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Benoit Perthame*$ Alexandre Poulain*#8

December 6, 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 singular single-well po-
tential and degenerate mobility. These degeneracy and singularity induce numerous difficulties, in
particular 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, [0, 31, 13, 2, 4, 19]. 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)
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ov v
where v is the outward normal vector to the boundary 02 and n =
density or volume fraction of one of the two cell types.

Degeneracy of the coefficient b(n) and singularity of the potential ¢)(n) make this problem particularly
difficult to solve numerically and in particular, to preserve the apriori bound 0 < n < 1 . 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)

on =V - (b(n)V (¢ + ¢/ (n))) in  x (0, 4+00),
—0Ap+ ¢ = —fyAn—i—w'_(n— %(p) in Q x (0, +00).

=0 on 02 x(0,+00), (2)

ni
n1+n2

represents the relative

(3)

supplemented with zero-flux boundary conditions
v ov

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.

=0 on 99 x (0, 400). (4)

We make the following assumptions for the different inputs of the system (3). For the mechanics of
living tissues, the usual assumption is that the potential 1) is concave degenerate near n = 0 (short
range attraction) and convex for n not too small (long range repulsion). Additionally, a singularity

at n = 1 is desired to represent saturation by one phase [3]. For these reasons, we call the potential
single-well logarithmic and we decompose it in a convex and a concave part 4
P(n) =vi(n) +y-(n),  *£Pi(n) 20, 0<n<L (5)
The singularity is contained in the convex part of the potential and we assume that
Y€ C*([0,1)), ¥/ (1) = o0, (6)

and we extend the smooth concave part on [0, 1] to the full line with
Y- € C*(R) W, ', " are bounded. (7)

In practice, typical examples of potentials are, for some n* € (0, 1), see |11, 11]

3 2

b(n) = —(1—n")log(1 = n) = = — (L—n") % = (L—n")n+k, ®)
1 1,
w(n):inlnn—i-(l—n)ln(l—n)—(n—g) . 9)
The potential (8) fulfills our assumptions and the convex/concave decomposition reads for n € [0,1)
n? n?
Valn) = ~(L—n")log(l—m) = o ()= ~(1-n") (1wt



Potential (9) does not satisfy our assumptions because of the additional singularity at 0 (and thus is
not treated here), however, it can also be decomposed as needed with

¥y (n) = %nlnn—k (1—n)In(l—n), o (n)=—(n— %)2.

The potential (8) has been used to model the interaction between cancer cells from a glioblastoma
multiforme and healthy cells by Agosti et al. [3] and promising results have been obtained. We also
use the degeneracy assumption on b € C*([0,1]; R™),

b(0) = b(1) =0, b(n) >0for0<n<1. (10)

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(-)y" () € €([0,1];R). (11)
We implicitly assume (5)—(11) in this paper. Also, we always impose an initial condition satisfying

ne H'(Q), 0<n’<1 ae inQ. (12)

The assumption n° € [0,1) is consistent with the degeneracy of mobility at 0 which allows solutions
to vanish on open sets. But the singularity of the potential at 1 and the energy bound make that
n = 1 cannot be achieved except of a negligible set. Thanks to the boundary condition (2), the system
conserves the initial mass

/ n(z,t)dr = / n®(z)de =: M, Vt>0.
Q Q
We denote the flux associated with the RDCH system by

Jo(n,p) :=b(n)V (tp + wg_(n)) . (13)

The system (3) comes with energy and entropy structures, namely, the energy is defined as

Exlinel = [ [ 410+ 319000 = T )P 4 el 460~ Tr)]. (1)

The energy is bounded from below thanks to the assumptions above and satisfies

d

GEalna(®] = = [ 400)| Vs +0 (o)) < 0. (15)

For the entropy, we set for 0 < n < 1 the singular function
1

S0 =g Bl = /Q 6(n(x))d. (16)



The entropy functional behaves as follows in the case b(n) = n(1 —n)?
¢(n) = nlog(n), n~ 0%, ¢(n)=—log(l—n), n~1".

The relation holds
d®[n,(t
[n ()] :_/’Y’A<na_o-@a>
dt Q g

Notice that entropy equality does not provide us with a direct a priori estimate because of the term
1" can be negative. Therefore we have to combine it with the energy dissipation to write

By (T)] + /QT [’y ‘A <ng - %’)
<

o,
®[n’] + 7H¢_Hoo Eo[n°].

2

o o
+ *|v900‘2 + ¢/l(”0 - —¢5) |V(ne — —¢0)
Y Y Y

(17)
+ ¢} (no)| Vg%,

2
o
+ §|Vg00|2 + w{{-(naﬂvnolz

The first use of the Cahn-Hilliard equation is to model the spinodal decomposition occurring in
binary materials during a sudden cooling [10, 9]. The bilaplacian —yA?n is used to represent surface
tension and the parameter -y is the square of the width of the diffuse interface between the two phases.
In both equations (1) and (3), n = n(z,t) is a relative quantity: for our biological application this
represents a relative cell density as derived from phase field models [3] and for this reason the property
n € [0,1) is relevant. The biological explanation of the fact that 1 is excluded from the interval of
definition of n is due to the observation that cells tend to not form aggregates which are too dense. 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 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 metastatic 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 [24]. Variants can include the coupling with fluid equations and chemotaxis, see for instance [10]
and the references therein.

The analysis of the long-time behavior of the solution of the Cahn-Hilliard equation has also attracted
much attention since the seminal paper [7]. 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 [30]. 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 — oco. 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 [!] prove that solutions converge to a steady state as time goes



to infinity using 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 [12], with dynamic
boundary conditions [23], coupled with the Navier-Stokes equation [20], for non-local interactions and
a reaction term [25].

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

{ o =V - (b(n)Vv),

v=—yAn+v¢'(n). (18)

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 [17]. They establish the existence
of weak solutions of this system. Agosti et al |2| establish the existence of weak solutions when ) is a
single-well logarithmic potential which is more relevant for biological applications (see [%]). 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 L2(0,T; H*(Q)) N H(0,T; (H*(Q))), J e L*((0,T) x Q,R%) VT >0,

The Cahn-Hilliard equation can be seen as an approximation of the famous microscopic model in
[21, 22]. With our notations, it reads

on=V- [b(n)V(Ka * M+ 7/1/(71))] ;

with a symmetric smooth kernel K, —6 AJ. The convergence to the DCH equation has been answered
ag—

recently in [15] in the case of periodic boundary conditions. Although, very similar in its form, our
relaxation model undergoes different a priori estimates which allow us to study differently the limit
o — 0 for (3).

For a full review about the mathematical analysis of the Cahn-Hilliard equation and its variants, we
refer the reader to the recent book of Miranville [28].

Numerical simulations of the DCH system have been also performed in the context of double-well
potentials in |18, 5]. To keep the energy inequality is a major concern in numerical methods and the
survey paper by Shen et al [29] presents a general method applied to the present context.

Numerics is also our motivation to propose a relaxation of equation (1) in a form close to the
writing (18). We recover the system (3) by introducing a new potential ¢ and a regularizing equation
which defines v through V. We use the decomposition (5) of the potential 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 ¢ — 0, we recover the
original DCH equation (1). This is the main purpose of the present paper.

As a first step towards the existence of solutions of (3), in section 2, we introduce a regularized prob-
lem which is not anymore degenerate and we prove the existence of weak solutions for this regularized-
relaxed Cahn-Hilliard system. We show energy and entropy estimates from which we obtain a priori
estimates which are used later on. In section 3, we pass to the limit in the regularization parameter e



and show the existence of weak solutions of the RDCH system. Then, in section 4, we prove the conver-
gence as 0 — 0 to the full DCH 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 The regularized problem

In order to prove that the system (3), admits solutions and to precise the functional spaces, we first
define a regularized problem. Then we prove existence of solutions and estimates based on energy and
entropy relations.

2.1 Regularization procedure

We consider a small positive parameter 0 < € < 1 and define the regularized mobility

b(l—¢) forn>1-—g¢,
B(n) = < b(e) for n <, (19)

b(n) otherwise.
Then, there are two positive constants b; and Bj, such that
b1 < Be(n) < By, VneR. (20)
Thus, the regularized mobility satisfies
B. € C(R,R"). (21)

To define a regular potential, we smooth out the singularity located at n = 1 which only occurs in ¢,
see (6)—(7), and preserve the assumption (11) by setting

P (1—€) forn>1-—c¢,

@Z’l,e(”) = q ¥ (¢) for n <, (22)

P (n) otherwise.
It is useful to notice that, for some positive constants D1 independent of 0 < € < ¢g and D,, we have
Uie(n) € CHRR) wicn) > —Dy,  [W(n)] < Dol +|nl), VneR. (23)

See also |2] for details about the extensions needed for the potential (8).
We can now define the regularized problem

Onge =V - [Be(na,e)v(‘ﬂa,e + d)if—,e(na,E))] )

o 24
_O'ASOJ,G + Yo = _"YAna,e + TZJL (na,e - ;¢U,6)7 ( )

6



with zero-flux boundary conditions

8(ncre - gﬁpo e) a(go + w, (n ))
, N o) o,€ +,e\to,e .
5 = 5 =0 on 00 x (0,+00). (25)

It is convenient to define the flux of the regularized system as

Ja,e = Be(na,e)v (900,6 + %0;,6(710—,5)) .

2.2 Existence for the regularized problem

We can now state the existence theorem for the regularized problem (24).

Theorem 1 (Existence for ¢ > 0) Assumingn® € H'(Q), there exists a pair of functions (ne.e, Po.c)
such that for all T > 0,

nee € L2(0,T; HY(Q)), 9o € L*0,T; (H'(Q))),
Yo € L*(0,T; HY(Q)),

Nge — %(Pa,e € L2(07T§ HQ(Q)); Oy <na,e - z%pa,e> € L2(07T§ (Hl(Q))/)a

which satisfies the regularized-relaxed degenerate Cahn-Hilliard equation (24), (25) in the following
weak sense, for all test function x € L%(0,T; H'()), it holds

T
/ <X, 8tnoye > = / Be(na,e)v (900,6 + w;,e(no,e)) va
0 Qr

g
o VSOU,CVX + / Po,eX = '7/ Vna,eVX + 7/},_ (no,e - 74)00',6)X‘
Qr Qr Qr Qr v

Proof. We adapt the proof of the theorem 2 in [17] 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 (20), we can apply the same theorem. The proof of existence follows the following different stages

Step 1. Galerkin approximation. Firstly, we make an approximation of the regularized problem (24).
We define the family of eigenfunctions {¢;};en of the Laplace operator subjected to zero Neumann
boundary conditions.

—A¢p; = XNip; in Q@ with V¢, -v =0 on 0f.

The family {¢;};cn form an orthogonal basis of both H'(Q) and L?(Q2) and we normalize them, i.e.
(04, D7) 12(Q) = 0ij to obtain an orthonormal basis. We assume that the first eigenvalue is Ay = 0
(which does not introduce a lack of generality).



We consider the following discretization of (24)

™ (t,x) = ﬁ;dv (t)gi(x), oV (ta)= ﬁ;dﬁv (t)¢i(x), (27)
/Q N, = /Q B.(n¥)V (¢N+¢;,E(nN))v¢j, for j =1, ... N, (28)
/ngNqu zfy/QV< >v¢] /¢ oM)gj, forj=1,..,N, (29)
™ (0,7) = i (n0, 1) 12() i (30)

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
— -3y / B> o) VeV, — Zcif / (B!l ) _ el 60 VerVe,  (31)
Pt QO Q i=1
N
& = el —oxdY + [ (el - 2o, (32)
& k=1
¢ (0) = (no, di) 12(q - (33)

Since the right-hand side of equation (31) depends continuously on the coefficients cN , the initial value
problem has a local solution.

Step 2. Energy and entropy estimates. To prove the existence of global solutions, we need to define
an energy F(t) and an entropy ®(¢) from the semi-discrete system (27)—(30). For the details of the
derivation of the energy, we refer the reader to the section 2.3. We use here the semi-discrete version
of the continuous energy dfined further in (49). Therefore, we set

’7 N_ 0 Nyi2, 9, N2 N_ O N
/¢+e §\V(n —?P ) +%|<P I+ ¢_(n —?P )s
GEO == [ B[V (¥ + )

from which we can conclude the energy inequality

T
D)+ [ [ BV +0 ) < B0) (31)

where E(0) is integrable due to the assumptions (23) and E(t) is bounded from below thanks to the
assumptions on ¢_ in (7) and the construction of ¢, 4 in (23).



The entropy is defined differently compared to the section (49). Due to the fact that the basis
functions ¢; are in H'(f2), the Laplacian does not belong to L2. Therefore, to obtain the entropy, we

go through the following steps. First define ¢! (nV) = m, and we calculate
Lo = [[om¥aa¥). == [ 049 (n¥ = TV ) 4l (TR 4 TV
Q Q Q 8l ’ 8l
and since

o ~y o
VoY (nN - w) _ (Wn“ VY - @NM?) |
Y o Y
we have

d®(nV)
dt

~ o o
= [ L (190 = 190N = TN ot T 4 D
0o Y v
We obtain the following inequality

dd(nV)
dt

2
g
+ / D02 + LN 2 4 ¢ () VN2 < - EB(0). (35)
00 ¥ 20

Step 3. Inequalities. From (34) and (35), we deduce the following inequalities

Y N 9 Ny2
[Vt =ZeME<c, (36)
2:/9\90”\2 <C, 7
T 2
| [ 29n¥p + 29 < 0(0) + 7B O), (38)
T
/o /QBemN)»wson;,e(nN))fSO, (39)

which hold for small positive values of v,0 and also for all finite time T" > 0. Therefore, from these
inequalities we can extract subsequences of (n'V, V) such that the following convergences hold for any

time 1" > 0 and small positive values of v, .

Since, % Jo nv — %goN = 0, we obtain from the Poincaré-Wirtinger inequality and (36) that

N _ EQON Ny — EQOU,e weakly in L2(O,T; Hl(Q)) (40)
¥ Y

Using the inequalities (37)-(38), we obtain

o = g weakly in L2(0,T; HY(Q)). (41)



From the previous convergence, we conclude that ¢, € L?(0,T;H(Q)), therefore, using elliptic
regularity we know that

o = o € L0, T HA(Q) (42)
Also from (40)—(41), we obtain
N _, 72 oyl
n nge weakly in L=(0, T H* (Q)), (43)

This result implies that the coefficients cév are bounded and a global solution to (31)—(33) exists.
To be able to prove some strong convergence in L2(0,7T; L?(f2)), we need an information about the
temporal derivative 9;n”. From the first equation of the system, we denote Il the projection of L?(£2)
on the space generated by span{¢1, ..., o} and we have for all test functions ¢ € L?(0,T; H'(2))

8tnN(;5‘ =

8tnNHN¢‘

Qr Qp

[ M v ) Vg

(44)
1 1
2 2 2
< (B [ s 9N 4 vt a0 ) ([ el
QT QT
< ClIVPllr2aq)
which is obtained using (39). Thus we can extract a subsequence such that
o — 9yngy e weakly in L0, T; (HY(Q))). (45)
From (43) and (45) and using the Lions-Aubin Lemma, we obtain the strong convergence
n® = n, strongly in L2(0,T; L*(Q)). (46)

Next, we need to prove the strong convergence of n™ — %cpN in L2(0,T; HY(2)). In order to do that

we must bound the L2(0,T; (H*(£2))') norm of its time derivative.

Starting from the second equation of the system (3), we can obtain an equation on the time derivative
of ¢ (for details of this calculation we refer the reader to Proposition 4, here, in addition, we use the
Galerkin discretization). Using this equation in its weak form and applying the previous Galerkin
method, we obtain

U/VUNV¢+/UN¢:/8WN¢—U/UNdJ"(nN—UgoN)qS.
Q Q Q Y Ja Y
where UN = 0, <nN — %cpN ) If we replace in the previous equation the test function by UV, we

o [1v0p s [0V = [ anuN -2 [ Ry - 2oV
Q 9) Q v Ja Y

10

obtain



From the Cauchy-Schwarz inequality, we obtain
o
0 < |[VUN T2 + (1 - 7|W/|oo) U122y < 0™ 2@ UM |20y -

Taking into account the assumptions (7) and (44), the following inequality holds
UM |1 () < C-

Therefore, we can extract a subsequence such that

) <nN - zgoN> —~ 9 (m,,e - j%,e> weakly in L2(0, T; (H'(Q))). (47)
Using (47) and (42) and the Lions-Aubin lemma we obtain the following strong convergence

n — g‘PN — Nge — g‘r’)o,e strongly in LQ(O’T; HI(Q)) (48)
Y v

Step 4. Limiting equation. The main difficulty to pass to the limit in the equation (29) relies mainly
on the convergence of the term fQ P (nN — %cpN )¢; which is solved using the strong convergence (48)

and the properties (7). Therefore, we obtain
g o .
wl—(nN - ;SON) — (Ng,e — ?pg,e) a.e. in Q.

We can pass to the limit in the first equation (28) by the standard manner (see [20]), using the strong
convergence (46) and the properties of the mobility (21) and the potential (23). Altogether, we obtain
the limiting system (26).

2.3 Energy, entropy and a priori estimates

The relaxed and regularized system (24) comes with an energy and an entropy. These provide us with
estimates which are useful to prove the existence of global weak solutions of (24) and their convergence
to the weak solutions of the original DHC equation or to the RDHC as € and/or o — 0.

Being given a solution (ng., ¢s,c) satisfying Theorem 1, we define the energy associated with the
regularized potential ¢, . and relaxed system as

Y g 2 g ) g
go,e no’,e — / |:w+,e(na,e) + *|V(no,e - *Soo,e)| + 7|S0cr,e| + Qﬂ, (na,e - 7()00',6) ) (49)
o] Q 2 v 2y v

where ¢, is obtained from n, . by solving the elliptic equation in (24). Notice that &y ¢[ngy ] is lower
bounded, uniformly in € and o, thanks to the assumptions on ¢_ in (7) and the construction of ¢
in (23).

11



Proposition 2 (Energy) Consider a solution (ng.e, poe) of (24)—(25) defined by Theorem 1, then,
the energy of the system &, satisfies

d
GEndnact] = = [ Blnad|V(ene+ 0l ne) P <0 (50)

As a consequence, we obtain a first a priori estimate

T
Eoelnee(T)] + /0 /Q Bﬁ(ng,e)\V(%,ﬁ+w’+76(n0,6))|2 =&, .[n"]. (51)

Proof. To establish the energy of the regularized system, we begin with multiplying the first equation
of (24) by @ + ¥ ((noe). Then, we integrate on the domain Q and use the second boundary
condition (25) to obtain

/Q[‘Pcr,e =+ wg—,e(no,e)]atnme = - /Q BE(nG,ENV(‘PU,e + wg-,e(ncrﬁ))‘z'

Since 1/);76(71076)&5710,6 = 04 e(Nge), to retrieve the energy equality (50) we need to focus on the
calculation of [, ¢gcOinge. We write

o d o
/Q(pa,eatncr,s = /S)(Pa,eat[na,e - 5()00'76] + % A %‘QDU,JQ:

and using the second equation of (24), we rewrite the first term as

o o o o
/ (Pa,eat[no,e - 7800'76] = / [_’YA(na,e - *Qpa,e) + 1//7 (no,e - 7<)00',€>]8t [no,e - *(Pa,e]
Q Y Q Y Y Y

d [~

o g
=7 0 §v(”o,e - ;¢a,e)|2 + Y (ng,e — ?Po,e),

where we have used the first boundary condition (25).
Altogether, we have recovered the expression (49) and the equality (50).

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

which is well defined because B, € C(R,R") from (20). For a nonnegative function n(z), we define
the entropy as

@e[n]:/ﬂ¢e(n(x))dx.

12



Proposition 3 (Entropy) Consider a solution of (24)—(25) defined by Theorem 1, then the entropy
of the system satisfies

dPc[ng(t o 2 5 o 2
M = _/ Y ‘A (no',e - 900,6) ‘ + 7|v<)00',6|2 + w/_,(no,e - 7@0‘,6)
Q Y Y Y

dt
+ ¢il,—,e (na,e) |vna,e |2 .

g
\Y (ncr,e - — 800,6)
Y

(53)

Notice that the dissipation terms are all well defined by our definition of solution in Theorem 1.
However, the equality (53) does not provide us with a direct a priori estimate because of the negative
term 9" , therefore we have to combine it with the energy identity to write

g
Y ‘A <no,e - (Pa',e>
Y

2T
< (I)e[no] + THwZ”oo 5076[710].

2
o
+ - |v900,6
~

D [ng.(T)] +/QT

2 + ¢l’€(n0,€) |vncr,e |2]

Proof. We compute, using the definition of ¢,
/ at(lse(na,e) = / 875”0,6(25/6(”0,6)
Q Q
= /QV . [Be(na,e)v(gpcr,e + %_75("%,5))] (bé(ncr,e)
= [ BV e+ v (1006 (1) Ve (54)
= - /Q v(@a,e + '@bzﬁe(na,e))vna,s
. g 7 2, 0 2
- _/ v@a,ev(no‘,e - 7(100'76) + ¢+,e(n0,€)|vn0,€‘ + 7’v¢075’ :
Q Y Y

To rewrite the term fQ Vo,V (nge— %900,6), we use the second equation of the regularized system (24)

g g
Poe = _'VA <na,e - ,y90076> + ¢/— (na,e - 5@0,6)' (55)

Using (55) and the boundary condition (25), we can rewrite the term under consideration as

/ (PO',EA (na,e - 0@0’,6) = / - 'A <n0,e - U@U,e)
Q Y Q Y
- / ’Y ‘A <ng’e a O'SOO-’€>
Q Y

Injecting this equality into (54), we obtain the identity (53).

2
g g
+ wl_ (no,e - *QOU7€)A <ncr,e - 900,6)
Y Y
2
g
+ wﬁ (na,e - *(Pa,e)
'Y

2
g

v no‘,e - *Soo,e)
( v
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2.4 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®, V>0, (56)
2v Ja
o [T 2 0 2. 0
- IVpoe|® < @e[n’] + — 192 [|ocEre[n"], VT >0, (57)
Y Jo Ja i
p. 2
7 / V(noe(t) - Zonel®)| < Eveln®, V>0, (58)
2 Ja 0
T 2
2T
/ / A(ng,e—gwa,e) < D[’ + =Y |loobsc[n®], VYT >0, (59)
0 JO vy vy
T 2
/ / Be(110.0)|V (@ + 1y (100))|* < Eneln®), VT > 0. (60)
0 Q

Proposition 4 (Compactness of time derivatives) Consider a solution (ne.c, o) of (24)-(25)
defined by Theorem 1, then, the following inequalities hold for o small enough

10imael| L2 0,7y (2))) < O (61)

g
|10 <na,e - 79%;) 20,731 (Q))) < C. (62)

Proof. For any test function y € L?(0,T; H(Q)) we obtained from (60)

‘/ 8tna,6X
Qr

= ‘/Q Be(nge)V (300,6 + @b/ﬁe(nffﬁ)) Vx‘
T

1/2
2
< </Q ‘Bﬁ(ndﬁ)v (900,5 + wg—,e(”ﬁ,ﬁ)” ) ||VXHL2(QT)7
T
< ClIVX!lr2@p)-

This proves (61).
To prove (62), we start from the second equation of (3) and calculate its time derivative, we obtain

—0AU +U = 0n — %Uwﬁ(n — %gp),

where U = 0 (n — %go) Using the previously defined regularization, we calculate the weak form of
this equation from which we have

o VUO',GVX + /

o o
Usex = / atna,eX - / Uo,ewz (na,e - *Soa,e)X,
Qr Qr Qr Y Qr Y
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where Uy e = 0 (nmE — %90076). We can choose x = Us., to obtain

g g
U/ |VUO',6|2 +/ |chr,e|2 — atna,eUcr,e - / |UO',E|21J)Z (na,e - 7900',6)'
QT QT QT ,‘Y QT fY
Using the fact that %HIPZHOO < 1 from (7), the Cauchy-Schwarz inequality gives

||VUJ,6”%2(QT) + af|Us,e |%2(QT) < ||0eno.ell L2 1Usel L2021

where o = 1 — 2[[¢)” || > 0. Altogether, we obtain the bound (62).

3 Existence: convergence as ¢ —

The next step is to prove the existence of global weak solutions for the RDCH system (3) by letting
¢ vanish. This means that for all test functions x € L2(0,T; H*(Q)) N L*>(Qr) with Vx -v = 0 on
002 x (0,T), it holds

T
/ <Oy > = / b(no)V (00 + ¥, (1)) Vx,
0 Qr

o
o Vo, Vx + / OoX = Vn,Vx + V(e — =o)X
Qr Qp Qp Qr Y

We establish the following

Theorem 5 (Existence for o > 0, ¢ = 0) Assume an initial condition satisfying 0 < n® < 1, with
finite energy and entropy. Then, for o small enough, there ezists a global weak solution (ny,¢s) of the
RDCH equation (3), (4) such that

ne € L?(0,T; HY(Q)), Ome € L*(0,T; (H' (). (63)

v € L*(0,T; HY(Q)), (64)

Ny — %% € LX(0,T; HX(Q)), o, <ng - z%> e L2(0,T; (H'())'). (65)
0<n, <1, a.e. in Qr, (66)

and ny < 1 a.e. if b vanishes fast enough at 1 so that ¢(1) = oo (see (16)).

Proof. The proof relies on compactness results and the inequalities presented in section 2.4. From
these inequalities, we can extract subsequences of (n4.c, ¢s,c) such that the following convergences for
€ — 0 hold for all T" > 0.

Step 1. Weak limits. From (56) and (57), we immediately have

Poc — o in L*((0,T); H'(2)). (67)

15



Next, from (58), and the above convergence, we conclude
Nge — g weakly in L?(0,T; H'(2)), (68)
Finally from (61) and (62), we have
OiNg,e — Opng weakly in L? (O, T; (HI(Q))/),
o) <ng,e = igo(Le) — 0, <ng - ‘;%> weakly in L2(0, T; (H'(9))).
Step 2. Strong convergence. Therefore, from the Lions-Aubin lemma and Proposition 4 we obtain the

strong convergences
Nge — Ny € L2(0,T; L*(Q)). (69)

g g
ncr,e - ;Spa,e — Ng — 5900 S LQ(Oa T; Hl(Q>) (7())

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 [17] prove this
result using the definition of the regularized entropy and by a contradiction argument. For single-well
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. In the following, all functions are defined almost everywhere.
We begin by the upper bound . For oo > 0, we consider the set

VE={(t,z) € Qr|nse(t,z) > 1+ al.

Consider A > 0 (large) and for & small enough, such that (because b(1) = 0)

"(n) = >2A Vn > 1, Ve > 0.

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

Also, from (53), we know that the entropy is uniformly bounded in €. Therefore, we obtain

c(T)
VE|Aa? < < Vel < :
| « ‘Aa — Qp ¢6(n076(t7 :C)) — C(T)7 ‘ a’ — Aa?

In the limit € — 0, using Fatou’s lemma and the strong convergence of ns ., we conclude that

c(T)
Aa?’

{(t,z) € Qr|ns(t, ) > 1+ a}| < VA > 0.
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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) = +o0, is a consequence of the bound

P(nq(t,x)) < C(T),

Qr
which holds true by strong convergence of ns . and because ¢. " ¢ as € (0.
Step 4. Limiting equation. Finally, it remains to show that the limit of subsequences satisfies the RDCH
equation in the weak form. Firstly, using the weak convergences (67)—(68), the strong convergence
(70) and the properties of 1" gathered from (7), we can pass to the limit in the standard way to obtain
the second equation of the limit system.
To conclude the proof, we need to prove the following weak convergence, recalling that (60) provides
a uniform L? bound over Qr, on Joe

Joe = Be(ng,e)V(poe + w;’ﬁ(ng,e)) — b(ny)V(ps + wﬁr(ng)) weakly in LZ(QT). (71)

The convergence of Be(ng.c) Ve e follows from the weak convergence in LQ(QT) of Vy, . and the strong
convergence B¢(ng ) — b(ny) in all LP(27), 1 < p < oo which follows from (69) and the fact that
Be(.) — b(.) uniformly.

Because of the singularity 1/, (1) = oo, we use the assumption (11) and that Be(-)y" (-) — b(-)¥’(-)
uniformly and thus Be(nqe)Y (nge) = b(no )Y (nse) a.e. in Qp This achieve the proof.

It is easy to check that the energy and entropy relations (14), (17) hold, at least as inequalities. In
the sequel we only use the a priori bounds coming from the limiting procedure.

4 Convergence as 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 6 (Limit 0 =0) Let (g, o) be a sequence of weak solutions of the RDHC system (24)
with initial conditions n°, 0 < nY < 1, with finite energy and entropy. Then, as e, o0 — 0, we can
extract a subsequence of (Ng.c, Po.c) such that

Po,e — —VATL + W_ (TL) weakly in LQ(QT)7 (72)
Mgy — ggome —n  strongly in LZ(O,T; Hl(Q)), (73)
Y
Noe, Viige = n, Vn  strongly in L*(Qr), and 0<n <1, (74)

and ny < 1 a.e. if b vanishes fast enough at 1 so that ¢(1) = oo.
Ding.c — Opn weakly in L (0,T; (HI(Q))') (75)

This limit n satisfies the DCH system (1) in the weak sense.
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We recall the definition of weak solutions; for all x € L2(0,T; H?(2)) N L () with Vx -v = 0 on
002 x (0,7),

T
{fo <x,0m> = [ J-Vx, (76)

Jor T-VX = Jo, vAR[(0)Vn - Vx + b(n)AX] + (b)) (n)Vn - V.
Proof. We gathered, from the energy and entropy estimates of section 2.3, the a priori bounds of the
section 2.4.

Step 1. Weak limits. From the above mentioned inequalities, we can extract subsequences of
(No.e, Po,e) such that the following convergences hold for all 7' > 0. From (56) and (57), we immediately
have

0poe — 0in L*((0,T); H'(R)). (77)

Next, from (58), and the above convergence, we conclude
Ng.e — n weakly in L? (O,T; HI(Q)),

and (59) gives directly
A(nge — %cpg,e) — An weakly in LQ(QT). (78)

The system of equations can also be used to complement these results. We find
Yo — @ weakly in L*(Qr),

using the second equation of the system (24) and triangular inequality,
o , o
HSOU,eHLQ(QT) <[[A(ne,e — 590076)”L2(QT) + [ (ng,e — ;@O,G)HLZ(QTy

Finally from (60) and the equation on n, . itself, we conclude (75).

Step 2. Strong convergence. We continue with proving the strong convergences in (74). From the

inequality (59), we know that A (ng,e — %900,6> is uniformly bounded in L?(€27). We also have the

boundary conditions, V (nme — %(p) -v = 0 and the conservation of both quantities. Therefore elliptic
regularity theory gives us

g
”na,e - ;()OJ,EHI?(O,T;HQ(Q)) <C.

Therefore strong compactness in space holds for the quantities 1y — %(p and V[ng e— %ap] Furthermore,
from the limit (77), it means that both n,. and Vn,, are compact in space. Compactness in time
is also obtain for the quantity nse — Z¢q e from (62). Again from Lions-Aubin lemma, we have the
strong convergence (74). The conclusion (72) follows from this results.

The bounds 0 < n < 1 can be obtained as in the case € — 0 , see Theorem 5 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

18



DCH equation. The argument is different from the case e — 0 because we do not control Vi, . in the
case at hand. From the L? bound in (60), we need to identify the weak limit

Joe = Be(ng,e)V(oe + @Z’;,e(na,e)) —b(n)V(p + @Z)g_(n)) weakly in LQ(QT). (79)

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 g
/ Ja,e = / f)/A (na,s - @0,6) v : (Be(na,e)n) + Be(na,e)v <¢3ﬁe(na,e) + QpL (na,e - @J,e)) -n.
Qp Qp v Y

%‘pa,e) v : (Be(na,s)n) and

fQT Bc(nge)V (zpﬁr,e(nw) + Y (nge — %gow)) -m. Let us focus on the first term

o o
/ QZAN (”0,6 - 900,6> V - (Be(no,e)n) :/ YA <”U,6 - ‘PU&) Be(ng.)V -1
Qr 0 Qr Y
+ / 7A (no,e - U@a,e) Bé(”o‘,e)vna,e 1.
Qr Y

From the strong convergence (74) and the weak one (78) with the fact that Be(-) — b(-) uniformly, we
obtain the convergence of the first term of the right-hand side

/ ’YA (na,e - O’@O’,E) Be(no,e)v /s P)/An b(”)v -1,
Qr v Qr

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,
from (74). From the results above and a generalized version of the Lebesgue dominated convergence
theorem we obtain

/ ~vA (ng,e — ng)w) Bé(nmE)VnJ,6 = yAnb (n)Vn -7,
Qr Y Qr

We have mainly two types of terms on the right-hand side fQT ~yA (nm6 —

as g, — 0.
Let us now pass to the limit in fQT B(ng)V (@Z)g_’e(nme) + U (nge — %90076)) -m. As in the case of

the convergence € — 0, we have that

/ Be(no,e)v (djﬁr,e(nmf)) 1,
Qr

using the fact that Be(-)¢/ (-) = b(-)¢/ (-) uniformly and the strong convergence (74). Since B(-) —
b(-), we have (Bcy)” ) (-) = (b)) (-).Therefore, we pass to pass to the limit in fQT Be(ng )V (1/JL (Nee — %90076)).
7n using the convergence (73). Altogether, we obtain the following convergence

Be(no,e)v <¢/+,e(na,e) =+ 1//7 (na,e - z@0,6)> n— /Q b(n)v (¢/+ (n) + ¢L (n)) N

Qr T

This finishes the proof of (79), i.e. that the limit solution n satisfies the weak formulation of the
DCH equation (1), and also the proof of Theorem 6.
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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(100)V (e + 1, (1)) =0 in €,

—0APoo + Poo = — VAN + U (Noo — %gooo) in Q, (80)
0 noo*z %) / Noo
% — b(noo)w —0 on 9.

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 (8).

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 solution converges to the constant one

1 / 0 ,
Neo = —— [ n dx, a.e. in .
=9l Ja

A surprizing 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 [30].

To state our convergence result of the weak solutions of the RDCH model to steady-states, we
consider a global weak solution (n, ¢) of the RDCH system with o > 0, according to Theorem 5. The
initial condition satisfies 0 < n° < 1 and has finite energy and entropy. so that we can use the a
priori estimates from the transport structure, the energy and entropy dissipations (50) and (53) (or
(14)—(17)), in particular

0<n<1ae. (0,00)xQ. (81)

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

ng(t,x) =n(t+k,x), and @it x) = (t + k,x).

Proposition 7 (Long term convergence along subsequences) Let (n,¢) be a weak solution of
(3), (4) and initial condition n® with 0 < n® < 1, finite energy and entropy. Then, we can extract a
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subsequence, still denoted by index k, of (ng, k) such that

lim ng(x,t) = neo(z), klim or(T,t) = poo(x) strongly in LQ((—T, T)xQ), VI >0, (82)
—00

k—oo

where (Moo, Poo) are solutions of (80) satisfying
b(noo)V (P00 + ¥ (nao)) = 0. (83)

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 E[ng(t)] remains bounded in k for
t > —k. As a consequence, the sequence (ng, ¢y ) satisfies

5 [l <e).  vezo (34)
y o 2
2/Q V(nk(t) — ;cpk(t)) < S[no], vt > 0, (85)
T
[ [ ool o+ s i= LD, L) =0 as k>, (36)

and this last line is because
[ [omver v <ent) nms [ [ v+ mfl = o
0 Q k=T JQ —00

2nd step. A priori bounds from entropy. Because the right hand side in the entropy balance has a
positive term (since ¥” (n) < 0,Vn € [0,1]), it cannot be used as easily as the energy. However, we
can integrate (17) from k — T to k + T, and, using the control of the negative term including _ as
after (17), we obtain the inequality

T
[ (e-20)
-T Y

<Ok —T)] —@nk+T)] + 0" |00 HV (nk - z@k>

2

g
+ ;vaklz + %Di(nk)lvmclz]

2

L2((~T,T)x<)
g@M@—Tﬂ—@ﬂk+ﬂrwwmmf%mw—Tﬂ

S@M@—TN—MMk+ﬂLwamf%m%

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 @ (z,1).
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We can conclude from inequalities (84) and the entropy control that, as k — oo,
Pk — Poo Weakly in L?(— T,T; H'(Q)). (87)
From the gradient bound (85), the L? bound in (84) and 0 < nj < 1, we obtain
o o .12 1
NEp — — QP — Noo — —Poo Weakly in L (O,T; H (Q)), (88)
Y Y

and thus
ny — nee weakly in L?(0,T; H' (). (89)

Finally, we obtain from (86) and the Cauchy-Schwarz inequality,
Omy, — dnee = 0 weakly in L*(0,T; (H'(2))"). (90)

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

/_j /Q Onppdrdt = — /_j; /Q b(ng)V (gpk + %_(nk)) Vo,

T
’/ / Osnpodxdt
T JQ

as k — oo. This also shows that ny, only depends on .

4th step. Strong limits. The strong compactness of ny and ¢y, follows from (85) and the entropy
control. Then, time compactness of ny, stated in (82) follows from the Lions-Aubin lemma, thanks
to (90). The strong convergence of ¢y, is a consequence of the elliptic equation for ¢y, and of (62) which
gives compactness in time of the quantity ny — %gpk. And we also have, from the strong convergence
of ny and (88), thanks to the above argument,

2 T )
< o710 [bl] oo [ V62, / ) /Q b(nk) [V (o5 + ¥/, (m) |* = 0

b(nk)V (r + ¥y (k) = b(noo)V (o0 + ¥y (1)) = 0, (91)

which establishes the zero-flux equality (83).

6 Conclusion

The proposed relaxation system of the degenerate Cahn-Hilliard equation with single-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 unknown 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 spatial interaction
kernel derived in |21, 22|. We proved that in the limit of vanishing relaxation, we retrieve the original
weak solutions of the DCH equation 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
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studied along the same lines. We showed that a global solution of the system converges to a steady-state
as time goes to infinity, with zero flux.

The stationary states exhibit some interesting properties due to the degeneracy of the mobility. More
precisely, they are split into two distinct zones: whether the mobility is zero, 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
only 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,

On =V (b(n)V (U + gn + wﬁr(n))» ,
oAU+ U = —gn+w’,(—%U).

Even though this model also consists of a parabolic transport equation coupled with 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 regularizes 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 forthcoming work, we will propose a numerical scheme based
on the RDCH system, that preserves the physical properties of the solutions.
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