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From compressible to incompressible
inhomogeneous flows in the case of large data

Raphaél Danchin and Piotr Bogustaw Mucha

We are concerned with the mathematical derivation of the inhomogeneous incom-
pressible Navier—Stokes equations (INS) from the compressible Navier—Stokes
equations (CNS) in the large volume viscosity limit. We first prove a result of
large-time existence of regular solutions for (CNS). Next, as a consequence, we
establish that the solutions of (CNS) converge to those of (INS) when the volume
viscosity tends to infinity. Analysis is performed in the two-dimensional torus T2
for general initial data. Compared to prior works, the main breakthrough is that
we are able to handle large variations of density.

1. Introduction

We are concerned with the compressible Navier—Stokes system

o +div(pv) =0 in (0, T) x T2,
oV + pv-Vv—puAv—vVdive+VP =0 in (0, T) x T2

Above, the unknown nonnegative function p = p (¢, x) and vector field v =
v(t, x) stand for the density and velocity of the fluid at (¢, x). The two real numbers
@ and v denote the viscosity coefficients and are assumed to satisfy p > 0 and
v+ > 0. We suppose that the pressure function P = P(p) is C' with P’ > 0, and
that P(p) = 0 for some positive constant reference density p. Throughout, we set

PP
e(p) :=,0/ %dt.

p

1-1)

Note that e(p) = ¢’(p) =0 and pe”(p) = P’(p). Hence e is a strictly convex func-
tion and, for any interval [p,, p*], there exist two constants m, and m™* such that

m.(p—p)* < e(p) <m*(p—p)*. (1-2)
The system is supplemented with the initial conditions
vlizo=vo € R> and plio = po € R+. (1-3)

MSC2010: 76N10.
Keywords: compressible Navier—Stokes equations, inhomogeneous fluids, large volume viscosity
limit.

127


http://msp.org
http://msp.org/tunis
http://dx.doi.org/10.2140/tunis.2019.1-1
http://dx.doi.org/10.2140/tunis.2019.1.127

128 RAPHAEL DANCHIN AND PIOTR BOGUSEAW MUCHA

We aim at comparing the above compressible Navier—Stokes system with its
incompressible but inhomogeneous version, namely

n+u-Vnp=0 in (0, T) x T2,
nuy+nu-Vu—pAu+VII=0 in (0,7) x T?, (1-4)
divu =0 in (0, T) x T2.

At the formal level, one can expect the solutions of (1-1) to converge to those of
(1-4) when v goes to oc. Indeed, the velocity equation of (1-1) may be rewritten

Vdive = %(pv,—l—pv-Vv—p,Av%—VP)

and thus V div v should tend to O when v — o0. This means that div v should tend
to be independent of the space variable and, as it is the divergence of some periodic
vector field, one must eventually have divv — 0. As, on the other side, one has
for all values of v,

pvs+pv-Vv—puAv s a gradient,

this means that if (p, v) tends to some pair (1, #) in a sufficiently strong manner,
then necessarily (n, u) should satisfy (1-4).

The question of finding an appropriate framework for justifying that heuristic
naturally arises. Let us first examine the weak solution framework, as it requires
the fewest assumptions on the data. Regarding system (1-1) with a pressure law
like P(p) = a(p¥ — p¥) for some a > 0 and y > 1, the state-of-the-art result for
the weak solution theory is as follows (see [Lions 1998; Novotny and Straskraba
2004] for more details):

Theorem 1.1. Assume that the initial data py and vy satisfy /p, vo € L>(T?) and
Po € Ly(Tz). Then there exists a global-in-time weak solution to (1-1) such that

V€ Loo(Ry; Ly(T?)) N Ly(Ry; H'(T?) and  e(p) € Loo(Ry; Li(T?)) (1-5)
and, forall T > 0,

T
A2(§p|v|2+e<p>)<T,->dx+/o (I VI3 + vil div v]2) dr
5/T2(%po|v0|2+e(po)) dx. (1-6)

For system (1-4), there is a similar weak solution theory that was initiated
by A. Kazhikhov [1974], then continued by J. Simon [1990] and completed by
P-L. Lions [1996]. However, to the best of our knowledge, it is not known how
to connect system (1-1) to (1-4) in that framework. Justifying the convergence in
that setting may be extremely difficult owing to the fact that the key extra esti-
mate for the density that allows one to achieve the existence of weak solutions for
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(1-1) strongly depends on the viscosity coefficient v, and collapses when v goes to
infinity.

This thus motivates us to consider the problem for more regular solutions. Re-
garding system (1-1) in the multidimensional case, recall that the global existence
issue of strong unique solutions has been answered just partially, and mostly in the
small data case; see, e.g., [Danchin 2000; Kotschote 2014; Matsumura and Nishida
1980; Mucha 2003; Mucha and Zajaczkowski 2002; 2004; Valli and Zajaczkowski
1986]. For general large data (even if very smooth), only local-in-time solutions
are available; see, e.g., [Danchin 2001; Nash 1962].

The theory of strong solutions for the inhomogeneous Navier—Stokes system
(1-4) is more complete; see, e.g., [Danchin and Mucha 2012; Ladyzhenskaya and
Solonnikov 1975; Huang et al. 2013; Li 2017]. In fact, the results are roughly
the same as for the homogeneous (that is with constant density) incompressible
Navier—Stokes system. In particular, we proved in [Danchin 2017] that, in the two-
dimensional case, system (1-4) is uniquely and globally solvable in dimension two
whenever the initial velocity is in H! and the initial density is nonnegative and
bounded (initial data with vacuum may thus be considered).

It is tempting to study whether those better properties in dimension two for the
(supposedly) limit system (1-4) may help us to improve our knowledge of system
(1-1) in the case where the volume viscosity is very large. More precisely, we here
want to address the following two questions:

 For regular data with no vacuum, given any fixed 7 > 0, can we find vy so
that the solution remains smooth (hence unique) until time 7" for all v > vy?

o Considering a family (p,, v,) of solutions to (1-1) and letting v — oo, can we
show strong convergence to some pair (7, u) satisfying (1-4) and, as the case
may be, give an upper bound for the rate of convergence?

Those two issues have been considered recently in our paper [Danchin and
Mucha 2017], in the particular case where the initial density is a perturbation of
order v™!/2 of some constant positive density (hence the limit system is just the
classical incompressible Navier—Stokes equation). There, our results were based
on Fourier analysis and involved so-called critical Besov norms. The cornerstone
of the method was a refined analysis of the linearized system about the constant
state (p, v) = (p, 0), thus precluding us from considering large density variations.

The present paper aims at shedding a new light on this issue, pointing out dif-
ferent results and techniques than in [Danchin and Mucha 2017]. In particular, we
will go beyond the slightly inhomogeneous case, and will be able to consider large
variations of density. Regarding the techniques, we here meet another motivation
which is strictly mathematical; we want to advertise two tools that can be of some
use in the analysis of systems of fluid mechanics:
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o The first one is a nonstandard estimate with (limited) loss of integrability for
solutions of the transport equation by a non-Lipschitz vector field that was
first pointed out by B. Desjardins [1997] (see Section 3). Proving it requires
a Moser—Trudinger inequality that holds true only in dimension two.!

o The second tool is an estimate for a parabolic system with just bounded coef-
ficients in the maximal regularity framework of L, spaces with p close to 2
(Section 4).

For notational simplicity, we assume from now on that the shear viscosity | is
equal to 1 (which may always be achieved after a suitable rescaling). Our answer
to the first question then reads as follows:

Theorem 1.2. Fix some T > 0. Let p, and p* satisfy 0 < 4p, < p*, and assume

20 < po < 3" (-7
There exists an exponent q > 2 depending only on p, and p* such that if Vpg €
L, (T?) then for any vector field vy in qu —2/4 (T?) satisfying

2 divvgll, <1, (1-8)

there exists vo = vo(T, psx, p* [IVoollg. ||v0|| 2-2/a P, q) such that system (1-1)
with v > vy has a unique solution (p, v) on the time interval [0, T'], fulfilling

veC([0, T W, 29(T%), v, VPv e Ly([0, T]x T?),
p €C([0, TT; W, (T?)),

(1-9)
and
pe < p(t,x) < p* forall (t,x) €0, T] x T (1-10)

Furthermore, there exists a constant C, depending only on q, a constant Cp
depending only on P, and a universal constant C such that for all t € [0, T],

vl g1 + v 2 divo@ e, + o) = plli, + IVl o1
. 4
A 10e | Ly0.xm2y + 02V div vl 1,0 xmey < CeCTREy,  (1-11)

0@ lyz-20 v, V20, vV div ol o072
< Cy(lvollyz-2 + Cpt AL+ [V pollL,) exp(e/ To(1))),  (1-12)

and
IVo®lir, < A+1Veollz,) exp(e"/? Iy@t)), (1-13)

with Eg := 1+ |lvoll g1 + lleo — pll, and
5. Clvgl
Io(1) = Cy (IIvoll yy2-214 + Cpt/7(1 4+ |V pollz, )eCEore ™).

1C0nsequently, we do not know how to adapt our approach to the higher-dimensional case.
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As the data we here consider are regular and bounded away from zero, the
short-time existence and uniqueness issues are clear (one may, e.g., adapt [Danchin
2010] to the case of periodic boundary conditions). In order to achieve large-time
existence, we shall first take advantage of a rather standard higher-order energy
estimate (at the H'! level for the velocity) that will provide us with a control of Vv
in L2(0, T; H') in terms of the data and of the norm of Vp in L>(0, T; L?). The
difficulty now is to control that latter norm, given that, at this stage, one has no
bound for Vv in L'(0, T; L>). It may be overcome by adapting to our framework
some estimates with loss of integrability for the transport equation, which were first
pointed out in [Desjardins 1997]. However, this is not quite the end of the story
since those estimates involve the quantity fOTII div v|| .~ dt. Then, the key observa-
tion is that the linear maximal regularity theory for the linearization of the momen-
tum equation of (1-1) (neglecting the pressure term and taking o = 1) provides, for
all 1 <g <oo,acontrolonv|[Vdivull, .7;r,2) Motjust [V divvlL o.1.L,12))
in terms of |vo|| w22/ Inour framework where p is not constant, it turns out to
be possible to recover a similar estimate if g is close enough to 2, and thus to
eventually have, by Sobolev embedding, f0T|| div v|| g dt = O(v™"). Then, putting
all the arguments together and bootstrapping allows us to get all the estimates of
Theorem 1.2, for large enough v.

Regarding the asymptotics v — o0, it is clear that if one starts with fixed initial
data, then uniform estimates are available from Theorem 1.2, only if we assume
that divvg = 0. Under that assumption, inequalities (1-11) and (1-12) already
ensure that

divo =0Ww™"?) in Ls(0, T; Lo),
Vdivo=0w™")  inLy0,T xT?.

Then, combining with the uniform bounds provided by (1-12) and (1-13), it is not
difficult to pass to the weak limit in system (1-1) and to find that the limit solution
fulfills system (1-4).

In the theorem below, we state a result that involves strong norms of all quantities
at the level of energy norm, and exhibit an explicit rate of convergence.

Theorem 1.3. Fix some T > 0 and take initial data (py, vo) fulfilling the assump-
tions of Theorem 1.2 with, in addition, div vy = 0. Denote by (p,, v,) the corre-
sponding solution of (1-1) with volume viscosity v > vg. Finally, let (n, u) be the
global solution of (1-4) supplemented with the same initial data (pg, vo). Then we
have

sup([lov (1) =117, + 1P, (1) —u®)|7, + IV Qu, (1117,

t<T

T
+/0 (I P — w2, + 1V Quu20) di < Cogv™", (1-14)
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where P and Q are the Helmholtz projectors on divergence-free and potential vec-
tor fields, respectively,” and where Co 1 depends only on T and on the norms of
the initial data.

Compared to the question of low Mach number limit studied in, e.g., [Danchin
2002; Feireisl and Novotny 2013], there is an essential difference in the mecha-
nism leading to convergence, as may be easily seen from a rough analysis of the
linearized system (1-1). Indeed, in the case p = =1 and P’(1) = 1 (for notational
simplicity), that linearization (in the unforced case) is given by

n: +divu =0,
vy — Av—vVdivv+ Vn=0.
Eliminating the velocity we obtain the damped wave equation

N — (1 +v)An, — An =0,

which can be solved explicitly at the level of the Fourier transform. We obtain
two modes, one strongly parabolic, disappearing for v — oo, and the second one
having the following form, in the high frequency regime:

n(t) ~ n(0)e/1) — 5(0).

This means that at the same time, we have that 1 (¢) tends strongly to 0 as ¢t — 00
even for very large v, but that for all # > 0 (even very large), n(¢) — n(0) when v
tends to co.

The behavior corresponding to the low Mach number limit is of a different na-
ture, as it corresponds to the linearization
n: + é divu =0,
v,—Av—deivv+éVn:O,

which leads to the wave equation

1
N — (1 +v)An, — EAU =0.

Asymptotically for ¢ — 0, the above damped wave equation behaves as a wave
equation with propagation speed 1/¢. Hence, in the periodic setting, we have huge
oscillations that preclude any strong convergence result. However, after filtering by
the wave operator, convergence becomes strong, which entails weak convergence,
back to the original unknowns (see [Danchin 2002] for more details).

The main idea of Theorem 1.3 is just to compute the distance between the com-
pressible and the incompressible solutions, by means of the standard energy norm

2They are defined by Qv := —V(—A)~! div v and Pv := v — Qu.
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(in sharp contrast with the approach in [Danchin and Mucha 2017] where critical
Besov norms are used). In order to do so, it is convenient to decompose p — 7 into
two parts

p—n=pE—=p)+@—n),
where the auxiliary density p is the transport of py by the flow of the divergence-
free vector field Pv. As the bounds of Theorem 1.2 readily ensure that ||p — g, =

O(v~1), one may, somehow, perform the energy argument as if comparing (5, v)
and (n, u).

We end the introduction by presenting the main notation that is used throughout
the paper. By V we denote the gradient with respect to space variables, and by u,
the time derivative of the function u. By |- |[L,(g) (or sometimes just || - || ,), we
mean the p-power Lebesgue norm corresponding to the set Q, and L,(Q) is the
corresponding Lebesgue space. We denote by W, the Sobolev (Slobodeckij for s
not integer) space on the torus T2 and put H* = W;. The homogeneous versions
of those spaces (that is, the corresponding subspaces of functions with null mean)
are denoted by Wl‘, and H*.

Generic constants are denoted by C. By A < B we mean that A < CB, and
A~ B stands for C"'A < B < CA.

2. Energy estimates

The aim of this part is to provide bounds via energy-type estimates. We assume
that the density is bounded from above and below. Let us first recall the basic
energy identity.

Proposition 2.1. For any T > 0, sufficiently smooth solutions to (1-1) obey (1-6).

Proof. That fundamental estimate follows from testing the momentum equation
by v and integrating by parts in the diffusion and pressure terms. Indeed, using the
definition of e and the mass equation, we get

/ vp B / P'(p) B / ,
vdx = Vop-(pv)dx= [ V(e(p))-(pv)dx
T2 ™ P T2

d
—_ / ¢(p) divipv) dx = / ¢ (p)pdx =" f e(p) dx.
T2 T2 t Jr2

Then integrating in time completes the proof. (]

Let us next derive a higher-order energy estimate, pointing out the dependency
with respect to the volume viscosity v.

Proposition 2.2. Assume that there exist positive constants p, < p* such that

0 < p(t,x) < p* forall (t,x) €[0,T] x T. 2-1)
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Then solutions to (1-1) with u = 1 fulfill the inequality
lo(T), Vo(T), p(T)—pl3+v dive(T) |53+ /0 T(||v2v,w, vel34v | divol|3,,) dt
< Cexp(Cllvoll3) (nvo, Vo, po—pll3+vlldivuo |3 .
+ 7 T wg 340! fo ||Vp||%dr), (2-2)

provided v is larger than some vy = vo(px, p*, P).

Proof. We take the T2 inner product of the momentum equation with v,, getting

/ ol dx—l———/ (|Vv| + v(div v) )dx—i—/ VP v dx

T2

__/ (pv-Vv) v dx. (2-3)
T2

Integrating by parts and using the mass equation yields

/ VP‘v,dx:—/ P divv, dx
'|]'2 -ﬂ—z

—_4 [ p divvdx+/ P'(p)p; divvdx
dt T2 T2

__4 P divvdx —/ P’(p) div(pv) divvdx.
dt T2 T2

Hence putting this together with (2-3), we have

2dt/ (|Vv|?> 4+ v(divv)? — 2Pd1vv)dx+/ plv > dx

=/ P’ (p)div(pv) div v dx —/ (pv-Vv)-vdx. (2-4)
T2 T
Now, setting K (p) = pP’(p) — P(p), one can check that
/ P'(p)div(pv)divvdx = / (divwv) v-V(P(p)) dx+/ oV P (p) (div v)2 dx
T2 T2 T2
=— f P(p) v-V div vdx—i—/ K (p)(divv)? dx.
T2 T

Hence, if (2-1) is fulfilled then we have
(|W| +v(divv)? —2P(p) divv) dx +/ plv|* dx

dt
< c/ (lv-Vdivo|+ (dive)® +|v- Vo[*) dx.  (2-5)
T2
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Next, taking the L? scalar product of the momentum equation with Av we get
/ (|Av|2—|—v|Vdivv|2)dx—/ pv,-Avdx—/ VP-Avdx 5/ |pv-VvAv|dx.
T LE T T
Note that
—/ VP -Avdx = —/ VP -Vdivvdx < C/ |Vpl||Vdivy|dx.
T2 T2 T2

Then, combining with the basic energy identity and with (2-5) and introducing

E(, p) = f (,0|v|2 +2e(p) + |Vv|2 + v (div v)2 —2P(p)div v) dx, (2-6)

T2

we find,

iE(u,p)Jr/ ,olvtlzdx—l—%/ (IVu]* + V2 [* + v(div v)* + v|V div v|*) dx
‘|]'2

/ |vy - Av|dx

/ ((le V)2 +|v-Vdivo|+plv- Vo> + %Wm |V div v|) dx. (2-7)
Hence, setting
D) := | Vol 3 + Ve vllz, + vl divol3,
inequality (2-7) implies that for large enough v,
%E(v, )+ #D(v) < c/ﬁ(m2 IVl + (o] + VDIV div v]) dx
Of course, from the Ladyzhenskaya inequality, we have

v Vot dx < Clivllz V0113 1 Av],
T

Therefore, we end up with

d _
TE@, p)+—D<v) < C(Ivli3 IVoll3 VI3 + v~ I3 + 1Vell3).
Let us notice that if v > vy (p4, p*, P) then we have, according to (1-2),

E(, p) ~ [vl3 + 1l — pllz, + vl divolz,. (2-8)

Hence the Gronwall inequality yields

T T
E(v(T),,O(T))-i-%/O D(t)dtfeXp(C A lvll3 IIVvllgdf)

C T t
x(E(vo,poH;f exp(—Cf lvll3 ||Vv||%dr)<||v||%+||Vp||%>dr).
0 0
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Remembering that the basic energy inequality implies

T
2 2 4
/ lvllz IVvllsde < Cllolls,
0

one may conclude that
1 (7
). o)+ [ Dwar
0

T
C
< exp(cuvon;!)(E(vo, po) + ;(nvou% T+ /0 ||Vp||§dt)),

which obviously yields (2-2). ([

3. Estimates with loss of integrability for the transport equation
We are concerned with the proof of regularity estimates for the transport equation
pr+v-Vp+pdive=0 (3-1)

in some endpoint case where the transport field v fails to be in L(0, T; Lip) by a
little.

More exactly, we aim at extending the results in [Desjardins 1997] to transport
fields that are not divergence-free. Our main result is:

Proposition 3.1. Let 1 < g < oo and T > 0. Suppose py € qu (T?) and v €
Ly(0, T; H*(T?)) are such that divv € L1(0, T; Loo(T?)) N L1 (0, T; W, (T?).
Then the solution to (3-1) fulfills for all 1 < p < gq,

)

t
/ Vdivvdr
0

T T
xexp(CT/ ||v2v||§dz> exp(/ I divv||oodt>,
0 0

where K is an absolute constant, and the constant C depends only on p and q.

sup [V, = K(IIVpollq +llpolleo sup

t<T t<T

Proof. We proceed by means of the standard characteristics method: our assump-
tions guarantee that v admits a unique (generalized) flow X, a solution to

Xt y)=y+ / oz, X (2, y)) dr. (3-2)
0
Then, setting
u(t,y):=v(, X, y) and a(t,y)=p(t, X(t,Yy)), (3-3)

(3-1) can be rewritten as

da(t, y)
dt

=—(divv)(r, X(t, y)) - a(t, y), (3-4)
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the unique solution of which is given by

a(t,y) = exp(—/o (divv)(r, X(1,y)) dt)ao(y). (3-5)

From the chain rule and the Leibniz formula, we thus infer

Vya(t,y) = exp(—/ (divo)(z, X(z,y)) d‘L’)
0

x (vyaom —~ay(y) fo (Vdivo) (. X (1. 1) - %X (7, ) dr>.

Our goal is to estimate all these quantities in the Eulerian coordinates. Note that
by (3-2) and the Gronwall lemma, we obtain pointwisely that, setting Y (¢, - ) :=
X, -n7",

IV, X (1, )| seXP(/ IVou(z, X (z, y))|dr),
° (3-6)

IV Y(t,x)| < exp(/ [Vyu(z, Y(z, x))| d‘L’).
0

As Vip(t,x) = Vya(t, Y (t,x)) - VY (t, x), we get

[Vo(t,x)| Sexp(3f |Vu(r, X (T, Y(t,x)))|dt)
0

)

Recall that the Jacobian of the change of coordinates (¢, y) — (¢, x) is given by

x (\v,oo(Y(z,x)){+\p0(Y(t,x))} VO Vdivo(r, X (1, Y(1,x)))dt

Jx(t,y)= exp(/ divu(z, X(1,y)) dr) < exp(/ || div vlloodr). (3-7)
0 0

Hence taking the L p(Tz) norm and using the Holder inequality with 1/p =
1/q +1/m, we get

1 [ .
VoI, SeXp<;1f I dlvvlloodr)
0

t
x (||Vpo||q+ looloc Hf V divo(r, X(r, ) ds
0

t
exp(Sf [Vu(t, X(t,-))] dt)
0

To bound the last term, we write that for all 8 > 0,

Vo X (T )P
o 1V )l3

)

X (3-8)

m

/|Vv(r,X(r,-))|dr§ﬂ dr+i/ V2 (z, -)|3 dx.
0 48 Jo
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Hence using the Jensen inequality

exp</ o (s) ds) % / 196 g,
we discover that

t
f exp<3m/ |Vv(t,X(r,x))|dr> dx
T2 0
m (! 1 [ IVu(r, X (7, x))|?
5exp<—/ ||V2v||2dr>—// exp(9m,3t dxdr.
48 Jo ) Jo I IV2vl[3

In the last integral we change coordinates and get

/ exp( / [Vu(r, X(t, x))|dr)dx
‘H'Z
;exp<4ﬂf ||v2v||2dr)
<// ex (9 PAAAIGLlS x)lz)dxdr>ex (/t I div o] dr)
por V202 s ~ar)

At this stage, to complete the proof, it suffices to apply the following Trudinger
inequality, see for example [Adams 1975], to f = Vwv: there exist constants §y and
K such that for all f in H!(T?),

If(x)—flz) - 1/
- K th f := — dx. 3-9
fwe"p(“ g )=k iy [ e G

Then, taking 8 so small that 9mgBt = &y, we end up with

t
/exp<3m/ |Vv(r,X(r,x))|dr)dx
T2 0
§Cexp(4(S /||V2v||2dt)exp</ ||d1vv||oodr) (3-10)
0

Combining with (3-8) completes the proof of the proposition. O

4. Linear systems with variable coefficients

Here we are concerned with the proof of maximal regularity estimates for the linear
system

{pu,—Au—deivu:f in (0, T) x TV, @1

Ul=0 = uo in TV,
assuming only that p = p(¢, x) is bounded by above and from below (no time or
space regularity whatsoever).
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In contrast with the previous section, we do not need the space dimension to
be 2. As we want to keep track of the dependency with respect to v for v — oo,
we shall assume throughout that v > 0 for simplicity.

Theorem 4.1. Let T > 0. Assume that v > 0 and that
0 < pe < p(t,x) <p* for(t,x)e[0, T]xT". (4-2)

There exist positive constants 2, 2* depending only on p, and p*, with 2, < 2 < 2%
such that for all r € (24, 2*) we have

e, V2, vV divaell 0.7y
< C(r, pis P f I, 0.7y xTV) + ||M0||W,,272/"(TN))- (4-3)
Proof. First, we reduce the problem to the one with null initial data, solving
*i,— Au—vVdivi=0 in(0,7T)x TV,
{,?u, u—vVdivu ! (N ) (4-4)
Ul=0 = ug in T,
Applying the divergence operator to the equation yields
p*divi), — (1+v)Adivi =0.
Hence the basic maximal regularity theory for the heat equation in the torus gives
A+ IVdivully,o.r)xTv) < Clldivuol| Wi ) (4-5)

Then we restate system (4-4) in the form

pri, — Au =vVdivu, (4-6)
and get

- 2_ . -
e, Voull L, v <o,my) = Kp(V”Vle””L,,((O,T)x'I]'N) + “uO”W]%*Z/P(‘H'N))

v
<K, (H-_v> lluoll W22 (TN

Therefore, as v > 0, we end up with
- 2 - . -
it V2it, vV div il 0,1y < Kpltoll 220 v, @7
Next we look for u in the form

u=w+i, (4-8)
where w fulfills

ow, — Aw—vVdivw = f+ (p*—p)u; =1 g, w|—0=0. 4-9)
Thanks to (4-2) and (4-9), we have

I8l 0.7)x1%) = WFllL,0.7)xT%) + Kp(p™ — ;O*)Iluollwlg—z/p(w)- (4-10)
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Now, setting h := g + (p* — p)wy, system (4-9) reduces to

p*w, — Aw —vVdivw =h %n(OA,]T)xTN, 4-11)
w0 =0 in T,
We claim that for all p € (1, co) we have
o wellz, (0.1)x1v) < CpllhllL, 0.1)xT¥) (4-12)

with C,, — 1 for p — 2.

Indeed, to see that C, = 1, we just take the L? scalar product of (4-11) with wy,
which yields

oty 4 (1wl divol) = [

hwydx < 2/) IIwzlleL ol L1159
T™

Then for any fixed pg € (1, 00) \ {2}, the standard maximal regularity estimate is
||/0*wt||LpO((0,T)><TFN) = KpollhllL, 0,1)<Tv)>

and the Holder inequality gives us for all 6 € [0, 1],

—0

) 1 0
”Z”L (0, T)X'U'N) = ||Z||L2((0 T)XTN)”Z”LPO((O,T)XTN) with ; = T + %

Therefore C), < Cio, whence limsup C, < 1 for p — 2 (as 6 — 0).
Now, remembering the definition of &, we write for all p € (1, c0),
lo*wellL, 0.1 %) < CpllglL, o.1)xv) + (0™ = P)willL, (0, 7)xT™))

Ps
= CpllgllL,.7r)xTv) +Cp (1 - E) o™ will 2, 0.7)xT)-

Therefore, if3

Px 1/0*
1-C,(1- 4-13
p( p* )‘ 2p* 19
then we end up with
2p*C,

o wellL, (0.1)xT¥) < I&llL,0.7)xTV)- (4-14)

Let us emphasize that (4-13) is fulfilled for p close enough to 2, due to C, — 1
for p — 2.
It is now easy to complete the proof: We rewrite (4-11) in the form
—Aw—vVdivw =g —pw, in(0,T)x TV,
w0 =0 in TV.

3Clearly, we just need that 1 — C (1 —p4/p*) > 0. However taking that slightly stronger condition
allows us to get a more explicit inequality.
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Then one concludes as before that
2 .
IVZw, vWdivwliz,o.1)x1V) = Kpllg — pwillL,0.7)xTV)
< Kp (1812, 0. 1yx) + P Wil L, 0.7y TY)) -
Hence, putting together with (4-14) and assuming that p is close enough to 2,
2 .
lwe, Viw, vV divwlly 0,7)x1) < Cp, o181l L, 0.7)xTV)- (4-15)

Then combining with (4-10) and (4-7) completes the proof. (]

5. Final bootstrap argument

In what follows, we fix some 0 < p, < p* and denote by 2, and 2* the corresponding
Lebesgue exponents provided by Theorem 4.1. We assume that the initial data
(po, vo) satisfies all the requirements of Theorem 1.2

Take some time T such that 1 < T < v (stronger conditions will appear below),
and assume that we have a solution (p, v) to (1-1) on [0, T] x T?, fulfilling the
regularity properties of Theorem 1.2 for some 2 < ¢ < min(2% 4), and

T
exp(/ || div v||oodt) <2. (5-1)
0

Then it is clear that p obeys
ps<p=p" on[0,T]x T (5-2)

For all p € [2, q], define A, (T) := ||V divvllp,,7;L,(12) and assume that, for
some small enough constant ¢y > 0, we have

Ay(T) < co. (5-3)

Clearly, if Kcg <log?2, where K stands for the norm of the embedding qu (T?) —
Lo (T?), then (5-1) is fulfilled. We shall assume in addition that cop* < 1.

We are going to show that if (5-3) is fulfilled then, for sufficiently large v, all
the norms of the solution are under control. Then, bootstrapping, this will justify
(5-3) a posteriori.

Step 1: high-order energy estimate for v. Let Eg =14+ ||vo||i,1 + |lpo — ﬁll%. By
(2-2) we easily get, remembering that v=!7 <1,

2 : 2 =112
”v”Lgo(O,T;Hl) + vl div v”Loo(O,T;Lz) +llpo— 'O”Loo(O,T;Lz)
T

+f (101, + o3 + |V div v]3) d
0

4 _
< CeMI (B3 +0 ' TIV IR o1, 54
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Step 2: regularity estimates at L, level for the density. From Proposition 3.1, we
find that there exists an absolute constant K such that for all » € [2, ¢), there exists
some constant C, > 0 such that

T
sup Vo)l < K((nv/)onq +p*Ay(T)) exp(ch / ||V2v||§dz)).
1€[0,T] 0
Hence, bounding the last term according to (5-4), and using (5-3) and the definition
of E(),
4
sup IVl < K(IVpolly + 1) exp(C, EgTe ™)

1€[0,T] _ 4

x exp(Cv T2 IR VplIE_0.7:1,) (5-5)

Taking r = 2, we deduce that if

_ 4
Cov ' T2 10V plI]_ 071, <log2,

then we have

4
sup [Vo(t)ll2 <2K([Vpolly + 1) exp(CLEZT e 10l (5-6)
t€[0,T]

Using an obvious connectivity argument, we conclude that (5-6) holds whenever
2C2
log2

(IVpollg + 1)? exp(2C, E2T C%0l2) 72 Clvollz. (5-7)
Reverting to (5-4), we readily get, taking a larger constant C if need be,

1017 o7y FVIVUIZ 0725+ 10 = BlI7 0710
T
. 4
[ V0l + 10, + o1 divol,)ar < CeOER. (59
0
Of course, combining (5-6) with (5-5) ensures that for all r € [2, g), we have

4
sup Vo), < K(IVpolly + 1) exp(C, EFT eIy, (5-9)
tel0,T]

Step 3: maximal regularity at L, level for the velocity. We rewrite the velocity
equation as
pdv—Av—vVdivv=—-VP —pv-Vu.

Then Theorem 4.1 ensures that for all p € [2, q),
Vp(T) = Cp(llvollyz-2r + IV P+ pv- Vol 0,7x72) (5-10)

with Vy(T) = [0l oo, + 10, V20, 0V div ol 0.7 -
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By the Holder inequality

.1 1 1
lv-VullL,0.rx12) = T Nl .1:00 IVl Ly 75,  With sta=

Hence using embedding and inequality (5-8),
lv-VollL, 0,772 < CT/P=1/4 g2 Clvl
and reverting to (5-10) and using (5-9) thus yields for some constant Cp depending
only on the pressure law,
ol
Vo (T) < Cp(Ilvoll 220 + Co TP (IV polly + DeCETE
' 1/p=1/4 g2 ,Clivoll}
+ TP EGeCIR) - (5-11)

Step 4: regularity estimate at L level for the density. The standard estimate for
the transport equation with Lipschitz velocity field yields

sup [Vo(llg = IVeollg + 0" Ag(T)) exp(IV VI, 0.7: L))

t<T

Hence, remembering (5-3) and using the embedding W; (T?) = Lo (T?) to handle
the last term, we get

sup [Vo®)lly < (IVpolly + 1) exp(CTY PV, (T)).

t<T

Then one can bound V,(T) according to (5-11) and eventually get

sup [V o)y < (IVpolly + 1) exp(TYP 12 (T)), (5-12)

t<T
. Clivol3
with 1§/(T) := C, (Ivoly 2210 + Co TP (I V polly + DeCET ),

Step 5: maximal regularity at L level for the velocity. Let us use again Theorem 4.1,
but with Lebesgue exponent g. We have

Vy(T) < Cq(||v0||qu—z/q +IVPIL,0.rx12) V- VvHLq(O,Tx'I]'Z))' (5-13)

The last term may be bounded as in (5-11) (with ¢ instead of p), and the pressure
term may be handled thanks to (5-12). In the end we get

Vo(T) = Cq(llvolly2-2a + Cp T4 (IV pollz, + 1) exp(T V9 I (T))).

Step 6: final bootstrap. In order to complete the proof, it suffices to check that if
v is large enough then we do have (5-3). This is just a consequence of the fact that

’ . 1 ’
Aq(T) < Tl/q ”V div U”Lq(O,TX-ﬂ—Z) < ;Tl/q Vq(T)
Hence it suffices to choose v fulfilling (5-7) and
v = TYCC, (Ivollyz2 +Cr TV pollL, + 1) exp(T VP [ (T))).
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6. The incompressible limit issue

The aim of this section is to prove Theorem 1.3. In what follows the time T is fixed,
and v is larger than the threshold viscosity vy given by Theorem 1.2. Throughout,
we shall agree that Cp 7 denotes a “constant” depending only on 7" and on the norms
of the initial data appearing in Theorem 1.2. Let us consider the corresponding
solution (p, v). Then inequality (1-11) already ensures that all the terms with Qu
in (1-14) are bounded as required.

In order to bound the other terms of (1-14), it is convenient to restate system (1-1)
in terms of the divergence-free part Pv and potential part Qu of the velocity field v,
and in terms of the discrepancy r := p — p between p and the “incompressible”
density p defined as the unique solution of the transport equation

pr+Pv-Vp=0, pl=o= po. (6-1)
As r fulfills
ri+Pv-Vr=—div(pQu), r|;=0 =0, (6-2)

we have for all ¢ € [0, T'],

t
Ir®llq 5/ (Ilp div Qully + 1Qu- Vplly) dt. (6-3)
Now, we have ’
1Qu-Volr,o.rxm = 1l 0.7 IVPllLe©.7:L,)
and, by virtue of the Poincaré inequality,
llp div Qullz, 0.7x12) < CP* IV div QullL (0, 7xT2)-

Therefore, taking advantage of Sobolev embedding and of inequality (1-12), we
end up with
sup [lr()llg < Corv". (6-4)

0<t<T

Next, we restate the second equation in (1-1) as
PPv+pPv-VPv—APv+VQO+ K =0, (6-5)
where Q := P — (14+v)divv and K = K| + K, + K3 + K4, with
Ki:=rPv;,, Kp:=pQv;,, Ksz:=rPv-VPv, K4j:=p(Quv-VPv+v-VQu).
Subtracting (1-4) from (6-5) yields

NPV —u); + - VPV —u) — AP —u) + V(O —TI) + K+L =0 (6-6)
with
L:=(@—nPv+(@—nPv-VPv+n(Pv—u)- VPu.
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Of course, initially, we have
Pv—uli=0=0, p—nl=0=0.

Now, we take the L scalar product of (6-6) with Pv — u getting, since divu =0,
Ld / n|Pv —u|2dx+/ IV (P — )| dx
T2 T2

2dt
:/ K-(u—Pv)dx—i—/ L-(u—"Pv)dx. (6-7)
'|]'2 -ﬂ—z

To analyze the terms of the right-hand side, we need some information coming
from the continuity equations. The difference of p and 7 fulfills

w—mi+u-V(p—n)=—(Pv—u)-Vp.
Testing it by (0 — ) and defining ¢* by 1/¢* + 1/q = %, we find that

T
sup (5 — M) 12 < / 1Pv—ullye V5] dr.
0

t<T

As p satisfies (6-1), we have for all ¢ € [0, T'],
IVA0)llg < IV Aollg elo IVPVI=dr,
Therefore, thanks to (1-13) and Sobolev embedding,

T
sup [[(0 —m @2 < CO,T/O Pv —ullg~dt. (6-8)

t<T
One can now estimate all the terms of the right-hand side of (6-7). Regarding the
first term of L, we have

T
//(ﬁ—n)Pv,-(Pv—u)dxdt
0 J12
T
S/O 1o —nll2 1Pvellg 1P — ully~ dt

T T 1/2 T 1/2
5CO,T(/ ||Pv—u||q*dt)(/ ||79v,||§dz) (/ ||Pv—u||§*dt> .
0 0 0

Hence taking 6 € (0, 1) below according to the Gagliardo—Nirenberg inequality,
and remembering that ¢ > 2 and that H'(T?) < L,,(T?) for all m < oo, we get

T
ff(ﬁ—n)Pv,-(Pv—u)dxdt
0 JT2

T
sco,Tf IV(Pv—u)|13 |Pv—ull3% dt
0

T T
1 2 2
< = V(Pv — dt+ C Pv — dt.
< 8/0 IV(Pv—u)l; o,T/O Pv —ullz 6-9)
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Next, we write

/ (o—n)(Pv-VPv) - (Pv—u)dx
T2

=lo—=nllz2 IPv-VPvlg IPv—ullg:

hence, arguing exactly as above,

T
‘// (o —n)(Pv-VPv) - (Pv—u)dxdt
0 JT?

T T
< %f ||V(Pv—u)||%dt+Co,T/ ||'PU—M||%dt.
0 0

Similarly, we have

T T
‘/ / n((Pv—u)-VPv)-(Pv—u)dxdt| < ,0*/ VP 0o ||Pv—u||§dt.
0 JT2 0

Regarding K, we have, defining g by 2/g +1/g =1,

T T
// rPu;-(Pv—u) dx dt 5/ Irllg IPvllg 1Pv—ullgdt
0 JT2 0

T T
<3 | 1vPv-wiidrcor [ IPo-uiar
0 0
and for K;, one can write that
/ pOv; - (Pv—u)dx = if pOv-(Pv—u)dx —/ (o(Pv—u));-Qudx.
T2 dl’ T2 T2

For the last term, we have, using that p, = — div(pv) and integrating by parts,

/(p(Pv—u))t-dex=/ p(Pv—u)t-Qva’x—l—/ pr(Pv—u)-Qudx
T2 T2 T2

=/ p(Pv—u)r-deer/ (pv)-(V(Pv—u)-Quv)dx
T2 T2
+/ (pv)-(Pv—u)-VQu)dx.
T2

The first term is of order v~! after time integration on [0, T'], since it may be
bounded by

< p I Qull2(IPvell2 + lluell2).

/ (p(Pv—u)); - Qudx
T2

For the second term, one may write

‘/ (pv) - (V(Pv—u)-Qu)dx
T2

1 *
< gfw IV(Po—w)ll3 dx +C (" IIvII%, 1QvI5,
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and for the last one, we have

< p vl 1PV —ull2 [IVQUIl2.

/ (pv) - (Pv—u)-VQu)dx
T2

In the same way, we get

T
/ (K3 + Ky)- (Pv—u)dxdt
0 J12

T
5/ IPv —ullg:(1Qully IVPll2+1VQully llvll2) dt,
0

whence using (1-12) and the Poincaré inequality to handle the terms with Qu,

T
5%/ 1PV — ull3,, dt +v>Co,r.
0

T
//(K3+K4)-(Pv—u)dxdt
0 J12

Summing up, we return to (6-7) and integrate to find
T
pesup |(Po = @I+ [ 19(Pu-wiB ar
t<T 0

< sup
t<T

T
+ CO,T/ |Pv —ull3dt + Corv.
0

/Trz(va)(t) ~(Pv—u)(1)dx

But we see that

< 3plPv—ull3 + CIQull3 < 3pulPv—ull3+ Corv".

/ pQu.(Pv—u)dx
T2

So altogether, we get after using the Gronwall lemma,
T
sup([[(Pv — u) ()3 + (5 — m®)1I3) +/ IV(Pv—u)|3dt < Corv".
t<T 0

Recalling (6-4) and p —n =r + (p — n) completes the proof of Theorem 1.3. O
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