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New effective pressure and existence of global strong solution
for compressible Navier-Stokes equations with general
viscosity coefficient in one dimension

Cosmin Burtea * Boris Haspot

Abstract

In this paper we prove the existence of global strong solution for the Navier-Stokes
equations with general degenerate viscosity coefficients. The cornerstone of the proof
is the introduction of a new effective pressure which allows to obtain an Oleinik-type
estimate for the so called effective velocity. In our proof we make use of additional
regularizing effects on the velocity which requires to extend the technics developed
by Hoff for the constant viscosity case.

1 Introduction

We consider the compressible Navier Stokes system in one dimension with z € R:

8tp + 8x(pu) =0,
O (pu) + Oz (pu®) — Bu(11(p)Opu) + 9 P(p) = 0, (1.1)
(P, u)t=0 = (po, uo)-

Here u = u(t,z) € R stands for the velocity field, p = p(t,z) € RT is the density,
P(p) = p” is the pressure. We denote by pu(p) the viscosity coefficient of the fluid and
(po, uo) are the initial data. In the sequel we shall only consider viscosity of the form:

w(p) = p* (1.2)

with « > 0. This choice is motivated by physical considerations. Indeed it is justified
by the derivation of the Navier-Stokes equations from the Boltzmann equation through
the Chapman-Enskog expansion to the second order (see [2]), the viscosity coefficient
is then a function of the temperature. If we consider the case of isentropic fluids, this
dependence is expressed by a dependence on the density function (we refer in particular
to [15]). We mention that the case p(p) = p is related to the so called viscous shallow
water system. This system with friction has been derived by Gerbeau and Perthame
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in [6] from the Navier-Stokes system with a free moving boundary in the shallow water
regime at the first order. This derivation relies on the hydrostatic approximation where
the authors follow the role of viscosity and friction on the bottom.

We are now going to rewrite the system (1.1) following the new formulation proposed in
[11] (see also [9, 8, 7]), indeed setting:

v=1u-+ Mﬂ()g)@zp, (1.3)

called the effective velocity, we can rewrite the system (1.1) as follows:

{ Op + 0z(pu) = 0, (1.4)

PO + pudyv + 0, P(p) = 0.

The existence of global weak solution has been obtained by Jiu and Xin in [17]
for viscosity coefficients verifying (1.2). In passing we point out that a large amount of
literature is essentially dedicated to the study of the compressible Navier-Stokes equations
with constant viscosity coefficients. In particular the existence of global strong solution
with large initial data for initial density far away from the vacuum has been proved for
the first time by Kanel [18] (see also [19, 13] ). In [16] the authors proved that vacuum
states do not arise provided that the initial density is positive almost everywhere. We
would like also to mention the results of Hoff in [14] who proved the existence of global
weak solution for constant viscosity coefficients with initial density admitting shocks (we
refer also to [25, 26, 21]). The author exhibited regularizing effects on the velocity via
the use of tricky estimates on the convective derivative:

= O + ulyu,

we will generalize these techniques in the present paper to the case of general viscosity
coefficients. In [10], the second author proved also the existence of global weak solution for
general viscosity coefficients with initial density admitting shocks and with initial velocity
belonging to the set of finite measures. In opposite to [14], the initial data satisfy the
BD entropy but not the classical energy, it allows in particular to show some regularizing
effects on the density inasmuch as the density becomes instantaneously continuous. It is
due to the regularity of the effective velocity v which express the coupling between the
velocity and the density.

The problem of existence of global strong solution for system (1.1) with large initial
data and with general viscosity coefficients verifying (1.2) is not yet completely solved.
Indeed when o > 1 it requires conditions of sign on the so called effective flux (see
[13, 21]). This quantity represents the force that the fluids exerts on itself and a priori
has no reason to be signed. In the following we are going to present the current state
of art concerning the existence of global strong solution for system (1.1) with viscosity
coefficients verifying (1.2).

It has been first proved by Mellet and Vasseur (see [22]) in the case 0 < a < 3.
The main argument of their proof consists in using the Bresch-Dejardins entropy (see
[1]) in order to estimate the L norm of 1 and using the parabolicity of the momentum
equation of (1.1). It is important at this level to point out that the Bresch-Dejardins
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entropy gives almost for free the control of ||%|| Lee when o < 1.

In [7], the second author has proved similar results for the case £ < v < 1 where he
exploited the fact that the effective velocity v satisfies a damped transport equation. It
enables to obtain L™ estimates for v and using maximum principle to get L>° control on
1
ll\)/lore recently Constantin et al in [3] have extended the previous results. More precisely,
in the range o € (%, 1] under the condition v > 2«, the authors obtain global existence
of strong solutions for initial data belonging to H3. They prove that the same result also
holds true in the case a > 1 with 7 belonging to [a, o + 1] provided that the initial data
satisfy:

dpup < pd~“. (1.5)

We point out that the condition (1.5) is equivalent to consider a negative effective flux
(see for example [13, 21]) at initial time. The main idea of their proof consists in proving
via a maximum principle that the effective flux remains negative for all time. This is
sufficient to control the L norm of 1.

In the present paper, our goal is double inasmuch as we wish both to show the
existence of global strong solution for the case o > % without any sign restriction on
the initial data and with minimal assumptions in terms of regularity. In [3], Constantin
et al proved a blow-up criterion for o > % which is relied to estimating the L§% norm

of %. In order to apply this blow-up criterion, we introduce a new effective pressure
Y= % + Fy(p) with pFi(p) = FlT(p) and F(p) = %. We observe then that y satisfies
the following equation:

p
w(p)

This last equation enables us to prove that if yo < C with C' € R then y remains bounded
on the right all along the time which implies in particular that:

Oy + udey + Fi(p)y — Fi(p) Fa(p) + Fi(p)—— (v —u)* = 0. (1.6)

Opv(t,r) < C1(t) V(t,x) € RT x R, (1.7)

with C a continuous increasing function. Using maximum principle for the mass equa-
tion of (1.4) allows us to prove that 1 is bounded all along the time. In order to show
the uniqueness of the solutions, we extend Hoff’s techniques to the case of general vis-
cosity coefficients which enables us to prove that d,u belongs to L}, .(L*°(R)). Passing
in Lagrangian formulation (see the Appendix and the references therein), we get the
uniqueness of the solutions. Finally, we would like to mention that the estimate (1.7) is
reminiscent of the so-called Oleinik estimate (see [24, 4]) for scalar conservation law with

a flux strictly convex or concave. If we consider the following equation with f regular:
Ou+ O f(u) =0, u(0,-) =ug € L=(R),

the Kruzhkov theorem (see [20]) asserts that there exists a unique entropy solution. In
addition if f is genuinely non linear, Oleinik has proved the following estimate in the
sense of measures for C' > 0 and for any (¢,z) € RT x R:

(1.8)



This estimate gives regularizing effects on wu since instantaneously u(¢,-) with ¢ > 0 is
in BVj,.(R). In our case, we have no regularizing effects on v. A possible explanation
is the fact that v satisfies a damped transport equation which is in some sense linearly
degenerate.

2 Main results
We are now in position to state our main theorem.

Theorem 2.1 Let o > %, v > max(1, ), (po, p%) € (L*(R))?, (po — 1,up) € (L*(R?))?.
In addition we assume that vo € L*(R) and that there exists C € R such that for any
x >y we have:

vo(x) — vo(y)

r—=1y

Then there exists a unique global strong solution (p,u) for the Navier-Stokes system (1.1)
with the following properties. For any given T’ > 0, L > 0 there exist a positive constant
C(T), a positive constant C(T, L) depending respectively on T, on T, L and on ||po—1|| 12,
|’(Poap%)”Lm7 lluollz2, l|lvollre such that, if o(t) = min(1;¢t), then:

<C (2.9)

C(T)™' < p(T,) <C(T) ae, (2.10)
sup_ ([lp(t, ) = Lzz + lult, g2 + [8ep(t, gz + o (£)Z |0put, )| 2
0<t<T 1 (2.11)
+a()z ([t ) g2 + 102(p*0zult, ) — P(p) + P(1))]|2) < C(T),

T
/0 [10zu(t, )72 + 10202, )72 + o (@) alt, )72 + o (@)|0zu(t, )I72]dt < C(T),

(2.12)
T
/ o} (7) 0t (7)|2 dr < C(T). (2.13)
0
sup ()2 || dpult, )|~ < C (T) (2.14)
0<t<T
vl Bv (o, 7)x[~1,L) < C(T, L). (2.15)
Furthermore for any x >y and t > 0, we have almost everywhere:
t —o(t
vibo) =vty) o, (2.16)

r—y

with C1 a continuous increasing function.

Remark 1 [t is important to point out that our theorem requires that Oppg belongs to
L*(R). Indeed since Ozp(po) = vo — ug with vo € L*(R) and ug € L*(R), it implies that
Oxp(po) € LA(R). since p%) is in L®(R), we deduce that dypg is in L*(R).

Furthermore since o(pg) — 1 is also in L*(R) using that p% and po are in L>®(R), we
deduce that p(po) — 1 is in HY(R). The initial density po is then necessary a continuous
function which prevents us from considering shock-type initial data.



Remark 2 We would like to mention that any solution (p,u) of system (1.1) in the
sense of distributions which verifies the regularity assumptions of Theorem 2.1 is also a
strong solution i.e. (p,u) satisfy the system (1.1) almost everywhere on Rt x R. Setting
wi(t,x) = p*Oyu(t,x) — P(p(t,x))+ P(1) the effective fluz, we get from (2.10) and (2.11)
that for any t > 0:

{ o(t)? |Dpwr (t, )| 2 < C(t)
o ()2 0sult, )2 + | P(p)(t ) — P(1)]| 12 < C(8),

for C a continuous increasing function. This implies that wy belongs to L} (RT, H'(R)).
Using now the fact that (P(p) — P(1)) belongs to L{S(H'(R)), we deduce that p®0,u

loc
is in L}, .(H'(R)). Using (2.10), the fact that (L — 1) belongs to LS (HY(R)) we get
using product law in Sobolev spaces that Oyu is in Li, (H'(R)). In particular dyzu is in
L} (L*(R)). In other words it is easy to observe that each term of (1.1) is in L}, (RT xR)

loc
which ensures that (p,u) satisfies (1.1) almost everywhere.

Remark 3 Let us point out that compared with [3], we deal with the range v > max(«, 1)
whereas in [3] the authors treat the case a < v < a+ 1, a > 1 provided that Oyuy <
po”“. In a certain sense the method that we developed in our proof unifies the different
situations, v > a+ 1 and o < v < a+ 1. Furthermore we do not require any condition
of sign on the initial data.

Remark 4 The condition (2.9) is a condition of Oleinik-type which implies that vy is
in BVjoe(R). Indeed we recall that for any x € R we have |z| = (2z)4+ — x with (z)4 =
max(0,x). It yields then that for any interval |a,b] such that vo(a) and vo(b) are finite
and any increasing subdivision (Tpn)n=1.... N of the interval [a,b] with N € N* | we have
using (2.9) and taking xo = a, tny4+1 =b if x1 > a and xy < b:

Z lvo(wir1) — volxs)| < Z |vo(wiy1) — vo(ws)]

N
<2 (vo(wir1) — vo(z:))+ + vo(a) — vo(b)
,()N
<20 (wi1 — 2:) + vo(a) — vo(b)
=0

< 2C(b—a) + vo(a) — vo(b)

In particular this shows that vy is necessary in LiS (R).

Furthermore (2.16) implies that the Oleinik estimate (2.9) is preserved all along the time.
In addition since x — v(t,z) — C1(t)z is non-increasing, we deduce that v(t,-) has left
and right-hand limits at each points for almost t > 0.

Remark 5 Our theorem does not require high regularity assumption on the initial veloc-
ity. Indeed, we assume only that ug and v are respectively in L?(R) and L2(R)NBVjo(R).
This is however sufficient in order to ensure uniqueness.



Remark 6 We can observe that in the case % < a <1, our assumption on vy is optimal
(from an hyperbolic point of view) since we need only v > 1. This extends the results of

13, 7].

Remark 7 We can observe that (2.13) and (2.14) give a L} (L*®(R)) control on d,u.

loc
In particular, this enables us to define the flow associated to the velocity u (we refer for

more details to the Appendiz).

We would like to emphasize that the condition (2.9) is automatically satisfied provided
that d,v9 € L. A necessary condition for this later condition to hold is to take initial

1

data ( —1,p0 — 1,u0> in the following Sobolev spaces (H® (R))* x H*~' (R) with
Po

s1 > %, . As a by-product of Theorem 2.1 and the Appendix, we establish the following

result.

Theorem 2.2 Consider o > £, v > max (1, a) and
1
(p—Lm—Lw)EWWwfo“WM
0

with s > % Then, the compressible Navier-Stokes system (1.1) admits an unique solution,
we have

(p—1,u) € C(R,, H®* (R) x H"1 (R)).

In the section 3, we prove the Theorem 2.1. An appendix is devoted to the definition
and basic properties of the Lagrangian framework, we give also a sketch of the proof of
the Theorem 3.3 below.

3 Proof of the Theorem 2.1
A first ingredient is the following blow-up criterion

Theorem 3.3 Assume that o > § and vy > max(a—3,1) and let s > 3 and (po—1,ug) €
H*(R). Then there exists T* > 0 such that (p,u) is a strong solution on (0,T*) with:

(p—1) € C(0, T, H*[R)), u € C(0,T, H*(R)) N L*(0, T, H*T1(R)), VT € (0,T*),

and for all t € (0,T%):
1
15l < C),

where C(t) < +oo if t € (0,7*). In addition, if:

sup || =(t, )|z~ < C < 40

E
te(0,7*) P

then the solution can be continued beyond (0,T).



The above result says that the only way a regular solution might blow-up is if the
L>-norm of 1/p blows-up. Theorem 3.3 is essentially an adaptation to the whole space
of the blow-up criterion proved in Constantin et al (see Theorem 1.1. from [3]) in the
case of the torus. We refer the reader to the Appendix for a sketch of the proof.

The objective of the rest of this section and section 3.1 is to show how to obtain a
new bound for the L®-norm of 1/p by analysing a new quantity that we call effective
pressure. Consider a pair (pg, ug) verifying the hypothesis stated in Theorem 2.1 and let
us also consider the following sequence:

po —1=1Jn*(po—1) and vy = jn * vo,

with j, a regularizing kernel, j,(y) = nj(ny) with 0 < j <1, [ j(y)dy =1, j € C*(R)
and suppj C [—2,2]. We deduce that (py — 1,v() belong to all Sobolev spaces H*(R)
with s > 5/2 and that:

0<c<py <M< +o0. (3.17)

Also, we consider
ug = vy — p(pg),

by composition theorem we know that ¢(p?) — (1) belongs to H¥(R) for any k > 0.
Then we obtain that uf} € H¥(R) for k > 3. Finally we have for x > y and using (2.9):

vg (@) —vg(y) _ [wole—2)—wly—2), .
)[R s <

In particular we deduce that for any = € R, we have:
Ovp (z) < C. (3.18)

Using the Theorem (3.3), we deduce that there exists a strong solution (py,, uy,) on (0,7})
with n € N. We are going to prove that 7,' = 400 and uniform estimates on (py,, Up )neN
on the time interval R™. The goal now is to apply the blow-up criterion of the Theorem
3.3. Let us prove that for any t € (0,77):

1
= (t, )|~ < C,
It

for any n € N. Let us recall that there exists C' > 0 such that for any ¢ > 0 we have:

Lot 0)luaP(t.) + Mot 0) =0+ [ [ on(s,2)) Gutnls, ) Pdsdo < .
R 0 R

(3.19)
and:

[ loatt.olen(t.0) + pnlt, ) - (0o + [ [ Wm%(s,xﬂ?dsdmsa

(3.20)
This is due to the fact that it exists C7 > 0 such that:

106 | 2y < C1, llpg — U2y < C1 and [[0epp || 2r) < Ch-



Combining (3.19) and (3.20), we deduce that for C' > 0 large enough we have for any
t e (0,1y):
lpn(t: ) = Ulzym) < C, [IVPn0zp(pn)|| < C. (3.21)

We refer to [21] for the definition of Orlicz spaces. Since v > « + 1, using (3.21) and the
Lemma 3.7 from ([17]) we get for C' > 0 large enough and independent on n:

l[onll oo jo,13], L0y < C- (3.22)

3.1 New effective pressure y, and uniform estimates for pi

We recall now that the effective velocity v, verifies the momentum equation of the system

(1.4), namely:
8z‘,vn + unaxvn + arF(pn) =0,

with: Pon)
PPy
O (pn) = =y (O tn)

Let us set now w,, = 0,v,, we observe that w, satisfies the following equation:

P'(pn)pn

P'(pn)pn P/(Pn)/)na
1(pn)

Oswy, + UpOp Wy, + Opp Wy, + ———Wy, — oty + O (
w(pn)

(pn) M = tn) =0

If we set Fi(p) = P;Ez%p, we have:

Pz

1(pn)

0wy, + UnOpwy, + Optinwy + Fi(pp)wn — Fi(pn)Osun + Fi (pr) (v, — un)2 =0.

Let us multiply the previous equation by pin, we get then:

Wn, Wn Wn, Fy (pn) / Pn 2
O (— +Un8x7 + I Pn)— — 8xun+F Pn Un Unp, =0
t( pn) (pn) ( )pn Pn 1( )N(pn)( )
We set now y, = % + Fa(pp) with pp Fy(pn) = %, we obtain then:
Otyn + UnOzyn + Fi(pn)yn — F1(pn) Fo(pn) + F1(pn) P (vn — un)2 = 0. (3.23)

w(pn)

We recall now that P(p) = ph, u(pn) = p& and we get:

Y —a—1
F o T SVUPNU QA
2(pn) pom— fy—a—-1#

Fy(pn) =vlnp, ify=a+1 (3.24)

Fi(pn) = vpn "
Now since ¥, is continuous on R x R (indeed we recall that the solution (py,u,) is

regular) and limg_s o0 Yn(t, ) = F(1), we deduce that y, (¢, ) has a maximum for every
t > 0 and thus the function ¥ defined as follows:

no(t) = t x).
ynr(t) I;lggyn(,fv)

8



makes sense. Furthermore y is Lipschitz continuous on any interval [0,7] with T' €
(0,77). Indeed from the triangular inequality we have for (t1,t2) € (0,7):

lyar (t1) — vy (t2)] < maxyn(ty, ) =y, (t2, )| < 10synllLoe (1 o], L) [t1 = tol.

According to Rademacher theorem, y} is differentiable almost everywhere on [0,T)).
Furthermore there exists for each t € [0,7)") a point =} such that:

yn (t) = y(t, zf').

We are going to verify now that for almost all ¢ € (0,7}) we have (y%,)(t) = Oryn(t, 7).
Indeed we have:

_ g YA+ R) — () yn(t + b, xyy) —y" (L af)

n \/ _ .
(i) (1) = h—0+ h B hlgél+ h
. n(t+ h,z}) — y™(t, z} n
zhlg(I)Ier ( t})L il = Oyyn (L, zt').
Similarly, we have:
: =yt =n) . yn(tzd) -y (= haiy)
nA) = ] Y ( M _ t
WA = g = g h
. n(t,xl) —y™(t — h, z} n
Shlif(r){ry ( t) :}yl ( t) :atyn(taxt>-

We deduce from (3.23) using the fact that 0.y, (¢, z}) = 0 since yn(t, -) reaches its maxi-
mum in z} and that for all ¢ € (0,7¢) we have:

n ny,,n n Pn n
Oy (t) + Fr(pn) (8, 2 )yis (t) = F1(pn) Fa(pn) (8, 2') — F{(ﬂn)u(p )(vn —un)?(t, ).
(3.25)
Basic computations give now:
o 2v—2a—1
Fi(p)F: = ———p"T T it 1
1(p) F2(p) po— if v#a+
Fi(p)Fa(p) =*Inpp’ ™ if y=a+1 (3.26)
F(p)p _ "y — a2 '
1(p)
Fi(p) =p"""

We recall that we have v > « such that using (3.25) and (3.26) we get that for v # a+ 1:

2

Our (1) + Fipn) (1, 27 ) (0) < max(0, — —)llpm(t, 7> (3.27)
From (3.26) and (3.27), we get that for any ¢ € [0, 7};) one has with C,, = max(0, ’Y%j—l)
Oyl (e o P27 (adsy < gy (2, ) [T e Jo PR s (398



It yields for any ¢ € (0,7}):

yip(t) < e 7o i s dsym (o)
t -/ on ! (329)
+07/ lon(t, 2 e fo AT e g,
0

From (3.18) and (3.17), we deduce that for any n € N we have for any x € R and
v # o+ 1

max(0, C) n 0

. o 1M“/_0‘_1 = (). (3.30)

y"(0,2) <

We obtain now from (3.29), (3.30) and since p,, is positive:

t
B < Cr Oy [l s (3:31)
Combining (3.22) and (3.31), we deduce that for any ¢ € (0,7.F) we have:

yu(t) < C(1), (3.32)

with C' a continuous function on R™ when v # a + 1. From (3.32), it yields for any
t € (0,7;) and « € R when v # a+ 1:

O (t, x)

gl o
o (t.2) <O(t) + ————p) 7 (t, 2), (3.33)

a+1—7vy

with C' a continuous function on RT. Next we recall that we have:

0(L) + undu( L) = Loun = 0.

Pn Pn Pn

We can rewrite the equation as follows:

Pn Pn Pn n n n n

Using again a maximum principle and following the same arguments as previously, we
set now:

1 1
zn(t) = sup —(t,z) = — (¢, z¢).
z€R Pn Pn

We have then:

n 1 1
Buza(t) = P g (Lt )+ Lot al).
Pn n Pn
From (3.33) and since 8y, (o-)(t,27) < 0 (indeed x} is a point where p% reaches its

maximum) we deduce that:

Buzn(t) < C(t) + ————p1 =N (t, 27

- O“Li_v » (3.34)
Ct) + — oz (£)*T1.
<O+ @)

10



Using Gronwall lemma, it implies that there exists a continuous function Co on R such
that for any t € (0,7};) we have:
zn(t) < Co(t).

This implies that for any ¢ € (0,7)") we get:
1
[—(t,)l[Lee < Ca(?). (3.35)
Pn

Combining the blow-up criterion in Theorem 3.3 and (3.35), we obtain that T, = +o0
and for any t > 0:

lenos, e < Ca(t), (3.36)

with Cs a continuous function on R*. From (3.33), (3.22) and (3.36), we get again for
any t € (0,7)) and z € R when v # a + 1:

Ozvp(t, x) < C1(t), (3.37)
with C] a continuous increasing function. We can easily prove similar results for vy = a+1.

3.2 Estimates a la Hoff

In the sequel for simplifying the notation we drop the index n. Introducing the convective
derivative
o = Ou + ulu,

we rewrite the momentum equation as
pi — Oy (p*uz) + Ozp” = 0.

Let us observe that:

_/ az (paawu) 815“ = / paaxua‘%tu - 1/ paat ((8xu)2)
R R 2 Jr
= 5o | @ =5 /R Do (Or)?. (3.38)

Next, we see that:
—/890 (p®O0pu) udyu = —/uﬁzpo‘(&gu)Q—/p“u8§$u8mu
R R R
1
= —/uaxpo‘(ﬁxu)2—|—/8z (up®) (Opu)?
R 2 Jr
1 1
= —/u&mpo‘(ﬁwu)Q—l—/po‘(ag;u)g’—l—/u@xpa(@xu)z
R 2 Jr 2 Jr
= —1/u@mpo‘(awu)z—i—l/po‘(@mu)?’.
2 Jr 2 Jr
Thus, we gather that:

- o _li fe% 2_1 (e 2_1 (e 2 1/ (e 3
/Rﬁm (p%Opu) o = th/Rp (Ozu) Q/R(‘)tp (Ozu) 2/Ruax,o (Ozu)” + 5 Rp (Ozu)

11



Moreover, we see that:

/ 0P (Opu + udyu) = —/ P O + / w0y p? Ozt
R R

= jt P70 u+/8tp70 u~l—/u8xp781u

d
ry ’y
= o p 8wu—7/,0 (Oxu) .

Multiplying the momentum equation with  yields:

[ ot {; [ - [ magcu} — 5 @y [ o 339)

Let us multiply the previous estimate by o (t) = min(1,¢) and integrate in time on [0, ¢]
with ¢ > 0, we have then:

0 [ w@aro [ [ o
()/ o1 aw/mm{lt}/[l (01)? (pW—l)ﬁwu}
1+a//crp (Oru) —I—’y//apﬁu

Let us denote by:

Ay (1) = 7 Lo w@uw [ [ o

Let us observe that using (3.19), (3.22) and (3.36) we have:

7(0) [ (7 - 10w < Vo) ”'Yp:l ([o0or @ @uw2n)
Lo L2
<c( )’ £ vp: ! s +i /R o (t) p® (t) (Deu)? (t) (3.40)

<G+ [0 O 0?0,

with C and C} continuous on R*. Next, we see that owing to the estimate (3.19), (3.22)
and (3.36), we have that:

/mm{lt}/ [ (Bpu)? — (p7 — 1)8mu] +fy/0t/Rgpv(azu)2 <Oy (1), (3.41)

12



with Co a continuous function on R*. Combining (3.39), (3.40) and (3.41) , we thus get
for all t > 0:

A<p,u><t>sc<t>+i/ﬂ§a<t> () (B,0)? ”“//ap Ou)?
< O30 + A, ”“//ap (O,u)?

with C3 a continuous fonction on R*. Consequently it yields:

Ap <00 +0+a) [ [ ap oy

which also implies that (C' can be choseen to be increasing in t):

sup A(p,u) (1) < C () + (1 + ) /0 /R o % (D)’ (3.42)

T7€[0,¢]

Let us observe that for all € > 0 we have using Gagliardo-Nirenberg inequality (3.19) and
(3.22):

/ 3 (1) (000 — 7) (1) [2 < 2 / o (1) (00 — (o7 — 1)) (1) + 2t
0 0

= 2/0 o (1) (6200 — (57 — 1)) (7|2 185 (p%0ute — p7) (7|2 + 2t

<c. /0 (6B — (57 — 1)) ()22 + ¢ /O o (7) 10 (oD — p7) ()22 + 2t
<c. /0 16200 — (07 — 1) (7)][2 + ¢ /O o (7) [l (7|25 + 21

1
<Cf(te)+ 5HPHzoo([o7tLLoo)A (p,u) (t) (3.43)
< C (tye) +eCoA(p,u)(t), (3.44)

with C a continuous function on RT. We are going now to estimate the last term of
(3.42) and using (3.19), (3.22), (3.36) and (3.44) with ¢ = 1/(2 (1 + ) Cp) we obtain
that:

/ /Jp (Ozu) :/Ot/]R(f(&,;u)z(,oo‘é?ggu—p“*)—i—/t/(fp“’((?mu)2
s/o <a4 I aau—m)(ﬂumai/(au >d¢+/ /Up (D)2

t to, 2
<cO+ [ a0l O+ [ oF o) ( [ @ 1) as)

t 2a 3
<CW+ Ao+ [l 2<></R (0. (r) do)?
<O+ g A 0+ G0 [ o) [ 50 ds [ (00 () ds

13



1

<CO+ 5ara

Alp +200() [ A(pa) () [ (Fof ()ar (349

with C' and Cy continuous increasing functions. Finally, putting together (3.42) and
(3.45) we get that

swAmwmsam+@mAAmmmAW@wan

T7€[0,]
with Cy an increasing continuous function. Using Gronwall’s lemma and (3.19) leads to

Sel[lopﬂ A(p,u) (1) <C (1), (3.46)

with C' an increasing continuous function. The control over A (p,u) and (3.44) yields

A o} (1) (6200t — p7) (1) 2w dr < C (1),

and consequently we get using in addition (3.22):

A o (7) 0 (7) |2 d7 < C (1) (3.47)

The last inequality also provides an estimate in L} (L*°) of d,u for any ¢ > 0 using

Cauchy-Schwarz inequality:
1
t 1 9 3
(A 2()H6u(ﬂum> <o)

[ 1ot < ([ o7ty r)

Next, we aim at obtaining estimate for the L?-norm of d,u. This will be useful in order
to recover regularity properties of u. The idea is to apply the operator d; + ud, to the
velocity’s equation:

N

(O + udy) (ptt) — (0 + udy)Os (p%uz) + (OeP(p) + ud P(p)) =

and to test it with min{1,¢}u. We begin by observing that

/(u) /u+1/ di> 1d +1/ o2
Rpt Pt T 2dt P 2Rpt-

We remark that:

/Ruc‘)x(pu)a:—/pua /aupu + - /(pu)

Summing the above two relations yields:

/R((?t—i—ua 2dt/pu /6 upi. (3.48)

14



Next, we take a look at the second term:

—/(@—i—uax)ax (po‘f)xu)a:/atpa@xu@xa—i—/paﬁxutaxu—k/8w(pa8wu)8x(uu)
R R R R
(3.49)

Let us treat separately the last term appearing in the above inequality :
/ 0z (p*O0zu) Oy (uts)
R
— / 8zpo‘(6mu)2u + / U0y P Opu Oyt + / paaixuazuu + / pauagxuaxu
R R R R
1
= / D p™(Opu) s + / U0 p* Opu0yt — B / (D)0, (p™1) + / %0 (U0 1) Dyt —/ (8xu)2 P01
R R R R R

= 1/8xpo‘(8xu)2u+/uaxpaﬁxuaxu—3/(8xu)2paaxﬂ—|—/paﬁx(uaxu)ﬁxﬂ
2 Jr R 2 Jr R
(3.50)

Combining the two identities (3.49) and (3.50) we get that
—/(@—i—uax)(‘)x (po‘ﬁmu)u:/(?tpo‘amuﬁxu—l—/uaxpo‘(‘?mu@xu
R R R
1
+/paaxutaxwr/paax(uamu)axu— 3/(8$u)2p°‘8xu+/8mpo‘(8$u)2a
R R 2 Jr 2 Jr
1
~a / P (D) 20,1 + / PP (D)2 — 2 / (010)2p "yt + / B0 p™ (D)2l
R R 2 Jr 2 /r
- / (D)2 — <a+3> / % (D) 20,10 + / D0 (Ou10) i (3.51)
R 2) Jr 2 Jr

Remark 8 The last term of the above identity, %fR Oz p® (Opu) 0 will be apear with sign
minus in the next identity

Let us observe that
/ (Dupf +udzyp))is = — / pi Optt + / uy
R R R
:/u&,gpwaza—k'y/p”@xuaxu—k/u@%zp”u
R R R
=— / Opulzp™i + ¥ / p? Opudy e
R R
:/Oxuqu—/awu&B (po‘amu)u+'y/p78xu0xu,
R R R
:/BIUpiﬂqL/pa@xu@I (u@xu)+’y/p78xu3xﬂ,
R R R

:/8xupu2+/pa(8xu)28xu+/upaaxua%xu+’y/p”@xu(‘)xu,
R R R R

15



1
- / Dpupti® + / P (Dpu)? 0t — 5 / D (1p™) (D) + / P Opudyit,
R R R R

:/8wupu2—|—1/pa(8mu)2azu—1/u8xpa(8xu)2+7/p”@muaxu, (3.52)
R 2 Jr 2 Jr R

where we have used the equation of the velocity to replace
—0up" = pit — Oy (p* Opur).
We sum up the relations (3.48), (3.51) and (3.52) in order to obtain that:

pu +/ (Oy11)? )/pa(ﬁmu)anu—’y/p78wu8xu.

Multiplying with o (¢) and integrating in time on [0, ¢] with ¢t > 0 leads to:

B (0) =5 [ o0 //
/mmlt/pu+0z+1//ap Op)? Dyt — //apvauﬁu

(3.53)
Obviously using (3.46) we have that,
min(1,t)
[ [t apmm<c (3.54)
0 R
for all ¢ > 0. Next, we infer using (3.22) that:
o[ oo <a i anw(// (01 ) (/ R )
<C()+4B(p, u) (1), (3.55)

with C' a continuous increasing function. Finally, using again (3.46), (3.19) and (3.36),
we get:

a—i—l//ap (Opu)? 0,1 < ~ //ap (Op11)? a+1)2/t/0pa(8xu)4
200

LB (p,u) (1) + (@ + 1) //ap (D)
LOOLOO

B (p,u) () + C (1) / o 10O /R (0,u)?

0

IN

IN

IN
N N SN

B(p,u) () +C (1) s’ (T) 1(p* D) (7) |7 -

Let us observe that for all ¢ > 0 we have using Gagliardo-Nirenberg inequality, (3.22)
and (3.36):

o (t) 90 (D)1 < 20 [|(0*0pu = (p7 = 1)) (D7 +2[1(7 = 1) ()]|7
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< 20 [[(p%0zu — (p7 = 1)) ()l g2 192 (0% O — (p7 = 1)) ()l 2 + C (2)
< 20 ([[p*Ozull 2 + C (@) [lp = Ul 2) [lpall 2 + C (2)

<O () (a% p®0sull 2 + C (t)> o3 p%uHL2 L o)

<C (@) (A% (p,u) (t) + C (t)) B3 (p,u) (t) + C(t). (3.56)

Thus, we get from (3.46) and Young inequality:

@) [ t [ o0 @uPosi < 1B () (0 +C (1) (43 () (0)+C () BE () (6 +.C (0
<Cc)+ %B (. ) (1). (3.57)
Gathering (3.54), (3.55) and (3.57) yields the fact that B is also bounded:
B (p,u) (t) <C(t), (3.58)

with C' a continuous increasing function. The control over

1
L s A and B(p,u)

gives us, via the estimate (3.56) the following
1
o (£)2 |0zu(t)l| e < C(2), (3.59)

for any ¢ > 0.

3.3 Uniform BV-estimates for the effective velocities v,

Owing to the estimate (3.36) and (3.19) we recover the following estimates:

1

P <C(t), “\/anun"Lg(L2) <Cr(t),
n

Lo (L)

||azunHLf(L2) < ‘

where C, (] are increasing continuous functions. From Sobolev embedding, we get that
for any ¢ > 0, there exists C' (t) such that

[tnll L3 (poey < C (1) - (3.60)
Let us introduce the flow of u,, i.e.
¢
X, (t2) = 7+ / ty (7, X (7,2)) - (3.61)
0
We immediately get that:
—lz| = C @) < X7 (8 @) < el + O (1),
which implies that for any L > 0 the segment

(X, ' (t,-L), X, ' (t,L)] <[-L - C(t),L+C(¥)].

17



This information is usefull in order to show that we can propagate the LS norm of wv,.

Indeed, let us recall that:

loc

Pl 2
Opvn + Un Oy + (on) P 1 (’Q”)axpn =0,
w(pn)  Pn
rewrites as ) )
P
OsUp, + Up Oy + M (vp, — up) = 0. (3.62)
t (pn)

Passing into Lagrangian coordinates (see Appendix) i.e.

(ﬁn, ana ﬁn) (t’ l’) = (Um Un, pn) (t7 Xn (t7 l’)) 5

we see that (3.62) rewrites as:

P (5u)on’~ P (5n) pn ~

Os0y, + (o) Uy = o) Uy, (3.63)
The last relation implies using (3.22) and (3.36):
[, (t,z) | < |von (z )exp( / P, (( ()) ))( mdr)‘
» P () 2r2) ) PG (sa) Rlsr)
+/0 p( A (o (7,2)) d) Gu(siz) 04

¢ (0 (Joon (0] + / i (9l )

< CO(8) (1+ Jvon (2) [)
and consequently for any ¢ > 0, x € R:
|on (,2) | < C () (1+ |von (X5 (£,2)) ]) -
Thus, we see that:
o ()l g—z,2py < € &) (1 Noomll e - 400 (3.64)

In addition (v§)nen is uniformly bounded in L7 (R). Indeed since vg is in L7 (R) (see
the Remark 4), we have for any x € [-L, L] and any n € N:

1
lvg (z)] < /1j(y)vo($ - %)dy < lvollpo ((—1-1,0+41))- (3.65)

This piece of information along with the estimate:
Oz (t,2) < C (1)
ensures that v™ is uniformly bounded in L*°([0, T]; BVis:(R)). Ideed, the function

wy, (t,x) = vy (t,x) = C (t)x

18



being nonincreasing, it holds using (3.64) that:

TVi_p,wn(t, ) = vn (t, —L)—vy (t, L)+2C (t) L < C (1) (L + HUOnHLoo([-L-C(t),HC(t)])) :

Owing to the fact that
Up = wy, (t,x) + C () x
we get that:

TVirzyon(t,) < C (1) (L + loonll o -co.zron) - (3.66)
From (3.64), (3.65), (3.66), we get :
lon )l gy -,y < C (T, L). (3.67)
Owing to (3.22), (3.36), (3.60), (3.64) and (3.63) we get that:
10¢0n | 1.0,y -y < C(TH L) - (3.68)

Next, fix ¢ € Cy ([0,T] x [—-L, L]) with:

101l oo (fo,7)x [~ ,£)) < 1

and let us write that:

T rL
/ / ¢(t,$) 815’(}” (t,CU) dxdt
0 L

— /T (/Xn(t’L) é (t, ) Byv, (1, ) P (t’x)dac> dt
0

Xn(t,—L) Pon(z)

T Xn(t,L) _ ~
= / (/ ¢ (t,x) Oy, (t, ) pn(mdm) dt
0 Xn(t,—L) Pon(z)

N / ’ ( / ) & (t,2) Tin (t, ) By ((t, 2)) P (1, ‘T)dx> dt
0

Xn(t,—L) pOn(z)
T Xn(t,L) _ ﬁ (t $) T rL
= / / b (t,x) Oy, (t,x) ©~""Ldx | dt — / / ¢ (t,x) uy (t, 2) Opvp, ((t, x)) dadt.
0 X (t,—L) Pon(x) 0 J-L

Owing to (3.22), (3.36), (3.60), (3.67) and (3.68) and using the fact that ¢u,, belongs to
L([0,T], C°(R)), we conclude that

T L

/ / 6 (1, 7) Oyvn (1, 7) dxdt‘ <C(TL). (3.69)
0 J-L

Combining (3.69) and (3.66) gives us for any 7' > 0, L > 0:

lonll v (0,71 x[-,27) < C (T L) - (3.70)
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3.4 Compactness

We recall the previous estimates that we have obtained, for every T' > 0 we have for C'
a continuous increasing function independent on n and any n € N:

C(T)™ < pulT,) < C(T), (3.71)
sup (lon(t, ) = Lzz + [un(t, )| 2 + [Bepn(t, )12 + (1) | Datin(t, )| 2
0<t<T 1 (3.72)
+ ()2 ([in(t, )z + 102 (pn aun(t, ) — Plpn) + P(1))ll22) < C(T),

T
/ [10z2n(, 72 + 102n(t, )72 + o (@) lltin(t, 72 + o () 10010 (t, )7 2]dt < C(T),

(3.73)
T 1
(A 0% (1) |Bstin ()2 d7 < C/(T). (3.74)
sup o(t)} [Dgtun(t, ) < C (T). (3.75)

0<t<T

Using classical arguments (see [17, 23]), we prove that up to a subsequence, (pn, Un)nen
converges in the sense of distributions to (p, u), a global weak solution of (1.1). Further-
more the limit functions p, u inherit all the bounds (3.71), (3.72), (3.73), (3.74), (2.15)
and (3.75) via Fatou type-lemmas for the weak topology.

We wish now to prove (2.16), to do this we are going to prove that up to a subsequence
(Un)nen converges almost everywhere to v on RT x R. This is a direct consequence of the
estimate (3.70), indeed since (vy,)nen is uniformly bounded in BV,.((0,7) x R) for any
T > 0, we deduce that up to a subsequence (vy,)nen converges to v in L}, ((0,7) x R). In
particular up to a subsequence (v, )nen converges almost everywhere to v in (0, +00) x R.
Using now (3.37) and the fact that v, converges almost everywhere to v on Rt x R
implies (2.16) since for all z > y and ¢ > 0 we have:

vn(t, ) — v (t,y) _
z—y

! / D.vn(t, 2)dz < C(1),

with C a continuous function on R*. It concludes the proof of (2.16).

3.5 Uniqueness

Consider two solutions (p;,u;) (i € 1,2) verifying the estimates (2.10)-(2.14) and gener-
ated by the same initial data:

atpz + 8 (pzuz) 0
O (piui) + 0z (p U?) Oz (11(pi) Or;) + Oppi = 0, (3.76)
(po, uo) -

(pz|t:07 z|t:0)

We define now the flows generated by u;

Xi(t,l‘) = ‘I’/() Us (T,X (7—7 x))dT
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and denoting with tildes the functions
i);; (t, l‘) = U (t, Xz (t, JI))

for v € {p,u}. We get that (according to the results from the Appendix):

( (0XT_
Oy <8x'01> —NOa R
podyii; — Oy (p”;(’”) axaz) L O,P(p;) =0, (3.77)
0
t
Xi(t,x) = .T—i-/ u; (1,2)dr.
0

for i = 1,2. Setting du = w1 — Uz, by difference we have that:

00,6% — <’01‘;(pl)ax5a) = 9,G1 + 0,G, (3.78)
0

o) )
L+ [i O[iia] ) L+ fo Ocliin] )

Gy — (pw(pl) _ i), o
PO Po

We multiply (3.78) by du, integrate it over R and by obvious manipulation we get for
t>0:

01 (s, z) u(py (s, x t
;/Rpo(m)(dﬁ)Q(t,m)dl‘—F186%61;]@ pL(s: ;é‘g;( : ))/0 /R(ax(éﬂ(s,x)))std:n

< C’(t)[/ot/R(Gl)2 -l-/ot/R(Gzﬂ]’
(3.79)

with C' a continuous increasing function. In the following we will estimate G; and Ga.
First, we we get using (4.94) for ¢ > 0 and z € R:

po(@)  pol) _ —po(w) o Oudi(r @) dr
L+ [T, 1+ [l ot OuX'(t,2)0:X2(t,2)

where

op(t,x) =dp1 — dp2 =

1 (3.80)
t 2
167 (t, ) | < VC (t) </ ]8x5ﬁ(7,a})|2d7>
0
and consequently using (4.92) we get:
po () ’fg 00U (T, ) dT) t 3
Gi(t,x) < sup P (s <AVtC (t (/ Oz0u (T, % 2d7’> ,
1 (7) s€[1/C(T),C(T)] (=) |0, X1(t, 2)0: X2(t, )| () 0 | (.2)]
with C' a continuous increasing function. It implies that
t t
/ / (G1)% (s,z)dsdz < t2C (t) / / (0,01)%(s, x)dsdz. (3.81)
0o Jr 0o JR
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Let us turn our attention towards Go. We first write that for any (t,7) € RT x R, we
have:

Go(t,z) = (‘71’;(051) - 52‘:)?”) Dylia(t, 7)
1

~ polx)

(1) (BraPr(t, x) + (1 = On2) pa(t, ) Op(t, 2)Oula(t, @).
Thus, we get using (2.10), (3.80) that for ¢ > 0:
t
Ga (b)) < C (1) (10,1 (1,)]) (/ |6m5ﬂ(7,x)|2d7>
0
1 ~ 20" o~ 2
<) (72 0L (1) + 110 00) (1)) 10222(0)] ) <}ﬁ|éa6u<7,zn dT)
such that by integration and using (2.14), (4.93) and (2.10) we have:

2 t ~
/R|G2 (t, ) de| gC(t)/o A[ax(au(s,x))\deds. (3.82)

Putting together the inequalities (3.79), (3.81), (3.82) and integrating in time, we get
that for ¢ > 0:

1 2)(00)%(t, x)dx 1 in P (s, @) p(p1 (5,2) (1 (s, x)))% ds dx
5 | @@+ n PUERED) [ 0, 55,2 dsa
<tcut) [ [ 10055, P ds,

(3.83)
with C7 a continuous increasing function. Taking T > 0 small enough, we have using a
bootstrap argument for any ¢ € [0, Tp]:

1 ~ T ~ T t 1
;/O po(aa)%iit{le’” (¢ 3:((5)1 (¢ >)/0/0 (0.(57))% < 0 Vi € [0, 0]

Thus, we get a local uniqueness property. Reiterating this process gives us the uniqueness
of the two solutions on their whole domain of definition.

4 Appendix

In this appendix, we gather a few useful facts regarding the 1D Navier-Stokes equations
in Lagrangian coordinates. The results belong to the mathematical folklore and can be
found in, by now classical papers devoted to the 1D Navier-Stokes system, see [19], [25],
[26]. The Lagrangian framework offers an elegant method of obtaining apriori estimates
(for example on the L norm of p) either uniqueness of solutions (see the relatively recent
paper [5]).

Let us first derive the Lagrangian formulation of the Navier-Stokes system. We will
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supose that we are give (p,u) € L™ ([0,00) x R) x L> (L*(R)) N L? (H (R)) a solution
of the Navier-Stokes system

pt + 0z (pu) =0,
Ok (pu) + 0 (pu®) — 0z (11 (p) ) + 9o P (p) = 0, (4.84)
(Pjt=0> tpt=0) = (po, uo) -

First, we recall the definition of the flow of w.

Proposition 4.1 ConsiderT > 0 andu € L?((0,T); L> (R)) with d,u € L' ((0,T); L™ (R)).
Then, for any x € R there exists a unique solution X (-, ) : [0,00) — R of

t
X (t,x :x—i—/u t,X (t,xz)),
(ta) ==+ [ u(t.X(t2) (435
X (0,z) = =.
Moreover X (t,x) verifies the following properties:

e X € BV, ([0,T] xR) for any T > 0. In addition, for all t > 0 and for almost all
reR

t
0z X (t,x) = exp </ Ozu (1, X (1,7)) dT>
0
e For eacht >0, X (t,-) is a homeorphism from R to R.
e We have that 0, X,0,X € L?(L) and 0,X,0,X ' € L°(LY)

Notation 1 For any function v : [0,00) x R — R, we denote by v the function defined
as:
B (@) = v (4, X (t,2))

‘We note that

X (t,2) :l'—l—/otu(T,X(T,aj)) :x+/0t17(7,:n)d7'.

and thus 5 .
X
hutulel =1 u :
9 (t,x) + /0 Oyt (1, x) dr
Owing to
0,7 () = Dov (£, ) ‘Zf (t,2) (4.86)

we obtain that

oo (1) = % (t,2) " 0,7 (1, 2)

1
1+ fg Ou (1, ) dr

0,0 (t, ). (4.87)
Let us investigate the first equation of (4.84). For any ¢» € D((0,T) x R) we have

that : -
/ / P+ pudsih = 0.
0 R
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Owing to the fact that p, pu € L% (Llro) the set of test functions can be enlarged to

¥ € C°((0,T) x R) (continious functions vanishing at the boundary) with 1;, 9,1 €
L2 (L},). In view of the regularity properties of X (¢,) it follows that for any ¢ €

loc

D ((0,T) x R), ¢ o X! can be used as a test function. Using this along with the fact
that X (¢, ) is a homeomorphism for all ¢, we write that

T
= oX! (o X1
0 /0 /R p(B) 0 X1) + pudu(a o X~V)dadt

T —~—— —
:/0 Aﬁ(at(wox—l)+aax(¢ox—l)) 0, X (t, ) dxdt

T
- / / 50, X0
0 R

witch translates into 4 /ox
—[—=—p| =0. 4.88
dt ( Ox p) (4.88)
Prooceding in a symilar manner, we get that the velocity’s equation rewrites as
~ ax\ ! ~
po (z) O — Oy e w(p) Oyt | + 0:P(p) = 0. (4.89)

Putting together equations, (4.88) and (4.89) we deduce that the system (4.84) can be
writen in lagrangian coordinates as:

Ca(ox N,
dt 8wp -
0X

-1
po () Oyt — Oy (((%) 1(p) Oy ﬂ) + 0, P (p) =0, (4.90)

t
X (t,x) ::L'—I—/ u(r,x)dr,
0

\

or, equivalently

(4 (90X .\ _,
at\oz’)~ ’~
po (z) Bt — 0, (”’;@ 0y a) +9,P(p) =0, (4.91)
0
t
X (t,x) :x—i-/ﬂ(v',:c)dr,
0

\
Let us close this appendix observing that if we dispose of an inequality of the following
type (it is the case in our case, see (2.10)):

CH)~ < jit,a) < C (1) (4.92)
then one may obtain from (4.91) that
O inf o < 2 (1) < O (1) suppo, (19)
along with
C(t) <8X )1 plt,x) _ Ct)™
: > (22 2] = > . 4.94
inf pg ox (¢, ) po(z) sup po ( )
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Sketch of the proof of the Theorem 3.3

In this section, we are just giving a sketch of the proof of the blow-up criterion. The
part concerning the existence of strong solution in finite time is classical. We begin by
observing that the Navier-Stokes system can be writen under the following form:

(4.95)

Opu + 2ud,u — Oy (pa_laxu) = v0,u —yp" " (v —u),
Opv + udpv = —yp 't (v — w)

Let us recall a classical product law in Sobolev spaces along with the Kato-Ponce comu-
tator estimate

Lemma 1 (Kato-Ponce) The following estimates holds true for s > 0 with FAsf(§) =
|EISFf(€) for f a temperated distribution:

[As (F) 2 < N fllpoo [1Asgllp2 + gl oo [As Sl 22 (4.96)
|As (fOzg) — fAsaxgHLQ < C(HawaLoo ||Asg||L2 + ||ASfHL2 ||amg||L°<>) (4.97)

In the sequel we wish to describe how to preserve all along the time the H® norm of u
and p — 1 for s > %
We rewrite the system (4.95) as

OiAsu + 2ud, Agu — O, (po‘_laxAsu) = As (vVOzu) — yAs (P7 (v — u))
+2 [As, u] Opu + Oy ([po‘*l, AS] agcu) , (4.98)
Ot Asv + w0 Asv = —vA4 (p”""‘+1 (v— u)) + [As, u] Oyv

Multiply the first equation with Asu and integrate over R, we get that:

1d
/ ]Asu|2+/,0a_1 |6wASu]2:/8xu|Asu|2+/As (v0,u) Agu
2dt Jr R R R

— r}// As (pﬁ/_a (’U - U)) ASU + / 2 [AS; ’LL] 8I’U/AS’U/ + / 8x (|ip0£—17 As] 83;’1/4) ASU.
R R R
(4.99)
Multipliyng the second equation of (4.98) with Agv we obtain that:

1d 1
2dt/ |A5U‘2 = 5 / axu |Asv‘2 — 'Y/ As (p’y_a-‘rl (’U — u)) ASU —|—/ [A&u] avas'U-
R R R R
(4.100)
If we add up (4.99) and (4.100), it yields that

1d

2dt Ju

= / Opu ]Asu\2 + / Ag (VOzu) Asu — ’y/ A, (/ﬂ_o‘ (v— u)) Agu
R R R

+/ 2[As, u) &L«uAsu—l—/@x ([PQ_I,AS] &L«u) Agu
R R

{Asu|2+|A5v\2}+/pO‘1 10, Agul?
R

1/ dpu|Asvl* — ’y/ As (P77 (v — ) Agv +/ [As, u] OpvAsv  (4.101)
2 Jr R R
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In the following lines, we analyse the different terms appearing in the left hand side of
(4.101). The first two terms are treated in the following manner using Lemma 1:

/ Apu | Asul?® + / Ag (v9,u) Agu
R R
S 10zt oo A5t 72 + 100ull oo [Asv ]l 22 [ Asull g2 + [0]] oo 102 Asull 2 [ Asull 2

2 T -
S 100wl oo [1Asull T2 + 10ntll oo 1AGV[| L2 1Asull 2 + 0] oo |07 2 || 0% OuAsta]| 12 [ Al 12
2 2 - 2
< Cl0pul oo [[Asull 72 + Cl|02ull oo [|As]| 12 [|Asull 2 + C 0l|700 || || oo 1 Asull72

Lot o, a0
+ é ‘ P 2 Ox\gU 12
(4.102)
The third term can be treated as follows:
A 7 @) A s (07 e vl sl Wl
+ [[(v — U)HLOO HAS (Pvia - 1)HL2) HASUHL2 .

We have for the fourth term using Lemma 1:

/Q[As,u] Duhsu < [|0sull o 1A (4.104)
R

The fifth term :

/ 9w ([p*71, As] Ozu) Asu
R
S C H [paila AS] aﬂiuHLQ ”axAsuHL2

- oa— oa— 1 a2 2
<O (1000 |y sl + 100 e (o = )] )+ [0 0
_ — 1| a=2 2
< O e (o = ll oo Al 2 + 100l e [[As (077 = 1)) + 5 [} Gt
(4.105)
We skip the sixth term. Seventh term :
[ 0= ) Ao S Aol o Al 2 + [Aco
R
+ (107 = 1] o 1A (0 = )] 2 + [0 = ull o (|45 (074 = 1)]| 2)) 1012
(4.106)
Last term :
/R (A, 1] pvAsv S (100t o (A0l 2 + 1000 oo [ Astll 2) [Asvll e (4107)

Let us observe that in the estimates (4.103) (4.105) and (4.106) we have to treat the
Hé-norm of p7=%,p% 1 and p7=2*! respectively. This is the objective of the following
lines. For each 3, we may write that

oup” + udyp® = —Bp 0.
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and consequently

O\ g (pﬂ — l) + w0 A (pﬂ - 1) = —BA; (pﬂaxu> + [As, u] Oy (pﬁ - 1) .

We get that
s L1 (7 =0 <G ool a. (- )|,
# (Nl [ (2 = V)2, + | (0 = 1), 180l ) [ (2 = )
(ot 1.7 o i) ()
< € (10uull 4 12 (7 = V) + 1=l ) [ (2 1),
+ | AullZs + ¢ HpaT_laxAsu ; (4.108)

Thus putting togheter the estimates (4.102),(4.103),(4.104),(4.105),(4.106),(4.107) and
(4.108) for B=a— 1,7y —a, v — a+ 1 we get that

[l I+ [ (o = D A (77 = 1) A (1) e

¢
+/ /po‘_1 8, Asul? (s, z)dsdx
0 JR

< C (w0, p0) exp ( [O+]D)] ) 6 u<u,v,axu,axv>u%m))
(4.109)

with ¢ depending on « and . We mention also that C (ug, po) depends on ||ugl s,
llpo — Ll zs, ||pollzee and ”p%”L‘”- Next, let us analyse in more detail the equation of v :

v + udpv = —yp?’ " (v — w)
We get that
t
—a+1
Iollszezy < ool + 167 ey [ Mt M s

Moreover, writing the equation of 0,v we see that

(830), + udy (050) + (Ot +vp"™%) Opv = " 0pu — 7y (v — @) p 7242 (v — u)?

01 ‘
) (1 4 / lu, axmum)
L§°(L>°) 0

with ¢ (r) = rexpr and §; depending on 7 and «. Moreover, the Bresch-Desjardins
entropy allows a uniform control on ||p|| Leo(1ge)- Let us denote by:

A= [ 0 @ar @+ [ [ i

27

From which we deduce that

1
1000l pey S 19000l + 1 (1 N H (n2)



Using the same techniques as in the section on the Hoff estimates, we may show that

P

02
1
Lge (L°°)>

Z(pu) (1) < Coexp t<1+H

which, in turn, ensures a control on H(‘)quL?(LOO) provided that we control H%HL;;O(Loo).
To summarize:

e The Bresch-Desjardins entropy provides control on ||p|| Leo (L) for any ¢ > 0,

® [[(v,02)|| oo (fo0y is controlled by [[(u, Dpu)| 1100y and H <p, %)HLOO(LOO),
t

e The Hoff-type estimates ensure that ||81u||L$(Loo) is controlled by H (,0, %) HLOO(L :
t

e Using the basic energy estimate we obtain that HuHLg(L(X,) is controlled by H (p, %) HLOO(L .
t

Taking into account the estimate (4.109) we get that for any 7 > 0 and any s > % the

H*-Sobolev norm of (u, v, p — 1) is uniformly controlled by H%HLOO(L ;
t
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