EXISTENCE AND UNIQUENESS OF GLOBAL STRONG
SOLUTIONS FOR ONE-DIMENSIONAL COMPRESSIBLE
NAVIER-STOKES EQUATIONS*

AMELLET T AND A.VASSEUR!

Abstract. We consider Navier-Stokes equations for compressible viscous fluids in one dimension.
It is a well known fact that if the initial datum are smooth and the initial density is bounded by
below by a positive constant, then a strong solution exists locally in time. In this paper, we show that
under the same hypothesis, the density remains bounded by below by a positive constant uniformly
in time, and that strong solutions therefore exist globally in time. Moreover, while most existence
results are obtained for positive viscosity coefficients, the present result holds even if the viscosity
coefficient vanishes with the density. Finally, we prove that the solution is unique in the class of weak
solutions satisfying the usual entropy inequality. The key point of the paper is a new entropy-like
inequality introduced by Bresch and Desjardins for the shallow water system of equations. This
inequality gives additional regularity for the density (provided such regularity exists at initial time).
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1. Introduction. This paper is devoted to the existence of global strong solu-
tions of the following Navier-Stokes equations for compressible isentropic flow:

pe+ (pu)z =0 (1.1)
(pu)e + (pu?)s + ()2 = (1(p) Uz)e, (z,t) € R x R,

with possibly degenerate viscosity coefficient.

Throughout the paper, we will assume that the pressure p(p) obeys a gamma type
law

plp)=p",  v>1, (1.3)
(though more general pressure laws could be taken into account).

The viscosity coefficient u(p) is often assumed to be a positive constant. However,
it is well known that the viscosity of a gas depends on the temperature, and thus on
the density (in the isentropic case). For example, the Chapman-Enskog viscosity law
for hard sphere molecules predicts that u(p) is proportional to the square root of
the temperature (see [CC70]). In the case of monoatomic gas (v = 5/3), this leads
to p(p) = p*/3. More generally, u(p) is expected to vanish as a power of the p on
the vacuum. In this paper, we consider degenerate viscosity coefficients that vanish
for p = 0 at most like p* for some o < 1/2. In particular, the cases u(p) = v and
w(p) = vp'/? (with v positive constant) are included in our result (see conditions
(2.3)-(2.4) for details).

One-dimensional Navier-Stokes equations have been studied by many authors
when the viscosity coefficient u is a positive constant. The existence of weak solutions
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was first established by A. Kazhikhov and V. Shelukhin [KS77] for smooth enough data
close to the equilibrium (bounded away from zero). The case of discontinuous data
(still bounded away from zero) was addressed by V. Shelukhin [She82, She83, She84]
and then by D. Serre [Ser86a, Ser86b] and D. Hoff [Hof87]. First results concerning
vanishing intial density were also obtained by V. Shelukhin [She86]. In [Hof98], D.
Hoff proved the existence of global weak solutions with large discontinuous initial data,
possibly having different limits at x = +00. He proved moreover that the constructed
solutions have strictly positive densities (vacuum states cannot form in finite time).
In dimension greater than two, similar results were obtained by A. Matsumura and
T. Nishida [MN79] for smooth data and D. Hoff [Hof95] for discontinuous data close
to the equilibrium. The first global existence result for initial density that are allowed
to vanish was due to P.-L. Lions (see [Lio98]). The result was later improved by E.
Feireisl et al. ([FNPO01] and [Fei04]).

Another question is that of the regularity and uniqueness of the solutions. This
problem was first analyzed by V. Solonnikov [Sol76] for smooth initial data and for
small time. However, the regularity may blow-up as the solution gets close to vacuum.
This leads to another interesting question of whether vacuum may arise in finite time.
D. Hoff and J. Smoller ([HS01]) show that any weak solution of the Navier-Stokes
equations in one space dimension do not exhibit vacuum states, provided that no
vacuum states are present initially. More precisely, they showed that if the initial
data satisfies

/Epo(x) dz >0

for all open subsets E C R, then

/ p(x,t)dz >0
B

for every open subset F C R and for every t € [0, T].

The main theorem of this paper states that the strong solutions constructed by V.
Solonnikov in [Sol76] remain bounded away from zero uniformly in time (i.e. vacuum
never arises) and are thus defined globally in time. This result can be seen as the
equivalent of the result of D. Hoff in [Hof95] for strong solutions instead of weak solu-
tions. Another interest of this paper is the fact that unlike all the references mentioned
above, the result presented here is valid with degenerate viscosity coefficients.

Note that compressible Navier-Stokes equations with degenerate viscosity coeffi-
cients have been studied before (see for example [LXY98], [OMNMO02], [YYZ01] and
[YZ02]). All those papers, however, are devoted to the case of compactly supported
initial data and to the description of the evolution of the free boundary. We are
interested here in the opposite situation in which vacuum never arises.

The new tool that allows us to obtain those results is an entropy inequality that
was derived by D. Bresch and B. Desjardins in [BD02] for the multi-dimensional
Korteweg system of equations (which corresponds to the case u(p) = p and with an
additional capillary term) and later generalized by the same authors (see [BD04]) to
include other density-dependent viscosity coefficients. In the one dimensional case,
a similar inequality was introduced earlier by V. A. Vaigant [Vai90] for flows with
constant viscosity (see also V. V. Shelukhin [She98]).
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The main interest of this inequality is to provide further regularity for the density.
When u(p) = p, for instance, it implies that the gradient of ,/p remains bounded for
all time provided it was bounded at time ¢ = 0. This has very interesting conse-
quences for many hydrodynamic equations. In [She98], V. V. Shelukhin establishes
the existence of a unique weak solution for one dimensional flows with constant vis-
cosity coefficient. In higher dimension, D. Bresch, B. Desjardin and C.K. Lin use
this inequality to establish the stability of weak solutions for the Korteweg system
of equations in [BDL03|] and for the compressible Navier-Stokes equations with an
additional quadratic friction term in [BD03]. In [MV06], we establish the stability of
weak solutions for the compressible isentropic Navier-Stokes equations in dimension
2 and 3 (without any additional terms). We also refer to [BD05] for recent develop-
ments concerning the full system of compressible Navier-Stokes equations (for heat
conducting fluids).

At this point, we want to stress out the fact that in dimension 2 and higher,
this inequality holds only when the two viscosity coefficients satisfy a relation that
considerably restricts the range of admissible coefficients (and in particular implies
that one must have (0) = 0). This necessary condition disappear in dimension 1,
as the two viscosity coeflicients become one (the derivation of the inequality is also
much simpler in one dimension).

Another particularity of the dimension 1, is that the inequality gives control on
some negative powers of the density (this is not true in higher dimensions). This will
allow us to show that vacuum cannot arise if it was not present at time ¢ = 0.

Finally, we point out that the present result is very different from that of [MV06]
where the density was allowed to vanish (and the difficulty was to control the velocity
u on the vacuum). Naturally, a result similar to that of [MV06] holds in dimension
one, though it is not the topic of this paper.

Our main result is made precise in the next section. Section 3 is devoted to
the derivation of the fundamental entropy inequalities and a priori estimates. The
existence part of Theorem 2.1 is proved in Section 4. The uniqueness is addressed in
Section 5.

2. The result. Following D. Hoff in [Hof98], we work with positive initial data
having (possibly different) positive limits at @ = +oo: We fix constant velocities .
and u_ and constant positive density p4 > 0 and p_ > 0, and we let @(z) and p(x)
be two smooth monotone functions satisfying

p(x) =py when +z>1, p(x)>0 VoeR, (2.1)
and
u(x) =uy when a2 >1. (2.2)

We recall that the pressure satisfies p(p) = p” for some v > 1 and we assume that
there exists a constant v > 0 such that the viscosity coefficient u(p) satisfies

wip) > vp® Vp <1 for some a € [0,1/2),

nip) = v Vp > 1, (2:3)

and

w(p) < C+ Cp(p) Vp > 0. (2.4)
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Note that (2.4) is only a restriction on the growth of u for large p. Examples of
admissible viscosity coefficients include u(p) = v and u(p) = p'/3.

Our main theorem is the following:
THEOREM 2.1. Assume that the initial data po(x) and uo(x) satisfy
0 < Ky < po(r) < Fo < 00,
po—p € HR), (25
Uy — U € Hl(R),
for some constants K, and Ro. Assume also that u(p) verifies (2.3) and (2.4). Then
there exists a global strong solution (p,u) of (1.1)-(1.2)-(1.8) on RT x R such that for
every T' > 0:
u—1u¢€ L>®0,T; HY(R)) N L*(0,T; H*(R)).
Moreover, for every T > 0, there exist constants k(T') and ®(T) such that
0 < k(T) < p(x,t) <E(T) < 0 Y(t,z) € (0,T) x R.

Finally, if n(p) > v > 0 for all p > 0, if p is uniformly Lipschitz and if v > 2 then this
solution is unique in the class of weak solutions satisfying the usual entropy inequality

(3.7).
Note that he assumption (2.5) on the initial data implies, in particular that the
initial entropy (or relative entropy) is finite.

When the viscosity coeflicient u(p) satisfies
o) =v>0  Vp>0, (2.6)

the existence of a smooth solution for small time is a well-known result. More precisely,
we have:

PROPOSITION 2.2 ([Sol76]). Let (po,uo) satisfy (2.5) and assume that p satisfies
(2.6), then there exists To > 0 depending on kg, Ro, ||po — pllgr and ||ug —T|| g1 such
that (1.1)-(1.2)-(1.3) has a unique solution (p,u) on (0,To) satisfying

p—pe€L>0,Ti,H (R), dip € L*((0,T1) x R),

u—7ue L*(0,T; H*(R)), e L*((0,T1) x R)
for all Ty < Ty.
Moreover, there exist some k(t) > 0 and ®(t) < oo such that £(t) < p(z,t) < R(t) for
all t € (0,Tp).

In view of this proposition, we see that if we introduce a truncated viscosity
coefficient p,(p):

pn(p) = max(u(p), 1/n),

then there exist approximated solutions (p,,u,) defined for small time (0,7,) (To
possibly depending on n). To prove Theorem 2.1, we only have to show that (p,, u,)
satisfies the following bounds uniformly with respect to n and T large:

K(T) < pp <R(T) Vte|0,T],
pn —p € L>®(0,T; H (R)),
u, —u € L>®(0,T; H'(R)).

In the next section, we derive the entropy inequalites that will be used to obtain
the necessary bounds on p,, and u,,.
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3. Entropy inequalities. In its conservative form, (1.1)-(1.2)-(1.3) can be writ-
ten as

0U + 0,[A(U)]

with the state vector

and the flux
" m
A(U) = [ p } = | m2

It is well known that

u? 1 m?2 1
HU) = p— =
(U) Pyt P 2 "1

P,

is an entropy for the system of equations (1.1)-(1.2)-(1.3). More precisely, if (p,u) is
a smooth solution, then we have

A (U) + 0, [F(U) = plp)uny] + p(p)ul = 0 (3.1)

with
2

u
F(U) = pu—
(U) e

up”.

In particular, integrating (3.1) with respect to x, we immediately see that

i/ “—QJFL7 dx+/ (p)|uz)? dz <0 (3.2)
N I el <0. .

However, since we are looking for solutions p(z,t) and u(x,t) that converges to
p+ and vy at £oo, we do not expect the entropy to be integrable. It is thus natural
to work with the relative entropy instead of the entropy.

The relative entropy is defined for any functions U and U by

AUNU) = #U) - #U) - D (U)U - U)
= p(u—@)* + p(plp),
where p(p|p) is the relative entropy associated to ﬁ pY:

1 1 ¥
=\ v 57—
p(plp) pomns Vo Ui

7 p—p).

Note that, since p is strictly convex, p(p|p) is nonnegative for every p and p(p|p) =0
if and only if p = p.
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We recall that p(z) and u(x) are smooth functions satisfying (2.1) and (2.2), and

we denote
7= [ 1 } .
Pl

It is easy to check that there exists a positive constant C' (depending on inf5) such
that for every p and for every z € R, we have

p+p" <Cl+pllp)l, (3:3)
lim iglfp(pm) >C . (3.4)
p—

The first inequality we will use in the proof of Theorem 2.1 is the usual relative
entropy inequality for compressible Navier-Stokes equations:

LEMMA 3.1. Let p, u be a solution of (1.1)-(1.2)-(1.8) satisfying the entropy
inequality

0 (U) + 05 [F(U) = p(p)uus] + p(p)|ual® <0, (3.5)

Assume that the initial data (po,up) satisfies

L4%W%WMIAjm@m;m2+me4dz<+W- (3.6)

Then, for every T > 0, there exists a positive constant C(T') such that

sup/ [p(u—u) p|p} dx—i—/ / p)|ug|? dx dt < C(T). (3.7)

[0,T] JR

The constant C(T) depends only on T > 0, U, the initial value Uy, v, and on the
constant C' appearing in (2.4).

Note that when both p and pg are bounded above and below away from zero, it
is easy to check that

p(polp) < Clpo —p)?
and thus (3.6) holds under the assumptions of Theorem 2.1.

Proof of Lemma 3.1. First, we have (by a classical but tedious computation, see
[Daf79]):

HU[T) = [0:/U) + 0, (F(U) = plp)udyu)] — 0,7/(D)
—0,[F(U) — p(p)udy] + 0, [DF(T)(U = T)]
—D22(T)[0,T + 0, A(D)|(U — 1)
—DAT)[DU + 9, AU))]
+DA# (T[0T + 0, A(T)]
+D# (U)o, [AUU)],
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where the relative flux is defined by

A(U|U) = A(U) — A(U) — DAU) - (U - D)
0
p(u—=1)*+ (v = 1p(plp)

Since U is a solution of (1.1)-(1.2)-(1.3) and satisfies the entropy inequality, and
using the fact that U = (p, pu) satisfies (2.1) and (2.2) (and in particular 9,U = 0),
we deduce

8 A (UNU) < —p(p)|0pul®

—0:[F(U) = p(p)uva] + 0, [DF(U)(U - V)],

where DQ;%(U) = u. We now integrate with respect to = € R, using the fact that
supp (9,U) € [-1,1], and we get

G [ [ upor
<_ / DO 0, AT (U - T) de
1
—l—/_l((“)xﬂ)u(p)amudm
_ / 0. O AU T de
_ / 0, DA (O AT de
Writing

1 1 1 1
] | @anoouds) < ol [ toydat g [ uio)ionuP i,

it follows that there exists a constant C' depending on ||U]||yy1.~ such that
d — 1 2
T A (UIU) dx + 5 1(p) |0z ul
R R
1 - 1 -
< c+c/ |U—U|da;+0/ \A(U[T)| d
-1 —1

1
+C/71 w(p) de. (3.8)

To conclude, we need to show that the right hand side can be controlled by
A (U|U). First, we note that

|A(UIU)| < max(1, (v - 1)) (U|U),
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and that (3.3) and (2.4) yield

/ (o) de < C'+ / p(plp) d. (3.9)

Next, using (3.3) we get:

1 1 1 1
[ w-Tlar< [ p-plde+ [ plu-alde+ [ fato-7)lde
-1 —1 -1 -1

<c/ (4 p(plp) da

+ (/_llpdx>1/2 (/_11 p(u—u)de)

<c / (1+ p(plp)) do

+(/f 11<1 +plpip))d - (/ 11 AT ds

1
gc/ H(UT) de + C.

1/2

1/2

So (3.8) becomes

1
i/%(mm dm+1/u(,0)\3zu|2 gc+c/ (U [T)| da,
dt Jr 2 Jr ~1

and Gronwall’s lemma gives Lemma 3.1.
For further reference, we note that this also implies

%/Ryf(mﬁ) dr<C(T). O (3.10)

Unfortunately, it is a well-known fact that the estimates provided by Lemma 3.1
are not enough to prove the stability of the solutions of (1.1)-(1.2)-(1.3). The key tool
of this paper is thus the following lemma:

LEMMA 3.2. Assume that p(p) is a C? function, and let (p,u) be a solution of
(1.1)-(1.2)-(1.3) such that

u—u € L*((0,T); H*(R)), p—pe€ L=((0,T);H'(R)), 0<m<p<M. (3.11)

Then there exists C(T') such that the following inequality holds:

sup [ [ 3ol = )+ 0,000 + (o) o

[0,T]
T
[ [otelopondsa <o), (312
with ¢ such that
¢'(p) = u(g). (3.13)
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The constant C(T) depends only on T > 0, (p, @), the initial value Uy, v, and on the
constant C' appearing in (2.4).

Since the viscosity coefficient p(p) is non-negative, (3.13) implies that (p) is
increasing. The lemma thus implies that

[Soug/ Bp{(u — ) + 0:((p))|” + plplp) | dx < C(T),

which, together with Lemma 3.1, yields

/A0 (o)l 011206 = 2l1l0) (67 /)a L= 0,7:220)) < C(T).

This inequality will be the corner stone of the proof of Theorem 2.1 which is detailed
in the next section.

As mentioned in the introduction, Lemma 3.2 relies on a new mathematical en-
tropy inequality that was first derived by Bresch and Desjardins in [BD02] and [BD04]
in dimension 2 and higher. Of course, the computations are much simpler in dimension
1.

We stress out the fact that it is important to know exactly what regularity is
needed on p and u to establish this inequality. Indeed, unlike inequality (3.7) which
is quite classical, there is no obvious way to regularize the system of equations (1.1)-
(1.2)-(1.3) while preserving the structure necessary to derive (3.12). Fortunately, it
turns out that (3.11), which is the natural regularity for strong solutions, is enough
to justify the computations, as we will see in the proof.

Proof. We have to show that

i [ 3ot ot = molo)s + Sotol2] ao+ 5 [ ololp)as
is bounded

Step 1. From the proof of the previous lemma (see (3.10)), we already know that:

d 1 9 d _

= [ 1Zplu— - < . .

o / [2p|u al ] do + - /p(p|p) dx < C(T) (3.14)
Step 2. Next we show that:

2
%/ P % dz = — / p°&' () ((P)) st d

- @000+ P Do (PDuade. (335)

This follows straightforwardly from (1.1) when the second derivatives of the density
are bounded in L?((0,7) x R). In that case, it is worth mentionning that the right
hand side can be rewritten as

/ 26 (D) ((0)) st d.

However, we do not have any bounds on p,,. It is thus important to justify the
derivation of (3.15):
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First, we point out that (3.15) makes sense when (p,u) satisfies only (3.11)
(we recall that since p and u are constant outide (—1,1), (3.11) implies that p, €
L>((0,T); L?>(R)) and u, € L?((0,T); H*(R))). Moreover, we note that the compu-
tation only makes use of the continuity equation. The rigorous derivation of (3.15)
(under assumption (3.11)) can thus be achieved by carefully regularizing the continu-
ity equation. The details are presented in the appendix (see Lemma A.1).

Step 3. Next, we evaluate the derivative of the cross-product:

G [ ptu-mou(eto) ds

— [ autelpnoptu—wydo+ [ plu - w00, (e(p) da

— [ auelpNoptu—w)do ~ [(pu =g (p)oupds.  (316)
Multiplying (1.2) by d.¢(p), we get:

/8 0))0:(p(u — ) dx—/@ 0))0:(pu d:r:—/@ p))(Op)u dx
— [Oup) ds

/3 pY)dx
- / 0 (2(p)) 0 (pu?) e

+ / ¢’ (p)(pu) e paTi da.

The continuity equation easily yields:

/(p(u — 1)) (p)Orpdr = — /((pU)m)Qw’(p) dr + /(pﬂ)x(pu)w’(p) dz.

Note that those equalities hold as soon as p and u satisfy (3.11).
Step 4. If ¢ and p satisty (3.13) then we have

/ (0(0)e (o )1ta)s d = / 0! (0)(@(9)) st i

/ 2o (p) + P*¢" () P2 (0(p)) 2t dz,

0 (3.15) and (3.16) yields
[ ot wousto + 2 s+ [onpi)0.7) o
- [outelononton?) o+ [((p. o' (o) da
+ / (pu)e' (p)[paT — (p0)) dae
=[S Oplo)e + (e de — [ (o) i
= / P2 (p)u de — / (pu)o' (p) pli dez,



COMPRESSIBLE NAVIER-STOKES EQUATION 11

and using (3.13), we deduce

i{/p(u—u)ax@(p)ww dw} +/8x<p(p)3

= [utowr o~ [wpuds— [ po.e@)umids. (317

Moreover, since 4, has support in (—1,1) and using the bounds given by Lemma 3.1
and inequality (3.9), it is readily seen that the right hand side in this equality is
bounded by:

1 1
C’/ ()|uz|2d:c+0/ (p)da:+C/p|81go(p)|2dx+C/ puzdx
1 —
<C [upusP do+C [ pop)do+C [ plu1)+ 0.0(0) do -+ C().

Putting (3.17) and (3.14) together, we deduce

d
= { p|(u—1) + 9x( } +pp|p}dx+/3 0))0:(p") dz

<c [ u |uw|2dx+c/[ pltu =)+ 0up) + i) | do + (),

Finally, using the bounds on the viscosity from Lemma 3.1 and Gronwall’s inequality
we easily deduce (3.12). O

4. Proof of Theorem 2.1. In this section, we prove the existence part of The-
orem 2.1.

The proof relies on the following proposition:

PROPOSITION 4.1. Assume that the viscosity coefficient u satisfies (2.3)-(2.4) and
consider initial data (po,uo) satisfying (2.5). Then for oll T > 0, there exist some
constants C(T), k(T) and R(T') such that for any strong solution (p, u) of (1.1)-(1.2)-
(1.8) with initial data (po,uo), defined on (0,T) and satisfying

p_peLoo(OaTaHl(R))7 6tp€L2((07T) XR)a
u—7mue L*(0,T;H*(R)),  Owe L*((0,T) x R),
with p and p~' bounded, the following bounds hold
0< x(T) < p(t) < ®(T) ¥te[0,T],
o —PllLe 0,111 ) < C(T),
v =@l Loe 0,111 (R)) < C(T).

Moreover the constants C(T'), k(T) and ®(T) depend on p only through the constant
C arising in (2.3) and (2.4).

Proof of Theorem 2.1. We define p,,(p) to be the following positive approximation
of the viscosity coefficient:

fin(s) = max(u(s), 1/n).
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Notice that p, verifies
< < 1

In particular p, satisfies (2.3) and (2.4) with some constants that are independent on
n.
Next, for all n > 0, we let (py,,, u,) be the strong solution of (1.1)-(1.2)-(1.3) with

M= Hn:

pe+ (pu)s =0
(pu)e + (pu2)x +p(p)z = (Hn(p) Uz)z-

This solution exists at least for small time (0, Tp) thanks to Proposition 2.2 (note that
To may depend on n). Proposition 4.1 then implies that for all T > 0 there exists
C(T), ’R(T'), and s(T') > 0, independent on n, such that

K(T) < pu(t) <R(T) Vte|0,T],
lon — Bl Loe (0,131 (m)) < C(T),
|t —Tl| Loo (0,711 (R)) < C(T).

In particular we can take Top = oo in Proposition 2.2 (for all n). Moreover, since
the bound from below for the density is uniform in n for any 7" > 0, by taking n
large enough (namely n > 1/k(T)), it is readily seen that (p,,u,) is a solution of
(1.1)-(1.2)-(1.3) on [0,T] with the non-truncated viscosity coefficient u(p). From the
uniqueness of the solution of Proposition 2.2, we see that, passing to the limit in n,
we get the desired global solution of (1.1)-(1.2)-(1.3). O

The rest of this section is thus devoted to the proof of Proposition 4.1. First, we
will show that p is bounded from above and from below uniformly by some positive
constants. Then we will investigate the regularity of the velocity by some standard
arguments for parabolic equations.

4.1. A priori estimates. Since the initial datum (pg, ug) satisfies (2.5), we have

/ pouo — W2 dz < 0o and / Pol0s (2(p0)) 2 dix < +o0.
Q

Moreover, (p, u) satisfies (3.11), so we can use the inequalities stated in Lemmas 3.1
and 3.2. We deduce the following estimates, which we shall use throughout the proof
of Proposition (4.1):

[[vp(u = )| 0,1);22(02)) < C(T),
1ol Lo 0,150 AL () < C(T),
)

_ loc loc (4'1)
o= Dll Lo 0,1:21 (2)) < C(T),
IV 1(p) (Wl L2(0.1:22(0)) < C(T)
and
|\M(P)ax(/flﬂ)\|L°o(o,T;L2(Q)) < C(T), (4.2)

1R, H(P)az(07/271/2)||L2(0,T;L2(Q)) < (D).
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4.2. Uniform bounds for the density.. The first proposition shows that no
vacuum states can arise:
PROPOSITION 4.2. For every T > 0, there exists a constant k(T) > 0 such that

pla,t) > k(T) V(z,t) € R x [0,T].

The proof of this proposition will follow from two lemmas. First we have:
LEMMA 4.3. For every T > 0, There exists 6 > 0 and R(T) such that for every
xo € R and tg > 0, there exists x1 € [xg — R(T),x0 + R(T)] with

,0(’151, to) > 0.
This nice result can be found in [Hof98]. We give a proof of it for the sake of

completeness.
Proof. Let 6 > 0 be such that

p(plp) = Vp <4

C—l
2
(such a 0 exists thanks to (3.4)). Then, if

sup  p(x,to) <4
z€[zog—R,zo+R]

we have
/ pplp)dz > C~'R

and since the integral in the left hand side is bounded by a constant (see Lemma 3.1),
a suitable choice of R leads to a contradiction. O
LEMMA 4.4. Let

w(z,t) =inf(p(x,t),1) =1 — (1 — p(z,t))+.
Then there exists € > 0 and a constant C(T) such that

[|0zw ™| oo (0,1522(R)) < C(T).

Proof. We have
89511} = 8$p1{p§1}.
In particular (4.2) gives

p(w)
||wa||L°°(O7T;L2(Q)) <C

so using (2.3) we deduce:

w320, w|| oo (0,7 22(02)) = [|02w™ ™ 2| oo (0. 152202 < C,
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and the result follows with e =1/2 —a > 0. O

Proof of Proposition 4.2. Together with Sobolev-Poincaré inequality, Lemma 4.3
and 4.4 yield that w—¢ is bounded in L*>°((0,7) x R):

w”(x,t) < C(T) V(x,t) € R x (0,T).
This yields Proposition 4.2 with x(T) = C(T)~"/*.0

Next, we find a bound for the density in L*°:
PROPOSITION 4.5. For every T > 0, there exist a constant ®(T) such that
plx,t) <R(T) V(x,t) € R x (0,7T).

Proof. Let s = (y—1)/2, then (3.12) with (2.3) and (3.13) yields 9,(p°) bounded
in L2((0,T) x R). Moreover, for every compact subset K of R, we have

[ 1ousida = [ 1o opldo
1/2 1 1/2
< ( / pl“sdx) ( / 3(8x/))2d17>
K K P

1/2 1/2
< ( / P dw) ( / p¢' (p)?(92p)* dx)
K K
and so using (3.3) we get

[ 1orlae < (1k1+ [ p<p|p>dx>l/2 (f pw’(pf(axp)?d:c)l/?.

p® < 14p7

Since

we deduce that

p* is bounded in L*(0,T; Wi (R)),

loc

and the W11 (K) norm of p*(t,-) only depends on |K|. Sobolev imbedding thus yields
Proposition 4.5. O

PROPOSITION 4.6. There exists a constant C(T') such that
lo(@,t) = p(@) || Lo (0,131 (R)) < C(T).

Proof. Proposition 4.5 yields

/(5}/))2 de <> / %(895;))2 dz

—3 P / 2 2 r
< [ (0 ) 0up)d
VES
/ p(020(p))? da

~ inf (1, k2®)
< C(T).

And the result follows. O
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4.3. Uniform bounds for the velocity. PROPOSITION 4.7. There exists a
constant C(T) such that

lu =l 20,12 (m)) < C(T)
and

l0sull 20,7522 (R)) < C(T).

In particular, u —u € C°(0,T; H' (R)).
Proof. First, we show that u —u is bounded in L?(0,T; H*(R)). Since p > x > 0,
and using (2.3), it is readily seen that there exists a constant v’ > 0 such that

@) =0 V1) € Rx[0,T),

and so (3.7) gives
dru is bounded in L*((0,T) x R)

and

u — @ is bounded in L>(0,T; L*(R)).
Therefore u — @ is bounded in L?(0,T; H'(R)).

Note that this implies that d;p is bounded in L?((0,T)xR). Since p—p is bounded
in L°°(0,T; H'), it follows (see [Ama00] for example) that
p€C((0,T) x R)

for some sg € (0,1).

Next, we rewrite (1.2) as follows:
o (M0, = s+ @)~ - (43

where we recall that ¢, which is defined by ¢'(p) = u(p)/p?, is the function arising in
the new entropy inequality (see Lemma 3.2).

In order to deduce some bounds on u, we need to control the right hand side of
(4.3). The first term, p?~2p,, is bounded in L>°(0,T; L?*(R)) (thanks to Proposition
4.6). The second term is bounded in L?((0,T) x R) since @ is in L>. For the last
part, we write (using Holder inequality and interpolation inequality):

11(0z((p)) — (U*U)UmHB(OTLW(]R))
< 0:(p(p)) — (u — )| Lo (0,7522®R)) | [ W] | L2(0,7;L4(R))
_ 2/3 1/3
< 1102(9(p)) = (w = W) 0w )l 75 12y |1t [ atg a2y
1/3
< Ollus [},

L2(0,T5W 1473 (R))

(here we make use of (3.12) and Proposition 4.2). So regularity results for parabolic
equation of the form (4.3) (note that the diffusion coefficient is in C*°((0,T) x R))
yield

1/3
||U:L’HL2(O,T;WL4/3(R)) < OHUIHL/Q(O’T;WlA/ii(]R)) +C,
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and so
[uall L2 0,mw10/3m)) < C.
Using Sobolev inequalities, it follows that w, is bounded in L?(0,T; L>°(R)).

Finally, we can now see that the right hand side in (4.3) is bounded in L?(0, T'; L*(R)),
and classical regularity results for parabolic equations give

u — T is bounded in L*(0,T; H*(R))
and
dyu is bounded in L?(0,T; L*(R)),
which concludes the proof. O

It is now readily seen that Proposition 4.1 follows from Propositions 4.2, 4.5, 4.6
and 4.7.

5. Uniqueness. In this last section, we establish the uniqueness of the global
strong solution in a large class of weak solutions satisfying the usual entropy inequality.
This result can be rewritten as follows:

PROPOSITION 5.1. Assume that

w(p) >v >0 forallp>0,
and that there exists a constant C such that

lu(p) — n(p)| < Clp—pl  for all p, p > 0.

Assume moreover that v > 2, and let (p,u) be the solution of (1.1)-(1.2)-(1.3) given
by Theorem 2.1.

If (p, @) is a weak solution of (1.1)-(1.2)-(1.8) with initial data (po,ug) and sat-
isfying the entropy inequality (3.5) and relative entropy bound (3.7), and if

L (= pe) =0, lim (@ - us) =0,
then
(P, 1) = (p,u).

Notice that we do not need to assume that p does not vanish. This Proposition
will be a consequence of the following Lemma:

LEMMA 5.2. Let U = (p, pit) be a weak solution of (1.1)-(1.2)-(1.3) satisfying the
inequality (3.5) and let U = (p, pu) be a strong solution of (1.1)-(1.2)-(1.8) satisfying
the equality (3.1). Assume moreover that U and U are such that

lim (p—p)=0, lim (@ —wu)=0. (5.1)

rz—+o00 rz—+o0
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Then we have:

d ~ ~ ~
E/}Rf%ﬂ(mU) dx+/RN(P) 02 (@ — u)]?

< C/|8wu|%(U|U) da

- /]R Opulp(p) — 11(p)] (00 (@ — )] dar

Oz (1(p) Oz u)
A

P (5= ) (u i) do (5.2)

The proof of this lemma relies only on the structure of the equation and not on
the properties of the solutions. We postpone it to the end of this section.

Proof of Proposition 5.1. In order to prove Proposition 5.1, we have to show that
the last two terms in (5.2) can be controled by the relative entropy . (U|U) and the
viscosity. Since v > 2 and p > & > 0, we note that there exists C' such that

p(plp) = Clp—p[>  forall > 0.

Then, we can write

/R Dpulpi(P) — p(p)] [0 — w)] da

1/2 1/2
< Clloull L (/}R |ﬁ—p|2dx) (/Raz(a—u)ﬁdx)

~ 1 . .
< Closullney [ 15 oo+ [ p(ploni—w) ds

- 1 B B
< ClOsulfiqey [ HOW)dat [ u@lonta—wP da

which does the trick for the first of the last two terms in (5.2). For the last term,
we see that if we had 0, (p(p)0yu) bounded in L*°((0,T) x R), a similar computation
would apply. However, writing

0 (11(p)0xut) = 1t (p)(9p) (D) + 11(p) D

it is readily seen that 9, (u(p)d,u) is only bounded in L?((0,T) x R). For that reason,
we need to control |& — u| in L°°, which is made possible by the following Lemma:

LEMMA 5.3. Let p > 0 be such that [p(p|p)dx < +oo. Then there exists a
constant C' (depending on [ p(p|p)dz) such that for any regular function h:

1/2 1/2
Il < ¢ ([P az) ([ infar)
R R
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Using Lemma 5.3 with h = 4 — u, we deduce:

Oa(u(p)Ostt) o\
/Ri(” o) (u— ) d

P
Oy Oz ~ ~
< ‘ a(1(p)0au) 16 = pllL2@llu — @l Lo )
P L2(R)
SC‘ %ewlp)0e) | oy et + (/ |aw<u—a>|2dw)
P L2(R) R
2
< c’ S0 @)+ [ @)oatu = ) da
p L2(R) 4R

So (5.2) becomes

%/R%(U\U) d + %/Ru(ﬁ) [0, (@ —u))* < O(t)/jf(f]w) d

where C(t) € L'(0,T). Gronwall Lemma, together with the fact that
AU|U)(t=0)=0

yields Proposition 5.1.0

Proof of Lemma 5.3. Using (3.4), we see that there exists some § > 0 and C such
that

e €R; 58} <C [ piglp) o
R
We take R = C [ p(p|p) dz + 1. Then, for every zo in R, we know that in the interval

(xo — R/2,x0 + R/2), p is larger than ¢ is a set of measure at least 1 we denote by w
this set:

w=(xo0— R/2,z0 + R/2)N{p > d}.

Then, for all x € w, we have

T 1/2
Ih(zo)] < |h(z)] + / ha(y)|dy < [h(x)] + RY? (/ hx<y>|2dy) |

Integrating with respect to x in w, we deduce:

1 1/2
|h(z0)| < 7/ |h| dz + R'/? </ |hx|2dx)
|w| w R

1 1/2 1/2
< h2d R/? /hﬁd :
—|w|1/2(/w' > * el e

Finally, since p > 4 in w, we have

1/2 1/2
1

h S — 5|h|? d RY/? /thd
e < gorarrs ([ APac) w2 ([ infas
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and since |w| > 1, the result follows.O

Proof of Lemma 5.2. To prove the lemma, it is convenient to note that the system
(1.1-1.2)-(1.3) can be rewritten in the form

where B(U) is a positive symmetric matrix and D¢ denotes the derivative (with

respect to U) of the entropy ¢ (U) associated with the flux A(U). The existence of
such an entropy is equivalent to the existence of an entropy flux function F' such that

U)= Y DA (U)D, A1) (53)
for all U. Then strong solutions of (1.1)-(1.2)-(1.3) satisfy
0t (U) + 0,F(U) — 0,(B(U)0, D (U)) D (U) =

In our case, we have

and

Then, a carefull computation (using (5.3)) yields
H(U|U) =
= [0:A(U) + 0:(F(U)) - 0.(B(U)2, DA (U)) DA (U)]
— [0, )+ 0, F(U) — 0,(B(U

(U
0:[F(U) — F(U)]
—D2 AU + 8, A(U) — 8, (BU)D, (DA (U))|(U — U)
(

~DA(U)0:U + 9, A(U) —

DA ) + 0, AU) — 0, (BU)D, (DA (U)))]
+0,[DF(U)(U —U))

+DA(U)0.[A(U|U)]

+a, [B(0)8,D(T) — B(U)&CD%(U)} [Dyfa?) - D%(U)}
+0,(B(U)0: DA (U)) DA (U|U),

&
>
X
E
K]
h
E

where the relative flux is defined by
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Using the fact that U and U are solutions satisfying the natural entropy inequality
and equality, we deduce

HA(U|U)

< —0,[F(U) — F(U)] + 0:[DF(U)(U — V)]
+DA(U)0-[AU|U)]
+a, [B(U)al.D%(ﬁ) - B(U)aijzﬂ(U)] [D%(U) - D%(U)}
+0,(B(U)0, DA (U)) DA (UU),

Integrating with respect to x and using (5.1), we deduce

_ / [ (00, DA (TT) — (U)axD%(U)} 0, [DA(0) ~ D (U)] da
/a U0, DA (U DA (U|U) dx
Finally, we check that
0, (D (U)AUIU) = (8pu)[p(u — @) + (v = 1)p(plp)]
0x[B(U)0, DA (U DA (UU) = =2

and

It follows that

< c/|a u| A (U|U) dz
/8u 0, (U — u)] dx
+/Ra((p)8u)(ﬁ—p)(u—ﬂ)dw-

which gives the Lemma.[l
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Appendix A. Proof of equality 3.15.
LEMMA A.1. Let (p,u) satisfy (3.11) and

{ O¢p + 0z(pu) =0 (A1)

p(x,0) = po(x).

Then (p,u) satisfies (3.15).
Proof. We denote by h. the convolution of any function A by a mollifier. Convo-
luting (A.1) by the mollifier, we get

Ope + Oz (peu) = 1e
where
re = Ox(peu) — O (pu)e.
Since p. is now a smooth function, a straightforward computation yields:

d (‘P(pe)w)2
)P ¢

—/(ps)%’(ps)w(pe)mum dx

—/(Qpeso'(pa) + (pe)*¢" (p)) (pe)ap(pe) sty d

T

= /Ps@(ﬂa%(@’(ﬂs)%)x dx. (A.2)
In order to pass to the limit € — 0, we note that
pe—p—p—p in L=(0,T; H'(R)) strong,

which is enough to take the limit in the left hand side of (A.2) (note that it implies
the strong convergence in L*>°(0,T; L>°(R))). To show that the right hand side goes
to zero, we only need to show that r. goes to zero in L?(0,T; H!(R)) strong (and thus
in L2(0,T; L>°(R))). We write
OpTe = 2[03pc0zu — (Opp Opu)c)
+psamzu - (,0 61@”)5
+awwpeu - (6wmpu)s-

The first two terms converge to zero thanks to the strong convergence of p. in
L>(0,T; H'(R)). For the last term, we note that

dwp € L°(0,T; L*(R)) and w € L*(0,T; W (R))

so the strong convergence to zero in L?((0,T) xR) follows from Lemma I1.1 in DiPerna-
Lions [DL89]. O
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