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FRACTIONAL POROUS MEDIA EQUATIONS: EXISTENCE AND
UNIQUENESS OF WEAK SOLUTIONS WITH MEASURE DATA

GABRIELE GRILLO, MATTEO MURATORI, FABIO PUNZO

AssTrACT. We prove existence and uniqueness of solutions to a class of porous media equations
driven by the fractional Laplacian when the initial data are positive finite Radon measures on the
Euclidean space R?. For given solutions without a prescribed initial condition, the problem of
existence and uniqueness of the initial trace is also addressed. By the same methods we can also
treat weighted fractional porous media equations, with a weight that can be singular at the origin,
and must have a sufficiently slow decay at infinity (power-like). In particular, we show that the
Barenblatt-type solutions exist and are unique. Such a result has a crucial role in [24], where the
asymptotic behavior of solutions is investigated. Our uniqueness result solves a problem left open,
even in the non-weighted case, in [42].

1. INTRODUCTION

The main goal of this note is to prove existence and uniqueness of solutions to the following
problem:

{p(m)ut + (=AY (u™) =0 in R? x R, (11)

plx)u=p on R? x {0},

where we assume that s € (0,1), d > 2s, m > 1, p is a positive finite Radon measure on R? (so that
u > 0) and that the (Lebesgue) measurable weight p satisfies

cle]77° < p(z) < Clx|™7 ae.in By and clz|™? < p(x) < Clz|”7 ae. in Bf (1.2)

for some v € [0,2s5),7 € [0,7] and 0 < ¢ < C, where B, = B,(0). Furthermore, for any given
solution to the differential equation in (II]), namely without a prescribed initial datum, we also
prove that there exists a unique initial trace which is a positive finite Radon measure (see Theorem
B3). Observe that this result suggests that is quite natural to consider a positive finite Radon
measure g as the initial condition in (II]). We stress that the results concerning uniqueness are new
even for p = 1, which obviously fulfills (I2)), thus solving an open problem posed in [42] where such
a problem is addressed for initial data given by Dirac deltas, namely for Barenblatt solutions. In this
case, the problem is known as fractional porous media equation and has been thoroughly analysed
in [I7, (18] for initial data in L'(R?). More in general, in view of various applications well outlined in
the literature (see e.g. |26]), we also consider the weight p(x) since the same methods of proof work
in this case as well. In this regard, observe that even if p € C(R?) has a suitable decay at infinity,
and u = ug € L})(Rd), then the asymptotics of any solution can be determined by referring to the
Barenblatt solution (i.e. the solution to problem (L)) with g = §) for the problem with singular,
homogeneous weight p(x) = |x|~7, which makes the latter scale-invariant. Also for this reason we
treat weights p that satisfy (L2)), thus being allowed to be singular at @ = 0. However, some further
restrictions on s, d and « will be required and clarified later, see Theorems and B4l Let us
mention that our results entailing the existence and uniqueness of Barenblatt solutions for singular
weights are used in a crucial way in [24] to obtain the asymptotic behavior recalled above.

The analysis of the evolutions addressed here poses significant difficulties especially as concerns
uniqueness, as can be guessed even when considering their linear analogues. In fact, the first issue
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we have to deal with is the essential self-adjointness of the operator formally defined as p=1(—A)*
on test functions, and the validity of the Markov property for the associated linear evolution. This
will be crucial in the uniqueness proof and holds only if v is not too large. For larger v one expects
that suitable conditions at infinity should be required to recover self-adjointness.

Notice that the study of weighted linear differential operators of second order has a long story,
see for example [I3] Section 4.7] or [32]. Recently, the analysis of the spectral properties of operators
which are modeled on the critical operator formally given by |z|?A has been performed in [14].

As for nonlinear evolutions, the study of porous media and fast diffusion equations with measure
data can be tracked back to the pioneering papers [2, [7, [34] [TT]. See [43], Section 13] for details and
additional references. The fast diffusion case, which will not be dealt with here, is investigated in
[8L ©]: notice that for such evolutions the Dirac delta may not be smoothed into a regular solution,
so that different techniques must be used, see the recent paper [35] for a general approach. In [I7]
[I8], the fractional porous media and fast diffusion equations have been introduced and thoroughly
studied for initial data which are integrable functions. The construction of Barenblatt solutions and
the analysis of their role as asymptotic attractors for general integrable data is performed in [42].
Existence and uniqueness of solutions in the fractional, weighted case is studied in [37] [38]: however,
the weight there cannot be singular and data cannot be measures.

Semilinear heat equations with measure data have a long history as well and have recently been
studied also in the fractional case, see e.g. [29, [I0] and references quoted. We remark that the
terminology “measure data” is sometimes used in different contexts in which a measure appears as
a source term in certain evolution equations: see e.g. [30].

There is a huge literature on the weighted porous media equation: see for example [15, [16, 20,
211, 221 23, 25, 26], 27, (36, B9, 40}, [41] and references quoted therein. It should be pointed out that
the possible singularity of the weight, and the fact that we consider measure data as well, makes our
problem significantly different both from the non-weighted, fractional case and from the weighted,
non-fractional case: straightforward modifications of the strategies used to tackle such problems
turn out not to be applicable here.

Finally, notice that fractional porous media equations are being used as a model in several applied
contexts, see e.g. [5l Appendix B| and references quoted for details.

Outline of the paper. The paper is organized as follows. Section 2 briefly collects some preliminary
tools on measure theory, fractional Laplacians and fractional Sobolev spaces. In Section 3 we state
our main results. In Section 4 we prove existence of weak solutions and the result concerning existence
and uniqueness of the initial trace, whereas in Section 5 uniqueness, which is by far the most delicate
issue, is addressed: notice that, although we do not state this explicitly, the proofs work also in the
case s = 1 and the corresponding results are new in this context as well for the weighted case. In
proving uniqueness, we use a “duality method”, following the same line of reasoning introduced by M.
Pierre in [34]. This entails serious new difficulties due to the presence of the fractional diffusion and
of the weight p. In Appendix A we recall some technical results on the fractional Laplacian, which
are exploited in several approximating procedures developed in the proofs below. In Appendix B
we sketch the proof of the main properties of the linear operator formally given by p~!(—A)*. Such
properties are of independent interest but are also crucial in order to establish uniqueness.

2. PRELIMINARY TOOLS

In this section we outline some basic notation, definitions and properties that we shall make us of
later, which concern weighted Lebesgue spaces, measures, fractional Laplacians, fractional Sobolev
spaces and Riesz potentials of measures.

Weighted Lebesgue spaces. For a given measurable function p : R? — R* (that is, a weight),
we denote as LB(R?) (let p € [1,00)) the Banach space constituted by all (classes of equivalence of)



measurable functions f : R — R such that

11 ( [ 176017 otz V.

In the special case p(z) = |z|* (let v € R) we simplify notation and replace L2(R%) by L& (R%) and
Il fllp.p BY || fllp,a- For the usual unweighted Lebesgue spaces we keep the symbol LP(R?), denoting
the corresponding norms as || f||, or || f||Le(ra)-

Positive finite Radon measures on R?. Since in (L)) we deal with positive finite Radon measures
u on R?, we recall some basic properties enjoyed by the set of such measures, which we denote as
M(R?) (with a slight abuse of notation: this is the usual symbol for the space of signed measures
on R%). To begin with, consider a sequence {u,} C M(R%). Following the notation of [34], we say
that {p,} converges to 1 € M(R?) in o(M(R?), C.(R?)) if there holds

lim [ ¢dum = / bdn Vo € Cu(RY), (2.1)
n—oo R R

where Cc(Rd) is the space of continuous, compactly supported functions on R%. This is usually

referred to as local weak™ convergence (see [I, Definition 1.58]). A classical theorem in measure

theory asserts that if

sup pin (R?) < 00 (2.2)

then there exists u € M(R?) such that {u,} converges to p in o(M(R?), C.(R%)) up to subsequences
(see [I Theorem 1.59]). The same holds if we replace C.(RY) with Co(R?), the latter being the
closure of the former w.r.t. || - |loc. A stronger notion of convergence is the following. A sequence

{pn} € M(R?) is said to converge to u € M(R?) in o(M(R?), Cy(R)) if

lim [ pdpu, = / pdu Vo e Cy(RY), (2.3)
n—00 Jpd Rd
where Cj,(R?) is the space of continuous, bounded functions on R%. Trivially, (233) implies I)). The
opposite holds under a further hypothesis. That is, if {1, } converges to u in o(M(R%), C.(R?)) and
lim,, 00 i (R?) = p(R?), then {u,} converges to u also in o(M(R?), Cy(R?)) (see [I, Proposition
1.80]). Notice that if {y,} converges to u in o(M(R?),C.(R%)) and [ZZ) holds, a priori one only
has a weak™* lower semi-continuity property:
p(RY) < liminf g1, (R?)
n—roo
(see again [, Theorem. 1.59]).

Fractional Laplacians and fractional Sobolev spaces. The fractional s-Laplacian operator
which appears in (L)) is defined, at least for any ¢ € D(R?) := C°(R9), as

, P(x) — o(y) d
—A)*(¢)(x) := pv. C, ————~dy VzreR?,
AV (@) = po. Cuy [ By
where Cy s is a suitable positive constant depending only on d and s. However, since a priori we
have no clue about the regularity of solutions to (ILT)), it is necessary to reformulate the problem in a

suitable weak sense, see Definition 3.1l below. Bgfore doing it, we need to introduce some fractional
Sobolev spaces. Here we shall mainly deal with H*(R9), that is the closure of D(R?) w.r.t. the norm

Ca.s — 2
ol o= <= [ [ =L oy vo e pEr).

Notice that the space usually denoted as H*(RY) is just L?(R?) N H*(R%). For definitions and
properties of the general fractional Sobolev spaces W"?(R%) we refer the reader e.g. to [19].
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The link between the s-Laplacian and the space H $(R%) can be seen by means of the identity

Cus (8) = S =B 1 [ AV i) ( AV (1 (o]
L P dady = [ (8)3@)(o) (~8)} (@) (2)d

- [ o)Ay () da

for all ¢,v € D(RY), see [19, Section 3]. In particular, ||¢||%. = H(—A)%(qa)HiZ for all ¢ € D(R?).
Notice that (Z4) can be shown to hold, by approximation, also when ¢ € D(R?) is replaced by any
v € H*(RY), where (—A)3 (v) is meant in the sense of distributions. By a further approximation
procedure one then gets

Cas [ [ () = v@D@E) =0 40 [ (A (o)) (— ) () () dr Voo € £ (RY
wo [ ) oy [ (-3 0)@) (-A) )@ de . eH(i;)-

If we set v = w in (23] we deduce that Hv||i,s = H(fA)g (v)Hi2 also for any v € H*(R?). In Sections
@ and [ (and in Appendix [B]) we shall deal with functions which belong to H*(R%) and to weighted
Lebesgue spaces.

Riesz potentials. Another mathematical object deeply linked with the s-Laplacian is its Riesz
kernel, namely the function

kd,s
IQS(ZL') = |:L-|d——257

where kq s is again a positive constant depending only on d and s. For a given (possibly signed)
finite Radon measure v, one can show that the convolution

U" = Irs v
yields an L{ (R?) function referred to as the Riesz potential of v, which formally satisfies
(—AyUY) =v.

That is, still at a formal level, the convolution against I»s coincides with the operator (—A)~%.
One of the most important and classical references for Riesz potentials is the monograph [28] by N.
S. Landkof. In the proof of Theorem and throughout Section [6] we shall exploit some crucial
properties of Riesz potentials collected in [28], along with their connections with the s-Laplacian.

3. STATEMENTS OF THE MAIN RESULTS
We start by introducing a suitable notion of weak solution to (L), in the spirit of [I8] and [38§].

Definition 3.1. Given a finite positive finite Radon measure p, by a weak solution to problem (L))
we mean a nonnegative function u such that

u € L*((0, 00); L})(Rd)) NL®R? x (1,00)) V7 >0, (3.1)
u € Lie((0,00); H*(R)), (3:2)

_/OOO/Rdu(m,t)got(:v,t)p(x)dxdt+/OOO/W(_A)

Vi € C(R? x (0, 00))

N

(u™)(z,t) (—A)2 (@)(z, ) dzdt = 0 (3.3)

and
esslim p()u(-t) = pu in o(M(RY), Cy(RY)). (3.4)

t—0

Our first result concerns existence.
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Theorem 3.2. Let d > 2s and assume that p satisfies (IL2)) for some v € [0,2s) N [0,d — 2s] and
Yo € [0,7]. Let p be a positive finite Radon measure. Then there exists a weak solution u to (L))
according to Definition [3d], which conserves the mass in the sense that p (RY) = [p., u(z,t)p(x)dx
for all t > 0, and satisfies the smoothing effect

)|, < Kt uw@®H? vt >0, (3.5)
where K depends only on m, v, s, d and on the constant C appearing in (L2), and
o d—r o 2s — 7y

S Dd iz P o Dd_ s

In particular, u(-,t) € Lg(Rd) for allt > 0 and p € [1,00]. In addition, the solution satisfies the
enerqy estimates

s 2 1 1
)2 ( 1) dadt + —— mtlig ¢ dr = / mAL (g ¢ d
/t1 /]R'i ™) (=, )‘ rdt+ m+1 Jga “ (2,t2) p(z)dz m+1 Jga u (z,t1) p(x)da
(3.6)
and

/tZ/ |2¢(x,t)]” p(x)dxdt < C”/ W (2,4 /2) pla)de 3.7)

Rd

m+1

for all ty >t > 0, where z :=u" 2 and C' depends on m, t; and to.

The method of proof of Theorem allows us to prove the following result on existence and
uniqueness of the initial trace, in the spirit of [5, Section 7] and [3].

Theorem 3.3. Let d > 2s and assume that p satisfies (IL2)) for some v € [0,2s) N [0,d — 2s] and
Y € [0,7]. Consider a weak solution u to p(x)u; + (—A)® (u™) = 0 in the sense that u satisfies
BI), B2) and B3). Then there exists a unique positive finite Radon measure p which is the initial
trace of u in the sense of [B4). The same result holds if the condition u € L™(R? x (1,00)) in
B is replaced by the weaker condition fttlz u™(-,7)dr € L})(Rd) for all ty >ty > 0. In particular,

p (RY) = [o,ule, )p(x)da for all t > 0.
As for uniqueness of weak solutions we have the next result.

Theorem 3.4. Let d > 2s and assume that p satisfies (IL2) for some v € [0,2s) N [0,d — 2s] and
Y € [0,7]. Let uy,us be two weak solutions to (L)) in the sense of Definition [Z1. Suppose that
they take as initial datum the same positive finite Radon measure [, in the sense of (BA). Then
Uy = usg.

Remark 3.5. Notice that, if d > 4s, then the assumptions on ~ reduce to v € [0, 2s).

Let us stress that, in order to prove Theorem [3.4], we shall crucially exploit the properties of the
operator A = p~1 (=A)* contained in Theorem 7] and Proposition [Bl below. Such results are of
independent interest; their proofs will be just sketched, to keep the paper in a reasonable length, in
Appendix [Bl Some further details and extentions are given in [31].

Definition 3.6. Let d > 2s and assume that p satisfies (L2) for somey € [0,2s) and vy € [0,d). We
denote as X , the Hilbert space of all functions v € L? (RY) such that (—A)*(v) (as a distribution)

belongs to Li,l (RY), equipped with the norm

lollx, , = olls, + 1(=A)*()ll5,- Yo e X,

Theorem 3.7. Let d > 2s and assume that p satisfies (L2) for some v € [0,2s) and vy € [0,d).
Let A: D(A) == X, , C L2(R?) — L2(R?) be the operator

Aw) = p~ (-A) () Vwe X,
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Then A is densely defined, positive and self-adjoint on Lﬁ(Rd), and the quadratic form associated to

it 18
Cys — 2
Q(v,v) = —;’ /Rd /]Rd (Ugg) y|1;+(y21) dzdy

with domain D(Q) := Li(Rd)ﬂHs (RY). Moreover, Q is a Dirichlet form on L2(R?) and A generates
a Markov semigroup Sa(t) on L%(Rd). In particular, for all p € [1,00] there exists a contraction
semigroup Sp(t) on LB(RY), consistent with Sy(t) on L2(RY)NLE(R®), which is furthermore analytic
with a suitable angle 6, > 0 for p € (1,00).

4. EXISTENCE OF WEAK SOLUTIONS

We start showing a direct consequence of Definition [3I] namely the conservation in time of the
“mass” [pa u(z,t) p(x)dz (recall that we are considering nonnegative solutions).

Proposition 4.1. Let d > 2s and assume that p satisfies (I2]) for some v € [0,2s) N[0, d — 2s] and
Y € [0,7]. Let u be a weak solution to (ILI]) according to Definition Bl Then

lu®l,, = / u(z,t) p(z)de = p(RY)  for ae. t >0, (4.1)
. R
namely we have conservation of mass.

Proof. We plug into (B3) the test function pr(x,t) := 9(t)€r(x), where {g is the same cut-off func-
tion as in Lemma [A.3] and ¥ is a suitable positive, regular and compactly supported approximation
of X[t 4, (let ta > t1 > 0). Using (Z3), Lemma [AJ] Lemma [A.3] and letting ¥ — xp, 1,) in B3), it
is straightforward to obtain the following estimate:

/R e, t2)6n(w) ) e ~ / w1 )en(x) plz)dz

Rd

_ 1 1
<! (g + s ) 10+ (A // (0,6 pladadt,

where on the r.h.s. we exploited the inequality p~1(z) < ¢! (1 + |z|7) for all 2 € RY, direct conse-
quence of (L2). Letting R — oo in ([@2)) and recalling (BEI) we get the conclusion. O

(4.2)

The proof of existence of weak solutions to (II)) is based on an approximation procedure, that
is on picking a sequence of initial data in L})(Rd) N L>(R?) which suitably converges to y. An
additional approximation will be needed to deal with the possible singularity of the weight at the
origin. The corresponding approximate problems are addressed in the next subsection. Since the
procedure is in principle standard although technically delicate, we underline the main points only.

4.1. Approximate problems with initial data in L}J(Rd) N L>(R?). We are concerned with
existence of solutions to the following problem:
p(x)us + (=A)* (™) =0 in R? x RT, (4.3)
u =g on R? x {0}. '

Such solutions are meant in the sense of Definition Bl with p replaced by pug.

Lemma 4.2. Let d > 2s and assume that p satisfies [(L2) for some v € [0,2s) N [0,d — 2s] and
Y0 € [0,7]. Let ug € LL(RY) N L>(R), with ug > 0. Then there exists a weak solution u to @3)
which satisfies the energy estimates (3.6]), (B1) with a constant C' depending only on m, t1 and ts.

Let us outline the strategy of the proof. We further approximate the problem (@3] by regularizing
the weight p(z) in a neighbourhood of @ = 0 (where it can be singular). More precisely, we introduce
for any 1 > 0 the following problem:

pn(x) (up), + (—A)* (u") =0 in R* x RT,
{un = on RY x {0}, (4.4)
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where {p,} C C(R?) is a family of strictly positive weights which behave like |z|™7 at infinity
and approximate p(x) monotonically from below, as n — 0. Existence (and uniqueness) of weak
solutions to (4] for such weights and initial data have been established in [38, Theorem 3.1]. We
get suitable a priori estimates (namely (B.6) applied to w,, which will be proved later, and (&)
below), that enable us to pass to the limit as  — 0, and obtain a solution to problem ([@3)), by
standard compactness arguments.

Proof. For any n > 0 let u, be the unique solution to problem (@4). Such solutions belong to
C([0,00); Ly, (R?)) and satisfy the bound [[uy]| ;w gax (0,00)) < ||u0||Loo(Rd) Exploiting these proper-
ties one can show that each u, satisfies a weak formulation which is slightly stronger than the one
of Definition BT}

h/ jgduna;twta;ofw dxdt+¥/ de ™)@, 1) (~A)3 () (a, 1) dadt -
:Afmmwam%WMx |

for all T > 0 and ¢ € C®(R? x [0,T)) (so that o(-,T) = 0), where u] € L2((0, 00); H*(R%)).
The latter property follows from the validity of the energy identity (3.6) for w,, for all to > t; > 0.
Formally, [B.6) can be proved by plugging the test function ¢(z,t) := J(t)u;’(z,t) into the weak
formulation {.3) and letting ¥ tend to X, +,) as in the proof of Proposwlonlﬂl In order to justify
rigorously the validity of (B.6) for u,,, one must proceed as in [I8 Section 8|. A crucial point concerns
the fact that our solutions are strong, which follows by techniques analogous to the ones used in [I8],

Section 8.1]. We refer the reader to Section 5] below for more details. We have:

ta
/ / (2)e(z,1)]? py (z)dadt < C/ Mt (2,1 /2) p(x)dx Vig >t >0, (4.6)
m—+1

mlm

where z, :=u,? and C depends only on m, ¢; and t. Formula (Z0]) follows as in [I8, Lemma 8.1]|.
Since

m+1l m+1l
(u?)t Cm Zﬁwl (zy), and Hzn”Lw(Rdx(o,oo)) = ||u’7||L°2°(Rd><(O,oo)) = ||u0||L30(Rd) )

from (4.6]) we deduce that

[ [,

for a suitable & > 0 independent of 5. Moreover, the validity of ft Ja | (2, 1) ‘ pn(z)dzdt < C”
for all ¢ > ¢; > 0 and for another suitable positive constant C” that depends only on m, ti, to

and uo is ensured by the conservation of mass {1l (with p = p,) and by the uniform bound on
l[tinl oo (a (0,00)) - L€t m € N. We now use (Ad) with & = &1, € C®(R?) such that

&HL=1 in By, & =0 in By,,
and with & = &, € C°°((0, 00)) such that

& =1 in (l,n), & =0 in (O,L)U@n,oo).
n 2n

The fact that H*(R?*1) is compactly embedded in L2 _(R?*1) (see e.g. [I9, Theorem 7.1]), and a
standard diagonal procedure allow us to pass to the limit as n — 0 in (£5) and get that the weak
limit w of {u,} satisfies

—/OT/RdU(:E,t)sDt(xt dxdt—i—/ /Rd ™) (x,1) (=A) % ()(w, t) dadt s
:@mmwwmmm

2
t)‘ po(@)dadt < kllug]""" Yty >t >0 (4.7)

M\m
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for all T > 0 and ¢ € C°(R? x [0,T)). The validity of (34 follows by plugging into (X)) the test
function p(z,t) := 9(t)Er(x), where g is a cut-off function as in Lemma [A3] and ¥ is a regular
approximation of x(o,). One then lets t; — 0 and R — oc.

The energy estimates (6] and (1) for u can be obtained reasoning exactly as above (one uses
again the fact that solutions are strong). 0

4.2. Stroock-Varopoulos inequality and smoothing estimate. Having at our disposal an
existence result for problem (@3], we can now let pup approximate p. In order to show that
the corresponding solutions converge to a solution of (LI, we need first some technical results.
We begin with a modification of the classical Stroock-Varopoulos inequality: it is proved here
for v € LR N H*(RY) with (—=A)*(v) € L'(R?%). Observe that, under the hypothesis that
v e LIRY) N H*(RY) with (—A)*(v) € LI(RY), for ¢ > 1, such an inequality can be found, e.g., in
[18] Section 5] or [4]. See also [I3] formula (2.2.7)] for a similar inequality involving general Dirichlet
forms. The present result seems to be new, in view of its functional framework, therefore its proof
is given in some detail.

Lemma 4.3. Let d > 2s. For all nonnegative v € L=(R%) N H*(RY) such that (—A)*(v) € L*(RY),
the inequality

() (= A (v)(z) dz 74((]71)
[ @Ear e @ > L [

holds for any q > 1.

Proof. We shall assume, with no loss of generality, that v is a regular function. Indeed, by standard
mollification arguments, one can always pick a sequence {v,} € C=(R%) N L>°(R%) N H*(R%) such
that {v,} converges pointwise to v, ||Un]lec < [|V|looc and {(—A)*(v,)} converges to (—A)*(v) in
L'(R?). This is enough to pass to the limit as n — oo on the Lh.s. of [@J), while on the r.h.s. one
exploits the weak lower semi-continuity of the L? norm.

Consider the following sequences of functions:

v i

AL
Yn(T) :=/ YT dy+(q—1)/ y*?dy Vo eR",
0

1

zvE

z/\% s ng
U, (x) ::/ Y= dy—l—(q—l)%/1 yz ldy VaeRT.
0

It is plain that v, and ¥, are absolutely continuous, monotone increasing functions such that
Yl (z) = W (2)]? for all z € RT. For any R > 0, take a cut-off function ¢z as in Lemma[A3l To the
function v one can apply Lemma 5.2 of [I8] with the choices ¢ = v, and ¥ = ¥,,, which yields

s 2
[ onlene)@) (-8 (o) de = [ (-8 alnn)) (o) do. (4.10)
Expanding the s-Laplacian of the product of two functions, we get that the Lh.s. of (£I0) equals

/1/Jn(§Rv)(~’0)§R(ZE)(*A)S(U)($)de+/ Un(Erv)(2)(=A)*(Er) (2)v(z) do
R4 Rd

1200, [ et [ S B 1) g,

By dominated convergence,

(4.11)

R—o0

lim/ Un(Er0) (@) ER(2)(=A)° (0)(z) de = [ Pn(v)(2)(=A)* (v)(x) dz.
R4 Rd



Our aim is to show that the other two integrals in ([@IT]) go to zero as R — oco. We have:

[ e @) (-8 (€n) w)o(e) da

d—2s 5y (4.12)
< (=AY (€r) <d+25 /{Ugi}vﬁ@)dan(llmoo)|v||oo/{wi}dw>
and
/Rd (€80 () /Rd (Er(z) —é}z(y;mf) — VW) 4,4z
<lolle [, Wnteroyo® [ En—enl)l dydac>é (4.13)

1 d—2s]? d+2s 2 :
< Joll e s (€R)IZ, { ]/ UZm(dewn(anm)]/ de|
" d+2s] Ji<1y {o>1}

where I, is defined in Lemma Thanks to the scaling properties of both (—A)*(¢g) and I4(€R)
(Lemma [A3), it is immediate to check that limpr_e0 [[(—A)*(€R)]lcc = limpr—oo [|Is(€R)||ec = O.
Moreover, notice that v € Lﬁ(Rd) N L>®(RY) (see [T9, Section 6] or Lemma 4 below). In
particular, v also belongs to L2ta (R9). Thus, letting R — oo in [@I2) and [@EIJ), we deduce that
the last two integrals in ([@II]) vanish, so that we can pass to the limit on the Lh.s. of ([@I0). On
the r.h.s. we just use the fact that (—A)3 (¥,,(£gv)) converges to (—A)2 (U, (v)) weakly in L?(R9).
This proves the validity of

¢n(v)(z)(*A)s(v)(fE)d$2/ |(=2)3 (2, (0)()]” da. (4.14)
R4 Rd

The final step is to let n — oo in [EI4]). It is clear that the sequence {t,(x)} converges locally
uniformly to the function -1, while {¥,,(z)} converges locally uniformly to 2(¢— 1)z 2% /q. Hence,
{¢n(v)} and {¥,,(v)} converge in L=(R?) to v7~! and 2(q — 1)2v% /q, respectively. This is enough
in order to pass to the limit in (ZI4) and obtain (9]). O

Lemma 4.4. Let d > 2s and assume that p satisfies [L2) for some v € [0,2s) N [0,d — 2s] and
Yo € [0,7]. There exists a positive constant Coxn = Coxn(C,7, s,d) such that the Caffarelli-Kohn-
Nirenberg-type inequalities

1 o s
lolly, < Corn [[(=2)2 ()| Ioll35T Yo e LE(RY) N H*(RY)

hold for any o> 0, p>1 andq:2(d7'y)(oz+1)/[(d77)%+d725}.

Proof. See e.g. [12, Theorem 1.8], where one considers the Sobolev inequality corresponding to o = 0
here, and then uses an elementary interpolation. O

Lemmas and 4] provide us with some functional inequalities which are crucial to prove the
following smoothing effect for solutions to (Z3).

Proposition 4.5. Let d > 2s and assume that p satisfies (L2) for some v € [0,25) N[0,d — 2s]
and o € [0,7]. There exists a constant K > 0 depending only on m, v, s, d and C such that, for
all nonnegative initial datum ug € L,lj(Rd) N L>(R?) and the corresponding weak solution u to ([E3)
constructed in Lemma[{-Z, the following LPo~L> smoothing effect holds for any po € [1,00):

[u(t)]l o < K70 Juoll V>0, (4.15)

where
= d—7 — (25 —7)po
T DA+ 2s— )0 bo = (m—1)(d—~)+ (25 —7)po (4.16)
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Proof. We omit the details, since the claim follows as in [I8, Theorem 8.2] by means of a standard
parabolic Moser iteration. Nevertheless, notice that the proof relies on the Stroock-Varopoulos
inequality (which has to hold for the precise set of functions stated in Lemma B3], the Caffarelli-
Kohn-Nirenberg type inequalities provided by Lemma 4] and the fact that the LP norms do not
increase along the evolution (see Section FLH]). O

4.3. Proof of the existence result. We outline the main steps of this proof. Suppose first that u
is compactly supported. Consider the family {u.} of weak solutions to (II]) that take on the regular
initial data g := e * p (let € > 0), where ¢, := 21 (£) with ¢ € Dy (R?) and [|¢[|; = 1. The
existence of such family is ensured by Lemma[£2} upon setting ug = p~'j.. In view of certain a priori
estimates (see (£I17), (£I8) and (£I9) below), we prove that {u.} converges (up to subsequences),
as ¢ — 0, to a function w which satisfies 1)), (32) and B3). Afterwards we deal with [B.4]). To
do this, we exploit some results in potential theory, following [34] or [42], using the Riesz potential
Ue(+,t) of p(-)us(-,t). Then we let € — 0; in doing this, a uniform estimate w.r.t. ¢ for the potentials
(see ({23 below) will be crucial. Finally, we consider general positive finite Radon measures u, by
a further approximation.

Proof of Theorem[32 For any € > 0, let u. be as above. Combining the smoothing effect (£IH])
with the fact that ||p.||, = u(R?) and with the conservation of mass (@], we obtain:

/Rd ulH(z,t) pla)de < Jue(O2 [lpell, < K™t p(RE)H™ (4.17)
for all t > 0. Hence, using [B.6)), (1) and [@I7) we get:
ta
[ 160 @) 0 dude+ [ o) pa)de < K7 aem @O0 @as)
t1 R4 Rd

/2/ [(2<), (z,1)|* p(z)dzdt < C'/ ™ (z,t1/2) p(x)dz (4.19)
t1 JRre

Rd

for all to > t; > 0, where z. := u:% and C’ is a positive constant that depends on m, t1, t2 but
is independent of €. Thanks to [@IF)), (ZI9), the conservation of mass and the smoothing effect
(which, in particular, bounds {u.} in L>®(R? x (7,00)) for all 7 > 0 independently of ¢), we are
allowed to proceed exactly as in the proof of Lemma That is, we obtain that the pointwise limit

u of {uc}, up to subsequences, satisfies (BI), (32) and B3).
Let us now introduce the Riesz potential U (-, t) of p(-)u(+,t). The equation solved by u. is

p(x)(ue)e(z,t) = — (=A)° (™) (z,t) VY(z,t) € RE x RT. (4.20)

Applying to both sides of ([@20) the operator (—A)~*, namely the convolution against the Riesz
kernel Irs (recall the discussion in Section ), formally yields

(U.), (x,t) = —ul*(x,t) ¥(z,t) € RT x R, (4.21)

To prove rigorously ([@21]), we plug into B3)) (with u = wu.) the test function p(y,t) := J(t)o(y),
where 9 is a smooth and compactly supported approximation of [, +,) and ¢ € D(R?). Integrating
by parts (in space), letting ¥/ tend to X[, +,) and replacing the function ¢(y) by ¢(y + ), with z € R
fixed, we get:

/‘%@Jﬂwy+@pwmy—/‘w@¢ﬂwy+@p@My
R4 Rd

— [ ([ ) care "
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Integrating (L22) against the Riesz kernel Irs(x) and using Fubini’s Theorem gives (let z = y + z)

/Ue(z,tg)qb(z)dz—/ Us(z,t1)p(2) dz

- /R </tt u(y, 1) dt> </Rd(A>S(¢>(y + ) Ios () dz> dy = —/Rd (/tt u™ (y, 1) dt) o(y) dy.

4.23
The applicability of Fubini’s Theorem is justified thanks to Lemma [A-5], Lemma [A.1] (recalg thaé
d —2s >~ by assumption) and to the fact that f:f ul™ (-, t) dt belongs to L}(R%) N L>(R?) by B.I).
By Lemma 2] and Definition Bl we know that pu.(t) converges to u. in a(M(R), Cy(R?)) as

t — 0. Hence, letting t; — 0 in [@23]), we find that

/Rd Ue(x,t2)d(x) do — /Rd Uk ()é(z) do = _/

R

to
(/ ul*(z,t) dt) o(x) dx (4.24)
2 \Jo
for all £, > 0 and ¢ € D(R?). In fact,

/Rd Ue(w,t1)¢(r) do :/Rd </Rd Lng(x — y)p(y)us(y,tl)dy) é(x) dz

-/ ( [ 1ty 2100) da:) p)ue(y, 1) dy

U®(y)

and in view of Lemma [AH we know that, in particular, U? € Cy (Rd), which allows to pass to the
limit in the integral as ¢t; — 0. Thanks to the smoothing effect, the conservation of mass and the
hypotheses on p, we can provide the following bound for (Z24]):

/Rd Ue(z,t2)¢(z) da —/ Ut (z)p(x) dz

Rd

t
< ool K ey Rm ey [Ty,
- (oo}
0
(4.25)
Note that the time integral in the r.h.s. is finite since a(m — 1) < 1 (recall (£I6) for po = 1). We
proved above that {u.} converges pointwise a.e. (up to subsequences) to a function u which satisfies

BI), B2) and B3). If we exploit once again the smoothing effect and the conservation of mass,
we easily infer that such convergence also takes place in (M (R?), Co(R9)):

ligé puc(t) = pu(t) in o(M(R?),Co(R%)), for a.e. t>0. (4.26)

Using ([@LZ6), the fact that p. — p in o(M(R?), Cy(R?)) and proceeding exactly as we did in the
proof of (£.24), we can let ¢ — 0 in ([£25) to get

/R Ule,t2)9(e) do - / U (2)o(z) dz

to
< Hp_ld)Hoo Km—l H(Rd)1+ﬂ(m—1)/ t_a(m_l)dt
R

’ (4.27)
for a.e. to > 0 and ¢ € ’D(Rd)7 where we denote as U the potential of pu. Note that, passing to the
limit in @24)) for any nonnegative ¢ € D(R?), we deduce in particular that U(z,t) is nonincreasing
in t. Moreover, [@LZT) implies that U(t) converges to U* in Li (R?), whence

}ir% Uz, t) = Ulz) for ae. x € RY. (4.28)
—

Letting € — 0 in the conservation of mass (1) (applied to u = u. and pu = p.), by means e.g. of
Fatou’s Lemma we obtain

u®l,, < w(R?)  for ae. t>0. (4.29)
Due to the compactness results recalled in Section 2 from (£29) we infer that (almost) every
sequence t, — 0 admits a subsequence {t,, } such that {pu(t,,)} converges to a certain positive
finite Radon measure v in o(M(R?), C.(R9)). Thanks to (Z28) and [28, Theorem 3.8] we have that
U”(x) = U (x) almost everywhere. Alternatively, such identity can be proved by passing to the limit
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in [p. Uz, ty,)¢(z) dz, recalling that U(t,,) — U* in L (R?) as k — oo. Theorem 1.12 of [28]
then ensures that two positive finite Radon measures whose potentials are equal almost everywhere
must coincide. Hence, v = i and the limit measure does not depend on the particular subsequence,
so that

lim pu(t) = p  in o(M(R?), C.(R?).

t—0

In order to show that convergence also takes place in o(M(R?), C,(R9)), it is enough to establish
that

: _ d
tim ()], , = p(RY). (4.30
Since pu(t) converges to p in o(M(R?), C.(R%)) as t — 0, we know that
dY < Timi
p(RY) < hg(i}lglf [|u(t)

see again Section 2 But (£3I)) and (£29) entail (£30).

Finally, the validity of the smoothing estimate ([B.3]) is just a consequence of passing to the limit
in (@I5) (applied to us and pg = 1) as € — 0 (recall that {u.} converges pointwise to u).

At the beginning of the proof we required p to be compactly supported. Otherwise, take a
sequence of compactly supported measures {j,} converging to p in o(M(R?), Cy(R9)) and consider
the corresponding sequence of solutions {u,} to (LI). Estimates ([I8) and [@I9), as well as the
conservation of mass and the smoothing effect, are clearly stable as € — 0, thus they also hold upon
replacing u. with u,, and p. with u,. Hence, using the same techniques as above, one proves that
{u,} converges to a solution u of (LI)) starting from pu. O

(e (4.31)

4.4. Existence and uniqueness of initial traces. In order to prove Theorem B.3] we need the
next preliminary result.

Lemma 4.6. Let v be a signed finite Radon measure such that UY > 0 almost everywhere. Then
v(R?) > 0.

Proof. From the assumptions on U” and thanks to Fubini’s Theorem, there holds

/xBn<y>U”<y>dy=/ (128*><Bn><x>du=kd,s/ (/ |x—y|—d+25dy)duzo VneN.
R4 Rd R4 By

(4.32)
Performing the change of variable z = y/n, the last inequality in ([@32]) reads

/ </ |x/nz|d+25dz> dv>0 VneN. (4.33)
R \J B,

It is plain that for every € R? the sequence g, lz/n — z|79*25dz} converges to the positive
constant fBl |z|~9*2% dz and it is dominated by the latter. Passing to the limit as n — oo in ([@33),
we get the assertion by dominated convergence (recall that v is finite). O

Proof of Theorem[3:3 Consider a function u satisfying (B1I)), (32) and 33]). Monotonicity in time
of the associated potential is proved as we did after (£2]]): notice that, for such an argument to work,
the running assumptions on + are required. The same proof holds if, instead of u € L>(R% x (1, 00)),
u is only supposed to satisfy j;tf um(-,T)dr € L})(Rd) for all to > ¢t1 > 0. Existence of an initial
trace p, meant as convergence in o(M(R?),C,(R%)) along subsequences of a given sequence of
times tending to ¢t = 0, follows by compactness, since we are assuming that solutions belong to
L>((0,00); L} (R%)). Uniqueness of such a trace is established proceeding as we did after [H28),
using the monotonicity of potentials and the results of [28].

We are left with proving that convergence to u takes places also in o(M(R?), Cy(R?)), namely
that esslimy_o [pa u(z,t) p(z)dz = p(R?). By weak® lower semi-continuity, it is then enough to
show that esslimsup, o [pa u(z,t) p(z)dz < u(RY). Let U(-,t) be the potential of {p(-)u(-,t)}.
Again, the monotonicity in time of U(-, ) and the first part of the proof ensure that U* —U(-,t) > 0
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almost everywhere. Therefore, Lemma applied to the signed finite Radon measure dv = du —
u(z,t)p(z)dz entails p(R?) > [o, u(z,t) p(z)dz. Letting ¢t — 0 concludes the proof.
O

4.5. Strong solutions and decrease of the norms. In order to justify rigorously some of the
above computations, it is essential to show that the weak solutions constructed in Lemma are
strong. By a “strong solution”, following [I8] Section 6.2], we mean a weak solution u such that
uy € L>®((7,00), LL(R?)) for all 7 > 0. The fact that our solutions are indeed strong can be proved
as in [I8, Section 8.1|. The first step consists in showing that p(-)u.(-,t) is a finite Radon measure
which satisfies the estimate

lpue(®)] o ol gy (4.34)
pug M(RD) = (m — 1)t ) .

where now, by M(R?) we mean the Banach space of signed finite Radon measures on R?, equipped
with the usual norm of the variation. As in [43] Lemma 8.5], this follows by using the inequality

/ fu(w, ) — i, £)), plw)da < / fuo(a) — io(@)],. pla)de ¥t >0, (4.35)
Rd R4
where v and @ are the solutions to (L3]) constructed in Lemmal[4.Z corresponding to the initial data

ug and g, respectively. Such inequality does hold for the approximate solutions u, and @, used in
the proof of Lemma (see [38, Proposition 3.4]), whence ([£37]) follows by passing to the limit.

Afterwards, as [I8, Lemma 8.1], one proves that z := w3 fulfills @B20). In particular,
2 € Lo ((0,00); L2(RY)). (4.36)

Thanks to ([E34) and (&34]), the abstract result contained in [6, Theorem 1.1] ensures that u; €
L ((0, oo);Lfl)(]Rd)). In particular, (Z34)) holds with ||pu¢(t)|| p(ray replaced by [[ut(t)]|1,,, whence
the assertion.

An important consequence of the fact that the solutions constructed in Lemma are strong is
the decrease of their LT norms for any p € [1,00]. Indeed, by definition of strong solution, for any
p € (1,00), we are allowed to multiply the differential equation in (@3] by uP~! and integrate in
R? x [t1,ts]. By Stroock-Varopoulos inequality @3) (let v = u™ and ¢ = (p +m — 1)/m), we get

/Rd “p(z’mp(@dx*/ uP (@, th) pla)dr = —p/ /R WP (@, £)(—A)F (u™) () dadt < 0 (4.37)

Rd
for all to2 > ¢; > 0. The validity of (@37) down to t; = 0 follows by using the approximate

solutions {u,} from the proof of Lemma and letting 1 — 0. The case p = oo can be handled by
approximation.

5. UNIQUENESS OF WEAK SOLUTIONS

Prior to the proof of Theorem B4 we need some technical lemmas. Hereafter, by “weak solution”
to (L)), we shall mean a solution in the sense of Definition Bl

Lemma 5.1. Let d > 2s and assume that p satisfies (L2) for some v € [0,2s) N [0,d — 2s] and
Y € [0,7]. Let u be a weak solution to [(LIl). Then the potential U(-,t) of p(-)u(-,t) admits an
absolutely continuous version (in Li (R?)) which is nonincreasing in t.

Proof. One proceeds as in the first part of the proof of Theorem B2 using the same techniques we
exploited to prove ([@21]) rigorously. O

Lemma 5.2. Let d > 2s and assume that p satisfies (L2) for some v € [0,2s) N [0,d — 2s] and
Yo € [0,7]. Let u be a weak solution to (1)), taking the initial datum p whose potential is U*. Then
there holds

138 Ulx,t) =U"(x) VYoeRe (5.1)
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Proof. Tt is a direct application of Theorem 3.9 of [28] but, for the reader’s convenience, we give
some details.

Thanks to Theorem 3.8 of [28] and to the monotonicity ensured by Lemma B we have that
the limit in (510 is taken at least for a.e. # € R? However, for what follows it will be crucial
to prove that it is taken for every x € R? To this end we make use again of the monotonicity
property provided by Lemma Bl In fact, Lemma 1.12 of [28] shows that, as a consequence of the
monotonicity of potentials, there exists a positive finite Radon measure v, whose potential is denoted
by U, and a constant A > 0 such that

%iirglU(:E,t) =U"(xz)+A YreR?.

Since (&) holds almost everywhere,
Ur(z) =U"(x) + A for a.e xR, (5.2)

But using the corollary at page 129 of [28], from (.2)) we deduce that necessarily A = 0. Hence,
(E2) implies that UY = U* almost everywhere, and from Theorem 1.12 of [28] we know that two
potentials coinciding a.e. in fact coincide everywhere, whence (G.I) follows. il

5.1. Main ideas in the proof of uniqueness. Since the proof of Theorem [B.4]is rather delicate,
we point out its main ingredients. We should note that from a general viewpoint it is based on a
“duality method”, and in particular it is modeled on the uniqueness proof given by M. Pierre in [34].
We comment again that our uniqueness result seems to be new even if s = 1, in the weighted case,
orif p =1 when s € (0,1).

Let uy and us be two weak solutions to (ILI]) such that they both take a common positive, finite
Radon measure p as initial datum. We denote as U;(-,t) and Us(-,t) the potentials of p(-)us(-,t)
and p(-)uz(-,t), respectively. Fix once for all the parameters h, T > 0 and consider the function

gz, t) == Us(a,t + h) — Up(z,t) V(x,t) € RY x (0,T]. (5.3)

Proceeding again as in the proof of Theorem (under the hypothesis v < d — 2s, see the proof of
([EZ1)), we get that g(-,t) is an absolutely continuous curve (for instance in L (R%)) satisfying

p(@)ge(x, 1) = p(x) (u(2,1) — uz'(2,t + h)) = —a(z, 1)(=A)*(9)(z, 1) (5.4)
for a.e. (z,t) € R x (0,T), where we define the function a as
ul" (z,t)—ud (z,t+h .
oy [EEREEER ) a4,
0 if uy(x,t) =us(x,t+h),

(5.5)

and we used the fact that, thanks to the properties of Riesz potentials,

(—A)(9)(z,t) = p(x)uz(z,t + h) — p(x)us(z,1) .
Note that, since m > 1 and uj,us € L®(R? x (7,00)) for all 7 > 0, a is a nonnegative function
belonging to L>°(R? x (7, 00)) for all 7 > 0.

Hence g is a solution to the linear fractional equation (54)). Moreover, by Lemmas [B.1] and B2]
g(z,0) < 0 for a.e. # € R If we could apply the maximum principle, then we would get g < 0
in R% x (0,00). This would imply u; < uy and, by interchanging the roles of u; and us, u; = us.
However, a priori a maximum principle is not available for solutions to ([&4]). We then consider the
“dual” problem

o, T) =)  onRIx{T},

for any ¢ € D, (R?). Suppose for a moment that it admits a unique smooth solution (. Multiplying
BA4) by ¢ and integrating by parts we formally obtain

/ o, T)p(a)(z) dz = / o (,0)g(x, 0) do. (5.6)
Rd

Rd

{p(m)tpt = (=A)*(ap) in R?x (0,7),
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The conclusion would again follow should a maximum principle for (58) hold, and in order to justify
rigorously its applicability a further approximation is necessary. In fact, for every n € N and € > 0,
we consider a family {1, .} which solves, in a sense that will be clarified later, the problem

{pm (ne), = (A) [(an +€) Pne] in R % (0,T),
Une =1 on R? x {T},

where 1 € Dy (R%). The sequence {a,} is a suitable approximation of the function a defined in
(EEH). In particular we suppose that, for every n € N, a,(x,t) is a piecewise constant function of ¢
(regular in z) on the time intervals (' — (k + 1)T/n,T — kT /n], for any k € {0,...,n — 1}. Thanks
to Theorem [B7] and to Proposition [B] below, we are then able to treat problem (5.7) by means of
standard semigroup theory. Here the Markov property for the linear semigroup associated to the
operator A = p~1(—A)® will have a crucial role. Let us mention that in [34, Theorem 1], where
s =1, p =1, in view of standard parabolic theory it was not necessary to approximate the function
a by a piecewise constant function of t. Using the family {¢,, .} and passing to the limit as n — oo
and then as ¢ — 0 we get the next crucial identity:

/ g(z, T)(x) p(x)dx = / g(x,t)dv(t) forae.t e (0,T), (5.8)
R R4

where {v(t)} is a specific family of positive finite Radon measures. More precisely, v(t) is the limit
in o(M(R?), Cy(R?)) as e — 0 of {p(-)¢c (-, 1)}, where ¢ is in turn the weak limit in L2(R* x (7,T))
(for all 7 € (0,T)) as n — oo of {4, - }. Note that, roughly speaking, (5.8) corresponds to identity
(E5) in the previous formal argument. Finally, we prove rigorously that the r.h.s. of (58] has a
nonpositive limit as ¢ — 0, whence the conclusion follows.

(5.7)

5.2. Construction and properties of the family {v,, .}. We begin our proof by introducing the
functions ¥, ., which formally solve (G5.1)).

Lemma 5.3. Let d > 2s and assume that p satisfies (L2) for some v € (0,2s). Let {a,} be a
sequence of functions converging a.e. to the function a as in (&) such that:

o for anyn € N and t >0, a,(x,t) is a reqgular function of x;

o for anyn € N and v € RY, a,(x,t) is a piecewise constant function of t on the time intervals

(T — (k+1)T/n, T — kT /n], for any k € {0,...,n—1};

o {llanllLoemix (r,00))} 5 uniformly bounded in n for any T > 0.
Then, for any e > 0 and any 1 € D1 (RY), there exists a nonnegative solution n.e to problem (.1,
in the sense that \y, < (-,t) is a continuous curve in LE(R?) (for all p € (1,00)) satisfying in (-, 0) =
P(+,0) and it is absolutely continuous on (T — (k+ 1)T/n,T — kT /n) for all k € {0,...,n —1}, so
that the identity

e 12) — e t1) = / T =AY [(an + &) ] (1) dr (5.9)
Vit € <T— E+ DT 4 %T) VEE{0,...,n—1}

holds in Lg(Rd) for all p € (1,00). Moreover,
Une € LZ((0,T); LHRY) Vp e [L,00] and [$nc(t)ll,, < Il¥ly, Vte0,T]. (5.10)

Proof. To construct ¥, . as in the statement, we first define ¢; as the solution of

{p@) (G1), = (=A)* [(an(T) +€) 1] inR? x (T - Z,T), (5.11)
41:1/} OanX{T}.

To construct such a solution, one can for instance exploit the change of variable

o1(x,t) == (an (2, T) +¢) G (x,t), (5.12)
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where ¢; is the solution of

(61); = (an(T) +€) p~ ' (=A)*(¢1) m R (T -7, T),

¢1 = (an(T) + )¢ on R x {T}.
Problem (B5I3) is indeed solvable by standard semigroup theory. In fact, consider the operator
Ay = pTH(—=A)®, where we have set py () := (an (z,T) + €)' p(z), with domain Xopo = Xs,p (see
Definition B6]). A; is positive, self-adjoint and generates a Markov semigroup on L,%l (R9). These
properties follow from Theorem [3.7] Our initial datum ¢; belongs to Lb (RY) for all p € [1,00],
and this is enough in order to have a solution to (BI3) which is continuous up to ¢ = T and
absolutely continuous in (T — %, T) in LP, (R9) for all p € (1,00). In fact, the semigroup associated
with A; enjoys the Markov property and therefore, as a consequence of [I3, Theorems 1.4.1, 1.4.2],
can be extended to a contraction semigroup on L (R9) (comsistent with the original semigroup on
L2 (RN Ly (R9)) for all p € [1,00], which is analytic with a suitable angle 6, > 0 if p € (1,00). By
classical results (see e.g. [33l Theorem 5.2 at p. 61]) the latter property ensures in particular that
problem (B.13) is solved by a differentiable curve ¢;(-,t) in L5 (R9) for all p € (1,00). Going back
to the original variable ¢; through (512)), we deduce that it solves (1)) in the same sense in which
¢1 solves (I3). Having at our disposal such a (3, we can then solve the problem

(@) (G2), = (=8)* [(an (T = ) +¢) ] R x (T =21, T = 7)),
G = (an (@, T) +2)"" ¢1 on RY x {1 — L},
just by proceeding as above. That is, we perform the change of variable
T
¢a(x,t) = (an (z,T — 5) + 5) Ca(x,t)
and take ¢o as the solution of

{(%)t = (an(T=I)+) p (-A)*(¢2)  ImRIx (T—2ZL,7-1),

(5.13)

an(T—2
b2 = (au(T = D)) ¢ = LT g on R {7~ T},

It is clear how the procedure goes on and allows us to obtain a solution ), . to (57 in the sense of
the statement, just by defining it as

Une(r) = Gy (1) V€ <T (k+0T kT

T— |, Vk cm—1}.
) n:|7 V 6{05 7n }

Finally, since

PI;L(_A)S
generates a contraction semigroup on L (R%) for all p € [1,00], where
kT !
Prr1(x) == (an (w,T - 7) + 5) plx), (5.14)
the inequalities

(an(T —EL) 4 ¢) kT
t < 2 T—— 5.15
o, < | 7 3 (r-5) (5.15)

PsPk+1

(k+1)T kT

Vte<T ,TF],VpG[l,oo]

n
hold for any k& € {0,...,n — 1} (on the r.h.s. of (BI0) for k¥ = 0 we conventionally set ¢g = ¥
and a, (T + T/n) + ¢ = 1). Going back to the variables (;11 and recalling (514), from (G.I35) one
deduces (BI0): in fact, for p = 1 it is easy to see that the terms containing a,, cancel out and give
the corresponding inequality, while for p > 1 such terms remain and one obtains an inequality of
the type of ||t o(t)]|p,p < C(n,€)||¢0]p,p, where C(n,€) is a positive constant depending on n,e. [
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Lemma 5.4. Let d > 2s and assume that p satisfies (L2)) for some v € (0,2s) N (0,d — 2s]. Let g
be as in @3), a as in BH) and ay, Pne, ¥ as in LemmalZ3 Then the identity

[ ot 1y0@ stz [ glativn(o.0) pa)da
* (5.16)

Rd
:/t /]Rd (an(l', T) +e&— a(ZL', T)) (*A)S(g)(z, 7_) 7/)”15(567 7_) dedr

holds for all t € (0,T].

Proof. To begin with, let us set ty, := T'(n—k)/n for all k € {0,...,n}. Recall that, from Lemmal[5.3]
Yn.e(+, 1) is a continuous curve in Lg(Rd) on (0, T, absolutely continuous on any interval (¢541, t) for
k€ {0,...,n—1} and satisfying the differential equation in (5.7)) on such intervals, for all p € (1, c0).
Moreover, ¢(-,t) is an absolutely continuous curve in Lg(Rd) on (0,7] for all p such that

d—
pe(d;s,oo>. (5.17)

Since g(z, ) is a continuous function of x (recall LemmalA.G]) and the weight p(x) is locally integrable,
in order to prove that g(-,t) € L5(R?) for all p as in (BI7) it suffices to show that g(-,¢) € LE(BY).
To this end, still Lemma [A6] ensures that g(-,t) € LP(R?) for all p satisfying (ATII): the latter
property and Hélder’s inequality imply that g(-,t) € Lb(B{) for all p as in (Z.I7).

The fact that g(-,t) is also absolutely continuous in L(R?) on the time interval (0,77 is a con-
sequence of (54) and of the integrability properties of ui,us. Hence, due to Lemma B3] we get
that

L /]Rd g(x, ) (2, ) p(x)de (5.18)

is a continuous function on (0,77, absolutely continuous on each interval (¢1,t;) and satisfies

@ oo 9@ Ve (@ 1) plz)dz

- - {70’(:67 t)(fAf(g)(;L', t) wn,s (:L', t) + g(:C, t) (7A>S [(an + 5) wn,s] (:C, t)} dz

(5.19)

there. As we have just seen, g(-,t) € Lg(Rd) for all p satisfying (BI7) and p~1(-)(=A)*(g9)(-,t) €
L’;(Rd) for all p € [1,00]. Moreover, as a consequence of Lemma [53, we have that (a,(-,t) +
(1) € Lg(Rd) for all p € [1,00] and p~1(-)(=A)*[(an(,t) + &)n(-t)] € Lg(Rd) for all
p € (1,00). We are therefore in position to apply Proposition [Bl to the r.h.s. of (5I9) (note that
the interval ((d —)/(d — 2s),00) N [2,2(d — v)/(d — 2s)) is not empty) to get that

g(xat)lﬁn,e(%t) p(:z:)dx = / (an(x’t) +e _a(xat)) (—A)s(g)(x,t) lpn,E('T’t) dz. (5'20)

E Rd Rd

But the r.h.s. of (5.20) is in L!((7,T)) for any 7 € (0,T), from which (5.I8) is absolutely continuous
on the whole of (0,7] and not only on (tx11,t;). Integrating (520) between ¢t and T then yields

EIH). 0
Now we prove a key “conservation of mass” property for ¢, ..

Lemma 5.5. Let d > 2s and assume that p satisfies (L2) for some v € (0,2s). Let 1y o and i) be
as in Lemma 23 Then the L}) norm of Yy (-, t) is preserved, that is

/Rd Une(z,t) plx)de = y Y(z) p(x)de vVt e (0,T]. (5.21)
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Proof. Multiplying (53) by any ¢ € D(R?) and integrating in R%, we obtain:

/wngxt dx—/wngxt (x) p(x)da

- [ 8@ ( [ @)+ vncton) dT> dr

for all ¢.,t* € (tp11,tx). Since the L} norm of ¢, (-, ) is bounded by the L} norm of the final

datum ¢ (recall (5I0)), from (5.22) we get:

(5.22)

[ tncta )@ p@ids = [ (ot )o@ p@da] < Cle =t il o7 (<8,
(5.23)
where C := ||y + €| oo (rax (t. at+, 1)) 1S @ positive constant independent of n and €. Replacing ¢

with the cut-off function £g (defined in Lemma [AZ3]) and estimating the r.h.s. of (523 as in the
proof of Proposition [A.]] yields

‘/Rd Vn.e(,t")ER(2)p(x)dr — /Rd Ve (2, t.)ER(2) p(x)da

<CI" =t [l , " (B2 + R72F) (1 + |2)(=2) ()]

for all R > 0 and t.,t* € (tg+1,tk), ¢ being as in (L2). Recalling that 1, .(-,¢) is a continuous
curve (for instance in L2(R?)) on (0,7], we can extend the validity of (G.24) (and (E23)) to any
t,t* € (0,T]. By choosing t* = T and letting R — oo in (5.24]) we finally get (G.21)). O

(5.24)

In the next lemma we introduce the Riesz potential of p(-)y (-, t), which will play a fundamental
role below.

Lemma 5.6. Let d > 2s and assume that p satisfies (L2)) for some v € (0,2s)N(0,d — 2s]. Let ay,
Yne and ¢ be as in LemmalZ3. We denote as H,, .(-,t) the Riesz potential of p(-)in <(-,t), that is

Hy,e(@,t) = [Ios * (p(Vne( )))()  V(z,t) €RT x (0,T].
Then H,, .(-,t) € H*(R?) and the identity

T
o e = el 2 [ [ (anler) +2) 02 ol ploddodr— (525)
t
holds for all t € (0,T)].
Proof. First notice that p=!(-)(=A)*(Hpc)(-,t) = thnc(-, 1) € LA(R?) for all p € [1, 00] (recall (G.I0))
and H, c(-,t) € Lb(R?) for all p satisfying (5.I7) (this can be proved by exploiting Lemma[A.flexactly

as in the proof of Lemma[5.4]). Again, since the interval ((d —~)/(d—2s),00)N[2,2(d—~)/(d —2s))
is not empty, applying Proposition [Bdl we get that H,, .(-,t) € H*(R?) and the identity

||Hn€(t)||§{3 = /d Hy(x,t) (=A)° (Hpe) (z,t)de = /d Hyc(z,t)hn.c(x,t) plx)de (5.26)
R R
holds. Thanks to the validity of the differential equation
(Hne), (z,t) = (an(z,t) + ) Ype(z,t) forae. (z,t) € RY x (0,7T), (5.27)
which can be justified as we did for (4], taking the time derivative of (B20]) in the intervals
(tgt1,tr), using (27, (B1) and again Proposition [B] we obtain:
GO =2 [ (elet) +2) 02 (.0) plo)ia. (5.25)

A priori, from (5.26]), we have that || H, o(¢)||%. is continuous on (0,7] and absolutely continuous
only on (tx11,tx). However, the r.h.s. of (528) is in L!((7,T)) for any 7 € (0,T). Hence, ([525) just
follows by integrating (5.28)) from ¢ to 7. O
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5.3. Passing to the limit as n — oco. The goal of the next lemma is to show that, as n — oo,
{tn e} suitably converges to a limit function . that enjoys some crucial properties.

Lemma 5.7. Let d > 2s and assume that p satisfies (L) for some v € (0,2s) N (0,d — 2s].
Let uy and ug be two weak solutions to problem ([I1l), taking the common positive finite Radon
measure i as initial datum. Let g be as in (B3), a as in (@H) and 1y, ¢ as in Lemmali3 Then,
up to subsequences, {{nc} converges weakly in L2(R? x (7,T)) (for all T € (0,T)) to a suitable

nonnegative function . and {p(-)thn.c(-,t)} converges to p(-)v<(-,t) in o(M(R?), Cy(R?)) for a.e.
€ (0,T). Moreover, 1. enjoys the following properties:

we(x t) p(x)dx = y () p(x)de, (5.29)

[ plarete) e = [ e thpta) la)da

T (5.30)
=/Rd(—A)s(sO)(:v) (/ (a(x,7) + &) ¢ (2,7) dT> da,

t

/ oz, TY () pla)dz — / o, e (2, 1) pla)da
Rd Rd

<e (T =) 19l llua(T + h) = wa(T)l| oo (s 2.1

for a.e. t € (0,T), for any ¢ € D(RY).
Proof. From (28] one gets that, up to subsequences, {t¢, .} converges weakly in Ll% (Rd x (T, T))
(for all 7 € (0,T)) to a suitable ¢.. Moreover, thanks to the uniform boundedness of {p(-)¢n (-, 1)}
in LY(RY) (see (5I0)), for every t € (0,7 there exists a subsequence (which a priori may depend on
t) such that {p(-)tnc(-,t)} converges in o(M(R?), C.(R?)) to some positive, finite Radon measure
v(t) (recall the preliminary results of Section ). We aim at identifying (at least for almost every

€ (0,7)) v(t) with p(-)1 (-, t), so that a posteriori the subsequence does not depend on ¢. In order
to do that, let ¢ € (0,T) be a Lebesgue point of ¢ (-,¢) (as a curve in L'((7,T); L2(R%)). Taking
any o € D(R?) and using (5.23), we obtain:

(5.31)

t+48

t+6
/ e (2, 7)p(2) plar)dzdr — / e (2, () pl)dadr
t Rd

Rd
t+6
S /
t Rd

t+4
S/t Cr=t) 1l [lp™ (=) ()| dT*—CH?/)IIlprf1 A) ()] o

for all ¢ sufficiently small. Letting n — oo (up to subsequences) in ([B.32]) yields

t+6
[ [ et net@ padsdr =5 [ o) ane)
t R4 R
Dividing (&33) by § and letting § — 0 one deduces that (recall that ¢ is a Lebesgue point for ¢ (-, t))
[ bl tolo) ployda = [ playante).

Rd
which is valid for any ¢ € D(R?), whence 1. (z,t)p(z)dx = dv(t).
We now prove the claimed properties of ¢.. Letting n — oo in (&24) (with t* =T and t. = t)
and using the just proved convergence of {p(-)i, (-, 1)} to p(-)1:(:,t) in a(M(RY), C.(RY)), we get

/ V@) (@) pla)de = [ (o0 (o) pa)ds

=) ¢l et (B + RT*F) (L + [2) (=) ()l

dr (5.32)

Ve (2, 7)o( dx—/ Ve (2, t) () p(x)da

52
< SCIly, P ()@, - (5:33)

(5.34)



20 GABRIELE GRILLO, MATTEO MURATORI, FABIO PUNZO

for a.e. t € (0,T), ¢ being as in (LZ). Letting R — oo in (E34) we deduce ([29). Thanks to (B21))
and ([5.29) we infer in particular that

T [[9ne(t)l1,0 = (9=l

so that the convergence of {p(-)1n c(+,t)} to p(-)¥(,t) also takes place in o(M(R?), C(RY)). Re-
calling that g(-,¢) belongs to Cy(R?) (Lemma [AL6]), we can let n — oo in (5I6) to obtain

/ o, TY (@) pla)dz — / 9, e (2, 1) pla)de
R4

Rd

n—r oo

=, im (/t /R (an(z,7) + € —a(2,7)) (=A)(9)(2, ) Yn.e(2,7) dwdf)
(5.35)

n— o0

= lim </t /Rd (an(z,7) +e—alz, 7)) (w2, 7+ h) —ur(z, 7)) Yne(z,T) p(:z:)dxdr)

T
:{-:/t /Rd (ug(z, 7+ h) —ur(z, 7)) Ve (x,7) p(x)dadr for ae. t € (0,7T),

where in the last integral we can pass to the limit since {1, -} tends to ¢, weakly in Lﬁ(Rd x (¢, 1)),
{ay,} tends to a pointwise with {[|ay|| Lo (rax (z,7))} bounded, and us, ug belong to Lg(Rd X (t,T+h))
for all p € [1,00]. In particular, from ([E.35]) and (2.29) we get (E31)). Notice that, in a similarly way,
we can pass to the limit in (5.22)) (which actually holds for any ¢.,t* € (0,7)) and get (530). O

5.4. Passing to the limit as ¢ —+ 0 and proof of Theorem [3.4. We are now in position to
prove Theorem B4 using the strategy of [34]: we give some detail for the reader’s convenience.

Proof of Theorem[5]] To begin with, we introduce the Riesz potential H.(-,t) of p(-)1(-,t). Since
we only know that p(-)i.(-,t) € L*(R?), we have no information over the integrability of H.(-,t) other
than Li (R9Y) (by classical results, see e.g. [28, p. 61]). However, exploiting (5.30) and proceeding

once again as in the proof of ([L2I]), we obtain

T
Is % (py) — Ho(+,t) = / (a(-,7)+e)e(-,7)dT >0 forae. t € (0,T),
t
whence, in particular,
0< H.(z,t1) < Ho(z,t2) < He(x,T) = Is * (pt) (x) (5.36)

for a.e. 0 <ty <ty < T and a.e. 2 € R% The above inequality shows that H.(-,t) belongs to LP(Rd)
at least for the same p for which H.(-,T) does, namely for any p € (d/(d — 2), oc].

Our next goal is to let ¢ — 0 (along a fixed sequence whose index for the moment we omit, in order
to improve readability). Thanks to the boundedness of {p(-)¥(-,¢)} in L'(R%) (trivial consequence
of (&29)), for a.e. t € (0,T) there exists a subsequence {e,} (a priori depending on t) such that
{p()be(-, 1)} converges to a positive finite Radon measure v(t) in o(M(R?), C.(R%)). In order to
overcome the possible dependence of {e,} on ¢, we exploit the properties of {H.}. First notice
that (5.30) ensures the uniform boundedness of { H.} in LP(R¢ x (0,T)) for any p € (d/(d — 2), oc].
This entails the existence of a decreasing subsequence {e,,} such that {H.  } converges weakly in
LP(RY x (0,T)) to a suitable limit H. Mazur’s Lemma implies that there exists a sequence { Hy} of
convex combinations of { H., } that converges strongly to H in LP(R? x (0,7T)). By definition, the
sequence {Hy} is of the form

M, My,
He=> AmiHen, D> Amp=1
m=1

m=1
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for some sequence {My} C N and a suitable choice of the coefficients A, 1 € [0,1]. With no loss of
generality we shall also assume that

My,
Jim. (ﬂ; sm/\m7k> =0.

This can be justified by applying iteratively Mazur’s Lemma on suitable subsequences of {H., }.
Now notice that the function whose Riesz potential is Hy, is

My,
t) = Z )\mak p(’r)wEWL (ZC, t) .
m=1
Multiplying (531)) (with & = &,,,) by Ak and summing over k, one gets that fi satisfies

/ oo, TYb(x) plx)dz — / o) fu(e, £) da
Rd Rd

M, (5.37)
< <Z Em/\m,k> (T = 8) [1¥[1,p llua(r + h) = ur(T)]] oo (a1, 7))
m=1
for a.e. t € (0,T), whereas from (.29) and (534) we infer that
] / Vno) ple)ds = [ filant)énlo) da -
=)l (BT + RT2) A+ [2)(=2)* ()]l
for a.e. t € (0,7T") and
P(z) plx)de = fr(z,t)da  for ae. t € (0,T). (5.39)
Rd Rd

Letting k& — oo we find that, for a.e. ¢ € (0,7, there exists a subsequence of {fx(-,t)} (a priori
depending on t) that converges in o(M(R?), C.(R%)) to a positive, finite Radon measure v(t). But
the fact that {H}} converges strongly in L?(R% x (0, 7)) to H forces the potential of v(t) to coincide
a.e. with H(-,¢). This is a consequence of |28, Theorem 3.8]. By [28, Theorem 1.12] we therefore
deduce that the limit v(t) is uniquely determined by its potential H(-,t). This identification allows
to assert that for a.e. t € (0,T) the whole sequence { fx(-,)} converges to v(t) in o(M(R?), C.(R?)).

Passing to the limit in (2.30) (after having set € = &,,, multiplied by A, » and summed over k)
we deduce that also the potentials H(-,t) of v(t) are ordered and bounded above by Ios * (pt)):

0< H(z,ty) < H(z,ty) < Ing x (pp) (z) for ae. 0 <ty <ty <T, for ae. z € RY. (5.40)
Letting k — oo in (B.38) yields

] / H(@)en(o) oo ~ [ eale) avto) o)
—t) ¢l , e (B2 + RT2H7) |1+ |2) (= 2)*(§)ll
for a.e. t € (0,T), whence, letting R — oo in (541]), we obtain

P(z) px)de = / dv(t) fora.e.t e (0,T). (5.42)
R4 R4

Gathering (539) and (542) we infer that {fx(-,1)} converges to v(t) also in o(M(R?), Cy(R?)):

this allows us to pass to the limit in (537)) to get (by exploiting (5.4]) as well) identity ([B.8). As a

consequence of the monotonicity given by (5.40) and thanks to (B41)-(242), the curve v(t) can be

extended to every t € (0,T] so that it still satisfies (5.40)-([542) (one uses again [28, Theorem 3.8]).

Recalling that g(x,t) = Us(x,t + h) — Uy (z,t) and that potentials do not increase in time (Lemma
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1), we have that g(z,t) < Us(x,h) — Uy (x,to) holds for all z € R? and all ¢y > t. Because v(t) is
a positive finite Radon measure, this fact and (5.8]) imply that

/ g(x, T)Y(x) p(x)dx < / (Ua(x,h) — Ur(z, to))dv(t) Vito >t. (5.43)
Rd Rd

Our next goal is to let ¢ tend to zero in (543). Since the mass of v(t) is constant (formula (5.42))), up
to subsequences v(t) converges to a suitable positive finite Radon measure v in o(M(R?), C.(R%))
as t . 0. Moreover, by (540), we know that the potentials H(-,t) of v(t) are nondecreasing in ¢ (for
a.e. x): in particular, H(-,t) admits a pointwise limit almost everywhere Hy as ¢ | 0. Theorem 3.8
of [28] ensures that Hy coincides almost everywhere with the potential of the limit measure v (which
therefore does not depend on the subsequence). We can then pass to the limit in the integral

/ Uy (z, to) du(t). (5.44)
]Rd

Indeed, by Fubini’s Theorem, (5:44) is equal to

/ wr (@, o) H (2, £) p(x)da (5.45)
Rd
Passing to the limit in (545) as ¢ | 0 we get that

ltiﬁ)l y uy (@, to)H(x,t) pla)da = /Rd uy(x,to)Ho(z) p(x)de (5.46)

by dominated convergence. Recalling that Hy is the potential of v, and using again Fubini’s Theorem,
(B46) can be rewritten as

lim Ul(z,to)dy(t):/ Ui (z,to) dv.
tl0 JRa R4

One proceeds similarly for the integral

/Rd Us (2, h) du(t).

Hence, passing to the limit as ¢ | 0 in (2.43)) yields
/]Rd g(z, T)(x) p(z)dx < /]Rd (Ua(z, h) — Ur(z,to))dv  Vitg > 0. (5.47)
Now we let ¢9 J 0 in (&47). By monotone convergence (Lemmas [5.1] and (B2) we obtain
/R (e T)o() pla)de < / (Us(ar )~ U(2)) d; (5.48)

in this step it is crucial that the limit of Uy (z,tp) to U#(x) is taken for every x € R¢ (Lemma [(.3),
because we have no information over v besides the fact that it is a positive finite Radon measure.
Still by monotonicity we have that Us(x, h) < UH(z) for every x € R%. Thus, from (548) it follows
that

/]Rd g(z, T)Y(x) p(z)dx <0. (5.49)

Since (549) holds for any h,T > 0 and any 1 € Dy (R?), we infer that U, < U;. By interchanging
the role of u; and us we get that Uy < Us, whence Uy = Us and uy = us. O
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APPENDIX A.

We recall here some basic properties of the fractional Laplacian (and of a similar nonlocal, non-
linear operator) of functions in D(R?). We omit the proofs of the first two lemmas, since they follow
by exploiting the same strategy of [5, Lemma 2.1].

Lemma A.1. The s-Laplacian (—A)*(¢)(x) of any ¢ € D(RY) is a regular function which decays
(together with its derivatives) at least like |x|~9=2% as |x| — oo.

Lemma A.2. For any ¢ € D(RY), the function

ls(¢)($) — /Rd (¢($) — ¢(y))2 dy Ve € Rd

|z —y|4+2e

is regular and decays (together with its derivatives) at least like |x|=9=2% as |x| — co.

Lemma A.3. For any R > 0, let £ be the cut-off function
—e(Z d
tr(@)=€(%) VreR’,
where {(x) is a positive, regular function such that ||¢||c <1, =1 4in By and { =0 in BS. Then,
(=A)*(Er) and l15(ER) enjoy the following property:
s _ ! sy (& ~Lie(® d
(~8)(Er)@) = 7 (- ©) (F) L@ = 7516 (F) voer™.

Proof. We only prove the result for [;({r), since the proof for (—A)*(£g) is identical. Letting
Yy = y/R, one has:

ls(&R)(-T) — /Rd (§R($) — gR(y))Q dy _ 1 /Rd (f(l‘/R) _E(@)Q d@'_ 1 lé(g) (f) .

|z _ y|d+25 - R2s |z/R _ g|d+25 - R2s R

O

The next lemmas contain technical ingredients concerning fractional Sobolev spaces and Riesz
potentials, which we need in the proofs of our existence and uniqueness results.

Lemma A.4. Let d > 2s and assume that p satisfies (L2) for some v € (0,d + 2s]. Consider a
function v € L2 _((0,00); H*(R%)) such that, for all ty > t; >0,

loc

/t/R ()] p(x)dadt < Cy, (A1)

/t/R (—A)E (v) ()| dadt < Co (A.2)
and

to
/ / e (2, 1)]? pla)dzdt < Cy (A.3)
t1 Rd

where Cy is a positive constant depending only on t; andty. Take any cut-off functions & € C°(RY),
& € C((0,00)) and define v, : R — R as follows:

Uc(zat) = 51(z)§2(t)v(x,t) V(x,t) € Rd X Rv
where we implicitly assume & and v to be zero for t < 0. Then
el e ey = llocl 2 assy + 1ol Fre arry < C° (A.4)
( ) ( ) ( )

for a positive constant C' that depends only on p, & and & (also through Cy).
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Proof. The validity of
HUcH2L2(Rd+1) < (A.5)

is an immediate consequence of ([A.J)) and of the fact that p is bounded away from zero on compact
sets (from now on C’ will be a constant as in the statement that may change from line to line).
Moreover, since (ve); = &1&5v + E1&avy, by (Ad), (A3) and again the fact that p is bounded away
from zero on compact sets we deduce that

I(we)ellZ2(gasny < C”- (A.6)

Now we have to handle the spatial regularity of v.. Straightforward computations show that

||Uc(t)||?ﬁzs(Rd) :% &5 (t) /Rd & (x) (/Rd (U(T’xt)_m?;gry;st)) dy) dz

Cus v [ E@-aw)® AT)
+ 22600 [ ot (/ P d)dy (

+Ca,s £3(2) /]R )L e @en (v(,?) —ﬁyaﬂ;'gﬁé(f) —6) g4,

The Cauchy-Schwarz inequality allows us to bound the third integral on the r.h.s. of (A7) by the
first two integrals. As concerns the first one, we have:

Cys 1) — oy, t)?
;’ (1) /Rd & (x) (/Rd (U(Tx)_yﬁsryzs ) dy) dz < Xsuppéa (t) 1€2lI% 11112 ||U(t)|ﬁ¥s(1kd)- (A.8)

In order to bound the second integral, it is important to recall that the function I5(&1)(y) is regular
and decays at least like |y|~?72% as |y| — oo (for the definition and properties of [, see Lemmas [A.2]
and [A.3)). Hence, thanks to the assumptions on p and ~y, we infer that

& [ pnf ( [ s dz) 4y < e €1% [ 10 sty (A9)

Integrating in time (A7), using (A]), (AQ), (A1), (A2) and recalling the validity of the identity
s 2
H(iA)Q (vc)(t)HL2(Rd) = ch(t)”?{s(Rd), we then get
2
H(_A) (UC)HLZ(]Rd+1) S C/ . (AlO)

By exploiting (AF), (A6) and (AI0) one deduces ([(A4), e.g. by using Fourier transform methods.
O

o

Lemma A.5. Let d > 2s and ¢ : R? — R be a continuous function which belongs to L'(RY) and
decays at least like |x|=% as |x| — oo. Then, the convolution Iss * ¢ (namely, the Riesz potential of
#) is also a continuous function, decaying at least like |2|~9+2% as |z| — oc.

Proof. The idea of the proof is to split the convolution (I2s * ¢)(z) in the three regions Bj, (0),
Biz1/2(7), Bajz|(0) \ Bjz|/2(7) and use there the decay and integrability properties of ¢ and Ia5. We
omit the details. O

Lemma A.6. Let d > 2s and assume that p satisfies (L2) for some y € (0,2s). Let v € LL(RY) N
L>(R%) and U, be the Riesz potential of pv. Then U, belongs to C(R%) N LP(R?) for all p such that

pE <ﬁ,oo} . (A.11)
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Proof. In order to prove that UY belongs to C(R%) N LP(R?) for all p satisfying (AT, we proceed
as follows:

Uy(z) = / p(y) v(y) Ls(x —y) dy+/ xB:(0)(y) p(y) v(y) Tas(z —y) dy .
B1(0) R4

U;},l(z) Ug,z(z)

Exploiting the fact that v € L>°(R?) and v < 2s (so that |y|~92% p(y) is locally integrable), it is
easily seen that UY,(x) is a continuous function which decays at least like |z|~%*2* as |z| — oco. In
particular, it belongs to LP(R?) for all p satisfying (AII)). As concerns U} 5(7), notice that since
v e LL(RY) N L>®(R?) we have that the function xpeo)pv belongs to L'(R%) N L>(R%). Hence
v, (x) is continuous too. To prove that it belongs to LP(R?) for all p satisfying (ATII)), we write:

Upa = (XB1(0) I2s) * (XB5(0)v) + (XB5(0) T25) * (XB5(0)PV) 3 (A.12)

since xp, (0) fos € L*(R?) and xpe)pv € L' (R?) N L°(R?), the first convolution in (AT2) belongs
to L*(R%) N L>(R?). Using the fact that x pe (o) os € LP(R) for all p as in (ATI) and x p¢(o)pv €
LY (RY), we infer that the second convolution in (AI2]) belongs to LP(R?) for all such p. The latter
property is then inherited by Uj ,. (]

APPENDIX B.

This section is devoted to give a sketch of the proofs of Theorem B.7 and of the forthcoming
Proposition [B11

Sketch of proof of Theorem[ZZ] We start from the validity of the fractional “integration by parts”

formula
G oW (W) — )y o RV
/]Rd /]Rd |$ — |d+25 dedy = ¢(z>( A) (1/1>( )d (Bl)

for all ¢, ¢ € D(Rd and our aim is to extend it to all functlons of X, ,. In order to do it, the first
step consists in showing that C*°(R?) N X, , is dense in X, ,. This can be done by mollification
arguments, which however are slightly more complicated than the standard ones, since we work with
the weighted spaces L(R?) and L?_, (R?) instead of L*(R?). Hence, given v,w € C*(R?) N X p,
one plugs the cut-off functions ¢ := £gv and 1) := Egw into (B) and lets R — oco. The problem
is that on the r.h.s. there appear terms involving ||{rw|| 5., and a priori we do not know whether
C>*(R) N X, is continuously embedded in H*(R%). But this turns out to be true: the inequality

Cds )) s oo (md
/Rd /Rd |x7 |d+25 dzdy < /Rd w(z)(—A)(w)(z)dz Yw e C*(RY) N X, , (B.2)

can be proved just by repeating the above scheme with ¢ = v = {gw. In fact, on the r.h.s. of (B
we still have terms involving ||{rw|| z;-, but the latter are small and can be absorbed into the Lh.s.;
passing to the limit as R — oo yields (B:2). Therefore, we can now let R — oo safely in (B) (with
¢ = Erv and ¢ = pw) and obtain that

% /R /R )(ng)s_w(y)) dady = / v(@)(=A)*(w)(z) do (B.3)

Rd

for all v,w € C"O(Rd) N X, which in particular shows that (B.2) is actually an equality. Notice
that in all these approximation procedures using cut-off functions, to prove that “remainder” terms
go to zero we deeply exploit the results provided by Lemmas [A 1] and[A3]l It is in fact here that
the condition v < 2s plays a fundamental role: in particular, it ensures that both ||p™*(=A)*(€r)|
and |[p~!s(€R)||e vanish as R — co. As already mentioned, we refer the reader to the note [31] for
the details. However, for similar computations involving (—A)*({g) and I5(¢{r), see also the proofs
of Proposition £.J] Lemma, and Lemma
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By the claimed density of C*°(R%) N X, ,, we are allowed to extend (B.3) to the whole of X ,.
Clearly, the r.h.s. of (B.3) can be rewritten as

[ o) Aw)(@) pla)da,
R4

and letting v = w we obtain that the operator A is positive. The fact that it is densely defined is
trivial since, for instance, D(RY) C X, ,. Because in (B:3) one can interchange the role of v and
w, we also have that A is symmetric. In order to prove that it is self-adjoint we need to show that
D(A*) C D(A), namely that any function of D(A*) also belongs to X ,,. It is indeed straightforward
to check this fact, and we leave it to the reader.

We finally deal with the quadratic form @ associated to A. Thanks to (B3), we have that

Cds )
dzd D(A). B.4
// |x_ Wé xdy Vv e D(A) (B.4)

As it is well known (see e.g. [I3]), the domain D(Q) of @ is just the closure of D(A) w.r.t. the norm

’U’U

2 2 2 2
Iollg = llollz -1 + Qv,0) = Vil -1 + IVl -

It is then easy to see that such a closure is nothing but Li (R%) N H*(R%) and the quadratic form on
D(Q) = L2(R?%) n H*(R?) is still represented by (B.A).

By classical results (we refer again to [I3]), proving that A generates a Markov semigroup is
equivalent to proving that if v belongs to D(Q) then both vV 0 and v A1 belong to D(Q) and satisfy

QvVv0,oVv0)<Qv,v), QAlLvAl)<Q(v,v).

But the latter properties are straightforward consequences of the characterization of @) given above.

The last assertions follow from the general theory of symmetric Markov semigroups (cf. [13]
Section 1.4]) and from their known analiticity properties (cf. [I3, Theorem 1.4.2]). See also the
discussion in the proof of Lemma O

The next proposition extends the symmetry property of the operator A = p~! (—A)® to functions
which belong to other suitable LP spaces. This is essential in proving our uniqueness Theorem B4
for certain values of v and s in low dimensions d < 3, more precisely whenever (d —~)/(d —2s) > 2.

Proposition B.1. Let d > 2s and assume that p satisﬁes (@T2) for some v € [0,2s)N[0,d —2s] and
Yo € [0,7]. Let p € [2,2(d—~)/(d — 25)) andp =p/(p—1) be its conjugate exponent. Suppose that
v,w € LH(RY) are such that A(v), A(w) € L? "(RY). Then v, w € H*(RY) and the following formula
holds:

/ o(2) (—A)* (w)(z) dz = / (—A)(0) () w(z) dz
Rd
Cas ()ts) i)
/]Rd/]Rd y|d+25 dzdy .

Sketch of proof. The method of proof proceeds along the lines of the one of Theorem B.71 The main
difference here lies in the fact that, when using the approximation procedure by cut-off functions
mentioned above, if p is strictly larger than 2 in order to prove that “remainder” terms go to zero
one cannot exploit the fact that p=1(—A)*(£g) and p~ 1l (€R) vanish in L°(R9) as R — co. In fact,
such remainder terms are of the form

/Rd v (x)(=A)(€r)(z)dz  or /Rd v*(x)15(ERr)(x) da . (B.5)

Thanks to Lemmas[AT] [A2land[A3] it is direct to see that ||p~1 (—=A)*(Er)|q,— and |[p7 s (ER) g,—~
vanish as R — oo provided ¢ > (d —v)/(2s — ), whence the condition p € [2,2(d —v)/(d — 2s)) to
ensure that also the integrals in (B) go to zero as R — oo.
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