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ON THE EXISTENCE OF WEAK SOLUTIONS TO
NON-LOCAL CAHN-HILLIARD /NAVIER-STOKES EQUATIONS AND
ITS LOCAL ASYMPTOTICS*

ZHILEI LIANGT

Abstract. Cahn-Hilliard/Navier-Stokes system is the combination of the Cahn-Hilliard equation
with the Navier-Stokes equations. It describes the motion of unsteady mixing fluids and has a wide
range of applications ranging from turbulent two-phase flows to microfluidics. In this paper we consider
the non-local Cahn-Hilliard equation (the gradient term of the order parameter in the free energy is
replaced with its spatial convolution) coupled with the Navier-Stokes equations. Assuming that the
densities of the incompressible fluids are constant and the double-well potential is singular, we establish
the existence of global weak solutions to the non-local system in three dimensional torus. In addition,
we show that, under suitable initial assumptions, the solutions are asymptotic to those of the local
Cahn-Hilliard /Navier-Stokes equations.
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1. Introduction

Cahn-Hilliard /Navier-Stokes (CH/NS) system is a diffuse-interface model (cf. [3,8])
describing the evolution of mixing fluids. The mixture is assumed to be macroscopically
immiscible, but a partial mixing in a small interfacial region, in which the sharp inter-
face is replaced by the Cahn-Hilliard (CH) equation in terms of the order parameter
(the difference between two concentrations). CH equation is for modeling the loss of
mixture homogeneity and the formation of pure phase regions. The Navier-Stokes (NS)
equations are for the hydrodynamics of the mixing fluids, and it is influenced by the
order parameter, due to the surface tension and its variations, through an extra capil-
larity force term. In the case of incompressible fluids with matched constant-densities
(i.e.,p=1), we have the following CH/NS equations

divu=0,
Jpu+div(u®u)+Vr =div(vVu) +uVe,
Ore+div(uc) =div(mVpu), (1.1)

p=r18 () b r /Q 3(e,y) (el t) — e(y,t))dy,

where Q CR?, the unknown functions u,, c, i are the average velocity, the pressure,
the order parameter, the chemical potential, respectively. The viscosity v, the mobility
m, and the interface thickness k are assumed to be positive constants. The ®(s) is
a double-well potential function, and J(x,y) is a positive and symmetric convolution
kernel.

System (1.1) is called a non-local CN/NS equations. The total free energy is the
sum of the kinetic energy %HuHQLZ(Q) and the free energy functional of the form

_— T clz,t)—c 2 T4k c)dxr .
el =4 [ [ S@wlett) —cwtPdydotn~! [ @lc)da, (12)
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where (1.2) is originally proposed in the papers [26,27] by Giacomin-Lebowitz, where
the authors considered the hydrodynamic limit of a microscopic model describing a
multi-dimensional lattice gas evolving via a Poisson nearest-neighbor process. In this
connection, £[c] is a non-local free energy functional, and the chemical potential function
1 is defined as the functional derivative, namely, u= %.

As a counterpart of (1.2), we have the standard local free energy functional of CH

equation

Eloc[c]:g/Q|Vc|2d:c+/<fl/Q<I>(c)dx, (1.3)

where the free energy density ® drives the system towards the segregation of the two
phases, and the square of the gradient energetically penalizes the formations of the
interface and restrains the segregation. The corresponding CH/NS equations are the
local version

divu=0,

Opu+div(u®u)+ Vr=div(rVu)+ Ve,
Orc+div(uc) =div(mVpy),

p=r"10(c) - KAc.

(1.4)

The existence of weak solutions of (1.4) (with suitable boundary information) has been
established by Abels [1]. The uniqueness and regularity, as well as existence of strong
solution, in both two and three dimensions are surveyed by Giorgini-Miranville-Temam
[28]. There is abundant other literature about the local CH/NS equations such as
[2,7,9,23,25,30,34,41,43], and the references therein.

The interest in the non-local diffusion model lies not only in the fundamental phys-
ical relevance (cf. [18,40]) but also its rigorous justification as a macroscopic limit of
microscopic phase segregation and the generality (cf. [10,26]). Particularly, when the
convolution kernel J(z,y) is symmetrical and concentrates around the origin, the behav-
ior of the non-local interface evolution problem approaches to, at least formally, that
of the standard local CH equation. Therefore, there is a close connection between the
local and non-local energy functionals.

Roughly speaking, if there exists a sequence Jy(x,y) =Jx(|z —y|) that approximates
Dirac delta as A goes to zero, the following asymptotic is valid, upon to a constant-
multiplicator,

//V]I,\(x,y)|c(x,t)—c(y,t)|2dyda:—>/|Vc\2dx (AL0).
ala Q

This can be rigorously justified and deeply understood from the seminal papers by
Bourgain-Brezis-Mironescu [5,6] and by Ponce in [37,38] respectively. From the mathe-
matical standpoint, although the local CH equation in (1.4) is a fourth order differential
equation, and the non-local one in (1.1) is an integro-differential second order parabolic
equation, they share a lot of fundamental features such as the gradient flow structure
(in H -1 metric) and the lack of comparison principles.

Let us briefly review some previous results in this direction. We first focus on the
single CH equation with non-local diffusion. For the existence, uniqueness, regularity,
strict separation property, long-time behavior, and stationary state of the solutions,
we refer to [4,22,24,29], etc. Assume that the mobility is a positive constant, and
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the double-well potential is regular with bounded concavity from below, Melchionna-
Ranetbauer [35] surveyed the nonlocal-to-local convergence of the solutions, as the con-
volution kernel J tends to a standard Dirac delta, by exploiting the I'-convergence anal-
ysis. In case of periodic domain, Davoli-Ranetbauer-Scarpa-Trussardi [13] established
the existence, uniqueness and regularity of solutions with degenerate potential, and
showed the local asymptotics from non-local model in a stronger topology. Moreover,
they [13] relaxed the restriction imposed in [35] and decompose the potential function as
two parts: one is a proper, convex and lower semi-continuous function, another is an in-
tegral of Lipschitz-continuous function. Less restrictions allow more physically relevant
double-well potentials (including the singular logarithmic and double-obstacle types).
Later, Davoli-Scarpa-Trussardi [14] considered similar questions in a general bounded
domain with reasonable boundary conditions. For other related analytical results, we
refer readers to the papers [12,16,31,35,39], and so on.

The coupled system of the NS equations with the non-local CH equation has recently
been an active research subject. If the potential function is regular enough which
allows any polynomial growth, Colli-Frigeri-Grasselli [11] proved the global existence of
a weak solution to (1.1), and discussed the energy identity and dissipative estimates
in dimension two. In case when the potential function is singular, Frigeri-Grasselli
[20] obtained the existence of global weak solution in a general bounded domain, by
using delicate approximations and limit process, additionally, the existence of the global
attractor for the generalized semi-flow is surveyed in dimension two. Frigeri-Grasselli-
Rocca [21] prove the existence of a global weak solution for both degenerate mobility
and non-degenerate mobility cases. Recently, Frigeri [19] obtained the global dissipative
weak solutions for unmatched-densities fluids, but the mobility is required to be non-
degenerate. See also the papers [15,17] for the relevant research. We remark that all
the aforementioned results on coupled CH/NS system require that the spatial kernel
function J belongs to a regular class W', which are usually met by checking the
following condition(cf. [35]):

J(xay)N“T*y|7Q7 a€(0v3/2>

In this paper, we want to establish existence theory of global weak solutions for
the non-local CH/NS Equations (1.1) under some structural assumptions. Built upon
this we show that the weak solution of (1.1) converges to that of the corresponding
local model. Our approach is to adopt and modify some ideas developed in the papers
[13,14,35] for single non-local CH equations, and in the papers [11,19,20] for coupled
CH/NS equations.

The rest of this paper is arranged as follows: Section 2 collects some known results
and useful lemmas. Our main results are stated in Section 3, and in the final Sections
4-5 we are devoted to proving the Theorem 3.1 and Theorem 3.2 respectively.

2. Preliminaries

First, we denote by L2(Q) and H}(Q) the completion in L?(Q) and H'(Q) of the
space {ve C>®(Q;R3): divo =0} respectively. We refer to [42] and introduce the Stokes
operator with null-mean condition. Let

A=—PA: H*(Q)NL2(Q) — L2(Q),

where P : L?(Q) s L2(Q) is the Leray projector. The operator A=1: L2(Q)~ L2(Q) is
self-adjoint and compact, and therefore, there exists an increasing sequence of eigenval-
ues {\;};>1 and corresponding eigenfunctions {w;};>1 in H2(Q)N L2 () which produce
an orthonormal basis in L2 ().
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Next introduce the operator with null mean
B=—-A+1: H?*Q) — L*(9).

It is clear that B is linear and unbounded, the inverse B~ : L?(Q2) — L2(Q) is self-adjoint
and compact. Therefore, there is a sequence of eigenvalues and associated eigenfunctions
{t;};>1 which form an orthonormal basis in L?(2).

The following various estimates on the integral quantities are collected from the
papers [5,6,37,38].

LEMMA 2.1 ( [5, Theorem 1]).  Let the domain QCRY is bounded and Lipschitz
continuous. Assume that 0 < Ky C L*(RY) for fived constant A\ >0. Then, there is some
constant C' which depends on ), p, N such that the inequality

[ [ mate - =T s < cpv i 2.1)

holds true for every f€WYP(Q) with p€ [1,00).

LEMMA 2.2 ( [37, Theorem 1.1]).  Let p€[l,00), N >2, and let Ky C L*(RY) be a
sequence of radial functions satisfying

Ky(Jz]) >0, suppK,CQ,
K)\dle

. : (2.2)
15?01/5 Ky(r)r?dr=0, V§>0.
Then, for all f e LP(L),
1= Dalfiny <€ [ [ K=o HE=EE e, (23)

where (f)q is the average of f(x) in Q, and the constant C may depend on , p, N

We remake that inequality (2.3) improves the standard Poincaré inequality. How-
ever, the following lemma shows that the quantities on the right-hand side of (2.3) and
(2.1) are in fact identical, as A tends to zero.

LEMMA 2.3 ([6,38]). Under the same assumption made in Lemma 2.2. The following
inequality holds true

| lta) = F)” .
hm//K (lz—yl]) oyl ————dydr = kNp/|Vf| dx, (2.4)

Al0

where ky p,=7m" ZF( T (%)F (NT"’), and I' is the Euler-Gamma function.

Next, we define

:i/QJA(%Z/)‘f(UU)—f(y)de and JA(%y):w, (2.5)

where K satisfies all hypotheses listed in Lemma 2.2. By scaling K, we deduce from
(2.5) and Lemmas 2.2-2.3 that

lgiig/QE,\[f]dx:%/Q\Vdem. (2.6)
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By Lemma 2.1, E\[f] is convex and well defined in H'(€). The variation formula
implies that the sub-differential Fy[f] takes

OBALF=Balf1:= [ I (@)= 1)y (27)
We remark that 9B,[f] is linear and meaningful provided that f is regular. In fact, the
definition of B,[f] can be extended to H'(). We have the following lemma
LEMMA 2.1.  The linear operator By from H'(Q) to H=(Q) is bounded, that is,
IBALz-1) SCll f ey, V fEH(Q), (2.8)

where the constant C is independent of .
In addition, for some sequence {f,} uniformly bounded in H' (), there exists re-
spectively a function f€ H'(Y) and a linear operator B in H~1(Q), such that

gglo<%x[fn]v 9 a1 (@)xm Q) = (BAlf], 9) H-1(Q)xH () (2.9)
and
§$<%A [f1s9) -1 ()< (@) = (BIf], 9) 1) 11 () (2.10)

are fulfilled for all g€ H*(Q).

Proof.  The proof of (2.8) and (2.10) follows directly from [13, Lemma 2]. By (2.8)
and the compactness theory of weak topology, there is some f belonging to H'(2) such
that f,, converges weakly to f in H'(Q). Then, (2.9) follows because the operator B is
linear. ]

COROLLARY 2.1.  In (2.10), we claim that the operator B=—/A. Indeed, it follows
from (2.7) and the convezity of E\ that

E\[f]= (Balg), f— 9 -1y + Exlgl, VY f, g€ H(Q). (2.11)
Thanks to (2.6) and (2.10), one deduces by passing AJ0 in (2.11)

1

3 LIV 2 (Blal. £ =g scoanior+ [ Vol ¥ 1.9 HY(@),
This implies that (see, e.g., [2,13]) %EG%HVJ"HLQ(Q) CH~Y(Q), and hence B=—A in
H=1(Q).

The final lemma is for the compactness inequalities involving the family of operators
B,. It can be regarded as a variant of interpolation inequalities.

LEMMA 2.4. Let A>0 and E) be taken from (2.5). For any fixed (>0, there is some
constant C' which depends on ¢ but not on X\, such that the following two inequalities

11Z20) <CUBAIf N L) +Cl -1y, ¥ FEL*()
and

IV fll72(0) SCIEAV Al +Cll flli2), YV feHN Q)
are fulfilled.

Proof. The proof can be done by contradiction argument. The detailed process is
available in [13,35]. O
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3. Main results
In this paper we assume that €2 is a bounded domain with periodic boundary condi-
tions in R3, namely Q2 =T3. Equations (1.1) are supplemented with the initial functions

(u,¢)(z,t=0)=(ug, ). (3.1)

We will first develop an existence result of global weak solution to the non-local CH/NS
Equations (1.1) with given initial data (3.1), and then study the asymptotic of the
solution (1.1) to that of the local system (1.4) as the interaction kernel Jy(z,y) concen-
trates near the origin. Before stating the main results, we need some restriction on the
potential function.

HyPOTHESIS 3.1.  The potential function ®(s) has the form
B(s)=F(s)+T1(s), ¥ se(-1,1),

where the functions F and I1 satisfy the following properties:

(1) The derivative of T1(s) is Lipschitz continuous over [—1,1]. Thus, the following
growth conditions holds true

U (s)| <C(1+s]) |T(s)|<C(1+5s?), Vse[-1,1].

(2) FeC?%((—1,1)) is nonnegative and satisfies

[ )
lim F(s)=+o0,
|s|—1
[ )
lim F'(s)=—o0c0 and lim F'(s)=+o0,
s——1 s—1
[ )

lim F"(s)=+0c0 and F"(s)>0.

|s|—1

Finally, the definition of ®(s) is extended to be +o00 outside of (—1,1).

Hypothesis 3.1 is motivated by the physically interesting logarithmic potential sug-
gested by Cahn-Hilliard [8]:

By ()= 4 (LM + (=) hn(1 =) = T se (1)

+ o0, 5¢(7171)7

where the constants satisfy 0 <6 < 6. Besides, we include in our analysis other typical
examples such as the polynomial potential of degree four and the double-obstacle type.
We state the definition of the weak solutions as follows.

DEFINITION 3.1.  Let J(x,y) =Jx(x,y) be as defined in (2.5), and T < oo be arbitrarily
given. The function pair (u,c) is called a weak solution to (1.1) and (3.1) over (0,7,
if the following properties hold true:
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ue L2(0,75L5(2)) NL* (0,73 Hy (%)),

pe L*(0,T; H' (),

c€ L=(0,T;L*(Q)) N L*(0,T; H (),

dueLs(0,T;H; (Q)); e L2(0,T;H(Q)).
o For every ¢ € HX(Q), p€ HY(Q), it holds for a.e. 0<t<T,

d

(')~ (u@u, Vo) =~V Vi) + (uVew) (=)

<cl7¢> - (Cuvvw) = _(mVMaV@
and
u=B[c]+P'(c) a.e. Qx(0,T).

o The initial data (3.1) are meaningful in the sense of weak topologies.

THEOREM 3.1 (Existence of weak solutions). Let Ex and By be as defined in (2.5) and
(2.7) with fized constant A\>0, and let the potential ® satisfy Hypothesis 3.1. Assume
that the initial functions in (3.1) satisfy

u € L2(Q), Ex[c)] € LY(Q), ®(co) €L (). (3.2)

Then the problem (1.1) and (3.1) admits a weak solution in the sense of Definition
3.1, satisfying

c€ L*°(0,T; H ()N L*(0,T; H*(Q)),

E\[d], ®(c) € L™(0,T; L' (Q)),

E\[Vc e LM (2% (0,T)), (3.3)
Ble], ®'(¢) € L*(0,T; L* (),

—1l<e(z,t) <1, a.e. Qx(0,T).

Additionally, the following energy inequality holds true

' 2 2
-/QE[C}(:c,t)dm—ﬁ—/o /Q(|Vu\ +|Vul )al:rdsg-/QIl:“,[c()](ac)alglc7 a.e.t€(0,7T), (3.4)
where

El] = Eald] + () + 3l (3.5)

REMARK 3.1. By Hypothesis 3.1, the L*(Q) bound of ® implies, for constants C' and
Cla

C> | ®(cy(z))dxr= ®(co(z))dr > O(co(x))dx —Cy.
_/Q (o) </{|C0|<1}+/{0021}> (eale) _/{|Co|21} (enle) '
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Thus, co € (—1,1) a.e. in Q since ®=+oc0 outside of (—1,1). Consequently, the mean
value of ¢q lies in (—1,1), that is,

d— 1.1).
IQI/ 2= (co)a € (~1,1)

REMARK 3.2. We remark that, in case of regular potentials, the lack of maximum
principle makes the bound of ¢(x,t) out of reach, even if the initial co(z) is bounded.

REMARK 3.3. Theorem 3.1 relaxed the restriction imposed on J in [11,19,20], where
Ix(z,y) € WH(Q) is required to guarantee the validity of gradient operation V(Jy *cy).

REMARK 3.4. We compare the regularity c€ L>(0,7;H*(Q2)) in (3.3) with that
in [11,20]. In case of either the regular potentials with polynominal growth (cf. [11]), or
the singular potentials with additional ¢y € L™ (cf. [20]), it has c€ L°°(0,T; L**2%) for
some integer ¢ > 0.

The second theorem shows that, as A ] 0, the weak solution in Theorem 3.1 converges
to that of the corresponding local CH/NS Equations (1.4).

THEOREM 3.2 (Local asymptotics). For given small A\g >0, assume that the functions
(uox, con) are uniformly bounded, i.e.,

sup  ([[uoallz2 @)+ 1Ex[cor]ll Lt (@) + 1@ (con) 1)) < C, (3.6)
A€(0,X0)

and additionally, for some (g, co) € L2(Q2) x H (),
upy —~ug € L2(Q), cor—coeH(Q). (3.7)

If (uy, cy) is a weak solution to Equations (1.1) associated to the initial (ugy, cox),
as stated in Theorem 3.1. Then (uy,cy) converges to limit functions (u,c) such that

ue L>(0,T;L2(Q)) N L*(0,T; Hz (),
p€L*(0,T; H' (),

ce L>(0,T; H ()N L2(0,T; HX(Q)),

due Lz (0,T;H;1(Q), e L2(0,T;H1()).

(3.8)

Furthermore, (u,c) solves Fquations (1.4) in distributional sense, and agrees with
(ug, co) at initial time. The following energy inequality

/QEIOC[C](x,t)dx—&—/S /Q(|Vu\2+|Vu|2)ddeg/QIEloc[c](x,s)dm (3.9)

1s fulfilled for a.e. 0<s<t<T, and

1 1
Ejoelc] = §|u\2+ §|Vc|2—|—¢>(c).

REMARK 3.5. The assumption of ¢y € H(£2) imposed in (3.7) is reasonable. In fact,
the uniform bound of ||Ex[cox]||lz1(q) in (3.6) guarantees that, by [37, Theorem 1.2],
the sequence {coy }» is relatively compact in L?(£2), and hence ¢y € H*(Q) if con — ¢o in
L2(9).
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We comment on the analysis in the following two paragraphs.

The proof of Theorem 3.1 adopts and borrows some ideas developed in [5,11,13,19-
21,32]. Our main contribution lies in the following several aspects. First, in the light
of [5], we relaxed the regularity assumption on the J through transfer of the singular of
J to ¢ by partial integrations. Precisely, instead of analyzing the isolated term Jy *cy,
we treat Jacy —Ja*cy as a whole so that less restriction is required on Jy, by means
of integration by parts (because the domain is periodic) and higher regularity on cj.
With the advantage of J, our initial assumptions (especially on ¢p) are from a different
angle of view, and hence, a higher regularity on ¢ is achieved, see Remark 3.4. Next,
following the ideas in [20], we construct a family of approximating potentials which
are regular and defined on the whole of R, and then pass to a limit once the uniform
estimates on the approximations are obtained. Another difficulty comes from the weaker
compactness caused by the non-local chemical potential. This could be solved by adding
an artificial perturbation 6Aec, like in [13,19]. The proof of Theorem 3.1 is via three-
fold approximation: (i) We begin with the Equations (4.4), in which the potential is
assumed to be regular and an extra artificial diffusion term §Ac is introduced. The
existence of solution to (4.4) is based on the Faedo-Galerkin method. (ii) Adopting
some ideas in [19-21], we build the uniform estimates on the approximations of (4.4)
such that the singular potential is allowed by a limit procedure. (ii7) By constructing
appropriate initial approximations, utilizing the ideas developed in [13,32], we disappear
the artificial diffusion to derive the weak solutions to our original problem.

The proof of Theorem 3.2 is in the spirit of the papers [13,35] concerning the
CH equation, as well as the integral estimates developed in [5,37] (i.e., I-convergence
analysis). On the basis of results in Theorem 3.1, we show that the solutions of non-
local Equations (1.1) converge to those of corresponding local model. However, the
coupled Navier-Stokes equations make the regularity wilder, and hence the analysis is
much more complicated than the single CH equation case. To our best knowledge, it is
the first local asymptotics result from the non-local CH/NS Equations (1.1).

The proof of Theorem 3.1 and Theorem 3.2 will be carried out in the next Section
4 and Section 5, respectively. In what follows, the parameters v, k, m in Equations (1.1)
are taken to be unity for simplicity reasons, i.e., v=k=m=1.

4. Proof of Theorem 3.1
Without causing the confusion, we will drop the subscript in (2.5), (2.7), and use
E=F,,B =%, for simplicity.

4.1. Faedo-Galerkin approximation. Introduce the regular version of the

potential and consider the function of the form

F(l—e)—&—l*—'/(l—e)(s—i—e—1)—1—%15’”(1—e)(s—i—e—1)27 s>1—¢,
F.(s)=4 F(s), . [s] <1—F¢, (4.1)
F(€—1)+F/(6—1)(8+1—6)+§F”(6—1)(8+1—6)27 s<e—1.

By Hypothesis 3.1, there is a small constant ey >0 such that for all e € (0,¢],
|F/(5)2<Ci(1+8%), Cas*—C3<F.(s)<Cys*+C5, VscR, (4.2)

where the constants may depend on e.
In addition, we assume that the function II. is a C! extension of II to R, with II’
being uniform in € bounded in R.
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LEMMA 4.1. For fized constant e >0 and 6 >0, assume that the initial functions
u€L2(Q) and co€ H(Q). (4.3)
Then the following equations admit a weak solution in distributional sense

divu=0,

Jpu+div(u®u)+ Vr=Au+uVe,
Orc+div(uc) =Ap,
pu=—06Ac+F!(c)+1I.(c) + B[],

where Blc]=DBylc|, Fe(s), and Il are the same as mentioned earlier.

Proof.  The proof is in the framework of Faedo-Galerkin approximation scheme.
As mentioned in Section 2, let the family {w;};>1 of the eigenfunctions of the Stokes
operator A be a Galerkin base in L2(£2), and the family {t;};>1 of the eigenfunctions
of the operator B=—A+1 be a Galerkin base in H*(f2), respectively. Consider the
approximation (ugy, co,) of the initial data in (4.3)

n n

> ar (0)wi(x) =ugn, —ugin L2(Q), Y b (0)¢s(x)=con —coin H'(Q).  (4.5)
1=1 1=1
We want to look for functions of the form

n

un::Za?(t)wi(UC) and cn::Zb?(t)zbi(w), (4.6)
i=1

i=1

which satisfy, for each k=1,2...n,

/u;wk—l—/Vuank:/un®un~Vwk+/kacnun,
Q Q Q Q

/Ciﬂbk“‘/vﬂnvﬂ}k:/un‘vﬁ}kcm (4.7)
Q Q Q

n

= Pr (Blen] +Fe/(cn) +H,€(Cn) —00cy) = Zd?(t)"l)z(fr)a

i=1

where P,, denotes the orthogonal projector of element in H'(2) in the sub-space gen-
erated by {11,1a,...... ,Un}. Thus, for each k=1,2,...,n,

/ inti = / P (Bleal + F!(en) +T1(c) — 6 A )
Q Q
:/Q(‘B[cn]—l—FE’(cn)—i—H’E(cn)—5Acn)wk. (4.8)

The solvability of system (4.7) can be transformed into the ordinary differential
equations in terms of a,, = (a',a},---,al) and b,, = (b},b5,- - -,b") with initial values given
in (4.5). By Cauchy-Lipschitz theorem, it has a unique continuous solution over [0,7},)

for some T;, >0. We prove that

T,=T=00c. (4.9)
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Multiply (4.7), by un, (4.7), by fin, utilize the fact that u, is divergence-free, to deduce

d (1
p (/ |un2>+/(cn)/un+/ \Vun|2+/ |V |2 =0.
t\2Jo Q Q Q

Observe from (2.7) and (4.8) that

/ (ca) tin = / (ea) (Blea] + F(cn) + T (cn) — 6c,)
Q Q

d )
=— (E[cn] + Fe(cn)+1e(cn) + |Vcn|2> ,
dt Jo, 2
we obtain
d
—/En,e(x,t)Jr/ (Jun? 4+ Va|?) =0, (4.10)
dt Jo Q
where
T I
E,c:= E[cn}+F€(cn)+HE(cn)+§|Vcn| +§|un| . (4.11)

Thanks to (4.2)-(4.3), (4.5), and the fact || E[co,]||r2 < [|Veon |32 (see (2.1) and (2.5)),
we have

/ By (2,0) < C,
Q

where, during this subsection, the generic constant C' depends on ¢, § but is uniform in
n; additionally, the dependence on a specific parameter of C' will be marked through a
subscript. Therefore, integrating (4.10) over (0,7},) gives

unllzee 0,702 ()N 220,70 2 (2) < C,
\% n ; <Oa
IVinll 2 0.7,:L2(0)) < (4.12)
llenllzoe 0.1 () < Cs
1Fe(en)llnoe 0,75 (@) + [Me(en) | o= 0,7, 100y < C-
Suppose (4.9) is false and assume the opposite: T}, < oo, then the uniform bounds in
(4.12) enable us to define (U, ¢, )(x,T};) =limsup,7, (Wn, ¢, )(,t). Taking T,y as a new
initial time, we can extend the existence of (u,,c,) beyond T;*. A contradiction arises.
Thus, (4.9) follows.
Observe that —Ac, still lies in the sub-space generated by {;}7;, we multiply
(4.7)3 by —Acy,, to receive

IVenl2a + Cl[Viin 2 > /Q Vit Ve

:/ (V%[cn]—l-Fe”(cn)Vcn)Vcn—i-/H;(cn)Acn—H?/ |Aca|?
Q Q Q

z/H;(cn)Acn—l—&/ |Acy|?
Q Q
1)
> 5[ 8enlzz = Cs, (4.13)
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where in the last two inequalities we have used F” >0, as well as
/ d 2
T (ea) e > ~Cl[ A2 > =5 [ A3~ Cs, (4.14)
Q
and

/V%[cn]Vcnzl//J])\(:v,y)ch(x,t)—Vcn(y,t)|2dydx20,
Q 2Jala

which comes from (2.5), (2.7), and the integrations by parts. Inequalities (4.13) and
(4.12) yield

llenllzz 0,102 (0)) < Cr- (4.15)

Next, it gives from (4.2) that

[iFtenzos [ Fep<crc [ R

which, along with (4.12) and the fact [, B[c,|dz =0, implies

/unz/(%[cn}+Fg(cn)+ng(cn)—mcn)gc.
Q Q

By this and (4.12), we use Pioncaré inequality and deduce
pin € L2(0,T; H(Q)). (4.16)
We next derive the estimates on the time derivatives for u,, and ¢, such that weak

limits could be taken from the sequences of (u,,c,). Taking C?3h(x)+ hj(z)=
S _ierwi(z) and € C([0,T)), one deduces from (4.7), that

/Qu’nhn¢>:—AVuHV(hngﬁ)Jr/Qun@un~V(hn¢)+/ﬂhn¢vcnun. (4.17)

By virtue of (4.12), (4.16), direct computation shows

‘ / Vunv(hn¢)‘ < [Vunllzz [l s,
Q

1 3 3
/ umun-vwnqz»\snunnzg 19wl 19022 <CITllh, [0l
and

1 1
<pnll 221Vl 72 [IVen |2 1Rl Ls < Cllpnlla |hol ay -

’ / TSV et
Q

With the above estimates, integrating (4.17) in time yields

dyu, € L3 (0,T;H; (). (4.18)
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In a similar method, we select 02Bﬁ(x)eﬁj(x):Zf;:léf;wk(z), and deduce from
(4.7), that

/c;zilnd):_ gzvﬂnv(ﬁn¢)+/unv(ﬁn¢)cn

Q

Owing to (4.12), one has

]— / wnvw)\gnwnnmnwHl,

[ 00| < ol e 19 il < ol
and whence,
Orcn € L2(0,T; H (). (4.19)
Therefore, by (4.12), (4.15)-(4.16), (4.18)-(4.19), and Aubin-Lions lemma, we deduce

u, —u, L>(0,T;L2(Q))NL*(0,T;H:(Q));

pin—p, L*(0,T; H'(Q));

cn—c, L>®(0,T;H'(Q))N L

u, —u, L2(0,T;Lq(ﬂ))(q<6
T);L

u,, is compact in C\, ([0, 2
1

(4.20)

)

(
(Q)

¢p is compact in C, ([0,T]; H

Additionally, from (2.9), (4.20), the continuity of F! and II., one has

T T T
/0 /Qh¢u<—/0 /thmn:/ /hgzﬁ(%[cn]—|—F€(cn)+H€(cn)—5Acn)
—>/ /hfb [c]+ Fi(c) +1I(c) =0 Ac),
and thus,
u=Blc]+ F.(c)+1I.(c) -6 Ac, a.e. Qx(0,T). (4.21)

In terms of (4.20), we are allowed to take limits in (4.7) in weak sense such that the
first three equations in (4.4) are satisfied by the limit functions, moreover, the initial
conditions (4.3) are meaningful in the sense of weak topology. This together with (4.21)
complete the proof of Lemma 4.1. ]

4.2. Limit for singular potential. We want to pass €)0 in (u,ce), the
solution sequence obtained in Lemma 4.1, so that the singular potential function is
permitted.

LEMMA 4.2. For fized 6 >0, assume that the initial functions (ug,co) satisfy the
assumptions made in Lemma 4.1. Assume in addition that

F(co) € LY (D). (4.22)
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Then, the approzimating solutions (ue,c.) obtained in Lemma 4.1 converge to some
limit function (u,c) which solves the following equations in distributional sense

divu=0,
dpu+div(u®u)+ Vr=Au+uVe, (4.23)
Ore+div(uc) = Ap, '
u=—0A0c+F'(c)+1I'(c) +B[c].
Furthermore,
—l<c(z,t) <1 a.e. Q2x(0,T), (4.24)

and the following inequality holds true
t
/Eg(m,t)der/ /(|Vu|2+|Vu|2)d:1:dt§/]E(;(x,O)dx, a.e.tc(0,T) (4.25)
Q o Ja Q
with
g 2, 10
Es= E[c]+<1>(c)+§|Vc| +§|u| . (4.26)

REMARK 4.1. Inequality (2.1), Hypothesis 3.1, the initial assumption (4.3) in Lemma
4.1 guarantee that

E(co) € L'(Q) and T(co) € L(N). (4.27)

Proof.  Multiplying (4.10) by a non-increasing 0 < ¢ € C$([0,7)), integrating it in
time, we get

/OT/Q‘ZS/ETL,G("EJ)+/()T/S2¢(|Vun|2+|Vun|2)—/QIEn,e(;z:,O), (4.28)

where E,, . is defined in (4.11). Straightforward calculation shows
Elc]

Elcy] —
:/QJA (|Cn($7t) 7Cn(y7t)‘2 - |C(l‘,t) 7C(yat)|2) dy

= /QJA((Cn —o)(x,1) = (en = ) (y: 1)) ((en +¢)(2,1) = (en+ ) (y,1))dy

2

<<LJM%—@@ﬁ—@wﬂﬁym%@%(LJM%+@@W%%%+d@ﬁF®>,

which, along with (2.1), yields

[ [owmel- [ [sws

<Cli(en =)llzz0.0:mm) [ (en+E)ll 20, 2:1)-

(4.29)
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By (4.12) and (4.15), it satisfies ¢, € H'(0,T3H~Y)NL2(0,T;H?) < L2(0,T; H').
Hence, (4.29) leads to

Jim [ Qd) Eley] = / / ot (4.30)

In terms of (4.5), (4.12), (4.30), the continuity of II., we are able to pass n— oo in
(4.28) such that the limit function (ue, c., ite) satisfies

/OT(bI/QEE’é(x’t)—i_/OT/QQS(Vue|2+|vue|2>S/szEﬁ’é(x’O)’ (4.31)

) 1
Ecs:= (E[CE] +F6(ce)+HE(cE)+2|Vc€|2—|—2uEQ) .

with

For fixed t € (0,7"), define

1, 0<s<t,
Pn(s)= it SO PP (4.32)
Ui
Inserting (4.32) into (4.31) and sending 1|0, we obtain, for a.e. t€(0,T),
¢
/Eeﬁ(x,t)—k/ / (|Vu6|2+\vu5\2)S/]Es,g(x,()). (4.33)
Q 0o Jo Q

Next, by the definitions of F¢,Il., and Hypothesis 3.1, we have
Fe(s)<F(s), [Fi(s)|<[F'(s)], Me(s)=I(s), Ic(s)=II'(s), se€(-1,1). (4.34)

Hence, (4.3), (4.22), (4.27), (4.34) and the fact |co| <1 (see Remark 3.1) ensure that
g o Lo
Ecs(x E[CO]+Fe(00)+ﬂe(co)+§|vco| +§\u0|
Q
g o L
< E[Co]+F(Co)+H(CO)+§|V00| +§|u0|
Q

:/91535(3370)

<C. (4.35)
Combining (4.35) with (4.33), we conclude

laellLoe (0,7;02)nL2 0,711 () < O
IV ttell20,7:02(0)) < C,

el o,r:m (2)) <,
||F6(CE)HL°°(O,T;L1(Q)) <C.

(4.36)

In the rest of this subsection, the constant C' is independent of e.
With the aid of (4.36), similar method as (4.15) and (4.19) runs that

HCGHLQ(O’T;HZ(Q)) <Crp, O0Oicc€ L2(07T;H_1(Q)). (4.37)
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Now let us prove (4.24). By Hypothesis 3.1, there is a small constant 79 >0 such that
both F(s) and F,(s) are increasing in [1—n9,1). Then, it gives from (4.1) and (4.36)
that for any 7€ (0,70]

meas{a:(t):ce(x,t)21—77}F€(1—77)§/ F.(c.)<C. (4.38)
{z(t):ce(z,t)21—n}

Thanks to (4.37), we see that ¢c. —c a.e. in Qx (0,T). So, by (4.38) and the convergence
of F.(1—n) to F(1—n), we use Fatou’s lemma and deduce

meas{z(t): c(z,t) >1—n} < liﬁ)lmeas{x(t) see(x,t)>1—n}
<lim———

elo Fe(1—mn)

_c¢

F(l-n)

By Hypothesis 3.1, it has lim,_,1 F(s) =o0c. Sending 77— 0 in above inequality yields

meas{z(t): c¢(x,t)>1}=0, a.e.t€(0,T).
Similarly,
meas{z(t): e(x,t) <—1}=0, a.e.t€(0,T).

Hence, the desired (4.24) follows from the last two inequalities.
As a result of (4.24), the uniform convergence of F!(s) to F’(s) on any compact
subset in (—1,1), it takes

Fl(co)=F'(c) a.e.Qx(0,T). (4.39)

Multiplying (4.4), by (—=A)™(ce— (o)), and (4.4); by (ce —(co)a), we deduce (it has
(co)a € (—1,1) owing to Remark 3.1 and (4.22))

—(Orce+uc- Ve, (—20) (ee—(c0)a)) 1y i

=Amm—wm>
_ / (Bled + F!(c0) +1T(cc) — 8¢ (e — (co)e)

Z—CWJm+l¥UQNQ—@@M7 (4.40)

where in the last inequality we have used

L%mmkxmmzﬁ%mm;géqum‘mexw4wmsmmmh

which come from (2.5), (2.7), and the assumption on II.. Hence, (4.36)-(4.37), (4.40)
provide us
/Fé(Ce)(Ce—(CO)Q)SC(1+||CeHH1+HatCeHH—lH(—A)_l(Ce—(CO)Q)||H1)
Q

+ el L2 IV(=A) " (ce = (o)) [l 22
<C+Cl|oseel| -1 +Clluel [ ay
€ L*(0,7),
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which, along with (4.24) and the inequality F!(c.)(ce —(co)a) > C1|F.(cc)|—Ca (cf. [36,
Proposition Al]), leads to

/Q|F€’(ce)\dx6L2(0,T). (4.41)
Consequently,
1 1
7 [ =g | (Bled+ Fele) + 1)~ 52500
~ | (Flle) + 1 e 2207,
By this, (4.36), Poincaré inequality, we find
e € L2(0,T; H(Q)). (4.42)
The same deduction as that in (4.18) gives
dyu € L3 (0,T;H; 1 (Q)). (4.43)
We claim that (4.41) can be improved to
F!(c) € L*(0,T;L*(2)). (4.44)
In fact, if we multiply (4.4) by F!(c.), we obtain
Il + 3 IF > [ e
= [ (Bled+ Fi(e)+ () =30 F(c.)
> JIF! eI~ (1.45)

where the last inequality owes to F” >0, as well as the following two inequalities

/H'E(cs)F (c) > —fIIF’(ce)IILz
Q
and

[ Bledrico= [ [ 3atedat) et (Flelat) - Filedlwit))
Q QJQ

1
>1 / Iilee(.t) — eo(y.t) P >0,
2 JalJa

Hence, (4.44) follows directly from (4.45) and (4.42).
In conclusion, thanks to (2.9), (4.37), (4.39), (4.42), (4.44), the definition of II.,
Hypothesis 3.1, we arrive at

//hqﬁue/ /hqsug // Blee] + F(ce) +1(ce) —0Ace)

%/ / [+ F/(e) +10'(c) —6 Ac),
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that is,
u=B[c]+F'(c)+1'(c) -6 ¢, a.e. Qx(0,T). (4.46)

In addition, the estimates (4.36)-(4.37) and (4.42)-(4.43) ensure that the approximations
(ue, ce) converge weakly to some limit functions which satisfy Equations (4.23), and
agree initially to (ug,co) by taking limit in weak topologies.

The remaining task is to prove inequality (4.25). By (4.37), c. is relatively compact
in L2(0,T; H*(£2)). The argument in (4.30) tells that

o / ' /Q ¢ ()Elc] = / ' /Q ¢ (t)Elc]. (4.47)

By the continuity assumption on Il., one easily deduces

i [ [donieo=[ [some. (449

Next, we adopt the strategy in [19,20] to verify

leii(r)l/ /d) e(ce) / /qS (4.49)

Indeed, Hypothesis 3.1 and (4.1) guarantee that, for small €, F,(s) is convex and satisfies
F.(ce) < F.(c)+ F!(cc)(cc—c). Then,

//¢ (co) //¢> & ()FL(c)(ce—©)

> [ [ 6 OR©-ClIR el dlora
//¢ —Cllee = cllL2(0,7;12), (4.50)

where we have used (4.44) and the fact ¢’ <0 as ¢ is non-increasing. By the convergence
of Fi(c)1 F(c) and (4.24), we take limit in (4.50) to receive

i [ [¢@Fc)ztm [ [o0F©=[ [o0F@

On the other hand, similar analysis as (4.39) yields F¢(c.) = F(c) a.e. Qx (0,T). Hence,
by the Fatou’s Lemma,

[Jewro=[ [mgdoreczmmm [ [sor

The last two inequalities give birth to the desired (4.49).
Having (4.47)-(4.49) obtained, as well as (4.36) and the lower semi-continuity of L?
norm, we take €} 0 in (4.31) and conclude that the limit functions (ug, s) satisfy

_/OT/Qqs’E5(x7t)+/OT/Q¢(|Vu5|2+IVuglz)</Q]E5(fv70)~ (4.51)

Finally, choosing ¢ as in (4.32), we get (4.25) from (4.51) after sending n to zero. 0O
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4.3. Vanishing artificial diffusion term. In this subsection we take the limit
0.0 to vanish the artificial diffusion §/Ac in problem (4.23), and complete the proof of
Theorem 3.1. During this subsection, the generic constant C'is assumed to be uniform in
4. Let us denote by (us, ¢s) the solutions in Lemma 4.2 associated with initial (ugs, cos)-
Furthermore, we assume that

ugs —up in L2(Q), H'(Q) 2 cos — ¢ in L*(Q),
”CO(SH%Z(Q) +5HVC06H%2(Q) < ||CO||2L2(Q)7 (4.52)
[1Elcos]llzr ) < [ EleolllLr @y, 1F (cos)llzr ) < I1F(co)llr o)

Here, the initial functions (ug, ¢p) satisfy the condition (3.2).

REMARK 4.2. The initial functions (ugs, cos) satisfying (4.52) match all the require-
ments listed in Lemma 4.2. In other words, the conditions (4.3), (4.22), (4.27) are
fulfilled.

We can construct the functions (ugs, cos) in (4.52) as follows: For given cg, let cos
solve

Cos 75A605 =Cp. (453)

If we multiply (4.53) by cs0 and F’(cos) respectively, we find

llcos 17> +26/Veos |72 < leollZ (4.54)
and
/ngF/(605)+5/ |VC05|2F//(005):/CQF/(CO(;). (455)
Q Q Q

The strong convergence of cos in L? follows immediately from (4.54) and

lleoll2 Slilﬁ%“llf?oall%z Slil?fup(\\co(slliz +26]|Veos||72) <lleoll 7
0
Since F” >0, (4.55) implies fQ (cos)(cos — o) <0. Thus, by the Taylor expansion for-

mula,
/Q Fleos) < /Q Fleo)+ /Q F (cos) (cos — o) < /Q Fleo). (4.56)

If we multiply (4.53) by B[cos], we infer

[ [Bricstor=caat+5 [ [ 559esta) - Teasol?

://$@wmmmmmu%m@>

_2//JA|605 z) —cs0(y)|? + //JA|CO z) —co(y)[?,

which, along with (2.5) and (3.2), implies

/Q Elcos] +26 /Q E[Veps) < /Q E[cy]. (4.57)
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Therefore, (4.52) follows from (4.54) and (4.56)-(4.57).
In view of (4.52), (3.2), and Hypothesis 3.1, the inequality (4.25) in Lemma 4.2
guarantees the following uniform estimates
[usl Lo 0,712 (@))nL2(0,17:12 (2)) < O
1Vusll20,m:22 ) < C,
V6| Ves|| oo 0,7502(0)) < C
| Elcs]ll Lo 0,7:01 ) + I1F (cs) || o< 0,7501 () < C.

(4.58)

In addition, the uniform bound of || Ecs]|| o< (0,7;11 (0)) in (4.58) tells that cs is relatively
compact in L?(Q)(cf. [37, Theorem 1.2]). Particularly, for a.e. t€(0,T),
cs—cin L*(Q), ceL>(0,T;H*(Q)). (4.59)
With (4.58)-(4.59), the same argument as in (4.18)-(4.19), (4.42), (4.44) yields
dres € L*(0,T;H™1(Q), F'(cs) € L*(0,T5L%(9)),
s €L2(0,T; HY (), yus € L3(0,T;H; (). (4.60)

Next, multiplying the last equality in (4.23) by —Acs, utilizing (4.14) and the fact
F" >0, we have

1 1
§HV05||%2+§||VM5H%2
Z/VMzSVCé
Q
:_/ (Bles]+ F'(c5) +17 (cs) — 5 Acs) ey
Q
Z/ (2E[V65]+F"(65)\V05|2—|—H’((:5)A05)—|—5||Acn||2L2
Q

4]
2/ 2B[Ves] + | Acsl[3 — O (4.61)
Q
Recalling Lemma 2.4, one has
IVeslize <CIENVes] | ioxomy) +Cclleslze- (4.62)
Substituting (4.62) into (4.61) and choosing ¢ > 0 so small such that

llesll zzo,75m1) + Vol Acs| 2oi2) + | E[Ves] | @x o)

<C(llesllzx 0,1y + 1V 1tsl L2 (0,12
<c. (4.63)

Similar to (4.59), the uniform bound ||E[V¢s]|| L1 ax (0,1)) together with (4.60) provide
that

cs—cin L2(0,T; HY(Q)), ce L*(0,T;H*()). (4.64)

REMARK 4.3.  Alternatively, the strong convergence in (4.64) could be achieved as
follows: by (4.62) and (4.63),

lles; —cs; 12 0.m.m1) S CIEIV (s, — 5]l @x 0.1y + Celles, — ¢s, 720 1.22)

, (4.65)
<CC+C¢lles, — sl 12 0,7:12)-
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Also, (4.60) implies lims, 5,10 [|cs, — 5,172 (g 1.2y =0. Hence, we are done because (>0
can be arbitrarily small. See, also, the paper [13]. Based on the estimates (4.58)-(4.60),
(4.64), we conclude

us—u, L*0,T;H(Q));
ps—p,  L*(0,T;H'());
cs — ¢, L2(O,T;H1(Q)),

4.66
us—u,  L*0,73L) (¢<6); o0
u; is compact in C,, ([0,T]; LZ(Q2));
cs is compact in Cy, ([0,T); H(Q)).
Moreover, a similar but simpler method as that in (4.24) shows
—1<es(z,t) <1 a.e. Qx(0,T). (4.67)

This and the continuity of F’(s) in (—1,1) implies F'(cs) — F'(c) a.e. in Qx (0,T), and
whence, by (4.60),

F'(cs)—=F'(c) L*(0,T;L*(Q)). (4.68)

From (4.63) we have
T ~
/ / hd)éACS 06||A06HL2(0,T;L2) SC\/X‘)O as 0—0. (469)
0o Jo

Finally, it follows from (2.9) and (4.66) that B[cs] —B[c] in L2(0,T;H1). However,
(4.60), (4.63) and Lipschitz continuity of II" guarantee

Bles| = ps +00cs — F'(c5) =T (cs) € L*(0,T; L*(2)). (4.70)
So,
Bles] = Blc] in L*(0,T;L*(Q)). (4.71)
In terms of (4.66), (4.68)-(4.69), (4.71), the uniform continuity of II', it takes
pu=Blc|+F'(c)+1'(c), a.e. Qx(0,T).

In conclusion, we have proved the existence of weak solutions to (1.1) and (3.1) in the
sense of Definition 3.1. Moreover, the (3.3) is fulfilled due to (4.58)-(4.60), (4.64), (4.67),
(4.70).

The only thing left is to take limit in (4.51) to justify the energy inequality (3.4).
We compute the right-hand side of (4.51) as

1) 1
%lﬁ)l Es(z, 0)_161?1 (E[605}+F(605)+H(605)+2|VCO§|2+2|UQ5|2> (z,t)

1) 1
<lim (E[co]+F<co>+H<cO5>+|Vc052+|u05|2) (2.)
510 Jq 2 2

:/Q (E[Co] + F(co) +TI(co) + ;|u0|2) (2,)
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= / Elco](x), (4.72)
Q
where we have used the uniform continuity of II and the following

0§1§ifg5HV006H2L2 S{}fg(llCoH%z —llcoslIZ2) =0,

owing to (4.52).

Next to deal with the term on the left-hand side of (4.51). By Hypothesis 3.1, the
convexity of F(s) implies F(cs) < F(c)+F'(cs)(cs —c). This together with (4.60) and
(4.66) guarantee that

gi{)l/OT/QW(t)F(Cé)Z/OT/be'(t) +1(;fg/ /¢ (1) F" (cs)(cs — )
- /0 ' /Q ¢ (1) F(c). (4.73)

On the other hand, since F(cs) converges to F(c) a.e. Qx(0,T), the Fatou’s Lemma

gives
/oT/gd)/(t) / /Q%%“ﬁ F(es) 2 limsup / / ¢'(t (4.74)

Inequalities (4.73) and (4.74) yield

i [ [owre=[" [sore, (4.75)

Next, the same calculation as (4.29) gives

/0 ' /Q ¢/ (t)Eles) - / ' /Q ¢ (1) Eld

<Cll(cs —c)llz20,m;1) I(cs +c) 20,75 m7),

which, along with (4.64), implies

im | ' [ #®pe- [ ' | o 0E. (4.76)

Therefore, with the help of (4.66), (4.72), (4.75)-(4.76), Hypothesis 3.1, we are allowed
to pass d to zero in (4.51), to deduce

- /0 Ty /QE[ch,tH /0 s /Q(|Vu\2+|vm2) < /Q Eleo] (), (4.77)

where the functional E is defined in (3.5). Choosing ¢ as in (4.32), we conclude (3.4)
from (4.77). The proof of Theorem 3.1 is completed.
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5. Proof of Theorem 3.2
Assume that the initial functions (ugy, coy) satisfy (3.6). Then, the basic energy
inequality (3.4) obtained in Theorem 3.1 shows that the solutions (uy, cy) satisfy

[ullze< 0,722 (@))nL2(0,7;01 () < C,
IVurllze o120 < C, (5.1)
IE[exllloe 0,71 @) +IF(ex) [ o 0,752 (0)) < C-

Here and in what follows, the generic constant C' is independent of A.
With (5.1), the argument in (4.59) shows for a.e. t€ (0,7")

cx—cin L2(Q), ceL>(0,T;H (). (5.2)
Whence, similar to (4.19),
Oren € L2(0,T; H1(Q)). (5.3)

Owing to (5.1)-(5.2), we multiply the last equality in (1.1) by —Ac, and use the same
deduction as (4.63), to deduce

llexllzz o, @) T IEAIV ]l Ly @x 0,1))
<C (HCA lL2(ex0,1) + IV HLQ(O,T;LQ(Q)))

<CH+ (IEx[ealllr @x 0,1 + IV eall 20,7522 02))
<C. (5.4)

As a result of (5.1), (5.3)-(5.4), Hypothesis 3.2, we have (see (4.64))
cx—cin L2(0,T; HY(Q)), c€L*(0,T;H*(Q)). (5.5)
Moreover, the same deduction as in (4.18), (4.24), (4.42), (4.44) concludes that
ex—ce(—=1,1), a.e. A% (0,T) (5.6)
and
F'(cx) €LP(0,T:L3(Q)), pa€L*(0,T:L(R)), OureLs(0,T;HY(Q)). (5.7

So far, we are allowed to extract subsequence from {(uy, ¢y, pa) }a such that limit func-
tions (u,c, 1) satisfy the first three equalities in (1.4) in distributional sense. Next, let
us prove

u=F'(c)+1l'(c)—Ac a.e.Qx(0,T). (5.8)
From (5.4), (5.6)-(5.7), Hypothesis 3.1, we see that
IT'(cy) —=1T'(c) and F'(cy)—F'(c) in L*(0,T;L*(Q)) (5.9)
and
X Balea] = px— F'(ex) =T (ex) € L2(0,T; L(2)). (5.10)

Noting that B [ex] is the sub-differential of the convex functional Ej[c)], we have

/OT/QEA[Q]+/OT/Q%A[cA](z—CA)S/OT/QEA[;;}, VzeL?(0,T;H' (). (5.11)
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By (2.6), one has

T
. 1
hm/ /EA[Z](x,t)dx:f||Vz(-,t)||L2(07T;L2(Q)). (5.12)
Mo Jo Ja 2

In terms of (5.5) and (4.29),

/OT/QEA[Q]/OT/QEA[(:]

< Cl}ﬁ}” (ex=a)llr2,msmm)ll(ex+0)ll2o,r3m1) =0.

lim
L0

This and (5.12) bring us to

T
1
lim E\Jen] = =|Vel|?. 5.13
i Aea =5 1Vel (5.13)

Taking (5.12)-(5.13), and (5.10) into account, we take A]0 in (5.11) and conclude

//|vc|2 // z—c) //|Vz\2 V2eL*(0,T;HY(Q),  (5.14)

which implies
~Ac=x€L*(0,T;L*(Q)). (5.15)

Therefore, (5.8) comes directly from (5.9)-(5.10) and (5.15).

REMARK 5.1.  The regularity c€ L?(0,T; H%(2)) could also be derived from the elliptic
equation (5.15) (cf. [33]).

In the final part, let us prove the validity of (3.9). In fact, by (4.77), the following
inequality is valid for every (uy,cy)

T T
_ "y 7 2 2
/0 ¢/QEA(x,t)+/O ¢/Q(|VuA| Vi) <0, (5.16)

where the cut-off 0< e CL((0,T)) and Ey = (Exlex]+®(cx) + 5lun?).
Thanks to (5.1), (5.5), (5.7), Hypothesis 3.1, we check

i | : [ (Bt + ) = | ' [ (5verma+ gak). 6an

Since F'(s) is convex, it has
F(o)+F'(c)(cx—c) < F(ey) < F(c)+F'(cy)(ex—c),

and thus,
T
lgi%/o /qu (t)F(c
' T T _
:lﬁrol </0 /{&'20}+/0 /{$'<0}> e
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T
S/ ¢/(t) —I—hm / / C)\ ,\—C / / d)F/ ( >\—C)
0 JQ A0 {¢'>0} {¢'<0}

/ / )+l [F'(ex) 1 @2 0150 len =l 0.7

- / / ¢ ()F(c), (5.18)

where the last equality sign is due to (5.9) and (5.5).

In terms of (5.1), (5.17)-(5.18), we send A0 in (5.16) and obtain

-/ ! [ (5wt + o+ 5h?)+ [ i [ (vup s ey <o G19)

Finally, for fixed 0 <s<t<T, let

0, T<s,
T—S5
, s<7<s+4n,
~ n
¢?7(7'): 1, s+n<7<t,
t _
HZT), t<T <t
0, T>t47.

Inserting it back into (5.19) and passing 7 to zero give rise to the desired (3.9). The
proof of Theorem 3.2 is finished.
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