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equations with horizontal dissipation

H.Houamed* P.Dreyfuss'

April 1, 2019

Abstract

In this paper, for the 3-D Navier-Stokes-Boussinesq system with horizontal dissipation, where
there is no smoothing effect on the vertical derivatives, we prove a uniqueness result of
solutions (u, p) € LF (H% x H™ %) with (Vyu, Vip) € L3 (HY x H*17%) and s € [1/2,1].
As a consequence, we improve the conditions stated in the paper [13] in order to obtain a
global well-posedness result in the case of axisymmetric initial data.

keywords: Boussinesq sytem, horizontal dissipation, anisotropic inequalities, uniqueness,
global well-posedness.
2010 MSC: 76D03, 76D05, 35B33, 35Q35.

1 Introduction and main results

The Navier-Stokes-Boussinesq system is obtained from the density dependent Navier-Stokes
equations by using the Boussinesq approximation. It is widely used to model geophysical flows
(for instance oceanical or atmospherical flows) whenever rotation and stratification play an
important role (see [16]). We will consider the following so-called Navier-Stokes-Boussinesq
equations with horizontal dissipation:

(O +u-V)u—Apu+ VP =peg in R xR
(Or+u-V)p—Dpp=0

div(u) =0

(u, p)je=0 = (v0, po);

where Ay, := 9? 4+ 93 denotes the horizontal laplacian and e3 = (0,0,1)7 is the third vector
of the canonical basis of R3.

The unknowns of the system are u = (u',u?,u?), p and P which represent respectively: the
velocity, the density and the pressure of the fluid.

(NSBp)

In the following we will say that (u, p) is a solution of (NSBy,) if it is a weak solution in the
classical sense (see for instance [3] pages 123,132 and 204). We recall also that from a solution
(u, p) we may use a result of De Rham in order to recover a pressure P (which depends on u
and p) and to obtain a distributional solution (u, p, P) of the system (N.SBy).

*Université Cote dAzur, CNRS, LJAD, France (email: haroune.houamed@univ-cotedazur.fr).
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Note that in (NSBj,) the diffusion only occur in the horizontal direction. This is a natural
assumption for several cases of interest in geophysical fluids flows (see [16]). However —Ay
is a less regularizing operator than the laplacian —A and we cannot expect a better theory
than for the classical Navier-Stokes-Boussinesq equations:

((%—i—u'V)u—Au—FVP:peg in Rt x R?
(&H—u-V)p—Asz

div(u) =0

(UHO)\t:O = (UO,,OO),

(NSB)

In particular, the question of the global well-posedness of (NSB) and consequently of (N SBy,)
remains largely open, but recently the system (NSB}) has received a lot of attention from
mathematicians (see for instance [13, 1, 17]) and significant progress in its analysis have been
made.

Note again that (N.SBj,) involves the operator —Ap which smooth only along the horizontal
variables. Hence we need to estimate differently the horizontal and the vertical directions, and
the natural functional setting for the analysis involves some anisotropic Sobolev and Besov
spaces. The definitons of these spaces and some of their important properties are recalled in
the next section.

In order to analyse (NSBy) it is usefull to forget its second equation for a while, and to
consider first the Navier-Stokes equations with horizontal laplacian:

(8t+u-V)u—Ahu+VP:0 in Rt x R3
(NSh) div(u) =0

U|t:0 = Up

Several interesting studies for this last system were done. In [3], the authors proved the local
existence and the global one for small data in H%* for some s > % The proof of the exsitence
part in [3] uses deeply the structure of the equation and the fact that u is a divergence free vec-
tor field. The key point used in their estimates is related to the fact! that H 2 (R?) — L*(R?)
and that H*(R) is an algebra. Hence it is easy to deal with the term u" - Vju by using
some product rules in the well chosen spaces. Next, after using the divergence free condition
together with some Littlewood-Paley stuffs in a clever way they were able to treat the term
u303u with the same argument. Always in [3], the authors proved also a uniqueness result
(but only for s > %, because of the term w3d3u) by establishing a H?*0-energy estimate for
a difference between two solutions w = u — v, where sg €]3,s]. Later in [12], D.Iftime had

overcome the difficulty by remarking that it is suf‘ﬁci?nt to estimate w in H~2 with respect
to the vertical variable, and this only requires an H?2 regularity for v in the vertical direc-
tion. Then he proved a uniqueness result for any s > %, and the gap between existence and
uniqueness was closed.

To do something similar with system (NSB},) we begin by estimating the horizontal terms
(terms which contain only horizontal derivatives) by using some product rules in the ade-
quate Besov and Sobolev spaces. For the vertical terms (terms which contain only vertical
derivatives) we follow in general the idea in [3] in order to transform them into terms similar
to the horizontal ones by using the divergence free condition. Hence, for s E]%, 1], we first

'Recall that this argument permits to prove the uniqueness of weak-solution for the classical Navier-Stokes
problem in dimension two.



propose to estimate the difference between two solutions w = u — v in H%~! instead of
HO=3 providing that the solution u already exists in the H%* energy-space (see Appendix
for a proof of an existence result). For the second equation, denoting the difference between
two solutions 6 = p; — ps we remark that:

e The function p only appears in the third equation of u (the equation for the component
u3). Hence a priori, we only need to estimate p in the H* '-norm with respect to the
vertical variable.

e In order to deal with the term u” - V1,6, we must estimate @ with respect to the vertical
variable in some space H ™%, with a > 0 and such that H*(R) x H~%(R) holds to be
a subspace of H~*(R). In fact, lemma 2 bellow says that the minimum index —a that
can be chosen is —a = —s.

e For the term w" - Vjp, if we consider that p lies in some HP-space, with respect to
the vertical variable, then a direct application of the product rules shows that we need
B > 1 —s. Moreover, because the system is hyperbolic in the vertical direction, we
expect the loss of one derivative.

Hence we will estimate vertically p in H'=% and 6 in H*.

For the critical case where s = £, in [15] M.Paicu proved a uniqueness? result for (NS},) in

L%O(HO’%) N L%(HI%) It is clear that such a space falls to be embedded in L in the vertical
direction which is the major problem that prevents using similar arguments to those in the
case where s > % In order to prove the uniqueness, the author in [15] established a double
logarithm estimate (see (7)) and concluded by using the Osgood lemma. We will show that
(NSBy,) can be treated in the same way.

Our main result is the following;:

Theorem 1. Uniqueness
Let s € [1/2,1] and (u, p), (v,n) be two solutions for system (NSBy,) in

Lis.(Ry; H*®*) N L7, (R HY®) x LS, (Ry s H'79) N Lj, (Ry; HY' %)

Then (u, p) = (v,n)

As an interesting consequence, we can improve the results of global well-posedeness in the
case of axisymmetric initial data established in [13].

Let us first recal some basic notions: We say that a vector field u is axisymmetric if it satisfies
R_a(u(Ra(x))) = u(z), Va €[0,27], Vz € R,

where R, denotes the rotation of axis (Oz) and with angle a. Moreover, an axisymmetric
vector field u is called without swirl if it has the form:

u(z) =u"(r,2)e, +u®(r,2)es, x = (x1,72,23),r = /2% + 23 and 2z = x3.

We say that a scalar function f is axisymmetric, if the vector field z — f(z)e, is axisymmetric.
We also denote by w = curlu the vorticity of u. Then we will prove:

2We should mention that the existence of solution in such scaling-invariant space is still an open problem even
for the classical Navier-Stokes system.



Theorem 2. Let ug € H'(R?) be an azisymmetric divergence free vector field without swirl
such that =° € L? and let pg € L? be an azisymmetric function. Then there is a unique global
solution (u, p) of the system (NSBy). Moreover we have:

weCRy; HYNLE (R HY A HY), Y e (R L) N L2, (Ry; HY)
T
p€C(Ry; L) NLE(Ry; HYY)

Note that in Theorem 2, we only assume that (ug, pp) € H' x L? whereas in [13] the authors
consider a stronger condition. Namelly they assume that (V x ug, po) is in H%' x H%! or in
L>® x H%!. In both works the key point consists to establish an uniqueness result: it is the
Theorem 1 for us, whereas in [13] the authors assume a strong initial condition in order to
obtain some double exponential control in time for the gradient of w.

The paper is organized as follows: in section 2, for the reader’s convenience we recall the
required background concerning the functional spaces and some useful technical tools. In
section 3, we establish several a priori estimates which are then used in section 4 to prove
the two theorems above. Finally in Appendix we shall prove a result of well posedeness
for (NSB},) under some smallness conditions involving only 7', the L?-norm of pg and the
H%%-norm of ug. The uniqueness part of this result is a consequence of Theorem 1.

2 Notations and functional spaces

Throughout this paper we write R® = R? x R, and for any vector & = (£1,&,&3) € R3,
we will denote the two first componants by &, and the last one by &,, that is to say:
€ = (£1,6,8) = (&,&,). Similarly, for any vector field X = (X!, X2, X3) we will write
X = (X", X") with the meaning that X" = (X!, X?) and X"V = X3.

We will also use the notations:
Hj, = H*(R}), Hy = H*(R,), LE(H}) = LP(Ry; H}) and L Ly LY = L7(0, T; L (Ry; LY(R,))).-

Recall that (NSBj,) involves the operator —Aj which only regularizes along the horizontal
direction. Hence the regularity of the functions along the vertical variable must be mesured
differently than the horizontal ones, and we then need some anisotropic function spaces. We
now provide the definition of these spaces which are based on an anisotropic version of the
Littlewood-Paley theory (see [2] for more details).

Let (1, ) be a couple of smooth functions with value in [0, 1] satisfying:

Suppr{ﬁeR:\SISé}, Suppr{feR:§S|§!§§}

O+ p279%) =1 VE€R, > p(27%) =1 V¢ € R\{0}.

qeN qEZ

Let a be a tempered distribution, @ = F(a) its Fourier transform and F~! denotes the inverse
of F. We define the non-homogeneous dyadic blocks A, and the homogeneous ones A, by



setting:

F~H(p(27%&s1a)) for g € N F~H(p(277]€n|a)) for j € N
Ava:= ¢ FH(y(&la)) for g =—1 Ala:= ¢ FH(y(|&]a)) for j = -1
0 forg < -2 0forj < -2
Syi=AY—AY_| Vg€ Z, Sri=Al— A" Vjez
Aja:=F " (p(279la)) V ¢ € Z, Ala:=F 7 (p(27|enla) ¥ j € Z,
SY=Al—AY_ | Vg e Z, Sp=Al— Al vjez.

We then have a = >~ [ Apa =3 A,,a for both horizontal and vertical decomposi-
tions. Moreover, in all the situations, i.e. for A, S with the same index of direction (horizontal
or vertical) and in both homogeneous and nonhomogeneous cases it holds:

ApApa=0if jm—m/| > 2
Am(Sm/,laAm/a) =0ifjm—m/|>5

A Z Z (Am’+iaAm’a) =Anp Z Z (Am’+iaAm’a)a

i€{0,1,—1} m'eZ i€{0,1,—1} m’>m—Np

where Ny € N can be chosen independently of a (we can in fact assume that Ny = 5).

In what follows, we will use the so-called Bony decomposition (see [2]):
ab=T,(5) + Ty(a) + R(a.b)

b) =Y Sy-1agb, R(a,b):= > Y Agrialgh.

gz i€{0,1,—1} ¢€Z

Here again all the situations may be considered however particular cases must be precised by
using the adequate notations. For instance if we consider the non-homogeneous version for
the vertical variable, we have to add the exponent ¥ in all the operators Ty, Ty, R, S, and A,.

Our analysis will be made in the context of the non-homogeneous and anisotropic Sobolev
and Besov spaces:

Definition 1. Let s,t be two real numbers and let p,q1,q2 be in [1,+0o0], we define the space

(Bf, ql) (B;,qg)v as the space of tempered distributions u such that
_ ||oktogs h Av
[0l 35,00 = 2927 | SR AS @@y

In the situation where g1 = g2 = q, we use the notation Bf,’,‘; = (B;7q)h(B;,q)v' Ifp=q=2
then this last space is denoted by Hb*. If moreover t = 0 then we have:

i 1
o ~ (D7 2%% || AVl |3, )

JEZL
(§] S y € Iollowing properties wi € OI constant use 11 € paper:
Let f € By3, the following ties will be of constant use in th
Vs € R, Jeq = ¢y(f) - HAZfHLp <27 |’fHBg:§’ and Z cg <1 (1)
g>—1
Vs <0, Foq = () (1S3 < &2 ISl and 30 &< @
qg>—1



Other properties of these spaces can be found in [2] for the usual isotropic version, and in [4]
for the anisotropic case. A very helpful tool related to the Bernstein lemma (see for instance
lemma 2.1 in [6]) is:

Lemma 1. Let By, (resp. B,) be a ball of R? (resp. R,) and Cp, (resp. C,) a ring of RZ
(resp. Ry). Let also a be a tempered distribution and a its Fourier transform. Then for
1<pp<pr <o andl < g < q1 < o0 we have:

1 1
Supp & C Qth H aHLpl (LI S Qk(|a|+2(p2 P1)) HaHL‘ZQ(LZl)
Supp a C 2lBU — ‘ Lpl(qu) 5 2l(6+(é_%)) ||(LHLP1(L32)

Supp & € 21 = Nallgpzzny S 27 swp 05,0l
al=N

Supp a C 2 Cy = ”aHL“(L‘“) S27 w H aHL”1 (LY
We will also need some product rules in (non-homogeneous) Sobolev spaces:

Lemma 2. Let 0,0, 5,80 € R verifying 0,0’ <1, c+0c' >0, so>1/2,5 < sg and s+s9 >0
then there exists a constant C = C(o,0’,s,0) such that:

labll go+or-1.s < Cllallgos 10l grors s Va, b€ S

Proof

Remark first that because ||abl| jyos0/—1.. = H |labl| - we have only to prove that:

Hoto
H*(R) x H(R) C H(R). (3)

Indeed, by using (3) together with the usual product rules with respect to the horizontal
variables, the desired result follows (see for instance [2]). Note also that when sy > s > 3,
the inclusion (3) is trivial since in this case the space H* is an algebra and clearly H®0 — H*.
It remains then only to prove (3) in the situation sy > 1 > s and s+ sp > 0. In order to do

this, we use the Bony decomposition in the vertical variable: ab =T;b+ TYa + R"(a,b).

For the first term, let us consider the two cases: s < % and § = %

The case s < 3: By using the embedding H*(R) — B’ 0.2 2 together with (2) we obtain for
any ¢ > —1:

|ATTED 2y S 155100 oy 18580 oy S 527772270 Nl oy, 0oy
00,2

—lyo— _
S C?I max{1,2°072}27% HCLHHS(R) HbHHso(R) S 032 7 HaHHS(]R) HbHHso(R) :

It follows that
IT20l sy S Nall grs ey 101l oo m) (4)

The case s = % We use the following estimate:

15 r0ll ey < 30 2% 1850l oy S Vallaly gy

—1<5<q

in order to obtain:
1AGTTD 2 gy S 155100 oy [ 850l oy S cav/@2 22 lall o 1Bl o ey

6



Seen that Ve > 0, there exists C. > 0 such that for all ¢ € R*: |/g27% < C., we infer that:

IT00 13 gy S Nl gy 100 0

and (4) follows for all s < % < sy. Moreover, by using the embedding H* (R) < L*°(R)
together with the estimate:

HAZ(Tb HLz ®) ~ H 1bHLoo(R) HAZGHLQ(R) S Bl oo ) €427 Nlall sy

we obtain:
HTI;}CLHHS(]R) S Ha”HS(R) ”bHHso(R)

For the reminder term, if s + sg > 0, then applying lemma 1 together with (2) gives:

\mmemmwmgg%§:\mpmm”@%ywywmmAy: S AL,
j>q—No i={-1,0,1}
<28 > (cg2milts0)) llall g ) 101l zrso (w) -

J2q—No
Consequently, for any ¢ > —1 we get:
20—(j—
S 270 flal gy [0l soey D 27U+
j2q—No

—q(so—1
S ¢q2 a(s0=3) HaHHS(]R) HbHHSO(]R) :

2% | A5 (R (@, )| 2 g

It is then easy to show that ||R(a, )|l gs(ry S llall = (r) 101l s m)
If s + s9g = 0, then along the same lines we can prove that:

IR,y o S ol Bl
The last step consists to use the following inequality by taking a = —5 and €=50— 1
fllpae = > 2 A fll 2 < CE)fllpg _» YacRe>0 (5)
: et :
We get:
IR (a, D) || gr—so ) = 1R(@; 0) | s ) S el g7 ey N0l 750 ()
which ends the proof. O

Another important result is the following commutator-type estimate:

Lemma 3. Let u, f be regular where u is a divergence free vector field in R3. We have:
1185 81t Cozs)] fl| g2 S 270851 Vs 23) | g 111

Proof
The proof is essentialy based on the fact that —dsu® = Vj -« and the following usual
commutator estimate used with respect to the vertical variable:

1 1

114, a]b]|,. S 279 | Vall o 16 4 wmh St (6)

For the proof of estimates of type (6) one may see for example [2], and for a detailed proof
of lemma 3, one may see [3]. O

Let us end this section by recalling the Osgood lemma (see for instance [2]):

7



Lemma 4. Osgood lemma

Let g be a measurable function from [ty, T to [0,a], v a locally integrable function from [to, T
to RY and p a continuous and non-decreasing function from [0,a] to RT. Assume that for
some non-negative real number c, g satisfies:

g(t) < c+/ y(T)u(g(r))dr, a.e. t € [to,T]

to

Then we have for a.a. t € [to, T):

¢>0 = —M(g(t)) + M(c) < /t y(r)dr,  where M(‘”f):/ /fé:)
¢ dr
c:Ocmd/O m:oo = g=0

3 A priori estimates

In this section we establish the main a priori estimates required to prove the uniqueness in

our theorems.

Let (f,g) := (f,9)r2®s) be the usual L%-scalar product, and (f,g)a s denotes the scalar

product between f and g in H*#(R3). In order to simplify the redaction, we introduce the

following notations:

Ly:= Y 226 DALl Vyw), Alw), Ly =Y 22" (AL (1P d5w), Aw)

q>—1

q>—1

Ly:= Y 22" D(AY(wh - Vyo), Abw), L= Y 2217 (AL (wPdav), Abw)

>-1 9=-1
Ly = Y 2720 (AL (u" - V40),AL0),  Le:= Y 27%(AU(u’0s0), AL6)
q>—1 q=—1

Lyi= ) 27°(AN(w" - Van), A),  Lg:= Y  27%(Ay(w’dsn), Af)

g=>—1

Lo:= Y 2217D(AY), AY(w?))
g>—1

We shall prove:

g9=—1

Proposition 1. Let s €]1/2,1]|. Then for u,v,w, p,n, 8 verifying:

u, v, Vau, Vv € H*,  p,n,Vpp, Vi€ H'7°

w, Vyw EHO’Sfl,
V-u=V-v=V

we have:

Li < HU||1/2,S thwHO,s—l Hw||1/2,s—1 )
2

Ls S thv 0,s ’le/Q,sfl’

Ls S ully o6 VBl —s 10111 /2, -

L7 S ||vh77HO,1—s ”w||1/2,s—1 ”9”1/2,—5’
Lo S 101lo,—s (IVawllg s—1 + lwllg 5-1)

0,V,0 € H3

~w =0,

2
Ly S ||vhuHO,s Hw||1/2,s—1

Ly S vl 2 (lwllgs—1 + IVhw
Le S [IVhul

Ls S nlhjai—s (Iwllg ey + 1Vawllo oy ) 101112,

0,5s—1 ) kul/&sfl

2
0,s He”l/?,—s



Proof

in the following we denote by ¢, some constant ¢, := cq(u,v,w, 6, p,t) with Z cg < 1 which
g>—1

comes from the fact (1) or (2). This constant is allowed to differ from one line to another.

e [ estimate: )
Since s + (s — 1) > 0, by using product lemma 2 between H2'* and H%*~! we obtain:

h h
Ly = (u" - Vyw,w)ps—1 < Hu 'vthq/zsq HwH1/2,571

S Hqu/Q,s ”Vtho,sﬂ ”wH1/2,371

e /5 estimate:
We write Lo = Lgl) + L§2) + ng) where:

L = 7 226D ST (AY(AY(WP)SY (Bsw)), Abw)

q=-1 l7—ql<No
2 s§— v v v v
L = 37 22D ST (AL(SY (u)AY (Dsw)), M)
g>-1 li—al<No
L§3) — Z 92q(s—1) Z Z <Az( §+1(US)A§(83UJ)),A;U))
g=—1 i€{0,—1,1} j>¢—No

Then by using the embbeding of H 2 (R?) in L*(R?), Bernstein lemma for the vertical variable
together with statement (1), we obtain:

L) S lwllyyaacr Y 27022 37 187 gw] g A5V,
q>—1 |7—q|<No

S ||w||1/275—1 ||w||1/2,s—1 ||th||o,s Z CqQQ(S_1/2) Z C?2j(1_8)2_5j
g=—1 |7—ql<No

Sl e N0l ooy 1 Vnullg,, D cg227/2 a0 =g e
q>—1

0. Z CqQ—Q(S—1/2)

q>—1

S ||wH1/2,s—1 ||wH1/2,s—1 ||th||0,s

S ||w||1/2,s—1 ||w||1/2,s—1 1V

To estimate L§2), we consider the decomposition used in [3], by writing ng) = A1+ As + Aj

with:

A = Z 22‘1(5—1)<S};(u3)A2(63w),Agw>

q>—1
Agi= 37 267N T (8] - 57-1) (u®) AT (Bsw), Ajw)
g=2-1 l7—al<No
Agim 37 DS (AT SY (u})] A (Bgw), Atw),
q=>—1 li—al<No
where [Ag, S;-’_l(ug’)] denotes the commutator between Ay and S;?_l(u3).



After integration by parts we obtain:

1 2q(s—1 v 3y AY v
A = -5 Z 224( )(Sq(a:su JAG(w), Agw)

q
qg>—1
_ % S 22060180 (V), - uh) AL (w), Alw)
g=2—1
Slwlhyaey D a2 ™V | AGuw]| s 157 (Vat)| 2 o

g=—1
2
S lwlltyg,e—1 Vaullg s
In order to estimate Ag, we remark first that S — S;-’_l is spectraly supported away from 0,

that is we can use lemma 1 to estimate Ao just like Lél). Indeed:

Ay < Cllwlly g1 Z chq(S_l) Z H(Sg - ;—1)63U3HL§L30 }AngL;‘LL%
q>-1 l7—a|<No
< Cllulh s 3 2™ 3|85 - s v, l1ATe
g>-1 li—al<No !
<C HwH%/Q,s—l thuHQs Z Z Cq2q(s_1)cj+i2(q+i)(1_s)
[i|<No g=—1

2
<C Hw”1/2,571 thuHo,s

Finally for As we use the commutator estimate proved in lemma 3 to obtain:

As < wlypar 25 a2 3 (I[AG ST )] 85050 (g, 12y

g=>-1 l7—al<No
< wllyja,6-1 Z chq(s_l) Z HS}J—lvhu(wf’?f%)HLngo HA;’le/z,o
q>-1 l7—al<No

2
< ”wH1/2,sf1 ”VhUHo,s Z Z CqCq+i

i€{0,—1,1} ¢>—1

2
< ||U’H1/2,s—1 ||th||0,s

Ditto for the the last term in this part, using the fact that dzu® = —V, - u™:
3 —1)5q/2
Lé) S Hw||1/2,s—1 Z Cq2q(s )24/ Z Z HA;nginL;lng HA}’thHLQ
>—1 i€{0,—1,1} j>¢—No

S Hle/Q,sfl Hle/Q,sfl thuHo,s Z Cq2Q(S_1/2) Z Z Cjcj+i2j(1_s)2_sj

q>—1 1€{0,—1,1} j=>q—No

2 _ _
SHwllf ey [Vaullg, D 2007 /22007290 N N e

>—1 i€{0,—1,1} j>g—No

where we used the fact that s €]1/2,1] that is 1 — 2s < 0. We obtain finally:

3 2 o
LY < wl} ey IVntllgy > cg27aC71/2)
g=—1

2
S wllijz,s-1 [Vaullo s

Remark: In the case where s = 1 we don’t have to deal with L; + Lo which is equal to 0
because of the identity (u - Vw,w) =0

10



e [3 estimate:
By using product lemma 2 between H%* and H'/%5~1 we obtain:

h h
Ly = <’LU Vh'U,w>0,s—1 < Hw thH—l/Z,s—l kul/lsfl

2
S thUHo,s HwH1/2,371

e [, estimate:
We write Ly = Lfll) + Lf) where:

L = 37 22670 ST (AY(ATW?SY, 5(850)), Abw)

qg>—1 Jj=q—No

L = Z 92¢(s—1) Z (AL(SY_y (w®)AYD3v), ALw)

qz—1 l7—ql<No

Hense, by using again lemma 2, we infer that:

L) < lwllypacr D2 272 37 A8 1, [1S710(050)
g=—1 Jj=q—No
For s # 1, after certain calculations

157250 | o < D 2702 AT ] 1 g
m<j+1

1/2
g( ) 22m<13>) 1ol o

m<j+1
S P o)y g

Thus, by using lemma 1 together with the previous estimate and the divergence free condition
on w, we find:

Lz(f) N ||U’H1/2,s—1 ||”H1/2,s Z Cq2q(871/2) Z 277 HA})V’L“’HH

q>—1 j=>q—No
Slwlly gt 10l jps Vawllg ey Y 296712 S~ ¢;27(1729)
q>—1 j=>q—Nog
. 1/2
Slwlly g ey [0l o0 VAWl oy Y Cq2q(8_1/2)< > 229(1_28)) lejllizvog-11)
qg>—1 j>q—No
Swlly e [0l o [VRwllg oy D 29071 /2220725)
qg>—1
Swlly e 10l o I VRwllg 0y D q29H/279)
g>—1

S ”wH1/2,sf1 ””Hl/Q,s thwHo,sfl
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For the second term we proceed as follows:

LELQ) S llwlly 2,51 Z cg2457 D21 Z 2071 HS;'LlngL%LLgo HAgvHLiL%

q>-1 l7—q|<No
S llwlly g1 nguo,s Z Z cg21 72 HAngqUHL;lng
[71€No ¢=—1
S ||v||1/275 Hw||1/2,5—1 ngHo,s Z Z CqCq+i
[i|<Np g=—1

S ollyz e 0l 2 o [l
In order to close the estimates of Lf) we remark that, for any s € [%, 1], we have:
Hw3H0,s < Hw3H0,s—1 + Ha3w3H0,s—1
< Jw?]]g oy + IVaW]g -y

In the case where s = 1, note that the estimate can be obtained easly, by using product rules
and the previous inequality, as the following;:

(w?dgv, w) 2 < H“’ga?’vuq/z,o il /2,0

S Ml 19501l 2 1wl 20

S vl joq Ulwll gz + [[Vewl 2) [[wll /2.0
e [ estimate:
In order to estimate this term we proceed by duality by inferring firstly that:

Ls < [uvuo] , Il -,
—5, 8 27
Moreover, lemma 2 gives:
HuthQH < Huh 19l

1 Ly
It follows that:

h

Ls S |||, I9n8llo—. N6l —,
2

e [ estimate:
We use the Bony decomposition: Lg = Lél) + Lé2) + Lé?’), where:

L = " 2209 ST (AV(AY(uP)SY, (950)), ALY)

g>—1 li—al<No

L§) = 37 2000 3T (AN(ST 1 (uh)AY(96)), AL)
g>—1 li—al<No

LY =Y 220 N ST (AU(AY (u)AY(850)), AL6)
¢>—1 i€{0,—1,1} >q—No

For the first term, we use the Bernstein lemma together with usual sobolev embbeding and
the free divergence condition to obtain:

LY < CN0llypy D 2202 Y 1571611 1 12

v h
AJV}Z U HL2

g=-1 l7—q|<No
1/2— 2
SO0y o 10111 gy IVl D €q20/27 N~
q>-1 l7—q|<No

2
S 01 2,—s Vaullo s

12



For Léz) we follow the same decomposition used for Lg), so we write: L((f) = By + By + Bs,
where:

= > 272(SY(u) AL (050), AL6)

g>—1
= D27 Y (S — 7)) AY(956), Ay6)
g>—1 li—al<No
Byi= % 27 % ([AL SV ()] AY(950), AL)
g>—1 li—al<No

After integration by parts we obtain:

1 - S [ v v
=3 D 272 (SP(95u”) AL (6), AL6)

qg>—1

1 —zqgSs v v v
=5 D S (Vau)AY(0), AYY)

q=>—1

N ”9“1/2,73 Z g2 " HAZQHLng HS;’(th)HL%L%O

g=—1
2
S ||9||1/2,s—1 ||th||o s

To estimate By we remark first that Sy — S7_; is spectraly supported away from 0 that is we
can use lemma 1 and estimate By as Ag, mdeed

By < C |0l 9,5 Z cq2” " Z (g — ;71)83“3“@2#30 HA})HHL%L%

g>-1 l7—ql<No
< CH‘9||1/2,—S Z cg2™ % Z H(SZ; —S;Ll)vhu H HAUGHL‘le
g=2—1 l7—4l<No
< ¢ He”%/Z,fs thuHO,s Z Z CqCq+i
[i|<Np g=—1

< C 18012,

Finally for B3 we use the commutator estimate proved in lemma 3 to obtain:

By S 0liyo—s D2 ™™ 30 (I[85 S @] A0 o,

3 H12(R2))
g1 li—al<No
SU0lljo—s D a2 Y 1851 Vnulo )|l o 1256]]
q=—1 li—al<No
2
SO oo IVmullos Do D7 cacqs
ie{0,~1,1} ¢>—1
2
S 10112, |
For Lé3), by using the same arguments we find:
3) - 2
SRS SET - TEND DI S IS/ N1/
g>-1 i€{0,—1,1} j>q—No
S0l o, 101112 I VRullys D 27972 3" N ciejp
>—1 i€{0,—1,1} j>q—No

2
S ||9H1/2,—s [Vhullg g

13



e [; estimate:
This term can be estimated by using the following property based on product rules in dimen-
sion one together with inequality (5):

_1
H* "' (R) x H*(R) C B2 (R) — H*

Indeed, based on the Bony decomposition with respect to the vertical variable we write
Ly =L + 1P + LY where:

L= 3" 272 N (AL(SY (W) AY(Vin)), ALS)

-1 |j-q<No
[P = 3" 272 ST (AY(AYW)SY(Vin)), ALY)
q>—1 l7—al<No
L= 27% S ST (AY(AY(wM)AY(Vin)), AL6)
g>-1 i€{0,—1,1} j>¢—No

By using inequality (2), similar arguments give then:

Lgl) < ”9||1/2,—s Z Cq2—q(8—1/2) Z HS})—leL;iL% HA}’(V}#])HLQ

q>—1 |l7—q|<No
< (IVanllog—s Il oy 161l ja—y D €2 9D S 2
q>—1 |7—q|<No
S IVen 0,1—s ||wH1/2,s—l ||9H1/2,—s

For the second term we proceed as follows:

LY <l D 2 0TI 3T 20D ([[Aj] 1, 270 ) (PO 83 (Ta) )
g1 li—al<No

<Vl goas-vzz [wllyp a0l o, D €272 Y0 o
’ q=—1 li—ql<No
S IVan

0,1—s ||7~UH1/2,5—1 ||9H1/2,—s )

0,1—s—1/2
00,2

where we used the embedding H%1~* — B and the fact that 1 —s —1/2 < 0.

For the last term we proceed as follows:

ng) < ||9||1/2,—s Z Cq2_q(s_1/2) Z Z HA;}U’HL;‘;L%

A;}-H,(vhn) HL2

g>—1 i€{0,—1,1} j>qg—No
< thﬂHo,lfs HwH1/2,371 H0H1/2,73 Z Z cq27q(871/2) Z CjCj+i
i€{0,—1,1} g>—1 Jj>q—No

S ||Vh77||0,1—s ||w”1/2,s—1 ||9H1/2,—s

e Lg estimate:
We write Ly = LY + L& + L where:

L= 37 27 N (An(ATwRSY_ (9sm)), AY)

q>-1 |7—q|<No

LY = 3" 27% N (ALY (w®)AYsn), ALG)

g>—1 |7—q|<No

14



LY =327 N N (AN(ATWPAY,(95n), ALY)

g>—1 1€{0,—1,1} 729—No

Then for the first term, we have:
(1) - 3
Ly <00yos Do ™™ 3 [1ATwP ] o [1S71Dsm) ]y 1
q2-1 l7—al<No
Now we use:
“5;71(8377)“%%0 < 2jcj2*j(1fs—1/2) ||77||H}1L/2(BC1>;§71/2)7J
S 2jCj2_j(1_S_1/2) ||T]||H1/2,175

and:

[AYw?||,, < 277¢; 277571 | Vpwl| os s

Therefore we find:
1 _ -
L) <1100l o,—s 1 Vnwll o nllgrszas Y €q200/2750 3~ 2ol/2=a)
q=—1 l7—al<No
SOl j2,—s Vawl] go.s—1 [0l grasza-s
Next, for the second term:

ZSE U7 DD DI Sl [ [P el P )
a=-1  |j—q|<No

< ||9H1/2,—5 HWSHQS ”77”1/2,1—5 Z Cq Z Cj

q>—=1  |j—q|<No
3
< ||9H1/2,—s Hw Ho,s H77”1/2,1—s Z Z CqCj+q

[7]<No ¢=—1

S 1002, (w0l sy + VR0 61 ) 10l 21—

For Lé3) we have:

L < l0ljps D a2 2 3 T (A5 AT @50
q¢>—1 i€0,—1,1 j>qg—No

< ”'9”1/2,—5 Z cq2q(1/273) Z Z HA})V’ZMHL? HA})H”HL‘}lL%

-1 i€0,~1,1 j>q—No
2— j(s—1 ji(1—
S H9H1/2,75 Z CQQQ(l/ °) Z Z 2](5 ) HA;)VthL2 2](1 ?) HA?‘“”“L%L%
g>—1 1€0,—1,1 7>q—No
S ”'9“1/2,—5 ||Vhw”0,s—1 ||77”1/2,1—s
Finally for the last term, we use the fact that s < 1 which implies that 2s — 1 < 1, and that
w is a free divergence vector field to infer that:
Lo =272670(580, Sgw?) + Y 229D (AY9, AVw?)
q>0
S1S801 2 155wl 2 + 3277 (| Ag6| 2 2107 V272 7D [[AGw?]
q=0
< 1566112 IS8l + 37270 850 27070 | v -
q=0
S0llo,—s (IVRwllg g1 + lwllgs—1)
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g

In the case where s = % we can take up again the reasoning in [15], by estimating both

equations in the same space H 0.=3 . Note also that the terms u-Vu and u - Vp can be treated
along the same way. More precisely one may prove the following proposition:

Proposition 2. Let u, v, p andn be in space LE}O(HO’%) with Vpu, Vv, Vip, Vi1 in L%(HO’%)
and u,v two divergence free vector fields. Let w,0 be in L%O(HO’%) with Vyw and V0 in
L%O(HO’%) solution of:

Orw~+u-Vw — Apw+ Vo =fes —w - Vv
O +u-VO—Apd=—w-Vn ,
div(w) =0

and x(t) == Hw(t)Hg i+ H@(t)Hg 1. Forall0 <t <T, if x(t) < e 2, then we have:
T )

Xt = CHOx ) (1 = Inx(8))in(1 — Inx(t)), (7)

where f is a locally integrable function depending on the norms of u,v,w, p,n,0 in HO2nHY:

Proof
As mentioned before, the proof is essentialy based on [15], indeed by following lemma 4.2
from [15] we infer that:

d

7 lw®I5—1 < CA® w®)lg 1 (1= tnllw®)llg_1 )in(l—infw@)g_1) + Cx®)

1
2

where:
2 2 2 2 2 2
fr= (Aol vl s + el ) < @+ 1Veuli s + 1Vavlly s + 1Vawlly 1)

Note that, for 0 < = << 1, the function z — (1 — In(z))In(1l — In(z)) is non-decreasing.
Then, for x(¢) small enough, and following the same approach in [15] we can prove that:

d

p lw®)llg 1 < CHEXE) (L = Inx(t))in(1 — Inx(t)) (8)
% 105, < CHOXD) (1 = lnx () In(1 — Inx(1)) (9)
consequently by summing together (8) and (9) we obtain (7). O

4 Proof of the Theorems

4.1 Proof of Theorem 1

Let (u,p, P), (v,n,II) be two solutions for system (NSBy), and w :=u—v,0 := p—n,w =
P —1I denotes the difference functions. Then (w, 0, w) satisfies

(&g-l—u-V)w—Ahw—}—Vw:Heg—w-Vv
(Gt—l—u-V)G—AhH:—w-Vn

V-w=0

Wit=0 :9“:0:0

(Q)
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e The case: s #1/2
Recall first that by interpolation, we have:

1/2 1/2
lwll jppr S lwllg2y [ Vhwllg’2

1/2 1/2
16111 o,y S 1161152, 101162,

An easy consequence of the Young inequality tells that for any non negative real numbers
a,b, A, B, D with a + b = 2, there exists C' > 0 such that:

1
A®B'D < —_ B2 1 CA%2D?,
= 1000 T

Hence by using these last inequalities in an appropriate way together with the estimates given
in Proposition 1, it is not difficult to prove that:

9
1
Y Li< 5 IVhwllg,s—y + 17481l —s ) + F(O) (lwlg s + 11615, ) (10)
i=1

where f is a locally in time integrable function given by:

4 4/3 4
£@) = Ol oy + Il + 178012, + [ol373 4 1V aml2, + il e + 1)

On the other hand, by applying the operator Af to (Q), and by summing with respect to
q € NU{—1}, then (10) leads to:

lw(®)1[5,e—1 + 10(t)1l5 s < /0 FE o(lgemr + 1005, )dr

Finally, we can conclude by using Gronwall ’s lemma.

e The case: s=1/2

The uniqueness in this case can be deduced by applying the Osgood lemma to the estimate
given in Proposition 2.

4.2 Proof of Theorem 2

The uniqueness result in Theorem 2 is a direct consequence of Theorem 1 when we take
s = 1. We have then only to prove the existence of a global solution (u,p) for (NSBy,).
The arguments given hereafter, based on the Friedrichs method, are very classical. (see for
instance [2, 14, 15, 5] for more details)

For n € N, we consider the following approximate system:
Oy, + Ep (uy, - Vuy) — Apuy, + VP, = pres
atpn + En(un : vpn) - Ah/on =0
(NSBp)n div(u,) =0 '
Py =Ey 30, ;(—A) 7100k (unuy)
(Umpn)\tzo = (Enuo, Enpo),
where [E,, denotes the cut-off operator defined on L?(R?) by E,u := ]:_1(]13(0’”) l

).
It is then easy to see by using a fixed point argument that there exists some T,, > 0 for which
(NSBy), admits a unique solution (un, pn) € C°([0, Ty,[, £27), where :

L£27.= 27 x [2(R?)

17



L2 .= {ve (L2(R3))3 : Vv =0and Supp (0) C B(0,n)}
Ly (R®) := {p € L*(R®) : Supp (p) C B(0,n)}
Moreover because u, and p, are regular, we can multiply the first equation in (N.SBy), by

up, and the second one by p,. Then, for t € [0, T,[, after integrating the corresponding terms
over [0,t[xR3, we obtain the classical uniform L2-energy bounds:

t
lun(®)]22 + 2 /0 IV k(1) [22 dr < 2(JuollZ + 22 [lp0]|2) (1)
t
2 2 2
lon(®)]22 +2 /0 IV hon ()2 dr < o012 (12)

Hence (un, pp) is a global solution, that is for any T > 0 : (up, pn) € C([0,T[, £2°) and
it satisfies (NSBy), on [0, T[xR3. Moreover, we may extract a subsequence, still denoted
(tn, pn), such that:

(tn, pr) = (u,p) in LPL*N LAHMY.

However, in order to pass to the limit in the non-linear terms, we will need some strong
convergence property. To this end we can use the proposition 3.2 established in [13]. We
obtain:

t
lun ()21 + / |V hten(7) |2 dr < CpeCot

It follows that wuy, is uniformly bounded in L H! N L4 (H N H20).
Assume temporarily that:

(LFL2 0 L3HY0) 0 (LFHO 0 LM o LA NI L)) (13)

we infer that:

e u, is bounded in LLL2(L}) N LELY(LY)

e py is bounded in L¥L? N L2HY0 — L1L2(L})
Hence VP, div(upp,) and div(u, ® u,) are bounded in L%H —1 and this gives a bound for
Osuy, and Ogpy, in L%H ~1. 'We can then use Aubin’s theorem in order to extract a new subse-

quence (still denoted (uy, p,)) that strongly converges to (u, p) in L2 L?. Now, we can pass to
the limit n — oo in all the terms in (N.SB},),,, and we show that (u, p) is a solution of (NSBp,).

For the sake of completeness, we shall justify (13). Let a € S(R?) and s > 5 (note that
in inequality (13) s is equal to 1). By using the lemma 1, we obtain for some non-negative

number N to be fixed later:

lallzg sy < >0 Y- |Akaja

P

>o1is1 L (Lg°)
SDSED L2 Sl N DD DD DEEE Ll \TEVANE
Nzk>—-1j>-1 E>N+1j>-1

Hence, because s > % and j > —1, the Cauchy-Schwarz inequality gives:

N N
lallzs ey S22 llall 2 asy, +27 2 [IVhallpz g,

18



thaHLi(Hs)v

Therefore, by choosing N such that 2V = , we obtain:

”aHL%(HS)U

1 1
< lall? 2
HaHL;lL(L,CjO) ~ ||a||Li(HS)U ”Vha”Li(Hs)v

On the other hand, the Minkowski inequality ensures that L} (L) < L(L}). This is
sufficient to conclude the proof of (13).

5 Appendix

In this additional section we prove a result of well posedeness for (N.SB},) under some small-
ness conditions on: T, the norm of ug in H%*(R3) and the norm of p in L?(R3). This result
may not be optimal in this direction, but it gives the existence of a solution in a some new?>
situations where the Theorem 1 concerning the uniqueness can be applied:
Theorem 3. Let s €]1/2,1] , 6 € [0,5] and (uo, po) € H** x H*®. We have:

e There exists Cy > 0 such that if

T
2
luollo,s + T llpoll .2 (Huon +llpoll g2 (1 + 2)) <G

then (NSBy) has at least one solution (u, p) in X*°(T), where:
X¥(T) == L¥H** N LFHY x LFH" N L3 H"

e The solution is unique if 6 > 1 — s

1
27

1
data ug in Li(Bf,l)v- See for instance [14] where this is established for (NSp)

Remark 1. In the case where s = one may prove a similar result by taking the initial

The proof of the existence part in theorem 3 requires the following lemma:

Lemma 5. Let s €]1/2,1], § € [0, s], then for all requlars vector fields a,b with V -a = 0, we

have:
[ {a-Vb,b)os | S Nbllyjos (Nlally 10l a6 + llallyjo 10115) (14)
(0.0, | < + lollz2 lall 2 + lell 2 I Waall, (15)
Proof
In order to prove (14), we follow the same approach as in [3], so we write:
(- Vb.b)g; = (a" - Vib.b) o+ (a*Dsh.b), (16)

We remark next that lemma 2 gives HY/2% x H% — H~1/29 which implies:

[(a® - 0ubb) | S bl o Ja” - Vb

S ||b||1/2,5 ||a||1/2,s ||bH1,5

~1/2,6

3We have already treated in Theorem 2 some particular situations with axisymmetric initial data.
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It remains now only to estimate the second term in the right hand side of (16). Indeed,
Bony’s decomposition tells that:

Ag(ﬁ@,b):Ag( > Skra(0sb)Af® + > sk_la%zb) (17)

k>q—No lg—k|<No

Note then firstly that:

1/2
1-96) 90 2m(1—-6
1Skr2(@s)lla s < S 212 AL b e < ( > 2 >) 16111 2,5
m<k+1 m<k+1
k(1-9)
< 2O )
Moreover, by using the fact that dza® = —V, - u” together with the lemma 1, we obtain:

|Aka?] . < C27F | ARV - u”|

L2

This implies:

'<AZ > sk+2<agb)AZa3,AZb>‘SHAszLm?q/z O N1Skra(@5)lzy s (1A% 1o
k>q—No k>q—No

SNAI L2272 Y 277 bl 18KV null
k>q—No

—q6 k(s
S bl 2,6 llllis 27 cq [16]]1 2,6 20/? Z 2 H0T) g
k>q—No

2 —2qd 1/2—
S BN 0.5 lully o 2727 ¢, 270/27%)

Hence, thanks to the assumption s > 1/2 we infer that:

’ < > Sk+2(83b)A};a3,b>
0,0

2
S Hb”1/2,5 ”Uuls

k>—1

In order to estimate the second term in the right hand side of (17), we use the decomposition
proposed in [3]:

D> Sp1aPARh, ALY = (S, (a®)IsAb, ALb) + (Y [AY, Sp_1a®]93AD, ALD)
lq—k|<No lq—k|<No

+ Z (Sq - Sk71)a3A};83b, A2b> = J + I+ Jd
lg—k|<No

By using an integration by parts, we obtain:
1
Jil = <Sq((l3)a3Azb, A2b> = 5 <Sq(a3a3)AZb, Agb>

which shows that this term can be estimated in the same way as (Vpa - b,b) due to the
divergence free condition. We get:

|7 220 (5,(aM) 5L, ALY | S flall 6150

q>—1
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Next from lemma 3, it easly follows:

DIELFIEIDY 22q6< > [A@;,Sk1a3}asAzb,Azb>\suaul,s 2 2[5 o

>-1 ¢>—1 lq—k|<No ¢>—1

2
S Ha’Hl,s ||bH1/2,6

Finally the term J§ can be estimated just like <Sk_1a3A}éb, Agb> because the support of
Sy — Sk—1 is included in an annulus in Fourier side. This ends the proof of (14).
In order to prove (15), we use the fact that V - a = 0 together with s — 1 < 0 to obtain:

| (p.a®)o | = [272(Sop, Soa®) + ) 2%%(Alp, Aya®)|

q>0
1
< 5 1900l 2 [10all 2 + Y [|AGo] 12 277027 (| Af0sa®|
q20
1
< 7 IS0pllzz 1Soall g2 + 3 85011 2 2% A5 Vel
q>0
1
< 7 ol llallze + lipllzz [IVhallo,s »
This concludes the proof of lemma 5 O

5.1 Proof of Theorem 3

The uniqueness part of theorem 3 is clearly a direct consequence of Theorem 1. Hence it
remains only to prove the existence part. This can be done in a similar way than explained
in the proof of Theorem 2, and in particular the construction of the approximate sequence
(tn, pn) does not add any difficulty. However, the uniform bounds must now be obtained
in some new adequate norms. For simplicity, in the following we will drop the index of the
approximate sequence.

We apply Ag in both equations for v and p from (NSB},), then we multiply the first equation
by Apu, the second one by App and we sum over ¢ > —1 to obtain:

d
5i 1166 + 1Vhu(®)llg,s < [ (- Ve, uho g [+ [ (o) | (18)
d 2 2
5 0I5+ 1mp(0) I3 5 < | (u Vo, pho 5] (19)

We prove firstly an uniform bound for u by using the L?-energy estimate of p and u. Indeed,
by taking a = b = w in lemma 5, then (18) gives:

d 2 2 2 2 2
o lullos + 21[Vnullos < llpllzz lull g2 + 1 Vnullos + llpllzz + Cllulle,s IVaullo s (20)

If we assume that:

T 1
2
ool + T Ul ol + Il (14 5) ) < €3 < 305 (21)

then, we have: [Jug||, , < Co.
Let us now asssume that there exists 7" €]0, T satisfying:

T = inf{t € [0,T] : lu(t)]l, = Co}
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It follows that vVt € [0, T [lu(t)|o < Co < -
By using this last inequality in (20), and by integrating over [0,¢[, we obtain for all ¢ €
[0, T™aa:

1 t t
()15 + 2/0 IVhu(r)llg,s dr < lluollg,s +/0 (Ioz2 + 1)l 22 [lp(7)]l 2 d7)

Hence, by using the L? energy estimate for p and u given by (11) and (12), we infer that:

2 2 t
[u@lo.s < lluollgs +tllpoll 2 (HUOHL2 +llpoll g2 (1+ 5) vt € [0, T,

then by using (21) and passing to the limit ¢ — T we obtain:

T
2
02 < Nluoll2., + T llool 2 (Huo|rLz ool (14 )) <,

2
which contradicts the existence of 7" and gives for all t € [0,T7]: [[u(t)l|y , < Co. Therefore

we have proved an uniform bound of w in LFPH s Plugging this bound into (20) gives a
bound for u in L%H Ls  Note that by using an argument of interpolation, this also gives a
bound of u in L‘%Hl/zs.

Next, we can estimate the right hand side of (19) by using lemma 5 with ¢ = v and b = p.
We obtain after some calculations:

o5 T 21Vip(n)5 s dr < [Vapllgs + CA®) lp(®)]5 s
where A() = [Vuu()Ilg . + lu()[1 /2. € Lt

<o)

Finally, by applying Gronwall ’s lemma we obtain the adequate bound for p.
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