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Abstract

In this paper we prove the global well-posedness for a three-dimensional Boussinesq system with axisymmetric initial data.
This system couples the Navier—Stokes equation with a transport-diffusion equation governing the temperature. Our result holds
uniformly with respect to the heat conductivity coefficient « > 0 which may vanish.
© 2010 L'Association Publications de 1'Institut Henri Poincaré. Published by Elsevier B.V. All rights reserved.

1. Introduction

The Boussinesq system is widely used to model the dynamics of the ocean or the atmosphere. It arises from the
density dependent incompressible Navier—Stokes equations by using the so-called Boussinesq approximation which
consists in neglecting the density dependence in all the terms but the one involving the gravity. This system writes

dv+v-Vv—Av+Vp=pe,, (t,x)eRy ><]R3,
dhp+v-Vo=«Ap,
divv =0,

Vjt=0 = V0,  P|i=0 = L0-

6]

Here, the velocity v = (v!, v2, v3) is a three-component vector field with zero divergence, the scalar function p denotes
the density or the temperature and p the pressure of the fluid. The coefficient ¥ > 0 is a Reynolds number which takes
into account the strength of heat conductivity. Note that we have assumed that the viscosity coefficient is one, one
can always reduce the problem to this situation by a change of scale (as soon as the fluid is assumed to be viscous)
which is not important for global well-posedness issues with data of arbitrary size that we shall consider. The term pe,
where e, = (0,0, 1)’ takes into account the influence of the gravity and the stratification on the motion of the fluid.
Note that when the initial density po is identically zero (or constant) then the above system reduces to the classical
incompressible Navier—Stokes equation:
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hv+v-Vv—Av+Vp=0,
divv =0, 2)
V|t=0 = Q-

From this observation, one cannot expect to have a better theory for the Boussinesq system than for the Navier—
Stokes equations. The existence of global weak solutions in the energy space for (2) goes back to J. Leray [27].
However the uniqueness of these solutions is only known in space dimension two. It is also well known that smooth
solutions are global in dimension two and for higher dimensions when the data are small in some critical spaces;
see for instance [25] for more detailed discussions. In a similar way, the global well-posedness for two-dimensional
Boussinesq systems which has recently drawn a lot of attention seems to be in a satisfactory state. More precisely
global well-posedness has been shown in various function spaces and for different viscosities, we refer for example
to [2,8,10,16-19,21-23]. For three-dimensional systems few results are known about global existence. We can quote
the result of R. Danchin and M. Paicu [17] who proved a global well-posedness result for small initial data belonging
to some critical Lorentz spaces.

Let us recall that it is still not known if smooth solutions with large initial data for the Navier—Stokes equations
can blow up in finite time in dimension 3. Only some partial results are known. For example, in a recent series of
papers [12—-14] global existence in dimension three is established for initial data which are not small in any critical
space but which have some special structure (oscillations or slow variations in one direction). Another interesting case
of global existence for (2) corresponding to large initial data but with special structure is the more classical case of
axisymmetric solutions without swirl. Our aim in this paper is to establish the corresponding global well-posedness
result for the three-dimensional Boussinesq system.

Before stating our main result, let us describe the classical result for the Navier—Stokes equation. It is well known
that the control of the vorticity w which is the vector defined by w = curl v and solving the vorticity equation

dw~+v-Vo—Aw=w-Vv

is crucial in order to get global well-posedness results. According to the classical Beale—Kato—Majda criterion [6]
the control of the vorticity in LllOC (R4, L™) is sufficient to get the global existence of smooth solutions. The main
difficulty arising in dimension three is the lack of information about the influence of the vortex-stretching term @ - Vv
on the motion of the fluid. Let us now consider a vector field v which is axisymmetric without swirl, this means that
it has the form:

1
u(t,x) =V (t, 1, e, + V3t 1, ey, x = (x1,%2,2), r = (x7 +x3)7, 3)

where (e, eg, e) is the local orthonormal basis of R? corresponding to cylindrical coordinates. Note that we assume
that the velocity is invariant by rotation around the vertical axis (axisymmetric flow) and that the component v? of v
about ey identically vanishes (without swirl). For these flows, we have

a):(azvr —Brvz)eg = wyey, w-Vuv=—o.
r
In particular wy satisfies the equation
wg v”
a;w9+v'va)9—Aa)9+r—2=7w9. (4)

The crucial fact is then that the quantity ¢ := 2 evolves according to the equation

2
¢ +v-Vi— (A+;8r>§=0
from which we get that for all p € [1, o]

le®] ,» <ol

It was shown by M.R. Ukhovskii and V.I. Yudovich [29] and independently by O.A. Ladyzhenskaya [24] that these
new a priori estimates are strong enough to prevent the formation of singularities in finite time for axisymmetric flows
without swirl: the system (2) has a unique global solution for vy € H' such that wy, 2 e L? N L°°. We point out
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that the result is uniform with respect to vanishing viscosity and thus there is no blow-up even for the Euler equation.
Note that in term of Sobolev regularities these assumptions are satisfied when vo € H® with s > % This regularity
. . . . 1
assumption is not optimal and has been weakened in [26] for vy € H? and more recently in [1] for vg € H2.
Our aim here is to extend these classical results for the Navier—Stokes equation to Boussinesq systems. The equation

for ¢ = wy/r becomes

0rp
,

2
8t§+v-V§—<AF~I—;8r>§=— @)

and thus the difficulty is to use some a priori estimates on p to control the term in the right-hand side of (5). The
rough idea is that on the axis » = 0 the singularity % scales as a derivative and hence that the forcing term 9, 0/r can
be thought as a Laplacian of p and thus one may try to use smoothing effects to control it. Nevertheless, when x = 0,
since there is no smoothing effects on p, one can hope to compensate the loss of derivatives in the right-hand side
of (5) only by using the full smoothing effects of the heat type equation in the left-hand side. Note that this kind of
estimates does not follow from energy estimates and hence the problem that one has to face is that the convection term
that has to be handled in the process is not negligible: this approach naturally leads to some restriction on the size of
the data.

In [3], a global existence result for the system (1), with k = 0, was established but under some restrictive conditions
on the support of the initial density namely that it does not intersect the axis r = 0. More precisely,

Theorem 1.1. Let vo € H' be an axisymmetric divergence free vector field without swirl and such that % €L Let
po € L? N L™ be axisymmetric and such that supp po does not intersect the axis (Oz) and IT,(supp po) is a compact

set. Then the system (1), with k =0, has a unique global solution (v, p) such that
veC(Ry; Hl) N LIIOC(R+; Wl’oo),
1)
- eLX(RysL?),  peLl(RyLPNLY™).

Here IT, denotes the orthogonal projector over (0Oz).

Since to bound the quantity ||ow/r|| LeL2nL2H1 One needs to estimate ||p/r(¢)| ;2. The idea of the proof was to get
an estimate from below for the distance of the support of p to the vertical axis (note that this distance remains positive
as long as the solution remains smooth because of the assumption on the initial density). Note that for this approach,
it is crucial to have a transport equation for the density, it fails for ¥ > 0 because p cannot be supported away from
the axis even if the initial data is.

In this paper, by using a different approach, which uses more deeply the structure of the coupling between the two
equations of (1), we remove the assumption on the support of the density and we give a global well-posedness result
with uniform bounds with respect to the heat conductivity «. Our main result reads as follows.

Theorem 1.2. Consider the Boussinesq system (1) for k > 0. Let vg € H' be an axisymmetric divergence free vector
field without swirl such that % € L? and let py € L* N Bg | an axisymmetric function. Then there is a unique global
solution (v, p) such that

Ve C(R"‘; Hl) N leoc(R'f‘; Hz) N Llloc(R+; Béo,l)’
1)
7eLf’O%(R+;L2), peC(Ry; L*NBY ).
Moreover the estimates in the above spaces are uniform for k > 0 in any bounded set of R..

The definition of the Besov spaces B‘;)‘ 4 1s recalled below.
Let us give a few comments about our result.

Remark 1.3. We find at most an exponential growth for the velocity: there exists Cop > 0 depending only on the data
such that for every « € [0, 1], we have

||v”L,°°H1r‘1L,2H2 < Coecot-
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Remark 1.4. The uniformity of the norms with respect to the conductivity « can be established for every « € [0, A]
for every A > 0. Nevertheless, as we shall see below, we need to use a different transformation of the equation when
k 1s close to one.

Remark 1.5. The result of the theorem remains true if we change the Besov space B3 | for the Lebesgue space L™
for m > 3. We have not tried to get the best result in terms of the regularity of the ve1001ty At the price of more

technicality, it is probably possible as in [1] to get the same result by assuming only that vo € H 2,

Remark 1.6. By using the control of Vv in BO .1 Which is given by Theorem 1.2, one can easily propagate by classical
arguments higher order regularity for example hlgher H?® Sobolev regularity.

Let us explain our strategy for the proof. The crucial part in the proof consists now in finding suitable a priori
estimates for (¢, p). Let us describe the idea in the case that k = O (this is the one that one needs to understand in
priority because of the lack of smoothing effect). As we have already noticed the coupling between the two equations
does not make the original Boussinesq system (1) well-suited for a priori estimates. Since the right-hand side of (5)
behaves roughly as a Laplacian, we need to fully use the left-hand side to control it. The main idea is to use an
approach related to the one used for the study of two-dimensional systems with a critical dissipation, see [22,23]. It
consists in diagonalizing the linear part of the system satisfied by ¢ and p. We introduce a new unknown I which
formally reads

2.\ '8
r=¢- <A+—8r> Zp:=¢—Lp
r r
and we study the system satisfied by (I", p) which is given by:
2
8,F+U-VF—<A+—3,>F=—[£,U-V,0], hp+v-Vp=0
r
where [£, v - V] is the commutator defined by

[L,v-V]f=LWw-Vf)—v-VLS.

We can thus get a priori estimates for I" and p (note that they are obvious if we neglect the commutator) and then
use them to deduce estimates for ¢. The main difficulties that one has to deal with are twofold. The first one is the
study of the operator £, to make this argument rigorous, we need to prove that £ is well defined and is a bounded
operator on L?”. The second one is the study of the commutator. Once estimates on ¢ are obtained, the situation gets
close to the standard axisymmetric Navier—Stokes equations. When « is non-zero, it turns out that the same kind of
transformation can be used and that it depends smoothly on «. The new unknown [, = (1 — k)¢ — Lp solves the
same convection—diffusion equation as I". This is due to a surprising commutation property between A and £ which
is stated in Lemma 3.4. Consequently, we are again able to obtain and estimate for ¢ from an estimate for I, as soon
as k # 1. The case that « is close to one (which is easier since there is a non-vanishing smoothing effect in the density
equation) can be handled by using a different transformation.

The paper is organized as follows. In Section 2 we fix the notations, give the definitions of the functional spaces
that we shall use and state some useful inequalities. Next, in Section 3, we study the operator £, this amounts to
study an elliptic equation with singular coefficients. In Section 4, we obtain a priori estimates for sufficiently smooth
solutions of (1), they are obtained by using the procedure that we have just described. Finally, in Section 5, we give
the proof of Theorem 1.2: we obtain the existence part by using the a priori estimates and an approximation argument
and then we prove the uniqueness part.

2. Preliminaries
Throughout this paper, C stands for some real positive constant which may be different in each occurrence and

C) for a positive constant depending on the initial data. Moreover, both are assumed to be independent of x for x > 0
in a bounded set. We shall sometimes alternatively use the notation X < Y for an inequality of the type X < CY.
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For s € R, we denote by H* (R?) the standard Sobolev spaces: u belongs to H* if u is a tempered distribution and

e =/(1 +1EP) |ae)|? de < oo
]R3

We shall also use the homogeneous version HS (R3): fors < 3 /2,u € HSifue LllOC and

luell, =/|§|2x|ﬁ<s)|2ds < 0.
]R3

Now to introduce Besov spaces which are a generalization of Sobolev spaces we need to recall the dyadic decompo-
sition of the whole space (see [11]).

Proposition 2.1. There exist two positive radial functions x € D(R3) and ¢ € DR3\{0}) such that

(D) X+ X, en @718 =1, § <)) + X,y 9?2796 < 1 VE €R?,
(2) supp(277-) Nsuppp(279-) =0, if [p — ql =22,
(3) g =2 1= supp x Nsuppp(2™7) =¥.

For every u € S’(R?) we define the non-homogeneous Littlewood—Paley operators by
A_ju = x(D)u; Vg €N, Aqu=<p(2_qD)u and Syu= Z Aju.
-1<j<gq-1
One can easily prove that for every tempered distribution u«, we have
u= " Agu. (6)
g=—1

In the sequel we will frequently use Bernstein inequalities (see for example [11]).

Lemma 2.2. There exists a constant C such that fork e N, 1 <a < b and u € L%, we have

1_1
sup [| 8% Squl,» < C¥294 3G S u | o,
lo|=k

and for g € N

C 29K Ayul e < |51|1pk|| 3 Aqu o < C*29K) Agul o
ol=

Let (p,r) €1, —|—<>o]2 and s € R, then the Besov space B;,r is the set of tempered distributions # such that

lullgy, = (291 Aqullzr),, < +o0.

We remark that the Sobolev space H* agrees with the Besov space Bj ,. Also, a straightforward consequence of the
Bernstein inequalities is the following continuous embedding:

. s+3(-L—-L)
B;n,rl - Bl’zvrzp2 " , p1<prandr; <r. %)
For any Banach space X with norm || - ||x and functions f (¢, x) such that for every ¢, f(¢,-) € X, we shall use the

notation || fll»x = lIl.f x|z~ qo.7))-
A useful application of Besov spaces is the following logarithmic estimate for convection—diffusion equations.

Proposition 2.3. There exists C > 0 such that for every k > 0, p € [1, 00] and for every p solution of

@ +v-V—kMNp=Ff, (0, x) = po(x)
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with v a divergence free vector field, the following estimate holds true
t
[o@lgo < Clleollgo +1flL1p ) (1 + / V@) oo dr>, Vi >0.
P, D, D,
0

We refer to [20] for the proof. Note that the amplification factor is only linear in ||[Vv| .
3. About an elliptic problem

The aim of this section is the study of the operator £ = (A + %)’1 Br—' This is the heart of the paper since this is
crucial to make rigorous the argument sketched in the introduction. This amounts to study the regularity of the solution
of an elliptic equation with singular coefficients. This is the goal of the following proposition.

Proposition 3.1. Let p € H>(R?) be axisymmetric, then there exists a unique axisymmetric solution f € H? of the
elliptic problem

(A+§a,>f= brp. ®)

r

Moreover, for every p € [2, +00), there exists an absolute constant C, > 0 such that:
I fliLe < Cpllplie. )

The important fact in this proposition is the L? estimate (9) which only involves the L” norm of p. An immediate
consequence of Proposition 3.1 is that £ defines a bounded operator on L? for every p € [2, +00). The additional
H? regularity is used to give a meaning to the equation. Because of the 1/r singularity on the axis, we cannot give a
meaning to the term 9, f/r as a distribution when f is merely L?. When f is in H?, there is no problem we have that
orf/re LllOC since for every compact set K C R3

‘ or f

,
thanks to the Sobolev embedding H' ¢ L in dimension 3.

r

< +00

SIVFlLe
LY(K)

6
L5 (K)

Proof of Proposition 3.1. Let us first prove the existence of a solution satisfying the required properties. We can first
assume that p € C2° (R3) and then conclude by density. Since the elliptic operator has some singular coefficients, we
shall use an approximation argument. Since we have by definition that rd, = x5, - V with the notation x;, = (xy, x2, 0),
we shall consider for € > 0 the elliptic problem

2 1
A -V|f= -Vp. 10
( T )f g Ve (10)

Since the coefficients are not singular any more, there is a unique solution f¢ for this problem given by the classical
methods. By standard regularity arguments, this solution is in the Schwartz class and hence the following a priori
estimates are justified. Moreover, since p is axisymmetric, f¢ is also axisymmetric.

We shall first prove that the solution f* of (10) satisfies the estimate (9) with a constant independent of ¢. In
the proof of the a priori estimate, we shall denote f¢ by f for notational convenience. By taking the L?(R>) scalar
product of (10) with r* + e)lfll’_1 sign( f), we find

/ Af1f1P  sign(f)(r? + ) dx +2 / (- VOIFIP  sign(f) dx
R3 R3

:/xh~Vp|f|p_lsign(f)dx. an

R3
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For the first term in the left-hand side, an integration by parts yields
/ AFILFIP U sign(F)(r? +¢) dx
R3

=—(p— l)f LFIP2IV 2 (r? + &) dx — 2[ |£1P~ sign(f)xp - V f dx.
3 3

Consequently, we get that
/ Af1f17 sign(f)dx +2 / G- VHOLFIP sign(f) dx
R3 R3

——(p- 1)/If|”‘2IVf|2(r2+8)dx. (12)

For the right-hand side of (11), we also obtain from an integration by parts that

/ xn- Vol f1P~ sign(f) dx
R3
_ —2/ plf 1P~ sign(f)dx — (p— 1) / Rl
R3 R3
By using the Holder inequality, this yields

— p-2
‘/Xh-VprIPISign(f)dx <20l 15+ (= DIFIE loler
3

/|vhf|2|f|P*2r2dx
]R3

where V;, = (91, 3;)". By using this last estimate, (11) and (12), we obtain that for every & > 0

(p— 1>/|f|”—2|Vf|2r2dx
3

<2lplerlFIL "+ (p - 1)||f||Lp lolizy

/|Vhf| P2 d

Consequently, by using the Young inequality, we get that

- -1 -2
/ FIP2IVFPrdxe <Clpllee L FI7 + 1olZ IFIEST) (13)
for some C > 0 independent of €. To conclude, we can use the following inequality: for p € [2, oo[, we have

2
p _
[FA3S T/|V11f|2|f|p 2rtdx. (14)

This is a special case of Caffarelli-Kohn-Nirenberg inequality [9] (we shall recall the proof will be given in the end
of the proof of the proposition). From (13) and (14), we obtain that

I£17, <C(lolerllfllze + 1o170)

where C is independent of ¢ and thus we obtain the estimate (9) for the solution of (10) by using the Young inequality.
When ¢ goes to zero, we get the existence of f € L” and a subsequence ¢, such that the solution f*» of (10)
converges weakly to f which satisfies the desired estimate
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I fllLr < Cplloller.

In order to get that f solves Eq. (8), we need more information on f¢. Indeed, the difficulty is to give a meaning to
the term 9, f/r which is not well defined as a distribution when f is merely L”. We shall use a uniform H? estimate
for the solution of (10) but which also involves the H> norm of p. This is why we have required more regularity on p.
At first, let us notice that since we assume that p is in L2, we have that f¢ is uniformly bounded in L2, Next, we
multiply (10) by Af, we get that

|Af| dx +2 VfAfdx: V0 A fax. (15)
24 r24e¢

R3 R3

The ri ght—hand side can be estimated by
\% 0
[ere<|

Since we assume that p is axisymmetric, we can use that

P

IAflL2-

L2

0rp

X
=Ap—02 —d2p= 281p+ 182 12812,0
and hence that we have the estimate

0rp

<4l g2
L2

This yields
xp-Vp
Afd
‘/ r2+e fdx
R3
Next, we can study the second term in the left-hand side of (15). We have by integration by parts that
xp-Vf Xp Xp
2 Afdx =— v \% -V |f-V
/r2+e fdx /2+ V(v - /( <r2+8> )f /
R3 R3 R3
Xn 2 Xn
=| V. VFIl©-2 \% -V ) f-Vfdx.
/ <r2+e>' /! /< (r2+s> )f S

R3 R3

SAlolazllAfll 2 (16)

Next, we infer

v ( Xp )_ 2¢
r2+e _(r2—|—8)2

and since f is axisymmetric

X _ 1 2r2 )
() ) v = )

This yields

\V/ 2
2/th F Afdx=2 /riz|8rf|2dx>o. (17)
rete (2 +e)
R3

R3
Consequently, we get from (15), (16) and (17) that

IAfIL2 <4llpllg2

and hence that
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1 fllg2 < Clloll g2 (18)

with C independent of . From this uniform H? estimate for ¢, we get that £ (up to a subsequence not relabeled)
converges weakly in H to some f € H? and then that f is a weak solution of (8). This ends the proof of the existence
of a solution. The uniqueness is a consequence of the standard energy inequality.

Let us now come back to the proof of (14). Since div(x;,) = 2, by integrating by parts, we obtain

20117, =—th-vh(|f|")dx
R3
=—p / (rd, £)1f17~" sign(f) dx

R3
1
2 L
< p(/ |rarf|2|f|1’2dx) 1715
R3
Therefore we find the desired estimate,

2
p _
(R3S 7/|rarf|2|f|f’ 2dax.
R3

This ends the proof of Proposition 3.1. O

In the proof of the main result, we shall also need to use the operator (A + %8,)_1 d;/r. The aim of the following
proposition is to define rigorously this operator.

Proposition 3.2. Let p € L>(R?) be axisymmetric such that d.p/r € L*>(R>), then there exists a unique axisymmetric
solution f € H? of the elliptic problem

(A+§a,)f=az—p. (19)
r

r

Moreover, for every p € [2, +00), there exists an absolute constant C, > 0 such that:
I fllLr < Cpllplize. (20)

Again, the important fact is the estimate (20) which only involves the L? norm of p. From this estimate, we get
that the operator (A + %E)r)_1 d,/r is a bounded operator on L”. The additional regularity p € L2, 3.p/r € L? is again
only used to get the H? regularity on the solution which allows to give a meaning to the equation.

Note that the assumptions on p here are different from the one of Proposition 3.1. This comes from the fact
that we shall need to use (A + %8,)_1 "r—’ p when p is a smooth solution of (1) whereas, we shall only need to use

(A + %8,)_1 %(v’p) where (v, p) is a smooth solution of (1). In the first case, as we have seen in the proof, the
regularity on p ensures that 3, p/r is in L?. In a similar way, in the second case for a smooth solution of (1) such that
w/r € L?, we indeed have that Ei—z(v’p) eL?.

Proof of Proposition 3.2. The proof follows the same lines as the proof of Proposition 3.1. Consequently, we shall
just indicate the main difference. We now consider the regularized problem

Ad 2y Wy ) f= — 2P Q1)
r24e

r2+e

By multiplying the equation with (r> + ¢)| f|”~! sign( f), we get by using again (12) and an integration by parts for
the right-hand side that
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2 -2
flfl” IVFP(r? +e)d /v +elpll 177710, fldx.
From the Holder inequality, we obtain that
1
2o 2200\ 32
APV dx ) <lelieellf s
R3

and hence by using again (14), we finally get that

I fllr < Cpllpllr.

This will give the estimate (20) by passing to the limit.
To prove an H? estimate on f, we again multiply (21) by Af, since f is axisymmetric, we get from (17) that

)

IIAf||L2<’

L2

and this provides the H? estimate for f. We can then pass to the limit to get a solution of (19) with the claimed
properties. The uniqueness follows from the classical energy estimate. This ends the proof of Proposition 3.2. O

The aim of the next two lemmas is to prove some identities involving the operator £ = (A + %8,)’1 Br—’ which will
be useful to get the equation satisfied by Lp in order to diagonalize the system.
At first, we have

Lemma 3.3. For any smooth axisymmetric function f we have the identity:
2.\ 'a
Lo, f = f_ £(£> — aZ<A + —a,) 2
r r r r
Proof. We first obtain that
1 1 1
_arrf=ar _arf + _2arf
r r r
1
= 8,<8r<1> + %) + =0 f
r r r
2 2
= 8rr<£> + _zarf - _3f
r r r
2
- < " + _8r> <£>
r r
2 1
r r r r r
It follows that

(2020) Cor)= £ 0 30) () (o0 30) o)
Lod(D)-a(oB) ()

Note that we have used the fact that the operators (A + %Br)_l and 0, commute since the coefficients of the op-

erator A + %3, do not depend on the variable z. This is the desired identity and therefore, this ends the proof of
Lemma3.3. O

We shall also use the following:
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Lemma 3.4. For every smooth axisymmetric function p, we have the identity:
2
r

Proof. At first, by direct computations, we find that

1 1 1 2 1
A, =0 |==2| 507 — =0 ) =—=0 (=0 ) (22)
r r r r r
Now, let us consider f = Lp. By definition, f solves the elliptic equation
2 1
A+ =0 |f==0p.
r r
Consequently, we get that u = (A + %8,) f solves the elliptic equation:
2 2 1
A+ -0 lu=[A+ -0, )| —-0rp].
r r r
By using the formula (22), we obtain for the right-hand side
2 1 1 2 1 1 2 2 1
A+ -0, —0p)==0 Ao+ =00 )+ |A, =0 |[p==0|Ap+ =0 p——0rp|=-0Ap.
r r r r r r r r r
This proves that u solves the equation
2 1
A+ -0, Ju=-9,Ap
r r
and hence that u = LAp. Since u = (A + %8r)f =(A+ %Br)ﬁp, this ends the proof of Lemma 3.4. 0O
4. A priori estimates
This section is devoted to the a priori estimates needed for the proof of Theorem 1.2. We shall prove two results:
the first one deals with some basic energy estimates. The second one which is more difficult deals with the control of
some stronger norms.
Proposition 4.1. Let (v, p) be a smooth solution of (1) then
(1) for pe[1,00] andt € R, we have

le®],, <lloolie.

(2) forvg € L%, po € L* and t € R we have

t
||v(t)||i2 +/||Vv(r)||iz dt < Co(1+1%),
0

where Cq depends only on ||vol| 2 and ||poll 2.
Note that the axisymmetric assumption is not needed in this proposition.

Proof of Proposition 4.1. The first estimate is classical for convection—diffusion equations with a divergence free
vector field. For p = oo it is just the maximum principle, while for finite p, it is a consequence of the fact that

B +v-V —kA)|p|? <O0.
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For the second one we take the L?(RR?) scalar product of the velocity equation with v. From integration by parts and
the fact that v is divergence free, we get

1d
3 a7 1Ol + 1700 < o] e 0] o @)

This yields

d
21Ol < e®] 2.

By integration in time, we find that

t
IMMMSWMU+/%WMML
0

Since [lp() 2 < llpoll g2, we infer

lv@| ;2 < llvoll 2 + 1ol 12

Plugging this estimate into (23) gives

t
1 1
EHv(r>||iz+/||w<r>||izdr < 5 lvollza + (lvoll 2 + tlleoll 2) ol 21
0

This gives the second claimed estimate and ends the proof of the proposition. O
We shall next prove the following result.

Proposition 4.2. Let vo € H', with wo/r € L* and py € L*> N L3. Then any smooth solution (v, p) of (1) with p axi-
symmetric and v axisymmetric without swirl satisfies:

(1) foreveryt e Ry
< Coe,

L2
(2) foreveryt e Ry

1)
=
,

t
Jo s+ [ T e < coecr
0

where Cq depends only on the norms of the initial data.
Note that the axisymmetry is crucial in this proposition. The estimates are uniform for « > 0 in a bounded set.

Proof of Proposition 4.2. We shall use the notation { = wg/r where the vorticity w is given by w = wyey since the
flow is axisymmetric. The equation for ¢ reads

2 0
(8,+v-V)§—<A+;3,>§=—:'O- (24)
By using the operator £, this equation can be written as
2
(0 +v- V)¢ — <A+;8r>(§ —Lp)=0. (25)

Applying L to the equation for p we first get
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oLp+v-VLp—xLAp=—[L,v-V]p

and hence by using Lemma 3.4, we find
2
8t£p+v-V£,0—K<A+—8r>£,o=—[£,v~V],0. (26)
r
In view of (25) and (26), we can set

I':=1-«x)t—Lp.

We find that I" solves the equation
2
@ +v-VHI'— <A + —8,)1" =divwLp) — L(v-Vp).
r

Taking the L?(R?) inner product with I" and integrating by parts in the usual way we get since v is divergence free
that

1d 2

SO+ VIO <[VEO]alvLole = [ Lo Vo) dx

R3
=I+1IL (27

To estimate the first term we use successively the Holder inequality, Proposition 3.1 and the first estimate of Proposi-
tion 4.1 to get
Lol < lvligsliLollzs S vlizsliolizs S Tvlizslieollzs.

Now from the Young inequality, we get

1< v, + oo 2 28
\4|| 72+ Clivlizsllooll; - (28)

Towards the estimate of the second term in the right-hand side of (27), we can use since v is divergence free that
r

v-Vp= 8,(1)’,0) + UT,O + 8Z(vz,o).

Thus we obtain

vr
L(v-Vp)= L (v p)+ £(7p> + 9. L(v*p).
Next, we can use Lemma 3.3 to get

r

2.\"'/1
L(v-Vp)= UT,O — BZ<A + ;8,) (;Bz(vr,o)> + Bzﬁ(vz,o).

Thus we find that
v 2.\,
I=— | —pldx+ A+ -0, —az(v ,0) 0. dx — ,C(vzp)azfdx
r r r
=Ji+ L+ 5.

From Cauchy—Schwarz inequality, we first obtain that

2.\ '/a
|12+J3|<||3ZF||L2(H<A+;3r> ( )(Urp)

=
r
where the last estimate comes from Proposition 3.2 and Proposition 3.1.
Next, by using successively the Holder inequality, the Sobolev inequality

I llie SNV Fllge (29)

HIEE) ) IV ol + [1701,2)
L
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in dimension 3, and the first estimate of Proposition 4.1, we infer
|2+ B <INV 2llvligslloll g3
<IVIE 2Vl 2l eoll 3
In a similar way, we estimate Ji:
r
[J1] < IIFplng v /rHLe

1T 2llol s [[v" /7 Lo
1T 2ol 3 [v" /7 6

NN

To estimate |[v" /7| ; 6, we can use the inequality

1
|vr/r‘§m*(|a)9/r|)

which is very useful in the field of axisymmetric solution of incompressible fluid mechanics equations, we refer to [28,

1

15] for the proof. Next, since — € L%'OO(JR3), we get from the classical Hardy-Littlewood—Sobolev inequality that

|x|?
o /7| 6 S llwa/rliz =112 1 2

From the definition of I" we have that

Iglz2 < e =171 N2 + 1Lo1 2).-

(30)

€2y

Note that this estimate is uniform for « > 0 and far from « = 1. We will see later how to obtain uniform estimates
around the value x = 1. Therefore, by using again Proposition 3.1 and the first estimate of Proposition 4.1, we obtain

W' /) o SUT N2+ Lol 2 ST N2 + ol S U2 + ool 2.
Consequently

IS U N2 lpoll s (1T N 22 4 Nlooll2)-

Combining these estimates with the Young inequality we get

| SVl 2Vl 2 lleoll s + 172 leoll (712 + lleoll 2)
1
< ZIVIIZ + CIVolgalpollgs + Clleolla I 717 + CUT 2 llpoll 2 ool -

It follows from (27), (28) and (32) that

Do, + Ivro12, < [9ol2 2 r2, + I
dt” (l)||Lz+|| (f)||LzN|| vliz2llpollys + llpoll s I 1 2 + 1 z2 Ml poll 23 Lol 2

S lleoll s IT 152 + IV ol Z2 00l 75 + looll 3 1 ool 72
We can then integrate in time and use the energy inequality of Proposition 4.1(2) to get

t 1

HF(t)Hiz+/HVI“(I)”i2dr§ ||,00||23|IVU||§412L2 +llpoll 31l poll7 21 + IIpollLsfl\F(f)HszdT
0 0

t
<co(1+t2)+co/||F(r)Hiz dt.
0

By using the Gronwall inequality we find

t
[Pl + [19r@]G2de < oo,
0

(32)
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It follows from a new use of (31) that
Iz @]l 2 < Coe". (33)

This proves (1) in Proposition 4.2.
To prove (2), we can now perform an energy estimate on Eq. (4) satisfied by wg. By taking the L?(R3) scalar
product of (4) with wy we get

1d 2
5 77 l@e 12+ IVosligs + s /17 < / v (wp/r)wp dx — / 3 pep dx.
R? R3
Thanks to an integration by parts, we have that

‘/Gr,oa)g dx
R3

and hence, by using the Holder inequality and the Sobolev inequality (29), we find

<loll2(IVasll2 + llw/rll2)

1d )
5 77 loe @l +1Ven 7, + s/l

<lvligsllwa/rli2lwelizs + ol 2 (IVwsll 2 + llwe /7l 2)
Slvllgsllws/rll2IVeosll 2 + ol 2 (Vs 2 + lws /71l 2)-

Thus from (33), the first estimate of Proposition 4.1 and the Young inequality, we obtain

d 1
s34 5 (Vo817 + o /r1172) S ool + Coe™ o) 7. (34)

By interpolation, the Sobolev embedding (29) and the second estimate of Proposition 4.1 we have

t t t
s < [ wlz2lvlizs S [ Toll 2 Voll2 < Co(1+ 7).
L
0 0 0

Therefore we get by integrating (34) in time that

t
2
Jontr 3+ [ (IVontol + | 20| Jar<eor.
L
0

Since we have ||wl|;2 = [lwgll ;2 and

2 2 2
IVol2, = IVosl2, + s /715,

we finally obtain that

t
o]+ [ 190} dr <.
0

This ends the proof of Proposition 4.2 where x belongs to a compact set that does not contain 1. Let us now see how
to get uniform bounds around « = 1 which is more easy and does not require the use of the operator £. We write the
equation of the density under the form

2 2
gp+v-Vp— (A+ ;a,)p= 1 —x)Ap — ;a,p.

Weset I1=¢ — %. Then combining this equation with (24) we find

Kk—1

2

2
atF1+v-VF1—<A+—8r>F]= Ap.
r
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Taking the L? scalar product of this equation with I and integrating by parts we get

1d 2 2 k—1
5 IO+ VD02 < 5= 1Vl 20V T2
Tfk—1\* _ , 1 5
<375 ) Vel + IV ..

Integrating in time yields

2
|2 + 1V 72,0 < Cc = DIV, -

Combining this estimate with the energy estimate

1
K2[IVpli22 < lpoll 2

gives

—1)2
|m@ |2+ 1V, < Cu”PO”iz-

L2

(S]]

K
This gives the desired result. O

The following proposition gives some more precise information than stated in Theorem 1.2 about the solution. This
will be useful to prove the uniqueness result.

Proposition 4.3. Let vg € H' be a divergence free axisymmetric without swirl vector field such that wy/r € L* and
p0 € L>’NL" m>3or po € L?’N Bg | an axisymmetric function. Then any smooth solution (v, p) of the system (1)
satisfies for every p €13, o]

C
Il 13 + 1Vl < Coe.
L[
p.1

The estimate is uniform with respect to k lying in a bounded set.
Proof. We first prove the result in the case of pg € L> N Bg 1- Let ¢ € N and set vy := Ayv. Then applying the
operator A, from the Littlewood—Paley decomposition to the velocity equation and using Duhamel formula we get

t t
vg () :e’Avq(O)+/e<f—f>AAq7>(v.W)(r,x)dr+/eU—f)AAqP(peZ)(z,x)dr, (35)
0 0

where P is the Leray projection on divergence free vector fields. Now we will use two estimates: the first one is proved
in [11]

[ g7 lL0 < Cem 18 Fllr.

The second estimate is

IAGP fllLr < CllAG fllLr.

This last estimate is a consequence of the fact that A;P = ¢ (279D) with ¢ € D(R3).
Therefore, we get from (35) that

t
logllppe 272 0g O], +27% / [2g@ - VOI@ pdT+2720Agpll 1
0

It follows from the above inequality, the Besov embeddings (7) and Proposition 4.1 that
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il s <TA-wli +llvol s +lv-Voll s + ol g
L/B,, Bpl ’BPI LBy
CtllvllLocLz+||vo|IH1+||v®vll %JrllpllL;Bg1
2
<Co(l+2) + vl Lsd +||p”L,lBgl'
2.1 '

3
Since B22 | is an algebra, we have

2
< Clv||
| L2B2,

||v®v||

3
B2
B

oo

3
Moreover, the embedding H> <> B; | combined with the second estimate of Proposition 4.2 gives

Hv(I)H 3 < Coe.
t 221

Consequently, we obtain

ol e <Coe®' +lpllyp - (36)

pl

It remains to estimate the norm of the density. For this purpose, we first use the logarithmic estimate described in
Proposition 2.3 and (7) to get

t
[p)] g0 < Clioollgo, (1 + / Rl P9 dr)
0

< Clipoll gy <1+f||v(r)“ 3 dr)

pl

Set V(t):=|v || then combining this estimate with (36) yields

3,
Bp”1
t
VO <o 4l [V
0
We conclude now by Gronwall’s lemma.

Let us now come back to the case that pg € L> N L™, with m > 3 which is more easy than the previous case. The
same proof as above for the velocity yields

C
1ol | g < Coc ol | 1oy
1 B l’
P 1 1 %p.1
and it still remains to estimate the density. Let us set m := min(m, p) > 3 then by Besov embeddings and the first
estimate of Proposition 4.1, we get

lell ez Sl s Slleligpm Stlloollim S tlleoll 2apn-
L;B

17p,1 tPmy 1

Note that the last estimate holds by interpolation. This ends the proof. 0O
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5. Proof of the main result

For the existence part of Theorem 1.2 we smooth out the initial data as follows

Vo,n = Snvo, PO,n = Snp0,

where S, is the cut-off in frequency defined in Section 2. We start with the following stability results.

Lemma 5.1. Let vg be a free divergence axisymmetric vector-field without swirl and py an axisymmetric scalar
function. Then:

(1) Foreveryn €N, vy, and po,, are axisymmetric and divvg , = 0.
(2) Ifvg € H' is such that (curl vg)/r € L* and py € L* N Bg |- Then there exists a constant C independent of n such
that

lvonll g < llvoll g1, | (curlvg ) /r 2 < C|(curlvg)/r| 2,

<
leonllz2 < llpollz2, leo.nllgg < Cllpollgy -

Proof. We have v, = 2% x (2"-) » vo. The fact that the vector field Vo, 18 axisymmetric is due to the radial property
of the functions yx, for more details see [4]. The estimate of vy , in H 1 is easy to obtain by using the classical properties
of the convolution laws. The proof of the second estimate for the velocity is more subtle and we refer to [7] where it
is proved in the general framework of Lebesgue spaces, that is in L?, for all p € [1, co]. The estimates for the density
follow by standard convolution inequalities. O

We have just seen in Lemma 5.1 that the initial structure of axisymmetry is preserved for every n and the involved
norms are uniformly controlled with respect to this parameter n. Thus we can construct locally in time a unique
solution (vy, p,). This solution is globally defined since the Lipschitz norm of the velocity does not blow up in finite
time as it was stated in Proposition 4.3. Note that since py € Bg’l (or L™, m > 3), the L3 norm of 00, 1s also uniformly

bounded thanks to the continuous embedding Bg 1 C L3. By standard arguments we can show that this family (v,, p,)
converges to (v, p) which satisfies in turn our initial problem. We omit here the details and we will next focus on the
uniqueness part. Set

143
Xr = (L‘}OH1 N LzTH2 N LlTprl”) X L‘}OH_I, for some p € [3, ool.

Let (v, p') € X7, 1 <i <2 be two solutions of the system (1) with the same initial data (v, 6y) and denote sv =
v2 —v',80 =62 — 6. Then

3:8v — Adv = —P (v Vév) — P(8v - Vv') + P(Spe,),
38p +v>-Vép —kASp =—8v-Vp!, (37)
divo’ =0.

Using the maximal smoothing of the heat operator combined with Holder inequality we get

||5U||L$°H1 S “ v’ V8v||L,2L2 + ||8v V! “L,ZL2 + ”‘SpHL}H—l

1

t % t i
<([1ro e )+ ( [l OBy s o
0 0

We have used the classical law product

< .
gl S MA I leh -

To estimate ||5p|| ;-1 we will use Proposition 3.1 of [5]: for every p € [2, oo[
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)-

We remark that the proof of this result was done in the inviscid case but it can be extended to the viscous case with
uniform bounds with respect to the parameter «. )
As div8v = 0, then using Holder inequality and Sobolev embedding H' < L° yield

[sp @] -1 < Cll8v-Vp' | grexp (C|V0°] | 5
LIB,

J80- 90"l ot < 800 ]2

<1180l o]0 oo s
< lpoll 2180111 g1
Thus we get
[80)] -1 < Clloollsexp (CIVV?[ 3 )l6vll -
LtlBlfl t

By plugging this estimate into (38), we finally get

t t
180117 1 / [ @[l |1 a7 + / [sv@ [ lo' @, 3 d
0 0

+ llooll? exp (C ”W”L;Bf

t
)i / [80(0) |y dr.
1
0

Since v? € LtzLOo and v! € L?H 2 then we get the uniqueness by using Gronwall’s inequality.
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