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Abstract

We obtain estimates for large and moderate deviations for the capacity of the range of a
random walk on Z¢, in dimension d > 5, both in the upward and downward directions. The
results are analogous to those we obtained for the volume of the range in two companion papers
[AS17al [AS19)]. Interestingly the main lines of the proofs we used for the latter apply as well in
this (seemingly different) setting, yet the details of the analysis are different.
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1 Introduction

We consider a simple random walk (S,,)nen on Z? starting from the origin. The range of the walk
between two times k < n, is denoted as R[k,n] := {Sk, ..., Sy} with the shortcut R,, = R|[0,n].
Its Newtonian capacity, denoted Cap (R,), can be seen as the hitting probability of R, by an
independent random walk starting from far away and properly normalized. Equivalently, using
reversibility, it can be expressed as the sum of escape probabilities from R, by an independent
random walk starting along the range. In other words, Cap (R,) is random and has the following
representations:

. ]POZ(HRn < 00 ‘ S
Cap (Rn) = lim o) ;; Poo(Hp =00 | 8S), (1.1)
x n

where Py, is the law of two independent walks S and S starting at 0 and z respectively, G(-) is the
Green’s function, and Hy (resp. H) ) stands for the hitting (resp. return) time of A by the walk S.

In view of , the study of the capacity of the range is intimately related to the question of
estimating probabilities of intersection of random walks. This chapter has grown quite large, with
several motivations from statistical mechanics keeping the interest alive (see Lawler’s celebrated
monograph [Law91]). The last decade has witnessed revival interests both after a link between
uniform spanning trees and loop erased random walks was discovered (see [LawSW1§|, [Hut18] for
recent results) and after the introduction of random interlacements by Sznitman in [S10] which
mimic a random walk confined in a region of volume comparable to its time span.
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The study of the capacity of the range of a random walk has a long history. Jain and Orey [JO69]
show that in any dimension d > 3, there exists a constant v, € [0, 00), such that almost surely

lim lCap(Rn) = 7g¢, and ~g >0, if and only if, d > 5. (1.2)
n—oo N
The first order asymptotics is obtained in dimension 3 in |C17], where Cap(R,) scales like \/n.
Dimension 4 is the critical dimension, and a central limit theorem with a non-gaussian limit is
established in [ASS19D]. In higher dimension a central limit theorem is proved in [Sch19] for d = 5,
and in [ASS18] for d > 6.

Here, we mainly study the downward deviations for the capacity of the range in dimension d > 5,
in the moderate and large deviations regimes. We also establish a large deviations principle in the
upward direction. Our analysis is, as in our previous works [AS17al [AST9], related to the celebrated
large deviation analysis of the volume of the Wiener sausage by van den Berg, Bolthausen and den
Hollander [BBHOI]. The folding of the Wiener sausage, under squeezing its volume, became a
paradigm of folding, with localization in a domain with holes of order one (the picture of a Swiss
Cheese popularized in [BBHOI]). The variational formula for the rate function was shown to have
minimizers of different nature in d = 3 and in d > 5 suggesting dimension-dependent optimal
scenarii to achieve the deviation. For the discrete analogue of the Wiener sausage, we established
in [AS17a, [AS20] some path properties confirming some observations of [BBHO1].

Main results Our first result concerns the large and moderate deviations in dimension 7 and
higher. In this case we obtain upper and lower bounds for the moderate deviations which are of
the same order (on a logarithmic scale), and we cover almost the whole non-Gaussian regime (see

Remark below).

Theorem 1.1. Assume d > 7. There exist positive constants €, k and & (only depending on the
dimension), such that for any n'T . logn < ¢ <en, and for n large enough,

2

exp (—x-(1777) < P(Cap(Ry) ~ ElCap (Ra)] < —¢) < exp (5 777).

Remark 1.2. In dimension 7 and higher it is known [ASS18] that the variance of Cap(R,,) is of
order n, so the cost of deviations should jump from a Gaussian regime with speed ¢2/n, to a regime
with speed of order ¢(!~2/(4=2) with a transition occurring when both speed are equal, that is for
¢ of order n(@=2/4 So our result covers (almost) the whole non-Gaussian regime.

In dimension 5, we obtain similar estimates, but we do not reach the Gaussian regime:

Theorem 1.3. Assume d = 5. There exist positive constants €, k and &, such that for any
nb/7 logn < ¢ < en, and n large enough,

2 2
exp (= (5)) < P(Cap (Ra) = BCap (Ro)] < ~0) < exp (- (5)17).
Remark 1.4. In d = 5, the variance of Cap(R,,) is of order nlogn, [Sch19]. Thus, the moderate
deviations should pass from a gaussian regime with a speed of order ¢2/(nlogn), to a large deviation
regime with a speed of order (¢2/n)'/3, with a transition ocurring for ¢ of order /n(logn)®*. Note
that in the case of the volume of the range a similar transition has been established by Chen

[Chenl0] in dimension 3 (in fact he obtained even stronger asymptotics in this case), see also
[AST9].



Remark 1.5. In dimension 6 our result is less precise. One can only show that

exp (- C'?) < P (Cap (Ry) ~ E[Cap (Ry)] < —¢) < eXp<}WogOuZ)'CU2>‘

Our next result provide path properties of the trajectory under the constraint of moderate devi-
ations. To state it, one needs some more notation. Define for » > 0, and = € Z%, the cube of
side-length r, as

Q(z,r) = [z — %,x + g)d nzd.

Given A C Z% and n > 0, let £,(A) be the time spent in A before time n. For p € (0,1], and r,n
positive integers, we let

Cu(r, p) = {z e rZe : 0,(Qz,7)) > pri}, and Vo(r,p) = U Q(z,r). (1.3)

2€Cn (r,p)
Define also for a sequence of values of deviation (()n>1,
Gl ifd=>5 noifd=5 5/7 ifd=5
Ptyp -= —2/(d—2 typ *= : and  Xa:=19§ 42 .
G spd >, o ifd>T, =2 ifq>T.

Theorem 1.6. Assume d =05, ord > 7. There are positive constants o, 3, € and C, such that for
any sequences (Tn)n>1, and (Cn)n>1, satisfying

rg_thyp > Clogn, and nX?-logn <, <en,
one has

lim P (4, (Vn(rn, Bpuyp)) > a Ty | Cap (Ry) — E[Cap (Ry)] < —() = 1.

n—o0

The final result concerns the upward deviations. Our decomposition ([1.4]) allows us to adapt a
beautiful argument of Hamana and Kesten, [HK], written for the volume of the range of a random
walk.

Theorem 1.7. Assume d > 5. The following limit exists for all x > 0:
n—oo

Yq(x) := — lim %logP(Cap (Ry) >n-x).

Furthermore, there exists a constant v > ~q (defined in ), such that the function g is
continuous and convex on [0,7}], increasing on [vq,7;], and satisfies

=0 if x < g
¢d($) € (07 OO) fo € (’Yd?’}/s]
= 00 if x>y

We also obtain Gaussian upper bounds (up to a logarithmic factor) in the regime of moderate
deviations, see Proposition [2.4]



Our approach to downward deviations. The cornerstone of our approach is a decomposition
formula obtained in [ASS19al:

VA, B finite sets of Z, Cap (AU B) = Cap (A) + Cap (B) — xc(4, B), (1.4)

where yc(A, B) called the cross-term has a nice expression. In this work, the decomposition
allows us to follow a simple approach devised in [AS17a], and later improved in [AS19], to study
downward deviations for the volume of the range in dimensions d > 3. We partition the time-period
of length n into intervals of length T' < n, and by iterating appropriately one can write our
functional of the range, Cap (R;,), as a sum of i.i.d. terms minus a certain sum of cross-terms of the
form x¢(Rir, RliT, (i + 1)T]), with i going from 1 to |[n/T"|. The so-called corrector, is the sum of
these cross-terms that we integrate over R[iT, (i + 1)T]. We then show that for some appropriate
time-scale T it is this corrector which is responsible for (most of) the deviations. The final step
is to estimate the cost for such deviations. This analysis is similar to the corresponding one for
the volume of the range that we performed in [AS19], but it also requires some new ingredients, in

particular Lemmas and

Heuristics. We use the sign & to express that two quantities are of the same order. As already
mentioned, the first step in this work is a simple decomposition for the capacity of a union of sets
in term of a cross-term

xc(4,B) =~ QZ Z Po(Hf =o0) -Gz —y) - Py(Hf = 0), (1.5)
xe€AyeB

see (2.9) and for a precise expression. The key phenomenon responsible for producing a small
capacity for the range of a random walk is an increase of the cross-term on an appropriate scale.
In other words, the walk folds into a ball-like domain in order to increase some self-interaction
captured by the cross-term. Now to be more concrete, let us divide the range R[0,2n] into two
subsets R[0,n] and R[n, 2n]. Let us call, for simplicity R. = R[0,n] — Sy, and R2 = R[n,2n] — S,
the two subranges translated by S, so that they become independent. By translation invariance of
the capacity, we obtain

Cap (R[0,2n]) = Cap (Ry,) + Cap (R},) — xc(Ry, Ry).-

Now, assume that both walks stay inside a ball of radius R a time of order 7 < n, and are
unconstrained afterward. Thus, under the strategy we mentioned,

xc(RyL,RZ) =~ G(R) x Cap (RY) x Cap (R2) + O(G(v/n)n?)

~ G(R)(min(r, R*))* + O(n"7"). (1.6)

The term O(G(\/ﬁ)ng) appears if 7 is smaller than n, and accounts for the unconstrained con-
tribution to the cross-term. In obtaining , we have used that if R, R2 are inside a ball of
radius R, their capacity is bounded by the capacity of the ball, which is of order R4~2, as well as
by their volume bounded by 7. Thus, it is useless to consider 7 larger than R¢~2, since then 7 no
more affects the cross-term and increasing 7 (or decreasing R below 7) only makes the cost of the
strategy larger. Now, to reach a deviation of order (, we have

1

WTQ ~ C (17)

Recall that the cost of being localized a time 7 in a ball of radius R is of order exp(—7/R?) (up
to a constant in the exponential). So we need to find a choice of (7, R) which minimizes this cost
under the constraint (1.7). In other words one needs to maximize /C - R(4~6)/2. This leads to two
regimes.



e When d = 5, R (and then 7) is as large as possible. So, 7 = n and R*"2 = n2/{ by (1.7).
The strategy is time homogeneous for any (!

e When d > 7, then 7 is as small as possible, that is 7 = R%2 = (. The strategy is time-
inhomogeneous.

When d = 6, the strategy remains unknown, but the cost should be of order exp(—+/C).

Application to a polymer melt. The model of random interlacements, introduced by Sznitman
[S10], is roughly speaking the union of the ranges of trajectories obtained by a Poisson point process
on the space of doubly infinite trajectories, and is such that the probability of avoiding a set K
is exp(—u - Cap (K)), where u > 0 is a fixed parameter. With this in mind, let us consider the
following model of polymer among a polymer melt interacting by exclusion. We distinguish one
polymer, a simple random walk, interacting with a cloud of other random walk trajectories modeled
by random interlacements which we call for short the melt. The interaction is through exclusion:
the walk and the melt do not intersect. When integrating over the interlacements law, the measure
on the walk with the effective interaction has a density proportional to exp(—u - Cap (R,)), with
respect to the law of a simple random walk.

As a corollary of our deviation estimates, one can address key issues on this polymer. Since this
follows in the same way as the study of the Gibbs measure tilted by the volume of the range was a
corollary of [AS17al, we repeat neither the statements, nor the proofs here. The simplest and most
notable difference is that the proper scaling of the temperature which provides a phase transition
is when it is of order n=2/(4=2) in dimension d > 5. Moreover, our polymer measure in dimension d
behaves similarly as the polymer measure of [ASI7a] in dimension d — 2. Theorem 1.8 of [AS17al
is true here also after the drop in dimension is performed.

Organization. Let us explain how the rest of the paper is organized while sketching the skeleton
of our approach. The key decomposition relation is given for arbitrary sets in and for
the range in . Section [3, and more precisely Proposition makes the link between downward
deviations for the capacity and upward deviations of a corrector. The corrector itself is studied
in Section [l Propositions and imply the upper bounds respectively in Theorems and
as well as Theorem In Section [2, we recall basic facts on Green’s function, and on the
Newtonian capacity. In Section [5] we prove the lower bounds in Theorems and Finally, we
prove Theorem concerning the upward deviations in Section [6]

2 Preliminaries

2.1 Further notation

For z € Z%, d > 5, we denote by P, the law of the simple random walk starting from z, and let

Z 1{S, = z}] ,

n=0

G(z):=E

be the Green’s function. It is known (see [Law91]) that for some positive constant C,

G(z) < ¢

< ————— forall z € Z, (2.1)
[2]]2 +1

5



with || - || the Euclidean norm. We also consider for T > 0, and z € Z9,

T
Z 1{S, = z}] .

n=0

Gr(z):=E

In particular for any z € Z%, and T > 1,
P(z € Rr) < Gr(2). (2.2)
For A C Z%, we denote by |A| the cardinality of A, and by
Hy:=inf{n>0: 5, € A}, and HY:=inf{n>1: 5, € A},

respectively the hitting time of A and the first return time to A.

We also need the following well known fact, see [Law91]. There exists a constant C' > 0, such that

for any R > 0 and z € Z¢,
R d—2
P, (inf [|Sg]| <R | <C-|-— . (2.3)
k>0 Iz

2.2  On the capacity
The capacity of a finite subset A C Z¢, with d > 3, is defined by

. 1
Cap(A) := Hzl||1§oo @PZ(HA < 00). (2.4)

It is well known, see Proposition 2.2.1 of [Law91], that the capacity is monotone for inclusion:
Cap(A) < Cap(B), for any A C B, (2.5)
and satisfies the sub-additivity relation
Cap(A U B) < Cap(A) + Cap(B) — Cap(AN B), forall A, B c Z%. (2.6)

Another equivalent definition of the capacity is the following (see (2.12) of [Law91]).

Cap(A) = > Py(Hy+ = 0). (2.7)
z€EA
In particular it implies that
Cap(A) < |A|, forall A c Z4. (2.8)

The starting point for our decomposition is the definition (2.4)) of the capacity in terms of a hitting
time. It implies that for any two finite subsets A, B C Z¢,

Cap (AU B) = Cap (A) + Cap (B) — xc(4, B), (2.9)
with
xc(A, B) = Zlijgo @]P’Z({HA < oo} N{Hp < x}). (2.10)

Note that by (2.4) and the latter formula, one has

0 < x¢(A, B) < min(Cap(A), Cap(B)). (2.11)



Now, we have shown in [ASS19b] that x¢(A, B) = x(A, B) + x(B, A) — ¢(A, B), with
X(A,B) =) ") P.(Hj p=00) Gz —vy) Py(H} =), (2.12)
reAyeB

and,
0<e(A,B)<Cap(ANB)<|ANB],

where the last inequality follows from (2.8)).
We will need some control on the speed of convergence in ([1.2)).

Lemma 2.1. Assume d > 5. One has

[E[Cap(Rn)] — van| = O(¢a(n)), (2.13)
with
Ja ifd=5
Ya(n) =< logn ifd==6 (2.14)
1 ifd>T.

Proof. By Proposition 1.2 in [ASS18], one has the rough lower bound:

n n+m

Cap(Rp4m) > Cap(Ry) + Cap(Rln,n+m]) =23 Y G(S — Sy),
k=0 f=n

for any integers n, m > 1. Even though a better inequality is used in below, this result together
with the subadditivity relation are enough to conclude the proof, using Hammersley’s lemma
and Lemma 3.2 in [ASS18], which controls the moments of the error term in the lower bound. For
the details, we refer to the proof of (1.13) in J[AS17b|, which is entirely similar. O

The next result provides some useful bounds on the variance of the capacity of the range, which
were obtained in [Sch19] in case of dimension 5, and in [ASS18] in higher dimension.

Proposition 2.2. One has,

var(Cap(Ry)) = { gEZ)lOg " Zzg ; 2

Remark 2.3. Actually sharp asymptotics are known: in dimension 5, one has var(Cap(R,)) ~
osnlogn, and in higher dimension var(Cap(R,)) ~ ogn, for some positive constant (o4)q>5, see
respectively [Sch19] and [ASS1S].

As a consequence of the previous results one can obtain Gaussian type upper bounds for the
moderate deviations in the upward deviations.

Proposition 2.4. There exist positive constants (cq)a>s5, such that for any n > 2, and X\ > 0,

exp —65'71(10’\7;1)3) ifd=5

P(Cap (Ry) — E[Cap (Ra)] = A) < { exp (—c - oy ) i d =6

exp | —cq - ’\—2> ifd>"T.

n



Proof. For simplicity let us concentrate on the proof when d = 5. We will explain at the end the
necessary modifications to the proof when d > 6. Note first that one can always assume that ( is
smaller than n/2. We use now repeatedly along a dyadic decomposition of {0,...,n}. This
gives for L > 1, with mp, := |n/2%],

Cap (R Z Cap < ) Z >,

where the R%)L are consecutive pieces of the range of length either my or my + 1, and

221

ZXC 2] 1) 73(%))
with similar notation as above, in particular my = |n/2¢|. Thus,

P(Cap (R,) — E[Cap (Rn)] > ¢) <P ZCap (R@ ) — E[Cap (R@ ) > >+ ZIP’( D S 2%)(2.15)

We fix now L, such that n/{ < my < 2n/(. The first term in (2.15)) is ruled out using Bernstein’s
inequality, and Lemma which give

2L 9
ZCap <R7(72)L> E[Cap (R( Y )] > (/2| <exp ( C) , (2.16)

n logmp,
for some constant ¢ > 0. Concerning the sum in (2.15)), note first that by (2.13)), one has

E[%] = 0(2"7Vn),

for any ¢ > 1. Therefore, one can assume that ¢ is such that 2¢/ 2\/n > cC/L, for some constant
¢ > 0, for otherwise the corresponding probability is zero. For such £ one has by using standard
concentration results (see Theorem 4.4. in [CLO6]):

P (B 5> 57 ) <o (_C\/WH EagraTe) < <‘7~L<I§z>3> ’

which completes the proof in case d = 5. In case d > 6, the variance is linear. So first, the term
log mp, can be removed in (2.16). Moreover, in case d = 6, one has E[%,] = O(2¢logn), and thus
only the £’s such that ¢ > 2¢ > ¢(¢/logn need to be considered. There are order loglogn such
integers, and for each of them one has by the same argument as above,

__ <
C'loglogn

P <E[E@] -3 > ) < exp(—c¢?/(loglogn)?),

which concludes the proof in case d = 6. The case d > 7 is similar, since this time E[X,] = O(2),
and thus there are only a bounded number of integers £’s that need to be considered. O



3 Transfer of downward deviations to the corrector

The possibility of establishing the heuristic picture described in the introduction stems from writing
the capacity of a union of sets as a sum of capacities and a cross-term. The latter though typically
small is nonetheless responsible for the fluctuations. Iterating this decomposition leads to an
expression of the capacity of the range as a sum of i.i.d. terms minus a sum of cross-terms. The so-
called corrector is obtained by summing appropriate conditional expectations of these cross-terms.

Our first result in this section, Lemma provides an explicit expression for (what turns out to be
an upper bound for) this corrector in terms of a sum of convoluted Green’s functions taken along
the trajectory and weighted by escape probability terms. We then recall a result from [AS19], which
relates the deviations of the capacity to those of the corrector, which we state here as Proposition
1.2)

Thus, the strategy is similar to the one used to treat downward deviations for the range developed
in [AST9]. However the form of the corrector is slightly different. Roughly it involves a convolution
of the Green’s function with itself together multiplied by escape probability terms, where in [AS17a]
only the Green’s function appeared.

A detailed analysis of this corrector is carried out in Sections [£.4] and Before we can state
precisely the result, some preliminary notation is required.

For I C N, we write R([) := {Sk, k € I}, for the set of visited sites during times k € I. Since for
any two intervals I,.J C N, one has R(I U J) = R(I) UR(J), (2.9) gives

Cap (R(IU.J)) = Cap (R(D)) + Cap (R(J) — xc (R(1). R(J)). (3.1)

Next, given two sets A and B, their symmetric difference is defined as AAB := (ANB°)U (BN A°).
Note in particular that for any I,J C N, one has R(I)AR(J) C R(IAJ). Moreover, it follows

from (2.5)), (2.6) and (2.8) that for any A, B C Z¢,

|Cap(A) — Cap(B)| < Cap(AAB) < |AAB|.
Applying this inequality to ranges on some intervals I and J, we get
|Cap(R(I)) — Cap(R(J))| < |[IAJ]. (3.2)
Now given some integer T' < n, we define for 7 > 0 and k > 1,
Lip=0+k-1Tj+kT), and I :=1LU---UlLj.

It follows from ({3.2]) that almost surely

N

1 ~

|Cap(Rn) — T 2 Cap(R(Lj,|n/r)))| < T. (3.3)

<.
Il
o

On the other hand, applying (3.1)) recursively we obtain for any j =0,...,7 — 1,

|n/T| [n/T]-1 _
Cap(R Gln/T])) Z Cap(R Z Xc (R(Ij,k)vR(Ij,kH))' (3-4)
k=1
Define now
= [n/T] ~
T):= E [XC (R(Lj.0)s R(Ije41)) | 7, j+€T} )
=0 ¢=1



and

=YY B (g, = o) GEOTE 5, (35)

k=0zx€Ry

Lemma 3.1. One has, foranyn >1 and 1 <T <n,
& (T) < 280(T).
Proof. By (12.12)), for any sets A and B,

X(A,B) <X(A,B):=> > P.(H ) -Gz —y) Py (Hf = 0).
z€AyeEB

Note that Y is symmetric in the sense that x(A, B) = X(B, A), for any A, B. Bounding the last
probability term by one, we get

X(A, B) + x(B, A) <2X(A, B), with X(A,B):=» > P.(H ) -Gz —y).
z€AyeB

Now for any j, k, the Markov property and translation invariance of the simple random walk give

E [X(RU), RUist) | Fronr| = Y0 Bollfp  =00) Y Gla—y)-P(y € R(Lus1) | Frenr)
2€R(I; 1) yezd
< > P H+(]k)—oo) G Gr(x — Sjixr),
CEER([ k)
and the lemma follows using ((3.4)). O

We then obtain the main result of this section. The proof is exactly the same as for Corollary 4.2
in [AS19], and is thus omitted.

Proposition 3.2. There exists a positive constant c, such that for anyn > 2 any 1 <T <mn, and

any C > nlogn;

P (Cap(Ra) — E[Cap(R)] < ~C) < 2T exp(c ) + B (64(T) > cC).

Remark 3.3. In dimension 5, the mean of &,(T) is of order n/v/T. So the upper deviations for
&n(T) start to decay only for ¢ > n/ VT, and since on the other hand one needs to take T at most
of order (¢n)'/3, to ensure the term exp(—c¢/T) to have the right decay, this imposes the condition
¢ > n5/7. In particular the approach we have here has no chance to work up to the Gaussian
regime. On the other hand in dimension 7 and higher, the mean of &, (7T) is of order n/T, and T
can be chosen of order ¢2/(¢=2) which only imposes the a priori condition ¢ > n(¢=2/4 leaving a
chance to cover entirely the non-Gaussian regime.

4 Upper Bounds

We prove here the upper bounds in Theorems [I.1] and [I.3] as well as Theorem [1.6, thanks to
Proposition 3.1 in [AS19].

10



4.1 Basic estimates

For r > 0, and = € R?, we recall that
Qz,7) =[x —r/2,x +7/2)¥ N7,
and for simplicity let also Q(r) := Q(0,r).

Lemma 4.1. Assume that d > 5. There exists a constant C1 > 0, such that for any r > 1, and
any A C Q(r),

Z 2T +1 4+1 P, (Hf =o0) < Cy77°, (4.1)

TEA
Proof. Without loss of generality, one can assume r > 2. For ¢ > 0, write

A= AN (Qr27N\Q(r27 1),

and define L := |logr|. Then, for some positive constants Cy and C1,

Z ||x”d 4+1 P,(Hy =o0) < Z Z zl[&* + 1 4+1 P, (Hy = o)

i=0 x€A;

L ; L ;
2z+1 . 2z+1 _
< Z( d 4Cap (A) < Z( " )d 4Cap <Q(%)>
=0 1=0
L .
2itl L T\ d—
< Cy Zz(; " ) ! (5) < Oy

The second result we need is the following.

Lemma 4.2. Assume d > 5. There exists a constant Cy > 0, such that for any x € Z¢, and any
T>1,
G * GT(x) . 1 1
or(z) i = ——* < (Cy-min —, — .
T L [f| =27 T (1 + [l]|4=4)

Proof. First Gp < G, so that GxGp < G*G, and an elementary computation gives that GxG(z) <
Co/(1 + ||z||?=%), for all z € Z%, and some Cy > 0. This already proves one of the two desired
bounds.

For the other one write, by definition of G,
T
GxGr(z) =Y Gz —y)Grly) =Y E[G(z - S)]. (4.2)
yEZa k=1

Let 7 be the hitting time of the cube Q(x,2) for the walk starting at 0, and note that one can
assume ||z| > 4. Since G is harmonic on Z%\{0}, we have for any k > 0, E[G(x — Sgar)] = G(2).
This entails

G(z) =E[1{r > k}G(z — Si)] + E[1{7 < k}G(z — S;)] > E[G(x — Sk)] — E[1{7 < k}G(x — Sk)].

11



Now, we use that G(x) is bounded by G(0), so that the previous inequality gives

E[G(z — Sk)] < G(z) + GO)P(r < o0) < (14 CG(0)) - G(z),
for some constant C' > 0. Injecting this in (4.2]) and using (2.1), proves the second inequality. [J

Our last estimate requires some new notation. For a (deterministic) function S : N — Z% (not
necessarily to the nearest neighbor), and for any K C N, we define for any A C Z<,

Ue(A) =) " 1{S(k) € A}.
ke

Lemma 4.3. Assume d > 3. Let S : N — Z%, and K C N, be such that for some p € (0,1) and
r>1,

U (Q(z,m)) < plQ(r)], for all z € rZ°.
There exists a constant C3 > 0 (independent of p, v, S, and K), such that for any z € Z¢,
1(|S(k) = z[| = 2r) 1-2 |12/
< C KPP, 4.3
2 s e < G )

Proof. We start by proving that for any R > 2r, and any z € Z,

3 1(2r < ||S(k) — 2| < R)

< 2, 4.4
15k — a2 = Carkt (44)

kel

Consider a covering of the cube Q(z, R) by a partition made of smaller cubes homeomorphic to
Q(r), with centers in the set z + rZ?. For each = € z + rZ?, with = # z, the contribution of the
points S(k) lying in Q(z, ) to the sum we need to bound, is upper bounded (up to some constant)
by pre- ||z — z||>~¢, and follows as we observe that, for some constant C' > 0,

1{r<l|z—z| < 2
> M <ol
xE€z+rZd ||Z N l‘H "

We then deduce (4.3), by observing that by rearranging the points (S(k))kex, one can only increase
the sum (at least up to a multiplicative constant) by assuming they are all in Q(z, 2('%‘)1/ 4), and
still satisfy the hypothesis of the lemma. O

4.2 The sets IC,

We recall here our main tool from [AS19], which requires some new notation: for r > 0, we define
A(r):={CcZ?:|C| < oo, ||x—y| > 2dr for all x #y € C}.

Then for n > 0, and A C Z?, define the time spent in A by the walk up to time n as
lo(A) =) 1{S, € A}.
k=0

Finally given p > 0, r > 1, and n > 1, set

Kn(r,p) :={k <n: £,(Q(Sk, 7)) = plQ(r)]}- (4.5)

12



Theorem 4.4 ([AS19]). There exist positive constants Cy and K, such that for any p > 0, r > 1,
and n > 1, satisfying
pri=2 > Cylogn, (4.6)

one has for any L > 1,

P(fCu(r,p)| 2 L) < Coexp (—npi L5,

4.3 Dimension seven and larger
We assume here that d > 7, and fix in this case the value of T' as
7= [
c

Under the event of moderate deviations considered here (when the capacity of the range up to time
n is reduced by an amount ¢ from its mean value), the walk typically folds its trajectory a time of
order (, in a region of volume ( d/(d=2) Thus the typical density of the range in the folding region
is

2

p:=( a2,
Define p;, r;, and L;, for ¢ € Z, by

pi:=2"7, r4=2 . p; = Cylogn, and L;=¢- 2d2—i2,

(]

with Cp as in Theorem Let then Ko := Ky (ro,p), and for ¢ > 1,

Ki=Kn(rip)\ | U Knlrjip) |, and Ki=Ku(roi,p-)\ | | Knlrjp))

0<j<i —1<j<0

Define for A > 0,6 > 0, and [ € N,

g8 = N {Ii@\ géLZ} N (ﬂ{v@-y gALZ-}> N (ﬂ{y@ SALZ}).

0<i<I i>1 1<0

Proposition 4.5. For any A > 0, there exist § > 0 and I > 0, such that for any n > 2, and
n'T “logn < ¢ <mn,
E(A,6,1) € {&(T) < ¢}

Proof. We note that
§n(T) < Xp + X + 233 + 254 + 285 + 2%,

where

Sii= ) Y er(e = Sp)Pe(Hz, = o0) - 1{z € Q(Sk, VT)},

keKo TERE
Sai= 3 Y er(Sw - Si) - 1{Sw £ Q(Sk, VT)},
keko k'eko

Ssi= > Y erl@— 5 {z € Q(Skri-1) \ Q(Sk, 7o)},

i>1 peR, TER
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Y= Z Z Z (PT(x - Sk) : l{.%' € Q(S]ﬂro)}’

i>1 pef, vERy

Ssi= Y Y > > er(Sk —Sk) - L{Sk ¢ Q(Sk, 1)},

i1 kel@ Jj=i kleﬁj

= > > or(Sk — Sk) - 1{Sk & Q(Sk,m-1)}-

keko 121 kel

Now assume that £(A,d,I) holds. By Lemmas and one has
$1 < C1CalKo| < %,

provided § < 1/(6C1C3). Furthermore,

I€ 2
Yo < CQ| d0,|2
T%

IN

[y

provided again that ¢ is chosen small enough.

Next by definition, when k € I@, the density in the shell Q(Sk, ;)\ Q(Sk,rj—1) is bounded by p;_1,
for all 1 < j < i. Therefore, letting J being the smallest integer such that r; > /7T, and C' > 0
some constant,

J—1 i—1 d
J

Z3§C2Z|’€i’ Zijd] "'2_310{2
" j

i>1 j=J

<Clogn2|l€\ i }1 +

i>1 J

1
<Clogn2|l€|{ -

i>1 To

1 1
<Cnlogn§ ——%+—a3 i,
Trg T3 12

at least for n large enough, since % < ¢, by hypothesis. Similarly,

,p

:J

.

4/d 4/d

0 d
~ r.op_. pPiTs
24 S CZZ|IC1| lT ! + Z Tjd]4}
= J
1

i>1 j=—i

N r4/'dp4/‘d 0
< Clogn y JIKil ) =7+ >~

i>1 j=—i= ]

r4/dp4/d 1
< Clogn ) |Ki| { Tt T}

1>1

Cn(log n)1+d<d4—2) ¢
< <
- T -1

\)
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using again the hypothesis on ¢. Eventually by (4.3)), we get for some constant C' > 0,

~ ~ 2 ~ 4 s1-2
S5 < Co 31K Y K 0) 1 < CoAME YT |y Y 2 90D

i>1 j>i i>1 §>i

, , ; 12’
i>1 i<l i>1

choosing first I large enough, and then § small enough. Exactly the same argument gives as well
Y6 < ¢/12, and this concludes the proof of the proposition. ]

4.4 Dimension five

We assume here that d = 5 and prove the upper bound in Theorem We fix here

7= [ (0n)')

and
5= C5/3 n-7/3

Define next p;, r;, and L;, for i € Z, by
pi =217, r? - p; = Cplogn, and L;,:=n- 2*%,

with Cy as in Theorem [4.4] Let then for ¢ € Z,

Ki == Ka(ri,p) \ | | Kn(r,p5)

j>1

Finally, for A > 0,6 >0, and I € N, let

gAT = N {\I@|§5Li} m(ﬂ{|l€i|<ALi}).

—I<i<I i>1

Proposition 4.6. For any A > 0, there exist 6 > 0 and I > 0, such that for any n > 2, and
n®/T-logn < ¢ <n,
E(A,6,I) € {&(T) < (}.

Proof. Let
Ko := U Kn(ri,pi) | s
i>—1

and then note that
gn(T) <21 4 230 + X3 + Xy,

where,

= ) > erle— Sk -z e Q(Sk )},

i>—1 kEiC\i TER
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Se= ) > > > er(Sw — Sk) - 1{Sk ¢ Q(Sk,j11)}

i>—1 e, 0<iSi ek,

Yg = Z Z QOT(J} — Sk) . l{a; € Q(Sk,T_])},

kEIE() TER

Le= ) Y er(z—5) - Lz ¢ Q(Sk.r-n)},

kEi&o TER

Assume now that the event £(A,d,I) holds. Let J be the smallest integer, such that r; < v/T.
One has for some constant C > 0,

I

Si<C ) K| Y U > Py o gnlon
R W B PN B BV
i>—1 <j<J J j>max(i,J)

o [

by hypothesis on . The same argument gives as well X3 < (/4.
Using next Lemma

S <Ci0y Y Kl > K1)

i>—T —I<j<i
<o, SR Y 2D
n i>—1I —I<j<i
SCC-{6 > 27 B ANy 2B g%,
—I<i<I i>I

taking first I large enough, and then § small enough. The same argument gives as well ¥4 < (/4,
which concludes the proof of the proposition. O

5 Lower Bounds

We prove here the lower bounds in Theorems [I.1] and In fact in dimension 5 the result covers
a larger range of possible values for (.

Proposition 5.1. Assume d = 5. There exist positive constants €y and k, such that for anyn > 2,
and any /n(logn)® < ¢ < eon, one has

P(Cap (Ry) — ECap (Ru)] < —0) > expl—s- (£)19)

Proof. The proof of (2.12) in [ASS19b] reveals that for any finite A, B C Z?, one has also
Cap(A U B) < Cap(A) + Cap(B) — xo(A4, B), (5.1)
with

Xo(A,B) = Y Y P.(Hf 5 =00)Gy — 2)Py(H} = ).
z€A\B yeB
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Now given n > 1, set £ = | {;], and m = n — £. We apply (5.1) with A = R,, and B = R[m,n].
Fix €9 > 0 (later chosen small enough), and define

E :={Cap(R,) > —eon},

where we use the notation Cap (R,) for the centered capacity. Using (5.1), Lemma and
Proposition we deduce that for some constant ¢ > 0,

P (—eon < Cap (Ry) < —¢) > P(E, xo(Rm, R[m,n]

) = 4¢) = P(Cap (Rm) = ()
—P(Cap (R[m,n]) > ¢

) - (5.2)
> P(E, Xo(Rm, R[m,n]) = 4¢) — 2exp(—c W).

Note that when ¢ > /n(logn)?, then ¢2/(n(logn)?) > (logn)(¢2/n)'/3, and therefore the last term
above is negligible. Now, let p > 0 be some small constant (to be fixed later) and consider the
event

Fo={|ISk]| < p-n*3¢7V3, forall k < n}.
Note that by (2.1)) and (2.7)), on the event F,

¢

X0(Rm, R[m,n]) > ¢, - ol Cap(R[m,n]) - (Cap(R,) — Cap(R[m,n])), (5.3)

for some constant c, > 0, going to infinity as p goes to zero. Furthermore, by (2.6]), one has
Cap(R,) < Cap(Ry,) + Cap(R[m, n]),

and thus by Lemma [2.1] and Proposition [2.4] by taking €y small enough, we get for n large enough,
l
P <Cap<7z[m, ) 75 B) < P(Cop(Ro) 2 a(m + £/3)

—— l , N
< > — | < —C ——
< (T () 205 ) < e (e i ).

for some constant ¢ > 0, and with 5 as in (1.2]). Similarly one has for some possibly smaller
constant ¢’ > 0,

P (Cap(Ra) ~ Cap(Rlm. ) < 03, B) < P (Cap (Rl ) 2 o0f) < exp (o).

(logn)?
Then (5.3) gives
CPV52 Cp'752
> P(ENF) —2 L
> PENE) exp( c(logn>3>
> P(F) — P(ES) — 2 —d—" ).
> B(r) () ~ 20 (<)

Coming back to (5.2)), and choosing p, such that ¢, > 300/42, we deduce that

P (Cap (Ry) < —¢) = P (—eon < Cap (R,) < —¢) +P(E°)
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n

= B 2o <_CI 3) — 2exp(—c(logn) - (**n~'7%).

(logn)
Moreover, it is well known that for any p > 0, there exists x > 0, such that
P(F) > exp(—r-(**n~1/?),

and this concludes the proof. O

In dimension 6 and more the result reads as follows.

Proposition 5.2. Assume d > 7. There exist positive constants g, K and k, such that for any
d—2
n>2and any Kn a2 < ( <ggn, one has

P(Cap (Ry) — E[Cap (Ry)] < —¢) = exp (—x-¢'777).
In dimension d = 6, the same result holds for ndff(log logn)? < ¢ <egn.

Proof. We prove the result for d > 7 to keep notation simple, but the same argument works as well
for d = 6. Set £ := [5(/vq]). Using (2.6)), Lemma 2.1} and Proposition we obtain that for some
constant ¢ > 0,

P (Cap (Rn) < =¢) > P (Cap (Ry) < =3¢) — P (Cap (R[f,n]) > )
C2
=),

at least provided ( is large enough, which one can always assume. Now the hypothesis on ¢ implies
that the last term is negligible, provided K is chosen large enough, and by the same argument as
in the proof of Proposition one can see that the first term on the right-hand side is of the
right order (which is of the order of the event F' where the walk stays confined in a ball of radius
d¢1@=2)  with ¢ > 0 small enough, during the whole time ¢). This concludes the proof of the
proposition. O

> P (Cap (Ry) < ¢) — exp(—c-

6 Upward Deviations

We prove here Theorem (1.7, Thanks to our decomposition (2.9), we can adapt the approach of
Hamana and Kesten [HK], who proved a similar result for the size of the range.

The approach of Hamana and Kesten is based on first proving an approximate subadditivity relation
for the probability of upward deviations, that is the existence of some constants x € (0,1), ¢ > 0,
and C > 0, such that for any m,n > 1 integers, and y, z positive reals,

P(|Rynsnl =y + 2 = Ca(m,n)) = ex" ™M P(|Ry| > y)P(|Rm| > 2), (6.1)
with )
a(m,n) := (n-m)a1,
The second step, which is general and only based on (6.1)) and the fact that (when d > 2) one has

limy, oo aﬁxg) = 0, shows that the following limit exists,

1
Y(z) :=— lim —logP(|Ry| >z -n), forallz >0,
n—oo n

and that 1 is continuous and convex on [0, 1]. Here we prove an analogous result as (6.1]), and use
their general argument to conclude.
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Proof of Theorem[1.7. We first prove an analogous result as (6.1)), but with a(m,n) replaced by
the function:

-~ 1

a(m,n) = (n-m)d-1

In other words we establish the following inequality. There exists x € (0,1), and C' > 0, such that
for any m,n integers and ¥, z positive reals,

P (Cap (Ru4n) =y + 2 — Ca(m,n)) > %x“mv")P(cvap (Rn) > y)P(Cap (Rim) > 2).  (6.2)

The first step is to obtain the analogue of the following simple deterministic bound used in [HK]:
if R, and R,, are two independent copies of the range, there is a positive constant C', such that

for any r > 1

1 ~ .
e Y (24 Ra) N R <cl™m
QI 2, :

The corresponding bound in our context reads as follows:

Z Z Z (x—y+2) < C%, (6.3)

ZEQ $€Rn yER

and is a direct consequence of ([2.1]) and the fact that for any x € Z%, and for some constant C' > 0,

1
Now to lighten notation, we simply write a = a(m,n) = [(mn)@-1|. Using that the capacity is
translation-invariant, we deduce
(2.5

Cap (Rm+n+a) 2 Cap (Rn U R[’I’L + a,n +m+ a]) (6 4)

Ca,p (ﬁn) —|— Cap (ﬁm) - XC(ﬁm 7féTn + Sc,l)’

with R, :== R, — Sn,é’(’l = Spta — Sp, and Rom = R[n +a,n +m + a] — Spt+q. The Markov
property implies that R, and R,, are independent, and distributed as R,, and R,, respectively.
Furthermore,

=
XC’(Rm Rm + S(/z) S Z Z G(x - Y- S:z) (6'5)
meﬁn yeﬁm

Now, one idea of Hamana and Kesten [HK] is to bound the law of S, by a uniform law on the cube
Q(a/d). Indeed for any x € Q(a/d), for which P(S, = z) # 0, one has

P(S) =z) >

S (6.6)

since there is at least one path of length a going from 0 to xz. Write Q(a/d) for the set of sites
x € Q(a/d), for which P(S, = x) # 0. Then for any = € (a/d), and any « > 0,

(6.4) _ ~ .~
P (Cap(Rm+n+a) 2z+y— %) > ]P)(S; =) P <Cap(Rn) > z,Cap(Rm) > ¥, Xc(Rn; R + ) <

19
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Integrating with respect to the uniform measure on Q(a/d), we get

o (6.6) 1
> - ) >
P(Cap(Rm+n+a) Zz+y 2) = (2d)e
1 = = = 5 «
x =—— > P(Cap(Ry) = 7 Cap(Rn) =y, xc (R R +2) < 5 ).
/D ara 2

(6.7)

We need now to estimate the mean of XC(ﬁruﬁm + -) with respect to the uniform measure.
According to (/6.3)), there is a positive constant C, such that

1 ~ m -

- R < < .
Ola/dl Z XC(Rn, R +2) < -y < Ca, (6.8)
z€Q(a/d)

3

where the last inequality follows from the definition of a. Then by Chebychev’s inequality, we

obtain
1

T > 1x¢(Rp, R + 7) < 2Ca) >

2€Q(a/d)

(6.9)

N | =

As a consequence,

€9).e3
> P

P(Cap(Rm+n) >z+y—a-— 4Ca) (Cap(Rm+n+a) >z4y— 4C’a)

(6-7) 1 _ ~ 1 -

> G .E[l(Cap(Rn) > 2) - 1(Cap(Rm) > y) X Tald xe@z(;/d) 1(xc(Rn, Ron + ) < 2Ca)
6.9

2(21d)a -P(Cap (Rn) > z)IP(Cap (Rim) > 3/)7

proving (6.2)), with x = 1/(2d).

It then follows from the general arguments of Hamana and Kesten, see Lemma 3 in [HK], that the
following limit exists for all > 0:

Yq(z) := — lim llogIP’(Cap(Rn) > nx).

n—,oo n
We now prove that the range for which 14(z) is finite is not empty. Define for n > 0,

Cp = max  Cap({7(0),...,v(n)}), (6.10)
v:{0,...,n}—7Z42

where the max is taken over all nearest neighbor paths of length n 4+ 1. By , it follows that
Cntm < Cp + e, for all n,m > 0, so that by Fekete’s lemma, the limit lim, o, ¢,/n exists. Call
7, this limit. Note that tg(x) is finite on [yg, ], since the probability that the simple random
walk follows the path realizing the maximum in is larger than or equal to 1/(2d)"*!, so that
a(x) < log(2d), for all x < . Conversely, by definition of ¢,, one has 14(x) = oo for all x > 7.
Furthermore, it follows from Lemma 3 and Proposition 4 in [HK], that 14 is continuous, and convex
on (0,75]. Now Proposition [2.4] and Lemma [2.1| show that when d = 5, ¥g(z) > c¢(x — 75)3, for all
x > 74. Likewise, when d > 6, we get 14(x) > c(z —74q)?, for 74 < x < 1. Using convexity, this also
shows that 14 is increasing on [vy4,7;]. In addition one has ¢4(x) = 0 for all z < 4, by definition
of 74 as the limit of the (normalized) expected capacity, and using that by , Cap(R,) < n.
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Finally we show that v} > ~q4.

Consider D,, the set of no double backtrack at even times paths of length n + 1 that we introduced
in [ASI7h]. By definition, this is simply the set of paths 7 : {0,...,n} — Z%, such that for any even
k < n, one has v(k + 2) # (k). The only important property we need is that from a no-backtrack
walk S, and a sum of independent geometric variables {¢;, i € N}, with parameter 1/(2d)2, we can
build a simple random walk S such that

RI0O.n+2 ) & =R
i<n/2

Thus, for any a > 0, we have by (2.6) and (2.8)),

Cap(Ry) > Cap(R(1sapn) —1 | D & < % ‘1+a)(n+1).

i<n/2

By taking the maximum over D,, on the left hand side, and then the expectation on the right hand
side, we obtain

an
cn > max Cap(m) > E[Cap(R(14apn)] — (1 +a)(n+1) - P ‘;2 & < 5 | (6.11)

Now take a < 1/(2d)?, and use Chebyshev’s inequality, to see that the last term of (6.11]) is O(1).
Together with Lemma [2.1] it implies that

cn > 7a(l +a)n — O(Vn),

which indeed proves that vg < 7. O
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