Electron. Commun. Probab. 24 (2019), no. 65, 1-13. ELECTRONIC
https H //dOl . org/10 .1214/19-ECP267 COMMUNICATIONS

ISSN: 1083-589X in PROBABILITY

Divergence of non-random fluctuation in First Passage
Percolation

Shuta Nakajima*

Abstract

We study the non-random fluctuation in first passage percolation and show that it
diverges. We also prove the divergence of non-random shape fluctuation, which was
predicted in [Yu Zhang. The divergence of fluctuations for shape in first passage
percolation. Probab. Theory. Related. Fields. 136(2) 298-320, 2006].
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1 Introduction

First Passage Percolation is a dynamical model of infection, which was introduced by
Hammersley and Welsh [12]. The model has received much interests both in mathematics
and physics because it has rich structures from the viewpoint of the random metric and
it is related to the KPZ-theory [17]. See [2] on the backgrounds and related topics.

We consider the first passage percolation (FPP) on the lattice Z¢ with d > 2. The
model is defined as follows. The vertices are the elements of Z“. Let us denote by E?
the set of edges:

E? = {{v,w}| v,w € Z%, |v —w|; = 1},

where we set [v — w|; = Zle |v; —w;| for v = (vy,--+ ,vq), w = (wq,- -+ ,wy). Note that
we consider non-oriented edges in this paper, i.e., {v,w} = {w,v} and we sometimes
regard {v,w} as a subset of Z? with a slight abuse of notation. We assign a non-negative
random variable 7. to each edge e € E¢, called the passage time of the edge e. The
collection 7 = {7.}.cp« is assumed to be independent and identically distributed with
common distribution F.

A path v is a finite sequence of vertices (z1,---,2;) C Z? such that for any i €
{1,---,1 =1}, {z;,z,41} € E? Given an edge e € E?, we write e € v if there exists
i€{l---,l—1} suchthat e = {x;,z;11}. Given a path ~, we define the passage time of

as
T(y) = Z Te-
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Divergence of non-random fluctuation

For z € RY, we set [x] = ([z1],--- ,[r4]) where [a] is the greatest integer less than or
equal to a € R. Given two vertices v,w € R¢, we define the first passage time between v
and w as
T(v,w)= inf T(v),
¥:[v] = [w]

where the infimum is taken over all finite paths + starting at [v] and ending at [w]. A path
~ from v to w is said to be optimal if it attains the first passage time, i.e., T(y) = T(v, w).
We define G(t) = {z € R ET(0,7) < t}.

By Kingman'’s subadditive ergodic theorem [16], if E7, < oo, then for any 2 € R¢,
there exists a non-random constant g(z) > 0 such that

. -1 . 1
g(x) = tlgglot T(0,tx) = tlggot E[T(0,tx)] a.s. (1.1)
This g(z) is called the time constant. Note that, by subadditivity, if + € Z¢, then
g(z) < ET(0,z) and moreover for any = € R¢, g(x) < ET(0,z) + 2dET,.. It is easy to check
the homogeneity and the convexity: g(Az) = Ag(z) and g(ra+(1—r)y) < rg(x)+(1—r)g(y)
for \ € R, 7 € [0,1] and =,y € R% It is well-known that if F(0) < p.(d), then g(x) > 0 for
any z # 0, see, e.g., [14]. Therefore, if F(0) < p.(d), then g : R? — R>( is a norm. We
use g(z) < 2dEr.|z| and ET(0,7) < 2dEr.|z| for z € R? with |z| > 1 many times in the
proof without any comments.

1.1 Backgrounds and related topics

Hammersley and Welsh [12] have proved that +T(0, Ne;) converges g(e;) in proba-
bility when d = 2. This statement was strengthened by Kingman [16] as stated in (1.1).
Since then, the rate of this convergence becomes one of the most important problems
in this model. The difference T(0,2) — g(z) can be naturally divided into the random
fluctuation part and the non-random fluctuation part as follows:

T(0,z) — g(x) = T(0,z) — ET(0,2) + ET(0,z) — g(x).

random non-random

Let us briefly review the earlier work. It is widely believed that there exist universal
constants x(d), x’(d) > 0 such that, as |z| — oo,

T(0,z) — ET(0,z) ~ v/Var(T(0, z)) ~ |z[X¥ and ET(0,z) — g(x) ~ |z[¥ (¥ (1.2)

in a suitable sense. The term “universal” means that these values are independent
of distribution of 7. To state the previous work precisely, we introduce four relevant
quantities:

log Var(T(0, ¢
—= 27 y(d) = lim inf log Var(T(0, tz))
t=oop>y  2loglal = 100 [z|>t 2log
—/

) = tim sup 9T gDl e 18I0 2) ()]

t=00 |4 >¢ log |z t—00 |z| >t log |z

(1.3)

Due to the work of Kesten [15], it is (the best currently) known that 0 < x(d) < x(d) < 1/2
under the condition that the second moment of 7 is finite. On the other hand, Newman
and Piza showed that x(2) > 1/8 for a useful distributions under an exponential moment
condition [19], where useful distributions are defined in (1.4) below.

Let us move on to the previous researches on the non-random fluctuation. Alexander
[1] found the relationship between y(d) and %’(d) and he proved x'(d) < 1/2 with an
exponential moment condition, which was later relaxed to a low moment condition in [9].
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For the lower bounds, it is proved that x’(d) > —1in [15] and x'(d) > —1/2 in [3] with an
exponential moment condition.

Remarkably, it was shown in [3] that x(d) and x’'(d) in (1.2) are actually the same
under an assumption of the existence of x(d) in a suitable sense. In fact, it is expected
that they have the exactly same growth [10, 13]. As a consequence, the above four
quantities should be all the same, which are called the fluctuation exponent collectively.
From the KPZ-theory, it is conjectured that x(2)(= x’(2)) = 1/3. However for higher
dimensions, the values are unknown. Some physicists predicted that in sufficiently high
dimensions, x(d) = 01[7, 11, 18]. If it is correct, the further problem can be conceivable
whether the random fluctuation and the non-random fluctuation diverge or not. In this
paper, we prove that the latter diverges for any dimension d > 2, which is the first result
around related models. Accordingly, we believe that the former diverges too.

1.2 Main results

We restrict our attention to the following class of distributions. A distribution F' is
said to be useful if

P(r, =F) < {pC(d) ILE=0 (1.4)

Pe(d) otherwise,

where p.(d) and p.(d) stand for the critical probabilities for d-dimensional percolation
and oriented percolation model, respectively and F~ is the infimum of the support of F'.
Note that if F' is continuous, i.e., P(7. = a) = 0 for any a € R, then F' is useful.

Let us define an euclidean ball B(z,r) for z € R? and > 0 as

B(z,r) = {y € R d(z,y) < r}.
We write a unit ball B; with respect to the norm g as
By = {z € RY| g(z) < 1}.
Definition 1. A point x; € 0By is said to be directional flat if there exist z; € R¢ and

r > 0 such that B(x1,r) C By and x4 € 0B(x1, 7).

Theorem 1. Suppose that F is useful and E[r?(log7.)y] < oo. Let x4 € 9B, be a
directional flat point. Then there exist a sequence (z,),en C Z% and ¢ > 0 such that
|Tnl1 = n, 2, /|Tn| — X4/|%4| and for any sufficiently large n € IN

IET(0, z,) — g(z,)| > c(loglogn)t/?. (1.5)
In particular, by Jensen’s inequality,

lim E|T(0,z,) — g(z,)| = oc. (1.6)

n—oQ

The moment condition E[r2(logT.);] < oo above will be used to get the sublinear
variance of the first passage time (see Lemma 3). (1.6) means that the fluctuation of the
first passage time around the time constant diverges. It may suggest that the fluctuation
of the first passage time around the mean also diverges.

Remark 1. There certainly exists a directional flat point. In fact, we can take an arbitrary
point x; € 8B4 N OB(0, R), where R = sup{r > 0| B(0,r) C By} (see Figure 1).

We also consider the fluctuation of G(t) from ¢tB,.
Definition 2. For [ > 0 and a subset I" of RY, let

I, ={vel|dvI>1}and I} = {ve R d(v,T) <1},
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where d is the Euclid distance. Given three sets A, B, C C R¢, we define the fluctuation
of A from B inside C as

Fc(A,B) =inf{0 >0 By NnC C AnC C Bf nC}.

Remark 2. The results in this paper will be formulated by using F¢ (A, B) but they can
also be proved for dy (AN C, BN C) by essentially the same arguments, where dy is the
Hausdorff distance.

To consider the directional fluctuation, we define the following cone.
Definition 3. Given # € R? and r > 0, let

L#,r)={a-v]|a€l0,00), veBr)}

Let us consider the divergence of non-random shape fluctuation F(G(t),tB,), which
was predicted in Remark 2 of [20].

Corollary 1. Suppose that F' is useful and E[r?(log7.);] < oo. Let x4 € 9B, be a
directional flat point. Then for any r > 0, there exists ¢ > 0 such that for any sufficiently
large t,

Fi ) (G(1), tBa) 2 c(loglog )/,
The next theorem shows that x’(d) defined in (1.3) is non-negative.

Theorem 2. Suppose that F' is non-degenerate and Er, < co. Then, there exists ¢ > 0
such that for any = € Z9\{0},

ET(0,z) — g(z) > c. (1.7)

1.3 Notation and terminology

This subsection collects some notations and terminologies for the proof.

¢ We denote the Euclidean distance between two sets as
d(A, B) = inf{d(x,y)| = € A, y € B} for A, B C R%.

When A = {z}, we write d(z, B).
e Let F~ and F* be the infimum and supremum of the support of I, respectively:

F~ =inf{0 > 0| P(r. < 4) > 0}, F* =sup{s > 0| P(r. > §) > 0}.

* We write log(z) x = loglog .

By, cloglogt,'/?)

X4 L

0 2t Xg

Bd tnXd g
B(0,R)
z

tnL

Figure 1: Left: Figure of x; and L. Right: The schematic picture of Step 2 in the proof of
Lemma 4.
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* Given a,b,y € R?, we define T(a,y,b) = T(a,y) + T(y, b), which is the first passage
time from a to b passing through y.
* Given ¢ € IN, we define

Boo(¢) = [-4, 0% nZ°.
+ Given a set A C Z¢, we define the inner boundary 0A as

OA={zcAlFyd¢Ast. |z -yl =1}

2 Proof

Let x4 € 0B, be a directional flat point. Denote by L a tangent plane of 0B, at
x4. Remark that it is actually uniquely determined and L is also the tangent plane of
0B(x1,7) at x4. Given sufficiently large ¢ > 0, one can find a finite subset S; of tL such
that the following hold:

85, = [(logt)'/*],
ifa#be S, |a—0bl>tY%(logt)~ /8, (2.1)
for any a € Sy, t'/2(logt)~'/® < |a — tx4| < t'/2.

We state a basic property of a directional flat point.

Lemma 1. Let B C R be a convex subset and x4 € 0B. Suppose that there exists
r1 € RY and r > 0 such that B(x;,7) C B and x4 € 0B(z1,7). Let L be the unique
tangent plane of 9B(x1,r) at x4. Then there exists C' > 0 such that for any ¢t > 1 and
y € tL with |y — tx4| < V%,

d(y,0(tBq)) < C.

Proof. By the rotation and translation, it suffices to prove the assertion in the case
where d = 2, 1 = re; and x4 = 0 (See Figure 1). Then L = {(z,0)| z € R}. Note that
O(tB(x1,7)) can be expressed locally as the graph of the function z — tr — t\/r2 — (x/t)?
and if |z| < V%, tr — t\/r2 — (z/t)2 < C with some constant C > 0 independent of t.
Since 0(tBy) is located between tL and d(tB(tx1,r)), the desired bound d(y, 0(tBy)) < C
follows. O

By using Lemma 1, we get for any y € S,
9(y) — g(txa)| < 2dCET. (2.2)

We fix € € (0,1/2) and B > 0 to be a small constant and a large constant, respectively. If
SUP, ¢ 1., nB(1xa,v7) [EIT(0, )] = g(y)| > Bt'/27¢, then we can take such [y] = z,, with t =n
to get Theorem 1. In the following, we assume the contrary, i.e.,

sup IE[T(0,y)] — g(y)| < Bt"/*~, (2.3)
yELNB(txq,V1)

until (2.10). Then by (2.2), we have

sup IE[T(0,y)] — g(txq)| < 2BtY/?>7<. (2.4)
yELiNB(txa,V1)

Note that for y € tL N B(txg, /1), by shift invariance of the first passage time,

|E[T(ya Qthﬂ - E[T(Oa 2th - y)” S QdETea (25)
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and 2txy — y € tL N B(txg,t"/?). Thus,

sup IE[T(y, 2tx4)] — g(txq)| < 2Bt'/?~¢ + 2dE7, < 3Bt'/?>7¢.  (2.6)
yEL:NB(tx4,V1)

It is worth noting that (2.3) is used only in Lemma 2 and the other arguments are free
from this assumption. We first estimate E[T(0, tx4)] — g(tx4) from below. The following
observation, in particular (2.12), is simple but a powerful tool to get the lower bound of
the non-random flucuation. In fact, we use a similar estimate to prove Theorem 2.
Proposition 1. Let A, = {Vz € S; with z # y, T(0,y,2txq) < T(0,z2,2txq)}. For any
K >0,

2(ET(0, tx4) —g(txa))+4dEr. > K > P{T(0, x4, 2txa)~T(0,, 2tx4) > K}NA,). (2.7)
YyES;

We postpone the proof until the proofs of Theorem 1 and Corollary 1 are completed.
Let M > 0 and ¢ = gy575;y. Then we take K; = (clog'? (¢))'/4. Next we will estimate
P({T(0,txq,2txq) — T(0,y,2txq) > K.} N A,) from below.

Proposition 2. If we take M > 0 sufficiently large, then for any sufficiently large ¢t > 1
and (VRS St,
P({T(0,txq, 2txq) — T(0,y, 2txq) > K;} N Ay)

(2.8)
> exp (~M K1) (3/4 — K7 (B[T(0,y, 2tx4)] — 2g(txq) + 4dET,)).

We prove our main theorems using the above propositions. We first suppose that
there exists y € tL N B(txgq,t'/?) such that E[T(0,y)] — g(tx4) > K;/8. By (2.2),

E[T(0,y)] — g(y) > E[T(0,y)] — g(txa) — 2dCET. > K;/16.

Otherwise, if for any y € tL N B(txg,t"/?), E[T(0,y) — g(txq)] < K;/8, by (2.5), then for
sufficiently large ¢t > 1, we obtain

E[T(0,y, 2txq)] — 2g9(txq) + 4dET. < K;/4 + 8dET,

2.9
< Ki/2. @9

Recall that £5; = [(log?)'/8] and K; = (clog'® (¢))'/?. Combining with Proposition 1 and
2,

1
E[T(0, tx4)] — g(txa) + 2dBre > 2K, > exp(-MK})
YES: (2.10)
1
= gKt[(logt)l/S] exp (—Mclog® t) > K, /8.

Putting things together, with some constant ¢ > 0, we have that for sufficiently large
t > 0, there exists y € tL N B(txq, t*/2) such that E[T(0,y) — g(y)] > c(log'® (¢))'/? under
the assumption in Theorem 1. This proves Theorem 1 by letting [y] = z,, with n = ¢.

Next we will prove Corollary 1. We write D; = 16#[TG](log(g)(t))l/d. By (2.2) and
g(txq) =t, for any z € B (y, D;), we get

E[T(0, 2)] =t > E[T(0,y)] — g(y) — |g(txa) — g(y)| — [E[T(0, 2)] — E[T(0,y)]|

c (2.11)
> £ (log® (1),
which implies z ¢ G(¢t). Lemma 1 yields that there exists w € B (y, D;) such that

B (w,D;/4) C tBy. Then, since d(w, (tBg)°) > Dy/4, w € (tIBd)BtM. Therefore, since

w ¢ G(t) and w € L(xg4,r) for sufficiently large ¢, (tIBd)l—)t/4 N L(xq4,7) ¢ G(t), which
implies
FL(xd,T)(G(t)vﬂBd) > Dt/4.
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Proof of Proposition 1. For any t > 1, observe that

2(ET(0,txq) — g(txq)) + 4dET,
= E[T(0, txq4, 2txq) — T(0, 2tx4)]
+ (ET(0, txq) — E[T(txq4, 2txq)] + 2dET.) + (E[T(0, 2tx4)] — 29(tx4) + 2dET,)
E[T(0, txq, 2txq) — T(0, 2tx4)],
(2.12)

where we have used ET(0, 2tx4) + 2dE7, > 2¢(tx4) and |[ET(0,txq) — ET(txq, 2tx4)| <
2dET,.
Then since T(0,z,y) > T(0,y) for any =,y € R and {4, },cs, are disjoint, we have

E[T(0, tx4, 2tx4) — T(0,2txa)] > Y E[T(0, tx4, 2tx4) — T(0,2txa); A,]
yES:

(2.13)
> > E[T(0, txq, 2txa) — T(0,y,2tx4); A,].
YyES:
Then this is further bounded from below by
K ) P{T(0,txq4,2txq) — T(0,y,2tx) > K} N A,). (2.14)
yESt
O

We move to the proof of Proposition 2. We prepare some notations for the proof.
Definition 4. We define events 4; and A, as

Ay = {¥a,b € B(0,t?) satisfying |a — b| > t*/*, T(a,b) > (F~ 4 d)|a — |1},

Ar =Yy € S max {|T(z.y) ~ BT(zy)][} < 1"/ (logt) /), 219

where ¢ will be defined in Lemma 2 below. We set A = A4; N As.

Definition 5. Let C be a positive constant to be chosen later.
(i) A point y € S; is said to be black if for any a,b € B(y, CK}) satisfying |a — b|; > K,

T(a,b) > (F~ +d)|a — bl.

(ii) A point y € S; is said to be good if T(0,y, 2tx4) — T(0, 2tx,4) < K, and y is black.

The following is a crucial property of a useful distribution.
Lemma 2. If F is useful, there exsit § > 0 and D > 0 such that for any v,w € Z<,

P(T(v,w) < (F~ +8)|v —w|y) < e Plv=wh,
For a proof of this lemma, see Lemma 5.5 in [6]. As a consequence, we get

lim mf P(A;) =1and lim inf min P(y is black) = 1, (2.16)

t—oo S} n—oo Sy yeS;

where S; runs over all subset of ¢tL satisfying (2.1). Moreover, we have the following.

Lemma 3.
lim lanP(AQ) (2.17)

t—oo Sy
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Proof. We use the sublinear variance [5, 4, 8]: under the assumption E[r2(log 7.) ] < oo,
there exists C' > 0 depending only on F and d such that for any = € R?,

||

Var(T(0 <C——FF—. 2.18
02D = g v @10
Then by the union bound and Chebyshev’s inequality, we have
P(Jy € Sy such that max {|T(z,y) - E[T(z,)]l} > t*/2(log t)~1/%)
z2=U,21Xgq
<218, sup  P(T(0,y) - E[T(0,y)]| > t'/*(logt)"*/*) (2.19)
yEB(txq,t1/?)
< C'(logt)Y®(logt)~Y% = 0,
where C’ is a positive constant depending only on d and F'. O

Lemma 4. If we take C > 0 sufficiently large depending on §, then for any sufficiently
large t > 1 and y € S}, the following holds:

P({T(0,txq,2txq) — T(0,y,2txq) > K;} N Ay)
>P(Ve C B(y,CKy), 7« <F~ +§/2)P(AN{y is good}).

(2.20)

Proof. We first explain the idea of the proof. We start with the event .4 N {y is good}.
Then we resample all the configurations in B(y, CK;) and consider the event that to
each edge ¢ in B(y,CK}), 7. < F~ + §/2 after resampling. Then it is easy to check that
T(0,y, 2tx4) decreases by at least CK;d/2. On the other hand, since y and tx, are far
away from each other, T(0, tx4, 2tx4) is unchanged or is much larger than T(0, y, 2tx,)
after resampling. Similarly, we have the same thing for {T(0, z, 2tx4) } .,. Thus we get
{T(0, txq, 2txq) — T(0,y, 2tx4) > K;} N A, after resampling. To make the above heuristic
rigorous, we use the resampling argument introduced in [6].

Let 7 = {7} }.cpe be an independent copy of {7.}.cg«. We enlarge the probability
space so that we can measure the event both for 7 and 7* and we still denote the joint
probability measure by P. We define 7 = {7.}.cpe as

B T, ifeC B(y7 Kt)
Te =
1. otherwise.

We write T(a, b) for the first passage time from a to b with respect to 7. We define

T(a,y,b) similarly. Note that the distributions of 7 and 7 are the same under P since 7

and 7* are independent. Thus P(A,) = P(A,), where
A, = {Vz € S; with z # y, T(0,y,2txy) < T(0, 2, 2tx4)}.
Since the right hand side of (2.20) is equal to
P(Ve C B(y,CKy), 7« <F~ +4d/2, An{yis good}) (2.21)

by independence of 7 and 77, it suffices to show that the event inside the probability in
(2.21) implies A, and T(0, txq4, 2tx4) — T(0,y, 2tx4) > K;. To do this, we suppose that 7
and 7 belong to the event in (2.21).

Step 1 (T(0,y, 2txy) + 2K, < T(0,y, 2tx4))

We take an arbitrary optimal path v = (v;)!_, C Z% for T(0,y, 2tx4). Let

S :mln{z € {11 7l}| i € B(y7Kt)} and f = max{z' € {17 7l}| i € B(y7CKt)}
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Since Ve C B(y,CK), 7. <F~ +4/2, we have

T(0,y,2tx4) < T(0,75) + T(vy, 2txa) + |75 — V|1 (F~ +3/2).
On the other hand, since y is black and v passes through [y], we have
T(0,y,2txq) = T(0,7s) + T(vs, 2txa) + (Ivr —vsh V [yl = vsh)(F™ + )
Since |vs — [y]|1 > CK; — 1 and C is sufficiently large depending on §, we have
T(0,y, 2tx4) 4+ 2K, < T(0,y, 2tx4).

Step 2 (T(O, y,2txq) + K; < T(O, z,2txy) for any z € S; with z # y or z = [tx4])

Let z € S; with z # y or z = [tx,]. We first suppose that T(0, z, 2tx,4) < T(0, z, 2tx4). Then,
since we resample the configurations only in B(y, CK;), any optimal path v = (v;)}_;
for T(0, z, 2tx4) must touch with B(y, CK,), i.e., there exists i € {1,---,1} such that
v € B(y, CK,). By definition, [z] is included in v and let j € {1,---,1} be v, = [z]. We
only consider the case ¢ < j. In fact, for the other case, replacing (2.6) with (2.4), the
same proof works. Then, by using the condition .A; and Ve C B(y,CK;), 7. <F~ 4+§/2,
respectively, we get

e

(0,y) < T(0,7) + (F~ +6/2)CK,,
(0,2) > T(0,7) + (F~ + 8|y — [2]1.

—
IN

But, by |y — z| > t'/?(logt)~1/8,
|vi — [2]]1 > t1/2(logt)_1/8 — CK,.

Thus, )
T(0,2) > T(0,y) + 3 (F~ +0) t"/2(logt) /5. (2.22)

If there exists i’ > j such that 7, € B(y, CK}), as in (2.22), we have
- - 1
T(z,2txa) > T(y, 2txa) + 5 (F~ +0) t"/%(logt)~"/5. (2.23)

Otherwise, since we change the configurations only in B(y, CK;), we have T(z, 2txq) >
T(z,2tx4). On the other hand, the essentially same argument as in Step 1 shows

T(y, 2txq) + K; < T(y, 2tx4). Combining with the condition A, and (2.6) yields

T(y,2txq) — T(z,2txq)
<|T(y,2txq) — ET(y, 2txq)| + |ET(z, 2txq) — ET(y, 2txq)| + |ET(z, 2tx4) — T(z, 2tx4)]

< 3t1/2(log t) /4.
(2.24)

In any case, together with (2.22), this gives
T(0,y, 2txq) < T(0, z, 2tx4) — % (F~ +6)t"/2(logt)~1/® + 3t'/2(log t) =1/
< T(O, z,2txq) — K.
We now turn to the case T(0, z, 2tx4) > T(0, z, 2tx,). Then, since y is good,
T(0,y,2txq) — K; < T(0,2tx4) < T(0, 2, 2txy),

and thus Step 1 implies T(O, Y, 2txq) + K < T(O, z,2tx4). Thus the proofis completed. O
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Proof of Proposition 2. Since f{e C B(y,CK;)} < 2d(2CK;)?, by (2.16) and (2.17), we
will compute (2.20) as

P(Ve C B(y,CKy), 7« <F~ +§/2)P(AN{y is good})
> P(r, < F~ +6/2)21CK0" (P({y is good}) — P(A%)) (2.25)
> exp{(—MKI)}(P(T(0,y, 2tx4) — T(0,2tx,) < K;) — 1/4),
with some constant M > 0 independent of ¢. By using the first-moment method and
ET(0,2txq) > 2¢(txq) — 4dET,, we get
P(T(0,y,2txq) — T(0,2tx4) < K;) > 1 — K;'E[T(0,y, 2txq) — T(0, 2tx4)]

- (2.26)
> 1 K;7Y(ET(0,y,2tx4) — 2g(tx4) + 4dET,).

Therefore, the proof of Proposition 2 is completed. O

3 Proof of Theorem 2

The following proof is almost independent of the previous arguments. Since ET(—z, =)
> g(2z) for any x € Z4,

2(ET(0,z) — g(x)) > E[T(—=,0,z) — T(—=z,x)]. (3.1)

Therefore, it remains to find an event independent of =, on which T(—z,0,z) — T(—z,0, x)
is uniformly bounded away from 0. Let F™ be the supremum of the support of the
distribution F'

We first consider the case F™ = oo, which is rather easy. Let us define an event A as

A= {Ve c E¥with e C 9B (1), 7. <F~ + 1} N{Ve c B¢ with 0 € e, 7. > 2(F~ +2)}.
Then, on the event A, we have
T(—z,0,2) — T(—z,z) > 4F~ +2)—4(F +1) > 4.

Thus, (3.1) is further bounded from below by 4P(A), which is uniformly bounded away
from 0.
Next, we consider the general case. We take a € (F~,F™) arbitrary. Let L; > Ly € N

be such that
1

a—F-'

F~+1
L1Z< ;‘ )(L2+1)andL22

oa—F-

Boo(Lq) _—
/\ Vs Boo(Lo)
\
| ]|
Ve \
|

Figure 2: Left: Figure of B, (L;) and By, (L2). Right: Black lines represent L.
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Given a € 0B (L;) and i € {1,--- ,d}, we define (see also Figure 2)
Li(a) = {a + ne;| n € Z},

={ec B e C Li(a) NBs(L1)},
a€8Boo (L), i€{1, - ,d}
Li(a) Boo (La—1)=0

For the proof, we use the following proposition.
Proposition 3. We take e = 1/(16dL,). Let us define an event A as

A={VeeL, 7. <F~ +e}nN{Ve € E\L with e C Boo(L1), 7 > a}.
Then, on the event A, for any = € Z%\B.(L1),
T(—z,0,2) — T(—z,x) > 1.
Proof. We take any optimal path v = (v;)!_, for T(—x,0, ) and define
s=min{i € {1,--- 0} v € Boo(L1)}, t = max{i € {1, -+ , £} vi € Boo(L1)}-

We write vs; = (vi)!_, and take r € {s,--- ,t} such that v, = 0. Given ¢, m € IN verifying
m < {, we define

Boo(,m) ={zx € Boo(¥)| Fi # j € {1,--- ,d} s.t. |x], |z;| > m}.

(Case 1) liirst we suppose s NBoo (L1, L2) = (). Note that the graph distance between
vs and ~; in L is less than or equal to |ys — |1 + 2(L2 + 1), which implies

T(ys,7e) < (s —1el1 +2(La + 1) (F~ 4+ €) < (|vs — 1l +2(L2 + 1))F~ 4+ 1.

If vs+ NBoo(L1, L2) = (), since ~,, contains at least 2L; edges of weights greater than «,
then T(vs,:) > 2L1a + (|7 — ¢]1 — 2L1)F~. Thus

T(—z,0,2) > T(—x,7vs) + 2L1a+ (Jvs — vt]1 — 2L1)F~ 4+ T(y, x)
=T(=z,7s) +2L1(a = F7) + |[vs = v il F™ + T(w, @)
=2 T(=z,7s) + 2(L2 + DF7 + 2+ |ys — w1 F~ + T(y, 2)
> T(—z,x) + 1,

where we have used L; > (%) (Ly + 1) in the third line.

(Case 2) We suppose vs; N Boo(L1,La) # 0. By construction of By (L1, Lo), it is
straightforward to check that for any y € Boo(L1, L2) and z € B, (L1), the graph distance
between y and z in L is |y — z|,. In particular, we obtain T(y,2) < (F~ + )|y — z|1. If
vs,t N Boo(L1, La) # 0, then we can take ¢ € {s,--- ,¢} such that v; € Boo(L1, L). Without
loss of generality, we can suppose @ < r, since the other case can be treated in the same
way. Since T(vi,v) < |y — %1(F~ +¢) < |y — 1 F~ +1and v, = (fyj)g.:i contains at
least 2L, edges of weights greater than q,

T(—x,O,x) ( € rYl)"'T(’Yu a’yt)+T(/7t7 )

T(—2,7) + (Ivi — el — 2L2)F~ + 2Laa + Ty, @)
T( z,%) + (17 = wh + 2La( = F7) + T(w, z)
T( x '7%) + (’Vzafyt) + 1 + T(’yfnx) Z T(—l‘,l’) + 17
where we have used Ly > (o — F~)~! in the last line. O
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If £ ¢ Boo(L1), then

Q(E[T(O,l‘)] - g(x)) > E[T(_Jj’ Ov 33) - T(—JE,I)]
> P(A).

Otherwise, if © € By (L1) with x # 0, then since 2Lz ¢ B, (L1), by using the sub-
additivity of the first passage time, we get

201 (E[T(0,2)] - g(x)) >

Thus, the proof is completed.
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