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Abstract

We present in this work a rigorous passage to the limit (in dimen-
sion 1) in a system of three reaction-diffusion equations coming out
of population dynamics, towards a system of two reaction-diffusion
equations, one of which includes a cross diffusion term.
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1 Introduction

This paper is devoted to the mathematical study of the convergence of a
reaction-diffusion system (first introduced by lida, Mimura and Ninomiya, cf.
[11]) consisting of three equations towards a reaction-cross diffusion system
consisting of two equations (introduced by Shigesada, Kawasaki and Ter-
amoto, cf. [19]), when a relaxation parameter tends to 0. We are concerned
here with systems appearing in problems of population dynamics, with popu-
lations evolving through diffusion and a logistic-type reaction kernel (that is,
the competition effects are assumed to be represented by quadratic terms).
One of the species appears in two different states, the corresponding pop-
ulations are described by the number densities ua := u4(t,x) > 0 and up :=
up(t,x) > 0. An individual can switch from one state to the other with a



rate proportional to 1/e and depending upon the density (at time ¢ and point
x) of a second species (described by the number density v := v(¢,z) > 0).

When they are in the state B, the individuals of the first species have
a larger diffusion rate than in the state A [for example, up represents the
individuals which are scared or stressed, and they switch from the quieter
state A when individuals of the second species compete with them for the
resources.

Finally, for the sake of simplicity, we assume that all the individuals are
confined in a domain © of R¥; that is, we impose homogeneous Neumann
boundary conditions.

The following set of equations summarizes the assumptions discussed
above:

1
Oy — du Bgtiy = (r—ay (uh +ujp) = b v°) uiy+ - (k(07) up —h(v%) u), (1)

1
Ouy—(dy+M o) Ayuy = (ri—ay (uy+up)—by v°) u%—g(k(ve) up—h(v®)uy),
(2)
O — dy Apv° = (19 — ag (usy + up) — by v°) V", (3)

(for t > 0, x € 09)
V.ui(t,z) -n(z) =0, Vyugz(t,z) -n(z)=0, V0 (tx) n(x)=0. (4)
We finally add the initial data (for z € Q)
u3(0,2) = uao(x), up(0,2) =upo(z), v°(0,2)=vo(x). (5)

This system was introduced by ITida, Mimura and Ninomiya in [11] (cf.
also [12]) as a prototype of reaction-diffusion systems which, in some limit,
lead to a simple reaction-cross diffusion system (here, the cross diffusion
appears only in one of the equations of the limiting system).

The strictly positive parameters ry, ai, by, 9, b, as are related to the lo-
gistic competition between the individuals of various types, while the strictly
positive parameters d,, d,+ M «, d,, (with M a > 0) are the diffusion rates of
the individuals [the reason for considering a constant M « which is a product
of two terms will appear later]. Finally, h and k are nonnegative functions
describing the effect of the presence of individuals of the second species on
the possible switch between states A and B of individuals of the first species,
while € > 0 is the typical time scale of this switch. In [11] and [12], the as-
sumptions proposed for h and k are the following: h is monotone increasing,



k is monotone decreasing, and
h
v &7 (6)
M h(v)+k(v)
where M > max(32, [|v(0, -)||«) is an upper bound for the number density of
the second species.

We shall in the sequel consider the somewhat more general

Assumption 1: The coefficients 71, 79, ay, ba, by, as, dy, d,,, o, M are strictly
positive constants. Moreover, the functions h, k are of class C?(R,; R, ), and
satisfy

{h=0} {0},  {k=0} {0} (7)

Note that the typical choices

h@):%, k(v)zl—%, (8)

with M > max(32, [|v(0,)[|o) satisfy both Assumption 1 and the assump-

tions of [12]. In the case of k, this is obtained thanks to the maximum
principle applied to eq. (3), (cf. Proposition 2.1).
We also introduce the following hypothesis on the initial data:
Assumption 2: We assume that vy € H'(12),

0< igf vg < sup vy < 400, 9)
Q

and wag > 0, upg > 0, wag log wag, upo logupy € L'(9).
The following Proposition states the existence of weak solutions to system
(1) — (5), for a given € > 0:

Proposition 1.1. We consider a smooth bounded subset Q C RN for N €
N*, a relazation time € > 0, and coefficients/initial data satisfying Assump-
tions 1 and 2. Then, there exists a weak solution to system (1) — (5), that
is ug,up € L*([0,T] x Q) and v € L>([0,T] x Q) for all T > 0, such that
for any ¢, o5, € C3(Ry x Q) satisfying Vaypa-n = 0, Vopp -n = 0,
V. -n =0, the following identities hold

—/ /uiﬁt(pAdxdt—/qugoA(O,x)d:c—du/ /uZAwadazdt
o Jo Q o Jo

:/ /(ﬁ—al(uf4+u%)—b1v5)uf4goAdxdt
0o Jao
1 oo
+g/ /(k:(ve) uy — h(v%) uyy) pa dx dt, (10)
0o Jao
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—/ /u%@tcpgd:pdt—/uBoch(O,x)dx—(du+M0z)/ /U%Axwgdxdt
o Ja Q 0o Jao

:/ /(rl—al (u$ + uy) — by v°) uy ppdrdt
0o Ja

1 [~ Yl — h(ve) us T
= [ [ = ny i g o, (1)

—/ /v‘f@twd:pdt—/vow((),x) d:p—dv/ /v8 Ay dx dt
o Ja Q o Ja

= /OO/(TQ — ag (U5 + up) — by v°) v Yda dt. (12)
o Ja

This Proposition is a consequence of standard Theorems of existence for
reaction-diffusion equations. We refer for example to [7], [14].

It is believed (cf. [11] and [12]) that when £ — 0, the solutions (u%, u5;, v°)
of system (1) — (5) converge towards (ua,up,v), where

k(v)ug = h(v) ua, (13)

and (ua+up, v) satisfies the cross diffusion-reaction system (of two equations)

Ouluua + up) Aggl(du " Ma%) (un +uB)}
=(r1 —ay (ua+up) — by v) (us + upg), (14)
O — dyAyv = (1 — as (ua +ug) — by v) v. (15)

This last system can be seen as a particular case of a class of systems
introduced in [19] in order to explain the coexistence of individuals of species
which, in absence of cross diffusion, would satisfy the competitive exclusion
principle (cf. [13]). More precisely, with respect to the general case of systems
introduced in [19], we are here concerned by the case in which no self diffusion
appears, and cross diffusion is present in only one of the equations (that is,
from the point of view of the diffusion, the system is triangular).

Our main result is that the convergence of the solutions of the system of
three reaction-diffusion equations towards the solutions of the system of two
reaction-cross diffusion equations indeed holds when the dimension is N = 1.
More precisely, we are able to prove the following:



Theorem 1.2. We consider a bounded interval 2 C R, and coefficients /initial
data satisfying Assumptions 1 and 2.

Then, a weak solution (u,u%,v®) to system (1) — (5) given by Propo-
sition 1.1 [for ¢ > 0] converges (up to extraction) when € — 0 towards
(ua,up,v) for a.e. (t,r) € Ry x Q, and in L*([0,T] x Q) x L*([0,T] x ) x
LP([0,T] x Q) strong for all p € [1,00[ and all T > 0. Moreover, eq. (13)
holds and (us +up,v) is a weak solution of eq. (14), (15) with homogeneous
Neumann boundary condition (fort >0, x € 09)

Vao(ua +up)(t,z) -n(x) =0, Vyo(t,z)- n(x) =0,
and initial data (for x € Q)
ua(0,2) +up(0,2) = uap(x) + upo(x), v(0,2) = vy(x).

More precisely, for any ¢,v € C3(R xQ) satisfying Vyo-n =0, Vyp-n =0,
we have

—/ /(uA+u3)8tg0dxdt—/(quJruBo)go(O,x)dx
0o Jo Q

—/OOO/Q (dquMa%) (ua +up) Agpdr dt

:/Oo/(rl—al (ug +up) — b1 v) (us +up) pdrdt (16)

o Ja

—/0 /Qvatwd:pdt—/Qvow((),x)dx—dy/o /QvAggwd:Edt

:/ /(r2—a2 (ua +up) — byv) v du dt. (17)
o Ja

Finally, the following reqularity result holds: the functions ua,ug belong to

L*(log L)([0,T] x Q) for all T > 0.

Note that this result is known (in any dimension of space) under the extra
assumption that (u5, us, v°) is bounded (uniformly w.r.t €) in L>([0, 7] x Q)
(cf. [11]). To obtain such a property is however still an open problem (at
least for global weak solutions).

Note also that the convergence of the steady solutions to (1) — (4) towards
the steady solutions to (13) — (15) has been thoroughly investigated in [12],
both from the numerical and analytical point of view.

Our result is also directly related to a recent and important paper by
H. Murakawa (cf. [17]), which deals with much more general systems (in
any dimensions) by using energy methods. We briefly explain what are the
differences between our result and the theorems proven in [17].
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e First, the reaction term in [17] is supposed to be Lipschitz-continuous,
whereas ours has a quadratic growth. Note however that the use of the
negative sign in (u5 + u%) u5 in eq. (1) [and the same for eq. (2) and
eq. (3)] would make it possible to use the approach of [17].

e Secondly, in the system (9) p.151 of [17], the reaction-diffusion system
which is introduced is somewhat different from (1)-(3), because the
reaction term f;(u+ v) is present only in the eq. for u; (and not for v;)
whereas the reaction term appears in both eq. (1) and eq. (2) of the
present work. It doesn’t seem obvious to extend the estimate (16) p.
154 of [17] to the case when the eq. for v; also contains a (quadratically
growing) reaction term.

e Thirdly, and maybe most importantly, in [17], the functions ¢; (or
¢ij) are supposed to have bounded derivatives (assumption H2 p. 151
of [17]), and this assumption looks unavoidable in the estimates for
| < V25, Vi;(2°) > | and | < Vuj;, Vgi;(2°) > | at the end of p.156.
However, in our case, the function ¢, would correspond to an expression
growing like z; 29, whose derivative w.r.t. z; is not bounded.

Our result uses techniques involving weak solutions which are typically useful
when maximum principles cannot be proven (as it is the case for u5, u% here).
Those techniques are based on Lyapounov functionals or duality lemmas for
solutions of reaction-diffusion equations (such a lemma was first proven by M.
Pierre and D. Schmitt, cf. [16] and [18]). Those techniques are particularly
helpful (when dealing with quadratic reaction terms) when they can be used
for the equations satisfied by quantities like u logu instead of w. This is the
case in [10] or, in the context of the quasi-steady state approximation, in [2]
or [3]. They also have been successfully applied in the study of general cross
diffusion-reaction equations with small initial data (cf. [1]).

The difficulty in the present paper is that the reaction term is indeed
quadratic, but no superlinear Lyapounov functional can easily be exhibited.
We shall actually replace it by a functional which does not decrease along
the flow of equations (1) — (4), but whose derivative can nevertheless be
uniformly controlled w.r.t. . As a trade-off, this construction will only hold
in dimension 1. We refer to [5] and [6] for the use of entropy-like functionals
in the context of equations with cross diffusion and self diffusion.

Let us briefly explain how our result is related to works dealing with the
mathematical theory of the limiting system. This system belongs to a general
class of equations possibly including cross diffusions and self diffusions, first
introduced in [19], and studied by many authors since that time: we refer for
example to [20], [6] and [4] for recent papers in which many references are
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presented. In our case, the system has a special triangular structure (as far as
cross diffusion is concerned) which leads to a possible partial use of the maxi-
mum principle (that is, for v). Moreover, no self diffusion appears. This case
is treated in [15], where the method which is used (presented in dimension
2) also enables to get existence of (strong, global) solutions in dimension 1
(with initial data in a slightly smaller space than what is considered in the
present work).

We finally provide some remarks about the initial data. Note first that in
the limiting process, part of the initial datum is lost, that is, an initial layer
will appear if (13) is not satisfied initially. Note also that in Assumption 2, the
somewhat unnatural condition that vy is bounded from below (by a strictly
positive constant) is imposed. This hypothesis seems to be very difficult to
eliminate in our proof. Making the weaker hypothesis logwvy € L'(Q), it is
possible to show that v*(t,-) is bounded from below (by a strictly positive
constant) for any ¢t > 0 (but with bounds which may blow up when ¢ — 0).
Consequently, most of our analysis still holds when ¢ > 0, and one can
show that (14) and (15) is still satisfied by the limit of (u% + u%,v®). We
were however not able to show that the initial datum (specifically, the one
corresponding to u4+upg) is still satisfied in the limit. Of course, if v — h(v)
and v — k(v) are both strictly positive, no assumption on the lower bound of
vp is required. This case however does not include the most standard choice
of h and k, that is (8).

The rest of the paper is devoted to the Proof of Theorem 1.2. We begin in
section 2 with preliminary estimates which hold in any dimension. We turn
then in section 3 to estimates which are valid only in dimension 1 (Sobolev
estimates in dimension 1 are required there). In section 4 is presented the
Lyapounov-like functional which enables to prove the main estimates of this
paper. Then, section 5 is devoted to the proof of strong compactness results
for the family (u5,u5%,v%)cs0. Estimates are finally presented in section 6,
which prevent this family to concentrate (in L?). Thanks to the results of
the two last sections, convergence in L? strong is obtained for (u5, u5%, v%)e>0,
and this is exactly what is needed to pass to the limit in system (1) — (5).

2 Proof of Theorem 1.2: preliminaries

We begin with a (uniform w.r.t. ¢) estimate of (u%, u%, v®), which is valid in
all dimensions of space:

Proposition 2.1. We consider a smooth bounded subset Q C RY for N €
N*, and coefficients/initial data satisfying Assumptions 1 and 2. Then, a
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weak solution uSy, ug, v° to system (1) - (5) given by Proposition 1.1 satisfies

forallT >0 (and i,5 €{1,..,N}):

sup |[ud||z2o,ryx0) < +00,  sup |[uk|r2(omxe) < +00, (18)
e>0 e>0
sup ||v°]| Lo (o,1)x0) < +00, (19)
e>0
Ove 82 5
sup Y < 400, sup v < 400, (20)
e>0 || O L2([0,T]x Q) >0 || 0; L2([0,T]x9)
sup sup / Vv (t, 2)|* do < +o0. (21)
>0 t€[0,T] JQ

Proof of Proposition 2.1: Adding (1) and (2), one gets the equation
O(usy +ugp) — A, (du usy + (dy + M ) u%)

= (r1 —ay (U + up) — by v%) (ujy + ujp). (22)
At this point, it is possible to directly obtain (18) by integrating the above
equation w.r.t. z, and by using the fact that a; > 0 (that is, the quadractic
term has the right sign).
We also propose an alternative, more complicated proof, which still holds
when the reaction term is not quadratic, but which requires an extra assump-
tion on the initial datum. We can indeed write

2
.
Op(uy + up) — Ag(K* (U + ufp)) < 4—;17 (23)
with Lo g .
0<dy < ke Wttt Ma)u 0y, (24)

u$ +up
We can then use the following Lemma, due to M. Pierre and D. Schmitt (cf.
[16] and [18]):
Lemma 2.2. We consider a smooth bounded subset Q@ C RY for N € N*,
and assume that p : [0, T] x Q — [0, 4o00[ satisfies
Op —Ay(Zp) <0 on €, (25)
V.lpZ) - n=0 on 09,

where Z [0, T] x Q — R is a function such that dy > Z > dy > 0 for some
numbers dy, dy. Then, for all T >0,

dy
19l 20 < (1 " d—o) T 100, Y20y



Lemma 2.2 then yields (18), provided that the initial datum for v and
u lies in L? (and do not depend upon ¢).

We now turn to the estimates satisfied by v®. We observe that according
to (3),
O — dy Apv° < (rg — by v°) v°

< 3 (26)
~ 4by

Using (9) in Assumption 2, we deduce from (26) and the maximum principle
that estimate (19) holds.

Denoting now
0° := (ry — ag (uy + uf) — bav°) V7,
we know that thanks to (18) and (19), for all 7' > 0,
Sup [|6%]] 2 o.ryxe < +oo. (27)
Taking (3) into account, we see that (for all 7" > 0)

ov®
ot

— dy, A0°

< +00. (28)
L2([0,7] %)

sup
e>0

Using standard theorems of parabolic regularization (cf. [14] for example),
estimate (28) implies estimate (20).

Multiplying (3) by A,v°, we see that
A% Ov° — dyy (A0°)% = 6° Ayo°,

so that (for all t > 0)
1 t
—/ |vae(t,x)|2dx+dv/ /|Axve(s,x)|2dxds
2 Ja 0 Jo
! 1
:_/ /vae(s,x)ee(s,x)dxder—/ |V,.0°(0, 7)|* dx
0 Ja 2 Jo

1 t 1 ¢ 1
g—dv/ /|Axv€(s,x)\2da:ds+ //|9€(3,x)|2d:1:d3+—/\vas(o,x)\Q.
2 0 Jo 2dy Jo Ja 2 Ja

Using (27) and Assumption 2, we get estimate (21).

This ends the Proof of Proposition 2.1 [J
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3 Proof of Theorem 1.2: dimension-dependent
estimates

We now turn to estimates which do not necessarily hold in higher dimension.
We begin with the proof of the following Proposition:

Proposition 3.1. We consider a bounded interval 2 C R and coefficients /initial
data satisfying Assumptions 1 and 2. Then, a weak solution (u5,u%,v) to
system (1) — (5) given by Proposition 1.1 satisfies for all T > 0:

sup ||8x1)€| |L4([07T}XQ) < +00. (29)
e>0

Proof of Proposition 3.1: This result is a direct consequence of em-
bedding Theorems proven in [14], and can in fact be improved (the space L*
can be replaced by L®). We nevertheless propose an elementary proof below.

Using the Sobolev inequality H'(2) C L>(Q), we get the estimate

sup |0,0°(t, z)|* < C(Q {/|81} tx|2d:p+/| t:p|2d:p} (30)
z€eQ

where C'(Q) is the constant in the Sobolev inequality.
Using estimates (20) and (21), and integrating with respect to ¢t € [0, 7],
we end up with

T
sup/ sup |0,v° (¢, z)|* dt < +o0. (31)
0

e>0 z€Q

Interpolating between estimates (21) and (31), we get

T
[ [t < (s [ oas.npa)
0 Q SE[O,T] Q
T
X (/ sup|8xv€(t,y)|2dt>,
0 ye

which yields estimate (29).
This ends the Proof of Proposition 3.1. [J

We now prove bounds from below for v°.

Proposition 3.2. We consider a bounded interval 2 C R and coefficients /initial
data satisfying Assumptions 1 and 2. Then, a weak solution (uS,uS,v®) to
system (1) — (5) given by Proposition 1.1 satisfies for all T > 0:

inf inf  A(v°(t,z)) >0, inf inf  k(v°(t,2)) > 0. (32)

e>0 (¢t,2)€[0,T]xQ2 >0 (¢,2)€[0,T]xQ
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Proof of Proposition 3.2: We first observe that (3) implies that

|6$v5|2
(v5)?

> —ag (uy + ugp) — by v°. (33)

(0; — dyy Opz) (log v®) = d, +ry — ag (u5y + up) — by v°

As a consequence, for any t € [0,T], z € Q,
log v°(t,x) > w°(t, x),
where w® is the solution of
(Or — dy Ope )W = —ag (u$y + up) — by V7,
with homogeneous Neumann boundary conditions
V.,w(t, z) - n(x) =0,
and the initial condition
w®(0,z) = logv*(0, x).

Moreover

sup 1(0r = dy Opa)W®|| L2(j0,11x02) < +00
e>

(thanks to estimates (18), (19)) and sup,cq[—w®(0,z)] < +oo (thanks to
hypothesis (9) in Assumption 2), so that (see for example the appendix in

[9)
inf inf  w(t,z) >0,
e>0 (t,2)€[0,T]xQ
and finally
inf inf  0°(t,z) > 0. (34)
e>0 (t,z)€[0,T]xQ

This estimate, together with (7) in Assumption 1, yields estimate (32).

This ends the Proof of Proposition 3.2. [
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4 Proof of Theorem 1.2: entropy estimates

In this section, we introduce a functional which is close to the entropies
used in reaction-diffusion systems coming out of reversible chemistry (cf. for
example [8], [9]), and which is close to being a Lyapounov functional. Note
that it is also reminiscent of functionals used in [6]. As a consequence, we end
up with new estimates for the solution to system (1) — (5). More precisely,
we prove the following Proposition:

Proposition 4.1. We consider a bounded interval 2 C R and coefficients /initial

data satisfying Assumptions 1 and 2. Then, a weak solution (u5,u%,v) to
system (1) — (5) given by Proposition 1.1 satisfies for all T > 0:

sup sup / usy(t, x) [log usy (¢, )| dr < 400, (35)
e>0 t€[0,T] JQ
sup sup /uEB(t, x) [loguy(t, )| de < +oo, (36)
e>0 ¢€[0,T] JQ
T
sup/ / |0, /usy|? d dt < +o0, (37)
e>0 Jo Q

T
sup/ / |0p+/u5)? dz dt < 400, (38)
o Ja

e>0

1 (7

sup — k(ve) us, — 4/ h(ve) uf
wup= [ [ ) = yfhiw)

Proof of Proposition 4.1: We introduce the quantity

2
dx dt < +o0. (39)

£ &€

H*® = uf log[h(v®)] + up log[k(v®)] + uf log u%y + up log up — ufy — ufp.

The integral of this quantity will be close to a Lyapounov functional. The
computation is performed in any dimension. We first observe that

OH® k' (v%) Ov° K (ve) ov® ouy oup
= y % + log[h(v® log[k(v®
ot h(or) or T Ty o Ve T loelh(v)] T+ loelk ()]
. Ou . Oug
+ log u%, 8tA + log uf atB. (40)
Then, we compute
W)
AR uf log[h(v)] + uSy loguy —uy p = 2 h(o) Vus - Vot
rUE

12



W' (v7)
h(v®)
h/

/
# () @ 19+t D+

+ log[h(v®)] Aguy +

£ £
usy Ay

‘vruf4|2

I3 Y

U

and

Am{u% log[k(v®)] 4+ uf loguy — u%} =2
K@)
k(ve)
Y

+ (E) (v°) uSy | V07 |2 + log uly Agusy +

As a consequence, if we denote

+ Log[k(v*)] Aty + o2 1y Ag?

|V up |2

€
Up

JF=d, (ui log[h(v®)] + u$ log u$, — u;)

+(dy, + M «) (u% log[k(v®)] + ug log up — u%),

we see that
OH¢
A, J¢ =
ot

log[h(v®) ugy] (r1 — a1 (u$y + ug) — by v°) usy
+ log[k(v®) up] (r1 — a1 (uf +up) — b1 v°) uj

- % [k:(va) uf; — h(v°) ug] (1og[/<;(v6) up] — log[h(v°) uid)

L) o R ) o
(i)

k(ve) B ot

(41)

(42)



The estimates are now done in dimension 1 only.
We observe that thanks to estimates (19), (32) and Assumption 1,

ove

(47)| < Ot (uy + 03) | -

, (52)

|(48)| < Cst (u%y + ufp) |0pv”|, (53)

(49)] < Ot (Iain;l ; |axu%|) 9,0°]

d, |aa:u€ |2 dy + M« |8xu€ |2 e e e
< [? u‘; + 2 u“; + Cst |0,0°)? (uy + ufp), (54)
|(50)| < Cist (uy + uf) [0, (55)
so that
OH: dy |0, usy |2 N dy + M a |0,u5)?

— A, J*
ot * 2 Uy 2 uy

+2 [k, 07| (rogthtee) 5]~ ot )

< log[h(v®) u%]

Al (rr—an (Ul +ufp) — b1 o) uly
+ log [k (v°) uf]

(11
(11 — a1 (U +up) — b1 o) up
ov®

+ Cst (u5y + uf) l

™ 4 |0pet| 4 |0p0°| + |8xv5|2} . (56)

Then, we use the elementary inequalities (for z > 0)
zlogr —x+1>0, zlogr—x+1<Cst(l+z|logz|),
in order to estimate (using (19) and (32))
loglh(v°) w5 (1 — ax (1, + ;) — by v7) uy

_ {<h<v€> ) loglh(v") ] — h(oF) oy + 1}% (1 — an (uy + ) — by o)

1
(7’1 — aq (UZ +U€B) — b1 U€>

h(v®)

< Cst (1 + (h(v®) u5y)| log[h(v°) ui]\)

H(h(v)uly = 1)

3

h(v®)

+

h(v®)



< Cst(1+ (uy)? + (u3)?). (57)

A similar computation leads to
log[k(v®) up] (r1 — a1 (u$y + ug) — by v°) ufp

< Ost (14 (uf)? + (u3)?). (58)
Integrating (56) on [0,7] x © and using (57), (58), we end up with

d T <12 d + M T €2
/HE(T,:c)da:+_“/ /demg/ /%dwdt
Q 2 0 Q Uy 2 0 o us,
1 T
—|—g/ / {k@‘f)u%—h(iﬁ)ui} (10g[k(@5) u€B] —1Og[h(1}€) uil]) dadt
0 Q

< /QHE(O,J:) dx + Cst /OT/Q(1+(u;)2+(u€B)2)dxdt

T €
+COst / / ( v
0 Q

ot
We now use estimates (18),
to get the estimate

d T €12 d M T e 12
/HE(T,:c)dx—i-—u/ /%dwdt—i—u/ /%dwdt
Q 2 Jo Ja uy 2 o Ja Up

L g %) %) | (Yo (0) ] loglh(17) 3] ) o < Ct.

2
+ 0,0° ] 4 040 |* + \8mv€|4) dxdt. (59)

(20), (21), (29) (and Assumptions 1, 2) in order

(60)
Using now (19), (32), we know that (for some K > 0),
[Hog(h(v))l[z=(orxa) < K, |[1og(k(v%))][L=(or1x0) < K.
So thanks to the elementary inequality (which holds for all K > 0)
1 L orp
Sylogy — (K +1)y= -5, (61)

we see that

1 1
/HE(T,x)de é/uilogui(T,x)dx+§/u%logu%(T,x)dx
Q

1 1
+{§/uf410guf4(T,x)dx+§/u%logu%(T,x)dx

15



—/UZ(T,ZL‘) dx—/uaB(T,x) dx
- [ wltohNIT ) de ~ [ ulog k() |(T. ) do
1 1
> 5 /uj\ log u |(T, x) dx + 5 /u% |log uz |(T), z) dx
1
+/ usy logusy (T, x) dx + / ugloguyz (T, z)dr — = 2+l
us, <1 us. <1 2
A= B

1 1 1
> é/uf4|loguf4\(T,x) dx + é/ueBHogu%\(T,x) dr —2e Q] — §€2K+1_

This immediately ensures that estimates (35) — (38) hold. Finally, estimate
(39) is a consequence of (60) and the elementary inequality (for any x,y > 0)

(z —y) (logz —logy) > Cst (Vr — \/y).

This ends the Proof of Proposition 4.1. [J

5 Proof of Theorem 1.2: Strong compactness

We show in this section that any sequence (indexed by ¢) of solutions to
system (1) — (5) converges a.e. More precisely, we prove the following Propo-
sition:

Proposition 5.1. We consider a bounded interval 2 C R, and coefficients/initial
data satisfying Assumptions 1 and 2. Then, a weak solution (uS,u,v?) to
system (1) — (5) given by Proposition 1.1 satisfies (up to extraction) for a.e.
(t,x) € Ry x Q,

us(t, x) = ua(t, x), uz(t,x) = up(t, x), vi(t,x) = v(t,x), (62)

where v € L2 (Ry x Q), uq,up € L2 (R, x Q), and (equivalently to (13))

loc loc

= 71{:(”) U U
_ ()
UB = Lyt h(o) (T uB): (64)

Moreover, (ua,up,v) satisfies identity (17) in the weak formulation.
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Proof of Proposition 5.1: According to (19) and (20), it is clear that
(v%)es0 belongs to a strongly compact set of L'([0,T] x Q) (for all T > 0).
As a consequence, we can extract from (v°).5¢ a subsequence (still denoted
by (v%)e=0) such that

ve(t,x) — v(t,x) for a.e (t,x) € Ry x Q.

Using now (37) and (38) [and (18)], we see that

T T
sup/ / |0, u5y| dedt < 4005 sup/ / |0pup| dedt < +o00,  (65)
e>0Jo JQ e>0Jo JQ

thanks to the estimate:

T T ‘amu|2 1/2 T 1/2
/ /\6mu|dazdt < (/ / da:dt) (/ /\u\dwdt) . (66)
0 JQ o Ja U 0 JQ

According to (18), we can extract from the sequences (u5)eso and (u%)e=o
subsequences (still denoted by (u%)e~0 and (u3)e~o) such that

uSy — ua, uy —ug in L*([0,T] x Q) weak, for all T >0, (67)

where u4 and ug both belong to L%([0,T] x ) for all T > 0.

Thanks to (22) (and (18), (19)), we know that 2(u + ug) is bounded
in L'([0,T]); W=>()). Interpolating this bound with (65) [that is, apply-
ing Aubin’s lemmal, we obtain the strong compactness of (u5 + u%).~o in
LY[0,T] x Q) (for all T > 0). Therefore, we can extract from (u% + u%)es0

a subsequence (still denoted by (u% + u%)e>0) such that
(u$ +up)(t,x) = (ua +up)(t, x) for a.e (t,x) e Ry x Q. (68)

At this level, we see that thanks to (18), (19), (62) and (68),

(ugFus) v° — (ugtup)v, (°)* —v* in LY[0,T]|xQ) strong, for all T > 0.

(69)
We can therefore pass to the limit in (12) in order to get identity (17).

But

k) o P e < ([ [\ () sy (o) w2 dadt 12
X " )
x(/OT/Q {\/k(ve)u%Jr\/h(ve)“irdxdt)w

17




< Cste'/? (70)

thanks to (18), (19), (39) and Assumption 1.
Therefore, up to extraction of a subsequence,

kE(ve(t, z)) upz(t, x) — h(ve(t, x)) u5(t,x) — 0 for a.e (t,z) € Ry x Q.

(71)
But
e — R°) (g + uf) — [k(v°) up — h(v") ug]
A k(ve) + h(ve) ’
us, = 1) (Ul ) + [K(v°) ufp = h{v%) u

k(%) + h(v) ’

so that thanks to the convergences (68), (71) [and estimate (32)], formulas
(63) and (64) hold, together with the convergences in (62) for u5 and uj.

This concludes the Proof of Proposition 5.1. [J

In order to get the weak formulation (16), it remains to verify that (u5 +
u%)? converges in L' towards (us +wugp)? (that is, no L' concentration occurs
in the sequence (u5 + u%)?). In order to do so, we shall provide an estimate
of u5 and u% in a slightly better space than L.

6 Proof of Theorem 1.2: non concentration
estimate for (u5 + u%)* and conclusion

We begin with the following Proposition:

Proposition 6.1. We consider a bounded interval 2 C R and coefficients/initial
data satisfying Assumptions 1 and 2. Then, a weak solution (uS,u,v?) to
system (1) — (5) given by Proposition 1.1 satisfies for all T > 0:

T
sup/ / [uy | [log uSy| dwdt < +o0, (72)
e>0 Jo Q

T
sup/ / |u%|? | log uS,| dedt < +oo0. (73)
e>0 Jo Q

Proof of Proposition 6.1: Using a Sobolev inequality (with constant
C(€2)) in dimension 1, we get (for any ¢ > 0)

2
sup i (t0) = (sup 1.2
e



SC’st/ Opr/us (8, 2)|? dz, 74
Q| \ ua(t, @) (74)

so that according to estimate (37),

T
sup/ (sup |uy(t, z)] d:p) dt < 400. (75)
0

e>0 z€Q

Therefore,

T
sup/ / |u, | | log uSy| dadt
e>0 Jo Q

T
<sup [ suplue)l( [ wito) [loge. )l o )
0 Q

e>0 yeQ

T
<sup ([ swluatelar) (s [ juis o)l ogu(s. o] de ).
>0 0 YeQ s€[0,T] JQ

Using (35) and (75) [and doing the same proof for u%] leads to the conclusion
of the Proof of Proposition 6.1. [J

We can now provide the

Conclusion of the Proof of Theorem 1.2: Thanks to the convergence
(62) and estimates (19), (72), (73), we see that (u5, u5, v®) converges (up to
extraction) towards (ua,up,v) for a.e. (t,z) € Ry x Q and in L*([0,T] x
Q) x L*([0,T] x ) x LP([0,T] x Q) for all p € [1,00[ and T > 0.

Moreover estimates (72), (73) ensure that u 4, ug belong to L?(log L)([0, T]x
Q) for all T > 0.

According to Proposition 5.1, the weak formulation (17) is satisfied.

Adding (10) and (11) for ¢ := @4 = ¢p, we end up with the weak
formulation

- / /(ui + u%) Op dxdt — /(qu + upo) (0, x) dz
o Ja 0
—/ /(du ufy + (dy + M o) uy) App dadt
0o Jo

_ / / (= ay (U, + 105y) — by o) (05, + u5,) o dardt. (76)
0 (9]

The first term in this identity becomes — [° [, (ua 4+ up) ¢ in the limit
¢ — 0 while the second term does not depend upon e¢.
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Using (63), (64), we see that [ [i,(dy us+(dy+M a) ug) Ay converges

towards [° [;,(ua + up) <du +Ma %) AW

Recalling (69), we see that [ [, v° (ug+us;) ¢ converges to [~ [, v (ua+
UB) @.
It is also clear that [ [, (u$ + u%) ¢ converges to [~ [, (ua + up) ¢.

Using (72), (73), we see that (u$ + u%)? is equiintegrable for all T' > 0,
so that u5 + u$ converges to ua + up in L*([0,7] x Q) for all T > 0, and
J57 Jo(usy + u5)? ¢ converges to [ [, (ua + up)?® ¢.

All those convergences lead to the weak formulation (16), which concludes
the Proof of Theorem 1.2. [J
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