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ABSTRACT. We study the hydrodynamics of compressible flows of active liquid crystals
in the Beris-Edwards hydrodynamics framework, using the Landau-de Gennes @Q-tensor
order parameter to describe liquid crystalline ordering. We prove the existence of global
weak solutions for this active system in three space dimensions by the three-level approx-
imations and weak convergence argument. New techniques and estimates are developed
to overcome the difficulties caused by the active terms.

1. INTRODUCTION

Nematic liquid crystals are classical examples of complex liquids with long-range ori-
entational order or anisotropic liquids with distinguished directions of average molecular
alignment [20,54]. Nematic order, often described in terms of the collective alignment of
constituent elongated particles (e.g., molecules), is ubiquitous; we see collective motion
or coordinated motion at all scales ranging from micro-organisms to traffic and flocks of
animals. The phrase active hydrodynamics is often used to describe the collective dy-
namics of particles that are constantly maintained out of equilibrium by internal energy
sources [26,38]. Active systems are quite generic in nature, including many biophysical
systems such as microtubule bundles [50], dense suspensions of microswimmers [57], bac-
teria [10], among others. Furthermore, the collective oriented motion is often induced by
the elongated shapes of the constituent particles, and hence a large class of active sys-
tems are referred to as active liquid crystals, especially at high concentrations. We refer
to [4,7,11,25,26,28,36,44,45,48] and the references cited therein for more applications and
discussions. Active nematics are fundamentally different from the typical passive nematics
in the sense that there is no notion of equilibrium; the constituent particles continuously
drive the system out of equilibrium leading to striking and novel effects such as the oc-
currence of giant density fluctuations [38,40,47], the spontaneous laminar flow [23,37,55],
unconventional rheological properties [17,24,52], low Reynolds number turbulence [26,57],
and exotic spatial and temporal patterns [8,21,38,39,49].

Whilst active liquid crystals are popular in the theoretical physics community, a rigorous
mathematical description of active nematics is relatively new. There are phenomenological
models for active liquid crystals in [46], and a common approach is to add phenomenologi-
cal active terms to the hydrodynamic theories for nematic liquid crystals. The mathematics
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of nematic liquid crystals has witnessed a renaissance in recent years, and there are differ-
ent levels of the mathematical description of passive nematic order: molecular variables
describing the orientation and position of each molecule [12,30], a Oseen-Frank vector field
representing the unique direction of preferred molecular alignment [18,42], and a Landau-
de Gennes @-tensor order parameter that can describe primary and secondary directions
of nematic alignment along with variations in the degree of nematic order [2,3,31,34, 35].
More precisely, the Landau-de Gennes @Q-tensor order parameter is a d-dimensional sym-
metric and traceless matrix for the d-dimensional case; the isotropic phase is defined by
@ = 0. In [9], we analyzed active hydrodynamics in an incompressible Beris-Edwards
framework, which is defined by two evolution equations — an evolution equation for the
velocity /flow field, and an evolution equation for the @-tensor with anisotropic stresses
from the coupling between flow/order and active stresses. We established the existence
of global weak solutions in two and three space dimensions for the incompressible active
Beris-Edwards system. The mathematical machinery in [9] relies on the technical tools
in [43] for the incompressible Beris-Edwards system, and we developed new techniques to
overcome additional analytical difficulties (compared to [43]) owing to the active stresses.

In this paper, we build on the work in [9] to analyze the following system for compressible
flows of active nematic liquid crystals [22,25] in a bounded domain O C R3:

Oc + (u- V)e = DyAc,

op+V - (pu) =0,

O(pu) + V- (pu@u)+VP(p) — pAu— (v + p)Vdivu =V -7+ V - 0,
%Q + (u-V)Q + Q02— QQ =THI[Q, ],

where ¢ is the concentration of active particles, p is the density of the fluid, u € R? is the
flow velocity, the nematic tensor order parameter () is a traceless and symmetric 3 x 3
matrix, P = kp7 denotes the pressure with adiabatic constant v > 1 and constant x > 0,
Dy > 0 is the diffusion constant, z > 0 and v > 0 are the viscosity coefficients, I™! > 0
is the rotational viscosity, and 2 = %(Vu — VuT) is the antisymmetric part of the strain
tensor. Moreover, the tensor

(1.1)

k tr(Q?
H(Q.d = KAQ — Se — )@ +5(Q* ~ 1) — c.our(@)
describes the relaxational dynamics of the nematic phase, which can be obtained from the
Landau-de Gennes free energy, i.e., H,g = — 37 with

5@(1[3
F= [ (Bl eom@) - Ju@) + @ + 5 1vaP)aa

where K is the elastic constant for the one-constant elastic energy density, ¢, is the critical
concentration for the isotropic-nematic transition, and & > 0 and b € R are material-
dependent constants. Without loss of generality, we take K = kK = k = 1 in this paper.
The stress tensor o = (0*/) has two contributions:

O'ij = af;j + Uflj ,
with
ol = Q*HN(Q,c] — H*[Q, Q"
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ol =0.,c”QY,

where ofnj is the stress due to the nematic elasticity, and UZj is the active contribution which
describes contractile (o, > 0) or extensile (o, < 0) stresses exerted by the active particles
along the director field. The symmetric additional stress tensor 7 = (7;;) is denoted by

T = F(Q)d;; — 0;QM8,Q" = F(Q)d;; — (VQ & VQ)¥
with

F(Q) = 5IVQP + 3tr(@) + Su(QP)

Here and elsewhere, we use the Einstein summation convention, ¢.e., we sum over the
repeated indices.
We rewrite system (1.1) as

Oc + (u - V)e = DyAc,
O(pu) + V- (pu@u) + Vp? = pAu+ (v + p)Vdive + V- (F(Q)Is — VQ 6 VQ)

1V (QAQ ~ AQQ) + 0.V - (Q), (1.4
0Q+ (u-V)Q+QQ—QQ =THI[Q, d, 1.5
with )
1Q.d =20 - 7 +5(@ - ") o),

and I' > 0,D9 > 0,u >0, >0,ce >0,b,0, €ER, v > %, (z,t) € O x RT; subject to the
following initial conditions:

(¢, p, pu, Q)li=0 = (co, po, Mo, Qo)(x)  for x € O CR?, (1.6)
with
CoEHl(O), 0<c<cy<e< oo,
Qo € HY(0), Qo €Sp a.e inO,
and the following boundary conditions on 0O with unit outward normal 7i:
Ve iiloo =0,  ulpo =0,  VQ-iilso =0, (1.7)
satisfying the following compatibility conditions:

2
po € L’y<0), po > 0; mo € L1(0>, mo =0 if po = 0; |Tnp0| € Ll(O). (1.8)
0
The hydrodynamic equations in (1.1), or (1.2)—(1.5), are from [26] with some differences,
primarily for technical reasons. Namely, in the concentration equation, the diffusion con-
stants are assumed to be the same in all directions, and the active current is assumed
to be zero, which is equivalent to setting a; = 0 in equations (15a)—(15c) in [26]. Fur-
thermore, the flow-aligning parameter A in [26] is assumed to be zero; this is not a severe
restriction, but just implies that we are in the flow-tumbling regime. Finally, we have also
neglected one of the terms in the passive “nematic” stress which does not feature for the
two-dimensional systems but can play a role for the three-dimensional systems. Despite
these simplifications compared to the successful model presented in [26], our work is a first
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step in the rigorous analysis of initial-boundary value problems for compressible active ne-
matics in two and three space dimensions, and the mathematical approach developed here
is different from the previous approaches in [9] and [43].

In the simplified system above, the fluid flow is not just dictated by the compressible
Navier-Stokes equations, the particle concentration in the fluid and the evolution of the
order parameter () are governed by the parabolic-type equations, with extra nonlinear
coupling terms as forcing terms. The term, F(Q), is added to close the energy in our
compressible system. Since our system reduces to the compressible Navier-Stokes system
in the absence of the concentration ¢ and the Q)-tensor, the best result we could expect can
not be better than those in [14-16], in which the existence of finite-energy weak solutions
of the compressible Navier-Stokes system (allowing initial vacuum) was proved for v > %
In this paper, our aim is to prove the existence of global weak solutions of this compressible
coupled system (1.2)—(1.8) in three space dimensions. In our system, owing to the varying
concentration ¢ = ¢(z, t), we multiply the Q-tensor equation by — (AQ -Q - C*Qtr(Q2)),
rather than —H|[Q, ¢], to avoid dealing with the interaction terms of the concentration and
the @-tensor and obtain the dissipation and a priori estimates for the system. Moreover,
the cubic term of the ()-tensor does not appear in the energy with this strategy, so that a
positive total energy for this system can be obtained, unlike in [9] where a specific positive
energy for the system is re-defined by using the property of the Q-tensor. Furthermore,
the highly nonlinear terms in this system cause new mathematical difficulties compared
to [9]. However, since the maximum principle holds for the concentration equation (1.2)
for ¢ (i.e., ¢ is bounded if the initial condition (3.5) is satisfied; see Lemma 3.2), the highly
nonlinear terms can be dealt with via using some cancellation rules as in Lemma A.1 and
(2.6) in Proposition 2.1. We remark that the symmetry and tracelessness of the Q-tensor
play a key role in the cancellations which are crucial for the proof of the existence of weak
solutions. For example, in order to obtain the essential compactness results, the force term
in the compressible Navier-Stokes equations should belong to H~1(O) due to Lions [32].
However, the regularity of @ obtained from the Q-tensor equation is L HlN L7 HZ, which
is not enough to achieve this condition. Owing to the cancellations, all the higher order
nonlinear terms together vanish, so we do not need to deal with them.

In this paper, we apply the Faedo-Galerkin’s method [53] with three levels of approx-
imations to prove the existence of the solutions of the initial-boundary value problem
(1.2)~(1.8) in a bounded domain © C R3. The first level of approximation concerns the
artificial pressure due to the possibility of vanishing density and lower integrability of the
density. Here we lift the density above zero to avoid the vacuum and add the artificial
pressure to increase the integrability of the density. The second level approximation corre-
sponds to the artificial viscosity, which changes the continuity equation from the hyperbolic
to parabolic type which ensures higher regularity. The last level is the approximation from
the finite-dimensional to infinite-dimensional space. By the weak convergence argument,
we obtain the global existence of finite-energy weak solutions defined as follows:

Definition 1.1. For any 7' > 0, (¢, p,u,Q) is a finite-energy weak solution of problem
(1.2)—(1.8) if the following conditions are satisfied:
(i) ¢ > 0, c € L*(0,T; L*(0)) N L?(0,T; H(0))
u € L2(0,T; HY(0)), Q € L=(0,T; H'(0)) N 1
OT = [O,T] x O.

. p >0, pe L®0,T;L(0));
(0,T; H*(O)), and Q € S§ a.e. in
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(ii) Equations (1.2)—(1.5) are valid in D' (Or). Moreover, (1.3) is valid in D'(0, T; R?),
if (p,u) are extended to be zero on R\ O.
(iii) Energy E(t) is locally integrable on (0,7") and satisfies the energy inequality:

d Dq L , r c2r
G EO+ NVelie + SIVallzz + (¢ + plldivulz. + S1IAQIT + =511

dt
<C(lulliz + IVQIF2 + QN7 + Ql74)  inD'(0,T),
where
1 1 p7 1 1 Cx
E(t) — (727277272—4>d.
0= [ (5l + golul? + 5 + 51QF + 51VaQE + S1Ql")ar

(iv) Equation (1.3) is satisfied in the sense of renormalized solutions; that is, for any
function g € C'(R) with the property:

d(z)=0 for all z > M for a sufficiently large constant M, (1.9)
then
0ig(p) + div (g(p)u) + (9'(p)p — g(p))divu =0 in D'(0,T). (1.10)
Our main result reads as follows.

Theorem 1.1. Let v > % and O C R3 be a bounded domain of the class C**™ for some
7 > 0. Assume that the initial data function (co, po, mo, Qo)(x) satisfies the compatibility
conditions (1.8). Then, for any T > 0, problem (1.2)—(1.7) admits a finite-energy weak
solution (c, p,u, Q)(t,z) on Or.

We shall prove Theorem 1.1 by the aforementioned three-level approximations, includ-
ing the Faedo-Galerkin approximation, artificial viscosity, artificial pressure, as well as
the weak convergence argument, in the spirit of [15,16]. This approach was used to con-
struct weak solutions to the compressible Beris-Edwards in [56]. As discussed above, new
techniques are needed to overcome the difficulties arising from the concentration equation
and its coupling with both the fluid and Q-tensor equations. Firstly, by using the Faedo-
Galerkin approximation, for any fixed u, in the finite-dimensional space C(0,T; X,,) (see
(3.17)), we obtain a unique solution (p[u,], c[uy], Q[uy]) of the initial-boundary value prob-
lem (3.1)—(3.2) and (3.4). In Lemma 3.2, system (3.13) has complicated interaction terms
which cause difficulties in the proof of both the uniqueness of the solution (c[u,|, Q[uy]) and
the traceless property of Q[uy]. The tracelessness of the QQ-tensor is an important property
that guarantees the validity of the cancellation rules in order to treat the highly nonlinear
terms caused by the appearance of the concentration and the Q-tensor. In the proof of the
tracelessness, we make the L?-estimate of tr @ from an energy inequality, which implies
the tracelessness of () when combined with Gronwall’s inequality and the tracelessness of
the initial condition of ). As we mentioned before, the highly nonlinear interaction terms
cause difficulties in this procedure. Here we can see that the concentration equation has
the maximum principle, which provides the L°°—bound for the concentration. Moreover,
we show that the solutions to system (3.13) are in L°°(0,T; H'(O)) N L*(0,T; H*(0)),
which provides sufficient regularity for the interaction terms so that they stay bounded,
and we can prove the uniqueness of the solution and the traceless property of Q[u,]. Then,
substituting (p[uy], c[un], @[uy]) into the variational problem of the momentum equation,
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we can construct a contraction map and obtain a local solution (py,, ¢y, tn, Qr) of the ap-
proximation system (3.1)—(3.4) on the time interval [0, T;,]. Moreover, the global existence
of solutions follows from the uniform energy estimate of the approximation system. In
order to pass to the limit for solutions (py, ¢y, un,@n) as n — oo to obtain a solution
(Pe,5,Ce 5, U5, Qe 5) for the approximation system in the infinite space, we need enough
integrability of the solutions. First, the maximum principle satisfied by the concentration
equation provides sufficient integrability for the concentration ¢,. This, together with the
regularity of (u,, @,) obtained in the uniform energy estimate, gives enough compactness
for the nonlinear interaction terms of ¢, and @, in our system. It actually also plays a
crucial role when the artificial viscosity and the artificial pressure tend to zero. With the
above results and the artificial pressure and viscosity in the approximation system, we have
enough regularity and integrability of the density. These integrability and compactness
results allow us to pass to the limit as n — oo and obtain a solution for the approximation
system in the infinite dimensional space. Secondly, we let the artificial viscosity € tend to
zero to recover the original continuity equation. Here we employ the convergence of the
effective viscous flux sequence to deal with the lack of regularity of the density sequence
to retrieve the compactness results of the solutions. Lastly, we pass to the limit of the
vanishing artificial pressure sequence to obtain a finite-energy weak solution of the original
problem, including the vacuum case. Again, we do not have enough integrability for the
density. Similarly to the vanishing artificial viscosity procedure, the convergence of the
effective viscous flux sequence gives us the much needed higher regularity for the density.
We remark that, although the weak convergence argument is similar to that in [15], ow-
ing to the extra terms and difficulties, we will provide most of the details for the sake of
completeness and convenience to the reader.

The rest of the paper is organized as follows. In §2, we derive the dissipation principle
and a priori estimates. In §3, we employ the Faedo-Galerkin approximation to obtain a
solution of the approximation problem (3.1)—(3.4). In §4, we let the artificial viscosity
€ — 0 to recover the solution to the hyperbolic continuity equation. In §5, we pass the
limit 6 — 0 in the artificial pressure to complete the proof of Theorem 1.1. In Appendix
A, we list some important lemmas and state some important preliminaries that we use
intensively in the paper.

2. THE DISSIPATION PRINCIPLE AND A PRIORI ESTIMATES

In this section, we derive the dissipation principle and a priori estimates in Proposition
2.1 for system (1.2)—(1.5).

For the sake of convenience, we first introduce some notations. We denote the Sobolev
space by H¥(O) for integer k > 1, equipped with norm || - | g%, and H=*(0) is the dual
space of HE(O). Denote by (-,-) the inner product in L?(O): If a and b are vectors, then

(a,b) = /Oa(a:) - b(x) dz;

and if A, B are matrices, then

(A,B):/OA:de:/Otr(AB)dx
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with A : B = tr(AB). Denote by S5 C M3*3 the space of Q-tensors in R?, that is,
Sg={QeM>?: Q¥ =qQ", (Q)=0, i,j =1,2,3}.
Define the norm of a matrix by using the Frobenius norm denoted by
QI = tr(Q%) = QVQY.

With respect to this norm, we define the Sobolev spaces for the Q)-tensors:

HY(O, 53) = {@ O%So-/GVQ)P+@(M)m<a%-
Set |VQ|? := 0,QY0,QY and |AQ|? := AQYAQY.

Proposition 2.1. Let (¢, p,u, Q) be a smooth solution of problem (1.3)—~(1.8). Then there
exists a constant C' > 0 depending only on (Dg, b, cs, 0x, p, v, ') and the initial data such
that, for a given T > 0,

d cir
PO+ *HV 172 + *IIVUHLz + v+ pldivul. + 5 IIAQIILz t 5 Q1%

< O(llullZz + IVQIZ: + QU7 + QI 74) for all t € (0,T).
In addition, if (co, po, Mo, Qo)(x) € L™ x LY x L? x H', then

(2.1)

llell oo (0,750 (0)) + llell oo 0,72 (0)) L2 (0,738 (0)) < Cs (2.2)

ol o (0,727 (0)) < C, (2.3)
1% .

H\/ﬁ“”%w(omw(o)) + §HVUH%,2(O,T;L2(O)) + (v + p)ldiv UH%2(0,T;L2(O)) <C, (2.4)

QI Lo (0,751 (0)N L4 (0)) L2 (0,73 H2 (0)LS (0,1:L6(0)) < C- (2.5)

Proof. The L*—bound for the concentration c¢(¢,z) follows from the maximum principle
and its initial condition ¢y € L. Using the continuity equation (1.3) and the boundary
equation (1.7), we have

((pu)t; u) = (pu @ u, Vu)

:/ pt|u|2dm+/ p@tuiuidaj—/ putu? 9ju’ d
@ @] o

1 1
:/pt|u|2dx+2/ p8t|u]2dx+2/ lu2div (pu) dz
@]

1 1 1
/,ot|u| dx+2§t |u|2d:p—2/Optu|2dx+2/O|u]2div(pu)dx

1d 1

=53 Op|u|2dx+2/o|u|2(,0t+div (pu)) dz
1d ,

“Sd plul” dz,

and

wwww=—/w*m+v@mm
@)

1d 1 . 1d 1
=——— pvdx—/ ék,o”u’dxz—/ pvdw—k/ pldivudz,
vdt Jo v Jo ydt Jo v Jo
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which gives
d

Y di — -
(p7, divu) 1—~dt Jo

p7 dx.

We take the inner product of equation (1.2) with ¢, equation (1.4) with u, and equation
(1.5) with —(AQ - Q — c.Q tr(QQ)) respectively, sum them up, and then integrate by
parts over O to obtain

d 1 2 P’ 1 2, G4 2
3 [, (Gleval + -2+ 51@ VI + Q1" )da + Dol Vel

+ | ValZe + (v + p)ldivul?e + TIAQ(T: + TIIVQ7: + el ||Qll74 + 2T Qs

= —(u-Ve,0) = (V- (VQ O VQ),u) — (F(Q)ls, Vu) + (V- (QAQ ~ AQQ), u)
—0u(*Q, Vu) + (u- VQ,AQ) — (u-VQ,Q + c:QIQP) — (2Q — QQ, AQ)
+(2Q - Q2.Q + e.QIQP) + T(*57Q.AQ - Q - c.Qr(Q?)

—BT(Q% AQ) +B(Q%, Q + .Qtr(Q%) + 2e.T(QIQP, AQ)

13
=> T
=1

First, by Lemma A.1, we have

Ty +71g = 0.
By simple calculation,
To+1Is+1Zeg+1Zr =0, Iy =0,
as shown below:
Io + I + 17

= —(V-(VQOVQ),u)+ (u-VQ,AQ) — (u-VQ,Q + c.Q|Q[*)

- - / 9;(2:Q"0;,Q")u' da + / u'0;QM AQM dx — / w'gQM (Q" + e.QM|QI) dx
O (@] O

=— / (0;0;Q0,Q"u’ + 0;Q"9;0;Q* ") dx + / WO,QMAQM dx
O O

- / uiai(;Q\Q + %trQ(QQ)) dz

O

:/ 6i6ijl8ijluidx+/ (%|Q|2+%tr2(Q2))divudx
(@] (@]

- / (%’VQF + %’QF + %tr%@%)divudx = T3,
O
(2.6)
and
T = (20 - Q,Q +.QIQP) = ~(2Q + Q2 Q +¢.QIQP) +2(2Q.Q + c.QIQ) =,

where we have used the fact that @) is symmetric and 2 is skew-symmetric.
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Moreover, by the Young inequality, we have
71| = [(u- Ve, o) < Cllull 2| Vel 2l e < %HV(:H%Q + Cllull72,
| Z5] = |os(?Q, V)| < Cllel[fee [Vl 2| QI 2 < %HVUII%Q +ClQ|1Z,

c —

2
r
[Zu| = - 0T(Q%, AQ)| < LIIAQIZ: + ClIQIIL4,

Tisl = BT(Q% Q + .Q tr(Q%))] = [oT /O (tr(Q))* da + be.T /0 (tr(@))*|QI da

Tl = T(C 50, AQ - @ - .Qur(@%)] < SIAQIE: + CIQI: + Il

< LIl + Il + Il

Ty = 26.T(QIQ1 AQ) = 26T | 04QTQ(Q) ds
= 96T /O QY 0,QVtr(Q?) dz — 2¢,I /0 Q7 QY Otr(Q?) dx
- _zc*r/o IVQP?IQ|* dx — C*F/O |Vtr(Q?)|* dz < 0.

Combining all the above estimates, we obtain the desired result. O
Corollary 2.1. For any smooth solution (c, p,u, Q) of problem (1.2)—(1.8),
Q € L'°(0r) N L*(0, T3 H'(0)) N L*(0,T; H*(0)),  VQ € L¥ (Or).

Proof. From estimate (2.5) and the Gagliardo-Nirenberg inequality in Lemma A.3, we
have

4 1
1Qlz100) < ClIQN 60 1AQE ) + ClIQlLzso)-

2 3
IV@1, 3 0, < CIVQI 20 1AQI 20y + CIIT Q120
Then the proof is complete. O

3. THE FAEDO-GALERKIN APPROXIMATION

In this section, we use the classical Faedo-Galerkin method to construct a solution
(Cny Py Un, Qr) of the initial-boundary value problem (3.1)-(3.4) below, which is an ap-
proximation system to (1.2)—(1.5). Since this initial-boundary value problem involves
coupling terms with the concentration, velocity, and Q-tensor in the force, such as the
highly nonlinear terms H[Q,c|, F(Q), and c?>Q, and the terms with high order deriva-
tive QAQ — AQQ, we need to handle all these couplings carefully in order to construc-
t the approximation successfully by using the Faedo-Galerkin method. First, we show
that there is a unique solution (p[uy], c[u,], Q[uy]) to the initial-boundary problem (3.1)—
(3.2) and (3.4) for any u, in the finite-dimensional space C'(0,7"; X,,). Then, substituting
(plun], clun], Quy]) into the variational problem of the momentum equation, we can ob-
tain a local solution (pp, ¢, Un, Qr) of the approximation system (3.1)—(3.4) on the time
interval [0,7),] by using the contraction map theorem. Thanks to the cancellation rule
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we mentioned in §2 and the fact that the concentration equation obeys the maximum
principle, we can overcome the difficulties caused by the complicated coupling terms of
the system both in the proof of extending the local solution to a global one by the uniform
energy estimates of the system with respect to n and in the proof of the existence of the
first level approximation solution as n — oo.

For fixed § > 0 and ¢ > 0, we solve the following approximation problem:

Orc+ (u-V)e = DoAc, (3.1)
Op +V - (pu) = elp,
A(pu) + V- (pu@u) + V(p" + (5Vp6) +e(Vp-Vu
=pAu+ (v + p)Vdivu + V- (F(Q)Iz3 — VQ © VQ)
+ V- (QAQ — AQQ) + 0.V - (*Q), (3.3)
8Q + (u-V)Q +QQ — QQ =TH[Q, d, 3.4

complemented with the modified initial conditions:

cli—o = co € HY(O), 0<c<colx) <e, (3.5)
pli—o =po € C*(0),  0<o<po(z) <o, (3.6)
(pu)li=0 = mo(z) € C*(0), (3.7)
Qli=o = Qo(z) € HY(O), Qo € S3 a.e. in O, (3.8)
and the boundary conditions on O with unit outward normal 7i:
Ve-iilgo =0, Vp - iilso = 0, (3.9)
ulpo = 0, %bo =0, (3.10)

where ¢, ¢, o, and ¢ are positive constants.

Remark 3.1. We now remark on the extra terms in the approximation system. The van-
ishing viscosity eAp converts equation (1.3) from the hyperbolic to parabolic type and
provides the higher regularity of p. The term, §V P, is added to obtain the higher inte-
grability of p for some constant 5 > 0. The extra term eVp - Vu is needed to cancel some
bad terms that do not vanish in the energy estimates.

3.1. The Neumann problem for the density and (-tensor. We first state the fol-
lowing existence results, which can be found in [15].

Lemma 3.1. Assume that u € C([0,T]; C%(O,R?)) with u|so = 0. Then there exists the
following mapping S = S|u]:

S:0([0,T);C*(O,R%)) — C([0,T): C*(0))
such that

(i) p = S[u] is the unique classical solution of (3.2), (3.6)—(3.7), and (3.9),
(ii) For allt >0,

t t
gesp (- /0 [div u(s) | = ods) < STul(t, ) < pexp ( /0 ldiv u(s)]| o= oy ).
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(iii) For any uy and ug in the set:
Ny ={v : v e C((0,T]; 3O, RY), [vlloqoryczome < N} (3.11)
with some suitable constant N > 0,
[STur] = Suzllloqo,rym10)) < TCWN, T)|lur = w2lloqo,r1:H (0))- (3.12)

Lemma 3.2. For each u € C([0,T]; C3(O,R3)) with ulpo = 0, there exists a unique
solution of the following initial-boundary value problem:
Orc + (u-V)e = DoAc,
OQ+ (u-V)Q+ Q- QQ =TH[Q,d],
Qli=o = Qo(z) € H'(0),  VQ - iilso =0,
cli=0 = co(x) € H'(0), Ve -iilpo =0,

(3.13)

with 0 < ¢ < ¢y < € < oo such that Q € L>®(0,T; H(O)) N L?(0,T; H*>(0)), ¢ €
L>=(0,T; HY(0)) N L?(0,T; H*(0)), and 0 < ¢ < ¢ < & < 00. Moreover, the above map-
ping u — (clu], Q[u]) is continuous from Ny to (L°°(0,T; H'(O)) N L*(0,T; H*(0))) x
(L>(0,T; HY(0)) N L*(0,T; H*(0))), and Qu] € S§ a.e. in Op.

Proof. We divide the proof into five steps.

1. The existence of a solution (¢, @) can be achieved by the standard parabolic theory
[29]. The boundedness of ¢ is guaranteed by the fact that the maximum principle is valid for
the first equation in system (3.13) and the initial condition of ¢. Next, we show that (¢, Q)
belongs to (L>(0,T; H'(0)) N L*(0,T; H*(0))) x (L*>(0,T; H'(0)) N L*(0, T; H*(0))).

2. Assume that u € Ny. First, let us take the inner product of the first equation in
(3.13) with ¢ — Ac, and the second equation in (3.13) with —(AQ — Q — ¢,Qtr(Q?)), then
sum them up to obtain

1d Cx
24t Jo (I(c,Q, Ve, VQ)I* + §|Q|4)d$

+ Dol[(Ve, Ad) 172 + TII(VQ, AQ)[17 + el Q14 + T QlI%6
= (u- Ve, Ac) = (u- Ve, o) + (u- VQ,AQ) — (u- VQ,Q + c.QIQI*) — (2Q — @0, AQ)
(00 - Q0,Q+ QIQP) + 5T (e~ €)@, AQ - @~ c.Qur(Q?)
- bF(Cf AQ-Q— C*Qtr(QQ)) +2¢.T(QQ%, AQ)
HAcHLz +5 HAQHLz + HQHLe +C(I(e,Q, Ve, VQ) 132 + 1Ql14)-

By the Gronwall inequality, we obtain

(e, @) oo 0,111 (0)) + 1(¢ ) 20,7552 (0)) < C,

where C' > 0 depends on N, b, ¢, I', T, ||Qo || g1 (00), and ||col| g1 (o)
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3. For the uniqueness, we denote (¢ Q) (c1 — c2,Q1 — Q2) for any two solutions
(c1,Q1) and (c2,Q2) of (3.13). Then (¢, Q) satisfies
O+ u - VE = DA,
HQ+u-VQ—QQ+ QN —TAQ + i1eQ; + ITQ(cz — ¢.)
= T (b(Q@1 + Q2) — §r(Q(Q1 + Q2))ls) — . Qtr QF — . Q2 tr(Q(Q1 + @2))).
~ ] (3.14)
with (¢, @)|i=0 = (0,0), VQ -7i|so = 0, and Vé-7i|sgo = 0. We sum up the first equation in

(3.14) multiplied by ¢ and the second equation in (3.14) multiplied by Q, take the trace,
and integrate by parts over O to obtain

1d

el
(- VEd) — (u-VQ.Q) + (20 - G2.Q) ~ L (@1 Q) — 5 ((e2 — )2.Q)
L(B(Q(Q1 + Q2) — %tF(Q(Ql + Qo)) — c.Qtr QF — Q2 tr(Q(Q1 + Q2)), Q)
D - - - - -
20 vels + e Qs + 1@ 2219l o (1@ + Qalln + 1@, Q2)I30) + 9@ 211)12)

< 7”VC||L2 +5 HVQHL? + (¢, Q)HL%

& Q)72 + DollVe[ 7z + TIIVQIIZ

where C' depends on b, ¢, I', N, and ||Qo|| 71, and we have also used Sobolev’s embedding
inequality, Poincaré inequality, and Young’s inequality in the last step. Therefore, applying
the Gronwall inequality, we obtain the desired uniqueness result.

4. Now we show that the map: u +— (c[u], Q[u]) is continuous. Let {u,} be a bounded
sequence in Ny with

nli_{]go lun = ullco.15c2(0)) = 05

for some u € C(0,T; C§(0)). Denote (cn, Qn) = (clun), Qlunl), (¢,Q) = (c[u], Q[u]), and
(Gny Qn) = (Cn — ¢,Qn — Q). Taking the difference of the equations satisfied by (¢n, Qn)
and (¢, @), multiplying the resulting equations by (—Aé,, —AQn), taking the trace, and
integrating by parts over O, we have

5 (90, 9@l + Dollad 3 + TIAGIE

= (tp - Vén + (tn — 1) - Ve, Aéy) + (t - VO + (u — 1) - VQ, AQy)
—(M% (= D)Q, AQn) + (Quln + Q2 — 2), AQn)
5 (6@t (0 ) AGn) — SIEBA(Qn + Q) +tr(Gal@n +Q))Ts AQW)
FET(1QuPGn+ QUQuI? -~ 12P). AGw)

7
— ZL
i=1
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In the following, we estimate all the terms on the right-hand side of the above equation:
|Z1] = [(un, - Ve, + (un, —u) - Ve, AG,)|
< Cllunllz=lVenllzz + llun — ull L[ Vel £2) [ A 2

Dy - _
< 7||A0n||%2 + Cchn”%2 + Clluy — UH%O%

< O(llunllL= IVQnl 2 + llun — ull L [VQ| 22) [AQu ]| 2

T, .~ .
< S 1AQu]IZz + CIVQnlZ2 + Cllun — ullfe,

|IB| = ‘(QnQn + (Qn - Q)Q, AQTL)|
< CHQ 2o 1Qnll 2 1AQn| L2 + [ Vun — V| oo |Q| 12| AQu | 12

> 12HAQnHL2 + C”Qn”L2 + C||Vuy, — vu”%w

< 55 1AGuIE: + CIV@ali3s + ClIVun — Vulie,
Za] = [(Qnn + Q( — Q), AQ,)|
< O|Qnll 2|0l Lo | AQR 12 + |Q 2| Qn — QLo | AQ | 12

r - -
< EHAQnHiz +0[Qul72 + ClIVuy — Vu| 7

IN

T N -
SIAQuIE: + CIVGal: + €IV — Va3,

|Zs| = *\(CnQn (¢ = c2)Qn, AQn)| < C(llnll 24l @nllzs + lle = exll oo | Qnll22) | AQu I 2

< EHAQnHLz + Cl[ V72 + CllQnlla,

| Zs| = le!(3@n(Qn + Q) + t1(Qu(Qn + Q)3 AQn)| < CllQull 15 1Qn + Q6| AQn | 2

< 5 18QuIR: + CIV IR,

and
7] = T |(|Qnl*Qn + QUIQn]* — 1Q%), AQy)]
< CT(\IQn\\%a + 1 QullrsllQll s + Q1176 ) 1Qnll 6| AQu 12

=~ 12 HAQRHL2 + CHVQTLHL2

Combining all the above estimates, we conclude
1d

5 V0, @3 + A + S 1AQuIE:
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< Ollup — u”?jg(o) + C||(Vén, VQn)H%2

Then, by the Gronwall inequality, we have

H(Vén(ta ')ann(ta ))”%2 +F/0 H(Aén(sv ')7AQH(87 ))H%2 ds

(3.15)
< OTe™ lun —ull} o.1,c300)

As n — oo, we conclude

lim ([|(én, @n)ll oo o,101) + 11 (Ens Qu)ll 20, 722)) = O

n—o0

5. Finally, we show that @) € Sg’, ie., QT =Q and trQ = 0 a.e. in Op. It is clear that,

if Q is a solution of problem (3.13), so is Q. Then, by the uniqueness of the solution, we
know that QT = Q.

Then the only thing left is to show that tr @ = 0. We take the trace on both sides of
the second equation in (3.13) to obtain

o(tr@Q) +u-VirQ =T (AtrQ — %(c —e)trQ — extrQtr@Q?), (3.16)

with tr Q|i—o = tr Qo = 0 and Vtr Q-7i|so = 0, where we have used the fact that Q" = Q,
Q7 = —Q, and tr(Q€Q) = tr(Q2Q). Then we multiply equation (3.16) by tr @ and integrate
by parts over O to obtain

1d
2dt
1
= —EF((C —ec)tr@Q,trQ) — c*F/ Itr Q|? tr Q*dx —/ u-V(trQ)trQde
@ @
< Olltr Q172 + CllQUZslltr Qll o ltr Ql 2 + ClIVtr Q|| 2|t Q2
< Clltr Q72 + ClIVEr Q| 2 lltr Qll 2 + O Vtr Q| 2|t Q| 2

[tr Q|72 + T[|Vtr Q|7

r
< IV Qlz: + Clr Q7.
Applying the Gronwall inequality again, we complete the proof. O

3.2. The Faedo-Galerkin approximation scheme. In this section, we proceed to solve
(3.3) by the Faedo-Galerkin approximation scheme. Let {t,} be a family of smooth
eigenfunctions of the Laplacian operator:

— Ay = APy on O,

1/}71‘8(’) =0,

where 0 < A1 < Ay < --- are eigenvalues. We know that the eigenfunctions {¢, }2°; form
an orthogonal basis of H}(O).

Now, consider a sequence of finite-dimensional spaces:

XTL = Span{¢l)w27 e 71;Z)n}7 n = ]-;27 Tty (317)
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and look for solutions wu,, € C(0,7T; X,,) to the following variational approximation prob-
lem:

[ pltaunlt.a) - via)do— [ mofa) - v(e) da
o o
t
— /O /O (AU, + (p+ v)Vdivu, — div (pu, @ u,) — V(7 +6p°) —eVp - Vu,) - ¢ dads

t
+ / / V- (F(Q)ls — VQ © VQ + QAQ — AQQ + 0.c2Q) - dxds
0 JO
(3.18)
for any ¢t € [0, 7], and ¢ € X,,.

Next we introduce a family of operators, as in [15]:

Mp| : Xp — X, (M[p}v,w):/ pv-wdz for any v,w € X,,.
@

The map:
p s M)
from N, = {p € L'(O) : infzeqp > n > 0} into L(X};, X,,) has the following property:
1M [p1] = M7 p2lll ez x) < Clnsm)llpr = p2ll o). (3.19)

Using Theorems 3.1-3.2 with p,, = S[uy], ¢, = c[uy], and @, = Q[uy,], we can rewrite the
variational problem (3.18) as

)= M) (0 + [ NTea(s): () 105, Qulols
with
(m*.0) = [ mo- e,

(N[Cn7 pna u’l’b? QTZ]? ,l/))
— / (HAuy + (14 V) VAV un — div (prttn ® 1) = V(o) +0p7)) - ¢ da
@)

—6/(Vpn-V)un-1/deL"—|—/ V- (=VQn®VQ,+F(Qns) - ¢da
(@] o

T / V- (QuAQn — AQuQn + 0. 2Q0) - v da,
O

for any ¢ € [0,7] and ¢ € X,. Therefore, combining (3.12), (3.15), and (3.19), we
achieve a local solution (¢, pn,tn, @n) of problem (3.1)—(3.2), (3.4), and (3.18), with
initial-boundary data (3.6)—(3.10) on a short time interval [0,7),],7,, < T, by using the
standard fixed point theorem on C(0,7;X,). In order to extend the existence time T,
to T for any n = 1,2,---, we need to prove that u, stays bounded in X,, for the whole
interval [0, T},]. Hence, in the following, we establish an energy inequality as in Proposition
2.1.
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Differentiate (3.18) with respect to t and take ¥ = u,, as a test function to obtain

d 1 2, ph 5P5
L (gnlunl” 27+
dt vy—1 pg-1

e / (112 + 6805)|Vou? da (3.20)
(@)

) da + plI V|72 + (v + p)lldiv |17

_ / Vo (= VQu © VQu + F(Qu)ls + QuAQy — AQuQn + 022 Q) -ty da,
O

where we have used the following equalities as in Proposition 2.1:

/ O (pnun) - up dr + / div (ppun ® upy) - u, de
(@) (@]

1d
- 5& /Opnlun|2dl‘ - g/O(Vpn ' V)un “Un dx’

d 'Y

/V;ﬂ U, dz = — dm+sv/ o2V pul? da,
dt oY — 1

d 5p> n
/an tnde = | P dx+556/ Py 2V pnl® da.
o di o

Then we take the inner product of (3.1) with ¢, (3.4) with —(AQn — Qn — c.Qntr(Q32)),
add the resulting equations to (3.20) to obtain

d .
)+ Dol|Venl7a + pl VunllFe + (1 + v)[div unll72 + Tl (VQn, AQn)|17:

+ e L|Qnllza + ETNQu]G6 + & /O (von 2+ 0Bp, )|V pn* da
/ Ve (=VQn®VQn+F(Qn)ls+ QuAQn — AQnQn + 0:c2Qy) - up dz
(Un - VQny AQn) — (tn - VQny Qn + cxQn|Qnl?) — (20Qn — Qs AQ)
+ (200 Q@+ €:QulQul?) + ST((en — €4)Qn AQu = Qo — . Qutr(Q2))
—00(Qn, AQp — Qn — c*Qntr@?)) +26.T(Qn|Qul?, AQ) — (un - Ven, cn)
< %Hwnll%z + SlIVaallfs + 5 ||AQn||Lz 2FHQnH%6 + O (|| (wn, @u) 172 + 1Qnll72)

where C' is independent of n and €, and

1 1 Pn 3o
By@) = | (5leal® + Spnlunl? F(Qn)) do
3= [ (Glen + gonkunlt + L5 + 220+ F(@u)

This implies

d Do 1% .
5O + S IVenlzz + SIVuallze + (w4 »)divunllz: + TVQn72

r 2T _ _ 21
+ 51AQulE + 51Ul + ¢ [ (1172 +580) D puPda (321)

< C([[(tn, Qu)72 + 1Qnll 1)
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The above inequality yields

Tn
p [ IVl < (3.22)
0
sup /pn|un|2dx§C, (3.23)
tel0,1,] JO

where C' is a constant independent of n. Since X, is a finite-dimension space, we can
deduce from Lemma 3.1 that there exists a constant C' = C'(n, ¢, po, mo, Qo, b, O) such
that

1
0<C <pplt,x) < ol for all t € (0,7,,) and = € O, (3.24)

which, combined with (3.23) and the fact that the L> and L? norms are equivalent on
X, yields
sup || (un, Vun)(t, )| L= (0) < C(n, E§(0), N, O).
te[0,Th]
Then we can extend the existence time-interval [0, T},] of (cy, pn, un, Q) to [0, T].
We summarize the results in this subsection in the following lemma.

Lemma 3.3. Let B > 4. Then there ezists a solution (cy, pn,Un, @Qn) of problem (3.1)-
(3.2), (3.4), and (3.18) with the corresponding initial-boundary data (3.5)—(3.10). More-
over, the following estimates hold:

0<c<en(tr) <ec, chHLoo(o,T;L2(O))mL2(o,T;H1(0)) <G, (3.25)

SUP lon(t, )HL'Y((’) (3.26)
te[0,T
6 sup |lpnl(t, )IIL@ 0 <G (3.27)

t€[0,T]

312 Zi2

ellVpillzz0.m:L2(0y) + €0V i 1220 L2(0)) < C (3.28)

sup |[v/pu(t, Yun(t, )| 7200y < C, (3.29)
t€[0,T]

o.1HL(0) = €, (3.30)

lonllLs+1(00) < €, (3.31)
EHVPn”Zm(o,T;Lz(o)) <C, (3.32)
1@nl o (0,711 (O)nLA(O))NL2(0,T:H2(O)Ls (0)) < C, (3.33)
1QnllL1007) < C, (3.34)
IVQnll 10, <€ (3.35)

where C' is a constant independent of n and €.

Proof. Estimates (3.25)—(3.30) and (3.33) follow from the energy estimate (3.21). More-
over, we can use similar methods to obtain (3.34)—-(3.35) as in Corollary 2.1. We only need
to show (3.31)-(3.32).
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B8
From (3.28), ps € L?H]}. This, together with the embedding: H'(0Q) C L%(0), yields
16l 5s0s < C (3.36)
with C' independent of n. Combining (3.27), (3.36), and the interpolation (pp. 623, [13]):

3
1081z < ClloSl 102 s

we have
Hpnll3 S C/ ||pn||L1||pn||L5dt < CHPQIIL?L;IIPQH@L; <C,

which implies that p, € L3% (0, T; L*%(0)). Moreover, this, together with the following
interpolation:

1 1
HPnHL;%ﬁ < CHannganziﬂy

gives
[[onl 345 < C/ [onl BH,on |L2/3 dt < C(9),

i.e., pp € L%’B(OT). Then, if 5 > 3 (& %,8 > B+ 1), we have

lonllLe+107) < C(0).
Regarding (3.32), we multiply (3.2) by p, and integrate by parts over O to obtain
1d L[ , )
Sllonlliz +ellVonllle = =5 | divug p dz < Clldivug| g2 [l 74
2dt 2 o 4
which yields

ellVonlizopn < 2(IIPon + VT | pul 7o palldiv | ).

Therefore, (3.32) follows from (3.27) and (3.30), provided § > 4. O

3.3. The existence of the first level approximate solutions. In this subsection,
we obtain a solution (¢, p,u, @) of problem (3.1)—(3.10), by letting n — oo. We do not
distinguish between the sequence convergence and the subsequence convergence for the
sake of convenience. Assume that 5 > 4 and v > % It follows from [15] that, as n — oo,

Pn— P in L*(Or), (3.37)
oL —pY, pP = pf in L'(O7) if 8 > 7, (3.38)
Up — U in L?(0,T; HY(0)). (3.39)

Moreover, we can infer that dc, € L*(0,T; H~1(0)) from (3.25), (3.30), and the fact that
Occy, satisfies equation (3.1). Applying the Aubin-Lions lemma, we have

cn — ¢ in L*(0,T; HY(O)), ¢n — ¢ in L2(0,T; L*(O)). (3.40)
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Thus, we know that the limit function ¢ is a weak solution to (3.1). Similarly, estimates
(3.25), (3.30), and (3.33), along with the fact that 0,Q,, satisfies (3.4), yield that 0,Q,, €
L2(0,T; L2 (0)). In fact,
T 1
I 9)Qull , 5 < o /0 lunl25 19Qnl220t)* < Cllunll (), IV @nlzzes2 < C.
T 1
|@QnSn — QnQn||L2L§ < C</o IIQnII%gHVunH%%dt) < ONQnllLe 2 Vtnll 20,y < C,

tr(Q%)Id] - C*Qn‘@n‘zu 3

3 L?LZ

Cp —

2
< C(11@n: AQu 205 + (lenll s +11Qnll2r2) (1Qull oy + 1QulFersy) ) < €

Then, by the Aubin-Lions lemma, we have

Qn — Q in L*(0,T; H*(0)), Qn — Q in L*(0,T; H'(0)). (3.41)

IPHQucalll , g =TIAQn = *=Qu +bIQ} -

tHx

This ensures that we can pass to the limit in equation (3.4) in D' (Or) as n — oo, i.e., Q
is a weak solution of (3.4).

2
Furthermore, we also see that p,u, is bounded in LOO((),T;LT:I(O)) with % > g
(since v > 2), by using (3.26) and (3.29)-(3.30). In fact,

1
w25, < Clloally IVl (3.42)
This, together with (3.37) and (3.39), yields

2
Pty — pu  in L°°(0,T; LTL((’)))
Then we can conclude that p is a weak solution of (3.2) and we can pass to the limit in
(3.2) as n — o0.

In the following, we show that the limit function u satisfies equation (3.18), by using
Corollary A.1in Appendix A. Then we need to establish convergence results for the terms:
Pnln Q U, and Vp, - Vu,, which require more estimates for the density. From Lemma 2.4
in [15], we know that (3.2) holds in the following strong sense:

Lemma 3.4. There exist v > 1 and g > 2 such that
Otpn, Apn, are bounded in L"(Or),
Von is bounded in L(0,T; L*(0)),

uniformly with respect to n. Consequently, the limit function p belongs to the same class
and satisfies equation (3.2) almost everywhere on Or and the boundary conditions (3.9)
in the sense of traces.

To continue the proof, we first show that f(’) Py - Y dx is equi-continuous in ¢, for
any fixed test function ¢ € X, in (3.18). Using Lemmas 3.3-3.4, we see that, for any
0<é<l,

t+€ t+¢
[ [ st G v)Vdivan) - vdads <€ [ | Vunll1a T ds < OVE,
t (@] t
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t+& t+£
/ / div (potin, @ 1) - 1 dds < / I/Prtunll2 V9l 1ze ds < CE,
t

t+¢ t4€ 5
/ / V(67 + 60 - edads < [ (pall + 8l v vl e ds < O
t x

1
a for q > 2,

N

t+€
S [ [ Vou V- wdads < Cel[pall g Vunll a6 < O
t o v

t+& B _1 t+€ N i* " e
[ Lo FQutvdsds == [ [ (@0 VQP + 5 10u!)div v dods
t+¢
<C [ (1Qu TR + Qa1 Idiv bl s < C
t+&
/ . / V- ( - in ® in + QnAQn - AQnQn + U*C?LQn) : wdxds

< C/ ((IVQnlZ2 + 1@nll 2| AQu N L) IVl zee + lenllZoe | Qnllz2 IVl 22) ds
< C(£+V9).

2
Together with the fact that p,u, is uniformly bounded in L>°(0, T LA (O)) with respect
-1
to n, and X, is dense in L%((’)) we conclude by Corollary A.1 that

Prln — PU in C([0,T7; L;:;k(o)) as n — 0. (3.43)
Since % > 2 ('7 > %), by Proposition A.1, (3.43) yields

Prlln — PU in C([0,T]; H Y(0)).
This, combined with (3.39), yields
Prlin @ Up — pU R U in D/(OT). (3.44)

Next, let us elaborate on the convergence result for the term: Vu, - Vp,. We multiply
(3.2) by p, and integrate by parts to obtain

t t
lou(t. )3 + 25 [ IVpu(t )Ry ds == [ [ divunlpaP dods+ oy (345)
0 0 JO

By Lemma 3.4, we know that the limit function p also satisfies (3.2). Applying the same
argument to p as above, we have

t t
Iott. 3 +22 [ IVo NGy ds == [ [ aivulpPasds+ il (340)
0 0
Diﬁerentiating (3.45) with respect to t, we use (3.27), (3.30), and Lemma 3.4 to obtain

Hpn( N7z = —2¢Voult,)ll7z - /@div un lpn|* dz + [lpol72 € L0, T), 1< g <2,
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which implies that |[pn(t,-)||, is equi-continuous. Then we conclude that ||pn(t,-)[|2,

converges in C([0,7T]) by the Arzela-Ascoli theorem. Moreover, from (3.37), (3.39), (3.45)—
(3.46), and Lemma 3.4, we have

lon(t )z = llp(t, )z for any ¢,
IVonllz20m) = IVoll 200
Since Vp, — Vp, it yields
Voo — Vp  in L*(Or).
Then we have
Vpn -V, = Vp-Vu  inD (Op).
In addition, by (3.40)—(3.41), we have

t
/ / V- (F(Qn)s — VQn © VQy + QnAQy, — AQuQp + 0.2 Qy) - 1 dads
0o JO

t
— / / V- (F(Q)Ig —VQ oV + QAQ — AQQ + U*CQQ) -1 dads.
0o JO

Then we can pass to the limit in equation (3.18) as n — oo. We deduce that the limit
function (¢, p,u, @) is a weak solution of problem (3.1)—(3.10). Finally, let us summarize
the results in this section in the following:

Proposition 3.1. Suppose 8 > max{4,v}. Then there exists a weak solution (c,p,u,Q)
of problem (3.1)—(3.10) with the same estimates as in Lemma 3.3 and Q € S§ a.e. in Or.
Moreover, the energy inequality (3.21) and estimates (3.25)—(3.35) hold for (¢, p,u, Q).
Finally, we can find r > 1 such that py, Ap € L"(Or), and equation (3.2) is satisfied a.e.
m OT-

4. THE VANISHING ARTIFICIAL VISCOSITY LIMIT

In this section, we let ¢ — 0 in (3.1)—(3.4). We denote (ce, pe, us, Q<) the solution of
problem (3.1)—(3.10), which we have obtained in Proposition 3.1. However, unlike the
previous step, we do not have the higher integrability of the density as in Lemma 3.4. The
boundedness of p. in L>(0,T; LY (O) N LA(0)) can guarantee only that o2 converges to a
Radon measure as ¢ — 0, which is not easy to deal with. Thus, it is essential to obtain
the strong compactness of p. in L'(Or). In order to do this, we need to fully use the
uniform estimates (3.25)—(3.35) for (ce, pe, ue, Qc), since the system includes some highly
nonlinear coupling terms, such as the last three terms in (4.5) when we prove the higher
integrability of the density and the convergence of the last four terms in (4.29) to (4.30)
in the proof of the convergence of the effective viscous flux. Moreover, we introduce the
useful operator B related to the equation: dive = f. See [5,6,19] for the construction and
the proof of the following properties of the operator B: For the problem

dive = f, vlgo =0, (4.1)
there exists a linear operator B = [B1, Ba, B3] with the following properties:

(i) B:{feLP(O): [,fdz=0}— (T/Vol’p(O))3 is a bounded linear operator such
that, for any 1 < p < oo,

18] ly2r0) < COf ooy (4.2)



22 G.-Q. CHEN, A. MAJUMDAR, D. WANG, AND R. ZHANG

(ii) v = B[f] is a solution of problem (4.1);
(iii) If there is a vector function g € (LT (0) ) with g - 7i|go = 0, then

1B[div g]|| -0y < C(p)lIgl ), (4.3)
where 7 € (1,00) is arbitrary.
4.1. Estimates of the density independent of . We take the quantities:
¥(t)Blpe —ml, (4.4)

with ¥ € D(0,T), 0 <9 <1, and m = O‘ Jo po(z)dz, as test functions for (3.3). Note

that m is a constant such that this test function is well defined. We have the following
result.

Lemma 4.1. Assume that (ce, pe,us, Qc) is the solution of problem (3.1)—(3.10) con-
structed in Proposition 3.1. Then

+1 +1
HpEHZW—l (Or) + 5”P6H§5+1 or) <,

with C independent of €.

Proof. The proof is similar to Lemma 3.1 in [15]. Let us apply the test function (4.4) to
(3.3). Then, by a direct calculation, we have

T
/ / (2T + 6pE ) dadt
0 @

T T
:m/o w/(o(p;’+5p§)dxdt+(u+u)/ w/(p m)div ue dzdt
—/th/peua-B[Pe—ﬁL]dxdt—i—,u/ /auaB —m] dadt
cu uld;Bip | dzdt — Ue - B(Ap,)dxd
/w/pu m]xte/ow/opu (Ap;) dzdt
T
+A 7/}/OPEUS'B[diV (psus)] dxdtJr&/O w/OBjuéﬁjpri[pgm] dxdt
T
+ [0 [ V(9.0 V@, - F(@Qu1) - Blp. — m duds
0 o
T
a*/ w/ Q. : VB|p. — m] dxdt
0 16
T
_/ 1/}/ % (QaAQa—AQgQE) 'B[pg—’rﬁ] dzdt
0 o
11
=Y T. (4.5)
i=1

Next, we estimate the terms on the right-hand side of the above equality by using the
boundedness of solution (¢, pe, us, Q) obtained in Proposition 3.1, in which the universal
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constant C' > 0 is independent of &:
T
il = [ [ (02 + 60 dodt] < Cllmoimy (e g + 810l ) < Clilimo,
|Zo| = (n+v) }/ ¢/ dlvuadxdt}
1 .
< C\fH%Z)HLoo(o,T)(||Ps|\Lt°°Lg + m|(9|2)”le us”Lf’I < CHU}HLw(o,T),
T T
Tl =| [0 [ peve-Blpe = mlazat| < € [l B g Bl = g o
1 T
< CHPeHitooLg|’\/17€Ua|’Lg°LgHPe - mHLgOLg /0 |1he|dt < CuthLl(o,T),
T , T
=] [0 [ opoyBilp —mldad] < [ 01Vl 120 9 Blpe — il a
T
< [ WV uelzzllos =l t < Clol o
T . .
Tl =| [0 [ pento,Bifp. = m) aoct
0
T
<C [ ol e g 9 Blo =l
r 2
<C [ ol e glloe = iy @t < Cllol o
T T
ol =¢] [0 [ peueBiapddaat| < e [ wllpulog uclog 1B 1z o
T
<z [ fulloelzg ol 9p-lz At < Clbllmory  fore <1,
72| = | / 0 [ pete - Bldiv (peus)] dadt| < / 00l el s Bl (et

T
< /0 6ll1pe s e g e 2 e < € /0 [61119e 12 lluel2g At < Cllél eor)-

Since > 4, by using the Sobolev embedding (Lemma A.3 in Appendix A), we have

3 13 _
I1Blps —mlllee < C1l|[VBlpe — mlll sl Blpe —mll o" + Cal| Bloe — ml|l 2 (4.6)
< Cllipe = ml| -

Then we have

T
IIBIZ»S‘/O ¢/C)VU5'B[Ps—m]Vpsdmdt

T
c /0 01Vt 2 IV el 2 1 Blpe — 2]l e lt
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T
< 6/0 [1IVuell 2 1V pell 2z lpe = mll s dt < Cllb]| Lo 0,1y,

T
|Zo| = \/0 ¢/Ov‘(VQE@)VQs—F(Qg)ls)'g[pg—m] dxdt’
T
<C [ 1I(I9QuIP IBlo: =l g +1 | F(@2)aiv Blpe = ) da)

HLf

T
<C [ WI(I9QuIE IBlp: =l 5 +1 [ F(@2)tpe = m)al)

T
< C/o W(HVQ&\@% [ — mHLg + (1Q:Zs + 1QcllZ10) lpe — m”Lg)dt
< Cll¥ll Lo (0,1)5

’IIO‘ = Ox

/0 "y /O Q. - VBlp. — ] dudt

T
< Clleelt, [ 1011Qel 520 9Bloe = llzz dt < ooy

T
Zn] = | /0 " /o YV (Q:AQ. - AQ.Q.) - Blp. — m] dudt
T
<c /0 11Qe 2t | AQ2 | 2 [V Blpe — a1 dt

T
<c / 011l 1AQe 2 lloe — Ml s A < Ol (o

Combining all the above estimates together, we have

T
/O /O B + 695 dadt < O8]l pmo.r) + Itllz0.1)- (4.7)

Then we can take 1) = % € D(0,T) in (4.7), with [|*|| oo 0.7y +1|¢F | 1107y < C uniformly
bounded independent of k, and 1*(t) — 1 for t € (0,T) as k — oo, and then let k — oo
in the resulting (4.7) to conclude our desired result. O
Remark 4.1. Lemma 4.1 implies that p. has higher integrability, which provides the weak
B+1
convergence result for the pressure, i.e., P. = pl + 5p§ —pin L 7 (Op).
4.2. Limit passage of ¢ — 0. In this subsection, we fix parameter J, and pass to the
limit € — 0 in equations (3.1)—(3.4). To begin with, similarly to (3.40)—(3.41) in §3.3, we
have
ce —c¢ in L*(0,T; H'(0)),  c.—c¢ in L*(0,T;L*(0)), (4.8)
Q- —Q in L*0,T;H*0)), Q-—Q inL*0,T;H'(0)). (4.9)
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From the boundedness of p. in L1 (Or), \/eVp. in L?(O7), and . in L%(0,T; H}(0)),
we know that

pe—p i L7(Or), (4.10)
Ue — U in L2(0,T; H}(0)), (4.11)
eVpe - Vue — 0 in L'(O7), (4.12)
eAp. — 0 in L2(0,T; H1(0)). (4.13)
Moreover, we can also obtain the following convergence results as in §3.3:
pe=p i C0,T] Ly (0)), (4.14)
pe = p i C([0,T]; Ly, (0)), (4.15)
pewe > puin C(0,T) LL(0)), (4.16)
Pelle @ Us = pU R U in D' (Or). (4.17)

Finally, we fzonclude that the limit vector function (c, p,u, Q) satisfies the following
equations in D (Or):
Oic+u - Ve = Dyc, (4.18)
hp+ V- (pu) =0, (4.19)
Oi(pu) + V- (pu@u) + Vp = pAu+ (v + p)Vdivu + V- (F(Q)Is = VQ © VQ) (4.20)
+ V- (QAQ - AQQ) + 0.V - (FQ), (4.21)
0Q+ (u-V)Q+QQ—QQ =TH|Q, ], (4.22)

along with the initial-boundary conditions (3.6)—(3.10), with
Po=pl+dpf=p L7 (Or) (4.23)

for f > max{4,~}.

In the next step, we show that p = p?+6p?, which is equivalent to the strong convergence
of p. in L (Or).

4.3. The effective viscous flux. The quantity, €. = p? + §pf — (v 4 2p)divue, is
usually called the effective viscous flux, and its corresponding weak convergence limit is
¢ :=p— (v+2u)divu . The properties of €. (cf. [27,33,51]) play an important role in
our problem. We introduce the following operator A = (A1, Az, A3) : R? — R3:

Ajjv] = 9;,A 1w
with the Fourier transform:
&5
F(Aj) (&) = —ﬁ,

and the following properties:
div Afv] = v, AA;[v] = d;v, (4.24)
[Ai[v]llwre0) < Cp, O) |0l o (3) for 1 <p < oo, (4.25)
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. 1 1 1
[ Ai[v]l| a0y < C(p,a, O) V]| Lo (r3) if p < oo and . > - — 3 (4.26)

HAZ[U] HLD"(O) S C(p, O)HU”LP(R3) for all p > 3. (427)

Lemma 4.2. Let (ce, pe, ue, Q) be a sequence of solutions constructed in Proposition 3.1,
and let (c, p,u,Q,p) be the limits satisfying (4.18)—(4.23). Then

T T
lim w/ ¢ E.pe dadt —/ w/ ¢ Epdadt,
(@] 0 @

e—=0t Jo
for any ¢ € D(0,T) and ¢ € D(O).

Proof. We prove this lemma based on the div-curl lemma of compensated compactness. By
Proposition 3.1, we know that (p., u.) satisfies (3.2) a.e. on Or with boundary condition
(3.9). If (pe, ue) are extended to be zero outside O, then it satisfies

Oipe +V - (peus) = ediv(1oVp:)  in D ((0,T) x R%),
with 1o the characteristic function on O. Consider the following test function to (3.3) as
Pe(t, 7) = P(t)o(x) Alpe], (4.28)

with ¢» € D(0,T) and ¢ € D(O). Similarly to (4.5), we apply the test function (4.28) to
(3.3). By a direct calculation, we have

T
/ w/ ¢(Pz+1 + 5,0?“ — (v + 2u)div us)pE dxdt
0 (@)

i

T T
—— [ [ 62+ 500 Ao dnde+ uot ) [0 [ divee dioApd dods
0 (@) 0 (@)
T . T .
tu /0 v /O Oyui0;0Ailp.] dedt — /0 Y /O ui0;60; Ailpc] dadt
T T
—I—,u/o @b/c)ué@iqﬁpsdxdt—s/o w/ogbpsué.%li div (10Vp.) dzdt
T . .
T /0 " /O dper (Aildiv(peus)] — w0, Ailp.]) dadt
T T
_ i Y. _ 1,79, .
/0 f‘/’t/@d’paugAz[/k] dzdt /0 w/opeueusaj(bftz[pa] dadt
+€/0 w/oﬁjuf_:@jpggbAi[pg] d:vdt+0*/0 1#/00262? (8J¢Al[p5] +¢3j¢4¢[p5]) dl‘dt
T
—/ Tﬁ/ (0:Q9;Q% — F(Q.)8:;)9;0A;]p:] dadt
0 (@)
T
_ / ¥ / (0,Q49,Q8 — F(Q.)51;) 90, Ailps] dedt
0 (@)
T . . . .
T /0 ¥ /O (QFAQH — AQFQH) (9,0 Ailp:] + 60; Ailp.]) durdlt

14
=> T. (4.29)
=1
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Remark 4.2. The function p. extended by zero outside O admits the time derivative as

Do, — eApe — div(peue) in O,
== o in R3\ O.

Since u.|po = 0, we have
div(psus) =0 on R\ O.
Moreover, since Vp; - 7i|go = 0 and Ap. € L"(Or) for some r > 1, we have

Ape in O,

div(loVpe) = {o nR3\ O

Next, we do the zero extension to the limit function p to R?, and repeat the same
procedure above. This step is guaranteed by the following results from [15]:

Lemma 4.3. Assume that (p,u) € L*(Or) x L*(0,T; H}(O)) is a solution of (4.19)
in D' (Or). Then, extending (p,u) to be zero in R®\ O, equation (4.19) still holds in
D'((0,T) x R3).

Here, let us apply the test function ¢ = ¥ (t)¢p(x).A[p] to (4.21). By a similar calculation
as before, we have

T
/0 ¢/O¢(p—(v—|—2,u)divu)pda:dt
T T
= —/0 %Z)/Opaﬂﬁfli[ﬂ] dxdt+(u+v)/0 w/odivuaigéAi[p] dxdt
T ) T ‘
o [ o [ ouvpaliade—p [ v [ w0004l dnt
T 3 T . .
—I-,u/o w/ouzampdxdt—i-/o w/OquuZ(Ai[div(pu)] — ! 9;A;[p]) dadt
—/0 wt/Od)puZAi[p] dxdt—/o w/opulujajqﬁfli[p] daxdt
T ..
o [C v [ EQU @000+ 00, Alp) daat
T
- [ o [ (0:0"0,0" - PQ)6)0;0Alp) d
0 O
T
- [0 [ (004001 - F(@55)60,Ailp) i
0 O
T
[0 [ (QRAQY - AQ™QH) (00 Als] + 60, Alp]) ot
0 O

=> (4.30)
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Next, in order to prove Lemma 4.2, we need to show that the right-hand side of (4.29) con-
verges to the right-hand side of (4.30). First, by the uniform bound of p. in L°°(0, T; L?(0)),
similarly to (3.43), we have

pe—p  inC(0,T;LE  (0) ase — 0.

weak

Then, for any ¢ € (L?(0))*, we extend ¢ by zero outside of O to obtain
Peéi&j -
(95 Ailpe], 8) L8 0y x (L8 (0 = /R3 9 Ailpelp da = /R3 2t o dE

€P
= [ pe Al de = (.0, A D150 1510

— (p, 0, Ai[0]) Lo 0y x (Lo (0)) = (0 Ailpl, D) psoyx o0y ase—0,
from which we infer

Alpe] = Alp]  in C([0,T],Wal,(0)).

weak

This, combining with Proposition A.1 (5 > g) and the compact imbedding W1#(0) e

C(0), gives

VAlp] = VA in (0, T} HY(0)), (431)

Alpe] = Alp] in C(Or). (4.32)
From (4.11) and (4.32), we see that, as € — 0,

Iy — Ja, I3 — Js.
By (4.16) and (4.32), we find that, as € — 0,
I3 — Jr.

From (4.11) and (4.16), we have

| peue ® u€|‘L3% < C||p€u€||L72TWI H%HL@

T x

which, combined with (4.17), gives
Pells @ Us — pU R U in L*(0,T; L34 (O)).
Thus, together with (4.32), we see that, if § > 23%3,
Ty — T3 as € — 0.
Combining (4.11) with (4.31), we obtain that, as ¢ — 0,
Iy — s
In the same way as above, since 8 > 4, we know
Is = Js.
2
It follows from the boundedness of p. in L(0), p.u. in LwTWl((’)), and (4.25) that
1p=0;A; [PeuQ - PSUgain [pelll g
< ||p€||L§||8j“4i[p€ug]||La%Ll + ”PEUEHL;{%}I 105 Ailpe]ll s
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< HPEHLganUEHL%QI <C,

x

L _ o+l —0—% < %, if 8> %. Then we conclude

where > 5

pedj Ailpeul] — peuld;Ailpe] € L0, T; L*(0)).
From Lemma 3.4 in [15] and the compact embedding of LY(O) in H~1(O), we infer that
pe0; Ailpeul] — peuldiAilp:] = pdjAilpw’] — pul 0 Ailp)  in H-H(O).
Then, after applying Lebesgue convergence theorem, we obtain
pedjAilpeul] — peuldiAilpe] = pdjAilpw’] — pu? 0 Ailp]  in L*(0,T; H1(0)),
which, combined with (4.11), yields
I — Js as ¢ — 0.

Moreover, we have
T
%‘IZE’/ ¢/ dpugA;[div(1aVp.)] dadt
0 @]
T
< Ce [ oelug el hAddiv (1090 sy

T
<Ce /0 e L el o [V pe | 2l
< Cellpelleralluelpors [ Voellos < CVE =0 ase—o0.

Since § > 3, we have
T
|Z10| = 5‘ / w/o 0ju0jpepAi[pe) ddt
0
T
< Cz [ IVl Vpelzz Aoz e

T
< Ce [ 190l 29zl
0
< CEHVUEHL}’Lg||Vﬂe||L§Lg||PeHLtooLg <CVe—=0 ase—0.

From (4.8)—(4.9) and (4.31)—(4.32), we have

Ty = /T/Qija-A- 9 Ai[pe]) dzd
11 = Ox 0 () OCsQe(J¢ Z[P6]+¢J Z[Ps]) xdt — Jo.

From (4.9), (4.32), and the boundedness of Q. in L?(0,T; H?(0)), we have

T
Ty = /0 G /O (0iQF0;Q — F(Q:)81j) ;0 Aip:] ddt — Tio,

T
T13 = /0 P /@ (&Q’gl(‘)]Q’;l — F(Qg)(sw)(ﬁa]/lz[ﬁa] dzdt — Ji1,
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and
T
Tu=- [ o [ (QXBQY - AQEQE)@,0A ] + 60, Alp]) dt = Tis

Next, following the same argument as in Subsection 3.5 in [14], we obtain the strong
convergence of the density sequence p. in L'(O7), i.e

p=p"+p°. (4.33)
O

Then we have the following proposition:

Proposition 4.1. Let § > max{2 1=,7,4}. Then, for any given T > 0 and 0 > 0, there
exists a finite-energy weak solutwn (¢, p,u, Q) of the problem:
Oic+u - Ve = DoAc, (4.34)
Op + div(pu) =0, (4.35)
Ai(pu) + V- (pu@u) + V(p? 4 6p%) = pAu+ (v + p)Vdivu + V - (QAQ — AQQ)

+ V- (F(Q)3 — VQ © VQ) + 0.V - (*Q),
(4.36)

0Q+ (u-V)Q+QQ—QQ =TH|[Q, ], (4.37)
with initial-boundary conditions (3.5)—(3.10). Moreover, equation (4.35) holds in the sense

of renormalized solutions on D' ((0,T) x R3), provided that (p,u) are extended to be zero
on R3\ O. In addition, the following estimates are valid:

0<c<c(xt)<q HCHL°°(O,T;L2(O))0L2(O,T;H1((9)) <C, (4.38)
tS[up (2, )HL’Y(O (4.39)
6 sup ||p <C, 4.40
te[0.T] H ( )HLB (0) ( )
up, IVp(t,Jult, ) z20) < C (4.41)
te[0,T
HU||L2(0,T;H3(0)) <C, (4.42)
QI Lo (0,11 (0)n LA (0)) L2 (0,1 2 (0)Ls (0)) < Cs (4.43)
QI L1007 < C, (4.44)
Vel ) <€ (4.45)

where C' is a constant independent of €.

Remark 4.3. The initial conditions (3.6)—(3.8) are satisfied in the weak sense, since

pe = p i C((0,T]; Ly (0)),  peuc = pu in C([0,T]; L&Zik((?))a
from (4.10)—(4.11).
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5. PASSING TO THE LIMIT IN THE ARTIFICIAL PRESSURE

We denote by (cs, ps, us, Qs) the approximate solutions constructed in Proposition 4.1.
In this section, we let 6 — 0 in (4.34)—(4.37) to obtain the solution of the original problem
(1.2)—(1.5).

In order for the solution (ps, us) to satisfy the initial condition (3.6)—(3.7) in Proposition
4.1, we first modify the general initial data (po,mo) to satisfy the compatibility condition
(1.8). As in [15], it is easy to find a sequence ps € C3(O) with the property:

- 1.1 -
0<ps(z) <507, 155 — poll 20y < 9.
Take pgs = ps + 0. From (3.6)—(3.7), we have
0<8<posla) <57, Vpos-itloo =0, (5.1)
with
£0.5 = Po in L"(O) as § — 0. (5.2)
Set

Losif 0
o) = {olNR )0
0 if po(z) = 0.

Then it follows from (1.8) that % is uniformly bounded in L'(0). It is also direct to
find hs € C?(O) such that

s
| o7 hol| 20y < &
Taking mg s = hs,/po,s, we can check that
2
mo.s” is uniformly bounded in L'(©) with respect to ¢ > 0, (5.3)
P0,6
and
mo,s — Mo in L'(0) as 6 — 0. (5.4)

From now on, we deal with the sequence of approximate solutions (cs, ps, us, Qs) of
problem (4.34)—(4.37) with the initial data (co, po,s,m0,5, Qo). The existence of such a
solution is provided by Proposition 4.1. We notice that all the corresponding estimates in
Proposition 4.1 are independent of §, by virtue of (5.1) and (5.3).

5.1. On the integrability of the density. Now we provide some pressure estimates
independent of § > 0. From (4.39), ps € L*(0,7;L7(2)) uniformly in § yields that
py — p by measure, as § — 0. Hence, we need the higher integrability of ps. The
technique is similar to that in §4.1. In addition, we need to make estimates carefully for
the highly nonlinear terms like the last three terms in (5.7)—(5.8) by using the estimates
of the solution obtained in Proposition 4.1.

Since the continuity equation (4.35) is satisfied in the sense of renormalized solutions
in D'((0,T) x R?), we can apply the standard mollifying operator on both sides of (4.35)
to obtain

9:Sm[g(ps)] + div(Smlg(ps)us]) + Sml(g'(ps)ps — 9(ps))div us] = rim,
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with
Tm — 0 in L?(0,T; L*(R?)) as m — oo.
As in §4.1, we use operator B to construct the test function as
0t2) = 6(OB[Sulalps) = { Sulates)]di], (55)
with
¥ € D(0,7), / Sulo(on)]dy = 0 / Smlg(ps)] dy.

Since @lago = 0, ¢ € L>=(0,T; HE(0)), and 8:¢ € L*(0,T; HL(O)), we know that ¢ can be
used as a test function for (4.36). We approximate the function: g(z) = z 9 0<6<1,by

a sequence of functions {2%x, ()}, where {x,(2)}°%, are cutoff functions with

(2) = 1 if z € [0,n],
An\e/ = 0 if z > 2n.

Then, from (4.38)—(4.45), we employ the same techniques as in Lemma 4.1 to obtain the
following result:

Lemma 5.1. If v > %, there exists a constant 6 € (0, mln{1 2 —1}) depending only on
v, and C > 0 independent of § such that

/ / (o1 4 6p %) dadt < C. (5.6)

Proof. Applying the test function (5.5) with the choice of 1) = 1 (t) > 0 to (4.36), we have

T
| o [ 5 +60)Sulatos) dwat
T T
SOy ROERVALE / Sulo(enldudt + (i+v) [ [ aivugSula(os)) doct
/ o [ psus - BISulo(os)] = | Sulo(os)lay] doc
fu / y / 0,00, B [Smlo(p)) ~ | _ Sulalps)ldy] dad
/ Y / psugud; Bi [Smlg(ps)] S l9(ps)|dy] dzdt
_/0 1/}/0p5u5.8[rm—/ormdy] dadt
T
—/ w/ psus - B[Sm[(g'(ps)ps — 9(ps))div us]
0 (@)
/ Sml(g'(ps)ps — 9(ps))div us]dy] dzdt

T
+/0 w/opau(s.B[div(Sm[g(pé)]ug)] dedt
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T
[0 [ (VQs Qs - F@i)ts) : VB[Sulaos)] — [ Sula(ps)idy] dade
0 O O
T
+J*/ w/ 3Qs - VB[Snlg(ps) —/ Smlg(ps)dy] dzdt
/ " / V- (QsAQs — AQsQs) - BSumlg(ps)] / Smlg(ps)]dy] dadt

= ZL. (5.7)
=1

By the estimates in Proposition 4.1, we can pass to the limit in (5.7) as m — oo to obtain
g B
/0 U(t) / (3 +0p5)9(ps) dadt
T T
= / Y(t )/ (3 +0p5) da f@ (ps) dydt + (p+v) / w/o div ugs g(ps) dadt
0

/¢t/ psus - Blg(ps) ][ 9(ps)dy] dadt

+u/0 zb/oajugajBi [9(ps) — /O 9(ps)dy] dzdt
T L.
- /O " /O s Bila(o) — | alps)dy] dadt
T
—/ w/ psus - B(4'(ps)ps — g(ps))div us —][ (9'(ps)ps — g(ps))div usdy] dzdt
0 O O
T
" /O v /O psus - B[div (9(ps)ug)] dadt
T
= [ o [ (9050 9@~ FQo)1) : VBlatos) ~ | glpo)dy] o
0 O O
T
oo [ o [ Qs Bloon) — | _alps)ay] duat
T
= [0 [ 7 (@saQs - 2QsQs) - Bloton) — | glonay] dadt
0 (@) O
10
=> 7 (5.8)
j=1

For example, we have the following estimates: Since ps € L°T1(Or) and ¢/(z) = 0 for
sufficiently large z, we have

‘/ w/ ps (S —9(ps) dxdt‘

SCHP5|’LE+1”Sm[ ( )] g(pé)HLﬁil
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C)Smlg(pa)] — alps)ll g1 =0 asm oo,
By the property of B in (4.2), we have
|0,B:(Suloton)] = { _Sulatonlds) 1z < ClSulotoa)) = | Sulotoldelizrs

< Cllg(ps)llpsers < C(6),
where C(0) is independent of m. This shows that

9;B;[Smlg(ps)] — f Smlg(ps)]dy] = G weak-star in LL3.
@]
On the other hand, since

|0, [Suloton)] = 9l05) = | _(Suloton)] = alpe) do]l| 315

< C|1Smlg(05)] — 9(ps) — /  (Sla(o)] = gl dal 32
< ClSmlg(ps)]l — 9(ps)ll 22 = 0,

we have

OB [Sulalps) ~ {_Sulo(os)ld] = 0,Buloton) ~ { _alps)] wealestar n L¥L3

Then
/ w/ 5u5u5aB[S [g9(ps)] / Sm, p(;)]dy] dxdt

—>/ w/opa%ugay'& [9(ps) — ]/O 9(ps)dy] dzdt = J5.
0
By (4.3), we have

Bdiv (Sm[g(ps)]us)] — B[div (g(ps)us)] strongly in Lt% L2,

B[div (Sm[g(ps)lus)] — G weakly in L%(Qr).
Thus, we obtain

B[div (Smlg(ps)lus)] — B[div (g(ps)us)] weakly in L*(Qr).

Moreover, since ¥psus € L*(Q), we have

Ig—/ /wp(;u(; B[div (S, [(p(;)]u(;)]dxdt—)/ /wmw B(div (g(ps)us)|dzdt = J7

as m — oo. Then, as we mentioned before, we can use a sequence of functions {2, (2)}
to approximate g(z) = 2% to obtain

T
/ /1/) v+9+5pﬂ+9 drdt — Zj“ (5.9)
o Jo

where g(z) is substituted by 2% in every J;, i = 1,2,-- -, 10.
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Next, we estimate the terms on the right-hand side of (5.9) to obtain the condition for
0, for which the universal constant C is independent of §:

T
=] [ v [ +sobas [ s

6
< Clllzeeom (103w g + 81515 < ) 51510 < Cllmiom

T
6l = Gt 0)| [0 [ i usdot] < O Vuslia Il

< Cl[Yllze(o,m) if 0 < 3,
T
5l = | [ o0 [ pus Bloh— ol daa
0 O O
T
<C [ Willval I Vousliz] Bl — | bz a
g 3 6 0 )
<c [ llosliy Ivamuslez b - | dav] 2, at

1
< CTpsl|} oo 7 IVP5usl o2 061”20, 108l L20,7)
t o L)1

t x

< C(M)|1ellpro,m) if o < 351,
T .
il =u| [ v [ osomilet - | has]asc
0 @ @
T
< [ WlIVuslizl| 9818~ | pha e

T
< [ Wil - | vzt < Clollimon 03

T .
0= [0 [ psusuiosBile — | sl dact]

T
<c /0 [6llosl 7 sl 26 | VB[4 — / el

3y dt
L3

T
. 2
<C [ Wlloslizlulioll s dt < Clolimoy 0<% 1

27-3
T

T
|Ts| = (1 — 9)’/ 1/1/ PsUS - B[pgdiv Us —]/ pgdiVU5dy] dxdt‘
0 O @
T
< C/ WH/}&HL;Hua\ngHB[Pgdin—f pidivusdy]|| e dt
0 O LZ’Y

T
<0 [ oluslzg |Blofaiv s — | pfaivusay] 100

x
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T 0

<c / 0ot s | o0t s ot
0
T 0

<c /O s o sl 2 o2
r 2

<c / 6l lusllZ sl 12t < CllY e or):
0

Wherep=77616 if y <6, p=3ify>6; q=27333 ify<6,p=6ify>6;0<32y—1

and 6 < 1.

T T
1= | [0 [ psus - Blaiv(ofu)] dodt] < [ tollpsli sl | Bidiv(ogus)]] _es at

T T
< [ Wllusliglifusl enars [ il o
0 L5 0 L
0
< CHuﬁ”igH%Hpé”LgoL;Hd’HLOO(O,T)
< ClYllpeor — if 0 < 22

Similarly to (4.6), we have
18U~ | sl
O x

3 1—3
<ai|val—{ dallIBl - { sl +clBig- | Aal,

0
< Cllpsllzy-

Then we have

|Ts| = ( /OTw /O (VQs ® VQs — F(Qs)3) : VB[pf — f@ pydy] dxdt‘

T
30/ w|(|rVQ5||2130HVB[p§—/ pady] || g+\/ F(Qa)divB[pg—/ phdy]de|)at
0 Ly o L3 o o

9

Ly

T
2 0 0 0 0
< C/o W‘(HVQzSHLQ? HVB[Pa - /O Pady” 5 + ‘ /OF(ch)(Pa - /O pgdy)dx‘)dt

T
< [T I(IvQalP ylieh = [ dbasl 5+ (1slig + 1@aliy) 16— | by 5 )

< ClYll e, ifg <2,

T
Zo| = o / 1/1/ CgQ(s : VB[pg —]/ pgdy]dxdt‘
0 @ @]
T
< Cllasli, [ 011@sloz VBl — | ]|y

T
< C/O [W11Qsll 2 1p5 ] 2dt < CllY || ooy i 60 <73,
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Tio| = | / v / V- (QsAQs — AQsQs) - Bl / Ay dxdt‘

/ 11Qa 22 1 AQs 2| VB o — /

< / \wmczauLgHAQ(;HLgmzuLgdtgcuwumm ifo <1,

Combining the above estimates with (5.9), we have

T
/0 /@ G + 6p) dudt < C(I6ll o) + el 01)- (5.10)

Then we can again take ¢ = ¢* € D(0,T) in (5.10), with [[¢¥ || Lo 0. 7) + [|VF]| 10,7y < C
uniformly bounded independent of k, and ¢*(t) — 1 for t € (0,T) as k — oo, and then
let & — oo in the resulting (5.10) to conclude our desired result. g

5.2. The limit passage and the effective viscous flux. We infer from the uniform
estimates (4.38)—(4.45) in Proposition 4.1 and Lemma 5.1 that, as § — 0,

cs— ¢ in L*(0,T; HY(0)),

ps — p in C([ ] weak(o))’
us — U in L?(0,T; HO( ),
psus — pu  in C([0,T7; vave*alk((’)))y
Q(;AQ in L2(07TaH2( ))7
Qs — Q in L2<0 T;H'(0)),

ps — p7 in L7 (OT)

Moreover, we have
Psus @ Us — pu @ u in DI(OT),
F(Qs)s — VQs5 © VQs + (QsAQs — AQsQs) + 0+¢3Qs
= F(Q)I3 - VQ O VQ + (QAQ — AQQ) + 0.¢°Q,
5pf =0 in LYOy).
Then the limit functions (¢, p, u, Q) satisfy
¢t +u-Ve= DyAc, ( )
Op+ V- (pu) =0, (5.12)
(pu) + V- (pu @ u) + Vo7 = pAu+ (v + p)Vdive + V - (QAQ — AQQ) (5.13)
+V- (F@QL-VQOVQ) +0.V-(Q),  (5.14)
%Q + (u-V)Q + Q0 — QQ =THI[Q, ], (5.15)
in D'(Or), with the initial-boundary conditions (1.6)—(1.8), due to (5.2) and (5.4).
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Next, in order to prove that (¢, p,u, Q) is a weak solution of (1.2)—(1.8), we only need
to show that p7 = p7 a.e. in Or, or equivalently, the strong convergence of ps in L'(O).
As in §4, we need to show that (p,u) is a renormalized solution of (5.12). From Lemma
5.1, the best estimate is p € L7+%7_1(OT). Then v > % is not enough to guarantee that p
is square integrable, and that (p, u) is a renormalized solution by Lemma A.4 in Appendix
A. In order to deal with this difficulty, we introduce the cut-off function Tj(z) = kT'(%)

forze R, k=1,2,---, where T is a smooth and concave function satisfying
if 2 <1
GOES S
2 if z > 3.

Since (ps,us) is a renormalized solution of (4.35), taking g(z) = Tk(z), we obtain
O (Tr(ps)) + div(Tx(ps)us) + (Th(ps) — Ti(ps))divus =0 in D'((0,T) x R3), (5.16)
where T (ps) € L>°(Or) for any fixed k. Then
Ti(ps) = Ti(p) ~ in L=(Or).

Moreover, since 0;Tx(ps) satisfies (5.16), as before, we have

Ti(ps) — Tk(p) in C([0,T); L2 . (0)), V1<p< oo

weak

Letting § — 0, it yields

0 Ti(p) + div(Ti(p)u) + (T}(p) — Te(p))divu =0 in D'(Or),

where

(T (ps) — Ti(ps))divus — (T} (p) — Tr(p))divu in L?(O7).

5.3. The effective viscous flux. Similarly to Lemma 4.2, we define the effective viscous
ﬂiux as €5 1= pg — (v + 2p)div ug, and its correspondingly weak convergence limit € :=
pY — (v + 2p)divu. Then we have

Lemma 5.2. Assume (ps,us) is a family of the approximate solutions constructed in
Proposition 4.1. Then
T

Jim | 1/1(/(9¢€E5Tk(p5)dx)dt - /OT¢</(9¢@de>dt,
for any ¢ € D(0,T) and ¢ € D(O).

5.4. Renormalized solutions. The following lemma implies that T} (p)—T%(p) € L*(Or),
which helps us establish that the limit function (p, u) is a renormalized solution.

Lemma 5.3 (The amplitude of oscillations). There ezists a constant C, independent of
k, such that

lignsglp 1Tk (ps) — Tie(p)l| 4107y < C- (5.17)
ﬁ

The proof of this lemma is the same as that for Lemma 4.3 of Subsection 4.4 in [15].
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Remark 5.1. By the concavity of the norm, we know from Lemma 5.3 that

1Tk(p) = Te(P) | L7+1(00) < C- (5.18)

From the proof of Lemma 5.3, we have

0 < limsup | Tu(ps) — Ti()[} 1 0 < lim / [, @Tilon) ~ i)t (319
§—0 6=0

Based on the uniform estimate of the amplitude of oscillations in Lemma 5.3, we see
that the limit function (p,u) satisfies (5.12) in the renormalized sense.

Lemma 5.4. The limit function (p,u) is a renormalized solution to (5.12), that is,
2ig(p) + div(g(p)u) + (¢'(p)p — g(p))divu =0 in D'((0,T) x R?), (5.20)

for any g € C1(R) with the property ¢'(z) = 0 when z > M for sufficiently large constant
M, provided (p,u) are prolonged zero outside O.

The detailed proof can be found in Subsection 4.5 of [15] for Lemma 4.4 there.

5.5. Strong convergence of density ps. We now give an outline of the proof for the

strong convergence of density ps, i.e., p7 = p?, where p/ — p7 in L T (OT) for the
completeness of the proof of Theorem 1.1.
Introduce a family of function in C1(R*) N C[0, 00):

zlog z for 0 < z < k,
Ly(2) = sz(s
zlogk:+zf ds for z > k.

By the construction of L, we know that Ly is a linear function for large z. In particular,
we see that, for z > 3k,
Lk(z) = Bkz — 2k
with
Tk(s) 2

3k
= logk ds + —.
B = log +/k 2 s+ 3

Then, if gr(2) := Lg(z) — Brz, we obtain that gi(z) € C'(RT) N C[0,0), g,(z) = 0 for z
is sufficiently large, and

9k (2)z — gi(z) = Ti(2).
By Proposition 4.1 and Lemma 5.4, we know that (ps,us) and (p,u) are renormalized
solutions to (5.12). Then we substitute function g by g in the definition of renormalized
solutions and take the difference of these two equations to obtain

9 (Lk(ps) — Li(p)) + div(Li(ps)us — Le(p)u) + Ti(ps)divus — Ti(p)divu =0 (5.21)
in D'((0,T) x R?).
Since Ly is linear when z is large, Li(ps) is uniformly bounded with respect to § in
L*>(0,T; L7(0O)) so that
Li(ps) = Li(p)  in L°L) as § — 0.

Moreover, since Li(ps) is a renormalized solution, similarly as before, we have

Li(ps) = Li(p) in C([0,7), LY, (0)NnC([0,T]; H*(O)) as é — 0. (5.22)

weak
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Now, using function ¢(z) € D(O) to test (5.21) and then integrate over (0,t), we have
[ (Batos) = Lelp)) ¢ a)(e)
t
= [ (@uloos) ~ Lulon))édo+ [ [ (Lulps)us = Li(o)u) - Vodads
@] 0 JO

t
—/ / (T (ps)divus — Ti(p)div u) ¢ dads.
0 JO

Sending § — 0, we have

/@ (Li(p) — Li(p)) (t, z)¢(x) dz

t
:/ (Li(p) — Li(p))u - Vo dads — hm/ / T (ps)divus — Ti(p)div u) ¢ dads.
0 JO
Taking ¢ = ¢y, with ¢,,(2) = 1p(z) in the above equation and sending m — oo, we have

/ (Lk( ) — da:—/ /Tk dlvudxds—hm/ /Tk ps)divug dzds. (5.23)
o

Then, using Lemmas 5.2-5.3, we find that the right-hand side of the above equation is
non-positive, which yields

lim [ (Lk(p) — Li(p))(t)dz <0  for ¢t € [0,T]. (5.24)

k—oo Jo

Moreover, by the definition of L; and the absolution continuity of p logp € L'(Or), we
have

IL4(6) ~ plogpllision < [ [ |Lale) ~ plogpldue
SC// |plog p| dzdt — 0 as k — oo.
{p=k}

Similarly, we have

ILuos) = pstogpslision < [ | |Lelos) = pologps| dac
{ps>k}

Tk

logk + [° ds—HO
S// gk + J; : BOS 3 s
ps>k} /35

< C(e)ktte // pg dadt — 0 as k — oo.
ps>k}

This, together with the lower-semicontinuity of the norm, we have
ILk(p) = plog pll1(or) < limint || Lx(ps) — pslog psllLror) = 0 ask — oo (5.26)
Finally, combining (5.24)—(5.26), we have

/(’) (plogp — plogp)(t)dz < 0.
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Moreover, since plogp > plogp, we see that plogp = plogp for a.e. (t,x) € Op. In
addition, by the restrict concavity of function zlog z, we have
ps = p in LP(Or) for any p € [1,v7+6).
Then we conclude
P =p",  ae.
Therefore, we complete the proof of Theorem 1.1.

APPENDIX A. PRELIMINARIES

In this appendix, we collect some important results that we use extensively in this
paper.

In order to deal with the highest derivatives of u in (1.4) (and the corresponding ones
in the approximation systems) and the highest derivatives of @ in (1.5) (and the corre-
sponding ones in the approximation systems), we need the following lemma whose proof
can be found in the proof of Lemma A.1 in [9].

Lemma A.1. Let Q and Q' be two 3 x 3 symmetric matrices, and let Q = %(Vu — (Vu)T)
be the vorticity with (Vu)ag = Ogua. Then

(QQ' - Q'Q,AQ) — (V- (Q'AQ — AQQ"),u) = 0.
Lemma A.2 (Aubin-Lions lemma [1]). Let X¢, X, and X; be three Banach spaces with
Xo € X C X1, Xg compactly embedded in X, and X continuously embedded in X1. For
1 <p,qg<oo0,let

W ={ue LP(0,T;Xp) : we LY0,T;X1)}.

Then

(i) If p < oo, then the embedding of W into LP(0,T; X) is compact,

(ii) If p = o0 and q > 1, then the embedding of W into C(0,T; X) is compact.
Lemma A.3 (Gagliardo-Nirenberg interpolation inequality [41]). Let 1 < ¢,7 < oo and
0 < j < m. Then the following inequality holds:

ID7ulle < C1lID™ | [lull 1o + Collul s

for any function u : O — R defined on a bounded Lipschitz domain © C R3, where
1 1 m 1 j
S=Zqa(-—-—)+(1—a)- J<a<i1

s > 0 is arbitrary, and C1 and Co depend only on O and m.

Next, we introduce a sufficient condition for a solution (p,u) to be a renormalized
solution.

Lemma A.4. Let O C R3 be a bounded domain, and let p € L*>(Or) andu € L?(0,T; H'(O))
such that
Then

Bg(p) + div(g(p)u) + (¢'(p)p — g(p))divu =0  in D' (Or) (A1)
for any g € C1(R) with the property: g'(z) =0, when z > M for sufficiently large constant
M, i.e., (p,u) is a renormalized solution.
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Definition A.1. The metric space C([0,T]; X .,) contains all the functions v : [0,T]

X* which are continuous with respect to the weak topology. We say
Up — U in C([OvT]ﬂ jveak)?
if (v,(t),d) = (v(t), @) uniformly with respect to t € [0,T] for any ¢ € X.

In the following corollary, we introduce a sufficient condition for a family of functions
to converge in C([0,T7; X7 .,.) (see Corollary 2.1 in [16]).

Wi
Corollary A.1. Let X be a separable Banach space. Assume that vy, : [0,T] — X*,
n=1,2,---, is a sequence of measurable functions such that

ess sup |vn(t)|lx+ < M, uniformly inn =1,2,---.
te[0,T7]

Moreover, let the family of functions:
(Un, @) = t = (v (t), D), tel0,T],n=1,2,---,

be equi-continuous for any fized ¢ belonging to a dense subset in X.
Then v, € C([0,T]; X o) for any n = 1,2,- -, and there exist v € C([0,T]; X% _.\)
and a subsequence (still denoted) v, such that

Up =V in C([0,T]; Xyeax) @S M — 00.

Proposition A.1. Let O be a bounded domain in R3. If v, € L>(0,T; LP(0)) forp > &,
and v, — v in C([0,T], L., (0)), then v, — v in C([0,T], H1(0)).

weak
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