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ON THE ASYMPTOTIC BEHAVIOUR OF SOLUTIONS TO THE
FRACTIONAL POROUS MEDIUM EQUATION WITH VARIABLE DENSITY

GABRIELE GRILLO, MATTEO MURATORI, FABIO PUNZO

ABSTRACT. We are concerned with the long time behaviour of solutions to the fractional porous
medium equation with a variable density. We prove that if the density decays slowly at infinity,
then the solution approaches the Barenblatt-type solution of a proper singular fractional problem.
If, on the contrary, the density decays rapidly at infinity, we show that the minimal solution
multiplied by a suitable power of the time variable converges to the minimal solution of a certain
fractional sublinear elliptic equation.
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1. INTRODUCTION

We investigate the asymptotic behaviour, as ¢ — oo, of nonnegative solutions to the following
parabolic nonlinear, degenerate, nonlocal weighted problem:

{p(x)ut F (=AY (W) =0 inR? x (0,00), 1)

U = U OanX{O},

where the initial datum ug is nonnegative and belongs to

£b@) = us = [ )] ptos < oo}

and the weight p is assumed to be positive, locally essentially bounded away from zero (namely
p~1 € L2 (RY)) and to satisfy suitable decay conditions as at infinity, which we shall specify later.
As for the parameters involved, we shall assume throughout the paper that m > 1 and d > 2s.
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Moreover, for all s € (0, 1), the symbol (—A)*® denotes the fractional Laplacian operator, that is

(z) = ¢(y)

T gl dy VzeR? Voe CP(RY), (1.2)

(=A)*(@)(x) = pv. Csa

Cs,q being a suitable positive constant depending only on s and d. For less regular functions, the
fractional Laplacian is meant in the usual distributional sense.
For weights p(x) that decay slowly as |z| — oo, we shall also be able to consider the more general
problem
p(x)us + (=A)* (™) =0 in R? x (0,00), (13)
plX)u=p on RY x {0}, ’
where p is a positive finite measure. More precisely, here we shall assume that p complies with the
following assumptions:

cr<p(z)<clz|”" VYxeBgr, VR>0, lim p(x)z|” = cwo

|z| =00

for v € (0,2s) and suitable strictly positive constants cg, ¢ and ¢, (Br denotes the ball of radius R
centred at = 0, while B, denotes its complement). Note that in this case p(z) is allowed to have
a singularity as |z| — 0.

The local version of problem (1.1), that is

{p(aj)ut —A@™) =0 inR?x (0,00),

1.4
U = ug on R? x {0}, (14)

has been largely studied in the literature (see e.g. [13, 14, 16, 17, 19, 24, 21, 31]). In particular,
for d > 3, it is shown that (1.4) admits a unique very weak solution if p(z) decays slowly as
|z| — oo, while nonuniqueness prevails when p(z) decays fast enough as || — oco. In the latter
case, uniqueness can be restored by imposing on the solutions proper extra conditions at infinity.
Also note that, independently of the behaviour of p(x) as |z| — oo, existence and uniqueness of the
so-called weak energy solutions (namely solutions belonging to suitable functional spaces) hold true
(see [16]). Furthermore, the long time behaviour of solutions to problem (1.4) has been addressed
in [30, 32] and [20]. To be specific, in [32] it is proved that if ||ug||1,, = M, p > 0 and p(z) ~ ||~
as |z| — oo, for some v € [0,2), then the solution u to problem (1.4) satisfies

Jim [u(t) — ug; ()], = 0
and
Jim 1 Ju(t) — ufy (8)], = 0.
Here, u}, is the self-similar Barenblatt solution of mass fRd uyp = M, that is
uy(z,t) =t"%F (t"|z]) V(z,t) € R x (0,00),
with )
F(&)=(C—ke NI V20
for suitable positive constants C' and k depending on M, m, d, . Moreover,

1

a=(d-v)k, K:d(m—1)+2—m'y'

We stress that uj, solves the singular problem
|z] " Yuy — A (™) =0 in R% x (0, 00),
|z|"Yu = M¢ on R4 x {0},

where M = |lugll1,, and ¢ is the Dirac delta centred at x = 0. Note that, for p = 1, and so v = 0,
the same asymptotic results have been shown in [15] and in [34].
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On the contrary, in [20] it is proved that if p > 0 and p(z) ~ |z|~7 as |z| — oo, for some v > 2,
then the minimal solution to problem (1.4), which is unique in the class of solutions fulfilling

1 t
ﬁ/ / u"(z,7)drdS -0 as R— oo
R 9Br J0

for all £ > 0, satisfies
tﬁu(x,t) — (m— 1)_ﬁW%(x) ast — 0o, uniformly w.r.t. z € RY.
Here W is the unique (minimal) positive solution to the sublinear elliptic equation
—AW = pWw inR?,
and it is such that
lim W(z)=0.
|z|—o00

Problem (1.1) with p = 1, nonnegative initial datum uo in L*(R¢) and s € (0, 1), namely

{ut +(=A)P (™) =0 inR?x (0,00),

1.5
U = U on R? x {0}, (1.5)

has been recently addressed in the breakthrough papers [9, 10]. In particular, existence, uniqueness
and qualitative properties of solutions have been studied. Furthermore, the asymptotic behaviour,
as t — 0o, has been investigated in [36]. More precisely, it is first shown that, for any M > 0, there
exists a unique solution u}, to the singular problem

{ut +(=A)P (™) =0 in R x (0,00),
u=MS¢ on R x {0} .
Furthermore, such v}, has the following self-similar form:

why(z,t) =t f(t"|z]) V(z,t) € R x (0,00),

where
d 1

a=——— K=—-—"——
dim—1)+2s dim—1)+ 2s

and the profile f : [0,00) — (0,00) is a bounded, Hélder continuous decreasing function, with

f(r) = 0 as r — co. In view of such properties, u}, is still called a Barenblatt-type solution. Then

it is proved that the solution u to problem (1.5) satisfies
Tim [u(t) — ui, (0], = 0
and
iz 1% u(®) = w3 (0] =0. (16)
—00

Existence and uniqueness of nonnegative bounded solutions to problem (1.1) for nonnegative
initial data uo € Lj(R%) N L°°(R?) and strictly positive weights have been investigated in [27, 26].
More precisely, it is proved that if v € (0,2s) and there exists Cy > 0 such that if

p(x) > Colz|™” a.e. in BY,
then problem (1.1) admits a unique bounded solution. Furthermore, when v € (2s,00) and there
exists Cy > 0 such that

p(z) < Colz|™” a.e. in BY, (1.7)
we have existence of solutions satisfying a proper decaying condition at infinity. Within this class
of solutions, uniqueness can be restored provided (1.7) holds true with v € (d,c0), basically as
a consequence of the results of [26]. In addition, in the present paper we shall prove uniqueness
under the weaker requirement that (1.7) holds true with v € (4s A d, 00) (see Theorem 2.4 below).
Actually, for generic positive densities p € L (R?) such that p~' € L (R?), namely without

loc loc
assuming further conditions on p(z) as || — oo, one can also prove existence and uniqueness of
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weak energy solutions in the same spirit of [16] (see Proposition 2.3 below). The point is that the
uniqueness results of Theorem 2.4 hold for a more general notion of solution, and we shall use them
as such.

The main goal of this paper is to study the large time behaviour of solutions to problem (1.1). To
this end, similarly to the results recalled above in the local case, we shall distinguish two situations:

i) p(x) = 0 as |z| — oo slowly, in the sense that for a suitable v € (0, 2s) there holds
lim p(z)|z]” = coo > 0; (1.8)

|z] =00
ii) p(x) — 0 as |z| = oo rapidly, in the sense that for a suitable v € (2s,00) (1.7) holds true.

In case i) we shall describe the asymptotic behaviour of solutions to problem (1.3), namely with
initial data which can be positive finite measures. Such asymptotics is obtained in terms of a
Barenblatt-type solution to a proper nonlocal singular problem, that is the unique solution u}y to

{coo|x|—mt +(=A)P* (u™) =0 in R?x (0,00),

1.9
CoolZ| YU = M6 on R4 x {0}, (1.9)

where M > 0 is the (fixed) mass and ¢, is as in (1.8). Existence and uniqueness of solutions to (1.9)
actually follow from the results established in [18] for the more general problem (1.3). In particular,
existence is ensured supposing that v € (0,2s A (d — 2s)), while uniqueness holds under the weaker
condition v € (0,2s) N (0,d — 2s].

Coming back to the asymptotics of the solutions to the evolution equations considered, we shall
show that

Jim [fu(t) — s (0, o = Jim [ |t 6) - uSy (e, D) [ Tdr =0, (110)

where
1

dim —1) +2s —my

In order to prove (1.10), we partially follow the general strategy used in the literature to prove
similar convergence results (see e.g. [15, 34, 35, 31, 36]). However, here several technical difficulties
arise, due to the simultaneous presence of the weight p(z) and of the nonlocal operator (—A)*. To
overcome them, we adapt to the present situation some ideas used in [18] to prove existence. Besides,
the lack of known regularity results for the Barenblatt solutions considered, which hold true in the
unweighted case because of the theory developed in [1], forces us to introduce a different argument

in the final convergence step (which however does not allow to prove a stronger L convergence
result of the type of (1.6)).

In case ii), the long time behaviour of the minimal solution to problem (1.1) is deeply linked with
the minimal solution w to the following nonlocal sublinear elliptic equation:

(—A)*w = pw® in R?, (1.11)

where & = 1/m € (0,1). Note that the local case s = 1 has been thoroughly studied (see e.g.
[5], [29] and references therein). For general s € (0,1) it has been addressed in [25], following the
same line of arguments of [5]. However, in [25] it is supposed that (1.7) holds true for v > d (with
d > 4s) and p > 0 (with p # 0). Furthermore, energy solutions have been dealt with. In the present
work, existence of nontrivial very weak solutions is established whenever (1.7) holds for v > 2s (with
d > 2s). In doing this, a central role will be played by the solution to the linear equation

(-A)*V =p inR?.

a=(d—-v)k, k=

We shall also prove uniqueness of very weak solutions to equation (1.11), satisfying proper decay
conditions at infinity, assuming that (1.7) holds for v > 4s A d. We then show that, whenever (1.7)
holds for v > 4s A d, there holds

lim tﬁu(ﬂc,t) =(m-— 1)7ﬁw%(m) for a.e. x € R?,
t—oo
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where w is the minimal positive (very weak) solution to equation (1.11) with o = 1/m.

Organization of the paper. In Section 2 we give the definitions of solution to problems (1.1) and
(1.3); moreover, preliminary results concerning the well posedness of the problems are stated. As
for long time behaviour of solutions, our results both for fast decaying densities (Theorem 3.1) and
for slowly decaying densities (Theorem 3.3) are stated in Section 3. In Section 4 we consider the
sublinear elliptic equation (1.11), and we show some new existence and uniqueness results for the
corresponding solutions in Theorems 4.4 and 4.5, which have also an independent interest. We take
advantage of such results in Section 5 in order to prove Theorem 3.1. Finally, in Section 6 we prove
Theorem 3.3.

In Appendix A some useful properties of Riesz potential are discussed. In Appendix B the well
posedness of problem (1.1) for rapidly decaying densities is proved: here we improve in various
directions previous results in [26].

2. PRELIMINARY RESULTS

We start this section by providing a suitable definition of weak solution to problem (1.1), which
will be primarily interesting for the case of rapidly decaying densities. We shall always assume
p € L2 (RY) and p~! € L® (RY). Hereafter, by the symbol H*(R%) we shall denote the completion

loc loc

of C°(R?) w.r.t. the norm
16l = [[(=2)%(8)]|, Vo€ CZ®RY).

Definition 2.1. A nonnegative function u is a weak solution to problem (1.1) corresponding to the
nonnegative initial datum ug € L}(RY) if:

e u e C([0,00); LL(RY)) N L®(R x (7,00)) for all T > 0;

o u™ € L},.((0,00); H*(R?));

o for any p € C(R? x (0,00)) there holds

/o(><> /]Rd u(z, t)pi(x,t) p(x)dedt — /OOO Rd(_A)\

° limt_>0 u(t) = Ug m Lz(Rd)

3

Nl

(W), £)(~A) (o) (@, ) dadt = 0; (2.1

A classical notion in the literature is the following (see e.g. [10, Section 8.1]).

Definition 2.2. Let u be a weak solution to problem (1.1) (according to Definition 2.1). We say
that u is a strong solution if, in addition, u; € L ((7,00); L, (R%)) for every T > 0.

Existence and uniqueness of weak solutions to problem (1.1), by means of standard techniques (see
e.g. [9, 10, 16, 26]), are discussed in Appendix B. The first result we provide reads as follows (for a
sketch of proof see again Appendix B — Parts T and II).

Proposition 2.3. Let p € L° (R?) be positive and such that p=* € LS (R?). Then there exists
a unique weak solution u to problem (1.1), in the sense of Definition 2.1, which is also a strong

solution in the sense of Definition 2.2.

Let us introduce the Riesz kernel of the s-Laplacian:

ks,d
L(z) = == Ve e R4\ {0}, (2.2)

where k, 4 is a suitable positive constant that depends only on s and d. Recall that for a sufficiently
regular function f there holds

(_A)s (I2s *f) =1,

namely the convolution against I, represents the operator (—A)~*.
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2.1. Rapidly decaying density. Given a weak solution u to (1.1) and any fixed to > 0, let us set

t

U(z,t) = / u™(z,7)dr  Y(x,t) € RY X (tg,00).
to

Notice that U depends implicitly on tg as well.

When p(x) is a density that decays sufficiently fast as |z| — oo, we shall often need to deal with
solutions to (1.1) which are meant in a more general sense with respect to the one of Definition 2.1,
namely what we call local strong solutions. The corresponding definition is technical, and we leave
it to Appendix B (see Definition B.4). The result we present here below concerns existence and
uniqueness of local strong solutions.

Theorem 2.4. Let p € L=(RY) be positive and such that p~' € L{S,(RY). Let ug € Lj(RY) be
nonnegative. Assume in addition that p(x) < Cy|z|™7 a.e. in B§ for some v > 2s and Cy > 0.
Then the weak solution to problem (1.1) provided by Proposition 2.3 is the minimal solution in the

class of local strong solutions (according to Definition B.4) and satisfies
U(z,t) =0 as|z| = o0 (2.3)
for all tg > 0 and t > tg. More precisely, for any tg > 0 there holds
Ulx,t) < C (Ias % p)(z)  for ae. (x,t) € R? x (ty, 00) (2.4)
for some C = C(tg) > 0, whence (2.3) follows by Corollary A.2. Furthermore:

(i) under the more restrictive assumption that v > d, the solution is unique in the class of local
strong solutions satisfying

u™ € Ly 1y (RT % (0,T)) VT >0, (2.5)

given any o < 28;
(i) if ug is also bounded, then under the more restrictive assumption that v > 4s A d the solution
is unique in the class of bounded local strong solutions satisfying

U™ € Liy 4 gy-at20(RY X (0,T)) VT > 0. (2.6)
For the proof of Theorem 2.4, we refer the reader to Appendix B — Part III.

Remark 2.5. Note that, in case (i), if the initial datum uo belongs to L}(R%) N L>(R?) then the
solution provided by Proposition 2.3 is bounded in the whole of R x (0, 00), so that one can actually
pick to = 0 in (2.4) (see [26, Theorems 5.5 and 5.6]).

Statement (i) can be proved proceeding as in the proof of [26, Theorem 6.10], where condition (2.4)
is required instead of (2.5). However, in view of the results collected in Appendices A and B, one
easily deduces that (2.4) is stronger than (2.5) but the latter is actually enough.

Finally notice that, as concerns uniqueness, when d < 4s condition (2.5) is weaker than (2.6). Hence,
in this case, the uniqueness result of (ii) is just a consequence of the uniqueness result of (i).

2.2. Slowly decaying densities. In this subsection we deal with weights p(z) which decay slowly
as |z| — oo. More precisely, we shall assume once for all that the following hypotheses are satisfied:

c< p(x) < Colx|™7 forae. x € By, Cilz|™" <p(x) < Colz|™7 for ae. x € BY (2.7)

for some positive constants ¢, Cy, Co and v € (0,2s). Note that p(z) might possibly be unbounded
asz — 0.

Below we recall the definition of weak solution to the more general problem (1.3) given in [18,
Definition 3.1]. Before doing it, following the same notation as in [23], we need to introduce some
notions of convergence in measure spaces. Let M(Rd) be the cone of positive, finite measures on
RZ. A sequence {,,} € M(R?) is said to converge to y € M(R?) in a(M(R?), Cy(R?)) if

i [ () du, = /R o) Vo e GRY,

n—oo R4
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where Cy(R?) is the space of continuous, bounded functions in R?. An analogous definition holds
for o(M(R?), C.(R?)).

Definition 2.6. By a weak solution to problem (1.3), corresponding to the initial datum p € M(R?),
we mean a nonnegative function u such that:

u € L>((0, oo);L;(Rd)) NL®R? x (1,00)) VY7 >0, (2.8)
u™ € Li,o((0,00); H*(RY)), (2.9)

Nl

| ety [ ] a3 w0 (-8 @)@ 0dsi =0 (210
0 R4 0 R4
Vo € C (R x (0, 00))

and
lim pu(t) = in o(M(E?), C(RY)).

It is plain that, when u = puy € L'(R?), a solution to (1.1) with respect to Definition 2.1 is also
a solution to (1.3) with respect to Definition 2.6. However, Definition 2.6 permits to handle more
general initial data (positive, finite measures). In particular, we cannot ask u € C([0, 00); L}(R?)).
Nevertheless, thanks to the fundamental Theorem 2.7 which we state below, when u = pug €
L'(R?) such two solutions do coincide (provided the parameters 7, s and d meet the corresponding
assumptions).

We recall now some well posedness results proved in [18]. In fact, thanks to the theory developed
therein, we can guarantee existence and uniqueness of weak solutions to (1.3) (according to Definition
2.6). Besides, Proposition 4.1 of [18] ensures that

/ u(z, t) p(z)dz = p(RY) Vi >0, (2.11)
Rd

namely there is conservation of mass. This is actually a sole consequence of Definition 2.6 and the
hypothesis v € (0, 2s).
The next result is a crucial one but its proof follows along known lines.

Theorem 2.7. Let d > 2s and v € (0,2s A (d — 2s)). Assume that p satisfies (2.7). Then there
exists a weak solution u to problem (1.3), in the sense of Definition 2.6, which satisfies the smoothing
estimate

lu(t)ll. < Kt u(®)? ¥ >0, (2.12)
where K is a suitable positive constant depending only on m, v, s, d and
d—~ 25 —

o =

B = (2.13)

(m—1)(d—7)+2s =7’ (m—1)(d=7)+2s—7
In particular, u(t) € L})(Rd) N L=(RY) for all t > 0. Moreover, u satisfies the energy estimates

ta A)Z (u x 2 dxdt + um™ (g 9 2)dz ™ L 2da
and

/t ’ /R el O pla)dads < (2.15)

for all ty > t1 > 0, where z = u™s and C is a positive constant that depends only on ty, ta, m and
on

/ u™ M (z,t,) p(z)dz
Rd

for some t, € (0,t1).
Furthermore, such solution is unique.
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Remark 2.8. (i) The smoothing effect (2.12) can be proved as in [18, Proposition 4.6]. In fact,
such proof only relies on the validity of the fractional Sobolev inequality
~ . 4
[olyss, < DY@, Voe A ®RY,
which, thanks to the assumptions on p, is a trivial consequence of

[ollg 4= ., < Csy [I(=A)*(W)ll, Vv € H*(RY). (2.16)

d—2s"

For the validity of (2.16), we refer the reader to [18, Lemma 4.5] and references quoted.

(ii) Thanks to the results of [18, Section 3.1] (which in turn go back to [10, Section 8.1]), or to
the discussion in Appendix B — Part I (which applies to slowly decaying densities as well), we
have that the solutions provided by Theorem 2.7 are also strong. In particular, they belong to
C((0, 00); LL(RY).

(iii) Note that, for d > 4s, the hypotheses of Theorem 2.7 on «y reduce to v € (0, 2s).

3. MAIN RESULTS: LARGE TIME BEHAVIOUR OF SOLUTIONS

In this section we state our main results for the asymptotics (as ¢ — o0) of the solutions to
problems (1.1) and (1.3) provided by Proposition 2.3 and Theorem 2.7, respectively.

3.1. Rapidly decaying densities. As concerns solutions to (1.1) when p(x) is a density that
decays sufficiently fast as |z| — oo, we have the following result.

Theorem 3.1. Let p € CZ _(RY) for some o > 0, with p > 0. Let ug € L},(Rd) be nonnegative.
Assume in addition that p(z) < Colz|™" in B for some v > 2s and Cy > 0. Let u be the (minimal)
weak solution to problem (1.1) provided by Proposition 2.3 and w be the very weak solution to the
sublinear elliptic equation (1.11), with a = 1/m, provided by Theorem 4.4 below (which is also

minimal in the class of solutions specified by the corresponding statement). Then,

tlgglo T u(z,t) = (m — 1)_ﬁ w%(z) for a.e. z € R,
Remark 3.2. Let ug € L;(Rd) N L>=(R?) be nonnegative. Let p € CF_(R?) for some o > 0, with
p > 0, and assume that condition (1.7) is satisfied with v > 4s A d. Then, by Theorem 2.4, the
minimal solution u to (1.1) provided by Proposition 2.3 is characterized to be the unique solution
in the class of local strong solutions such that u™ € L% (R? x (0,T)) for all T > 0, where 3
is as in (4.5).
Moreover, the minimal solution w to the sublinear elliptic equation (1.11) provided by Theorem 4.4
is the unique solution in a certain class of solutions such that w € L%l Hml),B(Rd) for a suitably

1+a])=7

chosen value of 5 (see the statement of Theorem 4.5 below).

3.2. Slowly decaying densities. In the analysis of the long time behaviour of solutions to (1.3)
when p(z) is density that decays slowly as |x| — oo, a major role is played by the solution to the
same problem in the particular case p(z) = ¢oo|z|™7 and u = M, for given positive constants ¢
and M (namely, the solution to (1.9)). From now on we shall denote such solution as u}7.

Let us define the positive parameters « and k as follows:

1
(m—D@d—)+25—7
Notice that « is the same parameter appearing in (2.13). It is immediate to check that, for any
given A > 0, the function

a=(d—v)k, kK= (3.1)

uﬁ\j”)\(x,t) = A7 (A z, At)
is still a solution to problem (1.9). Hence, as a consequence of the uniqueness result contained in
Theorem 2.7, ui}" , and u}7 must necessarily coincide, that is

uiy (z,t) = Ausy Az, At) Vi, A >0, for ae z € R<. (3.2)
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As already mentioned, the special solution ujy , thanks to the self-similarity identity (3.2) it satisfies,
will be crucial in the study of the asymptotic behaviour of any solution to (1.3) (provided p complies
with (3.3) as well). This is thoroughly analysed in Section 6.

Our main result concerning the asymptotics of solutions to (1.3) is the following.

Theorem 3.3. Let d > 2s and v € (0,28 A (d — 2s)). Suppose that p satisfies (2.7) and that, in
addition,
lim p(x)|z]” = coo > 0. (3.3)

|z] =00

Let u be the unique weak solution to problem (1.3), in the sense of Definition 2.6, provided by
Theorem 2.7 and corresponding to u € M(R?) as initial datum, with p(RY) = M > 0. Then,

Jm {lu(t) = ui7 (@)l - =0 (3.4)
or equivalently
lim [tYu(t"z,t) — uiy (z,1)]|z| " dz =0, (3.5)
t—o00 Rd

where uly is the Barenblatt solution defined as the unique solution to problem (1.9), and the param-
eters a, Kk are as in (3.1).

Notice once again that the range of v for which the above theorem holds true simplifies to (0, 2s)
when d > 4s, which is, to some extent, the maximal one for which one can expect a similar result.
Theorem 3.1 will be proved in Section 5, while Theorem 3.3 will be proved in Section 6.

4. A SUBLINEAR ELLIPTIC EQUATION

Prior to analysing the asymptotic behaviour of solutions to (1.1) when p(z) is a density that
decays fast as |z| — oo (discussed in Section 5), we need to study the sublinear elliptic equation
(1.11), which naturally arises from such asymptotic analysis.

Let us recall that if ¢ is a smooth and compactly supported function defined in R¢, we can
consider its s-harmonic extension E(p) to the upper half-space R4 = {(z,y) : = € R, y > 0},
namely the unique smooth and bounded solution to the problem

div (y1=>*VE(¢)) =0 in R,
E(p) =¢ on 8Ri+1 =R% x {y =0}.

It has been proved (see e.g. [6], [7], [10]) that

. — ( ) S
1-2s JE L4 — d
s yhmm Y ” (z,y) = (—A) (p)(x) VzeR?,

22s—1(4)

T(i=s) It is therefore convenient to define the operators

where p; =

L, =div (y'"*V),

0 0
= — 1 1-2s .
Oy?s ’ yg{)l+ Y Oy
We also denote by X* the completion of Cg° (Rf‘l U IR w.r.t. the norm

2

[¥]lxs = <Ms /RM y! 2 |w(x,y)|2dxdy> Vi € C(RTT UORTT).
+

Furthermore, by the symbol X} , we shall mean the space of all functions v such that v € X* for
any 1 € C°(RTM U ORI,
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It is possible to prove that there exists a well defined notion of trace on 8R‘i+1 for every function
in X* (see e.g. [4, Section 2], [6, Section 3.1] or [10, Section 3.2]). Moreover, for every v € H*(R%)
there exists a unique extension E(v) € X*® such that
E(v)(z,0) = v(z) for a.e. x € R?
and
e [, 7 TR V0 ) dedy = [ (A)(0)(@) (~8)°(4)(z.0) da
+

for any ¢ € C°(RLM U OREH).

Having at our disposal the above tools, we can provide suitable weak formulations of problem
(1.11) which deal with the harmonic extension. In fact, at a formal level, looking for a solution w
to (1.11) is the same as looking for a pair of functions (w, W) solving the problem

Ly =0 in R4

~ d+1

W =w on 8]R++ , (4.1)
ow

[e3

_ d+1
=pw® on JR{,

ayQS
with 0 < a < 1.

Definition 4.1. A local weak solution to problem (4.1) is a bounded nonnegative function w such
that, for some nonnegative v € Xi,, N LS (RET UORET™) (what we call a local extension for w),
there holds | ypa+r = w and

+

/ w* (@) ¥(z,0) pla)dz = g / Y12 (Vi, V), ) dady
Rd

R
for any ¢ € C(RIT U OREHY).

Definition 4.2. A bounded, nonnegative function w is a very weak solution to problem (1.11) if it
satisfies
[ @@ plo)de = [ wl@)(-8)()(w) ds
Rd Ra
for any ¢ € C(RY).

Definition 4.3. A nonnegative function w € H®(R?) is a weak solution to problem (1.11) if it
satisfies
[ w0 @0 pa)ds = [ (8)%@)(a)(~8) ()(w,0)da
R4 Rd
(4.2)
:us/d y' "2 (VE(w), Vi) (z,y) dedy
R

for any ¢ € CSO(RT'l U 6Ri+1).

Note that a bounded weak solution is a solution to (1.11) in the sense of both Definition 4.1 and
Definition 4.2.

What follows in this section aims at studying existence and uniqueness of solutions to (4.1) (and
(1.11)), according to Definition 4.1 (and 4.2, 4.3). Our results are the following.

Theorem 4.4 (existence). Let a € (0,1). Let p € CL7 (RY) (for some o € (0,1)) be strictly positive
and such that p(z) < Colz|™ in B for some v > 2s and Cy > 0. Then there exists a local
weak solution w to problem (4.1), which is minimal in the class of nonidentically zero local weak
solutions (according to Definition 4.1). Moreover, w is a very weak solution to (1.11) (in the sense

of Definition 4.2) and satisfies the estimate
w(z) < C(las x p)(x)  for a.e. x€R? (4.3)
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for some C > 0.

Finally, if v complies with the more restrictive condition

d+2s(a+1)
o+ 2

then w is also a weak solution to (1.11) (according to Definition 4.3).

> ; (4.4)

Theorem 4.5 (uniqueness). Let o € (0,1). Let p € C’lo(;g(]Rd) (for some o € (0,1)) be strictly
positive and such that p(xz) < Colx|~7 in BS for some v > 4sAd and Cy > 0. Let w be the minimal
solution to problem (4.1) provided by Theorem 4.4. Let w be any other local weak solution to problem
(4.1) (according to Definition 4.1), which is also a very weak solution to problem (1.11) (according

to Definition 4.2) and such that w £ 0 and w € L%1+|x\)—B(Rd), where

d—2s ifd>4s,

B = (4.5)
2s —e ifd <d4s,

for some € > 0. Then w=w a.e. in R%.

Remark 4.6. Observe that, thanks to Corollary A.2 and Remark A.3, when vy > 45 Ad the minimal

solution w provided by Theorem 4.4 does belong to L%H‘m‘),ﬂ(Rd) with 8 as in (4.5). That is, the

class of solutions in Theorem 4.5 among which we claim uniqueness is nonempty.

4.1. Existence for the sublinear elliptic equation. Here we shall prove all the properties of
w claimed in Theorem 4.4, except the fact that w is a very weak solution to problem (1.11) in the
sense of Definition 4.2 for all v > 2s. This will be in fact a consequence of the asymptotic analysis
of Section 5.

Let us start off with some preliminaries. We consider first the following problem: find (wg,wWg)
such that

LS’LT)RZO in QR,

wr =0 on YR,

QI)R:’LUR on FR, (46)
OWR

@:pw% on g,

where Qr = {(z,y) € RT™ 1 |(z,y)] < R}, Zp = 02r N {y > 0} and [' = 0N N {y = 0}. We
denote by X§(Qg) the completion of C2°(Qgp UT'R) w.r.t. the norm

1

2

|Wﬂxﬁ9m::(uié yLQﬂVw@adew@O € C®(Qr UT).
R

Definition 4.7. A weak solution to problem (4.6) is a pair of nonnegative functions (wr, Wr) such
that:

° w% € Ll(BR), WR € XS(QR);

® Wg|r, = wr;
o for any ¢ € C(Qr UT'R) there holds

0k 0.0 po)de = g [y (Vin, 99 ) dady. (47)
Br Qr

The next existence result concerning problem (4.6) can be proved by standard variational methods
(see e.g. [4]).

Proposition 4.8. Let a € (0,1). Let p € L (R%) be positive and such that p~! € L (RY). Then

loc c
there exists a nonidentically zero weak solution (wg,Wr) to problem (4.6), in the sense of Definition

4.7
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The following regularity and comparison results for problem (4.6) will be crucial in the proof of
Theorem 4.4 (specially as for minimality).

Proposition 4.9. Let o € (0,1). Let p € L2 (RY) be positive and such that p~1 € L2 (RY). Let

(wgr,wr) be a solution to problem (4.6) (according to Definition 4.7), such that wg € L*°(Bg) and
wWr € L>®(Qr). Then, for some 8 € (0,1),

HwR”CD»ﬁ(ﬁR) <, (4.8)

where Cy is a positive constant depending only on s, d, R and ||wg| o, ||Wr]co-
If furthermore p € CL27(R?) for some o € (0,1), then, for some B1 € (0,1),
< Cy, (4.9)

H Owp
€51 (QR)

ayQS

where Cy is a positive constant depending on [|wrllco.s 5, [0llco.s (5, and on the same quantities
as for Cy.

Proof. 1t is a direct consequence of [6, Lemma 4.5]. O

Lemma 4.10. Let a € (0,1). Let p € L2 (R?) be positive and such that p~* € LS (RY).

loc loc
(i) Let (wg),ﬁ)g)) and (wg),d}g)) be a subsolution and a supersolution, respectively, to problem
. i a weak sense, in agreement wit efinition 4.7). ssume that wy’, w > 0 a.e.
4.6) (i k / ith Definition 4.7). A hat o', %2 > 0
mn Qg, wg) > 0 a.e. in Bpg, wg) > 0 a.e. in Br and w§§>|ER < u?g)|ZR a.e. in Xr. Then
wg) < ﬁ)g) a.e. in Qg and wg) < wg) a.e. in Bg.
(i) Suppose in addition that p € C’S)’Z(Rd) (for some o € (0,1)). Let (wg,Wr) be a solution to

problem (4.6) (according to Definition 4.7), such that wr € L>(Br) and wr € L>(Q2g). Then
(in particular) wr € C(QR) and either (wgr,wgr) = (0,0) or wg > 0 in Br and wg > 0 in Qg.

Proof. Statement (i) follows by performing minor modifications to the proof of [4, Lemma 5.3].
In order to prove (ii) just notice that, thanks to (4.8) and (4.9), we can exploit exactly the same
arguments as in [6, Corollary 4.12] and get the assertion. (I

We are now in position to prove Theorem 4.4 as concerns the existence of a minimal local weak
solution to (4.1). The fact that such solution is also a very weak solution to (1.11) (according to
Definition 4.2) will be deduced in the end of the proof of Theorem 3.1 in Section 5.

Proof of Theorem 4.4 (first part). For any R > 0, by Proposition 4.8 we know that there exists a
nontrivial solution (wg,wgr) to problem (4.6). Let now (xr, Xr) be the unique regular solution to
the problem

Lsxgr =0 1inCpg,
xr=0 on OCr N{y > 0},

Xr=Xr onlg,

OXr
ayzs =p on FRa
where Cr = Br x {y > 0}. By standard results (see e.g. [8]), we have:
XR(xay) = GR((x,y),z) p(Z)dZ V(x,y) €CR, (410)
Br

where Gr((x,y),2) (let (x,y) € Cr and z € Bg) is the Green function, namely the solution of

LSGR(-,Z)ZO in CR,
Gr(,2)=0 on OCgr N{y > 0},
OGR(+,2)

Wzéz OI’lFR7
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for each z € Bg. It is well known that the Green functions are positive and ordered w.r.t. R, that
is, if Ry < R, then

0<Gp, <Gpr, inCp, . (4.11)
Furthermore, they are all bounded from above by the Green function G for the half-space:
Gr((%,y),2) <G+ ((z,y),2) Y(z,y) €Cr, Yz € B, YR>0, (4.12)
where
Gi((z,y),2) = Fs.d Y(z,y) € R, vz e RY

[(( = 2),y)|97>
(for the same constant ks 4 appearing in (2.2)). The function G4 solves

LiGi(2)=0 in R,
8G+('7Z)
W = 52 on 8Ri+1 s

for each z € R? (see again [8] and also [11]). From (2.2), (4.10) and (4.12) it clearly follows that, for

any R > 0 and any (z,y) € Cg,

o) < [ Gullen) 2o < [ Gol(@.0).2)p(:)x = (o p)(@) < e pll = C

Rd
(4.13)
(for the last inequality, see Corollary A.2). Now note that, for any test function v as in Definition
4.7, we have:

us/ y' T2 (VYR V) (2,9) dxdy:us/ y' (ViR V) (z,y) dedy = Y(x,0) p(z)d.
Qg c Br

(4.14)
If we choose any C > C'T-, then the function (Cxr,CXRg) is a supersolution to problem (4.6). In
fact, thanks to (4.13) and (4.14), in this case there holds

Mﬁf”%wm@ww@mmwé

R

Cola,0)pla)de > [ [Oxal@)]" 00,0 pla)da

R Br

for all nonnegative 1) as above. Hence, thanks to (4.10) and (4.11), we are in position to apply
the comparison principle provided by Lemma 4.10-(i) with the choices (wg), wg)) = (wg, wg) and

(it @) = (Cxr, CXr), to get:

’LZ}R < 6)23 a.e. in QR, (415)
and

wr < Cxgr a.e. in Bg. (4.16)

In particular, by (4.13), (4.15) and (4.16) we deduce that wg € L*°(Bg) and wr € L™ (Qgr). We
can now exploit Lemma 4.10-(ii) and infer that

Gp >0 inQp (4.17)
and

wr >0 in Bg. (418)
Let 0 < R; < Ry. The strict positivity, for all R > 0, of (wg,wgr) given by (4.17) and (4.18)

allows us to apply again Lemma 4.10-(i), this time with the choices (wg),w;})) = (wg,,Wg, ) and

(wg),u?g)) = (wg,,Wr,), to get:

Wgr, < Wg, In Qr, wgr, <wg, in Bg VRy > Ry > 0. (419)
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We need to pass to the limit on (wg,wg) as R — oo. Given any fived n € C°(RE™ U ORETM),
for every R > 0 large enough we can pick (after approximation) 1 = wrn? as a test function in
Definition 4.7. So, it is easily seen that

us/ y' 7 [ Vig(z,y)|* n* dedy
on (4.20)
<2|lwr| % / (2, 0) pla)da + 4 ug gl / y' 2 V@, y) | dedy .

Br Qr

From (4.13), (4.15), (4.16) and (4.20) we deduce that, for any 0y € R‘f‘l U ORI there holds
| v V(e ) dody < K (a.21)
Qo

for a suitable positive constant K independent of R > 0. By collecting (4.13), (4.15), (4.16) and
(4.19), we infer that there exist the following (nontrivial) pointwise limits:
lim wp =w € LRI,  lim wg =w € L®(RY). (4.22)
R—o0 R—o0
Due to (4.21), by standard compactness arguments we can pass to the limit in the weak formulation
(4.7) and infer that w is a local weak solution to (4.1) in the sense of Definition 4.1 (with local
extension ).

Now we have to prove minimality. Hereafter, we shall denote by w the solution constructed above
and by w any other nonidendically zero local weak solution to (4.1) (according to Definition 4.1). In
particular, for R large enough (w|p,,w|q,) is a nontrivial solution to problem (4.6), in the sense of
Definition 4.7, except for the fact that w|q,, is not necessarily zero on X i (that is, @ has finite energy
in Qg but does not belong to X§(Qr)). However, the regularity results of [6] still hold: namely,
Lemma 4.10-(ii) is applicable in this case as well, ensuring that w > 0 in Br. Because (wg, wg) is
also a weak solution to (4.6) and, trivially, Wgl|y, < @W|s, on Xg, thanks to Lemma 4.10-(i) (with

the choices (wg),ﬁ}g)) = (wg,wg) and m}?,wg)) = (w|p,, W|ay)) we deduce

WR S’LU|BR in BR,

whence w < w in T' by letting R — o0, so that w is indeed minimal. The bound (4.3) is then just a
consequence of (4.13), (4.16) and (4.22).

From the above method of proof one can check that, under the more restrictive condition (4.4),
then w is also a weak solution to (1.11) in the sense of Definition 4.3. In fact, thanks to Remark
A.3, the inequalities (4.13), (4.16) and condition (4.4) ensure that {|w% |1 ,} is uniformly bounded
with respect to R. As a consequence, it is easy to verify that estimate (4.21) holds with Qy = ]Rff_le
(up to setting wr = 0 in Q%). By passing to the limit as R — oo, this implies that @ € X?,
w e H¥(RY), & = E(w) and w satisfies (4.2).

As already remarked, the fact that w is a very weak solution to (1.11) in the sense of Definition
4.2 for all v > 2s will be deduced at the end of the asymptotic analysis of Section 5 (see the proof
of Theorem 3.1). O

4.2. Uniqueness for the sublinear elliptic equation. In this section we prove our uniqueness
result, stated in Theorem 4.5, for solutions to (1.11). The strategy of proof strongly relies on the
uniqueness result provided by Theorem 2.4 for solutions to (1.1).

Proof of Theorem 4.5. Set m =1/« and
Cp=(m—1)"77T .

For any k € N let (, € C>(R?) be such that ¢, = 1 in By, (x = 0in BS, and 0 < ¢ < 1 in R%. Take
R > 2k and denote as (vg,k, Ur,k) the unique strong solution to the following evolution problem (see
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Appendix B — Part II):

Ly (5,) =0 in Qp x (0,00),

INJRJC:O on ERX(0,00),

O(581)  oups T (0] (4.23)
ayQS =p 67«; R ’ )

Uik = Cry G on Bg x {t =0}.

Let (wg,wr) be defined as in the proof of Theorem 4.4. Since by hypothesis w € L>(R?), thanks
to (4.18) we can select a suitable 7 > 0 so that

3=

S
=

+L > ww  in Bg. (4.24)
Tén,—l
We have:
1 1
. Conti Cont0 - _
— lian N FHL — Uy in Qg x (0,00). (4.25)

1 —
(t+7p)7 T~ tm
Set Ug(-,t) = ﬁR(',O,t) and Upg(+,t) = 1703(-,0,15)7 for each t > 0. By definition of (UR,ﬁR) and

recalling (4.24), we get that (Ug, Ug) is a strong supersolution to (4.23). Hence, by the comparison
principle stated in Proposition B.3 and (4.25), we deduce:

UR,k < Ugr <Uypr a.e.in Br x (0,00) (426)

In addition to the above bounds we also have that, for any ko > k1 and R > 2k;, there holds

1
Crwm

————— =V ae. in Bg x (0,00). (4.27)
(t + 1) m—1

VR k1 < URky <

Such inequalities follow by noticing that (V, V) is a strong supersolution to (4.23) for all R > 0 and
k € N, while (vg,, R k,) is a strong supersolution to (4.23) for k = k;. One then applies again
Proposition B.3.

Since for each k € N we have C,,(ywm € L;(Rd) N L>=(R9), by standard arguments (e.g. similar to
the ones exploited in the proof of [26, Theorem 3.1], see also Appendix B — Part IT) one sees that
there exists the limit

VUsok = lim vRi a.e. in R?
R—o0
and it is a solution of the problem
P (Voo k)t + (=A)* (v ) =0 in R? x (0, 00),
Voo,k = Chy, Cewm on R? x {0},

both in the sense of Definition 2.1 and in the sense of Definition B.6. Moreover, as a consequence of
(4.27), such limit satisfies the bounds

Voo by S Voo ky <V ae. in R% x (0, 00) (4.28)
for all k2 > ky1. Thanks to (4.28) we get the existence of the pointwise limit
Voo = klim Voo k <V ae. in R? x (0,00) ; (4.29)
—00

by passing to the limit in the very weak formulation solved by v i for all k € N, we infer that v
is a very weak solution, in the sense of Definition B.6, to the problem

{p(voo)t +(=A)" () =0 iR x (0,00), (4.30)

Voo = Crpwm on R x {0}.
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Now notice that V' is also a very weak solution to (4.30). Because, by hypothesis, w € L%H‘Il),g (R9),

clearly V™ € L%Hm),g (R? x (0,T)). Hence, thanks to (4.29), we deduce that also v™ belongs to
L%H‘Il),ﬁ (R? x (0,T)). We are therefore in position to apply Theorem 2.4 (after Remark B.7) and
obtain

Voo =V a.e.in R x (0,00).

Passing to the limit in (4.26) (first as R — oo, then as k — o0o) and using (4.22), we infer that

1

Crwm
Voo < —2= a.e. in R? x (0,00),
tm—1
Hence,
1 1
wm t+1)m-1
PR ki (431)
wm T
and by letting ¢ — oo in (4.31) we deduce
wﬁ §wi a.e. in RY.
Since w is nontrivial and w is minimal, it follows that w = w. ([l

5. ASYMPTOTIC BEHAVIOUR FOR RAPIDLY DECAYING DENSITIES: PROOFS

Before proving Theorem 3.1, we need the following intermediate result, which gives a crucial
bound from above for the solution to problem (1.1) provided by Theorem 2.4.

Lemma 5.1. Under the same assumptions and with the same notations as in Theorem 3.1, we have:
u<(m-— 1)7ﬁ T Twn g in RY x (0,00). (5.1)

Proof. Suppose at first that ug € L;(]Rd) N L (RY). Let Cy,, (wg, wg) and (Ug, Ug) (for a suitable
Tr > 0 to be chosen later) be defined as in the proofs of Theorems 4.4 and 4.5. For any R > 0, let
(up,tr) be the unique strong solution to the following evolution problem (see Appendix B — Part
10):

Ls(af)=0 in Qg x (0,00),

ur =0 ODZRX(0,00),
8&’1’; 3uR (52)
ayQS = pﬁ on FR X (0,00),
UR = U on Bg x {t =0}.

By standard arguments (see again the proof of [26, Theorem 3.1] and Appendix B — Part II), we
have that
lim up =u ae. in R x (0,00), lim @ =a™=Eu™) ae in R x (0,00),  (5.3)
R—o00 R—o00
where v is the solution to (1.1) provided by Proposition 2.3. Note that, thanks to (4.18), for any
R > 0 there holds
Igin wr4+1 > 0. (54)
Br
Hence, in view of (5.4) and recalling that we assumed ug € Lj,(R?) N L>(R?), we can pick T > 0
so that

1
Crwm
— BHl > 4y ae.in Bg. (5.5)

1

TR

Due to (5.5), (Ug, ﬁR) is a strong supersolution to problem (5.2). Therefore, by comparison princi-
ples (see Proposition B.3),
ur < UR a.e. in BR X (O, OO) (56)
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1
Because trivially Ur < Copt ™7 Tw fiv1> from (5.6) we deduce the fundamental estimate

up < Cp, tiﬁwi_l a.e. in Bg x (0,00). (5.7)

By letting R — oo in (5.7) and recalling (4.22) and (5.3), we finally get (5.1).
Consider now general data ug € L)(R?). In this case, we have that
u= lim u, ae. inR?x (0,00),
n—oo

where for every n € N we denote as u,, the solution to problem (1.1) corresponding to the initial
datum wug, € L})(Rd) N L>=(R?), and the sequence {ug,} is such that 0 < ug, < up in R? for all
n € N and ug, — ug in L})(R?) as n — oo (see [26, Section 6.2] and Appendix B — Parts I, II ). In
view of the first part of the proof, we know that for every n € N there holds

Up < Cppt~ 7 Twm  ace. in RY x (0,00). (5.8)

The assertion then follows by passing to the limit as n — oo in (5.8). O

Remark 5.2. As a consequence of the method of proof of Lemma 5.1 we also get the validity of
the estimate

E(u™) <Cmt™»=T@ ae. in R x (0,00), (5.9)

where E(u™) is the extension of u™ (see the beginning of Section 4) and @ is the local extension of

w, in agreement with Definition 4.1, provided along the first part of the proof of Theorem 4.4. In

fact it is enough to notice that, by standard comparison principles for sub- and supersolutions to
the problem Ly = 0 in Qp, from (5.7) it follows that

R < CMtTme TRy ace. in Qg x (0,00), (5.10)
whence (5.9) upon letting R — oo in (5.10).

Proof of Theorem 3.1 and end of proof of Theorem 4.4. Let us denote as v(x, 7) the following rescal-
ing of u(x,t):
1

(e, ), t=e, f=—o (5.11)

t) = .
ulw,t) = e —

It is immediate to check that v is a (weak, and in particular very weak) solution to the equation
pvr = —(=A)* (™) + By in RY x (0,00),

in the sense that

_ /OOO /Rd v(z, 7)pr (2, 7) plx)dzdr + /OOO /Rd o™ (@, 7) (—A) () (, 7) dadr

oo (5.12)
5 [ [ relor)pladdadr + [ (e 1)p(,0) pla)do
0 Rd Rd
for all ¢ € C(R% x [0,00)). Moreover, E(v™) € L _((0,00); X*) and
T T
[ [ oo st 4 [ [ TEG), V) (0 7) dedyar
0 JRd o Jrét!
. + (5.13)
=5 [ [ vlem)ule,0.) plo)dadr
0o Jre
forall T > 0 and ¢ € C’S"((R‘f‘l U aR‘iﬂ) x (0,7T)). Thanks to Lemma 5.1, we have:
v(z,7) < Cow (z) < Cpy Hw||§o for a.e. (x,7) € R? x (0,00) ; (5.14)

furthermore, recalling Remark 5.2,

E@™)(z,y,7) < Cra(z,y) < C ]| for ae. (z,y,7) € Rf‘l x (0,00). (5.15)

m
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Now let us show that

v(z, ) >v(zr,7) forae xR, E@™)(x,y,m) > EW™)(z,y,mn) forae. (z,y)€ ]Rff_“
(5.16)
for all 7o > 7 > 0. To this purpose, first of all note that, similarly to [35, p. 182] (see also the
original reference [2]), one can prove the fundamental Bénilan-Crandall inequality

ug > % aeinR%x (0, 00)

T (m=1)t

which, recalling (5.11), implies that
vy >0 ae in R? x (0,00). (5.17)

Thanks to (5.17) we obtain the first inequality in (5.16), and therefore also the second one because
the extension operator is order preserving. Hence, by (5.14), (5.15) and (5.16) we infer that there
exist finite the limits

h(z) = lim v(z,7) for ae. z € R, H(z,y)= lim E(w™)(z,y,7) for ae. (z,y) € RT™.
T—00 T—00
(5.18)
Moreover, since ug # 0, (5.16) implies that A # 0 and H # 0, while (5.14) and (5.15) ensure that
h € L*(RY) and H € L®(RL™).
Let us set
g=C."h" g=C. T"H. (5.19)
First we want to prove that g (with the corresponding local extension §) is a solution to problem
(4.1) (for @« = 1/m) in the sense of Definition 4.1. To this end, for any fixed 0 < 7 < 72 and
0 <e<(r2—71)/2, let ((7) be a smooth approximation of the function x|, ,,j(7) such that
0<C(r) <1 Vr>0, ((r)=0 Vrg[n,n], ((r)=1 Vre[n+em—¢.
Furthermore, we can and shall assume that
C(r) = 0(r—71) = 6(1 — )
as € = 0. Consider now a cut-off function n as in the first part of the proof of Theorem 4.4 and plug
in the weak formulation (5.13) the test function ¢ = (n?E(v™). Upon letting € — 0, we get:
1 2
e [ e P 0 et [y (VBT i B ) dadydr
m + 1 Rd - Ri—u
1 2
et Lo e @0 e+ [ [ 0 ) i e,0) pla)dadr
T1 ]Rd

:m + ]. Rd
Thanks to (5.14) and (5.15), by setting 71 = 7, 72 = 7 + 1 and proceeding as in the proof of (4.21),
we obtain the estimate

741
/ / Yy "B |VEW™)(z,y,7)|* dedydr < K (5.20)
T Qo

for any Q¢ € R‘iﬂ U 8R‘i+1 and a suitable constant K > 0 independent of 7 > 0. Take any function
¢ € C’f"(Rf‘l U 8Ri+1). By plugging in (5.13) the test function ¥ (x,y,7) = ¢(x,y)((7), with
71 =7 and 72 = T + 1, and letting € — 0, we infer that

T+1
/ [v(z, 7+ 1) —v(z,7)] ¢(z,0) p(z)dw+ps [ / L YT VE@™) (2,y, 1), Vé(x, y)) dedydr
Re T R++1
T+
:5/~ /Rd v(z, 7)é(z,0) p(x)dzdr .
' (5.21)
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Thanks to (5.14), (5.15), (5.18), (5.20) and standard local compactness arguments we can pass to
the limit in (5.21) (along a suitable subsequence 7, € [T, T + 1], with 7, = 00) to find that h and H
satisfy
o [ 0" (THVG) () dody = [ h(a)oe.0) pla)de
R++l Rd

and H(z,0) = h™(z). That is, the function g (with g as a local extension) defined in (5.19) is a
local weak solution to (4.1) (for &« = 1/m) in the sense of Definition 4.1. Moreover, ¢ is also a very
weak solution to (1.11) (for @ = 1/m) in the sense of Definition 4.2. In order to prove this fact, we

can proceed as above: for any ¢ € C>°(R9) we plug in the weak formulation (5.12) the test function
Yz, ) = C(T)p(x), let € = 0 and get

741
| e ) —staRletpite = [ [ om@n)(=8)(@)@) + Bole. e@hp(@)] dadr

(5.22)
By letting 7 — oo in (5.22) and recalling (5.19), we finally deduce that
1
0= [ s @@+ [ g @, (5.23)
Now note that, passing to the limit in (5.14) as 7 — oo, we obtain:
g(z) <w(z) forae zeR. (5.24)

Because g # 0 and it is a solution to (4.1) in the sense of Definition 4.1, the minimality of w ensured
by Theorem 4.4 and (5.24) necessarily imply that g = w. Hence, thanks to (5.23), we can conclude
the proof of Theorem 4.4 by inferring that the minimal solution provided by it is also a very weak
solution to (1.11) (for & = 1/m) in the sense of Definition 4.2.
Il
6. ASYMPTOTIC BEHAVIOUR FOR SLOWLY DECAYING DENSITIES: PROOFS

In order to prove Theorem 3.3, we first need some preliminary results. The following one has
been proved in [18, Lemma 4.8].
Lemma 6.1. Lety € (0,2s), v € L‘lzl,w(Rd) NL>(RY) and U be the Riesz potential of x|~ v, that
is

UY = Ins * (Jz|v) .
The following properties hold true:
e UY belongs to C(R%) N LP(R?) for all p satisfying

d
e (2] o
vy<d-—2s,
cf_¢_¢
b d—2s"~

v T, d
Uy € WHP(R?)

e Under the additional condition

for any p > 1 such that

there holds

for all v € (0,2s).
In all the above cases, the norms |UY| ppwey and ||US||wr.pmay can be estimated from above by a

constant that depends on v only through ||v||1 |z—~ and [|v]|eo-
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Let u be a weak solution to problem (1.3), according to Definition 2.1. For any A > 0, set
uy(x,t) = Xu(A\z, \t)  V(z,t) € R x (0,00), (6.2)

where «, r are defined in (3.1). Notice that (6.2) is the same scaling under which u}7 is invariant
(see Section 3.2).

Proposition 6.2. Let the assumptions of Theorem 3.3 hold true. Then, for any sequence A\, — o0,
{ux, } converges to uSy almost everywhere in R x (0,00) along subsequences.

Proof. For notational simplicity7 we shall again put ¢, = 1. We shall also assume, with no loss of
generality, that u = pug € L*(R?) (recall e.g. the smoothing effect (2.12)).

Here we shall not give a fully detailed proof, since the procedure follows closely the one performed
in the proof of [18, Theorem 3.2]. To begin with, note that uy solves the problem

ot + (—A)° () =0 in RY x (0,00), 6
Uy = Uy on R? x {0}, .
where
oa(x) = N p(\°x),  wox(z) = \up(\z) Vo € Re. (6.4)
It is easily seen that (recall the conservation of mass (2.11))
lux®ll1,p, = llwoxlly,,, = M VEA>0. (6.5)

Claim 1: There erists a subsequence {uy, } C {ux,} which converges pointwise a.e. in R? x (0, oc)
to some function u. Furthermore, the limit u satisfies (2.8), (2.9) and (2.10).

Noticing that
Co
T+ fap =

(z) < wa for a.e. z € RY, YA >0 (6.6)

for suitable positive constants ¢, Cp independent of A and combining the smoothing effect (2.12)
with (6.5), we obtain:

ur()]loo < Kt7“M? V£, X >0, (6.7)

where K > 0 is a constant depending only on Co, m, 7, s and d. In particular,
/ uf (1) pa()de < K™ MP™ v A > 0. (6.8)
Rd

By (2.14) and (6.8) we infer that

2 . 1
/ / ) () (, 0)| dwdt + —— / uH (2, 1) pa(x)dz < K™TmMA™HL (6.9)
m + 1 R4
for all A > 0 and all t2 > ¢; > 0. On the other hand, due to (2.15),

to
/ / Ye(a, )2 pa(z)dadt < C Yty >t >0, YA> 0, (6.10)

where z) = u)\ and C is another positive constant depending on t; and ¢5 but independent of .
In view of (6.5), (6.7), (6.9) and (6.10), by standard compactness arguments (see again the proof
of [18, Theorem 3.2]) the sequence {uy, } admits a subsequence {uy, } converging pointwise a.e.

in R? x (0,00) to some function u which complies with (2.8) and (2.9). Moreover, because of the
assumptions on p, (6.6) holds true and

lim py(x) = |z|77 for a.e. z € RZ. (6.11)
A—00

It is then immediate to pass to the limit in the weak formulation solved by u)  and find that u

m

satisfies also (2.10), and Claim 1 is shown. However, (2.10) does not provide any information about



ASYMPTOTIC BEHAVIOUR FOR THE FRACTIONAL PME WITH VARIABLE DENSITY 21

the initial datum assumed by wu(t). To this end it is convenient to exploit some results in potential
theory, following [23] or [36]. Hence, let us introduce the Riesz potential Uy (t) of paux(t), that is

Ux(t) = Ias * (paua(t)) VE,A>0.

Claim 2: For any A > 0, the function Uy satisfies the following differential equation:
(Ux)e(t) = —u'(t) for ae. t>0. (6.12)

In order to prove (6.12) rigorously, one proceeds exactly as in the proof of [18, Theorem 3.2]. Notice
however that, formally, (—A)*(Ux)(t) = paua(t), so that (6.12), still at a formal level, just follows
by applying the operator (—A)~% to both sides of the differential equation in (6.3).

Claim 3: Let Upy = Iss * (paugy). For any fixed X > 0, the following equality holds:
lim Uy (2, t) = Up(z) for ae. x € R<. (6.13)
e

In fact, by (6.12), we deduce that U,(¢) has an absolutely continuous version (for instance in
L} (R%)) which is nonincreasing t. Consequently, U, (t) admits a pointwise limit as ¢ — 0. Since
we also know (Definition 2.1) that pyux(t) converges to pyugy in L'(R?) as t — 0, Theorem 3.8 of
[22] guarantees the identification (a.e. in R?) between the pointwise limit of {Uy(¢)} and the Riesz

potential of pyugx, whence (6.13) and Claim 3 is proved.
Now we need to deal with the convergence of {Uy} as A — oc.
Claim 4: Up to subsequences,

nglloo Un,, (y, 1) = [I2s * (J2] 7 u(?))] (y) = U(y,t) for ae. (y,t) € R x (0, 00). (6.14)

Exploiting (6.5), (6.7) and Lemma 6.1 we deduce that
sup sup || Ux(t)lwrr@ey <00 VT >0
ASLt>T

for any r € (0,2s) and p complying with (6.1). From standard Holder embeddings for fractional
Sobolev spaces (see e.g. [12, Theorem 8.2]), this implies in turn that

supsup |Ux()[| sy < 00 VQ €R?, vr >0, (6.15)

A>1t>T
provided r is sufficiently close to 2s, p is sufficiently close to d/~v and 8 = r — d/p. But (6.7) and
(6.12) ensure that {Uy} is uniformly Lipschitz in time. Combining this information with (6.15)
yields

>1

In particular, there exists a function U € c’ (R? x (0,00)) such that, up to subsequences,

loc

lim Uy, (z,t) =U(x,t) V(z,t) € R x (0, 00). (6.16)
Thanks to (6.6), (6.7) and (6.11), by dominated convergence we infer that for a.e. ¢ > 0
i pa,,un, (8) = o] u(t) in o(M(R?), C(RY).

m

Recalling that ||px,, ux,, (t)]l1 = M, in view of (6.16) and [22, Theorem 3.8] we deduce (6.14).
Claim 5: The following limit holds true:
}in(l) U(x,t) = MIy(x) for ae € R?. (6.17)
—
Proceeding as in [36, Section 6], we multiply (6.12) by px(z), integrate in R? x (t1,t2) and use (6.5)
and (6.7) on the r.h.s. to get

l-a(m—1)  1-a(m-1)

t t
to) — t dr < Km—l Ml-‘rﬂ(m—l) 2 1
[ 10A(o:t2) = sl )] (o) < —

(6.18)
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Letting t; — 0 in (6.18), exploiting (6.13) and Fatou’s Lemma yields

t;—a(m—l)
l—a(m-1)"
Now notice that {pxugx} tends to M§ in o(M(R?), Cy(RY)) as A — oo. In fact, ||pauor||1 = M and
for any ¢ € C.(R?) one has (recalling (3.1) and (6.4))

lim / 0(@)pa(e)uor(2) do

/d [Ux(2, t2) — Uoa(2)] pa(x)de < K™ 1 pHHAm=1) (6.19)
R

A—o00
= lim A [ g(@)p(Na)ue(Va) do = lim [ ¢ (55 ) uo(y) ply)dy = Me(0).
— 00 Rd — 00 Rd

In particular, as a direct consequence of [22, Theorem 3.8],
liminf Ugy(z) = MIrs(z) for a.e. z € R, (6.20)
A—r00

Using (6.11), (6.14), (6.20), the fact that Ux(t) is nonincreasing w.r.t. ¢t and applying Fatou’s Lemma
to (6.19) we obtain

/Rd U (z,ts) — MIye(z)| |2|~7 daz < ™t pi+A0m=1) % . (6.21)
Letting t2 — 0 in (6.21) we deduce in particular the validity of (6.17).
We can finally prove the following result.
Claim 6: There holds
ess lim |2| u(t) = M5 in o(M(RY), Cy(RY)). (6.22)
Passing to the limit in (6.5) as A = A, — oo entails
|||1:|*“’u(t)||1 <M forae t>0. (6.23)

Estimate (6.23) implies that |2|~7u(t) converges, up to subsequences, to some positive, finite measure
vin o(M(RY), C.(R?)) as t — 0. However, a priori such v may depend on the particular subsequence.
The fact that v = M6, and so that (6.22) holds at least in o(M(R?), C.(R?)), follows thanks to
(6.17) and [22, Theorems 1.12 and 3.8] (for the details, see the proof of [18, Theorem 3.2]). In order
to get such convergence also in o(M(R9), Cy(R?)) it is enough to show that

ess lim |z Yu(t)||, = M. (6.24)

By the convergence of |z|~Vu(t) to M§ in o(M(R?), C.(R?)) we have

M < essliminf ||\;z:|*7u(t)||1 . (6.25)
t—0
But letting ¢ — 0 in (6.23) entails
ess lim sup |||:r|*”u(t)||1 <M. (6.26)
t—0

Combining (6.25) and (6.26), (6.24) clearly follows, so that Claim 6 is proved and we can conclude
that u satisfies (1.9), that is u = uj7. O

We are now in position to prove Theorem 3.3.

Proof of Theorem 3.3. Take any sequence \,, — oco. Our first aim is to prove that, along any of the
subsequences {\,} C {A\,} given by Proposition 6.2, there holds

lim lux,, (z,t) —uiy (x,t)| |z|7"de =0 VR >0, Vt>0. (6.27)

m—o0 BR
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Thanks to the smoothing estimates (2.12), (6.7) and to the fact that for almost every t > 0 we know
that {u,, (t)} converges pointwise almost everywhere to ujy (t), by dominated convergence

lim lux,, (z,t) —ufy (z,t) de =0 VR >0, forae. t>0. (6.28)

m—0o0 BR

Moreover, estimate (B.7) for uy reads

2
||('U,)\)t(t)||17p>\ S mM for a.e. t > 0. (629)

Gathering (6.29) and (6.6), we can assert that for every R,7 > 0 there exists a positive constant
C(R, ) (independent of \) such that

||(u,\)t(t)HL1(BR) < C(R,7) forae.t>r. (6.30)

Of course (6.30) also holds for u}y. It is now possible to infer that (6.28) actually holds for every
t>0:

lim lu,, (z,t) —uiy (z,t)] de =0 VR>0, Vt>0. (6.31)

m—r oo BR

In fact, for any given tg,e > 0, there exists t > to such that (6.28) holds and |t — tg| < . Exploiting
(6.30), we get:

/ lux,, (z,t0) — uly (x,t0)| de
Br

< / s, (2 to) — ux,, (., £)] dz + / s, (2, 1) — uSF (2, 1) daz + / S (2, 1) — uS (2, to) |
Br Br Br

g20(R,t0)5+/ lun,. (@, 8) — uS (x, 8)] da.

Br
(6.32)
Letting m — oo in (6.32) yields
lim sup/ lux,, (z,t0) — uyy (z,t0)| dz < 2C(R, to)e. (6.33)
m—oo JBg

Letting now ¢ — 0 in (6.33) shows that (6.28) holds for t = tg as well. The validity of (6.27)
is then just a consequence of (6.31), the local integrability of |z|~7 and the uniform bound over
lux,, (£) — usy (t)||o ensured by the smoothing estimates (2.12) and (6.7).

The consequence of Proposition 6.2 and what we proved above is that any sequence \,, — oo satisfies
(6.27) along subsequences. We can thus infer that

lim lux(z,t) —uiyF (z,t)||z|7"de=0 VR>0, Vt>0. (6.34)

A—o0 Br

Upon fixing ¢t = 1, relabelling A as ¢ and recalling the definition of uy, note that (6.34) reads

lim [tYu(t"z,t) —ufy (z,1)||z|7"dz=0 VR >0.

t—o0 Br

Performing the change of variable y = t"z and using the fact that a 4+ k(v — d) = 0, we obtain:

lim |u(y, ) — t~ufy (¢ y, | [y| 7 dy = lim /B uy, t) — ufy (y, )| |y~ dy = 0
RtH

t—o0 Brir
(6.35)
for all R > 0, where we used (3.2) with A = ¢~1.
From now on we shall denote as eg any function of the spatial variable (possibly constant) which is
independent of ¢ and vanishes uniformly as R — co. Going back to the original variable x = t~"y
we find that

S (y, ) [yl = dy = / W (2,1) o] dz = ep VR > 0. (6.36)

c c
BRtN BR
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Hence, the conservation of mass for u}7, (6.35) and (6.36) imply that

lim u(y,t) |y| Y dy = Mc! —er VR >0. (6.37)
t—o0 Bpir
Next we show that
lim u(y,t) [yl dy = Mc . (6.38)
t—o00 Rd

To this end first notice that, thanks to (2.7) and (3.3), there holds

P Vy € BS
|y| Coo +5R(y) Y r
whence ( )
/ ul(y, 1) [y dy = / u(y, 1) [y~ dy + / u(y,t) —2Y_qy. (6.39)
Rd Br Bg Coo +ER(Y)

Thanks to (6.39) and the conservation of mass (2.11) for u, we get:

/Rd u(y,t) [yl =7 dy — Me ! ‘/Rd u(y,t) \yl’”dy*/RdU(y,t) pc(y)dy'

oo

< / u(y,t) [y~ dy
Br

M ||€RH00 U
+/BRu<y,t> Wy /B (1) p(y) dy.
(6.40)

Letting ¢ — oo in (6.40), using the smoothing effect (2.12) (as a decay estimate) and the fact that
both p(y) and |y|~7 are locally integrable, we obtain:

M lerllo

lim sup / u(y,t) |y~ dy — Mct| < . 6.41
wowp | f, ulw:0 vl dy (e~ enT) (o4
By letting R — oo in (6.41) we get (6.38). Now notice that
/d uly, t) = uip (v, )] [y dy S/ uly, t) = uiF (v, )l [y dy
¢ B (6.42)
+/ u(y,t) [y dy+/ upt (9, 0) lyl ™ dy -
Biin Bin
Moreover, (6.37) and (6.38) imply that
tli)m u(y,t) |y Y dy =er. (6.43)

RtR
Collecting (6.35), (6.36), (6.42) and (6.43) we finally get
timsup [ Ju(y,) ~ i (0] ol 7 dy < 22,
t—o0 Rd

whence (3.4) follows by letting R — co. The validity of (3.5) is just a consequence of (3.4) and the
change of variable y = t"z (one exploits again the scaling property (3.2) of u}y). O

APPENDIX A. SOME TECHNICAL RESULTS CONCERNING RIESZ POTENTIALS

We discuss here some properties of the Riesz potential I5s x f of a function f. To begin with,
note that it is straightforward to show that, if f € LS (R?) is such that

loc
/W)
/Rd T [y dy < o0, (A1)

then Iy, x f € C(RY). From [33, Theorem 2] (see also [26, Proposition 5.1]) and [26, Remark 5.3] we
get the next result.
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Proposition A.1. Letd > 1 and r > 1, with 2 < 2s < d. Let
d
v>2s——. (A.2)
'S

Suppose that f = f(|z|) € LS (RY), with f(|z|)|z|" € L"™(R?). Then there exists a constant C > 0
such that

v s—v—2
(s % £)(@)] < C 2l fll gy |27 F for ace. x € RY.

Corollary A.2. Letd > 2s. Let p € L=(R?) be such that p~! € LS (RY). Suppose moreover that

loc

p(x) < Colx|™ in BS for some v > 2s and Cy > 0. Then, Iss x p € C(RY) N L>®(RY) and
(I2s * p)(x) = 0 as|z| = o0.

More precisely, for some C' > 0 we have

(Ins % p)(z) < Clz|>*™*~% VzeR?, (A.3)
provided 2s < v <y and
T>max{i,7dy}. (A4)

Proof. In view of the hypotheses on p, we can choose p(z) = p(|z|) € C(R?) such that
p(z) < p(z) for ae. e R, (A.5)

Furthermore, we can and shall assume that p(x) < Cilz|™ in Bf for some v > 2s and C; > 0.
Note that |z|"p € L"(R?) whenever (v — v)r > d. It is plain that 0 < Ips * p < Iog * p. In order to
apply Proposition A.1 (with f = p), we need to find r > 1 and v > 0 such that (A.2) and (A.4) are
fulfilled. Since 7 > 2s, there certainly exists v satisfying 2s < v < +, whence r > 1 such that (A.2)
and (A.4) hold true. The thesis then follows thanks to (A.5) and the discussion before Proposition
A.1 (in view of the assumptions on p, the integral (A.1) is clearly finite for f = p). O

Remark A.3. Since in (A.3) and (A.4) we can choose v arbitrarily close to v, in fact we have that,
under the same assumptions of Corollary A.2, for all positive e there exists C > 0 such that

(Ins % p)(z) < Clz[* 7+ vz eR?.

A direct calculation shows however that the above formula also holds for e = 0. In particular, it
is immediate to see that if v > 4s then Iss x p € L%Hlm\)*d“s (Rd). More in general, Iss x p €

1 d

L(H_‘xl),a(R ) for all a > d + 2s — .

APPENDIX B. WELL POSEDNESS OF THE PARABOLIC PROBLEM FOR RAPIDLY DECAYING
DENSITIES

Throughout this section, we shall use of the same notations as in Section 4.
Part L. If p € LS (R?) is positive and such that p=1 € LS (R?), ug is nonnegative and such that
up € L, (RY) N L (RY), then we can argue as in the proof of [10, Theorem 7.3 (first construction)] in
order to get the existence of a weak solution to problem (1.1), in the sense of Definition 2.1, which
is bounded in the whole of R? x (0, 00). Furthermore, the following Lz comparison principle holds
true:

/Rd [ur(z,t) — ua(w,t)], p(z)de < /Rd [uo1 — uo2] | p(z)dz ¥t >0, (B.1)
where u; and ug are the solutions to problem (1.1), constructed as above, corresponding to the
initial data ug; € L), (RY) N L>(R?) and ugz € L}(R?) N L>(R?), respectively.

As for uniqueness, a quite standard result for (suitable) weak solutions to problem (1.1) is the
following.
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Proposition B.1. Let p € L (R?) be positive and such that p~' € LS. (RY). Let u and v be two

loc
nonnegative weak solutions to (1.1), corresponding to the same nonnegative uy € L;(Rd), in the

sense that:
u,v € L;”H(Rd x (0,00)), (B.2)

u™, ™ e L2 ([0, 00); H*(RY)) (B.3)

loc

d
- /00O /Rd u(x, t)pe(z,t) p(z)dadt + /000 /RJ(—A)

Y vz, )y (2, t) p(z)dzdt + h (—A)>
[ /L
- / uo(@)p(w,0) pla)de

holds true for any ¢ € C (R x [0,00)). Then, u = v a.e. in RY x (0, 00).

an

(™) (@, )(=A) % () (x, 1) dadt

[MFY
8
~+~

¥

(™) (@, )(~A)E (P)(z, t) dedt (B.A)

Proof. In view of the hypotheses on u and v, using a standard approximation argument one can
show that the so-called Oleinik’s test function

T
oz, t) = /t [u™(z,7) —v™(x,7)] dr inRYx (0,T], ¢ =0 inR% € (T, 00),

is in fact an admissible test function in the weak formulations (B.4) (for each T' > 0). The conclusion
then follows by arguing exactly as in [10, Theorem 6.1] (see also the subsequent remark). O

Let us discuss some further properties of the solutions we constructed, which can be proved by
means of standard tools. To begin with note that, by proceeding exactly as in [35, Lemma 8.5], one
can show that pu,(t) is a Radon measure on R? satisfying the inequality

2
o ue ()| pray < oD uoll, , fora.e t>0, (B.5)

where here, as opposed to Subsection 2.2, with a slight abuse of notation we indicate by M(R9) the

Banach space of Radon measures on R? endowed with the usual norm of the total variation. Letting
m+1

z=u"%" and following [10, Lemma 8.1] we also get the validity of the estimate

to
/ / 20, )2 pla)dadt < C Vs >t > 0 (B.6)
t1 R4

for some positive constant C depending on t1, to and m. In view of (B.6) and the general result
provided by [3, Theorem 1.1] one infers that u, € Lj,.((0,00); L} (R%)). Moreover, the inequality

loc
2
HUt(t)”Lp < m ||'U/0||17p fora.e. t >0 (B?)

holds true as a direct consequence of (B.5). In particular, our solution u is also a strong solution
to problem (1.1) in the sense of Definition 2.2. The fact that solutions are strong permits to assert
that they also solve the differential equation in (1.1), for a.e. t > 0, in the L' sense. This allows to
get the following energy estimate (for the details, see e.g. [18, Sections 4.1 and 4.2]):

2 m 2 1 m+1 1 m—+1
[ et of anee g [t = e [ 0o ooy,
(B.8)
for all t5 > t; > 0. Furthermore, by suitably exploiting the celebrated Stroock-Varopoulos inequality
(see [10, Proposition 8.5] or [18, Section 4.2]), one can show that for any p € [1, o0] the L norm of
u(t) does not increase in time.

Now suppose that, in addition to the above hypotheses, p € L°(R?). Thanks to the latter assump-
tion, from the classical fractional Sobolev embedding (we refer the reader e.g. to the survey paper

wles
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[12] and references quoted therein) one immediately deduces the validity of the following weighted,
fractional Sobolev inequality:

[vll_2a_, < Cs|[(-A)2(v)]|, YveH (R, (B.9)

d—2s"?

where Cg = Cs(||pllos s, d) is a suitable positive constant. By interpolation it is straightforward
to check that, as a consequence of (B.9), also the weighted, fractional Nash-Gagliardo-Nirenberg
inequality

~ . 1 o .
[vll,, < Con |(=8)2()||57 [lvllzer Vo € LH(R?) N H(RY) (B.10)
holds true for any a > 0, p > 1 and
2d(a+1)

q:d%erst’

where Can = Can(||plloss a;p, s,d) is another suitable positive constant. Taking advantage of
(B.10), by means of the same techniques as in [10, Section 8.2] or [18, proof of Proposition 4.6], one
can prove the smoothing estimate

lu(t)|l o < Kt uolllr, ¥t >0, ¥p>1, (B.11)
where
B d _ 2spay,
= d(m —1) +2sp’ by = d

and K = K(||pllco, m, s,d) > 0.

Still under the additional assumption p € L*>(R9), it is possible to construct solutions to (1.1)
corresponding to any nonnegative data ug € L},(Rd). One proceeds picking a sequence of nonnegative
data uo, € L}(R?) N L>®(R?) such that ug, — uo in L) (R?) and pass to the limit in (2.1) as n — oo
by exploiting (B.1), (B.8) and (B.11) for p = 1 (see also [26, Theorem 6.5 and Remark 6.11]).
Such solutions are still strong because the L; comparison principle (B.1) is preserved (which is
in fact one of the main tools to prove that solutions are strong — see again [10, Section 8.1] and
references quoted). We have therefore proved the existence result contained in Proposition 2.3.
As concerns uniqueness, one can reason as follows. Proposition B.1, in particular, ensures that if
up € Ly(R?) N L°(R?) then the solution to (1.1) that we constructed above is unique in the class
of weak solutions satisfying (B.2), (B.3) and (B.4). Moreover, any weak solution u(x,t) to (1.1), in
the sense of Definition 2.1, is such that u(z,t + ¢) is a weak solution to (1.1), corresponding to the
initial datum uo(z,€) € L}(R?) N L>(R?), satisfying (B.2), (B.3) and (B.4), for any & > 0. Thanks
to these properties, one can then proceed exactly as in the proof of [26, Theorem 6.7].

Part II. We describe here another method for constructing weak solutions to problem (1.1). Take
again nonnegative initial data ug € L})(Rd) N L>®(R?) and consider the following problem (see also
the discussion at the beginning of Section 4):

L, (ag)=0 in Qg x (0,00),

g =0 on ¥g x (0,00),

UR = up on I'r x (0,00), (B.12)
9 =P on T'r x (0,00),

UR = Ug on Br x {t =0}.

Definition B.2. A weak solution to problem (B.12) is a pair of nonnegative functions (ug,ar) such
that:

e up € C([0,00); L, (Br)) N L>(Bg x (1,00)) for all T > 0;

o iy € L.((0,00): X5 (Qr)):

® UR|rpx(0,00) = UR;
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o for any ¢ € CX((QrUTR) x (0,00)) there holds
[ et e 00 plapdedt + s [ [V (@R), Vo) 0. dedye = 0
0o JBg 0o Jog

[ ] limt*)() uR(t) = UO|BR m L})(BR)

Weak sub— and supersolutions to (B.12) are defined in agreement with Definition B.2. In addition,
we say that (ug,r) is a strong solution if (ur); € L>°((,00); L (Bg)) for every 7 > 0. By means of
the same arguments used in the proof of [10, Theorem 6.2], it is direct to deduce the next comparison
principle.

Proposition B.3. Let p € L2 (RY) be positive and such that p~* € LS (R?). Let (ug), ~(1))

loc loc
and (uR),uR ) be a strong subsolution and a strong supersolution, respectively, to problem (B.12).

Suppose that u(l) < u(Q) on Br x {t = 0} and ug) < ug) on ¥g X (0,00). Then ug) < ug)
Bpr x (0,00) and ug) < u(z) in Qpr x (0,00).

Making use of quite standard tools (see e.g. [10, 26]), one can prove that for any R > 0 and
ug € L (RY) N L>(R?) there exists a unique strong solution (ug,@g) to problem (B.12) (in the
sense of Definition B.2). Moreover, the limit function v = limg_, ur (note that the family {ug} is
monotone in R thanks to Proposition B.3) is nonnegative, bounded in R%x (0, 00) and such that (B.2),
(B.3) and (B.4) hold true. Hence, in view of Proposition B.1, such a u necessarily coincides with
the solution constructed in Part I: this in particular ensures that u € C([0, 00), L}(R?)). Again, for
general data ug € L} (R?), we can select a sequence {ug, } C L}(R?)NL>(R?) such that 0 < ug, < ug
and ug, — ug in L})(Rd) and pass to the limit in (2.1) as n — oo to get a solution to (1.1) in the
sense of Definition 2.1 (which still coincides with the one obtained in Part I).
Finally, we should note that in [10] and [26] the approximating problems are a little different from
(B.12) (namely, cylinders in the upper plane are used instead of half-balls). However, this change
does not affect the construction of the solution u. Indeed, the present idea of using problem (B.12)
is taken from [9, Section 2|, where the case s = 1/2 and p =1 is studied.
Part III. Let us now address the following problem, which is the analogue of (B.12) in the whole
upper plane:

Ly(a™) =0 in RYT x (0,00),

u=u on ORE x (0,00),

o(aum) ou d (B.13)
g% =pp o0 ORT x (0,00),

U = Ug on R? x {t =0}.

Definition B.4. A nonnegative function u is a local weak solution to problem (B.13) corresponding
to the nonnegative initial datum ug € L;(Rd) if, for some nonnegative function u such that

a™ € L. ((0,00); Xii ) N LRI x (1,00)) V1 >0,

there hold:
e u € C(]0,00);
® a'aRd“x(O 00)

o for any ¢ € CX((RE UORIH) x (0, 00)

- / /uo:,t)wt(x,o,t) )dedt + p, / / 125 (T (@), Vo) (2, 8) dedydt (B.14)
0 Rd Rd“

,13( NN L>®(R? x (1,00)) for all T > 0;
=u;

(in fact @™ is a local extension for u™);
o for any ¢ € CZ(R? x (0,00)),

- / h / w(z, ) (2, 1) p()dadt + / h / 0™ () (=AY () (1) dadlt = O (B.15)
0 R4 0 Rd
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o limy_ou(t) = ug in Ly(R?).

Moreover, we say that u is a local strong solution if, in addition, u; € LOO((T,OO);L;JOC(Rd)) for
every T > 0.

Notice that (B.15) is related to the so-called wvery weak formulation of problem (1.1) (see also
Definition B.6 below). For local weak solutions, in general u™ & L3 ((0,00); H*(R?)). Hence,
equivalence between (B.14) and (B.15) cannot be established.
The criterion of Proposition B.1 here is not applicable in order to prove uniqueness. However, it is
possible to restore the latter by imposing extra integrability conditions, as stated in Theorem 2.4.
In order to prove it, we need some preliminaries. Given a nonnegative f € C°(R%), let h = Iy, * f,
so that

(=A)*(h)=f inR?. (B.16)
Exploiting the properties of Ios and of the convolution operation, it is not difficult to show that
h € C>=(R%), h >0 and

h(z) + |Vh(z)| < |z|79F* Vo e RY.

Now take a cut-off function ¢ € C2°(R?) such that 0 <& <1inR% £ =1in Byp and £ =0 in Bf.
For any R > 0, let

Er(z) =€ (%) Vz e R?. (B.17)
After straightforward computations, we obtain:
(—A)° (hér) () = h(x) (—A)*(€r)(@) + (=AY (h) (x) En(a) + Blh, Ep)(z) Vo € RY,
where B(¢1, ¢2)(x) is the bilinear form defined as
(¢1(z) — P1(y))(P2(x) — P2(y))

d
o — y|dres dy VzeR

B(¢1a ¢2)(£L’) =2 Cs,d

Rd
and Cj g is the positive constant appearing in (1.2). By means of the same techniques used in the
proof of [28, Lemma 3.1], we get the following result.

Lemma B.5. Let f € C®(RY), with f > 0, h = Iy, * f and &g be as in (B.17). Then, for any
T>0andve L%1+\x|)—d+2s(Rd x (0,T)), there holds

lim /0 g |v(z,t) h(z) (—A)°(Er)(z)| dadt +/0 /Rd lv(z,t) B(h,&r)(z)| dzdt = 0.

R—o0

Having at our disposal Lemma B.5, we are now in position to prove Theorem 2.4.

Proof of Theorem 2.4. Let u be the weak solution to problem (1.1) provided by Proposition 2.3.
First of all, note that its minimality in the class of solutions described in Definition B.4 (namely
local strong solutions) is a consequence of the construction outlined in Part IT and the comparison
principle given in Proposition B.3. Moreover, estimates (2.3) and (2.4) can be obtained using the
same arguments as in [26, Theorem 5.5], combined with the smoothing effect (B.11) and [26, Remark
6.11].

(i) The thesis is a consequence of estimate (2.4), Remark A.3 and the method of proof of [26,
Theorems 6.9 and 6.10], which here can be exploited with inessential modifications in view of (B.11)
and [26, Remark 6.11]. For further references, let us just mention that it is appropriate to take as
a test function in (B.15) ¢(x,t) = r(x)ne(t), where nc(t) properly tends to Xp:, +,](t) as € — 0 (let
to > t1 > 0 be fixed).

(ii) We claim that u™ € L%H‘zl),dHS(Rd x (0,T)) for all T > 0: in fact, this follows immediately
from estimate (2.4) and Remark A.3. Let u be another bounded local strong solution to (1.1). Since,
by definition, both u and u belong to

C([0,00), L 10e(RT)) N L((0, 00) x RY),
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it is direct to see that for any ¢ € C>°(R? x [0,00)) there holds

—/ /Rd u(z, t)ps(x,t) p dmdt+/ /Rd (2, t)(—A)*(p)(x,t) dedt

/ /Rd = Der(@, ) (x)dxdt+/0 /Rd@m(%t)(—ﬁ)s(so)(x,t) dzdt (B.18)
~ [ w0@)plw.0) ).

Let n € C*°(R) be such that
n=1in (—o00,0], n=0 in [l,00), 0<n<1,n <0 in R.
For any € € (0,T) and 7 € (0,7 — ¢), set
t—T1
r(t)=n =—— vt > 0.
Ner (t) n(T_G_T) >
Now take the test function

90(1'7 ) ( )gR( )TIET( ) V(JL‘,t) € Rd X (O’ OO)

(h is given by (B.16)) and plug it into the weak formulation solved by u — w (according to (B.18)).
We get:

/ h / F@)er(@)ner ()[u™ (2, 1) — u™ (2, £)] dzdt
T—e¢
/ W)@l (O)[u(z, 1) — u(z, 1) plz)dadt (B.19)

Rd

[ [ @AY €)@ + Bl €)@ r (1) 7 ) 7 )]

Because u < w and 7., <0, from (B.19) we deduce that

T—e
0< / F@)ER(@)er (D™ (2. 1) — u™ (2, £)] dardt
0 ’ (B.20)

R
<[ [ A En)o) + B r) @)l [ .0) + 1o, 0)] dod.

Letting R — oo in (B.20) and applying Lemma B.5 to the r.h.s., with the choice v = u™ +u™ (recall
that by hypothesis (2.6) holds both for v and u), we infer that « = w in the region supp f x (0,7 —¢).
Thanks to the arbitrariness of f, T'and € we finally obtain that u = u in the whole of R% x (0,00). O

Let us consider the next definition of very weak solution to problem (1.1).

Definition B.6. A nonnegative function u € L=(R? x (0,00)) is a very weak solution to problem
(1.1) corresponding to the nonnegative initial datum ug € L°°(RY) if, for any ¢ € CZ(R? x [0, 00)),
(B.18) holds true.

Clearly, any bounded weak solution to (1.1) (according to Definition 2.1) is also a very weak solution
in the sense of Definition B.6.

Remark B.7. From the proof of the uniqueness results in Theorem 2.4, it follows that if u; and
ug are very weak solutions to problem to (1.1) (in the sense of Definition B.6), having the same
integrability properties required in the hypotheses of Theorem 2.4 and such that u; < us a.e. in
R? x (0,00), then u; = up. We should note that, in case (i), a minor change in the proof is
needed since Definition B.6 does not imply that lim; o u(t) = ug in L, 1oc(RY). However, the initial
condition is taken in the sense of (B.18): this is enough in order to repeat the proof of Theorem
2.4-(i) (to be specific, it suffices to choose t; = 0 when we define the test function 7).



(1]
2]
3]
(4]

(5]
[6]

[7]

(8]

(9]
(10]
(11]
(12]
(13]
(14]
(15]
[16]

(17]

(18]
(19]
20]

(21]
(22]

(23]
[24]
25]
[26]
27]
28]

[29]

(30]

ASYMPTOTIC BEHAVIOUR FOR THE FRACTIONAL PME WITH VARIABLE DENSITY 31

REFERENCES

I. Athanasopoulos, L. A. Caffarelli, Continuity of the temperature in boundary heat control problems, Adv. Math.
224 (2010), 293-315.

P. Bénilan, M. G. Crandall, The continuous dependence on ¢ of solutions of uy — A¢(u) = 0, Indiana Univ.
Math. J. 30 (1981), 161-177.

P. Bénilan, R. Gariepy, Strong solutions in L' of degenerate parabolic equations, J. Differential Equations 119
(1995), 473-502.

C. Bréandle, E. Colorado, A. de Pablo, U. Sanchez, A concave-convex elliptic problem involving the fractional
Laplacian., Proc. Roy. Soc. Edinburgh Sect. A 143 (2013), 39-71.

H. Brezis, S. Kamin, Sublinear Elliptic Equations in R™, Manuscripta Math. 74 (1992), 87-106.

X. Cabré, Y. Sire, Nonlinear equations for fractional Laplacians, I: Regularity, mazimum principles and Hamil-
tonian estimates, preprint arXiv:1012.0867.

L. A. Caffarelli, L. Silvestre, An extension problem related to the fractional Laplacian, Comm. Partial Differential
Equations 32 (2007), 1245-1260.

W. Choi, S. Kim, K.-A. Lee, Asymptotic behavior of solutions for nonlinear elliptic problems with the fractional
Laplacian, preprint arXiv:1308.4026.

A. de Pablo, F. Quirds, A. Rodriguez, J. L. Vézquez, A fractional porous medium equation, Adv. Math. 226
(2011), 1378-1409.

A. de Pablo, F. Quirés, A. Rodriguez, J. L. Vazquez, A general fractional porous medium equation, Comm. Pure
Appl. Math. 65 (2012), 1242-1284.

G. Di Blasio, B. Volzone, Comparison and regularity results for the fractional Laplacian via symmetrization
methods, J. Differential Equations 253 (2012), 2593-2615.

E. Di Nezza, G. Palatucci, E. Valdinoci, Hitchhiker’s guide to the fractional Sobolev spaces, Bull. Sci. Math. 136
(2012), 521-573.

D. Eidus, The Cauchy problem for the nonlinear filtration equation in an inhomogeneous medium, J. Differential
Equations 84 (1990), 309-318.

D. Eidus, S. Kamin, The filtration equation in a class of functions decreasing at infinity, Proc. Amer. Math. Soc.
120 (1994), 825-830.

A. Friedman, S. Kamin, The asymptotic behavior of gas in an n-dimensional porous medium, Trans. Amer.
Math. Soc. 262 (1980), 551-563.

G. Grillo, M. Muratori, M. M. Porzio, Porous media equations with two weights: smoothing and decay properties
of energy solutions via Poincaré inequalities, Discrete Contin. Dyn. Syst. 33 (2013), 3599-3640.

G. Grillo, M. Muratori, F. Punzo, Conditions at infinity for the inhomogeneous filtration equation, to ap-
pear in Ann. Inst. H. Poincaré Anal. Non Linéaire, http://dx.doi.org/10.1016/j.anihpc.2013.04.002, preprint
arXiv:1209.6505.

G. Grillo, M. Muratori, F. Punzo, Weighted fractional porous media equations: existence and uniqueness of weak
solutions with measure data, preprint arXiv:1312.6076.

S. Kamin, R. Kersner, A. Tesei, On the Cauchy problem for a class of parabolic equations with variable density,
Atti Accad. Naz. Lincei Cl. Sci. Fis. Mat. Natur. Rend. Lincei Mat. Appl. 9 (1998), 279-298.

S. Kamin, G. Reyes, J. L. Vazquez, Long time behavior for the inhomogeneous PME in a medium with rapidly
decaying density, Discrete Contin. Dyn. Syst. 26 (2010), 521-549.

S. Kamin, P. Rosenau, Nonlinear diffusion in a finite mass medium, Comm. Pure Appl. Math. 35 (1982), 113—-127.
N. S. Landkof, “Foundations of Modern Potential Theory”, Translated from the Russian by A. P. Doohovskoy.
Die Grundlehren der mathematischen Wissenschaften, Band 180. Springer-Verlag, New York-Heidelberg, 1972.
M. Pierre, Uniqueness of the solutions of ut — Ap(u) = 0 with initial datum a measure, Nonlinear Anal. 6 (1982),
175-187.

F. Punzo, On the Cauchy problem for nonlinear parabolic equations with variable density, J. Evol. Equ. 9 (2009),
429-447.

F. Punzo, G. Terrone, On a fractional sublinear elliptic equation with a variable coefficient, to appear in Appl.
Anal., preprint arXiv:1304.4843.

F. Punzo, G. Terrone, On the Cauchy problem for a gemeral fractional porous medium equation with variable
density, Nonlinear Anal. 98 (2014), 27-47.

F. Punzo, G. Terrone, Well-posedness for the Cauchy problem for a fractional porous medium equation with
variable density in one space dimension, to appear in Differential Integral Equations, preprint arXiv:1212.4623.
F. Punzo, E. Valdinoci, Uniqueness in weighted Lebesgue spaces for a class of fractional elliptic and parabolic
equations, preprint arXiv:1306.5071.

V. D. Radulescu, “Qualitative Analysis of Nonlinear Elliptic Partial Differential Equations: Monotonicity, Ana-
lytic, and Variational Methods”, Contemporary Mathematics and Its Applications, 6. Hindawi Publishing Cor-
poration, New York, 2008.

G. Reyes, J. L. Vazquez, The Cauchy problem for the inhomogeneous porous medium equation, Netw. Heterog.
Media 1 (2006), 337-351.



32 GABRIELE GRILLO, MATTEO MURATORI, FABIO PUNZO

[31] G. Reyes, J. L. Vézquez, The inhomogeneous PME in several space dimensions. Ezistence and uniqueness of
finite energy solutions, Commun. Pure Appl. Anal. 7 (2008), 1275-1294.

[32] G. Reyes, J. L. Vézquez, Long time behavior for the inhomogeneous PME in a medium with slowly decaying
density, Commun. Pure Appl. Anal. 8 (2009), 493-508.

[33] B. S. Rubin, One-dimensional representation, inversion, and certain properties of the Riesz potentials of radial
functions, MATHNASUSSR 34 (1983), 751-757. Translated from Mat. Zametki 34 (1983), 521-533.

[34] J. L. Vézquez, Asymptotic behaviour for the porous medium equation posed in the whole space, J. Evol. Equ. 3
(2003), 67-118.

[35] J. L. Vazquez, “The Porous Medium Equation. Mathematical Theory”, Oxford Mathematical Monographs. The
Clarendon Press, Oxford University Press, Oxford, 2007.

[36] J. L. Vazquez, Barenblatt solutions and asymptotic behaviour for a nonlinear fractional heat equation of porous
medium type, to appear in J. Eur. Math. Soc., preprint arXiv:1205.6332.

GABRIELE GRILLO, MATTEO MURATORI: DIPARTIMENTO DI MATEMATICA “F. BRIOSCHI”, POLITECNICO DI MILANO,
P1AzzA LEONARDO DA VINCI 32, 20133 MILANO, ITALY

FABIO PUNZO: DIPARTIMENTO DI MATEMATICA “F. ENRIQUES”, UNIVERSITA DEGLI STUDI DI MILANO, VIA CESARE
SALDINI 50, 20133 MILANO, ITALY

E-mail address: gabriele.grillo@polimi.it

E-mail address: matteo.muratori@polimi.it

E-mail address: fabio.punzo@unimi.it



