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ABSTRACT. Fourier analysis methods and techniques based on Littlewood-Paley de-
composition and paraproduct have known a growing interest in the last two decades
for the study of nonlinear evolutionary equations. After a short presentation, we
use these methods for proving a priori estimates for different types of linear PDEs.
From them, in the case of small initial data, we deduce global well-posedness re-
sults in a critical functional framework for models of incompressible or compressible
models viscous fluids. We end these notes with the study of the low Mach number
asymptotics.
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2 R. DANCHIN

INTRODUCTION

This course aims at presenting elementary Fourier analysis methods that proved to be
particularly efficient and robust for investigating the Cauchy problem for nonlinear evolu-
tionary PDEs. These techniques are relevant in any context where a good notion of Fourier
transform is available. Here, for simplicity, we shall concentrate on the whole space case
RY (that is the space variable of the PDEs that are considered will be in RY). However,
our approach may be easily adapted to periodic boundary conditions 2 € T¢ and more
generally to z € T x R% and so on.

We here chose to keep the course at an elementary level so as to give a general and as
less technical as possible overview of how those techniques work. The reader may find more
sophisticated results in e.g. [5], [17], [20] and in the references therein.

The first part of these notes is devoted to the presentation of the so-called Littlewood-
Paley decomposition (see the first section) with many examples of applications to the proof
of estimates for linear equations (second section). We chose to focus on the following types
of linear equations:

the heat equation,

linear symmetric systems,

the transport equation,

the transport-diffusion equation,
dispersive equations,

which are frequently encountered when linearizing systems coming from fluid mechanics
(or, more generally, from mathematical physics).

Very often, solving a nonlinear PDE reduces to finding an appropriate functional frame-
work in which one may combine a priori estimates for the linearized equation, product
estimates for the nonlinear terms and a fixed point theorem (either the contracting map-
ping one or, if it is not possible, a Schauder-Tikhonoff type argument). In the second
part of these notes, we give such examples. More precisely, in the third section, we fo-
cus on global well-posedness results for models of incompressible viscous fluids with small
data. We first consider the case of homogeneous fluids — the celebrated incompressible
Navier-Stokes equations — and next slightly nonhomogeneous incompressible fluids (that is
the density may have small variations). In both case, we strive for a “critical functional
framework”.

In the fourth section, we tackle the study of the (barotropic, to simplify the presentation)
compressible Navier-Stokes equations. We first establish a local-in-time result (just by
noticing that the system is a coupling between a transport and a heat equation), and next
a global result for small perturbations of a stable constant state. This latter result requires
a fine analysis of the linearized system.

In the last section, we establish the convergence to the incompressible Navier-Stokes
equations for general ill-prepared data in the low Mach number regime. There, the dis-
persive properties of the linearized system in the whole space play a fundamental role. In
contrast with the results of the previous sections, those properties are specific to the whole
space case.

1. THE FOURIER ANALYSIS TOOLBOX

Here we introduce the Littlewood-Paley decomposition, define Besov spaces, state prod-
uct estimates. More detailed proofs may be found in [5, 17].
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1.1. A primer on Littlewood-Paley theory. The Littlewood-Paley decomposition is
a localization procedure in the frequency space for tempered distributions. Omne of the
main motivations for introducing such a localization when dealing with PDEs is that the
derivatives act almost as homotheties on distributions with Fourier transform supported in
a ball or an annulus.

In the L? framework, this noticeable property easily follows from Parseval’s formula.
The Bernstein inequalities below state that it is also true in the LP framework:

Proposition 1.1 (Bernstein inequalities). Let 0 < r < R.
e Direct Bernstein inequality: a constant C exists so that, for any k € N, any cou-
ple (p,q) in [1,00]% with ¢ > p > 1 and any function u of LP with Suppu C
B(0,AR) for some A > 0, we have

1 1
|1 D*u| e < CHFHINFG=D) ||| 1

e Reverse Bernstein inequality: there exists a constant C so that for any k € N,
p € [1,00] and any function u of LP with Suppu C {& € R /rX\ < |€| < RA} for
some X > 0, we have

M|l L < CRFY| DRul| .

Proof. Changing variables reduces the proof to the case A = 1. For proving the first in-
equality, we fix some smooth ¢ with compact support, and value 1 over B(0, R). One may
thus write
=¢u whence DFu= (DFF1¢)xu.
Therefore using convolution inequalities, one may write
ID*ul| Lo < ID*F 1| 1|l o
with 1+1/¢=1/p+ 1/r (here we need ¢ > p), and we are done.

For proving the second inequality, we now assume that ¢ is compactly supported away
from the origin and has value 1 over the annulus C(0,r, R). We thus have

o= (—i’éﬁ(@) Vu(d).

Therefore, denoting by ¢ the inverse Fourier transform of the first term in the r.h.s.,
[ulle < [lgllLr [Vl Lo

This gives the result for £ = 1. The general case follows by induction. ([

As solutions to nonlinear PDE’s need not be spectrally localized in annuli (even if we
restrict to initial data with this property), it is suitable to have a device which allows for
splitting any function into a sum of functions with this spectral localization. This is exactly

what Littlewood-Paley’s decomposition does.
To construct it, fix some smooth bump function x with Supp x C B(0, %) and y =1

on B(0,2), then set ¢(£) = x(£/2) — x(£) so that
X+ 927 =1 and Y o277 =1if ¢£0.

jeN JEZ
The homogeneous dyadic blocks Aj are defined by
Aju = (279 D)u == F Y (27 D)Fu) := 29h(27 ) xu with h:=F Lo
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We also define the low frequency cut-off operator Sj by
Sju = x(279D)u = F Y (x(277 D) Fu) := 29h(2) ) xu with h:=F .
The nonhomogeneous dyadic blocks A; are defined by
Aj:=A; if >0, A:=8 =x(D) and A;=0 if j< -2,

Sj = Z Ak

k<j—1

and we set

The homogeneous and nonhomogeneous Littlewood-Paley decomposition for u are
(1) u = Z Aju and u= Z Aju.
J J

The second equality holds true in the set S’ of tempered distributions.

This is not the case of the first one which holds true modulo polynomials only if no further
assumptions. A way to overcome this is to restrict to the set S; of tempered distributions
u such that

dim ||Sjullp~ =0 with S;:=x(277D).
j——o0

Note that loosely speaking, this condition on the low frequencies of © amounts to requiring
u to tend to 0 at infinity (in the sense of distributions). Then the first equality (1) holds
true whenever u is in ;.

Owing to Supp¢ C C(0,3/4,8/3) and Supp x C B(0,4/3) we have the following prop-
erties of quasi-orthogonality:
e AjAL=0 if |j— k| >1;
° Ak(ijlu Aj’U) =0 if |/€ —]| > 4.

1.2. Functional spaces. Many classical norms may be written in terms of the Littlewood-
Paley decomposition. This is e.g. the case of:

e the homogeneous Sobolev norm: ||ul|%,, ~ Z(2jSHAJUHL2)2§
J
e the homogeneous Holder norm: ||ul| s = sup 27" || Ajul/ L.
J

In effect, owing to Supp ¢(277-) N Supp(27*-) = 0 if |[j — k| > 1, we have

1 o

5 <2927 <1 for €40,

J
Hence, using the definition of Sobolev norm, of Aju and Parseval equality,
lullF= = / €7 [a(e)|? de ~ Z/|§|2|cp(2_j)ﬁ(§)’2df ~ Y20 Aul 7.
J J
As for the Holder norm, we notice that because h has average 0,
Aju(x) = 297 / h(2/(z — 1)) (u(y) — u(z))dy for all j € Z.

Hence for all z € R? and j € Z,

Aju(@)] <277 |lull o de/ (2 (x = y))|(2 |z — )" dy < 277" |lull go.r 1| - IRl 1.
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Conversely, if Cy(u) := sup; 27| Aju L= < 0o then we may write for any N € Z,

u(y) —u(z) = Y (Ajuly) = Aju(@)) + Y (Ajuly) - Aju(z)).

J<N j=N
Hence
u(y) — u(@)] < ly— 2] Y IVAjullre +2> | Ajul g
J<N Jj=N

Therefore, taking advantage of Bernstein inequality for the terms in the first sum,

|u(y) - U(SU)| < Cr(u) (!y — .T| Z 2j(1_T)N +9 Z 2—jr>.

j<N J>N

Then taking the “best” N yields ||ul|s0,» < CCy(u).

If looking at those two characterizations, we see that three parameters come into play:
the “regularity” parameter s (or r), the Lebesgue exponent that is used for Aju and
the type of summation that this done over Z. This observation motivates the following
definition:

Definition 1.1. For s € R and 1 < p,r < oo, we set

1

Lo T Lo
lull, = (271850l ) i r<o0 and ullg, = sup 2| &yuls
) - ’ J
J

We then define the homogeneous Besov space B;ﬂr as the subset of distributions u € Sy,
such that ||u|| p, < oo.
p,T

Similarly we set

[ullBs, = <Z2rjs||AjuH2p> if r<oo and |lups_ =sup 295 || Ajul| Lo
- J
J
and define the nonhomogeneous Besov space By . as the subset of distributions u € S’ such
that ||ullps, < oco.

With this definition, we see that 3572 coincides with the homogeneous Sobolev space H*
and it is true that B”_ __ is the homogeneous Holder space CO if r € (0,1).

00,00 .
More generally, loosely speaking, having w in BS . means that u has s fractional deriva-

. . p7’rl
tives in LP.

Here are some important embedding properties:

e For any p € [1,00] we have the following chain of continuous embedding: 3271 —
P — BY

.00
.s—d(L—

1
. =)
elfseR, 1<p1<py<ooand1<r <ry<oo,then By . < Bpyr,” 775
d

e the space B}i , is continuously embedded in L*° (and even in the set of continuous
functions decaying to 0 at infinity if p < c0).
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Proof. The left embedding of the first property follows from the triangle inequality for the
LP norm applied to
u = Z Aju
J

whereas the right inequality is a consequence of the convolution property L'+ LP — LP
which implies that

1Ajullze < 11279027 ) | llull e = (1Bl 1 [l o
As for the second property, we just have to use that, owing to Bernstein inequality,
. cod d .
|Ajullgee < €250 || Agu|

Finally, by combining the first two properties, we see that

d
By < BY,, — L.
.4 .
Note in particular that this implies that if v € BJ, t}}en the series ZjGZ Aju converges

uniformly to u. In the case where p < oo, each term Aju is continuous and goes to 0 at
infinity, hence so does wu. O

Here is a nonexhaustive list of classical (and important properties) of Besov spaces:

. B;T is a Banach space whenever s < d/p or s <d/p and r =1, and so does B, ,
without any condition on (s,p,7);

e the following real interpolation property is satisfied for all 1 < p,ri,re,r < 00,
s1# sz and 0 € (0,1):

581 552 _ pbsa+(1—0)sy S1 S92 _ Oso+(1—0)s7.
[Byiris By lor) = By (=0 and  [Bp., By, ). = By (=0

e for any smooth homogeneous of degree m function F on R?\ {0} the Fourier
multiplier F(D) maps By, in By ™. In particular, the gradient operator maps

B;, in B;;l.
The following lemma ensures that the definition of Besov spaces is independent of the choice
of (Aj)jez or (Aj)jez. It will be also very useful for proving nonlinear estimates (see the

next paragraph).
Lemma 1.1. Let 0 < r < R. Let s ¢ R and 1 < p,r < 0. Let (Uj)jz—l be such that
Suppu_; C B(0,R) and Suppu; C 27C(0,7, R) for all j € N. Then

—— . pe g s
<o = u:= E uj is in By,
j=-1

H2js||uj||LP(Rd) - NU(—1})

er(Nu{-1})

and we have ||ul|ps =~ H2j8HuJ'HLp(Rd)

If s > 0 then the result is still true under the weaker assumption that Supp u; C
B(0,2R).

A similar statement holds in the homogeneous setting.
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Proof. In the first case, we notice that one may find some integer N (depending only on r
and R) such that for all £ > —1,

Apu = Z Aru;.
li—kI<N

Therefore

1Akullr < D7 NAkuslle <C Y7 lujlee

li—k|<N li—k|<N
and we get the result.

If we only have Suppu; C B(0, 2/ R) then we just have for some integer N,
Apu = Z Aguy.

j>k—N
Therefore
2% Agullr <Y 207 2 fuy |
JjZk—N
and the convolution inequality ¢! % ¢" — (" gives the result if s > 0. O

1.3. Nonlinear estimates. The basic question that we shall address in this subsection is:
let w and v belong to two different Besov spaces:

e Does uv make sense 7
o If so, where does uv lie 7

Formally, any product of two distributions u and v may be decomposed into
(2) wv =Tyv + R(u,v) + Tyu

with
Ty = ZSj_luAjv and R(u,v) := Z Z AjulAj.
J VIRV RSS!
The above operator T is called “paraproduct” whereas R is called “remainder”. The
decomposition (2) has been first introduced by J.-M. Bony in [6].

Note that as T, v involves product of functions with different spectral localizations, it is
always defined (in Fourier variables, the sum is locally finite). At the same time, it cannot
be smoother than what is given by high frequencies, namely v. As for the remainder, it
may be not defined (think of the product of two Dirac masses at the same point). However,
if it is defined then it is smoother than the paraproduct term. All this is detailed in the
proposition below.

Proposition 1.2. For any (s,p,r) € R x [1,00]? and t < 0 we have'

[TwollB;, S llullellvllsg, and |Tuwvllgere S llullse, 0l -

p,r "
For any (s1,p1,71) and (s2,p2,72) in R x [1,00]? we have
o if s1+s50>0, 1/p:=1/p1+1/pa<1 and 1/r:=1/r1+ 1/ra <1 then

1R, 0) | goer <l Mol

o if s1+s50=0, 1/p:=1/p1+1/p2 <1 and 1/r1 +1/ry > 1 then
[R(u,v)lpg . S llullgs

0]l 52
p1,7T1 B

P2,72 ’

1The sign < means that the Lh.s. is bounded by the r.h.s. up to a harmless multiplicative constant.
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Similar results in homogeneous Besov spaces.

Proof. We just prove the first result of continuity for 7" and R. Both are consequences of
Lemma 1.1. We first notice that the general term of T,v is supported in dyadic annuli
whereas that of R(u,v) is only supported in dyadic balls. Now, we see that
1Sj—1udjullLe < ||Sj-1ullzee[|Ajulle < Clluf|pe||Ajv]|Le,
and thus ' '
1272155 1uldjvllLe)ller < Cllullel|(2 | Ajvllze)[ler
hence Lemma 1.1 gives the result.
For proving the first continuity result for R, we may write that
DD Ajuljoll e < (2| Ajulzn) (22 Aj0]|r2)
and use the last part of Lemma 1.1. O

Putting together decomposition (2) and the above results of continuity, one may deduce
a number of continuity results for the product of two functions. For instance, one may get
the following tame estimate which depends linearly on the highest norm of v and v:

Corollary 1.1. Let u and v be in LN By, for some s >0 and (p,7) € [1,00]2. Then
there exists a constant C depending only on d, p and s and such that

luvllsg, < C(lulz vl sy, + lollz=lluls;,)-

Proof. We proceed as follows:
1. Write Bony’s decomposition uv = T,v + Tyu + R(u,v);
2. Use T': L*™® x B, — B} ,.;
3. Use R: By ., x Bs, — Bs, if s> 0;
4. Notice that L™ — Bgopo.

O

Remark 1.1. As a consequence of tame estimates and of the fact that B;/lp and Bg’/lp

are embedded in L, we deduce that both spaces B;i/lp and B;i/lp are Banach algebra if
p < 0.

Finally, the following composition result will be needed for handling e.g. the pressure
term when studying the compressible Navier-Stokes equations.

Proposition 1.3. Let F : R — R be a smooth function with F(0) = 0. Then for all
(p,7) € [1,00]? and all s > 0, there exists a constant C' such that for all u € By, N L>
we have F(u) € By, and

1E ()] B

p,r

< ClullBg,
with C depending only on ||u|L~, F, s, p and d.

Proof. We use Meyers’s first linearization method:

1
F(u) = ZF(SJ‘HU) — F(Sju) = ZA]'U/O F'(Sju+ 7Aju)dr.

~\~
uj

We notice that
lujllr < CllAjull L.
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Unfortunately, Fu; is not localized in a ball of size 2J. However, after cumbersome com-
putations, we find out that

10", < O A gl .
Hence everything happens as if the Fu; were well localized. This suffices to complete the
proof. O
2. LINEAR ESTIMATES

2.1. A maximal regularity estimate for the heat equation. Consider the heat equa-
tion

(3) Ou — Au = f, Ujg=0 = Uo

or, more generally?

(4) v+ |D|v = g, Vjt=0 = V0-

We want to establish estimates of the form

(5) 10¢u, D*ul| 113y < C([luollx + 11 fl21(x))
(6) 180, [D|7v]| 1) < C(llvollx + gl x))-

In the case of the heat equation, this gain of two derivatives compared to the source term
when performing a L!-in-time integration is the key to a number of well-posedness results
in a critical functional framework for models arising in fluid mechanics.
Now, it is well known that if r € (1,00) and X = L9 or W*9 for some s € R and
q € (1,00) then, for the heat equation,
100w, D*ull 1 (xy < CIIfllLr(x)-

This type of inequalities fails for the endpoint case r = 1 for those spaces (and more
generally in any reflexive Banach space X ). However, it has been noticed by J.-Y. Chemin
in [9] that Inequality (5) is true for Besov spaces with third index 1. This is stated in the
following theorem.

Theorem 2.1. Estimates (5) hold true for any p € [1,00], 0 €R and s € R if X = B;,l-
Proving the theorem relies on the following:

Lemma 2.1. There exist two positive constants ¢ and C such that for any j € Z, p €
[1,00] and X € RY, we have

”e_AID‘G Aj HE(LP;LP) < C€_c>\20j .

Proof. If p = 2 this is a mere consequence of Parseval’s formula.

In the general case, one may first reduce the proof to the case j = 0 (just perform a
suitable change of variable) then consider a function ¢ in D(R?\ {0}) with value 1 on a
neighborhood of the support of ¢ so as to write

MAgu = F(p()e M Agu(e) )

= gy*u with gy(x):= (271-)—‘1/ei(l‘|§)¢(€)e—>\|€l2d€'

2With the convention that F(|D|7u)(¢) := |¢| Fu().
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If it is true that
(7) lgallpr < Ce=
then the desired result follows just by using the convolution inequality L'« LP — LP.

Proving (7) follows from integration by parts: we have

ga(z) = (1 + !x\Q)d/ 9 (1d — Ag)d@(@ew&l”)dg_
R4
So using Leibniz and Fad-di-Bruno’s formulae, we conclude that
lgx(2))] < C(1 + |z>)~%e .

Therefore ‘ ' _
e} Aoulle < llgallp: | AoullLe < Ce | Agul| e,
and we are done. O

Proof of Theorem (2.1) To simplify the presentation, we focus on the case o = 2 (heat
equation). If u satisfies (3) then for any j € Z,

8tAju — AA]’LL = A]f

Hence, according to Duhamel’s formula

t

Aju(t) = " Ajug —I—/ €(t_T)AAjf(7') dr.

0

According to the lemma, we thus have
t
. 22 A CTIRR

(8) 1Aju®)l|e S e | Ajuol| 1o +/0 e~ F DA f(7) 1o dr

Multiplying by 27¢ and summing up over j yields

t
ST Ajut)lle £ e 27| Ajug|| 1o +/ e N A F(7) o dr
j j 0 j
whence

||u||L;5><>(B;’1) < ”uHZ?O(BZ,I) S ||UO”B;1 + HfHL,}(B;’l)'

Note that combining (8) with convolution inequalities also yields
. . _ 2 y . .
2)|Ajull oy S (1= e (I Aguollos + 145 Flyn))-
Now, multiplying by 27¢ and summing over j yields

9) lullprpstzy S E 1 — 7t 9 1A juollLr + IA ijL,}(Lp) ;
t( p,1 )
J

which is slightly better than what we wanted to prove.? [l

Remark 2.1. Other maxzimal reqularity estimates may be proved by the same token. For
instance these ones:

< s 1< p<p1 <
ol ,, o) S Moollig, WL, s Jor 1< <1< o0

with lollz g ) = |2 1ol ey

e

3As obviously (1 — 67C22jt) is bounded by 1 and tends to 0 when ¢ goes to 0*.
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2.2. Hyperbolic symmetric systems. Hyperbolic symmetric systems arise naturally as
baby models in a number of PDEs coming from physics or fluid mechanics. One may cite
for instance the transport equation (see next paragraph) and the acoustic wave equation
(which occurs when linearizing equations for a compressible fluid) or the wave equation.
In this section, we focus on linear hyperbolic symmetric systems of the form:

(10) U+ AU+ AU =F,  Upg="Up
k

with F,U : [0,T] — RY and A*: [0,7] x R — My (R) for 0 < k < d reasonably smooth.
The symmetry assumption means that matrices A* for k € {1,---,d} are symmetric.

Let us first derive the basic energy inequality associated to this system: taking the inner
product in L2(R%RY) of (10) with U yields

1d . .
571Uz + /Rd U' AL 0007 dx + (A% | U) = (F | U).
1,3,k

Now, setting (divA); := >y 8kv4f,j and integrating by parts, we see that
%;C/Rd U' A7 ;U7 dx = —%/}Rd o U A7 ;U7 dx — Z.Zj/(dWA)i’jU U? dx

Owing to Aﬁj = Afz the first term of the r.h.s. (with sign +) is equal to the Lh.s.
Therefore,

1d 1
SSIUIE: = S(@ivAU | U) + (A | U) = (F | ).

Integrating and using Gronwall’s lemma thus implies that
t a ’ / t ’ /
0@ < (100l + [ 4 pisar ) el
0
with a(t) := ||div.Al Lo + 2[|A°|| .

This allows to prove the existence and uniqueness in C([0, T); L?) if the matrices A*F are
smooth enough (see e.g. Chap. 4 of [5]).

We now want to prove reqularity estimates for linear symmetric systems. The strategy
is simple: we apply A; to (10) then use energy estimates for bounding each term A;U in
L? then multiply by 2% and perform a ¢? summation to get a H® norm. In passing, let
us emphasize that performing instead a ¢ summation would yield a B3, estimate.

Let us give more details in the case A° = 0 (to simplify the presentation). The main
difficulty is that Aj need not commute with the matrices A* so we only get

QAU+ ARAU = MF + Y [AF, A)0,U .

The above energy inequality implies that
t
AU 2 < A;Upllz2 + eféfoTa(Tl)dT/ AGF|| 2 +||Ril|lz2) dr eéfga(‘r/) dr'.
J L J L 0 J L gL

Once R; has been suitably bounded, in order to get H® estimates, it suffices to multiply
the inequality by 27 and
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We claim that there exists (cj)j>—1 in the unit sphere of ¢" such that

25| R¥|| 12 < Ccj||[ VA o |Ullgg, if 0<s<d/2+]1.
L*NBZ "

Proof. It is based on Bony’s decomposition:
R} = [T ax, AjlokU + Ton,0 A" — ATy, 0 A" + R(AF, 0pA;U) — A R(A*, 0,U).
Let us just explain how to bound the first term which is the only one where having a com-

mutator improves the estimates (bounding the other terms stems mostly from Proposition
1.2). Using quasi-orthogonality and definition by convolution of dyadic blocks yields

[Tae, D10:U () = > 2Jd/ h2H (z—y)) (Sj—1AF(x) — S;r—1.A% (1)) AU (y) dy.
3/ —j1<4

Hence, according to the mean value formula,

Z QJd// h(2(z =) ((x —y) - V1A (y + 7(z — ) 0k Ay U (y) dr dy.
g/ —j1<4
So finally,
1T A10U 122 S 27 IV Al 2 068U SIVAlLe D2 (18502

7' —jl<4 17" —jl<4
U

Finally inserting the commutator estimate in the inequality for A;U, multiplying by 278,
performing a " summation and using Gronwall lemma eventually yields

t
055, < (WWollsg, + | e o297 Py dr i)

for any 0 < s < d/2+ 1 (more positive s or negative s may be achieved as well if using
stronger norms of A).

2.3. A priori estimates for transport equations. In general, proving estimates for
symmetric hyperbolic systems in spaces B,, with p # 2, is hopeless. Indeed taking
advantage of the antisymmetric character of the first order term requires some Hilbert
structure.

A noticeable exception is the following type of transport equation which plays a funda-
mental role in fluid mechanics:

) {8ta+v-Va:f

ajt=0 = a@0-

Roughly, if v is a Lipschitz time-dependent vector-field and if ag € X and f € L'(0,T; X),
with X a Banach space then we expect (T') to have a unique solution a € C([0,7); X)
satisfying

t
la(®)]lx < e“V® (\aollx +/O YOI x dT)

(1) with (say) V(1) = /O V0 ()| 1 dr.
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This is quite obvious if X is the Holder space C%¢ (with € € (0,1)) as (in the case f =0
to simplify) the solution to (7°) is given by

a(t,z) = ao(yy ' (x))
where v stands for the flow of v at time ¢.

Therefore,

Jao (v () — ao (v (W),
< laollgo. vt (x) — v W)IF,
< llaoll¢oe V7 MGl = yl°

As ||Vip; | < exp(V(t)), we get the result in this particular case.

la(t, z) — a(t, y)|

N

Littlewood-Paley’s decomposition will enable us to prove a similar result in a much more
general framework.

Theorem 2.2. The above inequality (11) holds true for X = B;jr with

V(t) = / Vo)l dr

1.1

whenever
. /d d d
1<p<p1 <0, 1<7r<oo, —mln(—,—/) <s<1l+ —-
b1 p b1
If r=1 (resp. r =00) then the case s =1+ d/p1 (resp. s = —min(pil, ]%)) also works.

Proof. Applying Aj to (T) gives
(12) c?tAja +v- VAjCL = A]f + Rj with Rj =[v-V, Aj]a.

In the case p € (1,00), multiplying both sides by |Aja\p_2Aja and integrating over R?
yields

1d 1 . . L
(13) f%HAjaH%p + » /v -V|AjalP dz = /(Ajf + R;j)|AjalP *Ajadz.
Therefore

. . t . . divov Lo | A
A0 1Aje0l < Wsals + [ (185510 + 15l + 5 40l ar

Having p tend to 1 or oo implies that (14) also holds if p =1 or p = cc.
Now, under the above conditions over s, p, the remainder term Rj satisfies

(15) 17;(8)][1r < Cej (027 Vo@)l|a lla@®)llg,, with [[(¢;()]er = 1.

I
Bpl,1

The proof of this inequality is very similar to the corresponding one for general hyperbolic

symmetric systems (this is only a matter of changing L? into LP), and is thus omitted.
At the end, using (14) and (15), multiplying by 27° then summing up over j yields

t t
. . . / .
lallz ey, < ool + [ 1515y, dm+C [ V'lallg, ar

Then applying Gronwall’s lemma yields the desired inequality for a. ([
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One may wonder if, for certain choices of norms, one may avoid the exponential term (due
to our using Gronwall lemma) in the estimates for the solution to the transport equation.
The answer is yes if X = LP and, in addition dive = 0. Note indeed that starting from the
transport equation (7°) without any spectral localization and arguing exactly as for proving
(13) yields

t
la(@)[zr < llao] v +/ [ £l dr.
0

This is in fact due to the fact that if dive = 0 then the flow associated to v is measure
preserving.

Does this still work in the spaces Bgr which are very close to LP ?

This question has been first answered by M. Vishik. Here we shall use the dynamic
interpolation method of T. Hmidi and S. Keraani [31]. The key idea is that the linearity of
the transport equation implies that a = ) ; aj with

ora; +v-Va; =0, Wl = Ajao.

Even though a; is spectrally localized at time ¢ = 0, there is no reason why this should be
still true for ¢ # 0. Therefore (we focus on estimates in 319,1 for simplicity, Bgr works the
same) one may just write that

lo(®lsg, <3 NosE)g, < 318y Ol
J s

Fix some integer N. Then we may write

lallgo | = S Arailie + D> 1 Araglipe.
C kSN i—k|>N

The first sum may be bounded by CN|a;||z» and we know that ||a;(t)||zr = ||Aja0l ze.
For the second sum, we use the fact that

. .
”aj(t)HBi% < “Aja0‘|Bi%e Jo IVollpeo dr
p.i _

Coming back to the definition of Bg’l, this yields
|Ara; ()] zr < czc?i(%)HAjaoHLpeCfJ [Volloo dr with ch =1
Therefore we finally have

—N, c v oo dr
la(®)ll o, < Cllaoll o, (N 42 N/2C 5 IVl )
Taking N so that C27V/2eC fo V¥l d7 ~ 1 implies

t
(16) le(®)lsg, < laalsg, (1+C [ 190l r).

Inequality (16) is of particular interest in the study of the lifespan of solutions to critical
nonlinear PDEs. It has been first used by Vishik in [36] for proving the global well-posedness
of the incompressible Euler equation in critical Besov spaces.
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2.4. A priori estimates for a convection-diffusion equation. In fluid mechanics, it
is frequent that both convection and diffusion have to be considered together. Typically,
we have to consider the following type of convection-diffusion equations:

(T'D,) Ou+v-Vu—vAu = f.

The following theorem (see [18, 30] asserts that one may get a family of a priori estimates
in Besov spaces which are the optimal ones in the limit cases v =0 or v = 0.

Theorem 2.3. Let 1 <p<p; <00 and 1 <r < oo. Let s € R satisfy
. (d d d
—mln(—,—/) <s<1l+—-
b1 p p1
Then for any smooth solution of (T D,) with v > 0, we have

C
HUHE%O(B;T) =+ VH“HZlT(B;f;?) < Ce V(T) (H“OHB;,T + Hf”le(B;,r))

T
with V/(T) := / Vo)l o dt.
Proof. Let us first localize the equation about the frequency 2/. We see that uj = Aju
satisfies .
Owuj +vj - Vu; — vAuj = fj + R;

with v; := Sj_ﬂ), fj = Ajf and Rj = (S'j_lv —v) - Vu,; + [v- V,A]]u

A slight variation over the proof of (15) yields

1Rjllzr S ¢;27%°Voll o Jlullg, — with [[(c;)lle = 1.
Bpll,l p,r

Next, perform the following Lagrangian change of coordinates (with ; being the flow

of v;):
’ljj = Q,@‘O'Lﬂj, fj = fjowj, Rj = Rjowj.
We get L
8ﬂj — VAaj = fj + Rj + I/Tj with T; := (Auj) o wj — Aﬂj.
From the chain rule and Holder inequality, we infer that
ITle S (14 V95 llLoe) ITd = V][ o< [ D>uj 0 ]| o + [|Ag]| o< [ Vg 0 9] o

The r.h.s. may be bounded according to the following classical flow estimates:

t
Vol < el [ V0= dr),
Ot
I - Vo0l < exp( [ 90l dr) - 1.
0 t t
V245 (8)| < eXp(Q/O HVUleoodT>/0 IV?0; L dr.

Note that, according to Bernstein inequality,

[V 0| oo < 275DV pe  for all k> 1.
Hence
(a7) T30 e < 229 (¥ O a0
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If u; were spectrally localized in an annulus of size 27 then the regularity estimates for
the heat equation would enable us to gain the factor 2% and we would be done for ¢ small
as the term (e“V® — 1) goes to 0 when ¢ tends to 0.

As the Lagrangian change of variable destroys the spectral localization, the next idea is
to localize again the equation for w;, namely

615173' — Z/Aﬁj = ]7] + Ej + VTj.
We may write
8tAj/Hj — VAAj/ﬂj = Aj/f?‘ —+ Aj/ﬁj + VA]'/T']‘ for j/ cZ

and use the smoothing properties of the heat equation for bounding each block, then sum
over j' to bound ;.

If we simply use that
145 fillzr S 1 Fjllze
then, after summation, the contribution given by the terms Aj/fj is infinite.
To overcome this, one may, in the light of Bernstein inequalities, write that
1A Fillr S 277 (IVA il = 277 1A (Vf5 045) - Vi) 1o,
277V £ 0 il e [ V4l 2oe,

S
S VY Sl

One may proceed in the same way for ijﬁj and I/Aj/Tj. Therefore, using the smoothing
properties of the heat equation we get the following inequality for all (j, j') € Z2:

o L o R
1A 25| ge (o) + v27 N AT 1 oy S 1A Ajuollze + 2777 €V O £ 11 (1)
t
+220700022" (VD — 1) |l | 11 gy + 2777 / ;2705 eV ul 5. dr.
0 pr

This inequality is suitable if j* > j — Ny (where Ny fixed integer). To handle the low

frequencies, one may merely bound S;_n,u; according to the following lemma (see the
proof in [5, 36]):

Lemma 2.2. For any p € [1,00], No € N and j € Z, we have
19550 (Ajv 0 @)l 2o S | Tg1ll o< 1 Agoll Lo (277 gt [ ol Tl Loe + 270V oc ).
Here we thus get
”Sj*NoajHL‘g(Lp) S eV (27N0 +eOVO 1)HUJ‘HL;1(Lp) for all 1<q < .

In order to bound u; we split it into (Np is any fixed integer)

uj = S]_No'd] o ,%—1 —+ Z AJ/J] o w]—l

Jj'>j—No
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Then putting together the previous computations yields

~

29°uj || Lo Loy + V27 2% g 12 gy S €V <2jSHAjuoHLP + 28027 £l L 1y
+(27N0 4 22N (VO — 1)) (299 Lo (1) + u22j2j5||uj||Lg(Lp>))

t
93N /0 VeV [ull 5, dr-

In order to conclude, it is only a matter of choosing Ny large enough (say such that
16C2=No ¢ [1,2)) then t so small as the second line to be absorbed by the L.h.s. After
performing a " summation and using Gronwall lemma, we end up with

lullzee s, + ¥ Iulzysgz) < Colluolls,, + 171z s;,)

T
whenever t € [0,77] with 77 s. t. / V'dt ~ ¢ with e small enough.
0

Then one may split [0,7] into

T;
0,7 =1[0,Th]U---U[T)-1,T] with / Vidt ~ e
Tj,1
and repeat the argument on every subinterval. As ke ~ V, this completes the proof. ([l

2.5. Dispersive equations and Strichartz estimates. Let (U(t))icr be a group of
unitary operators on L?(R?) satisfying the dispersion inequality:

U@l < <

1] Ifllr1  for some o > 0.

Interpolating between L? — L? and L'+ L, we deduce that

U6l < <|f|*

The basic examples are the groups generated by the Schrédinger equation
idu+Au=0 in R?
for which o = d/2, or the acoustic wave equations
{ owa +divu =0

1
T

1_
)T | fll~ forall 2<r<oo.

. d
ou+Va=0 in R

for which o = d/2 — 1. The same holds for the classical wave equation dZu — Au = 0 if
written as a system.

Definition 2.1. A couple (q,7) € [2,00]? is admissible if 1/q+o/r =0 /2 and (q,7,0) #
(2,00,1).

Theorem 2.4 (Strichartz estimates). Let (U(t))wer satisfy the above hypotheses. Then
(1) For any admissible couple (q,r) we have ||U(t)uollpazry < Clluollr2;
(2) For any admissible couples (q1,m1) and (q2,72) we have

H/OtU(t—r)f(T) dT‘

< .
qu(LTI) ~ HfHLqé(Lré)
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Remarks: 1. Compared to Sobolev embedding HIG=%) L", Strichartz estimates

provides a gain of d(3 — 1) = q% derivative.

2. The relation 1/q+ o/r = 0/2 may be guessed from a dimensional analysis.

Following the approach of Ginibre and Velo in [26], the proof of Strichartz estimates
relies mainly on two ingredients:

(1) The TT* argument (see below);
(2) The Hardy-Littlewood inequality.

Lemma 2.3 (7T7T* argument). Let T : H — B a bounded operator from the Hilbert space
H to the Banach space B and T* : B — 'H the adjoint operator defined by

Y(z,y) € B xH, (T*z | y)n = (&, Ty)pr B-
Then we have
ITT* | 25y = I Tz 3,8 = 1T 7 (5r:70)-

Proving the homogeneous Strichartz estimate: Let us introduce the operator T :
ug — U(t)up. Hence, at least formally,

T : ¢ — /RU(—t’)qﬁ(t’) dt' and TT*:¢+— [t — /RU(t — ot dt'|.
If we apply the TT™ argument with
H=L*R?Y, B=LIR;L"(RY), B =LY (R;L"(RY),
we see that proving ||T'uole(z) < Cllugllz2 is equivalent to
(18) ITT* |l La(rry < Cll o (1)
Now, we have

ITT" 60l < [ V(=)o) .

So taking advantage of the dispersion inequality L™ — L" and of the relation 0'(% -

we get
1
L0l < [ ()l dr
R |t —t]a

Applying the Hardy-Littlewood-Sobolev inequality gives (18) if 2 < ¢ < oc. O

Remarks:
(1) The endpoint (g,7) = (00,2) is given by the fact that (U(t))ser is unitary on L2
The endpoint (¢,7) = (2,20/(c—1)) if ¢ > 1 is more involved (Keel & Tao [32]).
(2) The nonhomogeneous Strichartz inequality follows from similar arguments.

(3) In the case of the linear wave or Schrodinger equation, using (A;);jez allows to get
Strichartz estimates involving Besov norms.

3. INCOMPRESSIBLE MODELS

As first examples of application of the results of the previous sections, we here aim
at solving globally for small data two models for incompressible viscous fluids: first the
classical incompressible Navier-Stokes equations and next the density-dependent Navier-
Stokes equations.
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3.1. The incompressible Navier-Stokes equations. The incompressible Navier-Stokes
equations read:

(NS)

Oru + div(u ®@ u) — pAu+ VP =0,
divu = 0.

Here u : [0, T[xR? — R? stands for the velocity field, and P : [0, T[xR? — R, for the
pressure. The viscosity p is a given positive number.

If we want to solve the Cauchy problem for (NS) then we have to prescribe some initial
divergence-free velocity field wug.

We shall see that, once a suitable functional framework has been found, System (NS)
may be solved by means of the following abstract lemma.

Lemma 3.1. Let X be a Banach space and B : X x X — X a continuous bilinear map.
Then there exists a unique solution v in B(0,2||vo||x) to

(E) v =19 + B(v,v)
whenever
(19) 41B][||lvol| x < 1.

Proof. This is a straightforward consequence of Picard’s fixed point theorem in complete
metric spaces. Indeed, denoting F : v — vg + B(v,v), we see that
2
I1F(v) —wvollx < Bl x|lvll%-

Hence if (19) is satisfied and |Jv||x < 2||vo|lx then F maps the closed ball B(0,2]|vol x)
into itself.
Next, considering vy and vg in this closed ball, we see that

[1F(v2) = F(v)llx < IBll([[orllx + llo2llx)llva = villx < 4lIBl[[[vollx[lva — villx-
Hence Condition (19) ensures that F' is strictly contracting. O
Assume in addition that there exists a one-parameter family (7))xso acting on X and
which leaves (E) invariant that is:
v =19+ B(v,v) <= Thv =T+ B(T\v,Thv) forall XA>D0.
Then the smallness condition (19) recasts in
4||B|[||[Thwvollx <1 for all A > 0.

In other words, the norm in X has to be invariant (up to an irrelevant constant) by 7 for
all A. If so then we shall call X a scaling invariance space for (E).

In the applications, a dimension analysis often allows to find such a family (73)x>o-
This is the case for instance if considering evolutionary equations such as the nonlinear
Schrédinger, wave or heat equations.

Let us explain how to implement it on the incompressible Navier-Stokes equations. In-
troducing the Leray projector over divergence-free vector fields: P :=Id + V(—A)"div,
(NS) recasts in

Opu + Pdiv (u @ u) — pAu = 0.
This equation enters in the class of generalized Navier-Stokes equations:

(GNS) O+ Q(u,u) — pAu =0
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with FQ’(u,v) := ai’?’n’pgnéﬁfm F(uPv*). All the coefficients are supposed to be

constant. Hence the entries of Q(u,v) are first order homogeneous Fourier multipliers
applied to bilinear expressions. From the point of view of homogeneous Besov spaces, the
action of such multipliers is exactly the same as that of the gradient operator.

Let us now look for some scaling invariance for (GNS), if any. We notice that v is a
solution if and only if Thv is a solution (for all A > 0) with
Tho(t, ) == (A%, \z).

Hence one may tempt to solve (N.S) or (GNS) in spaces X with norm invariant by the
above transformation.

For (IN.S) this idea of combining the abstract lemma with dimensional analysis has been
first implemented by H. Fujita and T. Kato in [23] (see also the work by J.-Y. Chemin in
[8]). There

X ={veC®RH? s t. tiveC(RT; H2 2)},
and the initial data is in the homogeneous Sobolev space H 51

There are a number of critical functional spaces in which (N.SI) may be globally solved
for small data, for instance:
e C(R*; LY) (see Giga [25], Kato [27], Furioli-Lemarié-Terraneo [24]);
.4 .d4q
e CR%; B, )N Ll(RJ’;BIfj— ) and more general Besov spaces (see the works by
Cannone-Meyer-Planchon in [7] and by H. Kozono and M. Yamazaki in [34]).

In these notes, we plan to prove the following statement.

|
Theorem 3.1. Let ugp € By, with divuyg = 0. Assume that p is finite. There exists
c > 0 such that if

luoll a_, <cp
BI;

then (GNS) has a unique global solution w in the space’
~ N A1~ n .44
X =L*R"; By, )NL(RT;Bg, ).

Proof. We notice that solving (GNS) amounts to solving the equation (E) of the abstract
lemma with

t
v = ePug and  B(v,v)(t) = —/ e"IAPdiv (v @ v) dr
0

where (e!®)so stands for the heat semi-group.

. ~ e N .dyq
We want to apply the abstract lemma with X = L®°(R*; B}, )N LY (R*;BS, ),
t
vo(t) := e!Pug  and  Blu,v)(t) := —/ MDA Q(u, v) dr.
0

Heat estimates imply that

vollx :=|lvoll_  a_, +nlvoll. a4y, < Clluoll a_,-
ol = looll,_ g 0 +lboll, geo < Cluol s

4which corresponds to the norms defined in Remark 2.1.
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That B: X x X — X is a consequence of continuity results for paraproduct and remainder.
Indeed we have

1Qu, ). 4y <Clluev|_ 4
LY(B - LY(Bgr)
Now, using embedding and results of continuity for the paraproduct and remainder, we see
that®

1RGO o S il ol
L L (BP, Lo(BE, )

< ~ .

S lulzezto ol g0

and a similar inequality for T,u. Note that for the remainder we need that (d/p — 1) +

.41 .
(d/p+1) > 0 hence p < co. Because By, — Bo_olyoo, we eventually find that, for some
C=Cd,p,Q):

lQCu, )l 4y < CpHlullx]lvllx-
LY(BE, )
Hence
1B(u, )]l x < €' Hullx|lvllx.
Therefore 4||Bl||||vo|lx < 1 provided |luo|| a_, < cp with ¢ small enough. O
BP

P
Remark 3.1. The proof that we proposed is based on the abstract lemma and on product
laws in Besov spaces that do not use the very structure of the nonlinearity. Hence it is very
robust. This may be seen as an advantage as it applies indistinctly to any system (GNS)
(even for those which have no physical meaning and that do not possess any conserved
quantity), but also as an inconvenient because one cannot expect from this method much
more than global existence for small data (or local existence for large data).

Exercise: Adapt this approach to the following Keller-Segel model:
0ip — Ap = —xdiv(p V(=A)""p).

3.2. The density-dependent incompressible Navier-Stokes equations. Let us now
look at a slightly more general model: the system for incompressible nonhomogeneous
viscous fluids:

Op+u-Vp=20
(INS) p(Ou~+u-Vu) — pAu+ VP =0
divu = 0.
We restrict our attention to the case where the density p of the fluid goes to some positive
constant p at infinity. After renormalization, one may take p = 1.
System (INS) is invariant by the rescaling
p(t,z) — p(A\%t, \x), u(t, z) — Mu(\%t, Az).

From the dimensional analysis point of view, this means that the velocity has the same
regularity as in the homogeneous case and that one more derivative is required for the
density. In the Besov spaces scale, this induces to take data (pg = 1 + ag, ug) with
a L4
ap € Bply, and wug € Bpir, -

50One may easily check that the product laws for E”(Bgvr) work the same as the usual ones, the time
Lebesgue exponent just behaves according to Holder inequality.
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e To avoid vacuum (and loss of ellipticity), an L°® bound on a is needed. Note that
d

B, < L™ if and only if r; = 1. Hence we take 7 = 1.
e If o = 1 then (neglecting the nonlinear terms), regularity properties of the heat
d d
equation give u € LlT(B;’;Irl) As B;;jl — C%! this is exactly what we need to
transport the Besov regularity of a := p — 1.
e Finally, owing to the coupling between the density and velocity equations, it is
simpler (but not mandatory) to take p; = p2 = p.

The rest of this section is devoted to proving the following global existence result for
small data with critical regularity.

. d .d_q
Theorem 3.2 (Global existence for small data). Let ap € By, and ug € By, with
divug =0 and 1 < p < 2d. If in addition

+p ol 4y <c
BP

laoll .
B 1 p,1

d
P
D,
for a small enough ¢ > 0 then (INS) has a unique global solution (a,w) with
.4 d_g 4y
a€CRY By and we CRY By NLIRY By

Proof. Before going further into the proof of existence, let us emphasize that one cannot
expect to reduce System (INS) to the model problem presented at the beginning of this
section. This is due to the hyperbolic nature of the density equation which entails a loss of
one derivative in the Lipschitz-type stability estimates. Hence, existence will rather stem
from bounds in high norm (that is in the space where we want to show the existence)
for the solution and stability in low norm (typically the space of existence with one less of
derivative). Proving existence may be alternately done by means of the Schauder-Tikhonoff
fixed point theorem. However the main steps are more or less the same. Here we shall
adopt the following scheme (that has to be slightly modified to provide a rigorous proof of
existence) giving the result if 1 < p < d:

e 1) proving a priori estimates in high norm (that is in the space E of the statement)
for a solution;

e 2) proving stability estimates in low norm (that is with one less derivative);

e 3) Use functional analysis (Fatou property) to justify that the constructed solution
isin F;

e 4) Uniqueness : for 1 < p < d this stems from stability estimates. For the full range
1 < p < 2d, the system has to be considered in Lagrangian coordinates (recent joint
work with P.B. Mucha [22]).

Step 1. A priori estimates in high norm. Estimates for the transport equation imply that
la(®)l|lz = [lao||L>~ and

lall 4 <e“Olagll 4 with U(t):=|Vu| 4.
L (By ) By, Li(Bp,)
Hence if we have CU(t) < log2 then
(20) lall 4 <2aoll 4 -
L (Byy) By,

For the velocity, we have:
Ou — pAu = —P(adu) — P((14+a) u - Vu).
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Hence regularity estimates for the heat equation imply that

t
X(1) % fhuoll g 1 + /0 (IP@d)]| g, + IP(( +ayu- V)| s ) do
p,1 p,1 p,1

with X() = flull g el | g HlOl g

& p,1 pl ﬂBg1)

The lL.h.s. may be bounded by usmg product laws (here we need 1 < p < 2d because of
the remainder term R(a,0;u) coming from a dyu). We get

X@O) S lwoll gy +Atllall g Dlull aillull g Flal g N0l oy

By, L (B)4) LBy ) LiBEL) Lg (Bpl Ly (B, )

According to (20), the last term may be absorbed by the left hand-side if ||ag|| « 1is small
BP

p,1
enough. Under this smallness condition, the second term of the r.h.s. may be bounded by

Cu1X2(t).
From an easy induction (“bootstrap”) argument, we eventually get
la(t )H <2llagll « and X?2(t) <2CX(0) forall t>0
BP
P

pl ,1

+p 1|yu0\| L < 1L

1 pl

provided |lag||
By

Step 2. Stability estimates in small norm. Consider two solutions (a',u!) and (a?,u?) o
(NSI) bounded in E as in the first step. The difference (da, du) := (CL2—CL1 u?—ut) satlsﬁes
Oyda +u? - Véa = —éu - Va',
{ d0u — pAdu = —P((1+a")(du-Vul +u?-Vou) + a*dp0u + da(dpu+u?-Vu?)).
Owing to the hyperbolic nature of the mass equation, one loses one derivative in the stability

estimates: the r.h.s of the first equation has at most the regularity of Va'. This induces a
loss of one derivative for du. Hence stability has to be proved in

241 42 ) IR
Fr = C([O,T];Bn1 ) X (C([O’T];BPJ )N L0, T; Bp71)) .

L4 L4 q
Therefore, as e.g. da € C([0,T]; BY, ) and du® € L'(0,T; BY, ), the product laws in
Besov spaces (see in particular the properties of continuity for the remainder in Theorem
2.1) enforce us to make stronger conditions on p and on d, namely

d>2 and 1<p<d.
Then using the usual regularity estimates for the heat equation, one may conclude that
lball g wuldal g g S T8O g O]
Le=(BP, Le=(BP, LY(BP)) BP, BP,
We skip Step 3 (showing that the constructed solution belongs to the desired functional

space) which is a consequence of general properties of Besov spaces and Step 4 (uniqueness)
which is very similar to Step 2. U

Let us end this section with a few remarks concerning the above global existence theorem
for incompressible nonhomogeneous fluids:
e This global statement has been first proved by the author in [16] (in the case p = 2
only) and by H. Abidi [1] (for general p € [1,2d[ with uniqueness if p < d, and
density dependent viscosity coefficients).
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d

A local-in-time statement is available for large initial velocity ug € B;l ' with

1 <p<2d][l]. If p=2, also ap may be large provided inf,(1 + ag) > 0 (no

vacuum) [16].

e The Lebesgue exponents for a and u may be taken different (see [2]).

e Rewriting the system in Lagrangian coordinates allows to solve it by means of
Picard’s fixed point theorem. This improves the conditions for uniqueness and also
allows to weaken the assumptions over the density: it may have jumps across an
interface (recent joint work with P.B. Mucha [22]).

e There are many recent works devoted to the longtime asymptotics for (INS), see in

particular the paper by Abidi-Gui-Zhang in [3].

4. THE BAROTROPIC COMPRESSIBLE NAVIER-STOKES EQUATIONS

Proving in a similar result for compressible viscous fluids is the main goal of this section.
To simplify the presentation, we focus on the barotropic Navier-Stokes equations :

Op + div(pu) = 0,
{ O (pu) +div (pu @ u) — pAu — p'Vdivu + VP =0

where

e p=p(t,z) € RT (with t € RT and z € R?) is the density,

o u=u(t,z) € R? is the velocity field,

e the viscosity coefficients p and p’ satisfy g >0 and v := pu+ ' > 0.
In order to close the system, we assume the pressure P to be a given (suitably smooth)
function of p. This is the so-called barotropic assumption. In the viscous case that we
shall consider, this assumption is somewhat irrelevant from a physical viewpoint. However
the above system already contains many features of the full model as far as mathematical
results are concerned.

We supplement the system with the following boundary conditions:
e u decays to zero at infinity,
e p tends to some positive constant p at infinity. We shall take p = 1 for simplicity.

Denoting p = 1+ a and assuming that the density is positive everywhere the barotropic
system rewrites

@1) { oa+u-Va=—(1+a)divu,

Ou— Au = —u - Vu — J(a)Au — VG(a)
where A := pA — p/Vdiv, J(a):=a/(1+a) and G is a smooth function with G(0) = 0.

This system has a number of similarities with (INS). The only difference is that divu
is not prescribed any longer and therefore the pressure function is given whereas, in the
incompressible case, VP was the Lagrange multiplier associated to the divergence free
condition.

Because P is given, strictly speaking, System (21) does not own any scaling invariance
property . However, up to a change of G into A\2G, it is invariant by the rescaling

(22) a(t, x) — a(\*t, \z), u(t, ) — Au(\2t, Ax).

To some extent, the term G is lower order. Therefore, we expect the critical functional
spaces for the velocity to be the same ones as in the incompressible case whereas one more
derivative has to be taken for the density.
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4.1. The local existence theory. At first sight, (NSC) looks very similar to (I N S)

hence we expect that it is globally well-posed if ag and ug are small in B 1 and B ,
respectively. The following computations show that whether such a statement may be true
is not so obvious.

1. A priori estimates in high norm for the density. Let U(t) := ||Vull . Estimates

d
Li(By,

for the transport equation imply that
¢
ol o < e Ol g + [ el adival g dr)
L?O (Bpp,l) p,1 0 1?1
From product laws in Besov spaces, we have:

<1+ fal s
Bp,1

I(X + a)divul| IVull 4
BY,

d
5P
p,1

Inserting this in the above inequality and applying Gronwall’s lemma, we thus get

lall 4 <e®"Dllagl 4 + VD 1
fore] P BP
T \Pp,1 p,1
Hence, for any n > 0, if U(T') is small enough then
Jall__ g <2laol g+
L’%O(Bp,l B,

2. A priori estimates in high norm for the velocity. Let us first observe that even though
A is not the Laplace operator, the associated regularity estimates are the same as if it
were. Indeed, if z satisfies

Oz—Az=f
then we have, denoting v := u + 1/,
0Pz — uAPz=Pf and 0;Qz—vAQz= Qf.
At this point it is of course fundamental that p > 0 and v > 0.
Coming back to the problem of bounding the velocity field in (NSC') we thus have

T
[ —— a4y S uoll g / [u-Vu+ J(a)Au+ V(G(a))| 4_, dt.
L (BP | NLL(BF| ) pr1 0 By,

Product and composition laws in Besov spaces yield if d > 1 and 1 < p < 2d,
I VUH 4 S HuH a 1HVUH

1 pl
17 (a )Aun 40 S ol gHV%II
pl pl
V(G <>)|| ,_WH I8
P
Hence
lal o el g S ol g
7 (B LT(Bpl B 1
T
+/\Mtthw drlall gl g+l
o BP0 B LEBr) LB LL(BP))
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As in the incompressible case, the last but one term may be absorbed by the left hand-side

if ||ag|] & is small enough, and the blue term is quadratic hence harmless if u is small.
P
p,1

From this, we get

+n).

<
Il o, g S ol g+ Tlaol g

d
P

T p,1 T\"p,1 p,1 P,
At this point we see that the r.h.s. grows linearly in time hence we cannot expect to get any
global-in-time control on u. In fact, the main problem is that estimates for the transport
equation provide us with a bound for |ja|| & while [|a|| a4 is needed. Here we
LE(BL) L1 (By)

only used that

It is not difficult to make the previous computations rigorous (at least if a¢ is small), and
we end up with the following statement:

da da
Theorem 4.1. Assume that ag € B;l and that ug € B;’JI with 1 < p < 2d. If in
addition 1+ ag is bounded away from O then (NSC) has a local-in-time solution (a,u)
with
.d .49 .4
aeC(0, T B2 and we (o, T} B2y )N L0, 7] B ).
Uniqueness holds true if p < d.

Remarks:

e This statement has been first established by the author in [15] (there also the full
Navier-Stokes system is considered), under some smallness condition over ag.

e The smallness condition over ag has been relaxed by the author in the case p = 2
[19] and then for more general p by Chen-Miao-Zhang in [11] (in this latter work,
the viscosity coefficients may depend on the density).

e Using Lagrangian coordinates allows to prove uniqueness whenever 1 < p < 2d and
to consider nonconstant density coefficients as well (see the recent work [21]).

e The Lebesgue exponents for a and u may be taken different (see the recent work
by B. Haspot [28]).

4.2. The global existence theory. The scaling invariance exhibited in (22) was imper-
fect inasmuch as it did not take the pressure term into consideration. This fact was quite
obvious when proving local a priori estimates for (NSC) in the previous section because

our estimates for the transport equation naturally provide bounds for |la]] =~ 4 whereas
LF(By,)
lla]] 4 is needed when bounding u by means of parabolic estimates. So far, we used
Ly(By1)
that
IVG@) 4 SThal 4
Lp(Bpa ) L¥(B,1)

Of course this is a good estimate if T is small, but this is not so clever when T goes to
infinity. Hence it is very unlikely that one may get any global-in-time control on u by so
rough a device. In other words, while the pressure term may be “neglected” in the linear
analysis leading to local-in-time existence results, it has to be included in the linear analysis
for the global existence theory. This is what we aim to do now.
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4.2.1. The linearized equations. The linearized system about (a,u) = (0,0) reads:
Ora + divu = 0,
ou — Au+aVa=0

(23) with «:= P'(1).

Let v := u + y/. Applying operators P and Q to the second equation, the above system
translates into

Ora + div Qu = 0,
(24) 0;Qu — vAQu + aVa =0,
OyPu — pAPu = 0.

In the homogeneous Besov spaces setting, it is equivalent to bound Qu or v := |D| " 'divu,

the advantage of the latter quantity being that it is real valued. So we are led to considering
Oa + |DJv =0,

(25) 0w — vAv — a|D]a = 0,

OPu — uAPu = 0.

Note that the last equation (that is the linearized equation for the vorticity part of the
velocity field) is a mere heat equation with constant diffusion. So we have to concentrate
on the linearized system for the density and the potential part of the velocity, namely

ora+ |Dlv =0,
(26)
0w — vAv — a|D]a = 0.

Taking the Fourier transform with respect to the space variable yields

jt@):f‘(f)(g) with —A(6) :(a(\)a —_v’r?P)'
3

The characteristic polynomial of A(€) is X2 + v|¢|>X + a¢|?, the discriminant of which is
3(€) = [ (v°I¢]* — 4a).

If @ < 0 then there is one positive eigenvalue hence the linear system is unstable.

Therefore we assume from now that o > 0 (i.e. P’(1) > 0), that is we focus on the
case where the pressure law is increasing in some neighborhood of the reference density.
Note also that a convenient change of variable reduces the study to the case @ = 1, an
assumption that we shall make from now on.

The low frequency regime v|{| < 2. There are two distinct complex conjugated eigenvalues:

R, . e
Ae(€) = 7501 £S(E) with S() 1= | — 1,

and we find that

1 1 1

a(t, &) = e (© <2 (1 + %)ao(g) — ’W%(é))

WG (;(1 _ S(i§)>a°(§) + v!f\f‘?(i)%@> :
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B(t,6) = - () + 3 (1- 5 )ole) )

JES©
etA+(8) _;'a 1 ’ o
* < s O+ 31+ 58) 0“)>‘

For ¢ — 0, we have

a(t, &) ~ 5= (@o(€) — 100 (€)) + 3+ (@o(€) + 0 (€)),

0(t,€) ~ 59 (i@ () +To(€)) + 3+ (=ido (&) + Do (€)) -
Hence, the low frequencies of ¢ and v have a similar behavior.
Note that [e?*+(©)] = ¢=1é*/2 and that

2
ReAi(ﬁ):—V’g‘, ImAs(€) ~ FlE] for € — 0.

Hence we expect the system to have both parabolic and wave-like behavior.

For the time being, we just take advantage of the parabolic behavior. More precisely,
we use the fact that, according to Parseval’s formula,

(27) (Aja, Ajv)(t)|| 2 < Ce_cytzzj||(Aja0,Ajv0)||L2 whenever 27y < 1.
The high frequency regime v|| > 2. There are two distinct real eigenvalues:

4

v|¢[? .
= — 1+ h =41l - =
)\i (5) ) ( R(&)) wit R(f) V2‘§’2
and after a lengthy computation, we find that

(1,6 = O (G (14 1 )an(e) — ()

+€t>\+(§) (; (1 — Ré))ao(f) + I/|f|1R(§)60(€)> )

3(t,€) = e (m&rlﬁe(aa"(&) +5(1- R&))M)
1 1

Lt (© <_V|§’R(§>a0(g) +3 (1 + Ré)%(&)) :

For |£] — oo, we have R(£) — 1 and 1 — R(€) ~ 2/(v€)2. Hence Ay (&) ~ —v|€]? and
A_(§) ~ —%. In other words, a parabolic and a damped mode coexist and the asymptotic
behavior of (a,v) for || — oo is given by

a(t,€) ~ e (@() — (WI€)) T h0(€)) + e (—(vle]) "Zao(€) + (vI€) o (€))
5(t,€) ~ e~ v ((v|€]) " a0 () — (v|€])"250(€)) + e (—(w]e]) a0 (&) + To(€)) -

At first, one would expect the damped mode to dominate as e™” el g negligible com-

pared to e~v for & going to infinity. This is true as far as a is concerned. This is not quite
the case for v however owing to the negative powers of v|¢| in the formula. More precisely,
by taking advantage of Parseval formula, we easily get
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Lemma 4.1. There exist two positive constants ¢ and C' such that for any j € Z satisfying
2y >3 and t € RT, we have

. L . . _ .
1Asa()]lz2 < Ce™3 (1A allz2 + (27) | Azvol12)
1A70(®)ll2 < C((270) e 5 || Ajaollze + (72 +(v2)2e~%) [ Ajuolle)

In fact, the same inequalities hold true for any p € [1, 00]. Indeed, following the proof of
Lemma 2.1 yields

Aja(t) = b (t)*Ajag+ () = (v|D]) " Ajvo+ h4(t) # ([v| D)) "2 A ag + k) (¢) (v D)~ Ajuo,
Ajo(t) = k() * (JvD| " Ajag) + k() * (v| D|) "2Ajug + K(t) * ([v D) " Ajag) + K (t) * Ajug

with
I () + 1RO+ [[BL ) + [1E3(E)]] 22

N
Q
D)

¥l

. , . . e
IRz + 1B 2 + IOl + k()] < Cem ™.
This implies that

1Ajallge(ery + vIAjall ey S I1Ajaollze + [|(wID]) " Ajvol|r,

1Ajull e ey + V27| Ajull 1oy S IWIDIA;aol e + [[Ajvo]l -

Hence, we recover that for high frequencies it is suitable to work at the same level of
regularity for Va and v. At the same time, according to (27), one has to work at the
same level of regularity for low frequencies, a fact which does not follow from our scaling
considerations for (NSC).

Putting together all the estimates for the dyadic blocks and using Duhamel’s formula,
we conclude that whenever (a,u) satisfies

oa + divu = F,
ou— Au+ Va =G,

(LPH)

we have for the low frequencies:

l < ¢
H(a7U)HZ?O(BS:T,)DZ%(B;jjz) ~ H(CLO,UO)H S’ + H(F G)HLI Bs )

and for the high frequencies,

lallf: o+ lull

(LeenLH)(Bsth Ly (B )NLH(By1?)

h
S llaollgass + lluoll, + 1EIZy o) + 161 (Bs,)’

where the index ¢ (resp. h) means that only low (resp. high) frequencies have been taken

into account when computing the norm®.

Sl

1
SWe mean that (2], = (Xar,c 2771421150 ) " and that 2], = (Xar,00 2771421150 )
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4.2.2. The linearized system with convection terms. In order to take advantage of the above
a priori estimates for (LPH), let us rewrite the barotropic Navier-Stokes equations as
follows:

Ora + divu = —div (au),
Ou— Au+Va=—-u-Vu—J(a)Au — V(aK(a)) with K(0)=0.

As point out before, no gain of regularity is expected for the first equation. Hence the
convection term may cause a loss of one derivative. This motivates our including it in our
“linear analysis”. So we consider:

da+v-Va+divu = F,
ou+v-Vu—Au+ Va =G.

Then a new difficulty arises: the solution is not explicit any longer.

(PL)

Now, keeping in mind that approach that we used for symmetric hyperbolic system, it
is more or less clear that if the estimates for (LPH) may be proved by means of an energy
method (which induces to consider only L? type Besov spaces) then the convection terms
may be handled just by using suitable commutator estimates.

So we plan to prove estimates for

da+v-Va+divu = F,
ou—+v-Vu— Au+ Va=G,

by means of an energy method. At this point, we realize that the convection terms satisfy
exactly the same commutator estimates as in our study of linear symmetric systems, so
one may restrict our study to the case v = 0. We also take F' =0 and G = 0 to simplify
the presentation.

Then localizing the system by means of Aj and setting a; := Aja and u; = Aju, we
get

(PL)

Oraj +divu; = 0,
(PLj) 5
U — A’LL]' + Vaj =0.
Step 1. The basic energy equality.

Taking the L? inner product of (PL;) with (aj, ju;) yields
1d
2dt

This is good for u but does not give any decay for a.

I(az, up)lizz + Ll VPu; 172 + [V Quyll72 = 0.

Step 2. A second Lyapunov functional.
Set Y7 := [la;[172 +11Quj|72 + av(Vaj|u;) and

2
av (6% av
1 = LAVl + (1= 5 ) IV QulE: - - (30uIVay)

Then we have

1d
V2L H?2 -0,
2dt 7 +h;

This is good for low frequencies 2/ < 1 because if we take o small enough then

Vi~ l(aj, Quj)li7> and  HF ~v2%|/(a;, Quj)|7-.
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Step 3. A third Lyapunov functional.
Set ZJ2 = HVVajH%Q + 2||Quj||%2 + 2v(Vajlu;) and
K? = || Va2 + v VQuj |22 + 2(Vayuy).
Then we have

1d
— 72 K2—
qatli T 0-

This is good for high frequencies 2/v > 1 because
Z; = |(vVaj, Quj)lz2 and K7 2 v (vVay, Quy)|za.
Putting all this together and integrating, we get

t
(@, Quj) ()] > + V223/0 1@z, Quj)llze dr < [l(aj, Quj)(0)l 2 for 27v S 1,

t
[(vVa;, Quj)(t)|| L2 +V1/ I(vVaj, Quj)| L2 dr < (¥ Vaz, Quj)(0)|| 2 for 27w 2 1.
0

In low frequency, this is what we want. In order to recover the expected parabolic smoothing
for Qu in high frequency, we use the fact that

0;Quj — pAQu; = —Vaj.
Hence, taking the L? inner product:
thHQu]HLQ + VHVQUJHLQ < [(Va;|Quj)l,

whence, integrating and using the decay for Va; that we have just proved,

t t
n@mmm+w%4n@wpm sn@mwm+lrwwym
< (g, Qu) () 2.

The case with convection term may be handled by writing that
Owaj +v-Vaj+divu; = F + Rj(a,v),
Owuj +v - Vuj — Auj + Va =G + Rj(u,v).

The remainder terms Rj(a,v) and R;(u,v) are exactly the same as for symmetric hyper-
bolic systems, so that we easily end up with:

Proposition 4.1. Let s E] 2, 2] and (a,u) be a solution of (PL). We have the following
estimate with V(t / |Vo(r || g dT

¢
ol oo (5 yrrags) + ”“”L?(BzﬁﬂmL%(B;ﬁl)*||“||L§°<B;,1>nLt1<Bs,+12>

t
<O (lanlly, + laollss + luollgy, + [ (1P, + 1Pl + 160155, ).

Combining this statement with product estimates allows to prove global well-posedness
in any dimension d > 2 for data (ag,ug) such that

J4 h
ag + ||ao + [lugl . a_, < ec.
foll g+ oll -+ ol

More precisely, we get the following statement (see [13]):
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.4 .d_
Theorem 4.2. Assume that P'(1) > 0, ap € By, and ug € By, ' and that in addition

.d_q
aé is in By, . There exist two constants ¢ and M depending only on d, and on the

parameters of the system such that if
¢ h
ag + llao + |luol| .a_, <c
ool + lollg + ol

then (NSC') has a unique global-in-time solution (a,w) with
¢ .d_q 1,0 diq h . d 1/ d
a"€Cy(Byy )NL (B3 ), a"€Cy(Bs)NL(Bs,),
.d_q 1,7 dq
we (B )N LB,
4.2.3. Global existence in a LP framework. We now aim at extending the above statement

L d
to a LP type framework: we have in mind assumptions of the type ag and ug small in B‘;’,l

.d_q
and B;’ 1 » respectively with an additional condition on low frequencies, if the case may
be.

Preliminary remark: we have to keep in mind that the spectral analysis of (LPH): in
low frequency, some eigenvalues have nonzero imaginary part. Hence it is hopeless to take
a LP framework with p # 2: we are stuck to the L? framework for the low frequencies of
the solution.

We here follow the recent work by B. Haspot in [29]. In high frequency, the fundamental
observations are that, at the linear level:

e Pu satisfies a heat equation (hence parabolic smoothing in any Besov space);
e The “compressible” parabolic mode tends to be collinear to Qu + v~}(—A)"'Va;
e The “damped” mode tends to be collinear to ¥Va + Qu.

Recall that
oa+u-Va+ (1+a)divQu =0,
0 Qu+ Q(u-Vu) —vAQu + V(G(a)) = —9(J(a)Au) with ¢'(0) =1,
OPu+P(u-Vu) — pAPu= —P(J(a)Au).
The last equation is a heat equation with quadratic terms. Hence one may expect that
parabolic smoothing for Pu holds in any Besov space.
As regards the second equation, we shall introduce a modified velocity field in order to

express —vAQu + V(G(a)) as a Laplacian. This will enable us to exhibit the parabolic
smoothing for the velocity.

Step 1. The effective velocity.
Let us introduce the effective velocity w := u+v~1(=A)"'V(G(a)). It satisfies the heat
equation:
0 Quw — vAQuw = —Q(u - Vu) — Q(J(a)Au)
—v Y =A)TIV(G (a)div (au) + V(G (a) — G'(0))divu) — v (=A) " Vdivu.
All the terms of the right-hand side (but the last one) are at least quadratic hence expected

to be small if we start with small data. The last term is linear, but turns out to be lower
order. Now, using regularity estimates for the heat equation yields for any p,

lQull  ay +vIQull 4., SlQuoll ay +v7H|Qull 4, +quadratic.
Loo(BP LY(BP B? LY(BP

p,1 p,1 p,1 p,1
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The term involving Qu has not the right scaling. It has two more derivatives, hence it is
good in high frequencies: if we put the threshold between low and high frequencies at jo
s.t. 1 < 2% then

(28) v Qul" 4 <wTRTERlQu| L < vQult L,
Ll(BP I 5p T >

p,1 ) (Bp,l ) Ll(Bpp,l )
Hence, because Qu = Qu — v~ 1(—=A)"1V(G(a)),

lQul™ 4, +vllQul" .., SIQuol". , +v 2G| 4, +small,

Lee :1 ) Ll(B;fj,l B;?,l Ll(B;;O,l )

and arguing as in (28), we see that the term involving G(a) is very small compared to
IG@)I" .,

Ll(Bﬁl)
Step 2. Parabolic estimates for Pu. Because

OPu+P(u-Vu) — pPu= —P(J(a)Au),
we readily have
[Pull oy +vPull a4y S |[Puoll 4, + quadratic.
L= (BY, LY (BP, BP)
Step 3. Decay estimates for a.
We notice that

dwa +u-Va+ G'(0)a = —divQuw — (divu + v (G (a) — G'(0)))a.
Given that G'(0) =1 > 0, we deduce that

(29) al” o Sllaol” s+ |divQw|® 4+ quadratic.
LenLi(BY,) BY, LA(BE)
Recall that
30)  Qu|" ., +vlQul" 4. SIQuol"s , + @27)?all® 4 + small.
Le=(Byy ) LY (B}, ) By, LY(B},)

Hence plugging (29) in (30) and taking jo large enough, we deduce that
lQul® 4, +vlIQu|* ., +lal S 1 Quoll" 4, + [laol|" 4 + quadratic,
>~ (BP L1(BP oo s BP B

d
(Bp,l ) (Bp,l ) Lt OL%(B;?J) p,1 1

ST

Of course, as Qu = Quw — V‘l(—A)_IVg, one may replace Qw by Qu in the above
inequality.
Step 4. Low frequency estimates.

As explained before, we have to restrict to Besov spaces B§1 By taking advantage of
the previous energy method, we get:

lawlt . +l@wl 4., S laouo)ll’.y_, +quadratic.
L?O(le L% B22,1 ) 22,1
Step 5. Putting everything together. Let
¢ h h
X(@) = Ha,W)I° 4, + [lall Hul® 4

d .
. ZJ+1

4_ . d d_q .
L*(BF, )NL{ (B3, ) LENLH(BE,) LE(BP) )NL{(BE,)
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We use the previous steps and split all the nonlinear terms into low and high frequencies
so has to bound them by X2(t). At this point, p < 2d and p < 4 is needed. Then we
eventually get

(31) X <0(X(0)+ X?).
Now it is clear that as long as

(32) 20X(t) <1,
the Inequality (31) ensures that

(33) X(t) <2CX(0).

Using a bootstrap argument, one may conclude that if X (0) is small enough then (32)
is satisfied as long as the solution exists. Hence the (33) holds globally in time.

Let us state the result that we proved.

d

.2 L d_q
Theorem 4.3. Let p € [2,2d[N[2,4]. Assume that P'(1) >0, ao € By, and ug € B},

da
. . . g1 . ,
and that in addition af and uf are in B3, . There exist two constants ¢ and M depending
only on d, and on the parameters of the system such that if

I(ag, wo)ll’ 4, + llaol”
B2 B

+luol" s, <e
31 BP

1 p,1

ST

then (NSC') has a unique global-in-time solution (a,w) with
.d_ . d .4 . d
(aw) €GB3 )N LN (BE). " €GBy N LBy,
h e ke
u' €Cp(Byy )NL(Byy )

e The above statement has been first proved independently in a joint work with F.
Charve [10] and by Q. Chen, C. Miao and Z. Zhang [12] in 2009.

o In these notes, we used Haspot’s method [29)].

e Uniqueness for the full range p < 2d follows from Lagrangian approach [21].

e The smallness condition is satisfied for small densities and large highly oscillating
velocities: take u§ : x +— ¢(z)sin(e 'z w)n with w and n in S ! and ¢ € S(RY).
Then

d
lugll 4, <C'Tr if p>d.
B},

Hence such data with small enough ¢ generate global unique solutions.

5. ON THE INCOMPRESSIBLE LIMIT

We now want to study the convergence of the barotropic Navier-Stokes equations when
the Mach number ¢ tends to O.

Given that the Mach number is the ratio of the typical velocity over the sound speed, in
the small Mach number regime, we expect the relevant time scale to be 1/e. Therefore it
is natural to set

(p,u)(t,z) = (p°, eu’)(et, z).



FOURIER ANALYSIS METHODS FOR MODELS IN FLUID MECHANICS 35

With these new variables, the original system (NSC') recasts in

O + div(p®u®) = 0,
a c_ € d e, € A € )\ d 3 VPE —
L (pFu®) + div(pu® @ u¥) — pAu® —(A+p)Vdivu® + = =0.

In the case of well-prepared data:
ps=14+0(%) and u§ with divu§ = O(e),

the time derivatives may be bounded independently of ¢ for € going to 0. Hence no acoustic
waves have to be taken into account and one may prove that the solution tends to the
incompressible Navier-Stokes equations when ¢ goes to 0 by a standard approach. Besides,
asymptotic expansions may be derived if one has more information on the asymptotic
expansions of the data.

Here, we shall rather consider ill-prepared data, namely
po=1+¢eby and wug.

Initially, for such data, the time derivative of the solution is of order ! and highly
oscillating acoustic waves do have to be considered. Whether they may interact or not is
the main problem. This is the question that we want to address now in the whole space
framework.
To simplify, we take (bf,uj) = (bo,up) independent of €. Note that it is not assumed
that divug = 0. We still assume that P’(1) = 1.
Denoting p® =1+ €b?, it is found that (0%, u®) satisfies
1 15
O + d“;” = —div(b"u®),
IS £
(NSC:) Owu® +u° - Vu® — 1?_1;)5 + (1+k(5b5))vsb =0,
(b€7 u£)|t:0 = (bo, uo),

with A := pA + (A+p)Vdiv and £k a smooth function satisfying k(0) = 0.

According to the previous parts, System (N SC;) is locally well-posed for all small enough
€ > 0. We want to study whether:
(1) we have liminf._,o 7. > T where T; stands for the lifespan of (b°,u®) and T' stands
for the lifespan of the solution v to the incompressible Navier-Stokes equation:
O+ P(v-Vu) — ulAv =0,
(NS) { t ( ) — w
U\t:O = PUO.
(2) T. = 400 for small ¢ if T'= o0,
(3) u® tends to v and b° converges to 0.

To simplify the presentation, in these notes, we only consider the case where the data are
so small that the solution to (NSC;) as well as that of (NV.S) are global. The reader may
find results concerning large data in [14].

5.1. Back to the linearized equations. With the above scaling, the linearized com-
pressible Navier-Stokes equations in terms of (b%,u°) read

divu®

O + — _div(bud),
Au Ve
L (1+k(eb))

=0
14 eb® €

ou® +u® - Vu® —
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and the linearized equations about (0,0) are

divOou®

Qb + —0,
ViE

5
0, Quf — vAQu® + =0,

O Puf — pAPuf = O.6

As pointed out in the previous section, the last equation is the heat equation whereas

denoting v¢ := |D|~'div Quf, the first two equations are equivalent to
D|v®
Ob® + 7‘ ’ =0,
BM, c
(BIM) |D|v®

O — vAVE =0.

€
This latter system may be solved explicitly by using the Fourier transform:

il E% )= (g el ) ( iig )

As in the previous section, we discover that there are two regimes: in the high frequency
regime ve|{| > 2, the eigenvalues read

)\i(g):_VMQ(li 1 4>

2 T P

whereas in the low frequency regime vel{| < 2, one has

Ea V’f\Z . 4
M) = =3 <1iz1/€2y2§|2—1>.

Therefore
1
+ 2 -
AT(E) ~—v|g]® and AT(&) ~ ~, for & — oo,
and
2
rr @~ o

Hence, in high frequency we expect to have

e one parabolic mode with diffusion v;
e one damped mode with coefficient 52%

whereas, in low frequency (BM.) should behave like

%z — gAz F zu?z =0.

The important fact is that the low frequency regime tends to invade the whole R? when
e — 0 as the threshold between the two regimes is at |¢| = 2(re)~!. Hence it has to be
studied with more care than in the previous section. In R%, taking advantage of the large
imaginary part of the eigenvalues for low frequencies turns out to be the key to proving
convergence for € tending to 0 as it supplies dispersion. Note that as our global existence
theorem was based on L? type estimates as far as low frequencies were concerned, the
imaginary part of the eigenvalues was not used so far.
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5.2. About dispersion. In the whole space, the following Strichartz estimates are avail-

able for the acoustic wave system:

ob° + e |Dv® = F,
Proposition 5.1. Let (b%,v°) solve

ot —e DI = G.

Then we have the inequality

1
IG5, 0, oot S &7 (b0, v0)ll gy, + 1G5,
D,
whenever
2 1 1
pz2 2 smin(L@-0(3-1)) wd Gd) 2 2003)
T 2 p

Proof. Performing a suitable change of variables, one may assume that € = 1 with no loss
of generality. Now, as pointed out in Subsection 2.5, the acoustic wave equation generates
a unitary group on L?*(R?) which satisfies the dispersion inequality with ¢ = (d — 1)/2.
Therefore, localizing the system by means of Ay and using Strichartz estimates, we see
that in the case € =1,

1(Aob, Agv) | s vy S [I(Aobos Agwo)llz2 + [[(AoF, AgG)I 1 (12)-
In fact, a simple scaling argument combined with this inequality gives also for all j € Z,
(d(L_Lygly s . . . . .
PG (Ab, Ajo)l g ey S (450, Aj) 2 + 1A F, AG) 1 12y,
from which one easily deduces the wanted inequality. (I

The fundamental fact that we shall use for proving convergence is that the above state-
ment implies that, compared to Sobolev embedding, dispersion gives a gain of 1/r derivative

and the small factor e7. For instance, if the dimension is d > 4 then one may take p = oo
and r = 2 so that, by virtue of functional embedding, one gets

e € < 1
1009 a2 (100 w00y + IR, 0o )

Similar gains may be obtained in dimension d = 2,3. They are slightly more complicated
to state, though.

5.3. A global convergence statement for small critical data. Let us now state our
result of convergence for global small solutions.

Theorem 5.1. There exist two positive constants n and M depending only on d and G,
such that if

4 Co = ||b
(34) 0= || OHB

51 NB3y B3,

then the following results hold:
(1) System (NSC;:) has a unique global solution (b%,u®) with

(L o Felltl e A e cd < MCo
LOO(B;J )mL2(B§1) Loo(Bgl) Loo(Bg1 )le(Bg1 )
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(2) the incompressible Navier-Stokes equations (NS) with data Pug have a unique
solution v with

< MCy

v
. ”Lw(Bﬁfl)le(Bﬁfl)

(3) for any a €]0,1/2] if d >4, a €]0,1/2] if d =3, a €]0,1/6] if d =2, Pu° tends
to v in C(R*;Bgo%fa) when & goes to 0.

(4) (b°, Qu®) tends to 0 in some space L”(Bg’l) (the value of r and p depending on
the dimension) with an explicit rate of decay.

Proof. Step 1. Uniform estimates.
Making the change of functions
E(t,x) = ebf (%L, ex), V5 (t,x) := euf(e°t, ex)

we notice that (b°,u®) solves (NSC:) if and only if (¢%,v%) solves (NSC) with rescaled
data eb§(e-), cu(e:) and he. Hence the global existence theorem for (NSC) (in the L?
framework) ensures the first part of the theorem. We get a global solution (b°,u°) such
that

1] 41 441 + g7 .4 +eHpe||” .4
Lee(B3, )NLY(B3, L>(Bg) LY(B3,)
+|uf < M(||boll® 4 . +ellboll® s + |u .
| IILm(Bﬁfl)le(Bngl) (Il 0”35;1 | 0”351 | ollBéfl)

Let us emphasize that in the above inequality the barrier between low and high frequencies
is at 71,
Step 2. Convergence to zero for the compressible modes (b%, QuF).
We use the dispersive inequalities for the acoustic wave operator, given that
(35) { 0,b° + e~ 1div Qu = F©,
0, Quf + 71V = G°,

with F*:= —div(b°u®) and

Au® +

G::_Q(UE.W+ K(ﬁb)v”)

14-¢b®
Taking s = d/2—1,
e pe[2(d—1)/(d—3),00] and r =2 if d > 4,
e pe (2,00 and r=2p/(p—2) if d =3,
e pe 2,00 and 7 =4p/(p—2) if d =2,
and using the fact that, according to product laws in Besov spaces and of the uniform
estimates of the previous step we have

H(ngGa)HL 4 < CCO?

d_
YB3y )

one may conclude that

Step 3. Convergence of the incompressible part.
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The vector-field w® := Pu® — v satisfies
(36) D — pAut = H',  wiyg =0,
with
H® := —P(w*-Vv) — P(u*-Vw) — P(Qu® - Vv) — P(u® - VOuT) — P (J(eb%)Au®).
There are three types of (quadratic) terms in H®:

e The first two terms are linear in w®, and their coefficient is small as u* and v are
small. Hence one expect them to be negligible.

e Owing to QuF, the next two terms decay like some power of € (previous step).

o The last term is small because J(gb%) is of order eb®.

In order to make all this rigorous, one has to use appropriate norms. For instance, in the
(nonphysical !) case d > 4, maximal regularity estimates for the heat equation ensure that

37 w® a1 + [Jw® a3 Slwgll a s +||H® d_
7 1 o, +1D_ g STl g 1, s

and the above heuristics combined with product laws in Besov spaces leads to

g < CCyez for all pe [2(d—1)/(d—3),00].
)

wll a1+ [Jwf
LY(BP? Le=(BP,
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