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Abstract

In this work, we present an approach for a certain type of reac-
tion diffusion equations (those coming out of problems of reversible
chemistry) based on the relationship between entropy and entropy dis-
sipation. We first discuss the existence, uniqueness and smoothness
of solutions for the equations under study. Then, we get an explicit
bound of exponential decay describing the large time behavior of those
solutions.

1 Introduction

This paper summarizes a series of lectures given by the author at the Uni-
versity of Milano in the winter of 2007. It is devoted to a self-contained and
elementary approach to the mathematical properties of reversible reaction-
diffusion equations, almost entirely based on the entropy estimate.

The only mathematical prerequisites for this paper are some familiarity
with PDEs methods (like, for example, Sobolev inequalities), together with
a few basic facts about the solutions to linear parabolic equations.

Our goal is to show how the entropy estimate (which, together with
the conservation of atoms, is the only physically relevant estimate) can be
used in a systematic way in order to get bounds leading to existence of
strong or weak solutions, as well as bounds for the rate of convergence to
the equilibrium.



We have decided to present the estimates for three typical systems cor-
responding to basic chemical reactions involving a few species, rather than
introducing general systems with an arbitrary number of species and reac-
tions. We hope that this simplified presentation, which retains many of the
difficulties of the general case, will help the readers.

1.1 Reversible Reactions

Our aim is to study reversible reaction processes for a set of chemical species
A, i =1,2,...,q, of the type

Ay + o agAy = B AL+ + BpAy,  ai, B €N (1)

We define by a; := a;(t) the concentration at time ¢ of species A;. Then,
thanks to the mass action law, the functions a;,i = 1,2, ..., g, satisfy (Cf. for
example [7]) the following system of ordinary differential equations (ODEs) :

ajt) = (B — o) [ L[] o (t) —k []a" 0) ] 2)
j=1

Here, «;, 3; are the stoichiometric coefficients, and k& > 0, [ > 0 are strictly
positive reaction rates corresponding to a reversible reaction.

1.2 Convection; Diffusion

We now assume that the chemical reaction happens in a reactor (that is,
from the point of view of mathematics, a bounded box Q ¢ RY (N > 1),
assumed to be smooth (C?), bounded and connected), where the molecules
of the various species are moving.

We shall concentrate on the case when the molecules of the various
species diffuse (each species has its own velocity of diffusion) within a non-
reactive background supposed to be at rest. It means that the unknown is
a; == a;(t,x) > 0,1 =1,...,q (where z € Q). It satisfies (Cf. for example
[3]) the following system of partial differential equations (PDE) :

q q

Ora; — di Aga; = (B —aq) [ 1 ] =k ] afj ; (3)

j=1 i=1

where d; is the diffusion velocity (in the non-reacting background) of species
Aj;.



Note that many important problems involve some form of convection.
The simplest modeling involving such a phenomenon concerns the case when
the (non-reactive) fluid is not at rest, but has a velocity u := u(t,z) € R".
In this case, equation (3) becomes

q q
Z?ta,- + Vx . (u a,-) — dl Axa,- = (ﬂl — Oéi) l H a;‘j —k H afj . (4)
j=1 j=1

However, the most interesting situation concerns the case of a mixture of
reactive gases satisfying reactive Euler equations or reactive Navier-Stokes
equations. We refer to [7] for a precise description of such a situation.

We shall assume that the molecules are confined in the reactor, so that
the flux of concentration of each species at the boundary 0€2 is 0. This gives
for equation (3) the homogeneous Neumann boundary condition :

n(z) - Vzya; =0, (5)

where n(z) is (and always will be in the sequel) the outer normal unit vector
at point x of 9f.

1.3 Three typical chemical reactions

We shall from now on concentrate on the three typical chemical reactions

A+A=B, (6)
A+ B=C, (7)

and
A+B=C+D. (8)

Without loss of generality, it is convenient to assume that (denoting by |Q]
the measure of )

l=k=1, Q] =1. (9)
This can be obtained (for example in the case of eq. (8)) thanks to the
rescaling t — %t, T — ]Q\%x, (a,b,c,d) — %(a, b,c,d).

Then, we first describe the system associated to A + A = B. It can be
written as :

(10)

Oa — dyAga = —2(a® — b),
O — dpAgh = a® — b,



together with the homogeneous Neumann conditions
n(x) - Vza =0, n(x)-Vzb=0 x € 0L, (11)
and the nonnegative initial data

a(0,z) = ajn(z) > 0, b(0, ) = bin(x) > 0. (12)

Then, we turn to the system associated to A + B = C. It writes

oa — dyAza = —ab+ c,
Ob — dpAzb = —ab+ ¢, (13)
O — d:.Aze = ab— c,

with a, b, ¢ satisfying homogeneous Neumann conditions
n(x) - Vza =0, n(x) - Vzb=0, n(x)-Vze=0 x €09, (14)
and the nonnegative initial data

a(0,z) = aj,(x) >0, b(0,z) = by (x) >0, c(0,x) = ¢in(x) > 0.
(15)
Finally, we write down the system associated to A+ B=C + D :

Ora — dyAza = —ab+ cd,
O — dpAzb = —ab+ cd,

Oic —d.Ape = ab— cd, (16)
Oid — dgAyd = ab— cd,
with a, b, ¢, d satisfying homogeneous Neumann conditions
n(x) - Vya =0, n(x) - Vb =0, x € 01, (17)
n(z) - Vye=0, n(x) - Vyd=0 x € 09,
and the nonnegative initial data
a(O,:L') = am(‘r) >0, b(O,l‘) = bm($) >0, (18)
c(0,z) = cin(x) >0, d(0,x) = di(x) > 0.



1.4 Plan of the paper

The rest of the paper is devoted to the mathematical study of the systems
(10) - (12), (13) — (15), and (16) — (18).

In section 2 are presented the basic a priori estimates for our equations:
it is proven there that strong solutions (with strictly positive initial data) are
strictly positive, satisfy a set of conservation laws (that is, the conservation
of the number of atoms of each kind), and (this will be systematically used
in the sequel) an entropy estimate. By exploiting these estimates, a priori
LP bounds are proven (with p > 1 depending on the dimension).

Section 3 is devoted to the treatment of the Cauchy problem for our
equations. For systems (10) — (12) and (13) — (15), it is possible to obtain
an L a priori estimate, either thanks to a maximum principle, or to the
use of the properties of the heat kernel. This enables to prove the existence
(and uniqueness) of a strong solution for those systems. The situation is
completely different for system (16) — (18). No L a priori estimate is
known in this case, except in dimension 1 (and, thanks to a very recent
work, Cf. [8], in dimension 2). It is however possible to prove the existence
of weak solutions to this system in L? (for any dimension), thanks to a
method based on duality arguments.

Finally, we present in Section 4 an estimate of exponential decay toward
equilibrium for the solution of system (10) — (12). This estimate is a direct
consequence of the entropy inequality, together with a Cziszar-Kullback type
inequality.

2 A priori estimates; Formal computations

We now prove the standard a priori estimates for systems (10) — (12), (13) —
(15), and (16) — (18). For this, we assume that we have strong (for example
C?([0, T[x ) for some T > 0) solutions of one of these systems.

2.1 Strict positivity

We begin with the question of strict positivity. The following proposition
gives a classical general sufficient condition on the coefficients of a parabolic
equation for propagation of strict positivity :

Proposition 2.1 Let Q be a smooth (C?) bounded open set of RN, T >
0, and d > 0. We also consider coefficients a € C%([0,T] x Q) and b €



C?([0,T) xQ, IR.). We suppose that u := u(t,z) is a solution in C*([0,T] x

Q) to equation
Ou(t,x) — dAzu(t,x) = a(t,z) u(t, z) + b(t, ), (19)
together with Neumann boundary condition and initial datum
Vau(t,z) - n(x) =0, u(0,x) = uin(x) > 0,
where u;, € C%(Q).
Then, for all t € [0,T] and x € Q, u(t,x) > 0.

Proof of proposition 2.1 : We define tg > 0 as the infimum of times
t > 0 such that there exists 79 € Q satisfying u(to, r¢) = 0. For t € [0, ],
we can consider f(t,x) = Inu(t,x). Then, f satisfies the inequality
b(t,x) | |Veu(t, o)
u(t, x) u(t, z)?

wa(t,l‘) ’ ’I’L($) =0, f(07x) = lnuzn(x) > _|| lnum“oo

We consider (for any € > 0) the auxiliary quantity f°(¢,z) = f(t,z) +
[la|loo t + || In win||oo + € (t + 1). This quantity satisfies the inequality

8tf(tv$) - dAmf(t7x) = a(t7$) +

> —laflo,

E?tfa - dAxfa > E.
together with Neumann boundary condition and initial datum
Vo f-n(z)=0, f5(0,z) > e.

We define t; < tg as the infimum of times ¢t > 0 such that there exists ¢ € Q
satisfying f¢(t1,29) = 0. Note that (according to the definition of ¢1), the
function x — f¢(t1,x) reaches its infimum at point z¢, and that ¢; > 0.

If zg € Q, then A, f%(t1,20) > 0, so that 0, f¢(t1,2) > 0. Since t; > 0,
this is impossible.

If zp € 09, then, we know that Vg u(ti,zo) - 7(x0) = 0 (where 7(z0)
is any vector tangeant to ) at point zg), so that thanks to the Neumann
boundary condition, V, f¢(¢1,z9) = 0. Therefore, A, f¢(t1,z9) > 0, and we
conclude as in the case when x( € €.

Finally, t; = o, so that f(¢,x) > 0 when ¢ € [0,%y[, and (letting ¢ go
to 0), f(t,z) > —|lalloct — || In Uin||co (still when ¢ € [0,%p[). This finally
ensures that tg = T, so that proposition 2.1 is proven.

This proposition can be used directly for proving the strict positivity of
the concentrations in systems (10) — (12), (13) — (15) and (16) — (18).



Proposition 2.2 Let T > 0, Q be a bounded reqular C? domain of RN,
dg,dy > 0 (together with d.,dq > 0, depending on the system considered)
be diffusivity constants, aj, := aip(x) > 0, by = bin(x) > 0 (together with
Cin = Cin(x) > 0, dif, := din(x) > 0 depending on the system considered)
be initial data in C%(Q). Let also a := a(t,z), b := b(t,x) (together with
¢ := c(t,x), d := d(t,z), depending on the system considered) be solutions
in C%([0,T[xQ) of one of the systems (10) — (12), (18) — (15), or (16) -
(18).

Then, for allt € [0,T[ and x € Q, one has a(t,z) > 0, b(t,x) > 0 (and
c(t,z) >0, d(t,x) > 0 depending on the system considered).

Proof of proposition 2.2 : We consider only the system (10) — (12),
since the other ones can be treated in the same way.

It is enough to consider the time ¢y defined as the infimum of the times
t where there exists xg € Q such that a(t,2z9) = 0 or b(t,z9) = 0. On the
interval [0, o], it is possible to put the two equations of system (10) under
the form (19). Then, one can use proposition 2.1 in order to show that
a(to,-) > 0 and b(tp,-) > 0, which leads to a contradiction.

2.2 Conservation of the number of molecules

We begin by noticing that the flow of equations (10) — (12), (13) — (15), or
(16) — (18), conserves a quantity equivalent to the total L!-norm :

Proposition 2.3 Let T > 0, Q be a bounded reqular (C?) open set of IRV,
dg,dy > 0 (together with d.,dq > 0, depending on the system considered)
be diffusivity constants, aj, := aip(x) > 0, by = bin(x) > 0 (together with
Cin = Cin(x) > 0, diy, := din(x) > 0 depending on the system considered)
be initial data in C%(Q). Let also a = a(t,x), b := b(t,z) (together with
c:=c(t,z), d := d(t,z), depending on the system considered) be solutions
in C%([0,T] x Q) of one of the systems (10) — (12), (13) - (15), or (16) -
(18).

Then, for all t € [0,T] and x € §, one has the following properties of
conservation :

1. For system (10) — (12) :

M= /Q (a(t,x)+2b(t,x)> do = /Q (am(x)+2bm(x)> dr. (20)



2. For system (13) — (15) :

My = [ a(t,z) + c(t,w)) dr = [q <am(a:) + cm(a:)> dr

My := [ b(t, x) + c(t,x)> dz = [, <bm(a:) N cm(x)> . (21)

3. Finally, for system (16) — (18) :

My = [ alt,z) + c(t,w)) dr = [q <am(ac) + cm(ac)> dr
Mj = [ b(t, z) + c(t,x)) dr = [, <bm(ac) + cm(x)> dr, (22)
Ms = [ b(t,z) + d(t,x)) dr = [, <bm(az) + dm(az)> dr .

Proof of proposition 2.3 : Those conservations are simply obtained
by taking linear combinations of the equations, and by integrating on the
domain 2, taking into account the Neumann boundary condition.

This ends the proof of proposition 2.3.

Taking into account the properties of strict positivity and the previous
properties of conservation, we see that there is a natural L>([0,T]; L' (f2))
estimate for all the concentrations appearing in systems (10) — (12), (13) —
(15), and (16) — (18).

2.3 Entropy estimate

Our main tool in the sequel will be the entropy/entropy dissipation conser-
vation property. In order to state it precisely, we introduce the following
definitions of entropy E; and entropy dissipation D; (i = 1,..,3 corresponds
to each system), defined as functions of the concentrations, seen as functions
of z. For a general definition of the entropy of a mixture of reactive species,
we refer to [7].

We start with system (10) — (12) :

By(a,b) = /Q<a (na—1)+b(nb— 1)) iz (23)

2 2
D1(a,b) = da/ [Vzal dx +db/ Vb dx
Q Q

a b



a? —b) (In(a®) — Inb) dx.

+ [ (@ =8 (n(e?) ~mp)a 29
Then, we turn to system (13) — (15) :

Es(a,b,c) := /Q<a (In(a) = 1) + b (In(b) — 1) + ¢ (In(c) — 1)> de, (25)

2 2 9
D2(a7 b7 C) = da/ ’V;(;CL‘ dilf‘"db/ ‘vxb’ d$+dc/ ’VxC’ da
Q Q Q

a b c

—|-/Q(ab —¢) (In(ab) — Inc) dz . (26)

Finally, we introduce the quantities corresponding to system (16) — (18) :

Es(a,b,c,d) ::/

Q

(a (In(a) = 1) + b(In(b) — 1)

+c(In(c) — 1) + d(In(d) — 1)> dz , (27)
2 2 )
D3(a, b, C, d) = da/ M dx + db/ ‘vl‘b‘ dr + dc/ ‘ch‘ da
Q a Q b o ¢

2dJ
+dd/ % dz + / (ab—cd) (In(ab) — In(cd)) dz. (28)
Q Q
We are able to prove the following a priori estimates :

Proposition 2.4 Let T > 0, Q be a bounded regular (C?) open set of IR,
dg,dy > 0 (together with d.,dq > 0, depending on the system considered)
be diffusivity constants, ai, = ain(x) > 0, by = bin(x) > 0 (together with
Cin = Cin(x) > 0, dipy := din(x) > 0 depending on the system considered)
be initial data in C?(QY). Let also a := a(t,z), b := b(t,z) (together with
¢ := c(t,x), d := d(t,z), depending on the system considered) be solutions
in C%([0,T] x Q) of one of the systems (10) — (12), (13) - (15), or (16) -
(18).

Then, for allt € [0,T] and x € Q, one has the following identity : (for
the i € {1,..,3} corresponding to the system under consideration)

OHE; = —D;. (29)



Moreover, this identity entails the following a priori estimate (for all T €
10, 400]) :

T
sup Ei(t) + / Di(s) ds < E(0). (30)
te[0,T 0

Proof of proposition 2.4 : Note first that we already know that our
solutions are strictly positive, so that we can compute quantities like the
logarithms of concentrations. Then, we detail the computation only in the
case of system (10) — (12) :

8tE1 = / (lna@ta + lnb&gb) dx
Q

2 2
[ (T Y
Q a b

+/ (InaVza-n(z) +IndbVyb-n(z)) do(zx)
onN

+/ (-2 Ina(a®—b) +1nb(a® - b)) da.
Q
We conclude by using the Neumann boundary condition.

The a priori estimate is obtained by integrating between times 0 and ¢
(0 <t < T) identity (29). This concludes the proof of proposition 2.4.

2.4 Consequences of the entropy estimate

The a priori estimate obtained above can be exploited in order to obtain LP
type bounds for our solutions. More precisely, it is possible to obtain the
following proposition (Cf. [5]) :

Proposition 2.5 Let T > 0, Q be a bounded reqular (C?) and connected
open set of IR, dy, dy > 0 (together with d.,dg > 0, depending on the system
considered) be diffusivity constants, a;, = ain(x) > 0, by := bip(z) > 0
(together with c;p, := cin(x) > 0, diy, = din(x) > 0 depending on the system
considered) be initial data in C?*(QY). Let also a = a(t,x), b := b(t,x)
(together with ¢ := c(t,x), d := d(t,z), depending on the system considered)
be solutions in C%([0,T] x Q) of one of the systems (10) — (12), (13) - (15),
or (16) - (18).

10



Then, for allt € [0,T] and x € Q, and for o denoting any concentration
appearing in one of the three systems, there exists C > 0 depending only on
the initial data and the diffusivity constants such that :

el | pineaa/n (o, 7)x0) < C (1 + )P @N/(N+2)), (31)

Proof of proposition 2.5 : Thanks to the a priori estimate (30), we
see that for any concentration « appearing in any of the three systems
considered (that is, &« = a,b,c or d), there exists a constant C' depending
only on the initial data (in fact, the initial entropy of the mixture) such that

T
/0/Q|Vx\/5|2d:ndt30. (32)

We use the Sobolev-Wirtinger estimate (valid for u € H(Q2), where
is a bounded, regular, and connected open set of IR" of volume 1, Cf. [1]) :

2/p*
</ lu(z) — af d:p> §K/|Vmu|2dx, (33)
Q Q

where @ = [, u(y) dy, p* = N 2, and K := K(Q).
When N = 2 this estimate is true for all p* € [1,4+00[, and when N =1,
it is replaced by the stronger inequality

<sup\u(g;) _ uy>2 <K /Q Vol da. (34)

€

Thanks to the Poincaré-Wirtinger inequality, estimate (32) becomes

I

aft,r) — a(t,y)

p* 2/p*
dm) dt <C.

Then,

[ ([ vata ) "

T p* 2/p*
< 22(10*—1)/17*/ (/ d$> dt
0

+22P" = 1)/p" / (/ mdm> dt

< 22(p" 1)/ <C+/ / (t,x dmdt)

11

aft,r) — a(t,y)




Using the conservation of number of atoms (20), (21), or (22), and the
definition of p*, we see that that for some constant C depending only on the
initial data,

T (N-2)/N
/ (/ la(t, )| N/ (-2 dm) dt < C(1+7). (35)
0 Q

When N = 2, this estimate is replaced by

/OT </Q la(t, x) [P dx)l/pdt <C@1+71),

for all p € [1,4o0].
Finally, when N =1, it becomes

/OT (supa(t,x)) dt <C(1+T).

z€Q

We shall now interpolate estimate (35) with the estimate coming out of
the conservation of number of atoms :

sup /oz(t,x) dx < C.
te0,T] /0

We compute

/OT/Q(Oé(t,x))l+2/Nd:Edt < /OT/QOZ(t,:U) (alt, )2/ dudt

< [ [reanye2a) 7 ( [agmw)”
<[ [ ( [ewaosa) " a] - s ([ attora) "

<C(1+T)0¥N.

Finally, we see that for some constant C' depending only on the initial data
(and when N > 3),

o prvzin (o 7y < C (1 4+ T)NVH2),
This estimate is replaced by

o Lo (o.1yx) < C (1 +T)HP (36)

12



for all p € [1,2][ when N = 2, and by
lledlz2 o)) < C (1 +T)H? (37)
when N = 1.

In order to treat the case N = 2, we use a refinement of Sobolev-
Wirtinger’s inequality.

2.5 Trudinger’s inequality

In order to obtain estimate (36) in the case when N = 2, we first recall
Trudinger’s inequality (Cf. [1]), which is a limit case of Poincaré inequality,
saying that (when € is a bounded and regular (C?) open set of IR?), there
are two absolute strictly positive constants sg and Cy such that, for all

u € HY(Q),
u(x)|?
/ exp | so % <Cp. (38)

As a consequence, we can also find two strictly positive absolute constants
s and O such that (for all functions v € H*(Q)),

2 2
/H|u<2:s>| oxo ( u(z) ) - (39)
Q u”Hl(Q) ”uHHl(Q)

Using this inequality for u = y/a(t,-), and integrating in time between 0
and T, we get the estimate

/T/ oft,r) exp calt.r) drdt < C /T IV et, M q dt
o Jo Vet B g ~ o )

<C1+T). (40)

We note that thanks to Young’s inequality (valid for z,y,v > 0)
Yy Yy
zy < e’ 4+ =(log(=) — 1),
Y Y

loga
a

applied to v =

9 sa a a B saag 9
a* <aeq +7b%+§<log<7lo%+g> 1>§aeQ—|—Slog(a).

13
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Using this last inequality with s being the constant in inequality (39),
q = ||[Valt, ')||§{1(Q) and a = max(e, a(t,x)), and using also estimates (40)
and (the first part of) (30), we end up with

Ha||%2([o,T]XQ) < ||min{a7e}||%2([0,T}><Q)+Hmax{ave}”%2([0,T]><Q)
T t,x)
< e2T+/ /a(t,w) exp salt, dxdt
0 Ja Vet 3 g
2 (T )
2 [ ([ ot og(att. ) do ) VA o

< 62T+C(1+T)+§C(1+T),

which is exactly estimate (37), but in dimension 2.

3 Existence, uniqueness and smoothness

In this section, we study the traditional problems associated to the systems
we are interested in (that is, systems (10) — (12), (13) — (15), and (16) —
(18)), that is, existence, uniqueness and smoothness of the solutions. More
precisely, we shall show that for the two first systems, existence ans unique-
ness of a smooth solution holds, while we only can prove existence of a weak
solutions to the third system (except in small dimensions).

3.1 Linear Parabolic Equations
We begin by recalling a few classical facts about linear parabolic equations.
3.1.1 Existence, uniqueness and smoothness for linear parabolic

equations

We first state the following theorem (Cf. for example [11]) for the heat
equation with Neumann boundary condition :

Theorem 3.1 We consider a smooth (C?) bounded and connected open sub-
set Q of RN. Let uy, € C%(Q) be an initial datum (compatible with the
Neumann boundary condition) and ¢ € LP([0,T] x Q) (for some T > 0 and
p €]1,+00]) be a right-hand side.

14



Then, there exists a unique weak solution u € LP([0,T] x §2) to the linear
parabolic initial-boundary value problem :

Owu — dAzu = @,
Vau-n=0 on 092, (41)
u(0,z) = uin(x).

Moreover, u € WHP(]0, T[x ).
Finally, if we know that for some a €]0,1[, ¢ € C%([0,T] x Q), then

u € CH([0,T] x Q), and if ¢ € CH*([0,T] x Q), then u € C%([0,T] x ).
Note that in this last case, the solution is in fact strong.

3.1.2 The case of the 1D heat equation

In the one-dimensional case, it is easy to give a complete explicit formula
for problem (41), using Fourier series.

Proposition 3.1 Let u;, € C2([0,1]) be an initial datum (compatible with
the Neumann boudary condition) and ¢ € C?([0,T] x [0,1]) be a second
member.

Then, the unique solution u := u(t,x) to eq. (41) is given by the formula

o o 2
u(t,7) = 5l= [Liin(y) S e dy
~ ) _ (2ktz—y)?
o o L e B e W dyds,
where o o
~ Uin\T z € |0,1],
Uin (2) = { wn(—z) € [-1,0], (42)
and

7 _ gb(t,l‘) x € [07 1]7
o(t,z) = { o(t,—x) = €[-1,0]. (43)
Proof of proposition 3.1 : The proof uses Fourier series, which sim-
plify when (41) is mirrored evenly around z = 0, i.e. when the functions are
extended like
u(t,z) xel0,1],

aft, x) = { ult,—z) z€[~1,0], (44)

15



and when ¢ and u;, are defined analogously by (42), (43). Then, the
eigenvalue-problem 1., = A1 on [—1, 1] with homogeneous Neumann bound-
ary and periodicity conditions is satisfied by the eigenvalue-eigenfunction
pairs

Mk, V() = (—(kn)?, cos(knz))  for k=0,1,2,...,

and yields the Fourier representation
= [ inly) dy 2 3 (f iy dy) ()
+%f y) dyds (45)
23 frend= ([, <25( y) diy)dy ) ds () (16)

Thanks to Poisson’s summation formula (Cf. for example [16] in this
context), we can write down the final form of the explicit solution to the
1-D heat equation with Neumann boundary condition :

e _ @hta—y)?

u(t, ) 2\/—f L Uin(y k_g_j —\/Z_te 1at  dy
o0 (2htae—y)?

1 TTad0—s) duyds.

2\/_.[0.[ 1¢S y)kzg—:oo /d(t—s)e yas

This ends the proof of proposition 3.1.

3.2 Nonlinear reaction-diffusion equations with bounded r.h.s.

We now turn to the problem of building solutions to nonlinear reaction-
diffusion systems. Thanks to a simple fixed point argument in L?, it is
classical to prove the following theorem, which holds when the nonlinear-
ity lies in the space W1 of bounded and Lipschitz-continuous functions
(we refer for example to [13] for many results on reaction-diffusion systems
including variants of the result below) :

Proposition 3.2 Let Q be a bounded and regular (C?) open set of RN, and
let D be a diagonal matrix with entries d; > 0, 1 = 1,...k. We consider an
initial datum Uy, € C%(Q, IR*) compatible with the Neumann boundary con-
dition, and f € C%(IRF; IR*). We suppose moreover that f € WH°(IRF; IRF)
(space of bounded and globally Lipschitz-continous functions), which means
that there exists K > 0, such that for all z,y € IR*,

f@) <K, [f(e) = fy)l < Kz —yl.
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Then, there exists a unique strong solution U € C?(IRy x & ZRk) to
equation
aU — DALU = f(U),
n-V,U=0 for x € 01, (47)
U(0,2) = Ui ().

Proof of proposition 3.2 : We introduce Uy(t, x) = Us,(z). According
to theorem 3.1 for linear parabolic equations, we know that for any integer
n > 0, there exists a (unique) function U, ;1 € C?(IRy x Q; IR*) such that

at[]n-‘,-l - DA:(:Un-‘,-l = f(Un)a
n(x) - VaUpti(t,z) =0 for x € 09, (48)
Up1(0,2) = Usn ().

We denote
n(t) = [|Un — Un—l"%Z(Q)(t)-

We multiply the difference of (48) for n + 1 and (48) for n by U,41 — Uy,
and perform an integration by parts. Denoting by Uj the components of
U,, we get

k
at/ 1 Unt1 — Unl?dz+ ) d; / V(U — U2 da
Q2 o Ja "
— [ Onir = U) (F0) = 1) o

t
[ Wi -t < [ { [ W = U sts)
Q 0 Q

+K / |Up — Un_1|? d(s) } ds,
Q

which we can rewrite as

so that

t
rnt1(t) < / <rn+1(s) + Krn(s)> ds.
0
Then, we observe that

r1(t) < Ry = 2{|Unl|Z2() + 2 ([|Uinl|2(@) + K T)?
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for all t € [0, 7). Using the auxiliary quantity

wp(t) = e~ /0 o (3) ds,

it is possible to prove that wy,yi(t) < K fot wp(s)ds, so that w,(t) <

Ry % This in turn implies that for all ¢ € [0, 7],
(K t)n—2

r(t) < 2Rr K (1+T)e") EEEE

Since this sequence is the general term of a series which converges uniformy
on [0,7], and recalling that L>([0,T]; L?(£2)) is complete, we see that U,
converges to some function U in this space.

Passing to the limit in eq. (48), we obtain that U is a weak solution of
eq. (47) on [0,T].

We now use the “smoothness” part of theorem 3.1. Since U is a (weak)
solution (on [0,77]) of the heat equation with a r.h.s. in L*, it lies in
WHp(]0, T[xQ) for all p > 1, and therefore in C%%([0, T] x Q) for all a €]0, 1[.
Thanks to the hypothesis on f, this is also true of f(U). As a consequence,
still using theorem 3.1, U € C%%([0,T] x Q) for all a €]0, 1[, and (still thanks
to the hypothesis on f), so does f(U). We use a last time theorem 3.1, and
get that U € C%([0,7] x Q), so that U is a strong solution to the system
(47) on [0,T7.

Uniqueness of strong solutions to system (47) on [0, 7] is easily obtained
by noticing that if U,V are two such strong solutions, then taking the dif-
ference of the equations for U and V', multiplying by U — V, and integrating
by parts, we obtain :

WU = Vl[r2()(t) < K||U = V|2(0)(1)- (49)

Finally, it is possible to build a unique strong solution U to system (47)
on IR, by sticking together all the solutions to system (47) on [0, 7], with
T > 0. This concludes the proof of proposition 3.2.

3.3 Nonlinear reaction-diffusion equations with unbounded
r.h.s : use of L* bounds

Proposition 3.2 can be used in order to prove existence (together with
uniqueness and smoothness) of solutions to reaction-diffusion systems with
general r.h.s, once some L* bound has been proven for the unknowns. Such
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bounds are not available in general, but they can be obtained for particular
systems (among which (10) — (12) and (13) — (15) in any dimension, and
(16) — (18) in small dimension). They can be based either on “geometrical
properties” of the r.h.s. (here we shall follow the method described in [9]
for systems of two equations), or on the fact that (the nonnegative part of)
the r.h.s. is a function of the unknowns that does not increase too much (we
refer to [13] for examples of such a situation).

In general, L® bounds are obtained all the more easily than the system
has few equations, and the dimensionality of the space is low.

3.3.1 Maximum principle

We begin with a maximum (and minimum) principle property of our simplest
system (namely system (10) — (12)). It writes like this :

Proposition 3.3 (Minimum and maximum principle) We assume that
Q is a bounded, smooth (C?), and connected open subset of RN, and that d,,
dy are strictly positive diffusivity constants. Let a := a(t,x) and b := b(t, x)
be a solution in C?([0,T] x Q) to system (10) — (12). We suppose that the
initial conditions satisfy :

Vo e Q, 0 < Ag < aip(z) < Ay, 0 < By < bip(7) < By, (50)

for some constants Ag, A1, Bg, By > 0.
Then, a and b satisfy the bounds

YVt e [0,T],z € 0, inf(Ag, v/ Bo) < a(t,z) <sup(A1, v/ B1), (51)
Vt € [0,T],z € Q, inf(AZ, By) < b(t, ) < sup(A?, By). (52)

Proof of proposition 3.3 : The proof shall be carried out following the
ideas of [9]. Let us consider the functions

a®(t,z) = a(t,z) e, be(t,z) = b(t,z) et (53)

From equations (10), it follows that the evolution of a®, b° is governed by
the system

Opaf — dg Aga® = —2((a®)? e~ — b%) + e a®,
(54)
Bb° — dp Agb® = ((a°)2 e — 1F) + e IF.
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We define the set B¢ as

B = {T >0 : a®(t,z) > inf (Ag, v/ Bo), b (t,x) > inf(A3, By) e ',

V(t,z) € [O,T[XQ}. (55)

Then, we consider ¢ = sup B®. Note first that £ > 0. Then, there must exist
Z € Q1 such that at least one of the following equalities holds :

a®(t, ) = inf (A, v/ Bo) or b (t,%) = inf(A3, By) e .

Case 1:  a°(t,2) = inf (Ag,vBy). By definition of ¢ and #, the function
x — a°(t, ) takes it miminum at point 7, so that A a®(¢,#) > 0. Evaluating
the chemical contributions in the first line of (54) at (,%), we get

—2(a®)?(t,7) et + 2b°(£, %) + 2ea°(t, 7)
= —2inf(Ag,vBo) et + 2b°(£, %) + 2¢ inf (Ao, vBo)

> —2inf (A, \/Bo)2 e~¢t + 2 inf(A2, By) e~ + 2¢ inf (Ag, vV Bo)
0.

V

Consequently, eq. (54) for a implies that d,a°(f,%) > 0, hence a®(¢,7) <
a®(t, ) for some t < t, contradicting the definition of ¢.

Case 2:  b°(t,4) = inf(A%, By)e °'. In this case, we have b°(f,%) <
be(t,x) Vz € Q, so that b°(f, r) takes its minimum at point x = Z. Therefore
we get, as above, A.b%(f,%) > 0. As concerns the r.h.s. of the second line
of (54), we obtain

(a%)2(t, %) et — b°(t, %) + e b°(¢, 7)
= (a®)%(t,7) et —inf(A3, By) e ¢! + ¢ inf(A3, By) e~?,
> (inf Ag, vBo)? e=¢t — inf(A3, By) e~ + ¢ inf(A3, By) e !
> 0.

It follows that 9;b°(¢,%) > 0, which leads to a contradiction as in case 1.
Consequently, the set B¢ is unbounded, and

vVt >0,z €Q, a®(t,x) > inf (Ao, / Bo), b (t,z) > inf(A3, By)e =t
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This means that a(t,z) > inf (Ao, vBo) e~ ¢! and b(t, x) > inf(A3, By) e~ 2¢¢,
Thus, passing to the limit ¢ — 0, we have a(t,z) > inf (Ap,/Bp) and
b(t,r) > inf(A2, By).

This ends the proof of the minimum principle for system (10) — (12).
The maximum principle can be proven in exactly the same way. We have
therefore finished the proof of proposition 3.3

We are now in position to state a theorem of existence (and uniqueness,
smoothness) for system (10) — (12) :

Theorem 3.2 Let Q be a bounded, connected and reqular (C?) open set of
RN (N > 1), and d,, dy be strictly positive diffusivity constants. We con-
sider initial data ay,, by, € C?(Q) (compatible with the Neumann boundary
condition) which satisfy the bound :

vz € Q, 0 < Ag < aip(z) < A, 0 < By < bip(z) < By.  (56)

Then, there exists a unique (strong) solution a,b in C*(IR, x Q) to sys-
tem (10) — (12) such that :

vt € R+,3§‘ € ﬁv in(A(], \% BO) < (l(t,!l?) < Sllp(Al, \% Bl)7
inf(AZ, By) < b(t,x) < sup(A?, By). (57)

Proof of theorem 3.2 : We consider a function x := x(a, b) in C?(IR?, IR)
such that x(a,b) = 1 when |a|, |b| < 2 sup(A;, A2, /B1, By), and x(a,b) = 0
when |a| or |b| > 4 sup(Ay, A2, /By, By).

Then, the function

f(a7 b) = (_2 (CL2 - b) X(CL, b)7 (CL2 - b) X(CL, b))

lies in C2?(IR?, IR?) N W1°(IR?, IR?). According to proposition 3.2, there
exists a solution U = (a,b) € C%(IRy x Q) to the system

U — DAU = f(U),
n-V,U=0 for x € 08, (58)
U(0,2) = (ain(x), bin(z)),
where D is a (2 x 2) diagonal matrix with entries d,, dp.
On any interval of time [0, T'] for which (for all z € Q) |a(t, z)],|b(t, z)| <
2 sup(Ay, A}, /B1, B1), (a,b) is also a (strong) solution of system (10) —
(12), and according to proposition 3.3, it satisfies

|a(t7$)|7 |b(t7$)| < Sup(AhA%’ V BlyBl)'
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Therefore, the sup of all 7' such that (for all x € Q) |a(t,z)|, |b(t,z)| <
2 sup(Ay, A?,\/B1, By) is infinite, and therefore (a,b) is a (strong, C?) so-
lution of system (10) — (12) on IR, which satisfies (thanks to proposition
3.2) estimate (57).

If we now have two solutions of system (10) — (12) on IR; which satisfy
estimate (57), they are also solutions of system (58), and thanks to the
“uniqueness” part of proposition 3.2, they are equal. This concludes the
proof of theorem 3.2.

3.3.2 Using the properties of the heat kernel

We introduce here the idea of using the smoothing properties of the heat
kernel in order to obtain L bounds for system (13) — (15). Those bounds
are only local in time (that is, in L*°([0, 7] x ) for a given T' > 0), but we
take care of controlling what happens when T" — 4-00.

We give complete proofs for system (13) — (15) in dimension 1, and
briefly indicate how these proofs can be extended to the case of system (13)
— (15) in any dimension, or to the case of system (16) — (18) in dimension 1.

Those proofs are inspired by the book of Rothe [13].

We begin with a standard estimate of the smoothing effect of the heat
equation in dimension 1.

Lemma 3.1 (Explicit L" bounds (r > 1) for the 1D heat equation)
Let u denote the (unique weak) solution of the 1D heat equation (t > 0,z €
[0, 1], with constant diffusivity d) with homogeneous Neumann boundary con-
dition, i.e.

Ou — dOpzu = ¢, d,u(t,0) = dyu(t,1) =0, (59)

and assume for the initial data w(0,z) = win(x) and for the source term
¢ = ¢(t,x) that
Uin € Loo([07 1])7 ¢ € Ly ([07+OO[7LP([07 1]))7 (60)

loc

for some p > 1.
Then, for any exponent r > 1 such that % +% > % and for all T > 0, the
norm |[ullpr(jo,r)x[0,1]) grows at most polynomially in T' like

3
ull oy xo.1) < T ainllzoepon) + C (L +T2) 6l oorixoay - (61)

In the case when p > %, one can take r = oo in estimate (61).
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Proof of lemma 3.1: We recall that according to proposition 3.1, the
solution of the heat equation (59) is given by formula (42) :

x (k+a—y)?
u(t, ) 2\/_f p Uin(y kg_:oo JgeT T dy (62)
o0 1 _(2k+(zfy))2
4d(t—s
2\/— fo f L 9(s, y)kg_:oo Tomrie dyds.

This yields the estimate

lull 2 qo,71x[-1,1) < 57 i *2 Sl Lo, r1x(-1,11)

1 4
tavm H¢ ¥t S‘ Lr((0.7)%[-1,1]) (63)
(2k+z)2
where S(t,z) :==> 72 ﬁe‘w satisfies (for ¢ € [1,3])
1,1
1St =11 = 2V, 1S La (o, x[~1,17) < C <1 + T 2) . (64)

The second formula of (64) can be obtained by using (when n # 0) (2n +
7)2 > |2n + x| > 2n — 1 in order to estimate

1Sl La o, 7] x [~1,17) <

La([0,T]x[-1,1])

IN

—
S8
~

~—

|

NI
[
~
Sy
~

La([0,T]x[-1,1])

9 H(dt)—% <e1/4dt _ e—l/4dt)_1

La([0,T]x[-1,1])

< (/OT(dt)—q/2 2\/E\/§ erf <2—\*/ffﬁ> dt> 1/q+4 (/0T12(dt)1/2\‘1 dt) l/q.

Returning to (63), we can estimate each term in the right-hand side
in order to obtain lemma 3.1, the last term being the most difficult. In
order to treat it, we apply Young’s inequality ||¢ * S||zr < ||¢||lze||S||za for
%4—1 = %—l—% (remember that %—I—% > 1—1), which is compatible with ¢ € [1, 3[),
and estimate (64) for ||S||za. The same is true when r = oo and p > 2. This
concludes the proof of lemma 3.1.
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Remark : The lemma above extends to dimension N > 1, with a certain
number of changes in the assumption and the conclusion. The main one is
that % + % > 1—1) is replaced by % + NL+2 > %, so that the solution of the heat
equation lies in a L" space which is not as good as in dimension 1.

We use this lemma in order to prove an a priori L™ estimate for the
concentrations solving system (13) — (15) in dimension 1.

Proposition 3.4 Let a;,, bin and c;, be strictly positive initial data lying
in C2([0,1]), and dy, dy, d. be strictly positive diffusivity constants. We
consider a,b,c a (strong) solution in C2([0,T] x [0,1]) of system (13) -
(15).

Then, there exists a constant Cr (which grows at most polynomially with
T, and depend only on the initial data) such that

||a, b, ¢|| o ([0,11x[0,1)) < Cr- (65)

Proof of proposition 3.4 : According to proposition 2.5, we already
know that ||a, b, c[|z2(0,11x[0,1)) < Cr, where Cr is (and will systematically
be in the sequel of this proof) a constant which grows at most polyno-
mially with 7. Then, [la — bel[z1o1x0,1) < Cr- We see thanks to
lemma 3.1 that |[|a,b,c|[zro1]x[0,1) < Cr for all r < 3. As a conse-
quence, |la — bc||ps/2017x01)) < Cr- A second use of lemma 3.1 yields
lla, b, el|Lr(o.r1x0,1)) < Cr for all v < 4o00. Then, [[a —be|| /20 11x(0,1]) <
Cr for all 7 < 400, and a third use of lemma 3.1 yields ||a, b, c[| o« (jo,7)x[0,1]) <
Cr.

This ends the proof of proposition 3.4.

Remark : We note that the same proof holds for system (16) — (18) in
dimension 1.

A variant of this proof (in which the nonnegativity of the concentrations
is used : the nonpositive part of the r.h.s of the equations is not estimated)
shows that the L> estimate also remains valid for system (13) — (15) in any
dimension.

This a priori estimate enables to prove the existence (and uniqueness,
smoothness) of a (strong) solution to system (13) — (15) in dimension 1 :

Theorem 3.3 Let a;,, bin and ¢, be strictly positive initial data lying in
C?([0,1]), and dq, dy, d. be strictly positive diffusivity constants.

Then, there exists a unique solution a, b, ¢ € C*(IRy x [0,1]) to system
(18) = (15) such that [|a, b, c|| L (o, 11x[0,1]) < O (where Cr grows at most
polynomially with T').
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Proof of theorem 3.3 : We consider a function xx := xx(a,b,c) in
C?(IR?, IR) such that y(a,b,c) = 1 when |al, |b],|c| < K, and xx(a,b,c) =
0 when |a| or [b] or |¢| > 2 K.

Then, the function

f(av b> C) = ((bC - a) XK(aa bv C)v (a - bC) XK(aa bv C)v (a - bC) XK(aa bv C))

lies in C?(IR3, IR?) N W1°(IR3, IR?). According to proposition 3.2, there
exists a (strong) solution U = (a,b,c) € C*(IR; x [0,1]) to the system

8U — DALU = f(U),
n-V,U=0 for x € 08, (66)
U(0,2) = (ain(x), bin(2), cin(z)),

where D is the diagonal matrix with entries d,, dp, d..

On any interval of time [0, T] for which (for all x € Q) |a(t, x)|, |b(t, z)],
le(t, z)| < K, the functions (a, b, ¢) are also a (strong) solution of system (13)
— (15). According to proposition 3.4, we can thus build a (strong) solution
to system (13) — (15) on any interval [0, 7] such that Cp < K.

Letting K' — +o0 and using the “uniqueness” part of proposition 3.2 (on
bounded time intervals), we obtain a (strong) solution of system (13) — (15)
on IR by sticking together solutions on [0,7] (remember that Cp < 400
for all T'> 0 since Cp grows at most polynomially with T').

Finally, if we now have two solutions of system (13) — (15) on IR, which
satisfy estimate (65), they are also solutions to system (66) for a certain
K on a time interval [0,7] depending on K but arbitrarily large (that is,
T is going to +0o when K — +o0). Thanks to the “uniqueness” part of
proposition 3.2, they are equal on this time interval. This concludes the
proof of theorem 3.3.

3.4 Unbounded Source : The duality method

3.4.1 Duality for parabolic equations with non smooth coeffi-
cients

We begin with the following proposition, which shows that the solutions of
a parabolic differential inequality with bounded coefficients satisfy a natural
L? bound. We refer to [12] for this type of arguments of duality :

Proposition 3.5 Let T > 0 and Q be a bounded, connected and reqular
(C?) open set of RN. We suppose that A : [0,T] x Q — IR is a smooth
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(belonging to C?([0,T] x Q)) function such that Ay < A(t,z) < Ay, for

some strictly positive constants _Ao, Aj.
We assume that z : [0,T] x Q — IR is a strong (belonging to C*([0,T)] x

Q) ) nonnegative solution to the parabolic inequation :

Oz — Ay(Az) <0,
Vi(Az)-n=0 on 09, (67)
2(0,-) = zin.

Then, there exists a constant C (depending on T, Ay, A1) such that
121l 22 j0,11x0) < Cllzinll2(0)-

Proof of proposition 3.5 : For any smooth (C?) nonnegative function
H := H(t,z), let us consider the nonnegative (smooth) solution of the dual

problem:
—8tw — AAww = H,
Vew-n=0, on 01, (68)
w(T,-) =0.

Integrating by parts, we see that

T T
/ / 2 <(9tw + AAxw> dxdt = —/ / w <8tz — Az (A z)) dxdt
0 Q 0 Q

T
—/Zm(x)w(O,a:) dx+/ / 2 AVaw - ndo(z)dt
Q 0o Joo

_/OT /mwvx(Az) - ndo(z) dt.

Using the Neumann boundary conditions, we end up with

- /0 ! /Q ot %) Hit,) dodt > — /Q 2in () (0, 7) dz. (69)

Let us estimate w(0,-) in L?(R2). Multiplying eq. (68) by —A,w and inte-
grating by parts in the variable x gives (for any time ¢ € [0,T])

1
——i/ |Vow(t, z)|* do + / A(t,z) (Azw(t,z))? dx

= —/ H(t,z) Ayw(t,z)dz
Q
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< /Q (?(Axw(t,x)f + ﬁ H2(t,a;)> da.

It follows, after integration in time, that

T T
/ /(Axw(t,x))2 dxdt < iz / / H?(t, ) dzxdt.
o Ja A Jo Ja

Integrating eq. (68) between times 0 and 7', we obtain

T T
w(O,x)+/0 A(s,a:)Aww(s,:E)d.s:/O H(s,z)ds,

so that

2 T
/w(O,x)2 dxdt < <2T—|—2TA—%> / /Hz(t,x) dzxdt.
Q A5) Jo Ja

Therefore, thanks to estimate (69), we see that

T
/ /z(t,x)H(t,a:) d:cdtg/zm(a;)w(o,x)dw
0o Ja Q
< zinll 20y lw(0)] 2 ()

2\ 1/2
< <2T+2TA—§> 1zinllL2(0) 1 H || L2 j0,7)x0) -
0

By density, this estimate is true for any nonnegative function H in L?, and,
using H = Ht — H~, we see that for any function H in L?, one has (for

C = (2T +2T4%)172)
0
T
\ / JRErI dwdt‘ < O lzimllize 12 om1x00,

By duality (L? is the dual of itself), this gives a bound for z in L2(0,T] x Q)
in terms of ||z | 12(q), and the proof of proposition 3.5 is ended.

3.4.2 The L? LogL estimate

We shall now follow [5] and use the duality argument of proposition 3.5 in
order to build a weak (L?) solution to problem (16) — (18) :
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Theorem 3.4 Let Q be a bounded, reqular (C%) and connected open set of
RN, let d,, dy, d. and dg be strictly positive diffusivity constants, and let
Gin, bin, Cin, din be strictly positive initial data in C2(§).

Then, there exists a weak solution a,b,c,d € L? (IR, ;L?*(Q)) to system

(16) (18). o

Proof of theorem 3.4 : We introduce the approximated system :

O, — dgApa, = — ap bn—cn dn
tan a=zdn 1+7—1L (agl+b%+dc%+dgl)7
ab - d A b = — an On—Cn Gn
t9n b=z Un 1+% (a2 +b2+c2+d2)’ (70)
atcn - dCA:BCn g I an bn_Cn dn
14+ (a2 +b2+c2+d2)’
Oydy, — dgAyd, = —nbn—Cndn

T 142 (a3 bR+ +d3)’

together with the homogeneous Neumann conditions

n(x) - Vya, =0, n(x) - Vb, =0, (71)
n(x) - Vye, =0, n(x) - Vyd, =0, x € 08,
and the strictly positive initial data
an(0,2) = ajp(z), bn (0, ) = bip(x), (72)
cn(0,2) = cin(z), dn(0,2) = dip(x) .

We know thanks to proposition 3.2 that there exists a unique strong solu-
tion to this system, since the right-hand side is C?, bounded and globally
Lipschitz continuous (W1°°).

We introduce the quantity z, = ¢(an) + ¢(b,) + ¢(cn) + ¢(dy), where
¢(x) =x Inz — x + 1. Note that ¢ is a nonnegative function whose second
derivative is x +— % The computation gives

8t2n - da Ax(b(an) - db Ax¢(bn) - dc Ax(b(cn) - dd Ax¢(dn)
an by, — ¢, dy b an b, — ¢, d,
1+1(a2+02+c2+d2) "1+ 1(a2 402+ 2+ a2)
an by, — ¢, dy, an b, —c, d,
1.2 2 2 2 +lndy, 1.2 2 2 2
1+ﬁ(an+bn+cn+dn) 1+ﬁ(an+bn+cn+dn)
2 2 2 2
[Vaan| —d, [Vabal —d, Vacal —dy Vady| ‘
an b, Cn, d,,

= —Ina,

+1Inec,

—d,

Therefore,

8tzn - da Aw¢(an) - db AmQS(bn) - dc Aw¢(cn) - dd Am¢(dn)
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|[Vzan|? +d, Vb | 1+ d [Vca +dy |Vdn|?

T da an by, Cn dy =0, (73)
and finally
Orzn — Az (An 2n) <0,
where
A, = do d(an) +dp $(bn) +dec ¢(cn) + dy ¢(dn)
Zn
Note that

Vt> 0,2 € Q, inf(dg, dp, de,dg) < Ap(t,x) < sup(dy,dp, de,dq),

and
Vi(An zpn). -n(x) =0 for x € oS

According to proposition 3.5, we obtain the estimate

znllL2(o,r)x0) < C <||¢(ain)||L2(Q) + 1[0(bin)[ L2(0)

el aey + ||<z><dm>||Lzm)>,

where C' does not depend on n (but depends on 7" and the diffusivity con-
stants).

This ensures that the sequences a,, b,, ¢, and d, are bounded in the
space L? (In L)%([0,T] x Q). In particular, the quantities a, b, and ¢, d,, are
equiintegrable.

We conclude the proof ot theorem 3.4 in next paragraph, by showing the
strong convergence (i.-e. the convergence a.e.) of the sequences ay,, by, ¢,
and d,.

3.4.3 Existence of weak L? solutions

In the previous paragraph, we proved that there exists for each n > 1 a
smooth solution (ay, by, ¢n, d,) to system (70) — (72)

Moreover, we have shown that the sequences a,, b,, ¢, and d, are
bounded in L? (In L)%([0, 7] x ), so that the quantities a, b, and ¢, d,
are equiintegrable.

We start again from estimate (73). Integrating between times 0 and T
and for x € ) this estimate, we see that

T 2 T 2
/ en(T ) dar + d, / / Voanl” ) gt + 4, / / Vabal” ) gar
Q o Ja an o Ja b
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T 2 T 2
+d. / / [Vaeal” dxdt + dg / / [Vadn” dxdt < / 2(0,z) dz.
0o Ja o Ja dn 0

As a consequence, we obtain that V,(y/T + a,) is bounded in L?([0, 7] x 2),
and therefore in L!([0, T] x ).
Then, we compute

dy  |Vazan|? 1 cndy — ap by,

(8t—da AI)\/ 1+a, =

400 2 T an (L+ L (@2 + 02+ 3+ d3))
so that (0; — dy Az)v/1 + ay, is bounded in L*([0, 7] x Q).

We consider now g, = +/1+a,, and we prove that this quantity is
strongly compact (in L}, .(]0, T[x)), using the fact that V,g, is bounded
in L1([0,T] x ) and that (9; — do Az) gn is also bounded in L([0,T] x ).
This is a variant of Aubin’s lemma (Cf. [15]).

We denote by w, the set {z € Q : d(z,09) > v}. Let z € w, (with v
positive and such that w, is not an empty set), and k € RY, with | k| < v.

Since V.gn is bounded in L1([0,T] x ), we know that

T
| [ 1o+ = gute.o)] ot < 18 (74)
0 wy
where Cr is some constant depending on T'.

Then, introducing any smooth function ¢ := ¢(z), with compact support
in Q, we have

8t/gn¢d:17 = da/gnAw¢dx+/ﬁn¢dx,
Q Q Q

where 3, is bounded in L'([0,7] x ). Therefore
T
| |o [ oo
0 Q
< Cr || ¢lly2e -

We introduce v > 0 and a mollifying sequence ¢s(z) = d~ ¢(z/6) of
smooth functions with compact support B(0,0), so that B(0,d) + w, C £
when 6 < v. Then, for any t € [u,T —pu| C [0,7] (0 < u < T/2), and for

dt <dq || gnllpr [ Aallpoo + 1Gnllpr 1Ol (75)
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any h € IR, | h| < p, we get
T—p
/ / | gn(t + h,z) — gn(t, )| dadt
14 Wy
T—p
< [ [ Ve 0910+ o) — (g 6900
14 Wy
T
+ 2/ | (gn *2 ¢5)(t, ) — gn(t, )| dodt
0 wy

T—p
< / | (gn %2 65)( + 1) — (gn *0 &5)(t,2)] dadt
14 Wy
+2CT6.

Using (75), we see that

T—p
12 Wy
T—p 1 I
< / Al / U In () ds(x —y) dy} (t + uh)du| dadt
t=p JzEWL u=0 LJyen

+2Crd
1 T
SN
r€w, Ju=0 Jt=0

< Cr | h| l|6s(z — )|[w2.0o dz+ 2C7 6 .

TEWY

o / onltsy) s(x — ) dy' dtdudz
yeN

+2Crd

Finally, optimizing in §, we get

T—p
/ | gn(t +h,x) — gn(t,x)| dedt < Cp|h| 6N 2420106
M Wy

IA

CT |h|1/(N+3) )

Recalling estimate (74), we obtain
T—p
[ [t nasn ol st < cr (PO 4 0).
1 Wy

This ensures that g, is a strongly compact sequence in L'(Ju, T — p[xw,)
for all (sufficiently small) x> 0, v > 0, or, more simply, that g, is a strongly
compact sequence in LI (]0, T[x%).

loc
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Then, up to extraction of a subsequence, g, converges a.e., and so does
an. The same proof applied to the other concentrations shows that b,, ¢,
and d,, also converge (up to extraction) a.e..

It is now possible to pass to the limit in the weak formulation of system
(70) — (72).

We recall that this formulation (written here only for the first equation) is
the following : for any smooth (C?) test function ¢ := (¢, ) with compact
support in [0, +oo[x € and such that n(x) - Vyp(t,z) = 0 for x € 99,

f0+oofg an Opp dxdt + fQ ain(z) (0, 2) dx

oo — [T nd—an by
+ fO Q da Gn Am(p dxdt = 0 fQ 1+% (cagl+bg+6%+dgl) 2] dxdt .

(76)

At this point, let us recall that since a, converges a.e. (up to a subse-
quence), and is bounded in L?(In L)%([0,T] x Q), it converges strongly in
L2([0,T] x Q) to a function a lying in this space (and so do the other con-
centrations), so that the quantity a, b, and ¢, d,, which are equiintegrable,
converge respectively to ab and cd in L.

We can pass finally to the limit in the left-hand side of (76), obtaining

+o0 +o0
/ /a 8t<,0dwdt+/am ©(0,-) dl‘—l—/ dea Appdzdt.  (77)
0o Jo Q 0o Jo

As concerns the right-hand side of (76), we see that

/ o / Cnd — dn by dadt
0 Ql+%(a%+bi—|—cg+d%)¢

+o00
/ /(cd—ab)go dxdt .
0o Jo

We end up in this way with the weak form of the (first equation) of system
(16) — (18).

converges to

4 Large Time Behaviour

4.1 Entropy dissipation estimate : general theory

We first describe the traditional strategy (sometimes called entropy/entropy
dissipation method in the context of kinetic equations) used to get explicit
estimates of convergence toward equilibrium for equations where dissipative
effects are predominant.
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4.1.1 Lyapounov functionals; De La Salle Principle

The principles of the approach described below and many applications can
be found in [6].

We consider an abstract equation
of=A4Af, (78)

where A is an operator which can be linear or nonlinear, and can involve
derivatives or integrals.
We suppose that there exists a (bounded below) Lyapounov functional
H := H(f) (usually called entropy (or opposite of the entropy)) and a
functional D := D(f) (usually called entropy dissipation) such that (what is
called in kinetic theory the first and second part of Boltzmann’s H-theorem)
holds :
OH(f)=—-D(f) <0, (79)

D(f):() <~ Af:0 — f:feqa (80)

where fe, is a given function.

Then, one can often prove that the decreasing function t — H(f(t))
converges toward its minimum, that ¢ — D(f(¢)) converges toward 0, and
that as a consequence

m f(t) = feq (81)

t——+o0

in a convenient topology (a precise theorem could for example be written
down, in the case when H is coercive).

Unfortunately, the situation described above is often slightly more intri-
cate, because one has to take into account quantities which are conserved in
the evolution of eq. (78). In particular, in eq. (80), feq is in general not a
given function, but a set of functions depending on a number of parameters
equal to the number of conserved quantities.

4.1.2 Use of the Gronwall Lemma

In order to obtain an explicit rate of convergence toward equilibrium, one
looks for functional inequalities of the form

D(f) = ®(H(f) — H(feq)), (82)

where ® : IRy — IR, is a function such that ®(z) =0 <= 2z = 0. One
tries to find a function ® which increases as much as possible near 0.
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Note that we look for such an inequality for functions f which are not
necessarily solutions of eq. (78) (they do not even depend upon t !). This
is a way of transforming a problem on PDEs in a problem of functional
inequalities.

In the case when there are conserved quantities in the evolution of eq.
(78), it is enough to prove estimate (82) when the corresponding quantities
are fixed.

Assuming that estimate (82) holds, we apply it to the function f := f(t)
solution of eq. (78) and get thanks to estimate (79) the differential inequality

O(H(f)(t) — H(feq)) < —P(H(f)(t) — H(feq))- (83)
Then, Gronwall’s lemma ensures that
H(f)(t) — H(feq) < R(t), (84)

where R is the reciprocal of a primitive of —1/®.

When one can take, for some constant Cy > 0, ®(x) = Cpz, one gets
R(t) < Cste~ %t Sometimes, it is however only possible to take ®(x) =
Cst. x™¢ for some (or all) € > 0, and consequently R(t) = Cst.t~1/°.

4.1.3 Cziszar-Kullback inequality

It is often more interesting to estimate || f(t) — feq|| for some norm || ||, than
to estimate the more abstract quantity H(f(t)) — H(fe;). Therefore, we are
interested in inequalities of the form

H(f)— H(fu) > w(!\f(t) - fequ), (85)

where we look for a function @ > 0 which increases as much as possible
near 0.

Note that since H reaches its minimum at f = f.;, we expect at best
that ¢ behaves quadratically at point 0.

Next proposition, sometimes called Cziszar-Kullback or Pinsker inequal-
ity (Cf. [2] and [10]), enables to prove such an estimate in the case when
H(f) = [o(f Inf— f), where Q C RY.

Proposition 4.1 Let Q be a measurable subset of RY and f,g:Q — R,.
Then

[, (s (5557) o1+ a0 ) > <2fgf(w) TRy TED %)
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([

Proof of proposition 4.1 : We recall the following elementary inequal-
ity, due to Pinsker : for all u € IR,

3lu—12< (2u+4) (ulogu —u+1).

f @) - stotas = [ 7
/¢—5+4¢s>1<§zsz> g
_\/,\// 2f(x)+4g(z \// ii)—f(w)—i—g(x))dw.

This concludes the proof of proposition 4.1.

f(x)
@) 1' g(x)dx

8

In the sequel, since we shall use Lyapounov functionals which are sums
of quantities like fQ (o In @ — @), for various concentrations «, we shall have
to use Cziszar-Kullback inequality in order to obtain estimates like (85).

4.2 The case of Two reaction-diffusion equations
4.2.1 Large time behavior : the result

We now present a result which gives an explicit estimate about the speed of
convergence of a solution to system (10) — (12) towards equilibrium. This
result is extracted from [4].

Theorem 4.1 Let Q be a bounded, reqular (C?) and connected open set of
RN (N > 1) of measure 1, and dy,dy, be two strictly positive diffusivity
constants. Let the initial data a;,, by, be two strictly positive functions of
C?(Q) with mass [o(aimn + 2by) dz = M > 0.

Then, the unique strictly positive smooth (C?) solution t € IRy +
(a(t),b(t)) to equations (10) — (12) obeys the following estimate of expo-
nential decay toward equilibrium:

la(t, ) = acollF1(q) + 16(t, ) = boolF1(q) < Cre™ ",
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where Cy,Cy > 0.
Here, ao and by, are the unique nonnegative numbers which satisfy the
equation
a2 =boo, Qoo + 2boe = M. (86)

4.2.2 The proof : the entropy dissipation estimate

Proof of theorem 4.1: We recall that since the initial data are strictly
positive and smooth, system (10) — (12) has indeed a unique smooth C?
solution, which moreover satisfies (for some constants Ay, Ay, By and By >
0)

Vt>0,2€Q, Ag<a(t,z)<A,  By<b(t ) < B (87)
This is a direct application of theorem 3.2.

We then prove the following proposition, which corresponds to estimate
(82) in the abstract formulation of subsection 4.1 :

Proposition 4.2 Let Q be a bounded, smooth (C?), and connected subset
of RN of measure 1. We consider d,,d, > 0 two strictly positive diffusion
constants.

Let a,b: Q — IR be two functions such that (for some constants Aoy, A1,

By and B; > 0)
Vo e, Ap <a(z) < Ay, By < b(z) < By, (88)

and
/Q (a(z) +2b(x)) d = M > 0. (89)

Then, there exists a constant C' > 0 (depending on Q, M, d,, dy, Ay, A1,
By and Bs) such that

Dl(a, b) Z C(El(a, b) — El(aoo,boo)),

where aoo, boo are defined by (86), and functionals Ey, Dy are defined by
formulas (23) and (24).

Proof of proposition 4.2 : We systematically denote the average over
Q of a quantity z by zZ = [, 2(x) dz (remember that Q is of measure 1).
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2 2
We start with the identity |Vza| > |‘|Z\TZLO’

ity (with Poincaré’s constant P), so that

2 2
/ [Vzal dr > P la —al dx.
Q

and apply Poincaré’s inequal-

a a llallze=

We do the same for b, but we also use the identity
2 _
/de:4/ yvxx/BdezP/ Vb — Vb|? da.
o b Q Q

Using then the inequality

(z = y)(In(z) — In(y)) > 4 (Va — y)*

and the L*™ bound on a and b, we get (for a strictly positive constant which
we denote by C, as any other strictly positive constant in the sequel)

Di(a,b) > C ( Ha - \/5H;+\|a — a2+ b7 +H\/E —%H; ) (90)

We shall prove that the r.h.s. of (90) is bounded below by (some constant
times) the relative entropy E(a,b) — E(asc,boo)-

Firstly, we use the conservation law (89) to rewrite the relative entropy
as

Ei(a,b) — Br(aso,boe) = /Q<aln <%>—(a—aoo)

+bln (%) - boo)> dz.

Va > 0, alna—a+1<(a—1)>%

We use the elementary inequality

in order to obtain

1 1
Ei(a,b) = Bi(a0o,boo) < —— fla = toolfe + 3= 0= bocllze- (1)

[e.9] bOO

We see therefore that we only have to show that for some constant C' > 0,
2 _ —2
o= V||, +la =@l + b =37, + | Vo VB
L2 L2
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>0 (Ha—aooH%z n ub—boouiz).

We notice that

o — sl < 2 (ua . tja- aoowz),

ot < 2 (10 =Bl + - b,
o, 2o
L2
so that we only have to show that for some constant C' > 0,
_ -2 _
@ — Vo|? + H\/B— \/5H2 >C <|a— aoo|? + [b— boo|2>.
Then, we observe that

2_ . 7_
Vb — V) 2[[[2\[

\/=+xf

: M —%HU

Thus, we only have to show that for some constant C' > 0,
a— Vi2>cC <|a —aoo|? + |0 — boo|2>.

Note that this is a statement on numbers and not on functions.
We recall that
T+ 2D = Goo + 2bso,

and that a2, = bu, so that we only have to show that for some constant
C >0,

_ 1_ 1 _
\(a)2+§a—ago—§aoo\2 EC\a—aOOP.

This is easily obtained by noticing that if f(z) = 22+ =, then |(f~!)'(z)| <
This ends the proof of proposition 4.2.

N
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4.2.3 The Cziszar-Kullback type inequality

We now turn to another proposition, which shows that the relative entropy
Ei(a,b) — E1(aoo, boo) defined by (23) and (86) controls (from above) the
squares of the L'-distances to the equilibrium :

Proposition 4.3 Let Q be an open subset of RN of measure 1. For all
(measurable) nonnegative functions a,b : Q — IR such that [,(a(x) +
2b(z))dx = M > 0,

Ei(a,b) — E1(ac0, boo) > C <Ha - a00”2L1 + [|b — bOOH%A)v (92)

where definitions (23) and (86) have been used.

Proof of proposition 4.3 : We still use the notations a = an dx and
b= [,bdz, and define ¢(z) := z Inz — z. Then,

Br(a,b) — By (am, ba) = /Qa ln(%)dm—i—/gb ln(%)dm
+(¢(@) — q(aco)) + (q(b) — q(b0)) -

We first note that thanks to Cziszar-Kullback inequality (Cf. proposition
4.1),

a 1 b 1 -
In(=)dz > — |la — a2 bIn(=)dz > = ||b—b|?
JamGyar> sla—alt. [ v > Zlp-BE .
and moreover @ < M and b < M/2 by (89). Then, we consider Q(a) :=

q(@) + q(252) for @ €]0, M| and R(b) := q(b) + q(M — 2b) for b €]0, M /2].
Since

s 1 1 1 3+2v2
— 4= >
@ =ct o =22 " (93)
and /3
- 1 4 6+ 4v2
R// b - = - > 5 94
S AV Y ©4)
we combine 2/3 of (93) and 1/3 of (94) to Taylor-expand
_ - 34+2V2 _ 2, 3+2V2 - 2
- - > — — .
(4(7) — a(ase)) + @) ~ a(b)) > “E22 g p 4 2ER 2y

Finally, we observe that

6+ 2v/2 _
o -l < S22 (ua APt
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and

o= bl < S22 (o317, + 22 ),

by Young’s inequality. This concludes the proof of proposition 4.3.

We come back to the proof of theorem 4.1.

We consider the unique smooth solution ¢ — (a(t),b(t)) to system (10)
— (12) obtained at the beginning of the proof. We apply proposition 4.2 to
a = a(t) and b = b(t). This is possible since condition (88) is satisfied thanks
to estimate (87), and condition (89) is satisfied thanks to the conservation
property (20). As a consequence, we see that

Di(a(t),b(t)) = C (Er(a(t),b(t)) — E1(aoo, bes))-
Thanks to the entropy estimate (29), we obtain

d

E(El(a(t%b(t)) - El(aOO7bOO)) < _C(El(a(t)7b(t)) - El(aOO7bOO))7

and thanks to Gronwall’s lemma :
El(a(t)a b(t)) - El (aom boo) S (El(aina bzn) - El(aom boo)) e_Ct-

Using now proposition 4.3 with @ = a(t) and b = b(t) (and noticing again
that the conservation property (20) enables to fulfill the assumptions of this
proposition), we conclude the proof of theorem 4.1.
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