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First-passage percolation is a random growth model defined using i.i.d.
edge-weights (#,) on the nearest-neighbor edges of Z4. An initial infection
occupies the origin and spreads along the edges, taking time #, to cross the
edge e. In this paper, we study the size of the boundary of the infected (“wet”)
region at time ¢, B(¢). It is known that B(¢) grows linearly, so its boundary
0 B(t) has size between ct?=1 and Ct?. Under a weak moment condition
on the weights, we show that for most times, d B(¢) has size of order rd-1
(smooth). On the other hand, for heavy-tailed distributions, B(¢) contains
many small holes, and consequently we show that d B(¢) has size of order
4=+ for some o > 0 depending on the distribution. In all cases, we show
that the exterior boundary of B(t) [edges touching the unbounded component
of the complement of B(¢)] is smooth for most times. Under the unproven as-
sumption of uniformly positive curvature on the limit shape for B(z), we show
the inequality #3 B(1) < (logr)€ 14! for all large 1.

1. Introduction. In this paper, we study properties of the boundary of the
growing set in first-passage percolation (FPP), a random growth model. Consider
the graph (Z4, £9) for d > 2, where £ is the set of nearest-neighbor edges of Z¢.
FPP is defined as follows. Let (#.),cgs be a family of i.i.d. nonnegative random
variables. We define a finite path as an alternating sequence of vertices and edges
(x0, €1, X1,...,¢€n,X,), Where x; € 74 and e; = {xi_1,x;} € &4 and an infinite
path as an infinite alternating sequence (xo, e1, X1,...). For x,y € 74, define the
first-passage time from x to y by

T(r.y)= inf T().

where the infimum is over all lattice paths y from x to y, and T (y) := 3 ¢, le-
Then T (-, -) defines a pseudometric on 74 . Consider

B(t)=|xez:T(0,x)<t},

the ball centered at the origin with radius ¢ > 0. Of interest are the geometric
properties of B(¢) when ¢ is large. Motivated by a question of K. Burdzy, which

Received September 2017; revised January 2018.
lSupported by NSF Grant DMS-0901534 and an NSF CAREER grant.
2Supported by NSF Grant DMS-1612921.
MSC2010 subject classifications. 60K35, 82B43.
Key words and phrases. First-passage percolation, boundary, Eden model, limit shape.

3184


http://www.imstat.org/aap/
https://doi.org/10.1214/18-AAP1388
http://www.imstat.org
http://www.ams.org/mathscinet/msc/msc2010.html

THE SIZE OF THE BOUNDARY IN FPP 3185

appeared later in [6] (see some earlier references listed below), we aim to describe
the size of the boundary of B(¢), and to determine if it is surface-like (smooth) or
fractal-like (rough). We refer the reader to the survey [3] for other aspects of FPP.

We will consider two types of boundaries, the edge boundary and the edge ex-
terior boundary.

DEFINITION 1.1. Let V C Z¢.
1. The edge boundary of V is the set
BV ={{x,y)e&:xeV,yeZ\V}.

2. The vertex exterior boundary 3V of V C Z¢ is the set of all x € Z¢ \ 'V
which are:

(a) adjacent to a vertex in V, and
(b) the starting point of some infinite vertex self-avoiding path which does not
intersect V.

The edge exterior boundary 95*'V of a set V C 7 is the set of edges {x, y} for
some y € V and x € 3X'V,

Write #V for the cardinality of a set V. The specific question we address is:
What is the typical order of #9.B(t) or #35*'B(r)?

We can obtain some straightforward bounds from shape theorems, which were
first proved by Richardson [14] and Cox—Durrett [7] with weaker forms extended
to higher dimensions by Kesten [11]. To state a shape theorem, we first extend 7 to
RY x R4 by defining T'(x, y) = T ([x], [y]) for x, y € R?, where [x] is the unique
vertex in Z4 such that x € [x] + [0, 1)? (similarly for [y]). Let

B(t)={xeR?:T(0,x) <1t}

and let p. = p.(d) be the critical threshold for Bernoulli bond percolation on 74
(see [10]). If P(¢, = 0) < p, then there exists a nonrandom, compact, convex set
B € R? with nonempty interior and with the symmetries of Z¢ that fix the origin
such that, almost surely,

(1.1) Vol(@AB) -0 ast — o0.

Here, A is the symmetric difference, Vol is the d-dimensional volume and we
use the notation cA = {ca : a € A} for A CR? and ¢ € R. Using the fact that
Vol(B(t)) = #B(t), we can easily obtain from (1.1) that there exist ¢y, ¢ > 0 such
that, almost surely, it < #B(t) < crt? for all large ¢. Together with the isoperi-
metric inequality and the fact that #9.V < 2d#V, we can show that there exists a
constant ¢3 > 0 such that, almost surely,

(1.2) c3t9™V <#0.B(t) <2dcyt?  for all large ¢.



3186 M. DAMRON, J. HANSON AND W.-K. LAM

(Similar inequalities hold for the exterior boundary.) In fact, one can even deduce
from (1.1) that #3. B(¢) = o(t?) as t — oo.

Note that (1.2) holds without any moment assumption on f,. One can obtain
better upper bounds on #9e B(t) if we assume more about the distribution of .. We
first state a result about the convergence rate to the limit shape [1], Theorem 3.1.
If P(t, = 0) < p. and Ee*’e < oo for some a > 0, then there exist a constant ¢ > 0
such that, almost surely,

(1.3) (t —ct'?1logt)BC B(t) C (t +ct'*logt)B  for all large ¢.

By counting the edges in the annulus (t 4+ 2ct'/?logt)B\ (t — 2ct'/?logt)B, one
can then obtain for some c4 > 0, almost surely,

#0.B(1) < c4t?1/? logt for all large 7.

However, this type of bound should be far from optimal, because otherwise the
boundary would occupy a positive fraction of the annulus, and this should not be
true for most distributions. Therefore, a different method should be used to obtain
a sharper bound.

In the physics literature, it is believed that the size of the boundary of first-

passage-type growth clusters of volume n should behave like n'T (see, for
instance, [12, 16]). Using the shape theorem, this corresponds to the relation
#0.B(1) ~ t9=1. However, the only known rigorous result, which is proved in [4],

is an upper bound of the form n'” TSy . Our main results below show that under
a weak moment condition EY < oo, where Y is the minimum of 2d independent
edge-weights, one almost surely has #9. B(t) < ar?~! for most times 7. However,
under other conditions, the boundary may be larger, or infinite. Indeed, the com-
bination of Theorems 1.2 and 1.3 shows that, roughly speaking, if ¥ has exactly
1 — o moments (« > 0) and a sufficiently regular distribution, then due to the pres-
ence of many small holes in B(r), #9. B(t) is larger, of order 14142 In contrast,
for the exterior boundary (which does not count holes), we have a smooth bound
19~ regardless of the moment condition. All these results are under the assump-
tion that there are not too many zero-weight edges; that is, P(z, = 0) < p.. If, on
the other hand, P(f, = 0) € (p,, 1), then one can argue that for all large ¢, one
has #9. B(t) = co. The intermediate case, P(¢, = 0) = p., is more complicated be-
cause in two dimensions, even the growth rate of B(¢) depends on the distribution
of t, [8], and in higher dimensions, the growth rate is unknown (and depends on
whether there is an infinite cluster at the critical point in independent percolation,
and this is a major open problem). For these reasons, we leave this critical case to
further investigations.

There are related Markovian growth models called the Eden model [9] and
the 1-type Richardson model [14], and they are equivalent to certain FPP (site
or bond) models with exponential weights. Using the memoryless property of the
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exponential distribution, one can prove that %E#B(z‘) = E#0. B(t), which implies
Jo E#3.B(s)ds < Ct9. That is, on average, E#3. B(s) ~ 57~ 1.

Throughout this article, we use Leb to denote the 1-dimensional Lebesgue mea-
sure. For a, b € R, we define a A b = min{a, b} and a VvV b = max{a, b}. For t > 0,
we define

(1.4) S@) = [—Le], [11]%.

We write e; for the first coordinate vector (1,0, ...,0). Also, the symbols Cj,
where i is an integer, represent constants depending only on the dimension d and
the distribution of f,. The same symbols C; will be used in different sections but
they might possibly represent different numbers.

1.1. Main results.

1.1.1. Rough times. Define
Y =min{tq, ..., g},

where t1, ..., tyq are i.i.d. copies of .. For a > 0 and ¢ > 0, we define sets of
a-rough times as

Ri(a) = |s € [0, 1] : #3. B(s) > as'"'E[Y A 5]}
and
R™(a) = {s € [0, 1] : #3'B(s) > as’™'}

depending on which boundary we are discussing. Note that the definition of R;(a)
includes an additional factor of E[Y A s] in the lower bound, and its purpose is to
allow for cases in which EY = oo. Ignoring the term E[Y A 5] (assuming for the
moment that this term is uniformly bounded in s), if one believes that #d. B(s) or
#3S B(s) is of order s9=1 then when a is large, these sets represent times when
the boundary is rough. Indeed, we will show that the upper density of the set of
rough times is small when a is large.

THEOREM 1.2. Suppose that P(t, =0) < pe.

(a) There exists C > 0 such that, almost surely,
. Leb(R;(a)) C
limsuyp —— < —.

t—00 t a

(b) There exists C > 0 such that, almost surely,
ext
Leb(R{* (a)) - g

lim sup
t—00 a
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REMARK 1. To understand the term E[Y A ¢], let us consider the following
cases:

1. If EY < o0, then using E[Y A t] <EY, Theorem 1.2(a) says that #9. B(t) <
aEY 4~ for most ¢.

2. If there exists a constant C > 0 such that P(Y > y) < C/y for all y > 0, but
EY = o0, then

t
E[Y At] =/ P(Y > y)dy <C'logt
0

when 7 is large. In this case, Theorem 1.2(a) implies that #3. B(t) < at?~'logt for
most ¢.

3. Likewise, if we assume P(Y > y) < C/yl_"‘ for some C >0, «a € (0, 1) and
for all y > 0, a similar calculation gives #9. B(t) < at?=1%% for most 1.

1.1.2. Lower bound. Here we present lower bounds for #0. B(t).

THEOREM 1.3. Suppose that P(t, = 0) < p. and let Fy be the distribution
function of Y. There exists C > 0 such that, almost surely,

1
#0.B(1) > C[(l — Fy(1) v ;]td forall large t.

REMARK 2. Similarly, to understand the term 1 — Fy(¢), let us consider the
following cases:

1. If EY < oo, then by Markov’s inequality, the order of 1 — Fy(¢) is no larger
than 1/¢ as t — oo, which in particular implies that #3. B(r) > Ct¢~!. This coin-
cides with the upper bound from Theorem 1.2.

2. fP(Y > y) > C/yl_“ for some C > 0, @ € [0, 1) and for all large y > 0,
then #3. B(t) > C't4~1%* In particular, if C/y'=® <P(Y > y) < C’/y'~%, then
the upper and lower bounds for #9d. B(¢) match if &« > 0, and do not match when
o = 0 because of a log factor.

The previous two theorems show that under the condition P(z, = 0) < p., one
has upper and lower bounds of the form

[t(1 = Fy () v 1]t <#3.B(r) SE[Y At~

It is natural to ask how different these upper and lower bounds can be. From the
above examples, we see that their ratio can be at least logz. Below we will see that
it can be made arbitrarily large (up to order ¢) infinitely often by choosing very
irregular tails for the distribution of #.. Yet for any distribution, we can also show
that the ratio is at most log¢ for an unbounded set of z. To be precise, we claim the
following:
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(a) The ratio

E[Y At]
A= Fy) vl
as t — oo, but it can be made arbitrarily close to ¢ infinitely often. For instance, for
any k > 1, we can find distributions such that the ratio is at least Ct/loglog- - - log ¢

for an unbounded set of 7, where we compose the log function k times.
(b) There is a constant C > 0 such that for infinitely many #,

E[Y A2"] < Clog(2").
21(1 — Fy(2") v 1

(1.5)

o(t)

PROOF OF CLAIM. (a) Note that by the bounded convergence theorem, as
t — 00,
1 E[Y At] 1 Y
== <-E[Y At]=E|—Al|[—0.
tt(1—Fy(@®)v1 ¢t t
For the second part, for simplicity we only show the case k = 1 in detail. We
inductively define a sequence x; =3 and x,, 11 = x," for all n € N. We then define
a distribution for ¢, satisfying

P(t, > t) = (log x,) /%

if t € [x,-1,x,) and n > 1 [and define P(z, > t) =1 if t < 3]. Then for t = x,,_{
andn > 2,

t(1 = Fy () =tP(Y > 1) = (x,—1)(logx,) "' = (logx,—1) "' < 1,

and
E[Y A ]2 (-1 = Xp—2) (log xu—p) !
1 -1
> ~xp—1(logxn—1)
2
. t
" 2logt’
So
E[Y At
J ) =E[Y At] > .
t(1—Fy(t))Vv1 2logt
Similarly, one can construct a distribution such that for an unbounded set of 7,
EY Arl Ct

t(1—Fy(t))v1 ~ loglog---logt

This can be done by considering a sequence of x,,’s that increases rapidly enough
and replacing log x, by loglog - - - log x,, in the above discussion.
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(b) There are two cases: either the sequence (2"P(Y > 2")) is unbounded, or it
is bounded. In the first case,

n ok
n
E[Y A2 ]51—1—;/2“P(Y>t)dt

n
<14 27'p(y =21,
k=1
Since the sequence (2"P(Y > 2")) is unbounded, we can find infinitely many n
such that 2"P(Y > 2") > 2¥P(Y > 2%) for all k = 0,1,...,n — 1. For all such
large n, we have

E[Y A2"] <14+ n2"P(Y >2") <2log(2")[2"P(Y >2") Vv 1].

In the second case,

n
E[Y A2"] <1+ ) 2F1P(y > 2¢)
k=1

<Cn

<Clog(2")[2"P(Y >2") v 1]. O

Theorem 1.2(b) states that the edge exterior boundary of B(¢) is always small,
while for certain heavy-tailed edge-weight distributions, Theorem 1.3 states that
the full edge boundary is large. This means that there must be holes in B(¢). These
holes cannot be too big, as one can argue by lattice animal arguments, so there
must be many small holes. In fact, our proof of Theorem 1.3 shows that holes
of size 1 contribute a positive fraction to the full boundary in many low moment
cases. It would be interesting to formally study the topology of B(¢) and its holes.

Last, we remark that analogous statements will hold if we replace #d. B(¢) and
#3SX' B(r) by E#0.B(t) and E#3* B(r) in Theorems 1.2 and 1.3. The proofs are
similar to those of Theorems 1.2 and 1.3, and so we do not include them.

1.1.3. Uniform curvature. 'We can even obtain that #9. B(¢) is at most of order
(log)€ 14~ for some C > 0 in certain cases. Unfortunately, we will need to as-
sume Newman’s “uniform curvature condition” [13] which, although it is expected
to be true for most edge-weight distributions, is unproved. For its statement, let g
be the norm on R¢ whose unit ball is 1.

DEFINITION 1.4. We say that B satisfies the uniform curvature condition if
there are constants C > 0, 5 > 1 such that for all z = Az; + (1 — A)zp with g(z1) =
g(z)=1and A € [0, 1],

1 —g(z) > C[min{g(z — z1), gz — z2)}]"-
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The following theorem states that if we assume that B satisfies the uniform
curvature condition and that ¢, has finite exponential moments, then #09. B(¢) is at
most of order (log#)€r¢~! almost surely.

THEOREM 1.5.  Suppose that P(t, = 0) < p., Ee*'e < 0o for some a > 0 and
B satisfies the uniform curvature condition. Then there exists C > 0 such that,
almost surely for all large t,

#0.B(1) < C(log)€r¢~".

It is not known if there exists a distribution such that B satisfies the uniform
curvature condition. However, it is believed that this condition holds for (z.) having
continuous distribution; see [3], Section 2.8, for further discussion.

1.2. Sketch of proofs.

1.2.1. Theorem 1.2. To show Theorem 1.2(a), the idea is consider the amount
of time s € [0, ¢] that an edge e is on the boundary d. B(s). It is not difficult to
see that this amount of time is bounded above by T'(x, y) A ¢, if e = {x, y}. If
ET (x,y) < oo, then on average, each edge is on the boundary for a constant
amount of time. In this case, the ball B(¢) will grow by at least order #0d.B(?)
number of edges in a constant time. This means that if the boundary is too large
for too long, then the growth of B(#) will be so large as to violate the shape theo-
rem.

Formally, we consider the indicator 1(.¢, (s)}, Where e € & and s € [0,1]. If
we fix an edge e and integrate over s, we obtain the amount of time that e = {x, y}
stays on the boundary, which is bounded by T (x, y) A t. Now, when we further
sum over the edges in a box [, 114, we obtain an upper bound Z{x,y} T(x,y)At.
Since there are Ct? many edges in the box [—, 7]¢, and the T (x, y)’s can be well
controlled by weakly-dependent random variables with the same tail properties as
those of Y, we use Lemma 3.2 to conclude that with high probability,

t
3 f Liees, sy ds < CHE[Y A1].
ec[—t,t]4 0
If we instead fix s and sum over the edges first, we obtain #9. B(s), on the high
probability event that 3. B(s) C [—t, t]¢. Applying the above inequality, we obtain
with high probability

1 t
;/ #0eB(s) ds < Ct4'E[Y A1].
0

In other words, the time-average of #0.B(s) is at most of order sd*IE[Y A s].
Applying Lemma 3.1 (the regularity lemma) will convert this integral inequality
to the desired bound on the size of the set of rough times.

For the edge exterior boundary, we are able to remove the term E[Y A 7] because
of the following two facts:
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e the exterior boundary of B(¢) forms a “closed surface,” and the number of such
surfaces with cardinality n is at most e
e if k¥ > 0 1is large then for a deterministic such closed surface, the probability that

more than a fixed constant fraction of its edges have edge-weights > « is at most
—2Cn
e .

These will imply that when ¢ is large, at least a fixed constant fraction of the edges
in 95 B(r) have edge-weights at most «. As in the case of d. B(r), this means that
such edges will be on the boundary for at most a constant amount of time. We
conclude with an argument similar to the previous case (replacing 1{.cs,.B(s)) by

LiecosxtB(s), 1o <k})-

1.2.2. Theorem 1.3. To find a lower bound for #d.B(t), fix § € (0, 1) and
observe the following: if (a) all the edges adjacent to a vertex x have edge-
weights > (1 —8)t, (b) T(0,x —eq) <t and (c) T(0, z) > &t for all z such that
lz— x|t =1, then {x — ey, x} € . B(¢), since all the paths from O to x have pas-
sage time >t but 7(0,x —e;) <t. Such an edge {x — ey, x} is surrounded by
edges of high weight [> (1 — §)¢], but is adjacent to a vertex in B(¢). Therefore,
#0. B(t) will be bounded below by the number of vertices x satisfying all the above
three conditions.

Almost surely, when ||x||1 € [ct/2, ct], with ¢ large and ¢ fixed (but § small), (c)
is true. Furthermore, (b) is true for a positive fraction of such x. (c) can be shown
using [11], Proposition 5.8 (see also Lemma 2.4). (b) can easily be shown to hold
if ¢, satisfies certain moment conditions, for instance having a finite exponential
moment, but this is stronger than what we assume. We will instead use a coupling
with Bernoulli bond percolation. Define an edge e to be open if #, < M, where M is
sufficiently large to ensure that P(¢, < M) > p.. It is known (from Antal-Pisztora
[2]) that in supercritical bond percolation, the distance in the infinite open cluster C
is bounded above by a constant times the £°°-distance with high probability. Using
this, one can show that if x € C and ||x| o is sufficiently large, then T (0, x) <
CM||x||co- Therefore, (b) holds with high probability so long as x — e; € C; see
Lemma 2.6 for more details.

Therefore, it suffices to lower bound the number of vertices x with x —e; € C
that satisfy (a). By the ergodic theorem, there is a positive density of x € Z¢ such
that x — e} € C. If we take such an x and artificially raise the edge-weights of
edges incident to x to be larger than (1 — )¢, then, so long as x — e is still in C
after the modification, we will have a vertex x with the required properties. The
total probability cost of this operation is of order 1 — Fy(¢), and so the expected
number of such vertices in a box [—, 1]¢ should be of order t¢(1 — Fy(1)). If we
combine this bound with the lower bound of (1.2), we obtain the desired result. To
rigorously perform this modification, we use a shielding lemma, which is given as
Lemma 3.6, and to move from the expected number of such vertices to an almost
sure bound, we apply Bernstein’s inequality, stated as Theorem 2.7.



THE SIZE OF THE BOUNDARY IN FPP 3193

1.2.3. Theorem 1.5. We would like to show that #3. B(1) < C(log#)€r¢~! un-
der the uniform curvature assumption. The idea is to cover B(¢) by at most order
=1 many sectors of volume order ¢, and show that each sector can contain at most
(logt)c many edges from d. B(%).

To estimate the number of edges in a sector that are on d.B(¢), note that if
e ={u, v} isin 0¢B(t) with u € B(t), then

t<TO,v)<TO,u)+t.<t+t,.

Under our exponential moment condition, with high probability, all edges in
de B(t) can be shown to have weight at most (log )€, so we obtain |T0,u)—t| <
(logt)c. If f ={w, z} is another edge in d. B(¢) with w € B(t), then

170, u) — T(0, w)| <2(logr)C.

In other words, the passage times from the origin to endpoints of different edges
on the boundary must be within a power of log¢ of each other.

Because of the small aperture of our sectors, if there are edges e, f in one sector
in de B(t), then they lie close to some ray of the form {sx : s > 0}, where x is a unit
vector. Therefore, we can find k > £ such that kx is close to e and £x is close to
f,and |T(0,€x) — T(0, kx)| > c(log 1)€. However, in Proposition 3.7, we prove
that there is a constant C > 0 such that for any x € R? with ||x||> = 1 and for any
k > ¢, one has with high probability

(1.6) T(0, kx) — T(0, £x) > C(k — €).

This inequality implies that our k and £ above must be at most order (logt)€
distance from each other. In other words, the intersection of 9. B(¢) with the sector
associated to the ray has size at most order (log7)€, and this would complete the
proof.

To show (1.6) holds with high probability, we use techniques developed by
Newman to control geodesic (optimal path) “wandering” under the uniform cur-
vature assumption. With high probability, the optimal path from kx to O can be
shown to come within distance (k — £)¢ of £x, where ¢ < 1. [See (3.15), where
M = (k — ¢£)/2, and Figure 2.] If y is a point of this path that is close to £x, then

T(0,kx) —T(0,€x) =T (kx,y) — T (€x,y) = C[(k — ) — (k — £)°] = C(k — ©).

2. Preliminary results. The first tool we will need is the Cox—Durrett shape
theorem [7], which is stronger than (1.1).

THEOREM 2.1 (Shape theorem). Suppose that P(t, = 0) < p. and EY? < co.
There exists a nonrandom, compact, convex set 5 C RY with nonempty interior,
such that for all ¢ > 0, with probability 1,

B
1-e)BC g Cl+e)B for all large t.
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As a consequence of the shape theorem, one can show that even without the
condition EY? < oo, B(t) cannot grow too quickly.

LEMMA 2.2.  Suppose that P(t, = 0) < pc. Then there exists M > 0 such that
with probability 1, B(t) C S(Mt) for all large t, where S is defined in (1.4).

PROOF. If we define 7, by t, =, A 1, then for allt >0, B(t) B'(t), where
B'(t) is the T-ball using weights (z,). Then B(t) € B’(t) and applying the shape
theorem for (7)) establishes the lemma. [J

We will also need the following result of Kesten [11], Proposition 5.8.
PROPOSITION 2.3. IfP(t, =0) < pc, then there exist Dy, Dy, D3 > 0 such

that for all n > 1, one has

P(3 a self-avoiding path y from 0 with #y >n but 7(y) < Din) < Dye~ P,
From this, we immediately obtain a lower bound on 7.

LEMMA 2.4. IfP(t, = 0) < pe, then for any z € 72,
P(T(0,2) < Di|z]l1) < Dye~ D3l

We now state some results from percolation theory that will be used in the proof
of Theorem 1.3. For p € [0, 1], let P, = [],cga e be the product measure on
{0, l}gd, where each u, = pé; + (1 — p)dp. We say that an edge e is open if
w(e) =1, where w is a typical element of the sample space {0, l}gd. It is known
that when p > p., there almost surely exists a unique infinite open cluster (i.e., the
subgraph induced by the open edges has an infinite connected component) [10],
Theorem 8.1. We denote by C the infinite open cluster and write distc for the
(graph) distance in C.

THEOREM 2.5 (Theorem 1.1 [2]). Let p > pc. Then there exist p-depending
constants Dy, D5 > 0 such that
P (distc(x, y) = Dallx — ylloo, x,y € C) < o™ Pl
forall x,y e Z%.
These results in Bernoulli bond percolation allow us to upper bound 7' (0, x) if

M is large and x is in the infinite open cluster, where we say an edge e is open if
te <M.
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LEMMA 2.6. Suppose that P(t, =0) < p.. Fix M > 0 such that P(t, < M) >
De. Define a percolation configuration [w(e)] by w(e) = 1y, <my. Then
P(T (0, x) > 4D4M | x| for infinitely many x € C) =0,
where Dy is as in Theorem 2.5.
PROOF. Lete > 0. Let Ay be the event that S(k) intersects C. Since C exists

and is unique almost surely, we can fix k € N such that P(Ay) > 1 —e.
We decompose the event in the statement of the lemma as

{T(0,x)>4DsM || x|« for infinitely many x € C}
C Aj U (AxN{T(0,x) > 4DsM ||x||o for infinitely many x € C})
C A{ U By U By,
where
By ={T(y,x) = 2D4M||x||
for some y € S(k) N C and for infinitely many x € C}
and
By ={T(0,y) > 2DsM| x|l
for some y € S(k) N C and for infinitely many x € C}.

The event A has probability at most ¢ and By almost surely does not occur.
For By, if ||x|s is sufficiently large (for instance ||x||co > k), then T (y,x) >
2DsM || x||oo implies T (y,x) > DaM|lx — y|co. When x,y € C, this implies
distc(x, y) > D4|lx — yllco- By Theorem 2.5 and a union bound, we see that
P(B;) =0.
Therefore, we have
P(T (0, x) > 4D4M||x ||« for infinitely many x € C) <e.

Since € > 0 is arbitrary, this completes the proof. [

Finally, we need Bernstein’s inequality [5], equation (2.10). We state the in-
equality here for the reader’s convenience.

THEOREM 2.7 (Bernstein’s inequality). If X1, ..., X, are independent with
| X;| < b almost surely for all i, then for all t > 0,
P(|Xi+- 4+ Xy —EX1+--+Xp)|>1)
)

2exp( — .
=2exp ( 2(bt/3+2;?:11«:x,.2)>
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3. Proofs of theorems.

3.1. Proof of Theorem 1.2. To show Theorem 1.2, we need the following
lemma, which will be used to give an estimate on the frequency of rough times. It
is a form of Markov’s inequality for functions defined on the real line.

LEMMA 3.1 (Regularity lemma). Let C,so > 0 be constants. Let ¢, :
[0, 00) — [0, 00) be Lebesgue measurable functions such that:

1. [ p(s)ds < Ctdy (1) forall t > so;
2. Y is nondecreasing with 0 < ¥ (2t) <2y (¢) for all t > 0.

Then for t > 0, one has

Leb({s € [0,1]: ¢ (s) > as? "y (s)}) _ 2% N 24+l
t Tt a

PROOF. We may assume that ¢ > 2s¢. Let ig > 1 be such that

Lo t
i+l =50 = 55

Fori=0,1,2,...,define t; =¢/2' and
Ri={s €ltix1.1;1:(s) = as” 'y (s)}.

If i <ip (sothat#; > sg), then

Ct lﬂ(t)>/[l¢(s)ds
i i) 2
= fi d)(s) ds

d—1
Z/R; as“ P (s)ds

> at? ' (ti41) Leb(R;),

which implies

Ctdy () <2dc
at! Wi T a

Summing over i completes the proof:

Leb(R;) < t.

* 24+t
Leb({s € [0,2]: ¢(s) > asd_llﬁ(s)}) = ZLeb(R,') <250+ T O
i=0
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3.1.1. Edge boundary. We first need a lemma that gives the asymptotic behav-
ior of truncated random variables.

LEMMA 3.2. Let Y1, Ya,... be a sequence of i.i.d. nonnegative random vari-
ables and let (Cy,) be a sequence of numbers such that 0 < C,, < c for some ¢ > 0

and for all n. For each n € N and i < n, define Zi(") =Y; A Cyn'’?. Then almost
surely, Y7, Zl.(n) < 2nEZ{n) for all large n.

PROOF. If Y| = 0 almost surely, the statement is trivial, so we suppose that

Y1 > 0 with positive probability. Then EZ §") > 0 for all n > 1, and by Theo-
rem 2.7, one has

n
P(}:ZV)—nEZY)anZ?v
i=1
- P 1+1/dg 7™ (my2y )
2(cn EZ\" /3 +nE(Z{")?)

Now, E(Zin))2 < cnl/dEZYl), so this is further bounded above by

n*(EZ|")>?
ZeXp<_ 1+1/dg z™ 1+1/dE 7™ )
2(cn EZ,"/3+cn EZ;)

. <3n1—vdEz;n>)
=2exp[———).
8c

Since EZ in) > (0 and is bounded away from 0, the right-hand side is summable
in n. By the Borel-Cantelli lemma, almost surely, for all large n,

n
>z —nEz{"

i=1

< nEZ%n).

This proves Lemma 3.2. [
We are now ready to prove Theorem 1.2(a).

PROOF OF THEOREM 1.2(A). The following arguments fall under the
purview of the “array method.” For ¢ € £4 and > 0, define

fle,t) =1een, B())-

On the one hand, for e = {x, y}, we have
t
/ f(e,s)ds =Leb({s €[0,t]: e € 3. B(s)})
0

<T(x,y) At,
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because the amount of time that the edge e stays on the boundary is bounded above
by |T(0,x) — T, y)| <T(x,y). Write E(S(Mt)) for the set of edges with both
endpoints in S(Mt). Summing over e € E(S(Mt)) yields

t
3.1) > /Of(e,s)dsf Yoo [Ty At

ecE(S(Mt)) ecE(S(Mt))

We claim that there exists a nonrandom constant ¢y > 0 such that almost surely,
for all large ¢,

(3.2) Y [T(x,y) At] < cotELY At
ecE(S(Mt))

We now show (3.2) and, from now on, we will write “i.0.” to mean “for an un-
bounded set of ¢.” By dividing the sum into sparser ones and using a union bound
and translation invariance, we find a nonrandom constant C4, depending only on
d, such that for any A > 0,

P< > [T(x,y) At] = A?E[Y At] i.o.>

e={x.y)€E(S(M1))

<C4P Y [T.x+e)at]=aElY At]/Cy i.o.>.
xe574NS(Mt)

Now, note we can construct 2d edge-disjoint (deterministic) paths yy, ..., Y24 from
0 to e; such that if x, y € 5Z¢ and x # y, then the paths x + y1, ..., x 4 y24 and
the paths y + y1, ..., y + 24 are edge-disjoint. For x € Z¢, let 7, be the minimum
of the passage times of these 2d disjoint paths from x to x + ej. Then the second
term in the last inequality is further bounded above by

CdP< Y (A= MIE[Y At]/Cy i.o.).
xe5Z4NS(Mt)

Now, from the proof of [7], Lemma 3.1, there exists another dimension-dependent
constant C/; such that E[Y At] > C/E[to At] for all # > 0. Furthermore, for t > 1,
E[zo At] = (1/2)E[to A [£]]. So we obtain a further upper bound

CdP( Z (rx A m) > kC&(LtJ)dE[ro A M]/(2Cd) i.o.).
xe5Z4NS(Mt)

Observe that the 7,’s in the above sum are i.i.d. By Lemma 3.2 with ¥; = 7,
n=#(57Z¢ N S(Mt)) and C,, = [t]/n'/¢, there exists Ao > 0 such that

P( Z (e A TE]) > Ao(LtJ)dE[ro A [t1] i.o.) =0.

xe5Z4NS(Mrt)
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Hence, following the string of inequalities, we see that there exists c¢g > 0 such
that

P( > [T(x, ) At] > cot?BlY At] i.o.) =0
e={x,y}€E(S(M1))

and this proves the claim, equation (3.2).
Combining (3.1) and (3.2), we find with probability 1,

t
> / fle,1)dt <cot?E[Y At]  for all large 7.
ecE(S(Mt)) 70

By Lemma 2.2, let M > 0 such that, almost surely, there exists a random 7 > 0
such that for all > T, . B(t) C E(S(Mt)). On the event {1y < t}, since 0. B(t) C
E(S(Mt)), one has for all s € [0, ¢],

Y fle,s) =#0:B(s),

ecE(S(Mt))
and hence
t t
/ > f(e,s)ds:/ #0.B(s) ds.
ecE(S(M1)) 0

Therefore, with probability 1,
!
/ #3.B(s)ds < cot’E[Y A1]  for all large 7.
0

Note that E[Y A 2¢] =2E[(Y/2) A t] <2E[Y A t]. Taking t — oo in Lemma 3.1
with ¢ (t) = #0.B(¢) and ¥ (t) = E[Y A t], we obtain that almost surely,

) Leb(R;(a)) 29F1l¢
lim sup < .

t—00 t - a

O

3.1.2. Edge exterior boundary. In the course of the proof of Theorem 1.2(b),
we will need the following purely graph-theoretic fact. Recall that a set U C
Z% is called *-connected if for each pair u,v € U there is a sequence (u =
wo, Wi, ..., W =v) where each w; € U and ||lw; — wit1|lco < 1.

LEMMA 3.3 ([15], Lemma 2). Let V C Z4 be finite and connected. Then
9%V is x-connected.

We will rule out the possibility that the edge exterior boundary of B(¢) contains
too many large-weight edges, where “large” is relative to the distribution of f,.
To this end, let ¥ > 0 be large [to be chosen later so that P(¢, > «) is sufficiently
small]. We will say that a finite vertex set W C 74 is an “k-bad contour” if:
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1. W is %-connected;

2. W encloses O—that is, any vertex-self-avoiding infinite Z¢ path beginning
at 0 must contain a vertex of W;

3. letting W, :={w € W :3de > w with t, > «}, we have #W, > #W /2.

Note only condition 3 involves the realization of the edge-weights.

PROPOSITION 3.4. If k > 0 is sufficiently large, then there exists C > 0, de-
pending only on k and d, such that for alln > 1,

P(there exists an k-bad contour of cardinality > n) < e Cn.

To prove Proposition 3.4, we first prove the following lemma, which gives an
upper bound on the number of contours around 0. It is a basic bound on lattice
animals, like [10], equation (4.24).

LEMMA 3.5. Forn €N, let C, be the set of all x-connected W C 74 such that
#W =n and W encloses 0. Then

(3d )3‘1 n
#C, < n[—(3d — 1)3{{_1] .

PROOF OF LEMMA 3.5. Define én to be the set of all x-connected sets W C
Z4 with#W =n and 0 € W.If W € C,,, then there exists k € {0, 1, ...,n — 1} such
that W — ke € (f’n, and hence #C,, < n#én.

To bound #C,,, we consider the measure P’p = [1eze 1x on the space {0, I}Zd,
where p € [0, 1] and each u, = pd; + (1 — p)dg is the Bernoulli measure on {0, 1}.
We will write the elements in {0, I}Zd as (w(x)) czq. We say that W C Z4 is the
x-open cluster of 0 if W is the maximal *-connected subset containing 0 with
w(x) =1 for all x € W. We also define the *-vertex boundary 3*V of a bounded
V € Z¢ to be the set of all x € Z¢ \ V such that ||x — y|leo = | for some y € V.
Note that

1> P;) (the x-open cluster of 0 has cardinality n)

— Z p#W(l _p)#a*W'
weé,

Note that for finite V C Z?, each x € V has at most 3¢ — 1 many distinct *-adjacent
vertices on 3*V, and each vertex on 0*V is adjacent to some x € V. Thus #9*V <
(39 — D#V and we have

1> Z p#W(l _ p)(3d71)#W :#én[p(l _ p)3d71]n'
weé,
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This inequality holds for all p € [0, 1], so setting p =3~ yields

- (3d)3d n
#on = [W}

and completes the proof. [J

PROOF OF PROPOSITION 3.4. Note that

P(there exists an x-bad contour of cardinality > n)

o.¢]
< Z P(there exists an x-bad contour of cardinality = k)
k=n

0
< Z Z P(W is an «-bad contour).
k=n WeCx

Fix W € Ci. If W is an k-bad contour, then at least k/2 many vertices of W are in

W,. Among these vertices, at least half of them are in Z¢ ., or at least half of them

are in 29\ 24, ., where Z& . = {x € Z% : ||x||| is even}.

even’ even —

For fixed W, the events {x € W, } for x € Z¢ ., are independent (similarly for

74\ 74...). Writing F the distribution function of z,, we obtain

k
P(W is an k-bad contour) = Z P#W, =m)
m=[k/2]

k

< Y > P(all x; € W)

m=[k/2] W>axi,...,x, distinct

k
< Z (k>(1—F(K)2d)m/2
m=rk/21 \""
koo (k
< (1= F() )" 3 <)
m=[k/2] \'"

<2K(1 = F(e)2)¥/4,
Therefore,

P(there exists an x-bad contour of cardinality > n)

- 3N 1k, 2dr\k/A c
k=n -

for all n, if « is sufficiently large. [
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We can now prove Theorem 1.2(b).

PROOF OF THEOREM 1.2(B). By Lemma 2.2, let M > 0 be such that there
exists a random Ty > 0 such that for all r > T, ag’“B(t) CE(S(Mt)). Fixx >0
such that the conclusion of Proposition 3.4 holds. By the Borel-Cantelli lemma and
Lemma 3.3, together with the fact that almost surely #35*' B(1) — oo as 1 — oo,
there exists a random 7 > Ty such that for all ¢ > T}, 3**'B(¢) is not an k-bad
contour.

For e € £4 and 1 > 0, define

h(e,t) = liecoen B(r). 1o <k}

Consider an outcome in the event {f > T1}. For any e € &,
t
/ h(e,s)ds <Leb{t >0:e € deB(1)} 1y, <k} < telps, <i) <k,
0
and hence

t
(3.3) > /h(e,s)dsgcd/chzd.
ecE(S(M)) 70

On the other hand, since 35 B(t) C E(S(Mt)), for any s € [0, 7],

> hie,s)=#lecdB(s) 1, <k}.
ecE(S(Mt))

For s > T1, 3% B(s) is not an «-bad contour, so for s with 73 <s <1,

1 1
> hies)= E#BCX[B(S) > 4—#a§“B(s).
ecE(S(Mt)) d
Therefore, on the event {t > T},
t t
[ #swas<ad [ 3 s
n 0 ceE(S(M1)

Combining this with (3.3), we have
t T,
/ #9™'B(s)ds < / #9SB(s) ds +4dCak M 1% < 5dCae M91?
0 0

when 7 is sufficiently large. Applying Lemma 3.1 with ¢ (1) = #35*' B(r) and ¢
equal to a constant, and taking + — oo completes the proof. []
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3.2. Proof of Theorem 1.3. In this section, we will show that almost surely,
#3.B(1) > C[(1 — Fy (1)) vt~ 11t for all large t. We will use Lemma 2.6, and we
remark that although D4 (from that lemma) depends on M (from the statement of
Theorem 2.5), by a straightforward coupling, the conclusion of Theorem 2.5 (and
hence Lemma 2.6) still holds if we fix D4 and increase M. Hence, we may assume
M is sufficiently large so that

§:=Di/16DsM < 1/2,
and, therefore,
R:=(1-8""<2.

Lett, =4DyMR"!,

We will define a set of vertices that form size-one holes in B(t¢), and will con-
tribute to the size of d.B(¢). For r, u with r < u, let Ann(r,u) = S(u) \ S(r).
Define L, to be the number of vertices v in e] + Ann(R”, R"T1) N 3Z4 such that
(with C from Lemma 2.6 and open edges being those with ¢, < M):

(i) v—e; €C,and
(ii) all edges adjacent to v have edge-weights > ¢,.

We claim that almost surely, when 7 is sufficiently large,
3.4) #0.B(t) > L, for all ¢ € [t,,, ty+1).

The reason is as follows: from Lemmas 2.4 and 2.6, we can almost surely find a
random kg such that:

1. whenever ||x|lco = ko and x € C, T (0, x) <4D4sM || x| 00, and
2. whenever ||z|l1 > ko, T(0, z) > Dilzl1.

For a given n, consider an outcome in the event {kog < R"}. Let ¢ € [¢,, t,4+1). If
x —e; € Ann(R", R"t1), and

(a) all the edges incident to x have edge-weights > (1 — §)z,
(b) T(0,x —eq) <t and
(c) T(0,z) > 6t forall z such that ||z — x| =1,

immediately {x — ey, x} € d.B(¢) (see the sketch of proof of Theorem 1.3). Now,
condition (ii) in the definition of L, implies (a), because t,, =4DsM R =(1—
8§)4D4sMR"? = (1 — 8)tn41 > (1 — &)t. Secondly, condition (i) implies (b): when
X —e] C,

T, x —e;) <4DsM||x —eilloc <4DsMR" ' =1, <1t.

(c) always holds because when z is such that ||z — x| = 1, then ||z]|; > R" > ko
(since ||z]|; > | R™] and ||z]|1 € N), and hence

T(0,z) > Dillzlli = DiR" =816DsM R" > $4DsM R"*? = 81,1 > 6t.
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Therefore, the number of vertices that satisfy (a), (b) and (c) is bounded below by
L,, and this proves (3.4).
We will soon show that for some constant Cs > 0, almost surely, for all n large,

(3.5) L, >2Cs(1 — Fy(1,))R™ — Cs[(1 — Fy(t,)) v R"]R™.

Before showing (3.5) holds for all large n, we first show how (3.5) implies The-
orem 1.3. Combining (3.5) with #3. B(t) > L,,, we have almost surely that for all
large n and for all ¢ € [t,,, t;+1),

#3.B(1) > 2Cs(1 — Fy (1,))R™ — Cs[(1 — Fy(1,)) v R™"]R™.
Fix such n and let t € [#,, t,+1). There are two cases we need to consider:

1. If 1 — Fy(t,) < R7",then 1 — Fy(t,) <16D4M/t, and hence 1 — Fy(t) <
16D4M /1. By (1.2), #3. B(t) > ¢3¢t~ In particular,
[(1—Fy(®) v e? <[16DsM /1 v 171 ]e?

< !

< (C7/c3)#0:B(1)
holds.

2. 1 — Fy(t,) > R™". This yields #3.B(t) > Cs5(1 — Fy(t,))R" > Cs(1 —
Fy (). Again (1.2) gives #0d.B(t) > c3t?=1 and so combining these two in-
equalities we have

#3.B(1) > Co[(1 — Fy (1)) vt~ ']e?.

Hence we have almost surely, #9. B(¢) > C1o[(1 — Fy(t)) V t~11¢4 for all large ¢.

It now remains to show almost surely, (3.5) holds for all large n. Define V,, to be
the set of vertices v in e; + Ann(R”, R"T1) N 3Z< such that the event E, occurs,
where E, is defined by the conjunction of the following conditions:

(A) v—e; €C,and
(B) all the nearest-neighbor edges between vertices in {z € Z% : ||z — v]|oo = 1}
are open.

By choice of M and the FKG inequality [10], Chapter 2, one has P(E,) = P(Ep) >
0 for all v. Letting K,, = #V,,, by Birkhoft’s ergodic theorem [applied to the ran-
dom variables (1f,),cz«], there exists C; > 0 such that
Ki+---+K,
—
#(S(Rt1yN3Z49)
as n — oo almost surely. This implies
Ky
#(S(R") N 3Z4)

Cq

(3.6) —Cr>0

almost surely.
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Note that for any A, € R,
3.7) {Ln <A} C {Kn < CaR™} U {Ly < dn, Ky > C4R™).

When Cj4 is small (depending on C; and d), then by (3.6), almost surely, for all
large n, the first event on the right-hand side of (3.7) does not occur. The probabil-
ity that the second event occurs equals

(3.8) > P(Ly <hn|Va=VIP(V,=V).
V Cej+Ann(R", R"+1)N3Z4 #V >C4 R

For a given finite V C Z4, let Ny, be the number of v € V such that all edges
incident to v have edge-weights > 4D4M R"+!. Then

(39) P(Lnf)\nlVn:V)SP(NV,nf)Lnlvn:V)-

LEMMA 3.6 (Shielding lemma).  For a given finite V C 374, the random vari-
able Ny ,, and the event {V,, = V} are independent.

PROOF. Recall that V,, is the set of v € Ann, :=e; + Ann(R", R"T1) N 374
satisfying the conditions (A) and (B) above. Let A, and B, be the set of v € Ann,
satisfying (A) and (B), respectively. For a given V C Ann,, let A, (V) be the set
of v € Ann, satisfying the condition

(A’) v — e — oo via an open path without touching V.

We claim that for a given V € Ann,, on the event {V C B, }, the sets A,, and
Al (V) are equal. Clearly, (A) implies (A), so if V € By, then A),(V) € A,. On
the other hand, if V C B, and v € A,,, then because the edges in (B) form “shields”
around all w € V, any infinite open path starting from v — e; and taking an edge
incident to a w € V may be “rerouted” around w, using edges described in (B)
instead of those incident to w (see Figure 1). Here, we are using the fact that
v —ej isnotin V (as v and V are in the lattice 3Z%) and so any such path does not
begin at a vertex of V. Therefore, in this setting, any v satisfying (A) also satisfies
(A’) and this shows the claim.

Now, the random variable Ny , and the conditions (A’) and (B) depend on two
disjoint sets of edges, and hence they are independent: for any »r € R and V C
Ann,,,

P(Ny,=rV,=V)=P(Ny,=r, AyN B, =V)
=P(Ny,=r, A,(V)NB,=V)
=P(Ny,=r)P(A,(V)NB,=V)
=P(Ny, =r)PV,=V). O

Returning to (3.9), by Lemma 3.6,
(3.10) P(NV,n S| Vu=V)= P(NV,n < An).
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FIG. 1. Depiction of the proof of Lemma 3.6. All the lines represent edges in the infinite open
cluster C. v — e can be connected to 0o using edges incident to w, but the “shield” surrounding w
can “reroute” the path.

Note that Ny, is just a sum of i.i.d. Bernoulli random variables (say Ny , =
X1+ -+ Xi) with parameter 1 — Fy(#,), and hence there exist Cs5, Cg > 0 (one
can take C5 = C4/2) such that if k =#V > C4R9"  then:

1. ENy., = k(1 — Fy(ty)) > 2Cs5(1 — Fy (t,))R"™,
2. YK EX?=YF | EX; < Co(1 — Fy(t,))R™.

Thus by Bernstein’s inequality,
P(Ny,, <ENy , — Cs[(1 — Fy(t,)) v R™"]R")
( C3[(1 = Fy(tn) v R—"]R"d>
<2exp|—
G.11) 2(Cs/3 + Ce)
CSZR(d—l)n
2(Cs/3+ Cﬁ))'

Combining (3.8), (3.9), (3.10) and (3.11), and using item 2 above, we see that if
we put

< Zexp(—

An =2Cs(1 — Fy(t,))R"? — Cs[(1 — Fy(t,)) v R™"]R",
then

> P(Ly < A, Ky > C4R™)

n

<> Y, PWWva<i)P(V,=V)

4V >CyRdN

< Z[zexp<—M> > PV, = V)] < 0.
T 2(C5/3+Ce)/) 5
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Hence, by the remarks below (3.7) and the Borel-Cantelli lemma, almost surely,
L, >2Cs(1 — Fy(t,))R™ — Cs[(1 — Fy(t,)) v R™"]R™

for all large n. This proves the desired inequality (3.5), and hence Theorem 1.3.

3.3. Proofof Theorem 1.5. In this section, we will assume that P(z, = 0) < p,,
Ee%’e < 0o for some a > 0 and that B satisfies the uniform curvature condition.
We will need to control geodesics, so we first show the following lower bound on
the Busemann-type function 7' (0, kx) — T (0, £x).

PROPOSITION 3.7. There exist C1,Cy > 0 and C3 € (0, 1) such that for any
x € R with || x|, =1 and for any k, £ > Q0 withk > ¢,

P(T(0,kx) —T(0,£x)>Ci(k—¢€))>1— Cpo— k=03
Let us begin with some definitions introduced in [13]:

DEFINITION 3.8. With n from the curvature assumption, Definition 1.4, let
8 € (0, ﬁ):

1. Forx,ye R4 \ {0}, let 8(x, y) be the angle (in [0, 7]) between x and y.
2. For a vertex y # 0, define

Cy=|xeZ: gx)e[gy) — g™, 2¢(1],0(x,y) <g(»°}.

3. out(x) is the set of vertices z such that 7 (0, z) = T (0, x) + T (x, z), or equiv-
alently, the set of vertices in some geodesic from 0 that goes through x.

4. Define 9;Cy (resp., d,Cy) to be the set of boundary vertices in C, with
gx) <gly)— g(y)l_”‘S [resp., > 2g(y)]. Also define d5C to be the set of bound-
ary vertices in C with 6(x, y) > g(y)_’s.

5. Define G = {out(y) N (9;Cy U 35Cy) # T}.

The events G, help to control geodesic wandering [see (3.14) below].
LEMMA 3.9. There exist constants Cy, C5 > 0 such that
1_ns
P(G,) < Cyexp(=Csllyl} ™).

PROOF. The proof is identical to that of [13], Proposition 3.2, with 24 replaced
by né. U

PROOF OF PROPOSITION 3.7. It will suffice to show the result for k — ¢ suffi-
ciently large (independently of x). Let x € R? with ||x|| = I and let k, £ > 0 with
k> €. Let y = ([kx] = x¢, e1, X1, ..., 6, x = 0) be a geodesic from [kx] (the
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FIG. 2. Depiction of the proof of Proposition 3.7. y is a geodesic from [kx] to O and y is the first
vertex of y after y passes through H. Because of the curvature assumption, y is close to £x.

point of 74 with kx € [kx]+ [0, 1)?) to 0. For z € Z¢, define T, to be translation
operator by z; that is, T, ((t,)) = (fe—;). Define G, = Ty, G ,_y, to be the shifted G
event. Then we have

37m

1
P(G/) < C4e_C5||xO—Z||2
o) <
and if we define
Ay ={G7 occurs for all z with ||z — xoll2 = M},

then

j -
(3.12) P(Ay)>1— Cge M

Let H be the hyperplane which is perpendicular to x¢ and passes through £x.
Let y be the first vertex in y contained in H or in the component of H¢ containing
0. Now set M = (k — £)/2 so that

(3.13) Iy = xoll2 = M

(if k — ¢ is large). Using this and the proof of [13], Proposition 3.2, one can show
that on Ay, for some Cg independent of x, k, £, one has

(3.14) |6 (y — x0, X, — x0)| < Cslly — xo0ll5°.

Let w be the orthogonal projection of y to the line spanned by x¢ (see Figure 2).
Then clearly we have ||lw — €x||2, ||[xo — kx||2 < C(d) for some C(d) depending
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only on d. So
ly —£€xll2 < lly —wll2 + [[w — £x]l2
< llxo — wll2tan |8 (y — X0, X» — x0)| + C(d)
< (llxo — kxll2 + [lkx — £xll2 + [[€x — w]2) tan |6 (y — x0, X — X0)|
+ C(d)
<Colk—0)'~*

(3.15)

—CioM'~?

if k — £ is sufficiently large. Let Bys p be the event that:

1. for any u with ||lu — xg|lo > M, T (u, xo) > D|lu — xoll2,

2. for any u with |lu — x|l < CjoM' ™%, T (¢x,u) < 2 M.

LEMMA 3.10. There exist Ci1, Ci2, C13 > 0 such that

P(Bj; ) < Crae”BM.

PROOF. By Lemma 2.4 and the fact that all norms on R¢ are equivalent, there

exist constants C14, C1s5 > 0 such that for all z € 74,
P(T(0,2) < Ci1llzll2) < Crae” 15l
This implies for any u with [[u — xgll2 > M,

P(T(M,Xo) <Ciil|lu —x0||2) < C146_C15||M—X0||2

(3.16)
< Cyge 1M,

On the other hand, let u be such that ||u — £x]|2 < C1oM!~%. Recall that Ee% <
oo. By bounding T (u, £x) above by the passage time of a deterministic path with
lu — [€x]||; many edges, we have

C C _
P(T(M, zx) > %M) < exp<_%aM)(Eeate)”u [€x]ll1
C _
< eXP(—%aM) (Eete)C1eM ™

C
= exp(_%OZM + (C16M1_8) log Eeat">.

So for M sufficiently large, we have

C
P(T(u, x) > %M) < e CM,
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and combining this with (3.16), we obtain
P(BICM,CU) < Clze_C13M. O

On Ay N By,c,,, we use (3.13) and (3.15) to estimate
T(0,kx) —T(0,¢x)=T(0,y) + T (y, kx) — T (0, £x)

=Ty, kx) =T (y, £x)

=T(y,x0) —T(y, £x)

Ci
> Crilly — xoll2 — TM

C
2 k=0,
From this, (3.12), and Lemma 3.10, we conclude
P(T (0, kx) — T(0, £x) = C1(k — ) = 1 — Coe~*=0%,

where C3 =1 —ns€(0,1). O

Fix alarge A > 0 and let F; be the event that for any edge e € 2¢B, 1, < Alogt.
Further define, for n € N, F, to be the event that for any edge e € (2n + 2)B,
to < Alogn. Note that for N € N large, if F; does not occur for some ¢ > N, then
F does not occur for some n > N (namely n = [¢]). Therefore, for A > - (d +3),

P(F; does not occur for some t > N) < Z Z P(t, > Alogn)
n>N eC(2n+2)B

<Cyy Z n? exp(—aAilogn)
n>N

By the Borel-Cantelli lemma, almost surely, F; occurs for all large 7.
For ¢t > 1 and ¢ > 0 to be determined, define

Ann'(1) = (t + ct'?logt) B\ (¢ — et/ logt)B.

We will decompose Ann’(¢) using rays, and count the intersection of 9, B(¢) with
these rays.

LEMMA 3.11. There exists C19 > 0 such that for each s > 1, there is a choice
of at most C195%~ 1 unit vectors v such that each cube y + [0, 14, y e 74, that is

completely contained in sB is intersected by at least one of the rays S, = {tv : t >
0}.
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FIG. 3. The shaded region is Ry(t,2p), and the region between the two light-colored lines rep-

resents the lattice points that comprise S; (t). The squares depict x + [0, DY and y + [0, D4 for
x,y € S;(t). Note that when x and y are far away from each other, then so are the corresponding
points kv; and Lv; on the ray S;(t). Also, |T (0,x) — T(0, y)| = |T(0, kv;) — T(0, £v;)]|.

PROOF. Choose any collection of at most Cros?! points yi, ...,y € dsB
such that for any y € ds13, there exists j € {1,...,r} such that ||y — y;[l2 < %
Define v; = y;/||yill2, i =1, ..., r and, letting x, ..., xx be the midpoints of the
cubes in 5B (k depends on s). Define z; = sx;/g(x;), so that z; € dsB. Choose m
such that [|z; — ymll2 < % and note that y,, € S,,,, so the distance between z; and
Sy,, 18 at most % Using similar triangles, one can see that the distance between x ;

and S, is also at most %, which proves the lemma. [J

For s = 2¢, let vy, ..., v, be the corresponding unit vectors from Lemma 3.11
and define S;(t) = S,, N Ann'(¢). If 7 is large then for each y € Z4 N Ann'(¢), there
exists i such that y + [0, 1)? intersects S; (r). We define

S; (1) = {y eZ4n Ann'(¢) : y + [0, l)d intersects S; (t)}.

For each y € Z4 N Ann/(¢), let Ry (t, p) be the set of points v € S;i (1) satisfying
[v—yll2 < p. For C; from Proposition 3.7, define G (¢, p) to be the event that
for any x € S; (t)\ Ry(t, p), we have [T (0, y) — T (0, x)| = C1p/2. Note that when
p is large enough (depending on the dimension), the inequality ||kv; — €v;|> >
p is implied by |lyx — yell2 > 2p, where yg, ye € S;(¢) are such that kv; € y; +
[0, )? and fv; € ve+ [0, ¥ (see Figure 3). Therefore, when p is large, G(z, 2p)
contains the event that for any &, £ with ||kv; — €v;||2 > p and kv; € y + [0, 14,
one has |T(0, kv;) — T (0, £v;)| = Cip. As there are at most O(tl/zlogt) many
points in S; (¢), by Proposition 3.7, for ¢ sufficiently large,

Coologt

P(Gy(f, (klogt)l/c3)) >1— Czotl/zlogl‘ . e—klogz =1 i
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This means

logt
P( N G (Mogt>”c3)> =1 - Cogmi g

yeAnn' (1)NZ4
If A is chosen large enough, another discretizing argument (similar in spirit to the
one applied to F; above) can show that (ycann/(1)nze Gy (1, (A log1)!/€3) occurs
for all large ¢ almost surely.

We moreover define
E;={(t — ct'*logt)BC B(t) C (t + ct'/*logt)B).

By (1.3), for some ¢ > 0, E; occurs for all large ¢ almost surely.
Now suppose that E;, F; and G(t, (Alog 1)1/ €3) occur for all y € Ann’(¢) N 74
and write

#0.B(1) <Y #[0.B(1) N E(S:(1))].
i=1

where E (S (2)) is the set of edges with at least one endpoint in S (). If #[0.B(t) N
E (S (1))] > 0, choose the first e € 9. B(t) N E (S (1)) in some deterministic order-
ing. Write e = {x, y} and assume, without loss of generality, that x € B(¢). Then
we have for ¢ large,

C
t<T©0,y)<TO,x)+1t <t+rlogt <1+ %(Alogt)l/q.

The third inequality holds because 7' (0, x) <t and we have assumed that F; oc-
curs. The last inequality uses C3 < 1. If f = {w, z} is another edge in 9. B(r) N
E(S; (1)), we also have the inequality

C
t<T,z7)<t+ gl(uogt)l/c3

for ¢ large if w € B(t). In such a case, we have [T (0,y) — T(0,z)| < %(A X
log#)!'/€3, and furthermore

¢ c
max IT(0,a)—T(0,b)| < l(klogt)l/c3+te+l‘f<_1()\10gt)1/C3.
ae{x,y},be{w,z} 4 5

Supposing without loss of generality that z, y € S;(z), this [along with the occur-

rence of Gy (¢, (Alog H1/63)] implies z € Ry (¢, (A logt)l/ C3), By construction of

S; (1), there are at most Cya (A log H1/Cs many vertices in Ry (¢, (Alog t)l/C*) SO
#[0. B(1) N E(Si(1))] < Caa(rlogn)V/ S,

which means
-
#0.B(t) <Y #[3:.B(t) N E(S;(1))] < Ca3(hlogt)!/Gr < Coa(hlogt)!/ 171
i=1
This inequality holds almost surely for all large ¢, which proves the theorem.
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4. Open questions. In Theorem 1.2, we show that under the condition P(z, =
0) < pe, almost surely, #3.B(t) < CtY"'E[Y A t] and #3'B(t) < Ct?~! for a
large fraction of time.

QUESTION 1. Is it true that almost surely, #d.B(t) < Ct4-1E[Y A 1] and
#3S'B(r) < Ct?~! for all large ¢?

Combining Theorems 1.2 and 1.3, we have bounds of the form
[t(1 = Fy()) v 1]t97 <#0.B(r) SE[Y Ar]rd™!

and we have seen [near equation (1.5)] that although the upper and lower bounds
are of the same order for most distributions, they can be quite different for distri-
butions with highly irregular tails.

QUESTION 2. For heavy-tailed and irregular distributions, what is the correct
order of #9.B(t)?

Last, under the uniform curvature assumption and an exponential moment con-
dition, we obtain almost surely,

#3.B(1) < C(log)€r?="  for all large ¢.

QUESTION 3. Can one remove the log term under further or possibly stronger
assumptions?
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