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Benoit Perthame*$ Alexandre Poulain*#8

August 28, 2019

Abstract

The degenerate Cahn-Hilliard equation is a standard model to describe living tissues. It takes
into account cell populations undergoing short range attraction and long range repulsion effects.
In this framework, we consider the usual Cahn-Hilliard equation with a degenerate double-well
potential and degenerate mobility. These degeneracies induce numerous difficulties, in particuler
for its numerical simulation. To overcome these issues, we propose a relaxation system formed of
two second order equations which can be solved with standard packages. This system is endowed
with an energy and an entropy structure compatible with the limiting equation. Here, we study
the theoretical properties of this system; global existence and convergence of the relaxed system
to the degenerate Cahn-Hilliard equation. We also study the long time asymptotics which interest
relies on the numerous possible steady states with given mass.

2010 Mathematics Subject Classification. 35B40; 35G20 ; 35Q92; 92C10
Keywords and phrases. Degenerate Cahn-Hilliard equation; Relaxation method; Asymptotic analysis;
Living tissues

1 Introduction

The Degenerate Cahn-Hilliard equation (DCH in short) is a standard model, widely used in the me-
chanics of living tissues, |7, 30, 16, 2, 4, 20]. It is usual to set this problem in a smooth bounded
domain Q C R? with the zero flux boundary condition

on=V-(b(n)V (—yAn+¢'(n))) in Qx (0,400), (1)

*Sorbonne Université, CNRS, Université de Paris, Inria, Laboratoire Jacques-Louis Lions, F-75005 Paris, France.

"Email: Benoit.Perthame@sorbonne-universite.fr

{Email: poulain@ljll.math.upme.fr

$The authors have received funding from the European Research Council (ERC) under the European Union’s Horizon
2020 research and innovation programme (grant agreement No 740623)



on _ O(—yAn+¢'(n))
o ov
where v is the outward normal vector to the boundary 0f).
Degeneracies of both the coefficient b(n) and the potential i)(n) make this problem particularly
difficult to solve numerically. Motivated by the use of standard software for elliptic or parabolic

equations, we propose to study the following relaxed degenerate Cahn-Hilliard equation (RDHC in
short)

=0 on 00 x (0,+00), (2)

dm =V - (b(n)V (p+ ¥, (n)))  in Q x (0,400),
—oAp+p=—yAn+ ¢ (n— %w), (3)

supplemented with zero-flux boundary conditions

n—ao 0 "(n
(v - ¥) _ (¢ +81ﬁ+( ) =0 on 9Q x (0, +c0). (4)

Our purpose is to study existence for this system, to prove that as ¢ — 0, the solution of RDCH system
converges to the solution of the DCH equation and study the possible long term limits to steady states.
An alternative form, with change of unknown function ¢ is proposed in section 6 which might be better
adapted for numerical purposes

We make the following assumptions for the different inputs of the system (3). The usual assumption
is that the potential ¢ is concave degenerate near n = 0 (short range attraction) and convex for n not
too small (long range repulsion) with a singularity at n = 1 which represents saturation by one phase.
For these reasons, we call the potential degenerate double-well or single-well and we decompose it in a
convex and a concave part ¥4

B(n) =y (n) + (), AWLn) 0,  ¥(0)=0. (5)
The singularity is contained in the convex part of the potential and we assume that

e €C =00 1)), Wi(l)=oco, $_ €CR), ¢ €Lx(R). (6)
Typical examples of potentials are, for some n* € (0, 1)

2 *
Wy =TT ) = Satnn 4 (1= n) (1 —n) — (n— 212, (7)
1—n 2 2

The first of these two potentials has been described within the context of tumor growth modelling by
Ambrosi and Preziosi [5] and Byrne and Preziosi [10]. Promising results have been obtained in the
work of Agosti et al. [3] in which the Cahn-Hilliard equation featuring the above first potential has
been used to model the interaction between cancer cells from a glioblastoma multiforme and healthy
cells. The second potential is an adaptation of the potential proposed by Cahn and Hilliard in [12] and
the resulting equation has been analyzed by Cherfils et al. [1/] for Neumann and dynamic boundary
conditions.



We also use the degeneracy assumption on b € C1([0,1]; R"),
b(0) =b(1) =0, b(n) >0for 0 <n < 1. (8)

The typical expression in the applications we have in mind is b(n) = n(1 —n)2. Consequently, when
considered as transport equations, both (1) and (3) impose formally the property that 0 < n < 1.
However, we need an additional technical assumption, namely that there is some cancellation at 1 and
one can define

b()¢" () € C([0,1; R). (9)

We implicitely assume (5)—(9) in this paper. Also, we always impose an initial condition satisfying
n’e H'(Q), 0<n’<1 ae inQ. (10)
Thanks to the boundary condition (2), the system conserves the initial mass
/ n(z,t)de = / n®(z)dx =: M, Vt> 0.
Q Q

We denote the flux associated with the RDCH system by

Jo(n, ) = b(n)V (¢ + ¢/ (n)). (11)
The first use of the Cahn-Hilliard equation is to model the spinodal decomposition occurring in
binary materials during a sudden cooling [12, 11]. The bilaplacian —yAZ2n is used to represent surface

tension and the parameter ~ is the square of the width of the diffuse interface between the two phases.
In both equations (1) and (3), n = n(x,t) is a relative quantity: for our biological application this
represents a relative cell density as derived from phase field models [10] and for this reason the property
n € [0,1) is relevant. For instance, the two phases can be the relative density of cancer cells and the
other component represents the extracellular matrix, liquid and other cells. This binary mixture tends
to form aggregates in which the density of one component of the binary mixture is larger than the
other component. The interest of the Cahn-Hilliard equation stems from solutions that reproduce
the formation of such clusters of cells in vivo or on petri dishes. Several variants are also used. A
Cahn-Hilliard-Hele-Shaw model is proposed by Lowengrub et al [27] to describe the avascular, vascular
and metastastic stages of solid tumor growth. They proved the existence and uniqueness of a strong
solution globally for d < 2 and locally for d = 3 as well as the long term convergence to steady state.
The case with a singular potential is treated in [25]. Variants can include the coupling with fluid
equations and chemotaxis, see for instance [17] and the references therein. The case of multiphase
Cahn-Hilliard systems is also very active presently, [9, 13].

The analysis of the long-time behavior of the solution of the Cahn-Hilliard equation has also attracted
much attention since the seminal paper [%|. A precise description of the w-limit set has been obtained
in one dimension for the case of smooth polynomial potential and constant mobility in [29]. In this
work, the effect of the different parameters of the model such as the initial mass, the width of the
diffuse interface are investigated. In fact, the authors show that when = is large, the solution converges
to a constant as t — co. The same happens when the initial mass is large. However when ~ is positive



and small enough, the system admits nontrivial steady-states. For logarithmic potentials and constant
mobility, Abels and Wilke [I| prove that solutions converge to a steady state as time goes to infinity
using the the Lojasiewicz—Simon inequality. Other works have been made on the long term behavior
of the solutions of some Cahn-Hilliard models including a source term [15], with dynamic boundary
conditions [24], coupled with the Navier-Stokes equation [21], for non-local interactions and a reaction
term [20].

Many difficulties, both analytical and numerical, arise in the context of Cahn-Hilliard equation and
its variants. Because of the bilaplacian term, most of the numerical methods require to change the
equation (1) into a system of two coupled equations

{ On =V - (b(n)Vq/)) : (12
v=—yAn+¢'(n).

This system (12) induces difficulties because the second equation contains all the backward diffusion and
without a regularization of the unknown v, this system will lead to an ill-posed problem. However, this
system of equations has been analyzed in the case where the mobility is degenerate and the potential
is a logarithmic double-well functional by Elliott and Garcke [18]. They establish the existence of
weak solutions of this system. Agosti et al [2]| establish the existence of weak solutions when 9 is a
single-well logarithmic potential which is more relevant for biological applications. They also prove
that this system preserves the positivity of the cell density and the weak solutions belong to

n e L®(0,T; H'(Q)) N L0, T; H*(Q)) N H(0,T; (H*(Q))), J e L*((0,T) x Q,R%) VT >0,

Numerical simulations of the DCH system have been also performed in the context of double-well
potentials in [19, 6]. To keep the energy inequality is a major concern in numerical methods and the
survey paper by Shen et al [28] presents a general method applied to the present context.

The motivation behind the relaxation of equation (1) follows the argument above for the writing (12).
We recover the system (3) which is composed of a parabolic transport equation and an elliptic equation
on the new variable by introducing a new variable and regularizing the equation of the unknown v,
using the decomposition of the potential (5) to keep the convex and stable part in the main equation
for n, rejecting the concave and unstable part in the regularized equation. The relaxation parameter
is o and we need to verify that in the limit o — 0 we recover the original DCH equation (12). This is
the main purpose of the present paper. Intending to design a numerical scheme that can approximate
the solutions of the CH equation, we use a slight modification of the RDCH system (3) which is even
more regularized when o > 0. We refer the interested reader to the conclusion of this paper where this
model is described. For the moment, we focus on the RDCH system (3).

Another standard relaxation method for the Cahn-Hilliard equation [22, 23] which, with our nota-
tions, reads

om=V-[bn)V(Ks*n+1'(n))],
with a symmetric smooth kernel K, H Aé. The convergence to the DCH equation is a long standing

open question in the field. Although Very similar in their form, the two relaxation models undergo
different a priori estimates which allow us to study the limit ¢ — 0 for (3).



As a first step towards the existence of solutions of (3), in section 2, we introduce a regularized
problem which is not anymore degenerate. We show energy and entropy estimates from which we
obtain a priori estimates which are used later on. At the end of this section, we prove the existence of
weak solutions of the regularized-relaxed Cahn-Hilliard system. Departing from this existence result,
in section 3, we can pass to the limit in the regularization parameter and show the existence of weak
solutions of the RDCH system. Then, in section 4, we prove the convergence as ¢ — 0 to the full
DHC model. Section 5 is dedicated to the study of the long term convergence of the solutions to
steady-states. We end the paper with some conclusions and perspectives.

2 Regularized problem

2.1 Regularization procedure

In order to prove that the system (3), admits solutions and to precise the functional spaces, we first
define a regularized problem.
We consider a small positive parameter 0 < € < 1 and define the regularized mobility

b(l—¢) forn>1-—g¢,
Bc(n) = < b(e) for n <e, (13)

b(n) otherwise.
Then, there are two positive constants b; and B, such that
b1 < Be(n) < By, VYneR. (14)

To define a regular potential, we smooth out the singularity located at n = 1 which only occurs in
¥4, see (6), and preserve the assmption (9) by setting

P(1—€) forn>1-—c¢,
U e(n) = § 9l (e) for n <e, (15)
Pl (n) otherwise.

then, we set,
Qpe(n) = 1/1+,e(”) +- (n)v

Finally, there is a positive constant D such that
Ye(n) € C*(R,R) and |[¢/(n)| < D, Vn€R. (16)
We can now define the regularized problem

atncr,e =V- [Be(no',ﬁ)v((ptfﬁ + 1/);75(77/0-75))] )
g
_O'ASOJ,G + Yo = _"YAna,e + 1/}/7 (na,e - ;¢U,6)7
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with zero-flux boundary conditions

Onoe = Z00c)  OPoe + Uy (n00))
) ¥ ’ _ g,€ +,€ g,€ o
ey = £y =0 on 09 x (0,+0o0). (18)

It is convenient to define the flux of the regularized system as
Ja,e = Be(no,e)v (SDU,e + w;,g(na,s)) .

2.2 Energy, entropy and a priori estimates

The relaxed and regularized system (17) comes with an energy and an entropy. These provide us with
estimates which are useful to prove the existence of global weak solutions of (17) and their convergence
to the weak solutions of the original DHC equation or to the RDHC as € and/or o — 0.

Being given a smooth enough funtion n(x), we define the energy associated with the regularized
potential 14 . and relaxed system as

y o 9y O 9 o
& = —|V(n—-— — —(n—— 19
en] /Q [w+6(n) + 2‘ (n 7900)’ + 27’900‘ + - (n ,Y(Pcr) ) (19)
where ¢, is obtained from n by solving the elliptic equation in (3), or (17).

Proposition 1 (Energy) Consider a strong solution (ng.c, o) of (17)-(18), then, the energy of the
system E, . satisfies

d

%50,6[7%,6(0] = - /Q BE(”U,E)‘V(‘P@e + w#,e(no—,e))f <0, (20)

As a consequence, we obtain a first a priori estimate

T
Eoelnee(T)] + /0 /Q Be(ng,e)‘V(g@g,E+w;7€(ng,e))|2 < &, [n°]. (21)

Proof. To establish the energy of the regularized system, we begin with multiplying the first equation
of (17) by @o.c + ¥ ((noe). Then, we integrate on the domain Q and use the second boundary
condition (18) to obtain

/Q o + %, (10,0 Oerige = — / BV (9o + 1, (nec))|.

Q

Since Y/ (Ng,e)O¢ng,e = O41h1(nge), to retrieve the energy equality (20) we need to focus on the calcu-
lation of fQ ©g,e0tng.. We write

g g
/ (Pa,eatna,e = / (Pcr,eat [na,e - *(Pa,e] +/ 7|§00,e|2
Q ) v Q27

6



and, using the second equation of (17), we rewrite the first term as

g g g g
/ 90075875[”@6 - 790076] = / [_VA(nU,E - *900,6) + ¢/— (na,e - 7800'76)]8t[n0',6 - *900,5]
Q Y Q Y Y Y

d ¥ o 9 o
= 4 V(o — — Qo —\Noe — “Po,e
% | 3900 = 2o +b- (0 = S0

where we have used the first boundary condition (18).
Altogether, we have recovered the expression (19) and the equality (20).

We can now turn to the entropy inequality. It is classical to define the mapping ¢, : [0, 00) — [0, 00)

e(n) = ¢e(0) = ¢c(0) =0, (22)

which is well defined because B, € C(R,R") from (14). For a nonnegative function n(z), we define
the entropy as

D, [n] :/nge(n(m))da:.

It is useful to keep in mind that, for e = 0, the entropy functional behaves as follows in the biophysical
case b(n) = n(1 — n)?

#(n) =nlog(n), n ~ 07, ¢(n)=—log(l—n), n~1".

Proposition 2 (Entropy) Consider a strong solutions of (17)—(18), then the entropy of the system
satisfies
A (no,e - U@U,e) v <no,e - U@G,e)
Y Y

tt] __ [
dt Q

The equality (23) does not provide us with a direct a priori estimate because of the negative term "

therefore we have to combine it with the entropy idendity and write

dP[no,e(1)] +/ ’A (na,e - USDU»E)
Q Y

dt
< - Hlﬁﬁ Hooga,ﬁ[n?r,e]‘

2
g g
=+ 7|V900,6|2 + wz(na,e - *(Pcr,e)
Y 0

) (10,6) [V

2

(23)

2
g
+ ;IV%,EF + U] (16,6)| Vg

=2



Proof. We compute, using the definition of
[ 2ututnee) = [ omelin.)
= [ 9 (B0 (e + 0 )] 8
- /Q Bolitg. )V ($e + 0 (1)) (1) Vit (24)

= - /Q v(‘Pa,e + w;,e(na,e))vna,e

ag o
_ / V(g = 2 o) + U ) Vol + 2
Q

To rewrite the term fQ Vo,V (nge— %gpg,e), we use the second equation of the regularized system (17)

g g
Poe = _7A <no,e - 7@0,6) + 1/1L (no,e - ;Soa,e)- (25>

Using (25) and the boundary condition (18), we can rewrite the term under consideration as

2
g g
/ SOO',EA (na,e - 900,6) = / - ‘A <ncf,e - WU,E)
Q Y Q Y
o 2
= — / v ‘A <no7e — <pc,,6>
Q Y

o
+ YL (Ng,e = ~Poc)
Y
Injecting this equality into (24), we obtain the idendity (23).

g g
+ ¢/—(n0}€ - 7()00',6)A (na,e - @a,e)
Y Y

g
\Y <ncf,e - Wo,e)
0

2

2.3 Inequalities

From the energy and entropy properties, we can conclude the following a priori bounds, where we
assume that the initial data has finite energy and entropy,

7 / Coe? < Eneln®, V20, (26)
Y Jo

o [T 2
7 / / IV 0el? < Beln®] + T2 6" ooboeln®), YT >0, (27)

Y Jo Jo v

2
% v(na e(t) — (Pa e(t )) < ga,e[no]a vVt >0, (28)

2
nae - ‘Po 6) < @, [ ] + T%H@Z)Zuooga,e[no]v VT >0, (29)
/ / Be(00)|V(@oe + ¥, (10))|* < Eneln®, VYT >0. (30)
0 Q

8



2.4 Existence for the regularized problem

We can now state the existence theorem for the regularized problem (17).

Theorem 3 (Existence for ¢ > 0) Assumingn® € H(Q), there exists a pair of functions (ng.c, Po.c)
such that for all T > 0,

nee € L2(0,T; HY(Q)), dng.c € L2(0,T; (HY(Q))),
Poc € L*(0,T; H'(Q)) N L(0,T; L*(9)),

which satisfies the Regularized-Relaxed Degenerate Cahn-Hilliard equation (17), (18) in the following
weak sense, for all test function x € L*(0,T; H*(R)), it holds

T
/ < X,0m > = Be(no,e)V (Po,c + ¥y (nge)) Vi,
0 o (31)
o
g V‘Pa,evX + / PLoeX =7 Vna,eVX + 1//7 (na,e - 7SDU,€)X‘
Qr Qr Qr Qrp Y
Proof. We adapt the proof of the theorems 2 and 3 in [18] where the authors prove the existence of

solutions of the Cahn-Hilliard system with positive mobilities. Since the regularized mobility here is
positive due to (14), we can apply the same theorem. To simplify this part, let us drop the notation e
and o. The proof of existence follows the following different stages

Step 1. Galerkin approximation. Firstly, we make an approximation of the regularized problem (17).
Let us define the family of basis functions {¢; };cn, the eigenfunctions of the Laplace operator subjected
to zero Neumann boundary conditions.

_A¢z = )‘Z¢Z in © with V¢z =0 on 0f2.

¢ are orthogonal functions for the H'(Q2) and L?(f2) scalar products and we normalize them, i.e.
(i, D7) 12(Q) = 0ij to obtain an orthonormal basis. We assume without loss of generality that the first
eigenvalue \; = 0.

We consider the following discretization of (17)

nN(t,z) =

M-

I
—

N
(i), PN (tx) =D dN(t)ei(x), (32)
=1

1

/Q&gnN@ =—
/ngNqu

nN(0,z) =

B(n™V (o™ + 4/, (")) V¢;, for j=1,..,N, (33)

Il
)

io\b\

v (nN - isoN> Vo, + [0 = TNy, forj= 1N (3)

M-

(7107 ¢z’)L2(Q) ®;- (35)
1

1



This gives the following initial value problem for a system of ordinary differential equations, for all
j=1,..,N,

N

N N N
dic} = —Zd{f/ B(Z N ¢i)VorVe; — Zciv/(BWr)(z N o)) VorVe;, (36)
k=1 2 = k=1 79 i=1

=

ag
dY =Aje) —oNjdj + /Ql//—(z o — ;dév)%', (37)
k=1

CjV(O) = (n(), ¢Z)L2(Q) . (38>

Since the right-hand side of equation (36) depends continuously on the coefficients cj-v , the initial value
problem has a local solution.

Step 2. Energy estimate. To prove the existence of global solutions, we need to define an energy F(t)
and entropy ®(t) from the semi-discrete system (32)—(35). They simply are the semi-discrete versions
of the energy and entropy defined by (19) and (23). Therefore, we have

B(0) = [ b10) + LV = L)+ TV v = D),

d

ZE(M) =~ /Q B(n™) |V (o™ + ¢y (n™))]"

From which we can gather the following energy inequality

T
E(T) + B(n™)| V(N + ¢, (nV))]* < B(0). (39)
0 Q

Where E(0) is integrable due to the assumptions (16). And we compute the semi-discrete entropy

do(t) v o N\ Lo Ne N T N v o N\
Z—/A nt =t )+ Ve Tyl (nT = —T) IV 0T = e
dt Q gl gl gl gl
+ ¢ (n™)|VnV]2,
Form this, we can obtain the following entropy inequality
dd(t o 2 5 2
T [Na (= ZeY)| + DB e | < 2 ), a0
dt " gl v v

And we assume that the semi-discrete entropy has a finite initial data.

10



Step 3. Inequalities. From (39) and (40), we obtain the following inequalities

Y N 9 Ny2
7 [V - ZeME<c (41)
9 N2 g g N2 z 7
= [lee<e. 2[00 <80 + T2 | EO) (42)
T 2
/ / AN = ZoM)| < @(0) + T2 (|9 | E(0), (43)
0 JQ v Y
T
0 /QB(nN)W(@Nw;(nN))\zSE(O). (44)

Which holds for small positive values of v, and also for all finite time 7" > 0. Therefore, from these
inequalities we can extract subsequences of (n®, V) such that the following convergences hold for any
time 7" > 0 and small positive values of 7, 0. First, from (42), we deduce

o — ¢ weakly in L?(0,T; H'(Q)). (45)
Using (41), the Poincaré inequality and the convergence (45), we have
n — n weakly in L(0,T; H'(Q)). (46)

This result implies that the coefficients cé-v are bounded and a global solution to (36)-(38) exists.

To be able to prove some strong convergence in L2(0,7T; L?(€2)), we need an information about the
temporal derivative d;n’V. From the first equation of the system, if we denote the projection of L2(f2)
on the space generated by span{¢y, ..., ¢ }, we have for all test function ¢ € L2(0,T; H'(2))

/ 8tnNHN¢‘
Qp

/Q b(n™M)V (N + w;(nN))VHNqb‘

6t7”LN¢‘ =
Qr

< (31 /Q ) b(n™) |V (o™ +w’+(nN>>\2>2 ( /Q ) rVHN¢|2)2
< ClIVel|L2(04)-

Form which we can obtain
oY — dyn weakly in L*(0,T; (H*())). (47)
From (46) and (47) and using the Lions-Aubin Lemma, we obtain the strong convergence

n™ — n strongly in L?(0,T; L*(Q)).

Step 4. Limiting equation. From the above weak and strong convergences we can pass to the limit in
the system to obtain the limiting system (31).

11



3 Existence: convergence as ¢ — (

The next step is to prove existence of global weak solutions for the RDCH system (3) by letting e
vanish. We establish the following

Theorem 4 (Existence for o > 0, ¢ = 0) Assuming an initial condition n® € H'(Q), 0 < n® < 1,
there exists a pair of functions (ng, ¢y), such that

ne € L*(0,T; H(Q)), e € L*(0,T; (H'())). (48)
0, € L?(0,T; HY(Q)) N L>®(0,T; L*(Q)), (49)
0<ns <1, a.e. € Qp, (50)

and ny < 1 a.e. if b vanishes fast enough at 1 so that ¢(1) = oo.
Moreover, (ny, ps) is a global weak solution of the relazed degenerate Cahn-Hilliard equation (3), (4)
in the following weak sense: for all x € L*(0,T; H'(R2)), it holds

T

/ < x,0m >= / b(n) (Ve + ¢/ (n)Vn) Vx,
0 Or (51)

o

o VoV + / ox =" VnVy + Y (n— =p)x.

Qp Qr Qr Qr i

Proof. The proof relies on compactness results and the inequalities presented in section 2.3. From
these inequalities, we can extract subsequences of (n4.c, ¢o,¢) such that the following convergences for
e — 0 hold for all T > 0. Step 1. Weak limits. From (26) and (27), we immediately have

Poe = Yo in L2((O,T); HI(Q)) (52)

Next, from (28), and the above convergence, we conclude
Nge — Ny weakly in L?(0,T; H'(R2)), (53)

Finally from (30) and the equation on n, . itself, we have
Ong e — On, weakly in L? (0, T; (Hl(Q))’) (54)
Step 2. Strong convergence. Therefore, from the Lions-Aubin lemma, we obtain the strong convergence

Moo — ng € L*(0,T; L*(Q)). (55)

Step 8. Bounds 0 < n, < 1. To prove these bounds on n,, several authors have used the entropy
relation. In the context of DCH equation with double-well potentials featuring singularities at n = 1
and n = —1, the solution lies a.e. in the interval —1 < n < 1. Elliott and Garcke [18] prove this
result using the definition of the regularized entropy and by a contradiction argument. For single-well

12



potential, Agosti et al. [2| used a reasoning on the measure of the set of solutions outside the set
0 < n < 1 and find contradictions with the boundedness of the entropy. This is the route we follow
here.

We begin by the upper bound . For «« > 0, we consider the set

Ve =A{(t,z) € Qp|ns(t,z) > 14 a}.
Consider A > 0 (large), for € small enough, we have (because b(1) = 0)

1
@l (n) = >24  Vn>1.

b(l—e) —

Thus, integrating this quantity twice, we obtain
¢e(n) > A(n—1)>  Vn>1

Also, from (23), we know that the entropy is uniformly bounded in . Therefore, we obtain

(1)
2
Vel Aa? < /Q ot SO, WIS o
In the limit € — 0, we conclude that
T
{(t2) € Orlno(t) 2 140} < ST was o

In other words n,(t,z) <1+ « for all @ > 0, which means n,(¢,z) < 1.
The same argument also gives n, > 0 and we do not repeat it.

The second statement, n, < 1 under the assumption ¢(1) = +o00, is a consequence of the bound

P(nq(t,z)) < C(T),
Qr
which holds true by strong convergence of n, . and because ¢. /¢ as € N\, 0.
Step 4. Limiting equation. Finally, it remains to show that the limit of subsequences satisfies the
RDCH equation in the weak form. In other words, we need to prove the following weak convergence,
recalling that (30) provides a uniform L? bound over Qr, on J,.

Jo,e = Be(no,e)v(gpo—,e + wg_75(no‘,e)) - b(no)v(Soa + w{l’_(ng’)) Weakly in LQ(Q) (56)

The convergence of Be(ng,) Ve, follows from the weak convergence in L?(Q7) of Vg, and the strong
convergence Be(ng ) — b(ny) in all LP(Qr), 1 < p < oo which follows from (55) and the fact that
B(.) = b(.) uniformly.

Because of the singularity ¢/, (1) = oo, we use the assumption (9) and that Be(-)y" (-) — b(-)¥’(-)
uniformly and thus Be(nge)Y (noe) = b(no ) (noe) a.e. in Q This achieve the proof.
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4 Convergence as 0 — 0

We are now ready to study the limit of the relaxed solution n, towards a solution of the DCH equation,
Our main result is as follows.

Theorem 5 (Limit 0 =0) Let (g, po,c) be a sequence of weak solutions of the RDHC system (17)
with initial conditions n°, 0 < n® < 1, with finite energy and entropy. Then, as ¢, o — 0, we can
extract a subsequence of (Ng.c, Po.c) such that

Yo — —YAR + ' (n)  weaklly in L*(Q7), (57)

Noe, VNge = N, Vn  strongly in LQ(QT), and 0 <n <1, (58)

and ny < 1 a.e. if b vanishes fast enough at 1 so that ¢p(1) = oo.
o — O weakly in L*(0,T; (H'(Q))'). (59)
This limit n satisfies the DCH system (1) in the weak sense.

We recall the definition of weak solutions; for all x € L? (O, T; HQ(Q)) with Vx-v =00n 0Qx (0,7,

T
{fo <x,0m> = [ J-Vx, (60)

Ja, 7 - Vx = Jo, YAR[Y' (n)Vn - Vx + b(n)Ax] + (b9")(n)Vn - V.

Proof. We gathered, from the energy and entropy estimates of section 2.2, the a priori bounds of the
section 2.3.

Step 1. Weak limits. From the above mentioned inequalities, we can extract subsequences of (ng.¢, Po.c)
such that the following convergences hold for all "> 0. From (26) and (27), we immediately have

0Poe — 0in L®((0,T); H'(Q)). (61)
Next, from (28), and the above convergence, we conclude
Nge — n weakly in L? (0, T, HI(Q)),

and (29) gives directly
A(nge — gc,po-’e) — An weakly in L*(Qr). (62)
v

The system equations can also be used to complement these results. We find
Yoe — ¢ weakly in LZ(QT)7

using the second equation of the system (17) and triangular inequality,
o , o
H‘PU,&HLQ(QT) <[ A(ne,e — ;90076)”L2(QT) + [[Y= (no,e — ;%,e)Hm(QT)-
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The conclusion (57) follows. Finally from (30) and the equation on n, . itself, we conclude (59).

Step 2. Strong convergence. We continue with proving the strong convergences in (58). From the

inequality (29), we know that A (ng,e — %cpo,€> is uniformly bounded in L?(27). We also have the

boundary conditions, V (nm€ — %go) -v = 0 and the conservation of both quantities. Therefore elliptic

regularity theory gives us
o

[ ;%,eHB(o,T;H?(Q)) <C.

Therefore strong compactness in space holds for the quantities 14 — %ap and V[ng — %gp] Furthermore,
from the limit (61), it means that both n,. and Vn, . are compact in space. Their compactness in
time is an immediate consequence, thanks to the Lions-Aubin method, of the equation on n, . and of
the bound (30).

The bounds 0 < n < 1 can be obtained as in the case ¢ — 0 , see Theorem 4 and we do not repeat
the argument.

Step 3. Limiting equation. Next, we need to verify that the limit of the subsequence n, . satisfies the
DCH equation. The argument is different from the case € — 0 because we do not control Vi, . in the
case at hand. From the L? bound in (30), we need to identify the weak limit

Joe = BE(nU,E)V(SOU,e + @/J;,e(no,e)) — b(n)V(p + 7%— (n)) weakly in LQ(QT>- (63)

For a test function n € L2(0,T; H*(,R%)) N L>®(Qr,R?) and - p = 0 on 9 x (0,T), we integrate
the left hand side to obtain

g (%
/ Ja’,e = / 7A (na,e - @0’,6) V- (Be(no,e)n) + Be(no,e)v <w{|—,€(n0,€) + lb/_ (na,e - Spa',e)) 1.
Qr Qp Y Y

We have mainly two types of terms on the right-hand side fQT ~yA (ng,e — %cpg’e) V - (Be(ne,e)n) and

fQT Be(ng )V (1,[);76(710—76) + ¢ (nge — %gomﬁ)) -7. The latter can be treated as in the limit ¢ — 0 and
we do not repeat the argument. Let us focus on the first term

g g
/ f)/A (na,s - ‘PJ,E) V : (Be(na,f)n) :/ ’VA <na,e - @U,e) Bé(no,e)v n
QT ’Y QT ry
+ / 'YA <na',e - U‘Po,e) Bé(na,e)vna,e 1.
Qr Y

From the strong convergence (58) and the weak one (62) with the fact that B.(-) — b(-) uniformly, we
obtain the convergence of the first term of the right-hand term

/ ~yA (nm6 — U(pa76> B(ng,e)V -n — yAn b(n)V - n,
QT ’Y QT

as g,€ — 0 and thus we have passed to the limit in the first term of the right hand side. For the second
term, we use that the derivative B.(-) — /() uniformly. We also use the strong convergence of Vn,.
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from (58). From the results above and a generalized version of the Lebesgue convergence theorem we
obtain

/ ~yA (nme — 0@,,6) Bl(nge)Vnge n— yAnb (n)Vn -7,
Qr Y Qp

as g, — 0.
This finishes the proof of (63), i.e., that the limit solution n satisfies the weak formulation of the
DCH equation (1) and also the proof of Theorem 5.

5 Long-time behavior

To complete our study of the RDCH model, we give some insights concerning the long-time behavior
and convergence to steady states, (N0, Poo) determined by the steady problem

V- (b(noo)V (¢oo + ¥4 (nso))) =0 in Q,
—0APs + Yoo = —VAN + Y (o — L) in €, (64)

o noo,Q oo ’ Noo
( 8V”S0 ) = 8(@°°+gp;( ) =0 on O9.

The analysis of the steady-states is not performed in this paper, however, numerical simulations can
help us to have an idea of their shape for different initial situations.

The steady-states of the RDCH model present a configuration which minimizes the energy of the
system. The solution obtained at the end of the simulation depends mainly on three parameters: the
initial mass M, the width of the diffuse interface /7 and the relaxation parameter o.

In fact, if the initial mass is large enough, saturated aggregates are formed and we can describe
two regions in the domain: the aggregates and the absence of cells. Between these two regions, the
transition is smooth and the length of this interface is /7. If the initial mass is small, aggregates are
still formed but they are thicker and their maximum concentration does not reach 1 or the critical
value n* as in the definition of the potential (7) .

The formation of aggregates happens only if v is small enough. If -, the initial mass M or the
relaxation parameter o is too large, the the solution converges to the constant one

1
Noo = / nOdz, a.e. in Q.
€2 Jo

The interesting fact about these observations is that the long-time behavior of the solutions of the
RDCH system seems to follow the analytical description of the steady-states made by Songmu [29].
Let us now state our result about the convergence of the weak solutions of the RDCH model to
steady-states. In order to do so, we consider a global weak solution (n,¢) of the RDCH system with
o > 0, according to Theorem 4. The initial condition satisfies 0 < n < 1 and has finite energy and
entropy. We recall the a priori estimates from the transport structure, the energy dissipation (20) and
the entropy dissipation (23),
0<n<1lae. (0,00)x8. (65)
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En@®] = fo [¥+(n) + 3V — o) + £l +v-(n - Z0)| <0,
FEMEB) = Jobm) V(o + () <0,
= [oln(z.)dz,  ¢"(n) = F,
aslo] _ _ p UA (n—20)[ 4 21Vl + v - 20) [ (n - 20 +¢l(n)|Vn|2] |

Based on the controls provided by these relations, and using a standard method, we are going to
study the large time behavior as the limit for large k£ of the sequence of functions

(66)

(67)

ni(t,z) =n(t+k,o),  and  gu(t@) = plt + k).

Proposition 6 (Long term convergence along subsequences) Let (n,y) be a weak solution of
(3) with boundary conditions (4) and initial condition n® with finite energy and 0 < n® < 1. Then, we
can extract a subsequence, still denoted by index k, of (ng,pr) such that

lim ng(z,t) = neo(x), klim or(x,t) = Poo() strongly in L*((—T,T) x Q), VI >0, (68)
—00

k—oo

where (Moo, Poo) are solutions of (64) satisfying

b(noo) V (o0 + ¥y (noc)) = 0. (69)

Proof. The proof uses the energy and entropy inequalities to obtain both uniform (in k) a priori
bounds and zero entropy dissipation in the limit, which imply the result. We write these arguments in
several steps.

1st step. A priori bounds from energy. Energy decay implies that £[ng(t)] remains bounded in k& for
t > —k. As a consequence, the sequence (ng, ¢y ) satisfies

= [nF<em),  vezo (70
y o 2
2/9 V(nk(t)—?%(t)) <EW, V>0, (1)
T
[ [ oI+ s i= LD, L) =0 as ko . (72)

And this last line is because

| [V eimP <ent) na< [ [V ol = o0

2nd step. A priori bounds from entropy. Because the right hand side in the entropy balance has a
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positive term, it cannot be used as easily as the energy. We simply notice that the a priori bound
0 < n < 1 makes that the entropy itself is bounded, therefore we can integrate (67) from k& — T to
k +T. We obtain that there is a constant K°(T) only depending on the initial data, such that for all
k>T,

o T
5 /T/Q IVer|* < ®[n(k — T)] = [n(k + T)] + leHT/J”Hoog[n(k —T)] < K°(T), (73)

[,

3rd step. Extracting subsequences. From these inequalities, we can extract subsequences of (ng, ¢x)
such that for k¥ — oo, the following convergences hold toward some functions ne(x,t) and oo (z,1).
We can conclude from inequalities (70), (73) that, as k — oo,

i < K%T). (74)

A(ny — %S%)

Pk — oo weakly in L2( — T, T; H'(Q)). (75)

From (71) and the Poincaré inequality, we obtain
Mk — 20k = Moo — —pae weakly in L2(0,T; H'(2)), (76)
Y v
and thus
nj — Moo weakly in L? (O, T; HI(Q)), (77)

Finally, we obtain from (72) and the Cauchy-Schwarz inequality,
diny — Oinee = 0 weakly in L? (0, T (Hl(Q))') (78)

Indeed, for any test function ¢ € C§°((—=T,T) x ), it holds

/_i/ﬂ@tnkgbd:rdt = — /_Z/Qb(nk)v (gpk + @Z}g_(nk)) Vo,

T
‘/ /@nk(bdazdt
-TJQo

as k — oo. This also shows that ny, only depends on .
4th step. Strong limits. The strong compactness of ny and ¢y follows from (71)-(73). Then, time
compactness of ny, stated in (68) follows from the Lions-Aubin lemma, thanks to (78).

Then, the strong convergence of ¢, is a consequence of the elliptic equation for .

And we also have, from the strong convergence of ny and (76), thanks to the above argument,

2 T )
< 2710 [bll o [V %, / / b(ni) |V (o1 + o, () |* — 0
—T JQ

b(n)V (¢r + ¥ (k) = b(nso)V (oo + 9y (o)) =0, (79)

which establishes the zero-flux equality (69).
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6 Conclusion

The proposed relaxation system of the degenerate Cahn-Hilliard equation with degenerate double-
well potential reduces the model to two parabolic/elliptic equations which can be solved by standard
numerical solvers. The relaxation uses a regularization in space of the new variable used to transform
the original fourth-order equation into two second-order equations. This new system is a non-local
relaxation of the original equation which is similar in a sense to the Cahn-Hilliard equation with a
convolutional kernel proposed in [22, 23|. However, unlike this model, we have been able to prove that
in the limit of vanishing relaxation, we retrieve the original weak solutions of the DCH equation. The
convergence of this model was proved using compactness methods and estimates borrowed from energy
and entropy functionals. The long-time behavior of the solutions of the RDCH system can also be
studied along the same lines. We showed that the system converges to steady state solutions as time
goes to infinity, with zero flux.

These latter exhibits some interesting properties due to the degeneracy of the mobility. These
solutions are split into two distinct zones: whether the mobility is null which is possible only in the
pure phases or the flux is null.

The RDCH system aims at the design of a numerical method to simulate the DCH equation using
onlt second order elliptic problems. Such a numerical scheme, may depend on details of the relaxed
model. For example, the solution represents a density and its numerical positivity is a desired property.
Also the discrete stability is useful and a change of unknown in the RDCH system might be better
adapted, using U = ¢ — In,

dn ="V - (b(n)v (U + gn + w;(n)))) ,
oAU +U = fgn +o (= 2U).

2

Even though this model is also formed of a parabolic transport equation and an elliptic equation, the
regularity is enhanced. On the one hand, in the first equation, the term %n increases the diffusion
for n. On the other hand, the second equation becomes a more regular elliptic equation for the new
variable U because it depends on n rather than An. Altogether, this model improves the regularity of
the two unknowns and might be interesting for numerical purposes. In a further work about the RDCH
model, we will propose a numerical scheme that preserves the physical properties of the solution.
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