STOCHASTIC HOMOGENIZATION OF FRACTIONAL OBSTACLE

PROBLEMS
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ABSTRACT. We prove a stochastic homogenization result for a class of nonlinear and nonlocal
variational problems in domains with many small randomly distributed (bilateral) obstacles.
Our model case is a Dirichlet problem for the fractional p-Laplacian, p > 1, where a pinning
condition u = 0 is imposed on the solution in a random collection of small balls whose centers
and radii are generated by a stationary marked point process. Such a general obstacle distri-
bution allows for clustering effects to appear with positive probability. Under suitable moment
conditions on the obstacle radii, we identify a critical scaling regime in which the fractional
p-capacity density of the obstacles is asymptotically additive almost surely. In turn, this key
property allows us to derive an effective homogenized problem which is formally analogous to
the one obtained in the periodic setting or under the assumption of well-separation for the ob-
stacles. The analysis also extends to the case of randomly shaped obstacles and to a broad class
of monlocal interaction kernels. At the methodological level, the paper develops a streamlined
proof strategy with several new ingredients, among them the use of Palm measures.
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1. INTRODUCTION

1.1. Overview. In this paper we study the effective behavior of sequences of nonlinear and
nonlocal Dirichlet problems posed in domains containing a diverging number of increasingly small
randomly distributed (bilateral) obstacles.
To set up the framework, let Q2 be the sample space of an underlying probability space and let
€ > 0 be a small parameter. The prototypical problem we consider is
{(—A);u =f mU\T¥,

(1.1)
u=0 on U UTY,

where U C R" is open, bounded and Lipschitz, (—A); denotes the (regional) fractional p-Laplacian

of order s, with p € (1,00) and s € (0,1). In (1.1) the source term f belongs to L¥ (U) and, for
w € Q, T denotes a realization of the random obstacle set defined as

T. = U{B,\Ep(sw): (z,p) €Esupp N, z € e U}, (1.2)

In (1.2) Ae > 0 is a secondary small scale satisfying \. < €, and N is a marked point process.
More precisely, N is a random counting measure of the form

(oo}
N = Z O(@i i)
i=1

where {z;};en is a sequence of R™-valued random variables and {p;};cn is a sequence of R -
valued random variables, representing the marks associated to the points {x;};cn. Under minimal
structural assumptions on N, which in particular shall be stationary and ergodic with respect to
shifts in R™ (see (2.15) and (2.16) for the precise definitions), in this paper we prove that, when
sp € (0,n), there is a critical scaling A, for the obstacle radii such that, as ¢ — 0, the solutions to
(1.1) converge almost surely to the solution of the effective problem
{(—A)Zu +fuffPu=f inU, (1.3)
u=20 on 9U,
where v > 0 is explicit and encodes the asymptotic geometry and distribution of the obstacles.
More precisely, v represents the averaged limit density of the fractional p-capacity of the random
obstacle set T, as we are going to explain in detail below.

1.2. A brief literature review. The asymptotic behavior of solutions to local Dirichlet problems
in periodically perforated domains (or in domains with obstacles) has been a very active research
area since the seminal works of Marchenko and Khruslov [MK74], Rauch and Taylor [RT75a,
RT75b], and Cioranescu and Murat [CM82a, CM82b]. From a mathematical point of view, these
problems are interesting because, when the perforations are at a critical size, the limit equation
shows an extra zero-order term, originally dubbed “a strange term coming from nowhere”, which
reflects the additive asymptotic behavior of the capacity of the homogenizing obstacles.

Several approaches have been developed over the years to study local problems posed in per-
forated domains; comprehensive treatments can be found in the monographs [Att84, DM93,
CD99, Bra02, MK06, CDG18]. In particular, Dal Maso gave a complete variational solution
[DM83b, DM83a] by building on the I'-convergence framework previously introduced by De Giorgi,
Dal Maso, and Longo [DGDML80]. In the 2000s the interest in the homogenization of obstacle
problems resurfaced in the nonlocal community thanks to Caffarelli and Mellet [CMO08], who were
the first to study these problems for the fractional Laplacian. Their method relies on the cel-
ebrated Caffarelli-Silvestre extension [CS07], which allows to reduce the problem posed for the
fractional Laplacian to a local problem. Indeed, thanks to [CS07] the solution to the nonlocal
problem in R™ can be interpreted as the boundary trace of the solution of a degenerate but local
elliptic equation in the higher-dimensional positive half-space Rﬁ“. Caffarelli and Mellet’s proof
is then based on the construction of oscillating test functions for degenerate elliptic PDEs and
their homogenization result holds for “well separated” randomly shaped obstacles placed on a
periodic lattice.
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A genuinely nonlocal approach was later proposed by the second author by resorting to I'-
convergence techniques combined with an ergodic theorem for multiparameter stationary processes
[Focl0, Focl2]. Circumventing the construction of the oscillating test functions, this variational
approach applies to a broad class of nonlocal and nonlinear problems and easily extends beyond the
periodic setting (see also [Foc09]). Moreover, an explicit expression for the limiting capacity density
of the obstacles is obtained in [Focl0, Foc12], whereas it remained implicit in the extension-based
works [CMO08, CM09]. We stress, however, that the analysis in [Focl0, Focl2] strongly relies on
the spatial distribution of the obstacles, in particular ruling out clustering effects. More precisely,
in the works mentioned above the obstacles are required to be well separated, a condition that
enables local constructions as in the periodic setting.

We also mention here the recent work [AGL25] where the authors study nonlocal variational
problems of convolution type in periodically perforated domains, via I'-convergence.

On the other hand, in the local setting, Giunti, Hofer, and Veldzquez [GHV18] significantly
extended homogenization results for the Poisson equation in perforated domains by considering
perforations generated by a stationary and ergodic marked point process as in (1.2), under the
assumption that both the centers and the radii exhibit short-range correlations. This framework
allows the centers {x; };en to be arbitrarily close and the radii {p; };en to be arbitrarily large, so that
clustering of perforations can occur with probability one (cf. [Gri99, MR96]). Assuming finiteness
of the average limit capacity density of the perforations (which, in view of the scaling properties
of the elliptic capacity, amounts to a suitable moment condition on the radii) the authors prove
that, for A, = £"/("=2) a homogenization result analogous to those in [CM82a, CM82b] holds.
Their proof is based on the construction of oscillating test functions in the spirit of Cioranescu
and Murat, with the main difficulty being to ensure that the presence of clusters does not break
down this construction. The key observation in [GHV18] is that the imposed moment condition
and the decorrelation assumption over large distances (formulated as a quantitative strong mixing
condition) guarantee that, almost surely, clustering holes have asymptotically negligible capacity.

More recently, a nonlinear counterpart of this result was obtained under similar assumptions by
Scardia, Zemas, and Zeppieri [SZZ24] via a purely variational approach, thus providing the first
homogenization result of obstacle problems for nonlinear elliptic PDEs (with variational structure)
without the assumption of well-separation.

1.3. Main contributions of the paper and method of proof. In the present paper, we ex-
tend the homogenization results of [GHV18, SZZ24] to the nonlocal setting. More precisely, we
establish a homogenization result for a broad class of nonlocal and nonlinear obstacle problems
under minimal assumptions on the geometry and size of the obstacles. Our result also provides
a substantial extension, in the nonlocal framework, of the homogenization results obtained in
[Foc09, Focl0]. Indeed, our approach does not rely on any separation assumption, thus accommo-
dating genuinely irregular configurations of obstacles. Moreover, the analysis applies to a class of
interaction kernels which is significantly larger than the one considered in [Focl0].

In contrast to [GHV18, SZZ24], we remove the short-range correlation assumption on the un-
derlying marked point process, which is now only required to be stationary and ergodic (see also
[Bas26]) and to satisfy a suitable moment condition on the obstacle radii. Moreover, we cover also
the case of randomly shaped obstacles (see also [Sat26]). In the same spirit as [Focl0, SZZ24],
our approach is purely variational and avoids the delicate PDE techniques and regularity results
employed in [CMO08], which are moreover specific to the fractional Laplacian. This yields a ro-
bust and unified framework for the stochastic homogenization of a broad class of nonlocal and
nonlinear obstacle problems. In addition, the paper develops a streamlined proof strategy with
several methodological simplifications and new ingredients with respect to [GHV18, SZZ24] (see
the comments hereafter).

We now provide an overview of the main contribution of the paper and outline its proof strategy.
For the sake of presentation, we focus on the model case of problem (1.1), where the random
obstacle set T, consists of a union of balls with random centers and radii, as defined in (1.2) (see
Figure 1). To keep the presentation intuitive, we disregard technicalities and assume only that
the marked point process N is stationary and ergodic. We refer the reader to Section 3 for the
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FIGURE 1. In blue a realization of the random set 7. (In the picture the centers
of the balls are generated by a Poisson point process, while the radii are i.i.d.
random variables with a log-normal distribution.)

complete list of assumptions, as well as for the treatment of the case in which ergodicity is relaxed
(cf. Remark 3.5).

We observe that problem (1.1) has a variational structure. Indeed, for fixed e, the unique
solution to (1.1) coincides with the minimizer in the fractional Sobolev space WP (U) of the
functional

@) —ulP )
fyo e e dnt=p [ fude ) (1.4

where, for every w € ),

“ () 0 if u=0 onT¥NU,
u) =
Xe +00 otherwise.

By the fundamental property of I'-convergence, the convergence of the functionals in (1.4) yields
the convergence of the corresponding minimizers and hence of the solutions to (1.1). Indeed,
we note that in this setting the compactness of minimizing sequences directly follows from the
Poincaré Inequality in W;P(U). Moreover, since the linear term in (1.4) can be treated as a
continuous perturbation, it actually suffices to focus on the asymptotic behavior of

_ P
. / dedy if ue W*?(U), u=0 onT¥NU,
F(u) = uxu T =y

+oo otherwise in LP(U).

(1.5)

In the main result of the paper, Theorem 3.2, we prove that for sp € (0,n), A\. = ™ (*=P) and
under the moment condition

E{ Z p?Sp] < 400, (1.6)
T, €Q
where @) is a unit cube in R", the random functionals F. I'-converge, almost surely, to the deter-
ministic functional given by
/ Ju(@) = uly)l” dz dy —l—’y/ lulPdz it we WP(U),
Fu) =< Juxu |z —yl"tsp U
+o0 otherwise in LP(U),

where

v = v, (BB 3 7). (17)

z,€Q
In (1.7) capg ,(Bi1) denotes the fractional p-capacity, or in short the (s,p)-capacity, of the unit
ball (see Section 2.2 for its definition). We observe that -y factorizes into the contribution of the
local geometry (via the (s, p)-capacity of the fundamental obstacle shape) and that of the global
distribution of the obstacles (via the (n — sp)-moment of the radii). A similar formula is obtained
in [GHV18, SZZ24]. Moreover, we refer the reader to Remarks 3.1, 3.4, and 3.5 for different
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characterizations of the capacitary constant . While the necessity of the moment condition (1.6)
is immediate from (1.7), the main contribution of the present work is to show that (1.6) is also
sufficient to establish a homogenization result analogous to that of [Foc10] in this more general
setting.

In the same spirit as [GHV18], a crucial step in the proof of the homogenization theorem is a
decomposition result of the random obstacle set T.. Roughly speaking, we decompose T into the
disjoint union of two sets T and T?, where T consists of “small” and e-separated obstacles (the
so-called good obstacles), while T contains the remaining ones (the so-called bad obstacles), in
particular clusters (see (4.1)-(4.3) for the precise definitions). By construction, the obstacles in 79
are also well separated from a suitable enlargement of the bad set T? (see (4.4)). We then show
that, almost surely and for ¢ sufficiently small,

Caps,p(TE N Q) = Caps,p(TEg N Q) + Caps,p(st N Q)

and Caps,p(TEI’ NQ) — 0 as € — 0. Therefore, thanks to the e-separation of the obstacles in TY,
we obtain

. . . . . n—Sp
lim cap, , (T2 N Q) = lim cap, ,(T¥ N Q) = cap,,(B1) lim " ZQ pi
EXT; €

Above we have also used the choice A\, = £"/("=5P)  together with the scaling property of the
(s, p)-capacity, namely cap, ,(B,) = cap ,(B1)p"°F. Finally, exploiting the stationarity and
ergodicity of N together with (1.6), invoking the ergodic theorem for marked point processes, we
deduce that, almost surely,

lim cap, ,(T: N Q) = 7.
e—=0 >

The above heuristic argument shows that the moment condition (1.6) is in fact sufficient to ensure
that, even in the presence of clusters, when ). is critical, (with probability one) the (s, p)-capacity
density of the obstacle set T is finite and asymptotically additive, as in the periodic setting.

The proof of Theorem 3.2 builds on the argument outlined above, which, however, is not suffi-
cient on its own to conclude. Indeed, both the lower and upper bound inequalities (cf. Proposition
5.1 and Proposition 5.2, respectively) require two additional key ingredients: a nonlocal version
of the so-called Joining Lemma (cf. [Focl0, Proof of Lemma 3.9]) and a probabilistic discrete
approximation of the capacitary term in the I-limit (cf. Proposition 4.11).

More precisely, the Joining Lemma (originally proved in the local periodic setting by Ansini
and Braides [AB02]) is reminiscent of a slicing and averaging argument due to De Giorgi. It allows
us to identify suitable annular neighborhoods around the good obstacles where a sequence with
equibounded energy can be modified so as to become locally constant without generating additional
energy concentration. The resulting sequence can then be used as a competitor in the capacitary
problem, and its appropriately chosen constant boundary values enable the reconstruction of the
capacitary term in F thanks to a refined version of the ergodic theorem for marked point processes
that plays a crucial role (cf. Proposition 2.3).

To carry out this program, we introduce some technical simplifications and develop some
methodological novelties with respect to the approaches in [GHV18, SZZ24]. First, to make the
application of the Joining Lemma possible we introduce a substantially simplified good/bad obsta-
cles decomposition (see Section 4.1), which yields the geometric separation properties required in
the proof through a shorter argument than in [GHV18, SZZ24]. In particular, instead of relying on
[GHV18, Lemma 4.2], we select the relevant obstacles by means of a simple truncation procedure
depending on a deterministic parameter, which tends to 400 at the end of the argument. Second,
we formulate the relevant discrete-to-continuum limit passages in terms of almost sure conver-
gence of suitably rescaled counting measures (see (2.18)) associated with the underlying marked
point process (see Sections 2.3.2 and 4.5). This allows us to derive the asymptotic behavior of
random sums from general ergodic principles and to recast the corresponding limit computations
as convergence-to-integral statements. A key point here is that, rather than passing to the limit
only at the level of the original marked point process, we work directly with the thinned process
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(see Section 2.3.4) associated with the obstacle selection. The probabilistic analysis of this se-
lected configuration relies on Palm measures (see Section 2.3.3), which allow us to compute the
expectation measure of the thinned process as a function of the truncation parameter. This in
turn makes it possible to apply the ergodic theorem directly at the level of the selected obstacles.

While in the proof of the lower bound inequality the contribution of clusters can be neglected,
the upper bound is more delicate, as one needs to show that the lower bound is optimal along a
suitable recovery sequence. In particular, the recovery sequence must be constructed so as to satisfy
the pinning condition also on the clustering obstacles. This construction presents difficulties which
are, to some extent, analogous to those encountered in the construction of oscillating test functions,
although no explicit solution of PDEs is required. Finally, in the upper bound construction we
show that the capacitary contribution is concentrated along the diagonal set in R™ x R™ and arises
from short-range interactions, whereas long range interactions contribute only to the nonlocal term
in the I'-limit.

To conclude this introduction we note that the I'-convergence result described above can be ex-
tended to more general interaction kernels and to obstacles with random shapes (cf. Theorem 3.6).
Moreover, the ergodicity assumption on the marked point process can be relaxed, in which case
the limiting functional features a random capacitary term (cf. Remark 3.5).

2. PRELIMINARIES AND NOTATION

2.1. Basic notation. In this subsection we introduce some useful notation. In all that follows
n € N\ {0}. We define R} := [0,4+00) and @ := (0,1)". We use the standard notation | - | for
the Euclidean norm on R™. The open ball centered at x € R™ and with radius r > 0 is denoted
by B,(z); i.e., B.(x) :={y € R" : |y — 2| < r}, while the corresponding closed ball is denoted by
B, (), that is B.(z) := {y € R" : |y — x| < r}. If x = 0, we write simply B, instead of B,.(0).
Given two sets A, A’ C R" with A CcC A’, we say that ¢ € Lip(R";[0,1]) is a cutoff function
between A and A" if o =1 on A, ¢ =0 on R™\ A’ and Lip(p) < 1/dist(A,dA").
For a given set A C R™ the characteristic function of A is denoted by 14, that is

1 ifreA
1 = ’
A@) {o ifd A

Throughout the paper the parameter € varies in a strictly decreasing sequence of positive real
numbers converging to zero. To avoid cumbersome notation, whenever we need to pick a sequence
{ej}jen 1 0, we will simply write j instead of ¢;, if ¢; appears as a subscript. For example, we
will write I;, F;, u; in place of I, F.., ue,.

Let £™ denote the Lebesgue measure on R™. If U is a Lebesgue-measurable subset of R™
and u € L'(U), the integral average of u on U is denoted by (u)y, that is (u)y = f,u =
LrU)t [ u(x) da.

Let § > 0; then As := {(x,y) € R” x R™ : |z — y| < ¢} denotes the open d-neighborhood of the
diagonal set in R™ x R™.

We use the standard notation |-] for the floor function; i.e., [t| := max{m € Z : m < t}, for
every t € R.

In all that follows we write Sas, ar,,... when an inequality holds up to a multiplicative constant
depending on the parameters My, Mo, ...

2.2. Fractional capacity. Throughout the paper, we assume that p € (1,00), s € (0,1) and
sp € (0,n). Let A C R™ be open. We use the standard notation W#P(A) for the Sobolev-

Slobodeckij space, with norm ||ul|ys»(ay := [[ul|zr(a) + |[u|ws.r(a), Where
|u(z) = uly)[”
[ulf e n gy o= / dzdy
wer(d) AxA |z —y[rtep

denotes the usual fractional Gagliardo seminorm of u to the p-power.
Let T C R™. The fractional capacity of T' is denoted by cap, ,(T') and defined as

inf inf {|u|€v,§,p(Rn) cu € WHP(R™), u >1L"-ae. on A} , (2.1)

T):=
Caps,p( ) {A€A(R"): ADT}
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where A(R™) stands for the collection of all open subsets of R”™.

We recall that a property holds cap, , quasi everywhere (in short, cap, -q.e.) on A, if it holds
up to a set of cap, ,, zero. Moreover, every function u in W*P(A) has a precise representative @
defined cap, ,-q.e. (see [AH96, Warl5]) and using the precise representative we can equivalently
write

cap; ,(T) = inf {|u|€vs,p(Rn) cu e WSP(R™), 4> 1 qe. on T}.

More generally, we shall deal with translation-invariant, even symmetric, homogeneous kernels
A R™\ {0} — [0,00) that are comparable to the standard fractional kernel. Specifically, we
assume that J is L™-measurable and such that for some ¢ > 0, and for all  # 0 and t € R\ {0},
obeys to

H(tx) = [t~ (), < (x)]x|" TP < c. (2.2)
In particular, J# is even symmetric and —(n + sp)-positive homogeneous. Then consider the
functional K : LP(R™) x A(R™) — [0, +-00]

K(u, A) := . A%(m — y)lu(z) —u(y)| dzdy, (2.3)

and introduce the counterpart of cap, , associated with the kernel 2", namely

cap . (T) = {AeA(niQIig: . inf {(u,R") : w € W¥P(R"), u>1L"-a.e. on A}. (2.4)

One can easily verify that cap, is (n — sp)-homogeneous and comparable to cap, ,,, namely
¢ teap, ,(T) < cap (T) < ccap, ,(T), (2.5)

for every T' C R".

For fixed T' C R™, the existence and uniqueness of a function u realizing cap , (T) is obtained
in the homogeneous space W“’(R") = {ue P (R"): [ulps.pmny < +00}, p* 1= nﬁiw appealing
to the direct methods of the Calculus of Variations and using the strict convexity of the K and
the fact that the set {u € WSP(R") : & > 1 q.e. on T} is convex and strongly closed. In what
follows such a function is referred to as the J -capacitary potential for T.

For later use, it is also convenient to recall two different notions of relative fractional capacities

introduced in [Focl0, Section 2.4]. Namely, let 0 < r < R, and for T' C B, define
cap_y (T, Br;r) == inf {K(u, Bg) : u€ W*?(R"), u=00on R"\ B,, @ >1q.e. on T},

and
Cx (T, Bg) :=inf {L(u,R"): u€ W*P(R"), u=0o0nR"\ Bg, & >1q.e. onT}.

In fact, the former quantity is useful in the proof of the lower-bound inequality (cf. Proposi-
tion 5.1), while the latter is used in the proof of the upper bound inequality (cf. Proposition 5.2).
In particular, by the very definitions it is easy to deduce that

max{cap , (T),cap (T, Br;r)} < Cx (T, Br) (2.6)

for every T C B, 0 <r < R.

In what follows we shall prove the uniform convergence of the above defined relative capacities to
the global one. To this aim it is convenient to introduce some notation to simplify the calculations
below: for any £"-measurable function w and any £2"-measurable subset E of R x R™ we define
the locality defect of the functional K as

Di(w, E) := /Ejif(x —y)|w(z) — w(y)|P de dy.

Hence, by definition and being #" even symmetric, for any pair of disjoint £"-measurable subsets
A and A’ of R", we have

Kw,AUA") = K(w, A) + K(w, A") + 2Dxc(w, A x A"). (2.7)
The next result establishes some useful properties of the relative capacities introduced above.
It extends [Focl0, Lemma 2.12] proved for the standard kernel | - |~(®*5P) to the more general

class defined in (2.2). The strategy of proof is that of [Focl0, Lemma 2.12] with the additional
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insight that the J#-capacitary potential of the ball is vanishing at infinity, as a consequence of the
regularity theory developed in [DCKP14]. In what follows it is useful to notice that if z € Br

1
- ot —SD
s oy QY S dist™ (@, 0Br). (2.8)
R

The latter estimate is a consequence of a direct integration using polar coordinates (see [Focl0,
Lemma A.1]).

Lemma 2.1. Let # : R"\ {0} — [0,00) be L™ measurable and satisfy (2.2). For every p > 0 it
holds
lim sup |Cx(T,B,)—cap_ (T)| =0. (2.9)
7—+400 TCB,
Moreover, for every 0 < p<r < R
7P

sup (cap_(T) — cap_g (T, Br;7)) Snys,p Cx (B, By). (2.10)

TCB, (R—r)sp

In addition, if R(r) > 0 is such that R(r)/r — 400 as r — 400, then

lim sup |cap (T') — cap (T, Br(r;r)| =0, (2.11)
77— 400 Tng
and
lim  sup Di (&), Br(ry X Biyry) =0, (2.12)

7—+400 TCB,

or every function £F such that
f y f &
1
K& R") < Cor (T, By) + — (2.13)

Proof. Let p > 0,T C B,, r > p be fixed.

Let us first prove (2.9). To this aim let u?, uPr € Ws’p(R”) be the 7 -capacitary potentials
of T and B,, respectively; then 0 < uT < uBr <1 L™ ae. on R™ by [Focl0, Lemma 2.11]. In
addition, u®P» satisfies

lim % (z) =0 (2.14)

in view of the results contained in [FPZ26].

With fixed 6 > 0 consider the Lipschitz map ¥5(t) := i;_‘; V0, Lip(vs) < (1 —6)71, and set
ws(x) == Ys(u’(x)). Up to L™ negligible sets, {ws > 0} = {u? > 6} C {ufr > 6} C Bg,, for
some Rs — 400 as  — 07. Then ws € W*P(R") with

K R") <
(tha ) = (1 — (5)1)
Moreover, ws > 1 q.e. on T, and being cap - (-) an increasing set function, we conclude that

0 < Cx(T,Rs) —cap ,(T) < ((115)39 - 1) cap (T) < <(115)p - 1) cap_y (B,).

In conclusion, (2.9) follows since (0, +00) > r — C ¢ (T, B,) is monotone decreasing.

To prove estimate (2.10), let u € W*P(R"™) be any admissible function for the minimum problem
defining cap; (T, Br;7), then u is also admissible for the one defining cap, ,(7'). Using the
estimate in (2.8) we have

n 1 1
’C(UT,R )= mcapgg(ﬂa wsll e ®n) < 1_ 6||UT||LP(BR6)'

cap . (T) < K(u, R") ) K(u, Br) + K(u, BS) + 2D (u, Br x BS)

"R B +2 [ @)l [ (- ydyda

B, Bg,

(2.2),(2.8) lu(z)|P
Snsp Ku, B A d
S Mt Br) +C/B,‘ dist™(z,0Br) "

¢ / w(2)[Pdz <psp K(u, Br) + —o———
B, r

S ’C(U,BR) + m
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where in the last inequality we used the scaled version of the Poincaré Inequality on balls and
again (2.2). By passing to the infimum over the admissible test functions we infer
crsP crP

Wcapx(ﬂ Bg;r) < ————Cx(T,B,).

Capl(T) — Cap (T, BR; T) < (R _ 7;)3[)

We deduce statement (2.10) since C ¢ (-, B,) is a monotone increasing set function.
The limit in (2.11) follows at once from formulas (2.9), (2.10), and the inequality in (2.6).
Finally, let I satisfy (2.13). Then ¢! is admissible for the problem defining cap , (T, Bg;r),
so that for all » < R we get
1
Capl’(T7 BR;T) S K(fza BR) S O%(T7 BT‘) + -

Therefore, recalling the definition of Dy, by combining (2.9) and (2.11) we get (2.12). O

2.3. Marked point processes. For a comprehensive treatment of marked point processes we
refer the reader to the monographs [DVJ06, DVJ07]. Below we recall some notions and results
which are relevant to the problem under examination.

2.3.1. Basic definitions. Let X be a topological space. The Borel o-algebra on X is denoted by
B(X). We say that a Borel measure is boundedly finite if it is finite on every bounded Borel set.
Let A be the set of boundedly finite integer-valued measures on B(R"™ x Ry ). For any pu € N, we
define its ground measure p 4 as

o(A) = (A x Ry,
for every A € B(R™). If pg is a simple counting measure on B(R"), i.e., if uq({z}) € {0,1} for

every z € R", we write u € N.
We say that a sequence {p1;}jen C N w#-converges (“weak hash” converges) to u € N if

[t fdu
R™ XR+ R XR+

for every bounded continuous function f on R™ x R, vanishing outside a bounded set. This notion
of convergence defines the w#-topology (“weak hash” topology) on N, whose Borel o-algebra is
denoted by B(N). The w#-topology is metrizable on A (see [DVJ06, A2.6.1]). Moreover, by
[DVJ07, Proposition 9.1.IV], N, with the w#-topology, is a complete separable metric space and
B(N) is the smallest g-algebra with respect to which the mappings N 3 p + u(B) are measurable
for every B € B(R™ x Ry).

Let (2, %#,P) be a probability space. In all that follows follows, whenever a statement holds
true P-a.e. in ) we may equivalently write almost surely.

A marked point process (m. D ) on R™ with marks in R is a measurable mapping N: (Q, %) —
(N, B(N)) such that P(N € N) = 1. Let N be a m.p.p. on R” with marks in R ; for every w € Q,
set N¥ := N(w). The probablhty law of N is denoted by P := Po N~!. Define { := 1(/\/);

clearly © C Q and P(Q) =
For y € R™ we define the shift operator S, : N'— N\ as

(Syw)(B) := (S, B),
for every B € B(R™ x R ), where
8B = {(x+y.p) : (v,0) € BY.
We say that N is stationary (with respect to (Sy)yern) if
PoSy=P VyeR™ (2.15)
Moreover, we say that N is ergodic (with respect to (S, )yern) if, in addition,

Ee€BWN), S,E=E VycR" = P(E)c{0,1}. (2.16)
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Now suppose that (7,),crn is a flow of P-preserving transformations on §2, i.e., a group of transfor-
mations (7y)yern : @ — Q such that (y,w) — Tyw is a measurable map from (R™ x Q, B(R") x .%)
to (©2,.#) and Po 7, =P for every y € R". We say that (7,)ycrn is ergodic if
Fez, m,F=F VYyeR" = PF)ec{01}.
We observe that if
N™% = §,N*, (2.17)

for every (y,w) € R™ x €, then (2.15) holds true. Moreover, if additionally (7,)yecr» is ergodic,
then (2.16) holds also true.

Following [DVJO07, Chapter 9.5] we introduce the ezpectation measures of N and N, defined,
respectively, as

M(B) :=E[N(B)], My(A):=E[N,(A)]

for every B € B(R" xR ) and A € B(R™), where E denotes the expected value with respect to the
probability measure P. Throughout this section we tacitly assume that M and M, are boundedly
finite.

Thanks to [DVJ06, Lemma A2.7.IT] (see also the comments before [DVJ07, Lemma 12.2.111])
property (2.15) entails

M=L" xv,
where v(R1) < oo, since My is boundedly finite. Therefore, v can be normalized and M can be
rewritten as
M =myL" x T,

where my 1= E[N,(Q)] € [0, +00) and 7 is a probability measure on (Ri, B(R;)). The constant
myg is referred to as the intensity of the ground process.

2.3.2. Ergodic theorems. For later purposes, in this section we collect some useful consequences of
the Ergodic Theorem for stationary and ergodic marked point processes [DVJ07, Theorem 12.2.1V
and Corollary 12.2.V].

We start recalling that, since R™ x R, is a complete separable metric space, we can appeal
to [DVJ07, Lemma 9.1.XIII] to deduce the existence of a sequence {z;};eny of R"-valued random
variables and a sequence {p;};cn of R-valued random variables such that almost surely

e’}
N = Z 5(IHP1) .
i=1

Moreover, for every € > 0, we define the rescaled measures

Ne:=¢" Z 5(511,0@% Nge=e" Z Oca;- (2.18)
=1 =1

The following result is a well known consequence of the Ergodic Theorem for stationary and ergodic
point processes [DVJ07, Theorem 12.2.IV and Corollary 12.2.V] and can be found, for example,
in [Fag25, Claim 7.1].

Proposition 2.2. Let N be a stationary and ergodic m.p.p. on R™ with marks in Ry. Then there
exists ¥ € F with P(Q') = 1 such that

lim () AN, (z) = f(z)dM,(z),
el0 Jpn ? Rn

for every w € Q' and every f € CO(R™).
An analogous result holds true for N, as stated in the following proposition.

Proposition 2.3. Let N be a stationary and ergodic m.p.p. on R™ with marks in Ry. Then, for
every h € LY(Ry, ) there exists Qp, € F with P(Qy,) = 1 such that

lim F(@)h(p) AN (z, p) = / F(@)h(p) M (z, p),

el0 Jrn xR, R™ xR
for every w € Qp, and every f € CO(R™).
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As a simple consequence, we also have the following result.

Proposition 2.4. Let N be a stationary and ergodic m.p.p. on R™ with marks in Ry.. Then, for
every h € LY (R, m) there exists Qy € F with P(Qy) = 1 such that

time" [ h(p) AN®(z,p) = m, £"(U) [ h(p) dn(p),
el0 (e=1U) xRy Ry

for every w € Qp, and for every U € A(R™) bounded and Lipschitz.

The corresponding proofs are postponed to Appendix A.

2.3.3. Palm distributions. In this section we recall the notion of Palm distributions for a stationary
marked point process. These are introduced through a refined version of the Campbell Theorem
(see [DVJ07, Theorem 13.2.111] and the introduction to [DVJ07, Section 13.4]).

Theorem 2.5 (Refined Campbell’s Theorem). Let N be a stationary and ergodic m.p.p. on R™
with marks in Ry.. Then there exists a family {Po,p)}per, of probability measures on (N, B(N)),
called Palm distributions associated to the m.p.p. N, such that

E

/ f(.p. N) AN (z, p) | = / F@ap,Spp) M (2, p) APy (1), (2.19)
R» xR R™ xRy XN

for every nonnegative (B(R™) @ B(Ry) ® B(N))-measurable function f.

We notice that, taking f(z, p, u) = f(x,p,Syp) for a nonnegative (B(R") @ B(Ry.) @ B(N))-
measurable function f, (2.19) can be equivalently written as

E

/ f(z,p,S:N)dN (z, p)} = / f(@, p,p) dM (z, p) dPo,p) (1) (2:20)
R xRy R™ xRy XN

Let A € B(R") and A’ € B(R;) be such that M(A x A") € (0,00). Choosing f(z,p,u) =
La(z)la(p)lg(p), with E € B(N), by (2.20) we get

1
7)(O,p)(E) = mE

[ La@Late(S M) dNG.p)|
R™ xRy

Consider now the set of measures N,y := { € N : u({(0,p)}) > 0}. Clearly, if (z,p) € supp N,
then (0,p) € supp SN, and thus 1n;, , (S:N) = 1. The latter equality readily implies that
Po,p)No,p)) = 1, hence Pyq ) is concentrated on N g ,). Moreover, since N(g ,) C No := {p € N :

~

({0} x Ry) > 0} we also have P(g ,)(No) = 1. Similarly, since P(N) = 1, we have Py ,y(N) = 1.

2.3.4. Thinned process. In this section we introduce some notion of thinning of point processes.
Let N be a m.p.p. on R™ with marks in R ; for § > 0 fixed, we define the thinned process

NO = Z 5(%‘701‘) - Z Ly; (S%N)é(afiv/’i)’

i€l’d i=1
with
I° = {i 6N:m§n|xi—xj| >0}, Ys={pueN:uBsxRy)=1}
JF

We observe that in the context of homogeneous Poisson point processes N° is known as first
Matérn hard-core process [Mat86].

Now let N be stationary and ergodic with respect to (Sy)yer». Since the map N — N?
commutes with S, for every y € R", it is immediate to deduce that N % is stationary and ergodic
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with respect to (Sy)yern. Therefore, using Theorem 2.5, we can compute the expectation measure
of N? as follows. Let A € B(R™) and A’ € B(R,); in view of the definition of N we have

E[N°(A x A"

Z 1y, (S, N)ﬂA(xz)ﬂA’(pz)]

i=1

=E

/ 1A<m>nAf<p>ﬂyé<szN>dN(w)]
R™ xR (2.21)

- / La (@)1 (p) Ly, (1) AM (x, p) dP(q ) (12)
R™ xRy XN

= my"(4) [ P35 dn(p)

Therefore, thanks to (2.21), the expectation measure M? of the thinned process N° can be ex-
pressed in terms of the Palm measure P ,) as

M® =myL" x (P, (Ys)7).
Furthermore, taking A’ = R in (2.21), we deduce that the expectation measure M, g of the ground
process N, g is given by

Mg =my . Po,p)(Ys)dm(p) L™
+
We conclude this section by observing that

lim P(o,»)(¥5) = 1, (2.22)
for every p € Ry. Indeed, we have

P0,0)(Ys) :/ Ay () dPo,p) (12);
NoNN

moreover, every p € Ny NN belongs to Yj for sufficiently small § > 0. Hence, (2.22) follows by
the Dominated Convergence Theorem.

3. STATEMENT OF THE MAIN RESULT

In this section we introduce the random nonlocal functionals we are going to study and state
the main result of this work.

3.1. Assumptions. Let N be a m.p.p. on R" with marks in R, . As already observed, N can be
written as a countable sum of Dirac deltas; i.e.,

N = ié(lum) P-a.e.

for some R™-valued random variables {z; };en and R -valued random variables {p; }ien.
We assume that N satisfies the following hypotheses:
is stationary and ergodic;

(H1) N

(H2) the expectation measures M and M, are boundedly finite;
(H3) mg :=E[Ny(Q)] > 0;
(H4)

{pi}ien satisfy the moment condition
[ > T gp] < +o0. (3.1)
T, €Q

Remark 3.1 (On the assumptions). Some comments on hypotheses (H1)-(H4) are in order.
We notice that thanks to (H1) and (H2) we know that M = m L™ X m, with my < 400 and 7
probability measure on (Ry, B(R4)), while (H3) ensures that the ground process Ny is nontrivial.
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Moreover, in view of Theorem 2.5, by choosing f(z, p, N) = 1 () p"~*P in (2.19), we obtain

E[ > p?ﬂ = my / () (3.2)

T, €Q

Therefore, the moment condition (3.1) in (H4) can be equivalently replaced by
/ P dr(p) < +oo. (3.3)
Ry

3.2. The functionals. Let U C R™ be open, bounded, and Lipschitz. For w & Qande >0
consider the set of indices
I :={i e N: z;(w) € 7'U}

and the parameter

Ae i=gmop,
We define the obstacle set T as
Te = T,
iele

where _
Tgl’w = B)\Ep,i(cu) (€Ii(W)).
Finally, we define the functionals F¥ : LP(U) — [0, +oc] as

— P
/ dedy if ue WP(U), @ = 0 cap, ,-q.e. on T"NU,
Uxu | —y|rrer ’

Fo(u) = (3.4)
400 otherwise.

3.3. The main result. We are now in a position to state the main theorem of this work, that is,
an almost sure I'-convergence result for the random functionals F..

Theorem 3.2 (T'-convergence). Let N be a m.p.p. on R™ with marks in Ry satisfying (H1)-(H4).
Let F¥ be the functionals defined as in (3.4). Then there exists Q' € .F with P(Y') = 1 such that,
for everyw € ', (F¥) T'-converges in the LP(U)-topology, as € | 0, to the deterministic functional
F : LP(U) — [0, 40| given by

_ p
/ dedy—&—’y/ |ulPdz  if w € W*P(U),
uxu |z —y[rter U

F(u):=
400 otherwise,

where

v = caps,p(Bl)E{ > pfsp}

T, €Q

Some remarks are in order.

Remark 3.3 (Periodically distributed obstacles with random radii). We observe that the case of
periodically distributed obstacles with random radii can be recovered as a special case of Theo-
rem 3.2.

To this end, let {z;};cny be an enumeration of Z™. We notice that the ground process corre-
sponding to {z;}ien is stationary with respect to integer translations in R™, but not stationary
with respect to (Sy)yern; therefore this does not satisfy (H1). Hence, to produce a ground process
which is both periodic and (S, ),ern-stationary we need to consider a random translation of Z" as
follows. Let ¢ be a uniformly distributed random variable on [0,1)™. For any i € N, let ; := z;+(.
Then the ground process N, = > 2, &,, is stationary with respect to (Sy)yern. To see that, we
fix y € R" and we define the random variable ¢, by

Gy := (¢ —y)mod Z",
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where (-) mod Z™ denotes the unique representative in [0, 1)™. We also define
zy = ((—y)— G €L,
so that ¢ —y = ¢y + 2z,. Observe that ¢, and ¢ have the same probability distribution. Moreover,

o0 oo o0
SyNg = Z‘SZHrC*y = 25Zi+4y+zy = Z‘SZﬁCy’
i=1 i=1 i=1

since clearly Z"+z, = Z". Hence, Sy N, has the same probability distribution as Zfil 0s+¢ = Nyg.
Furthermore, for every w € 2, N is Z"-periodic, being a translated copy of Z".

Remark 3.4 (Wald identity). We observe that, under some additional assumptions on the m.p.p.,
the constant v in Theorem 3.2 has a more explicit expression in the spirit of the classical Wald
Identity (see e.g. [Blad6]). Namely, besides stationarity and ergodicity, suppose that the random
variables p!'*” and 1¢(z;) are independent for every ¢ € N. Moreover, assume that E[p; "] =

E[p]*"] for every i € N. Then we have

n—s :I‘

v = mgE[p;

n—sp

Indeed, under these assumptions, E[p]' "1 (z;)] = E[p} *"]E[1g(x;)] for every i € N, and hence,
since p;' *P1g(x;) > 0, by a consequence of the Monotone Convergence Theorem [Fol99, Theorem
2.15], we obtain

oo

oo
y=EY TP =EY pl " Tlg(w) =Y Elp Tlg(x)]

T;€Q i=1 i=1
=E[p!""IE)_ 1o(w:) = E[pi "] E[Ny(Q)] = mgE[p} "],
i=1

Remark 3.5 (Stationary nonergodic m.p.p.). It is also worth mentioning here that Theorem 3.2
is stated and proven in the ergodic case for notational simplicity only. In fact, if in (H1) the
ergodicity assumption is dropped, then Theorem 3.2 still holds up to replacing the constant ~
with the random variable k defined as follows

K = cap, ,(B1) E L% e ,z] ). (3.5)

Here we additionally assume that the probability space (€2, #,P) where N is defined is endowed
with a flow of P-preserving transformations (7, )yern (see Section 2.3.1 for the definition) satisfying
(2.17). Moreover, in (3.5), Z denotes the sub-o-algebra of (7,)ycrn-invariant events; i.e.,

I={Eec%:17,E=FE VYyecR"}

and E[-|Z] a version of the conditional expectation given Z. This additional structure is only used
to formulate the nonergodic case on the underlying sample space and is not restrictive, since one
may canonically introduce a new probability space (Q,.%,P) := (N, B(N), P), endowed with the
flow 7, := Sy, together with the marked point process N (w) := w, which has the same law as N
and satisfies all the required properties.

By definition of conditional expectation, we readily obtain that E[xk] = . Then, by (H4) we
get that k¥ < 400 for P-a.e. w € (.

Furthermore, as in the ergodic case, k can be rewritten in terms of an integral over R, with
respect to some random measure. Specifically, if Mg, denotes the set of boundedly finite measures
on R, by [DVJ07, Lemma 12.2.IT1] there exists an Z-measurable random measure ¢ on R, i.e.,
a measurable mapping from (Q,7) to (Mg, , B(Mg, )), such that almost surely

7

Eténwhf@zmdN@am

:/ F(a,p) da de(p), (3.6)
Rn xR
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for all nonnegative measurable functions f on R™ x R. Then, choosing f(z, p) = Lg(z)p"*P, we
get
kY = cap, ,(B1) / p" P Ay (p),
R
for P-a.e. w € Q.
We conclude this remark by observing that a proof of the I'-convergence result in the stationary
case can be obtained from the proof in the ergodic case with minor changes.

3.4. A generalization to the case of random shapes and anisotropic kernels. In this
subsection we discuss a far reaching generalization of Theorem 3.2 to the case of randomly shaped
obstacles and anisotropic, translation invariant, even symmetric, —(n+ sp)-positive homogeneous,
measurable kernels.

To this end, let J# be a measurable kernel satisfying (2.2), and let K be the corresponding
functional as in (2.3). Moreover, let N be a m.p.p. on R” with marks in R satisfying (H1)-(H4).
For every £ > 0 and w € , we define the new obstacle set S¥ as

seq= | s,
el
where S! are random sets such that:

(H5) St € Th;

(H6) there exists a sequence {v; };en of Ry-valued random variables such that the marked point

process D ;e O(z,,,) 18 stationary and ergodic and the following scaling property holds

cap (S1¢) = €"i(w), (3.7)
for every € > 0, w € ﬁ, and ¢ € N.
We observe that, in view of (2.5), assumptions (H5) and (H6) in particular imply 0 < ~; <
cp;~°P, for some ¢ > 0. Therefore, in view of (H4) we immediately deduce that

E[ > %} < 400. (3.8)

z,€Q
We now consider the functionals K¢ : LP(U) —s [0, +00] defined as

K(u,UxU) ifueW>P(U), i =0 capg ,-q.e. on S NU,
K¢ (u) := (3.9)
400 otherwise.
We emphasize that the homogeneity of J# in (2.2) is necessary to prove a I'-convergence re-
sult which is subsequence independent, as observed already in the local setting (cf. [AB02, Re-

mark 2.7]). The following almost sure I'-convergence result holds true (cf. [Focl0, Theorem 4.1]
for the case of rotation-invariant kernels).

Theorem 3.6 (I'-convergence for randomly shaped obstacles). Let N be a m.p.p. on R™ with
marks in Ry satisfying (H1)-(H4). In addition, assume that (H5) and (H6) hold with respect to
some measurable kernel & satisfying (2.2).

Let IE? be the functionals defined as in (3.9). Then there exists Q' € F with P(QV) = 1 such
that, for every w € ', (K¥) T'-converges in the LP(U)-topology, as € | 0, to the deterministic
functional K : LP(U) — [0, 400] given by
K(u,U x U) +i/ |ulPdx if u € W*P(U),

K(u) := v
+o0 otherwise,

where
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Remark 3.7. Arguing as in Remark 3.1 we infer that

=5 % ng/R+7dﬁ(7) (3.10)

z,€Q
for some probability measure 7 on R, where my is defined in (H3) (cf. (3.2)).

Moreover, as in Remark 3.4, if we assume that the random variables 7; and 1g(z;) are inde-
pendent for every ¢ € N and that E[y;] = E[y1] for every ¢ € N, then the Wald Identity yields
4 = mgyE[y1]. Moreover, we observe that in view of Remark 3.3 the convergence result in Theo-
rem 3.6 generalizes the analysis in [CMO08] to the case of randomly shaped clustering obstacles.

Finally, as in Remark 3.5 we conclude observing that, if we drop the ergodicity assumption,
then the I-limit K is a random functional with capacitary constant given by

ke :—E[Z%\I}(w).

T, €Q

4. SOME TECHNICAL AUXILIARY RESULTS

In this section we prove a number of technical lemmas which will be employed to achieve the
main result, Theorem 3.2.

4.1. Sets of indices. For later purposes, we start by defining some suitable sets of indices together
with the corresponding sets of obstacles. For ¢ > 0, w € ), and 7 € N, we recall that

IY:={i e N: z;(w) €7 'U}.

Moreover, for § > 0 we define
5% =1 NI,
where I° is as in Section 2.3.4.
To prove the I'-lim inf inequality, Proposition 5.1, it is useful to introduce the following set of
indices
GYp = {z € I/ pi(w) < R, dist(ca;(w), 9U) > %} (4.1)

for some truncation threshold R € N. The corresponding set of balls will be called the good balls or
obstacles. We observe that by construction the good balls { B (ex;(w))}iece , are pairwise disjoint
and contain the corresponding obstacles {Tsi}iegt:ﬂ, whenever ¢ is sufficiently small (depending
on R). '

On the other hand, to prove the I'-lim sup inequality, Proposition 5.2, it is convenient to intro-
duce the subset of G defined as

VGE g ={i € GZp: Bz (exi(w)) N Bax,p,(w)(exi(w) =0 Vj € I, j # i} (4.2)

In this case the corresponding set of balls will be called the very good balls or obstacles. Finally,
we also consider the complement of VG; r in I¥, that is, the set defined as

NVGY g =12\ VG . (4.3)

In analogy, the corresponding set of balls is called the not very good balls or obstacles (see Figure 2).
By construction we have

(U Banen)n( U Balent) =0 (14)

iEVGY iENVGY

that is, around the not very good balls there is a safety layer which is still at an ¢ distance from
the very good balls. Property (4.4) will be pivotal in the construction of the recovery sequence
in the proof of Proposition 5.2, combined with the fact that the not very good obstacles do not
contribute to the capacitary term, as stated in Lemma 4.6 below.
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FIGURE 2. A realization of {Tgi}ieGE,R (in blue) and {Tg}ieNVGE,R (in red).

4.2. Simple consequences of the ergodic theorems. In this subsection we collect some simple
but useful consequences of the results contained in Section 2.3.2. These will be used several times
throughout the paper.

Lemma 4.1. There exists ' € F with P(Y) =1 such that for every w € Q' and every R € N:
(a) Proposition 2.2 holds with N and M replaced, respectively, by N2/E qnd M?/R;
(b) Proposition 2.3 holds with N and M replaced, respectively, by N2/B gnd M?/E,

Proof. Let R € N be fixed and consider the thinned process N%/%. Let Q}, denote the event of
probability one given by Proposition 2.2 applied to N?/% and Q2% the event of probability one
given by Proposition 2.3 applied to N2/E. We conclude by setting Q' := Nren (2% NQ%). O

Lemma 4.2. There exists QO € F with P(Y') =1 such that for every w € Q' and every R € N

o0

=" 3 ()" P (i) = g 70 [ "7 (o). (45)

iely R

Proof. Let R € N be fixed and set hr(p) := p"~*P1 (g, (p) for p € R+ In view of (3.3) we have
hr € L*(R4,m). Therefore, by Proposition 2.4, there exists Qr € # with P(Qr) = 1 such that
(4.5) holds for every w € QR. We conclude by deﬁmng Q' = NrenQg. O

Lemma 4.3. There exists ) € F with P(Y') =1 such that for every w €

lim limsupe™ Z pi(w)" ™ =0,
Rfoo 210 icFe
e, R

whenever Fp C I for everye >0, R € N and

lim lime"#Fp = 0. (4.6)

Rtoo €0

Proof. Let Q' € .% be given by Lemma 4.2. Then, for every w € ' and every L € N, in view of
(4.6) we have

lim sup limsup e” Z pi(w)" %P

RtToo el0 iEF;"fR
< limsuplimsupe™ Y pi(w)" Pl ) (pi(w )+ lime" > pil@)" L L o) (pi(w))
Rtoo  el0 ieF® i€l
(oo}
< L™ *Plimsup lim e"#F g + mgL" (U)/ p" P dr(p)
Rtoo €10 L

<m,L(U) [ pran(p).

L

Then, the claim follows by the arbitrariness of L and by the Dominated Convergence Theorem. [
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4.3. Capacity of the not very good obstacles. In this subsection we show that the capacity
of the union of the not very good obstacles is infinitesimal. To this end, we preliminarily need to
prove a number of lemmas.

Lemma 4.4. There exists Q' € & with P(Q') = 1 such that for every w €
1. )\ '3 q(Jw) — 5 4.
i [Acpi) nrz) = 0 (4.7

for every q € (n — sp, ).

Proof. Let Q' € .% be the intersection of the events of probability one given by Lemma 4.2 and
Lemma 4.3, respectively, and let w € . Set F. := {i € I. : A\.p; > ¢}. Recalling that A7~ = ",
by the very definition of F, and by Lemma 4.2 we get

limsup e"#F> < limsupe®® Z Mepi(w)" 7P < lime*Pe” Z pi(w)" 7P =0. (4.8)
l0 0 i€Fw €40 iely

For every ¢ € (n — sp,o0), writing I. = (I \ F:) U F., in view of the continuous embedding
=P([.) — ¢9(I.) (with embedding constant equal to one) we obtain

Z()‘epi)q = Z (Aepi)? + Z(Aspi)q
iel. i€ \F. iE€F.

q

< gd=sP Z /);L_SP + (En Z p;L—Sp) n—sp : (4-9)

i€I\F. i€F.

where in the last line we used again that Al =" = ¢™. Then (4.7) follows from (4.9), Lemma 4.2,
and Lemma 4.3 also invoking (4.8).

Finally, by taking the g-th root in (4.9), using the Minkowski Inequality, and letting ¢ — oo, it
is easy to infer that

1
— n—sp
AarirgfpiéeJr(E"Zp? gp) ,
i€ F.
hence Lemma 4.3 yields the conclusion for ¢ = oo, as well. O

The next lemma provides us with some useful information concerning the cardinality of the of
indices introduced in Subsection 4.1 which are instrumental for the sequel.

Lemma 4.5. There exists Q' € F with P(Y') =1 such that for every w € Q':

(a) Tim ppoo lim o e # (12 \ I2/7) = 0;

(b) limppoo limsup, o " #(12/ 9\ G2 1) = 0;

(¢) limpoo lime o €"#(GL g \ VGE ) = 0;

(d) limppoo lime o e"#NVGEE p=0.
Proof. Let Q' € .F be the intersection of the events of probability one given by Lemmas 4.1-4.4
and let w € Q.

We start by proving statement (a). By the weak™ convergence in the sense of measures estab-
lished in Lemma 4.1 and by the Lipschitz regularity of U, [AFP00, Proposition 1.62(b)] implies

s : n w 2/R,wY _ 1; : n w -1 _ A2/Rw(.—1
Jim T <"1\ 127) =l i <" (V5 (=7 0) = N3 (7'0)
= Jim (M3 (V) = M2/ () =0,

hence (a) is proven.
We now turn to the proof of (b). To this end, we observe that

2B\ G.pc{i€l.:p>R}U {z e I?/R ; dist(ex;, OU) > %} . (4.10)
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Moreover, appealing to Lemma 4.2 we have

lim limsupe"#{i € I? : p; >R <hmhm5 i(w)" PR i (w
Jim limsupe™#{ pi(w) > R} < lim lim Z;wp 00) (P (W)

(4.11)

=mgeL™(U) lim PP dn(p) = 0.
Rtoo Jp
Finally, since {Bg(ez;) : i € e dist(ex;,0U) > 5} are pairwise disjoint and their union is
contained in (OU)z2 ¢, we get

. n - 2/R . iQ . i < " 11 n e =
lslﬁ)ls #{ze[a s dist(ex;, OU) > R} <n R Eﬁ)lﬁ ((OU)2¢) = 0. (4.12)

Therefore, the statement in (b) follows by gathering (4.10)-(4.12).
To prove (c) we start by observing that

Ger \ VG. r= {Z €G.pr:3jel, j#u, B% (EIZ) N Bg)\apj (Ea?j) =+ (Z)} (4.13)
By the very definition of G, r, we notice that if i € Ge g \ VGe g and j is as in (4.13), then
necessarily j € (I, \IEQ/R) U F r, where

) €
Fop:= {2 e IPR o) p; > R} .

Define the set of indices

E;,R ={i€Ger:3jeF.r j#1, B% (ex;) N Box.p; (exj) # 0},

E?p={i€Gep:3j € L \IZ/R, j #1i, Bs(ew;) N Bax.y, (ex;) # 0},

so that
GE,R \ VGE,R = Esl,R U EEQ,R

Hence, to prove (c) it is enough to show that almost surely

lim li EF fi =1,2.
R#Pw 61%15 "#E; R, for k ,

Since (2R)"*Pp!""*PesP > 1 for any i € F; g, Lemma 4.2 yields
hmsn#FE‘"R S RO 11m55p5 Z pi(w)" =P = 0. (4.14)
iely
Moreover, since { B« (¢7;) }ic. , are pairwise disjoint we have

sn#Ef,R < R”E"(UieEQRB% (ex;)) for k=1,2.

We also observe that for every i € ElR there exists j € F. g, j # 1, such that Be (ex;) N
Bay.p,(exj) # 0, and hence B (ex;) C By(x.p;+5)(e7;). Therefore, appealing to Lemma 4.4 with
g =n and to (4.14)

P+

hms"#El »SRY hm Z cpi(w +11m5 #Fp =
ZEIW

Similarly, again invoking Lemma 4.4 with ¢ = n, in view of Lemma 4.5 we get
: : n 2w < 1: : n . n : : n w 2/Rwy _
Jim T e #E2 S lim lim R ;(Aem(w)) + i lim e 4 (12\ [2/9) = 0,
thus (c) is achieved.

Finally, we notice that the convergence statement in (d) readily follows from (a)-(c), observing
that

NVG. g = (I.\I?®YU ¥\ G. r)U(Ger \ VGeR).
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Thanks to the subadditivity of the fractional capacity, on account of Lemma 4.5 we are now
able to prove that the relative capacity of the union of the not very good obstacles with respect
to a safety layer (made by the union of balls with the same center and double radius) vanishes
almost surely when ¢ — 0 and R — +o00.

Lemma 4.6. There exists ) € F with P(Y') =1 such that, for every w € Q,

lim limsup Cy_, U BunwEziw), |J Bopwleziw) | =o.
Rteo elo iENVGE , iENVGE ,

Proof. Let Q' € % be the intersection of the events of probability one given by Lemma 4.3 and
Lemma 4.5 and let w € '. We can readily deduce that

lim limsupe” pi(w)" ™ = 0. (4.15)
Rfoo ¢lo iEN;}WR

By the subadditivity and the scaling property of the fractional capacity (cf. [SX16, Theorem 2.4
(a), (e)]) we get

lim limsup C U B)\Epi(w)(exi (w)), U Box_ p,(w)(exi(w))
e elo iENVG® , ENVG®

< 1-1(’,le lim sup Z Cs,p (B)\Epi(w)(gl'i(w))» B2/\5pi(w) (sxz(w)))
=0 envae,
= C.p(By, By) lim limsupe” > pi(w)" " =0,
Rteo clo iENVGE

where to establish the very last inequality we used (4.15). O

4.4. A Joining Lemma for nonlocal functionals. For the readers’ convenience in this sub-
section we recall the statement of a joining lemma for nonlocal functionals originally proven in
[Focl0]. This result is an adaptation to the nonlocal setting of the Ansini and Braides Joining
Lemma for local nonlinear energy functionals [AB02]. In our case, where clustering obstacles can
occur with positive probability, the Joining Lemma will be applied only in a neighborhood of the
so-called good obstacles.

The following result is preliminary to the Joining Lemma.

Lemma 4.7. Suppose that G is a finite subset of N and {x;}icq is a collection of points such
that, for some rg > 0, %minl#ec |z — 23] > rg and UjegBrg(x;) C U. Let p € (0, %Tg). For
i€G,let Ay =x;+ B,,-1, \Em_zp and A; = z; + B, \Em—s.p, Let ¢ be a cutoff function between
Byy-1,\ B2, and B, \ B,,-s, and @;(-) = ¢(- — ;). Then there exists ¢ = c¢(n,p,s) > 0 such
that for any uw € WP(U) and {z;}ica C R, the function w : U — R™ defined by

w(z) = Z wi(x)z; + (1 — Z 4,01-(33)) u(z) VeeU

i€G 1€G
is such that w € W*P(U), w = u on U \ A, where A := U;cgA;, and, for any L"-measurable set
EcCcUxU,

1Dy p(w, E) — Dy p(u, E)| < ¢ (Dsm(u, U x A) +m?p~P Z/ lu — zm’) .
ieg A
Proof. The proof follows by arguing as in [Foc10, Proof of Lemma 3.8] up to replacing the Delone
set A with {z;}icq and Z)(U) with G. In fact in [Focl0, Proof of Lemma 3.8] the property
of A which is used is its discreteness (cf. [Focl0, Definition 2.2(i)]) together with the fact that
Uiez, (v)Ai C U and these two properties are satisfied, by assumption, also in our case. O
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FIGURE 3. The annulus C>" surrounding a good obstacle T7.

Remark 4.8. Let w € Q and let R € N. We notice that (4.1) and (4.2) respectively imply that
the sets G¢p and VGY (and correspondingly {z;(w)}iece , and {z;(w)}ievge ) satisfy the
assumptions of Lemma 4.7.

Let G C N and {;};cc be as in Lemma 4.7. For i € G, m € N, and h € N define (see Figure 3):

Bé’h = Bm—ShER—l ({:‘ZL’Z’), (416)
Cz’h = Bm—Bh—lsR—l (61’1) \EmfahfzeRf1 (Z:‘LUZ'), (417)
BiM = B, _sn_1.p—1 (). (4.18)

Lemma 4.9. Fiz m,L,R € N and a sequence ¢; | 0. Suppose that u; — w in LP(U) and
sup;en |[ujlwsry < 00. For every j € N, there exists hj € {1,...,L} and a function w; €
WeP(U) such that
wj=u; onU\ | J(B"\ By,
ieG
wj = (uj) in; on C;’hj,
c;
and, for some ¢ = c¢(n,p,s,m,R) >0, for every L™-measurable set E C U x U,

‘Ds,p(“jvE) - Ds,p(wjaE” < (4.19)

c
E|uj|€vs,p(U)-
Moreover, wj — u in LP(U) and, if u; € L>(U), then ||wj|pew) < |lujllpo@)-

Proof. The result follows from an application of Lemma 4.7 and Poincaré-Wirtinger Inequality in
fractional Sobolev spaces, replicating the argument contained in [Focl0, Proof of Lemma 3.9]. O

4.5. Capacitary term as the limit of random sums. The results proven in this subsection
will allow us to reconstruct the capacitary term in the limit functional F as the limits of some
suitable random sums.

We start proving the following auxiliary lemma.

Lemma 4.10. There exists Q' € F such that P(Y) = 1 with the following property. For every
v € C2U) and every w €

lim lim " S0P = P 4.20
Jim lim e %:Rwlv(ex W)IP = mgllvll7, 0, (4.20)
ie?/ B
and
lim lime™ > |U(€Ii(w))|pm(w)"7sp:mg||v||§p(U)/ p" P dm(p). (4.21)
Too &l0 2/ R Ry
el

Proof. Let Q' € # be given by Lemma 4.1 and let w € €. In view of Lemma 4.1-(a) for every
R € N we have

laiﬁ)lsn > |v(€x¢(w))|”:mgHvllip(U)/ Pl (Yz) dn(p),
Z-GIZ/R,W R+
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while Lemma 4.1-(b) applied with h(p) = p"~°P yields that for every R € N

lime" 30 o@D Po) " = mylollgy [ 07 P (V) dr(o)

=40 i/ Bow
Therefore, both (4.20) and (4.21) follow by letting R — 400 and invoking the Dominated Con-
vergence Theorem. O

The following proposition will be crucial in the proof of the I'-convergence result, Theorem 3.2.

Proposition 4.11. There exists Q' € F such that P(Q) = 1 with the following property. Let
gjd0andu; - uwin LP(U) as j — co. Let R,L,m € N and h; : Q@ — {1,...,L}. Then, for every
w € Y we have

lim sup lim sup ‘67‘ wi) ane [P —mg||lul|?, ‘ =0 4.22
i sup lim sup <} ; @) o 17 = molulln e | = 0, (4.22)
Js

and

Y ) s o) = gl [ ()| <0, @)

R—
SO LeEN j—oo Z6G;JR Fi +

Proof. Let Q' € % be the intersection of the events of probability one given by Lemmas 4.3,
4.5, and 4.10, and w € Q'. To simplify the notation, in what follows we are going to omit the
dependence on w.

We start proving the convergence in (4.22).

Recalling (4.16)-(4.18) and appealing to Jensen’s Inequality and Poincaré-Wirtinger Inequality
[Focl0, (2.10) in Remark 2.7] we get

6? Z |(’U’J)C1 J (u.]) ik | <€ Z ][~1h u] ihj | <C€ SUP|UJ|Ws p(U)7
1€G, R ! i€Gj R B; i€
for some constant ¢ = ¢(n, s,p,m) > 0. Similarly, we have
3 ) gors — gl <5 Y f o = S g =l
’L‘GG]‘,R ’ ZGG R

and therefore
Jlggo €5 Z |(“j)cjf=hj - (U)B;’hj [ =0.
iGGj,R
Let {vg}ren C C(U) be such such that vy, — w in LP(U) as k — oo; arguing as above it is
immediate to deduce that
lim &7 Z |(u)Bi_,hj - (vk)B;,,Lj P

k—o0 F
ZEGJ'YR

Snom,R klggollu - Uk”ip(U) =0.

Hence, without loss of generality, we can assume that u € C°(U). Let n > 0 be arbitrary and
fixed; since u is uniformly continuous, for sufficiently large j we have |u(x) —u(e;z;)| < n for every
S B;’hj and ¢ € G; g, Thus, we obtain

limsup e} Z |(U)Bi,hj —u(e;jx;)|P < nP limsup e #1; = n’my L™ (U)

j—o0 ZGG]',R J Jj—oo
and the arbitrariness of n > 0 yields
lim &7 " |(u) zin; —uleja)|P = 0. (4.24)

— 00 j
I i€Gj R !

Then, (4.22) follows by (4.20) in Lemma 4.10 also observing that, by Lemma 4.5-(b), we have
A n 72/ R
lim limsupef D Julez)P < ullf, lim h;gs;ip (L T\ GjR) = 0.

R—o0
j—>OO
€Iy ™Gy r

We now turn to the proof of (4.23).
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Since p; < R whenever i € G gr, arguing as above readily gives

lim €7 Z ‘(’U/j)c';,hj — (u) B

J—00 .
ZEG]"R

PoT =0,

Finally, by combining (4.24), (4.20) in Lemma 4.21, Lemma 4.3, and Lemma 4.5-(b) we deduce

lim limsupe} Z lu(e;x:)[Pp; P < ||uHLOC(U hm hmsupE Z PP =0
R=00 jsoo 2/R\ 2/R\
ZEIj \G],R ZGIj \G]’R

and hence the claim. O

Remark 4.12. For later use we observe that (4.23) holds also true if the sequence of random
variables {p;} is replaced by {~;} as in (H5) and (H6). Namely, there exists ' € . with P(Q') =
such that for every w € ' we have

€5 Z |(uj)cf*h§°

i€GY 7

=0. (4.25)

lim sup limsup |
R—00 [,eN j—ro0

34(0) = Il | 3

z; €Q

5. PROOF OF THE MAIN RESULT

This section is primarily devoted to the proof of the almost sure I'-convergence result stated in
Theorem 3.2. The argument proceeds in two main steps, establishing separately the lower bound
and the upper bound inequalities. At the end of this section we outline the proof of Theorem 3.6,
highlighting the points at which it differs from the proof of Theorem 3.2.

We start proving the lower-bound inequality.

Proposition 5.1. There exists Q' € F with P(Y) = 1 such that for every w € ', ¢; | 0,
u e LP(U), and u; — uw in LP(U) we have

F(u) < liminf F (uy). (5.1)
]A)OO
Proof. Let Q' € . be as in Proposition 4.11 and w € Q. We assume that the right-hand side
n (5.1) is finite otherwise the liminf-inequality is trivially satisfied. Up to possibly extracting
a subsequence, we can additionally assume that the liminf in (5.1) is actually a limit. As a
consequence we immediately deduce that sup,cy |uj|wer@y < +o0 and @; = 0 cap, ,-q.e. on
T7 NU for every j € N.
n—sp+1

Fix R,L € N, 6 > 0 and define mg := [R = |. Let {w#};en be the sequence given by
Lemma 4.9 applied with G = G¢ p and m replaced by mg. In view of (4.19) we can find a
constant ¢, s r > 0 such that

(1 + M) lim inf 72 (u;) > lim inf 77 (w}’). (5.2)
L Jj—o0 j—o0 J J
Up to a possible further subsequence, we may assume that the liminf in the right-hand side of

(5.2) is a limit and that w$ — u L"-a.e. in U. We observe that UlegyR(B;-’hj X BZ hy ) C Ay, for
sufficiently large j. Therefore, we have '

w (x) — w§ (y)|”

P-J(w%z/ T ey S [P e
I WUxUNA; T —y[rtep ZE%; Wer(B, )

so that Fatou’s Lemma entails

lim inf 77 ( ;’)2/ dedquhmmf Z lw$'|? ihe - (5.3)
j—ro0 (UxUNA; T —y|"TP i€ wer (B, )
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Recalling the definition of B;’hj in (4.18) we observe that

Z |w;u P "

i,h
" ol
i€GY . Wer(B; )

> Z inf{|wl|? s cw € WHP(R™), w=0on C;’hj , W= (uj)cl:,h; cap, ,-q.e. on Tj“"}

e W (B,

1€GY g ( J J

iw mLhY  —3hY—2

_ AN p W LIy J p—1
= E |(UJ)Cl_vh7| Caps,p(Tj B mpy g;R™)

i€GY R 7

— —3hY -2

= E n—sp AT p i N—1p—1
= >‘j |(u])cz,h;’| Capsm(Bpi(w),B —3h¥ -1 .A—lR—l’mR e’:‘])\j R )

ieGw J MR EiRj

iR

Since By, () C Br for every i € GYp, appealing to (2.10) in Lemma 2.1 we get

—3h¥—2 1. 3
sup (ca B, —ca B, B _spe_ sMp 7 EiNTR
ieG?R( ps,p( pi(w)) ps,p( pi(w)» nghJ IEjA;1R71 R JNg ))

Cn,s,
< 71)054,(33,3 —3hY —2

- (mR — 1)Sp mpg sj)\j’IR*

1)’

for some ¢, 5., > 0; therefore

n]niiogfz |w;f\zv Syp(Bi.yh;g)anp&p(Bl)lijrggole?.Z () o [P i ()7
i€GY g J 1EGY J
C”‘LSP : n
—éhmsupc, (BR B _spe_2 )E- Z ‘(U) i,h‘;"p.
(mp—1)% ;o TP w7 e IR JZ_GG;R e
Thus, we find
lim lim liminf w§'|? i B
R—o0 L—00 j—o0 ieG;V,R stp(B]_ 7))
> cap, ,(B1) lim lim liminfel > () ooy i (w)" =
i€GY 5 J
. Cn,s,p . . n
— lim —*P — Jim limsup C;,(Br, B —ans— Y () s [P
Rorso (mpr —1)°P o ljni::ip s»(Br; S zej,\_;lRfl)EJ |(uj)c.'hf|

1€GY p 7
By (2.9) in Lemma 2.1 and by the scaling property of the fractional capacity we have

lim C.p(Br. B s s ) = cap, ,(Br) = R"*Pcap, ,(By),
j—oo m ’ >

ATlp-1
R E])\j R

hence recalling the definition of mg we get

. . . Cn,s,p
1 | lim ————C ,(Bgr, B —snv— =0
RLI}:I)O LE};O JLIIOlO (mR — 1)6p 57;0( Ry mR3h] 25j>\;1R_1)
Then, Proposition 4.11 yields
. . . . p p p— _ p
A fim T inf [ wen(s"7) = mgeap, ,(Bu)[ullLy v /]R+ p"*dn(p) = llullys vy

i€GY ,
thus
liminf 7’ (u;) = lim lim liminf (1 + Cn’ST’p’R) F (uy)

Jj—o0 R—o0 L—oo j—0o0
ju(z) — u(y)| (5-4)

p
> dz dy + ylull7, )

N /(UXU)\A5 |z — y["Fsp

Finally, the conclusion follows by gathering (5.2)-(5.4) and by passing to limit as § — 0 thanks to
the Dominated Convergence Theorem. O

In the next proposition we prove the so-called limsup-inequality.
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Proposition 5.2. There exists Q' € F with P(Q') = 1 such that for every w € ', u € LP(U),
and €5 ] 0, there exists u; — u in LP(U) such that

lim sup F7° (u;) < F(u). (5.5)
j*)OO

Proof. Let ' € .# be the intersection of the events of probability one given by Lemmas 4.2, 4.4,
4.6, and Proposition 4.11 and let w € Q'. To simplify the notation, in the rest of the proof we are
going to omit the explicit dependence on w of all the relevant quantities.

We observe that by a standard continuity and density argument it suffices to prove (5.5) for
target functions u € W1°°(U) N LP(U) (cf. [Bra02, Proposition 1.28 and Remark 1.29]).

Let L, R € N be fixed and let {w;};en be given by Lemma 4.9 applied with G = VG, g, u; = u,
and m = 2. Let then &, € W*P(R";[0,1]) be such that £, = 0 on R"\ By, £, =1 cap; ,-q.e. on
B, and

|§L|€Vs,p(Rn) < Csp(B1,Br) + % (5.6)
Recalling that B;-’hj = By-snj-1, g (gj;) (cf. (4.18)), we define
wj(x) ifreU\ U B’;’h-",
ul) = (1- & (522)) g, ifae O B
A ¢ Va0

For i € VGjr we have p; < R, hence LAjp; < 2’3’”*15ij1, for sufficiently large 7 € N. In
particular, this implies that Ti - Bi’hj for every i € VG g, thus v; = 0 on Uievgml“}. Moreover,
since w; = (u)cl h; ON BBl 7, we immediately deduce that v; € W*?(U).

Now, let ¢; p € W*P(R"; [0, 1]) be such that

<13ij =0 cap,,-q.e. on U By, p.(g54),

iENVG; R
¢~>ij =1 cap,,-q.e. on R™\ U Bax,p.: (ejzi),
IENVG, R
|65 RTye () < 2Csp U BunlEz), U Bae(ea) |- (5.7)
iENVGj‘R ’L’ENVGJ'YR

We define u; := v;¢; g, then, by construction, u; = 0 on T; and u; € W*P(U).
We recall property (4.4) and define

U;=U \ (BVGJ',R U DNVG]‘,R) (5.8)
with
Bve,,= |J B™, (5.9)
i€VG; R
and
DNVG'J-’R = U BQ/\jpi (&‘jLL‘i) NnU. (510)
iENVGy.n

We observe that for every L € N we have

lim sup|lu; — ul|e@y = 0. (5.11)
J=o0 ReN

Indeed we have

/|uj—u|p§/ lw; — ul? + Z /ﬂh uj —ul? + / luj —ulP. (5.12)
U Uj B2AJp Ejll)

7€VG R ’LENVG R P
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The first term in (5.12) approaches zero as j — oo since w; — w in LP(U). On the other hand,

using that u; = v; = (1 & (I d )) (U)Ci,hj on Lg; BZ o together with the very definition
J i€eVGj R
of &1, the second term in (5.12) can be estimated as follows

S [ gl

i€VGyr Bi

- X e ¥

w -t Y / . i () o 7
J

i€EVGR i€VG; g ! Brajei (&) f”i)\Tl i€EVGy, I\BLxp, (€521)
SRS SO Sl B O
’LGVGj R iEVGj R Bj ’ 7

Furthermore, by the Poincaré-Wirtinger Inequahty for fractional Sobolev spaces (see e.g. [Focl0,
Theorem 2.6 and Remark 2.7]) and since {B }ZE\/Gj, » are pairwise disjoint, we get

Z /”.,h,j lu— (U)C;,hj P Snosop (273}”715]'}%71)51) Z |ul? 5009 < Ejp|u|€vs,p(U)7

. B . Wss P(B
1€EVG;R" 7 i€EVG) R

which implies, by Lemma 4.4, that the second term in (5.12) vanishes as j — oo. Regarding the
third term in (5.12), we have

g = S [0y S i)™ Sy il 0y 32 )™,
IENVGy.p Y B2xje;(e520) iENVGyR icl;

hence the conclusion follows at once by Lemma 4.4 with g = n.
The rest of the proof is devoted to show that

limsup Fj(u;) < F(u) + 9, (5.13)
j—o0

where ¥ = 9(J, R, L) > 0 is such that

lim lim lim 9 =0.
§—0 R—oo L—oc0

Since the computations leading to (5.13) are rather involved, we perform them in a number of
consecutive steps.

Step 1. In this first step we preliminary reformulate (5.13).

By (5.11) and the Lebesgue Dominated Convergence Theorem, for every R, L € N, and ¢ > 0,
we have

Jim Dap(ug, (U x U)\ As) =Dap(u, (U x U)\ As).

Therefore, we are only left to estimate the energy of u; in a neighborhood of the diagonal A. To
this end, since u; = w; on U;, by Lemma 4.9 we deduce that

D&p(u]‘, (Uj X U]) N A(;) = Dsm(wj, (U] X UJ) n Ag)

Cn,s 5.14
<D0y, (U x U) N2 € PEBR e D U x V)N, Y
for some ¢y, 5,p,r > 0. Hence, by the Dominated Convergence Theorem
limsup D, ,(uj, (U; x Uj) N As) < 0. (5.15)
j—o0

Therefore, in view of (5.15), the inequality in (5.13) reduces to proving that
lim sup(Ds p (uj, (U x (U \ Uj)) N As) + Ds p(uy, (U\Uj) x Uj) N Ag)) < F(u) +9.  (5.16)

J—00

To establish (5.16) we use the definition of U; to get
U = Byg, . UDnva, » UUj,
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where the sets in the above union are pairwise disjoint and defined in (5.8), (5.9), and (5.10),
respectively. In particular, we have

Ux (U\Uj) = (U\Uj)* U(U; x (U\Ty)),
(U\U;)? = (Bvg, , UDnva, »)%
(U\U;) x U; = (Bvg, » UDnva, ) % Uj.

Since Dy (-, A X B) = Dy ,(+, B x A), proving (5.16) amounts to showing that

lim sup (Dsyp(uj, B‘Q,G%R NAs) + 2D, p(uy, (BVGJ,R X Dnva; p) N As)

Jj—o0
+ Dy (s, DXy, n N As) + Dap(ug, (Bva, n X Uj) N As)
+ Dy (g, (Dave,n X Uy) N A5)) < F(u) +9. (5.17)

In the next steps we will prove (5.17) by separately treating the different terms in its left-hand
side.

Step 2. We show that

llmsup’l)sp(umBVG aNAs) <Alullf, oy TU- (5.18)
]*)OO
We have
Y N’i,hj Nk‘,h]‘
Dapluj, By, , NAs) < Y |uj\€m(3. " + ) Dop(uy, (ByY x B )N As). (5.19)
icVGj r 7 i,k€VG; R

itk
We now start by estimating the first term on the right hand side of (5.19). To this end let

T,y € B;-’hj; by definition of u;, we have
r —E;%; yfé‘jl'i
uj(z) —ui(y)| = [(w) n; | |EL <J) — &L ()‘
1500 = )] = () oo (552 -

and hence, by a change of variables, estimate (2.9) in Lemma 2.1, Proposition 4.11, and (5.6)

lim sup Z lu;|® iy <hmsup5 Z PP (u ) i |£L‘€vs,p(Rn)
—00 Wer(B; j—oo
J iE€EVGy R i€Gyr
< limsup (Csp(BlaBL ) > o (u oil’
J—roo ZEG R
S Caps,p(Bl)mQHU’”I]]JP(U)/R pn—sp dﬂ—( ) + 7‘9 ,7||UHLP(U 19 (520)
+

Then, it remains to estimate the second term in (5.19). For (z,y) € (B;-’hj X Bf’h") N Ag, with
i,k € VG; r and i # k, we have

05(2) = 0 S (1) o, = (@ n, |7

xr — €j.’E7; Yy — Ej.’Ek
+ P — z J
s < Ajpi ) s < Aj Pk >

Moreover, since i,k € VG; r C Gj g, by the triangle inequality, for sufficiently large j, we get

p
() s P +
J

[(w) s [P (5.21)

J

Ej Ej
2é§8j|$i—$k|§é+5<25,

and ) 5
§€j|a:i —z| < |z —y| < §€j|mi — x| (5.22)
Then, recalling that u € Lip(U), we obtain

() iy — () gy [P p Lip(u)Pe8 iy — aef?
J J



28 F. DEANGELIS, M. FOCARDI, AND C. I. ZEPPIERI

and

|(u)cl_ h (u) k h
J J
/~1ﬂ,hj =kohj |1’— |n+sp dl‘dy
(B, xB; " HNAs Y

i,k€VG; R J
i£k
”_(9 Dp 2 2n Cn—(s—1
Sn.p Lip(u)Pe R > g — g TP,
i,k€VG, R

i#£k, sjlmlfmk\<25

By a counting argument (see also [Focl0, (2.7)]), it is easy to see that for every ¢ € G; g we have
h h+1
#{kEGJR ki o< loi— xk|<1—;}§nh”1.

If n+ (s —1)p > 0, we can estimate the above sum using the fact that 22:2 p~(1+a)
any | € N and a < 0. Namely, we have

Z |1'z _ xk|fnf(sfl)p _ Z Z |x1 _ wklfnf(sfl)p

- —a

i,keVGj’R Z‘EVG]',R keVGij
i#k, g5z —x| <26 k#i, ej|lx;—xp| <28
|26k,
—n—(s—1
-2 2 P
ZGVG] R h=2 kEVGj,R
h<R|z;—x,|<h+1
[20R/e;]

RnJr(s 1)p Z Z h— (14+(s—1)p) < pRn+(871)p#VGj7R5(17S)pR(178)p6§3_1)p.
ieVGyr  h=2

Since {B% (ej2i) Yieva, p are pairwise disjoint, we have #VG; r Sn L™(U)(%) ™", which gives

- —1 _
Z |l‘7 7SC]¢| n=(s=p < Nn,ap R2n€j n(s )p5(1 s)p

i,keVG;
i#k, g |$1—1k|<25

and
|(u)01‘ h (U)Ck h |p
2 / . S da dy S Lin(u)?6U TP, (5.23)
i,k€EVG; R ; ]XB "nas |z — y[mtsp
i#k

If, on the other hand, n + (s — 1)p < 0, we get both

Z |xi _l,klfnf(sfl)p

i,kGVGj,R
i#k, g5]Ti —xp| <20

25 S 1)p 2 2 n_;,_(s_l) L
< #VG <g ) Sm,,s,p R n{_:j— nsj p(‘)‘*”*(s* o
J

and

) iy — () g, P
Z / _ 2 P dzdy <,.ep Lip(u)Po— (=P, (5.24)
’LkGVGJR ]XB J)ﬁAtj |$_y| P
i#k
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We now deal with the second term in (5.21) (the third one being analogous). By (5.22) a change
of variables gives

/ LN o — gja)) [P

i hs _ n—+sp
BV xB;" |z — |

= /B“LJ' LA oy — jmy)) [P (/B“J |z — y| (P dy) dz
j J

sn<R*”eys;"*“ﬂxiA—zkr*“*pjf €0\ @ — )P da
BLA]/"L (E]x.;

dz dy

:R“%fﬂm—zM”“Wuﬂw"/ el?,
Br

and, as a consequence,

ErONT = em)|P
lim sup Z /h - SAGT (n+8] )l dx dy
i kevay g (B X BT N4 o = yfrrer
ik
< limsup||§L||’zp BL))\;I ;SP Z |z — 2| "
J—o0 i,k)EVGij
1#k, gj|zi—xK] <28
[26R/e; ]
= limsup|[§. 17, BL))\; e Z Z Z |2y — x| (5.25)
] 1€VG R h=2 keVG; r

h<R\w¢—mk\<h+1

<n th‘lpHgLHZZP(BL )\" —spRnJrsp#VG]RZh n—sppn—1
(sp)?

sumwmamﬂmA"ﬂwﬁ“p”§:wlW<mmm@mm“”hme"”—o
j—o0

— 00

Then (5.18) follows at once from (5.20), (5.23), (5.24), and the very last estimate.
Step 3. We prove that

lim sup D ,(u;, (BVG]',R X Dnva;r) NAs) < 9. (5.26)

j—o0
. ik L
Since {B;" }ieva; » are pairwise disjoint, we deduce

],
D 7p(’ll,],(B\/'C;? r X DNVG R OA(; Z Dsp uj, Z Yo DNVG )ﬂAg).
’LEVGJR

Moreover, for every (x,y) € (B; i Dnva, ) N As we have

T —E;%4
w0) =) = (1-6 (5522 ) @ on, = w3000
= (W), =) = () € (T2 s(o) = wy(9) + ()1 = 050)
and hence

5 (@) = w5 )1 Sy (@) = () 4 [l

o)
PR N (5.27)

+ |wj (@) = wi (W) + ullf w0 11 = SR W)
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Then the estimate in (2.8) and the fact that w; = (U)Ci,hj on C’;’hj by definition give for sufficiently

J

large j € N,
5 / (@) = () o, 7
2 dz dy
’LGVG7R e XDNVG R)QA‘S |$7y|n+sp
(@) — () o, P
ot
Sner 3 o
i€V Gy, n? Bymony 2, o (eswe) dist™(a, 0B;™) (5.28)
23h +2R sp
Son ()7 2 / 105(2) = (W), P
i€VG, R 5 3hj j 1(61xi) !

P ,
Sns,p 4 Z |wj|WS p(B ") < Ds,p(“’]v (U xU)NAs),
’LEVGJ',R

where in the last but one inequality we have used the scaled Poincaré-Wirtinger Inequality [Focl0,
(2.10) in Remark 2.7]. Note that the last term in the above inequality (5.28) has been already
estimated in (5.14).

Concerning the second term in (5.27), since ¢ € VG, g, a change of variables yields

— e\ |P
Z / |z —y|~(P) ¢, <W)‘ dz dy
Ajpi

i€EVG, R ><DNVG rINAS
p
_ Xr —E;%;
< > / (OB @ — g~ ey (J>' dz dy (5.29)
icVan ; ;) Ajpi
< Z jpi)nfsp’D&p(gL,B2—3h,j—1sz,1>\;1p;1 X (Rn \ B2—3h,j—1sz,1>\;1p;1)).
i€VGj R

In the last inequality we have used that, since p; < R for any ¢ € VGj g, 2’3hi*15jR*1)\;1p;1 >
2‘3L—1R_25j)\;1 > L? > L for sufficiently large j € N, and that {7 = 0 on R™ \ Br. Therefore,
by Lemma 4.2 and by (2.12) in Lemma 2.1 we have
P
T —E;x;
“ (5)
Ajpi

< D 7;D(£L7BL2 X (R \BLQ)) hl’Il E an sp
i€l

lim sup Z /(B‘ |z — y| (v tep) dz dy

. ~i,h.;
j—o0 i€VGin j ]XDNVGjR)mAJ

— D, (€0, Bus x (R™\ Bpa))m, £ (U) /R P dr(p) < 9. (5.30)

The third term in (5.27) gives us
Dsm(wj, (BVGj,R X DNVG]',R) N A(;) < D&p(wj, (U X U) n A(;), (531)

which was already estimated in (5.14). Regarding the last term in (5.27), since ¢; g = 1 on
R"\ Dnv@, », by Lemma 4.6 and (5.7), we have

1—-
lim sup Z / | 05,1y 3' dx dy
Bl XDNVG R)I'TA(S |x_ |7L p

I eva; R
/ 0= ¢r(@) = (L= S rW o, (5.32)
(

~ — n—s
B; " XDNVG R)ﬂAg |.’L’ y‘ P

= lim sup
] iGVGj R

< limsup |¢;, R|Wg P(R) = 0.
]4)00

Then (5.26) follows by gathering (5.28), (5.30), (5.31), and (5.32).
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Step 4. We have
lim sup D; (w5, Dy, , N As) < 0. (5.33)

j—o0
Since uj = u¢; g on DJQVVG]-,R N As, we obtain,
Dy p(uj, Dive, » N A8) Sp 1l e 10y Psp (@50 DRive, n N A6) + Dsp(u, Dive, , N As)
< N[l oo (1|95, R I 0.0 ey + Do, UZ 0 Ag).
Then (5.33) follows by Lemma 4.6 (cf. also (5.7)).
Step 5. We show that
lim sup D ,(u;, (BVG]',R x Uj)NAs) <. (5.34)

j—o0

For (z,y) € (BVGJ,R x U;) N As, we have

w@) =) = (1-6 (T522) ) @, st
T — &1

= W) giny = wi(@) = (W)gin; & (m> + w;(2) —w;(y),

J

and hence

_e.r:\|P
o (S22 + o) - w P

J K

15(2) = s )1 Sy 105(2) = (@) oy + ull e

We then observe that the terms above give contributions which were already estimated in (5.28),
(5.29), and (5.31), respectively.

Step 6. We prove that
limsup Dy p(uj, (Dnva; » X Us) N As) < 0. (5.35)

Jj—o0

For (z,y) € (DNVGj,R X Uj) N As,

u; (@) — uj(y) = w;(@)¢5r(x) —w;(y) = w;(z) —w;(y) — w;(x)(1 — ¢jr(x))
and hence
|uj (@) = u; (Y Sp lwj(@) = wiW)F + w11 = &j.r ()]
The contributions of the above terms were already analyzed in (5.31) and (5.32), respectively.

Therefore gathering (5.18)-(5.35) we deduce the estimate in (5.16) and therefore (5.13) as
previously noticed. O

We conclude this section with the proof of the I'-convergence result in the case of randomly
shaped obstacles and anisotropic, translation-invariant, —(n + sp)-homogeneous measurable ker-
nels, stated in Theorem 3.6. Since the arguments closely follow those in the proof Theorem 3.2,
mainly resting on Lemma 2.1, we restrict ourselves to highlighting the necessary modifications.

Proof of Theorem 3.6. We start by observing that, thanks to (H5), in the proof we can resort to
the same sets of indices introduced in Section 4.1, namely G¢ g and VG¢ g (see (4.1), (4.2)).
For the I'-lim inf inequality, we proceed as in the proof of Proposition 5.1, up to the estimate

of the capacitary contribution. Using the same notation therein, we get
i,hY iw LAY —3hY—2
> K¢, B> Y |(uy) s PeapL (S7, By mp ™ ej R D)

i€GY i€GY 5 ’

= 30 NTIw)

i€GY R ’

i
mp gjA; R7).

Peap (A1 (S5 — gjai(w)), B —sny

J —1p_1’
mp Ej)\j R-1
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In view of assumption (H5), A;l(S;’w —¢jzi(w)) C By, w) C Br for every i € G¥ . Therefore,

arguing as in the proof of Proposition 5.1, we get, in view of (2.10) in Lemma 2.1,

w i’h? B,W
Z K(wy, B;7) > Z |(uj)C1:,h;|pcapX(Sj )

i€GY i€GY ’
Cn,s,p
— éC)g BR,B —3hW -2 e? Uj5) i,nv P,
(mR _ l)Sp ( my j sj)\;lRfl) 7 ie%R |( ])cj j |
Then, invoking formula (3.10) and Remark 4.12, we may conclude that
. . . i,hy . . .
A, fim Woninf D K(uf,B7) 2 Jim Jim ninte) 3 J(us)pons 7(0)
1€GY 1€GY 5 J
75 75
~ [l 3 ] = 3hulfoy

T, €Q

For the I'-lim sup inequality, we proceed as in the proof of Proposition 5.2 with the following
changes. For any ¢ € VG, g, we let &1, ; € W*P(R™;[0,1]) be such that {1;; = 0 on R"™ \ By,
€. = 1 cap, ,-q.e. on (X;p;) (S} — ja;) C By, and

: 1
K(€ri,5,R™) < Cor(Njpi) 1 (S — €ji), Br) + I (5.36)

Using the same notation as in the proof of Proposition 5.2, by (2.9) in Lemma 2.1 we get

Cor (Xjpi) 718} — ejmi), BL) < capp ((Ajpi) "1 (S} — ejai)) + 0

, 5.37
= (Ajpi)* "eapy (57) + 0 = pi* "y + 0. (537

Recalling that B;’hj = BQ—th—IEjR,1(€jxi) (cf. (4.18)), we define

w; () ifteeU\ U B,
/U(./,C) e iEVGj‘.R
T (s (55)) g, e U B
J ic iR

Using the functions ¢; r introduced in the proof of Proposition 5.2, the definition of u; = v;¢; r
remains unchanged, as well as its convergence properties.

To reconstruct the capacitary term, we argue as in (5.18), with the following changes. By a
change of variables and (5.37), we have

limsup > K(uj, B;™) < limsupel " pi T P|(w) jon; [PK(EL g RY)
J

J—0 iGVGj,R Jreo ieGij
1 n . Pn.
< limsupe; E |(U)C%vhj‘ Vi
J

Jroeo iEG]‘,R

< Nl 35 5] +0 =l + 0. (5.38)
z,€Q

where the last inequality follows in view of formula (3.10) and Remark 4.12.
Moreover, since &y, ; ; takes values in [0, 1], H§L7i,j||’£p(BL) < L™(Bg), and hence (5.25) holds

true. Furthermore, in (5.30), by the definition of &1, ; ; and since (\jp;) ' (S} — &) C By, (2.2)



STOCHASTIC HOMOGENIZATION OF FRACTIONAL OBSTACLE PROBLEMS 33

and (2.12) in Lemma 2.1 imply

— .2\ |P

lim sup Z / \:z:fy\f(’”‘qp) €L <W) dz dy
j—roo 1€VGy R Zh XDNVG] rINASs )\Jpl

< Jim &} Zp,p €r.ij, B2 x (R™\ Bpa))pi ™

iel;
— Iy LU / P dr(p) < 9. (5.39)
Ry
Hence, we conclude as in Proposition 5.2. O

APPENDIX A.
For the readers’ convenience, in this appendix we prove Proposition 2.3 and Proposition 2.4.

Proof of Proposition 2.3. The proof follows the ideas of [Fag20, B.1]. We recall that a sequence
{A;};en of bounded Borel sets in R™ is called a convex averaging sequence [DVJ07, Definition
12.201] if A; C Aji1, Aj is convex for any j € N, and r(A4;) — oo as j — oo, where r(A) is the
supremum of all radii » > 0 such that A contains a ball of radius r. By the Ergodic Theorem
for stationary and ergodic m.p.p. [DVJ07, Theorem 12.2.IV and Corollary 12.2.V], for any convex
averaging sequence {A;}cn in R™ and any h € L' ()

. 1
Jim s o M) aN e p) = mg / M) Pae

We now show that for any h € L'(7) there exists ), € F with P(2,) = 1 such that for any
w € Qy, if A=T]["(a;,b;] with a; < b; and a;,b; € Q for i =1,...,n, then

o N pn .
i g [ AN ) =) [ (o) dn) (A1)

t—+oo tT
To this end we define

Fo(t A) = —

w [ MpAN(ap), G = meln () [ (e dn(p).
(tA)XR+ R4

Without loss of generality, we assume that h > 0. If A =[], (0,b;] with b; > 0, then {jA},en

is a convex averaging sequence and P-a.e. lim; ,o, F'(j,A) = G(A). Moreover, for any ¢ > 0, we

have [t] <t < [t] +1 and

1t]" o (D
T P A) < Pl a) < S+ 1,4),
which implies that P-a.e. lim;, o F(t,A) = G(A). If (A.1) holds P-a.e. for A = A; and
A = Aj then it clearly holds P-a.e. for A = A; \ As. As a consequence, exploiting the previous
case, by the argument contained in [Fag20, Proof of Lemma B.1], it is easy to see that (A.1)
holds P-a.e. for A = [[i—,(a;,b;] with a; < b;. So that we can conclude by observing that
{ITi=, (ai,bi]  a; < b, a;,b; €Q, i =1,...,n} is countable.
Now let 5, be the event of probability one such that (A.1) holds, and let w € €p,. Moreover, let
f € C2R"™) and 6 > 0. Since f is uniformly continuous, there exists o > 0 such that | f(z)— f(y)| <
d whenever |z —y| < 0. Let K := min{k € N : supp f C (—k,k]"}. Then there are A;,..., 4
pairwise disjoint sets of the kind described above such that (—K, K]* = U!_, A; and diam(A;) < o
for any ¢ = 1,...,l. Then, by construction, 22:1 infa, f1a, <f< 22:1 sup,, f 14, and hence

l

St ser [ h(p) AN (, p)
A (e=1A;) xRy

</ o TR AN ) Zsupfs” /(EIAZ,)XM h(p) AN (, p).
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Then, by the choice of €, we get

l
m [ o) ar(y) ([ swras=semr) <m, [ )it St re(4)

i

+

<timint [ f@)h(p)aN2(op) < lmswp [ f@h(p) N2 (o)

el0 £l0
l
<y [ np)an(o) s 12740 < my [ o) an(o) ([ pwyae o).
Ry i=1 A R4 R™
Finally, we conclude by the arbitrariness of ¢. O

Proof of Proposition 2.4. Let €, be the event of probability one given by Proposition 2.3 and let
w € Q. For § >0, let Us := {z € R™ : dist(x,0U) < ¢} and U_; := {z € U : dist(z,U) > §}.
By the Urysohn Lemma [Fol99, Proposition 8.18], there exist @5 € C°(R"™;[0,1]) and ¢_5 €
C°(R™;[0,1]) such that ¢5 = 1 on U, suppys C Us, p_s = 1 on U_4, suppy_s C U. By
construction, p_5 < 1y < s, thus we have

/ o—s(@)h(p) AN (z, p)
R xRy

= Wp)AN“(e.9) < [ gs(a)hl(p) ANZ (o)
(e71U)xR4+ R™ xRy

while, by the choice of 0, there holds
my [ i) dnlp)£(Us) < m [
Ry

R+

< liminfe™ / h(p)dN®(z, p) < limsupe™ / h(p)dN®(z, p)
el0 (e=1U) xRy €l0 (e=1U) xRy

h(p) dn(p) / o_s() da

n

< mg/ h(p) dﬂ(p)/ ws(z)dr < mg/ h(p)dn(p)L™(Us).
R, R Ry
Since OU is Lipschitz, we can conclude by taking the limit as § — O. O
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