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Abstract

The present paper is devoted to the well-posedness issue for a low-Mach number limit system with heat conduction
but no viscosity. We will work in the framework of general Besov spaces B;yr(]Rd), d > 2, which can be embedded
into the class of Lipschitz functions.

Firstly, we consider the case of p € [2,4], with no further restrictions on the initial data. Then we tackle the
case of any p €]1,00], but requiring also a finite energy assumption. The extreme value p = co can be treated
due to a new a priori estimate for parabolic equations. At last we also briefly consider the case of any p €]1, 00|
but with smallness condition on initial inhomogeneity.

A continuation criterion and a lower bound for the lifespan of the solution are proved as well. In particular
in dimension 2, the lower bound goes to infinity as the initial density tends to a constant.

1 Introduction

The free evolution of a compressible, effectively heat-conducting but inviscid fluid obeys the following
equations:

Op + div (pv) = 0,
(1) 9e(pv) + div (pv @ v) + Vp = 0,
0¢(pe) + div (pve) — div (kVY) + pdive = 0,

where p = p(t,r) € Rt stands for the mass density, v = v(t,z) € R? for the velocity field and e =
e(t,z) € RY for the internal energy per unit mass. The time variable ¢ belongs to RT or to [0,7] and the
space variable z is in R? with d > 2. The scalar functions p = p(t,z) and ¥ = 9(t, z) denote the pressure
and temperature respectively. The heat-conducting coefficient k = k(p,?) is supposed to be smooth in
both its variables.

We supplement System (1) with the following two equations of states:

(2) p= Rpﬁv €= Cvﬂv

where R, C, denote the ideal gas constant and the specific heat capacity at constant volume, respectively.
That is, we restrict ourselves to perfect gases.

In this paper, we will consider highly subsonic ideal gases strictly away from vacuum, and correspond-
ingly, we will work with the system (see (4) or (7) below) which derives from System (1) by letting the
Mach number go to zero. More precisely, just as in [15], suppose (p,v,p) to be a solution of System
(1) and define the dimensionless Mach number ¢ to be the ratio of the velocity v by the reference sound
speed. Then the rescaled triplet

(pg(t,x) = p(g,x), ve(t,x) = %v(g,x), pe(t, ) :p(z,x))
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satisfies
Orpe + div (peve) = 0,
(3) at(pave) +div (psva & 'Ue) + % = 0,
ﬁ(atpe + div (peve)) — div (ke Vo) + pedive. = 0.

Here v := C,/C, = 1+ R/C, represents the adiabatic index and the constant C,, denotes the specific
heat capacity at constant pressure. The rescaled temperature and heat-conducting coeflicient are given
by

t 1./t
do(t,2) =0(2,2), k(o) = —k(2,2).
c(t, ) c T =(t, ) =\ 2 T
Now let € go to 0, that is, the pressure p. equals to a positive constant Py by Equations (3), and (3),

and thus System (3) becomes formally the following zero Mach number system immediately (see [2], [25]
and [34] for detailed computations):

Op + div (pv) = 0,
(4) Ot(pv) +div(pp @v) + VII = 0,
dive — 25tdiv (kVY) = 0,

where IT = II(¢, z) is a new unknown function. We remark that the justification of this limit process was
showed in [2] in the framework of classical solutions.

Now, again similarly as in [15], in order to make use of the almost “divergence-free” condition (4),, we
reduce System (4) by introducing some new unknowns below. Before going into details, let us suppose
here that the density p always has positive lower bound and converges to some constant (say “1”) at
infinity, in the sense detailed below (see (16)). We also point out that in the following, the fact that
p¥ = Py/R is a positive constant will be used thoroughly.

Firstly for notational simplicity, we set « to be a positive constant defined by

v—1 R 1
o — _

YPy  CyPy  Cppi

Then we define the following two coefficients, always viewed as regular functions of p:
k=r(p)=akd and A= Ap)=p L

Furthermore for convenience, functions a = a(p), b = b(p) are introduced to be the antiderivatives of the
smooth functions x(p) and —k(p)p~! respectively, such that a(1) = b(1) = 0. It is easy to see that

(5) Va = kVp = akdVp = —akpV19 = —pVb.
We moreover define the new “velocity” u and the new “pressure” m respectively as
(6) u=1v—akVy =v—-Vb=uv+rp 'Vp, m = I+ akpdd = I — dra.
Then System (4) finally becomes
Op+u-Vp—div(kVp) =0,

(7) Oou+ (u+ Vb) - Vu+ AVr = h,
divu =0,

(8) hip,u) = p~'div(v® Va) = —u-V?b — (u- VA)Va — (Vb- VA)Va — div (Vb ® Vb).
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Let us just show how (7)2 comes from (4)2. Observe that (4)s gives
(9) O(pu) + div (pv @ u) + 9(pVb) + div (v ® pVb) + VII = 0.
It is easy to find that
9;(pVb) + VIl = =9, Va+ VIl = Vr and div(v® pVb) = —div (v ® Va).
Thus by view of Equation (4),, Equation (9) can be written as
(10) PO+ pv - Vu+ Vi = div (v ® Va).
We thus multiply (10) by A = p~! to get Equation (7),.

Let us note that if Kk = 0, then a = b = 0 and hence System (7) becomes the so-called density-
dependent Euler equations

Op+v-Vp=0,
(11) Ov+v-Vu+AVr =0,
dive = 0.

We can see that, due to the null heat conduction, the density p satisfies a transport equation, the “source”
term h vanishes and the velocity v itself is divergence-free. In System (7) instead, one encounters a
quasilinear parabolic equation for p and moreover, the transport velocity u is no longer solenoidal and
the “source” term h is a little complicated, as it involves two derivatives of p.  As early as in 1980,
H. Beirdao da Veiga and A. Valli in [10, 11, 12| have investigated the local well-posedness issue in some
smooth bounded domain of the nonhomogeneous Euler system (11). We also cite here the book [3] as
a good survey of the boundary-value problems in mechanics for nonhomogeneous fluids. By use of an
energy identity, in [13] R. Danchin studied System (11) in the framework of nonhomogeneous Besov space
Bs .(R%) which can be embedded in C%'. Recently in [14], R. Danchin and the first author treated the
end point case where the Lebesgue exponent p in the Besov space B, . is chosen to be co. We notice
that if morever p =1 is a constant density state, then System (11) reduces to the classical Euler system,
which has been deeply studied.

However, to our knowledge, there are not so many theoretical works devoted to the heat-conducting
inviscid zero Mach number System (4), or equivalently System (7). It is interesting to view System (4) as
the model for an inviscid fluid consisting of two components, both incompressible, with a diffusion effect
obeying Fick’s law. In fact, we can write Equation (4), as the following Fick’s law:

div(v+kVinp) =0,

with x denoting the diffusion coefficient. Now p, u and v are considered to be the mean density, the
mean-volume velocity and the mean-mass velocity of the mixture respectively. As usual, VII denotes
some unknown pressure. For more physical backgrounds of this model, see [18]. One can also see [6]
for a local existence and uniqueness result of the initial boudary value problem for this model, in the
framework of classical solutions. In this paper, we will show some similar well-posedness results as in
[13, 14] for the Cauchy problem for System (4), in the scale of Besov spaces which can be embedded into
the class of Lipschitzian functions.

Let us mention that the justification of the incompressible limit of Euler equations (i.e. incompressible
Euler equations can be viewed as compressible Euler equations when the Mach number goes to zero) has
attracted much attention. There are many early works such as [16, 17] by D.G. Ebin, [22, 23] by H.
Isozaki, [24] by S. Klainerman and A. Majda, [27] by S. Schochet, [31] by S. Ukai, etc. for the isentropic
Euler system case. At the beginning of this century, T. Alazard in [1] and G. Métivier and S. Schochet in
[26] treated problems with boundary and without boundary respectivley, for the non-isentropic case. But
there, the heat conduction did not come into play, and hence the entropy there satisfies a free transport
equation. Later T. Alazard in [2] generalized the study to various models which include the case of heat
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conductive ideal gases, i.e. he justified rigorously also the low Mach number limit from System (1) to
System (4).
Let us also mention that if the fluid is viscous, that is to say there is an additional tensor term

—dive = —div (u(Vv + Dv)) — V(vdivv)

in the evolution equation (4), for the velocity v (here p, v denote viscosity coefficients which may depend
on p), then System (4) becomes the low Mach number limit system of the full Navier-Stokes system.
See paper [2] by T. Alazard, [15] by R. Danchin and the second author, and references therein for some
relevant results. One notices that such a viscous system can also describe viscous mixture models such
as pollutant spreading, snow avalanche, etc.: see [3, 8, 9, 19, 20, 28, 29, 30] for some further discussion.

Our paper is organized in the following way.

In the next section we will present our main results on System (7) (the corresponding results for
System (4) will be pointed out, in Remark 2.2 for example), i.e. the local-in-time well-posedness in Besov
spaces B, . < C%1. Firstly, we focus on the case when p € [2,4] (see Theorem 2.1); then, we consider
also the general instance p €1, +00], under the additional assumptions of data in L? (see Theorem 2.9)
or when the initial density is a small perturbation of a constant state (Theorem 2.12). We will also state
a continuation criterion for solutions to our system, and a lower bound for the lifespan of the solution in
terms of the norms of the initial data only: this will be done in Theorems 2.3 and 2.7. In particular in
dimension 2, a better estimation of the lifespan under finite energy hypothesis is given in Theorem 2.11.

Section 3 is devoted to the tools, from Fourier analysis, which we will use in our study. In particular,
we will briefly recall the main ideas of Littlewood-Paley decomposition and paradifferential calculus, and
some basic properties of Besov spaces.

In Section 4 we will tackle the proof of Theorem 2.1: it will be carried out in a standard way. First
of all, we will show a priori estimates for the linearized equations. Then, we will construct inductively a
sequence of smooth approximated solutions. Finally, we will show its convergence to a “real solution” to
the original equations.

Section 5, instead, is devoted to the proof of the continuation criterion (Theorem 2.3) and of the lower
bound for the lifespan of solutions to system (7) (Theorem 2.7).

A new estimate for parabolic equations in Besov spaces B5_ ,. (see Proposition 6.1) will open Section
6. This will be the key to tackle the case of finite energy initial data in this endpoint space, and so to
prove Theorem 2.9. Moreover, in this same instance (finite energy and p = 400, s = r = 1) we will
improve the lower bound for the lifespan of the solutions in the case of dimension 2 (see Theorem 2.11).
In particular, we will prove that the solutions tend to be globally defined in time whenever the initial
density is close (in a suitable sense) to a constant state. In the same section we will also sketch the proof
of Theorem 2.12, when the inital density is near a constant state.

Finally, in the Appendix we will give a complete proof of the commutator estimates stated in Lemma
4.2,
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2 Main results

Let us focus on System (7) to introduce our main results. In view of Equation (7),, of parabolic type,
by maximum principle we can assume that the density p (if it exists on the time interval [0,7T]) has the
same positive upper and lower bounds as the initial density pg:

(12) 0 < pe <plt,x) < p*, VYte|0,T], xR
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Correspondingly, the coefficients x and A can always be assumed to have positive upper and lower bounds
too, which ensures that the pressure 7 satisfies an elliptic equation. As a matter of fact, applying operator
“div” to Equation (7), gives the following elliptic equation in divergence form:

(13) div (AV7) = div (h — v - Vu).

Since by Equation (7), there is no gain of regularity for the velocity u as time goes by, we suppose

the initial divergence-free “velocity” field ug to belong to some space B, . which can be continuously

embedded in C%!, i.e. the triplet (s,p,r) € R x [1,4+00]? only has to satisfy the following condition:
d d

(14) s>1+4+ —, or s=14+—-, r=1.
p p

This assumption will be enough to have the velocity field v Lipschitz continuous, and so to preserve the
initial regularity as a transport velocity. This at least requires the “source” term h — AV~ to belong to
L'([0,T]; By ) which, by view of definition (8) of h and bound (12) for p, asks at least

V?p e LY([0,T);B;,), VpeL>([0,T];L>), and Vme L'([0,T];B;,).

Keeping in mind that p satisfies the parabolic type equation (7),, we expect to maintain the initial
regularity and to gain also two orders of regularity with respect to the space variable when integrating
in time (see Subsection 4.1.1), at least in a small time interval. We thus have to assume the difference of
the initial density po and a constant (say 1) to be in the same space B, , as above. However in general,

we only get V2p in the time-dependent Besov space E}(B;T), which is a little bit larger than Li.(Bj ),
see Definition 3.2. Therefore in the whole context we will deal with the spaces Z%" (B,;..) and z}(B;J,).
On the other hand, if h — v - Vu is already in space ZlT([O, T1; By ,.), then applying operator “A;” (see
Section 3 for the definition) to Equation (13) gives
div (AA; V) =div A (h — v - Vu) 4+ div (A, A;] V).

So, it remains to control the commutator div ([A, A;]V), hence the low frequencies of V, by the classical
commutator estimation (see Lemma 4.1 for example). Due to the fact that, for Equation (13) above,
we have the a priori estimate

V|l <Cllh—v-Vu| e

independently of A only when p = 2 (see Lemma 2 of [13]), we have to make sure that h — v - Vu € L2
Hence the fact that h is composed of quadratic forms entails that p has to verify

(15) p € [2,4].
To conclude, we have the following theorem, whose proof is shown in Section 4.

Theorem 2.1. Let the triplet (s,p,r) € R x [1,+00])? satisfy conditions (14) and (15).
Let us take an initial density state po and an initial divergence-free velocity field ug such that

(16) 0<p<po<p, lpo—1lg;, + luols;, <M,

for some positive constants p., p* and M.

Then there exist a positive time T (depending only on p.,p*, M,d,s,p,r) and a unique solution
(pyu, V) to System (7) such that (o,u,Vm) := (p — 1,u, V) belongs to the space E; (T), defined
as the set of triplet (o,u, V) such that

e € O(0.1:B;,)NLY([0.T);B;}?),
(17) u € C([0,T;B;,),
Vr € Ll([O,T];BIS),,.)ﬁLl([O,T];LQ),

e
e

with Cyy ([0, T); By ) if = +oo (see also Definition 3.2).
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Remark 2.2. Let us state briefly here the corresponding wellposedness result for the original system (4).
By view of the change of variables (6), we have u = Pv, Vb = Qu, where P denotes the Leray projector
over divergence-free vector fields and Q = Id — P (see Remark 3.5). Assume Conditions (14) and (15),
and the initial datum (pg, vg) such that

0<ps<po<p", Vb(po)=Quo, Ilpo—1l5;, + [Puollp;, < M.

Then, there exist a positive time T (depending only on p., p*, M, d, s, p, ) and a unique solution (p, v, VII)
to System (4) such that

p—1€C([0,T);B;,)NL'([0,T]; B3:?)
ve C([0,T); Bs; ) nL*([0,T); B;,), Pve C([0,T);B5,),
VI e L'([0,T); B,.)

with Gy, ([0, T); B,) if 7 = +o0.

One notices from above that the initial velocity vy needs not to be in B, , but the velocity v(t)
will be in it for almost every t € [0,7]. That is, the initial non-Lipschitzian velocity may evolve into
a unique Lipschitzian velocity. On the other side, Theorem 2.1 doesn’t say that if the initial datum
(po — 1,v0) € Bj .(R?)%*!, then there exists a unique local-in-time solution (p — 1, v, VII) to System (4).
In fact, we can JllSt say that if initially, pg — 1 € BS ;00 € By, po € [p«, p*] and Vb(po) Quyg.

Let us also point out that since d;p ¢ L'(0, T] LQ) in general, we do not know whether VII €
LY([0,T7]; L?) (recall also definition (6)). Hence it seems not convenient to deal with System (4) directly
since the low frequences of VII can not be controlled a priori.

Next, one can furthermore get a Beale-Kato-Majda type continuation criterion (see [5] for the original
version) for solutions to System (7), similar as the ones in [13] or [14] for the density-dependent Euler
System (11). As it is a coupling of a parabolic equation (for the density) and an Euler-type equation (for
the velocity field and the pressure), one may expect, a priori, to impose conditions similar, or even weaker,
to those found in the quoted papers, because the regularity of the density improves in time evolution.
Actually, this is not the case: the criterion holds true under additional conditions, which are motivated
by the structure of the nonlinearities in 2 and v - Vu. In fact, for instance, we consider L (B ,.)-norm
of h and Vb - Vu:

e the term u - V2b requires at least HVszLlT(Lm) and |ullLee (<) ;

e the term AbVb requires [|Vb|| g (r=) and [[Ab] 1z (1o);

e the transport term Vb - Vu needs control on ||[Vu| 12 (1), since we only have Vb € EQT(B;T).
Finally, we have the following statement.

Theorem 2.3. [Continuation Criterion| Let the triplet (s,p,7) € R x [1,+00]? satisfy conditions (14)
and (15). Let (p,u, V) be a solution of (7) on [0, T[xR? such that:

(i) p— 1€ C(0,T[; Bs,) N L ([0,T[; Bs?) and satisfies

T
(18) s [9p(0)]1~ +/ IV2o(0)|)* . di < +o0:
0

tel0,T

(i1) u € 6([O,T[;Bfm) and satisfies

T
(19) sup [Ju(t)|r~ + / IVu(t)|[Fe dt < 400}
te[0,T] 0
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(iii) Vr € L} ([0,7; B, ) verifies, for some o > 0,

loc

T
(20) | 19Ol it < 0.

Then (p,u, VII) could be continued beyond T (if T is finite) into a solution of (7) with the same
reqularity.

The proof of Theorem 2.3 issues from the following fundamental lemma whose proof can be found in
Section 5.1:

Lemma 2.4. Let s >0, p € (1,4+00) and r € [1,+00]. Let (p,u, V) be a solution of (7) over [0, T xR4
such that Hypothesis (i), (it), (i) in Theorem 2.8 hold true. If T is finite, then one gets

(21) o=z sy pnznimgs + 1Wlzz ;) + 1IVA@Izy 5y, < +oo-

In fact, from Theorem 2.1, one knows that once Conditions (14), (15) and (16) hold, the initial data
will evolve into a unique solution on a positive time interval, which depends only on the bounds on the
density, the By -norm of the initial data and the indices. Therefore, once we have (21) and besides

Conditions (14), (15) hold true, then there exists a time o such that, for any T < T, System (7) with
initial data p(f),u(f)) has a unique solution until the time 7 4 to. Thus, if we take, for instance,

T =T —(ty/2), then we get a solution until the time T+ (fo/2), which is, by uniqueness, the continuation
of (p,u, Vr). Theorem 2.3 follows.

Let us analyse the scaling property of our system in order to show an explicit relationship between
the size of the initial data and the lifespan. Recalling (8), it’s easy to see that, if (p,u, V7) is a solution
of (7) with initial data (po,uo), then for any € > 0

(22) (pa,ua,VwE>(t,m) = <p75u,53V7r>(52t,533)

is still a solution of (7), with initial data (o, u§)(x) := (po, cug)(ex). So, the following result immediately
follows.

Proposition 2.5. Let (p,u, V) be a solution of System (7) with initial data (po,uo) on a time interval
[0,T[. Then the triplet (p°, us, Va<), given by (22), is still a solution of (7), defined at least on the
time interval [0, T.[, with

T. > Te 2.

Remark 2.6. In the homogeneous case, we know that if the initial velocity is of order ¢ then the lifespan
is at least of order e~!. But here for our system (7) (and hence for System (4)), we have from the above
proposition that if the initial data p§ — 1,u§ are of order e5~%? and e°T!1=%/P respectively, then the
lifespan is at least of order e~2, due to the fact that

5 = Ulmy, ~ e Plpo = ms,  lugllg, ~ " uol g, -

In particular if s = 1 + d/p, then the lifespan is of order O(¢72) for the initial data p§j — 1 = O(e),
us = O0(e?) .

Even in the two-dimensional case, it’s hard to expect global-in-time well-posedness for this system:
the parabolic equation (7),; allows to improve regularity for the density term, but such a gain is (roughly
speaking) deleted by the nonlinear term in the momentum equation (7),. Hence, the obstacles to global
existence are the same as those one has to face in considering the density-dependent Euler system (11),
which has already been dealt in [14]. However, we manage to establish an explicit lower bound for the
lifespan of the solution, depending only on the norms of the initial data, in any dimension d > 2. The
proof will be the matter of Section 5.2.
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Theorem 2.7. Under the hypotheses of Theorem 2.1, there exists a positive constant L, depending only
on d, p, T, p. and p*, such that, the lifespan T of the solution to System (7) given by Theorem 2.1 is
bounded from below by the quantity

L L
log s
1/2
5, /Il )

(23) TP TR
|| Bs
luoll;.. 1+ (Hpo -1

where X > 2 is a constant big enough, depending only on s,d, p.

Remark 2.8. Thanks to Theorem 2.3, the lifespan is independent of the regularity. Hence, if we want
to get the lower bound of the lifespan, we only deal with the endpoint case s =1+ d/p (p € [2,4]) and

7 = 1, whose lifespan is the largest. Therefore, the B, -norm in (23) can be replaced by B, -norm.

In Theorem 2.11 we will improve the previous result for 2-D fluids. Under the additional requirements
of finite energy initial data (see also below) and taking p = +o00, we will show that the lifespan tends to
+00, i.e. the solution tends to be global in time, if pg is "close" to (say) 1.

As we have already pointed out, Hypothesis (15) over the index p is required to get h € L?, and so to
solve the elliptic equation for the pressure term. In fact, we can remove it and consider any p €1, +o0] ,
provided that the following energy estimates hold: this immediately gives V& € LL(L?).

First of all, if the initial datum py — 1 € L?(R?), then by taking the L?(R%)-inner product between
p — 1 and Equation (4),, i.e. Equation (7),, and integrating in time variable, we arrive at the following:

1 ¢ 1
(24 3 [0 =1P+ [ [ wvol = Jlon - 113
R4 0 JR4

Such an energy identity requires the following equality to hold true:

[ [wwnio-n=o

In fact for instance, if u € L (L), which is always the case under our hypothesis, then for any finite ¢
it holds, by view of divu = 0 and the previous Identity (24).

In the same way, formally, if we take L?-inner product between Equation (10) and u, then thanks to
Equation (4), and integration by parts, the first two terms entail

1d

_ - 2
24t de|u| .

(25) /Rd (pOyu + pv - Vu) - u

Thanks to the divergence-free condition of u, the inner product (V, u) 12 ey vanishes. It rests to dealing
with (div (v ® Va), u) p2gae). In fact, from Relations (5) and (6) we have

div (v ® Va) = AbVa +u - VZa + Vb - VZa.
The bound (12) implies that (with C' depending on p,, p*)
JAbl L, [92all 1~ < C (IVpl2 + [92pll) and [Vblz2, [Vallzz < C|[Vpllz2.
Thus

(26) ({div (v ® Va), u) r2(ra)| < C([VplZee + [IVpll=)(IVol L2 + llullz2)llu 22
< C(O'WOllullz: +1Volz2) .

where we have defined

t
o(t) =/0 (IVplZe + IVolLe + [IV2pllre + [IV2plZe) dr.
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Hence Identity (25), Holder’s Inequality, Gronwall’s Inequality and Energy Equality (24) give

t
(27) lu()l72 < Ce“OW <uOIiz +/ ||vp||2L2) < %Y (JluollF2 + llpo — 1]72) -
0

On the other hand, if there exists (p— 1, u) such that (17); and (17), hold for some finite time 7" > 0,
with (s, p,r) verifying (14), then we have also (18) and (19). Thus, if we assume the initial data (po,uo)
to satisfy

(28) po — 1,ug € L2,

then by Energy Estimates (24), (27), we gather u,p — 1 € L(L?) and Vp € LZ4(L?). Hence for any
finite positive time T,

h—v-Vu=p ldivlo®Va) —v-Vu=p 'AbVa+p tv-V?a—v-Vu € LL(L?),

which ensures Vr € LL.(L?), by view of Equation (13) and Lemma 3.13 (see below).
To conclude, by the arguments before Theorem 2.1 and above, and a new a priori estimate for linear

parabolic equations in Besov spaces BS, ;. (see Proposition 6.1), we have the following statement.

Theorem 2.9. Let the triplet (s,p,7) € R x [1,4+00]? satisfy Condition (14) and 1 < p < co.
Let the initial density py and the divergence-free initial velocity ug fulfill (28) as well as (16), for some
positive constants p., p* and M.

Then there exist a positive time T (depending only on p.,p*, M,d,s,p,r) and a unique solution

(p,u, V) to System (7) with (p—1,u,Vr) € E5 (T) such that p—1,u € C([0,T]; L?) and Vp € L7.(L?).

Remark 2.10. Notice that we have the embedding B} ,.(R?) < L2(R%) if s > d/p —d/2, p € [1,2] (see
Corollary 3.7 below). Thus if the triplet (s,p,r) € R x [1,+00]? satisfy Condition (14) and 1 < p < 2,
then the initial data pg,uo satisfying (16) alreday verifies finite-energy condition (28).

In fact, if we take p = p constant in system (7), or equivalently in (4), we get the classical homogeneous
Euler system. For this system, the global-in-time existence issue in dimension d = 2 has been well-known
since 1933, due to the pioneering work [33] by Wolibner. For non-homogeneous perfect fluids, see system
(11), it’s still open if its solutions exist globally in time. However, in [14] it’s proved that, for initial
densities close to a constant state, the lifespan of the corresponding solutions tends to +o0o (independently
of the initial velocity field).

Actually, under the same hypothesis of Theorem 2.9 in dimension 2, we are able to prove a similar
result also for our system.

Theorem 2.11. Let d = 2.
Let us suppose the initial data pg and ug to be such that pg := po—1 € LZOB;O’I,
and ug € L*NBL, ;.

Then the lifespan of the solution to system (7), given by Theorem 2.9, is bounded from below by the
quantity

with 0 < p, < po < p*,

L L

(29) 5 log | 1+ log
L+ lleoll72 + luollL2npr, (1 n HQOH?;_I) leolls.,

for a suitable exponent M > 5 and a constant L which depends only on p. and p*.
In particular, the lifespan tends to +o00, i.e. the solution tends to be global, for initial densities close
(in the Béo’1 norm) to a constant state.

There is another way to get rid of Condition (15) imposed on p, that is, we assume an additional
smallness condition over the initial density, which ensures that the elliptic equation for the pressure is
almost the Laplace equation, up to a perturbation term.
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Theorem 2.12. A small constant ¢ > 0 exists such that the following statement holds true.

Let the triplet (s,p,r) € R x [1,+00]? satisfy Condition (14) and p € (1,+00). Let us take an initial
density state pg and an initial divergence-free velocity field ug such that the bounds in (16) are true, for
some positive constants p, p* and M. Assume moreover |po —1|ps < c.

Then there exist a positive time T' (depending on p., p*,c, M,d, s,p,r) and a unique solution (o, u, V)
to System (7) belonging to the space I, .(T), defined as E5 .(T) (recall (17)), but without the condition
Ve LY([0,T]; L?).

Remark 2.13. It goes without saying that under hypotheses of Theorem 2.9 or Theorem 2.12; a con-
tinuation criterion and a lifespan lower bound analogous to those of Theorem 2.3 and Theorem 2.7
respectively, can be proved. The corresponding results for the original system (4) also hold true, similar
as in Remark 2.2, which are omitted here.

We change the word here that in the sequel, C' always denotes some “harmless” constant which may
only depend on d, s, p,r, p«, p*, unless otherwise defined. Notation A < B means A < CB and A ~ B
says A equals to B, up to a constant factor. For notational convenience, the notation p always represent
p — 1, unless otherwise specified.

3 An overview on Fourier analysis techniques

Our results mostly rely on Fourier analysis methods which are based on a nonhomogeneous dyadic
partition of unity with respect to Fourier variable, the so-called Littlewood-Paley decomposition. Unless
otherwise specified, all the results which are presented in this section are proved in [4].

In order to define a Littlewood-Paley decomposition fix a smooth radial function x supported in (say)
the ball B(0, 3), equals to 1 in a neighborhood of B(0, 3) and such that r — x(r e,) is nonincreasing over

R, and set p(€) = x(§) - ¥(6)
The dyadic blocks (Aj);ez are defined by*

Aj:=0if j<-2, A_j:=x(D) and A;:=p277D) if j>0.
We also introduce the following low frequency cut-off:

S’u—x23D Z Ay for 72>0, Sju=0 for j<O0.

Jj'<i—=1
The following classical properties will be used freely throughout the paper:
e for any u € §’, the equality u = Zj Aju holds true in §’;
e for all w and v in &', the sequence (S;_1uA;v);en is spectrally supported in dyadic annuli.
One can now define what a Besov space B, ,. is:

Definition 3.1. Let u be a tempered distribution, s a real number, and 1 < p,r < co. We set
l,
lullss , = (ZTJ’SHAjqu,,) if r<oo and |lullps_ = sup (27| AulLs).
. J
J

We then define the space By, as the subset of distributions u € &’ such that [[u||p; is finite.

When solving evolutionary PDEs, it is natural to use spaces of type Lf.(X) = L?(0,T; X) with X
denoting some Banach space. In our case, X will be a Besov space so that we will have to localize the
equations by Littlewood-Paley decomposition. This will provide us with estimates of the Lebesgue norm
of each dyadic block before performing integration in time. This leads to the following definition:

IThroughout we agree that f(D) stands for the pseudo-differential operator u — F~1(f(£)Fu(€)).

10
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Definition 3.2. For s € R, (¢,p,7) € [1,+00]® and T € [0, +o], we set

Q3
S

T
~ — Tjs . q
lullzg ;.0 = | 22 27 (/ ||Aju<t>||mdt) |

j=-1

with the usual change if r = +-00 or ¢ = +o00.
We also set Cr(B,, ) = L7 (B, ) NC([0,T}; B, ,.)-

Remark 3.3. From the above definition, it is easy to show that for all s € R, the Besov space B3 ,

coincides with the nonhomogeneous Sobolev space H?®. Let us also point out that for any k¥ € N and
p € [1, 00], we have the following chain of continuous embedding:

k k k

By, = W — B .,

where W5 P denotes the set of L? functions with derivatives up to order k in LP. The following embedding

is also true: _ B
L%(B;’,,) s LqT(B;’T) if g >, L%(Bfm) — LqT(B;’T) if g <r.

The Besov spaces have many nice properties which will be recalled throughout the paper whenever
they are needed. For the time being, let us just recall that if Condition (14) holds true then B, . is an
algebra continuously embedded in the set C%! of bounded Lipschitz functions (see e.g. [4], Chap. 2),

and that the gradient operator maps B, ;. in Bls);l. The following result will be also needed:

Proposition 3.4. Let F : R* = R be a smooth homogeneous function of degree m away from a neigh-

borhood of the origin. Then for all (p,r) € [1,00]* and s € R, the operator F(D) maps By, in B5™.

Remark 3.5. Let P be the Leray projector over divergence free vector fields and Q := Id — P. Recall
that in Fourier variables, we have for all vector field u

@€  and  Qu(¢) =

. d ,
Pl (6) = S0+ 1) 25 S e,

2 P G

Therefore, both (Id — A_1)P and (Id — A_1)Q satisfy the assumptions of the above proposition with
m = 0 hence are self-maps on B, . for any s € R and 1 <p,r < cc.

The following lemma (referred in what follows as Bernstein’s inequalities) describes the way derivatives
act on spectrally localized functions.

Lemma 3.6. Let 0 < r < R. A constant C exists so that, for any nonnegative integer k, any couple (p, q)
in [1,00]? with p < ¢ and any function u of LP, we have for all A\ > 0,

Supp@ C B(0, AR) = ||V¥ul s < CFIAFG=0) ||| 1
Supp@ C {€ € RY /rA < €] < RA} = C™*I\¥|jul| e < [[VFullze < CFFINE|u| 1o

The first Bernstein inequality entails the following embedding result, which is a generalization of
Remark 3.3:

Corollary 3.7. The space B! . is continuously embedded in the space B2 . whenever 1 < p; < py < 00
and

S9 <81 —d/p1+d/ps or sy=s1—d/p1+d/ps and 1<r; <ry<oo.

Let us now recall the so-called Bony’s decomposition introduced in [7] for the products. Formally,
any product of two tempered distributions u and v, may be decomposed into

(30) wv = Tyv + Tyu + R(u,v)

11
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with

Tyv:= ZSj_luAjv and R(u,v):= Z Z Ajuljv.

J Jo 1=l

The above operator T is called “paraproduct” operator whereas R is called “remainder” operator.
We have the following classical estimates in Besov spaces for the paraproduct and remainder operators.

Proposition 3.8. Let s,s1,59 € R, 1 <7, 11,712, p < 00 with % < min{1, % + i}

e For the paraproduct we have the following two separate estimates:

IITuvllB;}rsz_g S llullggy,, vl

- d
; if s a
P71 B;?TQ f 1< p’

[TuvllBg, < llullzelv]

pr N

s .
BIJJ‘

e For the remainder, if $1 + s2 + dmin{0,1 — %} > 0, then

(s ) oyveyg S Ml

p,T

S1 ||UH s .,
By Bpiry

By using (30), but keeping the operation pertaining to the time variable before taking the ¢"-norm,
we get the following estimate concerning time-dependent Besov spaces, which will be of constant use in
this paper.

Proposition 3.9. For any (s,p,7,q,q1,q2) € R x [1, 00]* with
1 1

d d d d 1
—min{—, 5} <s< -, withr=1ifs=-, and —-=—+ —,
pp p p q q1 q2

the following holds:
(31) HUUHZ‘IT(B;T) S CHUHZ?(Bﬁflp)|‘v||ZqT2(B§,r)'

Moreover, if s > 0, for any q,q; € [1,00] with i = 1,...,4 such that 1/q :==1/q1 +1/q2 = 1/q3 + 1/qua,
the following also holds:

lwwlizg s ) < C (Nl ooy lolzae gy + Nullzes oy Iollzasam ) -

The following results pertain to the composition of functions in Besov spaces: they will be needed
for estimating functions depending on the density and coming into play in our equations. The proof of
Proposition 3.10 can be found in [4], while for Proposition 3.11 we refer to [13].

Proposition 3.10. Let f be a smooth function such that f(0) = 0, and take s > 0 and (¢, p,r) € [1, +oc]>.
For any u € C§°, the following inequalities hold true:

Ifoulp, < Cllulsy, . Ifoulzym , < Clullzy e, -

where the constant C' depends on s,p,r, f" and ||lul[ s (L)

Proposition 3.11. Let I be an open interval of R and F : I — R a smooth function. Then for all
compact subset J C I, s >0 and (q,p,r) € [1,+00]® there exists a constant C such that for all function
a valued in J and with gradient in LY, (B57'), we have V(F(a)) € LT.(B3 ') and

||V(F(a))\|qu(B;;1) = CHVC‘HZ‘IT(B;;.I)'

12



Inviscid Low-Mach Number Limit System

In the analysis of (7),, we will need a priori estimates in Besov spaces for the transport equation

) {ata—l—v-Va:f,

a|t:0 = ayp-
These estimates are provided by the following proposition, whose proof may be found in e.g. [4].

Proposition 3.12. Let (p,r) € [1,+00]? and

d d d d

(32) UZ—min{7/} or oE—l—min{,/} if dive=0,
pp pp

with strict inequality if r < +o0.

Let ag € By,, f € L'([0,T]; By,) and v be a time dependent vector field in L9([0,T); BLM,) for some
q>1 and M > 0 such that

Vo € LN0,T|;BY2NL®) if o<1+d/p,
Vo e L'([0,T]; Bg;") it o>14d/p, or o=1+d/pand r=1.
Then Equation (T) has a unique solution a in

e the space C([0,T]; By ,.) if r < oo,
e the space (ﬂg,<a C([0,T7; Bg:oo)) N Cw ([0, T7; Bg,oo) if T = oo.

Moreover, for all t € [0,T], we have

t
(33) e~ Olla(t)l|g, < llaollsg, +/ e~ VNS (W) g, dt
0

190l s e i & < 1+ dp,

with V'(t) :=
||VU(1€)||B;;1 if o>1+4+d/p, or o=1+d/pand r=1,

and, if equality holds in (32) and r = oo, V'(t) = ||VU||B;¢(1P.

If a = v then, for allo >0 (0 > —1 if dive =0), Estimate (33) holds with V'(t) := ||Va(t)| Lo
Finally, we shall make an extensive use of energy estimates for the following elliptic equation:

(34) —div (aVIT) = divF in R?

where a = a(z) is a given suitably smooth bounded function satisfying

(35) a, := inf a(z) > 0.

z€R4
We shall use the following result (see the proof in e.g. [13]):

Lemma 3.13. For all vector field F with coefficients in L?, there exists a tempered distribution II, unique
up to constant functions, such that VII € L? and Equation (34) is satisfied. In addition, we have

(36) ax|[VII|[ 2 < [|F| 2.

13
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4 Proof of Theorem 2.1

The aim of this section is proving our first well-posedness result, i.e. Theorem 2.1, for System (7). The
a priori estimates we establish here will be the basis throughtout the following context.

The notation f; will always denote A;f, unless otherwise specified. We also notice here that by
embedding results stated in Remark 3.3 and Corollary 3.7, for any € > 0, the following chain of embeddings
holds true:

s T s+e/2 T s+e
(37) LY(Bs,) + LY(B:T?) « LHBSE),

which will be frequently used in our computations.

4.1 Linearized equations

In this subsection we want to establish a priori estimates for the linearized equations associated to original
System (7). Subsection 4.1.1 deals with the linearized equation for the density. We first need two lemmas
(see Lemma 4.1 and Lemma 4.2 below), corresponding to two types of commutator estimates respectively.
Subsection 4.1.2 is dedicated to the velocity equation, where we shall pay attention to the pressure term,
whose low frequencies can be controlled by a direct use of Hélder’s Inequality.

Let us point out here that in order to prove the uniqueness, we will consider the difference of two
solutions to System (7). Noticing that Equation (7), for the velocity u will cause one derivative loss, we
therefore also have to look for a priori estimates for the unknown in By ,, under a weaker condition on
the indices (see (47) below), rather than (14). One notices also in this case, the “given” transport velocity
field w in the linear equation for u (see (56) below) is of higher regularity than u, and hence we will use
throughly the following equality (which holds due to divu = 0):

(38) div (w - Vu) = div (u - Vw — udivw).

In addition, in proving a continuation criterion, we only need L*-norm instead of B;;l-norm (with
(s,r) satisfying (14)). Therefore, in the present paragraph we will give also a priori estimates involving
L norm, i.e. we will not only make a rough use of the embedding B;;l — L.

4.1.1 A priori estimates for the density

First of all, we consider the linearized equation for the density term, which is actually the same for both
p and p. Let us suppose the right hand side of the first equation of (7) to be some scalar function f, a
more general case which turns out to be useful in the sequel:

(39) 0o + u-Vo — div (kVp) = f.

This is a parabolic equation and the treatement of the transport term w - Vo is very classical. In fact,
after applying the operator Aj, it rests to handle the commutator [u, A;] - Vo, for which we have the
following lemma (see [4], Chapter 2).

Lemma 4.1. Let us take the triple (s, p,r) verifying

11 d
(40) s> —dmin{—, =} and (p,r) € [1,+00]?, with r=1 i s=1+-.
pp b

Then we have (with some positive constant C' depending only on d, s,p,r)

t t
(41) L 125 W, 81961 et < € [ @0l

14
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where {®*}4 is defined by

Vo)« ifs€(—dmin{l, L} 1+ 9),
(42) (1) = B,
Vo)l -1 otherwise.

Moreover, if s > 0 we can also infer

t t
@) [ 12N Al dr < 0 [ (Il 1y, + 190l 1961 ) i

On the other side, the term div (kVp) gives us the commutator div ([k, A;]Vp). We can do similarly
as in [15]. But since we work in the Besov space Bj, . with 7 not necessarily belng 1, we have to resort to
a new commutator estimate to get the norm | - ||+ 109 (instead of || - [[L1(.y) of o, Wthh will be absorbed
by the left hand side. Compared with Lemma 4.1, this is nothing but taking the interpolation before the
integral with respect to the time variable. More precisely, we have the following lemma, whose proof can
be found in Appendix.

Lemma 4.2. Let the triple (o + 1,p,r) satisfy (40) with € > 0 and 01 < 0 + 1 < 09. Define § €]0,1]
such that

c+1 =001+ (1—10)o0,.

Then, for any space derivative Oy, with 1 < k < d, we have (with some positive constant C depending
only on d,o,p,r)

) t
930 / 10k (02 A3 ) [1o dir

co ~, 1
< ~(=0)/6 (@ +1(t>) ¢ ||V¢‘|Z§c(35};1) +(1-0)e ||V¢||Z}(ngril) )

m |

o

with ®°+1 defined by

VeIl 4 4 ifo € (~1—dmin{l, 1} 4),
~ L (B NL>) P
(45) Qo (1) =
||V<P||~§(Bgﬂ) ifo="2withr=1o0roc> %
if in addition o;, i = 1,2, satisfy
d d d d
oi<l4+—-— if o+1<1+- or o>14+—- if o+1>1+-—.
p p p p

If moreover o > 0 and, for some (1,(2 and n €]0,1], we have also 0 +1 = n; + (1 —n) (2, then

t
. 6
) |27 [ 1oc o A Vel dr| < / 19l 1l gy, dr +

o / ||vw||2/:1 19l gy dr + (1= B [l 7352y + (1= eVl 7y gty -

Next lemma is in the same spirit of the previous one, by view of Proposition 3.9 which gives estimates
for the product of two functions (see again the Appendix for the proof).

Lemma 4.3. Let 0 > 0 and (p,r) € [1,+00]>. Fize > 0 and 01 < 0 < 03. Define 0 €]0,1] such that
c=0c1 +(1-0)0,

15
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There exists a constant C, depending only on d, o, p and r, such that, for all functions f,g € S, one
has

co K 1/0 1/6
I lazcog,) < oo |, (0 Nsllsgy + Il 11y ) i
+ =002 (17852 + lollzyazm)) -

Remark 4.4. Let us point out that the previous results can be also generalized in the following sense.
For instance, as in commutator’s estimate (46), take this time 6 and n €]0, 1] such that

=001+ (1-0)oa = nG + (1-1n)C,

with again o1 < 09 and ¢; < (2. Then we have, for any € and § €]0,1[,

t
_ 1/6 Cn 1/n
17 olzng) < oo / 112 ol d + sz | a2 1 g, dr +
+ (1 - 9) € Hf”Z}(BZ?T) + (1 - 77) d ||g||i%(ngr) s
for a constant C' which depends only on the dimension d and on the indices o, p and 7.

Let us come back to the linear equation (39). Thanks to inequality (41) and (46) in Lemmas 4.1 and
4.2, the following a priori estimates hold true, similar to Proposition 4.1 in [15].

Proposition 4.5. Let the triple (s,p,r) verify

d d d
(47) 525, p €1, 400[, 7€ [l,+00], with r=1 if s:1+5 or s

Let u be a smooth divergence-free vector field such that Vu € B3", and k a smooth real function such

P, o
that k > k. >0, Vi € By .. Moreover, let us assume the external force f € L%«O (B; )

Then there exists a positive constant C1 depending only on k.,d,s,p,r such that, for every smooth
solution ¢ of (39) with initial condition o—o = 0o, the following estimate holds true for everyt € [0, To]:

(48) ||QHZ§°(B;,,,) + HQHZ%(B;’?) < G e i (HQOHB;T + Hf”ig(B;,r))’
where we have defined K(0) =0 and

(49) K'(t) := 1+ [|[Vul I + IV&llBs, + N

p,1 p,r

Proof. We follow the proof of Proposition 4.1 in [15]: we apply the operator A; to the equation, we
integrate first in space and then in time; then we use the commutator estimates and Gronwall’s Inequality
to get the result.

Applying the localization operator A; to Equation (39) yields

(50) doj + u-Vo; — div (V) = f; + Rj — R3,
where we have set 9; 1= Ajp, f; = A;f, le = [u,A;]- Vo and R? = div [k, ;] Vo.

According to the following Bernstein type inequality given in Appendix B of [13] (which holds true
for any p € (1,00) and j > 0)

(51) _/ div (kVo;)lo;1P 05 = (p — 1)/ K|V ;%[0 [P~
R4 Rd

> C(d,p, ’i*)22j/ ‘Qj|pa
Rd

16
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and taking the L? scalar product between (50) and |g;[P~20; gives us, for all j > 0,
d j -1
Dol + 027 oyl < Cllosls (Wslle + IR, + IR )

Now, we divide both members of the previous inequality by ng||’£;1 and we integrate in time; then
we multiply by 27 and take the ¢" norm with respect to j. Hence, for all t € [0, Ty] we get:

||Q||E§>°(B§‘r) + HQHZg(B;f;?) < C(||QO|B;,,,. + 2702 ||A—10||L}(Lp) + ||f||Zg(B;m) +

t t
2 [ RNt + 2 [ IR, e ).

The low-frequency term A_jp can be easily bounded in [0,7p]. As a matter of fact, by definition we
immediately have, for all ¢,

+
o

(52) +

t
(53) 2 A1l g < C [ lellng, dr-
0

For the first commutator term, by Lemma 4.1, we get

t
J1eul s lel
< 0 anl

~ t
[ 1vu
0

For the second commutator term, instead, we apply (46) with 0 =01 = s, 09 = s+ 2 and n = 1,
(1 = s+ 1, and we get, for any small £ > 0 and some corresponding constant C¢,

t
2[R,

for all s > d/p, with r =1 if s = d/p, such that embedding B,‘f/f’ — L holds true.
We put (53), (54) and (55) into (52), choose sufficiently small ¢ and apply Gronwall’s lemma to arrive
at (48). O

B:., if s € (—dmin{%,z%},lJr%),

t
60 [ 2 IR

dr
e'r‘

B;;1||QHB; istl—i—%, andr:lifs:l—l—%.

T

.

t
ar S elely agsey + C- | (194
r ’ 0

5y, + IVHllE ) lels; dr

4.1.2 The linearized equation for velocity field and pressure term

The linearized equation for the velocity reads

O +w - Vu+ AV = h,
(56) divu =0,

U|t:0 = Uog,

where the initial datum wg, the transport vector field w, the coefficient A and the source term h are all
smooth and decrease rapidly at infinity. We have the following result.

Proposition 4.6. Let

d d
57 §>— ——
(57) ,

d d
, pE2,4], rell,+oo], with r=11if s=— or 1+ —.
4 P p

Suppose 0 < A\, < \(t,z) for allt >0 and z € R%.

17



F. FANELLI and X. LIAO

Then there exists a positive constant Co such that for any smooth solution u of (56), the following
estimates hold true:

A

(58) ||UHE$O(B;7.) S C2602W(t) (“UOHB;T + Hh”Z%(B;T)mL}(LQ))?
(59) ||V7T||Z%(B;7T)OL%(L2) < G (Hh”Z}/(B;T)ﬁL},(U) + W(t)”unzf"(B;,r))’

where W(0) =0 and

d d d
Vel 5 irse@-L1vd
(60) W'(t) = B, p L7
[Vw(t)] B! ifs>1+ ];,
and the constant Cy depends on d,p, s, 7, A, \* with
d d d
VAl 4 ifse(-—1+-],
(61) X (t) = | Al pge (poey + L(B,) p p
HV/\”Z?O(B;);l) ’L'f8>1+*.

Proof. From Proposition 3.12 we easily get the following estimate for v with W (t) defined by (60):
(62) ||“(t)||ig°(B;,,,) < (Cldps)W(t) (HuOHB;’T + ||h — )‘VW”Eg(B;,,,))-

By decomposing AV into
(A1 \)Vr + ((Id - A,l)A)vqr,

and by product estimates given in Proposition 3.9, we have
x . . ,d d . . d
(63) ”)‘VWHZ},(B;,T) < CA ||V7T||Z%(B;T)’ if s > —mm{;, ]?}, withr=1if s = e

with A\* defined by (61). Hence it is sufficient to estimate ||V7r||Z1(BS )» in order to obtain Estimate (58).
t p,T

By view of Equality (38), applying the operator “div” to the first equation of (56) yields the elliptic
equation for m:

(64) div (AV7) = div (h — w - Vu) = div (h — v - Vw + udivw).

Similar as to get (52), we apply the localization operator A; to (64), we multiply |r;|P~?7;, then we
intergrate with respect to space variable and we use the Bernstein type Inequality (51) and Holder’s
Inequality, and we finally find

N2 ||| e < JAdiv (B —w - V)| e + ||div [N, A]V T e, V) > 0.
On the other hand, for p > 2, Bernstein’s Inequalities given in Lemma 3.6 entails
JAA Vs < CIVlle, 2] ~ 1V, V) > 0,
which ensure that
(65) NIV e ) S ATl o) + v (B = w0 V)l ey
+ 12707V div A, A1Vl 1y 1y ler
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Let us focus on the above commutator term for a while. Commutator Estimate (44) with § = 1 in
Lemma 4.2 implies that it can be controlled by

i(s—1) | 1: x . . ,d d
127671 | div (X A5Vl reyller S A ||V7THLg(B;;1)a if 5 > —mln{a ]y}

Motivatived by the embeddings (37) and

d_d
2

L? < B, Vp>2,
we apply interpolation inequalities between Besov spaces, obtaining

IVl

_ 1-n n
IVl gy S W9l zygzemny SUVRIY 4y 1971, g, ) S 197 C.

1—n
Li(Bs., Ly (L?)

¢ (Bp,

for some € € (0,1), such that
st+e—1—(d/p—d/2) . d d
n= €(0,1), ie. s>—-——=—+1—¢
s—@p—dp) <O 2
Therefore, one can use directly Young’s Inequality on the above bound for commutator term

1276V ldiv [\, A1Vl Lo ller < O, 5,p,7,2, )XY OVl 1 ) + el Va7, .

such that for some small enough e > 0, Estimate (65) becomes
(66) HVWHZ%(BB,T) < C(d,s,p,r ¢, ¢€, )\*)(A*)l/(l_")||V7r||L%(L2) +C[div (b = w - Vu) | g oy
Thanks to Lemma 3.13, we have already got, by Equation (64),
”VWHZ%(B;M) < O(d, 8,p,m, A, AY)|[h — w - Vw + udivw|[ g1 2y
+ C||div (h —w - VU)HZ}(B;;F)'
It rests to dealing with
|u-Vwlgiz2), ludivwl|pigey and [|div (w- Vu)||fL~%(B;;1).

We can easily find, by Holder’s Inequality and embedding results, that
t t
Ju-Vulsyan < [ Nl Vol S [ Tl [9wlss_ dr. 10> o0.
0 0 ’ ’

d d
Hence for p <4, s > — — 7 Ve have
p

t
(67) |\U~Vw||L,}(L2>§/O iz NIVl g dr.

d
p
Pp,o0
The term udivw is actually analogous to the previous one.

On the other hand, recalling the divergence-free condition over w, it is easy to decompose ||div (w -
Vu)||B§;1 into

(68) ||T81'wj Bjui + Tajul&-wj + div (R(wj, aju)) HB;_Tl’
which can be controlled, according to Proposition 3.8, by

W ()] Vul

. . d d
Bzl if s>—m1n{;,l7},

with W' (t) defined by (60).
To conclude, in the case p € [2,4], s > % — 4 estimate (59) holds and so does estimation (58), by
view of (62) and Gronwall’s Inequality.
O
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4.2 Proof of the existence

In this section we will follow the standard procedure to prove the local existence of the solution to
System (7): we construct a sequence of approximate solutions, we show uniform bounds and we prove
the convergence to a unique solution. We note here some related key points:

e Since we admit also large initial density pg, we will introduce the large linear part py, of the solution
p as the solution to the free heat equation with the same initial datum, which is explicit and has
positive lower bound. The remainder part p := p — py, is small and hence easier to handle.

e In the convergence part, since there are quantities like Vu™ € B;;l appearing in the source term of
the equation for the “difference” sequence du™, we first show that the built sequence converges to a

solution in a space with lower regularity (i.e. in space Ed/Tp (T), see (17)) and hence in the desired
Besov space because of the uniform bounds for the sequence.

e Whenever the indices s, r satisfy s > % or s > %, r = 1, the inequalities
(69)
lwll;, < C(d,s,p,r)llulls; llvlls;, £ ()l < CUflpll=)llells; . with f(1) =0,

and their time-dependent version

. 1 1 1
”'UJU”Z;I(B;T < C(da S, D, T)HUHEP(B;T)”v”Zqz(sthr) 3 with — = — 4+ —,

q1 qz
”f(p)”Z‘? Bs < C(f/a ”p”L?"(L‘x’))”Q”Zq Bs ) with f(l) =0,
i(Bj3..) +(B5 )

always hold true, thanks to Propositions 3.9 and 3.10.

In the coming proof, C' always denotes some “harmless” constant which may depend only on p,, p*,d, s, p,

and for simplicity we assume k(1) = (1) = 1.

4.2.1 Step 1 — Construction of a sequence of approximate solutions

In this step, we take (s, p,r) such that Conditions (14) and (15) hold true. Let us introduce the approx-
imate solution sequence {(o", u™, V7™)},>0 by induction.
Without loss of generality we can assume

(70) % < Snpo,  VneN;
then, first of all we set (0%, u°, V7°) := (Sp00, Souo,0). Let us note that these functions are smooth and
fast decaying at infinity.

Now, we assume by induction that the triplet (o” !, u"~1, Va"~1) of smooth and fast decaying func-
tions has been constructed. Let us suppose also that there exists a sufficiently small parameter 7 (to be
determined later), a positive time T* (which may depend on 7) and a positive constant Cp; (which may
depend on M) such that

Px — — — -
(71) ? S pn ! = 1 + Qn ! ’ ||Qn 1HE%C* (B;S:r) S CMa ||Qn 1||Z§_‘* (B;,rl ﬂz;* (B;J-Z) S T)
(72) ”un_l”f%o* (Bs,) < Cwm, ||un_1||L2T*(B;‘T)nLlT*(B;,T) <, va”_lnflﬂ(B;,T)nLlT*(m) < /2,

Let us immediately remark that the above estimates (71) and (72) obviously hold true for (o°,u°, V7°),
if T* is assumed small enough.
Now we define (9", u", V7™) as the unique smooth global solution of the linear system

ath + un—l . vgn —div (Rn—lvgn) — 0’
atun + (un—l + Vbn_l) -Vau™ + /\n—lvﬂ_n — hn—l7
divu™ =0,

(0", u™)|t=0 = (Snoo, Snuo),

(73)
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where we have set
bnfl _ b(pnfl) , anl _ Ii(pnil) , /\nfl _ )\(pnfl) , hnfl _ h(pnfl’ unfl) .

We want to show that also the triplet (o™, u™, Va™) verifies (71) and (72).

First of all, keeping in mind (70), we apply the maximum principle to the linear parabolic equation
for o", yielding p™ := 14 0" > p./2.

Now, we introduce gr, as the solution of the heat equation with the initial datum gy € By ,:

Oior, — Aor, = 0
(QL)\t:O = Co-

Then, it’s easy to see (e.g. applying Proposition 4.5) that the global solution o, = e'®pq satisfies, for
any positive time 7" < +o00 and some constant Cp > 0 depending on 7',

sr2y < Crp HQO”BS,T'

p,T

(74) locllzs (5 ,) + llelizy (s
We claim that, given 7 > 0, we can choose T* < +oco such that one has
(75) HQL||Z2T*(B§ﬁ.l)ﬁZ1T*(B§ﬁ.2) <72

Indeed, we can write

T
HQLHDT*(B;*}) = <2j(s+2)/ lle"* A 00l e dt)
’ 0 ,

Iler

Now, we use the fact that (see e.g. Chapter 2 of [4] for the proof) for any j > —1, the operator e'*A;
belongs to L£(LP) := {A:LP — LP linear and bounded }. Furthermore, for j > 0, its norm can be

bounded in the following way:
227

[Co Aj|’L(LP) < Cer @

On the other side, we can decompose gy into low-frequency, large part go; and high-frequency, small part
00,h, such that, for some N large enough,

001 =00 on 2VB, 0oy =0 outside 2VB, 00 + 001 = 00, loonllBs, < 73,

where B is the unitary ball centered at the origin. Therefore, once one notices that

T* ) T+ _
(/ 22je—Ct22J dt) < C(l _ e—czzNT*)7 </ 22je—Ct223 dt) <C,
0 0

JSN AS j>N yAS]

we get

_ (192N o .
lowlzy. ey < OO = )| @ 18500l o |, + O 18500020) 15,

2N px
<O(=e T ol + O

So one can choose sufficiently small T such that HQL”ZIT*(B;,V) < 72. The term ||QL||ZQT*(B;+T1) can be

handled in the same way or by interpolation inequality. Hence, our claim (75) is proved.

Now we define the sequence g} = S,por: it too solves the free heat equation, but with initial data
Snoo. Hence, it too satisfies (74) and (75), for some T* > 0 independent of n.

We next consider the small remainder 9" := p" — p7. We claim that it fulfills, for all n € N,

_ _ _ 3/2
(76) HQTLHZ%*(B;’J;I) < ||QnHE1°9*(B;w) + HQTLHZ;*(B;’J;Z) <7 /2
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In fact, o™ = o™ — o7 solves

) { 0,0" +un~' - Vo — div (k" 1V ") = —u"~1 - Vg + div (k"1 — 1)Vo}),

0"|t=0 = 0.

So, if we define
n— n— n—112 n—
K1) o= b+ [V gy + VA" ey + 1V s,y
by (48) we infer that

HénHZ%O*(B;,T)ﬂZ}F*(Bf)ffpz) < C eCKE" (T H—unil - Vo + div ((l{nil — 1)V92>‘

L (B )

Now, inductive assumptions (71) and (72) tell us that K"~1(T*) < C7if T* < 7 and 7 is small enough.
One also refers to Proposition 3.9 and Proposition 3.10 to bound

|-t o + aiv (71— 1)903),

Li.(Bg.)
by the quantity (up to a constant factor)

-1
[[u” HZ%C*(B;J,)HVQ?,HE;*(B;,,,,)

+ ||Qn_1||Z2T*(B;ﬁ,1)||VQz\\L2’T*(Loc) + ||Q"_1Hz;9*(B;W)||VQQ\|21T*(B;ﬁ.1),

and hence by Cjs 72. Therefore, (76) is proved, and hence (71) holds for o" = 9" + g%, for sufficiently
small 7.

We now want to get (72). Our starting point is Proposition 4.6, and in particular Inequalities (58)
and (59). The estimates for products and for functions of the density, together with the embedding result
(37), give us

.
W) = /0 IV ™+ V20 s < e sz, + Cle™ M, gy < O

17z gy < OOz gy + DU 7y mgsoy + 107 s ein)) < €,
and also
1 g o) < OO s, ey + ez, s 0™ s gspiey < O,
by use of these two inequalities:

I llzs S0 -

pia and Ve e < [l g,
Hence applying (58) and (59) to the system (73) we deduce

1 s, 5y < CUISwtiollg, +C) < Ca,

HVﬂ'nHZ;* (B;,T)HL;"* (L2) < Cr+ CMCT

Hence also (72) holds true for small 7 and T*.
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4.2.2 Step 2 — Convergence of the sequence

In this step we will consider the “difference” sequence
(50", 6u™, Vor™) == (o" — o" Hu" —u" L, Va — Vat Ty, VYn>1.

Since taking the difference of the transport term (u + Vb) - Vu will cause one derivative loss because of

d
Vu™ € By, we will consider the above difference sequence in the Banach space Ej | (T*) (recall (17)
for its definition).

First of all, by System (73), (00", du™, Vin™) solves

000" +un1 . V" — div (k" 1Ve") = F* 1
Opou™ + (u"1 4+ Vo) . Vun + A\ IVert = HP L,
divéu™ = 0,

(6Qna6un)|t:0 = (AnQO, AnUO)v

(78)

where

Fn—l _ _6un—1 . Vgn—l + div((ﬁn_l _ Hn—2)vgn—1)7
anl _ hnfl o hn72 o (5un71 + Vébnfl) . Vu"71 o (}\nfl o )\n72)v7_rn71'
Next we apply a priori estimates (48), (58) and (59) with s = d/p, p € [2,4] and r = 1, to do"

and (du™, Vor™) respectively. The use of uniform bounds (71) and (72) for the approximated solutions
sequence gives us

(79) Hégn”Lg?*(B;f{lp)ﬁL;*(Bzy/lpJ“z) <C (HAnQOHBZ’/lp + HFn_l”LlT*(Bz,/lp)) )

() 10l gy + 1907y gegey < C(NAntoll o + 1H" sy sy )

Now we use the following fact, coming from Proposition 3.10: for any smooth function f = f(p) and a
given sequence (p™),,, if we denote f™ := f(p™) and §f™ := f™ — fm~1  then

I6f™ s, < Clle™llss,.lle™ s ,) 160™ 155, - if s>

ESHESW

Therefore, one easily gets
||Fn71 ||L;* (B;Lj,/f) g C(H(sgnil ||L;* (B;/1p+1) ||gn71 ||L§* (Bi/lp-%—l)
-
—1 —1 —1 —1
R L P L PO P o)
Iy ey < OO oy e
n—1 n—2)

+ H(SQH_IHL%* (B§{1p+l)(H(Qn_lwgn_Q)HL%* (Bz,/lp+2) + ||(’LL , U ||L%“* (Bt;/lzﬂrl))

-
—1 -1 -1 -1 -1
[ 180 g 197 gy + 166 g e s + 19 )

Hence putting the uniform estimate (71) into (79) entails
-
~1 ~1 -1
H(SQnHL%o* (BIP)nLY(BI/PF?) <C ”AnQOHB;’ﬁP + 7/[d0" ”LQT*(Bf),/f“) + /0 ||ou"™ HBg{f’ Vo™ ”ng/li’ :
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Apply the above estimate to the term [|§o" |, (pi/»+2) appearing in the bound for H"~!. This makes
T*\"p,1
(80) become

-1 -2
H(;U"HZ;?* (B;/lp) + ||V§7rn||z1T*(Bg(1p) < C(”(Anuoa Anflgo)HBz)/lP + TH((sQn ;00" )||L§*(B;/1p+1)

e
-1 —1 -2 —1 —1  n—2 —1
+ [0 160 8 8 (195 g+ 120Dl + " )
Let us now define
Bn(t) = H(SQnHLtm(BzY/lp) + ||5Qn||L}(Bg,/1p+2) + HdunHth(Bg/lp) + HV(SWnHL%(B:ﬁPﬂLz);
then, from previous inequalities we gather

B*(t) < C||(An71907AnQOvAnUO)”Bz/lp +
t
+72 (BN (1) + B"2(t)) + C/ (B"~' 4+ B""?) D(0)do,
0

with || D(#)||z1(jo,r+)) < C. Let us note that, by spectral localization, there exists a constant C' > 0 for
which, for all n > 0, we have

(A0, Antio) | arp < C 27U [[(Ano, Antio) s -

Keeping in mind this fact, we claim that the previous estimate implies ) B™(t) < oo uniformly in
[0,7%]. As a matter of fact, for all N > 3 we have

N N t N
> B"(t) < C (0o, uo)ll gar + 272 B™(2) +/ > B"(0)D(0)do + B,
n=1 o 0 pn=1

n=1

where we have denoted by B a constant which depends only on B! and B2. We can suppose 7 to have
be choosen small enough such that, moreover, we can absorb the second term of the right hand side into
the left hand side. Therefore, Gronwall’s inequality entails

N
Z B"(t) < Cr- ||(00, u0)||Bd/1p :
n—1 p,
and passing to the limit for N — 400 we get our claim.
Hence, we gather that the sequence (o™, u", V™) is a Cauchy sequence in the functional space
Ei/lp(T*). Then, it converges to some (g, u, V), which actually belongs to the space E, ,.(T™) by Fatou
property . Hence, by interpolation, we discover that convergence holds true in every intermediate space

between E; .(T™*) and Ez)/lp(T*), and this is enough to pass to the limit in our equations. So, (g, u, V)
is actually a solution of System (7).

4.3 Uniqueness

Let us now prove the uniqueness part in Theorem 2.1.
We take two solutions (o1, u1, V1) and (g2, u2, V) in Ej (T™) with the initial data (g;0,ui,0) for
i = 1,2. Then the difference (dp, du, Vém) = (01 — 02,u1 — ua, Vi — V) solves

Opdo + uy - Vo — div (k1 Vép) = —du - Voo + div ((k1 — k2)Vo2),
c'?t(iu + (Ul + Vbl) -Viu + )\1V(57T = hl — hg — ((5U + V(bl — bg)) . VUQ — ()\1 — )\Q)VTFQ,
divdu = 0,
(5Qv 5u)|t:0 = (590, 5“0) = (Ql,o — 02,0, U1,0 — Uz,o),

(81)
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with the notation k; = k(p;) and analogous for b;, \; and h;.
As (01,u1, V1), (02, u2, Vma) € Ep (1), then for any ¢ > 0 to be determined later, there exists T.
such that

”gi”Li(32(12+2)0L1T5(BZ,/1”+3)’ ”W”UTE(BLIQPH)’ ”Vm”LlTE(BZ,/f“) < e, i=1,2.
Let us define (as done before)
B(t) = ||5QHL;>C(B;)/1P) + H(sQ”L%(B;’/lP*z) + ”(SUHL?C(B;QP) + HV(B’W”L}](BZ{’OL%'

Then, the same proof as in paragraph 4.2.2 shows that

t
Bt) < C <||6Q0||Bd/1p + ||6u0||Bd/1p +eB(t) +/ B(s)D(s)ds) ,
P P O
which implies, if ¢ is taken small enough,
B(t) < ¢ (Ideollurp + 15uoll pore ) -

Hence, uniqueness holds for small time. Now, standard continuity arguments show uniqueness on the
whole time interval [0, T™*].

5 Proof of Theorems 2.3 and 2.7

In this section we try to get a continuation criterion and a lower bound of the lifespan for the local-in-time
solutions given by Theorem 2.1. It is only a matter of repeating a priori estimates established previously,
but in an “accurate” way (we use L*-norm instead of B;;l—norm) for obtaining the continuation criterion,
whereas in a “rough” way (we use (85), (86) below) for bounding the lifespan from below.

5.1 Proof of the continuation criterion

From the arguments after Theorem 2.3, it rests us to prove Lemma 2.4. As argued before Theorem
2.3, in order to ensure u € L*°(Bj ), the source terms such as u - V2b, div (Vb ® Vb) require at least
u, Vb € L°°(L>®) since V?b € El(B;’T) only, and also V2b € L?(L*) since Vb € EQ(B;’T). Similarly, the
transport term Vb - Vu requires Vu € L?(L>°). Therefore in the following, we do not have to optimize
all the inequalities for the commutators or products and sometimes it simplifies the argument.

Proof of Lemma 2.4. It’s only a matter of repeating a priori estimates previously established, but in a
more accurate way. Roughly speaking, in the estimates we use L°°-norm instead of Besov norm, in order
to require lower regularity.

Let us consider the density term. Our starting point is (50), with this time f = 0, and we argue
as in proving Proposition 4.5, but control commutators le and R? (see (50) for definition) by use of
Commutator Estimates (43) and (46) instead. Inequality (43) gives us for s > 0,

t t
[l IR, ar < [ (19l e

We apply instead (46) to control the second commutator term: with o = s, § = 1/2 and € > 0 to be fixed
later, it entails for s > 0,

t
2 [0,
0 J4

By, + Vel Julls;, ) dr.

C [t 5
Cir < 2 [ ISl el dr + < el -
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So, if ¢ is small enough, p € (1,00), putting these inequalities in (52) and keeping in mind (53), for all
t € [0,T] we get the following estimate:
[

/0 (IVull= + [Vell2=) llels

5y dr + / Vol lulls;

s .
P:T‘ >

t
970 / IR ()| o dir
0

I I (1P  dr

Let us now consider velocity field and pressure term: we have

(83)  lullzep; , < C (nuomg,r + AV zy gy + Il 7 ;) +

)
er

where we have set, R; = [u+ Vb(p), A;] - Vu. To control the commutator term, a direct application
of Lemma 4.1 yields, for s > 0,

t
<c / IVull o |
0

t
2js/ | lw, Aj] - Vu| e dr
0 Vid

B;,r dr.

For the second part [Vb(p), A;] - Vu, as in the density case, one can resort to Lemma 4.2 to get, for

s> 0,
t
< c/ &
0

t
e / IVul |l

Bs dr +

2]8/ I1¥6(0), 8]Vl dr|

BS,T» dr + EH‘QHZ}(Bf,Tf) .

Let us immediately consider the pressure term:

Ao Vallzip, v < ClIVAlzis, y + 1) =AQ) Vg s,

t
¢ (I9nllzyag,y + [ 197l el ar)

To bound HV7r||Z1(BS )» we argue as in Subsection 4.1.2: we take the divergence of second equation of
t\Ppr

IN

System (7), we localize in frequencies by operator A; and we perform a weighed summation. Hence we
discover, instead of (65), that

t
Nz P / 1A 1 Fallas + Al ) + Idiv (et 90) - V)73 gpgesy +

t
2j<s—1)/ ldiv ([, Aj]V )|l dr
0

£

Inequality (43) in Lemma 4.1, entails the control for the commutator term:

t t
i1 / Idiv (A A V)l odr| S / (190l 197l 550 + V0l gyt 197 o) dr

e'r

By view of (37), interpolation inequality helps us to control the above first term on the right hand side
as follows:

t
/0 Vol oo VTl gz-r dr S ||VQ||Ltoo(Lm)||V7r||zl(B;;1+e), for some fixed €€ (0,1),

s+o 1—e¢
< CVellSER S IVl e + VT gy s,
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with any positive (large) . We point out here that for any o € R, there exists C depending on o such
that the following holds:
1A-1Vallyae) < OVl s

Next, by the divergence-free condition over u and Lemma 4.3, we infer (divu = 0 implies that we
only need s > 0)

[div ((u+ Vb) - V)l 71 g5y

IN

IV s Vg oy + [[V20: V[ ey

IA

t
c( | 1l + 920 g 7 +

t
+ / IVul2 |l

b 7+ ellelzyagge) )

The control of the non-linear term h is quite similar as above. We come back to definition (8) and
consider its terms one by one. As usual, estimation for products in Lemma 4.3 ensures that

[ 197l 1

t t
I(u- V) Vallzy s, ) S / el 1V ellZe el d7 + llellzy 552, + / IVell3 flulz;,, dr.

A

b 90l 53 my, dr + [ulle e lelzy gz

and .
(V8- 92) Valgy s, < [ IVl el d7 + el -
Moreover, the last element of h can be treated in the following way:

Ildiv (Vo ® Vb)llzy(p, ) = ||Abe+Vb~V2bHE%(B;T)

A

¢
2

| I92elli Nelsg  dr + (419l wm) lelzy -

Let us collect all these informations: up to multiplication by a constant, we gather

~ proo)

(84) ||V7T‘|Eg(35m) N C(||VQ||L§°(L°°)757U)HV7T||Lg(B
t
+ / (IVull = + V20|, + Vol + [Vollde) lull 5 dr

t
+ /0 (IVullie + llulZ Vel + V2ellZ + [IVallz=) ol

B;TdT
+ (L4 IVollz o) + l[ull Lz () lellz: pst2) >

and the same control actually holds true also for Hh”Zl(Bs )
In the end, we discover from (83) that ||u| ;- (B:.) satisfies also Inequality (84), just with an additional
t p,T
term [lugl|ps, on the right-hand side. Recalling Estimate (82) for the density, we replace ||g||Z1(Bs+z) in
)7 t p,r

Inequality (84) by the right-hand side of it.
Thus, we can sum up (82) and the (modified) estimate (84) for the velocity u, yielding the thesis by
Gronwall’s Lemma. O

5.2 Lower bounds for the lifespan of the solution

The aim of the present subsection is analyzing the lifespan of the solutions to system (7). We want to
show, as carefully as possible, the dependence of the lifespan T on the initial data. This can be done by
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repeating the a priori estimates previously established, but in a “rough” way. For example, we will use
thoroughly the following inequalities:

(85)  |lad|

bl

g N@’llsy, < llall=llalls; . lall=, [Valr= < llalls; ,,

s—i < ||a| s—i
prr ~ BP’T Py

with 4 = 0,1, and thanks to Conditions (14) and (15),

(86) labllz> < lal[Ls[|b]l 2+ < llal

bl

s—1 s—1.
Bp.r Bp.r

Let us point out that, thanks to Theorem 2.3 and embedding results, without any loss of generality
from now on throughout this subsection we assume

s =1+ —, p=4 and r =1

In particular, for any o € R we have ||- ”Zl(BU )~ [-[l1(B7 ), and this really simplifies our computations.
t\Bp1 t\Zp,

We also assume that C' always denotes some large enough constant.

For notational convenience, we define Ry := |[oo| s, and Uo = |[uo|5; ,
R(t) = ”@HL?(B;J) ) S(t) = HQHLg(B;frl?) and U(t) := Hu”LgO(B;yl) .

From (82), we infer that

R(t) +S(t) < C (Ro + /Ot R(r)(U(r) +1)dr + /Ot R3(7) dT).

Now, if we define

t
(87) Tr = sup{t >0 ‘ / R3(r)dr < QRO}7
0

by Gronwall’s Lemma, we get

(88) R(t) +S() < CRgexp (c (t + /0 t U(r) dT» .

So, from now on we work with ¢t € [0, Tg].

Let us now focus on the velocity field and the pressure term. We immediately point out that the
nonlinear term h will make density terms with critical regularity appear. Therefore, unlike what has
been done in previous sections, we decided not to use systematically interpolation inequalities to isolate
the term S(¢): we consider instead S’(¢), which controls high regularity of the density.

).
él

Our starting point is estimate (83):
where, as before, R; := [u+ Vb(p),A,] - Vu. Now we apply the classical results, e.g. lemma 2.100 of
[4], to control the commutator term, and we get

t
lull sy, < © <||U0| pe, b = AVl ) + \2” / IRy ()l dr

t t t t
(89) Ut) < C’<Uo + / Rl Bs, dr + / IAV7| gs  dr + / U(r)dr + / U(r)S'(1) dr>.
0 ’ 0 Pl 0 0

Let us now establish some stationary estimates, which will be useful to complete the bound for U (t).
We will often use (85) to deal with products.
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(i)

(iii)

Let us start with ||h|

Bs .- We consider its terms one by one, and we get

u V|, < CcUS

l(u-VA)Va|g. < CURS'
(V- V) Vallg, < CR*S
|div (Vo@ Vb)|lp: < 2 [[Vh@ V|, < CRS'.

Therefore, one infers that

15l

By, <C(US +URS" + R*S' + RS').
Now we focus on the Besov norm of the pressure term. First of all, we have

||/\V7T||le < C(1+R)|Vr|

Bj., -
Now, we can handle ||Vr| s . Since 7 = 1 here, we do not have to worry about the order of taking
the integration with respect to time L} and taking the ¢ norm of the dyadic sequence.

Hence, we can first “forget about” the time variable and discuss [[V7|/ps . In order to control it,
we separate low and high frequencies and use Bernstein’s inequalities: we get
Bzif) '

IVrls;, < 1AaVrlB;, + [[(Id = A1)V, < C(IIVﬂHL’z + [|Ax|
The equation for the Laplacian of the pressure comes from (64):
—An = V(log)) - Vr + A" tdiv (v-Vu — h),
from which it immediately follows

[|Am|

ey < IV00gd) - Vallges + (ol + 1) (Idiv (0 Vil + 55, )

B3 + (llol B;J)

(where we used also that divu = 0). So, applying the interpolation inequality for the embeddings

By, <= B;El = B, ‘11/ 2, then the inclusion L? — B, f/ % and finally the Young inequality, we gather

< | Vellpy 9]

pr +1) (||w L V|

Pl [

IVallss, < C ((1 + B[V o + (14 R)| Vo : Y pes + (14 R)||h||B;J) :

for some 6 > 1, thanks to divu = 0. Then, we have also

(90)  [AVRls;, < C((A+R)(1+R) [Vl + 1+ R2UU+S) + (1+ R [hllz;, ).

Now we focus on the L? norm of the pressure term. Applying Lemma 3.13 to equation (64)
immediately gives

V72 < C ([hllLz + [[v-VulL2) .
Thanks to (86), we find

[v-Vaulz < Cllu+ V|

st Vullps < C(U* +UR).
Using also (85) and (86), it’s easy to control the L? norm of h:
[ V2B 2 Cllul B! IV7%0] Byt S cus
[ VN Vall 2 < Clullyes [Vol2n < CUR?

By
I(Vb- V)Vl < CVel. s < CR

AN

IN

IN

|div (Vb @ Vb)),

IN

2 [V Vb||,, < CRS'.
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Before putting all these inequalities together into (89), let us note the following point. Due to the
fact that 0 > 1, for any m > 0 we have

R™(1+R%) < Cp (1 + R™)

and we have to deal with only a finite number of powers of R (the biggest m is actually 4, by previous
stationary estimates). Hence, if we define (denoting by 1 some big enough exponent)

Et) =1+ R] eXp<C <t+/0tU(r) dr>>,

thanks to (88) we can bound all the terms of the form R™ and R™ (1 + R’) which occurs in our estimate
by C &, with C' > 0 suitably large.

Now, we are ready to complete the bound for [|A V| p: . From the previous step (iii), we get

(1+R)(1+R)||Vr|le < C(EU* + EU + EUS + £S5,
while from the step (i) we infer

(1+R?) ||hl

By, SC(EUS +£5).

Then from (90) we finally get

AV

By, < C(6U2 + U+ EUS + 55’).

Let us note that, as £ > 1, we can bound also ||h] s, by the previous quantity.
Now we put this last inequality in (89). Using again the fact that £ > 1, we find

t
(91) Ul(t) <C<Uo+/ (EUP+ EU+EUS +E£5) dT)
0
for all ¢ € [0, Tg]. Therefore, if we define
t
(92) Ty = sup{t>0‘/(5U2+5U+5US'+ES’)dT§2Uo},
0
then in [0, Tg] N[0, Ty] we get U(t) < CUp and we manage to close the estimates.
So, our next goal is to prove that, if we define T as the quantity in (23), then T < min {Tg, Ty }, i.e.
both conditions in (87) and (92) are fulfilled.
Let’s first tackle the case Uy = 1 and then we will see how to deal with the general case by use of

Proposition 2.5. First of all, from (88), (91) and the definition of £, in the interval [0, Tg] N[0, Ty] we
have (if Uy = 1)

(93) R(t)+S5(t) < CRye“ and £(t) < (14 Rj) e,

for some suitable positive constant C'. Note that in [0, Tg] N [0, 7] we have
t
/ (EU* + EU + EUS + £8')dr < 20 (1+ Ry 2.
0

Therefore, Ty, defined by (92), is bigger than any time ¢ for which the quantity 2C (14 RI1") €2€% is
controlled by 2. Hence, for suitable values of L and with X =n+1, Uy = 1 in (23), we have that T < Ty
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Now, let us consider Tg. By (93), it’s easy to see that the left-hand side of the condition in (87) can be
controlled in the following way:

eSCt )

t t R3
/ R3(T)d7' < CRS/ eCTdr < ¢ =2

Hence, Tg is greater than any time ¢ for which R2 e3#t < C', for some convenient constant C. But this
condition is always verified in [0, 7], up to change the values of L in (23) (recall that X > 2). Therefore,

in the end we gather that 7' < min {Tg, Ty }, and Theorem 2.7 is proved for Uy = 1.

For arbitrary initial data py — 1, ug in Bijd/4, we have a unique local-in-time solution (p,u, V7). If

we now set

e? = Jluol gi+ass ,

then we can see (p,u, V) as a rescaling of some solution (p, @, V7) having initial data
(ﬁo,ﬂo)(x) = (po,e_luo)(s_lx).
In particular Uy := [tol| g1+asa =1 and hence the lifespan of the solution (p,u, V7) is bigger than
4,1

L L
_ =) = Llog( ®
L4120 = Higsara L+ (e lpo = Ll grsara)

Llog(

In virtue of Proposition 2.5, the lifespan of the solution (p,u, V) is larger than

L log( L )
2 E
€ 1+ (5_1||P0 — 1”Bitd/4)

This completes the proof of Theorem 2.7, thanks to Remark 2.8.

6 Other cases

We want now to deal with finite energy initial data and with small initial densities. Before passing to
the proof of Theorems 2.9 and 2.12, we need an estimate for parabolic equations in Besov spaces of type
B2 ., in order to tackle also the case p = cc.

oo,

6.1 Linearized parabolic equations in B .

The aim of this paragraph is to show an estimate for parabolic equations in Besov spaces of type BS,.
Such an estimate will be fundamental in the sequel.

In the present subsection we resort to notations and tools from Homogeneous Paradifferential Calculus,
which enjoy most of the properties we have seen for the non-homogeneous case (see also Section 3). We
refer to Chapter 2 of [4] for a detailed description.

The result we want to prove in the present subsection is the following.

Proposition 6.1. Let p € S solve the following linear parabolic-type system

(94) { atp - le (/‘va) = f’
P|t:0 = pPo,

with k, f,po € S and
0<pe <po<p", 0<eke<k(tx)<k"
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If s >0, r € [1,400], then the following estimate holds true:

(95) 1ol (e, ynzs ety < Ce%=O s (llpollse, + 117 e ) -

where C' is a constant depending on d, s,7, ps, p*, ks, K* and Hm||Ltoo(C~e) for some € € (0,1), and

t
max{2/(1+s),1
o) = [ (1419l + T

Remark 6.2. Let us point out that the above proposition provides us with estimates analogous to those
in Proposition 4.5 (for instance, one can compare the expression (49) with the definition of K.).
Although here we are considering a parabolic equation with no transport term, the result can be eas-
ily extended to that case by a direct use of product estimates as well as interpolation and Gronwall
inequalities.

We will first focus on the case s € (0,1) and r = oo, i.e. we take solutions in time-dependent Holder’s
spaces L (C€) N LL(C?T¢), e € (0,1). Note that Maximum Principle applied to parabolic equations
has already given us the control on low frequencies of the solution:

t
(96) ol (i < llooll e + / 1l

besides, the classical a priori estimates for heat equations are simpler (at least formally, see Proposition
6.3) in homogeneous Besov spaces. For these reasons, we only have to focus on the homogeneous Holder’s
space:

E€ = L(C)NLL(C*), ee(0,1).

We can localize the function p into countable functions g,,, each of which is supported on some ball
B(zy, 6), with the small radius ¢ € (0, 1) to be dertermined in the proof. It is useful to notice that time-
dependent Holder’s spaces may be described in terms of finite differences (see Proposition 6.5 below).
Roughly speaking, up to a constant, the E¢-norm can be determined locally, which reduces to bound
{on} instead of the whole p. The systems for {gp,} (see System (101) below) derive from (94) after
mutiplying by some partition of unity and thus the coeflicient £ can be viewed as a small perturbation
of a function which depends only on time ¢, because g, is supported on a ball with sufficiently small
radius. Consequently, changing the time variable and making use of estimates for heat equations entail
an a priori estimate for g, in EE, with the “source” terms being either small or of lower regularity, and
hence easy to control. At last we will show how the Holder case will yield the general one.

We agree that in this subsection {o,(t,z)} always denote localized functions of p(t,z) in z-space,
while p; as usual, denotes A;p (localization in the phase space).

Before going on, we recall a priori estimates in homogeneous Holder’s spaces for heat equations with
constant coefficients (see Chapter 3 of [4]):

Proposition 6.3. For any s € R, there exists a constant Cy such that
(97) 1l oy ey < Colllfollen + 117y )

where fo, f, F € S(R?) and are linked by the relation

F(t,z) = e fo + /t eIAf(7) dr.
0

It is also convenient to show an a priori estimate for the paraproduct T,u in the space ZlT(Cs ), similar
to Lemma 4.3.
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Lemma 6.4. For any s >0, € >0, a,b > 0, there exists a constant C. ~ e~ %" such that

. T a+tb
(98) IZullzy () < C- / FaIE Telleme + llolzy oy,

Proof. First, let us notice that,

Iuullzy e / S Jul

JEZ

Os A 'UHLOO.

For any € > 0, a,b > 0 and ¢t € (0,7T), we fix an integer

M= [ loma(e )l | + 1,

then noticing that e~ ||u(t)|| 5. ~ 2V, we have

[ S hulelasmlon < [ 3 #5180+ 3 2 uto)

jez J<N: J>Ne+1

T
Nia
< / PN () |

T B
S| Pl s
/ ;

T
< el / Ju(t)]

Thus the lemma follows. O

&2 Al

Ullgma + Y 270N 22 Ao e
J>Ni+1

[Wllga + 2770 20N Ay o] Lo
j>1

T
G oo+ sup [ Ao,
J 0

Recall now the characterization of homogeneous Hélder spaces and time-dependent homogeneous
Holder spaces:

Proposition 6.5. Ve € (0,1), there exists a constant C' such that for allu € S,

|u(z +y) — u(@)||Lee
(99) oo < ‘ - . < Cllull¢e,
‘y| Lge
and
Ju(r, 2 +y) — u(r,2)| L
(100) C M ullzaee < H/ e dr|| < Cllullzee

oo
Ly

Proof. The proof of (99) can be found in Chap. 2 of [4].
Let us just show the left-hand inequality of (100). Since

Aguttia) =2 [ Hy)ultn =)~ ult. ) dy,

then

C e — ) — a2
[ 2180tz <2 [ 2l ine) [ e = dr dy
0 R

||u T, +y) — u(T, x)HLoo

<C
|lyl°

b

oo
Ly

which ensures the left -hand inequality of (100). The inverse inequality follows immediately after similar
changes with respect to time in the classical proof. O
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Next we will prove Proposition 6.1 in three steps. In Step 1 we will mainly deal with the localized
solutions {p,} or equivalently, after a one-to-one transformation in time variables, with {g,,}, which solve
heat equations. Thus Proposition 6.3 ensures an a priori estimate for g, and Lemma 6.4 provides the

control on “source” terms. Finally, thanks to Proposition 6.5, we can carry the results from {g,} to p:

this will be done in Step 2. In order to handle general Besov spaces of form BS ., we again localize

the system, but in Fourier variables, in Step 3. Then we apply the result of Step 2 to p; and a careful
calculation on commutator terms will yield the thesis.

Step 1 Estimate for g, in E¢

Let us take first a smooth (e.g. C® is enough) partition of unity {1, }nen subordinated to a locally finite
covering of R%. We suppose also that the ,’s satisfy the following conditions:

(i) Supp, C B(x,,8) 2 B, Vn € N, with § < 1 to be determined later;
(i) Xptn =1
(iii) 0 <%, <1, Vn € N with ¢, =1 on B(z,,/2);
(1) IVl < CI87111, ¥ € N, for || < 3;
)

(v) for each x € R?, there are N, (depending on the dimension d) elements in {1, },en covering the
ball B(x,§/2).
Now by multiplying v, to Equation (94), we get the equation for compactly supported function
0n = p)y, which is supported on B,,:
(101) 8t9n - R:nAQn = (H - Rn)AQn + V& - VQn + 9n,
Qn|t=0 = 00,n = Ynpo,

where
1

Rn(t) = Vl(B,) /Bn K(t,y) dy

is a function depending only on ¢, and
(102) gn = =26V, - Vp — (kAY, + VK-V, )p + fibn.

For convenience we suppose that there exists a positive constant Cy ~ ||k]| L= (C) such that
0

(103) |kt @) — k(t,y)] < Culz =yl Va,y Rt €[0,4].
Noticing that, by (103), we have ,, > k. > 0, this ensures that, for all ¢ € [0, to],

1

[ — < —1 E.
vol(B,,) S O 0

L*>=(Bn)

(104) 1#6/Fn = Ulpoo(p,y < w3t

/ r(t, ) — w(t,y) dy
Bn
In order to get rid of the variable coefficient &, (t), let us make the one-to-one change in time variable

(105) = 7(t) :/0 R (") dt’.

Therefore, the new unknown
AN

0n(7,2) = pu(t, @),
satisfies (observe that 97 = &, (t))

5 = R(T) _ Py VE&(T) . Y gn(T)
(106) {8T-Qn Aon (mﬂ 1) Aont 5 Ven + 5

Qn|'r:0 = Po,n;

where K(7,x) = k(t, ), Bn(7) = Rn(t), p(1,2) = p(t, ), gn(T,2) = gn(t, x).
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This is a heat equation and hence by view of Proposition 6.3, it rests to bound the “source” terms.
Estimate (98) and the following one,

||Tuv + R(“av)”ElT(Ce) < C||u||L§S(L°°)||“||ZlT(Ce)a

imply that the first source term of Equation (106) can be controlled by

(253 )snc

Fon(T)

S CR/Fn = Ulpg ez, 1821z e
I e L3 (L= (Ba) Lh(Co)

Aoy

Cre—2 + 771HA§H”Z%,(CE)a

T 2
+Cm/0 17 /o — 111,

e—2

for any 7, € (0,1) with C,, ~ n;° . Besides, Inequality (104) ensures that for all 7 € [0, 7], with
T0 = T(to), N
17%/Fn = 1l 2o (B, < Croriy '8,

which implies, for T € [0, 7],

(107) H (E(T’ ) _ 1) AGn(7,)

R (T)

5n| Ce + (Ccmﬁ*_l(se + 771)‘|§7IHZ;(C2+6)

2
€
Ce

T
<o, / 7]
LL.(C) 0

By Lemma 4.3, for any 1 > 0, there exists C,, ~ 7' such that

T
1T + R 0)l 2y ey < Co [ Mul3oollms +nllolzs (enn)-
T 0 T

Thus, also by use of Lemma 6.4 with a =1 — € and b = 1 + ¢, for any 72 € (0,1) we have the following
(with C,, ~ 15 ")

V% T," 2 N
Ly &)z
Kn(T)

Now let us choose d,71, 72 such that

. V@n(Tv )

(108) ‘ e+ all@nll (o

T
<o [ (IR +vR
LL(Ce) 0
(109) C()CC,{KJ;HSE, 00771, C()T]Q < 1/6,

with the same Cj in (97). Then, from Proposition 6.3 and estimates (107), (108), for any ¢ € [0,Ty] we
get, for some “harmless” constant still denoted by C,

T 2
Ce +/ (”Ii
0

Since k. < Ry, < k%, after transformation in time (105) we arrive at

2 ~ o2\ ~
||§n||L%o(CF)Q’L'%“(CQ+e) <C ('Qo,n és + HV’%”%oo + Hv’illé: ) ||Qn| ¢e T ||gn|i%(0f)> :

T
(110) ”Q”HL%C(C‘E)HZ%(C’?J“) <C <||@0,n||c"€ +/0 [(1”QTL”C'6 + ”gn”Z%ﬂ(Cf)>
for all T € [0, o], with
2 2
Ky = il + IVRl2~ + Va2,
provided
(111) 0 ¢ =0Cs5C, < CgHHHng(CE) for some constant Cjs depending only on d, e.
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Step 2 Estimate for p

Now we come back to consider p = )" 0,. By assumptions on the partition of unity {¢,}, for any «
there exist Ny balls of our covering which cover the small ball B(xz,d/4). Therefore, from Inequality (99)
we have

||P||Z,}(C'e

H/ ||PTJJ+y)|y| p(7,7)| L

HP z+y) — p(z)|lLe “llp(z +y) — p(a) || pee
< C sup . sup . )
|y\>6/4 |yl |y|<6/4 ly]

whose second term can be controlled by

NgC  sup

ly—=z|<é/4 /0

/t sup,, [lon(x +y) — on(x + 2)|| L
ly — z|°

Thus we find
t
Iollzzon < O57 [ lollim + NaCsup lenllzgeey

Similarly, we have

16l 2 ey < O Il am) + Csup ol z -

Since VZp = 3" (V?p,), from the same arguments as before we infer

t
||P||Z%((;2+e) < C||V2PHE%(C%) < 05_6/0 ||Vzp||L°° + C'sup ||QnHE%(C2+e)-

Therefore, to sum up, for all t € [0, to],

t
||p||zt00(ce)mzt1(c2+e) S cé ¢ (|P||L,°°(L°°) +/0 VQPHL‘X’) + CSU-p ||Qn||z?°(CE)OZ}(CQ+€)
n

t
<05 (Iollrws + [ 1920l ) +
0
t
s (laonler + [ Kalloaler +lanllzen )

with the second inequality deriving from Estimate (110). Thanks to (96) and the fact that

ce < Cllpl

wn |

e <O

lenlloe = llptnl ce

we thus have the following estimate for p in the nonhomogeneous Hélder space

t
||p||Z§o(ce)mZ}(c2+e) < Cllpllnge(r=) + C/O lollze + HpHE?C(C‘f)nE%(CZJrE)

t t
<o <||P0| o+ / (1920l + lollz~ + | fllz=) + / K

+ C'sup ||9n||Zf}((je)v

It rests us to bound g, uniformly. In fact, starting from definition (102) of g,, we follow the same
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method to get (107) and (108) to arrive at

||gn||Zf}(Ce C/ ( |/€V7/JnHLoc + ||Hv'll}n|

) + ||kAYy, + Vi - V1/Jn|Loo>

t t
+nllpllzy @arey + C / |52 + Ve - Vbl lpll e+ C5° / 1= + Cll iy ey

<o / (1+||

where we have used ||f||L1 (L)Ll (ce) < CHf”Ll

+ |n||cw) lellcr +nllollzy eerey + €5~ Nl 23 o

We finally get a priori estimates for p:

t t
e / |p||02+|f||z§(cs)>+05_2 [ 5

with

2
Ko = 1+ el 2 0 &+ el )

Thus, by a direct interpolation inequality, that is to say

t
5Nl L1 (o) < Gy / o

Ce + 77”10”@ (C2+€)7

Gronwall’s Inequality tells us

t
(112) 1l 50 (ceynzs ooy < CO“exp (05—2/0 K2> (Ilpol

which is just Estimate (95) when s = € and r = oo.

ce + ||fHZg(ce)> )

Step 3 The general case B,

Now we want to deal with the general case B, ,.. Let us apply & =A;_1+A;4+Aj41, § >0, to System
(94), yielding
s (90,6 <1,
Pj|t:0 = Po,5>

with . B . o . .

pi=2N8p, fi=A40f, R;=div([s,A;]Vp), Po;=Ajpo.
We apply the a priori estimate (112) to the solution 5; of System (113), for some positive ¢ < min{s, 1},
entailing

t
19511 200 (ceynEs (coey < € “exp <C5_2/0 K2) (||ﬁo,j| ce+If; - Rj||i%(cs)) :

Let us notice that for j > 0, denoted by p; = Ajp and p; = Ayp as usual, then we have
Ajp;=p; and Agp;, =0if [g —j| > 2.

Hence the above inequality gives

t
25 3| e (1) + 272+ / loillz~ <

t
< Cé “exp (Cé_g/ Kz) 27¢ Z (HPO,q
0

l7—q|<1

t
vt [ 1fale) + 1By
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Let us focus on ||R; I71(ce) for a while. As usual, we decompose R; into four parts:
t

-1 . ~ -2 e ~
R; = Z div ([Sg-1K, Aj]VAp), R, = Z div Aj(AgR Sg+1Vp),

li—al<3 q>5-3
R? = Z div (AgR KquHVp), Ej = div ([A_1k, E;] Vp), with K=k—A_1k,.
q2j—3

. . -1 -2 . . ;
It is easy to see that the Fourier transform of the terms R; and R; is supported near the ring 2/C; thus,

by Lemma 2.100 of [4], we get (for some sequence (c;); € £")

t
71 . € _
Rillziion <0200 [ 1187 K1V Al i~
l[7—q|<3

t
<c¥* 3 [ VAl VAl

l7—ql<3

s
Boo,r

t
<c2e; [ |9u]un |Vl
0
and, for some s > —1 and (c;); € £

t
—2 . 6 ~
Rillzsion < €20 3 [ 18R 1SVl

q>j—3

t
< () oUi—0)(1+s),, / Vx|
> 0 )

q=j—3

Bs IVpllLe,

t
< oI, / IVllse IVl
0

Let us now consider R.. Each AgR KquHVp has Fourier transform supported near a ball centered at
origin with radius of size 29. Therefore, arguing as above, we find, for some (c;) ;€ o

t
—3 . . " —
Bl s 3 sw 20 [ a8l I& Vol
qu_3.7,Sq_2 0

t
<C 3 2 [ oTulum 2 7|V

a>j—3 0

s
BOO,T

t
< Cpile9g / I9ll =1Vl s,
0

Since R; Fourier transform is always supported near a ring 2’C, arguing for instance as in the proof

of Lemma 4.2 (see the Appendix), we can bound Hﬁj'nil(ce) also by the above quantity.
t
To conclude, we have got a priori estimate for p;:

t t
loslz ey + 2 [ losllm < Co~<oxp (0372 [ )
0 0

t t t
| (bonallom + [ Mfallo=) +27%; [ 1Vxlne 190l + [ 198 Vol

li—aql<2
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Therefore, we multiply both sides by 27¢ (for s > —1) and then take £ norm, to arrive at

t
HP”E:O(B;O’,.)OE%(BEX?) < Cé6 Cexp (05—2/0 Kz) X
t
« (HPOHB;,,T + ”f”E%(B&,,T) +/0 ||VH||Loo||VP||B;;‘O,T + ||VK||B<§C,T|VP|L<>°> .

The direct application of interpolation inequalities and embedding results reduces the above estimate
into (95).

6.2 The case of finite energy data

The proof of Theorem 2.9 is just as the proof presented in Subsection 4.2, with some changes pertaining to
the energy. We will follow the standard process in proving the local existence result also: we construct a
sequence of approximate smooth solutions which have uniform bounds and then we show the convergence
to a unique solution. In each step we will try to sketch the analysis first and then present the proof into
details.

Let us make some simplification. Sometimes a few estimates may depend on the existing time 7, and
hence a priori we suppose that T* < 1. We also assume that all the constants appearing in the sequel,
such as C, Oy, Cp, are bigger than 1. We always denote 6b™ = b(p"™) —b(p" 1) and da™ = a(p")—a(p"~1).

6.2.1 Construction of a sequence of approximate solutions

As usual, after fixing (0%, u?, Va¥) = (00, u0,0), we consider inductively the n-th approximate density o"
to be the unique global solution of the following linear system

n n—1 no__ J; n—1 ny _
(114) { 0i0"™ +u Vo" — div (k" 1Vo") =0,

0"t=0 = 00,
with k"1 = k(p"~!) and the n-th approximate velocity and pressure (u™, V7™) satisfying

atun + (unfl _ anl(pn)flvpn) Vu + \"Va" = hnfl’
(115) divu™ =0,
u"[t=0 = uo,

where we have set as before, A" = \(p") and the same h"~! defined in (73):
(116) A= ()T (Ab("T)Valp ) + u Tt VRa(pn ) + Vb(pn ) - VRa(en ).

We pay attention that, compared with System (73), the coefficients u"~1 — k"~ 1(p")~1Vp" and A" of
System (115) here are chosen to keep accordance with Equation (114), in order to get the energy identity
for 4. Indeed, noticing divu™ = 0 and Equation (114) for p”, we can take the L?(R?)-inner product
between Equation (115); and p"u™, getting at least formally 2

1d

117 - =
(117) 2dt Jpa

pnlun|2 _ / pnhn—l cul.
Rd

Furthermore, the initial data for {¢™} are chosen the same. We will see later that this choice ensures us to
estimate the difference sequence {5p" = ¢" — "'}, >2 in Space Cr- (H') (T* denotes the existence time),

2We can also follow the scheme (73) which, gives the following by taking L2-inner product between (73)4 and prlym

1d 1
- pn71|un‘2 + 7/ div <pn71(un72 _ unfl) _ (Hn72 _ anl)vpn71)|un‘2 — / pnflhnfl L.
2dt RA 2 Rd R4

For simplicity we choose iterative linear systems (114) and (115) here.
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although the initial density gy belongs to L? only. This estimate makes it possible to bound the difference
of the source term h™ —h"~! (notice it involves terms such as A§b"Va™) in Space L. (L?). Therefore the
convergence of the velocity sequence in Space Cr-(L?) follows. We will explain the convergence process
in detail in Subsection 6.2.2 below.

In this paragraph, we aim at proving the existence of the solution sequence (p",v", V™) and uniform
estimates for it. We want to show estimates (71) and (72), with a change pertaining to Vz":

n = . d d
(118) (IVr HZIT*(B;,T)leT*(m) <7%r, with s, max{s, s — ];Jr 2}.

We also prove the following inductive estimate involving energy:
(119) "Lz, (2) +IVE™ L2, (12) + W[l Lgs. (12) < CrEo,

with Ey :=||oo||zz + ||uol|z2 and some constant Cr depending on d, s, p., p*.

In fact, the subtlety still comes out when dealing with the pressure term V7. Getting inductive
estimate (118) relies on the divergence-free condition of u™, which helps us to write the equations for
7w in different forms, such as (121), (122) and (123) in the following. Informations on low and high
frequencies issue from these equations separately. This yields estimates for Vr itself finally, thanks to

(120) ||V7T||Zg(3;)1r) < CHAfIVWHL}(LP) + HAW”E;(B;;})-

In Subsection 4.2, where p € [2,4], by view of the divergence-form elliptic equation for =™, the
quantity ||Va"||L1(z2) (involving the low frequency information) can be controlled by a simple use of
Holder’s Inequality || fgllrz < || fll4llgllza to the quadratic “source” terms. Now, we also apply “div” to
Equation (115),, getting the following equation for 7™:

(121) div (\"V7") = div (h"_1 — (Wt = k" (M) V) Vu").

But here, thanks to Estimate (119), one uses || fgl[r2 < |[f|z2[lgllz> to bound |[Va™| 11 (r2) and hence
the low frequencies, when p > 2.

If p € (1,2), instead, we multiply Equation (115); by p™ and then apply “div” to it. Recalling that
div 9;u™ = 0, we get a Laplace equation for 7™:

(122) Ar™ = —div ((p" — D)o + (p"u""t — "IV ") - Vu") + div (p"h" ).
One observes that if p € (1,2), then
Byl L9 g > 2.

Thus we perform || fg||re < || fllr2llgllr»+ with 1/p* +1/2 = 1/p to these right-hand side quadratic terms.
Since p" is already in L4 for all ¢ > 2 according to Maximum Principle and Energy Estimate, this requires
|0u™]| L1 (2y- Luckily it is related to [[V7"[| 12y by Equation (115);.

In order to control the high frequency, it is enough to show An™ in L} (Bs ). Let us rewrite Equation
(121) as

(123) Ar™ = Vogp™ - V" + p"div (h"_1 — (Wt = k" (pM) V) - Vu”).

The quantity HVﬂ'nHzl(Bz—”l) can be interpolated between Z%(B;,) and Lj(LP) when p € (1,2) (resp.

L}(L?) when p € [2,00) since L? — B/27%?) and the index s, will come out from these interpolation.

As in [14], let us also notice that the limit functional space B3 L with s = r = 1 is no longer an
algebra as spaces B;;,l with p < 4+00. But we still have the following product estimates by considering
paraproducts and remainder separately:

(124) Ifgllse, , < CIIf]

00,1 —

pe lglpo ., Ve>o.

co,1
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Thus we just have to modify the above interpolation a little to make quantity ||[V7"|7, (Be_ ,) Abpear.
7+ (Poo1

We refer also to [14] for the inequality (due to divu" = 0)

(125) ldiv ("~ Vu) o, < Clu" o, [Vu" 0.

,1

Now let us realize the above analysis.
Since (0°,u°, V7®) = (00, uo,0), then by choosing small T*, Estimates (71), (72), (118) and (119) all hold
for n = 0. Next we suppose (0"~ 1,u"~1, Va"~1) to belong to the functional space E defined by

(126) (C(RT: By, (L) N LR (H') N Lo (B3E?)) x (C(RY: By, 1 1%)) x (Lhoe (B},) 0 L (L)),
and such that the inductive assumptions hold. We just have to show that the n-th unknown (o™, u", Vr™)
defined by System (114) and (115) belongs to the same space, satisfying the same conditions.

Instead of working with o™ and u™ together, we first consider ¢” independently. By smoothing out
the initial datum and coefficients, applying Proposition 4.5 or Proposition 6.1 and then showing the
convergence, we can get the unique global solution g™ of the linear system (114). The process is quite
standard and we omit it. One observes that Estimates (48) and (95) imply o” € zfo(B;’r) N Z}(B;‘*;Q)
for any finite ¢ > 0. Thus in particular ¢" € C(R*; B ).

On the other hand, since u"~! € L{° (L*) and divu"~! = 0 (noticing Equation (115),), energy

loc
inequality (24) for ¢" follows. Thus o" € C(R*; L?) N L2 _(H"), and we have

loc
n n 1
"Lz, 2y + IV 2. (z2) < §OEHQOHL2-
It is easy to see that, by Maximum Principle,
pe <14 0" (t,x) = p"(t,x) < p*, Vte R zeRL

As in Subsection 4.2, we introduce g, to be the solution of the free heat equation with initial datum
00, which satisfies (74) and (75) also. Correspondingly, the remainder g™ := o™ — g1, solves System (77),
with gy, instead of 7. Propositions 4.5 and 6.1 thus imply that for p € (1, x],

6C"71(t))C"71(t))

16"z (35, T2 (32 = (Cn*l(t) 17122 5y,

where
fr=—u""t. Ve —u" !t Vor +div ((" = 1)Vor).

Here C"~(t) depends also on [|0" ||z (ps ) When p = oo, and by embeddings, we can take
K1) = 6 IR ey + IR g
Since the inductive assumption (71) holds, we derive on the whole time interval [0, 7]
Cn—l(t) ecnfl(t)lCnfl(t) < Cv]C7

for some constant Cx depending only® on M. Furthermore, product estimates, interpolation inequality
and Estimate (75) ensure that

n n—1 —n 2
”f ”f’lT*(BE,r) < C”u ||E2T* (B;T)HVQ ”f,?T* (Bs,) +CCyr

< CECICHunilnzf%*(B;_T)”@TLHZ%C* (Bs.,) + OlzlgH@nHZlT*(B;f;z) + C(CMTQ-

Therefore the smallness statement (76) pertaining to g" is verified and hence inductive assumption (71)
holds for o".

3In fact, Cx also depends on T*, which can be “omitted” since we have supposed a priori T* < 1.
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As to solve System (115), a convenient way is to view it as a transport equation of the velocity

™. For each finite time ¢, if there exists a constant C; (depending on t, ||(o*,u"~1, Va"~1)|

u”.

E;‘T(t)a
‘|Qk||L?0(L2)mL?(H1), k=mn—1,n, and |[u" || e (r2)) such that the Lj(Bj .)-norm of the “source” term
—A"V7" + k"1 is bounded by C;(1 +U™(t)) with

un(t) = HU’TLHE?C(B;’T)a

then a standard proof gives a unique global solution u" € C(R™; By ) (see the proof of Theorem 3.19
in [4]). If furthermore V™, h" € L _(L?), then u™ € C(RT;L?), by view of Energy Identity (117).
Therefore, it reduces to get a priori estimates of Va™, h"~! in leoc (Bs . )NLi,. (L?), by use of C; and U™,
In fact, it will immediately follow by observing the estimates in the demonstration below of the inductive
estimates for «™ and V7™.

In the following, we a priori demonstrate inductive estimates for u™ and V7. The idea is that, by
terms of 7 and

A
I = HVﬂ'nHZ;‘* (B;)T)a

we are going to bound the following quantities in the following order:

||Un||z;<>*(35m) ~ ||V7Tn||L1T*(L2) ~ HatunHLlT*(LZ)

e 91 oy~ IV 7y oty ~ DA 7, o),

which include informations on both low frequencies | V7™|| L. (r») and high frequencies |AT™ |51 (Bi31):
T% p,T
One also notices that if p > 2, then ||V7r"||L1T*(Lz) readily offers bound on ||[A_; V7r”HL1T*(Lp).

(i) First of all, by view of Equation (115),, Lemma 4.1 ensures that
HunHZf(Bg,T) < CeCWTH (H“O”Bi,r + At - MWHHZHB;,A) :

where ,
W) = [ =k ) Y
0
By virtue of inductive assumptions (71) for ¢"~!, o™ and (72) for u"~!, we easily derive

W T, th_lHE}*(B;,T) < CCyT.
Thus (as ||A\" — 1||Z°°(Bs ) < C C)y) for sufficiently small parameter 7, we have
t p,T
(127) [ P C(||u0||35m + OOt + COMIV" 7 (5 ») < CCOwn (1 + H”).
(ii) Secondly, inductive assumptions (72) and (119) imply
||hn_1HL;* (L2) < CCgEqT.

Hence, by view of [[Vu"|| Lz, (1) < (T*)l/QHu"HL?* (B and Estimate (127), if (T*)*? < 7, then
Equation (121) entails

(128) IV 11 (z2) < CCEEo(r + 7llu” | 12, 55.,)) < C’CECMEOT<1 + H").

Correspondingly, ||0;u™]| L1 (r2) is bounded also by above, with some change of the constant C.
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(iii)

Next we also want to bound |[Va"™ |11 (») for p € (1,2), which controls the low frequency. It relies
on Equation (122). Firstly, since

- . 2
Ab(p" ), V2a(p" ) € L3 (By, 1) = Li- (L), with p = 57— >2,
' -p

we have furthermore
||hn_1||L;* (L?) < CCgEyT.

Similarly, we have

6" = DO 1y s (""" = IV -y 1) € COpCBor(1 + 117,
Hence Equation (122) implies, for p € (1,2),
(129) V7™ Ly, (£ey < CCCREoT(1+11") < Cn(1 + 11",

with notation Cp; denoting some constant depending on s, d, p, p«, p*, Cg, Car, Ep, to be precisely
determined later.

Now, one observes that Estimate (129) for Va™ implies moreover

VT Iz B2y <CIIVW"III/S IIVW"IIS ”f SCn(1+H”)Tl/S, pe(1,2),

with some change of constant Cp;. On the other hand, if p > 2, then Embedding L?(RY) —
Bg/opo_d/ *(R%) and (128) also ensure similar interpolation inequality, for any 7 € [0,1):

sp—1+n
V™ HLl L (BT <C||V7r"||L1 L (BY/2=4/2 ||V7Tn||leip(B§m)
1-n sp—l4n
S COIVTILY, (g (T)

< Cn(1+ n")TsT".

At last, Equation (123) and Estimates (124) and (125) ensure for some n € (0,1) (still with some
appropriated constant Cfy)

19
||A7T”||E1T*(B;_rl) < CC]\/[”VWTL”E;*(B;;IJM) + CCy1+ CCMT2 < C]‘[(l + Hn)T “po
which, together with (120), (128), (129) and the definition of II", implies, for 7 and T™* small enough,
-, < 1/25,1.
[V HLT*(BS,r) =T

Therefore by virtue of Estimates (127) and (128), inductive assumption (72) and (118) for u™ and
V™ follow respectively.

From above, Energy Identity (117) holds and hence we have
I < C(lluollz2 + [IR"~1] )< SCiE
L (12) < ollz2 Lh.(1?) < 5CE o

Inductive assumption (119) is then verified.
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6.2.2 Convergence Part

Let us turn to establish that the above sequence converges to the solution. As in Subsection 4.2.2, we
introduce the difference sequence

((5@”, 6un7 V(Sﬂ'n) _ (Qn _ ‘Qn—l7 u® — un—l7 v — Vﬂ'n_l), n > 1.
When n > 2, it verifies the following system:

060" +unt - V" — div (k" 1Von) = Fn L
0pou™ + (u"~1 — k"1 Vlog p") - Véu™ + A\"Vér™ = HI Y

(130) div ou™ = 0,
(00™, 6u™)|t=0 = (0,0),
where
Frt = —su" 1 V" ! 4+ div (05" V"),
H' b= 6"t — (6u"' — 6" IV logp™ — k" 2Vé(log p)™) - Vu" ! — A"V
with
Sk =g g2 shr =t a2 S(log p)™ = log p" —log pt T, AT = AT — AL

Firstly, since in the case p € (1,4] we have the embedding B, , < Bijd/4, we just have to establish

that {(o",u™, V7")},>0 is a Cauchy sequence in the functional space Ei/fl(T*) (see (17) for the def-
inition). In fact, we just have to follow exactly Subsection 4.2.2, with some necessary changes in the
coefficients and source terms switching from System (78) to System (130).

If p is big enough and we consider the limit case (s,p,r) = (1,00,1), then it’s no more true that
{(¢",u", V™) }n>0 is a Cauchy sequence in ES_ ;(T*). Indeed, applying “div” to Equation (130),, entails

(131) div(\"Vor") = div H» 1 — div ((u"! — "7t Viog p™) - Vou™).

As presented in the proof of Proposition 4.6 in Subsection 4.1.2 (see (68) for details), the following
estimate
|div ("t - Véu™)

lgrps < i [ 9007

only holds for p < co. Thus we cannot have Vir"™ € Li. (B

%.1) in general.
Therefore in the general case, we have to consider the difference sequence in the energy space. One

wants H?~! in LL.(L?). One pays attention to the following terms in H?~':
(pn—l)—lAébn—lvan—l and (pn—l)—IVbn—2 .v26an—1'

We only have Va"~!, Vb"~! in LY. (L), and thus one requires Adb" !, V25a"~! in L1 (L?) and hence
§o" ' in LL.(H?).

Firstly, it is easy to see that F™»~1 € L120c (L?) and hence taking L? inner product between Equation
(130), and o™ gives controls on 6o™ by 60" !, du"~!, with small coefficient if restricted on the small
time interval [0, T*].

Next, thanks to the null initial datum for §o™, by taking derivation of Equation (130),, we expect to get
energy estimates for V§o™. In fact, the equation for Vép™, n > 2 reads

(132) 0; V" +u""t - V250" — div (k" "1V250") = —Vio" - Vu" ! + div (V" @ VK" 1) + VF" 1.

The first two terms of the right-hand side are of lower order, while the third one is in LZ _ (H~!), thus
taking L? inner product works. Therefore, 50" € LS (H') N LE _(H?) ensures 6" € C(RT; L?) and
H?=' e L} (L?). Thus energy inequality for ju™ also follows and its energy is bounded in terms of
5Qn71’ 5Qn’6un71'

Thanks to the small time 7™, we thus can demonstrate that {(p™,u™)},>1 is a Cauchy sequence in
C([0,T*]; L?) and hence converges to some unique limit (p,u). Furthermore ||p — P Lee, )Lz, (72
goes to 0 as n goes to co. Then by use of the high regularity of the solution sequence, we can show that

(p,u) is a solution.
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Now we begin to make the above analysis in detail.
Our goal is to demonstrate that {p™ — pg}n, {u"}, are Cauchy sequences in C([0,7*]; L?) and the limit
really solves System (114) and System (115).

Since §g" € E (see (126) for definition), we can take L?(R?) inner product between Equation (130),
and 0™, n > 2, entailing

1d
5%/ |6Qn|2+/ K:n71|vagn‘2 — _/ 6un71'vpn71 6Qn_ 5/€nflvpn71 végn
R R R R
Thus integration in time and Young’s Inequality give
100" |Lse, (z2) + ||V6Qn||L2T*(L2) < C(||6un_1||L2T*(L2) + ||5Qn_1||L2T*(L2))||VQn_1||L2T*(Loo)
(133) < CT(H(SQn_IHL;O*(H) + H(sun_l||L2T*(L2))~

By view of the analysis above, 6™ € C(R*; L?) N LE (H?), n > 2, (notice that it is not clear that

50t = pt —po € L2 . (H?)). So we can still take L?(R?) inner product between Equation (132) and Vo™

1d
1% / |Véo™|? +/ K" V250" ) = — / Voo™ - Vu" 1. Vo™ + Vo™ - V260" - V"1 + F" L A§o™.
R R

Integrating in time also implies
V60" || e, (£2) + HVQ(SQTLHL;*(LZ) <
C(IVu" Mz . 1o 1900 s, (12) + 190"z (o) IVO e oy + IF™ iz 22y ).

Since
HF"*1||L2T*(L2) < C'(7'H5un71||L2T,‘(L2) + T\|5Qn71||L;°*(L2) + CM||V5QH71||L2T*(L2))7

for the above small 7 and T,
IV80" sz, (r2) + V280" I 2., (z2) < CTll(80" ™, 8u"Yllzge (22) + COMIIVE" 2 (12)-

We can substitute (133) into the term || Vo™ ! l[z2.. (£2) above, and then sum up these two inequalities,
entailing

(134) 180" |3z, vy + IV8Q" |2 . (1) < COuMTII(80" ™, 80" 7%, 6" ™1, 6u™ %) || Lse. (12)-

Now we turn to du™. We rewrite Sh"~1 as

1

n—1

(Aabnflvanfl + Abn72v5an71 + 5un71 . v2an71 + un72 . v26an71 + v(sbnfl . v2an71
FVT2 . V26071 4 <(pn71)71 _ (pn72)71> (AD"2 . Va2 44" 2 . V2" 2 4 w2 . 22,
By virtue of ||A§b" 1|12 < C||§0" 1|2 and
18523 2=y < C 1V P g ey + CUAP 13 (1) < COnT,
we have also from the above inductive estimates that
||5hn_1||L§w(L2) < CCMT(||5Q"_1||L2T* 2y + 100" Les, (£2)) + CCpEor |60 Lo, (12
Similarly,

[HE Ml zs, 22y < C(Cum + CrEo) (180" L2, (m2y + 100"l nge, (22)) + CTl/QSpH@”HL;o* (L2)-
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By view of Equation (114) and div du™ = 0, taking the L?(R?) inner product between Equation (130),
and p"u™ and then integrating on the time interval [0, 7] yelds

(135) 106" || oe, z2) < CIHE Lt (12)-
Combining Estimate (134) and (135) entails, for sufficiently small 7, depending only on the space
dimension d, on the indices (s,p,r) and on the constants Cys, Cg, Ey,

i n 1 n— n— n— n— n— n—
|00 ||L;°*(H1)mL2T*(H2)+H5U HL;’?*(LZ)SEH((SQ 1759 2759 375’& 1,5U 275U 3)||L§E;(L2)~

Thus > [[(00", 0u™)|| Lz, (z2) converges. Since Jo" € C(R*; L?), the Cauchy sequences {o"} and {u"}
converge to ¢ and u in C([0,T*]; L?) respectively. It is also easy to see that

160" L iz, a2y, D MR Ly ey, D IHE Ly, 22y < 400
n>2 n>2 n>2
Writing
div ((u"_1 — k"1 Vlogp") - Véu") = div (6u" V(u" = k" Viog p™) + dudiv (k"' V log p”))7
from Equation (131) we get
IVom™ |1, (r2) < C(HHg_lHLlT*(L?) + Cumllou™]| Lgs, (£2))-
Thus Y 57 | Vér™|| L1, (L?) also converges and hence V™ converges to the unique limit V7 in L. (L?).
Now one notices that, by interpolation between L? and By ., u" converges to u in C([0,T"]; Bi/lz),
(By/?). 1t entails

for instance, and u"~! — k"7 (p")"1Vp™ is at least in L,

("t — k" (p™)TIVP™) VU — (u— kpVp) - Vu — 0 in L2. (B;g£4).

Thus a direct computation ensures that (o, u, V) solves System (7) and is in £, ,.(T™) by Fatou property.

6.2.3 Uniqueness Part

The proof of uniqueness just follows the idea of the convergence part. More precisely, as in Subsection
4.3, take two solutions (p1,u1, V1), (p2, u2, Vre) € Ep (T*) of System (7) with the same initial data,
such that p; — 1,p2 — 1,u1,us € L3 (L?), Vp1,Vpy € L2.(L?). Then the difference (§p,du, Vér) =
(p1 — p2,u1 —ug, Vi — Vmg) verifies

000+ uy - Vg — div (k1 V) = —du - Voo + div (k1 — k2)V2),
Opdu + (ug + Vby) - Vou + A\ Vém = hy — ha — (du+ Véb) - Vug — AV,
divdu = 0,
(60,0u)|i=0 = (0,0),

with the notation k; = k(p;) and analogous for b;, \; and h;.
Similarly as Convergence Part, we can get

6ol Lz 2y + IVOpll 222y < CUIVp2llL2(noe) 100l Lee 2y + (VP2 L1 (poey 10Ul oo (2)),
IV8pllLee 22y + [IV20pl 212y < C((HVUIHL}(LC’O) + IVELll 2Ly IVOpll Lo (r2)
+ ([[Ap2llz2(ey + V1l L2 (o) VP2l Lse () )Ip| Loo (£2)
+ 1902l 31 00l e 22 + 91l e ) [Pl 22022 )

and some similar estimate for ||du||px L2y, which we omit here. Thus, on sufficiently small interval [0, ],
6p = du = 0, the uniqueness holds. Then we recover uniqueness on the whole existence time interval
[0, T*] by use of classical arguments.
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6.3 Remark on the lifespan in the 2-D case

In this subsection, we want to give a better estimate for the lower bound for the lifespan of the solution
in the case of dimension d = 2.

As mentioned before, the global-in-time existence issue in dimension d = 2 for the classical homoge-
neous Euler system (i.e. p =P constant in system (7)) has been well-known (see [33] by Wolibner, or also
Chapter 7 of [4] and the references therein for a survey on this topic). The key to the proof is the fact
that, if we define the vorticity of the fluid as

(136) w = ou? — dhut,

then this quantity is conserved along the trajectories of the fluid particles, i.e. it fulfills the free transport
equation

V) Ow + u-Vw = 0.

For non-homogeneous perfect fluids, see system (11), the previous relation (V') is no more true, due
to a density term which comes into play combined with the pressure. Hence, it’s not clear if solutions to
(11) exist globally in time. However, in [14] it’s proved that, for initial densities close to a constant state,
the lifespan of the corresponding solutions tends to +oo.

Theorem 2.11 gives us the analogous result for our model. The idea is to resort to the vorticity in
order to control the high frequencies of the velocity field. The vorticity w of the fluid is still defined by
formula (136), where u solves (7). However, it’s easy to see that actually

w = v — Gt
now, from (4), the equation for w immediately follows:
(137) Ow + v-Vw + wAb + VAAVII = 0,

where we have set VAA VII = 91\ 011 — 99X 0411

In order to bound the vorticity, it’s fundamental to take advantage of a new version of refined estimates
for transport equations in borderline Besov spaces of the type Bgo’l, proved first by Vishik in [32] and
then generalized by Hmidi and Keraani in [21] (see also Chapter 3 of [4]). They state that the BY ;
norm of the vorticity grows linearly (and not exponentially, as in the general case) with respect to the
Lipschitz norm of the solenoidal velocity field. Even if here we don’t have the divergence-free condition
for the transport velocity v, the proof in [21] still works, except that one asks for an additional regularity

on divwv. More precisely, the following lemma holds.

Lemma 6.6. Let us consider the following linear transport equation:

{ Ow+v-Vw=g,

138
( ) w|t:0 = Wwop.

For any 8 > 0, there exists a constant C' depending only on d, 5 such that the following a priori estimate
holds true:

(139) o)z, < C(lwollse, , + llgllzzen, ) (1+ V),
with

t
V(1) ;:/ Vol + [ldivoll,s _d'
| |

Proof. We will follow the proof of [21]. Firslty we can write the solution w of the transport equation
(138) as a sum: w =3, wk, With wy, satisfying

(140) { Opwr +v - Vg = Agg,

Wk |t:0 = Apwo.
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We obviously have from above that

t
(141) Jwor(®)llz= < [ Arwollz= + / | Argllze dt’.
0
By Proposition 3.12, for any € € (0,1), we have the following a priori estimate in Besov space B, ;:

(142) [lw (2)]

Be , < (HAkWO|

me, + 18eglni e, ) ) exp(CIVl ) )-

—€

In order to get a priori estimate in Besov space B.;, after applying the operator A; to Equation
(140), we write the commutator [v, A;]- Vwy, as follows (recalling Bony’s decomposition (30) and denoting
vi=v—A_qv)

[Tg, A]] 'VLU]C—FTAJV‘%%—FR(AJ'VOJM 5)—Aj (vakm—AjdiV (R(wk, 5))—|—A]‘R(wk, div 5)—|—[A_11}, AJ] -Vwg.
Then, V5 > €, the L>°-norm of all the above terms can be bounded by (for some nonnegative sequence
[(e))lla =1): , /

C(d, B) 27 ¢ V(1) |l .

Thus, we have the following a priori estimate in the space B_;:

(143) lor@lp-e, < (IAkeollp-c, + 1Akgllyy s, exp(CVD)).

On the other side, one has the following, for some positive integer N to be determined hereafter:

lollpe, , < > IAjwrlz== > IAwillz= + D 14wkl

jk>—1 lj—kI<N li—kI>N

Estimate (141) implies

> Iagwnlie < N (Iswolle + 1Akgllzp ) < N(llwollse, + lgllzise, )
li—k|<N k

while Estimates (142) and (143) entail the following (for some nonnegative sequence (c;) € £'):

1Aswnllz < 271 le; (JlAwwolle + 1Akl 3z ) exp(CV(E).

which issues immediately

> A= <27V (lwollsy., + lglluime, ) ) exp(CVD)).

li—kI=N

Therefore, for any 8 > 0, we can choose € € (0,1) and N € N such that € < § and Nelog2 ~ 1+CV(t).
Thus the lemma follows from the above estimates. O

With the above lemma in hand, we can now begin to prove Theorem 2.11. In view of the continuation
criterion, without loss of generality, we will always assume in the sequel

s=1, p=oo, r=1
In what follows, we will resort to the notation of Subsection 5.2. That is, we set
R(t) = ||QHL;>°(B;O,1), St) =llelzysz, ), U®) = llullpy s, )

and the time Tg as defined by (87).
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First of all, let us consider the density term. Under our hypothesis, we get the energy equality (24).
Moreover, arguing as in the previous subsection, we recover estimate (88) in the time interval [0, Tg].

Now, let us consider the velocity field. First of all, let us summerize the following inequalities for the
nonlinear terms, which will be frequently used in the sequel:

(144) V2ol , S bllgs, < llellse, , ="
(145) 1AV allzz < bllpz.  [Vallze S llellpz, , IVollze S RY2(S)V2[Vplr2 < RIVlIZ: +5';
(146) [(w+Vb) - Vullpz S [Vullz=([[Vpllze + lullz2) S UIVpllz> + [lullz2)-

Similarly as the above inequality (145), one has
(147) IV V2allz2 S RIVplZ. +8', |lu-V?all2 S RllullZ> + 5"

It is time to bound the velocity field v by use of the above inequalities. Firstly, by separating low and
high frequencies of v and by use of Bernstein’s inequalties and of a Fourier multiplier of order —1, we get

(148) U(t) < C (lullzz + g, ) -

In order to handle the energy of the velocity field, one takes the L? scalar product between (10) and
w and performing standard computations (recall also (25) and the following arguments), getting

t
@l < € (ol + [ v (0o Va) 7).
0
Therefore, due to Inequalities (145) and (147), it follows that

(149) @l < € (Juollzz + [ (RIS + ) + ) ).

Now, applying Lemma 6.6 with 5 =1 to Equation (137), we find

t t
(g <C <||w03201 +/ V/\AVH+wAbHBO dr) (1+/ (||Vu||Loo + ||v2b||3é“)d7).
’ : 0 fo,1 0 ’
By use of Bony’s paraproduct decomposition (see also Section 4.2 of [14] for the first inequality)
IVAARlge . S IVellpe  IVTTg0 |
bl S Nellpe, 8B -

Hence, by virtue of [|w||go ) < U and Inequality (144), we immediately gather

t t
(150)  Jw®llgo  <C (Uo + / (RIVIp , +US') dT) (1 + / IV e dr + s) .
’ 0 oot 0
It remains to deal with the pressure term. First of all, we have

(151) IVI|lgo | < [IV7lige , + 10:Vallgy | < V7l , + 10wellpr, -

Thanks to equation (7),, and by use of Proposition 3.10, we get
lorellsr, < lu-Vells, + |sVelpe  SUS + 5.

Let us now focus on [|[Vr||go . Actually, we will bound the Bl | norm, as it’s not clear for us how to
get advantage of the weaker norm in (150). The analysis is mostly the same performed in the previous
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subsection for the general case: so we cut low and high frequency, and we are reconducted to consider
|V7|[z2 and [[Am|[go . Finally, as § > 1, we have

197l , < € (1+B) (Ve + div (v Va)lse | + [0ls1 )
with the controls (by what we established in the case of higher dimension)
Ihllgr  SA+R)US + (1+R)RS

and, as div (u - Vu) = 37, 2T, b,uiOu! + 0;R(u',8;u”) (thanks to the divergence-free condition over u)
and analogous for div (Vb - Vu),

Idiv (v Vu)|go | S U* +US".

On the other hand, observing that ||hl/zz < ||div (v ® Va) ||z and using Inequalities (145), (146) and
(147), one has also

IVl e S 1Bllze + llv- Vulle € R(IVplZ: + lullfz) + 8"+ U(IVollzz + fJullz2).

Let us define
X(t) = U@) + u@®)llez = llu®)lr2npr -

So we get
(152) IVallp < C (1+R?) (||vp||iz +S+ X2+ XS’)

and, by (151), the same holds true also for [[VII|zo .
Therefore, Estimate (150) for the vorticity becomes (denoting Xo = X (0))

t t

lw)p < C <1 +S+/ Xd7> (XO +/ (1 +R§+3)<R||Vp||iz + RS + RX* + XS’>d7>.
’ 0 0

It’s now time to insert the above estimate and (149) into (148). Keeping in mind that, in [0, Tg],

(153) R(t) + S(t) < C Ry exp (c/tu +X(T))d7> ,

we finally find
(154)

t t
X(#) sc(1+s+/ XdT) <X0+Ro(1+RS+3)€Cf°(1+X)/ IVpl72 +
0 0

I

t t
+ Ro(1+ RJT)eC o+ 4 Ry(1 +Rg+3)ecfa(1+x)/ X2+ (1 +R3+3)ecfo<1+x>/ XS dT>.
0 0

I

F3 F4

We define T'x as the following quantity (with T';, ¢ = 1,--- ;4 defined as above)
Ty o= sup{tT3(0) < flool3a, Ta(t) <1 Ty(t), Talt) < 1+ [0l + Xo 1

Then, noticing S < T's, one easily arrives at the following bound for X (¢) with ¢ in [0,Tr] N[0, Tx] (with
some positive constant still denoted by C)

X(0) < 0+ ol + %o) (1+ [ xoir)
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Hence, set T'g := C(1 + |00 + Xo), then by Gronwall’s lemma we get
(155) X(t) < Tgelot,

and the norm of the solution can be controlled by the norm of the initial data only.

Our next task, in order to complete the argument, is then to prove that T, defined by (29) with
M = 6 + 4 and small enough constant E, is smaller than both T and Tx. First of all, thanks to (155),
for t € [0,Tx] N[0, Tr], we have

t t t
/ X < elot, / X2 < %eQFot, / (14 X) < 2eMt, eC Jo (14X) < e2ceF0t7 R+S< CROezceFOt.
0 0 0
With the above bounds in hand, one just has to show
T
F1(T) < ||Q0||%2, FQ(T) < 1, Fg(T), F4(T) < 1+ ||Q0||2L2 +X0 and / R3 < 2R0.
0

We will check the above bounds one by one.
By use of the energy equality (24) for the density, it’s then easy to see that I'y(T") < [|gol|2., with T
defined by (29). It is also easy to find that I's(T) < 1. Now noticing that (o < e7)

¢ I T .
Ts(t) < Ro(1 4+ RYT3)e2C™ 7062F0t < 70 Ro(1 + R+3)e30e™™"

we hence have I's(T) <1+ |loo||2> + Xo. Similarly, since one has
t
F4(t) < (1 + Rg+3)e2CeF0‘FO€Fot/ S’ < Fo(]. + Rg+3)QSCeF0‘CRO’
0
thus T4(t) <1+ |loo||22 + Xo. Finally, it’s not hard to check that
T ooT
/ R3 < C3R3e59¢ " < 2R,,.
0
This completes the proof of the theorem.

6.4 The case when the density is near 1

Let us give here a sketch of the proof to Theorem 2.12. In fact, we will establish only a priori estimates,
the rest of the proof to existence and uniqueness being similar to that of Theorem 2.1.

So, recall that p € (1,400) and [[eo[|ps, < ¢, where ¢ is a small positive constant. Moreover we will
use the convention that r = 1if s =1+ d/p.

We first focus on the density equation (7);. We start from inequality (52), in which we use also the
second relation of (54) to bound the first commutator term.
We apply instead (46) to control the second commutator term: with o0 = s, 0 =n=1/2 and ¢ = 1/2,

it entails .
2 [ 1%

Putting all these relations together, we get

t
1
2
Cir < [ Vel lelsg, dr + 5 el

t
Bs €D <Ct + C/o IVl go-s + ClIVall3 dT> ,

lellze sy + lellzy sy < € lleol

for constant C' depending only on indices d, s, p,r and on p, p*.
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Now, if we take T' €]0, Tp] small enough, such that, for instance,

t
(156) exp (Ct—i— C/ |Vl gs-1 + C|| Vol = dT) < log2,
0 P

then the previous inequality becomes
(157) lollzes; ) + llellz syt < 2Ce¢.

Let us now consider Equations (7), and (7), for the velocity field and the pressure term. Going along
the lines of the proof to Proposition 4.6, we can see that (62) and (63) still hold true, with the transport
velocity w being u + Vb.

Here we handle V7 as done in the previous section, that is, we make use of (120). Firstly, notice that
the equation for 7 can be rewritten as

(158) Ar = div (h — (u+Vb)-Vu + 9%) :
P
which (formally) implies
Vr = V(—A)"Ldiv (—h + (u+Vb) - Vu — iw) .

Hence, by Calderon-Zygmund theory and (120) we infer (with w = u + V)

i 9 0 %
(159)  |V7llzr g y < C{Ihlg1ps )+ 10w’ 0ju' |71 ps-1y + 1w VulLazey + ||= V7
t( p,r) t( p,r) t( P, ) p

Z%(Bg,,y)> .

The term ||8iwj8jui||z1(357v1) can be controlled as done in (68). For [|w - Vu| 11(1») we notice that

t t
lw - Vul[Ly (e S/O [w] e [V Lo S/O (IVullzee + VOl e )l|ul 5; .-

Finally, we have

HQ Vr
L(Bj,.)

p

< Cllelzesy ) IV7llzis; ) -

Therefore, putting all these inequalities together into (159) and using (157), we finally arrive, for ¢
small enough, at the following relation: for all ¢ € [0, 7],

t
(160) 19775, ) < € (uh@w;r) + [ Il + |Vp|B;,r>||uB;,rdT) |

Now, the analysis of the nonlinear term i can be performed as before, and, up to taking a smaller T’
than the one defined in (156), this allows us to close the estimates on some suitable time interval [0, T,
for sufficiently small c.

A  Appendix

First of all, let us recall an easy version of Young inequality: for all § €]0,1[, all ¢ > 0 and all real
numbers a, b > 0, we have

(1) ab < 0100 41/0 L (1 _g) ¢ pl/0-0)

It is the main ingredient to the proof of Lemmas 4.2 and 4.3.
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Proof of Lemma 4.2. We decompose the commutator by use of Bony’s paraproduct:

(2) [0, Aj]VY = Ri(e,%) + Ri(p,%) + Ri(p,%) + Rj(p,¥) + R (p, ),
where, setting @ = (Id — A_1)p, we have defined

Rj(p,v) = [T50;]VY

Ri(p,0) = Th,wu® = Y Skralj VAL

k

Ri(p, ) = —AjToy@

Ri(p.¥) = —AjR(3,VY)

Ri(p.y) = [Aoip, 0] VY.

Let us point out here that, in the following, in general we will derive two types of estimates for each term,
corresponding to (44) and (46) respectively. For simplicity, in proving (46) we will consider only the case
0 = n; the general result follows from easy changes in the proof.

In the following, for the notational simplicity, 0, will always refer to one of the partial derivatives 0,,,
l=1,---,d. Let us first consider the term

t
(2 [ ori], ar)
0 J

)

R ::‘

eT

where one finds already

Ri(p, v Z/Rdw(/ (2)z - VS,_16(z —27722) A, V1/)(:r23)d)\>dz.

v~g

As it is supported in a ball of radius 27, the derivative 0, gives (by Bernstein’s inequalities) a factor 27.

Hence we get
1/r

t r
RS (3 (2 [ 1988l 18,900, ) ]
Jj=—1

we can decompose the terms in the integral in the following way:

. N o N P -
297 |VSj-18ll oo 185Vl e S 2970 IVSjo18l e 18590117, 2707072 (1 2911,7

~

Now, we apply Young inequality (1) to separate the two factors; therefore, using Minkowski inequality
for the first term, we get, for some constant C:

6
(3) R! (1 e)/e / IVl L2 1l g, dr + (1= 6) &1l 7y mga, -

Let us now handle

t
2 [ o, dr
0

722 —

/ S 10082 VAl 1 1A, F s dr

n>j5j—2

o

2 [ X 10Vl 10800 dr

n>j—2 or
One notices that, since y > j — 2, we have

100542 VAPl L [[Au@llLe S 2 VAPl [Au@liLe S NVA; Y| [[VALP Lo
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Hence

RQ

A

/ S VA6 [VAF] e dr
0

p>j—2 or

N | IVl Y 29717207 VAL G| 1o dr

p>j—2 or

On one side, we just do exactly as above (the way to obtain (3) ): if ¢ > 0, then we have
1/6 -
() R < o / IV IVl pys dr 4+ (1= 0) [Vl ey -

On the other side, by the relationship 27j%“Ajf||Loo S 1A fllLe and Young’s inequality, we further
derive

t
R2 < / 2J(g+1_%)||Aj1/1||L°° Z oli—1) g (2”%‘|VAu$||Lp> dr
0 p>j—2 -
e7
. oN\d (o d ~
S DRk PN [ szHVAWHLp e
p>j—2 ' © e
< Z 2= “)Pc ||V<PH~* B% ) 2! O+ (1=0)02)| A wHL"‘J(LP) [AY w”Ll )|l > (cj); € 7
pn>j—2 p.ee o
< C9¢ 1
©G) = gy IVell? [Pl gee gy + (L =0)elldllz1po2)

1 d
L (Bf.o)

Moreover, since

we can immediately see that (4) holds also for R3. In order to get the form like (5), we consider the two
cases 0 < % and o > % separately. Here we notice that if o = % and r = 1, then taking the integral in

t
2 [ o, dr
0

< |2+ / S 11Vl 183
Z’r‘

g or

time and the ¢" norm can commutate and hence the classical result for commutators (see Chapter 2 of
[4]) gives this lemma. Now if o; < 14 %, 1=1,2, then

)

R%‘
gr

t
| (@D, mavele) (2070 DSl 2 401A, 5

which gives (5) for R3. On the other hand, o; > 1+ %, i =1,2, then as above

t
RO | [ 19vllm (210 4018510)

é'r‘
Co ,
< o 199y L I90lirwm) + (=02 190l
Co s
©) < Vel o Wiy + (1= STy g,
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where the last inequality follows by the embeddings L}(L>®) - L} (B;l{lp )« L} (Bg2h).

The same holds true also for

R* ::‘

t
2 [ ok, dr
0

ZT

Let us first sketch the case o > %. We can bound R* in the following way:

t
RUS | [ 190l 32 20790 (2000508, ) ar
0 p>j—2 .

Hence (4) and (6) follow immediately for R*. If o < %, then we consider two cases p < 2 and p > 2

separately, which both give (5). In fact, if p < 2, then p’ > p and we have for o + 1 > —%,

t
j(o+14+%
Res| [ R

o

! j—u) (o < 4 ~ o4 _d
< /O Z 2(J ) (e+1+5) (2“(Z+1)||Aj80||LP) (214( +2 p)”AukuLP’) 7

n>j—3 o

which gives (5). Otherwise if p > 2, then we have for o + 1 > —%,

t
o 4
R4 < H/O 9i( +1+p)||R3¥||Lp/2

ZT‘

t
< / Z 2(j*#)(a+1+%) <2H(%+1)||Aj85”mﬂ) (QMOHAuvqﬁHLP) ’
0

n>j—3 o
which yields (5) also.
Finally, last term
S N
0 Ir
can be handled as R, leading us to the same estimate as (3) and so to the end of the proof. O

Proof of Lemma 4.3. We have to estimate

1/r

t I
oo, = | 5 (27 [ 18700 ar)
- i>—1 0

Using Bony’s paraproduct decomposition, we can write
(7 Aj(f9) = AjTrg + ATy f + AjR(f9).

Let us consider the first term in the right-hand side of the previous relation. Due to spectral local-
ization, we infer that there exists a positive integer ¢y such that, for all j,

ATrg = Y Aj(SerfAug) = 1A Tygll, < Cliflle 18,9l ,

[v—7l<to

55



F. FANELLI and X. LIAO

for a constant C' which depends only on ¢y. Now we integrate in time, we apply Young’s inequality (1)
and we pass to the /" norm: using also Minkowski’s inequality we gather

1/6
171 9z 0m5 ) < o / 1FIE2 gl gy, dr + Coe (1= 6) llgllzy g

o)

The term A;Ty f can be treated in the same way, and this leads us to an analogous estimate, in which
however the roles of f and g are reversed.

Let us now consider the remainder term. Thanks again to spectral localization, we have, for some
positive integer jy independent of j,

NR(fg) = Y D Aj(ALf Avg)
v>j—g0 |p—v|<1
Therefore it follows that
r\ 1/7

IRz, < | | X 20772 [ 18l I8vgoodn

j=>—1 \v=j—10

Now we apply (1) to the product in the integral and Young’s inequality for convolutions: we finally arrive
to

1/6
IR z2mg ) < o / LI gl ey dr + Cae (1) lgllzymea,

and this completes the proof of the lemma.

Let us point out also that Remark 4.4 easily follows slightly modifying the previous proof. O
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