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Abstract

We consider barotropic compressible Navier-Stokes equations with
density dependent viscosity coefficients that vanish on vacuum. We
prove the stability of weak solutions in periodic domain Q = TV and
in the whole space = RY, when N = 2 and N = 3. The pressure is
given by p(p) = p? and our result holds for any v > 1. Note that our
notion of weak solutions is not the usual one. In particular we require
some regularity on the initial density (which may still vanish). On the
other hand, the initial velocity must satisfy only minimal assumptions
(a little more than finite energy). Existence results for such solutions
can be obtained from this stability analysis.

1 Introduction

This paper is devoted to the Cauchy problem for compressible Navier-Stokes
equations with viscosity coefficients vanishing on vacuum. Let p(¢,z) and
u(t, ) denote the density and the velocity of a barotropic compressible vis-
cous fluid (as usual, p is a non-negative function and u is a vector valued
function, both defined on a subset  of RY ). Then, the Navier-Stokes equa-
tions for barotropic compressible viscous fluids (often refered to as isentropic
compressible Navier-Stokes equations) read (see [LL59]):

Op + div (pu) =0 (1)
O(pu) + div (pu @ u) + Vgp —div (2h D(u)) — V(gdivu) =0
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where p(p) = p7, v > 1, denotes the pressure, D(u) = £[Vu + V] is the
strain tensor and h and g are the two Lamé viscosity coefficients (depending
on the density p) satisfying

h>0 2h+Ng>0 (2)

(h is sometime called the shear viscosity of the fluid, while g is usually re-
ferred to as the second viscosity coefficient). One of the major difficulty
of compressible fluid mechanics is to deal with vacuum. For that reason,
the first results were obtained with initial data bounded away from zero.
The existence of solutions defined globally in time for Navier-Stokes equa-
tions was first addressed in dimension one for smooth data by Kazhikov
and Shelukhin [KS77] and for discontinuous data by Serre [Ser86] and Hoff
[Hof87] (still with densities bounded away from zero). Those results have
been generalized to higher dimensions by Matsumura and Nishida [MN79]
for smooth data close to equilibrium and by Hoff [Hof95b], [Hof95a] in the
case of discontinuous data.

Concerning large initial data that may vanish, Lions showed in [Lio98§]
the existence of weak solutions defined globally in time for v > 3/2 when
N =2 and v > 9/5 when N = 3. This result has been extended later
by Feireisl, Novotny, and Petzeltova to the range v > 3/2 in [FNPO01], and
recently by Feireisl for variational solutions of the full system of the Navier-
Stokes equations with viscosity coefficients depending on the temperature
[Fei04]. Other results provide the full range v > 1 under symmetry assump-
tions on the initial datum (see for instance Jiang and Zhang [JZ03]), or,
as in Vaigant and Kazhikhov [VK95] under the assumption that the second
viscosity coefficient (g here) grows at least like p® with 3 > 3 for large p.
All those results do not require to be far from the vacuum. However they
rely strongly on the assumption that the first viscosity coefficient is bounded
from below by a positive constant. This assumption allows to get some es-
timates on the gradient of the velocity field but is not always physically
realistic.

The main difficulty when dealing with vanishing viscosity coefficients on
vacuum is that the velocity cannot even be defined when the density van-
ishes. The first result handling this difficulty is due to Bresch, Desjardins
and Lin [BDLO03]. They showed the stability of weak solutions for the fol-
lowing Korteweg’s system of equations:

Op + div (pu) =0 (3)
Or(pu) + div (pu ® u) + Vyp — vdiv (p D(u)) = kpV Ap.



The result was later improved by Bresch and Desjardins in [BD03] to include
the case of vanishing capillarity (k = 0), but with an additional quadratic
friction term 7plu|u (see also [BD02]). The key point in those papers is to
show that the structure of the diffusion term provides some regularity for the
density thanks to a new mathematical entropy inequality. However, those
estimates are not enough to treat the case without capillarity and friction
effects k = 0 and r = 0 (which corresponds to equation (1) with h(p) = p
and g(p) = 0).

The main difficulty, to prove the stability of the solutions of (1), is to
pass to the limit in the term pu ® u (which requires the strong convergence
of \/pu). Note that this is easy when the viscosity coefficients are bounded
below by a positive constant. On the other hand, the new bounds on the
gradient of the density make the control of the pressure term far simpler
than in the case of constant viscosity coefficients.

Our result is in the same spirit as the one of Bresch, Desjardins and
Lin and makes use of the same mathematical entropy, first discovered by
Bresch and Desjardins in [BD02] for the particular case where h(p) = p and
g(p) = 0, and later generalized by Bresch and Desjardins [BD04] to include
the case of any viscosity coefficients h(p), g(p) satisfying the relation:

9(p) = 2pl’(p) — 2h(p). (4)

The precise formulation of the inequality that we use can be found in a
recent paper by Bresch and Desjardins [BD05] where the full system of
Navier-Stokes equations for heat conducting fluid is being investigated. We
recall the proof in appendix for the confort of the reader.

Our main contribution is to show the stability of some weak solutions
of (1) under some conditions on the viscosity coefficients (including (4))
but without any additional regularizing terms. The interest of our result
lie primarily in the fact that our conditions allow for viscosity coefficients
that vanish on the vacuum set. It includes the case h(p) = p, g(p) = 0
(when N = 2 and v = 2, we recover the Saint Venant model for Shallow
water), but our conditions on h and g will exclude the case of constant
viscosity h(p) = u, g(p) = €. Indeed, it is readily seen that (4) implies that
g(p) = & = —2u, and thus 2u + £ = 0. In this border line case we thus lose
all informations on the derivatives of u. It is worth pointing out that while
we can gain regularity on the density with this new estimate, we have to
lose regularity on the velocity (on the vacuum set).

Note that the main difficulty will be to establish the compactness of
V/pu in L? strong, and the key ingredient to achieve this is an additional



estimate which bounds pu? in a space better than L>(0,T; L*(Q)) (namely
L>(0,T; Llog L(2))).

For the sake of simplicity we will consider the case = RY and the case
of bounded domain with periodic boundary conditions, namely Q = TV, For
the same reason we consider only power pressure laws although the result
could be extend to non monotonic pressure law of the form of [Fei02]. Note
that the result holds for any power v > 1 under appropriate assumptions on
h and g.

Naturally the main motivation to the study of the stability of weak
solutions is to obtain existence results. Classically this can be done by
constructing a sequence of solutions of approximated systems of equations
satisfying the appropriate a priori estimates. In our framework, this can be
achieved by proceeding as in [BDLO03].

In the next section, we state the assumptions on the viscosity coefficients,
we define precisely the notion of “weak solutions” and we state our main
results. In Section 3, we recall the well known physical energy inequality
and state the key estimates. The proof of Theorem 2.1 is detailed in Section
4. For the sake of completeness, we recall in Appendix A the proof of the
mathematical entropy inequality of Bresch and Desjardins.

2 Notations and main result

We assume that € is either the whole space R or a bounded domain with
periodic boundary conditions (2 = T%), and we consider the following
system of equations:

Op + div (pu) =0 (5)
O (pu) + div (pu @ u) + Vp? — div (2h(p)D(u)) — V(g(p)divu) = 0,(6)

with initial conditions
pli=o = po >0, puli=o = myo. (7)

We now detail our assumptions on the viscosity coefficients h and g.

Conditions on h(p) and g(p):
First we assume that h(p) and g(p) are two C2(0, c0) functions satisfying:

9(p) = 2ph'(p) — 2h(p). (8)



As stated in the introduction, this relation is fundamental to get more reg-
ularity on the density. Moreover, we assume that there exists a positive
constant v € (0, 1) such that

Wp)=v,  h(0)>0 (9)
9(0)| < H(p) (10)
vh(p) < 2h(p) + No(p) < ~h(p). (1)

When v > 3 and N = 3, we also require that

h
lim inf ﬂ

p—oo pY/3te >0, (12)

for some small € > 0.

Remark 2.1 The functions

hip)=p,  g(p)=0

satisfy (8-11). For example in dimension 3, any linear combination of the
form > agp™ with oy, > 0, ng, > 2/3 for all k (ny, > 1/2 in dimension 2)
and supny, > 1 is an admissible function for h(p).

Remark 2.2 The lower estimate in (11) is trivial when g > 0, while the
upper estimate 1s trivial when g < 0. Together they yield:

l9(p)| < Cuh(p) Vp>O0.

This inequality and (10) will be necessary to pass to the limit in the term
V(g(pn)divuy).

Remark 2.3 Condition (9) makes the proof simpler, but is not optimal.
However, condition (11) is necessary to control the viscosity term and to-
gether with (8), it yields

—_— / —_—
N 1—|—1/<h(p)SN 1+1/v

< , forallp>0,
Np h(p) Np

and so

Cp(N—l)/N—l-l//N < h(p) < Cvp(N—l)/N-l-l/(Ny)7 p>1
Cp(N—l)/N-i-l/(NV) < h(p) < Cp(N_l)/N+V/N, p<1

b}



In particular, we must have h(0) = 0. Moreover, this shows that if we do not
assume (9), the “best” h(p) we can take is h(p) = pWN=D/NFTV/N — This js
actually enough to prove the stability of weak solutions for all v when N = 2
and for v < 3/2 when N = 3. However, if we assume h(p) ~ Cp*/3tV for
small p and h(p) ~ Cp for large p, then we can consider any v € (1,3) when
N =3.

Weak solutions
We say that (p,u) is a weak solution of (5-6) on £ x [0, 7], with initial
conditions (7) if

pe L®(0,T,L1(Q) N L'(Q)),
VP € L0, T HY(Q),

V€ L0, T; (L)Y,
h(p)D(w) € L(0, T: (Wi ()Y N),  g(p)divu € L2(0,T; Wi (),

loc loc

with p > 0 and (p, /pu) satisfying

{ Op + div (/py/pu) =0 oD
p(0, ) = po(x) ’

and if the following equality holds for all (¢, z) smooth test function with
compact support such that (7, -) = 0:

/mo ©(0 dx—i—//ffu@m—i—fu@fu Vedx
+// p'divp dr — (2h(p)D(u), V) — (g(p)(divu), (dive)) = (14)
0/a

where the diffusion terms make sense when written as
(2h(p )D(u) Vg0> =
/ (V/pu;)0iipj da dt — /(\/ﬁuj)Qh’(p)(‘?i\/ﬁ Oipj dx dt

>
)

%\w %\

fuz jip; do dt — /(\/ﬁui)Qh’(p)aj\/ﬁ Oipj dx dt,



and

{g(p)(divu), (dive)) =

-/ g&?(ﬁui)aﬁ% dwdt — [ (Vo124 (9)0r/B0ses o

In particular, the fact that the diffusion term 2h(p)D(u) (and g(p)divu) lies
in L2(0, T; (W, ' (92))™™) will follow from the fact that

W (p)Vy/p € L=(0,T; Lo (), and  h(p)/v/p € L=(0,T; L, (),
and similar conditions on g(p). This will be provided by assumptions (10),
(9) and (13).

Main result:

The main result of this paper is the following:

Theorem 2.1 Assume that v > 1 and that h(p) and g(p) are two C?(0, c0)
functions of p satisfying conditions (8)-(11) (together with (12) if v > 3 and
N =3). Let (pp,un)nen be a sequence of weak solutions of (5-6) satisfying
entropy inequalities (18), (21) and (26), with initial data

puli=o = pi(z)  and  pnunli—o = mg(z) = pf (z)ug (z),
where pg and ug are such that
pe >0, pg—poin L), piug — pouo in L'(Q),  (15)

and satisfy the following bounds (with C' constant independent on n):

n|2 1 1
/ on [ut] + ——py7dx < C, / 7|Vh(/)g)|2d$ <0, (16)
Q 2 v—1 Q Po
and 9
1 n
/ pgﬂ;o’ln(l +|upl?) do < C, (17)
Q

Then, up to a subsequence, (pp,\/Pnitn) converges strongly to a weak so-

lution of (5)-(6) satisfying entropy inequalities (18), (21) and (26) (the den-
sity pn converges strongly in C((0,T); L?O/CQ(Q)), /Pty converges strongly

in L*(0,T; L2 () and the momentum m, = pyu, converges strongly in

LY0,T; LL (Q)), for any T > 0).

loc



3 Entropy inequalities and a priori estimates

In this section, we recall the well-known energy inequality and state the
main inequalities that we will use throughout the proof of Theorem 2.1.
The usual energy inequality associated with the system of equations (5-6)
can be written as:
d u? 1
dt [;;2 e

dt

lpv} d:r—i—/2h(p)|D(u)|2dw+/g(p)(divu)zdx <0. (18)

This inequality can be established for smooth solutions of (5-6) by multi-
plying the momentum equation by w.
When h and g satisfies 2h(p) + Ng(p) > 0 and if we have

& / u3+71 D dr < +
0: poi Xz OO,
o 2 -1

then (18) yields:
||\/EUHL°°(O,T;L2(Q)) <, (19)
l1pl| oo (0,527 () < C-

Furthermore, Hypothesis (11) gives:
[V R(p) D)l 20,7:02(02)) < C- (20)

Finally, integrating (5) with respect to  yields the natural L! estimate:

[l Lo 0,121 () < C.

Unfortunately, it is a well-known fact that those natural estimates are
not enough to prove the stability of the solutions of (5-6). In particular,
the fact that p? is bounded in L>°(0,T;L'(Q)) does not implies that p;,
converges to p7.

However, further estimates can be obtained by mean of the following
lemma:

Lemma 3.1 Assume that h(p) and g(p) are two C?(0,00) functions satis-
fying (8). Then, the following equality holds for smooth solutions of (5-6):

d

1 o, 1
7 [QplquVsO(p) MY ] dx

1
+/Vg0(p) -Vp'dx + 2/h(p) ’Vu _tyul? de = 0, (21)

8



with @ such that

/
¢ =2—. (22)
P

This lemma was first proved by Bresch and Desjardin in [BD04]. We recall
the proof in Appendix A.

Since the viscosity coefficient h(p) is an increasing function of p, we
immediately see that when the initial data has finite energy and satisfies

[ IVl do < +oc,
Q
the equality (21) yields:

1
SIVPV o)L= 01:22(0)) = 2||R" (p)V/pll Lo 0,112 (02)) < C, (23)

and
VI () 072V pl| 20,112 (02)) < C- (24)

Under assumption (9) on h, those estimates give additional control on the
density p and on the pressure p”, which will be enough to prove the stability
of weak solution.

Furthermore, (21) gives some control on the antisymmetric part of Vu.
Together with (20), it implies

[V R(p)Vull20,7:02(0)) < C. (25)

Finally, one of the key tool of the proof will be the following result:
Lemma 3.2 Assume

2h(p) + Ng(p) = vh(p)

for some v € (0,1) (which is a part of (11)). Then smooth solutions of
(5)-(6) satisfy the following inequality:

d 1+ |ul?
dat J," 2

p2'y—§/2
=¢ /g( h(p)

+C/Qh(p)]Vu|2 dx (26)

In(1 + |ul?) dx + g /Q h(p)[L + In(1 + [u]*)]|D(u)[* dz

2/(2=5) \ (2-9)/2 §/2
) dx (/ p[2 + In(1 + |u|?)]?/° da;)
Q



for any 6 € (0,2), and with |[Vul?> =", > 10 u;l?.

This inequality is quite simple to establish and will be essential in the proof
of Theorem 2.1 to prove that /pnu, converges strongly in L>°(0,T; L*())
(see Lemma 4.3). Note, however, that to derive further estimates from this
inequality, we need to control the right hand side of (26). The last term
is bounded thanks to (25) and usual a priori estimates provide a bound on
[ plul?dz and [ pdx and thus on [ p[1+1In(1+ |u|?)]?/® dz. So the difficulty

p27=6/2 ) 2/(2—9)

is to control enough power of p to get a bound on f( ") dx.

This will be achieved using (24). Of course, we also need to assume that the
initial condition satisfies

1 2
/on—iguoyln(l + [ud]) dz < C.

Proof of Lemma 3.2. Multiplying (6) by (1

In(1+
u2
/pat [1+2’ | ln(l—i-\u]Q)] dx—i—/pu V[ +2| uf”
2 2 2uiuk
+ / 2h(p)[1 + In(1 + [ul2))| D(u) Pdz + / 2h(p) s kgD ()
4 / g(p)[1 + In(1 + [uf2)](divar)? do + / 9(p)

+ /[1 +1In(1 + |u|®)]u - VpTdz = 0.

[ul?))u, we get:

In(1 + |uf*)| d

2u2-uk

———Ougdivud
T ul? iurpdivu de

Since
(divu)? Zzauzau]<zz (O5u? +3U)<N‘D( )

condition (11) and Remark 2.2 yields:
1 2 1 2
/Pat [ —|—2]u\ In(1+ |u|2)] dx + /pu -V [—i-Q\UI In(1 + !u|2)] dx

+V/h(p)[1+ln(1+ )| D ()2 dx

— /[1 + In(1 + |u?)]u - Vp? dz + C’/h(,o)\Vu]2 dx.

Moreover, multiplying (5) by y In(1+ |u|?) and integrating by parts,
we have

1 2 1 ?
/~|—2|u|1n(1 + |u|2)8tpdx - /pu -V [—1—2|u| In(1 + UF)} dx = 0.

10



We deduce:

U2 1%
i/p”; | ln(1+|u|2)d:c+2/h(p)[1+ln(1+|u|2)HD(u)\2d:ﬁ

< - /[1 +In(1 + |u®)u - Vp? do + C/h(p)]Vu|2 dx.

It remains to bound the right hand side:
'/[1 +In(1 + [u*))u - Vp? dz

2uzk
< Oyug pY dx| +
"/H! i

<2 (/ h(p)|Vu]2da?>1/2 (/]f;;)dx>l/2

2 : Y dx
+‘/[1+ln(1+\u| )](divu) p7 d

‘/ +1In(1 + |u?)](divu) p7 da

where

l/ [+ In(1 + [u[)](divu) p7 dz

1/2

< </[1 +1In(1 + |u|2)]h(p)(divu)2d:c>

« </[ +n(1 + [y )](QW)dx)l/z

S+ PP do

<

VTN

o P
+C’l,/[1+ln(1—|—|u| N da.

It follows that

‘/[1 +In(1 + |u/?]u - Vo dx

g/mmwNMﬁ;/ﬁ+mu+MNMMDme

N
+c,,/[2+1n(1+|u| Mo da.

11



Finally, we notice that the last term satisfies (for any ¢ € (0,2)):

2y 2y—5/2 2/(2-9)
/[2+ln(1—|—\u|2)]hp(p)dx < /(”’h(p) ) do

X ( / pl2+In(1 + [u])]*° dw) 6/2,

(2-8)/2

which gives the lemma.

Remark 3.1 A similar estimate can be obtained when considering a viscos-
ity term of the form div(2h(p)Vu). Actually, in that case, it is possible to
derive an estimate on [ plu|*>*® dx for small § (by multiplying (6) by ulul®).

We now have all the necessary tools to prove Theorem 2.1.

4 Proof of Theorem 2.1

We recall that the initial data must satisfy (16), and (17) to make use of all
the inequalities presented in the previous section. More precisely, we have

pt is bounded in L'NLY(R),  pi >0 ae. in Q

pi|ul|> = mi|?/pi is bounded in L'(Q)

\/p76LVg0 (py) = 2Vh(pg)/\//Tg is bounded in L%(), (27)
n|2
/p lud 2’ In(1 + [ud|?) dz < C.

Using inequalities (18) and (21) (and (25)), we deduce the following esti-
mates, which we shall use throughout the proof of Theorem 2.1:

/Pyl Lo 0,1);2(0)) < C
onllLoe o, AL )y < C (28)

!\mVun\le 0,T;L2(Q)) <C

and .
11 () VPl e 0102 (02)) < C

[\ B (pn) VPnHLQOTL?(Q)) ¢

(29)

12



In view of our hypothesis on the viscosity coefficient (9), the bounds (28)
and (29) yields:

VP Vun|lL20,m;02(0)) < C
VPl 0,r2(0)) < € (30)
Vo) 2l 20020 < C

The proof of Theorem 2.1 will be divided in 6 steps. In the first two
steps, we show the convergence of the density and the pressure (note that
the convergence of the pressure is straighforward here). The key argument
of the proof is presented in the third step: We prove that p,u? is bounded
in a space better than L>°(0,T;L'(Q)). We then show the convergence
of the momentum (step 4) and finally the strong convergence of |/pnu, in
L? ((0,T) x Q) (step 5). The last step adresses the convergence of the

loc
diffusion terms; It is mainly technical and of minor interest.

Step 1: Convergence of ,/p,.
Lemma 4.1 If h satisfies (9), then

VP is bounded in L°°(0,T; H'(Q))
Oi\/pn is bounded in L*(0,T; H~(Q)).

As a consequence, up to a subsequence, \/pn, converges almost everywhere
and strongly in L*>(0,T; L? (). We write

loc

on — /P a.e and L?

loc

((0,T) x Q) strong.

Moreover, p, converges to p in C°(0,T; L3/2(Q)).

loc

Proof. The second estimate in (30), together with the conservation of mass
on(llLr@) = llPnollLiq) gives the L*(0,T; H'(Q)) bound. Next, we
notice that

1 .
O/pn = —5,/pndlvun—un-v,/pn
1
= ix/pndiv Uy, — div (Uun/pn)

which yields the second estimate and, thanks to Aubin’s Lemma, gives the

strong convergence in L ((0,T) x Q).

13



Sobolev imbedding implies that /p,, is bounded in L*°(0,T; L1(£2)) for
q € [2,+00[if N =2and ¢ € [2,6] if N =3. In either cases we deduce that
pn is bounded in L>(0,T; L3(2)), and therefore

Prln = \/Pny/Pniyn is bounded in L*°(0, T} L3/2(Q)).
The continuity equation thus yields d;p, bounded in L>(0, T, W~13/2(Q)).

Moreover, since Vp, = 2,/pnV+/pn, we also have that Vp, is bounded in
L>°(0,T; L*/%()), hence the compactness of p, in C([0, T; LB/Q(Q)).

loc

Step 2: Convergence of the pressure

Lemma 4.2 The pressure py, is bounded in L3((0,T) x Q) when N = 3
and L"((0,T) x Q) for allr € [1,2[ when N = 2. In particular, p), converges
to p? strongly in L} ((0,T) x Q).

loc

Proof. Inequalities (30) and (28) yield p/? e L2(0,T; HY(Q)).

When N = 2, we deduce p/? € L2(0,T; LI(Q)) for all ¢ € [2,00]. So i,
is bounded in L(0,T; LP(2)) N L>°(0,T; L' (2)) for all p € [1, co[, hence p,
is bounded in L"((0,7) x Q) for all r € [1,2].

When N = 3, we only get p?/2 € L*(0,T; L%(Q)), or

Py € L'(0,T; L3 ().
Since p;, is bounded in L>(0,T; LY(9)), Holder inequality gives

2/5 3/5
o2 s 0.y ey < ORI 0y 10120 iy < C-

hence p;, is bounded in L>3((0,T) x ).
Since we already know that p,, converges almost everywhere to p?, those
bounds yield the strong convergence of p;, in L} ((0,T) x ).

loc

Step 3: Bounds for ,/p,u,

Lemma 4.3 If vy <3, orif N =3, v > 3 and (12) holds, then

Pt > In(1 + |un|?) is bounded in L>°(0,T; L*(Q)).

14



This Lemma is really the corner stone of the stability result. As a matter
of fact, at this point, the main difficulty is to prove the strong convergence
of \/prupn in L'(0,T;L3 (Q)). Thanks to Lemma 4.3, it will be enough
to prove the convergence almost everywhere. Moreover, since we are only
able to prove the convergence of the momentum pyu, (see Step 4), we need
to control /pnu, on the vacuum set {p(t,z) = 0} (and prove that it con-
verges to zero almost everywhere on the vacuum). This fact will also be a

consequence of Lemma 4.3 (see Step 5).

Proof. The proof of Lemma 4.3 relies on Lemma 3.2: for any § € (0, 2),
we have:

d 1+ Jup |
& [ ot ) o+ [ o)+ 100+ PP () P

2/(2-5) \ 3-9)/2

<C /(f&f) dx </%p+ma+mﬁmﬁmyﬂ

+C’/h(pn)|Vun|2 do

Using (28) and the natural bounds on [ p, dz and [ p,u2 dx, we deduce:

dzx +C.

2~/5/2>2/(2—5) (@-0)/2

d 1+ Juy|? 2 P
— n———— 1n(1 n|?) dz <
& oD (1 4 ) de c/ o

(31)
Moreover, condition (9) yields h(p) > vp and so

2 2/(2—6 (2—9)/2
% PnH|2un‘ln(1+\un2) de < C </ <P%77176/2> e dx) +C.

Finally, using Lemma 4.2, we check that the right hand side is bounded L'
in time (for small §), without any condition when N = 2, and when N =3

under the condition that

5
2y —1< 2n,
Y 37

which gives rise to the restriction v < 3. In either cases, we deduce

d 1+ |up|?

2
< (.
g | P In(1+ |up|?)de < C

15



and (17) gives the lemma. When N = 3 and v > 3 we need the extra
hypothesis (12) to show that the right hand side of (31) is bounded and to
achieve the same result.

Step 4: Convergence of the momentum

Lemma 4.4 Up to a subsequence, the momentum m, = ppu, converges
strongly in L*(0, T; LY. () to some m(z,t) for allp € [1,3/2). In particular

loc

Pnlly, — M almost everywhere (x,t) € Q x (0,T).

Note that we can already define u(zx,t) = m(x,t)/p(z,t) outside the vacuum
set {p(z,t) = 0}, but we do not know yet whether m(z,t) is zero on the
vacuum set.

Proof. We have
PnUn = +/Pny/PnlUn,

where /p, is bounded in L*°(0,T;L9(Q2)) for ¢ € [2,4+00] if N = 2 and
q € [2,6] if N = 3; Since \/pnu, is bounded in L>°(0,T; L*(Q)), we deduce
that

Pnly is bounded in L*°(0, T, LY(2)) for all ¢ € [1,3/2].

Next, we have

az(pnun]) = pnazun]+un]azpn

= VP PrOitinj + 2/ Prtin jOin/Pn-

Using Lemma 4.3 and (30), it is readily seen that the second term is bounded
in L>°(0,T; L'(Q)), while the first term is bounded in L2(0, T, L4(2)) for all
q € [1,3/2]. Hence

V(pnuy) is bounded in L?(0,T; L' (Q)).
In particular, we have

pntin bounded in L2(0, T; WhH(Q)).

It remains to show that for every compact set K C 2, we have

Ay (pnun) is bounded in L2(0,T; W24/3(K)). (32)
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Indeed, (32) together with Aubin’s Lemma (see Lions [Lio69] or Dubinskii
[Dub65]), yields the compactness of pnu, in L?(0,T; LP(K)) for all p €
[1,3/2).

To prove (32), we use the momentum equation (6), first noticing from
Lemma 4.2 and Lemma 4.3 that

div (\/pntn ® \/poun) € L0, T; W HY(K))

Vol € L0, T; W HYK)),
So we only have to check that the terms V(h(p,)Vuy), V(h(pn)!Vuy,)
and V(g(py)divu,) are bounded in L>(0,T; W —24/3(K)). To that purpose,

we write

h(pn) Vg = V(h(pn)un) — unVh(pyn), (33)

(and we proceed similarly with the other two terms). The second term in
(33) reads

Vh(pn)
\/Pn

which is bounded in L>(0,T; L'(£2)) thanks to (29) and Lemma 4.3. The
first term in (33) can be rewritten

unNh(pn) = /pnitin = 2y/pntnl (pn)V/Pn

Vih(pn)n] = V {h\(/[;%) \//Tnun] ,

which is bounded in L (0, T; W~13/2(Q)) thanks to the following lemma:

Lemma 4.5 For all compact set K, h(pn)/\/pn and g(pn)/\/pn are bounded
in L>=(0,T; LS(K)).

The proof of this Lemma is a bit technical in full generality and will be
postponed to Appendix B. However, note that, in the particular case h(p) =
vp, we have h(pn)/\/pn = \/p, and Lemma 4.5 follows straightforwardly
from Lemma 4.1.

We deduce that h(p,)D(uy,) and g(p,)divu, are bounded in
L=(0,T; W~ H/2(K) + LK),

and since LY(K) ¢ W54/3(K) and W—13/2(K) ¢ W=14/3(K) we conclude
that h(p,)D(un) and g(pn)divu, are bounded in L(0,T; W~ 14/3(K)),
which conclude the proof of Lemma 4.4.
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Step 5: Convergence of ,/p,u,

Lemma 4.6 The quantity \/ppun converges strongly in L7 ((0,T) x Q) to
m/./p (defined to be zero when m =0).

In particular, we have m(xz,t) =0 a.e. on {p(x,t) =0} and there exists
a function u(z,t) such that m(x,t) = p(x,t)u(x,t) and

P Uy — PU strongly in L*(0,T; LY (Q)), p€[l,3/2)

loc

VP Un — \/pu  strongly in L3.((0,T) x Q)
(note that u is not uniquely defined on the vacuum set {p(x,t) = 0}).
Proof. First of all, since my,/./pn is bounded in L>°(0,T; L?(?)), Fatou’s
lemma yields

2
/liminf M g < 0.
Pn

In particular, we have m(z,t) = 0 a.e. in {p(z,t) = 0}. So if we define the
limit velocity u(z,t) by setting u(x,t) = m(x,t)/p(x,t) when p(z,t) # 0
and u(x,t) = 0 when p(z,t) = 0, we have

m(x,t) = p(x,t)u(z,t)

2
/n;dx—/p]u\2d$<oo.

Moreover, Fatou’s lemma yields

and

/p\uPln(l +|ul?)dz < /liminf P> In(1 + |u,|?) da

IA

liminf/pn\un]21n(1 + |un|?) dz

and so p|u?|In(1 + |u|?) is in L°°(0,T; L1(2)).

Next, since m, and p, converge almost everywhere, it is readily seen

that in {p(z,t) # 0}, /Pnun = my/\/pn converges almost everywhere to
V/pu = m/,/p. Moreover, we have:

VP, < — /pulu<pyr  almost everywhere. (34)

As a matter of fact, the convergence holds almost everywhere in {p(x,t) #
0}, and in {p(z,t) = 0}, we have \/ppunl|y,|<apr < M\/pn — 0.

18



We are now in position to complete the proof of Lemma 4.6: For M > 0,
we cut the L? norm as follows:

/|\/pnun—\/f)u|2d:z:dt < /]\/pnunlmnSM—\/ﬁu1|u|§M|2 dz dt
+2/|~ﬁpnun1un|2M|2dxdt
+2/|\/ﬁu1u|2M|2dxdt

It is obvious that \/pptinljy, < is bounded uniformly in L>(0,T; L*(9)),
so (34) gives the convergence of the first integral:

/|1/7pnun1un|§M — Vpulp<n |’ dzdt — 0. (35)

Finally, we write

1
2 2 2
/| ot 50| da dit < eSO /pnun In(1 + |un|?) dzdt  (36)
and

1

Putting together (35), (36) and (37), we deduce

C
. 2
hmsup/ ]\/pnun — \/IB’U/‘ dx dt S m

n—o0o

for all M > 0, and the lemma follows by taking M — oo.

Step 6: Convergence of the diffusion terms

Lemma 4.7 We have
h(pn)Vu, — h(p)Vu in D’

h(pn) Vu, — h(p)'Vu in D’

and
g(pn)divu, — g(p)divu in D’

19



Proof. Let ¢ be a test function, then

/h(pn)Vunngda;dt: —/h(pn)uanﬁdxdt—i—/uth(pn)(bdxdt

\/pn\/;Tnanbd dt+/\/ﬁn\/p7

n
Thanks to Lemma 4.5, we know that % is bounded in L>(0,T; L}, .(£2)).

Moreover, since h(pn)/\/p, < V+/Pn, this term converges almost everywhere
to h(p)/\/p (defined to be zero on the vacuum set). Therefore, it converges
strongly in L ((0,T) x Q); This is enough to prove the convergence of the
first term.

Next, we note that

Y pnth da dt

' (pn)
Pn

with ¢/(p) = 1'(p)//p = /p¢'(p). Since
[1vePds = [ i9eo) iz,

we have that V1) (p,) is bounded in L>(0, T, L?(£2)). Moreover, (13) yields

Vo = Vi(pn)

W (p) < Cp~/2/3 when p < 1

and so
(p) < Cp”’® when p < 1.

Therefore, an argument similar to the proof of Lemma 4.5 shows that 1 (py,)
is bounded in L>(0,T; LY (£2)). Since it converges almost everywhere (1) is
a continuous function), it converges strongly in L2 ((0,T) x Q). It follows
that

Vib(pn) = V() Li((0.T) x Q)-weals .

A similar argument holds for h(p,)*Vu, and g(p,)div u, using the fact that
9(p)] < Ch(p) and |¢'(p)| < CH'(p).

A  Proof of Lemma 3.1

In this appendix, we briefly recall the proof of the mathematical entropy of
Bresch and Desjardins (21). To that purpose, we have to evaluate

d (1 , 1 ) d/ 1
dt/[Q'gM +pu-Volp) + 5pVelp)l } dz + - po— 14 dz.
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Step 1: First of all, we recall the usual entropy equality:

d 1 1 .
a4 {Qmu\? ¥ HpV] do = [2n(p)ID@)do -~ [ g<p>rdwu|2c(z:8)

Step 2: Next, (5) gives
)2
/ 8t|v@ ‘ /‘ dlvpudaf
= —/qu :Vep(p) @ Ve(p )d:)c—i—/ o' (p)Ap(p)divudz

+ / p[V(p)]Adivu dz

and so

\V4 2
pn p'g(p)' de = —/pVU 1 Vo(p) @ Vo(p) dz
+ / p°' (p) Ap(p)divu da

—i—/p[VgD(p)]zdivudx (39)

Step 3: It remains to evaluate the derivative of the cross-product:
pu-Vo(p)dr = /Vso(p)-&s(pu) dw+/pu-8tvcp(p) dx
= /Vgp ) - Or(pu d{L‘—/dIV pu)p' (p)Op dx

— [ Velo)- autpu)do + [ (div (pu)?e (o) datao

dt

Multiplying (6) by Vio(p), we get:
[ Vet ai(pu) ds
- [ 2ho) + gD Ap(p)ivuds + 2 [ Tu: V(o) @ Vhip)da
9 / Vo (p) - Vh(p)divude — / Vo(p) - Vo da

- / Vi(p)div (pu ® u) dz,
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where we used the fact that

/v p)divu) - Vip(p) da = —/g(p)Acp(p)divudx

and

[ v 2h(o)Dw) - Titp) do
/a P)35u)di0(p d:c+/6 P)9hu) 0o (p) da
/a P)0;u)50(p d:c—i—/a )iy dup(p) d
_ / Dh(p) ;05 0(p) dir — / Druid; ()05 0(p) da

/8“2 9j¢(p

/8~h )0iu;0ip(p) da — /@ujaih(p)@itp(p) dx
/8 ujh(p)Osip(p
= Q/Vu : Vh(p) ® Vo(p) dz — 2/Vh(p) -V(p)divudz

-2 / h(p)Ap(p)divudz

Step 4: When ¢, h and g satisfies (8) and (22), then (39) and (40)

yields
d Vo(p)?
dt{/pu-vw(p)ﬂ)' Lp2(,0)| dw}+/V<p(p)-Vpdw

= —/Vgo(p)div (pu ® u) dx + /cp’(p)(div (pu))? dz.

Finally, we have
- / Ve(p)div (pu ® u) dz + / & (p)(div (pu))* do

= / —¢'(p)u - Vpdiv (pu) — ' (p)Vp(pu - Vu) + ¢ (p)(div pu)? da

— [ ¢ divudiv(pu) — o' () Vp(u- Vu) do
= / p*¢ (p)(divu)® + pg' (p)u - Vpdivu — pg' (p)Vp(u - Vu) da
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so using (22) and (8), we get
- / V(p) div (pu @ u) d + / ¢'(p)(div (pu))? da
— 2/ph'(p)(div w)? + V(h(p)) - udivu — V(h(p))(u - Vu) dz
= 2/ph’(p)(div u)? — h(p)(divu)® — h(p)u - Vdivu dx

+2 / h(p)0su;0ju; + h(p)u - Vdivudx

(2ph" — 2h)(div u)? + 2h(p)Osu;0ju; dx

/
/

g(p) (divu)? dz + /Qh(p)ﬁjui(‘)iuj dx

which yields

;t{/pu-vso(p) +pw2(p)|2 dx} +/Vso(p)-vp” dx
:/g(p)(divu)2 dm+/2h(p)8ju1-8iuj dzx.

Adding this equality and (38), and using the fact that

/zh(p)p(u)\de— /zh(p)ajuiaiuj du = /2h(p) <W>2

we easily get (21).

B Proof of Lemma 4.5
We shall only prove the result for h(py,)/\/pn. Using the fact that
9(p)| < Ch(p), and |g/(p)| < CR(p) for all p,

a similar proof follows for g(pn)/\/Pn
Note that In view of (13), we have

MSCp” if p <1,

0
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h(pn)
Vpn
depending on the dimension.

When N = 2, the fact that \/p, is bounded in L>(0,T; H'(f2)) and
Sobolev’s inequalities implies that p,, is bounded in L*°(0,7; LP(£2)) for all
p € [1,00[. Moreover, in view of (13), we have

so we only need to control for large p,,. This will be achieved differently

Me) _ [ Co itp=1
N/ ifp<1
So there exists g > 1 such that h(p,)/+/pn is bounded in L*°(0,T; L1())

for all ¢ > qo. In particular, h(p,)/\/pn is bounded in L*°(0,T; LP(K)) for
all p € [1, 00[ for any compact set K.

When N = 3, we note that

h(p) / h(p)
v(22) - 2w ) E - 5 e

and since conditions (8) and (11) yields

39(p) + h(p) _ v
3 3

W (p)p=g(p) + hip) >

we have

v (2) 1< cwinvyal

So inequality (23) yields

h(pn)>
oo . <C 41
Hv<\/p7 Lo (0,1322 () < (41)

When € = R3, Sobolev’s inequalities implies that h(py)//pn is bounded in
L>(0,T; L5(2)). When Q is a subset of R?, we note that (13) gives

Wp) _ [ Cplow3v it p>1
ﬁ = Cp1/6+V/3 ifp<1

So there exists a constant s < 1 such that

<(h\(/f)in)>s — 1>+ € L>(0,T; L*(Q))
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Moreover

h(pn) ’
'V(\/%) 1h(Pn)/\/P721

) ()
‘v h € L™(0,T; L*()),

n)
(%

using the fact that s —1 < 0. It follows that (h(pn)/\/pn)*1p,>1 is bounded
in L>°(0,7; H*()) which in turn gives

h(pn) o 0 .72
< \/p7n) 1pn21 cL <O,T,L (Q)),

for all s; € (s,3s). As long as 3s < 1, we can repeat this argument with 3s
instead of s. Eventually, this will lead to

h(pn) 00 .72
( N > 1p,>1 €L (0,75 L7(£2)),

which, together with (41) implies that (h(pn)/\/pn)lp,>1 is bounded in
L>=(0,T; L5(9)).

References

[BD02] Didier Bresch and Benoit Desjardins. Sur un modele de Saint-
Venant visqueux et sa limite quasi-géostrophique. C. R. Math.
Acad. Sci. Paris, 335(12):1079-1084, 2002.

[BD03] Didier Bresch and Benoit Desjardins. Existence of global weak
solutions for a 2D viscous shallow water equations and convergence
to the quasi-geostrophic model. Comm. Math. Phys., 238(1-2):211-
223, 2003.

[BD04] Didier Bresch and Benoit Desjardins. Some diffusive capillary
models of korteweg type. C. R. Math. Acad. Sci. Paris, Section
Mécanique, 332(11):881-886, 2004.

[BD05] Didier Bresch and Benoit Desjardins. On the existence of global
weak solutions to the Navier-Stokes equations for viscous com-
pressible and heat conducting fluids. Preprint, Decembre 2005.

25



[BDLO3]

[Dub65]

[Fei02]

[Fei04]

[FNPO1]

[Hof87]

[Hof95a]

[Hof95b]

[J703]

[KST77]

[Lio69]

Didier Bresch, Benoit Desjardins, and Chi-Kun Lin. On some com-
pressible fluid models: Korteweg, lubrication, and shallow water
systems. Comm. Partial Differential Equations, 28(3-4):843-868,
2003.

Ju. A. Dubinskii. Weak convergence for nonlinear elliptic and
parabolic equations. Mat. Sb. (N.S.), 67 (109):609-642, 1965.

Eduard Feireisl. Compressible Navier-Stokes equations with a non-
monotone pressure law. J. Differential Equations, 184(1):97-108,
2002.

Eduard Feireisl. On the motion of a viscous, compressible, and
heat conducting fluid. Indiana Univ. Math. J., 53(6):1705-1738,
2004.

Eduard Feireisl, Antonin Novotny, and Hana Petzeltovd. On the
existence of globally defined weak solutions to the Navier-Stokes
equations. J. Math. Fluid Mech., 3(4):358-392, 2001.

David Hoff. Global existence for 1D, compressible, isentropic
Navier-Stokes equations with large initial data. Trans. Amer.
Math. Soc., 303(1):169-181, 1987.

David Hoff. Global solutions of the Navier-Stokes equations for
multidimensional compressible flow with discontinuous initial data.
J. Differential Equations, 120(1):215-254, 1995.

David Hoff. Strong convergence to global solutions for multidimen-
sional flows of compressible, viscous fluids with polytropic equa-
tions of state and discontinuous initial data. Arch. Rational Mech.
Anal., 132(1):1-14, 1995.

Song Jiang and Ping Zhang. Axisymmetric solutions of the 3D
Navier-Stokes equations for compressible isentropic fluids. J. Math.
Pures Appl. (9), 82(8):949-973, 2003.

A. V. Kazhikhov and V. V. Shelukhin. Unique global solu-
tion with respect to time of initial-boundary value problems for

one-dimensional equations of a viscous gas. Prikl. Mat. Meh.,
41(2):282-291, 1977.

J.-L. Lions. Quelques méthodes de résolution des problémes auz
limites non linéaires. Dunod, 1969.

26



[Lio9g)]

[LL59)

[MN79]

[Ser86]

[VK95]

Pierre-Louis Lions. Mathematical topics in fluid mechanics. Vol. 2,
volume 10 of Ozford Lecture Series in Mathematics and its Appli-
cations. The Clarendon Press Oxford University Press, New York,
1998. Compressible models, Oxford Science Publications.

L. D. Landau and E. M. Lifshitz. Fluid mechanics. Translated from
the Russian by J. B. Sykes and W. H. Reid. Course of Theoretical
Physics, Vol. 6. Pergamon Press, London, 1959.

Akitaka Matsumura and Takaaki Nishida. The initial value prob-
lem for the equations of motion of compressible viscous and heat-
conductive fluids. Proc. Japan Acad. Ser. A Math. Sci., 55(9):337—
342, 1979.

Denis Serre. Solutions faibles globales des équations de Navier-
Stokes pour un fluide compressible. C. R. Acad. Sci. Paris Sér. 1
Math., 303(13):639-642, 1986.

V. A. Vaigant and A. V. Kazhikhov. On the existence of global so-
lutions of two-dimensional Navier-Stokes equations of a compress-
ible viscous fluid. Sibirsk. Mat. Zh., 36(6):1283-1316, ii, 1995.

27



