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OPTIMAL WELL-POSEDNESS FOR
THE INHOMOGENEOUS INCOMPRESSIBLE NAVIER-STOKES SYSTEM
WITH GENERAL VISCOSITY

COSMIN BURTEA

In this paper we obtain new well-posedness results concerning a linear inhomogeneous Stokes-like
system. These results are used to establish local well-posedness in the critical spaces for initial density pg

and velocity o such that pg — p € B;,/IP(W), Ug € Bs’/lp_l([W), p € (£.4) for the inhomogeneous

incompressible Navier—Stokes system with variable viscosity. To the best of our knowledge, regarding the
3-dimensional case, this is the first result in a truly critical framework for which one does not assume any
smallness condition on the density.

1. Introduction

In this paper we deal with the well-posedness of the inhomogeneous, incompressible Navier—Stokes
system

d:p 4+ div(pu) =0,

d¢(pu) + div(pu @ u) —div(u(p) D(u)) + VP =0, (1-1)
divu =0,

U|t=() == 1/{().

In the above, p > 0 stands for the density of the fluid, u € R” is the fluid’s velocity field, while P is the
pressure. The viscosity coefficient u is assumed to be a smooth, strictly positive function of the density,
while

D(u) =Vu+ Du

is the deformation tensor. This system is used to study fluids obtained as a mixture of two (or more) incom-
pressible fluids that have different densities: fluids containing a melted substance, polluted air/water etc.

There is a very rich literature devoted to the study of the well-posedness of (1-1). Briefly, the question of
existence of weak solutions with finite energy was first considered by KaZihov [1974] (see also [Antontsev
et al. 1990]) in the case of constant viscosity. The case with a general viscosity law was treated in [Lions
1996]. Weak solutions for more regular data were considered in [Desjardins 1997]. Recently, weak
solutions were investigated by Huang, Paicu and Zhang in [Huang et al. 2013c].
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UEFISCDI, project number PN-II-RU-TE-2014-4-0320.
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The unique solvability of (1-1) was first addressed in the seminal work of Ladyzhenskaya and Solonnikov
[1975]. More precisely, considering ug € Ww2=2/p.p (2), with p > 2, a divergence-free vector field that
vanishes on 92 and py € C!(R2) bounded away from zero, they construct a global strong solution in
the 2-dimensional case and a local solution in the 3-dimensional case. Moreover, if u( is small in
W2-2/P:P(Q) then global well-posedness holds true.

The question of weak-strong uniqueness was addressed in [Choe and Kim 2003] for the case of
sufficiently smooth data with vanishing viscosity.

Over the last thirteen years, efforts were made to obtain well-posedness results in the so-called critical
spaces, i.e., the spaces which have the same invariance with respect to time and space dilation as the
system itself, namely

{(/Oo(x)» ug(x)) = (po(Ix), lug(/x)).
(p(t,x), u(t, x)) —> (,o(lzt, Ix), lu(l?t,1x), 12 P(I*t, lx)).

For more details and explanations for this classical approach we refer to [Danchin 2003] or [Danchin and
Mucha 2015]. In the Besov space context, which includes in particular the more classical Sobolev spaces,
these are

oo—p€BYPr and uge BMP21 (1-2)

P1,r1 P22
where p is some constant density state and # is the space dimension. Working with densities close (in
some appropriate norm) to a constant has led to a rich literature. In [Danchin 2003] local and global

existence results are obtained for the case of constant viscosity and by taking the initial data

n/2
2,00

n/2—1

and ug € Bz,1

po—/_)ELooﬂB

and under the assumption that [|po — p||; oo, gn/2 1s sufficiently small. The case with variable viscosity
2,00

and for initial data

Po—pE B;’/lp and ug € BZ’/IP_I,

p €[1,2n), is treated in [Abidi 2007]. However, uniqueness is guaranteed once p € [1,n). These results
were further extended by H. Abidi and M. Paicu [2007] by noticing that py — p can be taken in a larger
Besov space. B. Haspot [2012] established results in the same spirit as those mentioned above (however,
the results are obtained in the nonhomogeneous framework and thus do not fall into the critical framework)
in the case where the velocity field is not Lipschitz. Using the Lagrangian formulation, R. Danchin
and P. B. Mucha [2012], established local and global results for (1-1) with constant viscosity when
Po—pE M(BZ,/IP_I), Uy € BZ’/IP_I and under the smallness condition

”100 _15||M(B;"/1P—1) < la

where M(BZ’/ lp _1) stands for the multiplier space of BZ’/ lp I particular, functions with small jumps
enter this framework. Moreover, as a consequence of their approach, the range of Lebesgue exponents
for which uniqueness of solutions holds is extended to p € [1,2#n). In [Paicu and Zhang 2012; Huang
et al. 2013a; 2013b; 2013c] the authors improve the smallness assumptions used in order to obtain global
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existence. To summarize, all the previous well-posedness results in critical spaces were established
assuming the density is close in some sense to a constant state.

When the latter assumption is removed, one must impose more regularity on the data. For the case
of constant viscosity, R. Danchin [2004] obtained local well-posedness and global well-posedness in
dimension n = 2 for data drawn from the nonhomogeneous Sobolev spaces:

(,OO _,5,”0) c Hn/2+a X Hn/2—1+ﬂ

with «, B > 0. The same result for the case of the general viscosity law is established in [Abidi 2007].
For data with non-Lipschitz velocity results were established in [Haspot 2012]. Concerning rougher
densities, considering pg € L*®(R%) bounded from below and uo € H2(R%), Danchin and Mucha [2013]
constructed a unique local solution. Again, supposing the density is close to some constant state, they
proved global well-posedness. These results are generalized in [Paicu et al. 2013]. Taking the density
as above, the authors construct a global unique solution provided that uo € H*(R?) for any s > 0 in
the 2-dimensional case and a local unique solution in the 3-dimensional case considering uo € H'(R?).
Moreover, assuming u is suitably small, the solution constructed is global even in the 3-dimensional case.

In critical spaces of the Navier—Stokes system, i.e., (1-2) there are few well-posedness results. Very
recently, in the 2-dimensional case and allowing variable viscosity, H. Xu, Y. Li and X. Zhai [2016]
constructed a unique local solution to (1-1) provided that the initial data satisfy pg — p € B ([RRZ) and
ug € Bz/p 1([Riz) Moreover, if pg—p € L? N Bz/p (R?) and the viscosity is supposed constant their
solutlon becomes global. In the 3-dimensional s1tuat10n to the best of our knowledge, the results that are
closest to the critical regularity are those presented in [Abidi et al. 2012; 2013] (for a similar result in the
periodic case one can consult [Poulon 2015]). More precisely, in three dimensions, assuming

Po—pPE LzﬂBg/f and ug € Bl/2

and taking constant viscosity, H. Abidi, G. Gui and P. Zhang [Abidi et al. 2012] show the local well-
posedness of system (1-1). Moreover, if the initial velocity is small then global well-posedness holds true.
In [Abidi et al. 2013] they establish the same kind of result for initial data

3/p—1

3% and uoeB ,

po—,oEL)‘ﬂB

where A € [1,2], p € [3,4] are such that 1 T + > 2 and 1L
One of the goals of the present paper is to estabhsh local wel -posedness in the critical spaces

w

po—peBII®RY, uoe BTN RY. pe($.4)
for system (1-1)
e with general smooth variable viscosity law,

e without any smallness assumption on the density,

» without any extra low frequencies assumption. In particular, we generalize the local existence and
uniqueness result of [Abidi et al. 2012], thus achieving the critical regularity.
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As in [Danchin and Mucha 2012], we will not work directly with system (1-1); instead we will use its
Lagrangian formulation. By proceeding so, we are naturally led to consider the following Stokes problem
with time-independent, nonconstant coefficients:

diu—adiv(bD(u)) +aVP = f,

divu = div R, (1-3)

U|t=0 = Up.
We establish global well-posedness results for system (1-3). This can be viewed as a first step towards
generalizing the results of Danchin and Mucha [2015, Chapter 4] for the case of general viscosity and
without assuming the density is close to a constant state. Let us mention that the estimates we obtain
for system (1-3) have a wider range of applications: in a forthcoming paper we will investigate the
well-posedness issue of the Navier—Stokes—Korteweg system under optimal regularity assumptions.

To summarize all the above, our main result reads:

Theorem 1.1. Consider p € (2,4). Assume that there exist positive constants (p, p«, p*) such that

Po— P E B;/lp (R?) and 0 < p. < py < p*. Furthermore, consider ug a divergence-free vector field

with coefficients in B;/ lp - (R3). Then, there exists a time T > 0 and a unique solution (p,u, VP) of
system (1-1) with

p=peCr (BT @NNLF(BY ®)). uecr (BT ®). @0, V2u.VP)e Ly (B[~ &),
One salutary feature of the Lagrangian formulation is that the density becomes independent of time.

More precisely, considering (p, «, V P) a solution of (1-1) and denoting by X the flow associated to the
vector field u,

t
X =y+ [ e X dy,
We introduce the new Lagrangian variables

p(t,y) = pt, X(t, ), a(t,y)=u(t,X(t,y)) and P(t,y)= P(t, X(1,)).
Then, using the chain rule and Proposition 3.23 we gather that p(z, - ) = po and

podii —div(i(po) Az Dag (@) + ATV P =0,
div(Azu) =0, (1-4)
l’_l|l=0 = uo’

where Aj is the inverse of the differential of X, and
Dy(it) = DAz + AT va.
Note that we can give a meaning to (1-4) independently of the Eulerian formulation by stating
t
X(t.y)= y+f u(z, y)dr.
0

Theorem 1.1 will be a consequence of the following result:
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Theorem 1.2. Consider p € (%, 4). Assume there exists positive (p, px, p*) such that pg — p € B;/lp (R3)
and 0 < py < pg < p*. Furthermore, consider uy a divergence-free vector field with coefficients in

B;/ lp - (R3). Then, there exists a time T > 0 and a unique solution (ii, V P) of system (1-4) with

iecr(B)/PT\®®) and (3,a.V%a.VP)e LL(B)/P™ ®)).
Moreover, there exists a positive constant C = C(pg) such that
Il e i3y + 1OV VP 3 srory = ol /o1 exp(C(T + 1))

The study of system (1-4) naturally leads to the Stokes-like system (1-3). In Section 2 we establish the
global well-posedness of system (1-3). More precisely, we prove:

Theorem 1.3. Consider n € {2,3} and p € (1,4) if n =2 or p € (5, ) if n = 3. Assume there
exist positive constants (ax, bx,a*,b*,a, b) such thata —a € B (IR”) b—b eBn/p (R™) and

O<ay<a<a*, 0<b,<b<b"

Furthermore, consider the vector fields ug and f with coefficients in Bn/ P 1([R”) and L} (Bn/ P 1([R”))

respectively. Also, consider the vector field R € (S'(R™))" with!

loc

QR eC([0.00): BYPT'(R™) and (3,R.VdivR) e Ll (BY77 (RY)
such that
divug = div R(0, -).
Then, system (1-3) has a unique global solution (u, VP) with
ueC([0.00). By P (R") and d,u.V*u,VP € Ll (B)P™ (R")).
Moreover, there exists a constant C = C(a, b) such that
||”||L;>o(3;1/1p—1) +[1,u. V2u, VP)”L}(BS./lP—l)
= (ol gy + 1 (£:80RV div R)| 1y nso-1y) exp(C(t + 1) (1-5)
forallt €0, 00).

The difficulty in establishing such a result comes from the fact that the pressure and velocity are
“strongly” coupled as opposed to the case where p is close to a constant; see Remark 2.11 below. The key
idea is to use the high-low frequency splitting technique first introduced in [Danchin 2007] combined
with the particular structure of the divergence-free part of aV P, i.e.,

P@VP)=P({(a—a)VP) =P((a—a)VP)—(a—a)P(VP)
=[P,a—alVP,

1P is the Leray projector over divergence-free vector fields, Q = Id — P.
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which is, loosely speaking, more regular than VP. Let us mention that a similar principle holds for u,
which is divergence free:?> whenever we estimate some term of the form Q(hM (D)u), where b lies in an
appropriate Besov space and M (D) is some pseudodifferential operator, we may write it as

Q(bM (D)u) =[Q.b]M(D)u

and use the fact that the latter expression is more regular than M (D)u; see Proposition 3.21.

The proof of Theorem 1.3 in the 3-dimensional case is more subtle. Loosely speaking, in order to close
the estimates for system (1-3) one should work in a space on which the solution operator corresponding
to the elliptic equation div(aVP) = div f is continuous. It is for this reason that we first prove a
more restrictive result by demanding extra low-frequency information on the initial data. Then, using a
perturbative version of Danchin and Mucha’s results [2015] we arrive at constructing a solution with the
optimal regularity. Uniqueness is obtained by a duality method.

Once the estimates of Theorem 1.3 are established, we proceed with the proof of Theorem 1.2, which
is the object of Section 3. Finally, we show the equivalence between system (1-4) and system (1-1) thus
achieving the proof of Theorem 1.1. We end this paper with an Appendix where results of Littlewood—Paley
theory used through the text are gathered.

We end this section with some observations regarding the global existence issue. As opposed to the case
when p is supposed to be a small perturbation of a constant state, when considering the linearized system of
the Lagrangian formulation, i.e., system (1-3), we obtain the estimates (1-5), which have a time-dependent
right-hand side term. This in particular prevents us from adapting the arguments from [Danchin and
Mucha 2012] to our situation and obtaining a global solution for system (1-4) and consequently for the
system (1-1). In fact, even if we were able to construct such a solution for system (1-4), it is not clear how
we could go back into the original formulation as passing from the Eulerian formulation to the Lagrangian

one needs some smallness condition on the || - -norm of the velocity.

Y020
2. The Stokes system with nonconstant coefficients
Pressure estimates. Before handling system (1-3) we shall study the elliptic equation
div(aVP) =div f. (2-1)

For the reader’s convenience let us cite the following classical result, a proof of which can be found, for
instance, in [Danchin 2010]:

Proposition 2.1. Consider a € L°°(R") and a constant a, such that
az=a,>0.

For all vector fields f with coefficients in L*(R™), there exists a tempered distribution P unique up to
constant functions such that VP € L*(R") and equation (2-1) is satisfied. In addition, we have

ax||[VP| L2 = 1Qf ll>-
2and thus Qu = 0.
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Recently, regarding the 2-dimensional case, Xu et al. [2016], studied the elliptic equation (2-1) with the
data (¢ —a, f) in Besov spaces. Using a different approach, we obtain estimates in both 2-dimensional
and 3-dimensional situations. Let us also mention that our method allows to obtain a wider range of
indices than the one of [Xu et al. 2016, Proposition 3.1(i)]. We choose to focus on the 3-dimensional
case. We aim at establishing the following result:

Proposition 2.2. Consider p € ( ) and q € [1, 00) such that —-1< % Assume there exist positive

Q

constants (a, ay,a*) such that a —a € B3/q([R3) and 0 < a. 5 a < a*. Furthermore, consider | €
3/p—3/2

BP,2

VP e BS/ p=3/ 2([RP) and equation (2-1) is satisfied. Moreover, the following estimate holds true:

(R3). Then there exists a tempered distribution P unique up to constant functions such that

Py (|-

Bs/q)(l T ||a a||B3/4)||Qf||Bs/p 3/2. (2-2)

Remark 2.3. Working in Besov spaces with third index r = 2 is enough in view of the applications
that we have in mind. However, similar estimates do hold true when the third index is chosen in the
interval [1, 2].

Proof. Because p < 2, Proposition 3.7 ensures that B 3/ p=3/2

we get the existence of P € S'(R3) with VP e L? and

— L>= 33,2 and owing to Proposition 2.1,

ax||VPllp2 = |12/ |2 (2-3)
Moreover, as Q is a continuous operator on L2, we deduce from (2-1) that
Q(aVP) = Qf. (2-4)

Using the Bony decomposition (see Definition 3.14 and the remark that follows) and the fact that
P(VP) =0, we write
PaVP) =P(Typla—a)) + [P, T,—a]VP.

Using Proposition 3.16 along with Proposition 3.7 and relation (2-3), we get

. _ _ 1 _
IP(Tgp(a—a)ll g3/p-32 SIIVPllp2la—all gs/p-32 S —1Qf 2 lla—all 374, (2-5)
.2 p*.2 Ax q.1
where
1 1 1
A

Next, proceeding as in Proposition 3.20 we get
. 1 _
\P. Ta—alVP|| g3/0-32 S IVall g3/o—5/2[IVPll 2 S — QS lIp2lla —all gsa- (2-6)
p.2 p*.2 Ay q.1
Putting together relations (2-5) and (2-6) we get

1 -
. < — .
IP@YP g3/ < 2-1Qf lz2la=al gy
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Combining this with (2-4) and Proposition 3.7, we find
1 -
[aVP gyrp-sr2 < (14 2-lla=all gora 1S | g3/

Of course, writing

VP = lczVP,
a
using product rules one gets
1 1 1 _ :
IVPgp-s 5 (54 [ =3l gy (14 b= )10 Ui @D
This concludes the proof. O

Applying the same technique as above leads to the 2-dimensional estimate:

Proposition 2.4. Consider p € (1,2) and g € [1, 00) such that é
constants (a, ay,a*) such that a —a € Bz/q(le) and 0 < a, 5 a<a*
BZ/ p—1

p.2
VP e B2/ P 1([Riz) and equation (2-1) is satisfied. Moreover, the following estimate holds true:

+lz-3

=< % Assume there exists positive
*. Furthermore, consider f €

(R?). Then there exists a tempered distribution P unique up to constant functions such that

VPl grpr 5 (5 +

1 -
2/q) (1 T Z”a _a||B§fl‘1) ||Qf||B§,/2p71. (2-8)

Let us point out that the restriction p > 5 comes from the fact that we need 3 _ i < 0 in relation (2-6).

In two dimensions, instead of = — % we will have 2 i 2, which is negative pr0V1ded p>1

The next result covers the range of integrability indices larger than 2:
Proposition 2.5. Consider p € (2,6) and q € [1, 00) such that * + 7> é Assume there exist positive
constants (a, a,,a*) such that a —a € B3/q([R§3) and 0 < a, < < a < a*. Furthermore, consider [ €

B;/zp 3/2([R§3) and a tempered dtstrlbutlon P with VP € B3/p 3/2([R3) such that equation (2-1) is

satisfied. Then, the following estimate holds true:

1Py 5 (5 + [ =3l o) (1 2N =@y )10 I gypmsn 29

Proof. Notice that p’, the conjugate Lebesgue exponent of p, satisfies p’ € ( ) and — = é < % Thus,
by Proposition 2.2, for any g belonging to the unit ball of S ﬂB 3/ p ~3/2 there exists a P e §'(R3) with
VPg € SN B3/p ~3/2 quch that
div(aVPg) =divg
and
19Pel gy 5 (5 4] 2= 2] L) (14 - la=al ave)-
By~ \a lla  alByy as By

We write
(VP,g) =—(P,divg) = —(P,div(aV Py))

—(div Q f, Pg) = (Qf, VPy),
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and consequently
VP, g)| < ||Qf||33r217—3/2||VPg||BS//g;2ﬂ—3/2

1 1 1 1 _ .
<|-= —— | . 1 — — ' ) 2 - .
~ (a + Ha a HB;/I")( T la a”B;./lq Y ”Bi./z” 2
Using Proposition 3.8, we get that relation (2-9) holds true. O

As in the previous situation, by applying the same technique we get a similar result in two dimensions:

Proposition 2.6. Consider p € (2,00) and q € [1, 00) such that + + > 1 . Assume there exist positive
constants (a, ay,a*) such that a —a € Bz/q (R?) and 0 < a, 5 a < a* Furthermore consider [ €

2/ - 1([Riz) and a tempered distribution P with VP € Bz/ P 1([R?z) such that equation (2-1) is satisfied.
Then following estimate holds true:

IVPl g27p1 < ( H 1

BZ/CI)(I +— ||a a”BZ/q)”Qf”Bz/p 1. (2_10)

Some preliminary results. In this section we derive estimates for a Stokes-like problem with time-
independent, nonconstant coefficients. Before proceeding to the actual proof, for the reader’s convenience,
let us cite the following results which were established by Danchin and Mucha [2009; 2015]. These
results correspond to the case where a and b are constants:
Proposition 2.7. Consider ug € B)'?~" and (.9, R.V div R) € LL.(B)'?~") with QR € Cr(B)/P™")
such that
divug = div R(0, -).

Then, the system _

diu—abAu+aVP = f,

divu =div R,

Ujr=0 = U0

has a unique solution (u, VP) with
uec(0.7): BYP™Y) and 9,u.V?u.VPe Ly (BYPT
and the following estimate is valid:
-7 2 - _ - .
||u”LC7>—~°(Bg/lp_l)+ ||(3;u, abv u, GVP)HL;(BZ/IP_I) S ”7/[0”3;1./117—1 + ”(f, 3;R, abv le R)”L%"(Bs/lp—l)
As a consequence of the previous result, one can establish via a perturbation argument:

Proposition 2.8. Consider ug € By'?™" and (.9, R.V div R) € LL.(B)'?™") with QR € Cr(B)'P™")
such that
divuy = div R(0, ).

Then, there exists an n = n(a) small enough such that for all ¢ € Bn/ 7 with

cll - <
[ ||Bg_/lp =n
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the system )
diu—abAu+ (a+c)VP = f,
divu = div R,
Ujg=0 = U0

has a unique solution (u, VP) with
uec([0.T): BYP™") and 9,u.V?u.VP e LL(BYP
and the following estimate is valid:

||u||Loo(Bn/p 1 +||(8tu aszu aVP)HLl (Bn/p I)NHUOHBn/p 1+||(f a R adelVR)”L] (Bn/p 1)

In all that follows we denote by E),. the space of (u, V P) such that
uec([0.00): ByP™") and (V2u,VP)e Ly (B)P") < LL (BYP™">n BV,
Additionally, we introduce the space E7 of u € CT(BZ/IP _1) with V2u e L;(B”/ - 1) and VP €
(B"/P "2 B”/p ') such that
— 2
”(u, VP)”ET - ”u”L%O(B;!/lp_l) + ”V u”LlT(BZ,/lp_l) + ”VP”LIT(BZ,/ZP_H/ZHB;AIJ_I) < 0Q.
The first ingredient in proving Theorem 1.3 is the following:

Proposition 2.9. Considern € {2,3}and pe (1,4)ifn=2o0rpc ( ) if n = 3. Assume there exist
positive constants (ay, by, a*,b*,a, b) such thata —a € B”/p([R”) b—be Bn/p (R™) and

O<ay<a<a*, 0<b,<b<b"

urthermore, consider ug, f vector fields with coefficients in an N
Furth id Ids with B”/P "(R") and L] B”/” /2 (gn

n/P 1([R”)) respectively and a vector field R € (S’ (R"))" with

loc

(3 R.VdivR) € LL (B ®") 0 BY/PT'R™) and QR eC([0.00): BY P (RM)

such that
divug = div R(0, -).

Then, there exists a constant Cgp depending on a and b such that any solution (u, VP) € ET of the Stokes
system (1-3) will satisfy

2
||u||L?°(BZ{1p_1) + ”v u”LtI(BZ'/IP—l) + ”VP”L}(Bg./Zp—n/anIr)z./lp—l)
= (||”0||BZ/IP*1 + (/. 9: R, V div R)||L}(Bg(2pfn/zﬂggflﬂfl)) exp(Cap(r +1))  (2-11)
forallt € (0,T]

Before proceeding with the proof, a few remarks are in order:
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Remark 2.10. Proposition 2.9 is different from Theorem 1.3 when n = 3. Indeed, in the 3-dimensional
case the theory is more subtle and thus, as a first step we construct a unique solution for the case of more
regular initial data.

Remark 2.11. The difficulty when dealing with the Stokes system with nonconstant coefficients lies in the
fact that the pressure and the velocity u are coupled. Indeed, in the constant coefficients case, in view of

divu =div R,

one can apply the divergence operator in the first equation of (1-3) in order to obtain the following elliptic
equation verified by the pressure:

aAP =div(f —9;R + 2abV div R). (2-12)

From (2-12) we can construct the pressure. Having built the pressure, the velocity satisfies a classical
heat equation. In the nonconstant coefficient case, proceeding as above we find that

div(@VP) =div(f — 9; R + adiv(bD(u))). (2-13)

Therefore the strategy used in the previous case is not well-adapted. We will establish a priori estimates
and use a continuity argument like in [Danchin 2014]. In order to be able to close the estimates on u,

we have to bound ”CZVP”Ll(Bn/p—l) in terms of
t p.1

B vz 1-8
||u||Ltoo(B£l/lpfl)” u”L}(BII:/IP*l)

for some B € (0, 1). Thus, the difficulty is to find estimates for the pressure which do not feature the time
derivative of the velocity.
In view of Proposition 2.7, consider (uy,, VPr ), the unique solution of the system

d;u—adiv(bD(u))+aVP = f,
divu =divR, (2-14)
u|t=0 =1Uop,

with

ur € C([0, 00); BZ’/IP_I) and (d;ur,VZurp,VPr) € Llloc(Bzflp_l).

Recall that for any ¢ € [0, c0) we have
. __ 2 e .
||ML ||L?O(Bz,/1p_l) + ” (atuL’ abV-<uy, aVPL) ”L[l (BZ,/lp_l)
=< C(||uo||1;»§/lpfl +[|(f,9: R, abV div R)”L}(BZ/JH))' (2-15)
In what follows, we will use the notation
i=u—uy, VP=VP-VPy. (2-16)

Obviously, we have
divii = 0. 2-17)
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Thus, the system (1-3) is recast into

where

3rii —adiv(bD(ii)) + aV P = f,
divii =0,

ﬁ|t=0 = O,

f=adiv(bD(ur))—adiv(bD(ur)) — (a—a)VPy.

Using the last equality along with Proposition 3.17, we infer

LAl o1 < |adiv(bD(ur))—~adiv(b D(up))| gnso—1 +(@=a)VPL| gnp—
p.1 p.1 p.1

S Gt lla=al o) B+ 16=5 1 o I VL | oo +lla=al s [VPL .

Let us estimate the pressure aV P. First, we write

1V P gnso—1 < 1@V P)|| gnso—1 + IP@V P)| gnsp-1.
.1 p.1 p.1

Applying the Q operator in the first equation of (2-18) we get

Q(aVP) = Qf + Q(adiv(bD(i1))).

Thus, we get

Let

IIQ(aVF)IIB;z/Ip—l =< IIQfllgg/lp—l + 1Q(a diV(bD(ﬂ)))IIBZ/lp—l-

Q(adiv(bD(it))) = Q(D (@) Sm(aVh)) + Q(Sm(ab — ab) Aii)
+ Q(D(@)(1d — Sm)(aVbh))
+ Q((1d — Sp) (ab — ab)Ail),

where m € N will be chosen later. According to Proposition 3.17 we have

|Q(D (i) Sm(aVh))|| prip1 S IS (aVh)| B | Vit B

Owing to the fact that # is divergence free we can write

Q(Sm(ab —ab)Ait) = [Q, S (ab — ab)]Ail,

such that applying Proposition 3.21 we get

|Q(Sm(ab—ab)Adi) | ynso—1 < |(Sm(aVh), Sm(BVa)) | guro—1/2I|Ad|| gnrv—3/2
p.1 p.1 p.1
< | (Sm(aVb). Sm(bVa))|| g2 IVl grrp=ira.

(2-18)

(2-19)

(2-20)

(2-21)
(2-22)
(2-23)

(2-24)

(2-25)

(2-26)
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The last two terms of (2-21)—(2-23) are estimated as follows:
|Q((1d — Si) (aVb) D (@) + Q((1d — Sp) (ab — ab) Adl) | /ot (2-27)
< (Il(1d = Sm) (aVb) I /o1 + 11 = Sm)(ab —ab) IIB;«flp) IViill goso- (2-28)
Thus, putting together relations (2-20)—(2-28) we get
19@V Pl goro-1 SUQS W grrp=1+ [ (S (@V0), SmBV @) | grrp-1 21Vl gorp-12

IVl g (10d=Sm) @VB.BV) | sy +] (d=Sin) (@b—ab) | go10). (229

Next, we turn our attention towards P(aV ﬁ). The 2-dimensional case and the 3-dimensional case have
to be treated differently.

The 3-dimensional case. Noticing that
P(aVP) = P((d — Sp)(@—a)VP) +[P, Sm(a—a)VP
and using again Proposition 3.21 combined with Propositions 2.2 and 2.5 we get
IV Pl garp-3/2 + IP@V P garp-s
SIVP gsrp-3r2 + |P(Ad = Sp) (@ — @)V P) | g3/p-1 + [P. Sm(a — @)V P| g3/p-1 (2-30)
p.2 p.1 p.1
< | dd—Sp)(a —a)| gasv ”VF”B?’/”*I + 1+ ||SmVa||33/1;71/2)||VF||B3/1773/2 (2-31)
p.1 p.1 p.2 p.2
. - 1 1 1
< — — . a2
< 1ad=Sw)@ =l gy (5 + | 4~ 3|

+ 6(61)(1 + ”SmVa”B3/p—1/2)(||f”B3/p—3/2 + ||a d1V(bD(ﬁ))||B3/p—3/2), (2-33)
p.2 p.2 p.2

W) IIaVPIIBw ! (2-32)

where

cr=(b+ [

o) (1 )

We observe that
ladiv(bD@) | g3rp-32 S @+ lla—all go/) B+ 16 =Bl g3/} IVl /=172 (2:34)
p.2 p.1 p.1 p.1
Putting together (2-30)-(2-33) along with (2-34) we get
IVP]| gyt IP@VP)| B/

< 11— Sp)(a— a)”BW( +H )

3/p)||avp||33/,, L+ Cla)(1+ 18w Vall gs/p-12)

X (171 garp-sva + @+ la=all goio) B + 16 =Bl /) IVl 3r0-112) (2:39)
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Combining (2-29) with (2-35) yields
~ ~ ) ~ 5 ~
IV P gp-s2 + 1aV Pl gosos <T@, D)@V Pl gosos + TA@. D)L orp-sr2 o
+ T @, D)Vl garp=12 + Tp(@, D)Vl gary,

where

i _ : _ 1, .1 1
Tp(a.b) = 104 = Sw)@ =Dl gy (5 + 15 = 30 )

Ta(a,b) = C@(1 + [ SmVal g/p-1/2),
p.2
Tn(@,b) = (Sm(@Vh), Sm(bVa) | g3rp-1/2
p, - -
+C@+ 1SmVall g3/p-172)@+ lla—all g3/0)B + 110 bll g3/0),
p.2 p.1 p.1
Trn(a.b) = |(1d— S)(@Vh,bVa)| g3/p—1 + | (1d — Sp)(ab —ab)|| z3/».
p.1 p.1

Observe that m could be chosen large enough such that T}} (a, b) and T, (a, b) can be made arbitrarily
small. Thus, there exists a constant C,p depending on ¢ and b such that

IV Pl g3rp=320 3001 = Can (I /1 B3y TVl Bsflp_l/z) +llValzsp.  (2-36)
where 1 can be made arbitrarily small (of course, with the price of increasing the constant C,p). Let us
take a look at the B;’/f_yz—norm of f; we get

11l g37p—3/2 < ||adiv(bD(up))—adiv(b D(up)) | g3/o-s2+1(a=@)VPL g3r0-32
p.2 p.2 p.2

< (51+||a—51||335{a)(5+IIb—5||BI§(ln)IIVuL I garp=12tlla=all garp IVPLI g3rp=s/2. (2-37)

Asuy € C([O, 00), B;’/lp_l) NnL! ([O, 00), B;’/IPH) and Q is a continuous operator on homogeneous
Besov spaces from
div(ur, — R) =0,
we deduce
P(ur—R)=ur — R,
which implies
Qur = 9OR.
By applying the operator Q in the first equation of system (2-14) we get

avVPr = Qf —Qd;up +abQAuy + abV div R
=Qf —Qd;R+2abVdivR
and thus

1 1 = .
||VPL||B;f2"*3/2 < 5||Qf||332p—3/2 + EIIBt QR||B;/2pf3/z + 2b]||V div R||33(21;73/2.
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In view of (2-36), (2-19), (2-37) and interpolation we gather that there exists a constant C,p such that

IV Pllg3/p=3/20 prp-1
SCab(||VuL||BI§(IzJ—1/z+||VPL||B;{2p—3/z+I|(VzuL,VPL)||BI§{11)—1+||Vﬁ||33{11>—1/2)+77||Vﬁ||BI§(117 (2-38)
= Capll(Q.9: QR V div R)l| g3/p-3/2+Cap ULl g3/ (2-39)
D, p,
+Cupll (VzuL, VPr) ||B3/lp—1 +Cupllit ||BS/fJ—1 +2n|| Vi ||BS/lp, (2-40)
p. . p.

where, again, at the price of increasing C,5, we can make 7 arbitrarily small.

The 2-dimensional case. In this case, using again Proposition 3.21 combined with Propositions 2.4 and 2.6
we get

IV Pl g2rp—1 +11P@V P)| g2/
p.2 p.1
SIVPI gorp1 +11Ad=Sm) (@) 210 |V Pl goro-1+ I[P, Sm(a—a)V Pl 2701
p.2 p.1 p.1 p.1

S 10d=Sm) (@)l g27p IV Pl g2rp-1-+ A+ 1V Small g2/ |V P oo

< 1Ad=Sm) @)l 3270 IV Pl 2701

D. D.
+C@U+1VSmall g2rp) (11| 271+ Qadiv(b D@N) | g21p-1)

where, as before

=3+ 13-

o) (% et ).

As we have already estimated [|Q(a div(bD()))|| g2/p—1 in (2-29), we gather
p.2
IV Pl g2rp-1+1aV Pll gasp < T (@.b)1aV Pl g2s-1+ T D)L 1| s

+T, Mm(a b)||Vu||Bz/p 12+T Mm(a b)||Vu||B2/p, (2-41)

2/17)

where

T (a.b) = | (1d=Sp)(a— a)||32/p( +H

T2(a.b) = C(@)(1+]|VSmall j2/»),
p.2
T a1 (@0) =[S (@V0), S (BVa) | 210 +C (@ 1+ 1V Small y2/p)(Sna (@V), Syt (DY) | 521
T (@:0) = [ (1d=Sm)@V) | g2/p—1+ | (1d=Spn) (@b=ab) | garv
+C(a)(1+||VSmall Bz/p)(II(Id—SM)(aVb)H Bp +]|(Id—Sps) (ab—ab)| BZ/,J_I).

First, we fix an 7 > 0. Let us fix an m € N such that T} (a, b)||aVP||Bz/p 1 can be “absorbed” by the
left-hand side of (2-41) and such that

10d = Sm)@VD)| g2ro-1 + [1(1d = Sm)(ab —ab)|| g2r» < 30
D. D,
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Next, we see that by choosing M large enough we have
T,i,M(a,b) <n.
Thus, using interpolation we can write
D 1 2 ~ 2~
IV Pl g2rp-1+11aV Pl g2rp-1 = Cab (I(V?ur, VPL) | p2rp-1+ ||u||33(ln—1)+277||V it g2rp-1- (2-42)

End of the proof of Proposition 2.9. Obviously, combining the two estimates (2-38)—(2-40) and (2-42)
we can continue in a unified manner the rest of the proof of Proposition 2.9. First, choose m € N large

enough such that . _
ab + Sm(ab —ab) > La,b..

We apply A j to (2-18) and we write
d¢iij—div((@b+Sm(ab—ab))Vii;)
= fi—A;@VP)+A; div((1d—Sy)(ab—ab)Vii)+div[A;, Sm(ab—ab)]Vi
+Aj(DiSm(bVa))+A; (Di(1d—Sm)(bVa))+A; (Vi Sm(aVb))+A; (Vi(Id—Sp)(aVb)).

Multiplying the last relation by |ii;|? ~lsgnii j, integrating and using Lemma 8 from Appendix B of
[Danchin 2010], we get

N t t ~ t . ~ t . . —_—
i o +asba22 C [0 liijllze < fo 1 fille+ /0 1A @V P Lo+ /0 |div[A;. S(ab—ab)]Vi
t -
+ / A div((Ad—Sp)(ab—ab)Vi)|, ,
0
t t
- /0 |A;(DiiSm(bVa))|Lr+ /0 |Aj (Da(1d—Sm)(bVa))||

¢ . . t . .
+/0 ||Aj(VﬁSm(aVb))||Lp+/O 1A (Va(1d—Sm)(@Vb))| »-

Multiplying the last relation by 2/®*/P=1 performing an £!(Z)-summation and using Proposition 3.19
to deal with ”diV[Aj, Sim (ab — Zzb)]VﬁHBn/p_l along with (2-38)—(2-40) and (2-41) to deal with the
1
pressure, we get !
i . 25 .
”u ”L?O(st/ll’*l)'i'a*b*c ”V u ”L}(Bg,/fFl)
t t
<| f . . S S . il -
S gy +C [ 109 Pl g+ [ 1Sn@Ta) S0 i 19y

2~ .
+ Tn(@. D)Vl o,

t
=< Cab(1+t)(||u0||j3;1/lp—l+||(f»8tR,VdivR)”Ltl(B;/Zp—n/Znt/lp—l))+Cab/(; ||L7||Bg/lp—1
2~
+(Tm(a,b)+n |V u||Lt1(B§,/1p71) (2-43)

where

Tin(a.b) = | (Ad—S) (bVa)|| yn/v—1 + | Ad—Sm)(@Vh) | gn/o—1 + | (Ad—Spm) (@b—ab)|| gn/p-1. (2-44)
p.1 p.1 p.1
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Assuming m is large enough and 7 is small enough, we can “absorb” (T;,(a, b) + n)||V?
into the left-hand side of (2-43). Thus, we end up with

ey
i . T
||u||L‘,’°(Bgf1”—1)+a*b* 2C”V u||L;(BI,:(1p_1) t
< Cap(1+ Z)(||M0||Bz/lp—1 + ||(f, 0 R, V div R)”L,I(BI',’/Z”_"/ZHBQ/IP_I)) + Cab/O ”ﬁ”Bf;/l”_l

such that using Grénwall’s lemma, (2-15) and the classical inequality

1 +1% < Cy exp(?)
yields

~ 1 2 ~
1ol o=ty +axbea CIVT Ly gy
< Cap ([luoll -1+ I/, 9: R,V div R) [ 1 BP0 Bn/lpfl)) exp(Capt). (2-45)
D, D, D,
Using the fact that ¥ = uy + & along with (2-15) and (2-45) gives us
1 2
el oyt +axbra CIV ULy gy
=< Cab(”U()”Bn/lp—l + ||(f, atR, V div R)”L}(Bn/zp—n/Zan/lp—l)) exp(CabZ). (2-46)
D. D. D.
Next, using (2-38)—(2-40) and (2-42) combined with (2-15), we infer
” vp ”L} ((BZ’/ZD—H/Zntn/lp—I)
< Ca ||aVPL ”L}(B;!/zpfn/ang'/lpfl) + Ca ||aVP ||Lt1(Bz!/2pfn/Zmbﬁgs/lpfl) (2—47)
=< Cab(||u0||B;{1p—1 + |I(f. 9 R, V div R)“L}(BZ,/Z"_"/ZHBZ,/{’_I)) exp(Cypt). (2-48)
Combining (2-48) with (2-46) we finally get
2
”u ”L?O(BZ,/IP_I) + ”V u ”L} (B;l{lI’—l) + ||VP||L}((B;71,/2p_n/sz1’:,/lp_l)
< (o]l o1 + 10 RV AV R)| 1 -2 o)) xP(Cap(t +1)). (2-49)

Obviously, by obtaining the last estimate we conclude the proof of Proposition 2.9.
Next, let us deal with the existence part of the Stokes problem with the coefficients having regularity
as in Proposition 2.9. More precisely, we have:

Proposition 2.12. Consider (a,b,uq, f, R) as in the statement of Proposition 2.9. Then, there exists
a unique solution (u, VP) € E\o of the Stokes system (1-3). Furthermore, there exists a constant Cgy,
depending on a and b such that

2
||””L?°(B§ﬁ””) + |V ””L}(BI’}!/I"*I) + ”VP||L}((BI'Z./2”*”/ZHB§!/1"*1)
=< (||“0||BZ’/111—1 + (/. 9:R. V div R)||Lt1(33{2p—n/2032{1p—1)) exp(Cap(r +1))  (2-50)

forallt > 0.
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Proof. The uniqueness property is a direct consequence of the estimates of Proposition 2.9. The proof of
existence relies on Proposition 2.9 combined with a continuity argument as used in [Danchin 2014]; see
also [Krylov 2008]. Let us introduce

(ag,bg) = (1—0)(a,b) +6(a,b)

and consider the Stokes system

dru—ag(div(bg D(u)) —VP) = f,

divu = div R, (Sp)

Ulp=0 = Uo.
First of all, a more detailed analysis of the estimates established in Proposition 2.9 enables us to conclude
that the constant Cyp,
¢ = cqp- Indeed, repeating the estimation process carried out in Proposition 2.9 with (ag, bg) instead
of (a,b) amounts to replacing (¢ — @) and (b — b) with 6(a — @) and 6(b — b). Taking into account
Proposition 3.12 and the remark that follows we get that there exists

appearing in (2-49) is uniformly bounded with respect to 6 € [0, 1] by a constant

c:= sup Cgp, < 00.

0<lo,1]

obg

Let us take 7" > 0 and consider £, the set of those 6 € [0, 1] such that for any (u¢, f, R) as in the
statement of Proposition 2.9 problem (Sp) admits a unique solution (#, V P) € E7 which satisfies

2
”u”L?O(Bg./lP—l) =+ ”V ””L} (B;l!/lp—l) + ”VP”L}(BZ‘/ZP—H/ZQBZ’/IP—I)
= (||”0||Bl'jfl”_1 +[(f, 9: R, Vdiv R)HL}(B;ffzp_”/szl’,’flp_l)) exp(c(r +1)) (2-51)

for all ¢ € [0, T']. According to Proposition 2.7, 0 € £7.
Suppose 0 € E7. First we denote by (1, VPy) € E the unique solution of (Sy). We consider the space

Eray = 1{(0,VQ) € Er : divib = 0}
and let Sgg- be the operator which associates to (w0, V@) € ET giv, the unique solution (i, VF) of

3¢it —ag(div(bg D(i)) — V P) = gggr (ug, VPg) + ggo (0, VO),

divu =0, (2-52)
u|t=0 = 07
where
goo'(u,VP) = (ag —ag/)VP + ag, div(bg D(u)) — ag div(bg D (u)). (2-53)

Obviously, Sggr maps Ergiy into ET 4;y. We claim that there exists a positive quantity ¢ = &(7") > 0
such that if |6 — 0’| < &(T') then Sgg- has a fixed point (ii*, VP *) in a suitable ball centered at the origin
of the space ET giy. Obviously,

(ii* 4+ ug, VP " + VPy)

will solve (Sy/) in ET.
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First, we note that, as a consequence of Proposition 2.9, we have

1@,V P)|| £
=< (”g%/(ue’vpe)||L1T(B,'Z,/2p_"/2ﬂ3,'j,/f’_l)+”gee/(w’vQ)||L‘T(B;Zf2"_"/zﬂl'?,',',/f’_l)) eXp(C(T+1)) (2—54)

Observe that
/ -_
[ (aq _ag/)VP”LIT(B;',/ZP_”/ZHBZ,/IP_I) <10—0"lla— a”B;/lp ”VP||L1T(BI’,’!/2”_”/201'33’/1”_1)' (2-55)
Next, we write
agr div(bg D(u)) —ag div(bg D(u)) = (agr —ag) div(bg: D(u)) + ag div((bg: — bg) D (u)).
The first term of the last identity is estimated as follows:
. / - 7 7
Itagr —ag) div(by D@y nrp=1y =10 = Ollla =all gnp (0 + 11D =bll ) I D@ 1 (gniy.
Regarding the second term, we have
. !/ - -_ -
lag div((bg: = bg) D) 1 o1y =16 6"V b= Bl yuro @+ lla =l o) I D)y, oo,

and thus
|aer div(bg: D(u)) — ag div(bg D(u))|| Ly

<|0—6'l@+ ||a—d||Bn/p)(13 + ||b—i5||Bn/p)||Du||L1 )

The only thing left is to treat the L} (B3/P 3/2) -norm of ag, div(bg, D(u)) — ag div(bg D(u)) in the case

where n = 3. Using the fact that Vu € L4/3(B3/p 1/2) we can write
[(ag: —ag) div(be: D (u)) ||L1T(B;’_/2”_3/2)

< 10— 0| la=al oo | div(bg DE) 1 (3o,

< 10— 0 la=al 370 (b + 15 =51 g310)]| Dull 3 5270172, (2-57)
’ =0 P . 1/4, 1 1/4 3/4 )
<16 =6lla=al go/p (5 + 15 =Bl )T 1L s WG s, 259

1 2
<10 -0'1C(T,a, b)(”u”L‘?(B,f,/lp_l) +[IV u”Llr(BE,/l”_l)) (2-59)
and, proceeding in a similar manner, we can estimate ”ae diV((bg/ — bg)D(u)) HL1 (B3/P=3/2)
T 2
Combining (2-55), (2-56) along with (2-59) we get !
”gGG’(ua VP) ”LlT(Bg’/zp—S/ZmB;’/ln—l)
/ 2
<|0—-6"|C(T,a, b)(||u||L<%o(B;{lp—1) + ||V u”LIT(B;,/lpH) + ”VP||L’}“(BI3;’/21)—3/ZHBI_1/]17—1)). (2-60)
Substituting this into (2-54), we get

(i, VP)| gy <10 —0'|C(T,a,b)(||(ug, VP)| Er + | (0, VO £1)
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and by linearity
~ ~ ~1 ~2 ~ ~ ~1 ~2
|@'—a*vP —VP )HET5|9—0/|C(T,a,b)|}(w1—w2,VQ VO g,
where fork =1, 2,
(@, VP") = Sgo (', VO")).

Thus one can choose ¢(7") small enough such that |6 — 0’| < &(T) gives us a fixed point of the solution
operator Sggr in Bg, . (0,2[[(ug, VPg)l E;)-

Thus, for all 7' > 0, we have E7 = [0, 1] and owing to the uniqueness property and to Proposition 2.9, we
can construct a unique solution (1, VP) € E), to (1-3) such that for all > 0 the estimate (2-11) is valid. [J

The proof of Theorem 1.3 in the case n = 3. As discussed earlier, in dimension n = 3, Proposition 2.9
is weaker than Theorem 1.3, as one requires additional low-frequency information on the data

(f.0:R.VdivR)e L}(B)]7).

Thus, we have to bring an extra argument in order to conclude the validity of Theorem 1.3. This is the
object of interest of this section.

Existence. We begin by taking m € N large enough and owing to Proposition 2.8 we can consider
(u', VP), the unique solution with u! € C(R™; B3/p 1) and (d;u', VZu', VP! e L] (B3/p 1) of
the system

loc
d;u—ab div D(u) + @+ S_m(a—a))VP = f,

divu =div R,

U|t=0 = Uo,

which also satisfies

0 + 1(d,u',abV?u',avp! )||L1

”“ ||L°°(B (15’3/17 D)

< C(||u0||B%/p L+ |I(f,8; R, abV div R)||L1 B~ 1))
for all 7" > 0. Let us consider
Gu',VPY = adiv(bD(u')) —adiv(bD(u")) — ((1d — S—_)(a —a))VP!.

We claim G(u!, VP!) e L] (B3/p 3/2033/1’ 1) Indeed

loc
adiv(bDw')) —adiv(bD(u')) = (a —a) div(bD(u")) + adiv((b — b)D(u'))
and proceeding as in (2-56) and (2-58) we get
adiv(bD(") = adivb D@ )|y garp=3r20 garp=1y
1/4 1 1
< Cap(1+1*)(||u ”L?O(B;./lp_l) + [lu ”L}(B;./IP—H))

=< exp(Cap(? + 1))(”“0”3;/117*1 + “(f? d; R,V div R)”L%_(B;/ll’*l)) (2-61)
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Next, we obviously have
|(dd— S_m)(a—a))VP! ”LI(BS/P—I) <Cl(a— 67)||Bs/p |VP! ”L}(Bﬁff’")' (2-62)

3/p 1/2XB3/p 1_)B3/p 3/2

Using the fact that the product maps B , we get

[(Ad =Sy a =) VP 1y garp-sr2) = CIAd = Sm)@ =)l gorp-172 I VP g savp-1y- (2-63)

Of course

|0d=S-m)@=a)l ga/p-1/2 =C Y7 2PV Aja=a) |2 = €22 7 2P| A j(a=a) | 2.

j=z—m Jj=z—m
<C2"™2|a=al ga»
p.1

so that the first term on the right-hand side of (2-63) is finite. We thus gather from (2-61), (2-62) and (2-63)

that G(u',VP1) e L] (B3/p 32 B3/p 1) and that for all # > 0 there exists a constant C,p such that

loc

IG', VP e cssrp=sr2apsre=ty = (ol o=t + (/. 8: RV AV R)| Ly 3rp—1)) exp(Cap (1 + 1)).

According to Proposition 2.12, there exists a unique solution (uz, VPz) € Ejoc of the system
d:u —adiv(bD(u)) +aVP =Gu', VP,
divu =0,
u‘t=0 = 07
which satisfies the estimate
2 2,2 2
”” ”L?"(B;’q/lp*l) + ”(V u<, VP )”L}(B;/IP*I)
=< ||G(u1 , VPI)||L[1(B;'/2p—3/2r]B;’/lp—l) exp(Cgp(t + 1))
=< (HMOHB%‘H + (£, 9 R, V div R)”L}(Bj{{’*‘)) exp(Cap (1 + 1)).
We observe that
(u,VP):= (u' +u® VP! + VP?
is a solution of (1-3) which satisfies
2
”u”L?O(B;./lI’—I) + ”(V u, VP)”L}(B;/IP_I)
< (ol gs/p-1 + 1/ 3RV div R)| .y s/p-1)) exp(Cap(t +1)). (264
Of course, using again the first equation of (1-3) we get
. 2 .
”af””L}(B;{f—I) = Cawll(f/iV u,VP)llL;(Bsflp—l)
and thus, we get the estimate
Il oo =y + 1 @ot. V20 VP ey
< (ol js/p1 + (/.80 RV div R) ) /o)) exp(Cap(t + 1)) (2:65)



460 COSMIN BURTEA

Uniqueness. Next, let us prove the uniqueness property. Let us suppose there exists a 7" > 0 and a pair
(u, VP) that solves
diu—adiv(bD(u)) +aVP =0,
divu =0, (2-66)
u|t=0 = 0’
with
ueCr(B)P™") and (9,u. V2u.VP) € LL(B)P7).

Observe that we cannot directly conclude to the uniqueness property by appealing to Proposition 2.12

3/p=3/2

because the pressure does not belong (a priori) to L} (B ). Recovering this low-frequency

information is done in the following lines. Suppose 3 < p <4 Applying the operator Q in the first
equation of (2-66) we can write

Q((@+ S—m(a—a)VP) = Q(adiv(bD(u))) — Q((1d — S—m)(a —a)VP),
where m € N will be fixed later. We observe that
| Q@+ 8-m(@=anvP)|,, 5P
S| QadivD@))| 1 Byt |o((d—S_m)(@—a)VP)| LYY
STV @+ la=al gap) (b +11b = bl go) IVutl a3 garp=ir2,
1 Ad=Sem)(@ =) g/o-12IV Pl Ly 301

Consequently, we get
Q((@+ S—m(a—a)VP) € LIT(B3/11’_3/ 2. (2-67)

Let us observe that the condition p € (3, 4) ensures that B / 7 is contained in the multiplier space of

B—/32/p+1 — 33/1’ ~2. More precisely, we get:

Proposition 2.13. Consider p € (3,4) and (u,v) € B3/p X B 3/p+1 Then uv € B 3/p+1 and
||uU||B—3/p+1 S ||u||B3/p||U||B—3/p+1.
p’ p.1 p’.2

3/p « B 3/p+

Proof. Indeed, considering (u, v) € B and using the Bony decomposition we get

1 Tuvll g-3rp+1 S llullzoollvll g=3/m+1.
p’.2 p’.2

Next, considering
1
pr
we see

j(—3 1 AT -3 NG -3 14 A

I PN A Tl s Y 203 PDGOE30E0Y g, v 2| Agul| e

{=j—3

Y 2P0 gy ) 223 P Agu| e
{=j-3
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such that, with the help of Proposition 3.10, we get

1Tl syt S 100yl gogoe S 10l sy el 0

Proposition 2.14. Consider p € (3,4). Furthermore, consider a constant ¢ > 0 and c € B / P Then
there exists a universal constant n > 0 such that if

cll - <
el zs/v <.

then for any ¥ € B3/p =320 B3/p 2 there exists a unique solution VP € B3/p =320 B3/p —2 of the
elliptic equation
div((c + ¢)VP) =div .

Moreover, the following estimate holds true:

||VP||33/,, -0 ”QW”BWP’ o

where o € {%, 2}.

3/p

Proof. The proof is standard. Under some smallness condition on ¢ € B , the operator

VR— VP = EQW —¢VR)

has a fixed point in a suitable chosen ball of the space B3/ p'=3/2 B3/ » /_2. O

Choose m € N such that || S_,,(a —a)|| By is small enough that we can apply Proposition 2.14 with a
and S_ m(a — a) instead of ¢ and ¢, and we consider ¥ a vector field with coefficients in S. As the

3/p 3/2ﬂB3/p -2 3/p -3/2 ﬂB3/p 2 th

Schwartz class is included in B , let us consider VPW € B , the

solution of the equation
div((@+ S—m(a—a))VPy) = div y,
the existence of which is granted by Proposition 2.14. Then, using Propositions 3.8 and 3.9, we can write3
(VP ¥)s/xs
=Y (A;VP.Ajy) =) —(A;P.A;divy) (2-68)
J J
=Y —{A;jP.Ajdiv(@+ S_m(a—a)VPy)) =Y (A;VP.Aj(@+ S_m(a—a))VPy)) (2-69)
J J
= (Aj(@a+S_ma—a))VP.A;VPy) = (A;Q(@+ S_m(a—a)VP).A;VP,)  (2-70)

j j

< H Q((C_Z + S—m(a - &))VP) HB;/ZP—3/2 IV Py ||B3//1]7’—3/2 (2-71)
4 D,

< Q@+ Somla=anVP)| garp=s2 ¥l g3ym—sr2- (2-72)
. r’,

3We define Aj = Aj_l + Aj + Aj_,_l.
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<1, by (2-67) and Proposition 3.8, it follows

Taking the supremum over all ¥ € S with ||1p||B3/p/_g/2
that VP € L1 (BY77*/?) and that

IVP Iy =372y 5 [ Q@+ Som(@a=a)VP)| 1y (gorp-r2,

According to the uniqueness property of Proposition 2.12 we conclude that (u, VP) = (0, 0).

Observe that in the case p € (%, 3] owing to the fact that B;/p e, B3/q ! for any q € (3,4)

and u € CT(B3/p 1) along with (3,u, V?u,VP) € LT(B3/p 1) we get u € CT(B ) along with
(0,u, VZu, VP) ell (BS/ 1= 1) Thus, by the uniqueness property for the case g € (3 4) we conclude
that (1, VP) is 1dent1ca11y null for p € (£,3].

3. Proof of Theorem 1.2

In the rest of the paper we aim to prove Theorem 1.2. Thus, from now on we will work in a 3-dimensional

framework.
The linear theory. Let us fix some notation. The space F T consists of (W, VQ) with w € Cr (B 3/p= 1)

and (3;W, V20, VQ) elLl (B3/p 1) with the norm
~ AN e 11 ~ 2 ~ -
160 VO, = Wl geigrp—r) + 10D V70V Ol -ty )

For any time-dependent vector field v we define
t
X, x)=x+ / v(t,x)dr,
0

and Ay = (DX3)~L. Also, let us denote by adj(DX3) the adjugate matrix (i.e., the transpose of the
cofactor matrix) of DXj3 and J; = det(DX53).
Before attacking the well-posedness of (1-4), we first have to solve the linear system

podyit —div(p(po) A5 D, (1)) + AL VP =0,
div(adj(DX3)it) = 0, (3-2)

ﬁ|l‘=0 = Uy,
where v € CT(B3/p 1) with Vv € LT(B3/p) N L2 (B3/17 1) is such that
||V17||L2T(Bl§{ln—1) + ”V{)”L'T(B;,/lp) <2«a (3-3)

for a suitably small «. Obviously, this will be achieved using the estimates of the Stokes system established
in the previous section; see Theorem 1.3. Let us write (3-2) in the form

Qpil — pl—o div(p(po) D (it)) + %vﬁ = %Fﬁ(ﬁ, VP),

diva = div((Id —adj (DX;,))L':),

I’_lt=0 = Uy,
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with
Fy(0,V 0) := div(i(po) A5 Da, () — 11(po) D(1)) + (Id — A1)V 0.

loc

Consider (uy, VPr) with uy € C(R™, B;’/IP_I) and (0;ur,V?ur,VPr) e L] (B;’/lp_l), the unique
solution of

dsur — oo div(p(po) D(ur)) + 5=V P =0,

divuy =0, (3-4)

Ur|t=0 = Uo,
for which we know that
L. VP E7 = lluoll gsrp—1 exp(Coo (T + 1))

Moreover, T' can be chosen small enough such that

||VUL||L2T(BI§!/1p—1) +[|@eur. Vur, VPL)||L1T(B§,/{’_1) <a. (3-5)
Following the idea in [Danchin and Mucha 2012], and owing to Theorem 1.3, we consider the operator

O, VO) = (i, VP). (3-6)

which associates to (), V@) eF 7 the unique solution (i, VF) eF T of

0ri — - div(11(po) D(@)) + =V P = L Fy(up + 1,V PL+VQ),
div iz = div((Id — adj(DX3)) (ur, + W),
ﬁ|l=0 = 0
We will show in the following that for any R > 0 there exists a sufficiently small 7" > 0 such that there

exists a fixed point for ® in the ball of radius R centered at the origin of Fr. More precisely, according
to Theorem 1.3 we get

- ~ 1 - ~
(. V ~§H—F— VP, +V ‘ ,
1060V O)I 7, = | 2Fotur + 5.2+ 5D,
+ 190~ adi(DXe) .+ ) 3 (g3
D,

+ ||V div((Id — adj(DX3)) (ur, +0)) | Ly (3-7)

We begin by treating the first term:

1 - ~
o VP4V ‘ .
H 00 v(uL+w L+ Q) L%(Bf,ﬁp_l)

<(+lnl
P Po P

s | Fotur +5.9PL £ VD) 1y oy (9)
p. N
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We write

Ty =div(p(po) As Dy (up+w))—div(u(po) D(ur+10))
= div(1(po) (A5—1d) Dy (up+))+div(1a (o) Day—1a(ur+1w))
= div(1(po) (A5—1d) D gy —1a(ur+w))+div(ua(po) (A5 —1d) D (u L +1)) +div (12 (00) Dy —1a(u L +10)).

Thus, using (3-22) of Proposition 3.27 along with product laws in Besov spaces (see Proposition 3.17)
we get the following bound for 77:

17 ||L1T(ijlp—1) < Cop ||Aﬁ—Id||L%0(33{lv)(l+||Aﬁ_Id||L%0(33{1P))(||VUL IILlT(B;(IP)+IIVII)IILIT(B;(Ip))
< Cpo”V’7”L1T(B§{f)(1+||V‘_’||L'T(B;{IP))(||V”L”L'T(B;{{')JF||V'I)||L1T(Bj{f))
< Cpot(a+(B,VO)| £y )- (3-9)
The second term is estimated as
10d = AT)VPL+V Oy goro-1y SNVl y gy IVPLI Ly goro=1y + 19y garor))
Sa@+ 1@, VO Fr) (3-10)

so that combining (3-8), (3-9) and (3-10) we get

‘)éFﬁ(uL—F?I),VPL-I-V@)) < Cpyale + (. VO) || ,)- (3-11)

Ly(B/Ph

In order to treat the second term of (3-7) we use the estimates (3-23) and (3-24) of Proposition 3.27 along
with Holder’s inequality in order to obtain

19: (1d—adi( DXo)) Qe+l .1 (o701,
p.
< ||(ML+U7)3tadj(DXﬁ)||L1T(B;(]p—1)+||(Id—adj(DXa))(atuLJraﬂD)||L1T(33{1p—1) (3-12)
< Hat ad.](DXl_)) ”LZT(Bs/lP—l) ||ML+1I) ”L%"(Bs/lp)—i_ ”Id_adJ(DXl_)) ”L%O(Bs/lﬁ) ||8tuL+al‘u~) ”L%"(B;/lp_l)
S ||V5||L2T(33{1P—1)(OH’H(uN)vVQ)||FT)+05(O‘+||(II)7VQ)”FT)
<+ @.VO)lr,). (3-13)
Treating the last term of (3-7) is done with the aid of Corollary 3.24:

div((1d — adj(DX3)) (ur, + ) = (Duy, + D) : (1d— J; Ag)
= Ji(Dup + Dw) : Id— Az) + (1 — J3)(divuyp + div ).
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Thus, using the estimates (3-22) and (3-26) of Proposition 3.27, we may write
|V div((1d — adj(DX3)) (ur + 0))|| Ly

< || Js(Dur + D) : (1d— Ap) |}L1T(Bsflp) + [|(1 = Jp)(divug + div ) HLIT(B%,:)

S+ 175 - 1||L%o(33(]p))||1d— Al oo g3im I PuL + DIy sy

1= Dlipeo garplldivur +divivlipr gam,

<ol +a)@+@. VO ry). (3-14)
Combining the estimates (3-11), (3-13) and (3-14) we get

1900, VOl 77, S el + 11, VO)l| ). (3-15)

Thus, for a suitably small « the operator & maps the ball of radius R centered at the origin of F T
into itself. Due to the linearity of ®, one can repeat the above arguments in order to show that ® is a
contraction for small values of . This concludes the existence of a fixed point of ®, say (&*, V P *) e Fr.
Of course,
(@,VP)= @*,VP")+ (ur,VPr)
is a solution of (3-2).
Proof of Theorem 1.2. Consider T small enough such that (u7,, VPr), the solution of (3-4), satisfies
IVurlps ggsip=1y +1VuLlpy gsp = e
and consider the closed set
Fr(e) ={(3,V0) € Fr : i=0=0, (@, VO)| r; < Re}

with R sufficiently small such that
Let us consider the operator S which associates to (7, V@) eF 7 («), the solution of

8;d — o div(p(po) D(@)) + pLOVP = ;—OF(uL+1~,)(uL +i,VPr + VP),

div(adj(DX,, +3)(ur + @)) =0,

a|t=0 =0

constructed in the previous section. We will show that for suitably small 7 and «, the operator S maps
the closed set Fp () into itself and that .S is a contraction. First of all, recalling that (i, VF) is in fact
the fixed point of the operator ® defined in (3-6) and using the estimates established in the last section,
we conclude that

1@ VPlE =I1S@.VOIr = Re (3-17)

for some small enough 7.
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Next, we will deal with the stability estimates. For i = 1,2, let us consider (v;, Véi) eF 7(a) and
(;, VP;) = S;,VQ;) € Fr(a). Defining

(65, V80) = (3 — 2. VO, —V 0,),
((SL?,V(S;) = (ﬁl—ﬁz,VFl—VFz),

W¢E See
98— L div(u(00) D) + LVSF = LT,
div it = div G,
(811”:0 == 0»

where

F = Fy(80,ur +iiy) + Fy(ug + 5. 8i1) + F2(80, VPL + V Py) + Fy(ur, + 05, V8 P),
G = —(adj(DX(uy +5,)) — 1d)8i1 — (adj( DXy +5,)) — adi( DX (uy +5,)) (UL + i) := G 1 + G2,
and
Fy(0,w) = div(1(po) A Day (W) — p(po) D (1)),
F,©,VQ)=(1d—4l)vo.

According to Theorem 1.3 we get
16a. VéP)|| 7 < Cp0(||F||L1T(ij1P_1) + ||VdiVG||L1T(BI§{IP—1) + ”atG”Llr(Bs,/{’_l))' (3-18)
Proceeding as in relations (3-8) and (3-9) we get
”F“L%(B;/lp_l) S ”vgﬁ”L;(B;/lp) ”VML'FV?:{I ”L%"(B;/IP)"'”VML'FVT& HL%'(B;/IP) ”V5ﬁ”L;(BS/lD)
+||V86||L;(BS/IP) ||VPL+VP1 ”L%‘(B;/lpil)
HIVuL+Vall Ly 3y IVOPl Ly garo-ry
< 5. VSO . 1.VSP)|~ a
Sal(V85.V6D) 1y (o) + 6. VP | 3, (3-19)
Of course, we will use the smallness of « to absorb «||(Véi, V4 F)ll LL(BYP) into the left-hand side
T p.1

of (3-18).

Next, we treat ||V div G || I . Using Proposition 3.23, we can write
T

B,
—div G, = div((adj(DX(u, +5,))—adj(DX(u, 15,))) (UL +ii2))
= div(adj(DX(y; +5,)) (ur+ii2))—div(adj(DX (; 15,)) (up+ii2))
=Jup+5, Dur+iz) : Ay +5) = +5) DWL+i2) t A, +,)

= (Jup+5,~Jwp+5)) DL +iz) : A, +5)+up +9) PWwr+i2) : (Aw, +5,)—Awp +5))-
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and thus, using Propositions 3.27 and 3.28 we get
IV div Gall 1 (grpty
S up+5, — J(ML+52))||L%O(33(1P)”(DML’ Dﬁ2)||L1T(B;§f1P)(1 + ||Id—A(uL+51)||L%O(B;({,))
+ A+ 1 Jup 49, — 1)||L;°9(B§flp))||(D“L’ D’:‘Z)llLIT(Bgfll’)||A(ML+171) — A(”L+52)||L‘;°(B§{1P)
< a”V%”LIT(B;,/l")'

(3-20)
Next, using again Proposition 3.23 we see

—div 51 = diV((adj(DX(uL+,jl)) —Id)(SLNt) = Déu : (JuL+51A(uL+171) —Id)
= Jur +9, Déiu : (A(ML+51)—Id) + Jup+5,— 1 div éu
and consequently
||VdiVG1||L1T(Bp3(1p—1)
S Mg+ D3it: (A o0 =1D | 1 ooy + | G4, =D divea | 1 )
< (1+||JuL+171 -1 ”L%"(Bs/lp)) ”D(Sﬁ : (A(uL-i-T)l)_Id)”L%“(B;’/lp)—k”JuL-‘rT)l —1 ||L%~(B;/lp) ” divéu ”L%"(Bs/lp)
Sall(8u, VéP)| 7 . (3-21)
T
Combining (3-20) with (3-21) yields
|V div G”LIT(Bz,/lp_l) < a||V817||L1T(B;/1p) + ol (8u, V8P)||I7T. (3-22)
Again, we will use the smallness of « to absorb «||(Véi, V§ F) 1 (B into the left-hand side of (3-22).
TV p.1

Finally, we write

3¢ [ (adj( DXy +5,)) —adj(DX(uy 15,))) (UL + i) ]
= (0r adj(DX(uy +5,)) — 31 adi(DX(uy +5,))) (UL + i2)
+adj(DX(u; +5,)) —adj(DX(y; +5,))(Orur + 0¢iiz).

Using Proposition 3.28 gives us
10:[ (adi(DX () +5,))—adi(DX (4, +5))) (UL +i12)] HLIT(B%”_])
< ||9r adj (DX (u 45,))—0r adj (DX (u +5)) H@(B;}ff“)”“L”L%(Bﬁ{{’)
+ 9 adj(DX (4, +5,))—09: adj(DX (4, +5,)) HLIT(Biflp) (222 ”L‘%"(Bj!/{"l)
+ | adj(DX(u, +5,))—adi( DX (u; +5,)) HL‘?(BS,/{’) 0z p +0riln ”UT(B,f,/f’_l)
Sl o
The conclusion is

||3rG||L1T(335371) < alléﬁlleT(BS_/lp). (3-23)
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Combining (3-19), (3-22) and (3-23) we get if « is chosen sufficiently small then
1@ VsPYI 7, < 3165, V30) I (3-24)

and the operator S is also a contraction over F 7 (o). Thus, according to Banach’s theorem there exists a
fixed point (i*, VP*) of S. Obviously,
(@, VP) = (up,VPr) + (a*,VP*)

is a solution of o _ o
p0dit — div(u(po) Az Da, (i1)) + AL VP =0,

div(adj(DX3)u) =0, (3-25)
L_l|t:0 =Uy.
In view of Proposition 3.26 we also get J; = 1. Thus, the second equation of (3-25) becomes
div(Azu) = 0.
The only thing left to prove is the uniqueness property. Consider (', VP'), (%, VP?) € Fr, two
solutions of (3-25) with the same initial data ug € B;/ lp ~! With (ur, VPr) defined above, we let
@, VP = (@, VP = (uy,VP) fori=1,2
such that the system verified by (i, VP i) is

8’ — L div(u(po) D) + LVP' = LF, yun(up +, VP, + VP,

div(Ay,, +aiy(ur +i')) =0,

L~l|t=0 =0.
We are now in the position of performing exactly the same computations as above so that we obtain a
time 7" sufficiently small such that

@', VPYY = @?* VP?* onl0,T.
It is classical that the above local uniqueness property extends to all of [0, T']. O

Proof of Theorem 1.1. Considering (0o, tg) € B;/ lp X B;/ lp ! an_d applying Theorem 1.2, there exists
a positive 7" > 0 such that we may construct a solution (i, V P) to the system (1-4) in Fr. Then,
working with a smaller 7" if needed and considering X}, the “flow” of # defined by (3-17), by using
Proposition 3.26 from the Appendix, one obtains that Xj is a measure preserving C !-diffeomorphism
over R" for all ¢ € [0, T']. Thus we may introduce the Eulerian variable:

p(t,x) = ,oo(Xl—l_l(t,x)), u(t,x)=ul(t, Xﬁ_l(t,x)) and P(t,x)= }_’(Z,Xﬁ_l(t,x)).

Then, Proposition 3.23 ensures that (p, u, VP) is a solution of (1-1). As DXj; —Id belongs to B;/ 7 using
Proposition 3.22, we may conclude that (p, #, VP) has the announced regularity.

The uniqueness property comes from the fact that considering two solutions (o', u’, VP?) of (1-1),
i =1,2, and considering Y, the flow of u', we find that (ui(t, Y,i(t,y)), W (¢, Y, (t, y))) are solutions
of the system (1-4) with the same data. Thus, they are equal according to the uniqueness property
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announced in Theorem 1.2. Thus, on some nontrivial interval [0, 7’] C [0, T'] (chosen such that condition
(3-19) holds), the solutions (o, u’, VP?) are equal. This local uniqueness property obviously entails
uniqueness on all of [0, T']. |

Appendix

We present here a few results of Fourier analysis used through the text. The full proofs along with other
complementary results can be found in [Bahouri et al. 2011, Chapter 2].
Let us introduce the dyadic partition of the space:

Proposition A.1. Ler C be the annulus {’g‘ eR"”: % <|& < %} There exists a radial function ¢ € D(C)
valued in the interval [0, 1] such that

forall E€RN\{0}, > @278 =1, (A-1)
Jjez
2<[j—j'l = Supp(p2~/ )N Supp(p2/")) = 2. (A-2)
Also, the following inequality holds:
forall £ € R"™\{0}, % <Y 20 g <1 (A-3)
jez

From now on we fix functions x and ¢ satisfying the assertions of the above proposition and denote by
h and h their Fourier inverses.
The homogeneous dyadic blocks A j and the homogeneous low-frequency cut-off operators S j are

Aju=¢Q27/ Dyu= 2f”f h(27 yyu(x —y) dy,
Rn

Sju =xQ2 ' Dyu= 2j"/n h(2/ yyu(x — y) dy
forall j € Z. ’
Definition A.2. We denote by S;l the space of tempered distributions such that
lim_ | jul|Lee =0.
j——o00
Let us now define the homogeneous Besov spaces:

Definition A.3. Let s be a real number and (p, r) € [1, oo]. The homogeneous Besov space BIS,’, is the
subset of tempered distributions u# € S }’l such that

lull g o= [ Q1A z2)jez ] o gy < o0

The next propositions gather some basic properties of Besov spaces.

Proposition A.4. Let us consider s € R and p,r € [1, oo| such that
s<Z o s=2andr=1. (A-4)
p p

Then (B’;’r, Il - ”Bf;,r) is a Banach space.
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Proposition 3.5. A tempered distribution u € S }’l belongs to BIS,J (R™) if and only if there exists a sequence
(cj)j such that (2js(:j)j € £"(Z) with norm 1 and a constant C = C(u) > 0 such that for any j € Z we
have

|AjullLr < Ce;.

Proposition 3.6. Consider s1 and s, two real numbers such that s1 < s and 0 € (0, 1). Then, there exists
a constant C > 0 such that for all v € [1, co] we have

0 1-6
leell gosy-+a-eorsa = llull sy Mluell o -

¢ (1, 1 0 1-6
ull - _ < — ull - ull - .
Jul oy H’sz—sz_sl(eﬂ_ G)II o0l s?

Proposition 3.7. (1) Let 1 < p; < pp oo and 1 < ry < ry < o00. Then, for any real number s, the

space Bls, |.r, IS continuously embedded in B;;',’gl/ p1=1/p2)

(2) Let 1 < p < oc. Then, B;/ lp is continuously embedded in (Co(R™), || - | Loo), the space of continuous
functions vanishing at infinity.

Proposition 3.8. Forall1 < p,r <ocoand s € R,
{B;,,, x B S, >R,
(u,v) = 3 (Aju, Ajv),

where Aj = Aj_l + Aj + Aj.H, defines a continuous bilinear functional on B;;,r X B;/fr,. Denote by

Q;/sr/ the set of functions ¢ € Sﬂl;’;,sr/ such that ||@|| 3—s < 1. If u € S}, then we have
) ) p/’r/

(3-5)

||“||jggr < sup (u,¢)sxs-
TeeQ)),

Proposition 3.9. Consider 1 < p,r < 0o and s € R. Furthermore, let u € Bls),,, v E B;,Sr, and
pEL®NM(B,,)N M(B;,fr,). Then, we have

(pu.v) = > (Aju.Aj(pv) = (u. pv). (3-6)
Jo

The proof of Proposition 3.9 follows from a density argument. Relation (3-6) clearly holds for functions
from the Schwartz class: then we may write

/R puv = (pu,) = (u. pu).

The conditions 1 < p,r < oo and s € R ensure that # and v may be approximated by Schwartz functions.
An important feature of Besov spaces with negative index of regularity is the following:

Proposition 3.10. Lets <0 and 1 < p,r < o0o. Let u be a distribution in S,’l. Then, u belongs to BIS,J if
and only if
@7 I8ulLr)jez € ' (D).
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Moreover, there exists a constant C depending only on the dimension n such that

I
r@ = C(l * m)”“”B};.r'

The next proposition tells us how certain multipliers act on Besov spaces.

e .
CPH )l gy <[ @7 SjullLr)jez

Proposition 3.11. Consider A a smooth function on R"\{0} which is homogeneous of degree m. Then,
for any (s, p,r) € Rx[1, 00]? such that

n n
s—m< — or S—m:; and r =1,

the operator* A(D) maps Bls,,r continuously into B;_,m
The next proposition describes how smooth functions act on homogeneous Besov spaces.

Proposition 3.12. Let f be a smooth function on R which vanishes at 0. Consider (s, p,r) € Rx[1, oo]?

such that

0<s<2 or s:ﬁandrzl.
p p

Then for any real-valued function u € BIS,J N L°°, the function f ou isin BIS,’ , N L and we have
1/ oullgy = CU Nullzoe)lull g,
Remark 3.13. The constant C( /", ||u| ) appearing above can be taken to be

sup | S Ol Loo([=M [l oo .- M lull o]
iel,[s]+1

where M is a constant depending only on the dimension 7.

Commutator and product estimates. Next, we want to see how the product acts in Besov spaces. The
Bony decomposition, introduced in [Bony 1981], offers a mathematical framework to obtain estimates of
the product of two distributions, when the latter is defined.

Definition 3.14. Given two tempered distributions u, v € S}, the homogeneous paraproduct of v by u is
defined as

TMU:ZS]'_IUAJ'U. (3-7)
jez
The homogeneous remainder of © and v is defined by
R(u,v) = ZAjMA}U, (3-8)
jez
where

A; = Aj—l +Aj +Aj+1.

YAD)Yw = F 1 (AFw).
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Remark 3.15. Notice that at a formal level, one has the following decomposition of the product of two
(sufficiently well-behaved) distributions:

uv = T,v+ Tyu + R(u,v) =T,v+ Tl;u
The next result describes how the paraproduct and remainder behave.

Proposition 3.16. (1) Assume (s, p, p1, p2.t) € Rx[1, 0o]* such that

1=i+L, s<E or s=£andr=1.
V4 P1 D2 P V4

Then, the paraproduct maps LP! x B;,z’ , into B;,’ , and the following estimate holds:

j L< .
I Trgllgs, SIS lerliglpy -

(2) Assume (s, p, p1, P2, ¥ ¥1,72) € Rx[1, 00]® and v > 0 such that
1 1 " 1 1 1 1

P P1 E V_Vl r
and

n
s<——v or S=——vandr=1.
P P

»—V DS+v ; DS . . .
Then, the paraproduct maps B, ", x B, into By, . and the following estimate holds:

i » < » nS+v .
1778l sy, SIS g, gl sy,
(3) Consider (s1,52,p, P1, P2.7.71,12) € R2 x[1, 00]® such that
O<s1—i-sz<E or sl—i-sz=E and r = 1.
p p

Then, the remainder maps Bp\ ,, % Bj3 ,, into Bls)f;r 2 and

? . < . .
IR oo <0f g, el
As a consequence we obtain the following product rules in Besov space:

Proposition 3.17. Consider p € [1, 0] and the real numbers vy > 0 and v, > 0 with
n . [(n n
vi+v<— —i—mln{—, —/}
p pp
Then, the following estimate holds:

<
o/ p—vi—vy a1/ p— o1/ Py -
”fg”B;'.l” vi—vo ”f”Ble ”llg”Bg.l" vy

Proposition 3.18. Consider 0 a C! function on R" such that (1 + ||)é e L. Let us also consider
p,q €[1,00] such that

+

= <1

1
r

-
Q=
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Then, there exists a constant C such that for any Lipschitz function a with gradient in L?, any function
b € L9 and any positive A,

[[0(A~"' D), a]b|

1 <CA T Val Lo||blla.
In particular, when 6 = ¢ and . = 27 we get

(Aj.alb|,, < €277 |VallLollbllLe.

Proposition 3.19. Assume s, v and p € [1, 00| are such that

n . [n n n

— and —1—m1n{—,—/}<s§——v.

p PP p

Then, there exists a constant C depending only on s, v, p and n such that for all | € 1,n we have for some

sequence (¢j)jez with | (¢j)jezll¢1z) =1,

0<v<

[ida. Ajwll Ly < Ces277 1Vl gurp—s ]l o
forall j €Z.

For a proof of the above results we refer the reader to the Appendix of [Danchin 2014, Lemmas A.5
and A.6].

Proposition 3.20. Consider a homogeneous function A : R"\{0} — R of degree 0. Let us consider s € R,
O<v<=<landp,r,ri,r €[1,o0] such that

1_1.1
r - ry ry
and , "
s<——v or s=——vand ry=1. (3-9)
p
Moreover, assume w € B}s,";; and a € L*° withVa € Bo_o‘jrl. Then, the following estimate holds:
[LAD). Talw| o1 < 1Vall g Nwll g (3-10)

As this result is of great importance in the analysis of the pressure term, we present a sketched proof
below (see also [Bahouri et al. 2011, Chapter 2, Lemma 2.99]).
Proof. The fact that a € L°°, along with relation (3-9), guarantees that A(D)w € BIS,:*;” and that the
paraproducts T,w and TaA(D)w are well-defined. We observe that there exists a function ¢ supported
in some annulus which equals 1 on the support of ¢ such that one may write (of course it is here that we
use the homogeneity of A4)
[A(D). ToJw = [(4¢)(27/ D). Sj_1a]Ajw.

J

But according to Proposition 3.18 we have
2/6HDN[(4¢) (277 D), Sj—1a]Ajwl|,, S 2777V S;1all L2 STV A w| o

The last relation obviously implies (3-10). O
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As a consequence of the above proposition and Proposition 3.16 we get the following:

Proposition 3.21. Let us consider a homogeneous function A : R"\{0} — R of degree 0, s e R, 0<v <1

and p,r,ry, 1 €[1, 00] such that
1 1 1

ron
and
o [(n n n n
—1—m1n{—,—/}<s<——v or sS=——vand r=r,=1. (3-11)
pp p p

assume w € BIS,”;; and a € L*° with Va e Bgo‘jrl. Then, the following estimate holds:

|[A(D). alw]

Byst S IVall gpo-vllwl gosv.

Properties of Lagrangian coordinates. The following results are gathered from [Danchin 2014] and
[Danchin and Mucha 2012]. More precisely, proofs of Propositions 3.22, 3.23, the estimate (3-26) of
Proposition 3.27 and the estimate (3-31) of Proposition 3.28 can be found in [Danchin 2014, pp. 782—786].
Propositions 3.27 and 3.28 can be found in the Appendix of [Danchin and Mucha 2012]. Proposition 3.26
is inspired by [Danchin and Mucha 2012].

Proposition 3.22. Let X be a globally defined bi-Lipschitz diffeomorphism of R* and —% <s
a— ao X is a self-map over B; | Whenever

(1) s €(0,1);
(2) s> 1and (DX —1d) € B)'F.

The following result interferes in a crucial manner in the proof of the well-posedness result for the

3
< E Then

inhomogeneous incompressible Navier—Stokes system.

Proposition 3.23. Let m be a C! scalar function over R® and u € R* a C! vector field. Let X be a C!
diffeomorphism and we define J .= det(DX). Suppose J > 0. Then, the following relations hold:

(Vm)o X = J~ 1 div(adj(DX)m o X), (3-12)
(divu) o X = J ' div(adj(DX)u o X). (3-13)

Corollary 3.24. Let m be a C! scalar function over R? and u € R3 be a C! vector field. Let X be a C!
diffeomorphism and J := det(DX). Suppose J > 0. Then, we have

J~Vdiv(adj(DX)u) = Du : (DX)™}, (3-14)
J 7V div(adj(DX)m) = [(DX)" 1T V. (3-15)
Proof. In order to ease reading, we define Fiy := F(x). Writingu asuo X o X ~1 using the chain rule
and Einstein convention over repeated index, we write
(div i)y = 8 (u” 0 X) | x—10) I (XD,
= D(u o X)‘Xfl(x) : D(X_1)|x

=D(oX)x-1(y): (DX)l_ALl(X),
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and thus, we get
(divu)o X = D(uo X): (DX)™". (3-16)
Then, using (3-13) and (3-16) we get
J~ 1 div(adj(DX)u) = J~ ' div(adj(DX)uo X 1o X) = (divuo X o X
=DwoX 'oX):(DX) ' = Du:(DX)™\.
In a similar manner we prove (3-15). O

For any v a time-dependent vector field we set

X,—,(l,x):x-l—/tﬁ(r,x) dt (3-17)

and we define "
Ay = (DX3)~ L (3-18)
It is crucial to know (in order to pass back in Eulerian coordinates, for instance) when Xj is a global
diffeomorphism. In order to achieve this, we will use the following theorem due to Hadamard:
Theorem 3.25 (Hadamard). Let X : R” — R" a function of class C'. Then, the following are equivalent:
(1) X is a local diffeomorphism and lim| | oo | X (x)| = oo.
(2) X is a global C'-diffeomorphism over R™
For a proof of this result one can consult, for instance, [Katriel 1994].

Proposition 3.26. Let us consider v € Cp, ([0, T], B;/lp_l) with 9;v, V21 € L;(B;/lp_l). Then, there
exists a positive o such that if
”VUHL]T(B;T) =a, (3-19)

then, for any t € [0, T], we have X;(t, ) introduced in (3-17) is a global C ' -diffeomorphism over R* and
det(DX3) > 0. Moreover, if
div(adj(DX3)v) =0 (3-20)

then, X is measure-preserving, i.e.,

det DX = 1. (3-21)
Proof. Differentiating X3, we obtain
t
DX;(t,-) = Id—i—/ Du(z,-)dt
0

and because of the embedding of B;/ lp into the space of continuous functions, see Proposition 3.7, we
conclude X5 € C1([0, T] x R?). We observe that

t
I DX5(7,-) —1d||peowsy = | [[Dv(z,-)[Le=dT
0

< CIIVally gorp) < eC.
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Thus choosing « sufficiently small ensures that X3 (7, - ) is a local C ! -diffeomorphism over R3. The second
condition of Hadamard’s theorem is verified in the following lines. Using the triangle inequality we get

t t
Xs(t. )] = |x|—/ 5z x)ldT > |x|—/ 15z, )| poede
0 0
t
2|x|—C[ ||l_)(T,')||B3/pdT
0 p.1
> vl = Vil oy

The conclusion is that X (¢, -) is a global C!-diffeomorphism over R3. Let us define J; := det DX3 # 0.
Using Jacobi’s formula we get

t
Jit,x)=1+ / tl‘(Dl_)(‘L', x) adj(DX3)(z, x)) dr.
0
Recall that according to [Danchin and Mucha 2012, Lemma A.4] we may write

t t
Id—adj(DX,—,)=/ (DD—diVl‘)Id)dr—l—Pz(/ Dl')dr),
0 0

where the coefficients of the matrix P, : My (R) — M, (R) are at least quadratic polynomial functions of
degree n — 1. Using this identity combined with the embedding L — B;/ lp and the smallness condition
(3-19) we get J; > 0. In order to prove the second part of the proposition, let us define

v(t, x) := o(t, X5 (¢, x)).
Using relation (3-20) combined with (3-13) we get
0 = J; ! div(adj(DX3)) = div(i o X; ') o X5,

which implies
divv = div(vo X; ') = 0.

Since X3 can be viewed as being the flow of v, using Jacobi’s formula we can conclude the validity of
(3-21). Indeed, we have

Xp(t,x)=x+ /t v(t,x)dt
Ot
=X +/ (t, X5 ' (z, X5(z, x))) dt
0

=X —i—/t v(t, Xp(t,x))d.
0

Then, Jacobi’s formula implies

det(DX3)(t, x) = exp(/t(div v)(z, X{,(T,X))) =1. O
0
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Proposition 3.27. Consider v € Cp, ([0 T], BB/p 1) with 3,0, V20 € LT(B3/IP_1) satisfying the small-
ness condition (3-3). Let Xy be defined by (3- 17) and Ji = det DX. Then forall t € [0, T,

I1d = A5l g3/o S NVOll L1 37y (3-22)
[[1d — adj(DX3) (1) || B S SIVoll, . LBy (3-23)
[0 adj(DX3) (@) | g3/0-1 S VU@l g3/p—1, if p <6, (3-24)
Bpsl Bp,l
19, adj(DX3) ()| g3/ S VO] 3370, (3-25)
p.1 p.1
+ _
1757 = U g3 S UVl Ly 30 (3-26)

In order to establish stability estimates we use the following:

Proposition 3.28. Let vy, U € Cp([0, T, B3/p 1) with 3;01, 0; 05, V201, V?0, € L] (B3/p_l) both
satisfying the smallness condition (3-19) and 8 v = Uy — Vy. Then we have

145, = Ava [l Lo 310y S NVEVI Ly (37r)- (3-27)

I adj(DX5,) ~adi(DX5)l e vy 19801 1 (3. (3-28)

19, adj(DX5,) = 9; adj(DXay )|y p3/my S NVOVI Ly 37y, (3-29)

191 adj(DX5,) = 3 adi( DX, 2 /o1y S NVSV 2 gypry. i p <6, (3-30)

1750 = 50l gor S I8V 3 vy (3-31)
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