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Abstract

In this paper, we prove global-in-time existence of strong solutions to a class of fractional
parabolic reaction-diffusion systems posed in a bounded domain of RY. The nonlinear reactive
terms are assumed to satisfy natural structure conditions which provide non-negativity of
the solutions and uniform control of the total mass. The diffusion operators are of type
u; — di(—A)*u; where 0 < s < 1. Global existence of strong solutions is proved under
the assumption that the nonlinearities are at most of polynomial growth. Our results extend
previous results obtained when the diffusion operators are of type u; — —d;Au;. On the other
hand, we use numerical simulations to examine the global existence of solutions to systems
with exponentially growing right-hand sides, which remains so far an open theoretical question
even in the case s = 1.

Mathematics Subject Classification (2020): 35R11, 35J62. 30G50, 47H10, 35B45.

Keywords. Reaction-diffusion system, fractional diffusion, strong solution, global existence,
numerical simulation.

1 Introduction

The purpose of this work is the study of global existence in time of nonnegative strong solutions
to fractional parabolic reaction-diffusion systems of the form:

Vi=1,...,m,
(S) Opui(t,x) + di(—A)°ui(t,x) = fi(ur(t,x),...,un(t,x)), (t,x) € (0,T) xQ,
ui(t,x) = 0, (t,x) € (0,T) x (RN \ Q),
u;(0,x) = wupi(x), x € (),

where € is a bounded regular open subset of RN where N > 1,0 < s < 1, m > 2 and for each
1 =1,...m, the diffusion coefficient d; > 0 and f; is locally Lipschitz continuous.
Here, we mean by (—A)® the classical fractional Laplacian operator of order s defined by

(L1) (~2)°0(x) i= an PV [ $x) — 3y)

Ry [ — y|[V2
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where || - || is the euclidean norm of RY, P.V. stands for the Cauchy principal value and ay s is a
normalization constant such that the following pair of identities :

lim (—A)’¢=¢ and lim (—A)°¢p=—-A¢p

s—0t s—1—
holds (see, e.g., [26, Proposition 4.4] and [25, Proposition 2.1]). We refer readers not familiar
with fractional laplacians to [25, 58, 26] and the references therein.

Parabolic reaction-diffusion systems appear in various disciplines such as chemistry, biology and
environment science (see [66, 74, 70, 61] and their bibliographies). When governed by the classical
Laplacian, such systems are related to normal diffusion processes. They have been extensively
studied in the literature, see, for instance, [66, 47, 30, 49, 50, 40, 69, 76, 20, 75, 31, 31, 2] and the
references therein.

However, in order to describe nonlocal diffusive processes, the classical Laplacian is no longer
a well-suited model. Hence the interest of fractional Laplacian operators, which allow one to
derive more advanced models, especially anomalous diffusion processes. Additional insights can
be found in [1, 78, 18, 79, 80, 42, 56, 25]. More generally, nonlocal partial differential equations
(NPDEs) have come out for some years, and play a significant role in numerous scientific fields, as
illustrated in [71, 45] and their references. The fractional Laplacians are the prototypical example
of nonlocal operators appearing in NPDEs.

Recently, many papers have investigated the existence of solutions to fractional reaction-diffusion
problems consisting of a single parabolic equation (m = 1) on open subsets of RY. We refer the
reader, for instance, to [7, 37, 39, 54, 13, 14, 35].

On the other hand, there are few works dealing with systems (m > 2) governed by fractional
Laplacians, see [8, 9, 10, 11] and [4, 5, 6] in the case where Q = RY. In this work, we are going to
discuss the extensions of results known for s = 1 or m = 1 to the more general situation 0 < s < 1
and m > 2.

Going back to System (5), we are only interested in nonnegative solutions, as in applications
the unknown u = (ug,---,u;,) represents for example concentrations of chemical species or
population densities. Therefore, the initial data have to be chosen nonnegative ; ug; > 0 for each
i€ {1,---,m}. It is also well-known that the solutions (as long as they exist) remain nonnegative,
provided that the reaction terms f; satisfy the so-called “quasi-postivity” property, namely:

(P) Vi<i<m, fi(ri, -+ ,7i-1,0,741, " ,rm) >0, Yr=(ry,--,ry) € [0,+00)™.

Furthermore, in many cases a control (sometimes even the preservation) of the total mass natu-
rally follows the model, namely:

(1.2) Z/ u;(t,x) dx < C’Z/ upi(x) dx  for some C' > 0.
=179 =179
The control (1.2) is fulfilled if

(M) (a1, - am) € (0,400)™ such that Zaifi <0,
i=1

or, more generally, if this sum grows at most linearly in its variables, i.e.
m m

(M?) Vr € [0,400)™, Zaifi(r) < C’[l + Zn} for some C' > 0.
i=1 i=1

Let us emphasize that properties (P) and (M) are satisfied in many applications, e.g. in models
describing evolution phenomena involving both spatial diffusion and chemical reactions. Nev-
ertheless, there are some instances where the total mass of the solution is not controlled; for

example : m = 2, fi(u,u2) = ui and fo(ui,us) = u?.



The question of global existence for reaction-diffusion systems has been a classical topic since
the seventies, yet there are still many open and challenging problems. There are two major
obstructions to the construction of global solutions. Firstly, when the right-hand sides f; have
quadratic, even faster, growth for large values of the u;’s. A typical example for three species is :

fi = a1g, f2 = aag, f3 = —azg where g = u3® —ui"uy? and ay, az, 03 > 1.
See System (1.3) below for more precisions. Secondly, when the diffusion coefficients d; are very
different, there is no comparison principle. Thus, no a priori estimates are available besides the
L' control (1.2).

To put our work in context and highlight the novelty of this paper, let us briefly review the
existing literature.

e Case where the diffusions are driven by classical Laplacian (i.e. s =1)

It turns out that the structure (P)+ (M) does not keep the solution from blowing up in L>°-norm,
even in finite time. More precisely, the paper [68] gives an explicit example of a two-species system
fulfilling both (P) and (M), with d; # da and strictly superquadratic polynomial nonlinearities,
and such that

IT* < +oo, lim ||ui(t,)||peerq) = Lm [Jus(t, )| feo(q) = +00.

+00, Jim, w1 (t, )l Loe (o) Jim, |ua(t, )| Loe (@) = +

Thus, in addition to the structure (P)+ (M), some growth restrictions and extra structure on
the nonlinearities are needed if one expects global existence of strong (or even weak) solutions.

— Strong solutions: This issue has been intensively studied, especially when the initial data are
bounded. Let us review some sufficient conditions on the f;’s guaranteeing the global existence
of a strong solution (see Definition 2.1):

(1) triangular structure (see (1.6)) and polynomial growth. For more details, we refer to [66]
and references therein. A prototypical example of triangular structure when m = 21is f; <0
and f1 + fo <0;

(ii) quadratic growth. See, for instance, [40, 69, 20, 75, 31, 32]);

(iii) diffusion coefficients close to one another, see, e.g. [19, 30] (sometimes called quasi-uniform
in some references, for example in [31, 32));

(iv) when the growth of the f;’s is slightly stronger than polynomial, few results are known, and
only for m = 2. The most-studied model by far is fo(uy,u2) = — f1(u1,u2) = uleug. In this
case, the existence of strong solutions is established in [41] for § < 1, and [12] for § = 1.
The article [73] gives some extensions of those results. Surprisingly, in the three previous
works, the global existence is established under a restrictive assumption on the size of the
initial data ug;. On the other hand, the problem is still open for g > 1.

— Weak solutions: By a weak solution, we mean a solution in the sense of distributions or,
equivalently here, in the sense of the variation-of-constant formula with the suitable semigroup
(see Definition 2.2). Such weak L!-solution had already been considered in [63, 46, 17] to handle
initial data in L'. However, an extra condition of triangular structure of the nonlinearities was
required. Furthermore [64] (see also [66, theorem 5.9] for m > 2), if for some reason the f;’s
are bounded in L'((0,7) x ) for any T, then there exists a global weak solution for any initial
data in L'(Q), without any further assumption beyond non-negativity. This L' bound can be
established under any one of the following assumptions:

1. there are m independent inequalities between the f;’s, and the ug;’s are just assumed to be

in L1(2). For example, System (S) where m = 2 and fo(u1,u2) = — f1(u1, u2) = ue has
a weak solution for any 8 > 0 and any initial data in L'(£2). We refer to [64, 66] (see also
[50]);



2. the fi’s are of quadratic growth, and the wug;’s belong to L?((2), see [66, theorem 5.11];

3. the f;’s are super-quadratic, as it occurs in complex chemical reactions, and the ug;’s are
in LY(Q) N H~1(Q). For more details, see [49] (see also [22]).

Concerning the elliptic case, the interested reader is referred to [50, 52].

To conclude this short summary, we would like to point out that the above references do not
exhaust the rich literature on the subject. The interested reader can find an exhaustive review of
the results known before 2010 in the extensive survey [66], which also gives a general presentation
of the problem, further references, and many deep comments on the mathematical difficulties
raised by such systems. For some more recent results, see [47, 30, 19, 69, 72, 20, 75, 31, 32] and
their references.

e Case where the diffusions are driven by the fractional Laplacian (i.e. 0 < s < 1):

Unlike the case s = 1, relatively little is known. To our knowledge, the existing works fall into
two broad categories: either the domain €2 is bounded and the right-hand sides are of potential-
gradient or gradient-gradient type; or = RY and the r.h.s. are of polynomial or exponential
growth.

o Q bounded: in [8], the first two authors and their coworkers investigated the case of a
2 x 2 System where the right-hand sides are fi(u1,u2) = ||Vuza||? + h1 and fo(ui,ug) =
IVu1||? + he with hy, he > 0. Obviously, f1 and fo do not belong to the framework of (5),
nor do they satisfy (IM). They also studied the elliptic version of the system in the following
two cases :

(S1)  (=A)ur = [[Vuz|l+ M, (=A)%uz = [Vur|[? + puho,
(52) (_A)sul - ug + )\hl 5 (_A)S’LL2 = ||VU1HP + ,LLhQ,

where A\, 1 > 0. For more details, we refer the reader to [9] for (S7) and [10] for (S2); see
also [11] for a generalized System (S7) with two different diffusions i.e. s1 # so.

o Q =RY: the only works that we know are those of [4, 5, 6].

As far as we know, the question of global existence of solutions to System (.5), set in a bounded
domain 2, with the reaction terms satisfying (P)4 (M) and of polynomial or exponential growth,
has not been addressed so far. This is the main goal of this work. More specifically:

1. we will extend to the fractional case (0 < s < 1) two main known results in the classical
case (i.e. s = 1) and the reaction terms are polynomial growing. The first one deals with
the typical case of reversible chemical reactions for three species (see Theorem 4.1). The
second one deals with the case where the number of equations m > 2 and the f;’s have a
triangular structure (see Theorem 4.2).

2. we present some numerical simulations to examine the global existence of solutions to Sys-
. B .
tem (S) in the case where m = 2, fo(ui,u2) = —fi(ui,u2) = uie2 with g > 1. See
Section 5.

In order to prove our main theorems, we will extend several tools known in the classical case to
the fractional case such as the maximal regularity theorem (see Theorem 3.1), a Lamberton-type
estimation in LP (see Theorem 3.3), the so-called Pierre’s duality Lemma (see Lemma 4.2). Such
results are interesting in themselves. Nevertheless, it should be noted that it is not always possible
to extend any result from the classical case to the fractional case; and when it is possible, it is
usually far from being trivial. See, for instance, [8, 9, 10, 11] in a different context.

For the ease of reader and the sake of completeness, let us now recall those two results that we
will extend.



e First known result. Let us consider the following System

( Opuy (t,x) — diAuy (t,x) = fr(ui(t,x),ua(t,x),us(t,x)), (t,x)€ Qr,
Opua(t,x) — doAus(t,x) = fo(ui(t,x),ua(t,x),us(t,x)), (t,x) € Qr,
8tu3(t X) d3AU3(t,X) = fg(ul(t,X),l@(t,X),u;g(t,X)), (t,X) € Qr,
(13) U1 ( ) z(t,X) - U3(t,X) = 0, (t7 ) S (OaT) x OS2,
u1(0,x) = wpi(x) >0, x € Q,
uz(0,x) = wup2(x) > 0, x € (),
uz(0,x) = wp3(x) >0, x €,
where
fi =19, fo =oa0g, f3 =—asg with g = u5® —uf'u5? and a1, a2, a3 > 1.

That system naturally arises in chemical kinetics when modeling the following reversible reaction
(1.4) a1Ur + aolUs = agUs

where wu, uo, ug stand for the density of U;, Us and Ujs respectively, and aj, ag, as are the
stoichiometric coefficients.

Let us notice that in addition to fulfilling (P), f1, f2 and f3 also satisfy (M), namely
a3 f1 + anasfo + 2102 f3 = 0.
Now, we are ready to state the first known result, (see [47, Theorems 1 et 2]).

Theorem 1.1. Assume that (uo1,uo2, uo3) € (L>°(Q))3. System (1.3) admits a unique nonnega-
tive global strong solution in the following cases

(i) o1 +oag < oas;

(ii) s = 1 whatever are oy and oy ;

(iii) dy = d3 or dy = d3 whatever are a1, ag and ag ;

(iv) di = dg # d3 for any (a1, az,a3) € [1,+00)? x (1,4+00) such that ay + ag # as.

Comments:

Assume that the diffusion coefficients di, do and ds are very different. The question of global
existence of a strong (even weak) solution to System (1.3) in the case 2 < a3z < a1 + ag is
widely open since at least 2011. This is very surprising from a chemical point of view because
the reaction (1.4) is supposed to be reversible and therefore a strong solution should exist and be
global as in the case a1 + as < asz. More generally, that question is far from being understood.
For example, the global existence of a strong solution of the system modeling a reversible reaction
of the form a1U; + agUs = «a3Us + a4Uy has only recently been proved and in the sole case
a1 =g = a3 = ayq = 1, see [20, 75, 31, 32]).

e Second known result. Introducing the classical counterpart of System (.S), namely:

Yi=1,...,m,
(1.5) Opui(t, x) — diAui(t,x) = fi(ui(t,x),...,un(t,x)), (t,x) € (0,T) x Q,
' ui(t,x) = 0, (t,x) € (0,T) x 08,
u;(0,x) = wupi(x), x € (.

It holds that (see [66, Theorem 3.5] and its references, especially [59])

Theorem 1.2. Assume that for each i € {1,--- ,m}, up; € (L¥(Q))" and f; is at most of
polynomial growth and satisfy (P). Moreover, assume that

there ezist a vector b € R™and a lower triangular invertible matriz Q € M, (R™") s.t

(1.6) § Vr=(r1,...,rm) € [0, +00)™, Qf(r)§[1+ 3 n}b

1<i<m

Then, System (1.5) admits a unique nonnegative global strong solution.



The rest of this article is set out in the following manner. In Section 2, we present the necessary
background for the remaining sections. First, we set up some basic definitions about the notion
of semigroups, and some required results concerning the associated evolution problem. Then, we
recall some fundamental properties of the fractional laplacian within the framework of semigroup
theory. In Section 3, we focus on the fractional evolution equation and examine the conditions that
ensure the boundedness of the solution. Furthermore, we concentrate on significant concepts such
as the dual problem, the maximal regularity and the comparison principle. Section 4 is divided
into three subsections. In subsection 4.1, we first investigate the local existence of solutions to
System (.5), then we prove the global existence in a particular case and we end it by extending
Pierre’s duality lemma to the fractional case. Subsections 4.2 and 4.3 are devoted respectively
to the proofs of our two main theorems. In Section 5, we present some numerical simulations to
examine the global existence of solutions to a 2 x 2 System with exponential growth (see (Sexp) in
page 19), which remains a theoretical open question even in the case s = 1. At last, we introduce
the proofs of Theorems 3.1 and 3.2 in the Appendix.

Prior to ending this section, le us fix some notations.

Notations. Throughout this paper, we will use the following standard notations :
— Q is a bounded regular open subset of RY with N > 1.
— For any T > 0, Q7 := (0,T) x Q.

— |l - || is the Euclidean norm of R¥.

; : :
~ Foranyp € [1,400), 6]l o) = ( / |¢<x>rpdx> and 6] o0y = ( I w(ux)pdtdx>

— 19l L) = esss;)lpW(X)\ and [[¢]| (@) = esssup [P(¢,x)].
XE

t7x)€QT

— H§(Q) == {¢ € L’ (RY) ; [[$llms() < +00 and ¢ =0 in RV \ Q}, where

1

o) 2

s " dxd .
||¢”H () <//RN><RN \x yHN+23 Xay

2 Preliminaries

In this section, we briefly review some relevant results for later use. First, we recall existence
results of solutions to evolution problems associated with semigroups, along with a Lamberton-
type estimation based on semigroups on L2. Then, we discuss the main properties of the fractional
Laplacian and the semigroup generated by it on L2.

2.1 Evolution problems associated with semigroups

Let (E, X, 1) be a measure space. Let A be the infinitesimal generator of a strongly continuous
semigroup {S4(t) }s>0 on L?(E, 3, 1) (or simply L?(E)). We refer readers not familiar with the
notion of semigroups to standard works such as [62, Chapter 1] and [81, Chapter 7].

Now, let us associate with the operator A the following evolution problem :

(2.1) { dﬂ—A’w = h, in (O,T),

w(0) = wo,

where h(t) and wg belong to LP(E), p > 1.



Before stating the existence theorems, let us make precise what we mean by strong solution and
weak solution to Problem (2.1).

Definition 2.1 (Strong solution). A function w : [0,T) — LP(E) is called a strong solution to
(2.1) if :

(i) w € C([0,T); I7(E)) 1 C(0, T; LP(E)) ;

(ii) for any t € (0,T), w(t) € D(A) ;

(iii) Problem (2.1) is satisfied a.e. on [0,T").

Definition 2.2 (Weak solution). Let h € L'(0,T; LP(E)). A function w € C([0,T]; LP(E)) is
called a weak solution to (2.1) if it satisfies the following integral equation :

(2.2) w(t) = Sa(t)wo + /Ot Sa(t —1)h(r)dr, Vtel0,T].

The first existence Theorem reads as (see, for instance, [62, Chapter 4]):

Theorem 2.1. Let h € LY(0,T; LP(E)) and wo € LP(E). Then, Problem (2.1) admits a unique
weak solution.

Now, let us assume that {S(t)}+>0 satisfies the two additional assumptions :
(H1) {Sa(t)}+>0 is a bounded analytic semigroup on L?(E) ;
(H2) for any p € [1,+0o0] and any ¢ € LP(E) N L*(E), we have

Vvt >0, [[Sa®)¢llLre) < 9llLr(m)-

The following theorem provides a well-known result for estimating the weak solution to Problem
(2.1) in LP when wy = 0, see [53, Theorem 1].

Theorem 2.2 (Lamberton-type estimation). Assume that wy = 0 and h € LP((0,T) x E) with
p € (1,+00). Let w be the weak solution to Problem (2.1). Then, there exists a constant C) :=
C(p) > 0 such that

(2.3) Hcgf

[ Awll o0y x ) < Cp 1Ml Lo 0,1y <) -
LP((0,T)x E)

We end this subsection by noting that when A = 0, we have w(t) = S4(t)wg as the weak solution to
(2.1). Hence, it is clear that not every weak solution to (2.1) becomes a strong solution. However,
the two notions of solution coincide if h satisfies a further condition, namely if h € C1(0, T; LP(E)).
More precisely, one has the next result (see, e.g., [62, Corollary 3.3]).

Theorem 2.3. Assume that h € L'(0,T; LP(E)) N CY(0,T; LP(E)). Then, the weak solution to
Problem (2.1) is a strong solution. O

From now on, we set F/ = ). As stated in the introduction, €2 is assumed to be a bounded
regular open subset of RV,

2.2 Semigroup generated by the Fractional Laplacian
It is well-known that the operator A = —(—A)® with domain

(2.4) D(A) = {6 € H}(Q), (-A)°¢ € L*(Q)}

generates a strongly continuous submarkovian' semigroup {S A(t) }y>o on L?(92), see [39, Propo-
sition 2.14] and [21, Theorem 3.3].

The following theorem will be used throughout the rest of this paper. We refer, for instance, to
[21, Theorem 2.10] or [39, Theorem 2.16] for further details.

LA strongly continuous semigroup {Sa(t)} >0 is said submarkovian if it satisfies the two following properties:
—if ¢ € L*(Q) and ¢ > 0, then Sa(t)¢p >0Vt >0 ;
—if ¢ € L=(Q), then [[Sa()¢llr= (o) < 9]l (n)-



Theorem 2.4. Let {Sa(t)}i>0 be the submarkovian semigroup generated by A on L*(Q) with
domain given by (2.4). Then:

(i) the semigroup {Sa(t)}e>0 can be extended to a contraction semigroup on LP(QQ) for any p €
[1,+00]. Moreover, each contraction semigroup is strongly continuous if p € [1,4+00) and bounded
analytic if p € (1,+00) ;

(i) the semigroup {Sa(t)}i>0 is ultracontractive, i.e., for any ¢ € LP(Q) and 1 < p < g < 400,
there exists a constant C > 0 such that

_N(1_1
(2.5 1Sy < OF F G gl v >0,
Moreover, if p = q = +o00 and C =1, the semigroup {SA(t)}tzo is said L°°-contractive. O

3 Fractional evolution problem

In order to study the existence and regularity of solutions to our System, we will rely on properties
of solutions to the equation. To do so, let us consider the following problem :

dw(t,x) +d(—=A)w(t,x) = h(t,x), (t,x) € Qr,
(3.1) w(t,x) = 0, (t,x) € (0,T) x (RV\ Q),
w(0,x) = wy(x) >0, x €,

where d > 0, wg € LP(Q) and h € LP(Qr), p > 1.

First, we recall the conditions under which the solution to Problem (3.1) exists and is bounded.
Then, we consider the dual problem of (3.1) in order to prove a Lamberton-type estimation in
LP.

3.1 Existence and Boundedness

Now, let us denote A := —d(—A)%. According to Theorem 2.4, the operator A verifies the
assumptions (H1) and (H2). Hence, by Theorem 2.1, Problem (3.1) admits a unique weak
solution w € C([0, T, LP(2)) which fulfills

¢
(3.2) w(t, ) = Sa(t)wo —I—/ Sa(t —7)h(T,)dT.
0
Furthermore by Theorem 2.2, when wg = 0 there exists a constant C}, > 0 such that

(3.3) 10cw] Loy + dI(=A) Wl Logry < Cp 1Ml Lo (gr) -
The regularity of the weak solution to Problem (3.1) relies on the two Theorems presented below.

— The first Theorem outlines the necessary conditions for the solution to Problem (3.1) to have
a maximal regularity property in L°°.

Theorem 3.1. Assume that wg € L*°(Q) and h € LP(Qr) with p > 1. Let w be the weak solution
N +2s

2s
[z (@p) < llwollzeo @) + Cllhllr(@r)-

to Problem (3.1). Then, for any p > , there exists a constant C > 0 such that

— The second Theorem is related to the comparison principle for Problem (3.1).

Theorem 3.2. Assume that wg € L*°(Q) and h € LP(Qr) with p > 1. Let w be the weak solution
to Problem (3.1). If h <0, then w € L>®(Qr) and

[w]|Loe (1) < llwollLoe(e)-

The two previous results are classical when s = 1. Surprisingly, we did not find, in the literature,
their equivalents in the fractional case. Therefore, we have decided to introduce their proofs in
this paper although they are close to those of the s = 1 case. Nevertheless, for reading fluency
we preferred to postpone these proofs in the appendix.



3.2 Fractional dual problem of Problem (3.1)

In this subsection, we state and prove the existence and regularity result of solutions to the dual
problem of (3.1). Such result will be useful to prove the global existence of solutions to our
System.

The dual problem of Problem (3.1) is given by

-0 Z(t,x) +d(—A)Z(t,x) = ¢(t,x), (t,x)€ Qr,
(Py) Z(t,x) = 0, (t,x) € (0,T) x (RV\ Q),
Z(T,x) = 0, x € Q,

where ¢ is a regular function.

The following theorem provides the conditions for the solution of the dual problem (P,) to exist
and verify a Lamberton-type estimation in LP.

Theorem 3.3. Assume that ¢ € LP(Qr) with p > 1. Then, Problem (P,) admits a unique weak
solution. Moreover, there exists a constant C := C(p,T) > 0 such that

(3.4) 19: 21| 1o () + 12Nl Lp@r) + A I(=2)" 2]l o) + [ 20llzr (@) < C Nl Lo(qr) -
where Zy := Z(0, ).

Proof. In Problem (P,), let us make the following change of variable : t =T —7=717=T -t €
(0, T). Furthermore, let us denote w(r,-) :== Z(T — 7,-) and h(r,-) := (T — T, -).
Then, Problem (P,) becomes

0:-Z(T —1,x) +d(-AZ(T —1,x) = T -71,%), (1,%
(3.5) Z(T-7,x) = 0, T, X
Z(T,x) = 0, X €,

which is equivalent to

Orw(t,x) +d(—A)*w(r,x) = h(r,x), (1,%)€ Qr,
(3.6) w(r,x) = 0, (1,x) € (0,T) x (RN \ Q),
w(0,x) = 0, x € Q.

Hence, the existence of a unique weak solution to (P,) follows from Theorem 3.1. In addition,
there exists a constant Cy := Ci(p) > 0 such that

(3.7) 10: 2| Lo () + AIN(=2) 2l 1ogr) < Crllol Lor) -

Now, let us integrate the first equation of (P,) over (0,7"). We obtain
T T
(3.8) - / D2 (1, x)dt = / (o(t,%) — d(—A) 2 (t, %)) dt.
0 0
For any x € Q, Z(T,x) =0 . Then,
T
(3.9) Zo(x) = [ (oltx) — d(~A)°Z(t, ) dr.
0

Therefore, we get

T
120l = H [ et~ d-ayz
T

LP(Q)
< /0 ot ) — (=AY Z(t, )| o dt

T T
< /O ot ) e it + /0 Jd(=A)Y Z (2, ) ey dt

_1 s
<T ’ (lellzr@r) + dl(=2)* 2l o (@r)
< T'77 max(1, Collellzrgr)-

(3.10)
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The last inequality follows by the estimate (3.7). Hence,

(3.11) 120llzr () < Callellzr(r)

where Cy := Cs(p,T) > 0.
As Z is the weak solution to Problem (P,), thus it verifies the following integral equation :

T
(3.12) Z(t,x) :/t Sa(t —t)o(r,x)dr, (t,x) € [0,T] x €.

Thus, we have

BB / Sa(r — t)p(r, )dr
Lr(Q)
< / 1547 — o, | oy
3.13 T
(313) < [ 1826 = 036 iy
e / lo(m ey
L <cr' PH@HL@QT
Consequently,
_1
(3.14) 12 ooy < CT' 7 llellirior)-

As L*>(0,T; LP(Q2)) — LP(Qr), we obtain the estimate

(3.15) 1Zllr @) < Csllellr@r)

where C3 := C3(p,T) > 0.
Finally, let us denote C := max(C7, Cy,C3) > 0. From the estimates (3.7), (3.11) and (3.15), we
obtain (3.4). O

Remark 3.1. Let us mention another notion of solution often found in the PDE literature.

Let B € (0,1). It is well known (see [55, 33]) that if ¢ € L= (Qr) N C%* (Qr), Problem (P,)
admits a regular solution Z € L™ (Qr) and the equation —0;Z + (—A)*Z = ¢ is satisfied in a
pointwise sense.

Let us multiply (3.2) by Z and integrate over Qr. Then, we obtain

(3.16)

w(t,x) (=0 Z(t,x) + (=A)*Z(t,x)) dxdt = // h(t,x)Z(t,x)dxdt + / wo(x) Zo(x)dx.

Qr T Q

A solution Z € C([0,T]; L*(Q)) that satisfies (3.16) is called a solution in the sense of distributions
to Problem (3.1). The existence and uniqueness criteria for such solutions have been established
in [55, Theorem 28] by using an approximation argument. Due to the properties of the semigroup
generated by the fractional Laplacian, this notion coincides with that of a weak solution. O

4 Main results of global existence for Fractional Reaction-Diffusion
Systems

Let us recall System

Vi=1,...,m
(S) Opui(t,x) + di(—A)°ui(t,x) = fi(ur(t,x),...,un(t,x)), (t,x)€ Qr,
ui(t,x) = 0, (t,x) € (0,T) x (RV\ Q),
ui(0,x) = wupi(x), x € (),

where m > 2,0 < s <1 and for each i = 1,...m, d; > 0, ug; € L°(2) and f; is locally Lipchitz
continuous.
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As mentioned in the introduction, our main contribution is to extend Theorem 1.1 and Theo-
rem 1.2 to the fractional case. That is the purpose of this section. Moreover, for the sake of
clarity, this section will be divided into three subsections. In the first one, we will treat the local
existence and extend Pierre’s duality lemma to the fractional case. Subsections 4.2 and 4.3 will
be devoted respectively to the proofs of our main Theorems 4.1 and 4.2.

One should not conclude this short introduction without mentioning that once we have estab-
lished the necessary tools adapted to the fractional Laplacian, the demonstrations are similar
to those for the case where the diffusions are governed by the classical Laplacian. However, for
the convenience of the reader and for the completeness of the article, we will give the proofs in
detail.

4.1 Local existence and extension of Pierre’s duality lemma to the fractional
case

e Local existence. The local existence lemma is classical. Let us recall here its statement. As
the proof is straightforward, we omit it.

Lemma 4.1. Assume that uy := (ug1,...,upm) € (L>(Q))™ , the fi’s are locally Lipschitz
continuous. Then, there exists Tmax > 0 and ® = (¢1,...,m) € C([0, Tmax), [0, +00)™) such
that :

(i) System (S) has a unique nonnegative strong solution u = (uy,...,um) 0 (0, Thax) X €;
(ii) for each i € {1,...,m}

(41) Hul( )”LOo () < @z(t) fOT’ any t € (Ovaax);

(il) of Tmax < 400, then /13m Z [ui(t, )l Loo (@) = +00;
(iv) if, in addition, the f;’s satzsfy (P), then
(Vie{l,...,m}, upi(.) > 0) = (Vi€ {1,...,m}, ui(t,.) > 0Vt € [0, Tmax))-

Remark 4.1. According to (iii), in order to prove global existence of strong solutions to Sys-
tem (S), it is sufficient to prove an a priori estimate of the form

3

(4.2) Vt € 10, Ta)s S ity ) 1oe(0) < (0),

i=1
where 1) : [0, +00) — [0, +00) is a continuous function.

e Proof of global existence in a specific case

It turns out that an estimate like (4.2) is far from being obvious for our System except in the
trivial case where d; = ... =d,, = d and the f;’s satisfy (P).
Then, suppose that for some (a1, ...an) € (0,+00)™ such that

(4.3) Vr € [0, 400)™ Zazfl ) < C[l + iri], where C > 0.

i=1

Let T € (0,Tmax), t € (0,7] and x € Q. We denote W(t,x) := Zaiui(t,x) and Wy(x) =

=1
W(0,x). Let us multiply each ith equation of (S) by a; and sum over i. Thus, we get

(4.4) oW (t,x) + d(—A Zaz filur(t,%), ..., um(t,x)).

11



— If C =01in (4.3) (i.e. we have the assumption (M)), we deduce from Theorem 3.2 that:

WL (@r) < [Woll Lo (@)

which yields, thanks the nonnegativity of the u;’s, to

m

1 .

(4.5) E il oo (@) < ;||WO”LOO(Q) where a;, := min{ay, -, am}.
i=1 to

Given that (4.5) implies (4.2), this concludes the proof in this case.
— If C > 01in (4.3) (i.e. we have the assumption (IM”)), introduce w the weak solution to

Buw(t, x) + d(—A)sw(t,x) = c[1+zui(t,x)}, (t,x) € Qr,
(4.6) i=1

w(t,x) = 0, (t,x) € (0,T) x (RN \ Q),
w(0,x) = 0, x € Q.

Then, w satisfies

(@) w(t, x) = 0/0 Sit—m)[1+ ;ui(ﬂ x)|dr. (t.x) € [0.7) x 0.

Let us multiply each ith equation of (S) by a; and sum over i. Thus, we get
(48) atW(t7 X) + d(_A)SW(t7 X) = Z aifi(ul(t> X)v cet 7um(t7 X))
i=1

By substracting the first equation of (4.6) from (4.8), we obtain
(4.9) (W —w)(t,x) +d(—A)°(W —w)(t,x) <O0.

By Theorem 3.2 , we get

(4.10) W —wl| oo (p) < [Woll oo (0)-
Therefore,
(4.11) Wz @r) < [Wollpeo (@) + [[wllLoc(@q)-

By taking the L>°(€2)-norm of (4.7) and using the L*°-contractivity of {S4(t)}+>0, we obtain

0 = S

Now, by applying Gronwall’s Lemma, we deduce that

A4

t m
@) C/O | ;Ui(ﬂ -)HLOO(QJdT.

| ;ui(t, W ey < 9

where g : [0,4+00) — [0,400) is a continuous function. As (P) assures us the nonnegativity of
u; for any i € {1,--- ,m}, then w;(¢,-) is bounded in L*>°(Q) Vt € [0, Tmax). This implies that
Tinax = +00.00

12



At this point, the following remark is in order.

Remark 4.2. As we have just proved in the case dy = - -+ = d,y,, System (S) admits a global strong
solution whatever the growth of the f;’s. Howewver, the situation is quite more complicated if the
diffusion coefficients are different from each other. Some additional assumptions on the growth
of the source terms are needed if one expects global existence of strong solutions even if s =1 as
already specified in the introduction.

e Extension of Pierre’s duality lemma to the fractional case

One of the main tools that we will use to establish our global existence theorems is the following
lemma. This is nothing other than an extension of Pierre’s duality lemma to the fractional case.

Lemma 4.2. Given T > 0. Assume that m = 2, fi and fy satisfy (P) and (M). Let (uy,u2) be
the strong solution to (S) in Qp. Then, there exists a constant C = C(p,T,Q) > 0 such that

ullr@r) < C (L4 utllrgry) V1 <p < +oo.

Pierre’s duality Lemma was first stated in [44] and then widely exploited, see for example [46,
47, 30, 19, 66] and the references therein.

Proof. Without loss of generality, we will assume that a; = as = 1.
Let T € (0, Tyax) and ¢ € (0,7]. By summing the two equations of u; and uy, we obtain

(4.12) Op(ur(t,x) + ua(t,x)) + (—A)°(drur (t,x) + daua(t,x)) <0, (t,x) € Qr.

Let ¢ be a nonnegative regular function and let Z be the solution to Problem (P,) with d = da.
Now, we multiply (4.12) by Z and integrate over Qp. We get

// uy (t,x) + ua(t, x))0: Z(t, x)dxdt + d // ug(t,x)(—A)° Z(t, x)dxdt

(4.13)
< /Q(U()l — UOQ)(X)Z()(X)dX — d1 // ul(t, X)(—A)SZ(t, x)dxdt.

Then,

// up(t,x)[ — O Z(t,x) + do(—A)° Z(t, x)| dxdt — // ui(t,x)0: 2 (t, x)dxdt
(4.14) ’ ’

< /Q(U()l — UOQ)(X)Z()(X)dX — d1 // ul (t,X)(—A)sZ(t,X)dth.
Therefore,
(4.15)

// ua(t,x)p(t,x)dxdt < /Q(um—uog)(x)Zo(x)dx—i—// u (¢, %) [0, 2 (8, x)—d1 (—A)* Z(t, x) | dxdt.

Let p > 1. By using Holder’s inequality and the estimate (3.4), we obtain

(4.16) // us(t, x)p(t, x)dxdt < C|luor —uozl o) 20l Lo () + (L+di) [ut Lo @iy 11 1o ()]

T

where p' = P T and C := C(p,T,Q) > 0. As ¢ is regular, we deduce by duality that
sl zoqr) < € (ot + w0zl oy + (1 +d) url o ) -
Hence,
luzllLr(@r) < CmaX{HUm + w0zl o), 1 + dl} (1 + [lull r(@r)) »
which completes the proof. O
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4.2  First result of global existence : case of reversible chemical reaction

Introducing the fractional counterpart of System (1.3), namely:

(4.17)
Opuq (t,x) + di(—A)ui(t,x) = fi(ui(t,x),uz(t,x),us(t,x)), (t,x)€ Qr,
Orua(t, x) + do(—A)°ua(t,x) = fa(ui(t,x),ua(t,x),us(t,x)), (t,x)€ Qr,
atu?)(t X) + d3( A) ’ng(t, X) = f3(u1 (ta X) u2(t7 X)a US(ta X))7 (t> X) € Qr,
ul(t x) = U’?( x) =us(t,x) = 0, (t ) (0,T) x (RN \ Q)v
ur(0,x) = um(x), x €1,
u2(0,x) = wp2(x), x € (),
\ U3( 7X) = UOS(X)a x €4,

g

where 0 < s <1, fi = a1g, fo = aag, f3 = —agg with g = u3® — uf'u3? and a1, a,a3 > 1.

Our first result of global existence reads as

Theorem 4.1. Assume that (uo1,uo2,uo3) € (L®(Q)T)3. System (4.17) admits a unique non-
negative global strong solution in the following cases:

(i) o1 + a2 < ag ;

(ii) ag = 1 whatever are ay and oz ;

(iii) dy = dg or dy = d3 whatever are oy, and as ;

(iv) di = dy # d3 for any (a1, a9, a3) € [1,+00)% x (1,4+00) such that oy + az # as.

Before proceeding to the proof of the previous theorem, it should be mentioned that it is similar
to those of [47, Theorems 1 and 3].

Proof. Let T € (0, Tmax) and t € (0,7]. Moreover, let us denote by C' a positive constant which
may be different from line to another.

(i) The case a; + az < ag3.
Let us begin by noting that fs3 and f; (resp. f2) satisfy (M). In fact, asfi + a1f3 = 0 and
asfo + asfs = 0. Therefore, we deduce from Lemma 4.2 that for any 1 < p < 400

(4.18) utllzr@ry < C (14 llusllLr(@r))
and
(4.19) uallr @y < C (14 |lusllLe(or)) -

Therefore, in order to prove the global existence, it is sufficient to prove that ug € LP(Qr) for p
large enough.
Let ¢ > 1. By multiplying the third equation of System (4.17) by (us3(¢,x))? and integrating over

Qr, we get
(4.20)

! / (s (T, %)) dx + d / / (0] st )t + / / w(t, %)) dxdt

q+ q+1 T
= o //T(Ul(t,X))al(Tw(t,X))O‘2(u3(t,x))qudt—I— qj_l/ﬂ(uozs(X))quX-

By using the the so-called Stroock-Varopoulos inequality (see, for instance, [15, Formula (B7)]),

we have
(4.21) // st ) . 0) et > // V3 (us (1, %)) 5[ dxdt > 0.
T

rn
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Furthermore, by using Holder’s inequality, we have

@22) [ unt30)° (aa(t, ) (e, 30t < a5, g 02 G g [ B
T

where
1 1 q

By qtas
Since a1 + as < ag, we can choose [ such that Sa; < g+ a3 and v such that yas < g + a3.
Then, L9+ (Q7) € L*P (Qr) and LIT3 (Qr) C L**Y (Qr). Consequently, we have
(4.23)

] (w30 (unfe,0) e )t <l 102 520 10l s
T

=1.

By using the same concept of duality as of Lemma 4.2, we obtain

(4.24) lutll s vaar) < € (1+ llusll estaar))
and
(4.25) luz| s +agp) < C (1 n ||ugy|La3+q(QT)) .

Thanks to (4.24) and (4.25), Formula (4.23) implies that

// (up(t,x))* (ug(t,x))*? (us(t, x))?dxdt
(4.26) 3

a1 [eD) q
< C (14 usllzosragny) (1 + Nuslizessagr) (1+ luslizasrargy ) -
If [|us|| pas+a(g,) < 1 then the proof ends up. Otherwise,
(4.27) //Q uy (t, %)) (ua(t,x))* (us(t, x))dxdt < C’Huﬂ@ﬁ?jjg )
T

Hence, we have by (4.20)

1
+ar+ 1
(4.28) //T uz(t, %)) < Cllusllfogiq OéQT) o] /(uog(x))q+ dx.

Therefore, by using Young’s inequality, we get

(429) HU3||L0¢3+q(QT) < C.
N +2
By choosing a3t 4 > i s’ we have by Theorem 3.1
Qg 2s
(4.30) lluill oo (@) < C
and
(4.31) luz|| oo (@) < C.

Now going back to the third equation of (4.17), we deduce from (4.30) and (4.31) that
(4.32) usllLe(@r) < Cs

which implies that Ty.x = 400.
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(ii) The case a3 = 1. From the semigroup property and thanks to comparison principle, it
holds for any p > 1

t
(4.33) lur(t, )l ey < lluoll Lo (o) +/0 [[3 (7, )| o () dT-

By applying Hélder’s inequality and the same duality arguments as (4.18), we obtain

1+ < /0 t /Q (un(r, x))pdex> 1/1 ,

where p/ = Ll For any t € (0,71, let us set h(t) := / |ui(t,x)[Pdx. Then, (4.33) implies that
b= Q

v ( /Othmdf);] |

By taking the pth power of (4.35), we obtain

t
(4.34) / lus(r, oy dr < CH/P
0

(4.35) h(t)r < C

(4.36) ht) < C {1 + /0 th(r)dT} .

Therefore, by applying Gronwall’s Lemma, we get

(4.37) lullr(qp) < C.

Repeating the method above with us instead of w;, we obtain

(4.38) luallLr(p) < C.

Estimates (4.37) and (4.38) imply that for some ¢ > %

(4.39) [ us? (| La@r) < C-

Going back to the third equation of System (4.17), we have by Theorem 3.1
(4.40) [usllzoo(@r) < C.

Hence, Tiax = +00 which completes the proof in this case.

(iii) and (iv). The proofs in these two cases are straightforward and left to the reader. O

4.3 Second result of global existence : case of triangular structure

Our second result of global existence reads as

Theorem 4.2. Let (ug1, - .., uom) € (L°(Q)T)™ where m > 2. Besides (P), assume that f; is at
most polynomial for each i =1,...,m. Moreover, assume that there exist a vector b € [0,400)™,
and a lower triangular invertible matriz QQ € My, ([0, +00)), such that

m

(4.41) Ve = (r1,...,7m) € [0,400)™, Qf(r) < [1 +Zn}b.
i=1

Then, System (S) admits a unique nonnegative global strong solution.
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Proof. Let us denote Q = (ij)ij=1,..m> b= (b1,...,by,)T and £(r) = (fi(r),..., fm(r))T.

By Lemma 4.1, System (.5) admits a unique strong solution u on [0, Tiyax) X 2. In what follows,
we prove that this solution is global, i.e. Tax = +00. Let us denote by C' a positive constant
which may be different from line to another. Moreover, let T € (0, Tinax) and ¢t € (0, T7.

For each 1 = 1,...,m, we denote by w; the weak solution to
(1) + di(~A)wilt,x) = |14 ui(t )] o (b eaQr,
4.42 i=1 "
(4.42) wi(t,x) = 0, (t,x) € (0,T) x (RN \ Q),
wi(0,x) = 0, x €.

Then, w; fulfills

(4.43) i(t, %) /S (t—r7) 1—|—Zu17X} dr, (t,x)€[0,T) x Q.

qii

According to (4.41), we have

(4.44) > @ filun(t,%), . um(t,x)) < [1 n Zuj(t,x)]bi
j=1 j=1

e The case i = 1. We subtract the first equation of (4.42) from the first equation of (S) multiplied
by gi11. Then,

(4.45) a1 B — w1)(¢3) + d (=A)° (wr — wn) (¢, )] < 0.
Then, by Theorem 3.2, we get

Jur — wil[zoe (@) < lluotllLee()-

Therefore,
[urllLo=(@r) < CIL+ lwillzoe(@p)]-
By taking the L*°(€2)-norm of (4.43) and using the L*-contractivity of {Sa(t)}¢>0, we get

(4.46) lur (£, )| e (@) < 0[1 + /Ot H ﬁ;ui(ﬂ -)HLOO(Q)dT]
Hence,
(4.47) lu(t, )| e gc[1+/0t||u1 (o d7'+/ HZ Lw(m T]

e The case i > 2. By subtracting the ith equation of (4.42) from the ith equation of (S) multiplied
by g;;, we obtain

1—1

(4.48) i |9 (s — w3)(8,%) + di( =A) (i = wi) (1,3)| < =3 i[O (83 + (=) (1, )]
j=1

Now, we use the same concept of duality as of Lemma 4.2. More precisely, let ¢ be a nonnegative

regular function and let Z be the solution to Problem (P,) with d = q . Then, we multiply the

two sides of the inequality (4.48) by Z and integrate over Q;. We obtam
(4.49)

//t ¢ii0¢ (uy — w;) (1,%x) Z(7, x)dTdx + //t (=AY (s — wi) (7, %) 2 (7, X)drdx = I

qu // Ovuj(7,x) Z(1,x)drdx — Zng // Vou;(T,x)Z(1, x)drdx := I.
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Now, let us simplify the terms I; and Is.

We have
(4.50) I = qi // (u; —w;) (7, x)p(T,x)dTdx — QiiLUQi(X)ZO(X)dX.
In addition, we have
(4.51) -
I = Z%Uﬁﬂv&(ﬂ)dMW%zmeZ%Awm%wﬁ
j=1

Then, (4.49) implies

(4.52)
// i — wi) (7, x) (T, x)drdx
<un/uo] )Z0(x dx+ZqZ] // uj(1,%) (8 Z(1, %) — d;j(—A)* Z(7, X)) drdx.

Let p > 1 large enough and p’ = Ll By using Hélder’s inequality and the estimate (3.4), we
p—

//t(uZ — w;) (7, x)p(1,x)dTdx

get
(4.53)

; i—1
<02mwmmgwwmﬁ+c§ﬂwmmM0@amQt+dm AV 2l )
Jj=1 7j=1
i—1
<cwamrwm&+chmﬂmmm@)
Jj=1 Jj=1

i—1
< 0(1 + ; ||Uj||Lp(Qz)) el @u)-

\

As ¢ is regular, we obtain by duality that

i1
(4.54) |ui — willLe(q,) < 0(1 + Z ”uj”Lp(Qt))'
=1

Hence, by an elementary induction on 7, we obtain

(4.55) HuiHLP(Qt) < C<1 + Z ij”Lp(Qt))'
j=1

Consequently, by summing over ¢ and taking the pth power, we obtain

(4.56) H iul I;P(Q < C’(l + Z sz”Lp Q) )

Now, let us take the LP(Q2)-norm of (4.43). Then, by using the estimate (2.5) with ¢ = p and
Holder’s inequality, we get

(457) (e, L, _OhﬂiWZm]
=2
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Hence, we obtain by (4.56)

m t m
(4.58) Z [|lwi(t, -)Hip(m <C|1 —l—/o Z [Jwi (7, ')”ip(ﬂ)dT :
i=2 1=2

By applying Gronwall’s Lemma, we get

Z Hwi(ta )HZP(Q) <yg(t),
1=2

where ¢(t) : [0,400) — [0,+00) is a non-decreasing and continuous function. Thus, for each
m

i=2,...,m, w(t,-) is bounded in L*>(Q), and so is Zui(t, -) thanks to (4.56). By hypothesis,
=2

fi is at most polynomial. Then, we deduce that f; € LY(Qr) where ¢ is large enough. Then, we

2s
can choose q > so that we have by Theorem 3.1:

il Lo (@) < C Vi=2,...,m.
Going back to (4.47), we also apply Gronwall’s lemma to get Hu1||Loo(QT) < C. Consequently,

Tmax = +00. ]

5 Reaction-Diffusion System with exponential growth : Numer-
ical simulations

The main objective of this section is to examine numerically the existence of strong solutions to
the following system :

Aut,x) + dy(—A)u(t,x) = —u(t,x)e®E)’ (£ x) € Qr,
u(t,x) + do(—A)v(t,x) =  u(t,x)e®E¥)’ (¢ x) € Qr,
(Sexp) u(t,x) =v(t,x) = 0, (t,x) € (0,T) x (RN \ Q),
u(0,x) = wup(x), x € ,
v(0,x) = wo(x), x € Q,

where dy,ds > 0, ug,vg € (L®°())" in the case where 3 > 1.

As stated in the introduction, the global existence of strong solutions to (Sexp) remains an open
problem even for the classical case (s = 1). In [48], the second author and his coworkers have
investigated numerically this open problem in the classical case (see also [57]). In the present
paper, we use a different approach adapted to the fractional Laplacian in order to treat System
(Sexp).  More precisely, we perform our numerical simulations for 2D-case by considering the
unit ball Q = B(0,1) C R2. Furthermore, we carry out these simulations using :

— the Crank—Nicolson scheme to approximate the time derivative;

— the finite element method (FEM) to discretise in space and approximate the solution. To
realize this, we rely on [3] where the authors proposed a FEM adapted to the fractional
case as well as a Matlab code in 2D-case. Notably, we use this code and modify it to adapt
it to our problem;

— the fixed-point iteration method to solve the resulting nonlinear equations at each discrete
time.

As in [3], we consider an admissible triangulation of Q and we denote by h its mesh size. Regarding
the temporal discretization, let 0 = tp < t; <12 < ... <tg = T be a partition of the interval
(0, T) with time step hy = t,, 41 —t,. As for the fixed-point iterative processes, they are performed
under the control of a tolerance level equal to 1076,
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Before going further, we would like to point out that we use numerical simulations to build a
conjecture about the existence of solutions to System (Sexp), without conducting any theoretical
study of errors. That being said, it should be recalled that the Crank-Nicolson scheme is a
second-order numerical method (see, for instance, [60, Chapter 2]). Moreover, according to [3],
the order of convergence of the FEM in the linear case (Poisson equation for example) depends
on the value of s. Namely, for 0 < s < %, the expected order of convergence with respect to h
is s+ %, while for % < s < 1, the expected order of convergence is 1. On the other hand, let
us comment on the convergence of the fixed-point iterations. Although its theoretical analysis
is limited in our case, we are able to numerically estimate the constants of contraction at each
iteration and verify that they remain < 1. Furthermore, it should be stressed tha we present
here a partial numerical investigation of System (Sexp). For more details, we refer the interested
reader to [24].

Now, let us present some numerical simulations that illustrate the performance of our numerical
scheme. To do so, let us consider the function p(x) = (1 — ||x]|?)*. It is known that (—A)%p(x) =
A(s), where \(s) := 4°T'(s+1)? (see [28]). We use this fact to construct a solution to System (Sexp)
with additional terms on the right-hand sides (r.h.s.). Specifically, the couple (u(t,x),v(t,x)) =
(1,1/2)p(x)e~t solves the system with the following r.h.s. terms:

{ rhsl = fu(t,x)e”(t*x): + (diA(s) — p(x) + p(x) exp [27Pe Plp(x)P]) e~
rhs2 = u(t,x)e’™®¥” + (1/2d2A(s) — 1/2p(x) — p(x) exp [27Pe P p(x)?]) et

To assess the accuracy of our scheme, we compare the approximated solution (denoted with the
subscript “h”) to the exact one (denoted with the subscript “exz”). Furthermore, we denote by
Up, and Vj, the last vectors obtained at a certain time after performing the necessary fixed-point
iterations. We also denote by U, and V., the vectors which contain the exact solution at the
same nodes as Uy, and V}, respectively. In what follows, we use these notations.

Moreover, we consider different values of s, dy, dy and . In fact, for s = 0.25 we fix (dy,d2, 8) =
(1,3,2), for s = 0.5 we fix (di,d2, 8) = (2,1, 3), for s = 0.75 we fix (dy,d2,8) = (1,2,3) and for
s = 0.9 we fix (di,ds, 5) = (3,4, 2).

In Figure 1, we have plotted the evolution in 1D of Uy and Vj, for s = 0.75 over time for
t=1,2,3,4,5 by fixing the y-axis at 0.

Figures 2 and 3 show the comparison graphs between the numerical and exact solutions for
s=0.75 at t = 5.
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Figure 1. Evolution in time of Uy and V}, for s = 0.75 and h = % with the y-axis fixed at 0
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In order to verify the order of convergence of the FEM in the presented scheme, we have plotted
in Figure 4 the evolution of the L?-error in © between the numerical and exact solutions for
different values of s.

Order of convergence for u Order of convergence for v
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Figure 4. Order of convergence for 97 167 241 39 18

As shown in Figure 4, our computed convergence orders for different values of s match the
theoretical expectations reported in [3].

Now, after testing the performance of our scheme, let us go back to our System (Sexp) with
up(x) = p(x) and vo(x) = 1/2p(x). Our main focus is to investigate the existence of a nonnegative
numerical solution to System (Sexp) that may be globally time. To this end, we aim to numerically
solve the system until a sufficiently large final time (t = 5 x 10” in our case).

Figures 5 and 6 show the graphs of the numerical solutions obtained at t = 5 x 10'° for s = 0.75
and different values of dy, dy and 3 by fixing h; = 1072 and h = %.
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Figure 5. Plots of Uy, and Vj, for s = 0.75 and (d1,d2, 3) = (1,2,3) at t =5 x 100
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Figure 6. Plots of Uy, and Vj, for s = 0.75 and (d1,d2, 3) = (4,3,5) at t =5 x 100

In addition to the numerical solution plots, we also compute the [*°-norm of U, and V}, at
t = 5 x 1019 for different values of h. More precisely, we have fixed the time step h; to 1072
and varied the mesh size h. The resulting norms are summarized in Table 1. The purpose of
this table is to ensure that the solution does not change significantly with respect to the mesh
size. As shown in the table, the norms remain relatively constant as the mesh size is varied. This
indicates that the numerical solution is consistent.

dy=1,dy=28=3 | di=4dy=38=5

h | [Unllso | [[Valloo || 1Unlloc | [IValloo
1/8 | 0.43189 | 0.42518 || 0.09623 | 0.15000
1/12 | 0.43221 | 0.42623 || 0.09630 | 0.15007
1/16 | 0.43246 | 0.42701 || 0.09635 | 0.15012
1/24 | 0.43271 | 0.42772 || 0.09637 | 0.15016
1/32 | 0.43285 | 0.42887 || 0.09643 | 0.15022
1/48 | 0.43292 | 0.42853 | 0.09645 | 0.15028

Table 1. Table of {®-errors of Uy, and V}, for s = 0.75 at t = 5 x 1010

In conclusion, we have studied the global existence of nonnegative numerical solutions to the
fractional reaction-diffusion system (Sexp). Our numerical experiments have showed that the
system has nonnegative numerical solutions that can be computed for a large final time. This
indicates that a global solution in time to System (Sexp) seems to exist. However, it is not clear
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whether this solution will exist for all times. In future work, we aim at investigating this issue
theoretically.

6 Appendix

In this section, we give the proofs of Theorems 3.1 and 3.2. For the convenience of the reader,
we recall their statements.

Therorem 3.1. Assume that wg € L*(Q) and h € LP(Qr) with p > 1. Let w be the weak

S
solution to Problem (3.1). Then, for any p > %, there exists a constant C' > 0 such that
s

[z (@p) < llwollzee @) + Cllhllr(@r)-

Proof. For any t > 0, the unique weak solution to Problem (3.1) reads as :

(3.4) w(t,-) = Sa(t)wy + /0 Sa(t—7)f(r,-)dr.

As {Sa(t)}+>0 is L°-contractive, we obtain

¢
[w(#, )l oo () < HonLoo(Q)Jr/O [Sa(t =) (7, )| e (@ dr

According to Theorem 2.4, the semigroup {Sa(t)}+>0 is ultracontractive. Thus, for ¢ = +o0o0 and
for any p > 1, there exists a constant C' > 0 such that

_N
(3.5) 1S4 = 1) (7, )L < O =7) 22 |[f(7,)r(), for any 7€ (0,1).
Therefore, we get
T N
lw(t, )l zee () < llwoll e (o) + C/O (t—7) 22 | f(7, ) e @ dT-

Now, by using Hélder’s inequality, we obtain

—1

T N =
Iw(t,-)HLoo(Q)S\Iwo\le<9)+C</0 (t=7) 25(P1>d7> 1flzr(@r)-

N + 2s

T N
The quantity / (t — 1) 2:Ge-Ddr is finite if and only if p >
0
result. O

. Hence , we get the desired

Therorem 3.2. Assume that wg € L*(Q) and h € LP(Qr) with p > 1. Let w be the weak
solution to Problem (3.1). If h <0, then w € L>®(Qr) and

[wllzoc(@r) < llwollLoe (-

Proof. The idea of the proof is similar to the proof of [34, Proposition 3.18|.

Let us define v := [lwg||poo(n) — w and write v = v 4 v, where v* = max{v,0} and v~ =
min{v, 0}.

We will proceed by contradiction. Suppose that the set {x € RY : v=(¢t,x) # 0Vt € (0,7)} is
nonempty.
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Let us multiply the first equation of Problem (3.1) by v~ and integrate over RY then over (0, 7).
Then, we obtain

4 _ ans [T (w(t, x) —w(t,y)) (v (£, %) — v~ (t,y))
/O/Q Ow(t, x)v™ (t,x)dxdt + 5 /0//IRN><RN % = y[5% dxdydt

—/OT/Qf(t,x)v(t,x)dxdt.

For any x,y € R, we have

(w(t, x) —w(t,y)) (v~

/—\

~(t,y))

x) = [[wllzoe @) + lwl| oo (@) — w(t
(t,x) +ot,y) (v (t,x) —v(t,y))
X))+ (tx) +ut(ty) —v (8 y) (v (1, ,

v (t,x) — v (t,y))? — (v (t,x) — vt (t,y) (v (%) — v ().

Moreover, we know that if v~ > 0 then v+ = 0, and if v~ = 0 then v > 0. Therefore,

vt y) (0T (%) — v (t,y)) 20,

, X

) —v
(w(t,
(—v(
(—v
= (

This implies
(w(t, x) —w(t,y)) (v (t,x) — v (t,y)) 2 0.

Thence, we get

ans [T (w(t,%) — w(t,y) (v~ (t.%) — v~ (t,y))
- =y % eyt =0

As w = [Jwol| e (@) — v, then dyw = —0v = —0wt + O™ and

/OT/Q Orw(t,x)v™ (t,x)dxdt :/OT/Q O™ (¢, x)v™ (8, x)dxdt—/OT/Q Ot (t, x)v™ (¢, x)dxdt.

T
Furthermore, we have / / ot (t,x)v™ (t,x)dxdt = 0, then
0o Jo

/OT/Qatw(t,X)v(t,x)dxdt = ;/Q/(]Tat(v(t,x))thdx
(™ (T

_! X))? — (17(0,%))?) dx

2 Jg
= 2/Q (v (T,x)?) dx > 0,

1

as v~ (0,x) = 0.
Now, we have

T T — _
_ aN,s (w(t,x) —w(t,y)) (v (¢t,x) —v (t,y))
Orw(t,x)v™ (t,x dxdt—l—’// dxdydt > 0,
/O/Q ot e (1) 2 JoJwr s [ — [V Y

T
which is a contradiction as f < 0 and / / f(t,x)v™ (t,x)dxdt < 0. This completes the proof.
0 Q
U
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