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Abstract

We present an approach based on entropy and duality methods for “triangular” reaction cross diffusion
systems of two equations, in which cross diffusion terms appear only in one of the equations. Thanks to
this approach, we recover and extend many existing results on the classical “triangular” Shigesada-Kawasaki-
Teramoto model.
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1 Introduction

Reaction cross diffusion equations naturally appear in physics (cf. [4] for example) as well as in population
dynamics. We are interested here in the study of a class of systems first introduced by Shigesada, Kawasaki, and
Teramoto (cf. [23]). Those systems aim at modeling the repulsive effect of populations of two different species in
competition, and are possibly leading to the apparition of patterns (cf. [14]).

The unknowns are the quantities v := u(t,x) > 0 and v := v(¢t,z) > 0. They represent the number densities
of the two considered species (say, species 1 and species 2). They depend on the time variable t € R, and the
space variable z € Q. Hereafter, Q is a smooth bounded domain of RY (N € N* := N — {0}) and we denote by
n = n(x) its unit normal outward vector at point & € 9. The original model of [23] writes

O — Ay (dyu+ dypu® + dypuv) =u(ry —rqu—r30) in R, x €,
atv—Az(duv+d21uv+d22v2):v(rv—rcv—rdu) in Ry x Q, (1)
Veu-n=Vo-n=0 on Ry x 90Q.

The coefficients r,,r, > 0 are the growth rates in absence of other individuals, r4, 7y, 7., 74 > 0 correspond to
the logistic inter- and intraspecific competition effects, and d,,d, > 0 are the diffusion rates. The coefficients
d;; >0 (1,7 =1,2) represent the repulsive effect: individuals of species i increase their diffusion rate in presence
of individuals of their own species when d;; > 0 (self diffusion) or of the other species when d;; > 0 (i # j, cross
diffusion).

In the sequel, we shall only consider the case when do; = 0 and di2 > 0, which is sometimes called “triangular”.
In such a situation, the second equation is coupled to the first one only through the competition (reaction) term
while the first one is coupled to the second one through both diffusion and competition terms (the fully coupled
system when da; > 0 and dyi2 > 0 has a quite different mathematical structure, cf. [6] and [11] for example). We
shall also only focus on the case when no self diffusion appears (that is dj; = deg = 0) since this case is the most
studied one: note however that the presence of self-diffusion (that is, d1; > 0 and/or dg2 > 0) usually helps to
obtain better bounds on the solution. As a consequence, our results are expected to hold when self-diffusion is
present.

Under the extra assumptions detailed above, the Shigesada-Kawasaki-Teramoto system writes
Ou— Ag(dyu+diguv) =u(ry —rqu—rp0) in Ry x Q,
v —dy Agv =0 (ry — 1.0 —1rgqu) in Ry x £, (2)
Viu-n=Vo-n=0 on Ry x 99Q.



Following [13], this system can be seen as the formal singular limit of a reaction diffusion system which writes

1
Opusy — dy Agusy = [ry — 10 (U +ufp) —rpvt]usy + g[k(vs) up — h(v®) u$] in Ry x €,
1
Ous — (dy +dp) Apufp = [ry — 1o (U +uF) — 0] up — g[k(vs) up — h(v®) u$] in Ry x €, (3)
O — dy Agv® = [ry — rev® —rg (U5 + up)]v° in Ry x €,

Vauy -n=Vyug -n=Vy0"-n=0 on R x 99,
where dp > 0, and h, k are two (continuous) functions from Ry to R, satisfying (for all v > 0) the identity

h(v)
h(v) + k(v)

The limit holds (at the formal level) in the following sense: if u5, u%, and v® are solutions to system (3) (with
e-independent initial data), the quantity (u5 + u%,v®) converges towards (u,v), where u and v are solutions to
system (2). Note that this asymptotics can be biologically meaningful: when ¢ > 0, the system (3) represents a
microscopic model in which the species u can be found in two states (the quiet state u4 and the stressed state
up), and the individuals of this species switch from one state to the other one with a “large” rate (proportional
to 1/¢).

dB = d12 V.

We present in this paper results for the existence, uniqueness and stability of a large class of systems including
(2). More precisely, we relax the assumption stating that the competition terms are logistic (quadratic), and
replace it with the assumption stating that the competition terms are given by power laws (the powers being
suitably chosen). We also relax the assumption stating that the cross diffusion term is quadratic (that is, propor-
tional to uv) and replace it by the more general assumption stating that it writes u ¢(v) (with ¢ € C1(R,), and
¢ nonnegative).

Hence, we shall consider the system
O — Ap(dyu+ud(v)) =u(ry —rqu® —ryv’) in Ry x £, (4)
O — dy Ay =0 (ry — 10" —1g ud) in Ry x Q) (5)
with homogeneous Neumann boundary conditions
Viu-n=Vyv-n=0 on Ry x 09, (6)
and initial data
(0, ) = Wi, v(0,+) = vin in Q. (7)

The functions w;, = u, () > 0 and vy, 1= v, () > 0 are defined on © and assumed to be nonnegative. In cases
in which we want to prove that the solutions are strong, they will sometimes be required to satisfy the following
compatibility conditions on the boundary

Vatin -n =0 on 09, (8)
VaVin -n =0 on ON. (9)
In our theorems, we shall consider parameters in (4)-(5) which satisfy the
Assumption A: d,d, > 0, 7,7y, 70, T, Te, 7a > 0, a,b,c,d > 0, and ¢ := ¢(v) >0, ¢ € CL(Ry).
We now specify what is meant by a weak solution in our theorems.
We recall the following notation: for p € [1, o0],

LP

loc

T
(Ry x Q) :={u=u(t,x): for all T > 0, / / lu(t, )P dedt < oo}
0o Jo



Definition 1.1. Let © be a smooth bounded domain of RN (N € N*). Let w;,, vin be two nonnegative functions
lying in LY (), and dy,dy, Ty T, Ta, Ths TesTdy G, b,c,d >0, ¢ := ¢(v) be parameters satisfying assumption A.

A pair of functions (u,v) such that u:=u(t,x) > 0 and v :=v(t,x) > 0, lying moreover in Lrlrgjx(l+a’d) (Ry x
Q) x L2 (Ry x Q) is a weak solution of (4)-(7) if Vyu, Vv, V, [¢(v)u] lie in L (Ry x Q) and, for all test
functwns Y1, s € CHR L x Q), the following identities hold:

_/Om/s;(atwl)u—/ﬂwl( Uin + / /vm [(dw + 6(v) / /wlu vt — o),

7/ (8t¢2)1)7/ ¢2(07 ) Uin+dv/ vzw2 Vv = / wZU(rv 77,81}(: 77‘dud)'
0 Q Q 0 Q 0 Q

Note that all terms in the previous identities are well-defined under our assumptions on Uin, Vin, U, v, Y1, Y, @.
We propose two theorems, corresponding to the respective cases d < a and a < d. The first one writes:

Theorem 1. Let 2 be a smooth bounded domain of RY (N € N*). We suppose that Assumption A on the
coefficients of system (4) — (5) holds, together with the extra assumption d < a. Finally, we consider initial data
Uin, > 0, Vi > 0, such that ug, € LP°(?), vy, € L2(2) N W2*1+p°/d(ﬂ) for some pg > 1. If 1 +po/d > 3, we also
assume the compatibility condition (9).

Then, there exists a (global, with nonnegative components) weak solution (u,v) of system (4) — (7) in the sense
of Definition 1.1 [In particular, (u,v) € L?Oljx(ua DR, x Q) x LE (Ry x Q) and Vyu, Vv, V, [p(v)u] lie in
Llloc(RJr X Q)/

Moreover, this solution lies in Lfgcha(R_,_ x Q) x L (Ry x Q), Vv lies in le(fclﬂj"/d) (R x Q) and for all
p€llpo], T >0,

T
sup / uP(t) < 400 ; / / |V (uP/?)|? < 400. (10)
Q 0o Jo

t€[0,7)

We suppose in addition to the previous assumptions that ¢ € C*(Ry), ui, € W250(Q), vy, € W2 max(aso,a+2)(())
for some sg > 14+ N/2, and that compatibility conditions (8), (resp. (9)) hold when so > 3, (resp. % max(asg, a+

2) > 3). Then (u,v) is Hélder continuous on Ry x Q, and dyu, 9y,5,u € L% (R4 x Q), Op,u € LY (Ry x Q),
04V, Op,,v € Lmjx(aéo’a+2)/d(R x Q) (i,j = 1..N, and the derivatives are taken in the sense of distributions).
Note that since u is Holder, we know that u € L]l“;jx(aso’aH) (Ry x Q).

Finally, if (in addition to the previous assumptions) ¢ has Hélder continuous second order derivatives on
Ry, if Uin,Vin have Hélder continuous second order derivatives on 2, and if compatibility conditions (8)—(9) are
satisfied, then u,v have Hélder continuous first order time derivatives and Hdélder continuous second order space
derivatives on Ry x (0.

In this last setting, and provided that b,d > 1, the following stability estimate holds: if (u1,in,v1,m) and
(U2,in, V2,in) are two sets of initial data with nonnegative components, then any corresponding weak solutions
(u1,v1), (uz,v2) in the sense of Definition 1.1, lying in Lﬁ:ix(as“’aw)(R x Q) x LS (R4 x Q) and such that (for
any T >0)

T
sup /u?(t)<+oo and / /\Vzui|2<+oo fori=1,2, (11)
Q 0 Q

t€[0,T)
satisfy (for any T > 0)

||U1 = u2||L2([o,T]xQ) + HU1 - UzHLZ([O,T]xQ) <Cr <||U1,m - Uz,mHL2(Q) + ||U1,m - U2,inHL2(Q)>7

for some constant Cp > 0. As a consequence, uniqueness holds in this last setting (among weak solutions in the
sense of Definition 1.1 lying in Lnlax(aso’a+2)(R x Q) x L (Ry x Q) and satisfying (11)).

loc loc

Remark 1. The first setting provides global weak solutions. In the second setting, those solutions are shown to be
strong, in the sense that all derivatives appearing in the equations lie in some LP with p € [1,00]. Finally, in the
last setting, those solutions are shown to be classical, in the sense that all derivatives appearing in the equations
are continuous. Stability and uniqueness (in the class of weak solutions satisfying some extra regularity) holds
when the assumptions on the parameters imply that weak solutions are classical solutions.



Then, our second theorem writes

Theorem 2. Let Q be a smooth bounded domain of RN (N € N*). We suppose that Assumption A on the
coefficients of system (4) — (5) holds. We moreover suppose that a < d, a <1, d < 2. Finally, we consider initial
data i, > 0, vy, > 0 such that ug, € L2(Q), vy, € L2(Q) N W2’1+2/d(9). If1+2/d>3 (i-e. d<1), we also
assume the compatibility condition (9).

Then, there exists a (global, with nonnegative components) weak solution (u,v) of system (4) — (7) in the sense
of Definition 1.1 [In particular, (u,v) € L;gjx(1+a’d) (R4 x Q) x L (Ry x Q) and Vyu, Vv, V, [¢(v)u] lie in
Llloc(R+ X ﬁ)/

Moreover, (u,v) lies in L? (R; x Q) x L3S

Ry x Q), Vv € L?:;”(R+ x Q) for some n > 0, u satisfies (for
all T > 0, and for some p > 0)

T
sup / u(t) < +oo ; / / IV (uP/?))? < 400. (12)
tef0, 7] Jo 0o Jao

Those existence theorems are consequences of propositions showing the convergence in a singular perturbation
problem. This problem is analogous to system (3) in the case of the Shigesada-Kawasaki-Teramoto model. It
writes:

Opusy — da Dgusy = [ry — ra (uSy +u)® — 71y (v°)°] Uy + é [E(v®) ug — h(v®) uy) in Ry x Q,
dpuy — (da + dp) Aguly = [ry — 1o (u +uf)® — 16 (V9" uf — é k(o) us — h(v)ug] iRy x @, (13)
0" — dy Ayv® = [ry — 7 (v5)° — g (U5 + u%)?] v° in Ry x £,
where h and k lie in C*(R,) and satisfy, for some hg > 0,
datdy—1 gy o(v),  h(w)>ho, k() >hy, forallveR,. (14)
h(v) + k(v)
The existence of h and k in C1(R) satisfying (14) is a part of the proof of Theorems 1 and 2.
We add homogeneous Neumann boundary conditions
Veusy-n=Vyug -n=V®-n=0 on Ry x 0f2. (15)

We also add initial data to (13), (15) thanks to a regularization process that we now describe. Let (p%).>0 be
a family of mollifiers on RV, and for all € > 0, let x° be a cutoff function (given by Urysohn’s lemma) lying in
C>(RY), and satisfying

0<x°<1inRY, x° =1 inside {x € Q : d(z,00Q) > 2¢}, x° = 0 outside {x € Q : d(z,00) > e}.
Then, given two nonnegative functions (lying in L*(2)) in, vin, we define

k(vln) h(vln)

in c— ins in c— in Qv 16
HA T R wgn) + k(o) B YO T . 1o

and extend by zero those functions on RY — Q (so that the convolution on RY can be used).
We therefore add to (13), (15) the regularized initial data (defined on Q):

uil(07 ) = Ui&,m = (XE(UA,in * pE) + 5)|97 u%(oa ) = UEB,in = (XE(UAJ" * ps) + 5)|Q: UE(O’ ) = U;:n = Vip T E.
(17)

We shall use in our propositions related to the system (13), (15), (17) the

Assumption B: da,dp,dy,dy, >0, 74,70, Ta, T, TesTa > 0, a,b, ¢, d > 0. The functions ¢, h and k lie in C1(R)
and satisfy (14).

For the singular perturbation problem with a given ¢ €]0, 1], we shall consider strong solutions defined in the
following way:



Definition 1.2. Let Q be a smooth bounded domain of RN (N € N*). We suppose that Assumption B on the
coefficients of system (13), (15), (17) holds, and that w;,, vy, are two nonnegative functions lying in L'(Q). We
finally consider €0, 1.

A set of nonnegative functions (u%, uf, v°) such that u$ = u5(t, z), ufp = uj(t, x) lie in L?;jx(Ha"d)(RJr xQ),

and v¢ := v¥(t,x) lie in LS, (Ry x Q), will be called a strong solution of (13), (15), (17) if Oy, Opusy, Opv°

and Oy, 4,5, Op, 2, U5, Op, 0,0° (i, j = 1..N) lie in L}, (Ry. x Q) and equations (13), (15) and (17) are satisfied
almost everywhere in Ry x Q (resp. Ry x 09Q, Q).

Our results concerning the behavior when € — 0 of the strong solutions of system (13), (15), (17) are summa-
rized in the two following propositions (corresponding to the respective cases d < a and d > a):

Proposition 1. Let  be a smooth bounded domain of RN (N € N*). We suppose that Assumption B on the
coefficients of system (13), (15), (17) holds, and assume moreover that d < a. Finally, we consider initial data
Win > 0, vy > 0 such that wgy, € LP°(Q), vy, € L®(Q) N W21HP/d(Q) for some pg > 1. If 1 +po/d > 3, we also
assume the compatibility condition (9).

Then, for any € €]0,1[, there exists a strong (global, with nonnegative components) solution (u5,u%,v®) in
the sense of Definition 1.2 to system (13), (15), (17).

Moreover, when ¢ — 0, (u%,u%,v®) converges, up to extraction 0]:(1 subsequence, ior almost every (t,x) €
Ry x Q to a limit (ua,up,v) lying in LT (Ry x Q) x LP°F*(Ry x Q) x LS (Ry. x Q), and such that ua >,
ug >0, v >0. The L estimate on v can be made explicit:

1/c
0 < w(t,z) < max (||vm||Loo(Q>7 {ﬁ] ) for a.e.  (t,x) € Ry x Q. (18)

2(14po/d)
loc

Furthermore, Vv lies in L (Ry x Q) and the quantity u = ua + up satisfies Vou, V. (ug(v)) €

LI (R x Q), and for all p €]1,po], T > 0,
T
sup / uP?(t) < +o00 and / / |V (uP/?)|? < 400. (19)
te0,7] /0 o Ja

Finally, h(v(t,x))ua(t,x) = k(v(t,z)) up(t,x) for a.e. (t,x) € Ry xQ, and (u,v) is a (global, with nonnegative
components) weak solution of system (4) — (7) in the sense of Definition 1.1.

Proposition 2. Let Q be a smooth bounded domain of RN (N € N*). We suppose that Assumption B on the
coefficients of system (13), (15), (17) holds, and assume moreover that a < d, a <1, d < 2. Finally, we consider
initial data win, > 0, v > 0 such that g, € L*(Q), vi, € L2(Q) NW2IH2/4Q), If 14+2/d >3 (i-e. d < 1), we

also assume the compatibility condition (9).

Then, for any e €0, 1], there exists a strong (global, with nonnegative components) solution (uS,uS,v¢) in
the sense of Definition 1.2 to system (13), (15), (17).

Moreover, when ¢ = 0, (u%,u%,v®) converges, up to extraction of a subsequence, for almost every (t,x) €
Ry x Q to a limit (ua,up,v) lying in L2, (R4 x Q) x L2 (Ry x Q) x L (Ry x ), and such that us >0, ug > 0,
v > 0. The explicit L™ estimate on v given by (18) also holds. Furthermore, Vv lies in L?;W(R+ x Q) for some
n > 0, and the quantity u = ua + up satisfies Vyu, Vi (ud(v)) € L (Ry x Q) and for some p > 0 (and all
T>0),

T
sup / u(t) < +o0 and / / |V (uP/?)|? < 4o00. (20)
Q 0o Ja

t€[0,7)

Finally, h(v(t,x)) ua(t,z) = k(v(t,z)) up(t,x) for a.e. (t,z) € Ry xQ, and (u,v) is a (global, with nonnegative
components) weak solution of system (4) — (7) in the sense of Definition 1.1.

In the following remarks, we discuss some direct extensions of the results stated above.



Remark 2. Theorems 1 and 2 use classical parabolic (W21 with the notations of [15]) estimates. For the sake of
simplicity, we chose to use a non-optimal version of those estimates, formulated below in Proposition 4. Note that
the assumptions could be somewhat improved (see [15]) in Theorems 1 and 2: first, the estimates do not require
a full compatibility condition on the boundary O in the critical case s = 3; secondly, some of the initial data
assumed to belong to W24(Q) in our theorems and propositions can be assumed to belong only to the fractional

Sobolev space W2=2/55(Q).

Remark 3. In the case of Theorem 2, the compactness of the nonlinear reaction terms u't® and u? is obtained

thanks to an LP estimate for some p > 2 given by a duality lemma. Notice first that this enables to treat coefficients
a=1+n and d = 1+n whenn > 0 is smaller than some (small) constant. Secondly, the duality lemma (stated in
Lemma 4) for initial data in L*(Q) holds in fact for initial data in L?~"(Q) when n > 0 is also smaller than some
(small) constant. This allows to replace in Theorem 2 the assumption u;, € L*(Q)) by the weaker assumption
Uin € L?>n (Q)

Remark 4. Since (as we shall see later on), v satisfies a maximum principle in Theorems 1 and 2, those theorems
can easily be extended in the case when the functions v — 1, v* and v — 1, v¢ are replaced by any smooth functions
of v (with an arbitrary growth when v — 00). The functions u + r,u® and u + rqu® can also be replaced by
smooth functions in Theorems 1 and 2, provided that those functions behave in the same way as u + rqu® and
w— rqu® when u — oo.

Remark 5. In the last setting of Theorem 1, a minimum principle for v allows to replace the assumption stating
that ¢ is locally Hélder continuous on [0,4o00[ by the assumption stating that ¢ is locally Holder continuous on
10, +o0], provided that the initial datum for v is bounded below by a strictly positive constant.

The model (1) was proposed by Shigesada, Kawasaki and Teramoto in [23]. For modeling issues, see also [20].
As far as mathematical analysis is concerned, two directions have been widely investigated in the literature: a
series of papers focuses on steady-states and stability (patterns are shown to appear; see [13] and the references
therein); other works concern existence, smoothness and uniqueness of solutions.

The local (in time) existence was established by Amann: in his series of papers [1]-[3], he proved a general
result of existence of local (in time) solutions for parabolic systems, including (1) and (4)-(5).

The global (in time) existence has then been proved under various assumptions. One of the difficulties which
arises is related to the use of Sobolev inequalities in parabolic estimates, which only provides results in low
dimension. Indeed, for the well studied triangular quadratic case (that is, (1) with do; = 0), most papers allowing
strong cross diffusion (that is, when no restriction is imposed on dj2) only deal with low dimensions: for results
in dimension 1, see [17], [18] and [22]|. In [28], Yagi showed the global existence in dimension 2 in the presence of
self diffusion, and Lou, Ni and Wu obtained it in [16] without condition on self diffusion, together with a stability
result. Choi, Lui and Yamada first got rid of the restriction on the dimension in [7] (without self diffusion in the
second equation), provided that the cross diffusion coefficient djo is sufficiently small. In a following paper [8],
they removed the smallness assumption on the cross diffusion in the presence of self diffusion in the first equation.
However, in the presence of self diffusion in the second equation, they require that the dimension is lower than
6. Finally, Phan improved this result up to dimension lower than 10 in [25], and in any dimension under the
assumption that the self diffusion dominates the cross diffusion in [26]. For the quadratic system (2) without
self diffusion, our Theorem 2 gives the existence of global solutions in any dimension, without restriction on the
strength of the cross diffusion.

When it comes to systems with general reaction terms of the form (4)-(5), Posio and Tesei first showed the
existence (in any dimension) of global solutions under some strong assumption on the reaction coefficients in [21].
This assumption was relaxed in [29] by Yamada, who obtained the existence of global strong solutions under the
assumption a > d, which is exactly our assumption in Theorem 1. The main differences between our work (in the
case a > d) and [29] are the following: first, our Theorem 1 allows singular initial data leading to weak solutions
(and provides results very close to those of [29] when initial data are smooth). Then our method, based on simple
energy estimates, presents a unifying proof for a wide range of parameters including both the quadratic case and
the case a > d. Finally, the approximating system that we use leads to self-contained proofs without reference to
abstract existence theorems. Note also that (for general reaction terms) Wang got similar results in [27] in the
presence of self diffusion in the first equation, under a condition (depending on the dimension) of smallness of the
parameter d w.r.t. the parameter a.



Systems of reaction diffusion equations such as (3) were introduced by lida, Mimura and Ninomiya in [13]
to approximate cross diffusion systems, in particular from the point of view of stability. The convergence of
the stationary problem was explored by Izuhara and Mimura in [14], both numerically and theoretically. In [9],
Conforto and Desvillettes showed the convergence of the solutions of (3) towards a solution of the system (2)
in dimension one. Our paper generalizes their result to a wider set of admissible reaction terms and in any
dimension. Note finally that Murakawa obtained similar results for a class of non triangular systems in [19].

Note: After submission of this article, Hoang, Nguyen and Phan released the paper [12]. Therein, they obtain
global smooth solutions in any dimension of space for the quadratic case (system (1) with da; = 0) in the presence
of self diffusion in the first equation. Their result relies on new nonlinear parabolic estimates (that they establish)
and uses the regularizing effect of the presence of the self diffusion.

The a priori estimates obtained thanks to our methods (duality lemma and entropy functional in L? spaces)
still hold in the case when self-diffusion is present. However, it is not obvious whether or not the singular
perturbation method that we use can be extended to this case.

The rest of our paper is structured as follows: Propositions 1 and 2 are proven in Section 2. Then, Section 3
is devoted to the proof of Theorems 1 and 2.

2 Proof of the convergence of the singularly perturbed equations

We begin with the

Proof of Proposition 1. We fix T > 0, and shall write from now on (for any ¢ € [1,00]) L? := L2([0,7] x ). In the
proof of this proposition and of the following proposition, the constant Cr > 0 only depends on the parameters
da,dp,dy,dy, Tuy Ty, Tay Th, Te, Td, @, 0, ¢, d, the domain €2, the initial data w;,, v;,, the functions ¢, h and k, and
the time 7. It may also depends on the parameters p and ¢ used later. In this proposition, it also depends on
the parameter pg in the initial datum. In particular, all the estimates are uniform w.r.t ¢ €]0, 1[, unless stated
otherwise.

We first observe that for a given € €]0, 1], standard theorems for reaction-diffusion equations show the existence
of a (global, nonnegative for each component) strong solution (u%,u%,v®) in the sense of Definition 1.2 to system
(13), (15), (17). Moreover, these solutions satisfy

105y 19055 s [9pes 0y 9oy tslly < e for i, j = LN, forall g > 1,
HatUEHIero/dv ”arcl-xjvaHlero/d <pre fori, j=1.N, (21)
1/%75 > u5(t,x) Ve = up(t,x) 1/%75 >0 (t,z) > l/%8 >0 ae. (t,z)€0,T] xQ,
where the constants pr . > 0, v&_ >0, 8 _ > 0 depend on € and the other parameters, including 7', and the last
inequality is a direct consequence of the minimum principle. We refer to [10] for complete proofs.
We now establish three lemmas stating the (uniform w.r.t. ¢ €]0,1[) a priori estimates for this solution
(u5y, uf, v°).
Lemma 1. Under the assumptions of Proposition 1, the following (uniform w.r.t € €]0,1[) estimates hold:
swp [ +uB)O<Cri ke <Cr (22
Q

0<t<T

Proof of Lemma 1. The quantity u% + u% satisfies the equation

Bu(uSy + up) — Ag[M® (ufy + ug)] = [ru — raluf +up)® — 1 (v9)")(ud +up) < Cr, (23)
where M¢ = %. We integrate w.r.t. space and time to get
A B
sup [ (w3 +uB)(0) < [ (05 + ub) + Cr < O, (24)
0<t<T JQ Q



so that

sup /(UA + U’B + TCL/ / u + ’LL 1+a /(UA in + UB LTL + Tu/ / U‘A + UB) < CT (25)
0<t<T

O

Lemma 2. Under the assumptions of Proposition 1, for all 1 < q < 14 po/d, the following (uniform w.r.t
¢ €]0,1[) estimates hold:
[0%]| L~ < C; IVav® (1220 < Or (1+ [[(ufy +uf) | £a); [18ev°|[La < Cr (14 [[(uy + ufs)?|lLe). (26)

Proof of Lemma 2. The first estimate is a consequence of the maximum principle for the equation satisfied (in
the strong sense) by v¢. More precisely, this maximum principle writes

0< Ue(tyx) < max <UinL°°(Sl) + &, [m

1/c
[v )} ) fora.e. (t,z) e Ry x Q. (27)

We can then apply the maximal regularity result for the heat equation (satisfied by v® when the reaction term
is considered as given) in order to get the third estimate (note that we use here the assumption on v;,, since
v5, = Vin + ). The same bound also holds for Oz, V%, s0 that interpolating with the first estimate, the second
estimate holds. O

We now write down a (uniform w.r.t. £ €]0, 1[) bound obtained thanks to the use of a Lyapounov-like (entropy)
functional:

Lemma 3. Under the assumptions of Proposition 1, for all p €]1,po], the following inequalities hold:

d
. / (S, + u5)P () < O (1 + [0S, + u5[[7EL), (28)
sy + w252, < O (14 s + w75, (20)

1
V2 (u2)” 2172 + 1V (u) 2172 + ZN(A(07)u)? = (o ui) 2|72 < Cr (1+ [luy + uplfrds).  (30)

Proof of Lemma 3. We define the following entropy for any p > 0 (with p # 1):

550 = [ 1 L0+ [ BB g0+ 0. (31)

We compute the derivative (note that in the computation below all integrals lie in L'([0,T]) thanks to the
properties (21); therefore the computation holds for a.e. t € [0,T]):

€ _ UE p—l(uil)p
t>—/ﬂat{h< il
e / O H (I >R + [ D (s ey
P2 [ dwr i) / [ra = (s + %)% — o (v°)°) (U5 Ph(v")P
Q

1 /Q (07 — h(v" Y] (uS)P ()P + da /Q Ay (uE)Ph(oF P,

(32)



where the last term is estimated by integrating by part (and using the inequality 2|ab] < a® + b?) in the case
when p > 1:

da / A (u5)? (2%
—da( 71/|VU AP RO da (p 1) | V- Voh(u) () ()
<- 7/* (-1 / Ve ()R 4 S 1) /Q V0 R0 2 Ph(0° )P

p/2|2h( )P 1y @d/i\/ﬂ|VI’UE|2(ui)p(h/(vg))Qh(’Ue)p_B.

Similarly, we get for uf (stlll for a.e. t € [0,17),
d p— 1 1/ € —2
__ e < - - € e\p £ \p
G50 < T [ 0wtk (w2 )
1
+ / = raluy + 05" = (0?5 )R = 2 [ 60y BB RPT @0
Q

—2(da +d P2 k(PP 4 7%1@4 - dB)/Q [V20® 2 (uls)P (k' (0°)) 2R (%) 2.

We add the two estimates and integrate w.r.t time to get (still for any p > 1)

Ay ()
/ [h(v) AP ) 4 ey B

//|v PR + 2
o [
<

+2d, L uS) P22k (vF )P

6>uzn<u63>ﬂ-1k<v6>ﬁ-l — (Wa )P Rt

(s +up) [(ul)Ph(v)P ! + (uj) k(v ]

us . )P uE )P (35)
_/ |:h(vfn)171( 2,in) +k(vfn)p*1( Ain)
0 _
p_]' 7 ETL (€ 2 e p_2 .
4 OuF I (0 ) (o) 2 () + K (0 (02 (w5 )
rp Jo Ja

//{ p 1 (u%)pk(vs)pﬂ

—1 (T
2 [ a0 @) RE )+ (da+ da) (8 ) PR
0 JQ

Let us estimate the right-hand side of inequality (35) under the assumptions of the lemma: the first term is
finite since p < pg. Thanks to the maximum principle for the density v¢ (obtained in Lemma 2) and the regularity
of the functions h and k in Assumption B, the terms h(v¢), h'(v¥) and k(v®), k'(v®) are uniformly bounded in
L. We then can estimate the third term with Holder’s inequality. Indeed,

’/ /{ P+ (u%)ﬁk(vs)pﬂ}
prd

<)+ k()P |zee [l + upllgs < Cr (14 Judy + ug 7, %).
The second and the last terms are estimated thanks to Holder’s inequality and bounds given by Lemma 2. More
precisely, for the second term, we get

p—l 4 erl(, € sp—2uap /1)6 ,Usp—Quep
S AR o L O R U S UL T

< || (o) (0")P % 4 K (W) h(0%)P 2 1o | 050% | ol (uy + ufp)P | preare < Or (L [Jud + ullFL),



and for the last term, we get

p—1 T END (B (0 e\p— END(LI(1E c\p .
T/O /Q[dA(uA) (h (U ))2h(v ) 3+(dA+dB)(uB) (k (U ))2k(v ) 3”va |2

< (p/2) W () *h(v*)P 2 + K (v°) 2k (0" )P 2| o | V00 | prwsa| (w4 u)P | prvase < Cr (14 [Juy + w51,
(37)

thanks to Lemma 2.

The terms of the left-hand side of (35) being all nonnegative, they are all bounded by the quantity (1 +
lugy, + U%H’;fd) We then obtain the estimates announced in the lemma by using the lower bound of h and k
(remember Assumption B), and the following elementary inequality for all positive z, y : (z —y) (xP~+ —yP71) >

C, |27/ — yP/2|2 where C}, > 0 is a constant depending on p (remember that p €]1, po)). O

We now turn back to the proof of Proposition 1.

As a first consequence of Lemma 3, we can improve the Lebesgue space in which we get a uniform (w.r.t. )
estimate for u5 + u5;. Taking p = po in (29) and using Holder’s inequality (remember that d < a), we see that

+ +d +d
[ufa + upll7hte < O (14 lud +uplfheta) < O (14 [luf + up i),
so that
[u + upllLro+e < Cr. (38)

Let us combine estimate (38) and Lemma 2 with ¢ =1+ pg/d > 1 to get
IVav*lI 72 ainora < Or, - N00% || p14nora < Or. (39)

Then, from Aubin’s lemma (see Theorem 5 in [24]), we can extract a subsequence - still called (v). - which
converges towards a limit v a.e. :

v (t,x) = v(t, ) almost everywhere on [0,77] x Q, (40)

and such that
V0° — Vv weakly in L2 (+po/d) (and therefore in) Lt (41)

Thanks to this passage to the limit, the function v automatically lies in L°°, and is nonnegative. Passing to the
limit in estimate (27), we get estimate (18). Finally, Vv € L?(+po/d)

Recall now eq. (23) for u% + u3. Notice that the reaction term in (23) is uniformly bounded in L* with
A = ”loraa > 1, thanks to estimate (38). As a consequence, J¢(u5 + u5) in (23) is uniformly bounded in
LA ([0, T] W=22). Furthermore, let us choose some p in the interval |1,po[ and ¢ = ((p) €]0,1[ such that

2-p) +C < po+a. Then for C = A or B, Holder’s inequality implies

T 14¢
||V s e ||L1g/ / |ug\P/2—1\kug|} jus, | (1=7/2) (140
0

1-c¢

(/ [ [ vz ) (/ [ e ch 2 (12)
< (/)M 1V )16 (/ [ e —%D T o

thanks to Lemma 3 and estimate (38).
We therefore can apply Aubin’s lemma to extract a subsequence (still called (u% + u%).) which converges
towards a limit v a.e.:

uf(t,x) + up(t,x) — ult, z) almost everywhere on [0,7] x Q. (43)

10



Thanks to estimate (38) and Fatou’s lemma, we know that u € L*TP°. Moreover, u > 0 a.e. thanks to the passage
to the limit a.e., and V,u € L'*¢ for some ¢ > 0 small enough, thanks to estimate (42).

We now use the following elementary inequality: for any p €]0,2[, there exists a constant C}, > 0 (which
depends only on p) such that

VeeRy, |z—1]<C,laP/?—1] x |z} 1. (44)

Taking p in the interval |1, min{po, 2}[, we see that

/ / k(o) — (oY | < G, / / Sk (v%)P/2 — (WS b ()2 X [(uSh(v7) P2 4+ (uyh(v%)) /2]
0 Q 0 Q

1/2 1/2
<0, ( [ [ ke - <u;h<v6>w2|2) x ( [ [twssony= <u;h<v€>>1p/2]2> < VECr,
0 0 )
thanks to Lemma 3. Then, u% k(v®) — u5 h(v®) converges to 0 in L', and therefore, up to a subsequence,
h(ve(t,x)) u5y (¢, z) — k(ve (¢, x)) up(t,z) = 0 almost everywhere on [0,77] x Q. (46)

Thanks to the convergences (40), (43) and (46), we can compute

k(v%) (W +up) + [h(v°) ufy — k() up] | k(v)u

ugy(t,z) = h(o7) + k(o) 7o) + B(0) =: uy(t,x) almost everywhere on [0, 7] x €,
(47)
and similarly
h(ve 5 ) — [h(ve) ul — k(ve) us h
ug(t,z) = (v7) (uy + u}f()ve) [_i_(:(l)};;“‘ (vF) ] — h(v)(j—) :(v) =: up(t,z) almost everywhere on [0,7] x Q.
(48)
Up to another extraction, we see that, thanks to estimate (42), for C = A, B,
Vous — Viouc weakly in L. (49)
Extracting again subsequences, we can perform this proof on [0, 277, [0,3T], ..., so that by Cantor’s diagonal
argument,
uiy(t,x) = ua(t,x), up(t,z) = up(t,x), o (t,z)— vt x) (50)

for a.e. (t,z) € Ry x Q, where ua,up,v are defined on Ry x Q. It is clear that ua,up,v > 0 a.e. Remembering
the definition of us and upg, we also see that h(v)ua = k(v) up a.e., and ua,up € L*TP0. Finally, we recall that
v E L.

Let us now show (19). Thanks to the uniform (in ) estimates (28), (30) and (38), we have for all p €]1, po],
T
sup / uP(t) < oo  and / / IV otP/ |2 + |V bl ?[? < +oo, (51)
tef0,1] /0 0o Ja

where we have used Fatou’s lemma for the first inequality and Kakutani’s Theorem applied to the reflexive space

L? for the second inequality. Remembering that u = % ua, we can see that for all p €]1, po],
€L2(1+G/PU) ceL> EL2(1+Po/d) cL>® cL?
i oo [+ k"] h(v) + k(v)\ "' P
Va (u"/ ) = ui (T) (v) Vgzv 4+ (W) Va (ui ) € L~

In order to conclude the proof of Proposition 1, it only remains to check that (u,v) = (ug + up,v) is a weak
solution of (4)—(7) in the sense of Definition 1.1.

11



Let 91, 2 € CH(R, x Q) be test functions. Multiplying all terms of the two first equations of (23) by 1,
multiplying all terms of equation (13) by v, and integrating on R, x 2, we get

/ /8,51/)1 u$y + ufp) /1/11 ) (Up in + B in) / /V 1 - Ve (M (ufy +up)) (52)

- / Qq/»mumu;)(wra(uz+u€B>trb<v€>b>, (53)

7/000 Qafw?vg*/Q¢2(07')Ufn+dv/ooo/ﬂvz¢z'VzUE:/000/9%115 (ro — e (v5)° — 7a (U +uf)?). (54)

Note that thanks to (50),
Oy (uy +up) = (Ophr) u
for a.e. (t,z) € Ry x Q, and 91 (uf, +u%) is bounded (uniformly w.r.t. € €]0,1[) in LPoT® thanks to (38), so that

_/OOO/Qatwl (U5 + uy) — —/j/ﬂ(at%)u- (55)

In the same way, since v¢ is uniformly bounded w.r.t. € €]0, 1], (50) and (41) imply that

- / / Byt v — — / / dbv,  dy / / Vaths - Vor© = d, / / Vadbs - Voo, (56)
0 Q 0 Q 0 Q 0 Q

Then, we observe that ¥ (us +u3) (ry — 74 (uS +u%)® — 7 (v°)°) is bounded (uniformly w.r.t. € €]0,1]) in L
thanks to (38), so that (50) implies that

/ / 1 (uSy +ufp) (ry —re (U5 +up)® — 7 ( ) — / Pru(ry —rou® —1p vb). (57)
o Ja Q

In the same way, 19 v° (1, — 7 (v°)° — 14 (u5 + u5)?) is bounded (uniformly w.r.t. £ €]0,1[) in L%, so that

/ /1/1211 ry — 1 (V°)° —rd(uf4+u53)d)%/().m/S]wgv(rU—rcv“—rdud). (58)

According to the definition of U i and UR iy 1 IS clear that U 4y — UAin A.€. ON Q, and UB iy — UB,in &€
on Q, so that u ;, +up,;, — Win a.e. on Q. But u, € LP°(Q), so that u i, and up i also lie in LP(Q), and
Uy ;s U5 are bounded (uniformly w.r.t. e €]0,1[) in LPo(£2). Then

/% (U in + UB i) = / ¥1(0 (59)

In the same way, observing that v5, is bounded (uniformly w.r.t. € €]0,1[) in L>°(£2), we sce that

- /Q (0, ) 0, — — / (0, ) vin. (60)

It remains to study the convergence of V1 - V,[M® (u5 + u%)]. But M (u§ + uf) = dausy + (da + dp) v,
so that M*® (u5 +u%) = daua + (da +dp)up = dau+dpup = dau+dp % (dy + ¢(v))u a.e. on
R4 x €. Then, using the convergence (49),

I [ v = [ ] Gon v o) (61)

Note that this automatically implies the estimate V,(¢(v)u) € L. Tt is however possible to directly get it by
using estimate (42) and the fact that V, v € L2(+p0/d)  Indeed, one can get a slightly better estimate:
€L eLtts  eprotae gp20+ro/d)
—N— N — ,
Vo l(dy + d())u] = (dy + ¢(v)) Vou +  u  Veo(v) € LS for some ¢, ¢’ > 0.

This concludes the proof of Proposition 1. O
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‘We now turn to the

Proof of Proposition 2. As in Proposition 1, we recall that for a given € €]0, 1], standard theorems for reaction-
diffusion equations imply the existence of a (global, nonnegative for each component) strong solution (u%, ug, v°)
in the sense of Definition 1.2, to system (13), (15), (17). Moreover, properties (21) hold with py = 2. We again
refer to [10] for complete proofs.

Note first that the estimates of Lemmas 1 and 2 still hold under the assumptions of Proposition 2, with py = 2
in the case of Lemma 2.

More precisely, the following (uniform w.r.t. ¢ €]0,1[) estimates hold, the proofs being identical to those of
Lemmas 1 and 2:

sup / (Wt u5)(0) < Cr; s+ wsllgase < Cr, (62)
0<t<T JQ

and for all 1 < ¢ <1+ 2/d,

[o][z= < Crs IVov®l[ 720 < O (14 [I(uy + uf) | 20); |10:v% Lo < O (14 [ (uy + ugs)?||z4)- (63)
In fact, estimate (27) still holds (it is the explicit version of the first part of (63)).
As a consequence, for all p €]0, 1[, taking ¢ =1+ p/d < 1+ 2/d,
V2Pl prvora < Op (14 [[(uG + uf)li+ora); 100 Nl gr+pra < Or (L4 [|(uh + uf) | pasnra)- (64)

We now introduce a duality lemma in the spirit of the one used in [5]:

Lemma 4. We consider T > 0, Q0 a bounded regular open set of RN (N € N*), and a function M = M(t,x)
satisfying

0<mo<M(t,x)<m fort €[0,7] and x € Q, (65)
for some constants mo,m1 > 0. Then, one can find p* > 2 such that for all r € [2,p*[, there exists a constant

Cr > 0 depending only on Q, N, T, and the constants mg, my, r, such that for any initial datum wg, in L?(€2)
and any K > 0, all nonnegative strong solutions uw € L"([0,T] x Q) of the system

Ou — Ay (Mu) < K in [0,T] x Q,
w(0,2) = wy(z) in Q, (66)
V. (Mu)(t,z) -n(x) =0 on [0, T] x 09,

satisfy
[ uf

Lr(0.11x9) < O ([[tin]|L2(02) + K) - (67)
Proof of Lemma 4. It relies on the study of the dual problem

v+ MAv=—f1in [0,T] x £,

o(T,2) =0 in £, (68)
Vo(t,z) -n(x) =0 on [0,T] x 99,

for f a nonnegative function in L” ([0, 7] x ), with 1+Ll=1

Using the notations of [5], we define the constant C,, , > 0 for m > 0, ¢ €]1,2] as the best constant in the
parabolic estimate
|Azwl Lago,11x0) < Cmq 9l Lao0,11x9) (69)

where ¢ is any function in L9(]0, 7] x Q) and w is the solution of the backward heat equation
w4+ mAyw=gin [0,T] x Q,
w(T,z) =0in Q, (70)
Vw(t,z) -n(x) =0 on [0,7] x O0N.
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Let 7 > 2, g =1’ <2 and let f be any smooth function defined on [0,7] x 2. We consider the solution v of
system (68). Notice that thanks to the minimum principle, v is nonnegative. Then, from Lemma 2.2 and Remark
2.3 in [5], there exists a constant Cr depending only on Q, N, T and mg, m1, ¢ such that v satisfies

[Azv]a < Cr [ fllLe, (71)
and
[0(0, )22 (@) < Cr [ fllLa, (72)
provided that g > 2%—1‘2 and
mi — Mo
Crmgtm —5 < 1. (73)
Let us first assume that condition (73) holds for some fixed ¢ 6]2%—;"_3, 2]. Then we compute (for a.e. ¢t € [0,7])
d
— [ u@o(t) <K [ o(t) = [ u(t)f(?), (74)
dt Jo Q Q

so that integrating w.r.t. time, and using the condition v(7,-) = 0,

/OT/QUfSK/OT/Qer/Qumv(O,-). (75)

The first term is estimated with (71):

[ o=l LS = L vamsan w0

T
<T (/ /[f+m1va|]> < TR IQP (1 +maCr) |1 £l s,
0 Q

and the second term with (72):

/Qum v(0,+) < lwinllz2(@) 1000, )22 < Cr || fllLs |winllL2(0)- (77)

Recombining those estimates, we get

T
A AUfSGMK+ﬂ%Mm®NUMM (78)

which, by duality, gives estimate (67) (note that it is sufficient to show the previous bound for smooth f, since
all functions of L? can be approximated by such smooth functions in the L? norm).

It remains to check that there exists an interval [2, p*[ in which any r satisfies condition (73) with ¢ = /. This
is done in [5]. d

We now come back to the proof of Proposition 2.

As in the proof of Proposition 1, we add the two equations and get
Bu(ufy + uf) — Ag[M®(uf +up)] = [ru — rauly +ug)® = (v9)°)(u + uf), (79)

with
e _ dausy + (da + dp)us;

M I
A B

Then dy < M < da + dp, and

1/a
. € e\a e\b 5 £y < . a — "u — K.
= ra(uy )" = o (0°)") 0y + ) < suple — o w0 = (G
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We can apply Lemma 4 to eq. (79), with M replaced by M?®, u replaced by u% + u%, and w;, replaced by
U 4, + UG 4, Note that for any e > 0, uy + up is a strong solution of eq. (79).

Lemma 4 implies that for some p* > 2,
|[u +u|[p~ < Cr. (80)
Using estimates (80) and (63), we see that when p €]0,p* — d],
| Vov© |l L2 atesa) < Ors 10:0° || frawra < Cop. (81)

Thanks to estimates (63), (81), we can extract from (v).~¢ a subsequence (still denoted (v¥).0) which
converges a.e. towards some v € L°°, and such that V,v° converges weakly in L2 (1+»/d) (and therefore in L')
towards V v.

Recalling definition (31) and computation (32) in the case when p €]0,inf(1,p* — d)[, we use the inequality

(for a.e. t € [0,17)
/ IV, [(u5)7/2] 2R (%)~

—da (1 -p) / (ue)? ™ 1 (v%) h(v")" ™% Vg - Vo

Q
2 [ wadareney -+ C5 dn [ 9.0 s e @)y,

and the corresponding inequality for u (with d4 replaced by da + dp) and get the estimate

/n {h(”fn)p IM 4 k(s )P 1%]

p/oT Tl ey 2+ o) / / EC

—l/Uf(vE)U%—h( Juall(ug) k()P = (i) AP
Q

—dA/ Agusy (us)P T h(eF)P = —4dA
Q

< —2da C

1—
+2d4—y
2

9

/ / (0 15)® — 1 (o)) (S PR()P 4 ()PP ]
_ 7
~f / / [ (u)P (B (%)) *(0%)P = + (da + dis) ()P (k' (v°)) 2 (053] W7 2.
0 Q

Note that in estimate (82), the first and third term of the r.h.s. are clearly bounded (w.r.t. € €]0,1[) thanks to
estimates (62), (63), and (80) (remember that p €]0, 1]).

The second term is estimated thanks to the following inequality (remember that p €]0,inf(1, p* —d)[, and that
estimates (80), (81) hold):

—p r Er1/ (€ p—2 P=2 (48P
_/0 /Qatv[h(v)h P2 ()P + K (0°)k(0 )P (u)P)

< [ (o) R(0")P %+ K () k(o) 2| e | 050% | ol (uy + uf)P | preare < Op (L [Jug +ugl[FFL) < Cr

(83)

Finally, the last term is estimated thanks to the inequality (we still use p €]0,inf(1,p* — d)[, and estimates (80),

(81)):
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o / / [da(u)? (W' (0%))2h(0%)P =2 + (da + dp) (up)P (K (v°)*k(v%)P %]V 0% ?

< (p/2) |1 (0%)*h(0")P 7% + &' (0F) 2k ()P 2| oo [ V0" 2| prowrall (uy + uB)P || prvars
< O (1+||uy + uplf3e) < Cr.

Finally, we end up with the following (uniform w.r.t. £ €]0, 1]) estimates (for p €]0,inf(1,p* — d)[):

/ vy ey < . /OT /Q IV [(u5)7/2] 2h(0°) 1 < O, (85)
and

——/Q[k(v Jugs — h(v%)ug] [(up)P ™ k()P — (ug)P " h(v%)P ] < Cr. (86)

3

Remembering that h, k lie in C*(R, ), and that v is uniformly bounded (thanks to estimate (63)), we see
that estimate (85) implies (for p €]0, min(1, p* — d)[), the bound

IVal(@)? 2]z < Cr [[Val(ug)??]l2 < Cr. (87)
Then, using the elementary inequality (for p €]0, 1])
Vo, y €R, —(z—y) (@ =y 2 Gy a2 -y
where Cj, > 0 is a constant (only depending on p), we obtain (for p €]0, min(1, p* — d)[),
[1(A (o) u5)P/? = (k(v°) up)?/?|| 2 < Or VE.
Moreover thanks to estimate (80), eq. (79) implies that 9 (u$ + u%) is bounded in L*([0, T], W ~2) with

)\ = 1+a
and get, for p €]0, min(1, p* — d)[, and selecting ¢ = {(p) €]0, 1 such that (2 — p) % < 1, thanks to the bounds
(85) and (80),

> 1 (remember that a < 1). Finally, for C = A, B, we still can use the computation of estimate (42)

1—-¢

T 2
€ 13 13 - ¢
19208 s < (2/p) <1V g)? 2|56 (/ [ e 1‘]> o -

We can therefore use Aubin’s lemma and extract a subsequence from (u$ +u%). (we keep the notation (u$ +u%).
for this subsequence) which converges towards a limit u (lying in L2, and nonnegative) for a.e. (t,z) € [0,T] x Q.

Using the elementary inequality (44), inequality (45) still holds when p €]0, min(1, p* — d)[), and implies the
convergences (46), (47), (48), (50) [with a+po replaced by p*|. Moreover, thanks to estimate (88), the convergence
(49) also holds.

Then, as in Proposition 1, u4,up, v are defined on Ry x ), and w4, up,v > 0 a.e. Moreover, h(v)us = k(v) up
a.e., and ua,up € LP" . Finally, we recall that v € L.

Let us now show (20). Thanks to the uniform (in £) estimates (62) and (87), we get for all p €]0, min(1, p* —d)],
sup / u(t) < +oo and / / |V up/2|2 + |qu%/2|2) < +00, (89)
tefo,7] /0

where we have used Fatou’s lemma for the first inequality and Kakutani’s theorem applied to the reflexive space
L? for the second inequality. We also recall that Vyv € L2012/ for all p €]0,p* — d]. Using the identity,

U= % u4, we see that for some p > 0 small enough
cr?r" /v eL> er2(t+p/d) cL®>® cL?
/27’ /2
h+E\? h k P
v (/) = uf? (—;: ) } () Veu + <4(ULZ)) (U)> v, (u?) e 12,
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since (using d < 2 < p*) 2’%/19 + m = 5 + m =1 —B(L— L)+ 0,50(p) < 3 (remember that we
take p > 0 small enough).

We now briefly indicate how to pass to the limit in the various terms appearing in the approximate equations
(52) and (54). Using estimate (80), the uniform boundedness of v® in L> and the weak convergence of V,v°, we
get (55) and (56).

The same estimates imply that 11 (u$ +u%) (1, —7a (S +u%)® — 75 (v°)°) is bounded in L% and 9 v° (1 —
re (v5)° = 74 (u5 + u%)?) is bounded in LT, so that we get (57), (58).

We know that u% ;,, +u% ;, — win a.e. on Q. But u;, € L2(9), so that ua i, and up iy also lie in L2(2), and
Uy s UG i, A€ bounded (uniformly w.r.t. €) in L*(£2), so that we get (59), (60).

Finally, the weak convergence (in L') of V,ug, towards V,uc (for C = A, B) implies the convergence (61),
and the estimate V,[¢(v) u] € L.

This concludes the proof of Proposition 2. O

3 Proof of existence, regularity and stability

In this section, we prove the Theorems 1 and 2.

Proof of Theorem 1. First step: existence

1/c
We use the notation v; := max (vaHLm(Q), [m} ) Thanks to a smooth cutoff function x(v) (x(v) =

1for 0 <wv <wy, x(v) =0 for v>2v; and 0 < x(v) <1 for all v > 0), we define ¢p(v) := x(v) ¢(v) for all v > 0.
Since ¢p is a continuous function with compact support, it is bounded by some positive constant ¢;.

Thanks to Assumption A satisfied by the parameters of Theorem 1, we see that d,dy, Tu, v, Ta, b, Te, Td,
a, b, c,d satisfy Assumption B of Proposition 1. Then we define ds := d,/2, dp := d, + ¢1, so that they
also satisfy Assumption B (that is, they are strictly positive). Finally we define the functions h, k thanks to
h(v) :==dy /2 + ¢p(v), k(v) == d,/2 + ¢1 — ¢p(v). Tt is clear that h,k € C*(R,) (because ¢ € C*(R) and ¥ is
smooth). Moreover h(v) > d,/2 > 0, k(v) > d,,/2 > 0, and da + dB% =d, + ¢p(v). As a consequence,
Assumption B is fulfilled except that ¢(v) is replaced by ¢g(v).

Moreover, the extra assumptions on the parameters (d < a) and on the initial data (uz, € LP°(2), vy, €
L®(Q) N W2Hro/d(Q) for some py > 1) are the same in Theorem 1 and Proposition 1.

Then, Proposition 1 ensures that there exists a weak solution to system (4)—(7) with ¢(v) replaced by ¢5(v).

Moreover, this solution (u,v) has nonnegative components, V,v € L120(01+p o/d) (Ry xQ),uc Lfg’c+a(R+ x Q), and
for all p €]1,po], T > 0,

T
sup / uPo(t) < 400 and / / |V,uP?|? < +o0. (90)
Q 0o Jo

t€[0,T]

Finally, V,u, V. (u¢(v)) € LL (R} x Q).

We also know that the bound 0 < v(¢,z) < vy holds. By definition of ¢ 5, we then have ¢p(v(t,x)) = ¢(v(t, x))
for all t > 0, € Q, so that (u,v) is in fact a weak solution of (4)—(7), and this ends the proof of existence in
Theorem 1.

Second step: regularity, first part

We fix T > 0 and define p; := max(2, a(sg — 1)). By assumption, u;, lies in W% (Q) with s > 1+ N/2,
so that using a Sobolev embedding, u;, lies in LP'(Q2). We also know (thanks to our assumptions) that v;, €
w2ite/ 4(Q). The results of the first step can therefore be obtained with py replaced by p;: in particular,
estimate (90) with pg replaced by p; implies that u lies in LP1¢([0, 7] x ) and

T
sup / u?(t) < +o0 ; / / |V ul? < 4o0. (91)
te[0,7] /@ o Jo
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We now define g := (a + p1)/d > so. Using the maximal regularity for the (weak solutions of the) heat
equation, we get (remember that v lies in L)

|0ev] a0 < Cr (1 + [Ju]|ze0) < O, IV2vllze0 < Or (1 + [[u?]|ze0) < O (92)

Using embedding results (see for example Lemma 3.3 in Chapter II of [15]) and the fact that go > 1+ N/2,
we see that v is Holder continuous on [0, 7] x €.

This shows that v has the smoothness required in the theorem.

Similarly, d;¢(v) = ¢'(v) v and V2¢(v) = ¢"(v)|Vev|? + ¢/ (v)Viv lie in L9, so that ¢(v) is also Hélder
continuous on [0, 7] x . We then rewrite the equation satisfied by u as

Opu — Vg - [A(t,2) Vyu + B(t, x)u] + C(t,x) u = 0, (93)

where A = d, + ¢(v) is Holder continuous on [0, 7] x Q, B = V,é(v) lies in L2%, and C = —r, +7,u® + rpv? lies
in L%. Note furthermore that V,A = V,é(v) lies in L2® and V, - B = Ay¢(v) lies in L.

We now recall two classical theorems from the theory of linear parabolic equations (see for example Theorem
5.1 in Chapter III of [15] for the first one, and Theorem 9.1 and its corollary in Chapter IV of [15] for the second
one):

Proposition 3. Let Q be a smooth bounded domain of RN (N € N*), T > 0 and u;, € L*(Q). Consider the
system

Ou — V- [A(t,x) Vyu+ B(t,x)u]l + C(t,x)u=0 in [0,T] x £, (94)
Vau(t,z) n(x) =0 on[0,T] x 00, u(0,) = w0 Q,
where the coefficients satisfy: A := A(t,x) > 0 is continuous on [0,T] x Q, B := B(t,x) lies in (LN+t2)N and
C :=C(t,x) lies in L'TN/2,
A function u := u(t,x) is said to be a weak solution of (94) (in the Va sense) if u satisfies (91) and, for all
test functions ¢ € CH([0, T[x), the following identity holds:

—/OOO/Q(E)ﬂ/))u—/91/1(07-)um+/000/Q[Aqu+Bu}-Vﬁ/}—i—/ooo/;ZCuw:O.

Notice that all terms in the previous identity are well defined when wu,v, A, B,C satisfy the assumptions of
Proposition 3 (cf. estimate (3.4) in Chapter II of [15]).
Then system (94) has at most one weak solution (in the Vo sense).

Proposition 4. Let Q be a smooth bounded domain of RN (N € N*), s > 1+ N/2 and T > 0. Consider the
system

Ou — A(t,x) Ayu+ By(t,x) - Vyu+ Ci(t,x)u=0 in [0,T] x £, (95)
Vaou(t,z) -n(x) =0  on[0,T] x 09, w(0,-) = ug, i Q,

where the coefficients satisfy: A= A(t,x) > 0 is continuous on [0,T] x Q, By := Bi(t, ) lies in (L")N for some
r > max(s, N +2), and Oy := Cy(t,x) lies in L*. Suppose also that u;, € W?>*(Q) (and, if s > 3, that the
compatibility condition V yui (z) - n(z) =0 on 9Q holds).

A function u = u(t,x) is said to be a strong solution of (95) (in the W12 sense) if Oyu and ('ﬁﬂju lie in L®
(fori,j = 1..N ) and system (95) is satisfied almost everywhere in [0,T] x Q (resp. [0,T] x 09, resp. Q).

Then, system (95) has a unique strong solution u (in the W2 sense). Furthermore, u is Hélder continuous
on [0,T] x €.

A direct consequence of these two propositions is given by the
Corollary 1. Let Q be a smooth bounded domain of RN (N € N*), s > 1+ N/2 and T > 0. We assume that
Uin, A, B, C, By := —B —V_,A and Cy := C — V. - B satisfy the requirements of Propositions 3 and /.

Then any weak solution u of system (94), or equivalently system (95), (in the Va sense) is a strong solution (in
the Wh? sense). In particular, Oyu and aiwju lie in L® (fori,j = 1..N ). Furthermore, u is Hélder continuous

on [0,T] x Q.
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We now come back to the second step of the proof of Theorem 1. Using Corollary 1 with s = sg, we see that
u has the smoothness required in the theorem. This concludes the second step of the proof of Theorem 1, that is
the first part of the study of regularity.

Third step: regularity, second part

We now assume that ¢, (resp. i, vi,) have Holder continuous second order derivatives on R, (resp. Q). We
fix T'> 0.

We already know that u and v are Holder continuous on [0, T] x €. It is then clear that in eq. (5), the reaction
term is Holder continuous on [0,7] x Q. Thanks to standard results in the theory of linear parabolic equations
(see for example Theorem 5.3 in Chapter IV of [15]), ;v and V2v are also Holder continuous on [0,7] x €.
Writing eq. (4) in its form (95), we see that the coefficients A, By := —B—V,A and C; := C —V,, - B are Holder
continuous on [0, 7] x Q (note that we use here the Holder continuity of ¢”"). The same result for linear parabolic
equations implies that d;u and V2u are Hélder continuous on [0, T] x Q.

This concludes the second step of the study of the regularity.

Fourth step: stability and uniqueness

We still assume that ¢, (resp. tin, vin) have Holder continuous second order derivatives on Ry (resp. Q).

Let (u1,v1) and (uz,v2) be two weak solutions of (4)-(7) in the sense of Definition 1.1 satisfying the assumptions
of the theorem. Recall the definition of p; in the second step, and notice that by assumption uy, us € LP1Te,
Moreover, estimate (91) with u = wuy, ug holds. Therefore the computations of the second and third steps are
valid for (u,v) = (u,v1), (ug2,vs). This implies that these solutions (uy,v1) and (ug,vs) are continuous (and even
Holder continuous) functions on [0, 7] x Q, and so are the space gradients V,v; and V,vs.

For any function (u,v) — F(u,v), we write F(u,v) = w

We substract the equations satisfied by (u2,v2) to the equations satisfied by (u1,v1), and get

Op(ur —uz) — Ag[(da + ¢(v)) (ur —uz)] = Az[(p(v1) — ¢(v2)) U]
= [ro — ra u® — 1y V%] (w1 — ua) — [rq (u§ —ug) +my (V) — v3)] T,
Or(v1 — va) — dy Ay (v1 — v2)

=[ry —rev® — rdﬁ] (v —va) = [re (Vf — V) + 74 (u‘li — ug)]ﬁ.

(96)

We multiply the first equation by the difference u; — uo and integrate w.r.t. space and time. We get the
identity

s [ =@+ [ [t 3T w4 [ [ w9 - w) 9,60

+ /OT [ @) = 60290 = ) - V.7 + /OT J et =) Sete) ot

— % /Q(u1 — ug)?(0) + /O.T /Q[m — 1 — 100 (ug — u2)? — /(;T /Q(ul —ug) [rq (uf — ug) + 7y (0] — v3)]W.

(97)

In the left-hand side of this identity, the two first terms are nonnegative. The other terms are controlled thanks

to the smoothness of the functions (u,7) and their space gradients (and the elementary inequality 2ab < a? + b?).
We detail below their treatment: the third term of (97) is controlled by

T
< OT/ / it — s |V (1 — )|
0 Q

da 4 2 Tr 2
< i / / |V (ur — us)| +CT/ / lur — ua|*,
0o Ja 0o Jo

/ ' [ 1= 2) Vs = ) 9.,50)

(98)
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the fourth term of (97) is controlled by

P(v1) — d(v2)) Vi (ur — uz)

/‘/W m—wf+@/i/Wm B (99)

and the fifth term of (97) is controlled by

TV (ur — ug) - Vald(v1) — ¢(va)]
Q

< %ATA|VI(U1_U2)|2+CT/OT/§2Vz[¢(v1)_¢(v2)”2’ (100)
/OT/Q|V2[¢(U1)_¢( / /\Qﬁ’ ”1—Uz)+(¢>’(v1)—¢’(v2))vm|2

where moreover

. (101)
<or [ [t -wrror [ 1600 s
0o Jo 0o Jo
It remains to control the last term of the right-hand side :
T T
[ [ =) = ) o= oba < [ [ o o} - o
0 Q . 0 Q . (102)
SCT/ / |U1—U2|2+CT/ / v} — vh|?.
0o Jo 0o Jo
Thanks to those estimates, the identity (97) becomes
T
/(Ul —Uz)Q(T) S/(Ul - U2 0)+Cr (/ / U — ug) +/ / lp(v1) — ¢(U2)|2
Q
(103)

//W g [ [ -t [ k).

We now multiply the second equation of (96) by the difference v; — vo and integrate w.r.t. space and time.

We get .
%/Q(UI—UZ)Q(T)MU/O /Q\Vz(vl—va)P
~ 5 [ -020)
/ / o T ] (1 — v2)? / /zu_w[y ¢ —v8) +ra (uf — ud)] T
gi/(vl—vg +CT</ /ﬂvl—vz / /‘“1‘“2 )

We combine the two energy estimates (103) and (104):

(104)

Aw—wﬂﬂ+ﬁm—wﬂﬂSéwfwﬂm+/m—wﬂm

Q

tor (/T /g(ul )+ /T/(U1 )’ (105)
/ /|U1_“2 / /|¢ v1) / /|U1_U2 +/OT/Q¢'(111)—¢’(112)|2).
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Since ¢” is continuous on R, the applications ¢ and ¢ are locally Lipschitz on R,. The assumption b > 1,d > 1
ensures that the applications v — v® and u + u? are also locally Lipschitz on R . Therefore

=@+ [ @ =@ < [ w20+ [ o= ?0) (106)

Q

Q Q
+Cr (/OT/Q(ul—uz)2+/0T/Q(v1—v2)2>’

and we can conclude thanks to Gronwall’s lemma.

Note that thanks to the minimum principle, the assumption b > 1,d > 1 can be relaxed if the initial data u;,
and v;, are bounded below by a strictly positive constant.

This concludes the study of stability (and uniqueness), and ends the proof of Theorem 1.

Proof of Theorem 2. As in the proof of Theorem 1, we use the notation v; := max (||vm||Lm(Q), [

- 1/c
re (cu+l)i| )

We also introduce a smooth cutoff function x(v) (x(v) =1 for 0 < v < vy, x(v) =0 for v > 2v; and 0 < x(v) <1
for all v > 0), together with ¢p(v) := x(v) ¢(v) (for all v > 0), and an upper bound ¢; for ¢p.

Thanks to Assumption A satisfied by the parameters of Theorem 2, we see that d,dy, Tu, v, e, Tbs Tes Td,
a, b, c,d satisfy Assumption B of Proposition 2. Then we define, as in the proof of Theorem 1, dy = d, /2,
dp = dy + é1, so that they satisfy Assumption B, and the functions h,k thanks to h(v) := dy/2 + ¢5(v),
k(v) = du/2 + ¢1 — ¢B(v). Tt is clear that h,k € C1(Ry) and h(v) > d,/2 > 0, k(v) > d,/2 > 0, and

da + dB% = dy + ¢p(v). As a consequence, Assumption B is fulfilled except that ¢(v) is replaced by

(233 (U)
Moreover, the extra assumptions on the parameters (d > a, a < 1, d < 2) and on the initial data (uz, € L?(£2),
Vin € L®(Q) NW212/4(Q)) are the same in Theorem 2 and Proposition 2.

Then, Proposition 2 ensures that there exists a weak solution to system (4)—(7) with ¢(v) replaced by ¢p(v).
Moreover, this solution (u,v) has nonnegative components and lies in L2 (R x Q) x L2 (R4 x ). We also
know that for some p > 0, u satisfies (20). Moreover, we know that V,v € Lf:;”(R.,_ x Q), Vau, Vi (uo(v)) €
Ll (R4 x Q), for some n > 0.

Finally, we know that the bound 0 < v(t,2) < vy holds, so that by definition of ¢ 5, we see that ¢p(v(t,x)) =
o(v(t,x)) for all t > 0, x € Q. Then, (u,v) is in fact a weak solution of (4)—(7). This ends the proof of

Theorem 2. O
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