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We study the parabolic Anderson problem, that is, the heat equation
du = Au+ Eu on (0, 00) x Z4 with independent identically distributed ran-
dom potential {£(z):z € Zd} and localized initial condition u (0, x) = 1p(x).
Our interest is in the long-term behavior of the random total mass U (t) =
>, u(t, z) of the unique nonnegative solution in the case that the distribution
of £(0) is heavy tailed. For this, we study two paradigm cases of distributions
with infinite moment generating functions: the case of polynomial or Pareto
tails, and the case of stretched exponential or Weibull tails. In both cases we
find asymptotic expansions for the logarithm of the total mass up to the first
random term, which we describe in terms of weak limit theorems. In the case
of polynomial tails, already the leading term in the expansion is random. For
stretched exponential tails, we observe random fluctuations in the almost sure
asymptotics of the second term of the expansion, but in the weak sense the
fourth term is the first random term of the expansion. The main tool in our
proofs is extreme value theory.

1. Introduction.

1.1. Motivation and background. We consider the heat equation with random
potential on the integer lattice Z¢ and study the unique nonnegative solution to the
Cauchy problem with localized initial data:

du(t,z) = Au(t, z) + £(Qu(t, 2), (t,7) € (0, 00) x Z4,

(1.1) )
u(0,2) =1o(2), zeZf,
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where AY denotes the discrete Laplacian,

A'NH@Q=DfM - f@1.  zeZ f:Z9 >R,

y~z

and the potential {£(z):z € Z4} is a collection of independent, identically distrib-
uted random variables. The parabolic problem (1.1) is called the parabolic Ander-
son model. It serves as a natural model for random mass transport in a random
medium; see, for example, [4] for physical motivation of this problem, [2, 7] for
some interesting recent work, and [6] for a recent survey of the field.

A lot of the mathematical interest in the parabolic Anderson model is due to the
fact that it is the prime example of a model exhibiting infermittency. This means
that, for large times ¢, the overwhelming contribution to the total mass

U@):= Y u(t,z)

zeZ4

of the solution is concentrated on a subset of Z¢ consisting of a small number of
islands located very far from each other. This behavior becomes manifest in the
large-time asymptotic behavior of U (¢) and of its moments. For example, it has
been proposed in the physics literature [13] (see also [6]) to define the model as
intermittent if, in our notation, for p < ¢,

(ELU@PD'7
m-————=
rtoo (E[U(1)9])1/4

The large-time asymptotic behavior of U(¢) has been studied in some detail for
potentials with finite exponential moments, that is, if E[exp{h&(0)}] < oo, for all
h > 0. Important examples include [1, 3] for the case of bounded potentials, [8,
9] focusing on the vicinity of double-exponential distributions, and [10], which
attempts a classification of the potentials according to the long-term behavior of
U (t). Most of the existing results approach the problem via the asymptotics of
the moments of U (t) and almost sure results are derived using Borel-Cantelli type
arguments.

If the potential fails to have finite exponential moments, then the random vari-
able U (¢) fails to have any moments, and new methods have to be found to study
its almost sure behavior. It is believed that for such potentials the bulk of the mass
U (¢) is concentrated in a small number of “extreme” points of the potential. This
suggests an approach using extreme value theory. It is this approach to the long-
term behavior of the parabolic Anderson model that we follow in this paper.

In all cases of potentials with finite exponential moments, it turns out that the
two leading terms in the asymptotic expansion of log U (¢) are deterministic, an
effect which we did not expect to hold for potentials with heavier tails. Our investi-
gation is motivated by this conjecture, and therefore, we are particularly interested
in finding the first (nondegenerate) random term in the asymptotic expansion of
log U (). For this purpose, we consider two classes of heavy-tailed potentials:
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e Potentials with stretched exponential tail, or Weibull potentials. The distribution
function of £(0) is given as F(x) =1 — e for some positive ¥ < 1. This class
represents potentials with an intermediately heavy tail.

e Potentials with polynomial tail, or Pareto potentials. The distribution function
of £(0) is given as F(x) =1 — x~%, for some o > d. This class represents the
most heavy-tailed potentials.

Note that the condition y < 1 is necessary to make the potentials heavy-tailed,
and recall from [8] that the condition « > d is necessary (and sufficient) for the
existence of a unique solution of the parabolic Anderson problem.

A fairly complex picture emerges from the main results of this paper, which are
formulated precisely in Section 1.2 below:

o In the case of potentials with polynomial tails, already the leading order term is
nondegenerate random, and we determine its asymptotic distribution, if nor-
malised by 1*/©@=4(logs)~4/@=4) which is of extremal Fréchet type with
shape parameter o — d.

e In the case of stretched exponential tails, the first term in the expansion, which
is of order (logt)!/”, is deterministic. For the second term, which is of order
t(logt)!/Y~!loglogt, the almost sure limsup and liminf differ by a constant
factor, and the weak limit agrees with the latter. The third term in the weak ex-
pansion is still deterministic of order ¢ (log)!/Y 1 logloglogt. Only the fourth
term in the weak expansion, which is of order r(log?)!/¥~!, is nondegenerate
and properly renormalized converges to a Gumbel distribution.

These results are in line with the underlying belief that for heavy-tailed poten-
tials the bulk of the mass U (#) is concentrated in a small number of “extreme”
points of the potential. However, this is not proved here. Attacking this problem
requires a wider range of methods and is the subject of ongoing research.

1.2. Main results of the paper. 'We now give precise statements of our results.
As we consider two classes of potentials and study two types of convergence for
each class, we formulate four theorems. Recall that U (¢) is the total mass of the
solution of (1.1) and abbreviate

1
L,:= ;log U).

Throughout this paper we denote by F(x) = P(£(0) < x) the distribution function
of £(0) and define

M, :=max£&(z),
[z]<

|<r

where | - | is the 1-norm on Z¢.
The first two theorems are devoted to potentials with polynomial tails.
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THEOREM 1.1 (Almost sure asymptotics for Pareto potentials). Suppose that
the distribution of £(0) has a polynomial tail, that is, F(x) =1 —x7%, x > 1, for
some o > d. Then, almost surely,

logL; —d/(a —d)logt  d—1

li d>1,
lfisolip loglogt o—d ford >
logL; —d/(a —d)logt 1
lim sup 08 Lt /(o = d)log = ford =1
=00 logloglogt a—d
and
logL; —d/(a —d)logt d
liminf 08 L —d/@ = d)logt ford > 1.
1—00 loglogt o —

Looking at convergence in law, denoted by =, we find that the liminf above
becomes a limit
logL;, —d/(a —d)logt d
- ast 1 oo.
loglogt a—d

This follows from a much more precise result, which identifies the order of mag-
nitude of L, itself and the limit distribution of the rescaled random variable L;.

THEOREM 1.2 (Weak asymptotics for Pareto potentials). Suppose that the dis-
tribution of £(0) has a polynomial tail, that is, F(x) =1 —x7%, x > 1, for some
o >d.Then,ast 1 oo,

—d/(a—d)

t

L,< ) = Y where P(Y <y) = exp{—@yd_“}
logt

and

(@ —d)¥29B(a — d, d)
9:= )
ddd —1)!

where B denotes the beta function.

REMARK 1. Recall from classical extreme value theory (see, e.g., [5], Ta-
ble 3.4.2) that the maximum of ¢ independent Pareto distributed random variables
with shape parameter o — d has qualitatively the same weak asymptotic behavior
as our logarithmic total mass L;. An interpretation of this fact is that in the par-
abolic Anderson model with polynomial potential, the random fluctuations of the
potential dominate over the smoothing effect of the Laplacian.

The results for potentials with polynomial tails prepare the ground for the dis-
cussion of the considerably more demanding case of potentials with stretched ex-
ponential tails. The next two theorems are the main results of this paper.
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THEOREM 1.3 (Almost sure asymptotics for Weibull potentials). Suppose
that £(0) has distribution function F(x) =1 — e, x>0, for some positive
y < 1. Then, almost surely,

. L, — (dlogn)'/”
lim sup
i—oo (dlogt)l/v—1loglogt

o L, — (dlogt)'/r
liminf
t—oo (dlogt)l/v—1loglogt

=d(1/y* = 1/y)+1/y,

=d(1/y* = 1/y).

The difference between liminf and limsup in Theorem 1.3 is due to fluctua-
tions from the liminf-behavior which occur at very rare times. Indeed, we have, as
t 1 oo,

L, — (dlogt)'/Y
(dlogt)!/v—lloglogt

= d(l/y*—1/y).

This is a consequence of the next theorem, which also extends the expansion in the
weak sense up to the first (nondegenerate) random term.

THEOREM 1.4 (Weak asymptotics for Weibull potentials). Suppose that £(0)
has distribution function F(x) =1—e™*", x > 0, for some positive y < 1. Then,

(L, — (dlogt)'Y —d(1/y* = 1/y)(dlogt)/” " oglogt

+(d/y)(dlog)'/" ' logloglogt)((dlog)'/7 )~
= 7Y,
where Y has a Gumbel distribution
P(Y <) = exp{—0e ")

with 0 :=24q41/y =1

REMARK 2. The almost sure results of Theorem 1.3 also hold in the case of

(standard) exponentially distributed potentials, that is, when y = 1. Extending the
methods of this paper, Lacoin [11] has shown that in this case

L; —dlogt
liminf o —CGOBF —d+1 almost surely
1—oo logloglogt

and
L; —dlogt +dlogloglogtr = Y,

where Y has a Gumbel distribution P(Y <y) = exp{—2de_y +2dy,
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1.3. Outline of the proofs. Let (X;:s € [0, 00)) be the continuous-time simple
random walk on Z? with generator AY. By P, and ., we denote the probability
measure and the expectation with respect to the walk starting at z € Z¢. By the
Feynman—Kac formula (see, e.g., [8], Theorem 2.1), the unique solution of (1.1)
can be expressed as

u(t,z) = }Eo[exp{/oté(Xs)ds}IZ(X;)],

and the total mass of the solution is hence given by

(1.2) U(t) =E0|:exp{/0té(Xs)ds}].

In this representation, the main contribution to U (¢) comes from trajectories of
the random walk which, on the one hand, spend a lot of time at sites where the
value of the potential is large but, on the other hand, are not too unlikely under the
measure Py. In particular, the contributing trajectories will not visit sites situated
too far from the origin. We introduce two variational problems depending on the
potential &:

r r r
(1.3) N(t):= rrnj%([M, — ;log %} and N(t):= r}ljég[Mr — ;log Mr},
which reflect the interaction of these two factors. Indeed, up to an additive error
which goes to zero, N(¢) — 2d is an upper and N(¢) — 2d a lower bound for L;.
For most of our applications these bounds are sufficiently close to each other. Our
proofs are based on first making these approximations precise, and then investigat-
ing the asymptotics of the random variational problems by means of extreme value
theory.

To see the relation between U (¢) and the approximating functions in more de-
tail, note that the probability that a continuous-time random walk visits a point
z € Z¢ with |z] = r > /1 is roughly

o 1)’
r!

r
P(X;=2)%e %exp{—rlog——Zdt}.

2det
If | X5| <r forall s € [0, ], then fé &(Xs)ds < M,t. This gives the upper bound
1 r r
Li=-logU(t) < M, — —-log—— | —2d =N(t) — 2d.
=g U0 Sma[ My~ Tlog | =20 =N

For a lower bound, we fix a site z € Z¢ and p € (0, 1), and consider only trajecto-
ries which remain constant equal to z during the entire time interval ¢ (p, 1]. The
probability of this strategy is

Izl 2dot))!
edept( pt) p—2d(1—p)t

IP’(Xs=zVS€[Pf,f])§<L> IZ|!
Z|-

2d

%exp{—leog% — Zdt},
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while the contribution of these trajectories to the exponent is fot EXy)ds=t(1 —
0)&(z). Optimizing over z € 74 and p € (0, 1), we arrive at a lower bound of the
form

L= ;log U0 Z max max (1 - p)£() — = log ZL] .y

zeZ4 0<p<l

Interchanging the maxima over p and z, and maximizing over p € (0, 1), gives

max max [ (1 = &)~ og | = max [6) - Elloge )| ~ N0,

z€74 0<p< ept |z|<l.§(z)
where the condition |z| < t&€(z) arises from p < 1 and can be dropped when ¢ is
sufficiently large.

Supposing for the moment that these approximations are sufficiently accurate,
we can use extreme value theory to derive asymptotics for N (¢) and N (t) which
then extend to L;. While the almost sure results follow directly from results on
the almost sure behavior of maxima of i.i.d. random variables, the key to the weak
limit statements is to write N (¢) and N (¢) as a functional of the point process

D EG/ALEQ-B)/Cr)

zezZd
for suitable scaling functions A;, B;, C; and show convergence of the point
processes along with the functionals. The nature of our functionals will require
a somewhat nonstandard set-up, but the core of the arguments in this part of the
proof is using familiar techniques of extreme value theory.

The feasibility of this strategy of proof depends on the quality of the approx-
imation of L; by N(¢) — 2d, respectively, N(¢#) — 2d. In the case of potentials
with polynomial tails, the arguments sketched above show that L;/N(¢) — 1 al-
most surely, which suffices to infer both weak and almost sure limits of L; from
those of N (¢). These arguments are technically less demanding, which allows us
to exhibit the strategy of proof very clearly, while in the harder case of potentials
with stretched exponential tails technical difficulties may obscure the view to the
underlying basic ideas. In the latter case the bounds N (¢) and N (¢) have the same
almost sure behavior up to the second term, but their weak behavior when scaled as
in Theorem 1.4 differs in that the limiting laws are Gumbel with different location
parameter. A considerably refined calculation allows us to show that in probabil-
ity L; can be approximated by N () up to an additive error of order smaller than
(logt) 1/y=1and hence, the weak limit theorem for L, coincides with that of N (z).
This is the most delicate part of the proof, where we rely on a thorough study of
the behavior of the potential along random walk paths.

The paper is organized as follows. In Section 2 we prove preliminary results,
which will be relevant for both classes of potentials. We start Section 2.1 with
Lemma 2.1, where we show that N(¢) and N (¢) are well defined and can be ex-
pressed directly in terms of the potential £. In Lemmas 2.2 and 2.3 we compute
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upper and lower bounds for L; in a form which will be simplified to N (¢) and N (¢)
in the course of the proofs. In Section 2.2 we prepare the discussion of the ex-
treme value behavior of the bounds with two general lemmas dealing with point
processes derived from i.i.d. random variables.

Section 3 is devoted to potentials with polynomial tails. In Section 3.1 we ana-
lyze the bounds computed in Section 2.1 and the asymptotic behavior of the opti-
mal value r in the definition of N (¢) in (1.3). We infer from this that L, /N (t) — 1
(see Proposition 3.2) and therefore already the first term of the asymptotic expan-
sion of L; is nondeterministic. Since M, is the main ingredient in the definition
of N(t), we need to find sharp bounds for M,, which we do in Section 3.2 using
extreme value theory. In Section 3.3 we find the weak asymptotics for N(¢), and
hence of L;, using the point processes technique developed in Section 2.7. This
proves Theorem 1.2. Finally, in Section 3.4, we use the bounds for M, and the
weak convergence of N (¢) to find the almost sure asymptotics of N(¢), and hence
of L, which is stated in Theorem 1.1.

In Section 4 we discuss stretched exponential potentials. This is considerably
harder than the polynomial case, and we have to refine the approximation of L,
in several steps. In Section 4.1 we find almost sure bounds for M, with a high
degree of precision, using extreme value theory. Then we show in Proposition 4.2
that N(z) — 2d and N (¢) — 2d are indeed upper and lower bounds for L; up to
an additive error converging to zero. In Section 4.2 we find weak asymptotics for
N(t) and N (¢), which turn out to be different in the fourth term and are therefore
insufficient to give the weak asymptotic for L;. In Section 4.3 we therefore show
that (L, — N(t))/(log?)!/Y=! = 0. This approximation, formulated as Proposi-
tion 4.6, implies that the weak asymptotics of N (¢) apply in the same form to L,
and this completes the proof of Theorem 1.4. Finally, in Section 4.4, we study
the almost sure behavior of N(¢) and of N(¢), using our knowledge of the be-
havior of the maximum M,.. It turns out that N(¢) and N(t) are so close to each
other that we can get the almost sure upper and lower asymptotics for L, as stated
in Theorem 1.3, additionally using our knowledge of the weak asymptotics from
Theorem 1.4.

2. Notation and preliminary results. Denote by F(x) := 1 — F(x) the tail
of the potential and by J; the number of jumps of the random walk (X;:¢ > 0)
before time ¢. Denote by kg4 (r)r? the number of points in the d-dimensional ball
of radius r in Z4 with respect to the 1-norm and x4 := lim,_, o, k4(r). One can
easily check that kg = 2¢/d!, but we only need to know that it is nonzero (which
follows from the equivalence of all norms on Euclidean space).

Throughout the paper, we use the notation o(-) and O (-) for deterministic func-
tions of one variable (which we specify if there is a risk of confusion). If those
functions are allowed to depend on the potential £ or another variable, then we
indicate this by the lower index, writing, for example, og and Og. We say that
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a family of events (E; : ¢ > 0) holds

eventually for all # <« there exists 7 > O such that E, holds for all t > T';
infinitely often < there exists a sequence ¢, 1 oo such that E;

holds for all t = t,,.

2.1. Bounds for L; and their properties. The random functions N (¢) and N (¢)
have been defined in terms of the maximum M,. The next lemma provides ex-
pressions directly in terms of the potential £. This, as well as the bounds for L;,
which we compute later on, is proved under a mild condition on the growth of
the maximum M, of the potential &, as r goes to infinity. Later we shall see that
this condition is satisfied both for the stretched exponential potentials and for the
potentials with polynomial tails.

LEMMA 2.1 [N(¢) and N(¢) in terms of £]. Let n € (0, 1). Assume that the
distribution of £(0) is unbounded from above and that, almost surely, M, < r"
eventually for all r. Then, almost surely:

(a) the maxima N (t) and N (t) in (1.3) are well defined and the maximizing
radii r(t) and r(t) satisfy r(t) — oo and r(t) — 00 as t — o0;
(b) if r(t) > 2dt, then N (1) = max_z4[£(2) — L log L1;
4]

(¢) N(t) =max zq[§(z) —* log, £(2)] eventuallyfor all t, wherelog  (x) :=
log(x Vv 1).

PROOF. (a) The maxima in N (¢) and N (¢) are attained because M, is a right
continuous step function which grows slower than % log 57— and 7 log M, as r —
oo, for each fixed . Moreover, as the potential distribution is unbounded from
above, we have M, — 00 as r — oo. Since 7log 57— — 0 and 7log M, — 0 as
t — oo for any fixed r, we obtain N (t) — oo and N (¢) — oco. On the other hand,
for any R > 0 and ¢ large enough, we have

R
O —_—
& 2det

—00
—> Mp <0

max [M - - log
r<R t 2de

R
:|<MR+t
and

m<a1)e(|:M — —logM :| <Mp+ ?Ilong = Mp < o0,
-
which implies that r(#) > R and r(¢) > R eventually.

(b) Observe that at r = 2dt the function r +— §logﬁ takes its minimum,
and that it is decreasing on (0, 2dt) and increasing on (2dt, c0). Denote by z; a
point such that M,y = §(z;) and |z,| < r(¢). If |z;| < 2dt, then M, ;) =§&(z;) =
M,;,| < Mg, and, hence, by monotonicity of M,, we have M>4; = M, (. Since,
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by monotonicity, the value of 7 log 57— at r = r(t)> 2dt is strictly greater than its
value —2d at r = 2dt, we obtain
r(1) r(1)

M, — —1o
r(t) P gzdel‘

which is a contradiction to r(¢#) maximizing N (¢) in (1.3). Hence, 2dt < |z;| <
r(t). Since M, ;) = &(z;), we obtain, again using monotonicity, that
r@) . r@) |z |z

My — 2 <&@ - 2 .
0T TS =§@) t O 2der

This proves the upper bound for N (¢). The lower bound is obvious.
(c) Denote by z; a point such that §(z;) = M, () and |z;| < r (). Since r(t) —
00, we obtain M, ) = &(z;) > 1 eventually. Then, for large 7,

< Mg +2d,

£~ iog, £ 2 £~ 2 tog, £(e) = My — 2 log My,

which proves the upper bound for N (¢).

To prove the lower bound, note that since M, > 1 eventually and 7 log M, — 0
as t — oo for any fixed r, we obtain N(¢) > 1 eventually. Let us assume ¢ to be
large enough so that this is satisfied. Now denote by z; a point where the maximum
of the expression on the right-hand side is taken. If £(z;) < 1, then

N> 125G =)~ log, &),

which proves the statement. If £(z;) > 1, then assume first that £(z;) < |z;|/¢. Then

E(z) — |Zt—t| log, &(zs) <&(z1) —&(z)1logé(z;) <1 < N(),

as x — x — xlogx is maximal at x = 1. Finally, if £(z;) > |z;|/t and &(z;) > 1,
we obtain

|z¢] |2
N(t) =M, — TtlogM|z,| >E(z) — %10?;5(1:),

as x — x — alogux is increasing on [a, 00), for any a > 0 and, in particular, for
a=|zl/t. U

In the next two lemmas we find almost sure upper and lower bounds for L;,
which hold eventually for all ¢.

LEMMA 2.2 (Upper bound for L;). Letn € (0, 1). Assume that almost surely
M, <r' eventually for all r. Then, almost surely, eventually for all t

r r
L, < M, — —log—— | —2d D=N(¢) —2d 1).
t_lzlj%([r tngdeJ +o(1) () +o(1)
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PROOF. Let rg be such that M, < r" for all r > ry. Let us fix some 6 > 1
and B=(1—n)""1+¢),e>0. Sorting the trajectories of the random walk X
according to the number of jumps made before time ¢ and taking into account the
facts that £(X;) < My, for all s <t, and that J; has a Poisson distribution with
parameter 2d¢, we obtain

o expf [ 60X as}] = iEO[exp{ [ exoas| -]
n=0

< Z tM,—2dt (2dt)

n!
We now give an upper bound for the tail of the series on the right. Using Stirling’s
formula,

n
(2.2) nl = «/2nn<ﬁ) M with lim 8(n) =0
e ntoo

2.1

and the assumption M, <r", we obtain, for all n > max{ry, P }, that

tM, — 2dt + nlog(2dt) — log(n!)

<tn"—nl s
n nlog der (n)
1—n S
§tn’7<1—n log "o (n))
t 2det  tn"
(7))
<t 1—-tlog—— — — ) < —0Ologn,
2de tn"

eventually for all 7. If ¢ is large enough, then 1# > ro and the last estimate holds
for all n > t#. Splitting the sum on the right of (2.1) at n = [¢#] and noting that
2on>[1h] n~% = o(1), we obtain

t etM,,det(zdt)n
U(t)=E0[exp{/ g(Xs)ds” < (? +1) max [—]+0(1)
0 0<n<tB n!
and hence,
L < [M % 1og " — Liog V3 5<")] 2d + o(1)
max ——1lo ——1lo n——|—
C= sl T T % e T %8 t ?
[ " ] 2d + o(1)
= max — —10g — | — o
l<n<tB S g2d t

.
< max| M, — "log —— | — 2d + o(1),
I?fé‘[ % 24e ] +o()

which completes the proof of the lemma. [
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LEMMA 2.3 (Lower bound for L;). Let n € (0, 1). Assume that almost surely
£(0) > 0 and M, < r" eventually for all r. Then, almost surely, eventually for all t

(2.3) L; > max max[(l —p)E(2) — glog ﬂ} —2d +o0(1).
t ept

O<p<l|z|>1

PROOF. Let r( be such that M, < r" for all r > ro. Let p € (0, 1) and z € Z7.
Denote by

APP = Uy =z], Xs =2 Vs € [pt, 1]}

the event that the random walk X reaches the point z before time pf, making
the minimal possible number of jumps, and stays at z for the rest of the time.
Denote by P; (-) the Poisson distribution with parameter A. Considering a smaller
event where X reaches z taking some fixed route, we obtain a lower bound on the
probability

Pripi (12) Paa1-pyi(0) e 24 2dpt)ll e (pr)K!

,p
Po(Ar™) = Q2d)F T DAY T |z

z
= exp{—|z|log % —2dt —log+/2m|z| — 8(|z|)},

where §(|z]) is taken from Stirling’s formula (2.2). As £(z) > 0 almost surely for
all z, we obtain by the Feynman—Kac formula (1.2), for all p and z,

U(t) =Eo [exp{/ot S(Xs)ds” > ¢! (1=PEQP (AFF)

> exp{t(l — &) — Izllog% —2dt —log 2|z —8(|z|)}.

Since 8 is bounded and log \/27]z] < o(¢) for |z| < t# for any fixed positive f, this
implies
2],z

2.4 L;> max max |(1 —p)é(z) — —log— | —2d +o(1).

O<p<li<|z|<th t ept
LetB=(1—n)"'(14¢),e>0.As M, <r"forall r > ro, forall |z| > max{rg, t}
we have

lzl Izl

max [(1 ~ ) — S log —}

|z|>max({ro,tA} ept

< max |:(1 —P)M; — lf—l log ﬂi|

|z|>max{ro,t#} ept
Z <
(2.5) <  max [(1 -zl — ll log |—|}
|z|>max{ro,tP} t ept
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I-n
= max |:|Z|n(1_p_ |Z| logﬂ)}
|z|>max{rg,t#} t ept

Pl
<  max [|z|”<l—p—telog—>} <0,
) ep

" |z|>max{ro,tP

eventually for all 7. Recall that L, > 0 and take ¢ large enough so that % > rg.
Then (2.5) implies that the maximum in (2.4) can be taken over all z instead of
|z| <tB, which implies the statement of the lemma. [

2.2. Point processes and their transformations. We employ a point process
approach to extreme value theory, using wherever possible the terminology and
framework of [12]. In this section we recall the basic setup from [12], Chapter 3,
and add two slightly nonstandard lemmas, that will provide the technique for the
proof of our weak convergence results, Theorems 1.2 and 1.4.

We begin with some measure-theoretic notation: A Borel measure on a locally
compact space E with countable basis is called Radon if it is locally finite, that is,
all compact sets have finite measure. A Radon measure u is called a point measure
if there exists a finite or countably infinite collection of points x1, x3, ... € E such
that © =}, &,;, where ¢, denotes the Dirac measure at x.

A sequence (u,) of Radon measures converges vaguely to a Radon measure ©
if [ fdu, — [ fdu for any continuous function f: E — [0, c0) with compact
support. We denote by M, (E) the set of point measures on E endowed with the
topology of vague convergence. A point process is a random element of M, (E).
For any Radon measure u there exists a (unique) point process N called the Pois-
son process with intensity measure [ characterized by the following two proper-
ties:

e for any Borel set A C E, the random variable N (A) is Poisson distributed with
parameter ((A),

e for any pairwise disjoint Borel sets Ay, ..., A,, the random variables N(A1),
..., N(A,) are independent.

We now suppose that, for any r > 0, the random variables {X, ;,z € 7%} are
independent identically distributed with values in a state space G (again, locally
compact with countable basis), and we denote the corresponding probability and
expectation by P and E, respectively. We suppose further that i is a Radon measure
on G such that

(2.6) rP(X,0€ ) > u,

where — denotes vague convergence. Then we define, for any r > 0, a point
process - on R? x G by

2.7) L= E/rX,.)-

zeZ4
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Let ¢ be a Poisson process on R? x G with intensity measure Leby ® 1, where
Leb, denotes the Lebesgue measure on R?. A trivial generalization of the proof
of [12], Proposition 3.21 (with N replaced by 74, 10, 00) by R4, Leb by Leb, and
r € N by r > 0) implies that ¢, converges in law to ¢.

Observe that this implies that [ f d{. converges in law to [ f d{ whenever
f:R? x G — [0, 00) is continuous with compact support. Unfortunately, this is
not strong enough for our applications, as we need to consider a class of func-
tions with noncompact support in R¢ x G. To overcome this problem within this
framework we look at a compactification of the state space.

We let R? be the one-point compactification of R? and work on the space
RY x G. On this space, Leby; ® w is no longer a Radon measure and ¢, is no
longer a point process, as there are compact sets of infinite measure. However, it
turns out that we can define subspaces H C R? x G, for which the convergence re-
sult remains true, while the class of compactly supported integrands is sufficiently
rich for our applications.

LEMMA 2.4 (Point processes and i.i.d. sequences). Let H C RY x G be a
locally compact Borel set such that:

(i) Leby ® w|y is a Radon measure on H,
(i1) each &r|g is a point process in H,
(iii) the projection of each compact set in H to the second coordinate is com-
pact in G,

(iv) A (dx,dy) = Y. cp0 .,-1(dX)P(Xp0 € dy) i ~> Leba(dx) ® p(dy)l .

Then & |y converges in law to the Poisson process with intensity measure
Lebs @ pu|h.

PROOF. This follows as in the proof of [12], Proposition 3.21, by looking at
the Laplace functionals for nonnegative test functions f with compact support
in H instead of R¢ x G, using our assumption (iv) in [12], (3.20), and (iii) in [12],
(3.21), to obtain the result. [

In our applications we deal with families of transformations of point processes.
The next lemma describes the convergence of point processes under families of
transformations. Recall that, thanks to our compactification, compact sets may well
contain points with infinite components.

LEMMA 2.5 (Transformed point processes). Let H CRY x G, H' C R4*! pe
locally compact Borel sets and n a Radon measure on H. Let Xy, for t > 0, be
a family of point processes in H converging in law to a Poisson process % on H
with intensity measure 1. Finally, let T and Ty, for t > 0, be measurable mappings
from H to H' satisfying the following conditions:
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(1) T is continuous,
(ii) for each compact K' C H', there is a compact K C H containing T~ (K")
and all T,_1 (K"
(iii) there exist compact sets K, C H such that n(K,) — 0, and T; — T uni-
formly on each K.

Then X; o T,_l are point processes in H' converging in law to the Poisson process
Y o T~ ! with intensity measure no T,

PROOF. 1t follows from (ii) that the preimages of compact sets in H' under T
and all 7; are relatively compact in H, which implies that X, o Tt_l are point
processes and 1 o 7! is a Radon measure. By [12], Proposition 3.7, ¥ o 7!
is a Poisson process in H' with intensity measure n o T~! and so it suffices to
prove that ¥, o T,_1 — ¥ o T~ in law, which is equivalent to showing that the
corresponding Laplace functionals

q’z,oT,—l(é’) = Eexp{—/g o TtdEt}

converge to @y, ,-1(g) for all continuous g: H' — [0, co) with compact support.
Note that

(@371 (8) — Py 1 ()
(2.8)
= |q>):,oT,*l(g) = Py or-1 (@ + Py, o7-1(8) = Pyor-1(8)]-

Since T satisfies (i) and (ii), it induces a continuous mapping m +—> m o 7!
between the spaces of point measures M,(H) and M,(H') (see [12], Proposi-
tion 3.18, where the condition 7! (K’) being compact for any compact K’ can be
weakened to relative compactness). Now the weak convergence X; — X implies
the weak convergence X; o T —1 . 3 o7, which is equivalent to the conver-
gence of the Laplace functionals, and so the second term on the right-hand side
of (2.8) converges to zero.

Let us prove that the first term also does. According to (ii), denote by K C H

a compact set containing 7~ !(suppg) and all Tfl(supp g). Further, denote
Ai(a,n) ={2,(K,NK)=0,%,(K; N K) <a}. For any fixed ¢ > 0, one can
fix n and a large enough so that

P(A:(a,n)) =P(%;(Kn) =0,%(K) <a)
ZYP(S(K) =0,2(K)<a)>1—c¢,
since n(K,) — 0. This implies P(A;(a,n)) > 1 — ¢, eventually for all ¢. Further,
since 7; — T uniformly on K and g is compactly supported and so uniformly
continuous, we have
sup [(goTy)(x) —(goT)(x)| <¢/a,

xekKy
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eventually for all ¢. Hence, we obtain, also using that g > 0,
1Py o7-1(8) = Px,or-1(8)]
=|Px,(goTi) — Px,(goT)|
< 2P(A,(a,n)) +E[|e” Jnl6eTI % o= JuleeDd¥ |1, (]
<2e+ E[(efH [(goT)—(goTH)Id%; _ 1)8_'[H(80T)d2r1At(a’n)]

<2e+(ef —1) <4e,

eventually for all 7, if ¢ is small enough. [J

3. Potentials with polynomial tails. In this section we consider Pareto po-
tentials, that is, we assume that the distribution function F of £(0) is given by
F(x)=1—x"%for x > 1, for some « > d. In Section 3.1 we show that the upper
and lower bounds on L,, which we found in Section 2, are equivalent, so that it
suffices to consider the behavior of one of the bounds. Since both bounds are given
in terms of the maxima M,, we compute some bounds on M, in Section 3.2. Then
we study the almost sure behavior of the upper bound, N (¢), in Section 3.4, and
its weak asymptotics in Section 3.3.

3.1. Asymptotic equivalence of L; and N(t). We first investigate the growth
of any radius r(¢) maximizing the variational problem N (¢) in (1.3).

LEMMA 3.1 [Rough asymptotics of r(t) and M,)]. Almost surely, as
t — o0:

(@) r(t) =/ @ DroeD),

(b) My = (H)!Fee),

PROOF. By [8], Lemma 4.2 (with no assumption on the distribution), we have
that almost surely

—log[l — F(M,)] =d[logr](1 + 0z (1)) as r — 00,
which implies M, = rd/etos() 1 et r(¢) be a maximizer of
r r
[ =M, — -1 .
¢ (r) P og 2det

To prove the lower bound on r(¢#) by contradiction, we assume that r(¢) <
t(l_f)“/ @=d) for fixed ¢ > 0 and some arbitrarily large . Consider 7(t) :=
t(1=8e/(@=d) "for some & < & A (d/a). Using Tlog s > —2d, r(t) — oo and
the asymptotics of M, for r — oo,

1) O 10 1)

t O 2der Tt %% 2der
> ((-Ba/(@=d)d/a=8) _ ,(1~e)a/(@—d)(d/a+)

D, (7 (1) — D (r (1)) = F(1)*70 — p ()T —

+ t(l—é)a/(a—d)—l log[t(l—é)ol/(ol—d)—l(2de)—l] _ 2d - O,
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for sufficiently large ¢, if we choose & in such a way that the first term dominates.
Hence, under our assumption r(¢) is not maximizing, which is a contradiction.

To obtain the upper bound on r(r), we assume that r(¢) > 4o/ (=D for
large ¢ and again derive a contradiction. Take 0 < § < (e(@¢ — d))/(x(1 4 ¢)). By
the asymptotics of M, and the fact that r — (+r'=4/%=% /1) log 707 18 decreasing

in r for r > t(+e)e/(@=d) e obtain

dfats _ T 1@ d/oc+8( _r@iTAe @) )
D (r(t)) <r(@) ; log det— r(t) 1 ; log det

< r(l,)d/a+5(1 _ tS—(S(M/(Ol—d)(l-f—é‘) log[ts—(sa/(a—d)(1+8)(2de)—]]) < 0’

for sufficiently large ¢ as the power of ¢ is positive by the choice of §. Hence, r(¢)
cannot maximize N (¢), so that we again obtain a contradiction, thus proving (a).

To prove the asymptotics for M, ), recall from the beginning of the proof that
M, = rpd/atos(), Using also (a), we get, as t — o0,

140 (1
d/(@—d)+o(1) _ (@) o

Mr(t) = Mla/(ot—d)+a$(1) =1 :

which completes the proof. [J

PROPOSITION 3.2 [Almost sure equivalence of L; and N (¢)]. Almost surely,
L= (1+o0:())N().

PROOF. By Lemma 3.1 and recalling that d < o, we see that the conditions
in Lemmas 2.2 and 2.3 are fulfilled. The former lemma gives the upper bound
L; < N(t) + O(1) eventually for all ¢. The lower bound can be obtained from the
latter lemma in the following way.

By definition of r (), we have M, ;) — log 2rc(1te )[ > 0, and hence, the second
term grows no faster than (but possibly at the same rate as) the first term, that is,

t t
3.1) 0 <limsup —— "D 1og 2D
t—00 Mr(t) t 2det

r)
‘

Let &, = 0£(1) be such that log &; = o0¢ (log @), for example, & = (logt)_l, and
define

g r(), r()
—log ,
Mr([) t 2det

which goes to zero according to (3.1). Now, by Lemma 2.3, we obtain

Pr =

|z |z
L; > (1 — p)E(z;) — —log —= 4+ O(1)
t epst

r(t) r(t) r(t)  ep
= - — oM —log— 4+ O(1).
(1) p og Sdet oMy + p og °d +0(1)
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Since p; = 0g(1), the third term is dominated by the first two terms. Also, the
fourth one is dominated by the first two terms, since, by Lemma 3.1(b), we have

r(1)

e r(t
logﬁ =loge; + (1 + 0z (1)) log ¥ —log M,y = 0¢ (1) log -

since log &; = og (log r(l—’)). Hence, we obtain

r(t) r(t)
L= [M’(’) - e

eventually, which completes the proof. [J

](1 +0£(1)) = N(@)(1 4 0£(1))

3.2. Bounds on the maximum M,. Since L; is controlled by N(¢), which is
defined in terms of the maxima M,, we need quite sharp almost sure upper and
lower bounds for M,. These are derived in this section using a standard technique
for independent identically distributed sequences.

Let (X;:i € N) under P be a family of independent identically distributed ran-
dom variables with distribution function F(x) =1 — x~%, x > 1. Define the max-
imum process (}_(n :n € N) by X, = max;<, X;. Forany p € R and ¢ > 0, let
1/a 1/a

1/a 1/a+p
9

(loglogn)™/“(logloglogn)

—I/Ot‘

up(n) =n"'"(logn)

ve(n) = cn'/® (loglogn)
The next lemma gives bounds for the maximum process in terms of the sequences
(up(n)) and (vc(n)) with suitable parameters p and c.

LEMMA 3.3 (Extreme value theory for Pareto variables). Almost surely, as
n— 0o:

i) X, < up(n) eventually, if p > 0;

(i) X, > u,(n) infinitely often, if p < 0;
(iil) X, > ve(n) eventually, if c < 1;
(iv) X, < ve(n) infinitely often, if ¢ > 1.

PROOF. By [5], Theorem 3.5.1, we have the following criterion for the se-
quence u,(n) to be an eventual upper bound for X,:

P(Xp <up,(n)ev)=1 <= ZP(X1>up(n))<oo,

n=1
P(X,>u,(n)io)=1 <= ZP(X[ > u,y(n)) = oo,
n=1

where, for a sequence of events (E, :n > 0), we abbreviate {E, ev.} for the event
that the events of the sequence occur eventually for all n, and {E, i.0.} if they
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occur infinitely often. Compute
a 1

Z P(Xl > Mp(n)) = Zup(n)_a = Z
n=1

el = n(logn)(loglogn)(logloglogn)!+ar’

If p > 0, then the series converges and, hence, P(X, < up(n)ev.) =1.For p <0,
the series diverges and so P(X, > up(n)io.)=1.

To prove the last two bounds, recall that F = 1 — F denotes the tail of the
distribution and note that F (v.(n)) — 0 as v.(n) — oo, and

F(ve(n)) = v:(n) "% = %n"'loglogn.

This implies nF (ve(n)) = ¢~*loglogn — oo, and hence, we can apply the cri-
terion [5], Theorem 3.5.2, for the sequence v.(n) to be an eventual lower bound,
which says that

o0

P(X, <ve(m)io)=1 <= ) F(v(n)exp{—nF(vc(n))} =00

n=1

P(X,>ve(m)ev)=1 Z F (ve(n)) exp{—nF (v.(n))} < oo.
n=1

We find that
> loglogn
S Fue(m) expl-nF(uem)) = Y 8
= — nexp{c™*loglogn}

o i loglogn
= n(logn) n(logn)c™"

This series is finite if and only if ¢™* > 1, which is the case if ¢ < 1. Then P()_( n >

ve(n)ev.) =1. {f ¢ > 1, on the other hand, then ¢™* < 1 and the series diverges,

which gives P(X,, <v.(n)io0.)=1. U

We would like to use Lemma 3.3 to estimate M, = max|;<,&(z), which re-
quires looking at a certain subsequence of the maximum process. We can do this
easily for the eventual estimates, but some more work is needed to show that events
occurring infinitely often will occur infinitely often along the subsequence.

LEMMA 3.4 (Extreme values along sparse subsequences). Let (ng) be an in-
creasing sequence of natural numbers such that, for some n € (0, 1), ng41 — ng <
nZ for all k large enough. Then almost surely, as k — 00:

@) ):(,,k > u,(ny) infinitely often if p < 0;
(1) Xp, < vc(ng) infinitely often if ¢ > 1.
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PROOF. Take p’ € (p, 0). By the second statement of Lemma 3.3, we have
up(n+n") =u,(n)(1+0(1)) <uyn) <Xy,

where the first inequality holds eventually, and the second one infinitely often.
Hence, there exists an arbitrarily large n such that X,, > u p(n+n'). Choose k in
such a way that ny_1 < n <ny. If n, respectively, k, is large enough, then ny —n <
N —Nj—1 < ”2—1 < n'. By monotonicity, we obtain )_(,,k > X, > upy(n+n') >
u,(ni), which proves (i). The argument for (ii) is analogous. [J

Now we are able to prove the estimates for M,
LEMMA 3.5 (Bounds on M,). Let$ > 0. There are c1,cy > 0 such that, al-
most surely, as r — 00, the following estimates hold:
M, < r?%1ogr)"/*(loglogr)'/*(logloglogr)/**%  eventually for all r,
M, > r?/%1ogr)"/*(loglogr)'/* (logloglog r)'/%~3 for infinitely many r,

M, > cir¥® (loglogr) =1/«

—1/a

eventually for all r,

M, < coril® (loglogr) for infinitely many r.
PROOF. The eventual inequalities follow directly from Lemma 3.3. Indeed, let
o € (0, 8). As the ball of radius r contains «g (rHrd points, we obtain

M, < up(/cd(r)rd) <r?%1ogr)!/®(loglogr)/*(logloglog r)!/*+?,

eventually for all r. Similarly, taking ¢ < 1, we obtain, for a suitable constant
c1 >0,

M, > ve(kq(r)r®)= c1rd/* (loglog r) ~1/¢

eventually for all r.

To prove the second and the fourth inequality, we need to check that the sub-
sequence n, = kq(r)rd satisfies the condition in Lemma 3.4. Indeed, for n e
(%, 1), we have

T N T S e OO
r—00 I’l;] T 500 Kd(r)nrdn

Taking p € (=6, 0), we obtain, by Lemma 3.4, for infinitely many r
My = up(ka(r)r?) = r?/(logr)!/* (loglogr)'/* (log log log r) '/,

as the first inequality holds infinitely often and the last one eventually. Further,
taking ¢ > 1 and a suitable constant ¢;, we get for the fourth estimate

M, < ve(kg(r)r?) < cor?/®(loglogr)=1/« for infinitely many r,

as the first inequality holds infinitely often and the last one eventually. [



2470 R. VAN DER HOFSTAD, P. MORTERS AND N. SIDOROVA

3.3. Weak convergence of N(t). We now study the weak asymptotics for N (¢),
which by Proposition 3.2 agrees with those of L;. Our main tool is the point
processes technique and we use the preliminary lemmas proved in Section 2.2.
Denote

t \d/@=d) t o\ (e=d)
3.2) a; = (—) and r;:= (—) ,
logt logt

which turn out to be the right scaling for N (¢) and for the radius r(¢), where the
maximum N (¢) is attained. Let G := (0, o0],

_ 5@ _oady
Xr 7= L dja and u(dy):= W,

which is a Radon measure on G. For x > 0, we have
(3.3) riP(Xp0>x) =r!P(EO0) > xr?*) =x"% = u([x, o0])

and so condition (2.6) is satisfied. Define ¢ by (2.7), let g :=d /(o —d) and define
a locally compact Borel set

H:={(x,y) e R x G:y>ql|x|/2} U{(c0, 00)}.

Denote by B; :={(x, y) € R? x G:|x| <¢, |y| < ge/2} a collection of neighbor-
hoods of zero and by K,, := {(x,y) € H:|x| > n} a collection of compact sets
in H.

LEMMA 3.6 (Convergence of the point processes). ¢:|lg = ¢|g, where |y
denotes a Poisson process on H with intensity measure n:=Lebg @ u|g.

PROOF. It suffices to show that the conditions (i)—(iv) of Lemma 2.4 are sat-
isfied.

(i) To show that n is a Radon measure on H, it suffices to see that it is finite
on the complements of B.. This follows as, using o > d,

H\By=[ d /w ady _ o, [ D
= X = —_— <<
1 ‘ R4 qevixp/2 yot! 7 Rd (g V [x])¥

(i) To prove that ¢, |y is a point process in H, it suffices to show that ¢, (H) <
oo almost surely. This follows from the fact that, by Lemma 3.5, almost surely
£(z) < My < |z]%/%*3 and, hence, &(z)r ~4/% < q|z|/(2r) for all |z| large enough,
so that (|z|/r, X, ;) € H for only finitely many z.

(iii)) Obviously, the projection of a compact set in H to the first coordinate is
compact in G.

(iv) The convergence A, N 1 with respect to continuous test functions f :R¢ x
G — [0, 00) with compact support in R? x G follows from (3.3). To prove the
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vague convergence on H, it suffices to show additionally that for each ¢ > 0 there
is n such that 1, (K}) < ¢ eventually for all ». We have

MKy =Y P(Xr,o > qg)

|z|=nr
e rsoo (2\%
rmd 28 (—) / x| %dx.
q {lx|>n}

() Z
7 jzznr!”

As a > d, the integral converges and the right-hand side is smaller than < ¢ if n is
large. O

Z

Recall from (3.2) that a, = (r,)4/®. Let

W, (z) :=&(z) — ? log 2';;

and define the corresponding point process by

I, := Z E(z/r, i (2)/ar)-
{zEZd 1 W, (2)>0}

LEMMA 3.7 (Convergence of the transformed point processes). For each t,
I1; is a point process on

H =R\ (R? x (=00, 0)) U{(0,0)}).
As t — 00, [1; converges in law to a Poisson process I1 on H with intensity mea-
sure

v(dx,dy):dx@) )ot—i—l 1{y>0}dy~

o
(y +qlx|

PROOF. Observe that

Vi(z) &) 7] lzl &) z| lz/rilloglz/r]
=12 - Zlog——=2"—(g+o(l)|=| - =L
as as ta; 2det a; e log¢
and hence,

;= (rlno Tfl)lﬁ eventually for all 7,
for a transformation 7; : H — H' := R4+1\ {0} given by

T (x y)H{(x,y—q|x|—8(t,x)), if x # 0o and y # 00,
’ 00, otherwise,

where 8(t, x) — 0 as t — oo uniformly on all K. Finally, we define T: H — H’
by T(x,y) = (x,y —gqlx]) if x #% 00 and y # oo and T (x, y) = oo otherwise. It
now suffices to show that

GluoT, ! = ¢lyoT
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as the Poisson process on the right has the required intensity by a straightforward
change of coordinates. This convergence holds by Lemmas 3.6 and 2.5, provided
the conditions (i)—(iii) of the latter are satisfied, which we now check:

(1) T is obviously continuous.

(ii) For each compact set K’ C H’, there is an open neighborhood V' of zero
such that K’ C H'\ V'. Since T; — T uniformly in K¢ and since T(K,) NV’ =
T;(K,) = & for large n, there exists an open neighborhood V C H of zero such
that T7(V) C V/ and T;(V) C V' for all ¢t. Hence, for K := H \ V, we obtain
T-Y (K'Y T~Y(H'\ V') C K and, similarly, T,”'(K") C K for all 1.

(iii) Recall that §(x, ) — O uniformly on K and that n(K,) — 0, as 1 is finite
away from zero. [J

The following proposition, together with Proposition 3.2, completes the proof
of Theorem 1.2.

PROPOSITION 3.8 [Weak asymptotics for N(¢)]. With a; as in (3.2) and 0 as
in Theorem 1.2,

N(t)

ay

Y where P(Y <y) = GXP{—de_a}-

PROOF. For y > 0, compute

) o Y
V(R X[y’oo))_v/Rd/y v(dx,dZ)—Ad (y+q|x|)tx'

Using the substitution #y = x1+---+ x4 and u; = x; fori > 2, and then y+qu; =
y/v, we get

dx o0 ud=1
/ —=2df N T / duy---duydu
R (y +qlx))* 0o (y+qu)*

up+-tug=<ug
u;>0

24 /00 u‘li_ldul
0

T@d-Dl (5 +qui®
2d d—a 1

:yi'/ v — vyl aw
qdd— D)o
2Bla—d.d) 4,

T yedgd@—nt
Since v is the intensity measure of the Poisson process I1, we obtain

P(I(R! x [y, 00)) = 0) = exp{—6y*~*}.
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We eventually have r(¢) > 2dt by Lemma 3.1, and hence, by Lemma 2.1(b) that
N (1) = max, ¥, (z) eventually. Using relative compactness of R? x [y, 00) in H,
we obtain, by Lemma 3.7, that

N
P( 0 < Y> = P(I(R? x [y, 00)) = 0) — P(II(R' x [y, 00)) =0)
t

= exp{~6y* ™),

which completes the proof. [J

3.4. Almost sure behavior of N(t). In this section we complete the proof of
Theorem 1.1. Taking into account Proposition 3.2, it suffices to prove the following
proposition.

PROPOSITION 3.9 [Almost sure bounds on log N (¢)].

logN(t) —d/(e —d)logt d—1

p ——

li = d>1,
lﬂﬁ loglog¢ a—d ford >
logN(t) —d —d)logt 1
Jim sup &N (W) —d/(@ = d)logt ford=1
=00 logloglog¢ a—d
and
logN(t) —d/(a —d)logt d
liminf 28N® —d/(@ = d)logr _ ford > 1.
1—00 loglogt o—d

PROOF. To study the lim sup behavior, we apply, for ¢ large enough, the first
estimate of Lemma 3.5 to get, for every 6 > 0,

N@) < mag[rd/a (log /e (loglog /e (logloglog r)l/oats
r>

3.4
T loe }
t % et |

Further, we obtain, for every § > 0,

N@) > ma())(|:rd/°‘ (logr)'/®(loglog r)/*(logloglog r)!/*~*
r>

r1 r i|
__O —_— ,
1 8 2det

if the maximum on the right-hand side is attained at a point 7, satisfying the second
inequality from Lemma 3.5. This holds for infinitely many ¢ as 7, — oo continu-
ously in 7. It therefore remains to prove that the logarithms of the right-hand sides
of (3.4) and (3.5) have the required asymptotics.

(3.5)
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We deal with both cases simultaneously. For a fixed 5, denote

(3.6) fi(r)= rd/“(log r)l/“(log log r)l/“(log log pyt/etn _ r log r

t 2det
and denote by 7, a maximizer of f;. The condition d < « implies that 7, — 00 so
that we have

0= f/() = (d/a)F"* " (log 7))/ (loglog #)'/* (log log log 71) /(1 + (1))

A

1
— —log ",
T

which, in turn, implies that

(d/a)f,d/a(logft)l/“(loglogft)l/“(logloglogft)l/“+'7(1 +o(1))
(3.7)
Py P

VTS
Hence, 7, /t — oo and taking the logarithm, we obtain log(7; /1) = (d /a)[logF;] x
(1 4 o(1)). Substituting this into (3.7) and taking the logarithm, we obtain

log? +a Hoglog#; +a~[logloglog#,1(1 + o(1))
= (1 —d/a)logr; + loglogr;.

Simplifying, we get

logt = (1 —d/a)logr, + (1 — 1/a)loglog#;
58 —a [logloglog#1(1 + o(1)).
Obviously, we can look for an asymptotic for log 7, in the form

log#; = aj logtr + azloglogt + as[logloglog ](1 + o(1)).

Substituting this into (3.8), we get
a(l—-d/a)=1, a(l—d/a)+1—-1/a=0, az(l—d/a) —1/a =0,
which implies

% ot — T ioetlonr +
(0] — 0g 10
a—a BT T BT T

Substituting (3.7) into (3.6) and using (3.9), we obtain

3.9 logh = [logloglogt](1 4 o(1)).

log f;(7) = log((1 — d/a)#* (log )/ (log log 71/
x (logloglog f,)l/‘H"(l +0(1)))
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_ d logt + I:l _ M] loglogt
a—d o ola—d)
+ [l + L}[logloglogl](l +o(1))
o oale—d)

d . d—1 log]
T a—d 08! a—d ©8 Ogt+a—d
Note that the right-hand side does not depend on n. Therefore, the almost sure
upper and lower bounds in (3.4) and (3.5) have identical asymptotics. The second
term vanishes for d = 1, which explains the difference between the asymptotics
for the one-dimensional and multi-dimensional cases.
To study the liminf behavior, we apply the third estimate of Lemma 3.5 and
obtain, for ¢ large enough,

[logloglogt](1 + o(1)).

N() > 412 (1og10gr) 1% — Llog — }
()_r;lfg[clr (loglogr) log 5

Denote

r r
(3.10) f(r) = c1r?/* (loglogr) =V« — ;10g%

and denote by 7; a point where the maximum of r > f;(r) is achieved. The con-
dition that d < « implies that 7, /t — oo and we have

A A —_ A —_— 1
0= f/(f) = cl(d/a)rtd/a 1(loglogrt) 1/"‘(1 +o(1)) — ;log —

which implies that
3.11) c1(dja)t® (loglog #) ™% (1 + o(1))

Hence, 7;/t — o0, and taking the logarithm, we obtain log(7,/t) = (d/a) x
[log 7 1(1 + o(1)). Substituting this into (3.11) and taking the logarithm, we ob-
tain

(3.12) logt = (1 —d/a)logr, + [loglog 7:]1(1 4 o(1)).
Obviously, we can look for an asymptotic for log 7, in the form
log#; = aj logr + az[loglogr](1 + o(1)).

Substituting this into (3.12), we geta; (1 —d/a) =1, ax(1 —d/a) + 1 =0, which
implies
o loa o
0 pa—
a—d & oa—d

(3.13) logr; = [loglogz](1 + o(1)).
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Substituting (3.11) into (3.10) and using (3.13), we obtain

d
log (7)) = 1og(c1 (1 _ &)f;’/"‘aoglogm-”“(l + o<1>))

d logt
= [0) —
oa—d £ oa—d

which proves that —d /(a — d) is a lower bound for the liminf. Note that we can-
not prove the equality using just estimates for M,, but it follows from the weak
convergence proved in Proposition 3.8 as it implies

logN(t) —d/(ax —d)logt N d
loglogt oa—d

[loglogt](1+ o(1)),

and so there is a sequence f, — oo along which the convergence holds in the
almost sure sense. [

4. Potentials with stretched exponential tails. We now focus on potentials
with distribution function F(x) =1 — e*xy, x > 0, for some positive y < 1, and
include the case y = 1 of exponential potentials if this is possible at no additional
cost. In Section 4.1 we describe the behavior of the maximum M, and show that
N(t) and N(¢) are bounds for L; up to the order O(1). In Section 4.2 we obtain
the weak limits theorems for N (¢) and N (¢). In Section 4.3 we show that the
approximation of L; by N (¢) holds up to order 0((logt)1/ ¥=1y Therefore, the
weak limit theorem for N (¢), which we obtained in Section 4.2, directly implies
the weak limit theorem for L;, which completes the proof of Theorem 1.4. Finally,
in Section 4.4 we find almost sure estimates for N(¢) and N (¢) using the bounds
for M, and then find the almost sure asymptotics for L, stated in Theorem 1.3.

4.1. Approximation of L; up to constant order. In this section we first derive
bounds for M, (Lemma 4.1) using the analogous results obtained in the case of
Pareto potentials. Then, in Lemma 4.2, we improve the upper and lower bound
for L; obtained in Section 2.1 and show that L; is squeezed between N (¢) — 2d
and N (t) — 2d up to an additive error which converges to zero.

LEMMA 4.1 (Bounds on M,). AssumeQ <y <1andleté € (0,1)andc > 0.
Then almost surely, as r — o0, the following estimates hold:
M, < (dlogr)'" +y~Y(dlogr)!/"~'loglogr
+ (log rl/r=1 (loglog r)° eventually for all r,
M, > (dlog N7 4y~ log /vl loglogr for infinitely many r,
M, > (dlogr)'" — (y =+ ¢)(dlogr)!/YMogloglogr  eventually for all r,
M, < (dlogr)'/Y

1

— (7 —o)dlog ryl/r=1 logloglogr for infinitely many r.
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In particular, for ¢ > y~'logd, we have log M, <y ~'loglogr + ¢ eventually for
all r.

PROOF. This lemma is analogous to Lemma 3.5 for the polynomial potentials,
and the proof can be derived from there. Namely, let us pick some « > d and note
that E(z) =exp{& (z)V /a} is a collection of independent Pareto distributed random

variables. Denote Mr = maxj;|<, é(z). Then
M, = (alog M),
where the asymptotics for M, are given by Lemma 3.5. We obtain, with
0<d <1/a,
M, <[« log(rd/“(logr)1/"‘(loglogr)]/“(logloglogr)l/"‘H/)]l/V
< (dlogr'” +y~Y(dlogr)'/”oglogr
+y7 1A +ad’)(dlogr)'/Yogloglogr

eventually, which implies the first stated eventual inequality as logloglogt =

o((log logt)‘s).
Similarly, using the second inequality from Lemma 3.5, we obtain

M, > (dlogr)'" +y~Ydlogr)"/” ~loglogr
+ v 11 = a8 (dlogr)!/”~'logloglog r
infinitely often, which implies the second stated inequality as 1 — a8’ > 0. The

third and the fourth inequalities can be proved in the same way. The final statement
is an obvious consequence of the more precise first estimate. [

PROPOSITION 4.2 (Bounds on L;). Assume 0 <y < 1. Then, almost surely,
N@)—2d+o0o(1)<L; <N(t)—2d +o0(1) eventually for all t.

PROOF. By Lemma 4.1, we have, for any n > 0, that M, <r" eventually and,
hence, the upper bound follows directly from Lemma 2.2. To obtain the lower
bound, recall Lemma 2.3 and note that the function f (p) = (1—p)&(z) — Zlog e';L
is maximized at po = ; é‘z(l) and, hence, p = pg gives the most powerful estimate
in (2.3), unless it drops out of the interval (0, 1), whence it violates the condition

|z] < t&(z). Computing f (o) = £(2) — Ellog(2) gives

L; > max [S(z) — ulogg(z)} 2d 4+ o(1).
|z <t&(z)

Observe that for |z| > t&(z) one has £(z) — lzl Flog, £(z) <&(2) —£(z)log, &(2) <

1 by properties of the function x > x — x log 1 x. On the other hand, the maximum

taken over all z converges to infinity, as it is equal to V() by Lemma 2.1(c). Hence,

|z13?§§z>[‘5(2) - logs(Z)] = max[ﬂz) - u10g+$(z>} N +o(D).
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4.2. Weak convergence of N(t) and N(¢t). In this section we study weak con-
vergence of N () and N (¢) and show that they have the same asymptotics up to
the fourth term, which is the first random term in both cases. However, the limiting
distribution of the rescaled N (¢) and N (¢) turn out to be different. Our main tool
is again the point processes technique developed in Section 2.2. Denote

a; = (dlogn)'”,
by :=d(1/y* — 1/y)(dlogt)"/"'loglogt,
¢ =—(d/y)(dlogt)/"logloglog1,
dy:= (dlogn)'/7 1,
which will turn out to be the first four terms in the asymptotics and
re =t (log)"/” ' (loglog) ™!,

which will be the right scaling for the radii 7(¢) and r(¢#) which maximize N (¢)
and N (¢) (in their original definition). Let G := (—00, oo] and define

Xr,z — S(Z) — ar
4

which is a Radon measure on (—o0, o¢]. For x € R, we have, as r — oo,

rdP(X,,O >x)= rdP(é(O) > ay —i—xdr) =4 exp{—(a, + xd, )"}

and p(dy):=ye " dy,

= exp{dlogr —dlogr(1+xd ' (logr)™1)"} — &7~

= u([x, o0)),

and so condition (2.6) is satisfied. Define ¢, by (2.7), and, for each t € R and
q > 0, define

HI:={(x,y) e RYx G:y>qlx|/2 + 1},
which will be our family of state spaces. Denote by K?,n ={(x,y) € H{ :|x| > n}

a family of compact sets in Hy .

LEMMA 4.3 (Convergence of the point processes). For each T and g, we have
rlpge = Clya, where §|yq denotes a Poisson process on H{ with intensity mea-
sure n:= Leby ® Mng.

PROOF. It suffices to show that the conditions (i)—(iv) of Lemma 2.4 are sat-
isfied:

(1) As
o0
U(H?)Z/ de ye"’ydy:e_y’/ e Va2 gy < o0,
R4 qlx|/2+t R4

the measure 7 is finite on Hy and hence a Radon measure.
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(i) To prove that {,| ¢ is a point process in H, it suffices to show that, with

probability one ¢, (H{) < oo. It follows from Lemma 4.1 that, for 8§ < 1, £(z) <
M < |z|? eventually for all z, which implies

— s _
szzg(z) ar < |z] ar <CI|Z|
’ d, d, 2r
eventually for all z. Hence, (|z|/r, X,.;) € H7 for just finitely many z.

(iii) Obviously the projection of each compact set in H7 to the second compo-
nent is compact in G.

+71

(iv) The convergence A, BN n with respect to continuous test functions f : R x
G — [0, 00) with compact support in R x G follows from (2.6). To prove the
vague convergence on H{, we need to show that, additionally, for each ¢ > 0,
there is n such that A, (K ?,,,) < ¢ eventually for all r.

Let 6 > 0. Denote f, = e(logr) for some & > 0. We have

)\'r(K?,n): Z P(Xr,qu?+T): Z P(S(O)Zar‘Fdrq% +drf)

r
|z|=nr |z|=nr

) v
= Z exp{—dlogr(l%—%) }::11(n,r)—|—J2(r),

|z|=nr

where Ji(n, r) and J(r) correspond to the summations over nr < |z| < rf,, and
|z| = rf:, respectively. Using a Taylor expansion, which is valid for ¢ > O suffi-
ciently small, we get

Ji(n,r) =e VTHo@ Z rd exp{—ng}
@ nr<lel<rf (r) 2r

=% e—yf+o(s)/ Va2 gy
|x|=n
Further, for r large enough, we have |t| < qf,/4 and so q|z|/(2r) + T > gqlz|/(4r)
for all z such that |z| > rf,. This, together with the monotonicity of x
exp{—dlogr(l + i)}, implies

J(r) < Z exp{—dlogr(l + Ldy/}

= f, 4rdlogr
- qlx] \"
< expy—dlogr|{ 14+ ——— dx
\x|>rfr—d 4rdlogr
Y
=2 yd_lexp{—dlogr(l—kiqy ) }dy
y>rf,—d 4rdlogr

< pd+o() / 7241 exp{—z"}dz,
z=1+qe/(8d))(dlogr)!/¥
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where 7 := (d logr)l/”(l +gy/(4rdlogr)), and we have used that
yd—l < Zd—l{(dlogr)l—l/y4r/q}d—l — Zd—lrd—l-i-o(l).

It is not hard to see that the final integral is of order r¢(+4¢/B)+o() "\which
proves that J>(r) = o(1) and, hence, that J,(r) < ¢/3 for r large enough. Since the
integral in (4.1) is finite, n can be chosen large enough so that also Jy(n,r) < &/3
eventually for all ». [J

Denote
: 2l el . 2|
(42) Wi(2):=8(@)— —log—— and W,(z):=§(2) — 7 log, §(2),
t 2det
recalling that log, (x) =log(x Vv 1). Define random variables
v — v —
Yl 7 = —l (Z) ar, and Zt z = = (Z) A
’ dy, ’ dy,
and point processes
I = Z ¥, and IIf := Z Ear Y,
{z€Z4.Y; >} {zeZd )Y, ,>7)

Finally, denote ¢ :=d'~!/¥(y~! — 1) and ¢ :=a@'~V/ry 1.

LEMMA 4.4 (Convergence of the transformed point processes). For each t,
I1] and 1] are point processes on H; := R+ \ (R x (=00, 7)). As t — 00, we
have the following:

(a) 1] = I17, where I1* is a Poisson process on H, with intensity measure
V| a, defined by

V(dx, dy) =dx (4] ye_y(y+q|x|) dy

(b) II] = II°, where I1* is a Poisson process on IT-AIr with intensity measure

vly, defined by
v(dx,dy)=dx @ ye 704D gy

PROOF. (a) Observe that

Vi@ —ay, _E@—ay o'l e
dy, dy, tdyr; T 2detry!

Since trt_1 — o0 and r,drjlt_l log(r,t_l) — ¢, We can write

7 = (¢, |H? o Tt_1)|fL eventually for all ¢,
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for a transformation 7; : HY — H':=R4+! given by

Tt:(x’y)l_){(x,y—q|x|—5(t,x)), ifx;é?oandy;éoo,
00, otherwise,
where 8(t, x) — 0 as t — oo uniformly on all (K¢ ,)°.

We define T: Hf — H' by T(x,y) = (x,y — q|x|) if x # 0o and y # oo and
T (x,y) = oo otherwise. By Lemmas 4.3 and 2.5, ¢, |H§’ ) Tf] = §|H{’ oT~!. The
conditions of the latter are satisfied since (i) is obvious, (ii) is fulfilled as Hy is
itself compact, and (iii) holds as 8 (x, #) — 0 uniformly on (K% ,)¢ and n(KZ,) —
0, recalling that 5 is finite on HY. Hence, 17 converges in law to the Poisson

process (¢ |H§’ o T_l)lﬁf with intensity measure 1 o 7! |19f = v|ﬁr.
(b) We observe that
v — — -1 —a, d
Xz = _t(Z) ay, _ £(2) Ay, _ Izr, _|1 10g+{ar[|:1 + £(2) dy, ii“
’ dr, dy, tdy,r, dy, ar,

Since dy, /ar, — 0 and r¢d,; L ar, — q, we can again represent [17 as a trans-

formation of £, |« via a transformation T; of the same form with g replaced by
T

g and §(z, x) by a function (¢, x, y), which converges uniformly to zero outside

the compact sets K % n = Hfl\ (R4 x (0, n]). This allows analogous arguments as
in (a) to be used in the completion of the proof. [

PROPOSITION 4.5 [Weak asymptotics for N(¢) and N(¢t)]. With 6 defined in
Theorem 1.4,

(a) MO=4=b=0 — ¥ ywhere P(Y <y) = exp{—(1 — y) 4077},
(b) M =Y, where P(Y <y)=exp{—fe 7}

PROOF. We start with the proof of (a). Given any y € R, we compute
v( x [y, 00)) = / / e VOTD gy gy = e~ yy/ e VIl gy
Rd

=e 7 Q/(yg) =1 —y) e

Pick © < y. Since v| is the intensity measure of the Poisson process 17, we
T
have

P(IT° (R? x [0, 00)) = 0) = exp{—0e"”}.

By Lemma 2.1(b), we have N (¢) = max, W;(z), provided r(¢) > 2dt. Let us show
that this is fulfilled with probability converging to one. If r(t) < 2dt, then by
the monotonicity properties of M, and 7 log 57— one has r(¢) = 2dt and N(t) =
M>q: + 2d. Now we use an eventual almost sure lower bound for N (¢), and hence
for N(t), which will be proved in Lemma 4.10 using only Lemma 2.1 and the
bounds provided in Lemma 4.1. By Lemma 4.10, for 0 < ¢ < (1/y% — 1/y)d'/¥
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and sufficiently large ¢,
P(r(r) <2dt) = P(Maa; +2d > N(1))
= P(Maq; > (dlogt)!” + c(log)/” " oglog?)
@3 =1—[1—P(E©0) > (dlogt)'/”

d
+ c(logt)'/"oglog t)](Zd[) (IFo(Dea,

Hence,
log P(r(t) > 2dt) = —(2d1)? (1 + o(1))ka
4.4) x exp{—[(dlogt)""" + c(logt)"/* 'oglogt]”}
= —igexp{—d'" "V cy (14 o(1))loglogt} = o(1).

Now, using relative compactness of RY x [y, 00) in PAI,, we obtain from Lemma 4.4
that

P(W <y, r(t) > 2‘”) = P(If (RY x [y, 00)) = 0, r(1) > 2d1)

— P(MM"(RY x [y, 00)) = 0)
= exp{—(1 — y) 077},
This proves (a) as
ar, = (dlogt +d(1/y — 1)loglogt — dlogloglogt)'/”
4.5)
=a; + b, +c¢; +o(dy),
4.6) dr, = d; +o(d;).
To prove (b), recall from Lemma 2.1(c) that N(¢) = W, (z) and argue analogously
asin (a). [

4.3. Sharp approximation of L; by N (t). In this part we show that up to fourth
order, that is, up to o(d;), we can approximate L; by N (¢).

PROPOSITION 4.6 [Sharp approximation of L; by N(t)]. Ast — oo,
P(N(t) +o(d) <Ly <N(t) +o(d)) — L.
Note that Theorem 1.4 follows directly by combining the weak limit theorem

for N(¢) (Proposition 4.5) and Proposition 4.6. The remainder of this section will
be devoted to the proof of Proposition 4.6; we start by introducing some notation.

Denote M,EO) =M, and, for 0 < i <«ky (n)nd — 1, we set

M® = max{§(2): |zl <n. &) # M Vj < [i]}.
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Let0<p; <p2<1and
k,:=|n""] and m, = |n"?].

Further, let f, g: (0, o0) — (0, 0co) be two monotonically continuous functions go-
ing to zero and infinity, respectively. Assume that log f; = o(logt) and r ' log g; =
o(d;), that is, that the convergence of f; to zero and of g; to infinity is not too fast.
Recall that J; denotes the number of jumps of the random walk X before time ¢.
We split U (¢) in the form U (¢) = U (¢) + Ua(¢) + Uz (¢), where

t
Ui(t) := Eo[exp /0 E(Xs)ds}
x Wrefy < Jp <rige, i <ky, max §(X;) = Mﬁi)”,
0<s<t t

f
U2@) = IE0[‘”‘1’ / §(Xs)ds}1{rzft < Ji Srege, max £(X) < Mg”’)”,
0 <s<t

t
Us(r) = Eo[exp [ s<xs>ds}<1{Jt <rfi} 41U, > rrgt})]

The strategy of the proof of Proposition 4.6 is as follows: We first show that the
contributions of U; and Uj are negligible by showing that, with probability close
to one, we have that Uy = o(U) and Uz = o(U) (see Lemma 4.8 below). Then
we study U; very carefully and show that, with high probability, %log Ui(t) <
N(t) + o(d;) (see Lemma 4.9 below). These steps (except studying U3) require
detailed information about the asymptotic behavior of the upper order statistics,
which is collected in Lemma 4.7.

LEMMA 4.7 (Upper order statistics). There is a constant ¢ > 0 such that, al-
most surely:

1) M,SO) — M,(lk") > c(logn)l/y eventually for all n,
(i1) M,(,k") — Mn(m”) > c(log )1/ eventually for all n.

PROOF. Recall that, by Lemma 4.1, we have
lim M (logn)~'" =d'/v
n—oo
almost surely. Hence, to prove (i) and (ii), it suffices to show that, for each p €
O, D
. (n”) Vy —q_ /v
Tim M (logn) ™Y = (d = p)'7.
To simplify further computations, note that é(z) = £(z)Y defines a ﬁeld of inde-

pendent exponentially distributed random variables. Then we have M, = (M,)",
where M,, = max|;|<, §(z) and so it suffices to show that

4.7 lim_ M) (logn)™' =d — p.
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Denote by ¢, := kg4 (n)nd the number of points in the ball of radius n. By [5],
Proposition 4.1.2, the distribution of M,E”p) is given by

L]
7 (n”) _ '\ —xi —x\by—i
(4.8) P(M §x)_2(i)e (1 —e¥)tn=t,

i=0
Then, for each 0 < & < d — p, we obtain using (%) < ¢/, that

P(M,g”p) <(d—p—e)logn)
[n”]
— Z (én)n—i(d—p—s)(l _ n—d+p+€)4n_i
i=0

< (1 —ndHpteytn=n? Lnf(z,m—d+/)+8)i
i=0
< exp{—(1 4 o(1))&un~ P} (nP + 1)(n (1 4+ 0(1))kg)"
=exp{—n"T(1 + o(1))kqa}-
Since this sequence is summable, the Borel-Cantelli lemma implies that
4.9) M,(l”p) >(d—p—e¢)logn eventually for all .
To prove the eventual upper bound, we again use (4.8) and obtain

b
P(M{"™ >(d—p+e)logn)= > <el,1 ) p@=PTE) () pmdteteytmi
[n7J+1

Ly
) <€ln ) p—id—p+e)

=
[P ]+1

We can approximate the binomial coefficient using Stirling’s formula, which gives

() =%=(%)
A AN

for i large enough. This implies, eventually for all n,

Ly ez i eﬂ n’
PV > d—p+e)logn) < Y [W] SK"LM}
[nP]+1

—enP )
— N (140(1))logn <e n ’

where we estimated the sum by its largest term. Again, the sequence is summable

and so the Borel-Cantelli lemma implies A;I,(,”p) < (d — p + ¢) logn eventually for
all n, which, together with the eventual lower bound (4.9), completes the proof
of 4.7). O
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LEMMA 4.8 [Us(t) and Us(¢) are negligible]. Ast — oo,
P(Ux(t) <e”'U@) =1 and P(Us(t) <e 'U@)) — 1.

PROOF. First, let us find upper bounds for U, and U3z similar to the upper
bound for U found in Lemma 2.2. More precisely, let us show that almost surely

1 n n
4.10) ~logUy(t) < M%) — —]—Zd 1,
(4-10) ;8 2()_{r,f,?f§r,g,}[ " t % 2der +o(l)

1 n n
4.11 —logUs(t) < M, — —log—— | —2d 1
( ) t o8 30 = {n<r,ffr}lkjl{)r(z>rtg,}|: " t o8 2d€l] +oD)

eventually for all 7. The proofs of the two inequalities follow the same line of
argument as the proof for the upper bound of U (¢). Similarly to (2.1), we have that

U= ) Eo[exp{/oté(Xs)ds}l{J,:n,onslféé(Xs)fM,gk")}}

T fi<n<rig

n
= X M By (g =n) = 3 oM —2ar (241"

: ) n!
refi<n<rig re fi<n<r:g

Since M,gk") < M,, the rest of the computations in Lemma 2.2 is true with M,

replaced by M,(,k”), which implies the first inequality. In a similar way, we obtain
that

vo= Y Efe| [ exds)iu =n]

{n<r fi}U{n>r g}

< Z ot My =21 (2d1)" _

|
{n<r f)Uln>rig;) n:

We can again use the computations in Lemma 2.2 with N replaced by {n < r; f;} U
{n > r;g:} to complete the proof of the second inequality.

Let us now prove the statements of the lemma. Using the lower bound for U (¢)
from Proposition 4.2, the bound (4.10) and the first estimate from Lemma 4.7, we
have eventually

-1 < Mk — Zlog —— | — N(t 1
t 8 U@ —r,ﬁ?fgr,g, n t o8 2det N@® +o()

n n
< max [Mn — log - det} — c(og(re D' = N@) +o(1)
< N() = N() —d;(1+0(1))cd' ™1 logt

d(N(t)—a,—b,—ct N@)—ar— b — ¢
= dy

dt dt
— (14 o(1)cd'=17 logt),
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where the last line converges in law to —oo by Proposition 4.5. This proves
PUy(1) <e 'U@)) — 1.

Further, using (4.11) and again the lower bound for U (¢) from Proposition 4.2,
we have eventually

Us(1) [
< max
Ut) {n<r fr}U{n>rig:}

1 n n
(4.12) ?log M, — —log —:| —N(@)+o(1).

t 2det

Denote the maximum in the previous line by S;. Analogously to Lemma 2.1(b),
one can prove that

S; < max{Mzdt + 2d, max lIJ;(Z)},
{lzl<r filV{lzl>ri 81}
where W;(z) is defined by (4.2). The computations (4.3) and (4.4) imply that, for
any y > 0,
(4.13) P(Mzar +2d > a; + yb;) = o(1).

Further, for each y € R we pick t < y and apply Lemma 4.4 to show that, for each
& > 0, eventually

P max Y, (z2) —a, <d )
({z|<r,ff}U{z|>r[gt} (@) = dn, < diy

= P(IT; ({Ix| < fi or [x| > g} x [y, 00)) =0) —> 1,

(4.14)

since f; — 0, g; — oo and II; — II° in law on I:I,. Using (4.13), (4.14), and
the relations (4.5) and (4.6), we obtain that (S; — a; — by — ¢;)/d; = —oo. This
together with (4.12) implies that
llog Us(1) <d (St —ar—b — ¢ . N(t) —ar — by —Cz>
dy d;

—= Uz —0Q,
t U()

as the second term converges to a nontrivial random variable by Proposi-
tion 4.5. [

LEMMA 4.9 [The upper bound on Uy (¢)]. Ast — oo, P(% logUi(t) < N(t)+
o(dy)) — 1.

PROOF. In order to obtain such a precise bound, we need to carefully estimate
the contribution of different types of trajectories to the Feynman—Kac formula.
Denote by

Pro={y=00,y1,---.¥):y0=0, yi—1 —yil =1,
30 <! <ky s.t. max () = M)
0<i<n

the set of all discrete time paths in Z? with n steps, hitting a point where one of
the k, maximal values of & over the ball of radius n is achieved. Let (7;);en, be a
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sequence of independent exponentially distributed random variables with parame-
ter 2d. Denote by E the expectation with respect to (z;). Averaging over all random
paths following the same geometric path y (with different timings), we obtain

nn= Y Y e

Tt f1 <n<ri g YEPu

n—1 n—1
(4.15) x E[CXP{ZTif(yi) + (r -y fi)%(yn)}
i=0

i=0
n—1 n
X I{Zt,- <t,2r,- > t”
i=0 i=0

Note that, as y can have self-intersections, some of the values of & over y can be
the same. We would like to avoid the situation when the maximum of & over y is
taken at more than one point. Therefore, for each path y, we slightly change the
potential over y. Namely, we denote by i(y) :=min{i : §(y;) = maxo<;<, §(y;)}
the index of the first point where the maximum of the potential over the path is

attained. Then we define the modified version of the potential £¥: {0, ...,n} > R
by

gy:{fE(Yi), if i #i(y),

! Qi)+ 1, if i =i(y).

Using & (yi) < Sl.y , we obtain that

n—1 n—1 n—1 n
E[@XP{Z T (i) + (t -> fi)é(yn)}l{z <ty > tH
i=0 i=0 i=0

i=0

n—1 n—1 n—1 n
< E[exp[z tiéiy + (t — Z r,-)é,f}l{z T <t, Zt,- > t”
i=0 i=0 i=0 i=0
y n-l )
= (2d)"e!5n / » exp{ > oxilg — &) —2d] - 2dxn}
Rﬂ .
4.16) " =0

n—1 n
X lin,- < I,in >t}dx0--- dxy,
i=0 i=0

i n—1
= (2d)”e_2d’e’5'2 /R” exp{Zx,-[Siy — Sny]}
i=0

+

n—1
X I{in <t}dx0--- dx,_1.

i=0
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The substitution X; = x; for i #i(y) and %, =1 — )/~ le, shows that one can
interchange the role played by &, and f,-y(y) in the last expression (more generally,
one can show that it is symmetric with respect to all indices). We obtain

n—1 n—1
e’g’if expini[Eiy —Sg]}l:in <t}dxo--- dx,_q
+ i=0 i=0
— i /n exp Z %ilE El(y) }
+ i#i(y)

“4.17) x 1 Z X < t} dxg--- d)%i(y)_l d)%i(ym dx,
i#i(y)

y
< ¢'fi fn eXp Z %l - 5iy()’)]} dXo -+ dXi(y)—1 dXi(y)+1d%n
+ i#i(y)

— & -
i#i(y) Sl(y) S

Denote by n(y) = [{y0, . - ., Y»}| the number of different points in the path y. Since
the path visits n(y) different points, it cannot leave the ball of radius n(y). There-
fore, we have that

(4.18) <m©

iy =My + 1

By construction, S D) é‘iy > 1for all i #i(y). Hence, we can drop some terms in
the product in order to obtain a further upper bound. Further, since the path visits
n(y) different points, there are indices ji > -+ > ju(y)—1, Which are all different
from i (y), such that

g <M <MD, 1<i<n().
On the other hand, since y € &, there exists 0 </ < k, such that §l ) = M,gl) +1

and so
@19) &, -8=MP+1-MP =MD -MD,  1<i<n).

Note that this estimate becomes trivial for i </ and therefore will use it only for
my <1 <n(y).
Combining (4.16), (4.17) and using the estimates (4.18) and (4.19), we get

n—1 n—1 n—1 n
E[exp{ S nen + (r . zrl«)ayn)}l{zn i n ’H
i=0 i=0 i=0 i=0

< (2dy"e 2 ¢S 1 PR
it Eiy) — &
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n(y)—1
< max | 2d)"e24 ¢! Mty D I1 -
T 0<l<k, M,gl) _ M,E’)

i=my,
© 3
< (2d)ne—2dl‘+tetMn(y) (Mlgk,,) . Mrgmn)) n(y)+mn'
Combining this with (4.15), we obtain
(0) s
Uiy < YYD et Mo (pg k) — gm0y = O
re fi<n<rig yEPy

<r,g max max exp{nlog(2d) —2td + 1+ tM;O)

r[f,<n<r,g, l<p<n
— (p — my) log(Mkn) — prim)y),

Note that by the first estimate from Lemma 4.1, we have, eventually for all n,

max log M, =logM, < —loglogn + O(1).

1<p=<n

Using the second statement of Lemma 4.7, we obtain

1 p—m
_ 0) _ g n (kn) _ (mp)
t log Ul (t) = thtlélfgrzgt lrfnl?gﬂ Mp log(Mn Mn )} * O(dt)
=, 0 = S oatcogm ) |+ ot
tJr = =g 1 =P =

= max max MI(,O) - €log(logn)l/y} +o(d;)

1 fi<n<r; g 1<p=n

r fi<n<r; g 1<p=n

< max max Mp—élogMp}—i-o(dt)
< r;}f())({M - — logM } +o(d;) =N(t) + o(dy),
which completes the proof. [J
PROOF OF PROPOSITION 4.6. The lower bound has been proved in Proposi-

tion 4.2. To prove the upper bound, recall that U (¢) = U;(¢t) 4+ U»(¢) + Us(¢) and
SO

1 1 Ua(t) | Us(t
L,:;logUl(t)+;log(l+ 20 3“),

Ut)  U@0)

By Lemma 4.8, the last term converges to zero in law, and, by Lemma 4.9, the
probability that the first term is bounded by N (¢) + o(d;) converges to 1. [
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4.4. Almost sure asymptotics. In this section we prove Theorem 1.3. In order
to do so, we find bounds for N (¢) and N (¢). First, we find a lower bound for N ()
(and so on L;) which holds eventually and observe that it coincides with the first
two terms of the weak asymptotic of L; proved in Theorem 1.4. This gives us the
liminf asymptotic for L;. Further, we find a lower bound for N (¢#) which holds
infinitely often and an eventual upper bound for N(¢), and see that the bounds
coincide. This gives the limsup asymptotic for L, as it is squeezed between N (¢)
and N ().

The next three lemmas provide estimates for the bounds of N(¢) and N (¢). The
proofs all follow the same pattern: one replaces M, in the definition of N(¢) or
N(#) by its upper or lower bound computed in Lemma 4.1, and then finds the
maximum of the new deterministic function. Note that this approach cannot be
used to find an upper bound for N (¢), which would hold infinitely often.

LEMMA 4.10 [Eventual lower bound on N (¢)]. Lety <1.Then
N(1) = (dlogH)” 4+ (1/y* = 1/y)d"” (logt)/” M oglog
+ o((log )/ ~oglogt),
eventually for all t.
PROOF. By Lemma 2.1(a), the maximum N (#) is attained at r(¢), which goes

to infinity. Hence, we can use Lemma 4.1, specifically the third estimate for M,
and the last statement for log M, to obtain

N@) > maéc[(dlogr)l/y — (y_' ch)(czflogr)l/”_1 logloglogr
r>

— Lloglogr — E}
yt t
Denoting by f;(r) the expression in the square brackets, we have
dV7 (logrn)V7=1(1 +o(1))  [loglogrl(l +o(1))
yr - yt ’

where o(1) here is a function of r. Denoting by 7; a maximizer of f;, we have
Fy — oo. f/(r;) =0 implies 7, = t¢(#,), where

4200  fl(rn=

(4.21) o(r) =d"" (logr)!/ 1 (loglogr) ™1 (1 + o(1)).
This implies that
4.22) loge(r) =(1/y — 1)loglogr + o(loglogr).

Using 7, = to(7;), we get logr, =logt + log ¢(7;) =logt + O(loglog#;), which
implies

(4.23) logt/log# =1+ o(1),
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and this yields log ¢ (7;)/logt = o(1). Finally, using (4.21), (4.22), (4.23) and con-
sidering only the terms up to order (log#)!/¥~!loglogt, we get

f ) = (dlog(teoN'" — y ') loglog(7,) — ¢(Fr) loge
+ o((log )/ ~'loglog 1)
=(d logt)l/y +y~talr (log nHl/r=1 log ¢ (7;) + o((log H/r=1 loglogt)
= (dlogH)!” + (1/y* —1/y)d"" Qogt)!/ ' loglogt
+ o((log )/ ~loglogt),
which completes the proof. [J

LEMMA 4.11 [i.0. lower bound on N(¢)]. Lety < 1. Then
N@®) = (dlogn)"" +[(1/y)d"" =1+ (1/y* = 1/y)d" " (logn)! /7!
x [loglogt](1+ o(1))
infinitely often.
PROOF. Similarly to the proof of Lemma 4.10, by Lemma 2.1(a), we can use

the estimates from Lemma 4.1 for M, in the definition of N (¢). Using the second
estimate for M, itself and the last estimate for log M,, we obtain

N(t) > max[(dlogr)l/y + )/_l(dlogr)l/}’_1 loglogr — Lloglogr — E],
r>0 Vi t
if the maximum of the expression in the square brackets [which we denote by
f;(r)] is attained at a point 7; such that
(4.24) M;, > (dlogi)'/" +y~!(dlogs)'/Y " oglog ;.

Note that f/(r) has the same form (4.20) as in Lemma 4.10, and 7, — oo.
Therefore, we can use the same computation as in Lemma 4.10 and show that
Fr = t@(r;), where ¢ satisfies (4.21), and hence, (4.22) and (4.23) are also satisfied.
Using them, we get, considering only the terms up to order (log#)!/*~!loglog?,

f@#) = dlogteFoN'” + vy~ (dlog(teF)))" ' loglog(te(#))
+ o((log )/ ~'loglogt)
= (dlogt)"? +y7'd"" log )" ogp(#)
+y1d 7= og )/ ~loglogr1(1 + o(1))
= (dlogt)!/Y
+ 1A/ "t (1 )y = 1/y)d" Y 10ogn)'/Y " loglog 1](1 + o(1)).

It remains to check that condition (4.24) holds infinitely often. This is true by
Lemma 4.1, using that ¢t — 7, is a continuous function converging to infinity. [J
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LEMMA 4.12 [Eventual upper bound on N (¢)]. Lety <1.Then
N() < (dlogH'" +[(1/y)d" /"~ + (1/y* = 1/y)d" " 1(log ) /7!
x [loglogt](1+ o(1))

eventually for all t.

PROOF. As before, by Lemma 2.1(a), we can use the estimates from Lem-
ma 4.1 for M, in the definition of N(¢). Using the first estimate, we obtain

N(@) < ma())(|:(d logr)'? +y~(dlogr)!/*oglogr
r>

log )"~ (loglogr)? — log - i|
+ (logr) (loglogr)” — ~log =~
Denote by r — f;(r) the function in the square brackets and denote by 7, a point
where f; attains its maximum. Note that 7, — 0o and compute

A7 Qogr)'/Y =11 +0(1)) 1 r

/
= —log —.
fi yr t o8 2dt

Since f/(7;) =0, we obtain 7; = r¢(t, F;), where

—1
N _ N _ r
ot 7) =y~ 'd"Y (log )7 ‘(logz—;t) (1+o(1))

as 7, — oo. Using this, we get
7 1 7
—_ o —_
r %24

and, hence, ¢(t,7;) =7;/t — oo for y < 1 and is bounded for y = 1. Taking the
logarithm of the last equality, we obtain log¢(t, 7;) + logloge(t, 7)) = (1/y —
1)loglog7; + o(loglog#,). Dividing by log#;, we get loge(t, ;) = o(logry),
which implies that log ¢(¢, 7;) = o(logt) since we have from 7; = t¢(¢, 7;) that
logr; =logt + log ¢(t, 7;). Finally, we obtain, considering only the terms up to
order (logt)!/”~!loglogt, that

fi(Fr) = (dlog(te(t, FON'” + v~ (dlog(te(t, 7))/ ' loglog(te(t, 1))
+ o((log )/ ~'oglogt)
= (dlogtH)""” +y~1d" " (logt) " M og e (1, #,)
+y~ta /v og )7 ~loglog r1(1 4 o(1))
= (dlog)"/” +[(1/y)d"" =" + (1/y* = 1/y)d"/"]
x (logt) /7 ~!loglogt](1 + o(1)),

=y 1dY" Qogi)V7 (1 +0(1))
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which completes the proof. [

We are finally ready to describe the almost sure behavior of L; up to second
order.

PROOF OF THEOREM 1.3.  We know from Proposition 4.2 that N (¢) + O(1) <
L; < N(t) + O(1) eventually for all 7. The first statement of the theorem now fol-
lows from Lemmas 4.11 and 4.12. To prove the second one, note that Theorem 1.4
implies

L, — (dlogt)'/v
(dlogt)!/v—lloglogt

= d(1/y*—1/y),

and so d(l/y2 — 1/y) is an upper bound for the liminf. Since L; > N (¢) + O(1),
the equality follows now from Lemma 4.10. [J
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