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COVER LEVELS AND RANDOM INTERLACEMENTS!

By DAVID BELIUS
ETH Ziirich

This note investigates cover levels of finite sets in the random interlace-
ments model introduced in [Ann. of Math. (2) 171 (2010) 2039-2087], that is,
the least level such that the set is completely contained in the random inter-
lacement at that level. It proves that as the cardinality of a set goes to infinity,
the rescaled and recentered cover level tends in distribution to the Gumbel
distribution with cumulative distribution function exp(— exp(—z)).

0. Introduction. The random interlacements model was introduced in [18]. It
helps to understand the picture left by a simple random walk in the discrete torus
(Z/NZ)d, d > 3, or the discrete cylinder (Z/NZ)"‘1 x Z,d > 3, when the walk
is run up to times of a certain scale. The random interlacements are an increasing
family of random sets 7" C 74, indexed by a parameter u > 0, and for each u the
set 7" is, intuitively speaking, the trace the paths whose label is at most u from a
Poisson cloud of labeled doubly infinite paths in Z¢ modulo time-shift. By analogy
with the concept of random walk cover times this note introduces the cover level
of a set by random interlacements and proves a fine asymptotic limit result for this
quantity. Since random interlacements model random walk in the discrete torus
and cylinder on certain suitable time scales, our result should eventually lead to a
better understanding of the distributional limits of cover times in these graphs.

We now briefly recall how Z* is constructed. We denote by W the space of dou-
bly infinite nearest neighbor paths in Z¢ that spend finite time in bounded subsets
of Z¢. We also introduce the equivalence relation ~ on W by letting w ~ v if w
is a time-shift of v, that is, if there exists an N € Z such that w(n) = v(N + n)
for all n € Z. The space W* of doubly infinite paths modulo time-shift is defined
by W* = W/ ~. The “Poisson cloud” mentioned above is then the interlacement
Poisson point process, that is, a Poisson point process w = ) ; S(w* u;) ON the space
W* x [0, oo) with intensity measure given by the product measure of a certain
o-finite measure v on W* and Lebesgue measure. If K C Z¢ is finite, the total
mass assigned by v to the set of trajectories modulo time-shift that enter K is the
capacity of K [see (1.5)]. If one normalizes the measure v on this set and then
considers for each trajectory modulo time-shift the representative from W which
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enters K for the first time at time 0, then v corresponds to picking a position at
time O distributed according to the normalized equilibrium distribution [see (1.4)],
and conditionally on the position at time O the forward and backward trajectories
are, respectively, distributed as simple random walk and simple random walk con-
ditioned never to reenter K. We refer to Section 1 of [18] for details. We denote
the law governing w by PP. The random interlacement Z* is then defined as

(0.1 " = U range(w;), u >0, where w = Z‘S(w{,ui)’
itui<u i

and range(w*) denotes the set of all vertices of Z¢ visited by the path w* € W*.
The measure v is constructed so that, intuitively speaking, for a value u related
to the time up to which the random walk in the torus or cylinder is run, the trace
of the random walk “looks like” 7" [16, 22]. The law of the indicator function of

7" on {0, 1}Zd has a simple characterization (see [18], (2.16)): it is the unique law
with the property that

(02) P(ANT"=@)=exp(—u-cap(A)) forall finite A C Z°,

where cap(A) denotes the capacity of A [see (1.5) for the definition].

The sets 7" are naturally increasing in u. Taking inspiration from the concept of
cover time of a finite graph one may consider the cover level of a finite set A C Z¢,
defined as the least level u such that A is completely contained in Z*,

(0.3) M(A)=influ>0:A CI“}:ma;‘(Ux,
xXe

where U, denotes the cover time of the vertex x,
0.4) Uy =inf{u > 0:x € 7"}, x € Z°.

The main result of this note is the following theorem.

THEOREM 0.1 (Rescaled and recentered cover levels have a distribution close
to Gumbel). For any finite nonempty A C Z¢ we have

M(A )
(0.5) sup ]P’(L —log|A| < z) —exp(—e )| < cl|A|7,
zeR g(0)
where c1 > 0 is the constant given in (2.5) and g(-) is the Z4 Green’s function [see

(1.1)]. In particular, A{Z(((’)A)) —log| A| tends in distribution to the Gumbel distribution,

as |A| tends to infinity.

We will now give some comments on the scope of the above theorem. If
G1, Gy, ... denotes a sequence of finite graphs whose cardinality tends to infin-
ity and Cy denotes their cover times (i.e., the first time simple random walk has
visited every vertex of the graph) it is sometimes possible (see, e.g., [4, 8]) to

show that % — log|G | tends in law to the Gumbel distribution as N — oc.



524 D. BELIUS

Theorem 0.1 should be seen as a result of this flavor. There are, however, simple
families of graphs for which one can show that ngl&vl — 1 in probability
but for which the finer distributional limit result remains out of reach to this day.
For example, when Gy = (Z/NZ)%,d > 3, is the discrete torus, it is known that
W]\IIOQGM — 1 in probability but only conjectured that % — log|Gy/|
tends to the Gumbel distribution (see [1], Chapter 7, Section 2.2, pages 22 and 23).
In [15, 17] and [20] results are proved that couple random interlacements and the
trace of random walk in the discrete cylinder (Z/N Z)d x Z,d > 2, and discrete
torus (Z/N Z)d, d > 3, in nearly macroscopic boxes of side length N I=¢ ¢~ 0.In
these works the couplings are used as a “transfer mechanism” to allow one to study
the disconnection time of the cylinder and the so-called “fragmentation” of the
torus by studying a related problem formulated completely inside the random in-
terlacements model. We believe that in a similar way the results in the present note
for cover levels of sets in the random interlacements model will lead to progress
in the study of cover times of sets by random walk in the torus and cylinder (for
more on this see Remark 2.9).

The second result of this note is a corollary of Theorem 0.1. For any 1 <[ <d
and 7z € R we let BL, = [0,N —1]" x {O}d_l and define a sequence (le\;Z)Nzl of
point measures on R?:

1,2
©.6) NV = 22 8y, ooty i+ N 2 1-

I
Xe€By

In other words, /\/’Il\;z collects the points of [0, 1]’ x {0}~ which under scaling
correspond to the sites of Bf\, not yet covered by the random interlacements at
level g(0){log| B} | + z}.

COROLLARY 0.2 (Convergence of point process of uncovered points to a ho-
mogeneous Poisson point process).

0.7) /\/'Il\;Z converges in law to N-Zas N — 00,

where N2 is a Poisson point process with intensity exp(—z)A; and A; is Lebesgue
measure on [0, 11 x {0}4~.

Incidentally, it follows from this corollary that the last few sites of va to be cov-
ered by the random interlacements are “far apart,” at typical distance of about N.
This fact is proved in Proposition 2.8.

We now comment on the proofs of Theorem 0.1 and Corollary 0.2. For each
x € Z4 the random variable U, is known to have exponential distribution with
parameter ﬁ [see (0.4) and (1.10)]. If the U, were independent, then stan-
dard extreme value theory would tell us that the rescaled and recentered maxima

% —log| A| tend in distribution to the Gumbel distribution as |A| — oo (see [5],
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Example 3.2.7, page 125). However, in the random interlacements model the U,
are not independent, in fact, there is a long-range correlation; cf. (1.12). There is a
theory that gives mixing conditions called D and D’ for stationary sequences ([5],
Section 4.4, page 209) and also similar conditions for stationary random fields
[7, 12] which are sufficient for the rescaled and recentered maxima to converge in
distribution to the Gumbel distribution. When we prove (2.9) of Lemma 2.5 we
will prove something similar to D’. However, conditions similar to D are difficult
to verify in our context because of the slow decay of the correlation; cf. (1.12).
We, therefore, take a different approach and prove the convergence in distribution
directly.

The key to proving Theorem 0.1 is to exploit Lemma 2.1, which says in a quan-
titative way that in the random interlacements model spatial separation implies
approximate independence. We do this in Proposition 2.2 by considering sets A
that are “well separated,” that is, that consist of isolated points that are far apart.
This spatial separation allows us to use Lemma 2.1 to show that the points of a
well-separated set are covered approximately independently.

We then consider arbitrary nonempty finite sets A and condition on the subset
left uncovered at level g(0)(1 — ¢) log|A| for a value of ¢ that satisfies 0 < ¢ <
12¢;. In Lemma 2.6 we show that with high probability this “uncovered set” is
well separated and has cardinality concentrated around its expected cardinality,
which equals |A|®. When the “uncovered set” is well separated, Proposition 2.2,
mentioned above, implies that after level g(0)(1 — &) log|A| the points of the un-
covered set are covered approximately independently. This allows us to finish the
job in the proof of Theorem 0.1 by showing (in a quantitative way) that, when we
restrict to a certain “good event” that has probability tending to one as |A| — oo,
the cover level M (A) is the maximum of approximately |A|® random variables,
which are “essentially” independent and exponentially distributed. It is then not
hard to show that if we rescale and recenter M (A) appropriately, it is close in dis-
tribution to the Gumbel distribution, just as would be the case if the cover levels of
the points of A were truly independent.

As alluded to above, random interlacements model the picture left by random
walk in the discrete torus and the discrete cylinder when run up to times of suitably
chosen scales. In this light, the uncovered set A, (when A = Bj‘\’,) can, in particular,
be thought of as a counterpart of the uncovered set in the discrete torus discussed
in [2, 9]. See Remarks 2.7 and 2.9 for more on this.

The proof of Corollary 0.2 uses Theorem 0.1 and Kallenberg’s theorem ([13],
Proposition 3.22, page 157) which allow us to verify the convergence of point
processes by checking some straightforward conditions involving convergence of
the intensity measure and the probability that the point measure does not charge a
set.

1. Notation and a review of random interlacements. Constants denoted by
¢ may change from line to line and within formulas. Unless otherwise indicated,
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all constants depend only on the dimension d of Z¢. Further dependence on, for
example, parameters «, 8, is denoted by c(«, ). The norm | - | on 74 is taken to
be the Euclidean norm. We denote by | A| the cardinality of the set A. The notation
A CC B means that A is a finite subset of B. For two sets A, B C Z¢ we denote
their mutual distance infyca yep [x — y| by d(A, B). We define a path to be a
sequence x;, i > 0, of elements in 74 such that |xi+1 —xi| =1fori >0.

We denote by W, the space of paths in Z%,d > 3, going to infinity as time
goes to infinity. Furthermore, (X,),>0 denotes the canonical coordinates, WV, the
o-algebra on W, generated by these coordinates and 6, : W, — W, the canon-
ical shift on W,. We let P, be the probability measure on (W4, W,) that turns
(X1)n>0 into a simple random walk starting at x (since for d > 3 the simple ran-
dom walk is transient, its law is supported on W.). If ¢ : Z¢ — [0, o0) then P,
denotes the measure ) .74 q(x)Py.

Green’s function is given by

(1.1) g, ) =) P(X,=y) and g()=g(,0).
n>0
Recall the following standard bounds for Green’s function ([6], Theorem 1.5.4,
page 31):
(12) clxP? < g(x) <clxP7Y

Furthermore, by the invariance principle, if A is a set of diameter at most L (i.e.,
|x — y| < L forall x,y € A) then

(1.3) > g0 <cL?,
xeA
where we have used that the left-hand side of (1.3) is bounded by the expected
time spent by a random walk in a ball containing A.
For U cc 74, we define the entrance time Hy = inf{n > 0:X,, € U} and the
hitting time Hy = inf{n > 1:X,, € U}. The escape probability (or equilibrium
measure) ey : Z4¢ — [0, 00) is given by

(1.4) ey (x) = Py(Hy = 00) 1y (x)

and the capacity of U by

(1.5) cap(U) = Y _ ey (x).
xeU

Moreover, for each y € K, we have the equality
(1.6) Pi(Hg <00)= Y g(x,y)ek ().
yeK

We now recall some further facts about random interlacements. As mentioned
in the Introduction, to construct the random interlacements one defines on a proba-
bility space (€2, .4, P) the so-called interlacement Poisson point process w, which
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is a Poisson point process on the space W* x [0, c0) of labeled doubly infinite
paths modulo time-shift (see the second paragraph of the Introduction for nota-
tion) whose intensity is given by the product measure of a certain o -finite measure
v and Lebesgue measure. For a detailed construction of the measure v see [18],
Theorem 1.1. In this note we will only need the existence on the space (2, .4, P)
of a family of Poisson point processes pg , and pg v on (W, W, ), defined for
any K cC Z% and any 0 < u < u’. Loosely speaking, these point measures on W_.
keep track of those doubly infinite paths modulo time-shifts in w that enter K, and
have labels at most u and labels between u and u’, respectively (i.e., they assign
weight 1 to the paths in W which the double infinite paths modulo time-shifts
induce after their entrance in K). The random interlacement 7, already defined
in terms of the interlacement Poisson process w in (0.1), can also be constructed
from the point processes kg , (see [14], (1.16)),

(1.7) "= |J | range(w), u>0.

Kcczd WENK u

[For any point process p we write x € i as a shorthand for x belonging to
Supp(), the support of w.] For the definitions and some properties of (g, (i .
we refer to [14], (1.13)—(1.15). We will need the following facts:

Wk .« and pg 0 are independent Poisson point processes on (W, W)
with respective intensities u - P, and (u’ — u) - Pey,

(1.8)

MK w =MKKu+ MK uw and
(1.9)

m m
HEK.u= ZSQHK (wi) L{Hg (w;)<o0) for K C K'ccz! and MK u = Zawi'
i=0 i=0
This last compatibility relation also holds with g ,, v and g v replacing pg 4

and pg’ .
From the characterization equation (0.2) of the law of 7" we see that

" u
(1.10) P(x ¢ T )_exp{—w}
and
(1.11) P(x,y ¢ T%) :exp{—u 2 }
80)+g(x—y)

since cap({x}) = ﬁ and cap({x, y}) = m (see [18], (1.62) and (1.64)).
As noted in [18], (1.68), (1.11) together with the bounds on Green’s function from
(1.2) implies

cu
(1.12)  covp(lirezey, Lyezny) ~ 2 exp(—cu) as |x — y| = oo.
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For brevity we write
(1.13) ua(z) = g0){log|Al + z},

so that {5 —log|A| <z} = {M(A) <ua(@)).

2. Proofs of Theorem 0.1 and Corollary 0.2. We begin by discussing the
overall structure of the proofs of Theorem 0.1 and Corollary 0.2. The first step
is to extract some independence in the random interlacement model. This is done
in Lemma 2.1 which says in a quantitative fashion that the picture left by the
random interlacements in a set K| and the picture left in a set K, are approximately
independent if K| and K> are far apart.

Next we will prove that for well-separated sets, that is, sets consisting of iso-
lated points that are far apart, the cover levels of the individual points are approx-
imately independent. This is done in Proposition 2.2, which follows easily from
Lemma 2.1. If we were only interested in well-separated sets then Proposition 2.2
would be enough to prove convergence to the Gumbel distribution of the rescaled
and recentered cover levels. Intuitively speaking, this is because the cover level of
a well-separated set is the maximum of a set of essentially independent random
variables (namely, the cover levels of the individual points).

But of course we are not dealing only with well-separated sets, but with ar-
bitrary finite nonempty sets A. Therefore, we introduce the random set A,, de-
fined in (2.7), which consists of all the points of A left uncovered at the level
g(0)(1 — &) log| A| for a parameter ¢ such that

(2.1) 0<e<12c,

where c| is the constant defined in (2.5). For a fixed ¢ € (0, 12¢1] our methods yield
(2.19) (uniformly for all z) of which (0.5) is the special case ¢ = 12c¢;. Whenever
& appears below, it is always understood to satisfy (2.1).

Next we need to show that A, is “well behaved.” This is done in Lemma 2.6
which states that with probability tending to one, A, is well separated and has
cardinality close to [E|A| [which equals |A|® by (2.17)], or in other words, with
probability tending to one, A, belongs to the collection G 4 , of “good sets” de-
fined in (2.13).

Finally, we turn to the proof of Theorem 0.1 in which the goal essentially is
to show that P(M(A) <u4(z)) is close to the cumulative distribution function of
the Gumbel distribution, that is, close to exp(—exp(—z)). The major step will be

.. . 1.13
to condition on the set of sites of A not yet covered at level (1 — &)u4(0) (.13

g(0)(1 — &) log|A|, that is, on A,. This will be useful because by (1.8) we have
PM(A) <us(2)|Ae = K) =P(M(K) <uas(z) — (1 — &)ua(0)). Next we will
show that this latter probability is close to exp(—exp(—z)). Then, multiplying by
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P(A; = K), summing over all K € G4, and using that A, € G4  with prob-
ability tending to one will allow us to show that P(M(A) < us(z)) is close to
exp(— exp(—2)).

The key to proving that P(M(K) < uas(z) — (1 — e)uas(0)) is close to
exp(—exp(—z)) is to use the fact that all K € G4 . are well separated and that | K |
is close to |A|®. The well-separatedness of K allows us to use Proposition 2.2 to
prove that the points of K are covered approximately independently. Thus M (K)
is the maximum of | K| approximately i.i.d. random variables, meaning that with
the correct rescaling and recentering M (K) is approximately a Gumbel random

variable, or in other words, P(M (K) < uk(z)) is close to exp(—exp(—z)). But

since K is close to |A|?, it follows that ug (z) (1 g(0){log|K| + z} is close to

ua(z) — (1 —e)us(0) (113 g(0){elog|A| + z}. This will allow us to conclude that
PM(K) <ua(z) — (1 —e)uas(0)) is close to P(M(K) < ug(z)) and thus also
close to exp(—exp(—2z)).

Corollary 0.2 then follows easily from Theorem 0.1 using Kallenberg’s theorem
([13], Proposition 3.22, page 157).

We begin by stating and proving Lemma 2.1. The proof is just the calculation
leading up to [18], (2.15), but it is included here for completeness.

LEMMA 2.1 (Approximate independence of distant sets in random interlace-
ments). Assume u > 0. Let K1, Ky, CC 74 be disjoint sets and let By, By be
events depending only on T" N K1 and T N K>, respectively. Then

cap(K1) cap(K?>)

(2.2) IP(B1 N By) —P(B1)P(B2)| < cu d(K,. Kpd—2

PROOF. Decompose ik uk,,u = D p>0 0w, as follows:

KK \UKyu = 1,1 + U122 + 121 + 12,2,

where
1i1= D 8w, lXoeky Hiy=ochs 41,2 = ) 8w, LXoeky, Hx, <o0),
n>0 n>0
m2,1 = Z 8w, L{xoeks, Hy, <00} W22 = Z 8w, L{xoeks, Hy, =00)-
n>0 n>0

The w;, ; are simply the restriction of the Poisson point process /4, Uk, to disjoint
sets and are thus independent Poisson point processes with respective intensity
measures

ulixoek,, Hy,=00) Peg uk, ulixoek,. Hy, <00} Peg,ux, »

ul{XOEKz,HKI <00} Peklukz ) ul{XOEKZ»HKl =00} Peklukz :
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There exist measurable functions of point measures F; and F» such that

Fi(pnk,u) =1g, as. and Fy(uk, ) =1s, a.s.

and thus P(By N By) = E[F1(uk, u) F2(tk,,u)]. Note that g, — 1,1 — p1,2 18
a point process determined by 2 1 and thus independent from w1 1, (t1.2, 2,2 and
similarly pg, » — p2,2 — i2,1 is a point process independent from w2, (2,1, (1,1-
So we can define auxiliary point processes u5 | and 1} , such that uj | has the
same distribution as g, , — (1,1 — 1,2 and M/l,z has the same distribution as
WKyu — M22 — 2,1 and ;/2’1,//1’2,;“,], 1 <i,j <2 are independent, so that

1 1
i+ i o+ | = iy uand po o+ o1+ 1) 5 = pk,.u. Then P(B)P(By) =

E[F1 (11 + 12+ 5 ) Fa(u22 + 2,1 + 1 5)1. So [P(By N By) — P(B1)P(By)]
is bounded above by

P(uyp#0or wy #0or i #0or puy 1 #0)
<2(P(n1,2#0) +P(uz,1 #0)).

We can bound the probabilities in (2.3) by the total mass of the intensity measures
of the point processes (t12 and p2 1 so that

(2.3)

IP(B1 N By) — P(B1)P(By)|
< 2”(P€K1u1(2 (Xo € Ky, Hg, <00) + Peklukz (Xo € Ky, Hg, < OO))
But note,

(1.4)
Peg ox,(Xo € K1, Hg, <00) < ) ek, (x) Py (Hg, < 00)

xekK

(1.6)
= > ek, (0)g(x, y)ek, (y)
xeKi,yeKy
(1.2), (1.5)
< " cd(K1, K2)*"? cap(K1) cap(K»).

Applying a similar calculation for PeKIUK2 (Xo € K7, Hg, < 00) we get (2.2). U

We are now ready to prove Proposition 2.2 which says that the points of well-
separated sets are covered approximately independently. When we use it in the
proof of Theorem 0.1 we will use a value for the parameter A which depends on ¢.

PROPOSITION 2.2 (The points of well-separated sets are covered almost inde-
pendently). Let & > 0 be a parameter and let A CC Z% be nonempty and such
that |x — y| = |A|PtM/ =2 for all distinct x, y € A. Then for u > 0 we have

(2.4) IP(M(A) < u) — [P(Up < u)]'A| < culA| ™.
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PROOF. Fix an arbitrary x € A and let By = {M(A \ {x}) <u} and B, =
{M({x}) <u}={U, <u}. Applying Lemma 2.1 we get
P(M(A) < u) —P(Up < u)P(M(A\ {x}) <u)|
cap(A\ {x}) cap({x}) (1.5, (1.2) |Al
=cu < cu
d(fx}, A\ {x})d=2 | A2

=culA|”7H

Now applying the same step |A| — 1 more times, with the other elements of A
substituted for x, and the appropriate subsets of A substituted for A \ {x}, and
using the triangle inequality we get

IP(M(A) <u) — [P(Uo <w)]'Y| < cul A[|A|' ™" = cu A| . O

REMARK 2.3. Assume A, A», ... is a sequence of sets with |A;| — oo as
i — oo that are well separated in the sense that they satisfy the hypothesis of
Proposition 2.2 for some fixed A > 0. Then convergence in distribution of the
rescaled and recentered cover levels of the A; to the Gumbel distribution follows,
since, in the notation of (1.13), [P(Up < ua, (z))]'A il=@1 - eXp( Z))|A | tends to
exp(—exp(—z)) and the right-hand side of (2.4) tends to zero as |A | = o0. This
observation is a first step on the way to arbitrary sets.

We now define the constant c; that appears in Theorem 0.1:

25) 1. (ld 2 o )
. — min

T3 14d—19—¢c,
and
(2.6) ¢ = Py(Hy = 00).

Since the random walk is transient in Z¢ for d > 3, we have cr» > 0, sothat ¢y > 0.

REMARK 2.4. Since Po(ﬁo < 00) ~ ﬁ as d — oo we see that — % >

)
9—cy
114 as d — oo, so for large d we have c| = 516 Z‘% Actually it can be shown that

9 C > 11 4 for all d > 3, and hence, ¢} = 5163 % for all d > 3. We do not include
the detalls but to do this, one uses the expression for g(0) (when d = 3) in terms of
an integral given in [10], (4.1), and the explicit computation of this integral (scaled

by a factor 3) from [21], together with the trivial bound K (k) < Z «/— on K (k),

the complete elliptic integral of the first kind.

The next result, Lemma 2.5, encapsulates a calculation used in Lemma 2.6 to
prove that with probability tending to one A;, defined in (2.7), is a “good set,” that
is, belongs to the collection G 4  from (2.13). We recall that we tacitly assume
0<e<12c.
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LEMMA 2.5. Forany A CC Z2 let
2.7 Ac={xeA:U, > g(0)(1 —¢)log|Al|}
(1.13)

denote the set of points of A not yet covered at level (1 — &)uys(0) =
g(0)(1 — &) log|A|. Then forall A CC Z4 and b > 1 we have

(2.8) Y P(x,y € Ao) < |AI* +c(e)| A7
and
(2.9) Y P(x,y € Ap) < c(e)b?|A|7,

where the first sum is over all distinct x,y € A and the second sum is over all
X,y € A such that 0 < |x — y| < b|A|!/@Ed=1),
PROOF. We will prove that

(2.10) Y. PGyeA) =min(AP, AP a?) +c(e)| A7

x,y€A,0<|x—y|<a

This implies (2.9) by taking a = b|A|'/?@=1) and noting that 2& — 1 + % <

(2.5) 2.1
—1e because 1 — ﬁ = 1422 ">"28¢; = le. Also (2.8) follows from (2.10)
by letting @ — oo. We begin by splitting the sum in (2.10) into
Il = Z I[D(X, y € Aé‘)

x,yeA,0<|x—y|<(log|A])2

and

L= > P(x,y € Ae).
x,yeA,(log|A2<|x—y|<a
To bound /; we note

2g(0
f 0D 3 exp(—(l —&)log|A| 5 @ )
x,y€A,0<|x—y|<(log|A|)? sO ety

(2.11)
< c(log|A])24) A1 —20-0)/(tg(en)/e(O0)

where in the inequality we have used that gg ((e()‘)) =P, (Hy < 00) > Py (Hy <
2

00) = % for all x € Z¢, x # 0. The exponent of |A| equals 1 — (1 — 8)2_02
since % @0y _ c2. The definition of ¢; and (2.1) immediately imply that ¢ <

12¢; < 39i—262 < 382202 and rearranging gives ¢» > —t-. Plugging this in we have
2 2 _ 2646 _ 1 _
1_(1_8)2—C2 < 1—(1—8)m _1_(1_8)68—68 —1—§(8+3)——%

e+3"
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So I is bounded above by c(¢) |A|_8/ 3. To bound I, first note that using the ele-
mentary inequality ﬁ >1—x, we find

A 3 exp<—2(1 — &) log|A|
x,y€A,(log|A)2<|x—y|<a

5 exp(—2(1 —8)log|A|<1 - %))

x,yeA, (log|A])? <|x—y|<a

|A|2072) > exp(clog|Alg(x — y)).
x,yeA,(log|A)<|x—y|<a

7o)
1+g(x—y)/g(0)

(2.12)

IA

IA

(1.2)
Now note that g(x —y) < c|x — y|>~? < c(log|A|)~2 for |x — y| > (log|A|)? so
the quantity in the exponential in (2.12) is bounded. Thus we can conclude that
(2.12) itself is bounded by

4|70 > (1+clog|Alg(x — y))
x,yeA,(log|A2<|x—y|<a

<min(|A[*, c|AI*7'a?) +c|AIT2 T loglA] Y > g(2).

yeAzeA—y
We have no control on the diameter of A. But let A — y = {ay, az, ..., a,} with
lai| < |az| <--- <layl|, |A| =n, and let by, by, ... be an enumeration of 74 with
|b1] < |bz| <---. Then by Green’s function estimates in (1.2)

gla) <cla;* < c|bi)*™4 < cg(by).

SO Y ea_y8(2) <Xl g(bi) < c|A[*? since the diameter of {by, ..., b,} is
bounded by cn'/4 Hence,

L <min(|A1*, c|A|*7a?) 4 c|A| 72079 log| A]| A|P/4F]
<min(|A*, c|A]*7'a?) 4 clog|A||A| 106/,

[\

2.5)
=

where we have used that —2(1 — &) + % +1=2¢— dd;z <2¢— 24d= 2e —

d—1
(2.1
B2 <" —e. Combining this with I; < c(e)|A|*/3 then gives (2.10). O

(98]

Our next task is to use the above lemma to prove that with high probability A,
is “well behaved.”

LEMMA 2.6 (The good event is likely). For A CC 7% and € as in (2.1) let
Gae={K CA:||K|—|Af| <|AP*1 K # & and

(2.13)
Ix — y| = QYA U= for all distinct x, y € K )
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denote the collection of subsets of A that are well separated and close in cardinal-
ity to |A|°. Then for all A CC Z¢ one has

(2.14) P(Ae ¢ Ga.) <cle)| A7/,

PROOF. The following two statements together clearly imply (2.14):
(2.15)  P(Ax,y € Ags.t. 0 < |x — y| < QVE|APYCE=D)) < ¢()]A|75/3,
(2.16) P(||Ae| — |A[°| > |AP?) < c(e)| A7/

By the union bound (2.15) follows directly from (2.9) with b = 2(1/8)(1/2d=1)) >
1. To prove (2.16) note that

1.10
(2.17) E|A:| = |A[P(Up > (1 - £)g(0) log|Al) "=” |A[*.

So by Chebyshev’s inequality,
2 _ 2¢
_ BlA:"— 4]

_ 2¢/3
(2.18) P([|Acl — |AI°| > |A]7°) < A3
But
ElAl> = Y P(x,yeA,)
X,yEA
= Y Pxed)+ Y Px,yeAy)
xeA X,YEA,xF#y

2.8)
< AIF +|A1* +c(e)| A7,

Plugging this bound for E|A,|? into (2.18) then gives (2.16). [

REMARK 2.7. In bounding the numerator of the right-hand side of (2.18) we
showed that the variance of |A,| is bounded from above by |A|¢ +c(¢)|A|~¢/3. The

inequality E[A,|> = |AIF + 3, P(x, y € A;) (lél) |A|E+|A|(JA]| —1)|A|~20—2)
gives a matching lower bound and proves that Var|A.| ~ |A|® as |A| — oo. In par-
ticular, if A = Bf\l,, then Var|A.| ~ N%. As might be expected given the connec-
tion between random interlacements and random walk in the discrete torus (see
[20, 22]), this agrees with the value which was found in the theoretical physics
paper [2] for the variance of the number of points of the torus (Z/N Z)d ,d >3,
not covered by random walk run up to time (1 — ¢)g(0) N d logN 4 (see [2], (3.13),
(3.9)). Note that the time (1 — 8)g(0)Nd logNd is a fraction 1 — ¢ of the “typical”
cover time g(0) N logN? (see [1], Chapter 7, Section 2.2, page 22, Corollary 24)
of the torus, just as (1 — &)g(0)logN¢ is a fraction 1 — & of the “typical” cover
level g(0)logN? of ij, by random interlacements.
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We are now ready to prove the main theorem. Recall the definition of u4(z)
from (1.13).

PROOF OF THEOREM 0.1. Ifz < —%810g|A| and |A| > 1, then

2.7 (2.13) (2.14) _
P(M(A) Sup@)) < PAeja=2) < P(Aea @ Gaea) < c(e)|Al™1

Also, exp(—exp(—z)) < exp(—|A|¢/*) < |A|7¢/* so that

(2.19) IP(M(A) <ua(z)) —exp(—exp(—2))| < c(e)|A|7*/12.

Furthermore, if z > log|A| then

P(M(A) > uaz)) < P(Ag728Oleld))

(1.10) _q

< |Alexp(—2log|A]) =|A]"".

Also, for such z we have exp(—exp(—z)) > exp(—|A|*1) >1—]A]7! s0 (2.19)
also holds for z > log|A|. It thus remains to show (2.19) for z € (—4—1‘810g|A|,
log|A]), and in what follows we assume z to be in this range.

Let w1 = 1A, (1—e)ua(0)s H2 = HA,(1—-ua©)ua(z) AN U3 = Lau,(o)- If we
fix any K € G4, then {A; = K} is simply the event E1 = {A\ K = AN
UwEM1 range(w)} [recall from the remark above (1.7) that w € u; means
w € Supp(u1)]. Furthermore, {M(A) < ua(z)} is simply the event {A C
UwGM range(w)}, and since by (1.9) we have | + @2 = w3, the intersection
E;iN{M(A) <uy(z)} coincides with EyN{A C (A\ K) U Uweu2 range(w)} =
E1N{K C Uyey, range(w)}. Denote the last event in the latter intersection by E,

and recall that by (1.8) we have that w| and u, are independent, so that P(E| N

. 1.13
E>) =P(E1) x P(E>). Also by (1.8) the point process fLa u,(z)—(1—e)u4(0) (113)

HA,g(0){elog|A|+z) has the same law as 3, so

P(E,) = IP’(K C U range(w)) =P(M(K) < g(0){elog|A| + z}).

WEUA,g(0){elog|A|+z}

It follows that (2.20) holds for all K € G 4 . by noting that both the right- and the
left-hand side equal P(E N E2) /P(EY).

(220) P(M(A) <uas()|A: =K)=P(M(K) < g(0){elog|A| + z}).

) @2.1), (2.5)
Then consider some K € G4 . Define A = Ld=2 _ 9 > 16—4 —2= % and

2e d:I
note that 3—38 = ﬁ, so that for distinct x, y in K we have

X — ] @ @V AV QE=D) _ (9] A|F) 2/ @=2) @ K |2HD/d-D),
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We can now use Proposition 2.2 to get that for |A| > 1,

IP(M(K) < g(0){elog|A| + z}) — P(Up < g(0){elog|A| + z})! ¥

<log|A

<log|A|
2.21) =2 cloglAlK |
< c(e)log|A[|A|7¢/3,
: PRI 26/3y—2 Y —&/3
since |K| < (JA]®F = |A)]*E2) ™ < c(e)|A|7* < c(e)|A|7¢/°. Furthermore,
using again that ||A|® — |K|| < |A|**/3 and (1.10) we see that

e\ |AIFHAP K|
(1 ) < P(Up < g(0){e logl A| + 2))

AP
o2\ 1Al 1A
(i)
B |Al¢

But note that if |A| > c(¢) one has the inequality

(2.22)

e—Z

—e ) —(1=
exp(—e™ ) ( A"

Combining (2.20), (2.21) and (2.22) with the above formula yields that if |A| >
c(e),

(223)  [P(M(A) <ua@)|Ae = K) —exp(—e™9)| < c(e)| A7,

=—(e/4)log|A|
< c

|A*£|A PP
) |A|—£/12

Multiplying by P(A; = K), and summing over all K € G4 ., we see that
[P(M(A) <ua(2), As € Gae) —exp(—¢ IP(As € Gae)| < cle)| A7/,

Finally, two applications of (2.14) gives us that (2.19) holds for |A| > c(¢) and
zZ € —}tsloglAl,loglAl). Thus (2.19) holds for all z € R, and (0.5) follows by
taking ¢ = 12¢;. O

We now use Theorem 0.1 to prove Corollary 0.2 which states that the point
process of uncovered points of a box converges to a homogeneous Poisson point
process.

PROOF OF COROLLARY 0.2. We drop the superscripts on /\/,l\}Z and N2
to lighten the notation. By Kallenberg’s theorem (see [13], Proposition 3.22,
page 157) it suffices to check that

(2.24) Nlim ENN(I)=EN ) forall I € J

and

(2.25) Jim PNy (1) =0) =P(N(1) = 0) forall I € 7.
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where 7 = {Finite unions of open rectangles ]_[1421 (ai, b)) in R?}. To verify (2.24)
simply note that

ENy() = Y P(Ux > g(0){log|By| +z))
xeNINBY,

(1.10) |NIﬂB |
|BY|

Since EN (1) = A;(I) exp(—z) by the definition of N we have proved (2.24). To
verify (2.25) note

P(Ny (1) =0) =P(M(NI N BY) < g(0){log| By | + z})
=P(M(NIN BY) < g0){log|NI N BY|+z'}),

exp(—z) = A(1) exp(—2) as N — oo.

Bl |
|NmBl

where z’ = log + z. So applying Theorem 0.1 we get that for all N > 1,

ININ B

IP’(NN(I)=O)—eXp( |B |

p(—z))‘ <c|NIN B~
ININBY |
|BY |

PNy (1) =0) — exp(—r;(I) exp(—2)).
But P(N (1) = 0) = exp(—A;(I) exp(—2z)), so (2.25) follows. [

By taking the limit N — oo and using that — A(1) we get

Corollary 0.2 has the following interesting implication.

PROPOSITION 2.8. Let the random vector (X1, X2, ..., X i) be the sites of
Bf\, ordered by the level at which they are covered (wWhere we use, e.g., the lexico-
graphic order when several sites are covered at the same level) so that

M(BY)=Ux, = Uy, > > Ux,,
Then for all k > 2,
(2.26) hm limsupP(31 <i < j <k suchthat |X; — Xj| <6N) =

-0 N0

or in other words, the last sites of B;v to be covered by the random interlacements
are separated, at typical distance of order N.

PROOF. Fixa§ > 0andlet f: R — [0, 8] be a continuous function such
that f(x) =8~ when |x| <& and f(x) =0 when |x| > 28. Consider the sum
Tayeiy /G = 9) = Ny © My(£( =) = FONy (. 119) [recall that
Ny = N and V' = N depend on [ and z and also the remark above (1.7)
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about the notation x € AVy]. We have that Ny tends weakly to V, so the product
Ny ® Ny tends weakly to N ® N, so that for all z € R,

Jm E[ Y f- )| =BV @N(F(— )~ FON(0. 1)
2.27) = X, yENN,xF#y

B > fe-»|

x,yeN ,x#y

Let N be a homogeneous Poisson point process on R/ x {0}~ (identified with
R)) with intensity measure exp(—z)A;. Recall that the Palm measure of N (viewed
as a point process on R!) is simply exp(—z) times the law of N+ S0y ([11],
Chapter 2, Exercise 3). So by the definition of the Palm measure ([11], Chapter 2,
Theorem 11.4) we get

E[ Y e, y;ex}f(x—y)} = exp(— z)/ E[N(f)1dx
x,yeN

=exp(—2z) /RZ fx)dx

<c(z)8 L.

The left-hand side of the above equality is an upper bound for the right-hand side
of (2.27). So for any z € R we find that

hm limsupP(3x # y in Supp(Ny) such that |x — y| <)

0 N>oo

< lim 11msupIP’( Z fx—y) 28_1>

=0 N—oo x,yeNN . x#£y
< lim 811msupE( Z fx— y)) =
020 Nooo oyl asty
Finally, we have the inequality
P31 <i < j <ksuchthat [X; — X;| <5N)
<P(3x # y in Supp(Ny) such that |x — y| < 8) + P(Ny ([0, 11%) < k).
So taking, in order, the limits N — 00,8 — 0 and z — —oo (and noting that

lim,— oo PV'([0, 119) < k) = 0) we get (2.26). [

We finish with a remark about the possible applicability of our results to the
study of random walk cover times, a comment about the connection between the
uncovered set A, and the uncovered set in the discrete torus and an open question
about whether our results can be generalized.
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REMARK 2.9. (1) Using our results and the known connection between ran-
dom interlacements and simple random walk in the discrete cylinder (see [15, 17])
it should be possible to determine the finer asymptotic behavior of the cover time
of the cylinder’s zero level (Z/N 7)1 x {0},d > 3, by random walk. Present
knowledge states that the cover time is asymptotic to N2¢(1+0() (see [3], Theo-
rem 1).

(2) As already explained in the Introduction in the paragraph after the statement
of Theorem 0.1, it is tempting to use the coupling result from [20] together with
Theorem 0.1 to devise a proof of the conjecture that P (S)NN[, —log N tends in law
to the Gumbel distribution, where Cy denotes the cover time of the discrete torus
of side length N and dimension d > 3.

(3) In this note the uncovered set A; is studied as one step in proving fine results
about the covering of sets by random interlacements. The corresponding uncov-
ered set in the torus (cf. Remark 2.7) has been studied for its own sake. Further
illustrating the connection between random interlacements and random walk in
the torus, A, and the uncovered set in the torus share some properties. Other than
the agreement of the variance of the cardinality of the uncovered sets mentioned
in Remark 2.7, [9] also shows that in the torus the uncovered set is (in a certain
sense) well separated ([9], Lemma 6.4), a result similar in spirit to our Lemma 2.6.

(4) Random interlacements can be constructed for any infinite graph on which
simple random walk is transient (see [19]). It is an open question whether a result
like Theorem 0.1 can be proved for random interlacements on more general graphs.
It seems plausible that on a transient graph G such that Green’s function decays
“fast enough” and such that @ = cap({x}) is independent of x € G one can use the
same method to prove that for sequences of finite sets A C G

M(A) law .. .
— — log| A| — Gumbel distribution, as |A| — oo,
a

where M (A) is the cover level of A.
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