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Abstract

We study the general nonlinear diffusion equation u, = V - W'V (=A)"Su)
that describes a flow through a porous medium which is driven by a nonlocal
pressure. We consider constant parameters m > 1 and 0 < s < 1, we assume that
the solutions are non-negative and that the problem is posed in the whole space. In
this paper we prove the existence of weak solutions for all integrable initial data
uo > 0 and for all exponents m > 1 by developing a new approximation method
that allows one to treat the range m = 3, which could not be covered by previous
works. We also extend the class of initial data to include any non-negative measure
w with finite mass. In passing from bounded initial data to measure data we make
strong use of an L!'-L% smoothing effect and other functional estimates. Finite
speed of propagation is established for all m = 2, and this property implies the
existence of free boundaries. The authors had already proved that finite propagation
does not hold for m < 2.
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1. Introduction

In this paper we study the following evolution equation of diffusive type with
nonlocal effects:

(1.1)

du=V-w" 'V(=A)u) forx eRY, >0,
{ u(0, x) = up(x) for x € RV,

for u = u(x, t), exponents m > 1,0 < s < 1, and space dimension N = 1. We

will only consider nonnegative data and solutions ug, u = 0 on physical grounds.

The problem will be posed in the whole space, with x € RY and ¢ > 0. Here

(—A)~* denotes the inverse of the fractional Laplacian operator as defined in [45].

Our aim is to construct weak solutions for all nonnegative initial data uy €
L'(RV) and for all the stated range of parameters. Model (1.1) reduces to the Porous
Medium Equation d;u = V - ("~ 1Vu) when s = 0, [47], but here we allow for a
new dependence via the inverse fractional Laplacian operator, d;u = V- (1"~ 'V p)
with p = (—A)*u, which accounts for nonlocal effects in the diffusive process.
For convenience we will call this intermediate variable p the pressure, though it is
not in agreement with the usual PME convention unless m = 2.

Model (1.1) was studied for m = 2 by Caffarelli and Vazquez starting with
[12,13], followed by [10,11,14]. In these papers the existence of weak solutions,
the finite speed of propagation, local Holder regularity, and asymptotic behaviour
were established for the particular model. This model and ours are particular cases
of the general equations proposed in [26,27] in statistical physics, that take the
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form u;, = V - (6(u)VL(u)). There is also a physical motivation in the theory
of dislocations proposed by Head, that has been investigated by Biler, Karch and
Monneau [5] for m = 2 in one space dimension. However, the extension of the
dislocation model to several dimensions leads to a more complicated system that
falls outside of the present investigation. Finally, we point out that the gradient
flow structure for (1.1) with m = 2 has been recently developed in [33] using
Wasserstein metrics in the style of [1]. Uniqueness of suitable solutions is still an
open problem for all these models in several space dimensions, but it holds for
N = 1 according to [5]. See more on this issue in Section 6.

The existence of a class of weak solutions for m € (1, 3), obtained as limits
of approximations, was proved by the present authors in [41,43] under some extra
decay conditions on the initial data. In that paper we employed a rather standard
regularization of the singular operator by considering a suitable smooth kernel K,
such that Ky xu — x| V=29 ey = (—=A)Su. Energy estimates allowed us to
obtain compactness, but only in the stated range of m. New methods seemed to be
needed to tackle the more degenerate case m = 3; it is the purpose of the present
paper to address and solve that problem. A further discussion on this issue can be
found in Section 6. The main step we take here in order to prove existence of weak
solutions of (1.1) is a novel approximation method. It consists in interpreting model
(1.1) in the form

uy =V - " V(=A) T Lw).
Then, we approximate the operator £ = (—A)!~* by
u(x) —u(y)

‘c;is[u](x) = CN,I—S / N+2—2s dy
RN (|x —y|2+82) 2

This approach to model (1.1) allows us to prove some needed L”-estimates that
are an essential tool for deriving convergence of the solutions of the approximating
problems.

We start by assuming initial dataug € L'(RY)NL®(RY), ug > 0, and we prove
the existence of a class of weak solutions constructed via an approximating method
that uses the preceding observation and proceeds via several approximation steps.
The paper combines a great variety of compactness techniques and the detailed
proofs show how the available energy estimates can be used step by step as we pass
to the limit in the approximating models. The main difficulties of the construction
are the nonlocal and nonlinear character of the equation, the absence of comparison
principle, and the absence of explicit self-similar solutions (except very particular
cases, c.f [42]).

A second contribution of the paper is the generality of the initial data. We
may take ug = u € MT(RY), the space of nonnegative Radon measures on
RY with finite mass. This covers, in particular, the case of merely integrable data
ug € L'(RN). We cover that issue in Section 5 where we obtain the existence of
weak solutions for the whole range 1 < m < 0o, generalizing the results of [12]
and [43], where the cases m = 2 and m € (1, 3) were covered respectively. This
rounds up the existence theory.
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Another positive property of this approach is that it can be successfully gener-
alized to more general equations of the form

ur(x, 1) =V - (G'u)V(=A)""u),

where G : [0, +00) — [0, 4-00) is a regular function with at most linear growth
at the origin.

A remarkable property of many diffusive PDE’s of degenerate type is finite
speed of propagation, which means that the support of the solutions may spread but
only with finite speed. When we combine degenerate nonlinearities (powers with
m > 1) and nonlocal effects it is not clear whether finite propagation will hold or
not. The property was first observed by Caffarelli and Vazquez in [12] for the model
with m = 2, see also [5] for N = 1. In [43] we discovered that the nonlinearity has
a strong influence on the speed of propagation property of solutions independently
of s € (0, 1). Indeed, we proved two different types of behaviour depending on
the exponent m: finite speed of propagation for m € (2, 3) and infinite speed of
propagation for m € (1,2). A numerical simulation using [18] pointed us to this
change in the positivity property of the solution. We establish here the property of
finite propagation for all m = 2. (see Figure 2). Paper [44] by the present authors
contains a survey of results on this equation and its motivations, including the main
results of the present paper. Moreover, as a further contribution the asymptotic
behaviour of solutions with integrable data is established in N = 1. The problem
is still open in several dimensions.

Let us comment on some closely related literature. Indeed, another possible
extension of the model studied by Caffarelli and Vazquez in [12] for m = 2 has
been considered in [4,5,30]. They assume that p = (—A)™* 1" 1 and the resulting
equation is

Qu="V-wV(=A)"u"".

In that case there exists a weak solution with finite speed of propagation for the
range m > 1. Moreover, they find explicit Barenblatt self-similar profiles.! It is
also proved that finite propagation holds for all m > 1, which implies a strong
qualitative difference with our model (1.1) where finite propagation happens only
form > 2. We can also consider models including nonlinearities on both terms like

u=V-W'vV(=A)"u"),

which are interesting for comparison purposes. Work on this last model is naturally
more incomplete; we refer to [24,42].
We finally recall that there is another model of nonlocal porous medium equa-
tion:
v+ (A (") =0, (1.2)

with m > 0 and s € (0, 1) for which the theory has been quite developed in
[6,8,15,16,49]; see also the survey paper [48]. Infinite propagation holds for this

1 We note for comparison reasons that in their notation a = 2(1 — s).
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modelevenifm > 1. A very interesting result is the connection between model (1.1)
and model (1.2): we have found in [42] an exact transformation formula between
self-similar solutions of the two models, (1.2) and (1.1), but it only applies to the
range m < 2 of our present model. We finally refer to [50] or a general presentation
of the state of the art in nonlinear diffusion including linear and nonlinear models
with local and nonlocal operators.

2. Precise Statement of the Main Results

We recall that all data and solutions are nonnegative and we will stress this fact
when convenient. In this section will only present the results for integrable and
bounded initial data since establishing the existence and main properties in this
case contains the main difficulties. For clarity of exposition, we delay to Section 5
the case of measure data since it is an independent contribution of the paper.

Definition 2.1. Let u¢ € LlloC (RV) and nonnegative. We say that u > 0 is a weak
solution of Problem (1.1) if
(ue Ll RV x(0,T)),3()V(—A)SueL]
uell (RN x (0, T)) and

T T
/ / ugp; dxdr — / / "IV (=A)Su - Ve dxdr
0 RN 0 RN

—l—/ upg(x)p(x,0)dx =0
RN

RN x (0, 7)), (i) u™ 1V (=A)~S

loc

loc

for all test functions ¢ € C! (RN x [0, T)).
We state our main results on the existence and qualitative properties of solutions.

Theorem 2.2. Let | < m < 0o, N > 1, and let ug € L"(RY) N L®°RY) and
nonnegative. Then there exists a weak solution u = 0 of Problem (1.1) such that

we L'RY x (0, 7)), u e LYRY x (0, T)), and (~A) T u" € LARY x (0, T))
forallr > m/2. Moreover, u has the following properties:
1. (Conservation of mass) For all 0 <t < T we have / u(x,t)dx = / uo
RN RN

(x)dx.
2. (L estimate) Forall0 <t < T we have ||[u(-, )|lso < ||u0]]oo-
3. (L? energy estimate) Forall 1 < p <ooand(0 <t < T we have

dp(p—1)
/RNup(x,t)dx-i-( +p_])2/AN

< / uf (x)dx. (2.1
RN

(—A)'T
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4. (Second energy estimate) For all 0 <t < T we have
1 s 2 ! | 2
-/ ‘(—A)_iu(t)‘ dx+/ / W1V (= A) S u() [ dxdt
2 Jrw 0 JrY

gl/
-2 RN

Remark 1. (a) The a priori estimates 1, 2, 3 and 4 for Problem (1.1) can be derived
inaformalway asin [43, Section 3]. A rigorous proof for 1, 2 and4 whenm € (1, 3)
can be found in that paper. The approximation used there does not allow as to cover
the whole range m € (1, +00) because of the lack of an LP type energy estimate
like (2.1). However, 1 and 2 follow as in [43 ] and therefore they will not be discussed
in detail here.

(b) We would like to note that estimates (2.1) and (2.2) do not present any special
form or extra difficulty when m = 2, m = 3 or m > 3, as happened with the First
Energy Estimate (6.1) used in [43] and [12]. See Section 6 for a more detailed
discussion about this fact.

(—A)—%uo’zdx. 2.2)

Theorem 2.3. (Smoothing effect) Let u = 0 be a weak solution of Problem (1.1)
with nonnegative initial data ug € L'(RN) N L®(RY) as constructed in Theorem
2.2. Then,

_ 8
lus Dl oo @mny SCNympt V”||u0||Lpp(RN) forall > 0, (2.3)

— N — 2p(1—s)
where yp = Gnntapa—5 O = G DN +Zp(0—5)

Proof. We combine (2.1) with the Nash-Gagliardo-Niremberg Inequality (7.2) ap-
plied to the function f = u P12 o get a starting point for a Moser iteration.
Then we continue as in [16, Theorem 8.2] where the authors consider the model
u; + (—A)?u™ = 0 for o = 2 — 25s. From here, the proof is straightforward. 0O

Remark 2. In the limitm — 17, Theorems 2.2, 2.3 (and also Theorem 5.2) recover
some of the results of the linear Fractional Heat Equation (cf. [7]).

Theorem 2.4. Letm = 2, N 2 1, s € (0, 1). Let u be a weak solution of Problem
(1.1) as constructed in Theorem 5.2 with compactly supported initial data uy €
LY(RN). Then u(-, t) is compactly supported for all t > 0, that is the solution has
finite speed of propagation.

Proof. Once we construct a weak solution of Problem (1.1), we apply the results
from [43]. The proof is based on a careful construction of barrier functions, called
true supersolutions in [12]. O

3. Functional Setting

3.1. The Fractional Laplacian and the Inverse Operator

We remind readers of some definitions and basic notions for the functional
setting of the problem. We will work with the following functional spaces (see
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[23]): let F denote the Fourier transform. For given s € (0, 1) we consider the
space

HSRY) := {u CL*RY) /N(l + &) Fu@)Pds < —l—oo},
R
with the norm
et 30 vy = all o vy + /R €17 | Fu(®)Pde.

For functions u € H*(R"), the fractional Laplacian operator is defined by

ux) —u(y)

. mdy = F (&% (Fuy)

(=A)*u(x) = Cy.sPV. /
R

for x € R, where Cy s = 7~ @TN/2(N/2 +5)/ T'(=s). Then,
et 3 vy = NtllZ2 vy + CH=2)2ulFo g

For functions u that are defined on a subset Q@ € RY with u = 0 on the boundary
0€2, we will use the restricted version of the fractional Laplacian computed by
extending the function u to the whole RY with u = 0 in RN\ Q. The same idea is
used to define the H* (RY) norm for functions defined in €.

If N > 2s, the inverse operator (—A) ™ coincides with the Riesz potential of
order 2s. This can be represented by convolution with the Riesz kernel Kj:

(=AM u=Ksxu, Kix)= x|~ V=29)

’

c(N,s)
where ¢(N, s) = 7¥/2=2T'(s)/ T'((N —2s)/2). Notice that K € L} (RY). When

loc
N = lands € [1/2, 1) we have to consider the composed operator V(—A) ™. This
operator use to be called nonlocal gradient and is denoted by vi-2s (c.f. [4,43]).

See Section 4.6 for a more detailed discussion of this range.
3.2. Approximation of the Fractional Laplacian (—A)*
Lete > 0and u : RY — R. We define the operator
u(x) —u(y)

Liu](x) == Cn.s / -dy (3.1)
RN (|x —y|2+82) 2

for x € RY. We will use the notation

(&
Ji(z) = LM for z € RV.

(|Z|2 + EZ)T

It is clear that || J7 || ,1(gvy < oo since J; is integrable at infinity and nonsingular
at the origin. Thus (3.1) is equivalent to

Lilul(x) = u) 1] 1 gyy — @t ) * I (x). (3.2)
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This kind of zero-order operators has been considered in the literature, see e. g.
[2,29,37]. For any ¢ > 0, L} is an integral operator with non-singular kernel
and Li[u] — (—A)°u pointwise in RN as ¢ — 0 for suitable functions «. This
approximation can also be seen as a consequence of the fact that the fractional
Laplacian can be computed by passing to the limit in the representation of the
solution of an harmonic extension problem (using the explicit Poisson formula), as
proved by Caffarelli and Silvestre in [9].
We can define the bilinear form

Ee(u,v) = %/ (u(x) —u(y)) (v(x) —v(y))
£ ’ - 2 RN JRN (|x _ y|2 + 82) N#2~25

dxdy foru,v e D(L;),

and the quadratic form

& _ Cns [u(x) —u(y)?
Ecw) :=Eu,u) = T %];N AN (x — y|2 n SZ)N?S dxdy

The bilinear form &, is well defined for functions in LZ(R™) since the J S is bounded
and integrable. We refer to [20] for a precise discussion of the natural spaces in a
more general framework.

Lemma 3.1. Let 0 < s < 1. Then, for every ¢ > 0, we have that
£ LY®RM)y N L®RY) — LYRY) N L=®@RY).
Moreover,

I Lalulll vy < 2Mull i@y 12 L@y,
L[]l oo vy < 206l oo @My 15 1l L1 VY-

Proof. Letu € L'(RY) N L®(RY), then using (3.2) and the Young Inequality for
convolutions the stated estimates follow. 0O

The restricted operator. For smooth functions f : B — R we extend f = 0 on
RN\ Bg. In this way L3 is well defined for f € L%(Bg) by (3.1).

We will also use the following result regarding the composed operator V(—A) ™!
Eé_s , which we will treat in Section 3.3 as a natural approximation of V(—A)~%:

Lemma 3.2. Let 0 < s < 1. Then, for every &, R > 0, we have that
V(=A)'LI75 LY(Br) N L®(Bg) — L'(Bg) N L™®(Bg).
Moreover,

V(=D)L U 8y S CUL ooy + 1 F 1L (BR))
IV(=A) LI L e sr) < CULfll oo sy + 1 L1 (8R))-
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Proof. We will write ~ and < to represent identities and inequalities up to constants
depending on R, N and ¢.

For N = 2 and p = {1, oo}, we use Lemma 3.1 with f extended by 0 outside
Bg and the explicit form of the Newtonian potential to get

VAT L U e S ” / W'El SLFO1ldy

LP(Bgr)

1
< 1L LA s f Ay S s,
Bg |)C|
When N = 1, we note that V(—A) g (x) = — [*_ ¢(y)dy, and thus
V(=AML f 1) = / LI f1()dy.
Then,

o0
L RN)_/ lfODIdy S If L ag)-

O

IV(=A) LI 1) e sy S ‘

Square root. The operator £} has a square-root in the Fourier transform sense [19,
Lemma 3.7], that we denote by (L) % We have that

1
< u, L] >pp@ny= (LD [l g
This implies that

< Lylul,u >2@yy = CN,X/‘ / u(x) u) - u(y)NHA dxdy
RN JRN (lx —y?+e») 2

_ 2
_ Cws / / @) = u ()] s
RV JRN (|x — y|> +€2)72

2
Cn.s -
_ Cw. f / LG .
2 SR (x -y :

where the second identity is obtained by symmetry. We get the following charac-
terization of (Lg)%:

2
sl 2 CN,sf f u(x) —u(y)
L dx=—— dxdy.
/RN (o) av=-3~ | RN[(|x_y|2 82)M] xdy

(3.3)

Theorem 3.3. (Generalized Stroock-Varopoulos Inequality for L) Let u €
L*@RN). Let ¢ : R — R such that v € C'(R) and ' = 0. Then

1 2
[ vwetae = [ Jeniwwl] o, (3.4)
RN RN

where ' = (W)2.
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Proof. We have that
/ Y () Liluldx = CN,sf / ¥ (u(x)) ut) = u(y)N+2s
RN RN JRN (x—yP+e) "z
CN K
s / / [V @) — Y @)
RN RN
u(x) —u(y)

N+2s

(Ix = yI> +e2)2

dxdy

dxdy.

Now, we use that if ¢ is such that ' > 0 and ¥’ = ()2, then
(W (@) =y (b)) (a—b) Z (¥(a) — V(b)*, Va,beR".

For convenience, we give the proof of this pointwise inequality based on the Fun-
damental Theorem of Calculus and the Cauchy-Schwarz Inequality:

a 2 a
(W(a) — V(b)) = (/ qf’(z)dz> < (a-— b)/ (\IJ’(Z))ZdZ
b b

=(a— b)/b ¥ (9)dz = (a — b)Y (a) — ¥ (D).

We deduce, using (3.3), that

_ 2
RV 2 Jrv Jry (Ix — y|? + £2)"5

! 2
=/H;N‘(£;)W(u(x))‘ dx.
O

Remark 3. (i) We refer to [20] for a related result with more general nonlinearities
and nonlocal operators.
(ii) Note that we recover the classical Stroock-Varopoulos Inequality for Lo by
taking W (u) = |u|?2u:

4G —1 2
AN |9 %u L5 (u)dx > —(qqz )%I;N )(ﬁi)l/z(uq/z) dx.

We refer to Stroock [46], Liskevich and Semenov [32 ] where this kind of inequality
is proved for general sub-markovian operators.

3.3. Approximation of the Inverse Fractional Laplacian (—A)™%, s € (0, 1)

By using (3.1) we introduce an approximation for the inverse fractional Lapla-
cian (—A)™ and the nonlocal gradient V'~ that will play an important role in the
sequel to solve the difficulties created by estimates like (6.1) in the range m = 3.
More precisely we propose to approximate (—A)™* by (—A)’lﬁl’s and V1=
by V(=A)~Icl=s.
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Lemma34.a)Let N > 1,5 € (0,1) and s < % Then for every f € LYRM)
such that (—A)™* f € L>(RN) we have that

7, = f (&L~ 8 ) ddx >0 as &0,
RN
Vo € C°RM).

b)Let N 2 1, s € (0, 1). Then for every f € L'(RN) such that V=2 f €
L?(RN) we have that

T, = / (V(—A)*I,C;*s[f] - Vlfzsf)¢>dx —0 as ¢ >0,
RN
Vp € C(RN).

Proof. a) Given any operator 7, let St (&) be the Fourier symbol associated to the
operator T whenever it is well defined. Now, we employ Plancherel’s Theorem to
obtain

Zo= [ (Scar©Sp© = Sca©) Fode = [ Fee

We want to pass to the limit as ¢ — 0 in Z,. For that purpose we need to find an
L! dominating function for F,. We recall that for s € (0, 1) we have that

Ser@ =[S d ang

N+2(1—s)
>0 (|z]2 +€2) 2

1 —cos(z- &)

Wdz ~ |$|2(1_S). (35)

Scpy—s(&) = /

|z]>0

Moreover S_p)-s(§) = S_p)-1(6)S(_py1-s(§). Note that 0 = Sﬁgm &) <
qS(— (&) forevery & € RY . Then

Fe©) < |Scar1 @S- ®)| |7]18] + S @] 1 7]1]
< [Scay 1 OSap- @] 7]18] + [S-ay=©| |F] 9]
=2[Say+ @ ]| < I |79

We conclude that |F(£)| £ G(,1) == C|lE7>F¢| € L'(RY) since f €
L®(RY) and a € S(RY), the Schwartz space of rapidly decaying functions. More-
over, we can see from (3.5) that F(§£) — O pointwise as ¢ — 0. Then we use the
Dominated Convergence Theorem to conclude that |Z,| — 0 as ¢ — 0.

b) The proof follows as above noting that Sy = i&§ and |F.(§)| £ C | |E|1 =28 f(ﬂ

e LY®RM). o



462 DIANA STAN ET AL.

4. Existence of Weak Solutions Via Approximating Problems

In order to prove the existence of weak solutions of Problem (1.1) we proceed
by considering an approximating problem. We regularize the degeneracy of the
nonlinearity, the singularity of the fractional operator, we also add a vanishing
viscosity term to get more regularity and we restrict the problem to a bounded
domain. We write the equation in the form

u =V "V E=A)TH=A) ).
The idea is to consider the approximation of the (—A)!~* given by (3.1), that is,
_ u(x) —u(y)
Ei ‘() (x) = CN,lfs/ TESETAN
RN (|x _ y|2 +82) 2

defined for functions u in the natural space L>(R"). We consider the approximating
problem

(U =8AU + V- (Uy + )" 'V (=) TILIS[U,]) for (x,1) € Bg x (0, T),
Ui (x,0) = g (x) for x € Bg, (Pespr)
Ui(x,t) =0 forx € 9Bg, t € (0, T),

with parameters ¢, §, u, R > 0. We use the notation Bg := Bg(0). The initial
data 1 is a smooth approximation of uo. We recall that the operator [,; —S[U] is
defined by formula (3.1) extending the function U1 by 0 on R¥\ B as in Section 3.1.
Moreover, Uy € L2(0, T : Hol(B r)) as we will prove in formula (4.5), therefore it
has the right decay at the boundary d B that allows its extension by 0.

The existence of a weak solution of Problem (1.1) is done by passing to the
limit step-by-step in the approximating problems as follows. We denote by U
the solution of the approximating Problem (Pgs5,r) with parameters ¢, 8, , R.
Afterwards, we obtain U, = lim,_,¢ U; and U3 solves an approximating Problem
(Ps; r) with parameters §, i, R. Next, we take Uz = limg_, U> that will be a
solution of Problem (Ps;), Uy := lim,_,¢ Uz solving Problem (Ps). Finally we
obtain u = limg_, o U4 which solves Problem (1.1). Notice that the § — 0 is the
last limit considered in the approximation process. This is because the § A-term
gives HO1 (Bg) regularity for Uy and Uy, respectively H'(RV) for Uz and Uy. Thus
U; and U, will be solutions to Dirichlet problems with homogenous boundary
conditions. The HO1 (Bg) regularity allows their extension by 0 to R¥\ Bg and thus
the nonlocal operators involved in the equations are properly defined as in Sections
3.1 and 3.2.

Notations. We will often use fot f(t)dt to avoid introducing new variables. Also, we
will use fRN instead of f B when integrating some expressions of Uy, U, which are
supported in Bg, by identifying these functions with 0 outside the domain Bg. The
homogeneous Dirichlet boundary conditions ensures that the integrals coincide.

We will use — for strong convergence and — for weak convergence. We will
write ~ and < when multiplying by constants depending on N, §, R, ¢ and the
norms p, g that we will use. We will keep explicit the constants relevant in the proof.
We will also avoid to write the variable x and write just v(#) when considering the
norms in x.
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4.1. Existence of Solutions of (Pgs;R)

We will use a standard technique: first we will prove that there exists a unique
weak solution by the method of fixed point of a contraction mapping. Then we
show the regularity of the fixed point and prove that it is in fact a strong solution to
the problem. We give now the definitions of weak and strong solution for (P, R).

Definition 4.1. We say that U is a weak solution of Problem (Pgs,, ) if: (i) U; €
L'(Bg x (0, 7)), (ii) V(—=A) "' LI=5[U1] € L' (Bg x (0, T)), (iii) (U} + p)" !
V(=A)"'Ll=s[U]1 € LY (Bg x (0, T)) and

T
/ / Ui (¢, + SAp)dxdt
0 Br
T
—/ Uy + " V(A1 Ll=5U] - Vedxdr
0 Bg
+f To(x)¢ (x, 0)dx =0 (4.1
Bgr

for smooth test functions ¢ that vanish on the spatial boundary 0Bg and t = T.
We will say that U; is a strong solution if additionally (Uy);, AU,V - (U1 +
W IV (=AM LIS Uh]) € LP(Br x (0, T)) for some p = 1 and (Pesyr) is
satisfied pointwise almost everywhere.

4.1.1. Solution of a Heat Equation with Forcing Term We consider an arbitrary
value of the unknown U in the last term of (Pesy, ) and solve the following heat
equation with a forcing term

up=8Au+V-G) with G@)= @+ " 'V(=A) 1Ll w, @2

with initial data u(x,0) = uo(x) for x € Bpg and lateral data u(x,t) = 0 for
(x,1) € By x (0, T). We recall that 7o (x) is a smooth approximation of u( but
we will only use the L? norms of g and Vizp. In order to apply of the fixed point
theorem we will choose v in a convenient functional space and solve (4.2) to find
u. We want to define a mapping 7 : v > u and we will prove that 7 has a fixed
point.

Proposition 4.2. Let X = L' (Bg) N L>®(Bg). Then T is well defined from Xt :=
C([0,T]: X) into X7 forall T > 0. Moreover, for everyv € X7 N L2([0, T], HOl
(BR)), we have that u = T (v) is a strong solution of (4.2) with the given initial
and lateral data. We have also precise estimates for T .

Before proving the result above, we need the following lemma:

Lemma 4.3. For every v € X1 we have that G(v) € X7 with |G(v)|lx, <
Clivlix; where C = C(|lv]lLo(0r))-



464 DIANA STAN ET AL.

Proof. Here T is arbitrary and we denote Q7 = Bg x [0, T]. Itis enough to prove
the result for fixed time, and the continuity in time follows easily. By Lemma 3.2
we have that

IV(=A) LIS Dllx S v, Dy -

Taking supremumsin ¢ € [0, 7] in the above equation we get ||V (— A)~! Eé_s vllx,
< |lvllx, . From here we conclude that

IG)xy S v+ ull} (o, IV(=A) L vlx, < Clvllx,
O

Proof of Proposition 4.2. (i) The standard theory for the heat equation (see for
instance [35]) says that given such forcing term F := V - G(v), there exists a
unique weak solution # € X7 of the above initial and boundary value problem.
Moreover, by the regularity theory, we also know that Vu € L?(Qr) for every
p € [1, 00) since G(v) € LP(Qr). We can express the weak solution by means of
the Duhamel formula:

t
u(x,t) = " (x) + / VeI Gv)(x, T)dT,
0

7 (v)
G) = (w+w" V=)L,

where ¢’ is the Heat Semigroup corresponding to the homogenous Dirichlet prob-
lem in the ball Bg. This formula will be convenient to perform a priori estimates
needed for the fixed point argument. When v € L%([0, T, HO1 (BRr)) we can work
out the expression for F

F=Vu+ )" 1. v=a)1L7w - w4 w" L= ).

It follows that F € L?(Q7). The standard heat equation theory now implies that u
is a strong solution of the problem and u;, Au € LZ(QT).

(i1) We now prove that for v € X7 we have 7 (v(¢)) € X forall t € [0, T]
with precise estimates. We will need some decay properties of the Heat Semigroup
in Bg. Using classical estimates on the Green function for the heat operator in a
bounded domain [31, p.413, Th. 16.3], we have that for 1 < p < oo,

1
e vllLrgp) < IVlLre and Ve vllrpe <t 2 10IrBe-  (43)

Letnow v € C([0, T] : X). Using the heat kernel estimates and Lemma 3.2

t
I7w)lx = lluollx +/O (t =0 2 1G()xdr < ol

+ 112 sup |G(v(r))llxdt
0t

< lawollx + Ct'? sup ([v()ll (s + w0 v(D)llx < oo.
0St<t
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(iii) Moreover 7 (v) is continuous with respect to 7. Indeed, we have that

TW)(x,t+h) —T@)(x, 1) = ST200(x) — P up(x)

t+h
+/ V=04 G)(x, 1)dT
t

t
+f VA2 (A G (x, 1) — G)(x, T)dTt =1 + 11+ I11.
0

We want to prove that |7 (v)(-,t +h) — T @), Dl 1ppnLosg —> 0 as
h — 0. For p = {1, oo}, the L? norms of 7 and 7711 go to 0 as & — O since the
Heat Semigroup is well defined in the space ||e*"2(f) — f|| — 0. For the second
term we should use the decay of the Heat kernel (4.3)

t+h
Ir < / t+h—0 G BrdT
t

<AV sup |G) (-, DllLrsgy — 0 ash — 0.
0.7)

4.1.2. Local in Time Contraction and Existence of a Fixed Point

Proposition 4.4. Let K = 2||ig||x and denote by By the closed ball of radius K
centered at 0 in the space Xt = C([0, T : X). There exists T = T (|[tio|| .o(Bg))
small enough such that T is a contraction in Bg C Xt. Therefore, T has a fixed
point in Bx C Xr. More precisely, we can take T < C(K + )=,

Proof. First we prove that 7 maps Bk into Bg. Indeed, for v € Bx we have that

1T W) L1 8 S ol gy + T sup ([0(D) s+ v (@)llx K.
0<t<T

Indeed, if 6 7''/2(K + p)™ ! < 1 we have that 7 is a strict contraction mapping
in Bk . The proof is as follows. Let u1, up € Bg. Then

(T (u2) =T (u1))(x, 1)

t
= / VO U™A  (up(t) + )" V(= A) T LI [uy — wy(r)d T
0

t
+ / VeI (@) + " = (@) + ")
0

V(=A) LI [y 1(v)dr.
Then, forany 1 < p < oo,
(T (u2) =T (u1)(x, )l Lr(Bg)

t
< /0 IV DA (uy () + )" 'V (=A) T LI u — un 1) |l e s dt

t
[ 190 (a0 o + )
0

V(=N LI 1O e spyd.
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Using (4.3) again we get
(T (u2) =T W), e (Br)

< ! _ -1 m—Ixg_ ay—1pl=s _
= O(t T) 2| (ua + )" V(=D)L [ua — urlllLe g (T)dT

! 1
[ =07 (4w =+ ")
0
V(=N LI w1 e gy (T)d T (4.4)

For the first term we use the estimates of Lemma 3.2, taking into account that u, u»
are in fact supported in the ball, to show that for p € {1, oo} we have
1z + )" 'V (=) L [z — ur | e (sp)
< (lualizoesg) + " IV LI Tz — uilllLe g

< (luallzoogy + )™ ua — urllx.

Similarly, for the second term in (4.4), we use Lemma 3.2 to get

I (G2 4+ 0" = G+ ™) V=AY L T ey

<Gz + w" = @+ " M o @y IV(=8) T L ]l 1 ey
S Mz — urll oo ey - max(w™ 2, (uifloo + )™ 2,

(lu2lloo + )™ ) s llx -
Summing up, if 671/%(K 4+ )"~! < 1, we have that

(T (u2) — T 1) (x, Dl 11y
StV sup @z + "IV (AT L ur — un 1Ol ey

O<t<t

+1'% sup | ((uz + " = +u)’"—1) V(=)L i 1)l @)

O<t<t

SOTV2(K + )™ s — ullx < ua — urlx.

The estimate of || (7 (u2) —7 (u1))(x, 1)|| L (By) follows similarly by taking p = oo
in (4.4) and using Lemma 3.2. Thus, the mapping 7 is a strict contraction on Bg
if 6T/2(K + ™! < 1:

1
(T (u2) =T @) llcqo.r1:x) < Elluz —uillcqo, 1:x)-
O
4.1.3. Local in Time Improved Regularity of the Fixed Point and Strong So-

lution Using the formulation of u = 7 (v) as a strong solution of the initial and
lateral data problem for (4.2), multiplying by u, and integrating, we get the identity
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T T
1/ |u(T)|2dx+8/ / |Vu(t)|2dxdt=/ / G(1)) - Vu(t)dxds
2 Bgr 0 Br 0 Bgr

+1/ |ito)?d
- up|“dx.
2 /s,

We now use Lemma 4.3 so that [|G(v)|lx, < C(lvllz=(o;))llvllx, and since we
take [v]|x, < K then ||G(v)|lx, < C(K). Also the last term is bounded by C(K).
Using Young’s inequality now on the first term of the right-hand side to absorb one
term into the term with |Vu(t)|2, we get

T
// |Vu@)|*dxdt < C(K, §),
0 Bg

which means that in all the steps of this iteration Vu € L2(Q7) with a uniform
bound depending on K and § since G (v) is uniformly bounded in X 7. In the limit
of the iteration process that leads to the fixed point, we conclude that such a fixed
point u € Lz([O, T]: HO1 (Bg)) with a uniform bound estimated by K. It is now
easy to see that u is indeed a strong solution of (Pgs,r). This is what we take as
U,. Note that, for the moment, U is only defined locally in time. In order to prove
existence for all times, we need some properties that will be derived next.

4.1.4. Nonnegativity and L?” Decay of the Local in Time Solution Standard
arguments shows that if %y is nonnegative, then U is also nonnegative. Similarly,
we get that the L° norm of the solution is nonincreasing. Moreover, given T
prescribed by Proposition 4.4, we have for all 0 < ¢ < T the following estimates
for the L? of the strong solution Uy :

d _
= | Ul(x,ndx = p/ Ul Uy)dx =
dr Br Br

= —p(S/ V(Ulp_l) - VU dx — p/ VUlp_l(Ul + )t
Bpg

Br

V(=N o dx

. _4(p —1)8 f
p Bg

V(=AU dx.

2 _
V™| ax - pr - 1)/ Ul + w" v
Br

The boundary terms are 0 since U; = 0 on RV\ Bg. We analyze the second term:

/ UP WU+ )" VU - V(=) L [0 1dx
Br
= / VY (Uy) - V(=N Ll [0 1dx
Br
= f YU (=A)(=A) ' LU 1dx = / Y (UD LIS U 1dx
Br Br

= / Y UL U Jdx 2 / (L1752 [W (U))]Pdx.
RN RN
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We have used the generalized Stroock-Varopoulos Inequality (3.4) in the follow-
ing context: the functions vy and W are such that ¢/ = (¥’ )2 and Vy(Uy) =
U 1[7 _2(U | 4+ )™~V U. The precise definition of these functions is given by

z 2 p2 m—1
V(z) = /O P+ ", W) = /O ¢+ W T de.
We obtain the following L?-energy estimate:

_ t
/ ug(x)dx—/ Ul (x,t)dx = M/ /
Br Br P 0 JBg

t
+p(p — 1)]() / Y (U)LY Uy 1dxdt,
Bpg
4.5)

2
V(U{’/z)‘ dxdi

and then

/ ug(x)dx 3/ Uf’(x,t)dx—i—
Br

Br

_ '
n 4(p — 1)é / /
P 0 JBp

1
x// (L1 2 [W (U))]Pdxdr.
0 Bgr

2
V(Ulpﬂ)‘ dxdr + p(p — 1)

As a consequence, we get that (E;_‘Y)%[\D(Ul)] e L*(Q7) for ug € LP(RN).
We also get the so-called second energy estimate:

ld A=l pl-s > 2
par J, 1(E7E7) s
} }
= [ (eae) - (o7 e) 1w
Br
= /B (=)7L U] (Un)dx

=8 | (—AN)'LITUAUx + | ()T LIV - (U 4 )"
Br Bg

V(=)' LI U Ddx
~ s /
Bpr

Therefore, the quantity fBR |(—A)’% (E;’S)% [U11(x, 1)|?dx is non-increasing in ¢
and we have that

1—sy3 2 . m—1,v/_ ay—1pl—s 2
(L, )2[U1]‘ dx . Uy +w)"IV(=A)" LU dx.
R
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1 —1 pl—s % ? _1 —1 pl—s % :
E/;R ((_A) ‘Cé‘ ) [MO] dx = EAR ((—A) ‘Cé‘ ) [Ul([)] dx
! 1
+3é / (L2 [Ul]}2 dxdr
0 JBg
! 2
+/ Uy + )" ! ’V(—A)_lﬁi_s[Ul]‘ dxdt. (4.6)
0 JBg

4.1.5. Global-in-Time Solution The preceding analysis shows that the L” norm
of the solution constructed in a finite time interval [0, T] does not increase with
time for any p € [1, oo] by (4.5). Therefore, we can continue the solution in a new
time interval of the same length with initial data Uy (x, T'), thus obtaining a solution
in [0, 2T']. We iterate this process to get a global in time solution.

We conclude the results obtained so far in the following theorem:

Theorem 4.5. Let s € (0,1), 1 < m < oo and N 2 1. There exists a weak
solution Uy of Problem (Pgs,r) with initial data Wy. Moreover, Uy is a strong
solution, satisfies the LP-energy estimate (4.5), the second energy estimate (4.6),
and also

1. (Decay of total mass) ForallO <t <T we have/ Ui (x, t)dx 5/ ug(x)dx;
Bg Bg
2. (L®®-estimate) Forall0 <t < T we have ||U1(-, D)|loo < ||10]]co-

Remark 4. In Sections 4.2, 4.3, 4.4 and 4.5 we will only consider s € (0, %) when
N = 1 since the operator (—A)™* is not well defined out of this range. We will
devote Section 4.6 to comment on how to deal with the case N = 1, s € [%, 1).

4.2. Limitase — 0

Let U; be a weak solution of problem (Pgs,g) with parameters 6, u, R > 0
fixed from the beginning. We will prove that lim;_.o U; = U;, where U, is a weak
solution of the problem

(U2)y =8AU, + V- (Uz + )"~ 'V(=A)Us) for (x,1) € Bg x (0, T),
Uz (x, 0) = uo(x) for x € Bg,
Uy(x,t) =0 forx € 9Bg, t = 0.
(Psur)
Moreover, we will also prove that U, inherits most of the properties of Uj. In

particular, we will prove that U, can be extended by 0 to R¥\ Bg, allowing the
definition of (—A)™5U5.

4.2.1. Existence of a Limit. Compactness Estimate I 1. Using the energy esti-
mate (4.5) with p = 2 we obtain that Uy € L*(0, T : Hj (Bg)).
II. Estimates on the derivative (U1);. We use the equation

(U1 =8AU1 4+ V - (U + " 'V(=n)~ el 1uy)).
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The HO1 estimate of (4.5) ensures that SAU; € L%(0, T : H~1(Bg)). The second
energy estimate (4.6) implies that

U+ w)"T V(=A) "' L[] € LX0, T - L*(Br)).

Since we also have that Uy € L*°((0, T) x Bg), this implies that V - (U] +
W IV (=A)T LS [U]) € L2(0, T : H='(Bg)). We conclude that

(U)); € L*(0, T : H '(Bg)).

III. We apply the compactness criteria of Simon (see Lemma 7.5 in Section 7) in
the context of

HOI(BR) c L*(Bg) C H™'(Bg),

where the left hand side inclusion is compact. We conclude that the family of
approximate solutions {U| },~¢ is relatively compact in L?(0, T : L?*(Bg)). There-
fore, there exists a limit (Uy)¢,5,4,8 — (U2)s,u,r as € — 01in L2(0, T : Lz(BR)),
up to subsequences. Note that, since (Uj), is a family of positive functions defined
on Bg and extended to 0 in RV \ Bg, then the limit U> = 0 almost everywhere on
RN\ Bg. We obtain that

U =2 Uy in 20, T < LX(Bg)) = L2(Bg x (0, T)). “.7)

4.2.2. The Limit U, is a Solution of the New Problem (Ps,g) We pass to the
limit as ¢ — 0 in the definition (4.1) of a weak solution of Problem (Pes,r) and
we prove that the limit U found in (4.7) is a weak solution of Problem (Psyr).
The convergence of the first integral in (4.1) is justified by (4.7), since

T
/ (Uy — U2)(¢y + §A¢)dxdr
0 JBg
S UL = Uall 2 <0, 161 + 881 128, x0.7)- (4.8)

To prove the convergence of the second integral in (4.1) we argue as follows: using
(4.7) and the L°°-decay estimate from Theorem 4.5, we get that

U +w" ' = U+ " in L>(Bg x (0, T)). (4.9)

The convergence of the nonlocal gradient term in (4.1) is proved in the following
lemma:

Lemma 4.6. We have that
1 pl-s e=0 —s . 2
V(—=A) L',g [Ui] = V(=AU in L“(Bg x(0,7)).

Proof. 1. There exists a weak limit. From the second energy estimate (4.6) we
note that
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vl

L2(BRx(0,7))
m—1
U +mwz
m—1

Ur+ )2 L2(Bgx(0,T))
< _mT71 mTilv —A —lﬁl—s
) (U1 + ) (=)7L, [U1]

V(AL

A

C.

L2(Brx(0,T))

Then, Banach-Alaoglu Theorem ensures that there exists a subsequence such that

V(=) 20 vin L2(Bg x (0, T)).

I1. Identifying the limit in the sense of distributions. Now, we will prove that
V(=)L S V-8) U,
in distributions. More precisely, we will prove that
T 151 e—0 T
/ (—A)T LU IV gdxdt — / (—A) U Vedxdr
0 BRr 0 Br

forall¢p € C°(Bg x (0, T)). We estimate the difference of the two integrals above
as follows:

T
18=/ / ((—A)_lﬁé_‘v[Uﬂ—(—A)_SUI) Vdxdr
0 Bg

T
+/ / ((=A)°U; = (=A)"*Us) Vpdxdt
0 JBg
= 11,8 + 12,8'

The first integral converges to 0 as a consequence of the approximation of (—A)™*
in the sense derived in Lemma 3.4 a). Note that U is changing with ¢, but we have
the uniform bound ||U1||; < |lugll; which ensures that Lemma 3.4 can still being
applied. For the second integral we write

T
he= f / Uy — Us) V(= A) "¢ dxdr
0 RN
T
:/ / (U; — Up) V(=A) P ¢ dxdr
o Ja,

T
+/ / (U —Up) V(—A) ¢ dxdr
0o JrRM\B,

for a p to be chosen later. Now fix n > 0. Then

T
// UL — Us) V(= A) | dxds
0 JrRM\B,

_ (4.10)
S UL = Uali 2@y wo.rp IV (=2) 7 @l 2@\ B,y x 0.7

S 2T [luoll 2@y IV (= A) @l L2(®mV\B,) < 0.7))-
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Since V(—A)~¢ € L>(RN x (0, T)) then we can choose p large enough such
that ”V(_A)_sqb||L2((RN\B,,)><(O,T)) é 7’]/2 On the other hand,

T
/ (U, — Us) V(—A) ¢ dxdt
o Js,
S ||Uy — U2||L2(Bpx(0,T))||V(_A)_S¢||L2(Bp><((),T))~

We choose ¢ small enough such that U1 — Uzll12(,x(0,1)) < n/2. Therefore
Ly —0ase— 0.

Note that we could have fixed p = R and then the first integral in (4.10)
is identically zero since U; and U, are supported in Bg. We keep the splitting
here since it will be needed to estimate /5 . in the limit as R — oo (see Section
432). O

To conclude this part, we use the following: given two sequences f, — f in

L? and g, — g strongly in L2, then the scalar product converges [ f.gedx —

/ fg dx. Then (4.9) together with Lemma 4.6 implies that

T
/ U1+ w" ' V(=) LI [U IV pdxdr
0 Bgr

e—0

T
e f (Us + " 'V (=A) U, Vodxdr.
0 Bgr

4.2.3. Passing to the Limit in the L” Energy Estimate (4.5) We have that

U —-U
[ vwnelwier = [ wie)—= D) dvdy
Br Br J Br

(Jx —y2+&)" 2

1 U —-U
= fB /B W W) — YW ) — D=0 gy,

(Ix —y*+e2) 2

Let

Ui(x) = Ui1(y)
N+2(1=s) °

(Ix —y>+e2) 2

1
Ge(x,y) =5 W WLX) =¥ ()

and

i Us(x) = Un()

G(x,y) = 2 (Y (U2(x)) = ¥ (U2(y))) I — y V20"

Note that G.(x, y) = 0 since ¥ is a non-decreasing function. Also, fRN fRN G,
(x,y) £ C uniformly in ¢ > 0. Since U; — U, as ¢ — 0 pointwise almost
everywhere in x € Bp then G.(x, y) = G(x, y) almost everywhere x, y € RN,
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We can pass to the limite — 0 in the last term of the energy estimate (4.5) according
to the Fatou’s Lemma

t t
lim/ / / G (x, y)dxdydr 2/ / / G(x, y)dxdy
e=>0Jo JBg JBg 0 JBg JBg

t
= / U (Us) (—A) ™S Updxds.
0 JBg

Now we pass to the limit in the H' term. The L? energy estimate (4.5) shows

that U]p /2 is uniformly bounded in L%(0,T : HO1 (BR)), therefore there exists a
weak limit w in L?(0, T : HO1 (Br)). Since HOl (Br) C L?(Bg) with continuous

inclusion, then Up/ — w in LZ(BR x (0, T)). By (4.7) we know that Uy — U»
in L2(BR x (0, T)). For p > 2 we deduce that Up/2 — Up/2 in LZ(BR x (0, 7))

and then we identify the limit w = U} /2 The weak lower semi-continuity of the
-1l H{ (Bg) NOM implies that

hmmf// V(U”ﬂ)‘ dxdt>//
Br Br

We used the fact that the norm of a Hilbert space is weakly semi-continuous. A
similar idea will be employed to pass to the limit also in the integrals in the second
energy estimate (4.6).

2
V(U”/z)‘ dxdr.

4.2.4. Passing to the Limit in the Second Energy Estimate (4.6) The first two
terms involve integral operators, so the continuous inclusion L?(Bg) C H™*/>(Bg)
together with (4.7) allow to pass to the limit. For the third one we use the argument
given in Section 4.2.3 in the particular case y (U;) = Uj. For the last term we have
to prove the following inequality:

e—0

t 2
liminf/ / W+ " VEa) T el )| drd
0 JBg

t
2/] Uz + )"~ [V(=A) " Us|* dxdr.
0 JBg

This is a consequence of the fact that the L? norm is weakly lower semi-continuous
and (Uy + 1)"T V(=2)"' LI [U1] = Uz + )" V(=A) Uy in L*(Bg x
(0, 1)). Indeed, we have that

t
f (U + 10" V(=)' 21 (U Tpdxds
0 Bgr

t
=29 / (Us + )T V(= A) " Uppdxdr
0 JBg

forevery ¢ € LZ(BR x (0, t)). This is because (U1 + M)%¢ — (U, + ;L)mT_Iqﬁ in
L?(Bg x (0, 1)) (using the Dominated Convergence Theorem) and V(—A)_lﬁé_s
[U;] = V(=A)"5U, in L*(Bg x (0, 1)) by Lemma 4.6.

From now on, we do not need to consider a smooth initial data 7y ~ ug. We
sum up the results of this section in the following theorem:
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Theorem 4.7. Let s € (0,1), 1 < m < oo, N = 1. There exists a weak solution
U, of Problem (Ps,g) with initial data ugy € LYRNY N L (RN). Moreover Us
has the following properties:

1. (Decay of total mass) Forall0 < t < T we have /
Bpg
2. (L*® estimate) Forall0 <t < T we have ||Ua(-, )|loo < ||10]]oo-

3. (L? energy estimate) Forall1 < p <ocoand0 <t < T we have

_ t
/ U{(x,t)dx+4(p—l)6/ /
Br p 0 Bg

Us(x, f)dx < / o ().
Br

2
V(Uzp/z)‘ dxds

! 4.11)
+p(p — 1)/ / U (U2)(—A) ™S Updxds gf uf (x)dx.
0 JBg Bgr
4. (Second energy estimate) For all0 <t < T we have
1 S 2 ! 1—s 2
-/ (=873 0:0)| dx—|—8/ / (—8) 7 [U:]] dxdr
2 JBg 0 JBg
! 1 2 1 s 2
+f / (Ua+w)" 1 [V(=A) " U2 (1) dxdt§—/ (=A) 2ug| dx.
0 JBg 2 /By
(4.12)

4.3. Limitas R — o0

In this section we argue for weak solutions U, = (U) g of Problem (Ps,. ). The
energy estimates (4.11) and (4.12) will give us sufficient information to accomplish
the limits.

4.3.1. Existence of a Limit We remark that the integrals in Bg can be interpreted
like integrals on whole R¥ since we have chosen Us to be zero outside Bg. More-
over, we can get, from the energy estimates (4.11) and (4.12), upper bounds which
are independent on R. Note that the compactness technique used (see Lemma 7.5)
requires compact embeddings, which motivates us to work on bounded domains.
I. Local existence of a limit. Let p > 0 and consider the ball B, ¢ R". From
(4.11) with p = 2 we get that U € L*(0, T : H'(B,)) uniformly in R > 0 and
then AU, € L*(0, T : H~'(RV)). Also, (4.12) gives U, € L0, T : H'~*(B))).
From (4.12) we get that V - (Us + )"~ 'V(=A)U,) € L*>(0, T : H'(RV)).
Applying Lemma 7.5 in the context

H'™(B,) c L*(B,) C H™'(B,),

and noting that the left hand side inclusion is compact, we obtain that there exists
a limit function V,, € L2(Bp x (0, T)) such that, up to sub-sequences,

Up—V, as R— oo in L*(B, x (0, T)). (4.13)

I1. Finding a global limit. In order to define a global limit in LZ(RN x (0, 7)) we
adapt the classical covering plus diagonal argument. Let | 7| By, , with (P2, C
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R >, be a countable covering of RN . By (4.13) we obtain there exists a subsequence
(R suchthatUs|p, — V,, asR; — ooin L*(B,, x(0,T))and V,, : B, —
R. Next, we perform a similar argument starting from the subsequence (R j);?‘; 1
and U2|Bp2 to get that there exists a sub-subsequence (Rjk),fil C (Rj)fl?‘;l such
that Us|p, — V,, as Rj, — oo in L*(B,, x (0,T)) and V,, : B,, — R.Itis
clear that V,,, =V, in By, N B),. The argument continues for the remaining balls
B,,, By,, .... In the end we define the function V : RN — R such that Vi, =V
for k € N.o. We denote this limit U3 for better organization. Therefore, up to
subsequences,

U, — Uz as R — coin L*(0, T : L (RV)).

loc

In particular, this implies Uy — Uz as R — oo almost everywhere in RY. We
recall that the functions U, are extended by 0 in R¥\ Bg and then, by the energy
estimate (4.11), we have that fRN U22dx is uniformly bounded in R > 0. Then, by
Fatou’s Lemma we get that U3 € L2(RN x (0, T)) since

T T
lim inf f (Uz)?dxdr = / / (Uz)?dxdr.
R—o00 Jo JRN 0 RN

4.3.2. The Limit U3 is a Solution of the New Problem (Ps,,) Similarly, one can
prove that U3 is a weak solution of Problem (Ps,):

(Us); = 8AU3 + V - (Us + )"~V (=A)~5U3) for (x, 1) € RN x (0, T),
Us(x, 0) = up(x) forx € RV,

(P(Su)

The test functions used in Subsection 4.2.1 are compactly supported so the argu-
ments perfectly work here. Let ¢ be a suitable test function supported in a ball B,
for some p > 0. For the convergence of the nonlinear term we use that

Uy + )" = U3 + ™" in L>(B, x (0, T)) as R — +00,
and
V(=A) Uy = V(=A)*Us in L*(B, x (0,T)) as R — +oo,  (4.14)

where (4.14) is proved as in Lemma 4.6.

4.3.3. Energy Estimates All the energy estimates of U, can be written with
integrals in R and they provide upper bounds which independent on R. As before,
the existence of a pointwise limit plus Fatou’s Lemma allow us to pass to the limit
as R — +oo. We refer to [43] for the proof of mass conservation. However, in
Theorem 5.2 we prove this result in the general setting of measure data. We conclude
with the following theorem:

Theorem 4.8. Lets € (0, 1), 1 <m < coand N = 1. There exists a weak solution
Us of Problem (Ps,,) with initial data ug € L! (RNY N L®(RN). Moreover, Uz has
the following properties:
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1. (Conservation of total mass) For all 0 < t < T we have / Us(x, t)dx =
RN

/ ug(x)dx.
RN

2. (L®° estimate) Forall0 <t < T we have [|U3(-, t)|lco < |l10]]oo-

3. (LP? energy estimate) Forall1 < p <ocoand(0 <t < T we have

_ t
/ UY (x, t)dx + M/ /
RN P 0 JRN

t
+ p(p - 1)/ / ¥ (U3)(—A)' ™ Uzdxds é/ ug (x)dx.
0 JRV RV

2
V(U;’/z)‘ dxds

4.15)

4. (Second energy estimate) For all 0 < t < T we have

3,
2 Jaw

! m—1 —s 2 1 -5
+/f Uz +m)" " [V(= )" U3 (0)| dxdti—f (=) g
0 JRN 2 RN

4 1—s
(—A)_%Us(l)‘zdx+8/0 /RN ‘(—A)T[Ug]‘zdxdt

2
dx.

(4.16)

4.4. Limitas u — 0

We remark that some of previous arguments can not be applied here since
(U3 + 1)~ D may degenerate as © — 0 close to the free boundary. Therefore
we adapt the proof to overcome this issue.

4.4.1. Existence of a Limit The energy estimates (4.15) and (4.16) gives us
uniform upper bounds in p which allows us to prove the existence of a limit

U3 — Us as w— 0 in L2 (RN x (0, 7)), 4.17)

loc

using the same covering plus diagonal argument of Section 4.3.

4.4.2. The Limit U, is a Solution of the New Problem (Ps) As before the
compact support of the test functions allows us to prove that Uy is in fact a weak
solution of the problem

{ (Us)e = AUy + V - (U 'V(=A)5Uy) for (x,1) € RN x (0, T), )
)

Us(x,0) = ug(x) forx € RV,

The first integral of the weak formulation passes to the limit like in (4.8) as conse-
quence of (4.17). It remains to prove that

T
f f (Us + )" 'V (=AY Us - Vpdxdt
0 RN

T
;:9 / / Uin—lv(_A)*sU“ . V(pdxdf (418)
0 JRVN
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Let ¢ be supported in B, for some p > 0. Itis clear that
Us+w" ' - U as w—0 in L*(B, x (0, 7)). (4.19)

Moreover, from the second energy estimate, we get that there exists a weak limit of
Us in L2(O, T : HI*S(Bp)). Furthermore, the limit can be identified in L2(Bp X
(0, T)) from (4.17), and then

Uy —= Uy as p—0 in L*0,T: H'™5(B))).
Since the term V(—A)™* is of order 1 — 2s, which is smaller than 1 — s, then

V(=A)*U; =~ V(=A)"*Us in Lz(Bp x (0, T)). (4.20)

Combining (4.19) and (4.20) the convergence (4.18) follows.

4.4.3. Energy Estimates We state the main properties of the solution of Problem
(Ps).

Theorem 4.9. Lets € (0,1),1 <m < ocoand N = 1. There exists a weak solution
Uy of Problem (Ps) with initial data ug € L'(RN) N L®(RN). Moreover, Uy has
the following properties:

1. (Conservation of total mass) For all 0 < t < T we have / Us(x, t)dx =
RN

/ up(x)dx.
RN

2. (L®°-estimate) Forall0 <t < T we have ||U4(-, 1)||oo < |1t0l]oco-
3. (LP-decay energy estimate) Forall 1 < p <ocoand0 <t <T

. !
/ Uf(x,t)dx—i—wf / ‘V(Uf/z))zdxdt
RN 0 JRN

p(p -1 m+p—2 1—s / p
—A dxdr < dx.
m+p 2//RNU4 (ZA) Uadudr = RNMO(X)X

421

4. (Second energy estimate) For all 0 < t < T we have

1/
2 JrN
! 2 1 s 2
+/ / U V(=) U0 dxdrg-/ ‘(—A)*mo‘ dx.

0 JrY 2 Jrw
(4.22)

2 t . 2
dx+8f / ‘(—A)T[Uﬂ‘ dxdt
0 JRN

t
Theproofisasinthepreviouspart.Theterm// (U3+u)m_l|V(—A)“‘U4(t)]2
0 JRVN

dxdr passes to the limit by Fatou’s Lemma since (U3 + )" ~! — Uj”fl aspu — 0
pointwise.
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4.5. Limitas 6 — 0

This part is quite interesting and brings some novelty in the techniques we have
employed so far. Here we use a different compactness criteria in order to derive
the convergence as § — 0. This is a consequence of the lack of regularity that was
given by the é-term in the previous approximating problems.

Estimates (4.21) and (4.22) provide an upper bound independent of §. The terms
with § coefficient are positive and bounded and therefore Uy satisfies

/RN Uf(x,t)dx+ p(p / /RN UZ’*”‘Z(—A)‘*SUmxdt < /RN ub (x)dx,

4.23)
and

t
l/ ‘(—A)_%U4(t)‘2dx+// Ul V(=AU )| dxde
2 0 RN

52/ ‘( A)” 2uo‘2dx. (4.24)

4.5.1. Existence of a Limit. Compactness Estimate I We will prove compact-
ness for the following sequence:

Us if m<2
Ws := .
vy it om>2.
The idea is to apply Theorem 7.8 for Ws and in order to use this compactness

criteria we need to work on a bounded domain B, for p > 0. From (4.23), applying
Stroock-Varopoulos we obtain

/ ul (x)dx = f UL (x, t)ydx
RN RN
L A= 4p(p— 1 / /
(m+p—12 RN
In this way we get a uniform bound for W in L?>0,T:H'" (B))) by using (4.25)
with p =3 —mifm < 2and p =m + 1 if m > 2. Note that the exponent 3 — m

is again critical in the proof of existence, as happened in the article [43]. In both
cases we get that there exists a weak limit

’ (4.25)
dxdt.

m+p—1

—a)TU, T

Ws — Win L2(0, T : H'™(B,)).

Then, hypothesis a) in Theorem 7.8 is satisfied in the context V = H'~* (B)) and
H = L2(Bp). However, b) also holds due to the energy estimate (4.25) for p = 2¢q
where ¢ = 1if m < 2 and ¢ = m if m > 2. Indeed we have the following estimate

Sup W0l 25, = 59 U Ol 25, = S99 1Us Ol 5,

= ”uO”LZq(Bp) < +OO
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for every t € (0, T). It remains to prove assumption c) of Theorem 7.8. Since

LZ(B,)) is a separable Hilbert space, we can find a countable set D dense in LZ(B,)).

Moreover, we can assume that the elements ¢ € D are smooth and nonnegative.
We want to prove that the family of functions gﬁj (1) =< Us(-, 1), ¥ >12(B,)

is relatively compact in L'((0, T)). First, {g?/,}5>0 is equibounded in L'((0, 7))
since

T
”gf//”Ll((O,T)) 1=f / Us(x, )¢ (x)dxds
o Ja,

T 1/2 T 1/2
< ( f (U4)2dxdt) ( / wzdxdt>
0 JB, o JB,

<Tlluoll 2, 1¥lr2(B,)-

Moreover, we also have that gﬁf () is equicontinuous in L'((0, T)): using (Ps) we
have

T T
/ (g)) (1)dr = 8/ < Us, AY > dt
0 0

T . .
+f < (=AU, V(=A)2UI V) > dr
0

< 81 Uallz2 s, x 0,00 T 1AVl L25,)
+ (=D 3Usll 28, x 0.1 1V (=) 2 WU V) 1208, < 0,19

where all the terms in the last inequality are absolutely bounded in § due to the energy
estimates (4.23) and (4.24). We use the fact that for any smooth function ¢ € D
we have that U}~ € L2(0, T : H'~*(R")) and then V(—A)"2 (U} 'Vy) €
L>(RN x (0, T)) uniformly on §.

In this way, if m < 2, since Uy = W;, we have that hypothesis c¢) of Theorem
7.8 is satisfied by Ws. If m = 2, then < Uf", ¢ >12(B,) is clearly equibounded in

L'((0, T)). Moreover, by the equicontinuity of g‘f// (t) and the estimate

%) n
-1
/ < U!;n, 4 >12(B,) dr = ”uO”,Zoo(]RN)/ <Us, ¢ >12(Q) dr,
1 1

we have that < Uy", ¢ >12(B,) is also equicontinuous in L'((0, T')). We apply
Theorem 7.6 to obtain

Ws — W in L*(B, x (0, T)).

Form < 2 thismeans U4 — W in LZ(BP x (0, T)) and we are done. Now, let m >
2. We have Ws = U} — W in L*(B,, x (0, T)). Since (Us)s € L°(RY x (0, T))
uniformly in § then also the limit W (x, t) € L®RY x (0, T)). In both cases, by
the covering plus diagonal argument and Fatou’s Lemma as in Section 4.3.1, we
obtain, up to a subsequence, that

Us — uin LE (RN x (0, T)). (4.26)
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4.5.2. The Limit u is a Weak Solution of Problem (1.1) We pass to the limit as
6 — 0 in the weak formulation corresponding to Problem (Ps). Let ¢ a compactly
supported test function with support in B,. Then by (4.26) we get

T T
/ / U4¢,dxdt—>/ / up;dxdr as 8§ — 0.
0 JRN 0 JRN

Moreover,

T
6/ / UsApdxdr - 0 as § — 0.
0 RN

It remains to prove that

T T
/ / UA""71V(—A)_SU4V¢dxdt—>/ / "IV (=A) S uVepdxdr.
0 RN 0 RN

4.27)
I. Case m < 2. From L? estimate (4.25) with p = 3 — m we have that Uy €
Hl_s(Bp) and then Uy — u in H'~5(R). As a consequence,

V(=A) Uy = V(=A)"u in L*(B, x (0, T)). (4.28)

Moreover, we have that Uj”_l — " lin L2(Bp x (0, T)), which together with
(4.28) implies (4.27).

II. Case m > 2. We will use the factthatV(—A)*S(Ui”*lV@ e LP(RN x (0, 7))
uniformly on §, for a certain p > 1. For the sake of a clean presentation, we present
the proof of this fact in “Appendix 7.3”. On the other hand, Uy € L9(R") for any
L4(RYN) uniformly on 8§ > 0 and thus we integrate by parts the first integral of
(4.27) to get

T
1(Uy) ::/ / Ul 'V (—=A) S UsVpdxdt
0 RN
T
=/ / UsV - (—A) (U V)dadr,
0 RN
Moreover, for every ¢ there exists a weak limit
V(=AU = v as 80 in LPRY x (0, 7).

We identify the limit in the sense of distributions and show that v = V - (—=A)™*
(u™1'V¢): indeed we have that

T
/ / U~ 'Vev(—A) " ydxdr
0 RN

T
—>/ / UV (—A)Sydxdr forall ¢ € CPRYN x (0, T)),
0 RN
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since U1 — u~Vin L) (RN x (0, T)). Therefore

V(=AU = V- (=A@ TV )
as 8§ — 0 in L”(RN x (0, 7)), 4.29)

for every test function ¢.
Let R > 0. Then

T
I(U4)=/ / UsV - (=N (UM V)dxds
0 Br

T
+/ / UsV - (=A) (U Vp)dxdr
0 JRN\Bg
= 11(Us) + I (Us).

Since the sequence UZ”71V¢ has the same compact support for all § then V -
(=A)S (Ujfl_1 V) uniformly decays for large | x| (see (4.30)). Then we can choose
R big enough such that I,(Us) < ¢/3. In the same way (1) < ¢/3. Now, with
this given R we use that Uy — u in LI (RN x (0,T)) together with (4.29) and

loc
we have I1(Uy) — I1(u) as § — 0. Thus, we choose § > 0 such that

11(Us) — 1) £ 11, (Us) — )| + LU + [l w)] < g + g + § —e.

We integrate by parts to obtain the desired convergence (4.27).

4.5.3. Energy Estimates We pass to the limit in the energy estimates. From
(4.23)-(4.25) we get that

» p(p—1) ! m+p—2 1—s p
uf (x,t)dx + ———=— u (=A) Pudxdt £ uy (x)dx.
RN m+p—2Jy Jry RN

From (4.24) we get

1 _s 2 ! —1 — 2
-/ [(=2)73u)| dx+/ / WV |V (=A) " u) [ dxdt
2 JrN 0 JRN

<5
2 JrN

We have obtained so far the existence of a weak solution of Problem (1.1) enjoy-
ing regularity properties and the corresponding energy estimates. This concludes
the proof of Theorem 2.2.

2

(—=A) " Zup| dx.

4.6. Dealing with the Case N = 1, s € [%, 1)

The operator (—A)~* is not well defined when N = 1 and % < s < 1 since the

convolution kernel K; = does not decay at infinity. Therefore it does not

|x|1—2s
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make sense to think of equation (1.1) in terms of a pressure. This may not be very
convenient, but the issue can be avoided by writing the equation as

Uy = V . (umflvlfzsu),

where V=2 denotes formally the composition operator V(—A) ™. According to
[4], V!=2 can be written in the whole range 0 < s < 1 in terms of the singular
integral formula for smooth and bounded functions

VB y(x) = g f W0 =Y+ D) IfﬂfZ)zsdz (4.30)

Note that for 3 < s < 1, |z|7NV=1+2 L .(RY) and decays at infinity. Note
also that V!~ 2‘ has the Fourier symbol glven by i sign(£)|£]|'~2*. Moreover, the
operator (—A)~ 2 is well defined in the whole range 0 < s < 1 even in dimension
N = 1. In this way, we have the following property:

VT2 = (A)T2V(=A) T2 = (=A)T2V!I T,

The L? energy estimate (2.1) still has the same form, while the second energy
estimate (2.2) needs has to be reformulated as

1 -5 2 ' m—1 1-2s 2
3 L Jeartuo o [0 w9 axa

1 s |2
< - / ‘(—A)_fuo‘ dx.

2 RN
The proofs of Section 4 follow similarly. For the & — 0 limit, we shall use part b)
of Lemma 3.4.

5. Existence of Solutions with Measure Data

In this section we give the proof of the existence of weak solutions taking
as initial data any u € M*(RY), the space of nonnegative Radon measures on
RN with finite mass. In particular, this includes the case of only integrable data
ug € L' (RN). Therefore, we improve the results from [12,43] to less restrictive
initial data. As precedent we mention [10] where the authors extend the existence
theory form = 2 to every ug € L'(R"). The case of measures has been considered
for the case m = 2, s — 1 in [39], and for model (1.2) in [49].

Definition 5.1. Let u € M (RN). We say thatu = 0is a weak solution of Problem
(1.1) with initial data w if
Due Ll RYx(,T1)),3G{)V(—A)SuelLl

| loc
uel,

T T
/ / ud; dxdt—f / "IV (=A)u-Ve dxdt—l—/ ¢(x,0)du(x) =0
0 RN 0 RN RN

for all test functions ¢ € Cc1 (RN x [0, T)).

(RN % (0, T)), (i) ™1V (=A)~S

loc

RN x (0, 7)),
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Theorem 5.2. Let 1 < m < 0o, N 2> 1 and u € MT(RYN). Then there exists a
weak solution u = 0 (in the sense of Definition 5.1) of Problem (1.1) such that the
smoothing effect (2.3) holds for p = 1 in the following sense:

luC )l poe@ny < Cnsomt Y n(RY)® forall >0,

5= 2(1—s)

m=DNT20=5)" Moreover,

N
where y = =DNT2(=5)’
ue L®(0,00) : L"RY) N L®@RY x (1,00)) forall 7 >0,
and it has the following properties:

1. (Conservation of mass) Forall0 < t < Twehavef u(x, t)dx = / du(x).
RV RV

2. (L? energy estimate) Forall1 < p <ocoand(0 <t <t < T we have

dp(p—1)
/RNup(x,t)dx-i-( +p_])2/AN
§/ u? (x, 7)dx.
RN

3. (Second energy estimate) For all0 < t <t < T we have

(-A)'T

1 _s 2 ! —1 - 2
-/ (=) 2u) dx+/ / W |V (= A) " u() [ dxdt
2 RN

< 2/ ‘( A)~ 2u(t)‘ dx.

Remark 5. If u is an absolutely continuous with respect to the Lebesgue measure,
it has a density ug € L'(RN) such that du(x) = uo(x)dx. In this case ug is an
initial condition in the sense given in Definition 2.1.

Proof. I. Approximation with bounded solutions. Let {p,},-0 be a sequence of

standard mollifiers. We define the approximate initial data by convolution, that is,
for any n > 0 we consider the function (ug), € LY(®RN)y N L®(RN) defined by

(o) (x) 1= / pulx — A ().
RN
Note that, by Fubini’s Theorem, we have that
oIl v,y = f du(z) = w®Y).
RN

It is clear that (up), — @ as n — oo in the sense required by Definition 5.1, that
is,

/ (uo)n(X)w(X)dx%/ V(x)du(x) as n— oo (CRY
R¥ RN
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forall y € CL(RN). Now letu,, € L' (RY) N L>®(R") be the solution of Problem
(1.1) with initial data (u¢), provided by Theorem 2.2. Moreover, thanks to the Ll-
L®° smoothing effect given by Theorem 2.3 we have the following estimates that
are independent of n:

i) Forall0 <7 < T we have [|un(-, )| L1 wyy = @o)nll L1 @wyy = w(®RN).

i) Forall0 <t <t < T we have

Nl (-, t)||L<><>(]RN) S lun(, 7—')||L<><>(RN) SCNsmT y||(140)n||L| (RN)
- CN,s,m T yM(RN)(Sv

N 5 — 2(1—s)
m—DN+2(1—5)°’ 2 = tm—DN+2(1—5)"

Furthermore, since i) and ii) show thatu,, € L (RN x (z, T))NL' (RN x (0, T))
uniformly in n, we have the following energy estimates for which the right hand
side are absolutely bounded in n (the precise bounds will be given later):

iiiyForalll < p <ocand0 <t <t < T,

P 4p(p — //
/H;Nun(x,t)dx—i—( T 1)2 .

éf ul (x, T)dx.
RN

iv)Forall0 <7 <t < T,

where y =

m+p—1 2

(—A) T, °

dxdt

1 _s 2 ! —1 — 2
-/ ‘(—A) 214,,(1‘)‘ dx—i—/ / uld = V(=N u, ()| dxdr
2 JrN r JRN

< %/R =) 2, ax.

I1. Convergence away from ¢ = 0. Given any T > 0 we can use the compactness
criteria given by Theorem 7.8 as in Section 4.5.1 to show that

up —> u® as n— oo in LL (RN x (¢, 7). (5.2)

In the weak formulation, for any ¢ € C2° (RN x [0, T)), u,, satisfies

T T
/ / un¢rdxde —/ / u?_lV(—A)_sunV(]ﬁdxdt
T JRN . JRN
—i—/ uy(t)ep(x, v)dx = 0.
RN

Moreover, we can proceed as in Section 4.5.2 to prove that for any test function ¢

we have
T T
[ / Mn¢thdl—>/ / u¢,dxdt as § — 0.
T JRN r JRV

T T
/ / u?_IV(—A)_‘Yuanbdxdt—)/ / " IV(=A)u"V ¢pdxdr.
z RN T RN
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III. Uniform estimates at 1 = 0. In order to show that we can pass to the limit
as T — 0 to obtain a weak solution of Problem (1.1) we need to prove that the
remaining terms converge to zero as t — 0. First of all,

u, ¢ dxde

T
<c / it s )1 vyt = CTn(RY),
RN 0
Now we use the classical Riesz embedding (c.f [45]) and that u, (-, 1) € L'®RM)N
L>®(RN) for any ¢ > 0 to get

N
N .

N ) 1
(=) 2,0 dx < Cllun @ with - =
RN P 2

< | =

Also, from the smoothing effect, we have
—1 1S —v(p—
lun @} < Nun@ 1 lun @5 £ Cu@®Y)HP=Do =7 (=D,

In this way, we get

/ [(=8) 2,0 ax < Cu@Yyri
RN

for some o > 0, and

2y(p—1) 2N N—-2s N —2s

A= = .
p T m—1)N+2-2s 2N (m—1)N+2—2s

Consider the strip Qx = RY x (#, tx_1) with tz = 27%. Then

1/2
// uf_lIV(—A)_sunldxdté(/f uf‘ldxdt)
Ok O
172
(// el V(=A)” unlzdxdt)

12 12
< Ol Z gy (1B 1) ( [ =t dx)

m=2 1

§CM(RN)&II:V 2 tkftk_f
= Cpu®RN)7 s

>

for some 6 > 0, and

1 N —2s 1
a=-(1—ym-2)— = >0
(m—1)N+2—2s (m—1)N+2—2s
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In this way,

// W™V (= A)Su, Vpdxdr
0 JRY (5.3)

T
§||V¢||oof/ WV (= A) S updede < A7)
0 RN

for some modulus of continuity A.
IV. Initial data. The only thing left is to prove that the initial data is taken. Let ¢
beaC C] (RV) test function. Then, using the estimate given by (5.3), we get

T
0 JRN

T
// U™ V(= A)Su, Ve dxdr
0 RN

‘ / (tn(7) — (o)) el
RN

54

< A(7).

A standard diagonal procedure in n and t concludes the proof.

V. Conservation of mass. We can also conclude conservation of mass by taking a
sequence of test functions of the cutoff type, ¢pr(x) = ¢ (x/R) with0 < ¢ < 1
and ¢ (x) = 1 for |x| < 1 and such that VORI Loomry = O(R™) (see Appendix
A.2 in [43] for more details). Then, using (5.3) and (5.4), we get that forany 7 > 0

we have
‘ / tn (1) predx — / (uohnprdx
RN RN

In particular, the previous estimate implies that

< cA®

R

/ un (T)Prdx Z/ (o)nprdx — CA(T)/R
RN RN
= / (o)nPrdx — / dr(x)dp(x)
RN RN
+ /RN dr(x)du(x) — CA(T)/R.
In view of (5.2) and (5.1) we can let n — oo in the previous estimate to get
/ u(D)rdx / Pr(0)dp(x) — CA)/R.
RN RN
Note that, since p is measure with finite mass in R¥ then
fR CPROOA(x) Z W(RY) = e(R),

with e(R) — 0 as R — oo. Therefore,

_/N u(t)prdx = p(RY) — e(R) — CA(1)/R.
R
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Now, letting R — o0, we get

/ u(t)dx = p(@®N).
RN

In this way we show that no mass is lost at infinity during the evolution. The other
inequality comes from the construction of solutions. O

Remark 6. The proof of mass conservation given in Theorem 5.2 is strongly based
on the estimates available from the L' — L™ smoothing effect. This is a more pow-
erful tool than the one presented in [43 ] where the assumption of the boundedness
on solution was unavoidable.

6. Comments and Open Problems

e First energy estimate. Let u be the solution of Problem (1.1). The following
formal estimates can be derived for any ¢ > 0:

t s
|(2—m)<3—m)|f0 fRN |V(—A)*‘7u\2dxdz+[RN u(z)3—’"dx§/RN uy™"dxif m#2,3.
t s
/ / |V(—A)_7u|2dxdl+/ (u(t)—log(u(t)))dx§[ (ug—log(up))dx if m=3.
0 JRN RN RN

t s
/ / |V(—A)_7u|2dxdt+/ u(t)log(u(l))dxé/ ug log(ug)dx if m=2.
0 JRN RN RN
6.1)

This kind of energy estimates were a key tool to prove existence in the previous
paper [43]. When m € (1,2), they only require ug € L'(RY) N L®(RY) in
order to have uniform bounds on the L2(R" x (0, T')) norm of V(—A)’% u. When
m € [2, 3) they are still being useful energy estimates, but an additional decay has
to be imposed to ug. In [43] we proved that if uy decays exponentially for large
|x], then u(¢) has a similar decay and (6.1) gives us meaningful information. For
m 2 3, (6.1) is not valid anymore with a decay property. This has motivated us
to use a different approximation technique in the present paper which satisfies a
different energy estimate (2.1) without any additional conditions to be imposed on
the initial data.

e The L?-energy estimate (2.1) can be proved for a general nonlinearity ¢ (u):

t ¢
[ ewenas [ s T s [ pwmar.
RN 0 JRN RN

where (¥/)?(a) = ¢”(a)a™ . This kind of energy estimate is used in [4] and in
[20].

e More general equations and estimates. The techniques employed in this paper
can be used to prove existence results for more general equations of the form

u;(x,t) =V - (G @)V(=A) " u), (6.2)
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(a) Solution for model (6.3) with s = 0.5 (b) Solution for model (6.4) with s = 0.5

Fig. 1. More general equations of type (6.2)

where G : [0, +00) — [0, +00) has at most linear growth at the origin or G’ > 0.
The general Stroock-Varopoulos Inequality (7.1) allows us to obtain an energy
inequality in this case as well.

! 1—s 2
[ ewenacs [ s T a s [ pwma.
RN 0 JRN RN

where (') (a) = ¢”(a)G’(a). A few examples are as follows:
a) We consider G (1) = ,1—11(14 + 1™, then G’ (1) = (u+ 1)"~! and the model is

Uy (X 1) =V - ((u + 1)”’_1V(—A)_‘u) . (6.3)

This corresponds to the approximating problem (Ps,) without viscosity u = 1,
8 = 0. There is positive velocity and the solutions seem to have infinite speed of
propagation. See Figure 1a for the particular case m = 2.

b) Let G(u) = log(1 + u), then G'(u) = ﬁ, and the model is

1
u(x, 1) =V - (H—MV(—A)_Su> : (6.4)

We provide a numerical simulation in Figure 1b. This may correspond to m — 0,
m > 0. This nonlinearity has been considered for the Fractional Porous Medium
Equation u; + (—A)* log(1 4+ u) = 0 in [17].
o Finite/infinite speed of propagation depending on the nonlinearity. In [43]
some preliminary results have been obtained concerning the positivity properties
of the solution of Problem (1.1). Jointly with the existence theory developed in the
present work for all 1 < m < oo we have the following results so far:

a)LetN = 1,m € [2, +00),s € (0, 1) and let u be a constructed weak solution
to Problem (1.1) with compactly supported initial data ug € LY RNy N Lo@RY),
Then, u(-, t) is also compactly supported for any ¢ > 0, that is the solution has
finite speed of propagation. This causes the appearance of free boundaries.

b)Let N =1,m € (1,2),s € (0, 1). Then forany ¢t > 0 and any R > 0, the set
Mg ={x:|x| 2 R, u(x,t) > 0} has positive measure even if u( is compactly
supported. This is a weak form of infinite speed of propagation. If moreover ug
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is radially symmetric and monotone non-increasing in |x|, then we get a clearer
result: u(x,t) > Oforall x € Rand ¢t > 0.

o The effect of the nonlocal operator on the diffusion. The parameter s € (0, 1)
plays a crucial role in the the diffusion effects. We thus have that:

a) In the limits — 1, we getu; =V - "'V (=A)"1u), which is no more a
diffusion equation. This is an interesting problem to be further investigated. When
m = 2, it has been proved in [39] that the model gives in the limit s — 1 a “mean
field” equation arising in superconductivity and superfluidity. For this equation, the
authors obtain uniqueness in the class of bounded solutions, universal bounds and
regularity results. Note that Holder regularity is no more true for the standard class
of bounded integrable solutions.

b) When s — 0 we getu; = V - (u"~1Vu) which is the classical Porous
Medium Equation u;, = %Aum with m > 1. It is known that solutions propagate
with finite speed and have C* regularity.

Such limit processes have not been justified with analytical rigor for m # 2.
We provide some numerical simulations which confirm the behaviour of solutions
for different values of m and s (see [18,22]). Figures 2a, 2c, 2e indicate the effect
of diffusion in the infinite speed of propagation case. Figures 2b, 2d, 2f indicate the
effect of diffusion in the finite speed of propagation case. Note that the larger the
s, the slower is the diffusion velocity.

e The question of uniqueness.

As mentioned in the introduction there is an open problem about uniqueness in
several space dimensions. There are recent uniqueness results if the initial data are
smooth; see Zhou et al. [52], who obtain unique local-in-time strong solutions in
Besov spaces; that is, for initial data in Bﬁoo if1/2<s <landa > N + 1 with
N = 2 (see also [51]). On the other hand, Duerincks [25] proves uniqueness and
stability of solutions having a given regularity, based on previous work by Serfaty
in the Coulomb case [38]. These results need to be extended to our model.

e Other open problems.

— The problem in a bounded domain with Dirichlet or Neumann data has not
scarcely studied. See Nguyen and Vazquez [34] for Dirichlet data.

— We have considered only nonnegative solutions on physical grounds, but we
could have also considered signed solutions after writing the equation as u; =
V- (lu™ 'V (=A)"Su).

— Good numerical studies are needed. A rigorous study of convergent numerical
schemes is developed in [21] in dimension N = 1.

7. Appendix

7.1. Functional Inequalities Related to the Fractional Laplacian

We recall some functional inequalities related to the fractional Laplacian oper-
ator that we used throughout the paper. We refer to [16] for the proofs.

Lemma 7.1. (Stroock-Varopoulos Inequality) Ler 0 < s < 1, g > 1. Then

Ag — 1 2
e 2o Ay udy = 29D [ Cappar) g
RN q2 RN
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(@ m=15s=025 (b) m=2s=025

(©) m=155=05 (d) m=2s=05

(€) m=15s=075 ) m=2s=075

Fig. 2. Infinite versus finite speed of propagation for different pressures

forall v e L1(RN) such that (—A)’v € L1(RV).
Lemma 7.2. (Generalized Stroock-Varopoulos Inequality) Ler 0 < s < 1. Then
/ ¥ () (—A)vdx > / ‘(—A)S/Z\Il(v) ? dx (7.1)
RN RN
whenever ' = ()2,
Theorem 7.3. (Sobolev Inequality) Let 0 < s < 1 (s < % if N =1). Then

Il v = S
N-2s

(—a)y 7|

’
2

where the best constant is given in [8] page 31.
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Theorem 7.4. (Nash-Gagliardo-Nirenberg type inequality) Ler 0 < s < 1 (s <
% ifN=1),p=21r >10<s < min{N/2, 1}. Then there exists a constant
C = C(p,r,s,N) > 0 such that for any f € LP(RN) with (—A)* f € L"(R")
we have

LAIETE S =) £, 1£1%. (7.2)

where ry = Nr(zxtrg)p)’ a=L2r=h

r

7.2. Compactness Criteria

Necessary and sufficient conditions of convergence in the spaces L”(0, T : B)
are given by Simon in [40]. We recall now their applications to evolution problems.
We consider the spaces X C B C Y with compact embedding X C B.

Lemma 7.5. Let F be a bounded family of functions in LP(0, T : X), where 1 <
p < ooand 3F/dt = (3f/dt : f € F)} be bounded in L' (0, T : Y). Then the
Sfamily F is relatively compact in L?(0, T : B).

We refer to Rakotoson and Temam [36] for proof of the following lemmas (7.6 and
7.7):

Lemma 7.6. Let (V, || - |lv), (H, | - llg) two separable Hilbert spaces. Assume
that V. C H with a compact and dense embedding. Consider a sequence (us)s=0
converging weakly to a function u in L>(0,T : V), T < 4o0. Then us — u
strongly in L*(0, T : H) if and only if

(i) us(t) — u(t) in H for almost everywhere t;
(i) liMypeas(£)—0,EC[0,7] SUPs=0 [5 lus(®)||3,dt = 0.

Lemma 7.7. Let H be a separable Hilbert space. Consider us a sequence of func-
tions satisfying the following:

1) For almost every t C (0, T), supsg llus(t) || g is finite.

2)u—uinL%*0,T : H).

3) There exists a countable set D dense in H such that for all y € D, the sequence
gij (t) =< us(t), ¥ >py is relatively compact in LY, T).

Then, there exists a subsequence (8) = (8p) such that u® (t) — u(t) in H-weak for
almost every t.

Combining both of the above lemmas, the following optimal compactness the-
orem holds:

Theorem 7.8. Let (V, || - |lv), (H, || - |g) two separable Hilbert spaces. Assume
that V. C H with a compact and dense embedding. Consider a sequence (us)s=0
such that

a)us — uin L0, T : V), T < +oo;
b) For almost every t € (0, T); supg.q llus(t)| g is finite;
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c) There exists a countable set D dense in H such that for all v € D, the sequence
gil (t) =< us(t), ¥ >pg is relatively compact in LY, T)).

Then, up to a subsequence, us — u strongly in L>(0, T : H).

Proof. Weak convergence in L0, T :V) implies weak convergence in L%0,T :
H), therefore a) implies assumption 2) in Lemma 7.7. By Lemma 7.7 we obtain
that, up to a subsequence, u® (1) — u(t) in H-weak for almost every t. Moreover,
the upper bound given by 1) implies (ii) from Lemma 7.6. Then, using Lemma 7.6,
we obtain that us — u strongly in L2(0, T : H). O

7.3. A Technical Result Related to the Approximation Arguments

Let U4 be as given in Section 4.5. We want to show that V- (—A) ™ (Ui”‘l Vo) €
L? (RN x (0, T)) forsome p > 1. We will express the operator V- (—A)~ using the
Riesz transforms applied to the Riesz potential operator or to a fractional operator,
depending on the range of s.

First let s € (0, 1/2). We have that

A\ (—A)_S(Uin—lv(z)) —V. (_A)—I/Z(_A)I/Z—s(Uin—lv(p)

N
Y0 (=)= P W oy ¢,
j=1

where R; = 0, j(—A)’l/ 2 are the Riesz Transforms which are bounded linear
operators from L? to L?. Notice that (—A)l/z_S(UZ‘"_IVq)) € L? since
(=AW 0, 0) = (=)' WY 0y + UL TH (=02 0y, 00)
—H'"P W 0y 9),

where H® is the remaining in the fractional Leibniz formula, also called Carré du
Champ operator [3, Ch. 1.4.2] :

SON(gx) — g(y))d
y.

|x _ y|N+2s

(fx) —
HY(f. 8)(x) := P-V-/
RN
Note that, by Holder’s Inequality,

IHY2=S W 0, 0112, §/|H‘/2*S<Ug"*1,uz“l>|dx

: / |H'?75 (3¢, 0, ¢) | dx

1/2—s 1/2—s

= [I(=A)"Z (U DL II(=A)"T (3,3, < oc.
Thus, using the energy estimate (4.21) with p = m — 1, we get that
(=) 25U oy, )l 2 <=2 (U D2 104,91 2
F U 2 =) (0, ) 1.2
+ I HZH W 0y )2 < oo
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We have used the energy estimate (4.24) for U4 with p = m — 1. We then obtain
that

V(=AU V) € LP®RY x (0, 7)),
since

N
IV (=)W Ve)lle = | D 0, (=) A=) 2y oy ¢)
j:1 L2

N
<Y IR M)W o) 2
=1

~
Il

M=

<D =)W o)l 2 < oo

=1

~
Il

Consider now s € [1/2, 1). We interpret the term as follows:

V(=N WUPTIV) = V(=)A= R W ve,
where the Riesz vector transform R j := 9, ; (—A)~1/2is a bounded operator in L?

for 1 < p < 0o [28, Cor. 4.2.8, pp. 274]. Then Ui"71V¢> € LP(RN x (0, T)) for
every p > 1, since

-1 pln=1) v
o2 voiu = ( [ 02 iworrax)

pm=2) 1/p
< Uslloo” (/N UZ|V¢|de> < 0.
R

It follows that for s € [1/2, 1), the operator (—A)_(S_l/z) = Iry_1 is the Riesz
potential, and we have

1 1 2s—1
I(=2)" W'Y SNUP Vol <00, —=—— =
qg p N
forall p < N/(2s — 1). Since N/(2s — 1) > 1 for all s € [1/2, 1), we have that
V- (=A)FUPT'V) € LIRN x (0, T)) for some g > 1.
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