Mathematical theory of compressible viscous
fluids

Eduard Feireisl and Milan Pokorny

Another advantage of a mathematical statement is that it is so definite
that it might be definitely wrong. . . Some verbal statements have not
this merit.

F.L.Richardson (1881-1953)
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1 Introduction

Despite the concerted effort of generations of excellent mathematicians, the
fundamental problems in partial differential equations related to continuum
fluid mechanics remain largely open. Solvability of the Navier-Stokes sys-
tem describing the motion of an incompressible viscous fluid is one in the
sample of millenium problems proposed by Clay Institute, see [5]. In con-
trast with these apparent theoretical difficulties, the Navier-Stokes system
became a well established model serving as a reliable basis of investigation in
continuum fluid mechanics, including the problems involving turbulence phe-
nomena. An alternative approach to problems in fluid mechanics is based
on the concept of weak solutions. As a matter of fact, the balance laws,
expressed in classical fluid mechanics in the form of partial differential equa-
tions, have their origin in integral identities that seem to be much closer
to the modern weak formulation of these problems. Leray [8] constructed
the weak solutions to the incompressible Navier-Stokes system as early as
in 1930, and his “turbulent solutions” are still the only ones available for



investigating large data and/or problems on large time intervals. Recently,
the real breakthrough is the work of Lions citeLl4 who generalized Leray’s
theory to the case of barotropic compressible viscous fluids (see also Vaigant
and Kazhikhov [13]). The quantities playing a crucial role in the descrip-
tion of density oscillations as the effective viscous flux were identified and
used in combination with a renormalized version of the equation of continu-
ity to obtain first large data/large time existence results in the framework of
compressible viscous fluids.

The main goal of the this lecture series is present the mathematical theory
of compressible barotropic fluids in the framework of Lions [9], together with
the extensions developed in [6]. We focus on the crucial question of stability
of a family of weak solutions that is the core of the abstract theory, with
implications to numerical analysis and the associated real world applications.
For the sake of clarity of presentation, we discuss first the case, where the
pressure term has sufficient growth for large value of the density yielding
sufficiently strong energy bonds. We also start with the simplest geometry of
the physical space, here represented by a cube, on the boundary of which the
fluid satisfies the slip boundary conditions. As is well-known, such a situation
may be reduced to studying the purely spatially periodic case, where the
additional difficulties connected with the presence of boundary conditions is
entirely eliminated.

2 Mathematical model

As the main goal of this lecture series is the mathematical theory, we avoid
a detailed derivation of the mathematical model of a compressible viscous
fluid. Remaining on the platform of continuum fluid mechanics, we suppose
that the motion of a compressible barotropic fluid is described by means of
two basic fields:

the mass density ............. i 0= o(t,z),
the velocity field ....... .. u=u(t, )

functions of the time t € R and the spatial position x € R3.

2.1 Mass conservation

Let us recall the classical argument leading to the mathematical formulation
of the physical principle of mass conservation, see Chorin and Marsden [2].
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Consider a volume B C R? containing a fluid of density o. The change of the
total mass of the fluid contained in B during a time interval [ty, ts], t1 < t2
is given as

/B o(ta, x )da:—/Bg(tl,x) dz.

One of the basic laws of physics incorporated in continuum mechanics as
the principle of mass conservation asserts that mass is neither created nor
destroyed. Accordingly, the change of the fluid mass in B is only because of
the mass flur through the boundary 0B, here represented by pu - n, where
n denotes the outer normal vector to 0B:

J eltz.x) do = [ oftr) do = —/tt [ olt. oyt w) n() s, de. (2.1)

One should remember formula (2.1) since it contains all relevant piece
of information provided by physics. The following discussion is based on
mathematical arguments based on the (unjustified) hypotheses of smoothness
of all field in question. To begin, apply Gauss-Green theorem to rewrite (2.1)
in the form:

/B o(ty, ) do — /Bg(tl,fv) dz = —/: /Bdivx(g(t,x)u(t, :17)) dzx dt.

Furthermore, fixing t; = t and performing the limit ¢, — t; we may use
the mean value theorem to obtain

/ Oro(t,r) de = lim
B

ta—t f9 — ¢

/Bg(tg,x) dx — /Bg(t,x) dx (2.2)

= — lim

Jim, tg—t \ /dwx o(t, z)u(t, x)) dz dt

= —/Bdivx(g(t,x)u(t,x)) dz.

Finally, as relation (2.2) should hold for any volume element B, we may
infer that

dio(t, ) + div (oft, )u(t,z)) = 0. (2.3)

Relation (2.3) is a first order partial differential equation called equation of
continuity.



2.2 Balance of momentum

Using arguments similar to the preceding part, we derive balance of momen-
tum in the form

(ot z)u(t, ) + dive (o(t, 2)u(t, ) @u(t, ) = div,T(t, ) + olt, 2)f (£, ),
(2.4)
or, equivalently (cf. (2.3),
o(t, x) [&tu(t, x) +u(t,z) - Vyult, x)} = div,T(t, z) + o(t, z)f(t, x),

where the tensor T is the Cauchy stress and f denotes the (specific) external
force acting on the fluid.
We adopt the standard mathematical definition of fluids in the form of
Stokes’ law
T =S — plI,

where tnS is the viscous stress and p is a scalar function termed pressure.
In addition, we suppose that the viscous stress is a linear function of the
velocity gradient, specifically S obeys Newton’s rheological law

2
S=8(V,u) =pu (qu + Viu— 3divxu11) + ndiv,ul, (2.5)
with the shear viscosity coefficient p and the bulk viscosity coefficient 7, here
assumed constant, > 0, n > 0.
In order to close the system, we suppose the fluid is barotropic, mean-

ing the pressure p is an explicitly given function of the density p = p(p).
Accordingly,

2
div,T = pAu+ (A + p)Vediveu — Vip(o), p >0, A > — 3

and equations (2.3), (2.4) can be written in a concise form as

NAVIER-STOKES SYSTEM

0o + div,(ou) = 0, (2.6)
Oi(ou) + divy(ou ® u) + Vyp(o) = pAu+ (A + p)Vdiveu + of . (2.7)



The system of equations (2.6), (2.7) should be compared with a “more
famous” incompressible Navier-Stokes system, where the density is constant,
say 0 = 1, while (2.6), (2.7) “reduces” to

div,u = 0, (2.8)

du+divy(u®u)+ Vyp = pAu+f£. (2.9)

Unlike in (2.7), the pressure p in (2.9) is an unknown function determined
(implicitly) by the fluid motion! The pressure in the incompressible Navier-
Stokes system has non-local character and may depend on the far field be-
havior of the fluid system.

2.3 Spatial domain and boundary conditions

In the real world applications, the fluid is confined to a bounded spatial do-
main € C R3. The presence of the physical boundary 9 and the associated
problem of fluid-structure interaction represent a source of substantial diffi-
culties in the mathematical analysis of fluids in motion. In order to avoid
technicalities, we suppose that the motion is space-periodic, specifically,

o(t,x) = o(t,x +a), u(t,z) = u(t,z + a) for all ¢, z,

where the period vector a € R? is given. Equivalently, we may assume that
() is a flat torus,

Q = [0,@1”{0@1} X [07a2]|{0,a2} X [Oaa?)”{o,ag}'

The space-periodic boundary conditions have a nice physical interpreta-
tion in fluid mechanics, see Ebin [4]. Indeed, if we restrict ourselves to the
classes of functions defined on the torus €2 and satisfying the extra geometric
restrictions:

Q(t7x) - Q(t7 —.T), ul(t7 *y L ) = _uz<t7 Yy — L, ')7 1= 172737
ul(ta Y Lj, ) - ul<t7 Y =Ly, ) for 7& jv
and, similarly,
fz(ta Yy Ly ) = _fz(ta Yy — T4, ')7 fl(ta Yy g, ) = fz(ta Yy — &y, ) for i 7é ja

we can check that



e the equations (2.6), (2.7) are invariant with respect to the above trans-
formations;

e the velocity field u satisfies the so-called complete slip conditions
u-n=_0, [Snjxn=0 (2.10)
on the boundary of the spatial block [0, a,] % [0, as] x [0, as].

We remark that the most commonly used boundary conditions for viscous
fluids confined to a general spatial domain {2 (not necessarily a flat torus)
are the no-slip

u|ag = 0.

As a matter of fact, the problem of the choice of correct boundary conditions
in the real world applications is rather complex, some parts of the boundaries
may consist of a different fluid in motion, or the fluid domain is not a prior:
known (free boundary problems). The interested reader may consult Priezjev
and Troian [11] for relevant discussion.

2.4 Initial conditions

Given the initial state at a reference time tg, say to = 0, the time evolution of
the fluid is determined as a solution of the Navier-Stokes system (2.6), (2.7).
It is convenient to introduce the initial density

0(0,2) = oo(z), = € Q, (2.11)
together with the initial distribution of the momentum,
(ou)(0,z) = (ou)o(x), x € £, (2.12)

as, strictly speaking, the momentum balance (2.7) is an evolutionary equation
for pu rather than u. Such a difference will become clear in the so-called weak
formulation of the problem discussed in the forthcoming section.

3 Weak solutions

A vast class of mon-linear evolutionary problems arising in mathematical
fluid mechanics is not known to admit classical (differentiable, smooth) solu-
tions for all choices of data and on an arbitrary time interval. On the other
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hand, most of the real world problems call for solutions defined in-the-large
approached in the numerical simulations. In order to perform a rigorous
analysis, we have to introduce a concept of generalized or weak solutions,
for which derivatives are interpreted in the sense of distributions. It rn rep-
resented by viscosity should provide a strong regularizing effect. Another
motivation, at least in the case of the compressible Navier-Stokes system
(2.6), (2.7), is the possibility to study the fluid dynamics emanating from
irregular initial state, for instance, the density g, may not be continuous.
As shown by Hoff [7], the singularities incorporated initially will “survive”
in the system at any time; thus the weak solutions are necessary in order to
describe the dynamics.

3.1 Equation of continuity - weak formulation

We consider equation (2.6) on the space-time cylinder (0,7") x 2, where
Q) is the flat torus introduced in Section 2.3. Multiplying (2.6) on ¢ €
C>*((0,T) x ), integrating the resulting expression over (0,7") x €, and
performing by-parts integration, we obtain

/OT/Q (o(t, )0k (t, x) + ot, 2)u(t,z) - Vaip(t, 7)) dw dt =0.  (3.1)

Definition 3.1 We say that a pair of functions o, u is a weak solution
to equation (2.6) in the space-time cylinder (0,T) x Q if o, ou are locally
integrable in (0,T) x Q and the integral identity (3.1) holds for any test
function ¢ € C((0,T) x Q).

3.1.1 Weak-strong compatibility

It is easy to see that any classical (smooth) solution of equation (2.6) is also a
weak solution. Similarly, any weak solution that is continuously differentiable
satisfies (2.6) pointwise. Such a property is called weak-strong compatibility.



3.1.2 'Weak continuity

Up to now, we have left apart the problem of satisfaction of the initial con-
dition (2.11). Obviously, some kind of weak continuity is needed for (2.11)
to make sense. To this end, we make an extra hypothesis, namely,

ou € LY(0,T; L' (4 R?)). (3.2)
Taking
p(t,x) = p(t)p(z), Y € CZ(0,T), ¢ € C(Q)
as a test function in (3.1) we may infer, by virtue of (3.2), that the function

t— / o(t,z)¢(z) dz is absolutely continuous in [0, 7] (3.3)
Q

for any ¢ € C2°(€2). In particular, the initial condition (2.11) may be satisfied
in the sense that

Jim [ o(t.2)o(@) dr = [ oo(a)() dr for any ¢ € C(%).

Now, take
pe(t, z) = the(t)o(t, x), v € C([0,T] x ),
where ¢, € C°(0,7),
0<vy. <1, ¥ /1ps ase— 0.

Taking ¢. as a test function in (3.1) and letting ¢ — 0, we conclude,
making use of (3.3), that

| e )e(ra) doe = [ o(e)e(0,2) da (3.4)

— /OT/Q (Q(t,x)@tgo(t,x) + o(t,z)u(t, z) - szo(t,x)) de dt

for any 7 € [0, 7] and any ¢ € C°([0,7] x ).
Formula (3.4) can be alternatively used a definition of weak solution to
problem (2.6), (2.11). It is interesting to compare (3.4) with the original



integral formulation of the principle of mass conservation stated in (2.1). To
this end, we take

(Pg(t, ZL‘) = ¢E($),
with ¢. € C2°(B) such that

0§¢5§17 Qﬁs/‘lBasg_)O-

It is easy to see that

/QQ(T, ) (T, 1) dx—/Q 00(z)p:(0,2) de — /B o(T, ) dx—/B oo(z) dxase — 0,

which coincides with the expression on the left-hand side of (2.1). Conse-
quently, the right-hand side of (3.4) must posses a limit and we set

/ / o(t,z)u(t,x) - Vype(x) do dt — —/ / o(t,z)u(t,x) - n dS, dt.
0 Jo o JoB
In other words, the weak solutions possess a normal trace on the boundary

of the cylinder (0,7) x B that satisfies (2.1), see Chen and Frid [1] for more
elaborate treatment of the normal traces of solutions to conservation laws.

3.1.3 Total mass conservation

Taking ¢ = 1 for ¢ € [0, 7] in (3.4) we obtain
/ o(r,x) doe = / 0o(z) doz = M, for any 7 > 0, (3.5)
Q Q

meaning, the total mass M, of the fluid is a constant of motion.

3.2 Balance of momentum - weak formulation

Similarly to the preceding part, we introduce a weak formulation of the bal-
ance of momentum (2.7):
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Definition 3.2 The functions o, u represent a weak solution to the mo-
mentum equation (2.7) in the set (0,T") x § if the integral identity

/OT/Q ((Qu)(t, 1)0y0(t, ) + (ou® u)(t,z) : Voo(t, x)
+p(0)(t, 2)divap(t, v)) da dt (3.6)

T
= / / (,uvxu(t,:v) : Vaeo(t, x)
o Jo
+(A + p)diveu(t, z)diva(t, z) — o(t, 2)E(t ) - o(t, ) do dt
is satisfied for any test function o € C((0,T) x Q; R?).

Of course, we have tacitly assume that all quantities appearing in (3.6)
are at least locally integrable in (0,7") x €. In particular, as (3.6) contains
explicitely V,u, we have to assume integrability of this term. As we shall see
in the following section, one can expect, given the available a priori bounds,
V.u to be square integrable, specifically,

uc L*0,T; Wh(Q; R?).

If O C R?is a (bounded) domain with a non-void boundary, we can
enforce several kinds of boundary conditions by means of the properties of
the test functions. Thus, for instance, the no-slip bundary conditions

u|ag = 0, (37)

require the integral identity (3.6) to be satisfied for any compactly supported
test function ¢, while

u e L*0,T; Wy 2(Q; R)),

where Wy ?(Q; R®) is the Sobolev space obtained as the closure of C2°(Q; R?)
in the W?—norm.
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4 A priori bounds

A priori bounds are natural constraints imposed on the set of (hypothetical)
smooth solutions by the data as well as by the differential equations satis-
fied. A priori bounds determine the function spaces framework the (weak)
solutions are looked for. By definition, they are formal, derived under the
principal hypothesis of smoothness of all quantities in question.

4.1 Total mass conservation

The fluid density p satisfies the equation of continuity that may be written
in the form
Oo+u-V,p=—pdiv,u (4.1)

This is a transport equation with the characteristic field defined

d
&X(taﬁo) =u(t,X), X(0,z0) = .

Accordingly, (4.1) can be written as

ig@, X(t,")) = —o(t, X(t,))divu(t, X(t,-)).

Consequently, we obtain

inf 0(0, z) exp (—tldivaull=(or)xa) (4.2)
< o(t,r) <
< sup 0(0, z) exp (t”divquLw((O,T)xQ))
€

for any ¢ € [0, T7.

Unfortunately, the bounds established in (4.2) depend on the norm ||div,u||ze
on which we have no information. Thus we may infer only that

o(t,z) > 0. (4.3)
Relation (4.3) combined with the total mass conservation (3.5) yield

lo(t, )z ) = lloollzr (@), 0(0,-) = oo. (4.4)
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4.2 Energy balance

Taking the scalar product of the momentum equation (2.4) with u we deduce
the kinetic energy balance equation

1 1
O (2Q|u|2> +div, (2g|u|2u) +div,(p(0)u) — p(o)div,u —div,(Su) +S : V,u
(4.5)
= of - u.

Our goal is to integrate (4.5) by parts in order to deduce a priori bounds.
Imposing the no-slip boundary condition

u|89 = 07

we get

d 1
&/Q <2Q|u\2> dx — /Qp(g)divxu dx +/QS :Veudr = /Q of -u dx,
where, in accordance with (2.7),
S: Veu = p|V,ul? 4+ 3\ + p)|div,ul? > | V,ul?, ¢ >0, (4.6)

provided A +2/3u > 0.
Seeing that

1
: < < Z||f]| oo / d / 2d )
/ng udx_/Q|f|\/§\/§|U| dz < 2|| Iz ((0,T)><Q)<QQ T+ Qg|u| x

we focus on the integral

div,u dx.
/Qp(g)lvu x

Multiplying the equation of continuity (4.1) by b'(0) we obtain the renor-
malized equation of continuity

Aib(0) + diva(b(o)u) + (b'(e)o — ble) )div,u = 0. (4.7)

Consequently, in particular, the choice



leads to
b'(0)o = ble) = p(o)-
Thus q
- div,u dz = & / P(o) da,
/Qp(g) ivoude = (o) dz
and we deduce the total energy balance

d /1
4l P / VA :/f- . 4.
dt/§2(2Q|u| + (Q)) dx + QS V.u dz N u dx (4.8)

We conclude with

ENERGY ESTIMATES:

sup_||v/ou(t, )l raesm) < c(Bo, T), (4.9)
t€[0,T]
sup P(Q)(ta ) dz < C(E07 T)a (410)
te[0,T] /2
T 2
a0y 4t < (B0, T), (4.11)

where Fy denotes the initial energy

1
E0:/9<2g0|u0]2+P(90)> da.

4.3 Pressure estimates

A seemingly direct way to pressure estimates is to “compute” the pressure
in the momentum balance (2.7):

p(o) = —A_ldivwat(gu) —A‘ldivwdivw(gu®u) +A~Ydiv,div,S+A"1div, (of),

where A™! is an “inverse” of the Laplacean. In order to justify this formal
step, we use the so-called Bogovskii operator B ~ div;l.
We multiply equation (2.7) by

1

BMZBWQ—M‘Q

M@M]
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and integrate by parts to obtain

// ) de dt (4.12)
:|;2|/T/p(g) dx/b(g) dxdt—i—/T/S:VmB[g] dx dt
—//Qu®u V.B[o dx—//gu 0,Blo] dz dt

[ (ouBlel(r. ) — oyuo - Blao]) dr.

Furthermore, we have

9,Blo] (4.13)

=B [divm(b(g)U) + (b'(g)g - b(g))divxu - |Ql|/ﬂ (b'(g)g - b(g))divmu) dx] :

We recall the basic properties of the Bogovskii operator:

BOGOVSKII OPERATOR:

div,B[h] = h for any h € LP(Q), / hdz=0, 1<p< oo, Blh]joq = 0.
Q

(4.14)
IBIAllwpr(@;psy < cP)Ihllzr), 1 <p < oo, (4.15)
[1B[A|zae) < [l9llasre) (4.16)

for h € LP(Q), h =div,g, g -nlsa =0, 1 < ¢ < oc.

5 Complete weak formulation

A complete weak formulation of the (compressible) Navier-Stokes system
takes into account both the renormalized equation of continuity and the
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energy inequality. Here and hereafter we assume that Q C R? is a bounded
domain with Lipschitz boundary. For the sake of definiteness, we take the
pressure in the form

p(0) = ag”, with a > 0 and v > 3/2. (5.1)

Later, we restrict ourselves to the case when ~ is “sufficiently” large.

5.1 Equation of continuity
Let us introduce a class of (nonlinear) functions b such that
b€ C'0,00), b(0) =0, b/'(r) =0 whenever r > M,. (5.2)

We say that o, u is a (renormalized) solution of the equation of continuity
(2.3), supplemented with the initial condition,

Q(Ov ) = 00,

if 0 € Cuear([0,T]; L7(Q)), 0> 0, u € L2(0,T; W, *(Q; R?)), and the integral
identity

/OT/Q ( (0+ b(0)) Do+ (0+b(0)) u-Vap+(b(o) — ¥'(0)0) divzugp) de dt
(5.3)

= —/QQOSO(Oa’) dz

is satisfied for any ¢ € C°([0,00) x Q) and any b belonging to the class
specified in (5.2).

In particular, taking b = 0 we deduce the standard weak formulation of
(2.3) in the form

[ (o7, )(7,) = 00(0,)) da = 5.0

/T/ (g@tgo—kgu-vxgo) dx dt
0o Ja

for any 7 € [0,7] and any ¢ € C>([0,T] x Q).
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Note that (5.4) actually holds on the whole physical space R provided
0, u were extended to be zero outside 2.

5.2 Momentum equation

In addition to the previous assumptions we suppose that
ou € Cyear ([0, T); L1(S2; R?)) for a certain ¢ > 1, p(o) € L*((0,T) x Q).

The weak formulation of the momentum equation reads:

/Q (gu(T, Y -(r,) = (ou)o - ©(0, )) s (5.5)
= /OT/Q (Qu cOp+ou®u: Vyp +p(g)divx<p> dz dt

_ /T/Q (,uvxu : Ve + (A + p)divyudiv,e — of - ga) de dt
0

for any 7 € [0,T] and for any test function ¢ € C°([0,T] x ; R?).

Note that (5.5) already includes the satisfaction of the initial condition

ou(0,-) = (eu)o

5.3 Energy inequality

The weak solutions are not known to be uniquely determined by the initial
data. Therefore it is desirable to introduce as much physically grounded
conditions as allowed by the construction of the weak solutions. One of them

1S
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ENERGY INEQUALITY:

1 T
/Q <§Q|u|2 + P(Q)) (7,-) do +/O /Q,u|VgCu|2 + (A + p)|diveul? do dt

(5.6)
SL(QLQOI(QU)()IQwLP(Qo)) dw+/OT/QQf-udw di

for a.a. 7 € (0,7), where

Some remarks are in order. To begin, given the specific choice of the
pressure p(o) = ap” and the fact that the total mass of the fluid is a constant
of motion, the function P(p) in (5.6) can be taken as

a

P(o) = v,
(0) o

Next, we need a kind od compatibility condition between gy and (pu)g
provided we allow the initial density to vanish on a nonempty set:

(ou)y = 0 a.a. on the “vacuum” set {z € Q | go(x) = 0}. (5.7)

6 Weak sequential stability

The problem of weak sequential stability may be stated as follows:

18



WEAK SEQUENTIAL STABILITY:

Given a family {g., u.}.~o of weak solutions of the compressible Navier-
Stokes system, emanating from the initial data

Qa(oa ) = 00, (QU)(O, ) - (Qu)oya’
we want to show that
0: — 0, U —uase—0

in a certain sense and at least for suitable subsequences, where p, u is
another weak solution of the same system.

Although showing weak sequential stability does not provide an explicit
proof of existence of the weak solutions, its verification represents one of the
prominents steps towards a rigorous existence theory for a given system of
equations.

6.1 Uniform bounds

To begin the analysis, we need uniform bounds in terms of the data. To this
end, we choose the initial data in such a way that

/Q <201075 [(ou)ol* + P(9076)> dz < Ej, (6.1)

where the constant Fj is independent of €. Moreover, the main and most
difficult steps of the proof of weak sequential stability remain basically the
same under the simplifying assumption

f=0.

In accordance with the energy inequality (5.6), we get

sup |lo=(, )|l < ¢ (6.2)
te(0,7)
and
ess sup y/amut, )l oeqenre < . (6.3
te(0,T)
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together with
T
| It )z dt <. (6.4)

where the symbol ¢ stands for a generic constant independent of ¢.
Interpolating (6.2), (6.3), we get

locue | Loy = |V0ev/0e0e [ Laosrsy < lIV/0ell 2@l v/ oeuel| L2 mo),

with
q= 2 > 1 provided v > 1.
v+1
We conclude that
2y
supyefo7)l| 020 (¢, )| Laosrs), ¢ = i1 (6.5)

Next, applying a similar treatment to the convective term in the momen-
tum equation, we have

, 6
|0:ue @ U || Laqasrex3) = [|@=Uel| 207+ (0, p3) [ Ue Lo (s r8), With ¢ = ™ 1 3
Using the standard embedding relation
Wh2(Q) — L%(Q), (6.6)
we may therefore conclude that
/T/H w. ®ulf dedt <e, q= - (6.7)
0 Q OeU¢ ell La(Q;R3%3) ~C = 47 + 3 .
Note that 6 3
~
>1asl > —.
13 as long as v > 5

Finally, we have the pressure estimates established in the previous part:

T T 9
/ / p(0e)0f dx dt = a/ / ol dr dt <cfora=-y—1. (6.8)
0 Ja 0 Jo 3
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6.2 Limit passage

In view of the uniform bounds established in the previous section, we may
assume that

0e — o weakly-(*) in L>(0, T; L7(€)), (6.9)
u. — u weakly in L*(0,T; W,?(Q; R®)) (6.10)

passing to suitable subsequences as the case may be. Moreover, since p.
satisfies the equation of continuity (5.4), (6.9) may be strengthened to

0 — 010 Clear ([0, T]; L7(£2)). (6.11)

Let us recall that, in view of (6.9), relation (6.11) simply means

{t — /Qgg(t, D dx} — {t s /Qg(t, ) dx} in C[0,T]
for any ¢ € C(Q).

6.3 Compactness of the convective term

Our next goal is to establish convergence of the convective terms. Recall
that, in view of the estimate (6.5), we may suppose that

00 — m Weakly—(*) in LOO(07T7 LQ’Y/(’Y"Fl) (Q’ R3))

and even
o-u. — 71 in Cueac([0, 7] : L2/ (Q: RY)), (6.12)

where the bar denotes (and will always denote in the future) a weak limit of
a composition.
Our goal is to show that
ou = ou.

This can be observed in several ways. Seeing that
Wy?(Q) < L) compactly for 1 < ¢ < 6,
we deduce that
LP(Q) —— W~ 12(Q) compactly whenever p > g (6.13)
In particular, relation (6.12) yields
o-u: — gu in C([0, T]; W~1*(Q2))),
which, combined with (6.10), gives rise to the desired conclusion

ot = ou.
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6.3.1 Compactness via Div-Curl lemma

Div-Curl lemma, developed by Murat and Tartar [10], [12], represents an
efficient tool for handling compactness in non-linear problems, where the
classical Rellich-Kondraschev argument is not applicable.

D1v-CURL LEMMA:

Lemma 6.1 Let B C RM be an open set. Suppose that
vV, — v weakly in LP(B; R?),

w, — W weakly in LI(B; R?)

as n — 00, where

1 1 1
S4s=-<1
p oq

Let, moreover,

{div[v]}2, be precompact in W~*(B),
{curl[w]}°2, be precompact in W1%(B, RM>*M)

for a certain s > 1.

Then
Vy, + W, — V- w weakly in L"(B).

We give the proof only for a very special case that will be needed in the
future, namely, we assume that

divv, = 0, W, = V,®,, /' o, dy = 0. (6.14)
RM
Moreover, given the local character of the weak convergence, it is enough

to show the result for B = RM. By the same token, we may assume that
all functions are compactly supported. We recall that a (scalar) sequence
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{gn}52, is precompact in W~1s(RM) if
gn = div[h,], with {h,}>2, precompact in L*(R™; RM).
Now, it follows from the standard compactness arguments that
®,, — & (strongly) in LY(RM), V,® =v.

Taking ¢ € C>°(RM) we have

/RMvn-wngo dy:/RMvn-Vx(I)ngo dy
== [ Vo Ve dy— = [ v Vg0 dy

[ v

which completes the proof under the symplifying hypothesis (6.14).
Now, compactness of the product term p.u. can be viewed by a direct
application of Div-Curl lemma in the space-time R*, with the choice

Ve = [qu qu€]7 W = [uj,€7070>0]7 j = 17273-

6.4 Passing to the limit - step 1

Now, combining (6.12), compactness of the embedding (6.13), and the fact
that v > 3/2, we may infer that

0.u, ®u, — gu®u weakly in L((0,T) x ; R®) for a certain ¢ > 1. (6.15)

Summing up the previous discussion we deduce that the limit functions
0, u satisfy the equation of continuity

[ (elr)6(r, ) = 2op(0,) da (6.16)

:// (00 + ou - V) da dt
0o JQ

for any 7 € [0,7] and any ¢ € C>([0,T] x ), together with a relation for
the momentum

/Q(QU(T, ) e(r,) = (ou)o - 9(0,)) da (6.17)
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:/0 /Q (Qu -Op+ou®u: Vmgo—k]@divwgp) dz dt

_ /T/ (,uvxu Ve + (A + ,u)divxudivmgo) dz dt
0o Ja

for any test function ¢ € C([0,T] x Q; R?).
Here, we have also to assume at least weak convergence of the initial data,
specifically,

00 — 0o weakly in L7(2), (6.18)
(ou)o. — (ou)y weakly in L'(Q2; R?).

Thus it remains to show the crucial relation

or, equivalently,
0. — pa.a. in (0,7) x Q. (6.19)

This will be carried over in a series of steps specified in the remaining part
of this section.

6.5 Strong convergence of the densities

In order to simplify presentation and to highlight the leading ideas, we assume
that

v > 5,

in particular
0 — 010 Clear (0,75 L7(Q2)), v > 5.

6.5.1 Renormalized equation

We start with the renormalized equation (5.3) with b(p) = elog(e) — o:

T
/0 /Q ((QE log(o:) Orh + Qsdivmuew) do dt = — /Q 00,e IOg(Qo,{;) dz  (6.20)
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for any ¢ € C°[0,T), ¥(0) = 1. Clearly, relation (6.20) can be deduced from
(5.3) by means of Lebesgue convergence theorem.
Passing to the limit for ¢ — 0 in (6.20) and making use of (6.18) we get

/OT/Q ( (QlTQXQ)) Onp + M@/}) dr dt = — /Q 00log(go) dz. (6.21)

Our next goal is to show that the limit functions p, u, besides (6.16),
satisfy also its renormalized version. To this end, we use the procedure
proposed by DiPerna and Lions [3], specifically, we regularize (6.16) by a
family of regularizing kernels k() to obtain:

005 + div,(osu) = div,(osu) — [div,(ou)ls,

with
vs = kg * v, where x stands for spatial convolution.

We easily deduce that
Db(0s) + div, (b(os)u) + (V'(0s)05 — blos))diveu

= V/(05) (diva(gsu) — [divs(ou)]s).

Taking the limit 6 — 0 and using Friedrich’s lemma, we get

T
/0 /Q(Qlog(g)&str odiv,uy) de dt = —/ng log(go) da;

whence, in combination with (6.21),

T
/0 /Q (Qlog(g) - glog(g))(?tw + (Qdivxu - Qdivzu>@/}> de dt =0. (6.22)
Assume, for a moment, that we can show
/T/ odiv,u dx dt > /T/ odiv,u dzx t for any 7 > 0, (6.23)
0o Jo 0 Jo

which, together with lower semi-continuity of convex functionals, yields

olog(o) = olog(o). (6.24)

In order to continue, we need the following (standard) result:
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Lemma 6.2 Suppose that

0. — 0 weakly in L3(Q),

where
olog(o) = elog(o).
Then
0. — o in LY(Q).
Proof:

Suppose that
0<d<p, 0. <M.

Consequently, because of convexity of z — zlog(z), we have

0-log(o:) — olog(o) = (log(e) — 1) (0= — 0) + (M)] o= — of?, a(6) > 0,

therefore
/ 0. — o* dw dt < |0. — o] da dt + |o: — o] da dt
{0<0} {0<0,0e<M} {6<0,0e>M}
< lo: — o dz dt + h(M), h(M) — 0 as M — oo.

T J{8<0,0e<M}

Thus we conclude that
0. — o0 a.a. on the set {o > ¢} for any 6 > 0.

Now, since
0: — o a.a. on the set {o =0}

and
H0< o< d} —0asd—0,

we obtain the desired conclusion.
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Q.E.D.
In accordance with the previous discussion, the proof of strong (pointwise)

convergence of {g.}.~o reduces to showing (6.23). This will be done in the
next section.

6.5.2 The effective viscous flux

The effective viscous flux
(2u + A)div,u — p(o)

is a remarkable quantity that enjoys better regularity and compactness prop-
erties than its components separately. To see this, we start with the momen-
tum equation

/Q (Qiué(Tv ) ) 90(77 ) - (Qu)o,s : (,0(0, )) dzx (6.25)

— /0 /Q (qug “Op + 0-u. ®@u. Ve —i—p(gs)divzgo) dz dt

— /T/ (/LV;,;u5 Ve + (A + p)diveucdivye — oo f - <p> dzx dt,
0o Jo

together with its weak limit
| (eu(r, ) o(r.2) = (w)o - 9(0,)) da (6.26)

:/0 /Q (Qu O +ouu: Vo —i—@divw(p) de dt

_ /T /Q (uvxu Vo + (A + p)divyudivye — of - 90) de dt.
0

Our goal is to take
P = . = ¢V, A lgo.], ¢ € CZ(Q)
as a test function in (6.25), and

p = V. A [lgg], ¢ € CZ(Q).
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Here, A™! represents the inverse of the Laplacean on R?, specifically,

i&;
€17

Since 2 C R? is a bounded domain, we have

0., A7 o] = fw[ Foelv ]]

V.A Y 1qo.] bounded in L>(0,T; W, (; R%)), v > 3.

Moreover, as 1qo. as well as 1o satisfy the equation of continuity on the
whole physical space R? provided u., u were extended to be zero outside €,
we have

6tv$A_1[]_QQ€] = —VmA_ldivgc[QEua], atva_l[]_QQ] = —VmA_ldin[gu].

Step 1:
As
0: — 0 € Cyea([0,T]; L7(2)),

we have, in accordance with the standard Sobolev embedding relation
Wh(Q) —— C(Q),
VA o] — VoA 1ge] in C([0,T] x Q).
In particular, we deduce from (6.25), (6.26),

hm/ / (Qaue ' 875@05 + O<Ue U : Va:@g +p(95>divz§0€> dr dt
Q

e—0.Jo

_ /T/Q (,vaug : Ve + (A + u)divxuadivxapa) dz dt
0
= /0 /Q (Qu O +ouu: Ve —i—@divw(p) dx dt

_ /T / (hVeu: Voo + (A + p)diveudivee) do dt,
0 Q

with
Y= ¢V1’A_1 [1QQ]a

meaning

hm/ /¢p 0.)0 — p(0.)V26 - VoA lao.] dz di (6.27)
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—lim /T/ ) (;qua VEA MIgo ] + (A + u)divxuege> dx dt
Q

e—0.Jo

_lim / ' /Q (1Vou. - Vo - VoA lgp] + (A + p)divou.Vop - VA [lag.]) da dt

e—0.Jo

= [" | op(ele ~ p(@) V.6 VoA g] d dt
_ /OT /Q 0] (vau : VEA  1go] + (X + M)divxug) dz dt
_ /OT/Q (uvxu Vo - VA 1go] + (A + p)div,uV,e - Vzﬁfl[lggD de dt

lim [ [ (00 V.87 div,(0.0)] — o @ . s Vi (0¥, 1ogl])) dadt

e—0.Jo

_ /OT/Q (gb@u . VxA_l[diVx(Quﬂ —ou®u:V, (¢VxA_1[1QQ])) dr dt.

Step 2:

We have

/ngvggug VA 100.] dx—/qb Z (02, ui[0., 4710, ) [10e.]) da

i,j=1

_/ Z zj ¢u [zz 18333][1QQ6 dz— /Z ax]¢u o laxj][lggg]) dx

i,j= 1 1,j=1
—/gbdlvacugg6 dx—/ V.o -up,. dx—/ Z az](bu s lam]][lQQs]) dz.
i,7=1

Consequently, going back ot (6.27) and dropping the compact terms, we
obtain

lim/ / (A + 2u)d1vmuegg> dx dt (6.28)

e—0

/ / p(0)o — (M + 2u)dlvmug) dx dt
—tim [ [ 6 (00 VoA diva(00)] — 0w @ e VoAV, [lgod]) do dt
Q

e—0.Jo

_ /OT/Q ((bQu . VwAfl[din(gu)] —ou®u: V:pAilvm[lgg]) A dt.

29



Step 3

Our ultimate goal is to show that the right-hand side of (6.28) vanishes.
To this end, we write

OcUc¢ - va_l[diVx(Qaua)] — OcUg X U - va_lva:DQQa]

= U (st:pA_l[diVm(Qeué:)] — OcUg¢ - va_lvm[lQQsD .
Consider the bilinear form

3
[V,W] = Z ('Ui,R,Z"j [U)j] — wi”RM[vj]), ,R’i,j = &QA*l@Ij,

ij=1

where we may write

z:: ( ZRZJ — wi’R,-’j[vj])

> (0 = Ris [0 )R] — (w' — Ry [w]) R [v7])

—U.V-W.Z,

U =Y (v =Ri;[v']), W'=> (0" — R [w’]), div,U = div,W =0,
and
Vi=0, (Y AT 0uw |, Z =0, | D AT'0u07 |, i=1,2,3.
j=1 j=1
Thus a direct application of Div-Curl lemma (Lemma 6.1) yields
[ve, w.] — [v,w] weakly in L*(R?)

whenever v, — v weakly in LP(R*;r%), w. — w weakly in LY(R* R?),

and
1 1 1
-+ -=-<1.
p g S
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Seeing that

0e — 0 1 Clear ([0, T]; L7(€2)), 0-u: — u in Clyear ([0, T7; LQV/(VH)(Q))
we conclude that

loo-(t,-) Vo A7 [divy(0ous) (t,-)] — (0eus) (L, ) - VoA ' Va[lgoe(t,-)] (6.29)
o(t, )V, AT div, (eu)(t, -)] = (eu)(t, ) - VoAV, [100(t, -)]
in L*(Q) for all t € [0,T],
with
2y

6
5_m>gSlnce’y>5

Thus we conclude that the convergence in (6.29) takes place in the space
L0, T; W12(Q)) for any 1 < g < o0;

whence, going back to (6.28), we conclude

liné/ / (A + 2u)d1vzu5,gs) dz dt (6.30)

/ / g — (A + Qu)dlvxug) dx dt.

As a matter of fact, using exactly same method and localizing also in the
space variable, we could prove that

p(0)o — (A +2p)div,up = @g — (A + 2p)div,up, (6.31)

which is the celebrated relation on “weak continuity” of the effective viscous
pressure discoverd by Lions [9].
Since p is a non-decreasing function of g., we have

/oT /Q 6(p(o-) —p(0)) (e — o) dz dt > 0;

where relation (6.30) yield the desired conclusion (6.23), namely

/ / (divxug — divxug) dz dt > 0.
0 Jo
Thus we get (6.24); whence
0- — pa.a. in (0,7) x Q. (6.32)
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