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GEVREY ANALYTICITY AND DECAY FOR THE COMPRESSIBLE
NAVIER-STOKES SYSTEM WITH CAPILLARITY

FREDERIC CHARVE, RAPHAEL DANCHIN, AND JIANG XU

ABSTRACT. We are concerned with an isothermal model of viscous and capillary
compressible fluids derived by J. E. Dunn and J. Serrin (1985), which can be used as
a phase transition model. Compared with the classical compressible Navier-Stokes
equations, there is a smoothing effect on the density that comes from the capillary
terms. First, we prove that the global solutions with critical regularity that have
been constructed in [11] by the second author and B. Desjardins (2001), are Gevrey
analytic. Second, we extend that result to a more general critical L? framework. As
a consequence, we obtain algebraic time-decay estimates in critical Besov spaces (and
even exponential decay for the high frequencies) for any derivatives of the solution.

Our approach is partly inspired by the work of Bae, Biswas & Tadmor [2] dedicated
to the classical incompressible Navier-Stokes equations, and requires our establishing
new bilinear estimates (of independent interest) involving the Gevrey regularity for
the product or composition of functions.

To the best of our knowledge, this is the first work pointing out Gevrey analyticity
for a model of compressible fluids.

1. INTRODUCTION

When considering a two-phases liquid mixture, it is generally assumed, as a conse-
quence of the Young-Laplace theory, that the phases are separated by a hypersurface
and that the jump in the pressure across the hypersurface is proportional to the cur-
vature.

In the most common description — the Sharp Interface SI model — the interface
between phases corresponds to a discontinuity in the state space. In contrast, in the
Diffuse Interface DI model, the change of phase corresponds to a fast but regular
transition zone for the density and velocity.

The DI approach has become popular lately as its mathematical and numerical study
only requires one set of equations to be solved in a single spatial domain (typically, with
a Van der Waals pressure, the phase changes are read through the density values). In
contrast, with the SI model one has to solve one system per phase coupled with a
free-boundary problem, since the location of the interface is unknown (see e.g. [9, 23]
for more details about the modelling of phase transitions).

The DI model we here aim at considering originates from the works of Van der
Waals and, later, Korteweg more than one century ago. The basic idea is to add to the
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2 FREDERIC CHARVE, RAPHAEL DANCHIN, AND JIANG XU

classical compressible fluids equations a capillary term, that penalizes high variations
of the density. In that way, one selects only physically relevant solutions, that is the
ones with density corresponding to either a gas or a liquid, and such that the length
of the phase interfaces is minimal. Indeed, if capillary is absent then one can find
an infinite number of mathematical solutions (most of them being physically wrong
although mathematically correct). The full derivation of the corresponding equations
that we shall name the compressible Navier-Stokes-Korteweg system is due to Dunn
and Serrin in [13]. It reads as follows:

{ Ao+ div (ou) =0,

1.1
(1) O(ou) + div(ou @ u) — Au+ VII = divk

where IT £ P(p) is the pressure function, Au = div (2u(p)D(u)) + V(A(p)divu) is the
diffusion operator, D(u) = %(Vu +! Vu) is the symmetric gradient, and the capillarity
tensor is given by

K £ odiv(r(0)Vo)Iga + %(ﬂ(@)—@ff’(@))\V@\Q Iga — K(0)Vo® Vo.

The density-dependent capillarity function x is assumed to be positive. Note that for
smooth enough density and , we have (see [4])

(1.2) divk = oV (FG(Q)AQ + %H/(Q)WQF)'

The coefficients A = A(p) and p = p(p) designate the bulk and shear viscosities, re-
spectively, and are assumed to satisfy in the neighborhood of some reference constant
density o0 > 0 the conditions

(1.3) pw>0 and v=X+2u>0.

Throughout the paper, we shall assume that the functions A, u, x and P, are real
analytic in a neighborhood of p. Note that this includes the interesting particular case
k(p) = % that corresponds to the so-called quantum fluids. The reader may for instance

refer to the recent paper by B. Haspot in [18] where this case is considered under the
‘shallow water’ assumption for the viscosity coefficients: (u(p), A(p)) = ( p,0).

System (1.1) is supplemented with initial data
(14) (Qau)|t=0 = (Q07u0)7

and we investigate strong solutions in the whole space R? with d > 2, going to a
constant equilibrium (g, 0) with g > 0, at infinity.

The starting point of our paper is the global existence result for System (1.1) in
so-called critical Besov spaces that has been established by the second author and B.
Desjardins in [11]. Before stating the result, let us introduce the following functional
space:

E= {(a U)‘a € Co(Ry; By N BIY) N LM Ry By 0 BIET?);
we Gy By N L Ry BITTH |

the reader being referred to the appendix for the definition of the Besov spaces coming
into play in E.
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The following result has been established in [11]!:

Theorem 1.1. Let g > 0 be such that P'(g) > 0. Suppose that the initial density

, X 2d-1 o : NS S|
fluctuation oo — @ belongs to B3y N B3, and that the initial velocity ug is in By, .
There exists a constant n > 0 depending only on k, p, v, o, P'(0) and d, such that, if

oo = 2,

T HUOHB%—l <n,

.d_
2
1MBg 2,1

then System (1.1) supplemented with (1.4) has a unique global solution (o,u) such that

Our first result states that the solutions constructed in Theorem 1.1 are, in fact,
Gevrey analytic.

Theorem 1.2. Let the data (po,up) satisfy the conditions of Theorem 1.1 for some
0 > 0 such that P'(9) > 0, and that the functions k, A\, p and P are analytic. There
exist two positive constants cg and 1 only depending on those functions and on d such
that if we set

F= {U c E‘e@AlU c E}

where Ay stands for the Fourier multiplier with symbol® |¢|; = Z?:l |&i|, then for any
data (00, up) satisfying

<17

1 b

(1.5) lloo—all g .41+ lluoll

d d
2 2
21115301 2,

1
System (1.1)-(1.4) admits a unique solution (o,u) with (o — o,u) € F.

As a by-product, we shall obtain time-decay estimates in the critical Besov spaces,
for any derivative of the solution (see Theorem 3.2 below).

The rest of the paper unfolds as follows. The next section is devoted to proving
Theorem 1.2. Then, in Section 3, we extend the statement to the critical LP Besov
framework. First, we establish a result in the same spirit as Theorem 1.1, but in a more
general functional framework, then we prove that the solutions constructed therein are
also Gevrey analytic (see Theorem 3.1) and fulfill decay estimates (see Theorem 3.2).

Before going into the heart of the matter, let us specify some notations. Throughout
the paper, C stands for a positive harmless “constant”, the meaning of which is clear
from the context. Similarly, f < g means that f < Cg and f = g means that f < g
and g < f. Tt will be also understood that ||(f,g)|lx = ||fllx + |lgllx for all f,g € X.
Finally, when f = (f1,---, fq) with f; € X for i = 1,--- | d, we shall often use, slightly
abusively, the notation f € X instead of f € X9,

1Ac‘cually, only the case of constant capillarity and viscosity coefficients has been considered therein.
The case of smooth coefficients may be treated along the same lines (see also the work by B. Haspot
in [15] concerning the general polytropic case).

2Also for technical reasons, as observed before in [21], it is much more convenient to use the £*(R%)
norm rather than the usual £2(R?) norm associated with A = (—A)/2.
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2. THE L? FRAMEWORK

Proving Theorem 1.2 relies essentially on the classical fixed point theorem in the
space F. To establish that all the conditions are fulfilled however, we need to prove a
couple of a priori estimates for smooth enough solutions. To this end, we first recast
the system into a more user-friendly shape, then establish Gevrey type estimates for
the corresponding linearized system about the constant reference state (g,0), and new
nonlinear estimates.

2.1. Renormalization of System (1.1). Throughout the paper, it is convenient to
fix some reference viscosity coefficients A and 7z, pressure p and capillarity coefficient
K, and to rewrite the diffusion, pressure and capillarity terms as follows:

Au = fidiv (2u(p) D(u)) + AV (A(p)divu),
pP'(0)Ve,
divk = %oV (H(Q)AQ + %%’(Q)\VQ\Q),
in such a way that u(g) = A(9) = k(o) = P'(0) = 1.
If we denote 7 = 271 + A, then performing the rescaling:

(2.1) 3(t, ) = ;g(gyp Qf) (t,z) = }u(g”p Qf)

the parameters (g, i, \, P, ) are changed into (1, %, %, 1, E%) We can therefore assume
with no loss of generality that

(2.2) {Q =L v

Then, introducing the density fluctuation a = ¢ — 1, System (1.1) becomes

(2.3) {@a +divu = f,

Ou — Au+ Va — EVAa = g,

5
with f = —div(au), and g = Zgj, where

j=1

A = udiv (2D(u)) + AV (div u) = nAu+ (7 + M) Vdivu,

g1 = —u-Vu,
2.4 g = (1 I(a)) (2,ud1v( (a)Du) + AV (Ma )divu)),

—1I(a)Au,
91 =J(a)- Va,
(95 =RV (F(a)Aa+ 3VE(a) - Va),

and

(2.5) {‘7(“) —p(l+a) =1, Ma)=A1+a)—1, #&a)=r(l+a)—1,

I(a) = J(a) =1 — Zta),

_a
1+a’ 1+a

Let us underline that all those functions are analytic near zero, and vanish at zero.
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2.2. The linearized system. The present subsection is devoted to exhibiting the
smoothing properties of (2.3), assuming that f and g are given. In contrast with the
linearized equations for the classical compressible Navier-Stokes system, we shall see
that here both the density and the velocity are smoothed out instantaneously. The
key to that remarkable property is given by the following lemma where, as in all this
subsection, we denote by z the Fourier transform with respect to the space variable of
the function 2 € C(R;; S(RY)).

Lemma 2.1. There exist two positive constants co and C' depending only on (R, i) and
R, respectively, such that the following inequality holds for all € € R% and t > 0:

t o~ o~
(@ l€la @)k, )| < c(e—coﬂgwa, 0,000+ [ e T R 90 dT)-

Proof. It is mainly a matter of adapting to System (2.3) the energy argument of Go-
dunov [14] for partially dissipative first-order symmetric systems (further developed by
Kawashima in e.g. [20]).

Note that taking advantage of the Duhamel formula reduces the proof to the case
where f = 0 and g = 0. Now, applying to the second equation of (2.3) the Leray
projector on divergence free vector fields yields

(2.6) OPu — iAPu = 0,
from which we readily get, after taking the (space) Fourier transform,
(2.7) [Pu(t)] < e T |Pu(0)].

In order to prove the desired inequality for a and the gradient part of the velocity,
it is convenient to introduce the function v £ A~'divu (with ASz £ F~1 (|¢]* Fz) for
s € R) . Then, we discover that (a,v) satisfies (recall that 2 + A = 1)

Ora + Av =0,
(2.8) _
O — Av — Aa — RA3a = 0.

Hence, taking the Fourier transform of both sides of (2.8) gives

{ 4a+|¢v=0,

2.9
Y 45 + (€125 — [€](1 + Rl¢[2)a = 0.

Multiplying the first equation in (2.9) by the conjugate a of @, and the second one by
v, we get

1d
2 dt

and, because Re(dv) = Re(av),

(2.10) |af® + |€|Re(@0) = 0

1d, . - _ =
(2.11) 5%\?1!2 + €20 — [¢](1 + Rl¢[*)Re(@D) = 0.
Multiplying (2.10) by (1 + %[£|?), and adding up to (2.11) yields
1d _ ~ ~ ~
(2.12) 5@((1+%|§|2)|a|2+ [9%) + [¢[*[o]* = 0.
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In order to track the dissipation arising for a, let us multiply the first and second
equations of (2.9) by —|{[v and —|¢|a, respectively. Adding them, we get:

d A~ P —_ ~ ~
(2.13) = (—[¢[Re(@®)) — [€]°Re(av) + [€]*(1 + ®I¢[*)[al* — €*[o]* = .
Adding to this |¢|?(2.10) yields
Ld
2dt
Therefore, by multiplying (2.14) by a small enough constant S > 0 (to be determined
later) and adding it to (2.12), we get

1d
2 dt

(2.14) (I€l*[a® — 2l¢[Re(@o)) + [€*(1 + wl[*)[al® — [¢*[o]* = 0.

£ (6) + BIEP (L +RIER)G + (1 B)IEP ol =0,
with £3(t) 2 (1+RIgP)al + [0 + B(€al* — 20¢Re(@?)).

Choosing 8 = § we have £|2§‘ ~ |(@, |¢]a,)|? and using the Cauchy-Schwarz inequal-
ity, we deduce that there exists a positive constant c; such that on R, we have

d 2 2 p2

which leads, after time integration, to®

(2.15) (@, |[a, D)(t)] < Ce= €)@, |¢[a, 5)(0)].
Putting together with (2.7) completes the proof of the lemma in the case f = 0 and
g = 0. The general case readily stems from Duhamel formula. O

We shall also need the following two results that have been proved in [2].

Lemma 2.2. The kernel of operator My = e WVImTHT—VIA with 0 < 7 < t s
integrable, and has a L' norm that may be bounded independently of T and t.

Lemma 2.3. The operator My := 398 +VaL 4 o Fourier multiplier which maps bound-
edly LP to LP for all 1 < p < co. Furthermore, its operator norm is uniformly bounded
with respect to a > 0.

Proving the Gevrey regularity of our solutions will be based on continuity results for
the family (B;)¢>0 of bilinear operators defined by

Bi(f.9)(x) = (eVoor (emVathi f . c=Vatlg)) ()

- 5 1)2d / / (&) Vel —l€Eh—1nl0) F()G () de dn.
27 Rd JRdA

Following [2] and [22], we introduce the following operators acting on functions depend-
ing on one real variable:

Kif 2o [ ma Kars o [ e as

27 J_ o

and define L, 1 and L, 1 as follows:

Loaf 1 and Loaf 2o [ e f(g) g,

R

max( % JR+1)

min ( % JR)

3If one tracks the constants then we get ¢; = 1min(1,K) and C =
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Fort >0, a = (1,09, -+, aq) and 8 = (B1, B2, - -, Ba) € {—1, 1}d, we set
Ztop = K L et onss @ O Kp, Lyt ayp, and Ko 2 Koy @0 ® K,

Then we see that

(2.16) By(f,9) = > Ko(Zyapf Zt.ang).
(a.Bm)e({-1,1}4)3
Since operators K, and Z;, g are linear combinations of smooth homogeneous of
degree zero Fourier multipliers, they are bounded on LP for any 1 < p < oo (but they
need not be bounded in L' and L>). Furthermore, they commute with all Fourier mul-
tipliers and thus in particular with A; and with the Littlewood-Paley cut-off operators
Aj. We also have the following fundamental result:

Lemma 2.4. For any 1 < p,p1,p2 < oo with % = p% + p%, we have for some constant
C independent of t > 0,

1B:(f,9)lle < Cl fllzer gl L2

2.3. Results of continuity for the paraproduct, remainder and composition.
The aim of this section is to establish the nonlinear estimates involving Besov Gevrey
regularity that will be needed to bound the right-hand side of (2.3). We shall actually
prove more general estimates both because they are of independent interest and since
they will be used in the next section, when we shall generalize the statement of Theorem
1.2 to LP related Besov spaces.

The first part of this subsection will be devoted to product estimates, and will require
our using Bony’s decomposition and to prove new continuity results for the paraproduct
and remainder operators.

Recall that, at the formal level, the product of two tempered distributions f and g
may be decomposed into

(2.17) f9="Trg+Tyf + R(f,9)
With . . . .
Tyg = Zsjflf Ajg and R(f,g) = Z Z AjfAjg.

JET JEL | —jI<1
The above operators T and R are called “paraproduct” and “remainder,” respectively.
The decomposition (2.17) has been first introduced by J.-M. Bony in [5]. The para-
product and remainder operators possess a lot of continuity properties in Besov spaces
(see Chap. 2 in [3]), which motivates their introduction here.

From now on and for notational simplicity, we agree that F(t) = eVelhif for t > ()
(and dependence on t will be often omitted).

Let us start with paraproduct and remainder estimates in the case where all the
Lebesgue indices lie in the range |1, ool.

Proposition 2.1. Let s € R and 1 < p < oo, 1 < p1,pa,r,r1,r2 < 0o with 1/p =
1/p1+1/p2 and 1/r = 1/r1 + 1/re. If 1 < p,p1,p2 < oo, then there exists a constant
C' such that for any f,g and o >0 (or o >0 ifr; = 1),

Vot e < o .
(218) /N Tygl e < NPl e Gl

and for any s1,s9 € R with s; + s9 > 0,
A
(2.19) [V R(E, )l geyoa < CIF g Gl
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In order to prove our main results for the Korteweg system, we will need sometimes
the estimates corresponding to the case ps = p that are contained in the following
statement.

Proposition 2.2. Assume that 1 < p,q < oo and that 1 < r,ry,re fulfill 1/r =
1/r1 + 1/ry. There exists a constant C' such that for any f,g and o > 0 (or ¢ > 0 if
T = 1),

A
(2:20) eV ™M Trgl o < CIFI 4, IG5, .

q,71
and for any si,s9 € R with s; 4+ so > 0,
(221) N R(F.9) ggyres < CIFN |Gl -
q Tl
Proof of Proposition 2.1. By the definition of the paraproduct and of B, we have
(2.22) VoM g = N "W, with W £ Bi($51F, A;G).
JEZ
As no Lebesgue index reaches the endpoints, thanks to Lemma 2.4, we obtain

IWillze S 1Sj=1F ||zo | A G| Lo

S (D2 1AFFlln )I1AGlizm.
J'<i—2
Therefore, it holds that
2j(S_U)HWjHLP < 2j8||AjG||Lp2 Z 20(j’_j)2—aj/||Aj/FHLp1.
J'<i—2
As o > 0, Holder and Young inequalities for series enable us to obtain
J(5=9) ||\ W ) < - .

(2=1Wilze) S IF gy, IG5,

and one may conclude to (2.18) by using Proposition A.1.
In the case o = 0, one just has to use the fact that

191 F|ler S [ Fller SN F || g0

P1,1.
Let us now turn to the remainder: we have for all k € Z,
AreV™R(f.g)= > > ABU(AFAG).
J2k=21]j—j'I<1
Taking the LP norm with respect to the spatial variable, we deduce by Lemma 2.4 that
1AV R(F ) S Y. > 1A F oo |A; Gl
J2k=21j—j5'|<1

Then everything now works as for estimating classical Besov norms:
(2:23) 2Hr52) | AgeV N R £, )1

S S S ot gin | AR 1 207792252 | A G e,
JZk 21j—35'I1<1

and Young’s and Holder inequalities for series allow to get (2.19) as s1 + s2 > 0. O



COMPRESSIBLE NAVIER-STOKES-KORTEWEG SYSTEM 9

Proof of Proposition 2.2. We argue as in the previous proof, except that one interme-
diate step is needed for bounding the general term of the paraproduct or remainder.
The key point of course is to bound in L” the general term of B; in (2.16), while the
Lebesgue exponents do not fulfill the conditions of Lemma 2.4.

As an example, let us prove Inequality (2.20) for o = 0. We write, combining Holder
and Bernstein inequality (A.7), and the properties of continuity of operators K, and
Zt,a,,6’7

1Ka(Zta,pSj1F - Z1apAiG) e S 1 ZtapSi1F - Ztas0i Gl e

~

S D 181 ZrasF il Za DGl o
71<i—2

v d . .
S Y 298y ZasF | 1all Zeo s A5Gl o
J'<j—2
v d . .
S > 2 A F | A Gl

J'<i—2

From this, we get

2| Willze < IE g 27°||A;Gl| o

ql

We then obtain (2.20) for o = 0 thanks to Proposition A.1. O

Combining the above propositions with functional embeddings and Bony’s decom-
position, one may deduce the following Gevrey product estimates in Besov spaces that
will be of extensive use in what follows:

Proposition 2.3. Let 1 < p < o0, 81,82 < d/p with s1 + s2 > dmax(0,—1 + 2/p).
There exists a constant C such that the following estimate holds true:

(2.24) levVeot(fg)l|

.31+527§
p,1

g < CF g Gl g

Proof. In light of decomposition (2.17), we have
(2.25) eVOrM (fg) = eVOlhiTyg 4 eVt £ 4 eVOlMiR(f, g).

Then (2.20) and standard embedding imply that

L ] L el o
pl

Jeveotar, fH arag SIGI aip g IFllg,-
By p1

It is easy to deal with the remainder if p > 2: thanks to embeddings and (2.19), we
have

eV R(f, g)| VathiR(f,9)ll 5

et Sl e S 1Glsz -
P

p,1
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+d(5-—1)

If 1 < p < 2, then we use instead that BZo,l ko
Inequality (2.19) thus implies that

A A
He\/CTt 'R(f, 9)|l R < ”e\/cTt "R(f,9)ll Js1+sp—2d+ L

p,1 po,1

— B;:l for all 1 < pg < p, and

SIFI s g 1G] 5
p2,1
S HFIIBSII%%H%%)HGHB;?l = 1El g2 1G22,
p,
whenever 1/p + 1/ps = 1/pg, and ps > p. Since p < 2, it is clear that those two
conditions may be satisfied if taking py close enough to 1. O

d . d
Remark 2.1. Proposition 2.3 ensures that the space {f € BJ, eVihif ¢ B;l} is an
algebra whenever 1 < p < oo.

The previous estimates can be adapted to the Chemin-Lerner’s spaces Z}%(Bgr) For
example, we have the following result.

Proposition 2.4. Let 1 < p < o0 and 1 < q,q1,q2 < 0o such that % = q% + q%- If
01,02 < d/p and o1+ o2 > dmax(0, —1+2/p) then there exists a constant C > 0 such
that for all T > 0,

(2-26) He\/@Al(fg)HEqT(Bgyl) < CHFHE‘ITI(B;ll)HGHqu(B;i)'

In order to prove Theorem 1.2, we need not only bilinear estimates involving Gevrey-
Besov regularity, but also composition estimates by real analytic functions.

Lemma 2.5. Let F' be a real analytic function in a neighborhood of 0, such that

F(0)=0. Let 1 < p < 0o and —min(%,ﬁ) <s< % with 1% =1- %' There exist two
constants Ry and D depending only on p, d and F' such that if for some T’ > 0,

(2.27) [eVeorhiz| 4 <Ry
LE(BY 1)
then we have

(2.28) leVe™ F(2) ) < DljeVethiz|

IZee 32 ® (B,

Remark 2.2. For proving our main results, we shall use the above lemma with s = %

or s = % — 1. Note that the former case requires that d > 2 and 1 < p < 2d.

Proof. Let us write

F(z) = Z anz"
n=1

and denote by Rp > 0 the convergence radius of the series. For all ¢ > 0 (as usual
Z = eVoothi z) we have

+o0 +o00
(2.29) eVolhip(z) = Z apeVoothizn — Z apeV Ot (= Vet zyn.

n=1 n=1
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which implies from (2.26), by induction and thanks to the condition on s, that

+o0o n—
”emAlF(Z)HZoTo(le) < CZ |an| <CH€\/007A12||~ d ) ||e\/$A1ZHLOO(BS )

Lo (Byy)
VeotAy Veothr . |
(C”e ZH Bp% )He Z”LOTO(B;J)’
where we define F(2) = S/ |a,|2" 1. So when [leVeothiz|| 4, < % £ Ry we
_ LF(By)
have (2.28) with D = SUP_¢ 50, A |F'(2)]. O

Let us end this section with a variant of the previous result:

Lemma 2.6. Let F' be a real analytic function in a neighborhood of 0. Let 1 < p < o0
and — mln(d d) <s<d > - There exist two constants Ry and D depending only on p,
d and F such that if for some T > 0,

(2.30) max ||Vt z; \|~ 4 <Ry,
i=1,2 T (B;Zl)
then we have
(2.31) leVEo ™ (F(z2) = F(0) ey, < DlleV™™ (2 = 20l i,

Proof. With the same notations as before, Proposition 2.4 with (o1, 02) = (s, %) yields:

+oo
VeotAq _ _ . < VeotA1 [ on Y AN .
||€ (F(ZQ) F(Zl))HL%o(B;’l) = Zl|an”|e (z2 ZI)HL%O(B;J)
n—=

+00
<3 laal V%™ (22 = 2) 0 A7 ey
n=1 k=0 "

3
—

< O3 eV 22— )z s Zne“m( ]|

i Bp@l)
By induction, we get (using n < 2"~1)

V™ (F2) = F(20) zgp ?

n—1
<CleVert(z 2|7z (s, ZI%\ZC” Heveorhizy II'“ g fleveortiz|nmik
n=1 B;?,l) LOO(B )
I n—1
SCHG\/C(TtAl(zQ - ZI)HZ%O(BS Z |an|(20max||emAlz H~ .4 ))
n=1 p,1

SOV (23 = 1) lgge 5y ) F (20 mag eV 2]
T p,1

).

We conclude as before. O

d
L$(B)))
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2.4. The proof of Theorem 1.2. One can now come back to the proof of Theorem
1.2. Recall the following estimate that has been shown in [11].

Lemma 2.7. Let (a,u) be a solution in E of System (2.3). There exists a constant
Ry > 0 such that if
lall .4 < Ro
L>=(B3))
then one has the following a priori estimate:
(2.32) (@, )z S llaoll g g + lluoll g, + (1 +l(a, W)l e) (@, w)E.

. d
2
2,1 2,1 2,1

We want to generalize it in the Gevrey regularity setting, getting the following result:

Lemma 2.8. Let (a,u) be the global solution constructed in Theorem 1.1. Denote
AL evVelhig gnd U £ eVoolliy where ¢ is the constant of Lemma 2.1. There exists a
constant Rg > 0 such that if

(2.33) IAl. 4 <R,
LOO(BQ%l)
then we have
< 2
@3 NADl S ol gy o+ ol g0+ (14D DIE:

Proof. Apply A, to (2.6)-(2.8) and repeat the procedure leading to Lemma 2.1. Mul-
tiplying by the factor eVeollh we end up with

—_— —

((AgA, AGVA, AUt €)| < c(e\@lf he=0l€Pt (A ag, AgVao, Aquo)|

—

t — —
ool [l &, 1 A, 91 M) (7€) dr):

Taking the L? norm, thanks to the Fourier-Plancherel theorem, we get for all ¢t > 0,

1(AgA, AV A, AU) ()| 2 S [leV/@MMt et ea¢0 (A ag, Ay Vag, Aguo) | 2
t
*/ el VootttV VT TV b0 DM A F AN F, Ay G)(7) | 2dr
0

and thanks to Lemmas 2.2 and 2.3, and to the properties of localization of Aq, we
obtain, denoting ¢; £ %Co,

(2.35) [[(AgA, AgVA, AJU) ()| < C(e‘“”qu(Aqao,AanmAqUo)HLz
t
+ / le= 1 =D2Y A F A VE, A G) ()| 12 d7> :
0

Therefore, multiplying by 24(5=1) and summing on g € Z, we obtain that for all ¢ > 0,
1(A, 0|5, £ (A, VA, U)

I g Tl(A VAU
L (B2, ) L (B3,
< .
< €(ll a0, Vao, )l g, + IP VG, oo )

We are left with estimating the external force terms as in the classical Besov case, but
using the laws suited to Gevrey regularity.
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Regarding F, we have thanks to Proposition 2.3

/HF L 1d7</ eV (au)]| |

d
B3,

dr

1U]]

<0 [ 1Al g 1015 dr <Al g 101, g
0 Bs, B3, B3, Lt(B2,1)

Estimating VF is also based on Proposition 2.3, after using that f = —u-Va—V (adivu).
Then one may write that

/HVF g1d7</ leV®™ (u- Va + adiva)| ¢ dr

d
B,

<c [ o, 4 IVAlLg + 141 g 145901 Jdr
2

7
2 1

<co(|lv A +]4 v
< O(IUN,, 4 1AL, g +1 ||L§O(B§1)H Iyt

One can now turn to g: using Proposition 2.3 with (s1,s2) = (% -1, %l) yields
236) [ 1Tl g dr = [ 1T @G0l g ar < OO

B, L3 (B3,)
Using the same product law together with Lemma 2.5, and under the following condition
that depends on the convergence radii of the analytic functions appearing in g:

2.37 Veothy — min(Ry, Rz, R+, R=, R
( ) ||6 CLHZ(’O(Bdl) C ln( 1y Ly LUy, ) J)7
we get that
t
(2.38) [ eV ™l g ar<clal g UL g
0 Bs1 L (Bs1) (32,1 )
Similarly, we obtain:
¢t
veorh dr <C(1+ A A U
1Tl gt < CO AL AL g IO
39 3 [ 1V TNl g dr <A
21 B221)
Vaorhiy(F(a)A dr < C||A A
[lem™ v Mygordr SOV g 1A e

We have to be careful with the second part of g5: as Lemma 2.5 requires the regularity
index to be less than g, we have to rewrite the term into:

t t
/||eVCOTA1V(V(%(a)).Va)||_d1d7g/ eV (7 (a)Va - Va) | 4 dr
0 B3, 0 B3,

<C+ 4] A2

oo (38 2,2 tl
Lg (B2,1) Lt(Bz,1 )

Putting all the above estimates together, we conclude the proof of Lemma 2.8. O
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Now we are able to complete the proof of Theorem 1.2 by means of the fixed point
theorem. Let W (t) be the semi-group associated to the left-hand side of (2.3). Accord-
ing to the standard Duhamel formula, one has

()= () e (50 )ar s (22) w0 ()

Define the functional ¥ in a neighborhood of zero in the space F' by

ar, “L

flap + a,urp + u)
(2.40) Uarur) / W(t < glar +a up + 1) )dT.
To get the existence part of the theorem, it suffices to show that ¥(,, ,,) has a fixed
point in F. Our procedure is divided into two steps : stability of some closed ball
B(0,7) of F' by W4, .,), then contraction in that ball. As those two properties have
been established for the space E in [11], we shall concentrate on proving suitable bounds
for eWAllll(aL7uL)(a, u).

Step 1: Stability of some ball B(0,r). We prove that the ball B(0,r) of F' is stable
under ¥, ), provided the radius r is small enough. Let a = ay +a and u = uy, + u.
If the data fulfill (1.5), then from Lemmas 2.7, 2.8 and the definition of the space F,
we get

(2.41) leveom™(az, ur)lle < Cllaoll g .4 + luoll .4—1) < .

. d
B34 QBQQI 21
and
(242> ||€WA1‘P(aL,uL)(a7E)HE < CHex/cojAl(fv va g)” 1.°

.d_
Li(B3, )

Assuming that r is so small that:

1
(243) |leVeotial < |[l(a.u)|p < v < 55 min(Ry, Ry, By, Rz, Ry),

. d
LOO(BQ?1

and also that 2Cn < r, we get
(244) 100, 0@ )1 < Cli(ar + @ur + D)3 (1+ (@ +a,ur + @)

9 3
<C(Cn+r)P(1+Cn+r) < 01r2(1 + 57“)-
Finally, choosing (r,7) such that

r < min( min(Rz, Ry RX,Rg,RJ)> and 7 < 26’

8
" 45C" 20
assumption (2.43) is satisfied. Hence, it follows from (2.44) that

\II(aL,uL)(B(Oa T‘)) C B(Oa T)'
Step 2: The contraction property. Let (ai,u1) and (ag,us2) be in B(0,r). Denote a; =
ar +a; and u; = up +4; for i = 1,2. According to (2.40) and Lemmas 2.7, 2.8, we have

(as already explained, we focus on bounds for the Gevrey estimates, the estimates in
E are in [11])

||\I’(aL,uL)(EL2’ fbg) - \IJ(aL,uL)(éla al)HF

= |JevVeor (f(a27u2)_f(a17ul)avf(a%u?)_vf(alaul)ag(a27u2)_g(a17u1)) HLl(B%* :
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where f and g are defined in (2.4). All terms are estimated exactly as in the previous
step except that we use in addition Lemma 2.6. Let us for example give details for
g2 = (1 —1I(a))div(i(a) - Va)) (assume that A = 0 for conciseness):

(2.45) |lga(ag,u2) = ga(ar,w)|| 4, <|[(I(az) = I(a1))div(i(az) - Va)| a4,
LY(B3, ) LY(B2

+1(1 = I(ar))div ((fi(az) — fia1)) Vs + fi(ar) - V(uz — U1))||L i

Following the previous computations (together with Lemma 2.6 for the first and second
terms), we obtain, if r and 1 are small enough,

||\Il(aL,uL)(a27 fbg) - \Ij(aL,uL)(&lv al)”F

< (I, un)lle + Iz, u2)lle ) (14 (e, wn)ll o+ (@, ua) | ) @2 = ar, @ — a)lle
< 4C(r + Cu)(1 + 7+ C)ll(az - ar, iz — )

r..
< @ — a5 — )|
Hence, combining the two steps completes the proof of Theorem 1.2. O

3. THE LP FRAMEWORK

Our aim here is to extend Theorem 1.2 to more general critical Besov spaces. Recall
that for the classical compressible Navier-Stokes equations, the first two authors [6]
and Chen-Miao-Zhang [8] established a global existence result for small data in LP type
critical Besov spaces. The proofs therein are based on the study of the paralinearized
system combined with a Lagrangian change of coordinates. A more elementary method
has been proposed afterward by B. Haspot in [17]. It relies on the introduction of some
suitable effective velocity that, somehow, allows to uncouple the velocity equation from
the mass equation.

In the present section, by combining Haspot’s approach with estimates in the same
spirit as the previous section, we shall not only extend the critical regularity result in
LP spaces to the capillary case, but also obtain Gevrey analytic regularity:

Theorem 3.1. Assume that the functions k, A\, p and P are real analytic and that the
condition P'(9) > 0 is fulfilled. Let p € [2,min(4,2d/(d — 2))] with, additionally, p # 4
if d = 2. There exists an integer kg € N and a real number n > 0 depending only on the
functions k, A\, p and P, and on p and d, such Zhat if one deﬁ;ws the threshold between

.2 Ld_q
low and high frequencies as in (A.11), if ag € B, andug € B, with, besides, (ab, ub)
Ld_
in By, ! satisfy

(3.1) X0 2 [[(a0,w)[’ 4, + llao]"

+ JJuol" u_, <,
B2’1 B Bp

1 p,1

SIS

then (2.3) has a unique global-in-time solution (a,u) in the space X, defined by

A 0.7 551 1 25+ h o & 55 1 55 +2
Xp ={(a,u)|(a,u)" € Co(Ry; B3, )NL (Ry; B3y ),a" € G(Ry; Byy)NL (Ry; By, ),

- 41 1 241
u ECb(R+;Bp’1 )OL (R+;Bp’1 )}

)

Furthermore, there exists a constant ¢y so that (a,u) belongs to the space

Y, & {(a,u) € X,[e¥™ (a,u) € X, }-
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Remark 3.1. In the physical dimensions d = 2,3, Condition (3.1) allows us to consider
the case p > d, and the velocity reqularity exponent d/p — 1 thus becomes negative.
Therefore, our result applies to large highly oscillating initial velocities (see e.g. [6] for
more explanations).

3.1. Global estimates in X, for (2.3). As in Section 2, the proof of Theorem 3.1
is based on the fixed point theorem in complete metric spaces. Another important
ingredient is the following endpoint maximal regularity property of the heat equation
with complex diffusion coefficient.

Lemma 3.1. Let T >0, s € R and 1 < pa,p,r < o0. Let u satisfy
{ o — BAu = F,

(3.2) uli=0 = uo (),

where 8 € C is a constant parameter with Re 8 > 0. Then, there exists a constant C
depending only on d and such that for all p1 € [p2, 0], one has

L
(33)  (Ref) vz <C(luollgy, +ReB)m AL ana )
o) Ly (B )

1
il

LT (BP b,
Proof. We claim that there exists some absolute constants ¢ and C' such that
(3.4) 1A 22| o < CemRPZ7 Az, >0, jEZ.

Indeed, using a suitable rescaling, it suffices to prove (3.4) for j = 0. Now, if we fix
some smooth function ¢ compactly supported away from 0 and with value 1 on ¢, then
we may write

PP Agz = F1 (cﬁe_ﬁﬂ"onz)

= 9gpt *Agz  with gp(z) & (2w)d/eim'§@(§)eﬁt£|2d§'
Then, integrating by parts, we discover that for all € R?, we have
- i ~ _ 2
gpe(x) = (1+ [2f*) d/Rd"’ £(1d — ¢! (B(§)e 1) de.

Expanding the last term and using the fact that integration may be performed on some
annulus, we get for some positive constants ¢, C' and C’,

lgaellr < CINA+ |- 1)) gpellpe < Cle™MReP,

Then, using the convolution inequality L' « L? — LP yields (3.4). From it, we get
1 . t ] .
33 18l < O = il + [ RSP IA; ) dr ).

Then, (3.3) follows from exactly the same calculations as in [3]. O

Combining Lemma 3.1 with the low frequency estimates of the previous section and
introducing some suitable effective velocity will enable us to get the following result.

Lemma 3.2. There exists some constant C such that for all t > 0,

(3.6) Xp(t) < C(Xpo + X (1) + X)(1)),
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where
V4
37 %M =l 4, +lau)l 4,
s 2,1 Li( 2,1 )
h h
+ flall” 4 a, Hlul? a4 dg -
Ly(BP )NLH(BE, ) Le*(Byy INLi(Byy )

Proof. We start from the linearized system (2.3):
{Gta +divu = f,
ou — Au+ Va — RVAa = g.
The incompressible part of the velocity fulfills the heat equation
(3.8) OyPu — wAPu = Pg.

Hence, using the notation z; := Ajz for z in &', we see that there exists a constant
¢ > 0 such that we have for all j € Z,

) t .
(3.9) 1Py (8) 120 < Ce-cﬁ“<||7vuj<o>|m - /0 e [Py 1o d7>,

which leads for all T' > 0, after summation on j > kg, to

(3.10) Pull®  u, +Pul® o, SIPuol s, +IPal" 4,
,° B;;D,l ) Ll P ) BP 1 P

T T Bp,l p,1 LT Bp,l )

To estimate a and Qu, following Haspot in [17], we introduce the modified velocity
vE Qu+(—-A)'Va
so that dive = divu — a, and discover that, since A + 2fi = 1,
oVa+Va+ Av =V,
{ 0w — Av —RAVa = Qg+ (-A)'Vf +v— (-A)"'Va.
In the Fourier space, the eigenvalues of the associated matrix read (with the convention
that /r :=i\/|r| if r < 0):
NE@) = 5 (1+ I = T dR)IE — 20 +1)-

Therefore, in the high frequency regime, we expect that for any x > 0, the system
has a parabolic behavior. This may be easily justified by considering suitable linear
combinations of v and Va. Indeed, for all o € C, we have

d(v+aVa) — (1 —a)Av—KAVa+aVa=aVf+ Qg+ (—A)'Vf+v—(-A)"'Va.

Therefore, if we set

w2 v+aVa with o satisfying o = ,

l1-a
then we have
dw — (1 —a)Aw = —aVa+aVf+ Qg+ (-A)'Vf+uv—(-A)"'Va.

A possible choice is

a:%(l—i—\/l—élﬁ) so that 1—042%(1—\/1—4@.
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Obviously, the real part of 1 — « is positive for any value of k. Hence one can take
advantage of (3.3) and get

(311) Jwl™ o el 4 Slwoell s,
[oe] p 1 P+ P
LT Bp,l ) LT p,1 p,1
+|aVf+ Qg+ (=A) V" L +lv—aVa—(-A)'Va|" .
L%“ pp,l ) L%"(BP% )

Because V(—A)~! is an homogeneous Fourier multiplier of degree —1, we have

laVf+ Qg+ (=A)'VI" L SIAM 4 +If—divel" L,
Ll P ) L%( P Ll

P
T prl Bp,l T(Bp,l

h h
SIAP o el
L%‘ B;ﬁl 1T( ;,1
Next, let us observe that, owing to the high frequency cut-off, we have for some universal
constant C,
laval|" 4 <C2al" L, foll" a,
LL(By, ) Ly (B, r(Byi )

and [[(-A)"'Val" 4, < 27|

1 >3 1 '%+2 ’
LL(BF ) LL(BP)

Consequently, it follows that

h h h h h
312) wll a, Hlwll™ 4, Slwol® s AT o+l 4y
o) P Ll BP p Ll P 1 P

LT (Bp,l ) T\"p,1 p,1 T(Bp,l) T(Bp,l )

i+2 *

2—2k0 h 2—2k0 h
T2l g T2 s LB
T p,1

270 o]
T\"p,1 T\"p,1 L
Now, in order to estimate v, we use the fact that

w—v

3.13 Va =
(3.13) ="

so that the equation for v rewrites

a—kK

B0 — Av— ZAuH—V(—A)’l(f—divg) Yo (~A)Va.

The important observation is that

a—kK K

a l-a

Hence one can again take advantage of (3.3), and get

h h h - . h
loll™  a " e, Sl e, VAT = divg) " 4,
LE(Bgy ) Ly(By, By Lip(BYy )
I —1 h
—i—Hwa—i—v— (—A) Va‘ Ld_q,
o LL.(Br, )
whence

h h h h h
B14) oll2 g A0l gy Sllvoll e + gl o AT,
L (B Ly (Bl BlL Ly (Bl Ly (BL)
h —2k h —4k h
Hlwl® gy 27l g 2 el g,

Lo
7(Bp1 L1(Bp 4 LT(Bpp,l
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Plugging (3.12) in (3.14) and taking ko large enough, we arrive at
h h h h h —2k h
ol g g STl A el 42
L’%O B;,l ) %" Bpl p 1 T ;f,l %“ pp,l
Then, inserting that latter inequality in (3.12) and using (3.13), we get
h h h h h
(ool o +ITal oy S I Ta ey +IAE  +lal
L’%O B;l ) L’}‘ Bpl Bpl TBpp,l) L’}‘ B]il )
Finally, keeping in mind that v = v — (=A)~!'Va + Pu, we conclude that
h h
315) |(Vawl |, + Vel .,

L%O Bp,l T( p,1 )

S 1(Vag, wo)ll* o, + 171",

BP 1 L prl L prl

h
a +lgl" a4
1 p

Let us next turn to estimates for the nonlinear terms. For the high frequencies of f,
we just write that

Hfllh " S llallzgseeyllull - ayy 4 llullpzz)llall s

pl) alt pl T ;,1 )
Slall o ful d +HUII a |laf| 4
#(B2) LLBE 1282 13(BE)
(3.16) < XX(T).

All terms in g, but V(%(a)Aa) and V(¥ (a)|Val?) have been treated in e.g. [17] for
the classical compressible Navier-Stokes equations; they are bounded by the right-hand
side of (3.6). Now, regarding the high frequencies of these two capillary terms, one can

just use the fact that the space Bp | is stable by product and composition, and get
~ h
IIV(%(G)AG)IIL i S lIk(a)Aal|

Bzul

Slall 4 [[Adl]
Leo(BP

d . d
Ll(Bzf’J) 1 L1(B:1)

Similarly,
(317) IVE(a)|VaP)[* 4, SIFQ)+ (R (a) =& (1)IValP| 4
LY(BP, ) LY(B

p,1 p,1

SA+al )IIWH2 a
LB L2(BE,)

To handle the low frequencies, one can use the fact that, owing to Lemma 2.1,

(3.18) (@)l < Wao wo)ll” 4, + 1L DI 4
@ g g B3 i

Again, taking advantage of prior works on the compressible Navier-Stokes equations,

we just have to check that the capillary terms satisfy (3.6). Now, we have
IVE@A IR < k(e )AaH
LY(B

% .
2,1 BQ)

In order to estimate the r.h.s., we use the followmg Bony decomposition:

K(a)Aa = Tyq)Aa + Taak(a) + R(k(a), Aa).
d_

.41 .4 .
Recall that T': By, x By, — B2 ! for 2 < p < min(4, -2 y ) Hence we have
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| TrayAa + Tack(a)| . ¢ < | T Aa+ Tadk(a)] . 4

d
2
B2’1 B2,1

&) 4 [[Aall 4 +[Aall a4 [[K(a)]
B? B BP

p,1 1 p,1

AN

d
P
P, B

RSTY

1
Sllell a1 Al |
BP B

d
P
p,1 P,

1
.d . d . d
For the remainder term, one can use that R : B;’l X B;l — B3, if 2 < p < 4. Hence

Qd)
)

we eventually get, if p < min(4, %

P <
IVEQAD gy Slall g a8

I
L (BQ,l p,lme,l (Bp,l )

In order to estimate the other capillary term, we simply use that &'(a)Va = V(k(a)),
with £(0) = 0. Now, thanks to Bony’s decomposition:

Va-V(k(a)) = TyaV(k(a)) + Ty (z)) Va + R(V(k(a)), Va).
and to

ITaV (#(a))+ Ty Val ¢ < IVall 4, IV(Ea)
B BP

HIVE@)I a1Vl
B B

1 Bp,l

ST

d
P
2,1 p,1 p,1

S llall o [Vall,
BP, B

d
p
D,

ST

and
IR(V(K(a), Va)|| .« < |IV(K(a))] .

% d
B P
5.1 B,

Vall
B

)

< |lal| a,.||Va
Sloll g, 1all

d d
P P
1 p,1 p,1 P,

we end up with

V(K (a)|Val?)|* < la 4 d Va d
V@IV, g S el g g 19, 0
Combining with the already proved estimates for the other nonlinear terms (see [10]),
we conclude that (3.6) is fulfilled. From this, it is not difficult to work out a fixed point

argument as in the previous section, and to prove the first part of Theorem 3.1. O

3.2. More paraproduct, remainder and product estimates. In order to investi-
gate the Gevrey regularity of solutions in the LP framework, resorting only to Proposi-
tions 2.1-2.2 does not allow to get suitable bounds for the low frequency part of some
nonlinear terms. The goal of this short subsection is to establish more estimates for the
paraproduct, remainder operators in L? based Besov spaces, when the two functions

under consideration belong to some LP type Besov space.
Proposition 3.1. Assume that 2 < p < min(4, d%dQ) and s € R. There exists a constant

C > 0 such that
A
et ‘Trgllg, < CIFI g illGliog

p,1 p,1

4 with F2 e‘/ZAlf and G = e\/EAlg.
P

+

Proof. If p > 2 then we define p* by the relation % = % + 1%' Then applying inequality
(2.18) with the exponents (s, o, p,p1,p2,7,71,72) = (s +1 — }%, 1— %,Q,p*,p, 1,1,00)
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which is possible since p* > p (that is 2 < p < 4) and —0 = ]% —1 <0 (or, equivalently,
p < d%dz), we get

leYo™ ™ Tyg| 5y < CIFI, o, |G|

. S+177
Bp*’1 Bp.oo
d d Lop1-dqd . d
Then using the embedding B ;= B 1 (note that p* > p) and B, "= B,

gives the desired inequality.

The endpoint case p = 2 stems from (2.20) with the exponents (s,o,p,q,r,r1,7m2) =
(s+1,1,2,2,1,1,00). O

ot+d(2-3)

As a consequence of Proposition 2.1 and of the embedding B /2.1

5, for
any 2 < p <4 and o € R, we readily get:

Proposition 3.2. Let d > 2 and 2 < p < 4. If s1 + 59 > d(% — %) then there exists a
constant C > 0 such that

(3.19) VTN R(f, )| gy < CIF 1G5,

2 1
1+d(r§)
p,1

Proposition 3.3. Assume that 2 < p < min(4,d%d2) and p < 2d. There exists a

constant C > 0 such that:

IIeVCOTAl(fg)Ile,d SIFN 4 llGH g a +IFN 20 IGH g s

2,1 pl pl pl pl
(3.20) IIeVC“TAl(fg)H‘ SIEN, ,_IHGII 4 +HF|| a IIGH
21 pl Bpl 171 Pl
IIGVWAl(fg)Ilgd INIIFH gy a |Gl 4,
21 pl n p,1 p,1

Proof. From Bony’s decomposition, we have

[/ (fg)l g = /P Ty + Tyf + R(F)I 4

2 1 32,1

Thanks to Propositions 3.1 and 3.2 (with (s, s1, s2) = (%, % - % -1, % +1)), we get that:

wﬁﬁmawwﬁi+wﬁﬁM<Ugmﬁg<nﬂ|dmm|up
A 21 2,1 pl Bpl
leveor (T, f)HZ SIGH 2 lFl g

21 pl 1

The second estimate is proved the same way but with (s, s1,s2) = (4 — 1,4 — % -1, %).
For the last estimate, we write that, taking advantage of the low frequency cut-off,

[N (S gy S 1V (Tpg + TN g+ 1V TN R
2

21 21 1

The last term may be bounded as before, and for the first two terms, we apply Propo-
sition 3.1 with s = 4 — 2. O
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3.3. A priori estimates for Gevrey regularity. That paragraph is devoted to prov-
ing estimates for Gevrey regularity in the LP Besov framework. This will be based on
the following lemma.

Lemma 3.3. If (a,u) satisfies (2.3), then the following a priori estimate holds true:
(3.21) I(a, W)y, < C (X0 + ll(a, W, + (a, W)ll3,)-

Proof. Summing up inequality (2.35) for j < kg, we get for all ¢t > 0,

(3.22) (AU ., +1AD)" 4
L2 LiBE
< |l(ag, uo)||* + ||F||* +|G|f .
Il (ao o)II.Q%;l I ||L%(B§;l) I ‘|L}(B§;l)

Regarding the high frequency estimates, we plan to repeat the computations of the
previous section after introducing V@™ everywhere. Now, using again the auxiliary
functions

v2 Qu+ (—A)"'Va and w2v+aVe with a= %(1 + V1 —4g),
and setting @ £ 1 —a and § 2 Qg+ (—A)"'Vf +v — (—=A)"'Va, we discover that
w(t) = e*Pwgy + /0 t A (—aVa + aVf +§)(1) dr.
Hence W (t) £ eVl (t) fulfills (with obvious notation):
W(t) = eViAtatd o / Ay PA - (—aVA+aVF +G)(r)dr.

0

It follows from Lemmas 2.2-2.3 that for the same threshold kg as in (3.11) and (3.12),
we have

h h h h h ik
W o, WISy Sllwoll s +IAIY o +IFIT o +IGI"
LF (B, ) Lp(Bp, ) o1 By (B Lp(By,
h —2k h —2k h
Slhwoll” a, +2720 A" 4, +2720 V" L
By, Lp(By, Ly(Bpy )
h h
HIF® o NG
Lyp(Byy) Ly (By,

Then one can revert to v as in (3.13), applying eVeolhi o

K

By — Av="Aw+ 3
1 Q

—

Denoting V £ eVeothiy and following the procedure leading to (3.14), one gets

h h h ~h
VIR o VIR a SIWIE a, +IG1
L%o Bp,l LT( p,1 ) LT p,1 T( p,1 )
h h —2k; h
Slooll" s, WY o +2720VI 4
P 1 P 1 P
B, Lp(Bpa ) Lp(Byq )

—4k h h h
oAt HIEN L, G L
Ll p 1 P Ll

D
T\"p,1 T\"p,1 T(Bp,l)
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For the incompressible part of velocity, applying eVeolhi ¢4 (3.8) yields

(3.23) IPUIE oy +IPUIE gy SIPul g +ICT

d | d
di1 ~
Ly (Bp,l ) T pl p,I LT(B;f,l )

Therefore, taking the same large enough kg as in the previous section, and using (3.13),
we deduce that

(3:24) ([(VAD)" 4, + (VA4 U)llh 44
Ly(Byy ) LYBE, )
< I(Vao, w4, +IFI" , +lIGI"
o Li(Byy t(Byy
Putting together with (3.22), we end up with
(3:25) (A, D)lx,0 S Xpo +IIFI° 4 ||GH€ 4,
Ltl(BQQ,l) 3221 )
HIF" L HIGI a
L{(B)1) Ly(B)y )

All that remains to do is to bound F' and GG, which will be strongly based on Proposition
3.3 as regards the low frequencies.

Let us start with F. Then, thanks to (3.20); and Besov injections (as p > 2), we get

IIFHZ i S Al 1)||UH g HIUIL o} 1HAH
1

d
BP vt
21 t D,

t Bpl t Bpl t Bp,l )
< (lapf A YO, g 101, )
Le(BET) L) (BE) P
Al Al )( ¢ h )
(1410, g FIAE g YW g #1010
A [CROIS

B3, +(Bpa t (Bay Lo (B, 1

Next, we bound the norm ||G|® . - Using (3.20)2 we obtain

L{(B3, )
¢ A ¢
Gy = 1T vl
1B, ) Ly(Bsy )
S Ul - ||UH 2 U 4 < e,
(B Li(By, L}(B}))

Let us now turn to G3 = —eV0™1(I(a).Au). Thanks to (3.20)3 and Proposition 2.5:

B2
(21

Gl g / [V ™ (@) 4,
B

p,1

S g g WO, g S @l

p,1 p,1 p,1
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Similarly, we estimate Gy = eV7™1(J(a)Va) using (3.20)2 and Proposition 2.5:

t
[[eA ~ / <||6WA1J<a>||.d_1||VA||.d eV TN I @)l g VA - > T
L}(BZ 5.1 ) 0 By, By, ;f By,
t
< [ (angvan g+, 1741 )df
pl p P
S @i,

In order to bound the term corresponding to g3, it suffices to consider ég £ eveorhi(] -
I(a))V(p(a)Vu), the other term being similar. Now, we have:

G| < |leVeorM Vu)l¢ + |leVor™ (1(a)V (1 ¢
IGalf, sy < VT GOV, Ly 4 (1@)V (i) Vu ))”m

1 11

The first term may be bounded (taking once again advantage of the low frequencies
cut-off) according to (3.20)2 and Proposition 2.5 as follows:

IS [leV™m™ (@) Vu) ||

t
S [ (/™ Gy U1+ /™™ )] I,

p,1 p,1

"3 -mg.
v

?’ 'vs\g.

The second term is bounded using (3.20)3 and Propositions 2.5 and 2.3:

t
HS/ leveor™ (@) a4 V™MV (i(a)Vu)|l 4, dr
BP nBP BP
p,1 p,1 p,1
< [, it ITNE@ g 101
p p p pl
We finally obtain that
L < 2
HGZHL,}(Bﬁl‘I) S (L4 [[(a, w)lly; (@, w)ly,-
To bound the capillary terms, we use (3.20)2, writing that
leVeor 1V (R (a )AG)HZ < llevo™ (7 (a)Aa)||*
(321 ) Ll(Bzgl b
S eV ™R @)l o, [AA
LBy, ) LI(B 1)
+ a4l ||€‘/CTTAl @[ 4
(Bp1 Lfo(Bﬁl)
S 1] - AN, g AL, o Al g
t pl t(Bpl ) t(Bpl ) (Bp,l)
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As we just have to bound the low frequencies, one gets thanks to (3.20)2,

o9 (5970 - Va) [, i S 1T (i) - Vo

Ld_4
Ll(BZzl ) L%(Bf@ )

t
< [ (1l ™ (R g vAl,
0 B

d
P
pl
1T T S VAl g )ar
p 1
Thanks to Proposition 2.5 we see that the first term is bounded by:
leveoriig ()H a Al 4 NHAH a [[All 4
LEBr) LB el L
S (1A g, T1A1 g YA, g +IAI s ).
LY el S AT

We have to be careful for the last term as g + 1 is not in the range of Proposition 2.5.
However, we have V&(a) = £/'(a)Va and thus,

t
/0 /T F @9l g 141

‘?mm

da
P
pl

S /0 (||e¢‘f°*f“(%’<a>—%'<o>)u3% +ROI)IVAL s 4]

p,1
SA+fal e OlAll
L(

d
P
P

F mm

HAH .4

d
Bp,l) Le(Byy)  Li(By,

which enables us to obtain:

TR, g S0+ @0l Wl

d_
(B221
To complete the proof, we need to bound the high frequencies of F' and G. This turns
out to be rather straightforward, as we only need Proposition 2.4 and Lemma 2.5. More

precisely, we get

11" o S lleYe™ (adivu+u-Va)|*
Li(Byy L{(B}))
SHAI g IdvUl g +[U1 g VAl
Le(BP, LIBP) L}(BP) L3(BP)
and
HGHh o, S - 10l 4 +HAH2 a
b1 ) t(B LBy, ) LE(BF))
Al g WUH g+ 1AL HAH d
L(B] HCI ety Ll
+A+ A )HAH2 A
?O( pl ( pl )
Putting all the previous estimates together ends the proof of Lemma 3.3. 0

Finally, as in the previous section, using a suitable contracting mapping argument
enables us to complete the proof of Theorem 3.1. The details are left to the reader. As
for uniqueness, it stems from [11, Thm. 5].
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3.4. The time-decay of solutions in Besov spaces. The aim of this part is to ex-
hibit the time-decay properties of the solutions that have been constructed in Theorems
1.2 and 3.1. Those properties will come up as a consequence of the following lemma.

Lemma 3.4. There exists a universal constant ¢ > 0 such that for all s € R, there
exists a constant Cy such that for any tempered distribution wu, real number o > 0 and
integer j € 7, the following inequality holds true:

(3.1) A% M Ajul|r < Co27%e=% || Ajul| 1.

Proof. The starting point is the fact that, by definition of operator e~*M | we have for
all v € S'(R?),

e My =hoxv with hg=F (e ),

Now, we notice that h, is nonnegative, since

: 2
~Inlgizn gy —
/]Re T

and, owing to the definition of |£|;, we have
L4
—al&l pizi&5 ge. ).
o L (oot

1hallzr = / ha(w) de = F(F~H (e Vol))(0) = 1.
Ra
From this, we deduce by Young inequality that for all a > 0,

(3.2) le™ A wl|zo < ||l ze.

Fe ) @) =

Therefore

In order to get (3.1) for s = 0, one has to refine the argument. First, performing a
suitable rescaling reduces the proof to the case j = 0. Then we introduce a family
(¢k)1<k<a of smooth functions on R% such that

(1) Suppor C {€€R?, F <[] <3 and 2= <&}

(2) Zzzl ¢r = 1 on Supp p, where ¢ is the function used in the definition of the
Littlewood-Paley decomposition.

As we obviously have

d
e F(Agu) (& Z (el g, (£)) F(Agu)(€),
k=1
one may write
d
e M Ay = Z hp * Agu  with hy £ .7-"_1(6_0‘|'|1¢k).
k=1

If we prove that for some ¢ > 0 and C' > 0 independent of «, we have

1+a\? .,
(33 Irall < o (52 ) e,

then, combining with (3.2) will complete the proof of the lemma for s = 0.
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Let us prove (3.3) for £ = 1 (the other cases being similar). Then we introduce

the notation ¢ = (&,¢') and # = (21,2'). Since (a? + 22)e™¢ = (a? — 8521&)(6“”'5),
integrating by parts with respect to the variable £; in the integral defining h; yields:

1

(%4 (@) = Gy /R e SeolEh (a? — 8 (¢ (€)e 1) de,

Now, let us observe that
(ey = —qe=lsgnr and a2e "l — (e7@TNY" = 244,
Therefore,

(o = 811)(61(§)e™ 1) = 2a61(0, €)dgs=0 + ™! (20 580 (61)9161 (&) - D11 (€))
and thus (taking advantage of the fact that ¢1(0,¢) = 0)

1

(® + z1) i (2) = @n)i /Rd e ekl (2arsgn (£1)91¢1(€) — O ¢1(€)) dE-

Multiplying by (a? + x3), the same arguments lead to (denoting & = (£1,0, &, ..., &)
and ¢7(€) = 2asgn (§1)0161(€) — 97,01(€))

1 s ! !
(0 +a?)(0® + 23)hi (2) = = <2a / 282l g2 () dgl
(2m) Rd—1

N /R 670l (20 sgm (62)0a6}(6) — OR)OHE) df)

Multiplying the above equality by (a? 4+ 23) - - - (a® 4+ 23), repeating the above compu-
tation, and using the fact that,

3a
VE € Supp ¢y, el < el < eava,

we end up with
d

[1(e? +28)i(2) < Cla+ 1) ava,
(=1
which implies (3.3), and thus the lemma for s = 0.

Proving the general case s > 0 follows from the case s = 0: indeed, Inequality (A.8)
ensures that

[ASe™ M A jul|pp < Cs27%||le™ M A jul| s,

and bounding the right-hand side according to (3.1) thus yields the desired inequality.
O

One can now state our main decay estimates.

Theorem 3.2. Let (p,u) be the solution constructed in Theorem 3.1. Then for any
s € [0,00[, there exists a constant Cs such that for all t > 0, it holds that

lo(t) = 2l 41y, < CaXpot™2, a4, < CoXpot ™2,
B22,1 B22,1

lo®) = all" 4, < CXpot 2", lu@®I" 4\, < CoXpot™2e V"
B

p,1 p,1
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Proof. Recall that the solution constructed in Theorem 3.1 fulfills
(e — & u)lly, < CXpp.
Now, Inequality (A.8) implies that

14 ¢
HU(t)IIB%_HS < CsHASU(t)IIBg_1~

2,1 2,1

Then we write, denoting U = eVeolhiy and using the previous lemma, that

Aty = D0 32G | Are VO AU (1)) 2

2,1 i<ko
< O S (Ve Ve ol GV AU (1)) 2
7<ko

<CNUMI’ 4,
B3,
< CsXpo.
Similarly, we have
a4y, < CsllAu@))"
p BP
p,1 p,1
o d s .
<0 Y 2GR e VO AS AU ()| o
Jj=ko
c j ; i_ - c 5 .
< C, Z 6—5\/60715232](1, 1)(ﬂ2j)se—§m23HAjU(t)HLp
Jj=ko
< Cye 2V U@,
BP,
< Cseié\/CTtQkoXpﬁo.
Proving the inequalities for g is totally similar. O
Remark 3.2. The decay estimate pointed out in Theorem 5.2 is much better than
that of the usual compressible Navier-Stokes (see for example [12]). This reflects the
parabolicity of the compressible Navier-Stokes-Korteweg system.

APPENDIX A. LITTLEWOOD-PALEY DECOMPOSITION AND BESOV SPACES

Here we recall a few basic results concerning the Littlewood-Paley decomposition
and Besov spaces. More details may be found in e.g. [3, Chap. 2].

To build the Littlewood-Paley decomposition, one need a smooth radial function y
supported in the ball B(0, 3) and with value 1 on B(0,2). Let ¢(£) £ x(£/2) — x(é).

Then, ¢ is compactly supported in the annulus {¢ € R?, % < ¢l < %} and fulfills
D p277) =1 in R\ {0}
JEZL

Define the dyadic blocks (A;)jez by A; = p(277D) (that is, A; f := @(2‘jf)f(£) for all
tempered distribution f). The (formal) homogeneous Littlewood-Paley decomposition

of f reads '
F=> Ajf.

JEZ
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That equality holds true in the set S’ of tempered distributions whenever f belongs to
Spe{fes, | 195 fllee = 0},

lim
j——00
where Sj stands for the low frequency cut-off defined by S'j =x(27/D).

Definition A.1. Foroc e R and 1 < p,r < oo, we set
17155, = 27085 s,

We then define the homogeneous Besov space Bgﬂ, to be the subset of distributions
f €S}, such that || f| g < 0.
p,T

Homogeneous Besov spaces on R? possess the following scaling invariance for any
o € R and (p,7) € [1,+00]?:

_d _d
(A1) WSl SISl SONTE Il A0,
where the constant C' depends only on o, p and on the dimension d.

The following properties have been used repeatedly in the paper:
e The space B;,T is complete whenever s < d/p, or s < d/p and r = 1.

e For any p € [1, 0], we have the continuous embedding BSJ — [P — B;(;),oo-

,d(L,L)

. .0
elfceR, 1<y §p2§ooand1§r1§r2§oo,thentM1<—>Bp27r2p1 P27
d

e The space B;l is continuously embedded in the set of bounded continuous
functions (going to 0 at infinity if p < 00).

e If K is a smooth homogeneous of degree m function on R?\ {0} that maps S},
to itself, then

(A.2) K(D): Bg, — Bg,™
In particular, the gradient operator maps Bg,'r to B]‘; oL

Let us also mention the following interpolation inequality that is satisfied whenever
1 <p,ri,re,r <00, 01 # 02 and 0 € (0,1):

1-6 0
(A,S) HfHBgngl—G)Ul S HfHBZ,lrl HfHngz
The following proposition has been used in this paper.

Proposition A.1. Let 0 € R and 1 < p,r < oo. Let (f;)jez be a sequence of LP
functions such that Z]EZ [ converges to some distribution f in S; and

< 00.

e Ea e

If Suppfj C C(0,27R1,27Ry) for some 0 < Ry < Ry, then f belongs to B&T and there
exists a constant C such that

(A1) 1£l5, < €27 15l oy

@)

The following result was used to bound the terms of System (1.1) involving compo-
sitions of functions:
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Proposition A.2. Let F: R — R be smooth with F'(0) = 0. For all 1 < p,r < 0o and
o >0 we have F(f) € By, NL> for f € By, NL>, and

(A.5) Iy, < ClflLgy,

with C depending only on || f||pe, F' (and higher derivatives), o, p and d.
d

da . . a
Ifo > — min(g, g), then f € BS, N BY | implies that F(f) € BS, N B!

o1 and
(A.6) IF(Dgg, < CA+Ig ) Flgg

d
p
P
Let us finally recall the following classical Bernstein inequality:

1 1
(A7) D" £y < CHHRNRFAG=0) £l o

that holds for all function f such that Supp Ff C {£ € R?: |¢| < RA} for some R > 0
and A>0,if keNand 1 <a<b<o0.

Let us also recall that, as a consequence of [3, Lemma 2.2], we have for all s € R if
Supp Ff C {€ € R?: rA < |€] < RA} for some 0 < r < R,

(A.8) 1A Fllo = N[ fllp with A% £ (=A)2.

When localizing PDE’s by means of Littlewood-Paley decomposition, one ends up
with bounds for each dyadic block in spaces of type LL(LP) £ L4(0,T; LP(R%)). To
get a Besov type information, we then have to perform a summation on ¢"(Z), which
motivates the following definition that has been first introduced by J.-Y. Chemin in [7]
for0<T <40, 0 eRand 1 <p,q,7r < oo:

(27714 fll2g.(2r)) HZT(Z)-

L

1711z 5.,

For notational simplicity, index T is omitted if T" = 4o0.
We also used the following functional space:

(4.9) ColR By,) 2 {f € CRwi BE,) it |l ) < o0}

The above norms may be compared with those of the more standard Lebesgue-Besov
spaces LqT(Bgyr) via Minkowski’s inequality:

(A.10) Hf”qu(Bgm) < HfHLqT(Bg,T) if r>gq, Hf”ZqT(Bg,r) 2 HfHLPT(Bg,T) if r<gq.

Restricting the above norms to the low or high frequencies parts of distributions is
fundamental in our approach. For some fixed integer ko (the value of which follows
from the proof of the main theorem), we put P Sk, and 2h & 2t and?

(A.11) l2lly, 2> 2% NAwzllze, 2l & D 2% Akz],
p,1

p,1 s
k<ko k>ko—1

¢ ks|| A h Es|| A
HZ||~OTO(BS D 23 2% Azl pee(rey and HZIIZ%O(BS ) 203 2 Akz] Lo or)-
P k<ko P E>ko—1

4For technical reasons, we need a small overlap between low and high frequencies.
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