Existence of weak solutions for compressible Navier-Stokes equations
with entropy transport
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Abstract. We consider the compressible Navier-Stokes system with variable entropy. The pressure
is a nonlinear function of the density and the entropy/potential temperature which, unlike in the Navier-
Stokes-Fourier system, satisfies only the transport equation. We provide existence results within three
alternative weak formulations of the corresponding classical problem. Our constructions hold for the
optimal range of the adiabatic coefficients from the point of view of the nowadays existence theory.

1 - INTRODUCTION

The purpose of this paper is to analyze the model of flow of compressible viscous fluid with variable
entropy. Such flow can be described by the compressible Navier-Stokes equations coupled with an addi-
tional equation describing the evolution of the entropy. In case when the conductivity is neglected, the
changes of the entropy are solely due to the transport and the whole system can be written as:

Oro + div(pu) =01in (0,7) x Q, (1.1a)
O¢(0s) + div(psu) =0 in (0,T) x Q, (1.1b)
O(ou) + div(pu ® u) + Vp =divS in (0,T) x €, (1.1c)

where the unknowns are the density p: (0,7) x Q — Ry U {0}, the entropy s: (0,7) x @ — Ry and the
velocity of fluid w: (0,7) x Q — R3, and where © is a three dimensional domain with a smooth boundary
of.

The momentum, the continuity and the entropy equations are additionally coupled by the form of
the pressure p, we assume that

plo,s) =0"T(s), v>1, (1.2)

where 7(+) is a given smooth and strictly monotone function from R, to Ry, in particular 7 (s) > 0 for
s> 0.

We assume that the fluid is Newtonian and that the viscous part of the stress tensor is of the following
form

1
S = S(Vau) = 2,LL(]D(u) — 5 div u]l) + pdiv, ul

with D(u) = %(Vu + Vau®). Viscosity coefficients 4 and 7 are assumed to be constant, hence we can
write

divS(Vu) = pAu+ (p+ A)Vdivu
with A =n — %u. To keep the ellipticity of the Lamé operator we require that

(>0, 3\+2u> 0. (1.3)
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The system is supplemented by the initial and the boundary conditions:
0(0,2) = oo(z), (05)(0,2) = So(z), (eu)(0,z) = qo(x), (1.4)

Yj0,7)x00 = 0. (1.5)

System (1.1) is a model of motion of compressible viscous gas with variable entropy transported by
the flow. The quantity § = [7(s)]'/" can be also interpreted as a potential temperature in which case
the pressure (1.2) takes the form (pf)” and has been studied in [7,9].

We aim at proving the existence of global in time weak solutions to system (1.1). Note that at least
for smooth solution the continuity equation (1.1a) allows us to reformulate (1.1b) as a pure transport
equation for s, we have

0o + div(pu) =01in (0,7) x £, (1.6a)
Bis +u-Vs=0in (0,T) x 2, (1.6b)
O(ou) + div(pu ® u) + Vp =divS in (0,T) x Q. (1.6¢)

In contrast to entropy equation in system (1.1) the above form is insensitive to appearance of vacuum
states; in fact it is completely decoupled from the continuity equation. The regularity of the density
in the compressible Navier-Stokes-type systems is in general rather delicate matter. Therefore, one can
expect that proving the existence of solutions to system (1.1) requires more severe assumptions than to
get a relevant solution to (1.6). This observation will be reflected in the range of parameter v which

1
determines the quality of a priori estimates for the argument of the pressure — Z = [T (s)]> according
to the notation from above.

In order to clarify this issue a little more let us introduce a third formulation of system (1.1) describing

1
the evolution of the pressure argument Z = p[7 (s)]> instead of the entropy itself. We have:

Oro + div(pu) = 01in (0,7) x £, (1.7a)
0Z + div(Zu) =0in (0,T) x Q, (1.7b)
O(ou) +div(ou @ u) + VZ7 =divS in (0,7) x Q. (1.7¢)

Again, the above formulation is equivalent with the previous ones provided the solution is regular enough,
which, however, may not be true in case of weak solutions.

The above discussion motivates distinction between the cases when the evolution of the entropy is
described by the continuity, the transport or the renormalized transport equation. Indeed, the form of the
entropy equation, although used to describe the same phenomena, is a diagnostic marker indicating the
notion of plausible solution to the whole system. Our paper contains an existence analysis for all three
systems: (1.1), (1.6) and (1.7) within suitably adjusted definitions of weak solutions. Such an approach
allows us to emphasise the implications between the solutions and to better understand the restrictions
of renormalization technique. These issues, absent in the analysis of the standard single density systems,
are of great importance for more complex multi-component or multi-phase flows. Our results show
possible applications of nowadays classical tools in the analysis of the Navier-Stokes system to challenging
problems, e.g. constitutive equation involving nonlinear combinations of hyperbolic quantities: densities,
concentrations, etc.

The outline of the paper is the following. We first consider system (1.7), for which we are able to show
the existence of a weak solution using standard technique available for the compressible Navier—Stokes
system, see [6]. Next, using a special form of renormalization, and division of equation (1.7b) by o, we
show that we may replace (1.7b) by (1.6b) and finally by (1.1b). We are able to handle (1.6b) as well
as (1.7b) for the optimal range of 7’s (i.e. v > %), while getting equation (1.1b) requires the assumption
v > %. This is a restriction under which the renormalization theory of DiPerna—Lions [1] can be applied.

In Section 2, we introduce the definition of the weak solutions to all three systems mentioned above
and present our main existence theorems. Then, in Section 3 we recall some specific classical results
which are then used in the proof. Further, in Sections 4 and 5 we prove the existence of weak solutions
to system (1.7); we introduce several levels of approximations and prove the existence of solutions at
each step by performing relevant limit passages in Sections 6 and 7. Finally, in Section 8 we prove the
existence of weak solution to systems (1.1) and (1.6).



2 - WEAK SOLUTIONS, EXISTENCE RESULTS

Throughout our analysis we naturally distinguish two different situations. They are associated to the
magnitude of the adiabatic exponent . From the point of view of theory of global in time weak solutions,
it is reasonable to assume that

3
2 2.1
7> (2.1)

This assumption provides L' bound of the convective term and is necessary for application of nowadays
techniques. Under this condition we will first prove the existence of a weak solution to system (1.7),
see Theorem 2. Then we shall deduce from this result existence of weak solutions for the formulation
(1.6) still under assumption (2.1), see Theorem 2. This result is not equivalent to the existence of weak
solutions to system (1.1) though. The latter can be proved solely under the restriction

v > (2:2)

g.
Indeed, the latter more restricted range of +’s enables to obtain L? estimate of the density and, as

mentioned in the introduction, makes it possible to apply the DiPerna-Lions theory of the renormalized
solutions to the transport equation (1.6b) and to multiply it by o within the class of weak solutions.

2.1 Weak solutions to system (1.1)

Let us first introduce the definition of a weak solution to our original system (1.1). We assume that the
initial data (1.4) satisfy:
Q0:Q—>R+, 80:Q—>R+, UO:Q%R{

00 € L7(Q), / oodx > 0, (2.3)
Q

2
So = 0050, S0 € L>(R2), qo = ooug € LT&(QRS)-

The choice of nontrivial initial condition for s on the set {gg = 0} will play an important role in the last
section. Indeed, there is a certain difference in the proof of the case sy = const, and sg non-constant on
this set. We consider

Definition 1. Suppose the initial conditions satisfy (2.3). We say that the triplet (o,s,u) is a weak
solution of problem (1.1)-(1.5) if:

(0,8,u) € L™(0,T; L7(Q)) x L™((0,T) x Q) x L*(0, T; Wy (2, R?)), (2.4)
and for any t € [0,T] we have:

(i) 0 € Cw([0,T]; L7(2)) and the continuity equation (1.1a) is satisfied in the weak sense
t
/ o(t,)p(t, ) da —/ 20p(0,-) dz = / / (Qatw +ou- Vs@) dzdr, Vo € C([0,T] x Q);  (2.5)
Q Q 0 JQ
(i1) os € Cy([0,T]; L7 (2)) and equation (1.1b) is satisfied in the weak sense
t
[ (@)t 9ptt o [ Sa0,)do = [ [ (as0uposu-Vio) dodr v € (10,71 (26)
Q Q 0 JQ
(117) ou € Cy([0,T7; L%(Q,RS)) and the momentum equation (1.1c) is satisfied in the weak sense

[t i [ a-w09ar= [ [ (ow 0w+ ouou:ve

+ o' T () divep — S(Va) : wp) da dr,Vap € CL([0,T] x O, R%); (2.7)



(iv) the energy inequality

(0, 5,u)(t) + /Ot/Q (kI Vl? + (1 4+ N (v ew)?) d dr < € (00, 50, 0) (2.8)

holds for a.a t € (0,T), where

! (Lo €76
& (g,s,u)—/9<2g|u| + po| )dx.

The first main result concerning solutions meant by Definition 1 reads.
Theorem 1. Let pu, A satisfy (1.3), v > % and the initial data (09, So, qo) satisfy (2.3). Then there exists
a weak solution (p,s,u) to problem (1.1)-(1.5) in the sense of Definition 1.

2.2 Weak solution to system (1.7)

The restriction on v in Theorem 1 is obviously not satisfactory as all the physically reasonable values
of ~ are less or equal that % We are able to relax this constraint for system (1.7). Formally, taking

Z = Q(T(S))% in (1.7) one can recover our original system (1.1). However, for the weak solution this
formal argument cannot be made rigorous unless we assume that v > % Nevertheless, system (1.7) is a
good starting point for our considerations. Indeed, for reasonable initial and boundary conditions it can
be shown that it possesses a weak solution for v > %, using more or less standard approach. Proving
existence of solutions directly for system (1.1) seems not to be so simple.

We assume that the initial data for system (1.7) are

Qo:Q—>R+, So:Q—)R+, UO:Q%R?),
9(0733) = QO(x)7 Z(()?x) = Zo(.%'), (gu)((),x) = (JO($) = QOUO(x)v (2'9)

and they satisfy

(00, Z0) € L(Q)?, 00,29 > 0 a.e. in Q, / oo dz > 0,
Q 2 (2.10)
0<co0<Zy<c*gpae inQ 0<c <c*<oo, qocL7(QR.
Then we have

Definition 2. Suppose that the initial conditions satisfy (2.10). We say that the triplet (o, Z,u) is a
weak solution of problem (1.7) with the initial and boundary conditions (1.5), (2.9) if

(0. Z,u) € L®(0,T; LY(Q2)) x L®(0,T; L7()) x L2(0, T3 Wy * (2, R?)), (2.11)
and for any t € (0,T] we have:
(i) 0 € Cw([0,T]; L7 () and the continuity equation (1.7a) is satisfied in the weak sense

t
[ ottrett o~ [ onp(0.a0= [ [ (o000 + ou- V) dedrvp € €1(0.7) x B (2.12)
Q Q 0 Jo
(i1) Z € Cy([0,T]; L7(2)) and equation (1.7b) is satisfied in the weak sense
¢
/Z(t, -)cp(t,-)dx—/ Zop(0,-) dx :/ / (Z@tg0+Zu-Vgo> dz dr, Ve € CH([0,T] x Q); (2.13)
) Q 0 Jo
(111) ou € Cy(]0,T); L%(Q,R?’)) and the momentum equation (1.1c) is satisfied in the weak sense

[ wierar [a w000 = [ [ (ow 0w+ oususve

+ 27 divep — S(Va) ; w;) dadr,¥ap € C1([0,T] x Q,R); (2.14)
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(iv) the energy inequality

E%(0, Z,u)(t) + /Ot/Q (u|Vu|2 + (u + A\)(div u)2) dz dr < £%(00, Zo, uo) (2.15)

holds for a.a t € (0,T), where

&(0,Z, w) =/

- — |dz. 2.1
| (Gotl + 57 e (2.16)

Before presenting the existence result for the auxiliary problem, let us recall the definition of a
renormalized solution to equation (1.7b):

Definition 3. We say that equation (1.7b) holds in the sense of renormalized solutions, provided (Z,u),
extended by zero outside of 2, satisfy

b(Z) + div(b(Z)u) + (V(2)Z - b(Z)) diva = 0 in D'((0,T) x R?), (2.17)

where
be CYR), V(z)=0, VzeR large enough. (2.18)

We have the following existence result for solutions defined by Definition 2

Theorem 2. Let p, \ satisfy (1.3), v > %, and the initial data (0o, Zo,qo) satisfy (2.10).
Then there exists a weak solution (g, Z,w) to problem (1.7) with boundary conditions (1.5), in the
sense of Definition 2. Moreover, (Z,u) solves (1.7b) in the renormalized sense and

OSC*QSZ§C*Q

a.e. in (0,T) x Q.

2.3 Weak solution to system (1.6)

If we replace (1.1b) by (1.6b) (using also the renormalization of the latter), the result is also much better
than in Theorem 1, in fact optimal from the point of view of nowadays theory of compressible Navier—
Stokes equations. In order to formulate the result precisely, we first rewrite system (1.6) in a slightly
different way. We look for a triplet (p, (,u) solving the system of equations

di0 + div(ou) = 0, (2.192)
0 +u-VC =0, (2.19h)
9i(ou) + div(ou ® u) + V <§> . divS(Vu), (2.19¢)
with initial conditions
0(0,z) = o0(z), €(0,2) = Co(z), (ou)(0,z) = qo(z), (2:20)

such that (y = % and satisfying assumptions (2.10), in particular

Go € ((C*)_l, (c*)_l)- (2.21)
Then the weak solution is defined as follows.

Definition 4. Suppose the initial conditions (0o, (o, qo) satisfy (2.21) and (2.10) (for oo and qo), We say
that the triplet (o0,(,u) is a weak solution of problem (2.19) emanating from the initial data (0o, Co,qo) if

(0,¢ ) € L®(0,T; L7 () x L=((0,T) x Q) x L2(0,T; Wy *(Q,R%)), (2.22)

and for any t € (0,T] we have:



(i) 0 € Cw([0,T]; L7(2)) and the continuity equation (2.19a) is satisfied in the weak sense
t
[ ottrett o= [ anp(0. a0 = [ [ (000 + ou- V) dedrvp € €1(0.7) x B (229
Q Q 0 JQ
(ii) ¢ € Cw([0,T]; L>(82)) and equation (2.19b) is satisfied in the weak sense

t
[ c@e@ae- [ Gow.ar= [ [ (coorcavup) dearvp e 10,753 (220
Q Q 0 JQ
(i17) ou € Cy([0,T7; L%(Q,R?’)) and the momentum equation (2.19¢) is satisfied in the weak sense

[t i [ a-w09ar= [ [ (ow 0w+ oo ve

+ (g)vdivw —S(Vu) : vzp) dzdr,Vep € CH([0,T] x Q,R3); (2.25)

(iv) the energy inequality

Ee.0/cu)®)+ [ [ (4Vul? + (et Nidive?) dedr < E /o) (220

holds for a.a t € (0,T), where E? is defined through (2.16).
The last result concerns the existence of solutions meant by Definition 4.

Theorem 3. Let y, A satisfy (1.3), v > 3, and the initial data (0o, (o, qo) satisfy (2.21) and (2.10) (for
00 and qq).

Then there exists a weak solution (o,(,w) to problem (2.19) with boundary conditions (1.5), in the
sense of Definition 4. Moreover, (o, u) solves (2.19a) and (¢, u) solves (2.19b) in the renormalized sense.

Using the result of Theorem 3, we may easily obtain a solution to system (1.6). Indeed, we may define
=T
and use the fact that equation (2.19b) holds in the renormalized sense.

Remark 1. Note that in two space dimensions, all results hold for any v > 1. In both two and three
space dimensions, we can also include a non-zero external force on the right-hand side of the momentum
equation, i.e. we have additionally the term of on the right-hand side of (1.1c), (1.6¢) and (1.7c). For
f e L™(0,T) x Q,R3) we would get the same results as in Theorems 1, 2 and 3.

3 - AUXILIARY RESULTS

Before proving our main theorems, we recall several auxiliary results used in this paper. These are mostly
standard results and we include them them only for the sake of clarity of presentation.

Lemma 1. Let p >0, A+ 2u > 0. Then there exists a positive constant ¢ such that
MHVUH%%Q,RSXB) + A+ )|l divullr2) > el Vul 2 rsxs)- (3.1)

Lemma 2. Let Q be a bounded Lipschitz domain in R . If g, — g in Cy([0,T); LY(Q)), 1 < ¢ < oo
then gn — g strongly in LP(0,T; W=L7(Q)) provided LI(Q) << W17 ().

Note that L?(2) =< W~17(Q) holds for €2 a Lipschitz domain in R3 for 1 <r < 2 if ¢ > 1 arbitrary

or for % < r < oo provided ¢ > %



Lemma 3. Let 1 < ¢ < oo. Let the sequence gn, € Cy([0,T],LI(2)) be bounded in L>°(0,T;LI(2)).
Then it is uniformly bounded on [0,T]. More precisely, we have

ess sup;e(o,7) |9n(t) lLa) < C' = SElp lgn ()l Loy < C, (3.2)
t

)

where ¢ is a positive constant independent of n.

Lemma 4. Let 1 < p,q < oo and let Q be a bounded Lipschitz domain in R3. Let {g, }nen be a sequence
of functions defined on [0,T] with values in L1(Q2) such that

gn € Cyu([0,T], LYU(Q)), gn is uniformly continuous in W~ P(Q) and uniformly bounded in LI(Q). (3.3)
Then, at least for a chosen subsequence
gn — g in Cy([0,T], LI(S2)). (3.4)
If, moreover, LY(Q) < W~LP(Q), then
gn — ¢ in C([0,T); W=HP(Q)). (3.5)
Next, let us consider weak solutions to the continuity equation
0Z +div(Zu) =0, Z(0,-) = Zy(). (3.6)
As a result of the DiPerna—Lions [1] theory we have

Lemma 5. Assume Z € L((0,T) x Q) and u € L?(0,T; WOI’Q(Q)), where 0 C R3 is a domain with
Lipschitz boundary. Let (Z,u) be a weak solution to (3.6) and ¢ > 2. Then (Z,u) is also a renormalized
solution to (3.6), i.e. it solves (2.17) in the sense of distributions on (0,T) x R3 provided Z, u are
extended by zero outside of Q.

Remark 2. By density argument and standard approximation technique, we may extend the validity of
(2.17) to functions b € C([0,00) N C(0,00)) such that

) <Cct™,  X<-1, te(01],
V()] < Ct™, —1<>\1§g—1, £> 1.
Lemma 6. Let

(s,u) € (LOO((O,T) % Q)N Cw([O,T];Lq(Q))) % L2(0,T; WH2(Q, R%))

be a weak solution to (1.6b) with s(0,-) = so € L>®(). Then for every B € C(R), (B(s),u) is a
distributional solution to (1.6b), i.e.

OB(s)+u-VB(s)=0
in D'((0,T) x Q). Moreover, s and B(s) € C([0,T]; L"(R2)) for all r < oo and B(s)(0,-) = B(s).

In some situations when the DiPerna—Lions theory is not applicable, i.e. when ¢ < 2 in Lemma 5,
we can still prove that the solution is in fact a renormalized one using the approach from [3]. To this
purpose one has to consider the oscillation defect measure of the sequence Zs approximating Z, i.e.

oscq(Zs — Z) = suplimsup || Tjx(Zs) — T(Z)| La(0,1) %) (3.7)

keN §—0t

where .
Ti(z) = kT(E), sER, k>1, (3.8)

with T € C*°(R) such that
T(z)=zfor <1, T(z)=2for z>3, T concave, non-decreasing. (3.9)

We have



Lemma 7. Let Q C R® a domain with Lipschitz boundary. Assume that (Zs,us) is a sequence of
renormalized solutions to the continuity equation such that

Zs — 7 weakly in L' ((0,T) x Q),
uUs; = u weakly in L*(0,T; W&’2(Q,IR{3))

such that oscy(Zs — Z) < oo for some q > 2. Then (Z,u) is a renormalized solution to the continuity
equation.

We further need the following well-known result [2,13] concerning the solution operator to the problem

dive = f,

3.10
’U|ag =0. ( )

Lemma 8. Let Q be a Lipschitz domain in R3. For any 1 < p < oo there exists a solution operator
B:{feLr(Q); [qfdex=0} — Wol’p(Q,R?’) to (3.10) such that for v = Bf it holds

[vllwrir) < CQ D) fllLr@)-
Next, we report the following general result concerning the compensated compactness (see [12] or [16])

Lemma 9. Let U, V,, be two sequences such that

U, - U  weakly in LP(,R3),

V, =V weakly in LY(Q,R?),
where%:%+%<1, and

divU, is precompact in W~17(Q),
curl V,, s precompact in W17 (Q, R3*3)

for a certain r > 0. Then

u, v,-U-V weakly in L°(Q).
We will further need the following operators
Al = {Ai}izi 05[] = VAT, (3.11)

where A~! stands for the inverse of the Laplace operator on R3. To be more specific, the Fourier symbol
of Aj is

—ig;
F(A)(&) = |£|2]. (3.12)
Note that for a sufficiently smooth v
3
> 0 Aif] = v (3.13)
i=1
and, by virtue of the classical Marcinkiewicz multiplier theorem,
VAL om0y < Cls, Dol ey, 1 < 5 < 0. (3.14)
Note that (see [5]) if v,0,v € LP((0,T) x R3), then
OAu(t, )(x) = A[dw(t, )] (z) for a.a (t,z) € (0,T) x R3. (3.15)
Next, let us also introduce the so-called Riesz operators
Rijl] = 0; Ail] = 9;0,07 1], (3.16)
or, in terms of Fourier symbols, F(R;;)(§) = f&% . We recall some of its evident properties needed in the
sequel. We have
3
ZRM[Q] =9, g€ LT(RS)? I<r< 0, (317)
i=1
/ Rijlulvde = / uR;j[v)dz, we L"(R?),v e L"(R%), 1<r< oo, (3.18)
R3 R3
and
| Rijlulll Lo rsy < c(p)l|ullLr@sy, 1 <p < oo (3.19)
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4 - APPROXIMATION

We first focus on the proof of the auxiliary result, i.e. on Theorem 2. The problem can be viewed as
compressible Navier—Stokes system with two densities, where one is connected with inertia of the fluid
and the other one with the pressure. The proof of Theorem 2 is hence very similar to the construction
of solutions to the usual barotropic Navier—Stokes equations.

The purpose of this section is to introduce subsequent levels of approximation and to formulate rel-
evant existence theorems for each of them. The proofs of these theorems are presented afterwards by
performing several limit passages when corresponding approximation parameters vanish. We first regular-
ize the pressure in order to get higher integrability of Z (and also of ) in order to obtain the renormalized
continuity equations using the DiPerna—Lions technique [1]. Next we regularize the continuity equations
(for both p and Z). The construction of a solution is done at another level of approximation, the Galerkin
approximation for the velocity.

4.1 First approximation level

A weak solution of problem (1.7) (1.5) is obtained as a limit when § — 0T of the solutions to following
problem

Oro + div(pu) =0, (4.1a)
0Z + div(Zu) =0, (4.1b)
di(ou) + div(pu @ u) + VZ7 4 6V ZP = divS(Vu) (4.1c)

with the boundary conditions
uj0,1)x00 = 0, (4.2)

and modified initial data

(0(0,4),2(0,+)) = (00,5(), Zo,s(")) € C®(ALR?), 0 < c006 < Zos < 00, in Q, (4.3a)
Voos - norxoe =0, VZys-norxea =0, (4.3b)
(ouw)(0,-) = qos(-) € C=(Q,R?). (4.3¢)

The specific assumption on the initial data (4.3b) is not needed here, at this approximation level we would
be satisfied with less regular approximation without this condition. However, more regular approximation
with the above mentioned compatibility condition is needed at another approximation level and we prefer
to regularize the initial condition just once.

Note that we require go s — qo in L%(Q;RS) and 005 — 00, Zo,s — Zo, both in L7(€2). While the
first part, i.e. the initial condition for the linear momentum, is easy to ensure by standard mollification,
the regularization of the initial condition for Z and p is more complex. However, we may multiply Zy by
a suitable cut-off function (to set the function to be zero near the boundary), then add a small constant
to this function and finally mollify it; i.e.

Zos = (psZo + 0) * ws.

It is not difficult to see that for suitably chosen cut-off function s all properties connected with Zj 5 in
(4.3a)—(4.3b) will be fulfilled as well as Zy 5 — Zy in LY(Q2) for 6 — 07. Similarly we proceed for gy. By
a suitable regularization of the initial linear momentum we may also ensure that

|qo.5]> lqo?
01 - 2L
00,5 {e0>0} 0o

Ligo>0}

in L1(Q).

We may take s € C2°(9) such that 0 < ¢s < 1 in Q with ps(z) = 1 if (for z € Q) dist{z, 90} > & and ¢s(z) = 0 if
dist{z,0Q} < 2.



4.2 Second approximation level

We prove the existence of a solution to problem (4.1)—(4.3) by letting € — 0" in the following approximate
system. Given €, > 0, we consider

Oro + div(pu) = €Ay, (4.4a)
0 Z + div(Zu) = eAZ, (4.4b)
di(ou) + div(ou @ u) + VZ7 4 6VZP 4+ eVu - Vo = div(S(Vu)), (4.4c)

supplemented with the boundary conditions
Veo-mjom)xo0 =0, VeZ-mo1)x00 =0, (4.5)

u|(0,1)x0Q = 0, (4.6)

and modified initial data (4.3) (see the comments above).

4.3 Existence results for the approximate systems

Let us present now the existence result for the first approximation level

Proposition 1. Let f > max(y,4), § > 0. Then, given initial data (005, Zos,U05) as in (4.3), there
exists a finite energy weak solution (o, Z,u) to problem (4.1)-(4.3) such that

(0, Z,u) € [L(0, T; LA ()] x L*(0,T; Wy (2, R?)), (4.7)

0<co<Z<cpaecin(0,T)xQ, (4.8)
and for any t € (0,T) we have:

(i) 0 € Cyu([0,T); LP(Q)) and the continuity equation (4.1a) is satisfied in the weak sense
t
/Q olt, Y(t, ) dz — /Q osel0,)dz = | /Q (00hp + ou - Vip) dudr, Y € CL([0,T] x Q); (4.9)
0
(i) Z € Cy(]0,T); LP(Q)) and equation (4.1b) is satisfied in the weak sense

t
/ Z(t,)el(t,) dx—/ Z0,59(0,-) dz = / / (Z8wp+ Zu- V) dadr, Y € CH([0,T] x Q); (4.10)
Q Q 0 JQ
(i1i) pu € Cy([0,T7; L%(Q,R:i)) and the momentum equation (4.1c) is satisfied in the weak sense

/qu(t,-) -¢<t,->dx—/gqo,5-w(o,->dx= /Ot/ﬂ (u-0 + oum u: Ve + 27 div g
+62°% divap — S(Vaw) » Vi/)) dadr,¥ap € C1([0,T] x Q,R); (4.11)
(iv) the energy inequality
Es(o,u, Z)( / / (Vu) : Vudz dr < E5(00.s, Zo.5, %o.5) (4.12)

holds for a.a t € (0,T), where E(o,u, Z) = [, (29]11,\2 + 39 ZB + 5 Z’V) daz;

(v) the following estimates hold with constants independent of ¢

sup [|o(t)]7 ) + s [ Z(8)1}0) < COrex) Esleos: Zosr uos), (4.13)
t€[0,7T] t€[0,77]
5 sup [lo(®)ll; ot e 1Z(¢ HLB(Q C(B,cx) E5(00,6, Zo,55 Uo,s), (4.14)
t€[0,T tel0,T
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[l L2 0,702 (,3y) < C E5(00.55 Zo,6,w0,6) (4.15)

o el ; QRS efo.1] 2 .8 Cn s Ealeos Zog, tog)) (116
HQUHLQ(O’T;L%(Q’R%) + ”ZUHLz(OT ) C (v, ¢x, E5(00.6, Z0.6,10,5)), (4.17)
ok, sy o WP, s < Ol a0, Zng o), (4.18)
ot ot g F 2P o S €O Eslans: Zogr o)), (4.19)
o030 0.y + SlEZ50 02y xey + 1211 o0y 120)
+4l1Z )35 < O, e, E5(00.51 Z0.5, 10,5)) '

LB+0((0,T) %)

where = min{2y—1,3}. Moreover, equations (4.1a), (4.1b) hold in the sense of renormalized solutions
in D'((0,T) x ) and D'((0,T) x R?) provided o, Z,w are prolonged by zero outside <.

We have for the second approximation level

Proposition 2. Suppose § > max(4,v). Let e, § > 0. Assume the initial data (0o, Zo 5, Wo,5) satisfy
(4.3). Then there exists a weak solution (o, Z,u) to problem (4.3)—(4.6) such that

(0, Z,u) € [L=(0,T; LA(2)) N L2(0, T; WH2(Q))]? x L2(0, T; Wy * (0, R%)), (4.21)

0<co<Z<cpaein(0,T)xQ, (4.22)
and for any t € (0,T) we have:

(i) 0 € Cyu([0,T]; LP(Q)) and the continuity equation (4.4a) is satisfied in the weak sense

[ ot ety do [ a05p(0.)da
¢ Q @ B (4.23)
:/ / (g@t<p+gu~Vg0—eVg-Vg0> dedr, Ve Cl([O,T] X Q);
0 Jo

(i) Z € Cy([0,T); LP(Q)) and equation (4.4b) is satisfied in the weak sense

[ 296ty do— [ Zusp(0,) o
Q Q

¢ (4.24)
:/ / (Z@tg0+Zu-ch—eVZ-Vg0) dzdr, Ve e CY[0,T] x Q);
0 Jo

25
(iii) ou € Cy([0,T]; L+ (2, R3)) and the momentum equation (4.4c) is satisfied in the weak sense
t
/ ou(t,-) - P(t,-)dx — / qos-P(0,)da = / / (gu-@t'l,b +ou@u: Vi + Z7dive
Q Q 0 Jo
628 divep — S(Va) : Vop + Vo - V- ¢) dedr, Ve CH[0,T] x Q,R3); (4.25)
(iv) the energy inequality

(o, u, Z)(t // S(Va) : Vu—|—77 AR AL

€df
p—

holds for a.a t € (0,T), where E5(o,w, Z) is the same as in Proposition 1;

_|_

Zﬁ 2vZz)? )d:c dr < E5(00,8, Zo,5,wo,5) (4.26)
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(v) the following estimates hold with constants independent of €

sup [o(®)ll}s )+ sup_ 1Z(0)ll}sq) < OB, ) E5(00.5. Zog, uo,s), (4.27)
t€[0,7] te[0,7]

HUHL2(0,T;W01’2(Q,R3)) < C&s(00,8, 20,5, u0,5), (4.28)
sup ||eu 283 + sup Zu 28 < o /85 0*755 00,65 Z0,57 Uuo,5)); 4.29
S | ”er(g,Rs)) Sup | IILW(QW) ( ( ) (4.29)
E(HVQH%Q((07T)XQ7R3) + HVZH%Q((O,T)XQ,R:)’)) S C(Bv C*75(5(00,5a ZO,57u0,5))7 <430)
llolul?| o8 + 1 Zul| 65 < C(B,ex,E5(00,5, Z0,55 10,6)) (4.31)

L2(0,T;L75+3 (Q)) L2(0,T;L75+3 (Q))

ol Le+1(0,1)x) + 121l La+1(0,1)x2) < C (B, ex, E5(00,6, Z0,5, Wo,6))- (4.32)

5 - EXISTENCE FOR THE SECOND APPROXIMATION LEVEL

We are not going to present detailed proof of Proposition 2, as it is similar to the corresponding step in
the existence proof for the barotropic Navier—Stokes equations, cf. [13]. In what follows we only explain
main ideas as well as how to obtain the crucial estimate (4.22).

We introduce another approximation level, the Galerkin approximation for the velocity. We take a
suitable basis {®;}72; in W01’2(Q,R3), orthonormal in L?(2,R3), and replace (4.25) by

/ O(ou”™) - ®;de = / <gu” Qu":V®; + 77 div®; + §Z° div P
Q Q
~S(Vu") : V@, + Vo Vu' - ;) dz, Vi=12...,n, (5.1)

where p and Z solves (4.4a) and (4.4b), respectively, with u replaced by u", and
u'(t,z) =Y al(t)®;(x).
j=1

The initial condition for the momentum equation reads

0(0,-)u"(0,-) = P"(qo)(")

with P™ the corresponding orthogonal projection on the space spanned by {'i’j}?:y We construct the
solutions to the n-th Galerkin approximation by means of a version of the Schauder fixed point theorem.
The fundamental step in this procedure is derivation of the a priori estimates. They can be obtained by
using the solution u™ as a test function in (5.1) and combining it with (4.4b) as well as with (4.4a). We
then deduce

t
&0, Z, u”)(t)+/ / <S(Vu”) : Vu”+€'yZ7_2|VZ|2+65ﬁZﬂ_2\VZ|2) dzdr
0 JQ
< E&s(00,5, Zo,5: P"(qo,5)/005) < C  (5.2)

with C independent of n (also of ¢ and §). Next, testing equations (4.4a) and (4.4b) by ¢ and Z,
respectively, we also have

t
lollZa(g) (8) + 121320 (8) + € / (IVal22 0 + 92132 .50) ) a7 < © (5.3)

provided 8 > 4. Note also that
d

d
S odz=2 [ zdz=o.
at Jo 2" dt/Q o
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To prove inequalities (4.22) we use a simple comparison principle between ¢ and Z. Taking ¢y, c* as in
(4.3a) we may write
O(Z — c0) + div (W(Z — c0)) — €A(Z — ) =0

and

(cro— 2) +div (u"(c*o— Z)) — eA(c*o— Z) = 0.

As both equations have non-negative initial conditions, it is easy to see that also the solutions are non-
negative and due to the uniqueness of solutions we deduce that

0<co<Z<cp< o0 (5.4)

a.e. in (0,7) x Q. Combining (5.4) with (5.2) we also have

loll L 0,7528(0)) < C (5.5)

with C' = C(ey, 0, Es). The regularity of solutions to parabolic problems allows us to deduce that we have
independently of n

9ol Lao,1;a)) + 10 Z | Lago,rsLa(0)) + ol Lao,mw2a)) + 121 Lao, w290y < Cle)  (5.6)
for all ¢ € (1,00). These estimates are sufficient to apply the fixed point argument, but also to pass
to the limit n — oo. To this aim, recall also that ¢ and Z belong to Cy([0,T]; L?(R2)) and ou™ to

Cw([0,T7; L%(Q,Rg)). Hence, using several general results from Section 3 (see Lemmas 2-4) we may
pass to the limit with n — oo to recover system (4.3)—(4.6) as stated in Proposition 2. To finish the
proof of this proposition, we have to show estimate (4.32). To this aim, we use as test function in (4.25)
1, solution to (cf. Lemma 8 in Section 3)

1
diV’l,[J:Z—/Zd$
€2 Jo

with homogeneous Dirichlet boundary conditions. Due to properties of the Bogovskii operator we may
prove
1Z|| Ls+1(0,ryx0) < C

which, together with (5.4), finishes the proof of Proposition 2.

6 - VANISHING VISCOSITY LIMIT: PROOF OF PROPOSITION 1

6.1 Limit passage based on the a priori estimates

At this stage, we are ready to pass to the limit for € — 0 to get rid of the diffusion term in the equations
(4.4a), (4.4b) as well as of the e-dependent term in (4.4c). Note that the parameter ¢ is kept fixed
throughout this procedure so that we may use the estimates derived above, except (5.6). Accordingly,
the solution of problem (4.3)—(4.6) obtained in Proposition 2 above will be denoted (g, Ze, w,).

First of all, by virtue of (4.28) and (4.30), we obtain

eVoe - Vue — 0 in LY((0,T) x Q),

and, analogously,
eVZ., Vo, — 0in L*((0,T) x Q).

From estimates (4.27)—(4.32) we further deduce

0c — 0 weakly-» in L>®(0,T; L#(Q)) and weakly in L#+1((0,T) x Q), (6.1a)
Z. — Z weakly- in L*=(0,T; L?(Q)) and weakly in L°+1((0,T) x Q), (6.1b)
uc — u weakly in L*(0, T WOI’Q(Q,R‘g)), (6.1c)

passing to subsequences if necessary.
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By virtue of (4.22) and the weak L#*+!-convergence derived above we obtain

0<co<Z<cpae in (0,T) x Q. (6.2)

25
Due to (4.23), (4.24), (4.30) and (4.32), g and Z. are uniformly continuous in W~ "5+1(Q). Since they
belong to Cy, ([0, T]; L?()) and they are uniformly bounded in L?(£2) (by virtue of (4.27)), we use Lemma
4, in order to get at least for a chosen subsequence

0c = 0, Ze— Zin Cyu([0,T); LP()). (6.3)

Once we realize that the imbedding L*(Q) — W~12(Q) is compact for s > g, we apply Lemma 2 to
oe and Z, and obtain

0c =0, Ze— Zin LP(0,T;W™1%(Q)), 1<p< . (6.4)
Consequently, by virtue of the previous formula, (4.29) and (6.1c) we obtain
octe — ou, Zewe — Zu weakly- in L°(0, T; LF41(Q, R%)). (6.5)
Taking into account (4.25) and (4.27)-(4.32) we conclude that p.u. is uniformly continuous in
W=Ls(Q,R?), where s = % Since it belongs to Cw([O,T];LBLfl(Q,R?))) and since it is uniformly
bounded in LBLfl(Q, R3) (see (4.29)), Lemma 4 yields
gette — gu in Cyy([0, T); LF+7 (0, RY)), (6.6)
The imbedding L%(Q) — W~12(Q) is compact, hence we deduce from Lemma 2
0cue — ou strongly in LP(0,T; W~ 12(Q, R?)). (6.7)
It implies, together with (6.1c) that
0ctte @ ue — ou @ u in LI((0,T) x Q; R3*3) (6.8)

for some g > 1.
We have proven that the limits o, Z and w satisfy for any ¢ € [0, T the following system of equations

| et oty dr = [ onsp(0.)do = /O t | (e010+ ou- V) dedrvip e 10T < ) (69

t
/QZ(t,-)go(t,-)daz—/QZO’(;QO(O,‘)dx:/O /fz(Zatgo—i-Zu-Vgo) dzdr,Vo € C1([0,T] x Q);  (6.10)
t
/qu(t.-)-d)(t,-) dxdt—/ﬂqoﬁ-l/)(o,-) dgcdt—/0 /g)(gu-6t1/)+gu®uzv¢+pdiv1/;

—S(Vu) : wp) dadr,¥ap € CH([0,T] x Q,R?), (6.11)
where, by virtue of (4.32),
Z7 1+ 628 = pweakly in L7 ((0,T) x Q). (6.12)

In particular, equations (4.4a), (4.4b) and (4.4c) (with p instead of Z7 + §Z7) are satisfied in the sense
of distributions and the limit functions satisfy the initial condition

Q(Oa ) = QO,(S(')a Z(Oa ) = ZO,(S(')? (Q’U,)(O, ) = QO,6(')’ (6'13)

where (005, Z0,5,90,5) are defined in (4.3).
Thus our ultimate goal is to show that

p=2"+62° (6.14)

which is equivalent to the strong convergence of Z. in L'((0,T) x ).
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6.2 Effective viscous flux

We introduce the quantity Z7 + 627 — (A + 2u)divu called usually the effective viscous flux. This
quantity enjoys remarkable properties for which we refer to Hoff [8|, Lions [10], or Serre [15]. We have
the following crucial result.

Lemma 10. Let o¢, Z, u. be the sequence of approximate solutions, the existence of which is guaranteed by
Proposition 2, and let o, Z,w and p be the limits appearing in (6.1a), (6.1b), (6.1c) and (6.12) respectively.
Then

T
lim uJ/¢<Z§+6Z§—(>\+2u)divu6>ze dmdt:/ ¢/ )\+2,u)d1vu>Z dedt
Q

e—0t Jo
for any ¢ € C*((0,T)) and ¢ € C(R2), passing to subsequences, if necessary.

The proof of Lemma 10 is based on the Div-Curl Lemma of compensated compactness, see Lemma
9. We will not present it here, as it is a relatively standard result in the theory of weak solutions to the
compressible Navier-Stokes equations; see e.g. [13] for more details. The basic tools for the proof can be
found in Section 3. We shall give more details to the proof of a similar result used in the limit passage
6 — 0, where, moreover, several arguments are more subtle than here.

We conclude this section by showing (6.14) and, consequently, strong convergence of the sequence Z,
in LY((0,T) x Q).

Recall that Z solves (6.10) in the sense of renormalized equations, see Lemma 5. Thus, we take
b(Z) = ZInZ (see Remark 2) to get

T
/ / Zdivyu dedt = / ZosIn(Zp5) da — / Z(T)In (Z(T)) dzx. (6.15)
0 Q Q Q
On the other hand, Z, solves (4.4b) a.e on (0,7) X £, in particular,
Ob(Ze) + divy (b(Ze)ue) + (V(Ze) Ze — b(Ze)) divue — eAb(Z:) <0

for any b convex and globally Lipschitz on RT; whence

/OT/Q (¥(Z0)Z. ~b(2.)) divu, dzdt < /Qb(zo,é)dfg _ /Qb(Ze(T)) dz

from which we easily deduce

T
/ / Z.divu, dzdt < / ZosIn(Zys) do — / Z(T)In (Z(T)) dz. (6.16)
0 Q Q Q

Note that
/ Z(T)In(Z(T))dz <liminf [ Z(T)In(Z(T)) dz.
Q

e—=0t Jo

Take two non-decreasing sequences ¥, ¢, of non-negative functions such that
Yn € C°(0,T),¢n — 1, € CZ(Q), 0 — 1. (6.17)
Lemma 10 implies that

T T
limsup/ wm/ dm(Z) +628)Z, da;dtghmsup/ wn/ (27 +62P)Z dz dt
0 Q 0 Q

e—0t e—0t

T
< lim / Un / ¢n (20 + 620 — (N +2p) divue) Z. dz dt

e—0t

+()\—|—2u)limsup/ @Dn/gan div u, dy:dt</ 1/;“/ On(P— A+ 2p)divyu)Z dzdt

e—0Tt

+ (A +2p) hmsup/ /Z 11 — || divu| dedt + (A + 2p) hmsup/ /Z divu, dz dt.

e—0t e—0t+
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Using also (6.15) and (6.16), we observe that

T
limsup/ ¢m/ bl Z) + 62V Z, dz dt
0 Q

e—0t

< /OT/QpZ dxdt+n(n)+()\—|—2u)[/QZ(T) ln(Z(T))dx—limsup/QZE(T) 1n(Z€(T))dx]

e—0t

for all m < n, where
n(n) — 0 for n — oo.

Thus we have proved

T T
limsup/ wm/ dm(Z) +62°)Z, dxdtg/ /pZ dedt, VYm>1.
0 Q 0 Q

e—0F

To conclude the proof of (6.14), we make use of a (slightly modified) Minty’s trick. Since the nonlinearity
P(Z) = Z7 + 675 is monotone, we have for any v € LST1((0,T) x Q)

T
/ ¥ / on(P(Z.) — P0))(Ze —v) dzdt > 0
0 Q

and, consequently,

/OT/QPZ dmdt—l—/OTlﬂm/qumP(v)v dmdt—/OTwm/qum(pv+P(v)Z) dxdt > 0.

Now, letting m — oo, we get
T
/ /(p— P))(Z —v) dedt >0
0o Ja

and the choice v =Z 4+ np, n — 0, ¢ € C°((0,T) x Q) arbitrary, yields the desired conclusion
p=2"+462".

To finish the proof of Proposition 1 we have to show (4.20). To this aim, we use as test function in
(4.1c) solution to (cf. Lemma 8 in Section 3)

1

7%z
1] Jo

diveyp = 29 —
with homogeneous Dirichlet boundary conditions, where # > 0 is a constant. Due to properties of the
Bogovskii operator we may show (the proof is similar to the case of compressible Navier—Stokes equations,
see e.g. [13])

+6 B+0
HZHZ’HG( (0,7)xQ) + 6||Z||LB+9 ((0,T)xQ) S ¢

with § < min{, %’y —1}. Other estimates can be obtained easily. The proof of Proposition 1 is finished.

7 - PASSING TO THE LIMIT IN THE ARTIFICIAL PRESSURE TERM. PROOF
OF THEOREM 2

Our next goal is to let § — 0. We will relax the assumptions on the growth of the pressure and on
the regularity of the initial data. We are again confronted with a missing estimate for the sequence of
densities which would guarantee the strong convergence. Additional problems will arise from the fact
that the a priori bounds for the density do not allow us to apply the DiPerna—Lions transport theory, see
Lemma 5. To overcome these difficulties, we will apply to system (4.1) Feireisl’s approach. Accordingly,
the solution of problem (4.1) obtained in Proposition 1 above will be denoted s, Zs, us.
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7.1 Limit passage based on a priori estimates

Using estimates independent of the parameter 6, i.e. (4.13)—(4.20), as well as the procedure at the
beginning of the previous section we show (see also [13])

o5 — o0 in Cy([0,T]; L7(Q2)), (7.1a)
Zs — Z in Cy([0,T]; L7(2)), (7.1b)
us — u weakly in L?(0,T; Wol’Z(Q, R3)), (7.1c)
osus — o in Cy([0, T]; L771(2, R)), (7.1d)
05us @ us — ou @ u weakly in LI((0,T) x Q,R3*3)  for some ¢ > 1, (7.1e)
0] — 07 weakly in L3 ((0,T) x ), (7.1f)
77 — 77 weakly in L' ((0,T) x ), (7.1g)
877 = 0 weakly in L9((0,T) x Q), for some g > 1, (7.1h)
passing to subsequences as the case may be.
Consequently, o, Z, u satisfy
Oro + div(ou) = 0 in D'((0,T) x R?), (7.2)
7 +div(Zu) = 0 in D'((0,T) x R?), (7.3)
d(ou) + div(ou ® u) + VZ7 = pAu + (p+ \)Vdivu in D'((0,T) x Q,R3?). (7.4)

Thus the only thing to complete the proof of Theorem 2 is to show the strong convergence of Z; in
L'((0,T) x Q) which is actually equivalent to identifying Z7 = Z7.
7.2 Strong convergence of Z;

Recall that the cut-off functions 7" and T}, were introduced in (3.8)—(3.9).

7.2.1 Effective viscous flux
As in Section 6, we need the following auxiliary result:

Lemma 11. Let g5, Z5, us be the sequence of approximate solutions constructed by means of Proposition
1. Then

T T
lim w/<Z>(Zg—(>\+2u)divu5)Tk(Z5) dxdt:/ zp/qS(ZW—(/\—l—Zu)divu)Tk(Z(;) dodt (7.5)
§—0* Jo Q 0 Q

for any ¢ € C((0,T)) and ¢ € C(R2), passing to subsequences, if necessary.
Proof. Recall that we have for § > 0 the renormalized form of equation (4.1b)
O (Ti(Zs)) + div(Ty(Zs)us) + (ZsTL(Zs) — Th(Zs)) divug = 0, (7.6)

however, for the limit we only have

(Th(2)) + div(Te(Z)u) + (ZT}(Z) — Ti(Z)) divu = 0, (7.7)

both in the sense of distributions.
We use as the test function in the approximated momentum equation (4.1c) the function

ps = VOVAT 10Tk(Z5)] = Yo A[1aT(Z)), k €N,
and for the limit equation (7.4) the test function

¢ = vpVAT 10T3(2)] = v A[laTi(Z)], k € N.
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Here, ¢ € C2°(0,00) and ¢ € C2°(£2), for the definition of A see Section 3. Note that thanks to properties
of 1 and ¢ we indeed extend our domain from € onto the whole space R3. It allows then to work with
A defined in terms of Fourier multipliers.

We get

T
lim [ /Q (d)Zng(Z(;)+Z}V¢-A[19Tk(g5)]) da dt (7.8)

§—07* Jo

T
— lim 1/1/ ¢(,Nu5 R[10Th(Zs)] + (A + ) divu(;Tk(Z(;)) da dt
0 Q

T ) / HVus - V- AllaTi(Zs)] + (A+ 1) divusVé - AllTi(Z)]) dadt

§—07* Jo

/ " / V7 TZ) - 7756 - ALTH))) dode

/ w/ 1V RIIGTH(Z)] + (A + p) divuTy(Z )) dz dt
/ v / WV - V6 - ALTR(Z)] + (A+ ) divu¥o - AT (2)]) dadt

im0 [ (sosus - AT Zs ) + (26T~ Tu(Z)) v

6—0t Jo

—os5(us ®us) : V (¢A[19Tk(25)])> dr dt

T
—/ 1/}/ <¢>gu ~Adiv(Ty,(Z)u) + (ZT7(Z) — Ty.(Z)) div u]
0 Q

—o(u@u):V (¢A[19Tk(Z)]) ) da dt

— lim (%Lb/ posus - A(Ti(Zs)) d$dt+/ aﬂ/J/ pou - ATy (Z )] dz dt.

6—0t
We have
/ oYy R[1aTh(Z)] do = / ¢Z (00, usRis (10T (Z5)]) de
Q

2,7=1

/Z 2, (9us)Rij[1oTk(Zs)] dx—/ Z (02, pusRij 10Tk (Z5)]) dae

4,j=1 4,j=1

/qbdlvu(ng(Zg d:n—{—/ V- usTi(Zs) d:r—/ Z (00, dusRi;[10T1(Zs)]) d.

2,7=1

Consequently, going back to (7.8) and dropping the compact terms, where we use
A[].QTk(Q&)} — .A[].QTk(Q)] in C([O,T] X ﬁ),
we obtain

T
lim [ / &(Z]Ti(Zs) — (A + 2) divu(;Tk(Z(;)> dz dt (7.9)

6—0t

/ 1#/ ZV Ti(Z) — (A + 2u) div uTy(Z )) dx dt
= lim ; ?Z)/Q <95U5 - A[div(Ti(Zs)us)] — 05(us ® us) RUQTk(Za)]) dz dt

_ /OT@ZJ/Q (¢Qu CA[div(Ty(Z2)u)] — o(u ® u) : R[1aTL(Z )]) de dt.
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Our goal is to show that the right-hand side of (7.9) vanishes. We write

| ¢[esus - A div(T(Zaus)] ~ slus @ us) : Rl1aTu(Z9)]| s

= /Q¢u5- [Tk(Za)A[diV(lﬂgauzs)] — 0sUs - RDQTk(Z(S)ﬂ dz +lo.t.,

where l.o.t. denotes lower order terms (with derivatives on ¢) and appear due to the integration by parts
in the first term on the left-hand side. We consider the bilinear form

3

o] = 37 (R, lw] - wiRy 7)),

ij=1

where
UZU(Z) = (Tk(Z)7Tk(Z)’Tk(Z))7 'w:w(g,u):gu.

We may write

i_ (UiRij [w’] — w'Ri;[v? ])

3
= 3 (0~ Ryl )Ry ) — (' — Ry wI)Ryg[of]) = U -V W - Z,
ij=1
where
Ui — Z(Uz — Rij[v7]), Wi = Z(wz — Ryj[wl]), divU = divW =0,
Jj=1 j=1
and

3 3
Vi=0n | D A0 |, 2 =0, [ Y AT |, i=1,2,3
7j=1 7j=1

Therefore we may apply the Div-Curl lemma (Lemma 9) and using

Ti(Zs) — Th(Z) in Cyear([0,T]; LI(2)), 1 < g < oo,

055 — 0w in Cear ([0, T]; L2/ 0FD (O R3)Y),

we conclude that

Ti(Zs)(t, ) A[la div(esus)(t, )] — (esus)(t, ) - R[1aTk(Zs)(1, )] (7.10)

—

Tk(Z)(t’ )A[lﬂ div(gu)(t, )] - (Qu)(tv ) : R[lQTk(Z)(tv )]
weakly in L*(Q; R3) for all ¢ € [0, T,

with
2y
y+1°

Note that s > g since v > % and thus the convergence in (7.10) takes place in the space

s <

L0, T; W=12(Q)) for any 1 < ¢q < oo;

going back to (7.9), we have

6—0t

T
lim [ % / qb(Zng(Z(g) — (A + 2u) div ung(Zg)> do dt (7.11)
0 Q

:/OTq/;/Qqﬁ(ZVTk(Z)—()\+2u)divuTk(Z)> dz dt.
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Remark 3. Observe that an analogue of equality (7.6) holds also when we consider o5 instead of Ty(Zs),
where o5 are uniformly essentially bounded and satisfy

8150'6 + diV(U(;'u(;) = f5

where f5 are bounded in L*((0,T) x Q) (see [11] and [14]). This generalization will be necessary in Section
8.

7.2.2 Oscillation defect measure and renormalized solutions

The main results of this part are essentially taken over from [3]:

Lemma 12. There exists a constant ¢ independent of k such that

limsup || Ty (Zs) — Ti(Z)|| L2+1((01)x0) < € (7.12)
§—0+

with ¢ independent of k > 1.

Proof. One has

limsup/oT/Q (Zng(Z5) —WTMZ)) dxdtzlimsup/OT/Q(Zg—ZV)(Tk(Z(g) ~Ty(2)) de dt

6—0t 5—0t

T T
—I-/O /Q(ZV— IN(T(Z) — Tp(Z)) dedt > limsup/0 /Q(Zg — ZN(Ty(Zs) — Ti(Z)) dadt

§—0t

T
> lim sup / / Ty (Zs) — Ti(Z)|"T! dzdt, (7.13)
0 Q

6—0t

as Z +— Z7 is convex, T} concave on R, and

(=7 — ") (Tk(2) — Tely)) > |Te(2) — Tu(y)P*! (7.14)
for all z,y > 0. Hence,
T T
i RARINGP -7 x dt. .
limsup /0 /Q ITy(Z5) — T(Z)[™* dwdt < /O /Q (ZTHD) - 27 To(Z)) dedt. (7.15)

On the other hand,

T
limsup/ /diVU5(Tk(Z5) —Tx(Z)) dadt
0 Q

6—07*
T S
= limsup/ / (Ti(Zs) = Ti(Z) + Ti(Z2) — Ti(Z)) div us dz dt
§—0t JOo JQ
< 2sup || div us|| 20,7y <) imsup | Tx(Zs) — Te(Z)|| L2((0,1)x0)-  (7-16)
>0 0—0+
Relations (7.14), (7.15) combined with Lemma 11 yield the desired conclusion. O

Using the result of Lemma 12 one has the following crucial assertion (see Lemma 7):

Lemma 13. The limit functions (Z,u) solve (1.7b) in the sense of renormalized solutions, i.e.,
b(Z) 4+ div(b(Z)u) + (V' (Z2)Z —b(Z)) divu = 0 (7.17)

holds in D'((0,T) x R3) for any b € CY(R) satisfying (2.18) provided (Z,u) are extended by zero outside
Q.
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7.2.3 Strong convergence of the density

We are going to complete the proof of Theorem 2. To this end, we introduce a family of functions (Ly)r>1:

Ly(z) = z/lz Tk(zs) ds.

S

Note that Ly is convex for any £ > 1 and
ZL(Z) — Lu(Z) = Ti(2). (7.18)
We can use the fact that (Z5, us) are renormalized solutions of (4.1b) to deduce
6th(Z(5) + div (Lk(Z(;)u(;) + Tk(Z(;) divus =0 (7.19)

in D'((0,T) x R3) with Zs, us extended by zero outside of . Similarly, by virtue of (7.3) and Lemma
13 (as above, we may justify the use of Li(-) by density argument)

O Li(Z) + div (Lp(Z)u) + Ti(Z) divu = 0 (7.20)
in D/((0,T) x R3).
In view of (7.19), we have
Li(Z5) = Ta(Z) in Cu([0, T L9(52) (7.21)
for all 1 < ¢ < co. Hence (7.19) yields
0L (Z) + div(Lg(2)u) + Tip(Z)divu =0 (7.22)

in D'((0,T) x R?). Therefore, (7.20) and (7.22) imply
/Q (D@ - L 2(1))) d - /0 ' /Q (2(2) divu - To@ diva) dodt

Due to convexity of L (-) we have

0</0T/Q(Tk(Z)divu—Tk(Z)divu) de dt

//Tk )>d1vuda:dt+//

Now, the effective viscous flux equality (7.5) and (7.15) imply

T T
lim sup/ / T3(Z5) — Ti(Z)|"™ dadt < / / (Tk(Z) divu — Ti(Z) div u) dzx dt;
2+ X 50+ Q 0 Jo

whence

Z)divu — Ty(Z )divu) dz dt.

T T
hmsup/ /]Tk(Z(;)—Tk(Z)P“ dxdtgf /!Tk(Z)—Tk(Z)|]divu| dz dt
Q 0 Q

2u+ A 50+

=1 o+l

< CITU(Z) - TolDl oy e 1T (Z) ~ T 2 0.0y
Recall that

1T(2) = Ti(2)| 1 0.myx) < 1Te(Z) = Zll o<y + 1Te(Z) = Z|l 110y <)
yielding
dim ([ T3,(2) — Ti(Z2) | 11 (0.1)x9) = 0.
As

sup limsup (| 7%(Z5) — Th(Z)| L7+1((0,1)x) < +00,
k>1 60+

we also have
hm limsup || T%(Zs) — Ti(Z )HL“Y“((O T)x0) = 0

k=00 550+

Therefore, one verifies that
Zs — Z strongly in L((0,T) x Q)

for any ¢ < v+ 6. The proof of Theorem 2 is finished.
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8 - PROOF OF EQUIVALENT FORMULATIONS
From Theorem 2 it follows that for any v > % there exists a triple of functions
(0, Z,u) € L™(0,T; L7 () x L>(0,T; L7 () x L*(0,T; Wy *(2, R?)) (8.1)

satisfying equations (1.7) in the sense specified in Definition 2. However, in what follows, we will use the
result only for v > %.

Our aim will be to deduce from this the existence of s € L>°((0,T") x Q) such that the pressure in the
momentum equation equals p = 977 (s) satisfying either equality (2.13) or the distributional formulation
of (1.6b) with corresponding initial data in a similar way as suggested in Feireisl et al. [7].

9
8.1 The case v > =
We first present the main ideas of the proof which corresponds to the situation

Z() 1
1{90 0} = T(s 0)71{90:0} =1

Due to the construction we know that functions (o, Z,u) extended by zero outside of Q fulfill equations
(1.7a), (1.7b) in the sense of distributions on the whole (0, T’) x R3. Therefore, we may test both of these
equations by &,(x — -), where &, is a standard mollifier. We obtain the following equations

Oron + div(oyu) = 7“717, (8.2)

W Zy + div(Zyu) =12

2 (8.3)

satisfied a.e. in (O T) x R3, where by a, we denoted a * &,. From the Friedrichs lemma (see e.g. [13])

we know that 7" , 72 converge to 0 strongly in Li ((0,T) x R3) as n — 0T (the strong convergence of r,ll

n
requires the stronger assumption on 7). Now we multiply the first equation by — ((Z”:/\);)Q

by o +>\ with A > 0, respectively. Note that for n fixed d;0, and 9,72, belong to L>(0,T;C°(R?)), so
these are sufficiently regular test functions. After some manipulations, we obtain the following equation

Z A Z. Z A
o (B2 [(BE2)] [t 5y,
o+ A on+ A (o + ) on+ A

”(Qn+>\)2 Top+ A

satisfied a.e. in (0,7") x R3. Note that Z,( = Jps Z(t,y)én(x—y)dy < ¢ [ps o(t, y)én(x—y)dy = o,
therefore

and the second

*
%+ASC%+A§mM%HL 1 gl
on+ A on+ A op+ AT A

So, for A fixed, we may use the strong convergence of ¢, — ¢, Z;, — Z and the dominated convergence
theorem to let 7 — 0 and to obtain the following equation

Z+ A . Z+ A (Z+ No A :
O | —— | +div || —— |u| — + divu =0
t<9+A> [<@+A) } hg+AP o+ A
which is satisfied in the sense of distributions on (0,7) x R3. Before we pass to the limit with A\ — 0T
note that we may distinguish two situations

e for o = 0 we have Z = 0 and therefore Ziﬁ = 1, while ((Zj:;\\))g + g+>\ =1,

e for o > 0 we have % < max{l,¢*}, 0+ X = 0, Z+ X\ — Z strongly in L°°(0;T; L3 (R3)),

therefore Z+)‘ — £ strongly in L>=((0,T) x R?) and so ((ZI))\‘))QQ + g%\ — %.
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Recall that this construction corresponds to the choice (y = 1 in (2.21). In the more general case, for
1
T (s0)” = Ap we would have to replace A in the numerator by AgA.

The case of non-constant Agly,—g = T(so)% Loo=0 € L>°(€2) demands a bit more technical treatment.
Let A be any solution of the transport equation (1.6b) with the initial data Ay. Such solution can be
found using smoothing of w and solving the transport equation by the method of trajectories. Along
with (8.2) we also test the transport equation for A by the same family of mollifiers obtaining

O0tA, +uVA, = 7“73;
with r% — 0in L'((0,T) x R3) as n — 0. In combination with the continuity equation we obtain

O (Zy + AAy) + div((Zy + AMp)u) = 12 + A(r) + Ay divu). (8.4)

1
Qn+)\

o (Bt g (Bt ][t e ]

We multiply the last equality by and mimicking the previous approach we obtain

on+ A on+ A (on +N)? on+ A
Z, + A 1 A
14n n 2 3
- _ + .
" (on + )2 T”QT,—FA T”Q,ﬁ—)\

Next, we let n — 07 and get

Z+ M C[/Z+ 2 (Z+XA)o M.
at( o+ A )+dw[( o+ A )4—[ (0+N)? RN dive =0.

Let us denote 6 = % for o > 0 and § = A for 9 = 0. Observe that ¢, < 6 < ¢* almost everywhere in

Z;ﬁ\’\ and send A — 0" obtaining

(0,T) x Q. Once again, we use the uniform boundedness of
00 + div(fu) — fdivu =0
or, equivalently,
00 +u-VO =0 (8.5)

in the sense of distributions on (0,7") x R3. The initial condition Ag is attained in the sense of weak
solutions for the transport equation. In addition, we can renormalize this equation, using any G' € C*(R)
and deduce that

0GO)+u-VGH) =0 (8.6)

is also satisfied in the sense of distributions on (0,7) x R3. Taking for example G(0) = T 1(07), we
obtain equation for s
s +u-Vs=0, (8.7)

and, for G(0) = B(T~1(#7)), also its renormalized version
OB(s)+u-VB(s)=0 (8.8)

satisfied in the sense of distributions on (0,7) x R3 for any B € C1(R).

In order to obtain the weak solution to problem (1.1b) we need to test equation (8.7) by p. This is,
however, not allowed due to low regularity of o. Instead we will use pg,, where ¢ € C>((0,7) x R3)
and g, satisfies (8.2). Here we essentially use the fact that o € L?((0,T) x §2), hence this step cannot be
repeated for 7 less then %. Then we also multiply (8.2) by s and sum up the obtained expressions to

deduce
T T T
/ / 0nsOpp da dt + / / (opsu) - Vodadt = — / / r,lzsgo dx dt.
0o Jms 0o Jrs 0o Ja

Having this formulation we pass to the limit with 7 — 0™, note that the term on the r.h.s. vanishes and

therefore we obtain - -
/ / 0s0yp dx dt + / / (osu) - Vepdz dt = 0. (8.9)
0o Jr3 0o Jr3
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Note that if we start from (8.8), we can also get

/ / 0B(s)0yp da dt + / / (oB(s)u) - Vodxdt =0 (8.10)
R3 R3
for any B € C1(R).

Thus we have almost our formulation from Definition 1, except the initial condition. Indeed, for the
moment we only know that equation 9;(ps) + div(psu) = 0 is satisfied in the sense of distributions on
(0,7) x R3. Moreover, from the L>((0,T) x R?) bound on s and the above equation, we deduce using
Arzela—Ascoli theorem that ps € C,,([0,T]; L7(Q2)).

To recover the initial and the terminal condition, we need to use a test function ¢ from the space
CL([0,T] x Q) instead of C°((0,T) x £2). To this purpose we define the following function

(T, x) for t<r
(t,z) for 7<t<T-—r,
~to(T —71,2) for T—7<t

@T(tv l‘) =

N6 -

T

for o € C1([0,T] x Q). Note that ¢, is an admissible test function for (8.10), we can write

T T T T
1 1
/ /Qsatwdzndt—i—/ /(qu)-chd:Udt— —/ /gscp(T, x) dxdt—i—/ /gscp(T—T, x)dzdt.
r JQ o Ja TJo Ja T JT-1JQ

(8.11)
We represent function ¢(t, z) as ¢(t, z) = ¥(t){(x) (or approximate by such sums), where ¢ € C2°((0,7)),
¢ € C°(Q), then the r.h.s. of (8.11) equals

—/ /ngoTx )dadt + = /TT/ngo x)da dt
_@AT/Qgsg(x)ddeW/TTTLQSC(m)dwdt,

and by the weak continuity of gs, letting 7 — 0, we conclude that
T T
| [ estpasars [ [ (osw) Vodedt =~ [ (090,900, )d0 + [ (@9)(T,Jo(T ) (8.2
0 JO 0 JO Q Q

/so dx—i—/ﬂ( (T, )o(T, )dz

and so the statement of Theorem 1 is proven. Similarly we may get the initial condition for s(,-).

8.2 The case v > %

The case of general  has to be treated differently, due to the lack of L?((0,T) x Q) estimate on o and
Z. The latter is necessary to apply the DiPerna-Lions technique of renormalization of the transport
equation [1]. In the general case, we have to use more subtle technique developed by Feireisl, see e.g. [4]
and used recently in [11] to study stability of solutions to system (1.6). In this section we will extend
the stability result and prove existence of solutions to system (1.6) by giving a suitable sequence of
approximative problems.

As a starting point for the further analysis we take system (4.1) with 8 > max{~v,4} and initial data

Zos = 2’0 with (o s satisfying (2.21). At this stage, we are able to repeat the procedure described in the

previous section in order to recover equation (8.5) for f5 and its renormalized version (8.6) in the sense
of distributions on (0,7) x Q. Moreover, 05,05 ' are bounded in L>((0,T) x Q) uniformly with respect
to §. Thus, our system

Oros + div(psus) = 0, (8.13a)
O B(6s5) +us - VB(6s5) =0, (8.13b)
Ay (osus) + div(osus @ us) + V(0505)" + 6V (0505)° = div S(Vuy), (8.13c¢)
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where 65 = %, is satisfied in the sense of distributions on (0,7") x Q.  Observe that g5 belongs (not

necessarily uniformly with respect to §) to L7((0,T) x Q) for each § > 0. At this stage we can use the
stability result given by Theorem 3.1 in [11] and finish the proof of Theorem 3.

For the sake of completeness, we will provide the limit process § — 07 following the arguments
from [11]. We take (5 = 65 ' and denote ¢ the weak—x limit of (s (or its subsequence) in L>((0,T) x ().

For any § > 0 the pair (s, us) satisfies the transport equation in the weak sense (see Definition 4) along

with the initial data (o5 = %. As we know from Section 7, sequence Zs = % (or its subsequence)

converges strongly in L4((0, T)’>< Q) to Z for any ¢ < v + 6. Hence for the same ¢ we have
05 = ZsCs — Z¢ weakly in L1((0,T") x Q).
Therefore ¢, o and u satisfy in the weak sense

Oro + div(pu) = 0, (8.14a)

3 (ou) + div(ou @ u) + V <§>7 = divS(Vu). (8.14b)

The next step is to show that the pair ((,u) satisfies the transport equation
0(—u-V(=0 (8.14c¢)
in the weak sense. We apply the Div-Curl lemma (Lemma 9) with

Us = (G, Csus), Vs = (u},0,0,0),

where j € {1,2,3}. We know that div U; and curl V; are bounded in L?((0,7T) x €), hence precompact
in W=12((0,T) x ). Therefore we obtain (sus — (u weakly in L?((0,T) x Q,R3). Due to the strong
convergence of the pressure terms Zg we get by the means of Lemma 11 (and Remark 3)

(s divaus — ¢ divu weakly in L2((0,T) x Q).

Therefore (8.14c) is satisfied in the weak sense and due to the boundedness of ( it is also a renormalized
solution. The proof of Theorem 3 is complete.
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