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ON SOME NONLOCAL PARABOLIC
REACTION-DIFFUSION SYSTEMS WITH GRADIENT SOURCE TERMS

SOMIA ATMANI, KHEIREDDINE BIROUD, MAHA DAOUD, EL-HAJ LAAMRI*

ABSTRACT. The present paper is concerned with a class of nonlocal parabolic reaction-diffusion
systems set in a regular bounded open subset of RV, where the gradients of the unknowns act
as source terms (see (S) below). First, we establish some nonexistence and blow-up in finite time
results. Second, we prove some new weighted regularity results. Such results are interesting in
themselves and play a crucial role to study local existence of nonnegative solutions to our systems
under suitable assumptions on the data.

This work also highlights a substantial difference between the nonlocal case and the local case
already studied by the fourth author and his coworkers.

1 Introduction

In this work, we consider a class of nonlinear fractional parabolic reaction-diffusion systems of the
following type :

ou+ (—AYu = |[Vul?+f in Qx(0,7T),
o+ (—A)P*v = |[VulP+g in Qx(0,7),
(S) u(z,t) =v(x,t) = 0 in (RV\Q)x(0,7),
u(z,0) = wg(x) in Q,
v(z,0) = wo(x) in Q,

where  is a bounded regular open subset of RN, N > 2s, % <s<l,pg=1, f g, up and vg
are measurable nonnegative functions satisfying some assumptions which will be specified later. The

operator (—A)® is the classical fractional Laplacian defined by

(1.1) (—A)u(x) :=an,s P.V. o Wdy, s € (0,1),

where ap , is a normalization constant. The choice

o SQQSF (N-&2-25)
AN,s '= — N
m2l(1—s)
makes the above definition coherent with the limiting cases s = 0 and s = 1, i.e., the following two
identities:
lim (-A)’u=u and lim (-A)°u=—-Au
s—0+ s—1—
hold (see, for instance, [31, Proposition 4.4] and [29, Proposition 2.1]). Nevertheless, in the context
of System (.9), a rescaling of the time variable ¢ allows one to take an s = 1. This is the choice made
in this article.

Let us emphasize that fractional Laplacians play a considerable role in many scientific fields; see,
for instance, [29, 31, 58] and their references. In particular, such operators represent the prototypical
generators for modeling nonlocal diffusions. For further details, we refer the reader to [23] and the
references therein.

Stationary systems with gradient terms appear in some models of electrochemical engineering
and fluid mechanics. We refer to [25] and [32] for more details and applications. Related systems
also appear when considering Mean Field Games with fractional or nonlocal diffusions: they have
many applications in economy, network engineering, biology and many other fields. See for instance
[44, 38, 67] and the references therein. In some of those applications, considering evolution version
of the model (of generalized reaction-diffusion type) clearly makes sense. This motivates the study
which is the object of this paper.

Key words and phrases. reaction-diffusion system, Kardar-Parisi-Zhang equation with fractional diffusion, local
gradient, fractional heat equation, global regularity, nonexistence, blow-up in finite time.
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In order to put our work in mathematical context, we shall recall some previous results related to
our System (S5).
e Case of a single equation. In this case, System (5) reduces to

Ow~+ (-A)w = |VwP+f in Qx(0,T),
(1.2) w(z,t) = 0 in (RY\Q)x(0,7),
w(z,0) = wo(x) in Q.

— Local case s = 1. In this instance, Problem (1.2) is no other than the initial-boundary value
problem for the usual Kardar-Parisi-Zhang equation (see [48], [13] and [26] for more details).
This Problem and the following Cauchy-Problem

(1.3) dw—Aw = |Vw? + f in RY x (0,7, w(z,0) =we(x) in RY,

have been extensively investigated, in both cases f = 0 and f # 0.

o Case where f = 0. In bounded domains, the question of the existence and uniqueness
of solution has been treated in [8, 16, 27, 63] and the references therein. Also, many
researchers have devoted their efforts to Cauchy Problem (1.3); see, for example, [9, 17,
15, 14, 43] and the references cited therein.

Needless to say in the two cases, the references mentioned above do not exhaust the rich
literature on the subject.

o Case where f # 0. To the best of our knowledge, Problems (1.2) and (1.3) have been
treated in [64, 65]. In specific, the case p = 2 has received a lot of attention from the
point of view of sharp regularity results for positive solutions. Complete classification
of the set of nonnegative solutions was obtained in relation with the classical parabolic
capacity (see [5]). Concerning the case of unbounded domains strictly included in RY,
we refer to [56] and references cited therein.

— Nonlocal case 3 < s < 1. As far as we know, Problem (1.2) has only been addressed in [6].
Fortunately, that paper is complete and written with great care, and almost all cases have been
studied. To keep short, the authors proved (i) the existence of a unique weak solution when
p < 2 (ii) the nonexistence when p > 2—; (iii) blow-up in finite time if 1 +s < p < 7%=

and s € (@, 1). Moreover, they established the regularity of the solution according to that

of f and uyg.

e Case of Systems.

— Local case s = 1. Contrary to single equations, only few results are known in the case of
systems where the gradients of the unknowns act as source terms, even in the local case. Let
us review the known results about such systems.

o First, in [2] the fourth author and his coworkers investigated the local version (s = 1)
of System (.5). They also studied the case where the right-hand sides mix potential and
gradient terms, namely, Oyu — Au =v?+ f |, Ov — Av = |Vu|P + g. Let us mention that
the elliptic version of the latter system, namely, Au = v? + Af , Av = |Vu|P + pg was
studied by the same authors in [4].

o Second, other existence results for local parabolic systems with gradient term are found
in [2, 39, 33, 46, 50, 61] and the references therein. Let us also mention that the case
where the gradient term acts as absorption was considered in [57], see also [18, 33] and
the references therein.

— Nonlocal case 0 < s < 1. Even less is known in this case. To our knowledge, System (.9)
has not been treated yet. On the other hand, we have recently studied in [10] the stationary
version of (), which takes the form

(=A)°u = |Vu|2+Af in Q,
(1.4) (=AYv = |VulP+pg in Q,
u=v = 0 in RN\ Q.

We have also studied in [11] the case where the diffusions are different, namely
(=AY u = |VulT+ Af, (—A)°%2v=|Vul’ +pug where s; # ss.

The main goal of the present paper is to assess the issue of existence of nonnegative solutions
to System (S) under suitable additional assumptions. By solution, we essentially mean solution in
the sense of distributions, see Definition 3.1. This work extends both the results of [2] for the local
(s = 1) version of System (.5), and those of [6] pertaining to the single nonlocal KPZ equation (1.2).
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Those results will either be directly reused or serve as an inspiration in this paper. However, this
extension is far less trivial than it looks at first sight. Indeed, System (S) presents many interesting
features: it is not variational, even if s = 1, it does not apparently have any comparison or monotony
properties, and no symmetry properties. Moreover, it is nonlocal, which is a source of new difficulties.
Consequently, the arguments used in the local case cannot be adapted to the new situation. The
major obstructions to the construction of weak solutions are, firstly, the time-dependent character
of the system and, secondly, the loss of regularity caused by the nonlocal operator (—A)*, especially
near the boundary. In order to circumvent these difficulties, we will use in a convenient way:

(i) some sharp estimates on the kernel of the fractional heat equation (2.1);

(ii) some fine, and to our knowledge, new weighted estimates on the solution to the corresponding
fractional heat equation. See Theorems 4.2 and 4.3. They complement previous results from [55, 20, 6]
in many directions.

The other main results of this paper can be summarized in the following points.
1) If min{p,q} > 122, System (S) does not have any solution even if the data are bounded; see
Theorem 3.2.
2) If min{p, ¢} > 1+s, any solution to System (S) blows up in finite time under a suitable assumption
on initial data; see Theorem 3.3.

1
models of System (S), for % <s<1:

e model 1: we will study System (S) by taking (f, g) # (0,0) and (ug, vg) = (0,0) for pg > 1.

o model 2: we will take (f,g) = (0,0) and (ug,vo) # (0,0) for pg > 1.

o model 3: we will study System (5) by taking (f, g) # (0,0) and (ug, v9) = (0,0) for p = ¢ = 1.

Unfortunately, existence of solutions to System (S) in the general case i.e. (f,g) # (0,0) and

(ug,v0) # (0,0) appears much more difficult (indeed, as in [6]) and will be left open for the time
being.
As for the unexpected restriction s > %, it is not clear whether it is only technical, or due to deeper
phenomena. Nevertheless, we shall see that it naturally appears in the proof and suggest some
possible reasons.
That being said, the above questions will be the subject of our future research. Furthermore, we shall
consider variants of the previous systems, called potential-gradient systems, where the term |Vul|?
is replaced with v? in a forthcoming work, see [12]. The following nonlocal Kardar-Parisi-Zhang
Problem

ow + (—A)°w = |(—A)S/2w|p +f, w(z,t) =0in (RN \ Q) x (0,T), w(z,0) = wy(x) in Q

is also considered in [1].

2
3)If (p,q) € [1, 28:;) , we are able to prove existence of local solutions to the three following relevant

Although it has been well known for quite a few years, this work also shows significant difference
between the local and nonlocal cases. For example, when s = 1, the existence of nonnegative solu-
tions to System (S) is proved for a large class of (p,q) provided that f and g satisfy some suitable
integrability assumptions; see [2, Theorems 4.1 and 4.2].

The rest of this paper is composed of five sections and an Appendix. In Section 2, we collect
some tools that will be used throughout the paper, such as the notion of fractional parabolic-Sobolev
spaces and some of their properties. Then, we gather some well-known regularity results of the
classical fractional heat equation with Dirichlet conditions, as well as some useful properties of the
fractional heat kernel. Section 3 is devoted to nonexistence and blow-up results. In Section 4, we
prove two new regularity results for the fractional heat equation by working in weighted fractional
Sobolev spaces. Based on the results in Section 4, we state and prove our existence results in Section
5: model 1 in subsection 5.1, model 2 in subsection 5.2 and model 3 in subsection 5.3. As for the
Appendix, we introduce the proof of a technical Lemma.

For the sake of completeness and the ease of reading, we have tried to write the paper in an almost
self-contained form. Moreover, we will give precise references for all the points that are not detailed
in the work.

Notations. Before ending this section, let us fix some notations. Throughout this paper,

— Q is a bounded regular open subset of RN with N > 2s and s € (%, 1).

— Qp :=Q x(0,T) where T is an arbitrary positive real.
— For z € Q, by definition 6(z) := dist(z, 9Q).
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— For 8 > 0, LY(Qr, 8% (x)dzdt) := {h : Qr — R measurable ; 2l L1 (20,68 (2) duary < +0O0%,
where

1Pl 21 (92,58 (@) da at) = //Q |h(x,1)|6° () da dt.
T

— By C, we denote a positive constant which may be different in each inequality. ]

2 Functional framework and tools

In this section, we will first recall the definitions of the functional spaces relevant to our study.
Then, we collect some useful tools that will be used systematically in this paper.

2.1 Some functional spaces.

For the reader’s convenience, we will recall in this subsection some (more or less classical)
definitions of fractional Sobolev spaces and fractional parabolic spaces (see, e.g., [7], [31], [29], [36],
[45], [58], ...). Of course, this subsection can be skipped by readers already familiar with these notions.

2.1.1 Fractional Sobolev Spaces

Let s € (0,1) and p > 1
— The fractional Sobolev space W*P(RY) is defined as

P
WP RN LP RN // ( )| A PN deed
&)= {¢€ RN xRN |917—?J‘N+pé ! y<+oo},

and it is a Banach space endowed with its canonical norm

1

NOLIAY:

s, = pd — 27 dxd .
1l gy (/ )Pde + // ‘x_yws y

— The fractional Sobolev space Wy?(Q) is defined by
W5P(Q) := {¢ € WHP(RY) ;¢ =0 in RN\ Q} .

Endowed with the norm induced by || - [~y which we denote | - |ys»(q), Wg” () is a Banach
space.

For ¢ € WP (Q), we set

P 1/17
||¢HW§‘IJ(Q = (//Dn xy|N+8)P dx dy)

Dg = (RN xRM)\ (RV\ Q) x (RV\ Q).

where

It is clear that || - [y () defines a norm on Wi (Q). In addition, € is assumed to be bounded, then
the norms | - [ys»(q) and || - [lws» (o) are equivalent.

Now, we denote by C§°(€2) the space

Co () == {(;5 RN 5 R; ¢ e COO(RN), supp ¢ is compact and supp ¢ C Q}

where supp ¢ := {z € RN : ¢(z) # 0}.
It is well-known that

WiP() =T e,

See, for instance, [41, Theorem 6] for a proof.
— In the particular case p = 2, we denote

HY(RN) := W*2(RY) and H(Q) := Wg?(Q).
Furthermore, we denote by H™*(§2) the dual space of H5(2). O
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2.1.2 Weighted Sobolev spaces.

As already said, we shall need to work in weighted spaces, the definition of which we now recall.
Let w : RY — [0,+00) be a measurable function. The weighted Sobolev space WP (Q, w(z)dz) is
defined as follows :

WP (Q, w(x)dz) = {u: @ — R measurable ; [|ul|w1.r(0,w(@)de) < 00},

where
1/p

lullwrr @ w(z)dz) = Z |Du(z)|” w(z)dz

laj<1 7%

In the same way, we have

WyP (Q,w(x)dz) == {¢p e WHP(Qw(z)dz) ; ¢ =0 on 00} ;

WoP(Q,w(x)dz) := {p € WHP(RY | w(z)dz) ; ¢ =0in RV \ Q}.

The case w = 1 yields the classical Sobolev spaces W?(Q), W, (Q) and W (€).

Remark 2.1. As Q is bounded and assumed to be regular, Wj?(Q2) ¢ WP(Q). See [36, Section 2
and Proposition 3.1]. O

2.1.3 Fractional Parabolic Spaces.

Before ending this subsection, let us recall the definitions of fractional parabolic spaces correspond-
ing to parabolic problems we consider in this work. Let p,q > 1,

— The parabolic Lebesgue space LP*4(Qr) is defined by

LP(Qr) == {QS : Qr — R measurable ; ||¢| pr.aa,) < +oo},

T g 3
Pl Lra(r) = (/o </Q|¢(x,t)|pda:> dt) )

In the case p = ¢, this definition boils down to LP (7).
— The fractional parabolic Sobolev space LP(0,T; Wy*(€)) is the set of functions ¢ € LP(Qr)
such that ||| Ls (0, 7ws»(q)) < +00, where

Py, )P H
9l (0,T5W5P(2)) / //DQ |$_y|N+ps dxdydt)

We can easily check that LP(0,7; W;?(€2)) is a Banach space. O

where

2.2 The Fractional Heat Equation: existence and regularity.

As said in the introduction, we shall need fine, and (to our knowledge) previously unknown,
regularity results for the solution to the fractional heat equation with general data. To begin with,
we recall some known results. They will serve as stepping-stones to prove our improved results in
Section 5, whose novelty will appear in comparison.

The focus of this Subsection will be on the following problem:

Ow+ (—A)'w = h in  Qrp,
(2.1) w(z,t) = 0 in  (RY\Q)x(0,7),
w(z,0) = wo(z) in Q,

where h and wy are functions defined in suitable Lebesgue spaces.
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2.2.1 Energy solution, Weak solution and first results of existence and regularity

First, we begin by defining the two notions of solutions of (2.1), that we will use throughout this
paper: energy solution and distributional solution.

Definition 2.2 (Energy solution). Assume that (h,wg) € L?(Qr) x L?()). We say that w is an
energy solution to Problem (2.1) if w € L?(0, T; Hg(Q))NC([0,T]; L*(Q)), wy € L*(0, T;H~*(Q)), and
for any v € L%(0,T; H5(€2)), we have

//m wyvda dt + ;/OT //DQ (wiz.h) = wiy’t)y)|(fv’$;t> ~ 00 gyt = //QT hvdz dt.

We refer to [55, Section 5] for the existence and properties of energy solutions.

However, Definition 2.2 is meaningless when (h, wg) € L*(Qr) x L(2). To overcome this difficulty,
we will use the notion of weak solution; see, e.g., [55, Definition 27]. In order to give precise statement
of such definition, let us first introduce the following problem:

—9+ (A6 = ¢ I Qr,
(P,) olz,t) = 0 in (RN\Q)x(0,7),
oz, T) = 0 in Q.

Let 8 € (0,1). It is well-known (see [55, 40]) that if ¢ € L>(Qr) N C%#(Qr), Problem (P,) has a
regular solution ¢ € L>(Qr) and the equation —d;¢ + (—A)*¢ = @ is satisfied in a pointwise sense.

So, we are ready to define the set of test functions
(2.2)  P(Qr) :={¢:RY x[0,T] = R; ¢ is solution to (P,) where ¢ € L>(Qr) N C%*(Qr)}.
Then, we have the following definition:

Definition 2.3 (Weak solution). Assume that (h,wg) € L'(Qr) x L1(2). We say that w €
C([0,T]; LY(9)) is a weak solution to Problem (2.1) if for any ¢ € P(Qr), we have

(2.3) //m w(— ¢y + (—A)°¢) dodt = /QT h¢dxdt+/ﬂwo(x)¢(x,o) dz.

The following existence result is proved in [55] (see also [3] and [20] for other approaches).

Theorem 2.4 ([55, Theorem 28]). Assume that (h,wo) € L'(Qr) x L*(Q). Then, Problem (2.1)
has a unique weak solution w such that w € C([0,T); L*()) N L*(Qr) for any a € [1,8E22),
(=A)2w| € L"(Qr) for any r € [1, %4;2;), and Tp(w) € L*(0,T;HE(Q)) for any k > 0 where
Ti(w) := max{—k, min{k, w}}.

Moreover, w € L7(0,T; WP (Q)) for any 1 < v < % In addition, we have

lwlleo,m;nr @) + lwllLe oy + ||(—A)%w||LT(QT) + ||w||Lv(o,T;wgﬂ(Q))

2.4
24) < @) (12 ) + ol )-

Remark 2.5. From now on, we will assume that s € (1/2,1). This will allow us to consider the
power-gradient terms as a nonlinear perturbation.

The following Theorem deals with the case where data are less regular.

Theorem 2.6 ([6, Theorem 3.22]). Assume that s € (3,1). Let wo € L*(2) and h measurable such
that hoP € LY (Q7) for some B < 2s—1. Then, Problem (2.1) has a unique weak solution w such that

N42
for any r < N_‘_J%_fp

lwlcqo,rzr @584y + IVwllLrr) < C(r, 8,0r) (”h(SﬁHLl(QT) + ||w0||L1(Q))-

Moreover, for r < Nl\fé{fl fized, the operator ® : LY(Qp, 67 (x)dzdt) x LY(Q) — L™ (0,T; Wy (Q))

defined by ®(h,wy) = w (where w is the unique solution to Problem (2.1)) is compact. O



SOME NONLOCAL PARABOLIC SYSTEMS WITH GRADIENT SOURCE TERM 7

2.2.2 Some useful properties of the kernel of the Fractional Heat Equation

In order to prove our theorems in the next sections, we will make crucial use of the properties of
the kernel of the evolution problem (2.1), which we denote as P(x,y,t). In particular, if w solves
(2.1), then it admits the representation formula

(2.5) w(zx,t) = //Q P(z,y,t — 7)h(y, 7)dydr +/QP(x,y,t)wo(y)dy,

where Q; = Q x (0,1).

Unlike in the whole space, there is no explicit formula for P(x,y,t). However, many properties of
this kernel and its gradient are known when s € (1/2,1). We gather in the following Lemma those
we will use in the next sections. For more details, we refer to [22], [24], [49] and [6].

Lemma 2.7. Assume that s € (3,1). Let (z,y) € Qx Q and 0 <t < T. Then, we have :

(2.6) P(z,y,t) = (1 A 5(\/?) X (1 A 55\%)) X (f% A W)
and
(2.7) V. P(z,y,1)| < 0(5(33)1/\t> P(z,y,1).

Moreover, there exists C = C(s,N) > 0 such that
2t t
N+2s < C(S5N) 1 .
t 2 _;'_lm_y‘N—&-Qs (tﬁ +|I’*y|)N+2s

2.2.3 Additional regularity results

(2.8) P(z,y,t) <

In this paragraph, we will present some useful results on the existence and regularity of the solution
to Problem (2.1), which will be systematically used in our demonstration. All these theorems are
taken from [6, Section 3], where the proofs are given in detail.

Theorem 2.8 ([6, Theorem 3.5]). Assume that s € (3,1) and (h,wo) € L'(Qr) x L*(2). Let w be

the unique solution to Problem (2.1). Then, for any n < J}[fo, there exists C = C(n, Qr) such that

(2.9) lolleqo.mmess@n + Vel < c(||hL1<QT> n |wo||L1<m).

Moreover, for n < %1218 fized, the operator ® : LY(Qr) x LY(Q) — L"(0,T; Wy (Q)) defined by
®(h,wo) = w is compact.

Theorem 2.9 ([6, Theorems 3.10 and 3.11 ]). Assume that wg = 0, h € L™(Qp) with m > 1 and
m(N + 2s)

w
let w be th ' k solution to Probl 2.1). Then, — € L7(Q
et w be the unique weak solution to Problem (2.1) en, = € LY(Qr) for any v < N+ %5 —ms

m(N + 2s)
N +2s—m(2s—1)

and |Vw|dt=* € LY(Qr) for any v <
C=C(Q,T,N,s,m) such that

. Moreover, there exists a positive constant

w
2.10 ’— < Clhl| g
(2.10) 5 | - () Al L (@)
and
(2.11) [Vwld' =[] . o,y < CllRllm(0r)-

Theorem 2.10 ([6, Proposition 3.20 and Theorem 3.21]). Suppose that h =0 and wo € L7 () with
o = 1. Let w be the unique weak solution to Problem (2.1). Then, there exists a positive constant
C=C(Q,T,N,s,0) such that

w
9.12 ‘ w <C s
( ) 55 1 e () ||w0||L (Q)
and
(2.13) H'vw|51_SHL5(QT) < Cllwol| e ()

o(N+2s) )

for any a, B < Nt
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(N + 2s)

Setting & = min{o, 2s}, then |Vw| € LY (Qr) for any v < N1z and
o]
(2.14) [IVwl L@z < CllwollLe (o
Remark 2.11. Let (m,0) € (1,+00)? and (h,wg) € Lm(QT) x L7(Q2) with h # 0 and wy # 0. To
our knowledge, one does not have regularity results like those of Theorems 2.9 and 2.10. O

2.3 Some results from integration theory
In this subsection, we will recall two useful results from the theory of integration.
2.3.1 An interpolation result

The following result is rather classical but we tend to forget it quickly. We preferred to recall it
to facilitate the reading of the paper. It will be used several times in our proofs.

Proposition 2.12 ([19, Theorem 1]). Let h € L*(Q) and {hyp}, C L™(Q) with 1 <1 < 4+00. Assume
that h,, — h strongly in L*(Q) and {hy,}n is bounded in L™ ().
Then, h € L™() and for any a € [1,r), we have the following interpolation inequality
o _r—a

(215) ||hn — h“La(Q) < ||hn - hHLl(Q)Hh h’“LT(Q where 0 := m
In particular, h,, — h strongly in L*(Q2). O
2.3.2 Weighted Hardy Inequality

In order to prove Theorems 3.2, 3.3 and 5.1, we will need the following version of the famous
weighted Hardy inequality.

Theorem 2.13 ([59, Theorem 1.6]). Let v € (1,400) and 0 < p < v—1. Then, there exists a positive
constant C = C(, p,v) such that for any ¢ € C§°(Q), we have

(2.16) /QJP*”(:E)\@(‘%)V’dxgC/Qé”(x)|V<p(x)|”dm.

For a recent proof, we refer the interested reader to the nice paper [37] and the references contained
therein.
|

3 Nonexistence and blow-up results

First of all, let us specify what we mean by weak solution to System (5).

Definition 3.1. Let (p,q) € [1,+00)2. Assume that (f,g) € (L*(Qr)")? and (ug,vo) € (L*(Q)F)2.
We say that (u,v) € LP(0, T; Wy (Q)) x LI(0, T; Wy /(Q)) is a weak solution to System (S) if for any
90, 1/1 € P(Qr), we have

//QT — 1+ (=A)°p) dzdt = //QT Vv|q<pd:rdt+//QT f@dmdt+/§zu()(x)4p(x,0) dz,
//QT v( =y —A)*p) dxdt://QT Vu%da:dtjt//m gwdxdt—k/gvo(x)w(g;,())dx_ 0

Now, we are ready to state and prove the two main theorems of this section. Such theorems show
that p and ¢ must not exceed a certain threshold if one expects the existence of a solution to System
(S) even if the data are regular.

3.1 Nonexistence results

1
Theorem 3.2. Let (f,g) € (L=(Qr)")? and (ug,vo) € (L=(Q)T)2. Assume that min{p, ¢} > . i_ 5

with s € (3,1). Then, System (S) does not have any nonnegative solution (u,v) € L?(0, T} WP (Q))x
L9(0, T; WyU(Q)) such that // |Vu(z,t)|Pd*(z)dzdt < 400 and // |Vou(zx,t)]|20°(x)dzdt < +00.
QT QT

Proof. Without loss of generality, we assume that ¢ > p > }fi

System (.S) has a solution (u,v) with // (IVu(z, t)|P + |Vu(x,t)]|?)6°(x)drdt < +oo0. Thanks to [6,
Q
Proposition 4.2], for any (¢1,t2) C (0,T), there exists a positive constant C' = C/(¢1,t2, ) such that
u(z,t) = C6°(z) a.e. for (z,t) € Q x (t1,t2).

. Assume, by contradiction, that
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Since s < p — 1, then using the weighted Hardy inequality (2.16), it follows that

u (2, t) s
() dr < C’/Q [Vu(z, t)|Pd*(z)dx

Thus
5P%(x, 1) P( t b2
/ / (=, d dt < / / ACOPR c/ / Vu(z, t)[P6° (z)dwdt < oo.
or=s( t, Ja 0P7( t Jo
However .
2 1 s+1
————drdt < +o0 & p< .
‘/tl /Q §p1=s)=s(z) 1—s
. . s+1
Contradiction with the fact that p > 1% O
-5

3.2 Blow-up Result
The second theorem is more precise and shows that we can have explosion in finite time. Namely,

Theorem 3.3. Suppose that (f,g) € (L*(Qr)T)? and min{p,q} > 1+ s with s € (3,1). Let @1 be
the first eigenfunction of fractional Laplacian. Assume that there exists a constant Cy > 0 such that

/(uo(x) + v ()1 (x)dz > Cp.

Q

Then, any solution to System (S) blows up in finite time. In other words, there exists T* < 400 such
that

i [ (u(, 1) + 0o, 0)p1 (2)dz = +00.
Q

Reminding : Before proving Theorem 3.3, let us recall that ¢; satisfies

(—A)Sﬁpl = )\1@1 in Q,
01 =0 in RV\Q,
©1 > 0 in Q.

Moreover, ¢ € H§(Q2) N L>°(2) and may be chosen such that [[¢1]|z2(q) = 1. For more details, we
refer to [62, Proposition 9]. In addition, ¢; ~ 6° i.e. there exists a,b > 0 such that

(3.2) ad®(x) < p1(x) < bd°(x) for a.e. z € Q.
Now we are ready to prove our blow-up result.
Proof.

We follow closely the arguments used in [2] and [6]. Using ¢ as test function in both equations, we
get

d
(3.3) &/ u(x7t)<p1(:r)d3:+>\1/ u(x, t)p1(x / |Vo(z,t)]|901(x)dx
Q Q
and
d
(3.4) pr v(a:,t)g@l(:v)dx—i—)\l/ v(x, t)er (z / [Vu(z,t)|P 1 (z)dz
Q Q
According to (3.2), we obtain
(3.5) / |Vu(z, t)|Per(z / [Vu(z, t)|P6°(z)dx
and
(3.6) / [Vo(z,t)|901(x / |Vo(z,t)]90°(x)dx

Since min{p, ¢} > 1+4s. Then, by using the weighted Hardy inequality (2.16) and Jensen’s inequality,
we obtain

/\Vu(x t)Pé°(x > C/up x,t)6° " P(x)dx

57) /Q (@, ) (2)d,

> C(/Qu(a:,t)gpl(:v)dx> .
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Applying the same arguments to the equation in v, we get

/Vv(x,t)|q65(x)dx20</ v(x,t)gal(x)dx> .
Q Q

Denoting by Y (t) = /Qu(x, t)p1(x)dx and Z(t) = /Qv(x,t)gol(x)dx, it follows that
{ Y'(#)+ MY () = CZt),

Z'(t)+MZ(t) = CYP().
Now, setting ¢ = min{p, ¢} > 1. Thanks to the convexity, we have

(Y +2)' () + M (Y + 2)(t) = (YP(t) + Z9(t)) = C(Y(t) + Z(t))" — C(Y (t) + Z(1)).
Therefore, denoting by W (t) = (Y + Z)(t), we obtain
W'(t) + (M + CYW(t) = CWE(t).

Given that £ > 1 and W(0) > Cp, then there exists T* > 0 such that

(3.8)

lim W(t) = +o0.

t—=T*
Hence, we get the desired result. ]

4 Weighted regularity and compactness results

As already said, in order to carry out our investigation, we need more regularity results for the
solutions to the fractional heat equation, in addition to those recalled in Subsubsection 2.2.3. Thus,
we shall introduce some fine weighted estimates in this section. Namely, we will need to know the

regularity of % and |Vw|d' =%, where w is the solution to (2.1). To the best of our knowledge, these

results are new and interesting in themselves. Moreover, they complement in several respects the
previous results obtained in [6, 55, 20].

e One of the fundamental tools that provides the regularity of some types of singular integrals is
given in the next Lemma. The proof is postponed to the Appendix.

Lemma 4.1. Let s € (0,1), o, A € R are such that « > —1 and N+ X > 0. Assume that h € L™ (Qr)
with m > 1 and m' = _=<. Moreover, let us deﬁne

t_
H(x,t) // ) dydrt
o ((t-7)% +|w—y\)N“

1) ifa> NT?‘, then H € L*(Qr) and

[H| L (@r) < C(©)

2) if 252 <a< M andl <m < S AE2 - then H € L™(Q) for anyr < m(N +2s)

A, 1
TRl L (0

2s 2s(a+1)—A N+2s—m(2s(a+1)—X)
and

1
[H | r9r) < COOT < ||Al|Lm @)

3) if AESQS <a< % and m > 25(]0&%’ then H € L™ (Qr) for any r < +oo and

1
[H | @) < COOT < [|A]l (),

N N+
;and vy =oa+ — — + .
2sa 2s

’
m T

where a = iy

e Our first regularity theorem reads as follows:
Theorem 4.2. Assume that wo = 0 and h is a measurable function such that h6®(1=%) € L™(Qr)
for0<a< —
constant C' = C(Q, T,N,s,m) mdependent of w and h such that:

(i) if1<m < 5 1\26253)’ 5 € L7(Qr) for any vy < m = N+25Tfi\2:_221_5)). Moreover

(4.1) ‘

and m > 1. Let w be the unique solution to (2.1). Then, there exists a positive

w

- < hea(1=s)
v O =)

Ly (Qr)

L™(Q7) 3
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(ii) if m = DNt2s Ye L7(Q7) for any v < 400 and

s—a(l—s)’ o8
w
4.2 ‘7 < OO iy :
(4.2) 5 |l o) | | Lm (@)
(iii) if m > A2 53 € L®(Q) and
w
4.3 ‘ < Ohs“ M=) 1 )
(4.3) 5 |l = () [ llm (@)

Proof. For reasons of concision, we give the proof only for the case (i). The other cases can be proved
in a similar way.
Without loss of generalities, we assume that h = 0. Let w be the unique solution to Problem (2.1).

Then
w(z,t) = // P(z,y,t — 7)h(y, 7)dydr.
Q¢

It is clear that w 2 0. Moreover, we have

w(z,t) //
= (x,y,t —7)h(y, 7)dydr,
o1~ sl )
a ),
= P(z,y,t h(y, 7)dydr
(4.4) 65(z) Q] (t-7)% <5(2) } )
1
+ // P(z,y,t — 7)h(y, 7)dydr,
6%(x) Qm{(t T)zq>[s(m)}
= L(x,t) + Ix(z,t).

To estimate I, we decompose it as follows
1
Lizt) = - / / . P(a,y.t—7)h(y, T)dydr
o (l‘ Qtﬂ{5(y (t—7)2s < (w)}
1
(4.5) + = // . P(x,y,t — 7)h(y, 7)dydr,
() 2un{(t-7) % <min{5(2),6(4)} }

= Ill(l‘,t) + Ilg(x,t).

Regarding I11, using (2.6) and (2.8), we get

Ill(x7t) = 1 P(Z‘,y,t _T)h(va)dydTv
Qtﬂ{(?(y)<(t7'r)ﬂ<6(m)}
(4.6) < . h(y,7)6°(y) T dydr,
2un{6)<(t-m)% <5(2) } ((t=7)2 + o —y )N+
s—a(l—s)
< o[ mynei-og T dydr
Q ((t—=7)2 + [z —y[)V T2

Thus by Lemma 4.1, it follows that I;; € L7(Q2r) for every v < m and
(4.7) 1l 07y < ClIRS* [ pm o
We treat now [;2. From estimates (2.6) and (2.8), we get

naet) = 5o [ P(,y,t — )h(y, 7)dydr,
Q,m{(t )75 <min{8 (), s(y)}}
t—T1
< / / ) h(y,T) ; dydr,
0°(2) JJaun{a—m <min{s() 6} } ((t = 7)% + | —y|)N+2e
(48) a(l—s) —a(l—s) —
< C// 1 h(y, 7)o éy)5 Eg)x;t T dydr,
2 {(t—) 25 <min{6(2),8(y)} } ((t—7)2s + |z —y[)V+2
s—a(l—s)
t—71) 2z
< C’// h(y, 7)6* =) (y ( i dydr
o, T G E e
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Hence, we deduce from Lemma 4.1 that I15 € L7(Qr) for any v < m and
(4.9) H12)l (@) < CIRE* | L ()
We deal now with I,. We have

1
Iy(x,t :7// h(y, 7)P(x,y,t — 7)dydr,
2(@1) 6%(z) Qn{6(x)<(t-7)% } (& m)P( )
h(yv T)P(I, Y, t— T)dydT

(4.10) Qm{a <(t—7)25 <8(y )}

s // h(y, 7)P(x,y,t — 7)dydT,
5 Sme (t T)2s E >max{d(y),o( m)}}

= IQl(Z t) —+ IQQ(LL‘ t)

Concerning I51, by using estimate (2.6) and (2.8), it holds that

1
I21(1'7t) = // 1 P(l’,y,t - T)h(ya T)dydTa
6% (w 2un{s()<(t-m)% <o) }
< // h(y, T t-r dydr,
2n{6(@)<(t-7)2 <o(y) } ((t T)% + |z —y N2
a(1=3) (N ST
S C// (1 )T) . — yan
an{s@)<t—n 3 <o} 0TI W) ((t—7)7 + Jo — y|)N 2

s—a(l—s)

T a(l—s) (t_U) 2s 7_
< O] )

Applying again Lemma 4.1, then we have Is; € L7(Qr) for any v < m and

(4.11)

(4.12) 1]l 27 () < ClRS* | (2

To estimate I32, we follow the same computations as in previous estimate. Indeed,
(4.13)

I22 .’E t // 1 h(yaT)P(xvyat - T)dydTa
Qtﬂ{ (t—7 27>mauc{6(y),6(z)}}
@) ) -r)
Qun{(t=nF >max(sw) 6@y} VE— T VE=T (E=7)% + [z —y)N+2s 7

5(1(1 s) 5s—a(1—s)
<C// o 7() (y) )
Qun{(t-7) 2 >max{5(y), 6(1)}} ((t=7)3 + |z —y[)N+2s

)

s—a(l—s)

_ t—71) 2
gc// h(y, )61 =) ( - dydr
o O G e

Thus, Lemma 4.1 yields

m(N + 2s)
N+2s—m(s—a(l—s))

Finally, by combining (4.7), (4.9), (4.12) and (4.14), we get the desired result. O

(414 |Lellis@n <Ol pmgq,)  for any v < i =

e Now, we are ready to state and prove the second main regularity result of this Section. Surpris-
ingly so, when working in bounded domains, the term J'~° appears in a natural way describing the
gradient’s behavior. Of course, this is not the case when working in RY; we refer to [21] and [47] for
more details.

Theorem 4.3. Assume that wg = 0 and h is a measurable function such that hoe1=5) ¢ L™(Qr)
for0<a<

1) there exists a positive constant C = C(Q, T, a, m,s) independent of h such that:

-1
and m > 1. Let w be the unique solution to Problem (2.1). Then:
-5
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o - s —s ~ m(N+2s
(i) if 1 < m < gy, [Vwlot™ € L7(Qr) for any v < m = N+2s—mg2sﬁ—)a(1—s>)'
Moreover
1—s w a(l—s
(4.15) [1Vwls™=* o,y <C (‘ 5o llimm T |[ho*C >||Lm(QT)> .
In addition, thanks to Theorem 4.2, we have
(4.16) [1Vw]a* =[] ., g, < ClRS* 9| L
(i) if m= %, |Vw|§'=¢ € LY(Qr) for any v < +oo. Moreover
1—s w a(l—s .
(4.17) | IVw|s ||L7(QT) <C <‘ 5 12 () + [|hoa )Lm(QT)) :
(iii) if m > =, [Vw]6' ™ € L=(Qr) and
1—s w a(l—s
(4.18) [1Vwl6' =[] < g, gc(‘ 55 | e 20 + [R5 )||LW(QT)>.
N +2s

fixed, the operator

2) Fi
) Forany v < G A — 5

& : LY(Qqp, 6°09) (z)dadt)) — L0, T; W (€, 6719 dz))
defined by ®(h) = w (where w is the unique weak solution to (2.1)) is compact.

Proof.
1) This time as well, we will prove case (i). The other cases can be proved in a similar way and are

left to the readers.
For the sake of simplicity, we assume that h = 0. Using the representation formula, it holds that

w(z,t) = / P(x,y,t — 7)h(y, 7)dydr.
Qy

Then
[Vaw(z,t)|6'*(z) < 61’3(33)/ |V P(z,y,t —7)|h(y, 7)dydr.
Q.

From (2.7), we have
Vow(z, t)|015(z) < C5%(x) / / 1 MYT) byt — 7)dydr
Qm{a o)< (t— T)ﬁ} ()

(4.19) - Y T
+ cé //th{é (z)>(t— T)2s} (t —7')25 P( ay7 )dyd

= IL(x,t) + Ix(z,t).
We begin by treating I;. We have

3‘

L w(w,t)
(4.20) (x,t) 55 //Q, (y, 7)P(z,y,t — 7)dydr = C )

m(N+2s)
N+2s—m(s—a(l—s))"

By Theorem 4.2, I; € L7(Qp) for any v < m =

Now, we deal with Is.

Bt = o=@ [ YD) byt )dyr,
Qm{a(m)>(t—r)fs} (t—7)2s

— st // Mp(m y,t — 7)dydr
Q{22 <-7) % <5(x) } (t—T)%

+ C§'%(x // xz,y,t — 7)dydTr
Qm{é <(t—1)%5 < 5“)} t—T 25 Ploy )y

+ cal—s@// M) e g,
Qtﬂ{min{é(y),(?(z)}>(t—r)E} (t —7)2s

= Jl(m,t) + JQ(SC,t) + J3(.T,t).

(4.21)
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Starting with J;, we have

h
Ji(z,t) = 6175 // (v, 7) —>—P(x,y,t — 7)dydrT,
Q m{‘s‘“< (t—7) 25 <b( )} (t—T)ZS
@/
= 7= h(y, ) P(z,y,t dydr,
6% () Qtﬁ{(s(;)g(tfr)Tls<6(a:)} (W, )P -7

0 //
< — h(y, 7)P(x,y,t — 7)dydr,
5@ J o, (y, 7)P(x,y )dy

w(z,t)
0%(x) -

Thus, by Theorem 4.2, we have J; € LY(Qr) for any vy < m.

(4.22)

<

Concerning Jy, by using (2.6) and (2.8), we get
(4.23)
)

Jo(z,t) = &5 // P(z,y,t — 7)dydr,
Qm{a (1)<(t—7)75 < 5“”’} t—T 25

hly, 7)0°(y )t —7)%

< o] i,
szm{a(y)qt 7)25<a<1>} ((t—7) 3+ |z — y|)N+2s
§53(1=5) (1 §5—a(1=5) () (t — 7) 5=
< O5 () / / 1 My, )3 () We-n,
Qt”{5(y)<(t77)27<@} ((t —7)2s + |z —y|)N+2s

2s—1—a(l—s)
t—1) 2s
< Col=s5(z // h(y, T ga(l=s) y ( : dydr
(=) o () <)((t*7)ﬂ+|x*y|)N+25

Given that h6®(1=%) ¢ L™ (Qr), we deduce from Lemma (4.1) that J, € L7(Qr) for any v < m.

Finally, we deal with the term J3. Using again (2.6) and (2.8), we have
(4.24)

Ja(x,t) = 6% (z) // ) Mp(x7y7t—7)dydﬂ
2 {min{s(y).0(x)}>(t-m)7 } (t —7)2

2s—1

< Ot 5(93)// . h(y,T) (tliT)T < -dydr,
@ {min{s(y).6(a)}>(t—7) % } ((t=7)2 + o —y[)V+2

515 (x // h(y, 1)8" =) (y)§ =) () (t — 1) "
Qun{min{s(y).5(@)}> (t-r) 3 } (¢ =7)2 + |z —y[)N+2s

2s—1—a(l—s)
. t—1) PE
< CoV 3 (x // h(y, 7)6% %) (y ( : dydr
O Jo, M G e

As above, we conclude that Js € L7(Qyr) for any v < m. Then, Ir € L7(Qr) for any v < m and

o)
mQr))

63

(4.25) Il < € (160 lmia +]

Combining (4.20) et (4.25), we conclude the proof of (i).

2) Now, we prove the compactness of the operator ®. Let a sequence {hy, },, C L'(Qp, §°1=%) (z)dxdt)
be such that ||hn5“(1’5)\|L1(QT) < C. Therefore, w,, = ®(h,,) solves

8twn =+ (—A)Swn = hn in QT,
(4.26) wp (2, 1) = 0 in (RM\Q)x(0,7),
wp(z,0) = 0 in Q.

Let v < %28 __ Thanks to Theorem 4.2, there exists C' > 0 independent of n such that

N+s+a(l—s)
|wn (2, )] t _
J[ O gt < s, <
T
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Thus, by taking into consideration the estimate (4.15), and by choosing p such that 1 < p <~ <
N+2s __ we deduce that

N+ita(l—s)
(1—s) Wn, a(l—s)
[IVwald® =gy < € (’ 5 Nl T 1700 ||L1(QT)> ’
< Cthéa(lfs)”Ll(QT) < C.
Since |V (w,d1=%)| < 61| Vaw,| + (1 — s) "g:g;', then
w6~ oo, e ) < €
for any p < 7N+ﬁ_'22(§_5).

92g —
Bearing in mind that A, 6= € L} (Qr) for 0 < a < 18 , we deduce from compactness result in

N+2s
N+a(l—s)+1"
up to an other subsequence, ' ~*Vw, — 6'*Vw a.e. in Q7. Using the fact that {|Vw,|6' =%}, is

Theorem 2.6 that, up to a subsequence, w,, — w strongly in Wé’e(Q) for any 0 < Hence,

bounded in LP(Q7) for any p < %{ji—s)’ then using Vitali’s Lemma we deduce that w, — w
strongly in L7(0, T; Wy (Q, 671=5)dz)). Thus, the result follows. O

Remark 4.4. The above Theorems can be compared with [6, Theorems 3.10 and 3.11] (see Theorem
2.9). Indeed, [6, Theorem 3.10] (resp. [6, Theorem 3.11]) gives the regularity of % (resp. |Vw|61~9)

when h is in L™(r), while ours give more precision when h is more regular. ]

5 Existence results

In this section, we will state and prove our main (local) existence results. More precisely, we
mainly consider the following three relevant cases of System (.5):
(i) (f,9) # (0,0), (uo,v0) = (0,0) and pq > 1;
(11) (f7 g) = (O’O)a (u07U0) 7& (070) and pq > 1;
(iii) (f,9) # (0,0), (uo,v0) = (0,0) and p = ¢ = 1;
under the hypothesis % < s < 1. As already commented in the introduction, we do not know whether
this restriction is necessary or not. We leave it as an open question.

Throughout this section, we assume that 1 < p,q < 2=, (f,9) € L™(Qr)" x L7(Qr)*,

(ug,v9) € L™ (Q)T x Lo (Q)F where (m, 0, m1,01) € [1,+00)%.

2s5—1
1-s

Hence, the condition s > % is needed so that the set of possible pairs (p, ¢) is not empty.
5.1 Case: (f,g) # (0,0) and (ug, vo) = (0,0).

In this case, System (S) takes the form

Before going further, let us point out that 1 <

implies % < s.

ou+ (—AYu = |Vul?7+f in Qp,
(5.1) v+ (—A)*v = |VulP+g in Qp,
’ u(z,t) =v(z,t) = 0 in (RM\Q)x(0,T),
u(z,0) =v(x,0) = 0 in Q.

So, our first local existence result reads as

Theorem 5.1. Let pg > 1. Assume that (m, o) satisfies one of the following set of conditions:

(5.2)
N +2
1<m< +es , 1<o< N 2 ,
2s—1—¢q(1—235) 2s—1—p(1—23s)
o< m= m(N + 25) and gm < & = (N +25)
P  N+2s—m(2s—1—¢q(1 —5s)) e  N+25—0(2s—1—p(1—s))’
N +2 N +2
(5.3) or m > Tes and o > am(N + 25)

2s—1—¢q(1—25) N +2s+qgm(2s —1—p(l —s))’



16 S. ATMANI, K. BIROUD, M. DAOUD, E.-H. LAAMRI

N +2s po(N +2s)
5.4 > d .
(54) or 7 2s—1—p(1—2ys) o m>N+25+p0(23717q(175))

Then, there exists T* € (0,T] such that System (5.1) has a nonnegative solution (u,v) defined in
Qp-. Moreover, (ud'~%, v8'~%) e Lo (0, T*; Wy P1Q)) x LP2(0, T*; Wy 92(Q))) for any 6, < m and
0, <o. O

Earlier than giving the proof, let us comment on the assumptions of the previous Theorem.
1) It can be checked that, under the given conditions for (p,q, s), all three sets of conditions (5.2),
(5.3) and (5.4) define nonempty subsets for (m, o).
2) Reciprocally, for a given (m, o, s), one can find p and ¢ satisfying conditions (5.2), (5.3) and (5.4).

To illustrate that, let us shed some light on the conditions (5.2) by giving a simple and significant
example. To this end, let us denote a = N +2s, b = 2s — 1 and ¢ = 1 — s and suppose that p = ¢
and m =o.

e Let p and s be given. It is clear that Condition (5.2) is equivalent to m € (m*, ba>
— pe

a(p—1)

p(b—pec)’

b
e Reciprocally, let m and s be given. Condition (5.2) implies p € (1, p*) where p*::min{ a b }
a—mb'c

1}. We can easily check that (m*, > is nonempty.

where m* := max{
b—pc

In this case, we can also verify that p* > 1.

Now, let us come back to the proof of Theorem 5.1.

Proof. We give a detailed proof under condition (5.2). The other cases follow in a similar way.
The proof will be split into several steps.
First step:

. o(N+2s)
Since gm < F73;

—o(2s—1—p(1—s))"

Then, there exists r > 1 such that

o(N + 2s)

(55) qm<r<N+28—0(2s—1—p(1—s))'

We fix » > 1 as above and we define the set E as follows:
(5.6)

E = {(p e LM0, T; Wy (Q) ; 961 e L7(0, T; Wy (Q)) and (// |V (p 51—3)|’"dxdt> <A},
Qr

where A is a positive constant to be chosen later. It is clear that F is closed and convex subset of

LY(0, T; Wy ().

Moreover, if ¢ € E, then ¢ := p§'=% € L"(0,T; WéT(Q)) Therefore, by applying Hardy’s inequality
(2.16) to ¢ with p = 0, we get

// |‘p“ C// (981 =*)["dwdt < CA”.
ar 07z Qr
Now, by using the fact that |Vd(z)| =1 a.e. in Q, we deduce that

[Vl 67079 = [V (@0'=%) — V'] < vl + 20

Thus, |Ve["6"(1=%) € L' (Qr) and

(// |V<p|’”6”(1s)da:dt) " <COA.
Qr

Using Holder’s inequality, we deduce that |Vip|*6*(1=%) ¢ L'(Qr) for any o < r. In particular, for
a = gm, we get |Vp|16917%) ¢ L™ (Qr) C LY Q).
Now, we claim that if ¢ € E, then there exists 8 < 2s — 1 such that |V|96% € L*(Qr).
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Indeed, let ¢ € E, then by using Holder’s inequality, it holds that

// |V|90° dedt = // |Vip|2§70=5) §8=a(1=9) gy
Qr Qr 1 1
(5.7) < (// |V@qm5qm(1‘s)dmdt> ™ (/ 5(5—q(1_s))m/dxdt> 7
QT 1 QT
g C(// §(ﬂ4(18))m/dxdt> m’ )
Qr

On the other hand, as ¢(1 — s) < 2s — 1 (using the fact that ¢ <
B < 2s — 1 such that ¢(1 —s) < 8 < 2s — 1. Hence

// §B—al=sDm" qoqt < 00,
Qr
and the claim follows.

Therefore, we get |[V|96° + f € L'(Q7). Now, by Theorem 2.6, we get the existence of a unique
solution u to Problem

2s —1

). Then, we can choose

O+ (—AYu = |Veli+f in Qp,
(5.8) u(z,t) = 0 in (RY\ Q) x(0,7),
u(z,0) = 0 in Q.
N 42
Moreover, u € L?(0, T; W3 ?(Q)) for any 6 < ﬁﬂ—il

Setting h = [Vp|? + f, it follows that
hod(l—s) — |V<p|q§q(1*8) + f(gq(l*S) e L™(Qr).
Then, by using Theorem 4.3, with ¢ = a, we reach to

(5.9) 11Vul6™*] - 0y < C <H|w|5<ls>

q
Lam (Qr) + ||f| L’"(QT)> P

m(N+2s)
N+2s—m(2s—1—q(1—s)) "
Since gm < r, thanks to Hélder’s inequality, we obtain

for any vy < m =

q

(5.10) H|VU|51_SHLw(QT) <C <H|V<P|5(1_s) ) + ||f||Lm(QT)> )

LT (Q
for any v < m.

On the other hand, by using the fact that po < m, we get |Vu[P6?(1=%) € L7(Qr) € LY (Qr) .
Moreover p(1 — s) < 2s — 1, so by following the same computations as above, we get the existence of
B1 < 2s — 1 such that |Vu|P§%t € L'(Qr). Hence, thanks to Theorem 2.6, we get the existence of a
unique weak solution v to Problem

v+ (—A)*v = |VulP+g in Qp,
(5.11) v(z,t) = 0 in (RY\ Q) x(0,7),
v(z,0) = 0 in £,
5 j ~ N +2s
ith v € LY(0, T; Wh?(Q)) £ < — =
with v ( o () for any Nih 11

Therefore, the operator

®:E— LY0, T; Wyt (Q))

p— &(p) = v,

is well defined. In addition, if v is a fixed point of @, then (u,v) is a weak solution to System (5.1).
Thence, we will show that ® has a fixed point in FE.
Second step: In this step, we prove the continuity and the compactness of the operator ®.
e We begin by proving the continuity of ® with respect to the topology of the space L*(0, T} W(l)’l (Q)).
Let {¢n}, C E be such that ¢, — ¢ strongly in L*(0, T; Wy (Q)). Let us define v, := ®(y,) and
v := ®(p). Then, (uy,v,) and (u,v) satisfy

Oun + (=A)un = |Veu|?+f in Qrp,
(5.12) Ou+ (—A)°u = |Vpl?+f in Qr,
’ u(z,t) = up(z,t) = 0 in  (RVM\Q)x(0,T),

u(z,0) = un(xz,0) = 0 in  Q
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and
O + (—A)°v, = |[Vup,P+g in Qp,
(5.13) O + (—A)%v = [VulfP+g in Qp,
’ vp(x,t) =v(x,t) = 0 in  (RY\Q)x(0,7),
vp(z,0) =v(z,0) = 0 in Q.
Now, using Theorem 2.6, it follows that
(5.14) [IVun| = VulllLer) < ClIIVenl* = VOl L1 60 (@)dzar) -

for any 0 < BJXI?-?V with g < 2s — 1.

On the other hand {y,}, C E, then

// Vi, |"6" =) dadt < +oc.
Qr

Hence, by taking into consideration that ¢, — ¢ strongly in L'(0, T; W(l)l(Q)) and by Fatou’s

lemma, we conclude that
// V|61 =) dzdt < +oo.
Qr

Let p € (1,r) be fixed and & = Then, by the interpolation inequality (Proposition 2.12), wi

have

ﬂ(T 1)

1 &1
(// |Veon — Vgon|”5”(1_s)dx> < <// |Von — V<p|6(1_s)dxdt)
QT QT

(5.15) X (// Vo, — V(p|rt5r(1_s)dacdt) T,
Qr

&
<C(// IVon — V<p|6(1_s)da:dt)
Qp
Hence

(5.16) ll)Ij'(_l (// Vo, — V(pn|p(59(1—s)dx> =0.
n—-+oo Qr

Now, choosing p = gm (let us recall that ¢gm < r). Then, as in the first step, we can easily prove the
existence of 8 < 2s — 1 such that

1

(5.17) // (on — |q(5ﬁdxdt < C(// |qm5qm(1 S)dxdt> m
Qr

Consequently

(5.18) lim // ©)|?6°dadt = 0.
n—-4o00 Qr
N+42s

Going back to (5.14), we conclude that |Vu,| — |Vu| strongly in L?(Qr) for any § < Nrits- In
particular, |Vu, | — |Vu| strongly in L!(Q7). Thus, we deduce from estimate (5.10)

H|Vun|5178||m(QT) C’<Aq + ||f||Lm(QT)> C  for any v < m.

Therefore, {|Vu,|6'~*}, is bounded in L7(Qr). Thanks to Fatou’s Lemma, we obtain

|||Vu|51_5 C for any v < m.

HL'Y(QT) <

Let v < m be fixed such that po < 7. Using again the interpolation inequality (Proposition 2.12),

we get for &, = 122
&2
// |V, — Vu|6(1_s)d1:dt>
Qp
1-¢&o

po(v—1)
(5.19) X (// |V —VuPW“*S)dxdt) o
Qr
<C

( / / |V, — VulP7 577~ S)d:cdt>
Qp
&2
(// |Vun —Vu|5<1*5)dxdt)
Qr
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So,

n—-4oo

(5.20) lim / / |V, — Vul|P? 677 =) dzdt = 0.
Qr

In addition, given that p < po, as in (5.17) and (5.18), we can find 8; < 2s — 1 such that

/ / \Vu, — VulP§Pr dzdt < c( / / |Vun—Vu|p"6p”(1_s)dasdt>a,
QT QT
then

(5.21) lim // |V, — VulP§% dadt = 0.
n—-+4oo Qr

Hence, thanks to Theorem 2.6, v,, — v strongly in L'(0, T} W(ljl(ﬂ)) which implies the continuity

of ®.

* Now, let us prove that @ is a compact operator. Let {¢y}, C E be such that [|¢n| 1o, Wl (@) S C,
where C is independent of n.
Let v, = ®(¢py). Since {¢n}n C E, then

(// |V (pn (5(1_5)(x))|rdxdt) ' <C for any n.
Qr

Therefore, as in the first step, we can show the existence of 8 < 2s — 1 such that {|V,|76° + f},
is bounded in L!(Qr). Thus, thanks to Theorem 2.6, we get the existence of a subsequence {u,},
such that u,, — u strongly in L%(0, T} Wé’G(Q)) for any 6 < Nleisﬁ.

Since po < m, following the computations as above, we can show that, up to a subsequence,

|V, |0t~ — |[Vu|61~* strongly in LP7(Q7) .
Thus, as above, we get #; < 2s — 1 such that

([Vun [P + g) 67 — (|Vul? + g)6°*  strongly in L*(Qr).

Using Theorem 2.6, we deduce that v,, — v strongly in Lé((), T; Wé’é(ﬂ)) for any 0 < N]ifisﬁl In

particular, v,, — v strongly in L'(0, T’ W(l)l(ﬂ)) Hence, the result follows.

Third step: In this last step, we will prove the existence of A > 0 and T* > 0 such that ®(E) C E.
For a > 0, we consider

(5.22) T(a) := ari — Ca,

where C is a universal positive constant that will be specified later.

Since pg > 1, then there exist £, A > 0 such that
rggéc'r(a) =T =A.

=

Thus
~ A
(5.23) (vi = C (f + > .
C
By fixing ¢ > 0 which satisfies (5.23), we can choose T* € (0,T] such that
A
(5‘24) Hf| ZLNL(S],T*) + ||g||LU(QT*) g E'

Notice that v solves Problem (5.11), then

Lo (@) S C( H|VU|61_SH‘2PU(QT*) + ||g||LU(QT*)>a

o(N+2s)
N+2s—o0(2s—1—p(1—s)) "

Indeed, setting h = |Vu[P + g. Then, h6?(1=%) € L?(Qp+). So, using again Theorem 4.3, with a = p,
it follows that

(5.25) || Vo]6=]

for any v < 6 =

|| Volot=|

LY (Qpx) < C Hlvup(sp(l_s)HLo(QT*)"'9|L0(QT*))>

(5.26) )
< (9o e+ l9lrcar )



20 S. ATMANI, K. BIROUD, M. DAOUD, E.-H. LAAMRI

for any v < &.

Thus, using the fact that po < m and going back to (5.10), it follows that
(5.27)

H|V“|51_S’|Lv(QT*) < C( |1Vl

Pq _
L7 (Q~) + ”fHPM(QT*) + gLU(QT*)) Vv<o.

Recall that ¢ € E and r < 6. Hence by choosing r = v, we get

(5.28) [IWola?=#|

pary < C(A41

P+ ||g||La<QT*)).
By taking A = (7 and combining (5.23) with (5.24), it follows that

(5.29) O (N 1 gy + Dl ) < 6.

Now, by choosing C' = C' and going back to (5.27), we get

(5.30) [[Wolat=|

L™ (Qp) < é(qu + Hf”pm(QT*) + ”g”LU(QT*)) <A
Hence, ®(F) C E.

As a conclusion, we have proved that the operator ® satisfies all the conditions of the Schauder
Fixed-Point Theorem. Thus, we get the existence of (u,v), a solution to System (5.1) such that
(ud=5,061=5) € LU (0, T*; Wy (Q)) x L2 (0, T*; Wy (Q)) for any 6, < m and 0, < 6.

O
5.2 Case: (f,g9) = (0,0) and (ug, vo) # (0,0).

In this case, System (S) is reduced to the following one:

Ou+ (=AYu = |Vou[? in  Qp,
8,51/ + (—A)SU = |Vu|p in QT,
(5.31) u(z,t) =v(z,t) = 0 in  (RV\Q)x(0,7),
u(z,0) = wup(zr) in €

v(z,0) = wo(x) in Q.
Theorem 5.2. Let (ug,vg) € L™ (Q)T x LY ()T, p and q such that pg > 1. Assume that (p,q)
satisfies one of the following set of conditions:
g1(N +2sm1)  2s—1 and b < min my (N +2s51) 2s—1
TN+ (2 —s)o1) 1—s b SN+ 2 _s)m) 15 )’

(5.32) ¢< min{

or

25 — 1 . my (N + 2s77) 25 —1
5.33 d
(5:33) iI~<7-5 @ p<mm{ol(zv+(zs)m1)’1s ’
or

. o1(N +2smy;)  2s-—1 25 — 1
5.34 d
(5:34) q<mm{m1(1\7+(25)01)’15 e P 4

where Ty := min{mq, 2s} and &1 := min{oy, 2s}.
Then, there exists T* > 0 such that System (5.31) has a nonnegative solution (u,v) such that (u,v) €

7 (N + 2
LO(0, T WA (Q, 60-9)dx)) x LO2(0, T*; Wh®2(Q, 6(0=9)dx)) for any 6; < % and 0, <
mi
N+o,

Before proceeding to the proof, we shall give a simple and meaningful example to exhibit that the
sets defined by conditions (5.32), (5.33) and (5.34) are nonempty. Indeed, under given conditions
for (m,071,5), all the three sets of conditions (5.32), (5.33) and (5.34) are nonempty for (p,q). For
example, let us take m; = o;. In this case, we have

. N + 251 2s —1 N + 2sm;
mm{N—i—(Q—s)ml’ 1—s } TN+ @2-s)m




SOME NONLOCAL PARABOLIC SYSTEMS WITH GRADIENT SOURCE TERM 21

Therefore,

Condition (5.32) < p,q€ [1,%) ;

Condition (5.33) < g€ {1, 2;:;) and p € {17%) :

Condition (5.34) & pée [1, 215:5-1> and ¢ € [1, %) .O

Now, let us proceed to the proof.

Proof. We follow closely the argument used in [2]. The main idea is to use a suitable change of
functions in order to get a relation between System (5.31) and System (5.1). We precise also that
the proof will be given under the condition (5.32), the others follow in a similar way.

For T > 0, let us introduce ¢ and 1 as the unique solutions to the following Problems:

O+ (=A¥p = 0 in Qr,
(5.35) o(z,t) = 0 in (RN \ Q) x (0,T),
o(xz,0) = wp(z) inQ,
and
I+ (=AY = 0 in Qr,
(5.36) b(a,t) = 0 in RV \ Q) x (0,T),

t)
P(x,0) = wvo(z) in Q.
Thanks to Theorem 2.10, we have

mi(N + 2
|Vl € L™ (Qr) for any 71 < % where T; = min{my, 2s}
may
and N
o 2
V| € L7 (Qp) for any o < L—ts) where 7, = min{oq, 2s}.
K N+
01
Observe that m}éf%fs) < m}\;ﬁ:fs) and Elﬁ,ﬁ;fs) < Ulj(\,ﬁifs). Again applying Theorem 2.10, we get
) m1(N + 2
V|6t~ € L (Qr) for any 71 < L—:S) where M1 = min{m1, 2s
7 N+
mq
and
o1 (N +2
|V|6'~% € L72(Qr) for any 72 < % where 71 = min{oq, 2s}.
o1

Setting & = u — ¢ and ¥ = v — 1, then (4, ) solves the following system

i+ (=A)a = |Vo+Vyl? in  Qr,
(5.37) v+ (—A)*s = |Va+VelP in Qp,
’ w(x,t) =0(z,t) = 0 in  (RY\Q)x(0,7),
a(z,0) = o(x,0) = 0 in Q.

Hence, to prove the main existence result, it suffices to show that System (5.37) possesses a non-
negative solution (i, ).

Therefore, as in the proof of the previous existence result, fixing 1 < r < %Jgfs) where r is close
to %}‘?9) To do this, let us first introduce the following set

r

F:= {cp € L0, T; Wy (Q)); ot~ € L7(0, T; Wy (R)) and <//Q |V (¢ 515)|Td:vdt)

In addition, we the operator

< A}.

L:F — LY0, T; Wy (Q))

p— L(p) =70,
where 0 is the unique solution to the following Problem:
v+ (—A)*0 = |Vi+VeP in  Qp,
(5.38) o(z,t) = 0 in (RM\Q)x(0,T),

5(2,0) = 0 in Q,
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and @ is the unique solution to Problem

i+ (—A)yu = |[Vo+Vyl? in Qrp,
(5.39) a(z,t) = 0 in (RY\Q)x(0,7),
w(x,0) = 0 in Q.

So, if ¥ is a fixed point of £, then (&, ) solves System (5.37). Thus, it is sufficient to prove that £
admits a fixed point. To this end, we proceed exactly as in the proof of the previous theorem. We
leave the writing to the reader.

However , we will give more details about the regularity. By convexity inequality, we obtain
(IVol + [Vy))* < C(IVo|* + [Vi|?)

and
(IVal + [Vel)? < C(IVal” + [Vel?),

where C' is a universal positive constant.

Now, let us set f = C|Vy|? and g = C|Vy|P. Since (ug,vg) € L™ (2) x L71(Q), then by Theorem
2.10, it follows that

E1(N—|—28)
e L™ f <
f (Qr)  for any m «N o)
and
m1 (N + 2s)
e L7°(Q f < — .
g (Qr) or any o P(N 1 70)

Since all the conditions in Theorem 5.2 are satisfied, we can verify that (m,o) satisfies (5.2).
Thus, by Theorem 5.1, we get the existence of a nonnegative solution (@, ?) such that (a,v) €

L9 (0, T; W™ (©, 6702 dx)) x LO(0, T3 W (2, 6%20-2)da)) for any f) < ygemmtb420_
o(N+2s)

and 6 < N+2s—o(2s—1—p(1—s)) "
Since u = i + ¢ and v = ¥ + 1, then |Vu|6(=%) € L (Qr) and |Vv|6( =) € L%(Qr) where

0, = mln{9 %ﬂtzg)} and 0y = min{eg, 01]{]11—5?9)}

o1 (N+2s)
q(N+71)

b~ m(N + 2s) N o1(N +2s)
YT NH2s—m(2s—1-q(1—5)) q(N+o1(2—35)—51(25s— 1)

On the other hand, by choosing m very close to , we obtain that

which means that for any € > 0 small enough, we have

a1 (N + 2s)
q(N +51<2 — S)) — 51<28 — 1)

él< <§1+€.

g1(N + 2sm ~ mi(N + 2
Now using the fact that ¢ < 701( + Smlz , it follows that 6; > L—:S) Hence, we
ml(N+(2—S)O'1) N+m1
mi(N + 2
conclude that 67 ~ L—:S)
N + mq _
By using the same computations as above, we get |[Vo|6(1=%) € L2 (Qr) with 6y ~ %;fs)
This concludes the proof of the theorem in the first case. O

We will conclude the two previous subsections with the following remarks.

Remark 5.3. If /3 —1 < s, then 2=1 > 14 5. Therefore, any solution to System (S) blows
up in finite time according to Theorem 3.3 for any 1 + s < p,q < Qf—_’: However, in the case
2/3 < 5 < 4/3 — 1 (and more generally 1/2 < s < v/3 — 1), the question of global existence is more
difficult. We leave it as an open question. As far as we know, this question is still open even in the
case of a single equation. That being said, according to some numerical simulations (see [28] and

[30]), we can conjecture that the local solution is actually global. [J

Remark 5.4.
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(1) The presence of the gradient term, as an absorption term does not generate any additional
difficulty and the same existence result holds for the following System

ou+ (—AYu = £VufP+f in Qp,

v+ (—A)*v = £|Vulf4+g in Qr,
(5.40) w(z,t) =v(z,t) = 0 in  (RV\ Q) x (0,7T),
u(z,0) = wup(x) in
v(z,0) = vo(x) in Q.
(2) Using the same compactness approach, we can prove the existence of a solution to the next
System:
8tu—|—(—A)su = Hl(‘V’UD—‘rf in QT,
O+ (—A)*v = Ho(|Vu|)+g in Qp,
(5.41) w(z,t) =v(z,t) = 0 in  (RV\ Q) x (0,7),
uw(z,0) = wo(x) in  Q,
v(z,0) = wo(x) in  Q
where Hy, Hy : Rt — R are continuous and bounded functions. Il

5.3 Particularcase:p=¢g=1and uy=vy =0

In this case, System (S) becomes

du+ (=A*u = [Vol+f in Qr,
(5.42) v+ (—A¥Pv = |Vul+g in Qp,
u(z,t) =v(x,t) = 0 in  (RV\Q)x(0,7T),
u(z,0) =v(z,0) = 0 n Q.

However, the convexity argument does not work. But, by using the approximating argument and
the main regularity result given in Theorem 4.3, we are able to prove the next existence result.

Theorem 5.5. Assume that (m, o) satisfies one of the following set of conditions:
(5.43)

1 <m < min N2 (N +25) and 1 < o < min N2 m(N +25)
35—2 N +2s—0(3s—2) 3s—2 ' N+2s—m(3s—2) )’
or
N + 2s m(N + 2s)
5.44 > d ,
(5:44) M2 352 77 Nt2stmB3s-2)
or
N +2s o(N + 2s)
5.45 = d .
(5.45) 7232 T N2t 03s-2)

Then, there exists T* € (0, T| such that System (5.42) has a nonnegative solution (u,v). Moreover

(ud*=*,v0'=*%) € L9 (0, T*; W(l)ﬁl (Q)) x L%2(0, T*; W(l),fh (Q)) for any 61 < Mgfim and 0 <
o(N+2s) 0

N+2s—0(3s—2) °
Before starting the proof of Theorem 5.5, we shall give some light on the conditions (5.43), (5.44)
and (5.45).
1) Condition (5.43).
As is done in Subsection 5.1, we denote a = N +2s, b=2s—1 and ¢ = 1 — s, and we take m = o.
We notice that
a

1< — & 1.
<a—m(b—c) "=

o . . . a _ N 2s
Thus, condition (5.43) is verified for any m € (17 E) = (1, 3:'_2 )

2) Condition (5.44). We observe that the conditions (5.44) and (5.45) are symmetric. Then, it is
sufficient to treat one of the two.

Let k € Rt suchthat k > 1. Form = kzg;z;’ condition (5.44) is verified for any o € (ki-s-l Jgf:_? , +oo).
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Now, let us move on to the proof. Proof.
For n > 1 fixed, le us consider the following approximate system

|V, f .
0 n —A)* n :Fn Q )
s + (—A)%u +%|an\+1+%f in T
V| g )
(5.46) Do + (~A)w, = —1Vin =Gy )
i Un + ( )V +%|Vun|+1+%g in T,
un(x,t) =v,(x,t) = 0 in  (RY\Q)x(0,7),
Un(2,0) = v,(2,0) = 0 in Q.

It is clear that ||Fy,| re (), [|GnllLe(@y) < 2n. So, System (5.46) has at least an energy solution
(tn,vp) € L2(0,T;HE(Q)) x L2(0, T; HE(Q)).

As we did before, we give the proof under the condition (5.43).
Thanks to Theorem 4.3 with a = 1, we get

1—s 1—s
(5.47) H|VU”|5 B ||L91(Q ) S |||an‘51 SHLm(QT) + Hf”Lm(QT))
|V vy, |6 ||L62(QT < C(|[[Vualo ||LU(QT) + lgll 2o (@)
m(N + 2s) o(N +2s)
fi 0 de .
A S N e —m@s—2) T Nt 2s—o(3s - 2)
Thus
1—s —s
H|Vun|5 HLSl(QT) + H|VU”|51 ||L92(QT)
(5.48)
c (H\Vunwl_SHLU(QT) + H|V”n|51_SHLm(QT) + 1fllem@r) + ||9||L"(QT)> :
Since o < m?ﬁvig(z;s)fz)’ we can choose 6; close to mgfirm such that o < 01 < mgivir:(z;s)fz)

Hence, using Holder’s inequality, we obtain that

61 —o
(5.49) 1V2nl8" 2| 10 0y < (1QT) 7 192l s gy
In the same way, we get
(5.50) [1V0u16" %] s ) < (I2UT) Ea 117006 Lo 2y -
Hence combining estimates (5.48),(5.49) and (5.50), we reach that
117618 || oy ) + 1190018 (| s

0 —o Og—m
CURUT) 77 Va0 oy gy + (L) 57 19018y 0y + [ L@y + lolm c))-

Choosing now 7' > 0 such that Cmax{(\Q|T) , (19T o } = C < 1, we obtain that

(1 — é) ( H‘V’u”ﬂwl_SHLSl (Qr) + H'VU”|61_SHL92 (Qr) )
(5.51)

C (Ifllemry + 19l Lo @r)) -

Therefore, {(tn, vn)}n is bounded L1 (0, T; Wy (Q, 6911 =9)dx)) x L% (0, T; W% (Q, §%21=%)dx))

m(N+2s) o(N+2s)
N+2s—m(35—2) and 0 < Nt2s—0(35—2)"

The proof of the strong convergence, up to a subsequence, of the sequence {(ty,v,)r} to a solution of
System (5.1) follows exactly by using the argument in the proof of the compactness part in Theorem
5.1. [ |

for any 6, <

6 Appendix

In this paragraph, we give the proof of Lemma 4.1. For the convenience of the reader, we recall
its statement.

Lemma 4.1. Let s € (0,1), o, A € R are such that « > —1 and N+ X > 0. Assume that h € L™ (Qr)
with m > 1 and m' = _=<. Moreover, let us deﬁne

t_
H(z,t) / / ) dydr
t—T 25 4 |z — y|)NHA
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Then
1) ifa > 22 H e L®(Qr) and
|H @) < CEOT 2557 [ 1
2) if 252 <a< B2 and1 <m < 25@:1’%, H € L"(Qr) for any r < N+2SI”7T(LJ(2:$3FU7}\)

and )
|H| -7y < CEOOT " @b Lm (s

3) if Agfs <a< NTJg)‘ and m > %, H e L™ (Qr) for any r < +00 and

1
[H | r9r) < COT < ||hl|Lm @)

The first case follows easily using the fact that
Eth) g(th)O‘*N;g)\.
((t = 7)2 + |z —y)N+A
Now, let us deal with the other cases. In order to prove the regularity of H, we will use a duality
argument. Indeed, let ¢ € C3°(€r), then

su /QT H(z,t)p(x,t)dxdt,

Ul prer}
// o(z, t)] <//hy, |K1:—y,t—7')dyd7'>dxdt
Qr

tOé
(tF 4|V
According to generalized Holder’s inequality, we have

(6.1)

N

{H¢||,f @<t
where
K(x,t) :=

(6.2)
T t
ey < s [ 1Ol ([ 1@ 1Kt = lasaydr ) a
el e (g py<ad /0 0
where
1 1 1
6.3 —4 =+ ==2.
(6.3) a + m + 7!
By a direct computation, we get
(6.4) K ()| pe) < CtY
where
N N + )\
6.5 = =
(6.5) v @t 2sa 2s

Going back to (6.2), we obtain

66) [ Hlwwn < ‘/ / (..

{\|¢\|Lr <t}

L"/ (Q) ||h(7 T) | ‘Lm(Q) |t — 7—|’yd7—dt.

Using again generalized Hoélder’s inequality on time, we get

2l

T
(6.7) IHlLrry < € sup IIhIILm(QT)||¢||L~<QT></0 It—Tlmdt>

{Hd)HL"'/(QT)gl

Moreover |t — 7|* < t%7, then

oIl

(6.8) [H| oy < C  sup 17
{“d)”LT,(QT)Sl

T
Lm(QT)||¢|Lr’(QT)</O t‘”dt) )
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(6.9)
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1 1 1 , T
Wherej+f—|—f/:2. So&:a:n’?_fr.Ontheotherhand,/ t¥7dt is finite if ay > —1. Thus
a m r 0
N + 2s
A i
mr<(N+)\_28a)(r+m).

o If A >

e Now,

2s(a + 1), we deduce from (6.9) that

m(N + 2s)

re N +2s+m(\A—2s(a+1))

assume A < 2s(a+ 1).

— If A < 2s(a+1) and m < 5= +25  then

and

2s(a+1)—X\?
m(N + 2s)

r N+2s—m(2s(a+1)—A)

1
[H | @) < COOT < [[A] (-

— If m > 5225 then g € L"(Q) for any r < oo and

s(a+1)—X\>
1
[H||Lr 7y < )T 2|2 Lm0y
This completes the proof. |
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