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May 21, 2013

Abstract

We consider in this article a model of vesicle moving into a viscous incompressible fluid. The
vesicle is described through a phase-field equation and through a transport equation modeling
the local incompressibility of its membrane. The equations for the fluid are the classical Navier—
Stokes equations with a force resulting from the presence of the vesicle. The model for the system
vesicle—fluid is an approximation of a model obtained by Jamet and Misbah [10]. Our main re-
sult states the existence of weak solutions for the corresponding system. The proof is based on
compactness/monotonicity arguments

1 Introduction and main result

This article is devoted to the study of model of a vesicle moving into a viscous incompressible
fluid. A vesicle is a closed membrane which usually contains and is contained into a fluid. It has a
simple structure and thus may be seen as a first step to understand more complicated entities such
as red blood cells. Indeed, they can exhibit many interesting behaviors such as “tank treading”,
“tumbling” or “vacillating-breathing”. They are also used to study blood rheology.

One could model the membrane position as a closed surface. In that case, one has to deal
with two fluids separated by a sharp interface which is moving and which evolution depends on
the two fluids. Such a free boundary problem can be very difficult to handle both from theoretical
and numerical points of view. Another model which is more interesting from numerical aspects
consists in using a phase-field function and to replace the sharp interface by a diffuse interface.
More precisely, one consider a real function ¢ defined in the whole spatial domain 2 and which
rapid variation corresponds to the domain of the vesicle. One can then assume that there is only
one fluid which fills also the whole domain €2 and which physical parameters could depend on ¢.
One of the difficulties consists in obtaining equations for ¢. One way to do this is to use phase-field
models which are based on energy functional. The model we consider is a phase-field model derived
by Jamet and Misbah [10] where they include a thermodynamical approach. In their model, they
take into account a property of vesicle which is the local incompressibility of the membrane. In
order to do that, they introduce a tension—field ¢ and in the energy of the system they add to
the “usual” phase-field terms, a term related to the local incompressibility and a corresponding
term which comes from thermodynamical aspects. After a change of variable, they replace ¢ by a
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quantity o defined through ¢ and ¢ and which is only convected by the fluid. Their system could
be written as

ur+u-Vu=Au+Vp—-V- <<A+ﬁ> V¢®V¢),

vou=0, B} (11)
ot +u-Vo—V- ((/\+W> V¢) =-W'(9),

or+u-Vo=0.

In the above system, we have simplified the system of [10] by taking many physical quantities
constant and equal to 1 (density, viscosity, etc.). Moreover, we have slightly modified some notation:
n [10], the phase-field equation in (1.1) is written as

0
oot Vo9 ((n+o1- £0) Vo) = -w(o)
V|
for some constant 6. The last term in the first equation of (1.1) is also written as
[0o] ) )
-V. A+0+ == | Vo Ve |.
(eas ) woos

In this paper, we have replaced [A + 6] by A and [fo] by o. Finally, it is worth noting that more
complete system can be considered: for instance, one can add in the model the influence of the
curvature of the surface (see [11]).

In the above system and in what follows, we write by f; = % the time derivative of a (vector
or scalar) function. The other notation used above are detailed in Subsection 2.1 and in particular
in (2.1).

From a mathematical point of view, the term % may be quite difficult to handle and therefore,
in this paper, we consider an approximation of (1.1). More precisely, assume € > 0 is a fixed real
number. Then we consider the following system written in the domain (0,77) x §:

ut+u~Vu—Au+Vp—V~<</\+ (1.2a)

g
W) WW)’

V-u=0, (1.2b)

bi+u-Vo—V- <</\+ ﬁ) v¢> =-—W'(¢), (1.2¢)

oy +u-Vo =0, (1.2d)

with the following boundary and initial conditions

{u(t,x) =0, ¢(t,z)=0, for(t,x)e (0,T)x 09, (1.3a)
u(0,2) =uo(z), ¢(0,2) = ¢o(x), o(0,2) =o09(x), for z € Q. (1.3b)

We assume in what follows that € is a bounded, smooth domain in R? and ) is a positive constant.
The function W is a “double-well” function, it is function with only two distinct minima ¢ and
¢1. The idea in the phase-field model is that ¢ should approximate the piecewise constant function
equal to ¢ in the fluid outside the vesicle and ¢; in the fluid contained in the vesicle. One can
consider many choices for the function W, here we assume that ¢g = 0 and ¢; = 1 and we take

W(g) =¢*(¢—1)%, W'(¢) =4¢’ — 66 + 2¢. (1.4)

We are now in position to state our main result:



Theorem 1.1. Assume
ug € VO(Q), ¢o € HY (), 0o € L(Q). (1.5)

and og = 0 almost everywhere in 2. Then the system (1.2)~(1.3) admits a weak solution.

The precise definition of a weak solution for system (1.2)—(1.3) is given in Section 2 (see Defini-
tion 2.1). The space V() used in the above theorem is defined as the closure in [L?(Q)]? of the
set 7(Q2) of the smooth compactly supported and divergence free functions

Let us give some remarks on Theorem 1.1. First, noticing that, o = 0 is a solution of our system
(for g = 0), we see that (1.2) (or (1.1)) is a generalization of the system

w+u-Vu=Au+Vp -V (Vo @ Ve),
Vou=0, (1.6)
O +u-Vo=AA¢ —W'(9).

It is worth mentioning that a similar system was considered by Lin (see [12]) to model the flow of
nematic liquid crystals with varying director lengths, or with variable degree of orientation:

ug+u-Vu=Au+Vp—AV- (VdO Vd),
V-u=0, (1.7)
dy +u-Vd=\Ad— W'(d),

where d : (0,T) x © — R? is the optical molecule direction and

3
VA()Vd =1 0p.d;n,dy : (1.8)
j=1

14,53

In [13], the authors studied the well-posedness of (1.7) with Dirichlet boundary conditions. In
that work, they obtain several energy inequalities which enable them to obtain the existence of global
weak solutions by employing an improved Galerkin method. They also discuss the uniqueness,
regularity and some stability properties of solutions. Moreover, they proved in [14] that if the
domain and the initial-boundary condition in problem (1.7) are smooth enough, then there exists
a suitable weak solution whose singular set has one-dimension Hausdorff measure zero in space-
time. Since system (1.7) contains the Navier-Stokes equations as a subsystem, this result can be
considered as a natural generalization of an earlier work of Caffarelli-Kohn-Nirenberg (see [4]). We
also refer at the works of [1] and [2] where similar problems are considered.

For general initial conditions og, the method used in [13] seems difficult to adapt to our system
(1.2)—(1.3). The main reason for this is that here we need to deal with the transport equation (1.2d)
which solution appears in the coefficient of the operator of the phase-field equation (1.2¢). In order
to handle this problem and to keep uniform energy estimates, we choose another approximation
which follows an idea presented in [15, p. 97] and which consists in adding some viscosity in the
Navier—Stokes system so that the velocity of the approximate system is regular enough.

The plan of this paper is as follows. In Section 2, we derive a priori estimates for the system (1.2)
and introduce the definition of weak solution. In Section 3, we obtain some preliminary inequalities
and recall several classical results. Section 4 is devoted to the study of a viscous approximation of
the Navier-Stokes equations whereas in Section 5 we show some results of well-posedness for the
phase-field equation. Combining the results of these two sections, we can, in Section 6, solve the
viscous approximation of (1.2)—(1.3) and the last section, Section 7, consists in passing to the limit
as the artificial viscosity goes to 0 and thus prove the main result.

2 Notation, a priori estimates and definition of weak solution

In this section, we derive some a priori estimates and we introduce the definition of the solution for
the system (1.2)—(1.3).



2.1 Notation

For two vector fields u, v, a scalar field ¢ and a second order tensor field M = (m;;) on R3, we use
the standard notation

omy ; ov; ole
= iVj @7 ) M), = —”7 "::_17 2p = .
u®v={uvih<ij<s (VM) 27: oz, (V) oz, Vi (3Iiaxj)1<i7j<3
(2.1)
Using the Leibniz rule, we have the following relation:
V- -(u®wv)=(Vu)v+ (V-v)u. (2.2)

We also introduce here two important operators A, and J,:

Ag(9) :==V" (()\ + W)V¢> ; (2.3)

and

o
Jo (@) i= | — | Vo. 2.4
e () ”
In this work, we adopt standard notations of divergence-free vector fields of Sobolev spaces (see,
for instance, [5, pp. 1-10]). Let us denote by #(€2) the set

V(@) ={ve (C5 ()’ | Vv =0}

and by V¥(Q) the closure of 7 (Q) in H*(Q2) for k € N* and by V°(Q2) the closure of 7 (Q) in L*(Q).
It can be verified that for k > 1,

VEQ) = HE(Q) nVO(Q). (2.5)

In particular, with this notation, the classical spaces H(€2) and V() are denoted respectively by
VO(Q) and V1(©2). We also denote by V=F(Q) the dual space of V¥(Q) with respect to V().
Finally, we set Q' = (0,t) x Q for ¢t > 0.

Many constants arise in the course of our work. The symbol C' denotes a generic constant whose
value may change from line to line. We reserve subscripts (e, A, etc.) for those constants to which
repeated reference must be made. We denote by (-, ) the inner product of L?(Q2) and by (-,-) the
dual product between H{(2) and H~1((Q).

2.2 A priori estimates

Here, we formally compute some a priori estimates for the problem (1.2)—(1.3). We first write these
equations in a different way by simple calculation. By using (2.2), we obtain

V- ((/\ + W)W ® W))

On the other hand, using Leibniz rule implies

A o
\% (§|V¢|2 + o/ |V¢|2 + €> = V2¢ <(/\ + W)V(b) + (\/ |V¢|2 + 6) Vo.



Combining the above equation with (2.6) and using the definition (2.3) of A, yield

Vo @ V¢>

— A (Vo +V (3|V¢I2 + NW) ~ (VIVoP+¢) Vo (27)

Consequently, if we denote by ¢ = ¢4, the quantity

A
Go0 = 5|VOP* +oVIVOP +e, (2.8)

vl —r
(o e

then we can rewrite (1.2) as

u+u- Vu = Au+ V(p+q) + A (6)Ve + (\/|v¢>|2 n e) Vo in (0,T)xQ, (2.92)
V-u=0 in (0,T)xQ, (2.9b)
dr+u-Vo=-W'(p)— As(¢) in (0,T)x Q, (2.9¢)
or+u-Vo=0 in (0,7) x . (2.9d)

e We multiply (2.9a) by u and integrate by parts:

Ld /|u|2dx+/|Vu|2dx :/AU(¢)V¢-udx+/VU-u\/|V¢|2+e dx. (2.10)
O Q o)

2.dt
O
e We multiply (2.9¢) by ¢; + u - V¢ and integrate by parts:

/I@ +u- Vo[> dx = 4 (W(qs) + g|v¢|2 + 0|V + e> dx
Q

dt
Q

—/AU(QS)V(;S-udx—i— o/ Vo2 +e dx. (2.11)
) O

Summing (2.10) and (2.11), we obtain
d 1 2 A 2 2 2 2
7|32 lul* + W (¢) + §|V¢| +0|Vo|2+e|dx+ [ |Vul*+ [ |t +u-Vo|" dx
Q Q Q
:/(at+VJ~u)\/|V¢|2+e dx.

Q

The above equation, (2.9¢) and (2.9d) formally imply the following energy inequality:

t

E(t) + // [Vul? + [W'(¢) + Ay (¢)]* dxds < E(0), (2.12)
0 Q
where the energy associated to our system is defined by
1 A
E(t) := / <§|u(t)|2 + §|V¢(t)|2 + W(o(t)) + o/ |Vo(t)|? + e> dx. (2.13)
Q



2.3 Definition of Weak Solutions

We are now in position to state the definition of weak solution of (1.2)—(1.3).

Definition 2.1 (Definition of weak solution). The triple (u, ¢, o) is a weak solution of (1.2)—(1.3)

f
l we L2(0,T; VY(Q) N L=(0, T; VO(Q)),

¢ € L=(0,T; Hy (), (2.14)
o € C([0,T]; LP(€)), (Vp € [1,00)).
if (u, d,0) satisfies the energy estimate (2.12) and if the following relations hold:
— [ up-v(0,z)dx— [ w-vdxdt— [ (u®@u— Vu): Vodxdt
[rersois fronaa |
o
for all v e CH[0,T];VE(Q)), v(T,-) =0, (2.15)
o
- Q/¢Ow(07x) dx _Q‘Z P dxdt +Q[ Vi - <</\ + W) V¢> dx dt
= [ 6u- v - W) axa,
QT
fOT all 1/) € Cl([OaTLVg(Q))v w(Ta ) = Oa (216)
—/Uon(O,x)dx—/omdxdt: /Uu-Vndxdt,
Q QT QT
for all neCH[0,T;;V3(Q)), n(T,)=0. (2.17)

Remark 2.2. The above definition is obtained by multiplying formally (1.2a), (1.2¢) and (1.2d)

by smooth functions and integrating by parts. In particular, a smooth solution of (1.2)~(1.3) is a
weak solution in the above sense. Note that in (2.15), (2.16) and (2.17), the terms appearing in
the integral on QT and involving u, ¢, o are in L*(QT) if (u, ¢, o) satisfies (2.14). This comes from
Sobolev embedding theorems and Holder inequalities, as it will be seen in Subsection 3.1.

3 Preliminaries

In this section we recall some classical results and derive some basic inequalities which are useful
in our problem.

3.1 Some inequalities

Let us assume (u, ¢, o) satisfies the regularity assumptions of Definition 2.1, i.e.

ue L2(0,T; V(Q) N L>®(0,T;V°(Q)),
¢ € (0, T; HH(Q)), (3.1)
o € C([0,T]; LP()), (Vp € [1,00)).



Using Holder’s inequalities, we obtain

((/\ + ﬁ)vd)) S LOO(OvT; L2(Q))a <(/\ +

Wo® v¢> € L>(0,T; LY())

o
VIV +e

with

< C (I9llpm oz @y + 17l ieorizz@y) (3:2)
L>(0,T;L2(R))

|((” VIVoE T e +e)w>

and

Vo w) < C (1613 =0 2,0 @y + ol 0 1120 ) -

Lo (0,T;L(Q))

’ (m NOZLET
(3.3)

Using the Sobolev embedding H'(2) € L°(Q) and (1.4) we deduce that if ¢ € L>°(0,T; H}()),
then
W'(¢) € L>(0,T; L*(2))

and
3
WD) oo 0,722 (0) < C (H¢||Loo(o,T;H1(sz)) + ||¢||L°°(0,T;H1(Q))) : (3.4)

Using (3.3) and Sobolev embeddings, we can deduce the following proposition which gives some
estimates of the nonlinear terms appearing in the right hand side of (1.2a). We skip the proof since
its proof is classical.

Proposition 3.1. Let o € C([0,T]; L*(Q)), ¢ € L*(0,T; H} () and

o
VIV +e

Then F(¢,0) € L*(0,T;V=3(Q)) and there exists a constant C depending only on §) such that

F(¢,0) = V- <(A+ )v¢®v¢>, (3.5)

1F(¢,0) | 20,753 () < ClldN a0, 7,2 0y + Cllolleo,myzzcon 100 20,75 @)

3.2 Compact sets
Here, we state several classical results of compactness that we use in this paper.

Lemma 3.2. Let {f,} be a bounded sequence in L°°(0,T; H}(Q)) such that {%} is bounded in
L2(0,T; LY(2)). Then {fn} is relatively compact in C([0,T]; L*(Q)).

Lemma 3.3. Let {fn} be a bounded sequence in L?(0,T;V(Q)) such that {%} is bounded in

L2(0,T;V=F(Q)) for some k € N*. Then {f,} is relatively compact in L*([0,T];V°(Q)).

The proof of Lemma 3.2 is given in [17, Corollary 8] whereas the proof of Lemma 3.3 is given
in [15, pp.57-60].
3.3 Properties of A,

If o € L*(£2), then the nonlinear operator A, given by (2.3) is defined from Hg(Q) into H ()
as

Vo
A (D). V) s o i = | AV - Vird — V0 ) . vydx. 3.6
(A (0), V) -1 (0),m1 () ! ¢V X+!0< |V¢|2+a> dx (3.6)



Let us now assume that ¢ is a (weak) solution of A,¢ = f, where f € L*(Q), i.e.

v ((,\ + W)W) =/f ing, (3.7)

¢=0 on 0N.

The following proposition shows that, if o is regular, then ¢ € H?(Q2) and in particular, that
the L? norm of A, (¢) control the H? norm of ¢:

Proposition 3.4 (H2-regularity of a nonlinear elliptic equation). Assume that o € C?(Q), that
o >0 and that OQ is C?. If ¢ € HL(Q) is a weak solution of (3.7), then ¢ € H*(Q) and

9l 22(0) < Cllfllz2(0)-
The constant C' above can be chosen independently of o.

The proof of the above proposition is quite classical since (3.7) is similar to Euler—Lagrange
equations obtained in the calculus of variations. We refer to [8] and for a simple and direct proof
of the above proposition, one can adapt the proof of Theorem 1, p.459 in [7].

3.4 Classical results on the transport equation

This subsection is devoted to recalling classical results on the transport equation

{Son o 69
where u is a given divergence-free vector field.
The following result is due to DiPerna and Lions [6] (see also [16, p. 41]).
Proposition 3.5. Assume that {o,} and {u,} are two sequences such that
on € C([0,T]; L*()), un € L*(0,T5V()),
with {0, } bounded in L>=((0,T) x ), {u,} bounded in L*(0,T;V(Q)) and with
Ont+ V- (opu,) =0,
0,(0) = 09 in L*(9),
up —u in L*0,T;V(Q)) — weak,
for some o¢ € L>®(Q2), 09 > 0.
Then for every 1 < p < oo,
on — o strongly in  C(]0,T]; LP(2)),
where o € L>°((0,T) x Q) is the unique solution of the problem
o+ V-(ou)=0 in 2'(Qx(0,T)),
{ o(0) =09 ae in €. (3.9)
Let us also recall a result on classical solutions of (3.8) (see, for instance, [16, p.67]).
Proposition 3.6. Assume
{ ue L0, T;VO(Q)),
o0 € C%(Q), 09 =0.
Then (3.8) admits a unique solution o. Moreover,
o€ C([0,T];C%()), o€ L*0,T;C1(Q)), 0<o< loollca)-
and
HUHC([O,T];CQ(Q)) + HUtHLz(o,T;m(Q)) < C(HUO||02(Q)= ||U||L2(0,T;VG(Q)))' (3.10)



4 Approximation of the Navier—Stokes system

We consider the following approximation of the Navier—Stokes equations:

ur + vASu +u-Vu=Au+Vp+ f in (0,7) x Q,

Vou=0 in (0,T) x Q, @)
u=2u=Au=LAu=Au=2Au=0 on(0,7T)x 0%, '
u(0,) = ug in Q

where v > 0. This system was used in [15, p. 97] to consider the well-posedness of the Navier—
Stokes equations. We consider a similar method in our case. Note that we could take other viscous
term v(—A)™u (with suitable boundary conditions) but the power m = 6 is sufficient in our case.
Here, we show that the above system is well-posed.

Proposition 4.1. Assume f € L*(0,T;V=%(Q)) and up € H(Q), then (4.1) admits a unique weak
solution

ue L*0,T;VS(Q)NnHY0,T;V=5(Q))
in the sense that for all v € C1([0,T); VS(Q)), with v(T,-) = 0, the following relation holds true:

T
- /u-vtdxdt—/uo(-) -U(O,-)dx—l—u/(u,v)vs(g) dt—/(u@u—Vu) : Vodxdt

QT Q 0 or

Yy- 6(02),V6(Q) dt. (4.2)

O\.H

Moreover, the following estimate holds true:
luellL20.v-s (@) + lullL20,mve @) + ullcqo, @)
< C(V)HfHL?(O,T;V*G(Q)) + ||U0HH(Q)- (4.3)

We recall that the spaces V6(Q), H(Q2) and V=5(Q) are defined in Subsection 2.1. In (4.2), we
use the following inner product of V6(Q):

(u,v)yeq) = Ay - Adudx Yu,v € V(Q).

:0\

The norm associated to this inner product is equivalent to the canonical norm of H5() . Since
the proof of Proposition 4.1 is very similar to the proof of existence of the classical Navier—Stokes
system, we only give here the main steps of the proof (see [15, pp. 75-77] for more details). We
first state a classical lemma which can be found for instance in [15, p. 74, Corollary 6.1].

Lemma 4.2. The operator A = vA® € L (V(Q),V=(Q)) is self-adjoint positive with compact
resolvent. Moreover, H(Y) admits an orthonormal basis {wi}52, C VO(Q) of eigenvectors of A.

Proof of Proposition 4.1. We use a classical Galerkin method: for any k € N*, we denote by Py :
H(Q) — span{wi,---,wr} the orthogonal projector. Using Lemma 4.2, we deduce that Py €
L(V8(Q),V¢(Q)) and

[ Pell 2 (ve(a).ve) < 1. (4.4)

By a duality argument, we have P € £ (V~5(Q),V=6(Q)) and

1Pe | 2(v-s(),v-s(a) < 1. (4.5)



For any k € N*, there exists a unique solution

k
uk(t) =Y gjk(t)w;(x),
j=1
of the problem
uy, + Pl Auy, = — P} (ug - Vug) + P f.
Uk (0) = Pkuo.
As for the classical Navier-Stokes equations, we have the following a priori estimate

1d
gaﬂukH?{(Q) +vlurlPe oy + lunlli @) < (F uk)v-s@) ve@),

and thus
lukllz20,rve (@) + Nkl Lo, rm ) < CWIfllL20,m:v-6(2) + lluollm(e)-
Using Sobolev embedding and Hoélder’s inequality, one can show that
1P (ur - Vur) || 2 0,75v-5(0)) < Clluklloo,7;m@)) |kl L20,1v0 ()

which, combined with (4.9), implies

il 20,75 -5(0)) < CW)IfllL20,mv-50)) + llwollr0)-
We deduce from (4.9) and (4.11) that, up to the extraction of a subsequence,

up —u  L*(0,T;V5(Q)) — weak

and
uf, = L*0,T;V5(Q)) — weak.

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

Combining the above two statements with Lemma 3.3, we can pass to the limit. By weak sequential
lower semicontinuity (see, for instance, [18, p. 235]), we obtain (4.3) by combining (4.12), (4.13),

(4.9) and (4.11). The uniqueness can be done in a classical way by using the regularity of u.

Let us end this section by a result of continuity: assume
fo— [ in L2(0,T;V7(Q))
and assume uy € H(€2). We consider for all k£ the unique weak solution

uy € L*(0,T; VS(Q) n H'(0,T;V=4(Q))

of
(ur)s + vASuy, + uy - Vug, = Aug + Vg + fx in (0,7) x Q,
Viup =0 in (0,7) x Q,
Up = %uk = Auy = B%Auk = A%y, = %A2uk =0 on (0,7) x 09,
ur(0,-) = uo in €.

We also denote by u the unique weak solution of (4.1)

Proposition 4.3. Assume (4.14) and let us consider uy, and u defined as above. Then
up —u in L2(0,T; VO (Q)) N L>®(0,T; H(Q)).

The proof of the above result is classical and we skip it.

10
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(4.14)

(4.15)



5 Resolution of the phase-field equation

Now we turn to the phase-field equation (1.2¢). More precisely, we consider the initial-boundary
value problem of the following nonlinear parabolic equation:

¢r+ As(¢) = —u- Vo —W'(¢) in(0,T)xQ,
$p=0 on (0,7) x 09, (5.1)
¢(07 ) = (bo in Qa
where A, (¢) is defined by (3.6). The following proposition shows that A, (¢) is a monotone operator
provided that o is non-negative.

Proposition 5.1. There exists a positive constant C' depending only on € such that

1A (D) -2 () < MlSllag o) + Clloll=iy (6 € Hy(Q), 0 € L¥(%)). (5.2)
Moreover, if o € L>®(Q) and 0 > 0 a.e. in §Q, then
(A5 (d1) = Ao(92): b1 — d2) = Alld1 = dallipn o) (1,62 € Hy(2))- (5.3)

Proof. From (3.6) and from (2.4), we deduce

(4 (0). ) = [ AV Vudxt [ 1,(6) Voax. (5.4)
Q Q
with
| Jo (D) 22(0) < Cllol|Lee()-
The above inequality and (5.4) yield (5.2).

Assume o € L>®(Q2) and ¢ > 0 a.e. in Q, and let us consider ¢1, ¢2 € H (). Using (5.4), we
obtain

(Ag(d1) — Ao (d2), 1 — d2) 1 ()51 ()
= NIV61 = Vol + [ (alér) = Jo(2)) - (Vo1 — Vor)ds. (59)

Q

Since for all o > 0, the function z — 2/v/22 + « is increasing on R, it follows

. _
(\/|x|2+e VIZ]2 +e
The above relation combined with the definition (2.4) of J, and the hypothesis o > 0 yields

(Jo(01) — Jo(@2)) - (V1 —Ve2) >0 in Q.
The above inequality and (5.5) imply (5.3). O

)-(m—x))O (z,z € R3).

The following result is essentially contained in [15, pp. 159-161] which can be considered as the
application of monotone operator theory to parabolic equation.

Proposition 5.2 (Monotone method). Let 0,,,0 € L>((0,T) x ), ¢pn, ¢ € L°°(0,T; H}(Q)) and
x € L2(0,T; H1(Q)). Assume

on, — o  C([0,T]; LP(Q)) — strong, ¥p € (1,00),
on,0 =20 ae. (t,x)€[0,T] xQ,
én — ¢ C([0,T]; L*(Q)) — strong, (5.6)
(bn —¢ L>=(0,T; Hl(Q)) weak™,
Un (¢n> - X L2(Oa ) I(Q)) - weak,
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T
1 1
5 [ 1on(DPdx+ [ (Ao, (6n), ¢n) At + [ ¢uW'(dn) dxdt = 5 [ |¢n(0)” dx, (5.7)

T
1 1
5 [lo@Pac [eoras [ow@ =3 [looP ax. 6
O 0 Qr o)
Then Ay (¢) = x and
Voo — Vo strongly in  L*(0,T; L*(Q)). (5.9)

Proof. Let ¢ € L2(0,T; H}(2)). We first claim that, under condition (5.6), we have

T T
[t40,@).60 =Gt > [(Aa().0- 3y e, (5.10)
0 0
Indeed, from (5.4), we deduce
T
/ (), bm — Byt = /(w@s T (3) - (Vén — V) dxdt. (5.11)
0 QT

Combining the first statement of (5.6) with Lebesgue’s Dominated convergence theorem, we have
Jo, (6) = Jo(¢) strongly in  L*(0,T; L*(Q)),

which combined with (5.11) and the fourth statement of (5.6) indicates that

n—oo
0 QT
which implies (5.10).
Using (1.4), we deduce that |¢, W' (¢,)| < C(|¢n|* + 1), which, combined with the third state-
ment of (5.6), implies

lim [ (Ag, (), 6 — B dt = / (VS + Jo(3)) - (Vo — Vo) dxdt,

/¢nW’(¢n)dxdt—> /¢W’(¢)dxdt. (5.12)
Let us set
T
X = [0, (60) = 40,800 - ). (5.13)
0

Substituting (5.7) into (5.13) yields

=5 [16a0P ax=5 [loum)Fax— [ 6. (6,) dxa
) Q QT
T R T .
O/ o (0n), ) d 0/ —¢)dt.
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By combining the above equation with (5.6), (5.10) and (5.12) implies that

1 1
Jim X, =5 (100 ax—5 [lonPac- [ ow'(¢)axar
Q Q Qr

T T
- [odrat- [(nd0- 9 ac.
0 0

Substituting (5.8) into the above equality implies

T

lim X, =[x~ 4,(8).6 - &) de. (5.14)

n—00
0

Now, from the definition (5.13) of X, and from (5.3), we deduce from the above equality
T
= 40(8),6 - &) dt > imsup A6 — o 1oy o (5.15)
n—r00
0

Taking ¢ = ¢ in (5.15) gives
Voo — V¢ strongly in  L*(0,T; L*()).

Taking ¢ = ¢ — aw, with a > 0 and w € L2(0,T; HL(Q)) in (5.15) implies

T
oz/(x—Ag(gb—ozw),w>dt >0
0

and thus

T
/(X — Ay (¢ — aw),w)dt > 0.
0

Let us make « tend to 0:
T
/<x — Ag(¢),w)dt >0, Yw e L*(0,T; Hy (),
0

which implies; by a density argument, x = A, (¢). [l

With the help of the above proposition, we can state and prove the following proposition which
shows that (5.1) admits a unique strong solution provided that o, u and the initial data ¢ are
regular enough.

Proposition 5.3. Assume

ue L2(0,T; H3(Q) NV (Q)),

o € C([0,T];C*(Q)),

o(t,z) >0 ae. (t,z)€[0,T]xQ), (5.16)
o, € L?(0,T; L*(2)),
B0 € HE ().
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and assume that there exists a positive constant Cy such that
lull 20,7120V (@) + llolleo.rc2@)) + lotllL2o,miL2) + 9ol @) < Co,
then equation (5.1) admits a unique solution
¢ € L*(0,T; H*(Q)) N C([0, T; Hy () N H' (0, T; L*()).
Furthermore, there exists a positive constant C' = C(Cy,Q,T') such that
&Nl 20, m2(0) + Dlleqo,my:m20)) + |9l E10,7522(02)) < C- (5.17)

Proof. The proof is divided into several steps.

1st step: Construction of approzimate solutions

Let {w;}$2; be an orthonormal base of H}(2). For all m > 1, we consider the L? projection ¢o,,
of ¢p on span{ws, ..., wy} and ¢,, the solution of

Om(t) € span{wy, ..., wy}t (t=0),
(01, () wj) + (Ao (Pm (), wj) = —=(W' (¢ (1)) +u- Vom(t),w;) (1< j<m), (5.18)
(bm(o) - ¢Om-

We can derive in a classical way the following estimate:

/|¢:n|2dx+at/(%|V¢m|2+W(¢m)+0\/|v¢m|2+e) dx
Q Q
= [t Vol [on/anF e as

Q Q
€

slol (5.19)

1 1 1 1
< §||¢;n||%2(£2) + §||U Vomlz + 5”01%”%2(9) + §|\V¢m||%2(sz) +
Using a Sobolev embedding, we have
lu- Vémlzai) < Cllulltr @) Vémllze)-

Combining the above estimate with (5.19) and Gronwall inequality implies that

[t axdes ma [ <%Iv¢m<t>|2+W<¢m<t>>+ff 'W’m(”'”e) o
QT | @
T
< Cexp C/HU(S)H?{?(Q)dS
0

A
| [ (51900 4 Wn) + ooy TP ) dxvet lonlBa ooy | - (520
Q

This yields in particular that
{¢m} is bounded in H(0,T; L*(Q)) N L>(0,T; Hy(Q)). (5.21)
Using (5.2) and the second condition of (5.16), we deduce from the above relation that

Ay(¢y) is bounded in L0, T; H™*(Q)). (5.22)
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Combining (5.21) and (5.22), we conclude that, up to a subsequence,
Om — @ in L°°(0,T; H}(Q)) — weak*,
oL, — ¢ in L2(0,T; L*(2)) — weak, (5.23)
Ag(¢pn) = x in L2(0,T; H-1(Q)) — weak.
Moreover, combining (5.21) with Lemma 3.2, up to the extraction of a subsequence, we have

bm — ¢ strongly in  C([0,T]; LY(Q)). (5.24)

In particular,
W (¢m) = W'(¢) in C([0,T]; L3(%2).

2nd step: Passing to the limit
Using Step 1 of the proof and Sobolev embeddings, we deduce that

bt +X+W' (@) +u-Vo=0 in L*0,T; H Q).

In particular, multiplying the above equation by ¢ € L% (0,T; H}(£2)), we obtain that ¢ satisfies
(5.8). Applying Proposition 5.2, we conclude that x = A,(¢). Therefore, we deduce the existence
of a weak solution of (5.1):

¢ e HY(0,T; L*(Q)) N L>®(0,T; Hi()). (5.25)
From Sobolev embeddings, we remark that
fi=¢r +W(¢) +u-Vep e L*0,T; L*(Q)

and from (5.1), we have, for almost every ¢ € (0,7T),

o
V- A+ ——=)Vo | =f inQ,
<( VIV + 2 )
¢=0 on JN.
Applying Proposition 3.4 yields that
¢l L2(0,1;m20) < CllfllL20,7;02(2), (5.26)

where C' is a positive constant depending only on [|o|< (o, 7],c2(q))- This concludes the proof. O

6 Viscous Approximation of (1.2)—(1.3)

In this section, we consider a system approximating (1.2)—(1.3), obtained by adding a viscous term
(and suitable boundary conditions). More precisely, we study the following initial-boundary value
problem:

ut—I—l/AGu—i—u-Vu:Au—i—Vp—V- <(A+\/ﬁ)v¢®v¢> (61&)

V-u=0 (6.1b)
o , .

¢ — V- <(/\ + 7W)V¢> =-W'¢) —u-Vo (6.1c)

or+u-Vo=0 (6.1d)
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n (0,7) x © and

u:iu:AuziAu:AQUZEA%L:O on (0,T) x 09,
on on on (6.2)
¢o=0 on (0,T) x 99, :

w(0,)) =up inQ, ¢0,)=¢p inQ, o(0,")=0p in Q.
Remark 6.1. Such a viscosity method is quite classical (see, for instance, [15]) and was used
recently (see, for instance, [3] and [9]).

We show an a priori estimate for the above system which is similar to (2.12). Let us recall that
E(t) is defined by (2.13). If

u e L*(0,T:VO(Q)) N H(0,T:V5(Q)),
¢ € L2(0,T; HX(Q) N HE () N H(0,T; L*(R)), (6.3)
o € H'(0,T;C(Q)) N C([0, T]; C*(Q)),

we say that (u, ¢, o) is a solution of (6.1)—(6.2) if (6.1b)—(6.1d), (6.2) are satisfied in a strong sense
and if

—/u~vtdxdt—/u0(~)v(0 dx+V/A3u A%dxdt—/(u@u—Vu) Voudxdt
QT Q QT

T
= /<F(¢, 0),0)v -3 v dt, forall veC'([0,T];V%(Q)), v(T,-)=0. (6.4)
0

We recall that F(¢, o) is defined in Proposition 3.1.

Proposition 6.2 (A priori estimates). Assume (u, ¢, o) satisfies (6.3) and is a solution of system
(6.1)~(6.2). Then we have the following a priori estimate

BE(t) + / (|45 () + W' (9)|* + |Vul* + v|A%u|?) dxdt = E(0), a.e. t € (0,T). (6.5)
Qt

Proof. The proof follows the lines of Subsection 2.2. The only difference comes from the fact that
u satisfies only a weak formulation (6.4). To obtain an estimate similar to (2.10), we can not take
w as a test function in (6.4). To overcome this difficulty, we take a sequence u,, € C*([0,T]; V5(£2)),
with u, (T,-) = 0 and

u, = ulpy in L*(0,T; V().

We also use the decomposition (2.7) of F(¢, o), so that

- /u Uy dx dt — /uo(-)un(O, ) dx +v / A3y - Adu, dx dt — /(u ®@u— Vu) : Vu, dxdt
QT 2 QT QT

T
/ PV + VIVo]2 + 6) Vo, un>V73(Q)7V3(Q) dt. (6.6)
0

From the regularity (6.3), we deduce A,(¢)Ve € L?(0,T; L' (Q)) and Vo./|[V¢|2 + € € L?(QT).
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Moreover, an integration by parts shows that

T
— /u-umdxdt—/uo( . /ut,un v-s(Q),ve) dT
0

QT Q

1 1
— §/|u(t,-)|2dx—§/|u0|2dx.
Q

As a consequence, we deduce
1 2 2 3,112
B [ut, )" dx +[|Vull 220,02 (0)) T VIA wlL20,02(02))

—/Ag(qﬁ)V(b-udxdT— Vo -uy/|Vo|2 +edxdr

Q! Q!

= %/|uo|2dm. ae. t€(0,7). (6.7)

Q

Using the above relation, we can follow the calculation of Subsection 2.2 to deduce the result. O

The main result of this section is the existence and uniqueness of a solution of (6.1)—(6.2).

Proposition 6.3. Assume
up € H(Q), ¢o € Hy(R), o0 € C*Q), g9 > 0.
Then, for every T > 0, system (6.1)~(6.2) admits a unique solution
u € L2(0,T;VO(Q)) N C([0, T]; H(92)),

¢ € L*(0,T; H*(Q) N Hy (2
0 1

o e C([0,T];C?*(Q)) N H'(0,

Proof. The proof is divided into several steps.
Ist step: Local existence
Let us consider T € (0,7") and let us set

().

¢ = {(¢,0) € L*(0,T; Hy () x C(10,T; L*())},

Br=1{(¢,0) € & ; H¢”L4(07T;Hé((2)) ol o, r200) < Y-

We define the map by B B
F(9,0) = (¢,0), V(,0) € Br

where (u, ¢, o) is the solutions of the following nonlinear system

uy + vASu 4+ u-Vu = Au+ Vp+ F(¢,5)
V-u=0

o
Vvl — — —W'(d) —u-
or+u-Vo=0
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(6.11c)
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in (0,7) x © and

u:iu:AuziAu:AQUZEA%L:O on (0,T) x 09,
on on on (6.12)
¢o=0 on (0,T) x 99, :

w(0,)) =up inQ, ¢0,)=¢p inQ, o(0,")=0p in Q.

In (6.11a), F(¢,) is the nonlinear operator defined by (3.5). -
In order to prove that the system (6.11)—(6.12) admits a unique solution for (¢,0) € ZBr, we
consider several steps:

e We apply Proposition 3.1 which implies that F(¢,a) € L2(0,7;V ~3(Q)) with
HF(J), 6)||L2(0)T;V—3(Q)) < CR%. (6.13)

e We use Proposition 4.1 to obtain the existence and uniqueness of u solution of (6.11a)—(6.11b),
(6.12). Morever from (6.13), we deduce

lull L2g0,7,v6 0y + 1wl oo 43210y < OB, uollaie))- (6.14)

e We solve the transport equation (6.11d), (6.12) by applying Proposition 3.6. The solution o
satisfies

lolleqo,mic2@) + ot 20501 @) < C(Rs lloolloz oy, luoll ), T)- (6.15)
e Finally, Proposition 5.3 implies the existence and uniqueness of a solution ¢ to (6.11c), (6.12)

with

161l L2 0,2 12()) T 1Pl oio,21:m2 ) F 18l 1 0,522 ()
< C(R, |loollez oy, 100l @) luoll ), T)- - (6.16)

Using the above construction, we can show that % : Br — & is well-defined and % (%R) is
relatively compact. Furthermore, using (6.15) yields
A1 1
101l ago, 75113 ) < TNl o711 (2 S TTOR, [|dollma (e luoll ) ool a2y, T),

and we can show that
lolle(o,71;L2()) = loollz2()-

It follows from the above two inequalities that, by taking
R 2 2[|ool|r2(0),

and by taking 7' small enough, .Z maps Zp into itself. Combining this fact with continuity of .
(Proposition 6.4 below) permits to apply Schauder’s fixed point theorem and shows that .# admits
a fixed point.
2nd step: Global existence

From the first step, one has to show that

t= lu®lla@ + llo@)llcz@) + 10O @) (6.17)
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does not blow up in finite time. Since the solution (u, ¢, o) satisty (6.9), we deduce from Proposition
6.2 that (u, ¢, o) verifies the estimate (6.5):

[ (G102 + 319000 + W) + oIV + <) ax

Q

+ [ (14000) + WP +19ul? + vlaPuP) d
Qt

= [ (3luol? + 51V60 + W) + o0y [FF ) dx - ae.t€ (0.7)
Q

In particular, it only remains to show that [|o(t)[|c2(q) does not blow up in finite time. This is
a consequence of Proposition 3.6 and from the above estimate on w. O

Proposition 6.4. Assume T > 0. The mapping F : Br — & defined by (6.11), (6.12) is
continuous.

Proof. Assume ~ B R “
(¢n,n) — (¢,3) in L0, T; HL(Q)) x C([0,T]; L*(2)). (6.18)

The above convergence and the Sobolev embedding theorem imply
F(¢n,5,) = F(¢,5) in L*(0,73V3(Q)). (6.19)

Let us denote (un, ¢n,0,) and (u, ¢,0) the corresponding solutions of problems (6.11), (6.12) as-
sociated to F(¢,,0,) and to F(o,0).
Relation (6.19) and Proposition 4.3 yield that

Uy — uin L2(0,T;VO(Q)) N L>=(0,T; L2 (Q)). (6.20)
The above result and Proposition 3.5 imply
on — o inC(0,T]; LP(Q)) Vpe[l,00) (6.21)

with o solution of (6.11d).
Moreover, from Proposition 3.6, we deduce that (o) is bounded in

C([0,7); C*(Q) N H' (0, €1 ().
Therefore, we deduce from Proposition 5.3 that
16nll 20,2512 () T 10nllco,dy;m3 @) + 1100l 10,7522 () (6.22)
is bounded. From these estimates, and using Proposition 5.2, we deduce that
b0 — ¢ in L*(0,T; H'(Q)),

where ¢ is the weak solution of (6.11c), (6.12). Combining this convergence with (6.22), we obtain
that
¢ — ¢ in L*0,TH' (D)),

which concludes the proof with (6.21). O
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7 Proof of the main result

This section is devoted to the proof of Theorem 1.1. First, we take a sequence {on}, with o >0
in Q, o € C*(Q), and
oy — o9 in LP(Q) forall pe[l,o00). (7.1)

We apply Proposition 6.3 to solve the approximate system (6.1)—(6.2) with initial conditions
(ug, ¢o,0yy) and with a viscosity v = 1/n. From Proposition 6.2, we deduce that the solution
(Un, n, 0p) verifies

/ (|un<t>|2 + 21V O + W (0(t) + o)V [Vo, 0P T ) dx

Q

t t
1
+//|Vun|2+|W’(¢n)+AU(¢n)|2dxds+E//|A3un|2dxds
0 Q 0 Q

< [ (ol + 319l + W(o0) + o VWP e s, (7:2)

Q

and
0020 0 QT [low(®lpmey = 108l oy < Clloollmey. t€©.T).  (73)

The two above equations imply the following bounds:

{¢n} is bounded in L>([0,T]; Hi(2)), (7.4)

{u,} is bounded in L*(0,T;V(Q)) N L>([0,T]; V°(Q)), (7.5)
L 3u is bounded in 2 L?

{ﬁA n} bounded in  L*(0,T; L*(Q)), (7.6)

{W'(¢,)} is bounded in L*(0,T; L*(2)), (7.7)

{A, (¢n)} is bounded in L*(0,T; L*(Q)). (7.8)

Note that (7.7) is a consequence of (3.4) and (7.4), whereas, (7.8) is obtained by using (7.7) and
(7.2).

Coming back to the equations of ¢, and w,, applying Proposition 3.1 and using the above
estimates, we deduce that

{¢n+} is bounded in L*(0,T; L*()) (7.9)

and
{un+} is bounded in  L2*(0,T;V5(Q)). (7.10)

Therefore, from the classical Banach—Alaoglu theorem, Proposition 3.5 and the compactness results
given in Subsection 3.2, we finally obtain the following convergences (up to subsequences):

bn — ¢ L=(0,T; H}(Q)) — weak*, (7.11a)
A, (bn) = x  L*0,T;V°(Q)) — weak, (7.11b)
LA?’un — & L*0,T;V(Q)) — weak, (7.11c)
vn

up —u  L*(0,T; V() — weak, (7.11d)
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and

én — ¢ strongly in - C([0,T]; L1(Q)), (7.12a)
un — u  strongly in - L*(0,T;V°(Q)), (7.12b)
o, — o strongly in  C([0,T]; LP(£2)), Vp € [1,00). (7.12¢)

Moreover, applying again Proposition 3.5, we deduce that o is the unique weak solution of transport
equation
ot +V-(ou)=0, o(0,2)=0o.

To pass to the limit in the phase-field equation, we apply Proposition 5.2: we notice that we have
the following estimates

3 [1on(@P s+ /< o (60). ) / 6 W/ (90) dxdt = / GuOPdx  (713)
Q 0

and

/|¢ |2dx+/< >dt+/¢W’ dx dt = /|¢ )|? dx. (7.14)
QT
As a consequence, x = A,(¢) and

Voo — V¢ strongly in  L*(0,T; L*()).
Gathering the above convergence with (7.12¢) and with (7.11a), we deduce that
F(¢n,0n) = F(¢,0) in L*(0,T;V ().

This result and relation (7.12b) permit to pass to the limit in the Navier-Stokes system so that u
is solution of (1.2a)—(1.2c).
This ends the proof of the theorem.
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