider the localization of the rare event and show that

1 1
(5.1) nlgr;o N logP(T(0,n) > (u+&)n) = nh_)rr;o 7 log P(T(0, M+/n) > &n) + opr(1).
This roughly implies that the best strategy to delay the transmission from 0 to n is to slow down the infection in a
bad interval (in the sense that T(a,b) > |a — b|? for the interval [a,b]) of size O(y/n). This section is organized as
follows: The first two subsections are devoted to the proof of the upper bound in (5.1), i.e., Proposition 3.1-(ii), which
is the most difficult part. The last two subsections are devoted to the proofs of Proposition 3.1-(i) and (iii).

5.1. Proof of Proposition 3.1-(ii). In this subsection, we aim to show that the large deviation event can be localized
around several bad intervals whose total passage time is larger than {n. Let us summarize here the main ideas of the
proof. We shall use a multi-step covering process to localize the bad intervals.

Step 1 (Control of small bad intervals): We show in this step that the bad intervals of size less than (logn)? are
harmless to the upper tail large deviation event. More precisely, we divide [0, n] into subintervals:

o, c |J i+ KaJu | [ii+ Kal,
iZRed i€Red

where Red denotes the set of red intervals, i.e., bad intervals of size K,, = |(logn)?]:
Red := {i € K,NN[0,n]: T(i,i + K,) > K2},

and then prove that

IP’( Z T(i,i+ K,) > (n+ o(l))n) < exp(—n?/?).

i¢Red

Step 2 (First covering of red intervals): We aim to aggregate these intervals into larger ones that are far from
each other. Precisely, we seek for a covering such that
¢
o U i+ KIS+ L,

icRed j=1
. T(Sj,Tj —|—£J) < 1653 forj=1,...,¢,

. (a:j—%,xj—l—%)ﬂ(xk—%,wk—i—%):@for1§j<k§€,

where z; is a focal point of [S;,T; + £;]. Roughly speaking, £; is the largest bad radius in dyadic scale: £, :=
max{2* : 3z € [0,n], T(z,r + 2%) > 22} and take [S;, T1] := [x1 — L1, 21 + £1] with 1 a maximizer in the definition
of £;. The second interval is obtained by the same process applied to the remaining [0, n] \ [S1,71]. We continue this
procedure until all red intervals are covered.

Furthermore, by construction of such a covering, applying Perles’s type arguments, we are able to control the
number of bad intervals at a given size. In particular, we can show that the moderate bad intervals of size o(y/n) are
controllable, i.e., there exists a constant ¢ > 0 such that for any £,§ > 0

¢
P ZT(Sj,Tj + L) 1{L; < en} > dn | <exp(—cdr/n/e).
j=1

Step 3 (Refined covering of bad intervals): We apply an additional aggregation process to cover the large bad

interval
m

U 15T +£5) c s til,
JiLj>\en i=1
where ([s;,;]), belongs to Sys(n) (see Lemma 5.1 for the definition), a class of intervals whose total length and

distance are comparable to y/n. Combining the constructed coverings, we arrive at

m

o.n]c |J TGi+E) 0 ([ 18T+ L]0 lsitil.

iZRed jiL;<\/en i=1
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Remark that since the intervals ([s;, t;])7 are sufficiently far from each other, by nearly independence of the passage
times on these intervals, we can show that with e = (4, M) chosen suitably,

(ZT Sist z § (S) ) < Z HP Su z > nl) 1{21 1M 2 (f _5)n}a

(ny)m, eNm i=1

which implies Proposition 3.1-(ii).
To this end, let us prepare a lemma and a corollary.

Lemma 5.1. For any 6, A > 0, there exists My = M1(d, A) € N such that for any M > M, £ > 0, and for anyn € N
large enough,

P(T(0,n) > (u+&)n)

< exp(fA\/’FL) + Tl2 (51,80 ) GSM(n) <ZT Sist 1 g 5) >

where
e me 1, M],
e s;,t; € [0,n] and s; < t; for alli €
. [1, m],
Sar(n) =g (sirti)ia - o d([si,ti], [s5,t;]) > M3/m for alli <
Js
o YL |t —sil < MO

Recall that d([s;,t;],[s;,t;]) stands for the Euclidean distance between two intervals [s;,t;] and [s;,t;], see Section 1..

We postpone the proof of Lemma 5.1 to the next subsection. Although the next corollary is a direct consequence
of Lemma 5.1, it is useful to control the probability that the first passage time extremely deviates upward from the
time constant. We use the corollary in not only the proof of (ii) but also that of (i) in Proposition 3.1.

Corollary 5.2. For any A > 0, there exists My = My(A) € N such that for any M > My, and for any n € N large
enough,

P(T(0,n) > Mn) < exp(—A+y/n).

Proof. Fix A > 0 and let ¢ > 0 be a universal constant as in Lemma 2.7-(ii). We use Lemma 5.1 with § := 1 and 24
in place of A: there exists M7 = M1(1,2A) € N such that for all M > My, £ > 0 and for all n large enough,

P(T(0,n) = (n+&)n)

< —24 M T(s4,t;) -1
< exp( Vn)+n (%*)1 lesM(n) <Z S > n )

Take L := L(A) > (M; + p+1)° large enough to have L exp(—cLy/n) < exp(—24/n) for all n € N, and let £ = L* —
and M = M. Then, since £ —1 > L3,

P(T(0,n) > L*n)

< exp(—2A4y/n) + n*M max <ZT si,ti) > L3n )

(Si,ti);nzl ESMI (’I’L)

(5.2)

Note that if (s;,t;)™, € Sa,(n), then m < My < L and |t; — s;] < MP/n < Ly/n for all i € [1,n]. Hence,
Lemma 2.7-(ii) with o = L and 8 = L? shows that there exists a universal constant ¢ > 0 such that for all large n € N,

(5107, €831, () <ZT o = ) (50,070, 830, (n) 4 ZP (s0,8) 2 Ln)
<L xP(T(0 7LL\/EJ) > L*n)
< Lexp(—cLy/n) < exp(—24v/n).
This combined with (5.2) yields that for all large n € N,
P(T(0,n) > L*n) < (n®' 4 1) exp(—24v/n) < exp(—Av/n),
and the corollary follows by taking M, := L*. O
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We are now in a position to prove Proposition 3.1-(ii).

Proof of Proposition 3.1-(ii). Fix 4, A > 0. Lemma 5.1 with A replaced by 24 implies that there exists M; =
M;(6,2A) € N such that for all L > M;, £ > 0 and large n € N,

P(T(0,n) = (n+&)n)

(5.3) "
< exp(—24v/n) + n*" max ( )]P) (Z T(si ti) = (§—9) >

(si:ti)j2,€SL(n

For each (s;,t;)"™, € Si(n),

P(iT(si,ti)z(f n) <IF’<ZT siti) > LPn )

+ > P(T(siti) = hi Vi€ [1,m]),
(hi)i, €My,

(5.4)

where H], := {(h;)""; € N™ : (£ =0)n < >7" | h; < L?n}. We first treat the first term in the right-hand side of (5.4).
Note that if (s;,;)]2; € Sp.(n), then m < L and maxi<i<m [t; — si| < LS\/n < n for all large n. Hence, Corollary 5.2
with A replaced by 24 implies that for any L > M3(2A), if n € N is large enough, then

(5.5) max (ZT si,t;) > LPn > < LP(T(0,n) > Ln) < Lexp(—24y/n).

(Sri,ti);filESL (’I’L)

Let us next estimate the second term in the right-hand side of (5.4). Fix (s;,t;)™, € Sp(n). Then, the intervals
([ss — (L3/2)\/n,t;])™, are disjoint. Thus,

P(T(si,t:) > hi Vi€ [l,m]) < P(T[% o2y (si,t) > he Vi€l m]])

P<T[si—(L3/2)\/ﬁ,t 1(8i,ti) > hi )

.:13

=1

Furthermore, Lemma 2.8 and the fact that maxi<;<, [t; — s;| < L%\/n yields that there exists a universal constant
a > 0 such that

P(T[sif(Lg’/Z)\/ﬁ,ti](sivti) > hl) = ]P’(T[,(L?,/Q)\/ﬁ’tifsi](o,ti - Si) > hl)
204h,i
< exp <L3\/ﬁ> P(T(0,t; — si) > h;)
< exp 2ah; IP’(T(O | L8/n]) > h‘)
— LS\/H ’ - (N

With these observations, for all n € N and for all (s;,¢,), € Sp(n),

> P(T(sisti) > hi Vie[l,n])

(i)™ EHm

< exp (221 > ﬁP(T(o, LL°V/n]) = hy).
L
(hi)

)Py €M 1=1

(5.6)

Due to (5.4), (5.5) and (5.6), for any L > M3(2M), if n € N is large enough, then

max T Sza z 0
(si,ti)j2 1 ESL(n) <Z = (&= )>

< Lexp(—2A+y/n) + exp ( ) Z Z HP 0, [L°V/n]) > hy).

m=1 (h )7” EH, =1
Replace L with M'/% in (5.3) and the above expression and take My = My(c, 0, A, &) € N large enough to have
My > (M (6,24) + My(2A) + (4a/c)) + € + 2.
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It follows that for any ¢,d, A,£ > 0 and for any M > My, if n € N is large enough, then
P(T(0,n) > (u+&)n)

< Mn*M exp(—2A4v/n) + n*M exp(cy/n/2) Z Z H[P’ Vnl) = h;).

m=1(h;){L, EH;

m,n

Therefore, we obtain the desired conclusion since Mn?M exp(—2A4+/n) < exp(—Ay/n) and n*M exp(cy/n/2) < exp(cy/n)
hold for all large n € N. ]

5.2. Proof of Lemma 5.1. We define for n € N,
N := [2logy(logn)], N :=2YZn[0,n —2V].
Divide the interval [0, n] into subintervals {[i,i +2"]};car and classify them to two colors: blue and red. Given i € N,

if T(i,i +2%) > 22V then we write i € Red; otherwise (i.e., T(i,i + 2V) < 22VV), we write i € Blue. Let us now
cover the interval [0, n] with red and blue intervals as follows:

(5.7) o,n]c |Jli+2V1= | Gi+2¥u | [i+2V).
ieN i€Blue i€Red

First, Section 5.2.1 takes care of the total passage time of blue intervals. Next, in Section 5.2.1, we estimate the
contribution from red intervals to the first passage time, and prove Lemma 5.1 by combining estimates for blue and
red intervals.

5.2.1. The total passage time of blue intervals.
Lemma 5.3. For any fired § > 0 and n € N sufficiently large,

(5.8) P < > T(i+2N) > (u+ 26)n> < exp(—n??).

i€Blue

Proof. Given 6 > 0, we define K := [C + 8/§], where C' is the constant as in Lemma 2.9. We divide blue intervals
into three classes Lblue (light blue), Mblue (moderate blue) and Dblue (dark blue) as follows:

Lblue = {i € N': T(i,i +2") < (u+6)2"},
Mblue = {i € N': (n+0)2" < T(i,i+2V) < K2V},
Dblue = {i € N : K2V < T(3,i + 2V) < 22N},
Then, using the fact that |Lblue| < |NV| < n/2V, we have for all n sufficiently large,
> T(iyi+2Y) < (u+ )2V [Lblue| + K2V |[Mblue| + 2°" | Dblue|
(5.9) icBlue
< (u+ 6)n + K2V |Mblue| + 22V |Dblue|.

Hence, our task is now to prove that for all n sufficiently large,
) 1) .
(5.10) IP’(KQNMblue > 2n> +P(22N|Dblue| > 2n> < exp(—n?/?).

We first treat the probability for [Mblue|. The translation invariance and (1.1) yield that for all n sufficiently large
and for any i € N,

P(i € Mblue) < P(T(0,2") > (u+6)2V) < 1/K>.

Divide N into 4K disjoint groups as follows:

4K -1

N = U M;, M;:={ieN:j =j (mod4K)}.

7=0
Notice that the event {i € Mblue} depends only on frogs {(S¥)},—;<kx2~. Moreover, by the definition, for each
j=0,...,4K — 1, we have |i —i'| > 4K2" for all distinct i,i’ € M;. Thus, these events ({i € Mblue});cr, are
independent. Therefore, |M; N Mblue| is stochastically dominated by the Binomial distribution Bin(|M,|, K—2).
Hence, using Chernoft’s bound, we have for all j =0,...,4K —1

P(]M; N Mblue| > n/(2VK?)) < exp(—n/2V T K?)).
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Hence, by K > 8/¢ and the union bound, for all n large enough,

P<K2N|Mblue| > gn) < P(|Mblue| > n/(2V?K?))
(5.11)

—_

<exp(—n/2VT?K?)) < — exp(—n?/?).

[\

Finally, we estimate the probability for |Dblue|. By Lemma 2.9, since K > C' (the constant as in this lemma), for
n sufficiently large

P(i € Dblue) < P(T(0,2V) > C2V) < exp(—c2™V/4) < 274V,
with ¢ a positive constant. Divide A/ into 2V*2 disjoint groups as follows:

oN+2_

N = U D;, Dj:={i€N:5%x=j (mod2V?}.
3=0
Observe also that the event {i € Dblue} depends only on frogs (S7)|,_;j<22~. Thus for each j € D;, the events ({i €
Dblue});cp, are independent, and hence, |D; N Dblue]| is stochastically dominated by Bin(|D;|,27*"). Therefore,
Chernoff’s bound proves that for each j =0,...,2N%2 — 1,
P(|D; N Dblue| > n/2°Y) < exp(—n/2°V*1).

This together with the union bound implies that for all n sufficiently large,

)
1P><22N|Db1ue| > n) < P(|Dblue| > n/2V=2)
2
(5.12) .
< exp(—n/2M+?) < exp(—n?/?).

With these observations, (5.10) follows from (5.11) and (5.12), and the proof is complete. O

5.2.2. A covering of red intervals. We will use a covering process of disjoint boxes to aggregate the red intervals whose
first passage time larger than the square of its distance. Initially, we define

L1 :=max{2" : 3z € [0, n]; T(z,z +2~) > 22"},

By Lemma 2.7-(ii), P(T(0,2%) > 22¥) < exp(—c2¥). Then we have £; < oo a.s. We take z; € [0, n] such that
T(z1, 21+ £1) > L2 with a deterministic rule for breaking ties. Let I = (z; — £1, 21 + £1) and we define Si, T; such
that [S1, T1] = [x1 — L£1,21 + £1] N [0, 00). Inductively, we define for j > 1

Li1 :=max{2": 3z € [0,n] \ I;; T(z,z +2%) > 22~}

We take ;1 € [0, n] \ I; such that T (41,2541 + L£j41) > £3,, with a deterministic rule breaking ties. Let

Iy = [z — Ljp,zi + Ll \ I,

Ly = LUz —Livn i+ L)
Note that I; is the union of some intervals whose lengths are all larger than that of [z41—Lj41,2;41+Lj41], since £; >
L1 for any i < j. Therefore fj+1 is an interval (if not, then there is an interval included in [z;41 — Lj+1, Tj41+Lj11]
and so L1 > L; for some ¢ < j). Hence, we can define Sj;1 < Tj4q such that [Sj1,Tj41] = ~j+1 N [0,00). Recall
N = [2log, (logn)] and let us define

¢:=max{j: L; > 2N}.
Lemma 5.4. The following hold:
(i) We have

¢
U i, i+ 2V < (IS, Ty + £5)
j=1

i€cRed
(ii) For any 1 <j<U,
T(S;,T; + L;) < 16L7.
(11i) For any 1 <i# j </,
(a?i 7£i/3,$1‘ +£z/3) n (’Jlj *[:j/3,l‘j +£]/3) = 0.
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Proof. Suppose that i € Red, i.e., T(i,i +2V) > 22V If i ¢ I,, then £,y; > 2", which contradicts the definition of
¢. Thus we get ¢ € I, and hence, there exists j < £ such that i € [S;, T;]. Therefore, 2N < L; and so
[i,i + 2N] C [S]yTj + »Cj]a

and (i) follows. For (i), notice that S; & I; 1 since I; N I;_; = 0, and T; — S; < 2£;. Hence, thanks to the maximal
property of £;, we have

T(Sj7Tj + EJ) < T(Sj, Sj + 4£j) < 16£?
Finally we consider (iii). Assume that ¢ < j. Then z; ¢ (x; — £;,z; + L;) since z; ¢ I;,_1. Hence, |z; —z;| > L; =
max{L;, L;} since £; > L;, and (iii) follows. O

We introduce some notations: for any k£ > 1 and for a > 0,
ag :=|{j§€:£j:2k}|; N, := [logy(an)/2].

Fix & > 0, which is chosen later (see (5.24) below). Then,

¢

(5.13) U Gi+2YTc s T+L1= U S:T+L1u | 1975+ L)

i€cRed Jj=1 j:ﬁj <2Ne j:[,j>2Ns
The lemma below helps control the passage time of intervals [S;, T; + £;] with £; < 2/e.

Lemma 5.5. There exists a universal constant cy > 0 such that the following statements hold:
(i) For any § >0 and e > 0, and for all n € N large enough,

0 14
P> T(S;, T+ L) 1{L; <2V} >6on | < P (Z L£21{L; < 2N} > 6n/16>

i=1

exp(—cod/n/e).

=1

IN

(i) For any K > 1 and € > 0, and for all n € N large enough,

Ng
P <ak =0Vk > Ng; Z ap, < K) > 1 —exp(—coK+/en).

k=N.

Proof. We first recall that for each j we can find «; € [0, n] with T(z;,z; + £;) > E?. Hence, by the definition of

(ar)k>1, for each k there is a sequence of points (x;“)?il such that

(5.14) T(af, 2} +2%) > 2°%,

For x € Z and t € R, we write B(z,t) := [x — ¢,z + t]. Moreover, by Lemma 5.4-(iii),
(5.15) B(ak, 2% /3)n B(zk, 2% /3) = 0, ¥ (k,j) # (K,5").

In addition, by Lemma 2.7-(i), there exists an universal constant ¢ such that for all k € N,
(5.16) P(TB(O,WB) (0,2%) > 2%) < exp (—c2").

We fix §,& > 0. The first inequality in (i) directly follows from Lemma 5.4-(ii).
For simplicity of notation, we set 6’ := §/32. We observe that if a < §'n2~*+N<) for any k € [N, N.], then

14 N¢
docin{c; <2Vy=>" a2 <on/ie.
k=N

i=1
Therefore, using the union bound,

V4
2 ) Na ! 7(k+NE)
(5.17) P (Zl £21{L; <2V} > 5n/16> <N max P (ak > §'n2 ) .

To estimate the last probability in (5.17), we fix N < k < N, and define
Bieos = [5’712*(’“*]\75) ,n].

Given by, € By ¢,5, we define

Bo) = {y = (1)1 < [0, n] : Bly;, 2"/3) 0 Bly;r,2/3) =0V 1 < j # 5 < by }.
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Then we have for all b, € By ¢ 5,
(5.18) IB(br)] < (n+ 1) < exp(2by logn).
Remark that a; < n, and thus using (5.14) and (5.15)
Plap > 6'n2 BTNy < N N P(VE <G < by, T(y;u; +2%) > 2%%).
bk €Br,c,s yEB(b)

Observe that T4 is independent of Ty if AN B = (). Therefore, for each y € B(by),
P(V) < b, Tlyiys +29 22%) < P(V) < by Ty, o0sm (i ys +2°) 2 22°)

bk
= HP(TB(yj,Qk/g)(yj,yj + 2k) > 22k)

j=1
exp (—ckak) ,

IN

by using (5.16). Combining the last two inequalities, we arrive at

Play = n2"FH8) < S B [exp ((— cbi2")

br€By .5
Z exp ( - cbk2k*1) < exp (72*705\/71/5) ,
br€Br,c,s

where we have used (5.18) with 28 > (logn)? for k > N in the second inequality, and that |Bj.s| < n + 1 and
b2k > on27Ne=5 > 2765, /n/e for all by, € By .5 in the last line. Combining this estimate with (5.17), we obtain (i).
We next consider (ii). Observe that

Pk >N :ap>1)< Y Plap > 1)

IN

k>N
< Y PFie[0,n]; T(,i+2%) > 2%)
(5.19) h2 N
< 3 (n+1)P(T(0,2%) > 2%%)
k>Nx
<(n+1) Z exp(—c2¥) < 2(n + 1) exp(—eVKn),
k>N

by using (5.16) and 2% > +/Kn. Now we consider the event that Z,ICVZKNE ar, > K. Define

Nk
B i={b= )iy, c0.n]: > b= K},
k=N,
and for any b € B, g, we set

B<b) = {y = (yf) 1<<b,  C [[07 n]] : B(y;?’2k/3) n B(y;’c’,?Qk//?’) =0 V(k‘,]) # (k/mj/)}'
N.<k<Ng

It is straightforward to check that

(5.20) 1B k| < (n+ 1) < exp((logn)?),

and
NK NK

(5.21) |B(b)| < H (n 4 1)% < exp (2 Z b logn).
k=N. k=N.

Using the same argument for Part (i), for each b € B. x and y € B(b), we have
P(VN. <k<Ng,Vj<be, T(yF,yl+2%) >22)
< P(YNe <k < Nk, Vi < bk, T oyl vk +25) > 22)

Nk by Nk
- TIII® ( Ty a3 (U 05+ 2F) > 2%) < exp (—c 3 bk2’“> .

k=N, j=1 k=N.
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Therefore, by using the union bound and (5.21),

Nk
P<z akzz«> © Y Y BN <k N5 < b T 29 > 2%
k=N, beB. x yeB(b)

Ng
< Z |B(b)| exp <—C Z bk2k>
bEB. x k=N.
Ng
< Z exp (—c Z kak_1> .
beB: k k=N,

Moreover, using N, = [log,(y/en)], we have for any b € B, g,

Ng Nk K
Z b2kt > gNe—1 Z b > K2N-—1 > T/sn.
k=N_. k=N_.

Hence, the last display equation together with (5.20) implies that

P ( XK: ak > K) < |B.k|exp (—cKv/en/2) < exp (—cKv/en/4).

k=N.

Combining this estimate with (5.19), we obtain (ii). O
We prepare a lemma that tells us how to group intervals.

Lemma 5.6. For any R > 0 and a sequence of intervals ([x;,y;]),, there exists a sequence of intervals ([sz,tz]):’il
with m’ < m such that

(si), C (zj)j=, and (i), C (y5)7L1,

Do [t — sil < 2mR+ 377 |y — @il
d([si,t], [s5,t5]) = R for all 1 <i# j <m/,

hd U?;I[xiﬂyi] - Uzm:l[shti]'
Proof. We write A; := [z;,y;]. We define an equivalent relation on {1,...,m} as follows. Given 1 <4,j < m, we write
i ~ j if there exist (ix);_; C [m] with 4y :=4,i, := j such that max;e[—1)d(A;,, Ai,,) < R. It is not hard to check
that ~ is an equivalent relation. Given p € C :={1,...,m}/ ~, we define
sp :=min{x; : i € p}, t,:=max{y;: i< p}.
Note that by construction,
(5.22) By :=[sp,tg) C | Jlzi — R,yi + RJ.
i€

We will prove that ([s,,tp])pcc satisfies the desired properties. Note that m’ := |C| < m. By construction, since

m m

UAZ C U Bp - U[:rz 7R’y1+R]a

i=1 peC i=1

the first, second and fourth conditions follow. We prove the third one. Let p # ¢q. Without loss of generality, we
suppose t, < t,. Let i € p be such that ¢, € A;. If s, < t,+ R, by (5.22), then there exists 2’ € A; with j € ¢ such that
x’ € [tp,tp+ R], which implies A; ~ A; and derives a contradiction. Thus, we have s, > t,+R and d(B,, By) > R. O

Lemma 5.7. For any A > 1 and £ > 0, there exists My = My(e, A) such that for M > My and n € N sufficiently
large,
P(Ecov) > 1 — exp(—Av/n),
where
m
5cov = {H(S“tl)?il S SM(’/L) : U [Sj,jy +£]] C U[Si,ti}},
jiL;>2Ne i=1

and Sp(n) is given in Lemma 5.1
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Proof. Fix A > 1 and € > 0. Let ¢y be a positive constant as in Lemma 5.5. We set
My = My(g, A) := coA/e>.

By Part (ii) of this lemma, for M > My, if n € N is large enough, then
(5.23) P(£) > 1 —exp(—coM+/en) > 1 — exp(—Av/n),
where

Ny

Ezz{ak:OszNM}ﬂ{ 3 akgM}.

k=N.

Hence, it suffices to show that & C Eeov. Let M > My(e, A). Suppose that € occurs. Then |{i : £; > 2N} < M.

m

Thus, applying Lemma 5.6 with R = M?®,/n to the sequence of intervals ([S;, T;+L;]),. £, >N, we can find ([s;, t;])i%,
with m < M satisfying

d(By, Bj) > M*/n Vi # j; U 5T +£5) ¢ lsintal.
jiL;>2Ne i=1
Moreover, since Ny = [logy (v Mn)], on the event &,
olti—sil < 2mMPVn+ > T+ L -S|
i=1

jlﬁj 22N5

IN

Mom+2 Y L; < MPyn+2M2Y < MO/,

jiLj>2Ne
Hence, Ecov occurs and we have £ C Ecov . O
Proof of Lemma 5.1. Let ¢y be a positive constant as in Lemma 5.5. We set
(5.24) £:=¢e(8,A) := (cod/64A)2.

Using Lemma 5.5-(i), we have

(5.25) P > T(S,Ti+ L) >on | <exp(—24v/n).
i L;<2Ne
Let us define
Eroa = Ecov N{ D T(Si,Ti+Li) < on},

i L;<2Ne
where oy is the event in Lemma 5.7, and

(5.26) Ebiue ;:{ 3 T(i,i+2N)§(u+25)n}.

i€Blue
Using (5.25), Lemma 5.7 and Lemma 5.3, there exists My = My(e,2A) such that for M > My, if n is large enough,

(5.27) P(E¢q) + P(EGiae) < 26xp(—24V/) + exp(—n2%) < exp(~Ay/).
We remark that by (5.13), on the event Evea with (s;, ;)7 ,

o] c |Jli+2V1 = |J Gi+2¥u | fii+2Y]

ieN i€Blue i€Red
m
c J mi+2YTu | 1SnTi+Liu s til:
i€Blue i:L; <2Ne =1

Hence on the event Ered N Ebiues T(0,1) < n(p+38) + .-, T(s;,t;). Therefore, we have
P(T(0,n) > (1 + &)n)

<P (3(81',72):»11 € SM(n)7 ZT(Si7ti) 2 (f - 36)”) + ]P( t?ed) + HJ)(51:C>lue)

i=1

(5.28)

IA

> P (Z T(si, t;) > (€ — 35)n> + exp(—Av/n).

(si,t:) 1 €Snr(n) i=1
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Thus, since |Sys(n)| < n*M | Lemma 5.1 follows by taking M; = My(e, 2A4). O

5.3. Proof of Proposition 3.1-(iii). Applying Lemma 5.1 with A = 1 and 6 = £/2, letting M = M;(1,£/2) as in
this lemma, we have

P(T(0,n) > (u+ &) < e ™ +n*M 3" P(T(x,x + [ MSva)) > §n/(2M))

z€[0,n]
<e "+ nSMP(T(a | M®y/n)) > 5n/(2M)).

By Lemma 2.7-(ii), the last probability is bounded from above by e~ V" with some positive constant ¢ = c(&, M),
which yields the claim. |
5.4. Proof of Proposition 3.1-(i). We first prove that there exists a universal constant ¢ > 0 such that for any
m €N,
(5.29) P(t(0,m) = T(0,m)) < exp(—cm?/3).
Let My := M3(1) as in Corollary 5.2. Since P(¢(0,2) < h) < exp(—cox?/h) with some universal constant ¢y > 0 by
Lemma 2.1-(iii) and T(0,m) < T(0, [m*/3]),

P(t(0,m) = T(0,m)) < P(t0,m) < Mym*3) +P(T(0,m) > Mym*/3)
< exp(—com®? /M) + P(T(0, [m*3]) > Mym*/?).

By Corollary 5.2,
P(T(0, [m*3|) > Mym*/3) < exp(—m?/?).

Hence, combining the last two display equations, we get (5.29).
We take ¢ := % so that

(5.30) w(l—e)=p—24/3.
Now, set A:={k€Z: M/n <k <en} and define
Ea = {all the optimal paths from 0 to n must visit A}.
On the event €5, there is © < M+y/n and y > en such that ¢(z,y) = T(x,y). Thus,
P(ES) P(T(0,n) > n?) +P(ES; T(0,n) < n?)
P(T(0,n) > n?) +P(3x € [-n?, M/n], Iy € [en, n]; t(z,y) = T(z,y))
< P(T(O,n) =0+ Y > P(i(z,y) = T(z,y))

—n2<zx<M+/n en<y<n

<
<

(5.31)

with some ¢; = ¢1(g) > 0, by using Lemma 2.7-(ii) and (5.29).
By the lower tail large deviation [2, Theorem 1], for any € > 0, there exists ¢ > 0 such that for any m € N,

P(T(0,m) < (1 —&)E[T(0,m)]) < exp(—cam).
Moreover, by (5.30), for all k € A, we have
(1= )E[T(k,n)] = (1 — )E[T(|en],n)] = a1 — 22 — ofn) = (11— )n.
Therefore, we reach for some c3 = c3(d) > 0,
(5.32) P(T(k,n) < (u—d)n) < exp(—csn).

Finally, we observe that

IA

exp(—cin) + exp(—cin®/?),

B(T(0,n) > (u+ O)n)
> B({T(0, LM\/HJ)Z(Hé)n T(k, n)>(u*5)n Vk € A}NéEn)

> P(T(0, [Mv/n]) = (€ +68)n) = Y P(T( (n = 0)n) —P(EX)

keA
> P(T(0, [My/n]) > (€ + 6)n) — exp(—can®?),

for some ¢4 = c4(0,€, ) > 0, where we have used (5.31) and (5.32). O
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6. ENERGY APPROXIMATION BY STEP FUNCTIONS: PROOF OF PROPOSITION 3.3

For the convenience, we recall the definition of the energy functional

E(f) = - / logfy(x)dz,  Op(x) = PBM(r, > () - f(x)Vy € R),

and our goal is to prove that

6.1 inf E = inf  E(f).
(6.1) fec(s) () fecster(g) ()

We also recall a result from Lemma 2.2 that will be used frequently in this section:

(6.2) E(f) = VEE(fe), fe(x):= € f(\/€x) for any f € C(1) and £ > 0.

Hence, we only need to prove the claim (6.1) with £ = 1. Given parameters &,4 > 0, our aim is to deform a function
f € C(1) to a step function g € C5*P(1 — ¢) such that E(g) > E(f) — 6. Then letting €,5 — 0, we can validate the
claim of Proposition 3.3. The primary strategy involves the integration of two types of transformations: soft and hard
deformations. To illustrate, suppose that we have to deform a function f over a finite interval I C R. Then the hard
deformation simply forces the function f to the minimum value over I, that is,

) fl=) ifedgl,
9(@) = {minyeI fly) ifzxel.

This deformation does not change the maximum value of f, and since g(z) < f(z) for all z € R and f(x) = g(x) for
all z ¢ I, a lower bound of the change of energy is given by

(6.3) E(f) - Elg) > / log Zf§§ da.

In particular, if the length of I is 1/n, then
(6.4) E(f) = E(g) = (O(1) + logn)/n.

The soft deformation defined in Lemma 6.2 below is more complicated, which gradually flatten the function f to get
a function g with lower energy: E(g) < E(f), and controllable height (and so the maximum): for all x € R

(6.5) g(z) = f(z) — Ar(f),

where we define for each interval I C R,

(6.6) Ar(f) = Mi(f) =mi(f),  Mi(f) =sup f(y), mi(f):=inf f(y).
yel yel

We will partition the primary interval [—M, M|, where M is appropriately large based on ¢ and ¢, into subintervals of
length 1/n. These subintervals will be categorized into three types based on their height:

1. Large height, if A;(f) > C.logn/n,
2. Moderate height, if A;(f) € [c.logn/n,C.logn/n),
3. Small height, if A;(f) < c,logn/n.

Here, C, and c, are appropriately selected constants to be chosen later.

For intervals with large height, we apply the hard deformation and manage the total energy gaps using (6.4). Note
that the number of intervals with large height is at most n/C,logn. The details of this part will be presented in
Proposition 6.6. On the other hand, we apply a soft deformation to the function over intervals with small heights. By
its definition, the newly formed function possesses a lower energy. Using Eq. (6.5), we can manage the difference in
height post-deformation. This will be addressed in Proposition 6.8.

The intervals of moderate height present the most significant challenge. It is not immediately clear whether to
apply a soft or hard deformation. Rather than making this decision for each individual interval, we will group these
moderate height intervals into clusters. The choice of transformation for each group will then depend on certain
criteria related to the size of its group (i.e., the number of intervals it contains) and height (i.e., the difference in the
values of the function over the group). This approach will be detailed in Proposition 6.7.

The structure of this section is outlined as follows. The subsequent subsection will present a summary of some
preliminary results. The proof of Proposition 3.3 is provided in subsection 6.2, and it relies on several other results,
specifically Propositions 6.5 through 6.8. The proofs for these propositions can be found in subsections 6.3 and 6.4.
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FIGURE 1. Soft deformation over I = [a, b]; Hard deformation over I = [a, b]

6.1. The two deformations and preliminaries. We present two key deformations allowing us flatten the function
with controllable energy and height. Let J = {I;}{_, be finite disjoint intervals, where I; is of form (a;,b;), [a;,b;),
(ai, b;], or [a;, b;] with a; < b; (a; and b; may take values +00.)

The hard deformation of f € C(1) over J, denoted by 147 is a function given as

nd. 7, . )infyer fy) ifz € Uresl,
(6.7) J )= {f(a:) otherwise.

Lemma 6.1. The following hold:
(1) If (9(x) —9(y)+ < (f(x) = f(y))+ for all z, y € R then E(f) = E(g).
(i) There exists a positive constant C such that for all f € C(1) and z, y € R with f(y) > f(x)
Clz —yl
0 < —.
= =@
(1ii) If g(z) < f(x) for all x € R then

99(33)
E(g) - E(f) = /{ sty

(fhdj Z/ ef’“” de.

Ieg

As a consequence,

Proof. Parts (i) and (iii) directly follows from the definition of E(f) and f'%7 < f. Using Lemma 2.3
T —
04(2) < B (ry 2 1(9) — (@) = BP0y 2 S) — J(@) = il
fly) = f(z)
and thus, (ii) follows. O

The soft deformation f7 of f € C(1) over J will be defined inductively as follows. Set f O] .= f. By induction
in k> 1, f* is defined as:

mr, (F47), i fEU (@) € fm, (£51), My, (£ 1),
f[k](;c) = f[k—l](gy), if f[k—ﬂ(x) < mlk(f[k 1])7
FEU(@) = Ag (FF1) it f1 (@) > My (F01),
We set f*47 = fl8 with £ := |J|.

Lemma 6.2. Suppose that f € C(1). The following hold:
(i) f*7|; = const for all I € J.
(i) For any x,y € R,

£o47 () =Y ALf), and (£ () = T ()4 < (F(@) = f(y)+-

Ieg

As a consequence, E(f5%7) < E(f).
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Proof. Part (i) directly follows from the definition of 7. For Part (i), by Lemma 6.1-(i), it suffices to show that
for any £ < /¢ and z,y € R,

(6.8) W) > fe (@) — AL (f),
(6.9) (F¥ (@) — 1 ))s < (FF V(@) — (),

Since Ag, (f*=1) < Ap, (f) by (6.9), we have (6.8). Hence, our task is to prove (6.9). For simplicity of notation, we
write my 1= my, (f[k 1]) and My, := M, (f[k 1])
When f#=1(y) < my, by fM(x) < f=1(z) and [ (y) = (A= 1(y),

(fBz) = M)y < (S ) = ()
When fF=1(y) € [my, M),
(f¥() = MYy = {(()}[kl] (z) — M)+, fﬂi:vll}sf) -
< (S () = ()4
We finally suppose f*=1(y) > M, If f*=1(z) < My, then (6.9) follows since (f*(z) — fI*(y)); = 0. Otherwise,
if fI-=1(2) > M, then
@) = (@) — (Mg —my), M) = (51 (y) — (Mg — ).
Therefore, we have
(M) = M ))s = (S5 (@) = ()

Consequently, in all cases, (6.9) holds, and the lemma follows. |

The following technical lemmas will be proved in Appendix.

Lemma 6.3. For any 6 > 0, there exist ¢,¢ € (0,1) such that for any interval I C [6,00) of length smaller than 1 and
J € C(1) satisfying fl—s5 =0 and f|r = const, we have for any x € I,

05 (x) > cPPM(ry > f(y) — f(x) Yy > sup ) > E(sup I — ).
Lemma 6.4. Let b > a > 0 and f,f two increasing functions on [0,00) satisfying f(:c) < f(x) for any x > a. Let
o= f(b) = f(a) and by := f(b) — f(a). It holds:
(l0)* "B (10 > f(z) = fla) Yo > b) > (b.0)**PEM (12 > f(2) — f(a) Vo > b).

6.2. Proof of Proposition 3.3. Since the inequality r. < inf{E(f) : f € C5*P(1)} is always true, we now focus on
proving the converse inequality, that is,
(6.10) r. > inf{E(f): f € C5*P(1)}.
Given M,n > 0, we denote by C(M,n) the set of all functions g : R — [0, c0) satisfying

e g is increasing in [0, 00) and is decreasing in (—o0, 0],

hd g|(—oo,—M] = const, g|[M,oo) = const, g|[—n,n] = Ov HgHOO ‘= SUPger g(JC) <1l
From now on, fix an arbitrary e > 0 and take f € C(1) such that
(6.11) E(f) <r(1) +e
Let 6 € (0,1/4) be small enough so that

E(f) +40 _

1—46
We prepare several claims that will be proved in the subsequent sections. The following says that f can be approximated
by a function in (Jy,, o C(M,n) with lower energy.

(6.12) <r(1) + 2e.

Proposition 6.5. There exist M,n > 0 and go € C(M,n) depending on § and f such that
E(go) < E(f), and f(z) = < go(x) < f(z) Vo & [-M,M].
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Let n € N. Dividing the interval [—M, M] into subintervals of length 1/n, we define
i—1 —i —i+1
T:=TtUl = HZ ,’) Cie [[1,Mn]]}u{<’, s } e [[1,Mn]]}.
n 'n n n

4
5

Let us define

logn

(6.13) C,:=~, L*:= {Iezi:A,(go)zc* } L:=LruL.

Proposition 6.6. For n € N large enough, there exists g1 € C(M,n) such that the following hold:

(a) g1|r = const for I € L, g1|1 = gol1 for I € T\ L, and Ar(g1) < (Cylogn)/n for I € T,
(b) g1(x) < go(z) for all z € R and g1 (x) = go(x) for x & [-M, M],
(c) E(g1) < E(go) + 9.

We define

cy logn Cilogn

<Ar(g1) < = m

n

(6.14) M = {I €l: }7 with ¢, : 0

Proposition 6.7. For n € N large enough, there exists g € C(M,n) such that the following hold:

(a) g2|r = const for I € M UL and Ar(ge) < (cilogn)/n for I € Z,
(b) ga(x) < g1 () for all x € R and g5(x) > g1(x) = d for = & [-M, M],
(c) E(g2) < E(g1) + 6.

Finally, we flatten go over the remaining intervals I € Z with small height A7(g1) < c.(logn)/n.

Proposition 6.8. If n € N is large enough, then there exists a step function g3 € C(M,n) such that E(gs) < E(gs)
and ga(x) — 6 < g3(x) < ga(x) for all z € R.

Assuming these propositions, we first prove (6.10).

Proof of (6.10). Let n € N be sufficiently large and fixed. By (6.11) and Propositions 6.5-6.8, g3 is a step function
on R, increases in [0, 00), decreases in (—oo, 0], and satisfies that lim,_, g3(z) = 0 by g5 € C(M,n) and

(6.15) E(gs) < E(f) + 49 and f(x) — 4 < g3(x) < f(z) for all z & [-M, M].
Let a :=sup,~qg3(y) > 1 —45. We consider the function

o(a) = a\gs(vVaz), zER.
Lemma 2.2, (6.12) and (6.15) imply that ¢ € C5t*°P(1) and

B6) = J=B(am) < T <o) 4 2

Consequently, one has

inf{E(f): f € C5*P(1)} < r(1) + 2e.
Since € is arbitrary, (6.10) follows by letting e ™\, 0. O
6.3. Proofs of Propositions 6.5 and 6.6.

6.3.1. Proof of Proposition 6.5. Let § > 0 and f € C(1). Since lim,, f(z) = 1 and lim,_, o f(z) exists, we can
take L > 0 such that

F) =10 fn)> dm f@) -0

37 T -0 _§

We take € (0,/3) so that max|, <, f(z) < g, which is possible due to lim,_,o f(z) = 0. Apply Lemma 6.2 with

J :={(—o00,—L],[-n,1],[L,00)} to obtain the deformation
go(x) = f*47(x),  M:=L+n.
By the constructions of &7 one has
f(x) =6 <go(x) < fx) Ve eR,  E(go) < E(f)
Moreover, by construction, go belongs to C(M, n). |
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6.3.2. Proof of Proposition 6.6. Recall the notations £* from (6.13). We consider the hard deformation

hd, infyecrgo(y), if z €I for some I € L,
g1(z) = go" (x) == .
go(z), otherwise.

Clearly, g1 € C(M,n) holds since gy € C(M,n). Moreover, Properties (a) and (b) of Proposition 6.6 are trivial from
the construction. Finally, we check Property (c). Since gg is equal to zero on [—n,n], we have I C Ry \ [0,7/2] for all
I € LT when n € N is large enough depending on 1. Hence, by Lemma 6.3-(ii), there exists c3 = c3(n) € (0, 00) such
that for all I € L1 and z € I,

00, () > cy(sup T — ).
Thus for all n € N large enough depending on c3,

1/n
/log b4, (z) dz > / log (c3 z)dx > —2(logn)/n.
I 0

By considering h(z) = g1(—x), we obtain the same estimate for all I € £~. By Lemma 6.1,

_logn
(6.16) E(go) = E(1) > Y [ logty, () dw > —2(|£*| + |£7[)—=".
1ec’! n
Note that since 0 < go < 1 and g is monotone in R_ and R, we have
> Arg) <1, D Argo) < 1.
IeLt IeL—
Moreover, A(go) > Ci(logn)/n for all I € L. Therefore,
L4 < 5
— Cilogn
This, combined with (6.16) and the choice of C, as in (6.13), gives
4
E(go) — E(g1) =2 == = —4,
and Property (c) follows. |

6.4. Proof of Proposition 6.7. Our goal is to flatten g; over all the intervals belonging to
M:=MYUM™, where M* = {I¢€ T* : e,(logn)/n < Ar(g1) < C.(logn)/n} .
6.4.1. Clustering of moderate intervals. We define
(6.17) K =2+ (80" (E(go) + 6 +4/c.)].
Given a non-empty set A C M™T, we enumerate A = {I1,..., [} with inf I; > --- > inf Iy, and define
AA) :=max{j € {1,..., A} :inf I; >supl; — (i/n)K Vie][l,j ]}
Similarly, for 4 C M, we enumerate A = {I_1,...,]_»} with sup/_; < --- < supl_j, and define
MA) :==max{j € {1,..., A} :supI_; > inf Iy — (i/n)K Vi€ [1,j]}.
Let
F(A) {{11,...,1A(A)} %fACMi”
I, Iy fACM™.
We set My :=T'(M™) and M_; :=T' (M), and define inductively,

i -1
(6.18) Mgy = T(MIN (JMy) for i 21, Moy i=T(M\ [ J M) fori < -1,
i=1 =i
Define also A B
as ::min{i21:/\/1+\ U/\/lj:@}, 0~ ::max{ig —1:M_\UM]- :(Z)}.
j=1 j=i

Finally, for —¢~ <1i < {* | we set

su supl ifi>1, t— Kne gy ifi>1,
n; i= |Ml, tﬂ:{ Y < Fi‘:{[l o <

infren inf 1 if i < —1, (ts, t; + Eni] i 4 < —1,

n
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with the convention that ng := 0 and Fj := 0.

Lemma 6.9. For n € N large enough, the following hold:
(i) It holds

-1
> =M<
Cy logn

i=0~

IR
Cx 1ogn

(ii) The intervals (F, ) _— are disjoint and do not intersect [—n/4, n/4].
(iii) For all1 <i</{* and x € [t; — Kn;/n, t; — 1/n],

Cylt; —
gl(ti) —g1(x) > %logn,
forallt~ <i<—1andx€[t;+1/n,t; + Kn;/n],
Celt; — @
g1(t;) —g1(z) > % logn.

Proof. By symmetry, we give a proof only for positive parts, i.e., 1 <17 < £+,
(1): The equation is trivial since (M;);<;<¢+ is a partition of MT. On the other hand, since g; is increasing in
[0,00) and bounded by 1, the inequality follows from

ogn
1>ZA191_(*g>|M+|
Iem+

(ii): Suppose the contrary that there exists i € [1, £7] such that inf F; < n/4, or equivalently t; — Kn;/n < n/4.
Due to (i), if n is large enough, then

On the other hand, since g1[— = 0, we have

n,7]
r]< mf supl < sup supl <,
IeM;

which is a contradiction. Therefore, inf F; > n/4 holds for all 1 < i < ¢*. We now show that (F; )2+1 are disjoint
intervals by provmg that inf F; > sup Fj;1 = t;11 for 1 < i < £T — 1. Fixing an index 1 < i < £+ — 1, we denote
A= MT\ Ul ' M;. We enumerate A as A = {Iy,..., I} with inf I, > --- > inf I). Since i < £, A\(A) < A. The
definition of /\(.A) gives that

A(A) +1

K= lIlsz — 5

inf Iyay41 <suply — -

Moreover, since Iy(4)41 is the first interval in M1,

. 1
tipt1 = SupI)\(A)+1 = lnf[)\(A)Jrl + o

Therefore, we get that inf F; > t;11 = sup Fi41.
(iii): We claim that for all 1 <4 < ¢* and x € [t; — Kn;/n,t; — 1/n],

(6.19) |{I€Mi:Ic[x,ti]}|2?|ti—x\—1.

Assuming the above, we first conclude (iii). We fix 1 < i < ¢*. If t;, — Kn;/n < z < t; — 2K/n, by the definition of
moderate intervals, then

logn

g1(ti) —g1(z) 2 es—— [{I € Mi: I C [z, til} |

1 *tz_
> . Oin (?'tl —z|— 1) > %logn.

Ift, —2K/n <z <t;—1/n, by g1(t; — 1/n) > g1(x) and [t; — 1/n,t;] € M, then

logn _ ci|t; — x|
t) — > g1(ti) — g1(ti — 1/n) > ¢,
91(ti) — g1(x) = g1(ti) — g1 ( /n) = c " oK

Y

logn.
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Now it remains to prove (6.19). We fix 1 < i < ¢* and enumerate A := M™ \ U;;ll M;j as A ={I,...,1,} with
infI; >--->infI). For all 1 < j < A(A), since inf I; > sup [, — %K =t; — %K7

(6.20) j> %(ti —inf I;).

If inf I\(4y < = < t; — 1/n, then there exists a unique 2 < j(z) < M(A) with inf I;,) < 2 < inf I;)—;. Then, by
(6.20),

{IeM;:IC[x,t]}] =) —1> %(ti —inf ) — 1> %h‘i )
If t; — n;K/n < x <inf I(4), then one has

XA,

I eM;:T1C[x,t]} ] =AA), |t—z|< %K:

Therefore, [{I € M; : I C [z,t;]}| > (n/K)[t; — x| holds in the case where t; —n; K/n < x <inf I, 4), and we obtain

(6.19) for all cases. O
Lemma 6.10. For all n large enough,

Vs

S Miggg s 0

n n 4

with the convention that ng =0 and 0log0 = 0.
Proof. By Lemma 6.9-(iii), if n € N is large enough, then for any 1 <4 < /" and x € [t; — Kn;/n, t; — 1/n],
log 0y, (z) <log P2 (14, > g1(t:) — 91(x))

Lt — 1 1
< logPpM (m > c|2Kx|10gn> = 5 log|t; — 2| — 5 loglogn + O(log K)

< 1 log |t \

5 i~z

=35 g

where we have used PPM (7, > b) < |a — z|/V/b for a,2 € R and b > 0, by Lemma 2.3. Similarly, for any /= <i < —1

and z € [t; + 1/n,t; + Kn;/n],

1
log 8y, (z) < log P2 (1, > g1(t;) — g1(2)) < 5 log |t; — zl.
Therefore, since F;’s are disjoint by Lemma 6.9-(ii), we have
ot ti—1/n 1 ti+Kn;/n
—B(q1) < Z/ log 0y, () dw + > / log 6, (z) da
i=1 tifKni/n Py ti+1/n
< = / log t dt.
2 1/n
ie{e= - et \{0}
A straightforward calculation shows that
Kni/n Kn;, Kn;, Kn; 1. 1 1
logtdt = log — — —log—+ —
1n n n n n o on
Kn; . Kny 1
< n logn—Jr n log K + ogn
n n n
Moreover, by Part (i) of Lemma 6.9,
oF 9
n
F 4 < ; = <
+ _,72[:7”1 ‘M|_c*10gn’
for n € N large enough. Therefore,
K< KlogK +1 2 K<
n; n; og ogn n n; n;
_E(g) < = ST R : <= S Bt 2
(‘(]1)_2__247n0gnJr n c*logn_Q__eino n+c*’
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and hence by the choice of K as in (6.17),

ot

ng . N 2 _1 2 -1 0
> > > ——
Y Blog ™ > - (B(gr) + e ) 2 o (B + 26446 2 -],

i=t-
and the lemma follows. O

Recall that the function g; obtained in Proposition 6.6 satisfies

(al) g1 € 5(M7 ’7)
(b1) g1 is constant in each interval I € £, and Ay(g1) < Ci(logn)/n for the other intervals.

Let us define
Fhn = {FZ 0T <P <0 AR (g1) < C*Kzﬁlogn},
n

Fy= {F 0T <P <0, AR (g) > C’*K2%logn},
wi={l eM:ICF for some F; € F},
My :={I e M:ICF for some F; € F}.
Note that
FuUF,=F ={F 0 <i</t'}, M=M,UM,.
Our strategy is to first apply the hard deformation with g; over the intervals in F,, and then apply the soft deformation

over the intervals in Mg. We finally confirm that the final function will satisfy all of the desired conditions.
We consider the hard deformation of g, over Fy, as

g1(t; — Kg) if x € F; for some F; € F, with i > 1,
=<9t KTZ“) if x € F; for some F; € Fy, with ¢ < —1,
g1(x), otherwise.

qi(@) = 9" (@)

Lemma 6.11. For n large enough, the following hold:

@1) gl € 6(M7 77);

(b1) g1lr = const for all I € F, UL, and Ar(g1) < Cilogn/n for the other intervals,

@1) G1() < 9u(x) for all & and Gy(x) = g1 (2) for @ & [~ M, M],

(d1) E(g1) — E(g1) > —6.
Proof. The first three properties of g; are trivial from its definition and Properties (al), (b1) of g;. We now prove the
last property. By Lemma 6.1,

i>1
F; E]:h F E]:h
We decompose the first term as
05,
3 / 85 i 2> (I)+ (II), where
i>1
F; E]‘—h
t,i—ni/n 0~
Z / log 65, (x) da (IT) := Z / log 0 (@) dz.
i>1 i—ni/n i>1 ti—Kn;/n 05]1 (33)

F; E]:h F;€Fn

For any ¢ > 1, since ¢1|r, = const and |F;| < 1 by Lemma 6.9-(i), Lemma 6.3 implies that there exist positive constants
C1,Cs € (0,1) depending on 7 such that for all z € F},

(6.22) 1> 65, (z) > CiPPM (7, > Gi(y) — Gu (=) for ally > ;) > Ca(t; — x).
Therefore,
ot ot
n; ng
) > E /_m/nlog (Cat; —x))da = ;:1 zlog p + (logCy — 1) 2 o

For (II), by using (6.22) and Lemma 6.4, we obtain

05, (2) o o BTy 2 G1(y) = Gu(e) forally > t) _ (m(ta - m(x))‘”
- .

(@) = TPBM(7, > gi(y) — (@) forally > t) — ' \gu(ti) — 1)
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Moreover, if z € [t; — Kn;/n,t; — n;/n], Lemma 6.9-(iii) gives that
g1(t;) —g1(x) > ¢ |2K i logn > ;—K X %logn.

Using the definition of g1, and F; € Fy,
~ ng
91(t:) — g1(x) = g1(t:) — g1 (ti — Kni/n) < C*K2; log n.
Therefore, we arrive at
05, (x) e\
AL > COz:=C
0, (x) = >~ '\2Cc.K3)

which together with Lemma 6.9-(i) implies that for all n € N large enough,

n - cylogn - 4

Vas
(1) > Z (K —1)n;logCs S (K —1)logCs S é
i=1

Using the above estimate and (6.23), we get

las ot

.1' 5 n; n;
Z/loge @ ZJFZZlOgn (logCy — 1) P

i>1 =1 i=1
F; E]‘-h

We have the same for the negative part. Thus, by (6.21), Lemma 6.9-(i), Lemma 6.10, for n large enough, then

Vs ot
~ 6 n; n; n;
E(g) = B@) > =5 + ; —log — + (log C; — 1) ‘_;_ >4

O

Proof of Proposition 6.7. We consider the soft deformation, gs := (g1)*®=. Clearly, go € C(M,n) and g, satisfies
the following conditions:

o go(z) < g1(z) for all z,

e golr =const for all I € MUL and Ar(g2) < ci(logn)/nforall I e T\ M UL,

* E(g2) < E(q1) < E(g1) +6.

Since g1(x) = g1(x) for all x & [—M, M], it remains to prove

(6.23) 62() > Ga(x) — 6.

By the definition of My and Fg, we have

(6.24) M < > nF|= Y Kn;.
FyeFs FieFs

Combined with the fact that A7(g1) < Ci(logn)/n for all I € M, this yields

Z Ar(G) C’Klogn Z .

IeM; F,eFs

Since (F; )ﬁz, are disjoint intervals that do not contain 0, and g; is a monotone function both on (—oc0,0) and (0, c0)
with 0 < g1 <1, by using Ap,(g1) > C Kznl(logn)/n if F; € Fs,

C.K?logn
22> ACo0,0)(91) + Ag0,00)(91) > Z Ar,(91) ZAF g1) 7'% an
=t~ FieF. FieF,

It follows from the last two estimates that ;c\ Ar(g1) < 2/K. Combining this with Lemma 6.2 yields that for all
z eR,
g2(2) > Gu(x) = > Ar(G1) = Gi(x) — 2K > Ga(x) - 6,
TeMs
and (6.23) follows. O
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6.5. Proof of Proposition 6.8. Let go be the function constructed in Proposition 6.7. We have go|; = const for all
I € MUL, so it remains to flatten g, to a step function using the soft deformation. Define g3 := g;d’s, where

S:=S(1)US(?2) = {1 €T:A(g) < n*S/Q} U {1 €T:n 32 < As(gr) < c*(logn)/n}.

By Lemma 6.2, E(g2) > E(g3). Hence, it suffices to check that gs(z) > g2(x) — ¢ for all x € R. Use Lemma 6.2 again
to obtain that for all z € R,

_ Cx logn

93(x) = ga(2) = —n 2 |S(1)| ~ 15(2)]

(6.25) . lo n
—(2M + 1)n V2 = S8 5(9)),

since |S(1)] < (2M+1)n. To estimate |S(2)|, note that if n € N is large enough, then for any I = [a,a+1/n) € S(2)NZT,
since go(2) = 0 on [—n, 7], one has I —1/n := [a—1/n,a) € ZT. Moreover, by Lemma 6.1-(ii) with a universal positive
constant C, for all x € T — 1/n, we have

0, () < —CBRL®) 20/ 0

Vg2(supI) — go(x) ~ Vn=3/2
The same inequality holds for all x € I +1/n = (a,a + 1/n] with I = (a — 1/n,a] € S(2) NZ~. Therefore, if n € N is
—E(g2) < Z / log 04, (z) dz +
I-1/n

large enough, then
/ log 0, (z) dx
1eS(2)NT+ I+1/n

1/n 1
2)| / log (2Cn~4) dz < — ‘;g” S(2)!.
0 n

I1esS(2)NT~

The above estimate, combined with Propositions 6.5-6.7, implies that

S)] < 8E(g2) 1 — < 8(B(f) +26) - —

Combining this with (6.25) and the choice of ¢, (see (6.14)) yields that for all z € R,
95(2) = g2(2) = —(2M + 1)n ™" = 8(E(f) +26)e, > =5,
and the proof is complete. (Il

APPENDIX

In this appendix, for simplicity, we write P, for PBM_ and write P for PEM.

Proof of Lemma 6.3. We claim that for any ¢ > 0 there exists ¢ = ¢(§) > 0 such that for any z > J, a > 0 and
[ € C(1) satisfying f|;_5s =0,

(6.26) P.(1y > f(y) — f(z)Vy € (=00, 0] U [z + a,00)) > cPy(1, > f(y) — f(x)Vy > = + a).

Assuming this claim for a moment, we finish the proof of Lemma 6.3. Let I C Ry \ [0, 4] be an interval of length

smaller than 1 and assume that f|; = const. Then, since f|; = const and 0 < f < 1 there exists ¢ = ¢(d) > 0 such
that for any = € I we have

Op(x) = Pu(ry 2 fy) - f(z) VyeR)
= Pulry = f(y) = f(z) Vy € (—o0,0]U[sup I, 0))

cPy(ry = fly) — f(x) Vy=supl)
c¢Py(Teupr > 1) > ¢(supI — x),

AVANIY)

where we have used (6.26) in the third line and Lemma 2.3 in the last line. Now we focus on proving (6.26). Let
Ai={r5>1) Bi={r, > f(y) — f) Vy>z+ak Ci={rera>1}.

We claim and prove later an FKG type inequality that

(6.27) P.(C°NA|B)>P.(A|B)P,(C°|B).

This inequality implies that

(6.28) P.(C°NANB) =P, (C°NA|B)P(B) >P,(A| B)P,(C°NB).
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Using C C B and (6.28), we have

Py (A|B)—Py(A|C) = P.(C°NANB) ]P((L)P (C(()Z NB)P,(ANC)
o P,(A|B)P (CCHB) +(C) =P (C°NB)P,(ANC)
- P2 (B)P,(C)
= Pu(C°| B)(Po(A| B) —Pa(A|C)).
Hence, since 1 > P, (C¢ | B),
(6.29) P,(A|B) > B,(A|C).

Since f is bounded by 1 and equals 0 in [—§, §], we have

Po(ry = f(y) = f(x) Vy>ax+aandVy<0)
(6.30) >P,(rs 21,7, > f(y) - f(z) Vy>a+a)

=P (ANB) =Ps(A| B)P2(B) = Po(A| C)Px(B),
where for the last inequality we have used (6.29). Moreover, for all 2 > 0,

(6.31) Po(A]C) =P(rso > 1]7e > 1) > inf B(r_5 > 1|7 > 1).
>

By the strong Markov property,

P(r_s ATy >1) > P(r_s ATy > 1,7_5/2 < Tp2)
P(r_s Ao > 1| T_5/2 < Toy2)P(T—5/2 < Tp)2)
]P),(;/Q(To ANT_s > 1)1[17(7',5/2 < Tb/g)
b
b+’

if u < 0 < wv. Observe that by Lemma 2.3,

Y

P_ 5/2(7'0 AT_g > 1)——
where we have used that P(r, < 7,) = #\UI
P(r, > 1)< (bA1).

>
Thus, inf —P(Tﬂs AT 2 1)

T is a positive constant depending on ¢. Together with (6.30) and (6.31), we have (6.26). O

Proof of (6.27) (Conditional FKG inequality). For simplicity of notation, we set z = 0 and f(0) = 0 and focus
on proving that

(6.32) P(AND | B) > P(A| B)P(D | B), where

A={r_s>1}; B:={r,> fly)Vy>a}; D:=C°:={r, <1}

Observe that it suffices to consider the case where f is a step function. Indeed, for a non-decreasing function f on
[0,00) and ¢ € N, we define fo(z) := | f(x)2°|27*. Note that f; is a step function and fo(z) , f(z) as £ — oo for any
x > 0. Define B, the corresponding event of fo: By := {7, > fi(y) Vy > a}. Then (B;)¢>1 is a sequence of decreasing
events that converges to B. If P(- | By) satisfies the inequality (6.32) for any ¢ € N, by the dominated convergence
theorem, then so does the measure P(- | B). Hence, we assume that f is a non-decreasing step function on [0, c0)
bounded by 1. With some 0 < b; < ... <br <1,a<a; <...<aand k € N determined by the step function f, we
write

B:{ max B, <ai,..., max B, gak} a.s.
0<s<by 0<s<by,

Let us consider the Gaussian random walk (S,,)m>0 with So = 0 and S,, = X3 + ... + X,;, for m > 1 where
(Xi)i>1 is a sequence of i.i.d. standard normals. We take n € N that finally goes to infinity, and we define for
i €[1, k], n; := |nb;]. Given 5 > 0, let P,, 3 be a probability measure on R™ with the probability density p(s) which
is proportional to

n

s) i= exp (5ﬁ ﬁ 1 {37\7% < ai} - %Z(Sz - 5%‘71)2)7 s = (si)iz1 € R,

i=1m=1 i=1
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with the convention sy := 0. Since g is integrable, the measure P, g is well defined. On R"™ we consider the following

partial order s = (s;)f, <&’ = (s)), if s; < &, for all i = 1,...,n. Moreover, for s = (s;)I"¢,s" = (s§)i, € R", we
define
sV = (s; Vs, sAs = (si Nsp)q,

k  ny n
I(s) :=logq(s) = BH H 1 {577% < ai} - %Z(Sz —si21)% =: Bla(s) + la(s).

i=1m=1 1=1
We check that ¢ (or equivalently p) satisfies the log-supermodular inequality:
(6.33) Vs, s €eR": I(sVs)+I(sns)>1(s)+1(s).

Indeed, if I1(s) = 11(s') =1, then l1(s V') =l1(s As’) =1, and if I;(s) + 11(s") = 1 then I1(s A s") = 1. Hence, in all
cases, l1(sVs') +11(s N s") > 11(s) + 11(s"). Next, for each i, we consider
1= (sip1 Vosipy = 80 Vs (sin Asigy — si Asi)? = (sip1 = 80)° = (8141 — )%
If either s;41 > s}, and s; > sj or 541 < 57, and s; < s}, then we have 7; = 0. If 5,41 > 5}, ; and s; < s, then
ri = (sir1 = 807 + (sip1 = 80)2 = (801 — 80)° — (si41 — 80)% = 2(si41 — si41) (55 — 57) < 0.

Similarly, r; <0 when s;41 < 5;:+1 and s; > s;. In all cases, we have r; < 0, and thus,
1 n
/ / AN - .
la(sVs')+1la(sAs')—1a(s) —la(s') = ~3 ;,1 r; > 0.

Therefore, we have (6.33). Then, by [3, Proposition 1], P, g satisfies the FKG inequality. Note that P, 3 converges
weakly toward P, (- | B,,) as 8 — oo, where P, is the probability measure of (.S;)"_; and

Bn ;:{ max S Sai V’L:17,k}

0<m<n; V7

As a consequence, since P, g satisfies FKG, by the dominated convergence theorem, so does P, (- | B,,). Define

Anz{miHQZ—d}; Dn:{maxhza}.
0<m<n VT 0<m<n VT
Observe that the two events A,, and D,, are increasing, and thus

P.(A,ND, | By) >Pu(A, | Bo)Pu(Dy | Br).
Recalling n; = [nb;], since A = {minp<s<1 Bs > —d} and D = {maxo<s<1 Bs > a} a.s., by the Donsker’s invariance
principle, P,,(A, N D, | B,) - P(AND | B), P, (A, | B,) = P(A| B) and P,,(D,, | B,) = P(D | B) as n — co. Thus,
(6.32) holds. m

Proof of Lemma 6.4. Recall that ¢, , := f(b) — f(a) and Zb)a = f(b) — f(a). We assume that Zb,a and P, (1, >

f(y) = f(a) Vy > b) are both positive since otherwise the lemma is trivial. As f(y) < f(y) for y > b, it suffices to
check that

(6.34) Pa(ry = f(yg — f(a) Yy > b) <£bva>3/z.

We remark that for all y € R and ¢ > 0,

{ry >} ={M, <y} as., where M,;:= max B, for¢t>0.
0<s<t

Therefore, by the Markov property and the fact that £, , — 0y o = f(y) — f(b), we have
Po(ry 2 f(y) = fla) Vy = b)
—E[1{M,,, <V}P.(, max B, <yWy> b‘Bem)]

Zb,aSSSZy,a
= E[R{Meb‘a sb—a}Pp, (My)-so) <y Vy 2 b)]

By [17, Proposition 8.1], for ¢t > 0, 8 > 0 and a < f3,

—« —a)?
P(B, € da, M; € df) = 22-2) oxp {7%} dads.
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It then follows that
P(r, — f(a) Yy > b)

b—a pb—a o(2t— or 5
/ / 1s < 1) 222 exp {~ Gl b PMy) sy <y ¥y = b) dsdt.

Using the same argument with f(a) in place of f(a), by Zy@ — Zb,a = f(y) — f(b), we have
P(ry > f(y) - f(a) Yy > b)

b—a b—a
/ / 1{s <t} th {— 2o } Py(Myey)— oy <y Yy > b) dsdt.
b,a

_s)2 _6)2
eXp {7 (ZQtEb,a) } S eXp {7 (2;27510‘) } ’

Combining the last three displays, we get the desired estimate (6.34). ]

Since lp 4 < lpq,
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