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Global strong solution for the Korteweg system in dimension
N >2

Boris Haspot *

Abstract

This work is devoted to prove the existence of global strong solution in dimension N > 2
for a general isothermal model of capillary fluids derived by J.E Dunn and J.Serrin (1985)
(see [16]), which can be used as a phase transition model. In a first part we prove the
existence of strong solution in finite time for large initial data with a precise bound by
below on the life span T* of existence of the solution. This one depends on the norm
of the initial data (pg,vg). The second part consists in proving the existence of global
strong solution with particular choice on the capillary coefficient k(p) = “—: and on the
viscosity tensor which corresponds to the shallow water case —2udiv(pDu). To do this
we derivate different energy estimate on the density and the effective velocity v which
ensures that the strong solution can be extended beyond T*. The main difficulty consists
in controlling the vacuum or in other words to estimate the L>° norm of %. The proof relies
mostly on a method introduced by De Giorgi [I4] (see also Ladyzhenskaya et al in [30]
for the parabolic case) to obtain regularity results for elliptic equations with discontinuous
diffusion coefficients and a suitable bootstrap argument.
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1 Introduction

We are concerned with compressible fluids endowed with internal capillarity. The model we
consider originates from the XIXth century work by Van der Waals and Korteweg [43], 28] and
was actually derived in its modern form in the 1980s using the second gradient theory, see for
instance [16] 26, 42]. The first investigations begin with the Young-Laplace theory which claims
that the phases are separated by a hypersurface and that the jump in the pressure across the
hypersurface is proportional to the curvature of the hypersurface. The main difficulty consists
in describing the location and the movement of the interfaces.

Another major problem is to understand whether the interface behaves as a discontinuity in
the state space (sharp interface SI) or whether the phase boundary corresponds to a more
regular transition (diffuse interface, DI). The diffuse interface models have the advantage to
consider only one set of equations in a single spatial domain (the density takes into account the
different phases) which considerably simplifies the mathematical and numerical study (indeed
in the case of sharp interfaces, we have to treat a problem with free boundary).

Another approach corresponds to determine equilibrium solutions which classically consists
in the minimization of the free energy functional. Unfortunately this minimization problem
has an infinity of solutions, and many of them are physically wrong. In order to overcome
this difficulty, Van der Waals in the XIX-th century was the first to add a term of capillarity
to select the physically correct solutions, modulo the introduction of a diffuse interface. This
theory is widely accepted as a thermodynamically consistent model for equilibria. Alternatively,
another way to penalize the high density variations consists in applying a zero order but non-
local operator to the density gradient (we refer to [38], [39], [40]). We refer for a mathematical
analysis on this system to [9] 10, 1T}, 19} 22].

Let us now consider a fluid of density p > 0, velocity field u € RY, we are now interested in
the following compressible capillary fluid model, which can be derived from a Cahn-Hilliard
free energy (see the pioneering work by J.- E. Dunn and J. Serrin in [16] and also in [}, [8, [18]).
The conservation of mass and of momentum write:

gp + div(pu) =0,
ot (1.1)

aat(pu) + div(pu ® u) — div(u(p) Du) — V(A(p)divu) + VP(p) = divK,

where the Korteweg tensor reads as following:

divK = V(pr(p)Ap + %(fi(p) + pr (p))|Vpl?) = div(k(p)Vp ® Vp). (1.2)
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Here « is the capillary coefficient and is a regular function of the form k(p) = kp® with a € R.
The term divK allows to describe the variation of density at the interfaces between two phases,
generally a mixture liquid-vapor. The pressure P(p) = ap? with v > 1 is a general v law
pressure term, £1(p) > 0 and A(p) are the viscosity coefficient and Du = £(Vu +' Vu) is the
strain tensor.

Remark 1. In the sequel we are focusing on the case of shallow-water viscosity coeflicients, it
means p(p) = 2up with g > 0 and A(p) = 0. In addition we will deal only with the case of the
quantum compressible Navier-Stokes system studied in particular in [27] which corresponds to
the capillary coefficient k(p) = %.

Let us express now the energy of the system when P(p) = ap with @ > 0 and when the
densfny is closetfll;czm a constant state p > 1, multiplying the momentum equation by u we have:
with q(t) =t [; 9)

S

Ep)(t) = [ Gott.a)luta) + (1(p)(t.2) =T + KV Vo(t. ) ) do
(1.3)

+/0 /RN 2u p(t, z)|Dul?(t, z)dtdx < /RN (po(a) o (@) + T1(p0) (x)) dz.
with II(p) defined as follows:
(p) = a(p ln(p) +5—p) =alp) —a(p) — d(p)(p— p).

Let us observe that in comparison with the compressible Navier-Stokes system the capillary
tensor provides additional regularity on the density since the gradient of the square roots of
the density is conserved. In fact the capillary tensor makes the system parabolic-parabolic on
the density and the velocity.

Remark 2. When £(p) = £ we obtain (see the appendix)t:
divK = kdiv(pVV In p).

Let us introduce the unknown v = u + puVlnp (which has been introduced by Jiingel in
[27] in order to prove the existence of global weak solution) such that we have:

Op + div(pv) — uAp =0,
powv + pu - Vo — pdiv(pVu) — kdiv(pVV In p) + VP(p) = 0.

In particular if k > p? we have:

{ Op + div(pv) — uAp =0,

1.4
P + pu - Vo — pdiv(pVo) — (k — p?)div(pVV In p) + VP(p) = 0. (14)

Multiplying the previous momentum equation by v when P(p) = ap we have:
1 ~ t
Eipo)) = [ | (Gottalu(t. o) + M) ta) =@ do+ [ [ pptt, ) Vol (t,)dtde

< / (po(@) o (@) + (IT(pp) () — T1(p))da.
RN
(1.5)



Remark 3. In the following we shall consider the simple case x = p2and P(p) = ap with
a > 0. We can observe that when x = p? the previous system can be rewritten as follows:

{ Op + div(pv) — pAp =0,

1.6
powv + pu - Vu — udiv(pVo) + VP(p) = 0. (L6)

It appears clearly that the density p and the effective velocity v verifies parabolic equation.

1.1 Motivation and main issue for the Korteweg system

Now before recalling the main results on the existence of global weak solutions for compressible
Navier Stokes equations and Korteweg system, we would like to point out also an another
aspect of the Korteweg system . Indeed this system is also used in a purely theoretical
interest consisting in the selection of the physically relevant solutions of the Euler model by
a vanishing capillarity-viscosity limit (especially when the system is not strictly hyperbolic,
which is typically the case when the pressure is Van der Waals). Indeed in this last case at
least when N = 1 it is not possible to apply the classical theory of Lax for the Riemann problem
(see [31]) and of Glimm (see [I7]) with small BV initial data in order to obtain the existence of
global weak-entropy solution (we refer also to the work of Bianchini and Bressan see [5] for the
uniqueness). It explains in particular why it seems important to prove the existence of global
strong solution with large initial data for the Korteweg system.

In this spirit, we prove recently in [12] with F. Charve inspired by DiPerna [I5] the existence
of global strong solution with large initial data of the Korteweg system in one dimension when
x = p?. To do this we adapt the notion of Riemann invariant to the Korteweg system which
allows us to control the L° norm on v, next using the maximum principle we can estimate the
L™ norm on the vacuum 1 what is sufficient in order to propagate globally the regularity. In
addition we show that this global strong solution converges in the setting of a -~ law for the
pressure (P(p) = ap”, v > 1) to weak entropy solution of the compressible Euler equations. In
particular it justifies that the Korteweg system is suitable for selecting the physical solutions in
the case where the Euler system is strictly hyperbolic and when x = 2. The problem remains
however open for a Van der Waals pressure.

Let us give some few words on the choice k = p?. It gives a specific structure of effective velocity
(see the system (L.6), but is also reasonable on a physic point of view (see [40] for more details).
This algebraic relation between x and pu? corresponds to an intermediary regime, indeed an
important research line (see [40]]) is to model the capillarity tensor and to understand how
the solutions converges to the Euler system when the capillarity and the viscosity coefficients
tends to zero. We want point out here that it exists three different regimes, more precisely if
we assume the viscosity coefficient equal to € with € — 0. Then we have the following regimes:

1. k << €2, the viscosity dominates so the parabolic effects is primordial.
2. Kk ~ €2, intermediary regime.
3. k >> €2, the capillarity dominates so the dispersive effects are predominant.

In particular in the parabolic regime we attend to converge to weak entropy solution, in [12] this
result is proved in the case of the intermediary regime when x = p2. In the last case we probably
converge to ”dispersive solutions” which generates ”dispersive shocks”. This problem remains
open, it has been studied in the case of Korteweg de Vries equation by Lax and Levermore
(see [32] B3, B4]) using the inverse scattering theory (in this case the solutions converges to a
”dispersive solution” of the Burger equation).



1.2 Existence of global weak solutions for Korteweg system

We can observe that via the energy inequality , the density /p belongs in L>(0, oo, HY(RM)).
Hence, in contrast to the compressible Navier-Stokes system one can easily deal with the pres-
sure term by involving Sobolev embedding (in other words we have enough compactness on the
density). However it appears a new obstruction compared with the compressible Navier-Stokes
system which consists in dealing with the quadratic terms in gradient of the density coming
from the capillary tensor (see (1.2)). Bresch, Desjardins and Lin in [7] got some stability result
for the global weak solutions of the Korteweg model with some specific viscosity coefficients and
capillarity coefficient pu(p) = p, A(p) = 0 and k(p) = Kk a constant. To do this they exhibit new
entropy inequalities which ensures regularizing effects on the density, roughly speaking they
obtain a control of Ap in L2.(L*(RY)) for any T > 0. It provides enough compactness in order
to deal with the capillary tensor. However the global weak solutions of [7] require some specific
test functions which depend on the solution itself (in other words they obtain the stability of
global weak solution for the Korteweg system where the momentum equation is multiplied by
p). This is due to the difficulty to deal with the term pu®u (indeed compared withe the case of
non degenerate viscosity coefficient we have not directly a control on the gradient of u but only
on pVu which is in L2(L?(RY))). In [27], Jiingel in a very interesting paper obtains by using
an effective velocity v the existence of global weak solution when (p) = 1 (which corresponds
to the quantum compressible Navier-Stokes system) modulo that as in f?] the test functions
depends on the density p. In particular he is the first to introduce this new effective velocity
v which allows to simplify the system as we have seen in . It allows him to establish new
entropy estimates in the spirit of [7].

In [2I], we improve this result by showing the existence of global weak solution with small
initial data in the energy space for specific choices on the capillary coefficients and with gen-
eral viscosity coefficient. Comparing with the results of [7], we get global weak solutions with
general test function ¢ € C% (RY) not depending on the density p. In fact we have extracted
of the structure of capillarity term a new energy inequality using fractionary derivative which
allows a gain of derivative on the density p. Finally in [24] we extend the result of [27] when
x = pu? by proving the stability of the weak solution with classical test functions (they do not
depend on the solution itself). To do this we involve additional entropy on the effective velocity
which provide a gain of integrability on the velocity v (in the spirit of [36]).

1.3 Global strong solutions with small initial data for the Korteweg system

Let us now recall the notion of scaling for the Korteweg’s system . Such an approach
is now classical for incompressible Navier-Stokes equation and yields local well-posedness (or
global well-posedness for small data) in spaces with minimal regularity. In our situation we
can easily check that, if (p,u) solves (L.1]), then (py, uy) solves also this system:

px(t, ) = p(N2t, \x) | up(t, z) = Au(\’t, \x)
provided the pressure laws P have been changed into A2P.

Definition 1.1. We say that a functional space is critical with respect to the scaling of the
equation if the associated norm is invariant under the transformation:

(p7 u) — (p/\7 u/\)

(up to a constant independent of \).



This suggests us to choose initial data (pg,up) in spaces whose norm is invariant for all
A > 0 by the transformation (pg,ug) — (po(A-), Aug(A-)). A natural candidate is the Besov

space (see the section |3 for some definitions of Besov spaces) B o N/2 (BN/ - 1) , however since
BN/2

2.00 1S DOt included in L®°, we cannot expect to get a priori L*° estimate on the density when
po € BQ] Q (in particular it makes the study of the non linear term delicate since it appears
impossible to use composition theorems). Danchin and Desjardins in [I3] have been the first

to obtain the existence of global strong solutlon with small initial data in the framework of

-1
critical Besov spaces choosing (pg — 1, ug) in 32 1 X 32 1 - Let us mention that this choice

allows to control the L> norm on the density since B 271 is embedded in L°°. This last result
has been recently improved in [25] inasmuch as we can deal with large space of initial data,

here (po — 1,up) belong in (BQ%’2 N L>®) x 32%72_1. The main difficulty consists in estimating
the L*> norm of the density, to do this we use a characterization of the Besov space in terms
of the semi-group associated to the linearized Korteweg system combined with a maximum
principle. Let us also point out that when & = u? we prove the existence of global strong
solution with large initial data for the scaling of the equation when N > 2 on the rotational
part. In particular it shows that for some suitable initial data we have existence of global
strong solution in dimension N = 2 however that these initial data are large in the energy
space (let us mention that the problem of global strong solution in dimension N = 2 with large
initial data remains open in full generality). The key ingredient of the proof is the notion of
quasi-solution, which consists to approximate our solution by an exact solution of the pressure
less system of . We take into account the fact that we have not an exact invariance by
scaling because the pressure term and it allows us to consider this term as a small perturbation
in high frequencies. We refer also to [23] when we consider the system with friction, we have
in this case exact global strong solution with large initial data provided that the velocity is
irrotational. Let us finally cite the work of Kotschote in [29] who showed the existence of strong
solution for the isothermal model in bounded domain by using Dorea-Venni Theory and H*
calculus. In [20], we generalize the results of [13] in the case of non isothermal Korteweg system
with physical coefficients depending on the density and the temperature.

Actually the existence of global strong solution with large initial data in the general case
remains a open problem in dimension N > 2. We would like in the present paper answer to
this question when k(p) = M;’ w(p) = 2up, AN(p) = 0 and P(p) = ap. To do this we start by
giving a result of strong solution in finite time in critical Besov space, the main issue of our
analysis in this first result will be to give an accurate estimate on the time of existence T™.
More precisely we shall bounded by below 7™ in terms of the norms of the initial data. The next
step and the main ingredients of the proof of the existence of global strong solution correspond
to provide new energy estimate. In particular we are going to show that we can control p%v in
any L (LP(RY)) space with 2 < p < +00 (in other word we get a gain of integrability on the
effective velocity). In the sequel, we shall transfer these new regularity on p%v on the density
p via the first equation of which is parabolic. To realize this program it seems necessary
to control the vacuum or the L™ norm of L. In order to get such estimates, we will apply
method introduced by De Giorgi (see [14]) to obtain regularity results for elliptic equations
with discontinuous diffusion coefficients and extended by Ladyzenskaya et al (see [30]) to the
parabolic case. One of the mz}in difficulty in order to adapted these technics is that we have

no control on v but only on prv, in order to overcome this difficulty we shall apply a suitable
bootstrap argument (indeed % is bounded in L* norm at least on (0,7*)) which enables us



to prove that /1) is bounded in reality in L (L>°(R™)). To finish via the accurate estimate on
the time existence of a strong solution in terms of the norm of the initial data, we are going to
extend our strong solution beyond 7™ which will imply that necessary we must have T = 4o0.
Let us state now our mains results.

2 Main results

Let us rewrite the system (1.4) in terms of ¢ = In( %) and we assume that
12
P(p) = ap, k(p) = ’E 1(p) = 2up, A(p) =0, (2.7)

we have (assuming that the density does not admit vacuum):

ov+u-Vv—pulAv—puVg-Vo+aVqg=0.

Our first result concerns the existence of strong solution in finite time with in addition an
estimate on the time of existence in terms of the initial data.

Theorem 2.1. Let N > 2 and assume that the physical coefficients verify . Let (qo,vo) €

N N

By x B, with1 < p < 2N and c such that 0 < ¢ < po, then it exists a time T such that
system has a unique solution on [0,T] with:

N %+2 1 oo /700 (mN ~ %_1 1 %-i_l
q e CT( 1) N LT(BP,1 ), ;,p € LF(L*®(RY)) and v € C’T(Bp’1 )N LT(BP’1 ). (2.9)
If in addition (qo,vo) belongs in Bj, x B 1 Y for any s > N then we have:

1 ~ — s
q € Cr(B; ) N Ly(B3Y?), P LEL*RY)) and v e Cp(Bi7) N Lp(BsHY).  (2.10)

> 2 Dte N1 Notte, o
Now we assume that (qo,vo) € (By; N By ) x (B, NB)y ) with e > 0 then it exists

P
C,C1,c > 0 such that:

T> 2(cu)_1z€3 Q(Cu)%_lﬁg ,%,
(8C)llgoll“ .. (8C)? ool Ny
Byl Byl (2.11)

).

16C7(|lgoll ~ + llvoll ~_, 1+\/HQOH ~ + vl ~_1)?)
Bp p p p

p,1 ,1

Remark 4. Let us mention that this theorem is not really new, indeed similar results have
been proved in [13]. In [24] it is even posmble to obtaln strong solution with large class of

initial data, it means with (qo, vo) in (B222 N L) x B222 . Here the main interest of this result
provides of the precise estimate on the time of existence which will be crucial in order
to prove the existence of global strong solution. Let us observe that we need to choose initial
data which are slightly surcritical for the scaling of the equation.



Let us define now the maximal time 7™ of existence of global strong solution:
T* = sup{T € R;it exists a solution (g, u) of the system [2.8 on [0, T verifying (2.9) }

Theorem 2.2. Let N > 2 and assume that the physz'cal coefficients verify (2.7 . Let (qo,vo) €

e y_ N_1te
(ByanByy )x(B)y NBYy with € > 0 and with 1=, <p < 2N and c such that 0 < ¢ < py.

In addition we assume vy € L* and (p,vy) are of ﬁmte energy which implies:

E(po,up) < +00,
gl(POaUO) < +00.

then we have T* = +o0.
1
Remark 5. The above assumption on vg ensures that pj' vg is uniformly bounded in uniformly

bounded in p; in L' for any 2 < p; < 4o00. It will be important in the sequel in order to get
a gain of integrability on the velocity v.

Remark 6. This is the first result up our knowledge of global strong solution with large initial
data in full generality when N > 2 for the Korteweg system with the specific choice on the
physical coefficients . Let us mention that this particular choice on the coefficients enables
us to obtain gain of integrability on the effective velocity v which is crucial in the proof of our
result.

Remark 7. This result allows also to prove the existence of global weak solution with initial
data in the energy space with this particular choice on the physical coefficients. Indeed in
[24] we prove the stability of the global weak solution, it was however difficult to construct
approximate global weak solution which verify uniformly the different entropy inequalities.
This is done now using the previous theorem.

The paper is structured in the following way: in section [3] we recall some important results
on the Littlewood-Paley theory and the notion of Besov spaces. In section [4 we prove the
theorem In the section [5| we show uniform estimate in time on the solution (p,v). In the
last section [6] we end up with the proof of the theorem To conclude we postpone in the
appendix the derivation of the model .

3 Littlewood-Paley theory and Besov spaces

Throughout the paper, C stands for a constant whose exact meaning depends on the context.
The notation A < B means that A < CB.

As usual, the Fourier transform of u with respect to the space variable will be denoted by
F(u) or u. In this section we will state classical definitions and properties concerning the
homogeneous dyadic decomposition with respect to the Fourier variable. We will recall some
classical results and we refer to [3] (Chapter 2) for proofs (and more general properties).

To build the Littlewood-Paley decomposition we need to fix a smooth radial function x
supported in (for example) the ball B(0, 3), equal to 1 in a neighborhood of B(0, 2) and such
that 7 — x(r.e,) is nonincreasing over R+ So that if we define ¢(§) = x(£/2) — x(&), then ¢
is compactly supported in the annulus {¢ € R?, % < ¢l < %} and we have that,

vEe RN\ {0}, D o2l =1. (3.12)

leZ



Then we can define the dyadic blocks (A;)icz by A; := ©(27'D) (that is Aju = o(271€)u(€))
so that, formally, we have

u=>Y Au (3.13)
l

As (3.12]) is satisfied for & # 0, the previous formal equality holds true for tempered distributions
modulo polynomials. A way to avoid working modulo polynomials is to consider the set S}, of
tempered distributions u such that

lim || Syul|z~ =0,
l——o0

where S, stands for the low frequency cut-off defined by Sy = x(27'D). Ifu € S}, 1D is

true and we can write that Sju = Z Aqu. We can now define the homogeneous Besov spaces
q<i-1
used in this article:

Definition 3.1. For s € R and 1 < p,r < oo, we set
1
HUHB;T = <Z27“l$HAlu”Ep> if r<oo and HUHB;S),OO = SllpoZSHAluHLP_
I

We then define the space By, as the subset of distributions u € S, such that [|u|| s is finite.

Once more, we refer to [3] (chapter 2) for properties of the inhomogeneous and homogeneous
Besov spaces. Among these properties, let us mention:

e for any p € [1,00] we have the following chain of continuous embeddings:

By, < LP < B)

P,

d
e if p < oo then By, is an algebra continuously embedded in the set of continuous functions

decaying to 0 at infinity;
e for any smooth homogeneous of degree m function F on R?\ {0} the operator F(D)
defined by F(D)u = F~! (F()]—"(u)()) maps By, in By ™. This implies that the gradient

ER s—1
operator maps By . in By .

We refer to [3] (lemma 2.1) for the Bernstein lemma (describing how derivatives act on spectrally
localized functions), that entails the following embedding result:

Proposition 3.1. Forall s e R, 1 <p; <pys <o and 1l <r; <ry < oo, the space B;Ln is
d(=—-=+)

s
continuously embedded in the space By, »,"* * .

Then we have: .
By < BY, | < L.
In this paper, we shall mainly work with functions or distributions depending on both the time
variable ¢ and the space variable x. We shall denote by C(I; X) the set of continuous functions

on [ with values in X. For p € [1, 00|, the notation LP(I;X) stands for the set of measurable
functions on I with values in X such that ¢ — || f(¢)||x belongs to LP(I).



In the case where I = [0, T, the space LP([0,T]; X) (resp. C([0,T]; X)) will also be denoted
by L4 X (resp. CrX). Finally, if I = Rt we shall alternately use the notation LPX.

The Littlewood-Paley decomposition enables us to work with spectrally localized (hence
smooth) functions rather than with rough objects. We naturally obtain bounds for each dyadic
block in spaces of type Lf.LP. Going from those type of bounds to estimates in L%B;’T requires
to perform a summation in ¢"(Z). When doing so however, we do not bound the L%B;T norm for
the time integration has been performed before the £” summation. This leads to the following
notation:

Definition 3.2. For T'> 0, s € Rand 1 <r,0 < oo, we set

- .— |97 || A
HUHL%BISM = H2 HAQUHL%LP or(z)
One can then define the space E"TB;J as the set of tempered distributions u over (0,7 x R?
such that lim, ,_ Squ = 0 in L7([0, T]; L>°(R%)) and lull7o g < 0o. The letter T" is omitted
T—p,r
for functions defined over R*. The spaces Lg 7B, , may be compared with the spaces LT.B; ,
through the Minkowski inequality: we have

HUHZ%B;W < HUHL%B;T if r >0 and Hu”z%Bﬁ,r > HUHL%B;r if r <o.

All the properties of continuity for the product and composition which are true in Besov
spaces remain true in the above spaces. The time exponent just behaves according to Holder’s
inequality.

Let us now recall a few nonlinear estimates in Besov spaces. Formally, any product of two
distributions u and v may be decomposed into

wv = Tyv + Tyu + R(u,v), where (3.14)

Tyv ::ZSl_luAlv, Tyu —ZSZ WA and R(u,v) Z Z A Apv.
1 1or—i<1

The above operator T' is called “paraproduct” whereas R is called “remainder”. The decom-
position (3.14]) has been introduced by Bony in [6].

In this article we will frequently use the following estimates (we refer to [3] section 2.6):.

Proposition 3.2. Under the same assumptions there exists a constant C' > 0 such that if
1/p1+1/p2 =1/p, and 1/r1 + 1/ro = 1/r:

ITuvllss, < Cllullze vl s

2,1 — 21’

HTuUHBSH < Cllull gt

P1,71

s t <0),
lollgy  (£<0)

1RG0 g < Cllullgs ol (514 52> 0). (3.15)

s1+so—
BPJ‘ 2

Let us now turn to the composition estimates. We refer for example to [3] (Theorem 2.59,
corollary 2.63)):

10



Proposition 3.3. 1. Let s >0,u € B;; NL* and F € I/Vl[jl+2 *(R%) such that F(0) = 0.
Then F(u) € B; , and there exists a function of one variable Cy only depending on s, p,

d and F' such that
1F(w)l[ s, < Colllullze)llullzs, -

d
2. Ifuandv € By, andifv—u € By, for s €]— 2, 2] and G € W[Sl+3 *(R%), then G(v)—G(u)
belongs to By | and there ex1sts a funct1on of two variables C' only depending on s, d and
G such that

1G(v) = GW)lB;, < Cl[uflres, [[v]l=) (\G’(O)HHUHBgl+HvHBg1) lv = ullBs, -
P, P,

Let us now recall a result of interpolation which explains the link between the space By
and the space B, . (see [3] sections 2.11 and 10.2.4):

Proposition 3.4. There exists a constant C such that for all s € R, ¢ > 0, 0 > 1 and
1 <p< +o0,

el =) + ll g e

lullzg s ) < 1 ul;, (55108 <e L Iz ||Z)|O|)~ 2 p,oo>>.
LF (B} o)

Parabolic equations

Let us end this section by recalling the following estimates for the heat equation:

Proposition 3.5. Let s € R, (p,7) € [1,+00]? and 1 < ps < p1 < +00. Assume that ug € B;,
and f € LPQ(BS 2+2/p2) Let u be a solution of:

{&gu—,uAu:f

u/t:() = Up,

where 1 > 0. Then there exists C' > 0 depending only on N, i, p1 and ps such that:

lll s gty < C(luollzg, + 111 pm =22 -

If in addition r is finite then u belongs to C([0,T7], By, ). We have in fact for p} = (1+— - E)_l:
1— e=onT2 1
lucll, 2 <C(D 2% AGuollr ()7
L7 (B, , gel cup1
2 i (3.16)
—24+= —€ -
+ 32 TR A ] o2 gy () )

qEZ

11



4 Proof of the theorem 2.1

4.1 Existence of local solutions for system ({1.1)

We now are going to prove the existence of strong solutions in finite time with large initial
data verifying the hypothesis of theorem for the system (2.8). In addition we will provide
N

N
N N_q
estimate on the time of existence. We assume now that (go,vo) belongs in Bp’: 1 X Bp’jl with

1<p<2N.

Existence of solutions

Let us recall the form of the system ([2.8):

{atq—,qu—i-divv = —v-Vq+ |Vl (417)

o +u-Vo—puAv—uVg-Vo+aVg=0.

The existence part of the theorem is proved by an iterative method. We define a sequence
(¢",u") as follows:
¢"=qr+q" u" =uL+0",

where (qr,ur) stands for the solution of:

0, di — uAgr, =0
{ tqr + divur — BAQL ) (4.18)

Opvr, — pAvg, = 0,
supplemented with initial data:
qr.(0) = qo , vr(0) = vo.
Using the proposition we obtain the following estimates on (qr,ur) for all T > 0:

~ PN Ty ~ o1 = Ny
qr € C([O7T]7Bp1jl) N LT(Bp2,1 ) and VL € C([OvTLBp}:l ) N LT(BpZJ )
Setting (g°,7°) = (0,0) we now define (g,, v,) as the solution of the following system:
0q" + div(?") — uAG" = F,—1,
(Nl) at@n - HA'Dn = Gn—17
((jn, fbn)t:O = (07 0))

where: . L
Fo1=—v,1-Vq¢" " +p[Vq" 5,

Gn—l — _ un—l X V’Un_l + qun—l . vvn—l _ avqn—l.

1) First Step , Uniform Bound

Let € be a small parameter and choose T small enough such that according to the proposition
B.5] we have:

o, s +llanl, oy <26

(H) LT Bp,l ) T\ p,1 )
€
Jocll.  ~oy +llacll.  x < CA,
%o sz,)l L%O(szjl)

12



with Ao = ||go]| ~ + ||voll ~_,. We are going to show by induction that:
p p

BP,I p,1

(Pn) I(q", ") < Ve

for € small enough with:

~ ~ N_q

Py~ TL gt » 1 TN
FT:(C([O7T]7Bp,l)mLT(Bp,l ))X(C([OaTLBpJ )mLT(Bp,l )) :

As (@°,a°) = (0,0) the result is true for n = 0. We now suppose (P,,_1) (with n > 1) true and
we are going to show (P,,). Applying proposition we have:

qe. o < .
1(@", v") Py < CH(VanlaGn71)||z%(3ﬁ—1) (4.19)

Bounding the right-hand side of (4.19) may be done by applying proposition and proposition
3.3l We begin with treating the case of ||F,—1|| .  ~ , let us recall that:
1 P
)

T\ p,1

Foor=—vr Vg, —v - V@' =0"1 Ve, — 0"V 4+ p| VP

(4.20)
+2uVqr - V" + p| VTR
We are going to bound each term of (4.20]), we have then for C' > 0 large enough:
lor-Varll.  ~ Slocll,  x llacll. .,
LB @A) 3B (4.21)
S CAoe.
Similarly we obtain for C large enough and 1 < p < 2N
lor - V@ o~ <CIVETY_ o~ ol o~
Ly (B, L3(By) LE(By) (4.22)
< C\/ Aoe.
"tV xS N Vel
LB, T(By) LT(B,) (4.23)
< Cey/ Ayp.
and:
[tV x ST N Ve
LL(BF, LZ4(B}) L3(B)) (4.24)
< Ce.
Similarly we have:
HVe Pl o~ SIVE TP xS (Ve(l+/CAg))? (4.25)
Ll P L2 BP
T\ " p,1 T( p,l)

By using the previous inequalities (4.21]), (4.22)), (4.23), (4.25)), (Pn—1) and by interpolation,
we obtain that for C' > 0 large enough:

[l < Ce(CAp+1+2y/CAp). (4.26)
L

T p,l)

13



Next we want to control |G| .~ _, . According to propositions we have when 2% -1>0
INBP, )

p,1
(which is equivalent to 1 < p < 2N) for C' > 0 large enough:

lor - Vorl -~y Sllocll.. ~ [[Vor|l.  ~ o, < CAge,
1 P 2 p 2 P
LT(Bp,l T Bp,l) LT(Bp,l (4 27)
HUL'V@THH~1 vy Szl ~ HV?7"71H~2 v, <OV A,
7(Bp1 L#(Byh) L7.(By: )
3" Vol v, < COVAge,
L%“(Bp{)l )

[t -ven Y. v, <Ce
LlT(Bp{'1 )
n—1 n—1 < n—1
1vg" VoL s SV, x

Vo™=
T p,1 T p,l) L

(B%fl) < C’(\/E + \/A>O\£)2 (4-28)

2
T p,1

< Ce(1+2v/Ag + Ap)

Ive™, xm STIET 5 < T(CAo+ Ve).

T\"p,1 ) T \"p,1

Using (4.19)), (4.26)), (4.27)), (4.28) we obtain for a certain C > 0 large enough and with € < 1:

1@ @) < Cre(l +2y/Ag + Ag) + CLT(Ag + /6.

By choosing T" and e small enough the property (P,,) is verified, so we have shown by induction
that (¢",u™) is bounded in Fr. To do this we are going to take:

1 Ve O

< d T < mi =Ly, 4.29
Ves A0 (11 2v/A + Ag) 0T = min(7e 7o ) (4.29)
It implies that 7" must verify the hypothesis (H.) and:
1
T < min( ,%)
1603 (laoll_y + leoll_x )+ [Claoll_ +leall_x-)?) (130
B;DJ Bp,l Bp,l prl

We will show in the next section how to explicit the condition (H.) in the case of slightly
surcritical assumption on the initial data.

Second Step: Convergence of the sequence

We will show that (¢™,v™) is a Cauchy sequence in the Banach space Fr, hence converges to
some (q,v) € Fr. Let:
6qn — qn+1 _ qn S = Un-i—l — "
, .

The system verified by (d¢", du") reads:

0:0q" + divov™ — pAdq"™ = F, — 1,
O™ — pAov"™ = G, — Gy 1,
0¢"(0) =0, 6v"(0) =0,

14



Applying propositions [3.5] we obtain:

n n < o o .
660", 50 g < OB = Fucal, 16 =Gl ) (131)

Tedious calculus ensure that:
Fn o Fn—l — _5vn—1 X vqn o vn—l . v5qn—1 +Mv5qn—1 X vqn +uV5q”_1 . vqn—la
G —Gp1 = —u"-Vou" ' —ou" 1. Vo 4 uVg" - Vot + pdg™ - Vot —aVegn L

It remains only to estimate the terms on the right hand side of (4.31)) by using the same type
of estimates than in the previous section and the property (P,). More precisely we have via
the proposition [3.2) and (Py,), it exists C' > 0 such that:

| Frn — Fn—lHZl S H5u"_1Hzg N

v n
(B%%)H q !!Z%(B =1

T\"p,1 T\"7p,1 p,1
+ ||t ~_, |Vq" Ny et N IVS" Y N
I e s ey eV ey
FIVE Ty g T
L3 (B ©) L3 (B ©)
3 1
< C(Afet + Adet + e+ o)|(6g" L 00" ) | .
In a similar way we show that it exists C' > 0 large enough such that:
% 1 i 3 n—1 n—1
G = Gt vy < G+ S+ Ve s et TG00 Dl (438)
T p,1

By combining (4.31)), (4.32)) and (4.33) , we get for C' > 0 large enough:
3 1
18q", 80"l < C(AG et + Afet + Vet e+ T)[(3a" 60" )y

It implies that choosing € and 7' small enough (¢",v™) is a Cauchy sequence in Fr which is a
Banach space. It provides that (¢",v™) converges to (g,v) is in Fp. The verification that the
limit (q,v) is solution of in the sense of distributions is a straightforward application of
proposition 3.2}

Third step: Uniqueness

Now, we are going to prove the uniqueness of the solution in Fp. Suppose that (g1,v1) and
(g2,v2) are solutions with the same initial conditions and belonging in Fr where (q1,v;) corre-
sponds to the previous solution. We set:

0gq=qo—q and v =wvy — 1.
We deduce that (dg, dv) satisfy the following system:

0:0q + divév — ;LA(S(] =F, — F,
Oov — pAdv = G1 — Ga,
9q(0) =0, ou(0) =0.

15



We now apply proposition to the previous system, and by using the same type of estimates
than in the previous part, we show that:

)

160,80, S sl s +llaall, v el o+ el

N
T \Pp,1 T1\Pp,1 T p,l) L%H (sz,)l)
< 1(00.60)] 5, -
We have then for 7} small enough: (dg,dv) = (0,0) on [0,71] and by connectivity we finally
conclude that:
q1 = q2, v1 = vy on [0,7].

4.2 Estimate of the time of existence

Here we can estimate T' such that the assumption () is verified, indeed we have seen in
proposition [3.5] that when 1 < p; < +o0 it exists two constants ¢, C' > 0 such that vy, verifying
a heat equation has the following property:

1— e—cuT22qp1 1

locll_ 2 <C(Q 2%[Aquollr (————)7 (4.34)
n (q; avollr (- )
In particular we have:
N 1— efc,uTZZq
ozl e, < OS2 18gmllan () (4.35)
P, qe

Now estimating gz, in the system (4.18) and using again the proposition (3.5)), we get for C' > 0
large enough :

N 1— efc,uTZQ‘l
lacll.,  wp <C() 277 [|AqqollLe ( )
Lip(BS ) qEZZ cp
N . 1 — e—cnT2
+3 2% ||Aqd1vaHLg~F(Lp)(T)), (4.36)
qE€Z

N 1— efc,uT22q
< C(ZQ']@ HAqqoan( ” )+ ”divaHL1( N )

qE€Z T\"p,1
We deduce that for C large enough:

1— e—cuT22q

N
|QL|~ N <C 277 [|A QllLe\——————
bl on, < OO 2% 1l (=)

B (4.37)

+ 37275 || Agvollr (———))

C
qEZ ©

It remains only to choose T sufficiently small such that (#.) is verified, let us start with the

case:
1— —cuT2%4

N e
Yy 2% HAqquLp(T) <
qEZ

N ™

16



We have then using the fact that 1 — e ™™ < x when z € R:

e~ CH T2 q
qup HAquHLp(i > 295 | Ayqol|L» T2% +— Z 295 |1 Aqol| e,
q€Z a q<lo q>lo

’ 2 /
< (92—l “ 5—lope )
R

p,1

Let us choose [y such that:

2 ’ €
C =27 le , < - 4.38
C,LL Hq0||Bﬁ+e — 4 ( )
In particular we must have:
8C|qol| -
olo¢’ > —pl. (4.39)
clie
In particular it implies that:
8Cllgoll n s
BP
Ln(——=21 )
lO > € ClE
- In2
8CHQOHB%+E,
% ln(ip’1
Let us choose now [y = < Vi and we want to ensure that:
Y €
€2~ g | S S
p 1
In particular we must have:
€
T <
B 4CH(JOH 2(2=<Dlo”
p 1
Since we have:
Claoll g
2(2—6’)l0 _ By, A g €
( cpe ) 8C|qo| -
p 1
It implies that:
21
T < 2(6#) ;
6 ool .,
p,1
In other term we have prove that for:
2 2 2
2 —lea 2(cp) e e
T = min ( (c“) e 2Aa)? e ), (4.40)
o 2 e
(8C) 7 laoll* xoo (8O0l
B p
p,1 p,1
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the assumption (#.) is verified. We recall that we need also that T" verifies the condition (4.30]),
so we have finally:

T = D(llgoll x[lvoll x 15 llgoll xyorsllvoll 1. or)
Bpl pl Bpl Bpl
2<cu>"1ee 2<cu>%*165
< 5 )
(8C)7 [lao N (80 ool Ny (4.41)
Bp,l pl
o
16CE(llgoll » +llvoll x_, HQOH y +HvoH x,)?) 4
Bzfl p pl

Here D is a decreasing function in terms of each variable. It 1rnphes in particular that the time
of existence T of the strong solution is superior at least to 7.

4.3 Propagation of the regularity

Here we assume in addition that (go, vg) belongs in Bp 1 x Bs 1 with s > Y Tn a very classical
way the regularity is preserved on [0, 7], it means that:

(¢;u) € Cr(By,) x Cr(By 1Y),

It suffices to proceed as in the previous section.

5 Uniform energy estimates

In this section we assume that (qo, vo) verify the assumption of the theorem [2.2 - In particular
N

since (qo, vp) belongs in B L X By for N < p < 2N, we know via the theorem that it
exists a strong solution (q, v) to the system (2.8]) on the interval (0,7) with 7™ the max1mal
time of existence. In the sequel we shall assume by absurd that T < 400, our goal is now to
prove that it is not possible.

In addition we assume an extra hypothesis on the initial data since we choose (go, vo) in By ; X
B 11 with s > ; sufficiently large such that our solution (g, v) are in C*((0,7%) x RY) in order
to Justlfy all the integrations by parts. Let us mention that this regularity result is obtain by
Besov embedding and the propagation of the regularity proved in theorem [2.I} More precisely
we have for any T' € (0,77*) via the theorem

~ N
g € C([0,T], B, N By1) N LY([0,T], B;: “n BS+2>,
~ N_q
veC(0,T],B, NBTH)NLY0,T], Bpf' nBsth), (5.42)
]' o o
P € LF(L*(RMY)).

In addition in order to justify that v belongs in C([0, 7], LP*) for any T € (0,7*) we assume in
addition that (go,vo) are in all B} ; x BJ) | with 2 < p; < 4o0.

Remark 8. In the theorem the assumptions on the initial data are more restrictive, it
suffices then when we have prove the result of global strong solution for the previous choice of
initial data to use a regularization process and to pass to the limit using compactness argument.
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We are now going to prove a series of estimates on p and v which will depend only on the
time 7. All the integration by parts and all the quantity estimates will have sense via the

condition ([5.42)) and the remarks

5.1 Energy estimates

Following Lions in [35] p 207 we set: ¢(t) = tflt PS(;) ds. Since P(p) = ap we have ¢(t) = atlnt.

Multiplying the momentum equation of (1.4)) by v we get:

1 z)|v(t, z)|? x) — 0 T t z)|Vol?(t, x
|, Gt a(t, )+ (@) ta) =T+ [ [ (ot Vo) s
+ LT a))deds < [ (pola)lon(o)? + () () = T1(9))) o

with II(p) defined as follows:
II(p) = a(pln<§> +5- ) =a(p) —a(p) — 4 (P)(p— ).
We have then II(p) = IT'(p) = 0 with:
II'(s) = aln(ﬁ), Im"(s) = 5

We deduce that II is convex. It implies in particular that (II(p) — II(p)) > 0 and using (5.43))
we observe that (I1(p) — II(p)) is in LS (LY (RY)) for any 7' > 0.
Let us prove now useful proposition which ensure a H' control on the density.

Proposition 5.6. We have (p — p) € L=¥(L?(RY))
Proof: For § > 0 we show that it exists C > 0 such that:
1 _ _
glp — Pl p—pizsr < ((p) — TL(P))1{|p—p|>5)-

Next since II(p) = II'(p) = 0 it exists C' > 0 such that:

1
Glr= P21 p1<sy < ((p) = TH(P))1{jp— <o)

It implies in particular that (p — p) is in L¥(LY(RY)) for any T > 0 using the fact that
(IL(p) — 11(5)) is in LEF (LY(RY)). W

Proposition 5.7. We have (\/p — \/p) € L>(L?).

Proof: We have:
(VP - VB = (p— 5) + 255 — VP).

By Young inequality we have:
1 _ _ _
SIVP =Vl <lo—pl+2p
And we have then:

1 _ _ _ _
S — Vo) p—pzatllie < [1(p = D) Lyp—pzerll + 20l{lp — p| > 6}| < +o0,
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because (p — p) € L>®(L3(RY)). Next it exists C' > 0 such that:
1 _ 1 _
VP = Vollsi<sy < 275|ﬂ = PlLyjp—p<s}-

And we deduce that (\/p — /p)1{,—s<s} is in LF(L?) since (p — p) is in LE(LA(RN)). It
concludes the proof of the proposition. l

Proposition 5.8. We have (\/p — /p) € L>°(H*(RY)).

Proof: Since we have shown that (\/p — /p) is in L¥(L*(RY)) and that V,/p is also in
L (L*(RY)) via the energy estimate (5.43) it concludes the proof of the proposition. W

5.2 Gain of integrability on v

In this part, we are going to prove that the effective velocity v preserves in some sense the

LP norm following an idea developed by Mellet and Vasseur in [36, B7] for the compressible
1

Navier-Stokes system. More precisely we are going to show that prwv is in L>((0,T), LP(RM))

1
for any 2 < p < +oo provided that prvg is also in LP(RY) for any 2 < p < 4o00. We shall
observe in the proof of this result that it is strongly related to our choice of pressure P(p) = ap
with a > 0.

Lemma 1. Let (p,v) be our strong solution on (0,7™), then it exists C' an increasing function
depending only on the initial data of theorem such that for all 7" € (0,7™) we have for all
p € [4,+00):
1
lp7o(T, )| e < C(T).

Remark 9. Let us point out that C'(T") does not depend on p € [4, +00).

Proof: As in [36, B7], we now want to obtain additional information on the integrability
of v, to do it we multiply the momentum equation of (1.4 by v|v[P~2 and integrate over R,
we obtain then:

1 P
/ o0y(|v[P)dz +/ o (g +/ plolP~2|Vo[2da
b JrN RN p RN (5.44)
+(p— 2)/ pz 0000 Opug | v|P A da + / P20 - V(ap)dz = 0.
RN RN
Next we observe that:
1 2 1
> vokdividiog = > (Y vi0m;)* = [532'(!742)] = ZIV(IUIQ)\Z“
ok i i
We get then as div(pu) = —9;p and by using (5.44):
1 -2
L[ attomas+ [ ol 2iwutae+ L2 [ v Pt
P JrN T~ 4 Jry (5.45)

+ / [v|P~v - V(ap)dz = 0.
RN
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We have then by integrating over (0,t) with 0 < ¢ < T"

! / (o)t ) + / [ ool 2190 s ) dsd

p

/ AV @PR R s adsde < > [ (oluol?) @) (5.46)
+ |/0 /RN lv[P~2v - Vap(s, x)dsdz|.

By integration by parts we have since (p,v) are regular:

t t
/ / [v|P~2v - Vap(s, x)dsdx = —a/ / div(|v|P~%v)p(s, z)dsdz.
0 JRN 0 JRN

Next we have:
div(|v[P~2v) = |[v|P~2div(v) + (p — 2)|v[P " - (v - Vo).

By Young inequality we have:

t t
| — a/ / lv|P~2div(v)p(s, 2)dsdx| < 6/ / plvP~2| Vol dsdx
0 JRN 2Jo Jrn

. . (5.47)
+a2N2/ / plv[P~2dsdz.
2€ 0o JRN
Plugging (5.47) in ((5.46) with e = 1 we have:
1 e -2 2
= | (plol’)(t, 2)dx + 5 plolP=7 Vol (s, x)dsdx
b JrNy 2 Jo Jrw
(p B 2) ! 2\121,,|lp—4 1 p 5.48
+ pIV([0")[7[olP™ (s, x)dsdx < (polvol”) (z)dz (5.48)
4 0 JRN D JrN

1 t t
+ aQNQ/ / plv[P~2dsdx + (p — 2)| / / [P~ - (v - Vv)dzds|.
2 0 JRN o JRrRN

It remains to estimates the two last terms on the right hand side of (5.48)). We have for p > 4:

1
plofP= = /o0 pro]??,

with p — 2 = 2(1 — 0) + pf with 6 € (0,1). We deduce by Hélder’s inequality that:

— 2(1—-0),, 1 0
[ rlolr e < IS ool

In particular we have:

Then by Holder’s inequality we get:

p(p—4)
/ [ ool < 1Bl B / loro(s)l 2" ds.
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We deduce by Young inequality (and choosing € = l) that:

o 2d < p(p 24)d
p\v! x vaHLoo (£2) HvaHLp 8,

< ufvumm X f:;‘)upwuﬂ b (5.49)
(p—4)

SN P /0 Dot s + s,

p—2
Similarly we have by Young inequality:

\// (p — 2)ap|v|P~ v - (v - Vv)drds| = |// ap]v|p L - V|v|?dxds|,
p_2 2 2
< 2/0 /Np|v\p4|V\v]2|2dxds+2€4/ /Np\UV’deds.

(5.50)

We choose € = p— and plugglng in 1 we have:
1 1 9 9
- (plvlp)(t, z)dz + 5 plvP 7 Vol*(s, x)dsdz
p RN
1
+ 02D v o o 4<s wisde < [ (s (551

[2 a’N? + —(p—2)] // plv|P~2dsdzx.

Next using l) we have with € = @:

t
(r—2) / / plofP~2dads
0 RN

A o 2
< VGOl (el =4) [ llobollds+ 1) (55
1 P
< WAl e / ool ds + 2p(p — 4)1)
Finally plugging (5.49) and (| in we have:

1 / <p|v\p><t,x>dx+1 / / ploP2 (Vo[ (s, x)dsda
2 0 ]RN

P JrN

(p—2) ! p— 1 p
¥ / L AR s aydsde < = [ (poluol?) @)

a2

(p—4) b1, 1 » a’t 2p
+H\fUHLoo 2) (2 (N? p_2 +1>/0 pHpPU(8,~)HLPds+2(N2(p_2)+2p(p—4)()>. |
5.93

By Gronwall lemma, we conclude that for all ¢ € [0,7] we have:

2

;/RN(PUP)(t,a:)d:U < (;/}R (polvolP)(z)dz + H\/EUHE;Q(LQ)C;(N2@2f2)+2p(p—4))T>
2 —
< exp(IVal fn 5 (VL + 1),

22



In particular we have:

1
1 a? z
lovote i < ([ ol )@dde + 1ol g (V2 + 220~ )T )
RY - ) (5.54)
< IV (V2= + 1)
For z,y > 0 and for all p > 1 we verify easily that:
1 11 1
(z+y)r <2v(zv +yr)
then for all p > 4 we have:
p(p 2) a1 2 2]72 1
loro(t,)|or < 27 Hpovollm+ IVPull Lz 12 ()7 (N +2p2(p — 4)) P T
(p—2) (5.55)

< expl IVl Fn) 5 <N2 )

It ends up the proof of the lemma [T, W

5.3 Control on max ;)c(o,7|xrY @ for 0 <T <T*

Proposition 5.9. Under the assumption of theorem the density p verifies for any T €
(0, T*) with in our case T* < +oo which is a priori strictly finite:

1
”;HL%O(L‘X’(RN)) < C(T), (5.56)

with C' an increasing function in T.

ProofLet us deal with the momentum equation:
Op — plAp + div(pv) = 0,
p(0,-) = po.

On (0,7T™) since the density p is regular and is far away from the vacuum, p verifies the following

equation:
1
(=) — ap= 2 Ldiv(pu) = 0.

(0%
And we deduce since v = u + pV In p that:
O(p™®) —ap “divo+v-Vp ® +aup *tAp=0.

Since
ap™®TAp=Ap~* —a(a+1)p " ?|Vp|?,

we obtain then the following equation:
Oip~ — uAp™ + pa(a+1)p ™ AVp2 +v-Vp~ @ — ap “dive = 0. (5.57)

We are going following in a crucial way some deep ideas due to Ladyzenskaja et al in [30)]
which extend the De Giorgi method (introduced to obtain regularity results for the elliptic
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equations) to the parabolic equations. Let us start by multiplying the previous equation by
(p~) ) = max(p~*(t,x) — k,0), and integrate over (0,%;) x RY, it gives using the fact that
the term pa(a + 1)p~*2|Vp|? is positive:

1 h
3 [ O aPden [ ]9 Pt
2 JrN o Jan
t1 t1
—(a+ 1)/ / 0:0;(p~ ) (p~*)®) (¢, z)dxdt — a/ / ~Y)dxdt.
0 Ak(t) Ak
(5.58)
with: ) )
At:mERN; Zk::a:ERN;O§ t,r) < —1}
()= (o e R i > k| plt.) < )

Remark 10. Let us mention that p is regular choosing initial data (pp — p) sufficiently regular
in Besov space and using the fact that the regularity is preserved on (0,7™) by the section
In addition the integrals in (5.58)) are well defined, indeed if we consider:

[ 1) 01,00,
RN

we know that supp [(p’o‘)(k)] is included in Ay (t;). It implies that supp(p~=®)*) is in {|p(t1, z) —
pl > (p— k%)} This set is of finite measure since we know that p(t1,-) belongs in L?(RY), and

using the fact that for all ¢ € (0,7%) ﬁ is in L=(R™) we deduce that the previous integral
is finite.

Now by Young inequality we have:

t1
3 [ W ofden [0 vy P
2 Jrw 0 JA)

<l(a+1) / 1 / (Z;M?(p—a—k)%§|v<p-a>\2)<t,x>dxdt (5.59)

+al / / Sl 5l G 2

We choose € = and we have for £ > 1:

3 [P / 1 /A [t sy
2| (a+1)? M )
/ /Ak(t v[?[( — k)? + k%)) (t, z)dzdt
n 2|Oé|2 /tl/A (2[(;)*0“_k;)2+k:2]|v|2)(t,l‘)d$dt

2 2
(|a+1\ +202) / /Ak(t) 2[00 — k)2 + k?]) (¢, ) dadt

(5.60)

Following [30], we set:

—a\ (k)2 _ —a\ (k) —a\ (k)
(™) G, ) = S ™) @2 = IV Pz 2@y
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From (5.60) we have by Holder’s inequalities:

e B ey (R))2 2 _ 9
min(5, ™)1, (o) < Caunlllvl Ly wa@my (0™ — k)’ +k [ LTy () (5.61)
with Qy, (k) = {(t,2); t € [0, 1], 2 € Ax(1)}, Cape = 2(|a + 17 + 20%) and:
1 N
- -1 _ .62
; + — 2 =1- K, (5 6 )

with 0 < k1 < 1. It remains to estimate the right hand side of (5.61]), let us start with the
term (p~% — k)2, applying Holder’s inequality we have:

”(P ) || Lq 1)(Q ”( )||Lr2T1 (L‘I)(Qtl(kﬂ))
s (5.63)

t1
S H(p_a)(k)Hi:lQ(LqQ(RN)(/0 )\(Ak(t))(Tl q]1 q2)dt) T r2 |2

with ¢1 = ffql, ry = %, @2 =q(l+k), o =ri(1+k)and k = 2% ( A is the Lebesgue
measure). Now we have:

1 1 K 1 1 K

a @ (+r)qa’ mn r (L+r)r

It implies that using (5.63) we have:

1 Ty 2k
I — k| S [ AT (5.0

LT (LTT)(Quy (K)

Using the relation 1) and the fact that k1 = N " we observe that:

1 N r—1 N(g—1)
— = +
re 22 2r(1+k)  4¢(1+k)
2+ N 1 1 N
_ _ 1. 5.65
41+ k) 2(1+ﬁ)(r+2q) (5.65)
. N n K1 _E
S 4(1+k)  2(1+k) 4
ON(1 + k) 2(1+ k)
2(1 —_ 2(1 _—
e O+, o ) e ), 2R

Now using the Gagliardo-Niremberg inequality we have:

1™ ) (&, M oz vy < BIV (™) P () 12wy (07 W () oy

with: « = & — X and o = 2. Using now Hoélder’s inequality we have:
2 q2 T2 &

1 2
”(p_a)(k)HL:lQ(LQQ(RN) < 6”v(p—a)(k)“L2 L2(RN)) Sup ||( )(k HL2 (RN)*
Using Young inequality we have:

1) Bz angamy < Bl Pl (5.66)
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Plugging this last inequality in (5.64]) we have:

2K
1o~ = k)2 < B2(p )P, nlk) TFem, (5.67)

L7 (LT )(Quy (k) a
with (k) = [ A(Ag(t)) ™ dt.

It remains to bound the term Hk2||
T (LT (Quy (K)

2 2
Ik H 117 @ (k)) ||1HU1 (L91)(Qu, (k)7

(5.68)

Combining (5.67)) and (5.68) we finally obtain:

1 -« —a
min(Z, )67, ) < ColloP e (eari@n 000 (%1 (0™ ) R, oy R) T + K2u(k)

2
< Ca #HUHL% L2a(RN)) (52‘( )(k)%tl(k)ﬂ(k)”“*”) + K pu(k)).
(5.69)

2
7‘

)

with: 1 N 5
f—l—z—q—l—m and K—%.

Remark 11. Let us recall that we deal with ¢; € (0,77*) with 7™ the lifespan of our strong
solution. It implies in particular that % belongs in L{°(L>®(RY)) for any ¢1. We are going to
prove a postiori that this L°° norm depends only of ¢; (and not of 7).

We deduce that for all k > sup, p,* and t; € (0,T™):
1w, _ 1 1 2
m1n(2 2)|(P a)(k)‘QQtl(k) SCayqu;qH%gf(Loo)||P2qUH%go(L2q(RN))t1T

X (52!(p‘“)(k)!étl(k)u(k)Tl<1+ﬂ> + K2u(k)), (5.70)

< ca,m|j)|igf(m||p22v||%§(qu(Rw))tf (810 Y BB, (1yalk) T + R (k)7 ).
Next we recall that: " .
(k) = [ M) as
We easily verify that for p > 1 and k£ > 1:

Axls) € s VB - VAl 2 (V- (1))}

And by Tchebytchev inequality we have for g3 > 1 (that we shall determinate later):

V/p(s, ) — f\\qu

A(Ag(s)) <
(V5 — (F)2=)®
In particular we deduce that:
2(&(13 )
1+k
b e VA VAR,
(k) TR < g S (5.71)

(V7 - ()i
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It suffices then to choose ¢ such that for any & > max(1,sup, p, “):

2rq3

K = 1\ -
t12+7"1(21+~) < ;mln(; g) (\/ﬁ_ (E)Qa)ﬂ(pr )

_2Kkq3

1 1 ’
Cornll o 1y 10701 g 2 vy B2 VB = VA £ ()

Since we have % + rl(lejm) = “g’&ﬁ;ﬁ we need to take for p > 1:
11 5— 1)atts G
— q1 K k(r+1)42
tl S <2 min(§, g) (\/ﬁ )  2Kq3 ) . (572)

1 1 3
SO T N 87 V7 e
Using (5.72)) we deduce from the inequality (5.70):
. —a (k)2 13 & 2 2.2 Z
3Gy, BN, 09 < Coly N o 107701 e R, (673

and it gives:

—a 1 X 1 1 1
(0™ )P, ) < VCamll= 7% ooy 10270 oo (20 vyt Epa(l) ™. (5.74)
p tl( ) 1

We are going to use the lemma 6.1 from Ladyzenskaya et al p102 [30] that we recall.
Lemma 5.1. Assume that sup,cg~ %(x) < 400 and that the inequalities
0

1+k

(0™ Pq,, 4 < Yop(k)10+5 (5.75)

hold for k > max(l,?-{:\o) with sup crN %(x) = /k\o with certain positive constants v and k. Then
0
we have for g3 > 1:

sup < 2max(1, sup )(1+ Q%Jrﬂ%(ﬁ’Y)H_é

(t,2)€[0,t1] xRN p(t,z) zerN PG (@)

) y - (5.76)
)ql ”\/ﬁ - \/EHE}T(LQB)

X

1
Vp—1
with 8 > 0 a constant related with Gagliardo-Niremberg inequality.

Proof of Lemma (5 -: Let us take the sequence of levels ky, = M(2—-2"") withn € N
and we assume that M > max(1, ko) > 0. Then we have:

(k1 — k)" ) (k1) < H(p_a)(k")||L:f(Lq2(RN))' (5.77)
By (5.66) and (5.75]) we have:
—a\(kn) < —an (k) < o
1) g2 s ey < Bl(6™) Py, < Bkl T, (5.78)
and then:
1 Bvky, JE) n LEE
72 (kpg1) < Bkl (kn) < 482" 72 (kn). (5.79)
n+1 = hn

Let us recall now the lemma 5.6 p 95 from [30].
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Lemma 5.2. Let (yn)nen a nonnegative sequence verifying for all n > 0:
Yni1 < cb”y}{*‘e7 (5.80)

with some positive constants ¢, € and b > 1. Then:

(1+e"—1 (A+)"—1 _n n
Yo < EE T (14 (5.81)
In particular if:
1
Yo <O0=c b 2 andb> 1, (5.82)
then
Yn SO (5.83)

and in particular yy — 0 for n — +o0.

1
Applying the lemmato the inequality (5.79)), we deduce that 72 (k) goes to zero when
n goes to +o0 if ulry (ko) is sufficiently small, namely if:

|-

17 (ko) = 72 (M) < (4B) %2772, (5.84)

In order to satisfy the previous inequality we set M = mEo, m > 1 and substitute k for k., and
M for ky41 in (5.77]) this gives by Tchebytchev inequality:

a3
~ 1 VP =Vl e e

M%(M) < leuﬁ(max(l,ko)) < /leti“l 1 o 13)L3

m m (Vp — (m)%)cﬂ

It suffice to choose:

a3
TL H\/ﬁ*\/ﬁHZ}f(qu) 11
m =1+ [vyt;" $(457)n2~2.

(\/ﬁ_(ﬁ)%)tﬂ

max(1 Ko

Then the condition ([5.84)) is verified and then p©(2M) is equal to zero which implies that:

~

107 oo (0,11 xrN) < 2M = 2mmax(1, ko).

We deduce that choosing t1 as in (5.72) we have via the lemma and the fact that v =
1 1
Ca,u

1 1
|%Hz%(,;oo)HPQ‘ZUHL;T(L%(RN))HT3

<2 sup s (1425 B0 oy 0] )
sup <2 sup —— A il =5 ooy P29 0| poo (p20 N 2
(t)elo,t]xrN P (L, @) zerN PG (@) G p (L) (PR !

1 a3 _ Z—i’
X (\/ﬁ— 1)q1 H\/ﬁ_ \//SHL;’T(LQS))‘

(5.85)
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In order to simplify the notations we are going to deal with o = 1, k; = & such that k = +

2 N
and:
1 N 1
Tt = (5.86)
We have then since sup(; ;)e(o,¢,]xRN %(t, T) = ||%”Lgf(Loo) and setting abusively C, .8 = § (in
order to simplify the notation):
1 1 2 L
||;HL§;(L°0) < 2max(1, HpolLoo)< + 1= HLoo(Loo 2NN (5|!/?2qv||Loo qu(RN))tl)NHt
1 43 _ a
X (\/5_ 1)q1 ”\/ﬁ_ \prLtof(L%) .
(5.87)
Ch(;losing q large enough and applying the Young inequality with p = N2—f_1 and p/ = 2!1—2%
we have:
1 N+1,1 2% — N —1 1 ) 1
H;”LtO;D(Loo) < 2q H*HLOO(Loo) 2q<2ma.X(1,Hp0HLoo)22N+N (BHPQq’UHLOO(LQq(RN))t )N"rl
() 1B~ VI ) 2max(, | - )
Xty — a o +2max(1, || —|/p=).
RV VP Ly (158 po'” (5.58)
5.88
It gives:
1 4q 1 _N+1 2
||7||L<x> (L) < max(1, || ||Loo) < + max(1, || —||pe)2a-N-1 (222N+N
2= N -1 po . (5.89)
(5HP2”‘UHLOO LQ‘Z(RN))t1>N+1tT1(\/ﬁ ot /5 fHLoo Lasy) Nl)-
It implies in particular:
1
H*HLOO(LOO) < max(1, H*HLN) FaaeT <2+ (22284 (BHIOQQUHLOO(L%(RN))tl) +1t
(5.90)
a3 _ B __2g
() H IV = VAl ) 5T ).

Using the lemma (1| and the proposition with g3 = 2, we deduce that for ¢t; € (0,7%) and t;
verifying the assumption (5.72)) we have for any large ¢:

1 1 N1 k * 1 k L
H;HL;’T(LOO) < max(l, ||%||Loo) T e <2+ (222N+N2(BC(T ) % (T )T)N—H(T )rl

1 g-1 =1 2q>
X — q E q 2g—N-—-1
2q

1 1
< max(1, |cflpe) (2 (222N (BO(T) < (T%) )N (1) ) 7 v

% ((\//,)1_1)E0) ;1(‘1131)1),
(5.91)

with Ey depending only on the initial data. It implies that for any ¢ it exists C' large enough
1

and > 0 depending only on the norm of the initial data ||piv||r« and from Ep such that:

1 1 14 N+1 *\y
12 g ooy < max(l [ 2-poe) 2071 (24 G+ (T7)7), (5.92)
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1
Remark 12. Since with the choice on the initial data in the theorem llp§v|lLe is uniformly
bounded in ¢, it implies that C' and v do not depend on gq.

Combining the condition ((5.72)) and the previous inequality (5.92)) ¢; must verify the fol-
lowing condition with Cy , = C}, by notation:

2r(g—1)
1 1 pu (ﬁ — 1) q(1+k)
t < (2 mln(§, 5) ; . 2re(q—1)
Cumax(L, [| [ o) 2=N=T (2 + C(1 + (%))« ||PQ‘WH%§T(L2q)/32H\/ﬁ - ﬁ”f%?f%)
(5.93)
We deduce using lemma, [I] and proposition [5.8| that for ¢ > 1:
t1 < M 1
1<
M'(l + Tﬁ) 1 o1
(1, 5] 2) 94

1 1 1 N+1 "
||;HL;’;(L°°) < max(1, H%Hm) THNIT (24 C(1 4+ (TF))).

1
with a1 = % Here C' > 0, M, M’ > 0, 8 > 0 depends only on the initial data ||pgvo||Le,

Ey and is independent of ¢ and of t;. In an other way we have:

1

t; <
1 —2_
max(1, | L o ) 71

)
1

(5.95)

1 1 1+ N+1
—|poo(re0y < Comax(1, ||—||poe 2q—-N—-1
1z () W1 lee)

with C; = m and Cy = 2+ C(1+ (T%))).

For the moment we have proved estimates on * in L norm when t; verifies the condition
, we would like to get the same type of estimate for any 7" € (0,7™). To do this we are
going to repeat the argument used for the case ¢, it implies that by recurrence it exists a sequel
(tn)nen verifying for n > 2:

= e — G —

Cy = TR max(L | ) BN (5.96)
1 7,1_1 i 1 n
15, (o) < C2=0 " max(1, -l

PRt

with 81 = 1 + 5041

Our goal is now to verify that Z;Of t; can cover any T € (0,7*) or in other terms that
j':olo t; > T for any T € (0,7%) when ¢ is large enough. It will prove that it exists n large
enough such that 7" t; < T < Y27 #; and this for any T € (0, T*) (with n depending on

T). We have then:

n

C & C
D ti= —— 2 (D2 A 52 :

=t max(L [ lee) G5 o T max(1 | L) e
(5.97)
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Next we have:

J—2 j—1
1 2 — N — 1 N+1 .
> b= i s B (U s DA
=0 1 q
It implies that:
2 2 20 N+1
7 1 j—1
> - 1 i-l 5.98
(i:061)2q—N—10‘1 N+1((+2q—N—l) ) (5.98)

Now we are going to consider the limg o0 > ., t; in order to prove that this sum converges
to +00. We have then:

12 9 20
(Z Bl e ~gioo (= 1)

- 4-N-1 2¢-N-1 (5.99)
5.]',1 20{1 2041

1

W-_N_—1 79 "N _1

Here we recall via the relation (5.86]) that r goes to 2 when g goes to +o0o. It implies that a;

1
converges to 2(;4;]; ). We deduce via the previous estimates and the equality ((5.97]) that:
~

n
Jim > ti=Cin. (5.100)

i=1
And for n large enough depending on T, q large enough we have the existence of n such that
an_l ti <T < > ", ti. It concludes the proof of the proposition since via the estimate
5.96) we observe that ||%HLOTO(L00(RN)) depends only on n, ¢ and ||p%||Loo but n depends on 7.

is is exactly what we want.

5.4 Control on ||(¢,v)(T,")|| ~..
BP

p,1

v o forany T <T* and ¢ >0
xBP

p,1

5.4.1 Estimate on |v(T,-)|| ~_,,., for any T < T* and € >0
BP

p,1

Let us recall that we have proved in the lemma [I] and proposition [5.9] that for any p > 2 it
exists increasing functions C' and C; with C' and C depending only on the initial data (pg, vo)
such that: )
o vllpge(rry < C(T)
1

1 : (5.101)
< llzse ey < CY(T).
pp
It yields:
1
[v]lLse(zry < C(T)CT(T). (5.102)
By Besov embedding we observe that for p > 2 it exists C' > 0 such that:
1
[0llzge(mo ) < CC(T)CY (T),
(5.103)



By interpolation in the Besov space, we deduce that when —% + % < % —1+4€ <0 (it
corresponds to p > 11_\76,) we have for M an increasing function depending only on the initial

data (po,vo):

v N_ o < M(T).
| ”g%o(Bgl ey (T) (5.104)
~ N _14¢
Since we know that v belongs in CT*(B;I ) (5.104)) implies that:
||U(T7 ')HB%71+6/ < M(T) (5105)
p,1

5.4.2 Estimate on |¢(7,")|| ~,., for any T <T* and € >0
B p

p,1

It suffices to use the first equation in (1.4) and the proposition on the heat equation which
ensures that for any T' € (0,7%*) we have for C' >0 and ¢; = p — p:

bl o <CUIG n o+ div(oo)| x )
L%O(Bp’1 ) Bp71 L%O Bp’1 ) (5 106)
<CUlabl oo +llovl_ m i),
Bp,l LF (Bp,l )

Proceeding as in the previous section we have for any p > 2:

1-1 1
||pv||f%°(32,oo) = HPUHL%’(B%OO) < HpHLoTop(Loo)prUHL%O(LP)’
1 . (5.107)
v 11y =||pv i1y <ol Poorreonllpzvl roo (1 2y
o IIZ%O NG, o HLOTO(B%ZQ 2 1Pl 2o ooy 20l Lo (£2)
By interpolation we deduce that for —% + % < % — 14 ¢ < 0 we have with % —1+€ =
O(—F+ ) and (1-0)(1-1)+§=1- 15
g 1 (1-0)(1-2), L q_
2 6 P 1-60
HPUHZOTO(BP%;HE, < HPHL%O(Loo)||P2”||L%°(L2)HPHL39(Loo) HP”UHL%O(LP) (5.108)
1A L 110 '
< HP”L%o(Loo)||P2U||L%°(L2)||PPU||L%0(Lp)-
Using the lemme |1{and (5.109)) it exists a increasing function Mj such that:
1,1;6/
HPUHEOO %—He’) < HPHL%O(JZoo)Ml(T)' (5.109)
T p,1
Plugging the previous estimate in (5.107]) we have:
_ _1—5/
larll . xio < Claoll xyo + (larllzge ey +p)' ™% Mi(T)). (5.110)
L%O(Bpljl ) szjl
Now by Besov embedding and interpolation, we recall that it exists C' > 0 such that:
@llreeey < Cllaall . n~
la1llzse (o) < Cl HL%O(Bppl
, 0 ’ 1—0 (5.111)
<l gl
L (B, ") LFE (B )
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with % = —0ON(3— 5) (1 9)(% +¢'). Next since via the lemma [5.8| we know that /p — /p
is in L%O(Hl( N)). We deduce in particular that ¢; = (p — p) is in L (L?(RY)) when N < 4.
Indeed we have:
o= (VD +2AV5~ V),

and we conclude using the fact that (\/p—/p)? is in L (L*(R")) by Sobolev embedding when
N < 4. When N > 5 it suffices to observe that ¢; is in Loop(L'(RY) + L?(R%Y)) and using
again interpolation. By Young inequality and the lemma we deduce that it exists M’ an
increasing function such that:

!
a1l pge (roey <MN(T) + ||Q1HZOO e (5.112)

T p,1

By Young inequality and Besov embedding we have for C' > 0 and any € > 0:

ol wio <Cllgoll woo +(laall_ xpo +M(T)'™F My(T))
L’%o Bp,l ) Bp,l L’%O(Bp,l ) (5 113)
gl x .+ L 2ED gy Ve s YA S
ol oo+ ———(arll. ~,o €).
“en N V) N
Choosing e sufficiently small we deduce that it exists C' > 0 such that:
ol xiw < OO+l e + M'(T) + My(T)*) (5.114)
LF(Byy ) B

It implies in particular that p is in L (L>). Now since ¢ = ln(%) ln(‘“+p ) we deduce by
proposition (5.115)) and the fact that p and % are in L3 (L) (see the prop051tion that
it exists My, M3 increasing function and C' > 0 such that:

gl x o <CA+ gl G2 T Ma(T) + Mo(T)1=). (5.115)
L%o Bp,l ) pl
N /

~ +
In particular since ¢ belongs in Cr«(B,; ‘ ) we have for any T € (0,77):

(T x 0 < COA+ o N+a+M3(T)+Mz(T)1—f’)‘ (5.116)

pl pl

6 Proof of the theorem 2.2l

Since we have assumed that T* < 400, we are interested in proving that this is absurd. It
suffices to extend the strong solution (g, v) of the system beyond T*. Let us summarize
which estimates we have obtained on ¢, for all ' € (0,7*) and p > %6, with N > 2 we have
via and :

(TN < MAT),

- (6.117)
la(T Ny < Ms(T),
p,1

with M and M3 increasing function depending only on the initial data (go,vp). Let us start
with studying the case N > 3. By proceeding as in the previous section we who that:

(Tl gy < Ma(T),

" (6.118)
lg(Ts Ny < Ms(T),

2
p,1
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with My and M; increasing function depending only on the initial data (o, vo) (indeed we need
to verify the condition —% + % < % —-1<0).
Let us consider now the system (2.8)) with initial data (¢(T™* — €1, -),v(T* — €1,-)) such that:

e1 < D(M(T), M5(T)). (6.119)

Using the theorem [2.1] we know that it exists a strong solution (gi,v;) to the system
with initial data (¢(T™ — €1,-),v(T™ — €1,-)) such that the time of existence 77 verifies via the
estimate (4.41)):

TS > D(M(T), My(T)) > e1.

It implies that 7" —e; + 17 > T, in addition using the uniqueness part of the theorem we
observe that:

(Q1(t7 ')7”1(t7 )) = <Q(T* —€ +1, ')7U(T* —e€ +t, )) on (07 61)'

It implies that we can extend the solution (g,v) beyond 7™ which implies that 7% < 400 is
absurd. We have proved then that 7% = +0o0 when N > 3.
Let us deal now with the case N = 2. The difficulty here corresponds to estimate v in

~ N_4q
Ly (Bp’:l ) using interpolation argument. The problem comes from the low frequencies since
v belongs in LY (L?) using the energy estimate and the fact that % is in L3 (L*>°). It implies

N _ N_q
that v is only in LF (By 1) which is embedded in LF (B, ) when p > 2. We have no hope
to estimate ||v(T,-)|| ~_,, we need to proceed in a different way.
B P

p,1
N N

It suffices to repeat all the procedure with initial data (qo,vo) which belong in BIEQ X Byf; .
We can prove the existence of strong solution in finite time (we refer to [25], let us mention that
to prove this result the choice of the physical coefficient is crucial, in particular the fact that
P(p) = ap. It allows to avoid any control on the L* norm of the density what is important in
general in order to apply composition theorem). Newt in a similar way we bounded by below
the time of existence. And using the same previous arguments we obtain that for ¢ > 0:

2 (6.120)
lg(T )N yver < Ms(T),

p,2

HU(T7 ')”B%71+e’ < M,(T)7

with M’ and M} increasing function depending only on the initial data (go,vo) and:
2 (6.121)

with Mj and M increasing function depending only on the initial data (go,vo). The conclusion
is now the same that for the case N > 3 and we have T* = +0o0 when N = 2. It concludes the
proof of the theorem 2.2 W

7 Appendix

In this appendix, we only want to detail the computation on the Korteweg tensor.
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Lemma 2.
divK = kdiv(pVV In p) = rdiv(pD(V 1n p)).

Proof: By calculus, we obtain then:
1
(divK); = (VAp — div(;Vp ® Vp))j,
= 0,0p — S 8pdip— -5V + 5|Vl
J P J 297 2 iP5

Next we have: .
Ap=pAlnp+ ;]Vp[z.

We have then:
1 1 1,
9;Ap — ;Apajp =0j(pAlnp+ ;IV/)I )= Alnpdip — ?\Vp\ dip,

1 2
= pd;jAlnp + ;@(IWF) - p*Q!VpP@jp-

Putting the expression of (7.123)) in ((7.122)), we obtain:

) 1 1
(@vE); = 0,89+ 5-05(1Vol?) — [ ol0yp.
Next by calculus, we have:

1 1
53j(lvl)!2) - ?!VPP@'P =Y (@il pdijp — (9ilnp)*9;p),

7

=> 0ilnppd; lnp,

P
= E9(lmpP);.

Finally by using (7.125)) and ([7.124]), we obtain:

divK = p(VA(In p) + quvmp\?)).

(7.122)

(7.123)

(7.124)

(7.125)

We now want to prove that we can rewrite @ under the form of a viscosity tensor. To see

this, we have:

div(pV(VInp)); = > 0i(pdi; Inp),
= [0ipdijInp + pdii; In pl,
= p(AVinp); + Z p0; In pd;0; In p),

p
= p(AVInp); + S (V(IVInpl*));,
= divK.

We have then:
divK = kdiv(pVV In p) = rdiv(pD(V 1n p)).
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