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INCOMPRESSIBLE LIMIT OF A MECHANICAL MODEL FOR
TISSUE GROWTH WITH NON-OVERLAPPING CONSTRAINT*

SOPHIE HECHT' AND NICOLAS VAUCHELET?

Abstract. A mathematical model for tissue growth is considered. This model describes the
dynamics of the density of cells due to pressure forces and proliferation. It is known that some cell
population models of this kind converge at the incompressible limit towards a Hele-Shaw type free
boundary problem. The novelty of this work is to impose a non-overlapping constraint. This constraint
is important to be satisfied in many applications. One way to guarantee this non-overlapping constraint
is to choose a singular pressure law. The aim of this paper is to prove that, although the pressure law
has a singularity, the incompressible limit leads to the same Hele-Shaw free boundary problem.
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1. Introduction

Mathematical models are now commonly used in the study of growth of cell tissue.
For instance, a wide literature is now available on the study of the tumor growth through
mathematical modeling and numerical simulations [2,3,15,20]. In such models, we may
distinguish two kinds of description: Either they describe the dynamics of cell population
density (see e.g. [7,9]), or they consider the geometric motion of the tissue through a
free boundary problem of Hele-Shaw type (see e.g. [12,17,18,20]). Recently the link
between both descriptions has been investigated from a mathematical point of view
thanks to an incompressible limit [24].

In this paper, we depart from the simplest cell population model as proposed in [8].
In this model the dynamics of the cell density is driven by pressure forces and cell
multiplication. More precisely, let us denote by n(t,z) the cell density depending on
time ¢>0 and position 2 €R?, and by p the mechanical pressure. The mechanical
pressure depends only on the cell density and is given by a state law p=1II(n). Cell
proliferation is modelled by a pressure-limited growth function denoted G. Mechanical
pressure generates cells displacement with a velocity whose field v is computed thanks
to Darcy’s law. After normalizing all coefficients, the model reads

on+V-(nv)=nG(p), on RTxR%
v==Vp,  p=Il(n).
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The choice II(n) = ﬁn”il has been taken in [24-26]. This choice allows one to recover
the well-known porous medium equation for which a lot of nice mathematical properties
are now well established (see e.g. [28]). The incompressible limit is then obtained by
letting v going to +o0.

However, this state law does not prevent cells to overlap. In fact, it is not possible
with this choice to avoid the cell density to take value above 1 (which corresponds here
to the maximal packing density after normalization). A convenient way to avoid cells
overlapping is to consider a pressure law which becomes singular when the cell density
approaches 1. This type of singularity is encountered, for instance, in the kinetic theory
of dense gases where the interaction between molecules is strongly repulsive at very
short distance [10]. Similar singular pressure laws have also been considered in [13, 14]
to model collective motion, in [5,6] to model the traffic flow, and in [23] to model crowd
motion (see also the review article [21]). Then, in order to fit this non-overlapping
constraint, we consider the following simple model of pressure law given by

Finally, the model under study in this paper reads, for € >0,

8tne_v'(nevpe):neG(ps)a (11)
Te
pe=Pln) =i (12)

This system is complemented by an initial data denoted ni"*. The aim of this paper is
to investigate the incompressible limit of this model, which consists in letting € going
to 0 in the latter system.

At this stage, it is of great importance to observe that from equation (1.1), we may

deduce an equation for the pressure by simply multiplying equation (1.1) by P’(n.) and

using the relation n.= <~ from equation (1.2),
p? o P
Ope = (7= +0e) Ape = [VPe[” = (7= +pe) G (e).- (1.3)

Formally, we deduce from equation (1.3) that when e — 0, we expect to have the relation

—ppApo=psG(po)- (1.4)

Moreover, passing formally to the limit into equation (1.2), it appears clearly that
(1—ng)po=0. We deduce from this relation that if we introduce the set Qg (t) = {po >0},
then we obtain a free boundary problem of Hele-Shaw type: On Qg(t), we have np=1
and —Apy=G(po), whereas po=0 on R?\Qq(t). Thus although the pressure law is
different, we expect to recover the same free boundary Hele-Shaw model as in [24].
The incompressible limit of the above cell mechanical model for tumor growth with
a pressure law given by II(n) = ﬁn”‘l has been investigated in [24] and in [25] when
taking into account active motion of cells. In [26], the case with viscosity, where Darcy’s
law is replaced by Brinkman’s law, is studied. We mention also the recent works [19,22]
where the incompressible limit with more general assumptions on the initial data has
been investigated. However, in all these mentioned works the pressure law does not
prevent the overlapping of cells. To our knowledge, this work is the first attempt to
extend the previous result with this constraint, i.e. with a singular pressure law as
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given by equation (1.2). We mention however that in the case without growth term, the
possibility of approximating the Hele-Shaw graph with functions different from power
law has been investigated for instance in [4, 16].

The outline of the paper is the following. In the next section we give the statement
of the main result in Theorem 2.1, which is the convergence when e goes to 0 of the
mechanical model (1.1)—(1.2) towards the Hele-Shaw free boundary system. The rest
of the paper is devoted to the proof of this result. First, in Section 3 we establish some
a priori estimates allowing one to obtain space compactness. Then, Section 4 is devoted
to the study of the time compactness. Thanks to compactness results, we can pass to
the limit € — 0 in system (1.1)—(1.2) in Section 5, up to the extraction of a subsequence.
Finally the proof of the complementary relation (1.4) is performed in Section 6.

2. Main result

The aim of this paper is to establish the incompressible limit € —0 of the cell
mechanical model with non-overlapping constraint (1.1)—(1.2). Before stating our main
result, we list the set of assumptions that we use on the growth fonction and on the
initial data. For the growth function, we assume

3G >0, ||Glloc <G,
G'<0, and Fy>0, [511;H]|G/‘:% (2.1)

M

APy >0, G(PM):O

The quantity Pys, for which the growth stops, is commonly called the homeostatic
pressure [27]. This set of assumptions on the growth function is quite similar to the
one in [24], except for the bound on the growth term which is needed here due to the
singularity in the pressure law.

For the initial data, we assume that there exists €y >0 such that for all e € (0,¢),

int

o i i
Oﬁnima pznl'*ee_‘_nim’ <Py,
02,0 ey <C, - i=1,....d, (2.2)

Ing" e LL(RY), [[nZ" —nf"|| 11 (ray —0 as €0,

ni_
3K CRY, K compact, Vee(0,e), supp n'™ C K.

Notice that this set of assumptions implies that n‘" is uniformly bounded in W11 (R9).
We are now in position to state our main result.

THEOREM 2.1.  Let T>0, Qr=(0,T) xR Let G and (n™) satisfy assumptions
(2.1) and (2.2) respectively. After extraction of subsequences, both the density n. and
the pressure p. converge strongly in L*(Qr) as e—0 to a limit ng € C([0,T); L (R%))N

BV (Qr) and po€ BV(Q7)NL2([0,T); H'(R?)), which satisfy

dno —Apo=n9oG(po), in D'(Qr), (2.4)
and
8tn0—V(n0Vp0):n0G(po), mn D/(QT) (25)

Moreover, we have the relation

(1=n0)po =0, (2.6)
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and the complementary relation

Po(Apo+G(po)) =0, in D'(Qr). (2.7)

This result extends the one in [24] to singular pressure laws with non-overlapping
constraint. We notice that we recover the same limit model whose uniqueness has
already been stated in [24, Theorem 2.4].

Although our proof follows the idea in [24], several technical difficulties must be
overcome due to the singularity of the pressure law. Indeed, we first recall that with
the choice H(n):ﬁrﬂ’l, equation (1.1) may be rewritten as the porous medium
equation dyn+ AnY =nG(II(n)). A lot of estimates are known and well established for
this equation (see [28]), in particular a semiconvexity estimate is used in [24] which
allows to obtain estimate on the time derivative and thus compactness. With our choice
of pressure law, equation (1.1) should be considered as a fast diffusion equation at the
level 1. Thus we have first to state a comparison principle to obtain a priori estimates
(see Lemma 3.2). Unlike in [24], we may not use a semiconvexity estimate to obtain an
estimate on the time derivative. To do so, we use regularizing effects (see Section 4).
Then the convergence proof has to be adapted for these new estimates.

Fic. 2.1. Comparison between numerical solutions computed with two different pressure laws.
The solid line corresponds to the cell density n solving equation (1.1), the dashed line corresponds to

the constant value 1. For the two simulations the initial condition is n'™ (x) =0.7¢=*". On the left,
the pressure law is p= P(n)=0.57"-. On the right, the pressure law is p=1I(n)= ﬁn” with v=20.

Finally, we illustrate the comparison between the two pressure laws P and II by
a numerical simulation. We display in Figure 2.1 the density computed thanks to a
discretization with an upwind scheme of equation (1.1). In Figure 2.1-left, the pressure
law is p= P(n) = 7™~ as in equation (1.2) with e=0.5. In Figure 2.1-right, the pressure
law is p=TI(n) = ﬁn'y with y=20. We take G(p)=10(10—p), as growth function
(which satisfies obviously assumption (2.1) with Py, =10). The dashed lines in these
plots correspond to the constant value 1. As expected, we observe that the density n
is bounded by 1 in the case of the pressure law P whereas it takes values greater than
1 for the pressure law II. This observation illustrates the fact that the choice of the

pressure law IT does not prevent from overlapping.
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3. A priori estimates

3.1. Nonnegativity principle. The following lemma establishes the nonnega-
tivity of the density.
LEMMA 3.1.  Let (ne,pe) be a solution to equation (1.1) such that ni™ >0 and |G||s <
G <00. Then, for all t>0, n.(t) >0.

Proof. We have the equation

One —V - (nVpe) =nG(pe).

We use the Stampacchia method. We multiply by 1, -0, then using the notation
|n|- =max(0,—n) for the negative part, we get

d
%|n6|— _v'(|ne|—vpe): ‘ne|—G(pe)'

We integrate in space, using assumption (2.1), we deduce

i/ |n6\,dm§/ |n5\,G(pE)dx§Gm/ |ne|—de.
dt Rd Rd Rd

So, after a time integration,

/|n6|,dx§eG"‘t/ |n™|_ d.
R R4

With the initial condition ni** >0, we deduce n. > 0. O

3.2. A priori estimates. In order to use compactness results, we need first to
find a priori estimates on the pressure and the density. We first observe that we may
rewrite system (1.1) as, by using equation (1.2),

One — AH(ne) =n.G(P(n)), (3.1)

with H(n)= ;' uP'(u)du=P(n)—eln(P(n)+e¢)+elne.

LEMMA 3.2. Let us assume that conditions (2.1) and (2.2) hold. Let (ne,p.) be
a solution to system (3.1)—(1.2). Then, for all T >0, we have the uniform bounds in
e€(0,€e0),

0<n. € L>([0,T);L* N L= (R));

Pu_ g

0<pe < Py, 0<n< <
M€

More generally, we have the comparison principle: If n., m. are respectively sub-
solution and supersolution to equation (3.1), with initial data ni™, mi™ as in condition
(2.2) and satisfying ni™ <mi"¢, then for all t>0, n(t) <m.(t).

Finally, we have that (n¢). is uniformly bounded in L°([0,T],WY(R%)) and (pc)e
is uniformly bounded in L*([0,T],W1(R%)).

Proof. Comparison principle. Let n. be a subsolution and m. a supersolution
of equation (3.1). We have

Ot(ne—me) —A(H(ne)— H(me)) <nG(P(n¢)) —mG(P(m,)).
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Notice that, since the function H is nondecreasing, the sign of n.—m. is the same as
the sign of H(n.)— H(m.). Moreover,

Af(y)=f"W)IVyl*+ f'(y) Ay,

so for y=H(n¢)— H(m) and f(y)=y4+ the positive part, the so-called Kato inequality
reads Af(y) > f'(y)Ay. Thus multiplying the latter equation by 1, _,, >0, we obtain

AtIne —mels — AlH (ne) — H(me)|+ <[ne —me|+ G(P(ne))
+me(G(P(ne)) —G(P(me))) 1y, —m >0

From Assumption 2.1, we have that G is nonincreasing. Thus, since n— P(n) is in-
creasing, we deduce that the last term of the right-hand side is nonpositive. Since G is
uniformly bounded we obtain

Orlne —me|y — A[H(ne) — H(me) |+ < Ginlne —me| 4.

After an integration over R,

d
—/ |n5—m6\+dx§Gm/ |ne —me|4 dx.
dt Rd ]Rd

Then, integrating in time, we deduce
e —me|y do <efmt | —m|, da
€ €|+ — € e |+ .
Rd Rd

Since we have ni" <m'™ we deduce that for all >0, |ne —m.|+(t) =0.

L*> bounds. We define ny; = j—ng, such that py;=P(ny), then applying the
comparison principle with m. =nys, we deduce, using also the assumption on the initial
data (2.2) that for all 0 <e<ep, n. <mps. Moreover, since 0 is clearly a subsolution to
equation (3.1), we also have by the comparison priniciple n. > 0. Since ny; <1, we have
0<n<ny; <1 which implies

0<pe<Ppy.
L' bound of n,p. By nonnegativity, after a simple integration in space of equation

(1.1), we deduce

d
%”nellLl(Rd) <Gm|nellLr gays (3.2)

where we use condition (2.1). Integrating in time gives the L' bound,

17l L1 (may <elmt nim”Ll(Rd)'

Then, using p. =n.(e+pe) by equation (1.2), we get from the bound p. < Pys, which
has been proved above,

Ipell L1 (ray < (6+PM)/Rd |neldz < CeGthnimHLl(Rd).

Estimates on the = derivative. We derive equation (3.1) with respect to x; for
i=1,....d,

8taxin6 - A(Hl(nﬁ)aiz nC) = 8501 nEG(pG) + nEG/(pE)aIiPE'
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Multiplying by sign(0s,n.), we get
O] 0, 1e| — A(Op, H(n))sign(0p,nc) = [0n,ne|G (pe) + nEG/(p€>awip€Sign(a$ine)'

We can remark that sign(d,,ne) =sign(dy, H(n.)), so, by the same token as above, we
have

A0z, H(ne))sign(0r,me) > A(|0x, H (ne)])-

Moreover, sign(9,,ne) =sign(dy, pe ), thus 9, pesign (0, ne) = |0x, pe|. By Assumption 2.1,
we know that

G'(p.) < - <0,
and we deduce that
040, me| — A(|0z, H(ne)|) < [0r,1¢| Gy — Y1 | O, e -

After an integration in time and space,

t
”a:cine”Ll(Rd)+7/ /dne‘axidedeSeGmt”&EinénlnLl(Rd). (33)
0 JR

This latter inequality provides us with a uniform bound on the space derivative of
ne in L'. Then

€
z; Pe = v De|dx = 5|0z ne|d.
ol = | Onpdda= [ = sionnidda

We split the integral in two: Either n. <1/2 and then ﬁ <Cjorn.>1/2.

100.pell oty <C |@mwm+/ 1B, peld
ne<1/2 ne>1/2

1
<c |8min6\dm+2/ E

ne<1/2 ne>1/2 2

gCeG""t/ |3minim|dx—|—2/ Ne| g, Pe|dz,
Rd ne>1/2

where we have used the estimate (3.3) for the last inequality. Then, integrating in time,
we deduce, using again the estimate (3.3)

||a$7p€ HLl(QT) < CleGmT||a$inini ||L1(]Rd) .

This concludes the proof. 0

3.3. Compact support. The following lemma proves that assuming that the
initial data is compactly supported, then the pressure is compactly supported for any
time with a control of the growth of the support.

LeEmMA 3.3 (Finite speed of propagation).  Under the same assumptions as in Theorem
2.1, we have that supp p. C B(0,R(t)) with R(t) <2,/C(T +t), where B(0,R(t)) is the
ball of center 0 and radius R(t).
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Proof. Using the equation on p. (1.3),

p? 2 P2 p?
atpef(f+pe)Apef|vpe‘ :(f+pE)G(pe)§Gm(f+pe)

Let us introduce for C'>0,

p(t) = (C_ 4(|;+2t)>+’

with 0= ﬁ. Then p is compactly supported in B(0,Ry(t)) with Ry(t) =2,/C(0+1).
We have
- \$|2 <12 |x|2
Ohp=——-1 =——1
D 203 1)2 ISR |Vl (04 1)2 el Ra(e)

and

d
Ap=———7, f t).
P=— gy o ol <Fo(t)

Then, for all t€0,6],

=9 =9 =9
U _ O Za d
8tp—(?+p)Ap—IVPIQ—Gm(?er):(?er)(((”t)

—Gm)>0. (3.4

In other words, p is a supersolution for the equation for the pressure. Let us show that

it implies that p <p. We define n= efﬁ =N(p). We know that

N'() = (64-615)2 >0.

Then, on the one hand, multiplying equation (3.4) with by N'(p) we get

Bt — V. (AVP) — Gt > 0.
On the other hand, from equation (1.1),

One —V.(nVpe) <Gpne.
By the comparison principle (see Lemma 3.2), we have

nim <A = n, <h.
Thus, for all ¢t €0,6],
p" <p(t=0)=pe <p.

and pe_(t_) is compactly supported in B(0, Ry(t)) provided we choose C large enough such
that p™(z) <p(t=0,z), which can be done thanks to our assumption on the initial data
(2.2).

Since p. is uniformly bounded in L°°, we may iterate the process on [0,26]. After
several iterations, we reach the time T and prove the result on [0,7]. |
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3.4. L? estimate for Vp. In the following Lemma, we state a uniform L2
estimate on the gradient of the pressure.

LEMMA 3.4 (L? estimate for Vp).  Under the same assumptions as in Theorem 2.1,
we have a uniform bound on Vpe in L*(Qr).

Proof.  For a given function 1 we have, multiplying equation (1.1) by 9 (n.),

3tne¢(”s) —V(n.Vp)(ne) = nsG(pe)w(ne)'
Let ¥ be an antiderivative of ¥, we have thanks to an integration by parts

d

 wngydet / n Ve Vpa (n,)da = / n.G(pJ(n) da.
dt Jgra R4 R

We choose 9 such as n.Vne-Vp)' (ne) =|Vpe|?, i.e. ny'(n.)=p'(ne). After straight-
forward computations, we find ¥(n)=¢(In(n) —In(1 —n)+ ) and ¥(n)=en(In(n) —
In(1—mn)). It gives

1
In(n.)—In(1—n¢)+ . dz.

—TNe

eneln( i
1

)d:c+/ |Vp€|2d:c§Gm/ €Ne
€ Rd R4

dt Jpa

We integrate in time, using also the expression of p. in equation (1.2),

ing T
/ €N 1n( )dx / enimln< De_ ,>dx+/ |Vp.|? dzdt
€ Rd 1—’1’L7énZ 0 Rd
<Gm/ / €N 1n >‘+p5) dx.
Rd

Then, to have a bound on the L?-norm of Vp,, it suffices to prove a uniform control on
Jga€ne/In(Ee)|dz. We have

/en€|ln(&)|dx§/ ene|1np€|dz+eln(e)/ nedx.
Rd € R4 R4

The second term of the right hand side is small when e is small thanks to the L! bound
on ne, thus it is uniformly bounded. Using the expression of p. in equation (1.2), we
get

/en€|ln( )|dz</ (1 —ne)pe|lnpe|dz+C.
R4 d

Then, since 0 <p. < Py; and since z+— z|Inz| is uniformly bounded on [0, Py], we get

/(1fne)pe|ln(p€)|dx§C/ 1, >odz.
R4 Rd

We conclude thanks to Lemma 3.3, which provides a uniform control on the support of
DPe.- a0

4. Regularizing effect and time compactness

As already noticed in [24,25], regularizing effects, similar to the ones observed for
the porous medium type equations without source terms equation [1,11], allow one to
deduce estimates on the time derivatives.
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LEMMA 4.1.  Under the assumptions (2.1) and (2.2), the weak solution (py,pi) satisfies
the estimates

8tp52_%7 atnez_'i:f’

for a large enough (independent of €) constant k.

Proof. Let us denote we =Ap,+G(p.), the equation on the pressure (1.3) reads

2
N e (@)

The proof is divided into several steps. We first find a lower bound for w, by using the
comparison principle. Then we deduce estimates on the density and on the pressure.

First step. Thanks to equation (4.1), we deduce an equation satisfied by w,.. On
the one hand, by multiplying equation (4.1) by G'(p.), we deduce, since G is decreasing
from condition (2.1), that

2:G(pe) > G’(pe)(pe +pe)we+2VG(pe) - Vpe. (4.2)

On the other hand, we have

2 2

0usp=dw (P +p) +29 (2 +p0) Vwe+weA<p E

+pe)
d
+2Vpe V(AP ) +2 D (9,0, pe)?
',j |
p2
ZAU}E( +pe)+2v( +pe) V’we"‘weA(f +pe)

+2va-V(APE)+ Ape) .

3(
Thus, with inequality (4.2), we deduce that w. = Ap. + G(p.) satisfies

2 2 2p6 2 2
Orw. ZAwe( +p5)+2V( +p5) Vwe +we (Ape( c +1)+E|Vpe|
2 2
+ (f —i—pe)G'(pE)) +2Vp.-Vw,+ g(ApE)z.
By definition of w,, we have (Ap.)? > w? —2G(pe)we. Thus we deduce that
Opwe > F(we), (4.3)
where we have used the notation
pe 2 2 2p€ 2
F(w): Aw( +pJ+2V( —%%%)Vw%~4Vm|w+— (6 +1+g)
2 € 4 pe !
—w(G(pex 140 - (B 4p)c (). (4.4)

Following an idea of [11] which has been generalized in [25], we introduce the func-
tion

W@mszm?@L (4.5)
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where the function h will be defined later such that W is a subsolution for inequality
(4.3). We compute

w2 B K (pe)
h(pe) t

/ . / . 1Y .
h (ZD )vPea AW:7@A1%7#|VP€|2'

oW =

6tp€7

VW =—

Using again equation (4.1), we have

W2 h/ . g h/ . z h/ .
(pe) (p? +pe)Ape — ﬂ(% +pe)G(pe) — glvpeﬁ

atW:

hipe) ¢t t
s B paw 0 g p 24 P,
e 6. (1.

By definition of F(W) in (4.4), we deduce with equation (4.6),

Kip) | 20pd g,

8JV:fGV%HK%AJMVMF

1 2p. 2\ W'(p. : W (pe
o _1_1_7)+ﬂ|vp5\2<?+ps>—¥|vm2

h(pe) € d t
B h’(tpe) (§ +p€)G(pE)+W<G(pE)(2pE +1+ 3) ( ; +pe)G’(pe)>-

We may rearrange it into

atW:]:(W)+W2( 1 7%7172)+ |Vpe|2 ((h(p )(pe +pe))//+h'(p€)>

t
W (pe) (pf

2) (P )G+ W (Glp) (2 :

D= p)@ ). (47)

Let us choose

KRE
p+e

h(p)=

where k>0 is chosen large enough (independent of €) such that

1 _pe+€ 2pe

= 142
h(pe) KeE € + + d
Thanks to this choice, we have
p " ’ RE
h(pe <+ € +h'(pe) =— <0,
(P +pe))” + 1 (pe) == 3
and
' DPe Pg Pe
M) ey g~k
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Finally, we obtain from equation (4.7)

4 g
oW < FW)+W (Gp) (= +1+2) = (B 4p)& (0)) <F W),
where we use the fact that by definition (4.5) we have W <0 (recalling also that G is
decreasing by assumption (2.1)).

Thus, by the sub- and super-solution technique, we deduce, using also inequality
(4.3) that

K€

we>W=———.
t(peJFE)

(4.9)

Second step. Using again equation (4.1), we get from equation (4.9)

2

K
atpe Z (% +p5)W - Pe

t )

which is the first inequality of Lemma 4.1. Finally, by definition (1.2), we have also

__ _DPe
Ne= . Thus

Kepe  kne(l—ne)

€
Ome = —_Op. > — - :
e et 2 = Tt pt o2 t

where we use the definition (1.2) for the last identity. We conclude easily the proof. 0O

Thanks to this latter Lemma, we may deduce uniform estimates on the time deriva-
tive of n and p..

LEMMA 4.2.  For any 7>0, we have that Oin. is uniformly bounded in L>([1,T];
LY(RY)) and O;p. is uniformly bounded in L*([7,T] x R?).

Proof.  We use the equality |0;n.|=0in.+2|0ne|—, where we recall that |-|_
denotes the negative part. Thus

d
One =— cdr+2 Ogne|—d
ol s =5 [ nedo 2 [ ol da

2K
< (Gt ) el ey,

where we have used equation (3.2) to bound the first term and Lemma 4.1 for the second
term. By the same token, we have

T d T
= — 2 _
10pe |l L1 (1,77 xR /T pr /deeder /T /Rd|5tpe| du

Spe(T)ll ey + 1Pell Lo (77110 () 26 (T 7).

We conclude the proof thanks to the estimates on n. and p. in L'N L% obtained in
Lemma 3.2. O

5. Convergence

This section is devoted to the proof of Theorem 2.1 apart from the complementary
relation (2.7) which is postponed to the next section.

Since the sequences (n¢)e and (pe)e are bounded in VVl{)Cl(QT), due to Lemma 3.2
and inequality (4.2), we may apply the Helly theorem and recover strong convergence in
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L}, .(Qr), up to an extraction. If we want to extend this local convergence to a global
convergence in L'(Qr) we need to prove that we can control the mass in an initial strip
and in the tail. Indeed, let €,¢/ >0, R>0, 7>0

T
||”e*”e’HL1(QT):/ / [ne(t, ) —ne (t,x)|dodt
0 JRre

T
§/ / [ne(t,x) —ne (t,2) |dedt
T B(0,R)

T

+ / / e (t,2) — nos (t,2) | dadt
r JRN\B(O,R)

—|—/ [ne(t,z) —ne (t,z)|dedt.
0 R4

. . 1
Since we have strong convergence of n. in L;,.(Qr),

T
/ / Ine(t,2) — n (t,2) | dzdt — 0.
+ JB(O,R) €0

Then we have to control the two other terms in the right hand side.
The control of the initial strip comes from the L! estimate of n,

[ [ inetta)=nettaldode< [ (Il + ot w )dt =0
0 Rd 0 T—0

For the control of the tail we consider ¢ € C>°(R) such that 0<¢ <1, ¢(z)=0 for
|| <R—1 and ¢(z)=1 for |z| > R. We define ¢r(z)=¢(z/R). Then

T T
/ / |n5(t,m)—n€/(t,x)|dxdt§/ / [ne(t,z) —ne (t,2)|prdadt
r JRA\B(O,R) = JRA\B(O,R)

T
<[ [ lew)snota)onds,
r JRUO\B(O,R)

where the notation C stand for a generic nonnegative constant. Moreover, using equa-
tion (3.1), we deduce

G | nondo= [ H@)Aérdz+ [ nGlp)onds
dt Jra Rd Rd
§CR*2|\A¢HLOO+Gm/ nedrde.
Rd
Then, integrating on [0,7], we get

OS/ neppdr <eCmT </ nimd)R—l—CRQT)
R4 R4
SeGmT <||nzen7, _niniHLl(Rd) +/ ni”i¢Rdx+CR2T> )
Rd

By assumption (2.2), since the initial data is uniformly compactly supported, we deduce
that the right hand side tends to 0 as R goes to +o0c and ¢ goes to 0. Then (n.). is a
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Cauchy sequence in L!'(Qr). It implies its convergence in L!'(Qr). The convergence of
the pressure follows from the same kind of computation. The only difference is for the
control of the tail and which is directly given by the estimate

OS/ pebede(EJrPM)/ neprdr.
Rd R

a
Therefore, we can extract subsequences and pass to the limit in the equation
(1—ne)pe =en,
which implies
(1—ng)po=0.

This is the relation (2.6). We can also pass to the limit in the uniform estimate of
Lemma 3.2 which provides inequality (2.3) and ng,po € BV (Qr).

Limit model.  We first recall that from equation (3.1), we have
One — A(pe —eln(pe +€)) =neG(pe).
We get,
elne<eln(p.+e¢) <eln(Pps +e¢).

Thus, the term in the Laplacian converges strongly to py as € goes to 0. Then, thanks to
the strong convergence of n. and p., we deduce that in the sense of distribution (ng,po)
satisfies equation (2.4). Moreover, due to the uniform estimate on Vp in L?(Qr) of
Lemma 3.4, we can show, by passing into the limit in a product of a weak-strong
convergence, that in the sense of distribution (ng,pg) satisfies equation (2.5).

Time continuity. Let us define 0<t; <to <T, n>0. For a given R>0, we
consider a smooth function (g on R? such that 0<(r <1, Cg(z)=1 for |z| < R—1 and
Cr(z)=0 for |z| > R. We have

/Rd|n0(t2)—no(t1)|d:c:/Rd|n0(t2)—n0(t1)|(Rdfc+/Rd|n0(t2)—n0(t1)|(1—CR)d$.
We have
[ Inafta)=not)|(1=Ca)dn < [ nolt2)(1~Crldot [ mo(t2)(1 - Cu)da
Rd Rd R

with 1 —(g a function which is zero on B(0,R—1). Thus, as for the control of the tail,
for R large enough, we have, uniformly for 0 <ty <to <T,

/Rd [no(te) —no(t1)|(1—Cr)dz <n.

SO

In addition, we know from Lemma 4.1 (and the L bound on ng) that dyng > —%,

d1(no+Cln(t)) >0. Then, since t1 <t,

/|n0(t2)—n0(t1)|CRdx§/ (no(t2)+Cln(t2)—(no(t1)+Cln(t1)))CRdac
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+/ C’(ln(tg)—ln(tl))(Rdz
Rd

to
§/ Ot (no+Cn(t))(rdadt+ | C(In(tz)—In(ty))(rdx.
t; JRd R4
Then, using equation (2.4) and an integration by parts, we obtain
to
[ Inalte) ~mo(tn)icado< [ [ (poAatnaGlrn)Ce) dude
R4 t1 R4
+2/ C(In(t2) —In(t1))Crdx
Rd
<Ot~ 0) (1Al +1)+2C(nt2) ~1n(0)) [ G
R
Then we can choose (t1,t2) close enough such that
[ Inolta) = na(t)|¢rdo <,
R

We conclude that ng € C((0,T), L' (R?)).

Initial trace.  For any test function 0 <((z) <1, we have from equation (3.1),
t
/ ne(t)Cdx—/ nimﬁdxz/ (AH(ne¢)+neG(pe))Cdads
R R 0 JRd
t
~ [ [ m)actn G drds.
0 JRre

Letting € going to 0, we obtain with condition (2.2),

/Rdno(t)Cd:c—/R g ¢de = // (poAC +noG(po)¢) dads.

Letting t— 0 we can conclude that ng(0) =ni.

6. Complementary relation
In this section we prove the complementary relation

Pg(APo-FG(Po)):O-

In the weak sense, this identity reads, for any test function ¢,
// (—20p0|Vpo|* = p§Vpo - Vo +dpiG (o)) ddt =0. (6.1)
T

The proof is divided into two steps.

First step. In this first step we prove the inequality >0 in equation (6.1). We start
with the pressure equation (1.3) that we multiply by e

€0ipe — pe(e+pe) Ape — €| Vpe|> = pe(e+p) G (pe)-
We multiply by a test function ¢ € D((0,T) x R?) and integrate,

// 2(Ape +G(pe)) dudi = / (Ope —|Vpe2 = pe( Ape +Clp.)) dadt
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:6// i (¢atpe +Pe Ve V(b—gbpsG(pe)) dzdt,

where we use an integration by parts for the last identity. From the estimates in Lemma
3.2, we have

e//QT (¢3tpe +PeVpe - Vgi)—gi)pEG(ps)) dxdt‘

<e(llllz=l10pellz(@r) + VOl e Par [VPell Lt (@r) + ISl 2 G IPell 1 ()

—0.
e—0

We deduce that for any test function ¢ € D((0,T) x R%),
| (-260090.F ~ 29p.V 0+ 092 G(p.) dndt 0. (6.2)

Since we have strong convergence of (p.). and weak convergence of (Vp.)., we can pass
into the limit in the last two terms in expression (6.2),

// (—p?VpeV¢+¢pr(pe))dwdtﬂ//@ (=pdVpoVo+opiG(po)) dadt.

Now we are looking for the limit of the first term in expression (6.2). We have p.|Vp.|? =
%|Vp§/2|2. By weak convergence of fo/2 :pi/QVp6 and with Jensen’s inequality (since

r+— 22 is convex),
liminf // ope|Vpe|2dadt < // oV 2|2 dudt.
e—0 Q Q
T T

Thus, we conclude from the limit (6.2) that
0< // (—2¢po|Vpo|* —pgVpo Vo +dpi G(po)) dadt,
T

which is a first inequality for equation (6.1).

Second step. Now we want to show the reverse inequality, i.e.

02// (=26po|Vpo|* = p§Vpo Vo + ¢piG(po)) dadt.

We know that
815”6 - Aqe = neG(p€)7

with g. = pe — eln(p, +¢€). Thanks to the inequality eln(e) <eln(p.+¢) <eln(pps +€), and
the strong convergence p. — pg, we know that g. —py as e — 0. Because

Aq(—; = atne - nsG(pe)a

we deduce from Lemma 3.2 that Aq. € L>°([0,T]; L' (R?)). It gives us compactness in
space but not in time. Thus, following the idea of [24], we use a regularization process
‘a la Steklov’.
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Let introduce a time regularizing kernel w, > 0 such that supp(w,) C R_. Then with
the notations n. y, = wy, *¢ Ne, Ge,y =Wy *¢ ¢, Where the convolution holds only in the time
variable,

atne,n - AQe,'r] = (neG(pe)) *Wn (63)
We denote U, = Agqc ), then

Ue= 6tn6,7] - (nGG(pG)) *Wny
=nexOwy — (NeG(pe)) *wy.

Since n. and n.G(pe) are uniformly bounded in Wh!(Qr) from Lemma 3.2, (Ue), is
bounded in W11 (Qr) and we can extract a converging subsequence, still denoted (Ue)es
converging towards U in L}, .(R?) for n fixed. Moreover

Uo = Apo *wy,.

We multiply equation (6.3) by P'(n.) = =m0 = L(pe+e)?,

(I—n¢)?

Then, passing to the limit ¢ — 0, we obtain, thanks to the above remark

| =

1
atne,n - E(ps +€)2AQE,77 = (pe +€)2(neG(pe)) * Wy

8tne,n mpgApo * Wy +p(2)(n0G(p0)) * W

(1—n)?
So we are left to prove that for any 1 >0, we have
2

. €
151(1) matne’n S 0.

We compute for a fixed n >0,

€ €

W@tne,n(t,x)_/R(l_mw))zame(s,x)wn(ts,gg)ds

- /R m@tnﬁ (s,)wy(t —s,z)ds

€2 €2 C
+/( 1-— ng(t,x)) (1 ne(s, x))Q)(atne(sax)+§)wn(t—s,x)ds

€ wy(t—s,x) <
C/ 1—n.(t,z) (1—n6(3,x))2) s d

=T .+ 1.+ IIIE,

where C' is a constant such that d;n.(s,z)+ % >0.
For the first term we have

/ | I€|dl‘d5§6// |0¢pe(s,2)|wy (t— s,2)dxds
Rd T

<ellwyllLee 10:pell Ly (Qr) < €Cy

—0.
e—0
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For the second term, we have
2

€ _ 02
A—nta)Z _ Pete)

and 0 (pe+¢€)? =2(pe +€)0spe > —CT/. Let 0<£€C(Q) and let 7>0 be the smallest
time in its support. We then have for ¢t > 7
/

8t(p6+6)2(t,ac) > -

So integrating on (t,s) C (7,4+00)

62 62 !

A-no)? OomGapEs 7 e

!
// E < g7]// /(8,5715(3,1)+g)wn(t75,w)dsdxdt§6'4n,
Q T JJeJr T

where we use the bound on 9;n in Lemma 4.2.
For the third term, since s >t >0, for any test function £ as above,

1, =—C [[ € [ (et +2 — (els) + ) 22 =22) g
//Q //Q /IR s
— /Q € [ (e (o) 2 dsaat

Then

e—0
w (t—S,(E) p0(8)2
QC//Qf{pg(t)/R"sds/RSwn(ts,x)ds dxdt
= 00(1).
n—

So for all test functions £ as above, and all 7> 0,

// §(pgAp0*wn+p(2)(noG(po))*wn)dxdtg o (1).

n—0

Now it remains to pass to the limit n—0 in the regularization process. Thanks to an
integration by parts,

OZ// (72§p0Vp0~Vp0*wnfp8V§~Vp0*wnJrfpg(noG(po))*wn)d:z:dt.
T

From the L? estimate on Vpy (Lemma 3.4) and the L' N L estimate on py (Lemma
3.2), we deduce that we can pass to the limit n— 0 and get

02// (—2&po| Vpo|? — pEVE - Vipo +EpgnoGopo) ) dadt.

Finally, from equation (2.6), we have pong=po. It concludes the proof.
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