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Abstract

The paper deals with the asymptotic behavior of solutions to a non-local diffu-
sion equation, u; = J xu —u := Lu, in an exterior domain, §2, which excludes one
or several holes, and with zero Dirichlet data on RV \ £2. When the space dimension
is three or more this behavior is given by a multiple of the fundamental solution of
the heat equation away from the holes. On the other hand, if the solution is scaled
according to its decay factor, close to the holes it behaves like a function that is
L-harmonic, Lu = 0, in the exterior domain and vanishes in its complement. The
height of such a function at infinity is determined through a matching procedure
with the multiple of the fundamental solution of the heat equation representing the
outer behavior. The inner and the outer behaviors can be presented in a unified way
through a suitable global approximation.

1. Introduction

Let H ¢ RV, N = 3, be a bounded open set with smooth boundary and let
£ = RN \ 'H. We do not assume H = £2¢ to be connected, so it may represent
one or several holes in an otherwise homogeneous medium. Our goal is to study
the large-time behavior of the solution to the nonlocal heat equation in that exterior
domain with zero data on the boundary, namely,

oru(x,t) = / J(x — y)(u(y, t) —u(x, t)) dy in £2 x (0, 00),
RN

w(x,1) =0 inH x (0,00), D
u(x, 0) = ugp(x) inRY,

with a kernel J that is assumed to be a nonnegative continuous function with unit
integral.
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We will restrict ourselves to the case where J is smooth, radially symmet-
ric, with a compact support contained in the unit ball centered at the origin and
J(0) > 0. However, results similar to those we obtain here should hold for more
general kernels.

The hypotheses on the initial data, u¢, are that they are nonnegative, bounded,
integrable, and identically zero in the hole 7. We also assume, without loss of
generality, that 0 € H.

Evolution problems with this type of diffusion have been widely considered in
the literature, since they can be used to model the dispersal of a species by taking
into account long-range effects [5,8,11]. It has also been proposed as a model for
phase transitions [3,4], and, quite recently, for image enhancement [12].

The nonlocal equation in (1) has been the subject of many recent works in
the case where the spatial domain is RY, and also when it is a smooth bounded
domain and is complemented by a suitable Dirichlet or Neumann type boundary
condition, see the recent monograph [1] and the references therein. However, to
our knowledge, this is the first time that an exterior domain has been considered.

When there are no holes, H = (), mass is conserved, fRN u(x,t)ydx =
fRN up(x) dx, and the solution to (1) behaves for large times as the solution v
to the local heat equation with diffusivity

_ 2
o= 5 /RN |z|7J (z) dz ()

and the same initial data [9,15]. More precisely,

lim /% max |u(x, 1) — v(x, 1)| = 0. (3)
11— 00 )CERN

Hence the asymptotic behavior of u can be described in terms of the fundamental
solution of the heat equation with diffusivity «, Iy. This solution has a self-similar
structure,

12
L, 0 =1V, (ﬂ%) L Ua(y) = Gray Ve

Therefore, in self-similar variables we have convergence towards the stationary
profile MUy, where M = [py uo(x) dx, that is,

lim max [N 2u(yt'/?, 1) — MUq(y)| = 0. 4)

t—00 yERN

Thus, there is an asymptotic symmetrization: whether the initial datum is radial or
not, the large time behavior of u is given by a radial profile, which, of course, has
the same mass as the datum.

In the presence of holes the situation is very different. On one hand, mass is not
conserved. On the other hand, the presence of the hole breaks (in general) the sym-
metry of the spatial domain, and an asymptotic symmetrization is no longer possible.
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Nevertheless, when N = 3 we still have a conservation law, fRN ulx,t)p(x)dx =
fRN up(x)¢ (x) dx, with ¢ the unique solution to

Jxd=¢ inQ,
=0 inH, (5)
p(x) =1 as|x| — oo.

Moreover, there is a non-trivial asymptotic mass which coincides with the conserved
quantity M* = fRN uop(x)¢ (x) dx. Besides, if we stand far away from the holes,
they will be seen as just one point, and we may still expect some symmetrization.
Indeed, we will prove that

tlim N2y ("2 1) = M*Uy(y) uniformly in |y| = 8 > 0.
—00

The only effect of the holes in this outer limit is the loss of mass. However, close
to the holes, in the inner limit, their effects are much more important. On compact
sets solutions still decay as O (+—N/2) 1f we scale the solutions accordingly, we get
that the new variable w(x, t) = tN/zu(x, t) satisfies
dw = J L Nw
w=Jxw—w+ ——.
! 2t
Thus, we expect w to converge to an L-harmonic function @ with zero ‘boundary
data’,

Lo :=JxP—-P =0, xel2, ® =0, xeH.

This problem does not have uniqueness. However, a unique solution can be deter-
mined by prescribing the value at infinity. Indeed, if @ — C* as |x| — oo, then
@ = C*¢.

In order to select the right constant C* characterizing the asymptotic limit of
w, we need some extra information. This will come from the outer limit, following
a typical matched asymptotics procedure. Let us explain in some detail how this is
done.

In view of the asymptotic behavior of ¢, we can describe the outer limit in the
alternative form

Jim N2 sup{lux, 1) — M*¢(x) Ty (x, 1)| = |x| = 84/t} =0 forall§ > 0.
—00

In addition, since lim;_, o0 tN/2 Ty (x, 1) = (4wa)~N/2

the expected inner limit can be written as

uniformly on compact sets,

N2 u(x, 1) — C*(ra)N 2P (x) Fy(x, 1) = 0 ast — oo

uniformly in compact sets. We will prove that we can go beyond compact sets, and
that this limit holds uniformly in a set of the form |x| < 8t1/2 for some § > 0.
More precisely, there exists § > 0 such that

Jim N2 sup{lu(x, 1) — C*(Ara) N2 (x) Ty (x, )| : |x| £ 84/1, x € 2} =0.
—00
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Hence, the inner and the outer developments overlap, and they can be matched,
leading to

C* = M*(4ma)~N/2.

Notice that we have been able to describe the inner and the outer behavior in a
unified way. Hence we may gather the two results into a single theorem.

Theorem 1. Let N = 3,up € L'RY) N L®®RY),up = 0 and M* =
Jgn to(X)$ (x) dx. Then,

tN/zlu(x, ) —M*"¢x)u(x,1)] > 0 as t — oo uniformly in RY.  (6)

Remark 1. Let p = inf{R : suppJ C B(0; R)}. The set 2 + B(0; p/2) has
only one unbounded component, /. Though &/ may contain several components
of £2, only one of them is really unbounded. Nevertheless, due to the non-local
character of the diffusion operator, all the components of §2 contained in U/ are
‘connected to infinity’. On the other hand, there may exist components of £2 which
do not intersect U, and which are, thus, ‘truly’ bounded. The function ¢ is identi-
cally O there. Therefore, the scaling we are using is not adequate to characterize the
asymptotic behavior in such subdomains. Indeed, the decay rate in these kinds of
bounded ‘components’ is exponential, and the asymptotic profile is an eigenfunc-
tion of the operator L with zero Dirichlet boundary conditions in the complement
of the ‘component’, associated to the first eigenvalue [9].

Remark 2. The asymptotic behavior for the case where there are no holes (4) can
also be described in the form (6), since the solution to (5) when H = #is ¢ = 1.

When N < 2, mass is expected to decay to zero (logarithmically when N = 2,
and like a power when N = 1), and the solutions will decay faster than O =N/ 2).
The analysis becomes much more involved, and is postponed to a future paper.

An analogous study in an exterior domain has been performed for the corre-
sponding local problem in [13]. However, the author makes extensive use in the
proofs of the explicit form of the fundamental solution of the local heat equation
in the whole space. One of the main difficulties in the non-local case is that we do
not have such an explicit expression.

An alternative approach, in which fundamental solutions do not play such a key
role in the proofs, has been used for nonlinear (local problems), see for instance
[7,14]. However, the operators under consideration in these cases are invariant
under some scaling transformations, which is not the case in the present problem.

Nevertheless, although it will not be apparent from our proofs, scaling still plays
a key role in the outer region. In fact, as observed in [10], under the usual para-
bolic scaling our operator ‘converges’ to o A. This is the reason the outer behavior
is given by the fundamental solution to the heat equation with diffusivity «. This
idea has been used in [17] to study the asymptotic behavior for the nonlocal heat
equation with absorption in a certain critical case.

We complete the study of the asymptotic behavior by analyzing the function ¢
at infinity. We prove that all the derivatives of ¢ behave at infinity as those of the
fundamental solution of the Laplace operator. This result might be of independent
interest.
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Notations. In what follows we will denote

Lu(x,t) = /]RN J(x — y)(u(y, t) —u(x, t)) dy.

2. Preliminaries

On the notion of solution. Let ug € L'(RN), ug = 0 almost everywhere in H. A
solution of (1) is a function u € C ([0, o) : L! (RM)) such that for all > 0

t

u(-,t) = ug +/ (J *u(-,s) —u(, s)) dsae.in 2, u(-,t) =0ae.inH.(7)
0

Subsolutions and supersolutions are defined as usual by replacing the equalities in

the definition above by < or 2, respectively.

Remark 3. If u is a solution, then u € L' (RN x [0, T]) for all T > 0. Hence, (1)
holds, not only in the sense of distributions, but also almost everywhere in £2 x
(0, 00). Moreover, we also have u € C'([0, o0) : L' (R"V)), and the equation holds
almost everywhere in 2 for all ¢ = 0.

Existence and uniqueness. Existence and uniqueness of a solution to (1) can be
proved for any ug € LY (RN such that ug = 0 almost everywhere in H in several
ways, for example by means of semigroup theory. For the sake of completeness,
we include a simple proof which uses a standard fixed point argument. We do not
need to assume that uo € L (R™N) or restrict the sign.

Proposition 1. For any ug € LYRNY such that ug = 0 almost everywhere in 'H
there exists a unique solution of (1).

Proof. The proof is quite similar to the one for the case H = ¥ performed in [9].
The set

By, = {u € C([0, 1] : L'RY)) : u(-,1) =0 ae.in H forall 7 € [0, 1]}
endowed with the norm

llelll = max fluC, Ol 1 vy
i<
is a Banach space. We define the operator 7 : B;, — B, through

t

uo(-) +/ (Jxu(-,s) —u(-,s))ds ae.in £,
0

0 a.e.in H.

(Tw)(, 1) = @®)

This operator turns out to be contractive if 7y is small enough. Indeed,
[ To=Tvicn
RN

t
é// (175 @0 = »)C 91+ lp = YIC.)) ds
'Qt 0
< [ (10 + 1)1 = Iy, .
0
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Hence, || 79 — Ty ||| < 2iolll¢ — ¥|||. Thus, 7 is a contraction if 7y < 1/2. Exis-
tence and uniqueness in the time interval [0, 7] now follow easily, using Banach’s
fixed point theorem. Since the length fy of the existence and uniqueness time inter-
val does not depend on the initial data, we may iterate the argument to extend the
result to all positive times. O

Comparison. Comparison is an immediate consequence of the following 7 -con-
traction property in L'. Again, we are assuming only that the initial data are inte-
grable.

Theorem 2. Let uy, uy be solutions of (1) having as initial data respectively
ui,0, u2.0 € L'(RN). Then, for every t > 0,

/(ul—uz)+<-,r>§/ (1.0 — 20+
RN RN

Proof. We subtract the equations for x| and u, and multiply by 1{,,~,,}. Since
uy —u € C1([0, 00); L'(RY)),

O (uy — MZ)]l{u1>u2} = 0/(u1 —u2)+.
On the other hand, just using that 0 < Ty,,~,,; < 1 and J = 0 we get,
Jox Uy —u) Ly suny = J % (U — uz)y.

Finally, (11 — u2)1(y;>u,) = (1 — u2)+. We end up with

Jx(uy —ux)y+ — (U —u2)y a.e.in £2,

0 — <
(1 = U2+ = [0 a.e.in H.

Integrating in space, and using Fubini’s Theorem, we get

a,/ (1 — )4 (1) 0.
RN

Remark 4. The same proof applies when there are no holes, 2 = RV,

As a corollary we have, on one hand, comparison and, on the other hand, an
L'-contraction property for solutions,

(1 —u2) ¢, Dl wyy = lluro — w20l L@y

The latter property implies the continuous dependence of solutions on the initial
data, and a uniform control of the L!-norm along time,

flee (-, f)||L1(]RN) < ||M0||L1(]RN)‘

The proof of Theorem 2 applies under much weaker hypotheses, leading to a
more general comparison principle that will be useful in the sequel.
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Theorem 3. Let {§2(1)},>( be a continuous (with respect to the Hausdorff distance)

family of open smooth domains of RN . Let uy and us be two functions in the class
(10, c0); L' (RM)) such that

O;uy — Luy <0, dup — Luy 20 fora.e x € 2(), Vi > 0,

and ui(x, 1) < usr(x, t) for almost everywhere x € RN \ 2(t),Vt > 0. Then, for
everyt = 0,

/ (ur —u2)4 (-, 1) é/ (u1(x,0) — uz(x, 0))+.
RN RN

Remark S. In order to compare a subsolution and a supersolution in £2(t), t >
0, we need them only to be ordered in (£2(¢) + B(0; 1)) \ £2(¢),¢t > 0, and in
£2(0) 4+ B(0; 1).

Time decay. Solutions to problem (1) satisfy

t
e*fu0+/ e " xu(,s)ds ae in RV \ H,
0
0 a.e.in H.

u-, 1) = (€))

Therefore, u has the same spatial regularity as the initial datum uq, but not more.
In particular, if uq is not bounded, neither is u(-, #) for any later time.

On the contrary, if the initial datum is bounded, the solution will stay bounded
as time goes by. Moreover, if ug € L'(RY) N L>®(RN), the solution decays like
O(t_N / 2). To check this, we first observe that, since u is a solution to (1) and
u(-,t) = 0 almost everywhere in H for all # € [0, c0), then

uy = Lu — Xy (J % u) inRY x (0, 00). (10)

Furthermore, if ug = 0, we have u(x, t) = 0. Hence, the function u, which belongs
to C ([0, 00); L' (RY)), is a subsolution to the Cauchy problem (no holes). There-
fore, it lies below the solution uc to the Cauchy problem with the same initial
datum.

On the other hand, as we have already mentioned, see (4), if ug € L'(RY) N
L (RN), then uc = O(+~N/?). Thus,

0<u(x,t)<cr N2 (11)
Remark 6. In order to obtain the asymptotic behavior of uc, the paper [9] requires
ug, g € L'(RN). The paper [15] dispenses with the integrability assumption on

fio, and on the sole hypothesis ug € L' (R") proves that

lim V% max |u(x, 1) —e up(x) — v(x, )| = 0,
11— o0 XERN

where v has the same meaning as in (3). Therefore, the hypotheses ug € L! RN
L% (RY) are enough to have (4).
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L>®-solutions. Instead of the L'-theory outlined above, an L>-theory for (1) is
also possible. Given an initial datum ug € L (R"), an L>-solution to problem (1)
is a function u € C([0, 00); L™ (RN)) such that (7) holds for all r > 0.

As in the case of L!-solutions, existence and uniqueness follow from a fixed-
point argument. Indeed,

By =1{u e LOO(RN x [0, t0]) : u(-,t) = 0 a.e.in H for all t € [0, tp]}
endowed with the norm

llull = max [[u(, )l Loy
0<5r<rg ®"

is a Banach space, and the operator 7 : BB;, — B;, defined by (8) satisfies |||7¢ —
Tyl < 200llle — ¥ |Il. Hence, it is contractive if 7y < 1/2, which implies the local
existence and uniqueness result. By iteration, taking as initial datum u(-, 7y) €
L®(RY), we obtain existence and uniqueness for [0, 2¢yp] and therefore for all
times.

Besides, L*-solutions depend continuously on the initial data. Indeed, let u
and uy be L°°-solutions with initial data u1 o, u2,0 € L™ (RM). Since the functions
u; satisfy (9) (with ug = u; o), an easy computation shows that for every ¢ > 0,

max, (s 8) = ua (e, )l ooy = llut,0 — u2,0ll oo mn)y-

In particular, the L°°-norm of a bounded solution does not increase with time,
(s Ol poomyy = N, 0)| pooqny V> 0.

Essentially the same computation yields a comparison result for bounded sub-
and supersolutions if the hole does not change with time. Let us examine this in
some detail. Assume uj 9 < up in RY. Let u; be a bounded subsolution with
initial datum u; o and let u> be a bounded supersolution with initial datum u5 ¢
in 2 = RN\Hwithul < wup in H for every ¢t > 0. Let u = u; — up and
uo = uy,0 — u2,0. Then,

t
u(x. 1) < e_’uo(x)+/0 e T xu(x,s)ds  ifx e 2,

0 if x € H.
Hence, for x € $2,
t
u(x,t) < / e U wu(x,s)ds < supu (1 —e),
0 RN x(0,1)

with leads to

supu < supu (1 —e™).
RYx(0,) RN x(0,1)

Therefore, supgw, 4 = O for every ¢ > 0. This means that u < 0. Thus,
<
up < up.
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Remark 7. The comparison result for bounded sub- and supersolutions of the Cau-
chy problem was proved in [16] using a different technique. The result of that paper
is, in fact, more general, since it also applies to semilinear equations, as long as the
nonlinearity is locally Lipschitz continuous. In addition, its proof copes without
further ado with the case of holes that change with time.

An alternative proof of comparison for the case of one-dimensional exterior
domains which do not change with time can be found in [2].

Remark 8. From now on we will always assume that ug € L'(RY) N L®@RY)
and ug = 0.

Representation formula. By (10), u can be expressed in terms of the fundamental
solution F' = F(x, t) to the operator d; — L in the whole space, studied in [9], by
means of the variation of constants formula. Thus, for ¢ = #; we have

u(x,t) = / F(x —y, t —to)u(y, tp)dy
RN
t
—/ /RN Fx —y, t =s)Xn(0)(J *u(-, ) (y)dyds. (12)
0]
The fundamental solution can be decomposed as
F(x,1) =e'8(x) + o(x,1), (13)

where §(x) is the Dirac mass at the origin in RY and w is defined via its Fourier
transform as

bE 1) =e (1O 1), (14)
see [9], from where it is easy to see that w is a smooth function and
/ wx,)dx =d0,1) =1—e".
RN

Combining (12) and (13), we obtain

u(x, 1) = e T0u(x, 1) + / w(x =y, t —to)u(y, to) dy
RN

t
_/ eI *ul, ) (x) ds
1

0

t
—//R 00 =y, 1 = )X 1) dyds.  (19)
to N

This formula will be the starting point to obtain both the behavior at infinity of ¢
and the outer large time behavior of u.
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Estimates for w. In order to profit from the representation formula (15), we need
good estimates for the regular part, w, of the fundamental solution.

A first source of estimates comes from the asymptotic convergence of w to
the fundamental solution of the local heat equation with diffusivity «, which is
proved using Fourier transform techniques [15]. Indeed, given a multi-index g =
(Bi,-...Bn) € N} of order |B] = s,

t N2 DPw(- 1) — DP (1)l oo mny — O ast — oo, (16)
where D f = 3,’?11 - 8,’?1(," f- In particular,
IDPo(x,n| < Cr= 3 it |B] =s. (17)

These estimates give the right order of time decay. However, they do not take into
account the spatial structure of w, and will not be enough for our purposes. We
need to know something about the spatial decay of w as |x| — oo.

A second source of estimates is the expansion

o0
tl’lJ*l’l
w(x,t):e*’ZT(x), T = J k%, (18)
n=1 ' n times

which follows by using the Taylor series of the exponential in (14). This expres-
sion, recently derived in [6], was used by the authors to obtain estimates giving the
behavior of w as |x| — oo for each fixed ¢. However, though they give the right
order of spatial decay for each time, they become very poor as t — 00.

Hence we need a different approach: we will obtain ‘good’ estimates through
a comparison argument. Indeed, as observed in [17], w is a solution to

{a,w(x,t) —Lo(,t)=e'J(x) inRY x(0,00), (19

w(x,0 =0 in RV,

a fact that can be checked, for example, either by differentiating @(&, ¢) with respect
to 7 or by using thate '8 (x)+w (x, t) isasolution of 3; F — L F = 0. Good estimates
will then follow from the use of appropriate barriers.

Proposition 2. The function o is nonnegative. Moreover, given a multi-index
B e Név of order |B| = s,

IDPw(x, 0] £ C (20)

|X|N+2+s ’
/ IDPw(x, 1) dx < Ct™/. (21)
RN

The cases s = 0, 1 have already been proved in [17] through a clever use of the
above mentioned comparison principle from [16]. The proof of the general case is
completely analogous. The fact that w is nonnegative was also proved in [17] and
can also be seen from the series expansion (18).

Remark 9. Estimates (20) and (21) are in some sense optimal, since they are invari-
ant under the ‘parabolic’ scaling (txu)(x, t) = kN u(kx, k3r). This scaling will play
a major part in some of our proofs.
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3. The Stationary Problem

As we have seen in the introduction, the L-harmonic function ¢ solving (5)
plays a key role in the description of the asymptotic behavior of solutions to (1). In
this section we prove that problem (5) is well posed, and we obtain some properties
of ¢ that will be required later. Though not needed in the sequel, we complete our
study of the stationary solution ¢ by precisely describing its behavior at infinity.

Remark on the notion of solution. In principle, we only need ¢ € LllOC RM), so
that the convolution makes sense. But the equation implies that ¢ has the same
regularity in £2 as J has in R"Y. Hence ¢ is at least continuous in £2 and, in our
case, ¢ is smooth in £2. However, ¢ is not continuous across the boundary of £2.

3.1. Existence and Uniqueness

To prove existence we will approximate the domain £2 by a sequence of bounded
domains, £2, = £2 N B(0; n). Let us start by studying the Dirichlet problem for
such bounded domains.

Lemma 1. Let G C RN open and bounded.

(i) Given f € L°°(G°), there exists a solution to problem
Lp(x)=0inG, ¢=f(x)inG .
(i) Let ¢1, ¢pr € L°RN) N C(G) such that
L1 2Lp2inG, ¢1=¢pinG".
Then ¢ < ¢y in RV,
Proof. Existence. Let K = {y € C(G) : ¥ lizey < Nl fliLe(ce)}. We define
an operator 7 : I — K through the formula

(Ty) (x)=/GJ(x—y)llf(y)dy+/GCJ(x—y)f(y)dy-

Since | 79 |G, < 1 flL(Ge) and [T¥ [l o1 gy < ol fll e we may apply
Schauder’s fixed point theorem to obtain that 7 has a fixed point ¢ € K. Then, the
function

e, xe@,
¢<x)—[f(x)’ e

is the sought-after solution.
Comparison. Let ¢ = ¢ — ¢,. Then,

¢(x>§/GJ(x—y)¢(y>dy.
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Assume for contradiction that M = maxg ¢ > 0. Let xg € G be a point at which
the maximum is attained and let G; be the corresponding connected component.
The set K = {x € G; : ¢(x) = M} is nonempty and closed. On the other hand,

M=¢(Xo)é/GJ(XO—y)fﬁ(y)dy§M/GJ(Xo—y)dy§M~

This is possible only if ¢ (x) = M in GnN supp J (xg — -). Since J(0) > 0, this
implies that ¢ (x) = M in G N B(xo; 8) for some § > 0; hence K is an open subset
of G;. Since G; is connected, we deduce that K = G;, so that, ¢=M>0in G;.
But this implies that

M = ¢(x0) §M/ J(ro—y)dy < M
G

for any xo € dG; where the density of Ef is positive, a contradiction. O

If in Lemma 1 we take G = £2,, f = 0in X, f = 1 in 25 \ 'H, we obtain
a monotone sequence {¢,},eN converging to a function ¢. In order to prove that
¢ approaches 1 at infinity, we will compare the approximate solutions defined in
bounded sets with a suitable barrier z. Hence we need to estimate Lz.

Lemma 2. Let z(x) = (|x|> + b)Y,y > 0. There exists a number
b=>b(J,y,N) > 0 such that

Lz(x) £ 2y (x> + b))~ TN -2 -2y), (22)
where « is the constant defined in (2).

Proof. After some cumbersome, but easy, computations, using Taylor’s expansion
and the radial symmetry of J, we find that

Lz(x) = 2ay(x>+b)~YTO(N =2 —2y) —day(y + D(x|> + b)~"Dp
+0((1x* + )~ H2),

from where the result follows just choosing b large enough. O

Proposition 3. There exists a unique solution to (5). Moreover, 0 < ¢ < 1 and
there exists a positive constant K such that

l—pms— 5 xco (23)
(kP + 1)V 272

Proof. Existence. Letngin N be such that H C B(0; ng). Consider the sequence
of functions {¢, (x)},>,,, where ¢, is the solution to

Lpu(x)=0 inBO;n)\ H,
¢, =0 in H, 24)
on =1 in B(0; n)¢.



Nonlocal Diffusion in Domains with Holes

A simple comparison argument proves that 0 < ¢, (x) < 1 foralln = ng,x €
R¥ . Hence, Gn(x) = ¢Puy1(x) in (B(0; n))¢, which yields, again by comparison,
0= ¢pi1(x) < pp(x) < 1foralln 2> ng, x € RY. Therefore, the monotone limit

$(x) = lim ¢, (x)

is well defined, and satisfies 0 < ¢ < 1. Letting n — o0 in (24), by the monotone
convergence theorem we get

Lo(x)=0in 2, ¢ =0inH.

We still have to prove (23), which implies in particular that ¢(x) — 1 as
|x] — oo. This is done by comparison with the barrier z described in Lemma 2
with 2y = N — 2. Indeed, by taking K large enough, on one hand we have
Kzz21=1—¢,inH,Kz=1—¢, =0in (B(0; n)), and on the other hand
L(Kz) £0=L(1 —¢,)in B(0;n)\ H.Hence, Kz > 1 — ¢, in RY and, passing
to the limit, we obtain (23).
Uniqueness. Let ¢ and ¢ be two solutions to (5). We consider the family of
functions ¢, (x) := ¢ (x) + A. Since both ¢ and ¢ are bounded, there is a value A
such that ¢, = ¢ in RV, Let

Xo = inf{i : §; > ¢ in RV},

We shall prove that 1o = 0, which means that ¢ > ¢ in RY, from which uniqueness
follows, since the roles of ¢ and ¢ can be interchanged.

Assume for contradiction that Ay > 0. Since both ¢ (x) and 5(x) tend to 1
as |x| — oo, there exists R; such that 0_510 (x) > ¢(x) if |x|] = R;. Moreover,
¢, > ¢ in H. Hence, as both ¢ and ¢ are continuous in R" \ H, there exists xo
in B(0; Ry) \ H such that ¢, (x0) = ¢ (xo). The set

S={x€BO; R)\H:;,(x) = p(x)}

is closed and non-empty. If x is a point in 9. where the density of S¢ is positive,
then ¢, (x1) = ¢ (x1) but J * ¢, (x1) > J * ¢(x1). Since this is a contradiction,
we get that 19 = 0. O

3.2. Asymptotic Properties

We now obtain the decay at infinity of the derivatives of ¢. In the sequel we let

Y =1-¢.

Proposition 4. Given s € Ny, there exists a constant Cy such that, for every multi-
index f € Nf)v of order |B| = s,

Cs

B 5
DY S ot

x e, (25)
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Proof. The function ¢ is the unique bounded solution to the evolution problem (1)
with initial data ¢. Hence, using the representation formula (15) with 5 = 0 and
u(x, to) = ¢(x), we get,

¢(x) =

- /RN w(x =y, D¢(y)dy — X (x)(J * P)(x)

|

t
//w(x—y,r—st*qs)(y)dyds.
0 JH

1 —e™?!

—t

Therefore, since fRN w(x,t)dx =1—e™!, we have

1
V) = T [0l = 5 00y X 5 )

Hw(x—y,t—s)(J*qb)(y)dyds. (26)
Given k > 0, we denote

dF(x) = kN 29 (kx),  YR(x) = KN 2y (kx),
Je(x) = kN J (kx), wp(x, 1) = kN (kx, k21),

and Hy; = {x € RN : kx e H}.If we scale equation (26) according to these recipes,
we get

yh(x) =

/]R ok =y K 20PR () dy + g (0 % 900

1 —e!

+

t
/ / i — v, k721 — ) (Je % 65 () dy ds.
0 JHy

1 —e!

Let § > 0 be given. There exists a value ks such that X%, (x) = 0if |x| = §/2 and
k = ks. Therefore,

D) = o [ DPanx =y k0wt dy
— ¢ RN
A
t
b [ DPen =y kR n b dyas,
1—e 0 Hy

B

if x| =2 8/2 and k = ks.

We start by estimating B. If y € Hj and |x| = 8, then |x — y| = §/2 if
k = ks. On the other hand, since 0 < ¢F(x) < kN 2 we have, in addltlon,
0 < Ji % ¢F < kN=2. So, recalling that |Hx| = Ck~—" and the bounds in (20)—
which are scaling invariant—we get

N-2 204
Bl < k Ck™(t —s) dy ds
1—et Hy |x_y|N+s+2

k
/(t—s)ds—C(;Nl

-4

<C5N t2§C(g,N if t=k2.
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Now we estimate A with 7 = k2. Recall that 0 < v (x) < C/|x|V~2. Therefore
we have, again using (20) and (21),

| c
Al < —/ DPa(x — y, Dl —<— dy
1—e % Jiy<s2 |y|N=2

Cs,n
b [ DRt - vy
—¢€ [y128/2

Cs,n / dy Cs,N
|

[IA

< Cg,N.

k2 — _r2 =
1—e® Jiy<spp V=2 7 1 —e*k

In conclusion, given § > 0 there exists ks such that, if kK = ks and |x| = &, then
IDPy* ()] < Cs v
Letus take [x| = 1, C; = C1,n, y = kx so that k = |y|. Then, we get

IVIN2EIDPy ()| = KN TEIDPy (k)| = [IDPyF (0| £ €1 iyl =k 2 k.

This proves estimate (25), except for a bounded set. However, ¢ is smooth in £2,
and hence the estimate is obviously true for bounded sets. O

Remark 10. The proof of the bound (25) only requires J € C5+1.

Though the second derivatives of ¥ decay like O (|x|™V) as |x| — oo, a special
combination, the Laplacian, decays faster. In particular, A1 is integrable at infinity.

Corollary 1. There exists a constant C such that | Ay (x)| < IX\++2 in $2.

Proof. Using Taylor’s expansion we get

Ly (x) = ¢ Ay (x) + O (féﬁi’i ||Dﬂ1/f||Loo<Bl<x>>) :

Since i is L-harmonic, the result follows from the estimate (25) for the fourth
order derivatives. O

Remark 11. The proof of Corollary 1 only requires J € C*. If we weaken this
assumption and only require J € C3, we get |AY(x)| = C/|x|N+1, and the
Laplacian of  is still integrable at infinity.

We can profit from the integrability of Ay at infinity to obtain the precise
asymptotic behavior of .

Proposition 5. There exists a constant C* such that for every multi-index € Név
of order |B| = s,

x2S DBy (x) — DPy*(x)| = Oas |x| — oo, ¥*(x) = C*x)>N. @7)
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Proof. Scaling and compactness. From (25) we get that the scaled functions
Yk satisfy | DPy*(x)| £ C/|x|N =2+ if | 8] = 5. Hence, thanks to Arzela-Ascoli’s
theorem, for any sequence {k, },cn there exist a subsequence, that we name again
{kn},eN, and a function ¥* such that, for any multi-index S,

Dﬁwk" — Dﬁlﬁ* uniformly on compact sets of RV \ {0}. (28)
Moreover, ¥* inherits from the functions ¥* the estimate
0=y () = C/xV 2 (29)

Identification of the limit along subsequences. We consider the scaled operator
Ly defined by Liv = kZ(Jk * U — v). Performing a Taylor expansion, it is easy to
check that Lygp — aAg uniformly for any ¢ € CZ° RM).

Now let ¢ € C(RN \ {0}). We write

/ Vradp = / v Ly + / W* = yhaag + / vH (@A — Lig).
RN RN RN RN
(30)

Since Ly % = 0, we have fRN VhLip = fRN Lk = 0. Besides, using (25), as
k — oo we have

‘/ Y (adp — Lk(ﬂ)‘ = C/ e A = Ligl = 0.
RN RNﬂ(supp <p+B1/k(O))

Thus, taking k = k,, in (30) and letting n — oo, we get fRN Y*aAp = 0, which
implies that Ay* = 0in RV \ {0}. Since |x|V =2y * is bounded, see estimate (29),
we may conclude that there exists a constant C* such that *(x) = C*/|x|V 2.
Uniqueness of the limit. We next prove that the constant C* is independent of
the sequence {k, },eN.

A direct computation shows that

3 *
/ v dS=C*2—- N)NVy forall R > 0,
9B(O:R) O

where Vy stands for the volume of the unit ball in RY. On the other hand,
ifHCCB Ro>

9 9
/ W s =/ —wds+/ Ay (x)dx forall R > Ry.
3 3 BRr\Bg,

B(O;R) Or B(O;Ry) O

Since fBR\BRO AY(x)dx has a finite limit as R — oo, see Corollary 1,

faB(o;R) %—‘f dS also has a limit, that we denote by .

Let y = kx. On one hand, we have |y|VN =V (y) = |x|V =1 Vy*(x) and on the
other, [y|N"1Vy*(y) = |x|V~!Vy*(x). Therefore, taking k = k, and |x| = 1,
which implies |y| = k;, and using (28), we get

N VY ) = Vet )| = [Vt (o) — Vet o] < e
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if |y| = k, and n is large. Hence,

0 0 o™
‘/ —wdS—C*(Z—N)NVN‘z‘/ (—‘/’— ‘/’)ds‘<Cs
IB(0:k,) OF 9B(0:k,) \ OF or

if n is large. We conclude that, C* = u ((2 — N)NVN))fl.
Rephrasing the limit. Take y = kx and |x| = 1. In the above steps we have
proved that

VDY (y) = KN TPH DPy (kx) = DP Yt (x) — Dy (x)

as |y| = k — oo. Since Dﬁw*(x): |y|N_2+|/3|D/31p*(y) (remember that x| = 1),
this is just (27). |

Remark 12. To get (27) it is enough to have J € C™>*(3-$) We need at least
J € C3, no matter the order of the derivative we are considering, in order for Ay
to be integrable at infinity, which is one of the main ingredients of the proof.

4. Conservation Law and Asymptotic Mass

We start our study of the evolutionary problem (1) with a conservation law that
will be of the highest importance for establishing the behavior of the solution in
the far field.

Proposition 6. Let u be the solution to (1) and ¢ the solution to (5). Then,

/ u(x, t)p(x)dx =/ uo(x)¢ (x)dx := M* foreveryt > 0. 31
RN RN

Proof. Since u(x,t) = ¢(x) = 0 for x € H, we have

i u(x,t)¢(x)dx=/ us(x, )¢ (x)dx
dt Jgy RN

=/ / T =) (u(y, 1) = ulx, )¢ (x)dydx
RN JRN

//J(x—y>(¢<y>—¢(x>)u<x,r>dydx
RN JRN
0.

O

Though mass is not conserved, there is a non-trivial asymptotic mass, which
coincides with the conserved quantity M*.

Proposition 7. Let u be the solution to (1) and M* = fRN ug(x)¢ (x) dx. The mass
of the solution at time t, M (t) = fRN u(x,t)dx, satisfies M(t) - M* ast — oc.
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Proof. In fact,

‘/ u(x,t)dx — M*
RN

= ,H(1— d
[, utr (1 =) ax

§/ u(x,t)dx—l—/ u(x,t)(l —d)(x)) dx
|x|<nv/1

x| 2n+/7

s VPavnN + ¢ u(x, t)dx

1
(n/H)N-2 /}RN

1
N
=Cn +C||MO||L1(RN)W'

Hence, choosing 1 so that Cn™¥ < & and taking lim sup,_, ., we get,

/ u(x,t)dx — M*
RN

We conclude by letting ¢ — 0. O

lim sup <e.

—>0o0

5. Far-Field Limit

In this section we study the large time behavior of the solution to (1) in sets of
the form {|x|? = 8¢}, with § > 0.

Theorem 4. Let u be the solution of (1) and M* the asymptotic mass given in (31).
Then, for every § > 0,

tN/ZHM(xv 1) — M* Ty (x, t)”LOO({\XIzgSt}) — 0 as t— oo. (32)
Proof. Let 7y > 0 and ¢ = 2fy. From the representation formula (15) we have

N2 u(x, 1) — MFTy(x, )] < (Ve 0y (x, 1)

I

/ w(x —y,t —1u(y, 1) dy — M*Iy(x,1)
RN

+N/?

I

t
_HN/z/ e () (J % ul-, 5))(x) ds
1

0

I3

1
+tN/2/ /RN o(x =y, t =8)Xp () *u,s)(y)dyds.
1o

Iy

Let § > 0 and |x|?> = 8. We have the following estimates for the quantities /;:
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o I} SCtN2e 12 5 0ast — oo.
e The estimate for /5 is the most involved, and is split into three parts,

L<iV? /R 0 — .t — o) = Talx — v, 1 — 10) (. £0) dy

I

Np2 /RN T — vt — 10)u(y, 1) dy — M(to) T (5, )

+1

Ie%)

+ V2 (x, 1) M (1) — M.

L3
— Using (16),
Ly S NPul 1) prgmyllo Gt —10) = Tu Gt = 10) [ o gy
= V2 ug | 1 vyo (¢ — 10)™ %),

Thus, lim; o 12,1 = 0.
— The well-known asymptotics for solutions of the local heat equation imply
lim; 00 I22 = 0.
— By Proposition 7, if 1 is large enough, I 3 £ Co|M (tg) — M*| < ¢.
e For 19 large enough, x ¢ H. Hence, I3 = 0.
e If 7y is large enough and y € H, |[x — y| = |x|/2. On the other hand, by (11)
0 < u(x,s) < Cs~N/2 and therefore, 0 < (J % u(-, s))(x) < Cs~N/2. Thus,
using the space-time bound (20) for w,

ﬂ+] N
2

! t—s t \?2 N4
I < CtN/z/ / — s N24yds < C (—) t
0 JH 1x — y[N+2 |x |2 0

_N_; ¥
<C§ 2 lto2 <eé

if 7 is large enough.
Gathering all the above estimates, we get

limsup [N 2u(x, 1) — NPM* T, (x, 1) ||Lw(|x‘2&) < 2.

t—0o0

We finally let ¢ — 0. O

As a corollary of the outer behavior, we can do better in the proof of Proposi-
tion 7 to obtain the rate of decay of the mass to its asymptotic limit.

Corollary 2. Under the assumptions of Proposition 7, we have
N-2 N-2
M@ =M+ K177 4o(175), (33)

where K = C*M* [o Uy (8)[E7N dt, C* = Jim (11— ¢ (x))|x N2,
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Proof. We have from the conservation law (31) that
N-2 N-2
Tz (M@t)—MYH=t72 / ulx,)(1 — ¢ (x)) dx.
RN
In order to estimate this last integral, we split it into two parts,
N-2
t 7 / ulx,t)(1 —¢x))dx
RN

= u(x, 1)(1 —¢(x))dx+t¥/ u(x, (1 — ¢(x)) dx

{Ix|S611/2) {Ix| 281172}

I I

for § > 0 and ¢ big enough. Using the estimate 0 < 1 — ¢(x) < c1|x|[>V and
the bound 0 < u(x, 1) < Ct=N/? we get 0 < I} < C82. For I, we perform the

change of variables x = &¢!/2, and get
N=2 (1 _ p(££1/2)) 1 25°
lim 12=/ lim E1M 7 ‘i’v(i ) uE&t'?, 0N de
t—>00 {lg|=5) 1= |&]

—cw [ v as,
{15123}
Hence

C*M*/ Ua ()€Y dg < liminf "7 (M (1) — M¥)
{15126} =00

—>00

< lim sup T (M (1) — M*) < C8? + C.M” /{ oy Ve OIEP

from where the result follows just by letting § — 0. O

Remark 13. The amount of mass, My (1), lost in the evolution is given by

My (u) :=/ ug(x)dx — lim/ u(x,t)dx =/ (1 —¢(x))up(x)dx > 0.
RN —00 RN RN

Therefore, the influence of the hole structure is felt at the asymptotic level through
the projection of the initial data onto v := 1 — ¢, which represents in this way the
dissipation capacity of H.

Notice that  is the L-harmonic function defined in §2 that takes a value of 1 on
‘H and of 0 at infinity. Hence, by analogy with the standard (local) potential theory,
we may say that i is the function that measures the L-capacity of H, by means of
the formula

cap(H) = _inf //J(x—y)(u(x)—u(y))zdxdy.
w2lonH}J2 Jo
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6. Near-Field Limit

In view of Theorem 4, what is left to complete the proof of Theorem 1 is to
show that the limit (6) is uniformly valid in sets of the form {|x|*> < &} for some
8 > 0. This is the goal of this section.

Theorem 5. Let u be the solution to (1). There exists a value 5§ > O such that
tim Y/ [luCx, 1) = M*$00) T (%, )| Lo qpapp<snyy = O- (34)
—00
Instead of (34), we will prove
Jim N2, 1) = MAo ) (Dl oo g <o = 0. (35)
which turns out to be equivalent, thanks to (16) with || = 0. Notice also that,

using again (16), together with the asymptotic behavior of ¢, we may rewrite (32)
in a similar way,

. NJ2
Jim (N2 u(x, 1) = M) (Dl oo qrep s = 0. (36)
In order to prove (35) we will construct suitable barriers approaching the asymp-
totic limit as t — oo. We choose k € (0,1),y € (0,(N — 2 — k)/2), and then
define, for any K+ > 0,
Ve, 1) = pWw(x, 1) £ Kt 3 2(x), (37)

with z as in Lemma 2, z(x) = (|x|*> 4+ b)~7. We take b large enough, so that (22)
is satisfied.

Lemma 3. Let R > 0 and vy as above. There exists a value §, > 0, independent
of K+, such that for all § € (0,8%), K+ = 1, we have

vy —Lvy =20, dv_—Lv_ <0, R><|x)? <ér.
Proof. On one hand,

N K K
+ K+Z_NT+Z()C).

vy (x, 1) = d(x)drw(x, 1) —
On the other hand, using that ¢ is L-harmonic and (22), we get

Loi(x,t) < ¢(x)Lw(x, 1) + /RN Jx = () — ¢ @) (w(y, 1) — w(x, 1)) dy

2y (N —2 —2y) _N
— K
x|+ b

+K
4t 2 Z(X).

Hence, since w solves (19) and ¢ = 0,

dvy — Loy = —/RN Jx =) =@ ||o(y, 1) — ox,1)|dy

A
_ Nt 20y(N —2—2y) N+«
K.t 2 — .
TR Z(x)( ] +b 2

B
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Estimate for A. We first notice that there is a constant C > 0 such that
C .
) =PI S x-S T (38)

Indeed, let R be such that H C B(0; R). Since |¢(x) — ¢ (y)| < 1, inequality (38)
is obviously true for |x| £ max{2, R + 1} with C = (max{2, R + 1HN=1. On the
other hand, if |x| > max{2, R + 1}, Taylor’s expansion yields

_ < B ; <
[ (x) d’(y)':ﬁlsl\i’igenéfﬁ?fl)'l) @) iflx—yl =1 (39)

The result now follows from the estimate (25) with |8| = 1, since |&| = |x]|/2 for
all ¢ € B(x; 1) whenever |x| = 2.
Combining (39) with (17), we conclude that there is a constant C > 0 such that

_N+1 _ Ntk 2 1—« _ Ntk 1«
a2 /D r O 2 8r e 2oy
= x|Vt |x|N =¥ T x|V -
Estimate for B. If R* < |x|?> < §tand § < %, we have
N+x _8(N+K) _ 8(N + k)(R* + b)
26 T |x)]? R?%|x|2 + b|x|?
- 8(N +«k)(R*+b) <@y (N —2-2y)
= RX(x|?+b) ~ [x2+b

Thus, with this choice of 8,
ay(N —2—2y)

Bz
- x|+ b

The above estimates for A and B yield, if K+ = 1,

N+k

e
vy — Loy 2 —5———
(Ix|* + byr+!

52 (Ix2 + b)V“))

|x|N—K

(ay(N —-2-=-2y)—

On the other hand, since 2(y + 1) £ N —«,

(|x|2+b)y+l - (R2+b)y+1
|x|N7K = RN—«

Therefore, taking § small enough, we get
vy —Lvy 20, RX2< x)P <6t

for all K4 = 1. Notice that the threshold value of § does not depend on K .
An analogous argument leads to the statement concerning v_, since

N+l .
e T <t 2 |x|"N iR xF <ot

N+1
whenever ||/ [|oo < R?/872 . O
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Proof of Theorem 5. Let R > 0 such that B(0; R) C H. As a consequence of
Lemma 3, we know that there is a value § > 0 such that

vy —Lvy 20, xeRnN{R><|x|*> <681}, t > R%/S.

Let now ¢ > 0. By (36), (16) with |8]| = 0, and the asymptotic behavior of ¢, there
exists a time #o > O such that u(x, 1) < (1 + e)M*¢(x)w(x, 1) if (81)1/? < |x| £
(81)'/%2 41, = t9. Hence, for any K > 0,

ue, 1) < (1 +e)M*vy(x, 1) if 602 < x| S O3 +1, t = 1.

On the other hand, it is obvious that there exists a constant K+ = 1 such that
u(x,10) < (1 4+ e)M*vy(x,10) if |x| £ (819)'/> + 1. Finally, we also have that
u(x,t) =0 (1 +e)M*vy(x,1),x € H,t = 1y. Therefore, by comparison, see
Theorem 3 and Remark 5,

u(x, 1) S A+ e)M*vy(x, 1), |x| <602 1210
Hence, using the decay estimate (17), if |x| < (51)'/2, ¢ > 1y, we have
(N/2 (u(x, 1) — M*¢p(x)w(x, t))
< eM* ()N Pw(x, 1) + (1 + &) M*K ot~ 22(x)
S eM*C+ (1+e)M Kt~ 2b77.
Letting t — oo and then ¢ — 0, we conclude that

limsup tV/? (u(x, 1) — M*¢ () (x, 1)) < 0.
t—>00

An analogous argument shows that
(I—e)M*v_(x,0) Sux.0), |x[ <@ 1 210

Hence, liminf tN/? (u(x, 1) — M*¢(x)w(x, 1)) = 0. O
11— 00

As a corollary, we obtain the behavior on compact sets.

Corollary 3. Let u be the solution to (1). Then,

*

tN/Zu(x, t) > ——= ¢(x) uniformly in compact subsets ofRN. (40)
(Ara)N/2

Remark 14. The limit (40) holds uniformly in £ N {Ix12 < 8(t)t}, as long as
lim;— ~ 8(¢) = 0.
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