Examples of singular limits in hydrodynamics.
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Abstract This chapter is devoted to the study of some asymptotic prob-
lems in hydrodynamics. In particular, we will review results about the invis-
cid limit, the compressible-incompressible limit, the study of rotating fluids
at high frequency, the hydrodynamic limit of the Boltzmann equation as well
as some homogenization problems in fluid mechanics.

1 Introduction

Any physical system can be described by a system of equations which governs
the evolution of the different physical quantities such as the density, the
velocity, the temperature... The unknowns usually involve several physical
units such as (m, kg, s ...). Introducing some length scale, time scale, velocity
scale..., the system of equations can always be written in a dimensionless
form. This dimensionless form contains some ratios between the different
scales such at the Reynolds number, the Mach number or the ratio between
two length scales. Indeed, the system may have different length scales. For
instance, it may have a vertical length scale and a horizontal one.
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1.1 Dimensionless parameters

Writing the system in its dimensionless form allows us to compare the relative
influence of the several terms appearing in the equations. Moreover, it allows
us to compare different systems. For instance two incompressible flows which
have the same Reynolds number have very similar properties, even if the
length scales, the velocity scales and viscosities are very different. The only
important factor of comparison is the ratio Re = QV—OL where U is the velocity
scale, L is the length scale, and vy is the kinematic viscosity.

In hydrodynamics, asymptotic problems arise when a dimensionless pa-
rameter € goes to zero in a dimensionless system of equations describing the
motion of some fluid. Physically, this allows a better knowledge of the system
in this limit regime by describing (usually by a simpler system) the prevail-
ing phenomenon when this parameter is small. Indeed, this small parameter,
usually describes a physical reality. For instance, a slightly compressible
flow is characterized by a low Mach number, whereas a slightly viscous flow
is characterized by a high Reynolds number. Notice, here, that we used the
terminology slightly compressible flow or slightly viscous flow instead of fluid.
Indeed, this is a property of the flow rather than the fluid itself. However, we
will often use the terminology slightly compressible fluid or slightly viscous
fluid to mean the properties of the flow.

Let us notice that if the viscosity goes to zero, then the Reynolds number
goes to infinity. But this is not the only way of getting a big Reynolds
number. For instance if L or U increase then the Reynolds number also
increases and we get the same properties as when the viscosity goes to zero.
This is of course very important from a physical point of view since it is
much easier to change L or U in a physical experiment than to change the
viscosity. This shows the importance of the dimensionless parameters. So,
when we speak about the inviscid limit, this should be understood as the
limit when the Reynolds number goes to infinity.

Moreover, in many cases, we have different small parameters (we can be
in presence of a slightly compressible and slightly viscous fluid in the same
time). Depending on the way these small parameters go to zero, we can
recover different systems at the limit. For instance, if €¢,0,v,7 << 1, the
limit system can depend on the magnitude of the ratio of €/d or €/v... This
again shows the importance of having dimensionless quantities which can be
compared.

The study of these asymptotic problems allows us to get simpler models



at the limit, due to the fact that we usually have fewer variables or (and)
fewer unknowns. This simplifies the numerical simulations. In fact, instead
of solving the initial system, we can solve the limit system and then add a
corrector.

1.2 Mathematical problems

Many mathematical problems are encountered when we try to justify the
passage to the limit, which are mainly due to the change of the type of the
equations the presence of many spatial and temporal scales, the presence of
boundary layers (we can no longer impose the same boundary conditions for
the initial system and the limit one), the presence of oscillations in time at
high frequency ....

Usually, we say that we have a singular limit if there is a change of the
type of the equation. For instance in the inviscid limit (Reynolds number
going to infinity), we go from a parabolic equation to a hyperbolic equation.
However, this terminology seems a little bit restrictive since, we can see from
the examples that it is not usually easy to give a type to each system of
equations. Moreover, we can say that we have a singular limit if we have a
reduction of the number of variables or unknowns due to a more restrained
dynamics. Different type of questions can be asked :

1) What do the solutions of the initial system (S.) converge to 7 Is the
convergence strong or weak 7

2) In the case of weak convergence, can we give a more detailed description
of the sequences of solutions ? Can we describe the time oscillations for
instance ?

3) Can we use some properties of the limit system to deduce properties
for the initial system when the parameter in small.

In this chapter, we will try to answer some of these questions by studying
some examples of singular limits in hydrodynamics. In the next subsection,
we recall the physical equation of fluid dynamics and introduce the several
dimensionless parameters.

1.3 The compressible Navier Stokes system

In this subsection, we recall the compressible Navier Stokes system for a
Newtonian fluid and introduce the several dimensionless parameters used in



the next sections. The CNS reads

( ap .
- = >
BT + div(pu) =0, p>0,
opu . . .
. o + div(pu ® u) — div(2uD(u)) — V(Adivu) + Vp = f | (1)
dpe ) . . . 2 C N2
S + div(pue) + pdivu — div(EVT) = 2u|D(u)|” + A(divu)

In the above system, ¢ is time, div and V only act in the x variable
and z € RY. Moreover p, u, p, e and T are respectively the density, the
velocity, the pressure, the internal energy by unit mass and the temperature
of the fluid. Besides, u and A are the so-called Lamé viscosity coefficients
and satisfy the relation g > 0, NA+2u > 0. The coefficient k is the thermal
conduction coefficient and satisfies £ > 0. In general u, A and k can depend
on the the thermodynamical functions and their gradients. Finally, f is the
force term. For geophysical flows we will consider a force which is the sum
of the gravitational force and the Coriolis force, namely f = pg + pQle X u
where € is the rotation frequency and e is the direction of rotation. We also
denote g = |g|.

The system (1) can be closed by the thermodynamic state equations,
namely p = P(p,T) and e = e(p,T). For an ideal gas, these functions are
given by

e=C,T
{ p= pRT @

where R > 0 is the ideal gas constant and C, > 0 is a constant. We also
define C, = R+ C,. The constant C, and C, are respectively the specific
heats at constant volume and constant pressure. We also define the adiabatic
constant v = C,/C,.

The system formed by (1) and (2) is closed. There is an other important
thermodynamical function, namely the entropy. It is defined by the following
thermodynamic relation

Oe de p
TdS = —dT + (— — =)dp. 3
Sl + (5~ s )
For an ideal gas, (3) yields g—; = % and ‘Z—‘z = —%. Hence S is given by

S = Cvlogm%. In particular we can replace the third equation of (1) by an
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equation for the entropy, namely
dpS 20| D(u)|? + A(divu)?
ot T ' )

Let us notice that if we take ¢ = A = 0 and k = 0 then (4) reduces to a
transport equation and that if the entropy is constant 1n1t1ally S =25 then it

+ div(pusS) = Tdiv(kVT) +

remains constant at later times. In this case, T = e wp’tand p = Re o P
This yields the compressible isentropic Euler system. An other model we
will deal with is the isentropic compressible Navier-Stokes system (69). It
corresponds to the case k = 0, S is constant and we neglect the variation
of S due to the viscous effects. However, (69) can not be rigorously derived
from (1) in any asymptotic regime.

1.4 Dimensionless parameters

Let us now define the different dimensionless parameters. We take ¢, L, U,
p and P to be respectively the characteristic time scale, the characteristic
length scale, the characteristic velocity scale, the characteristic density scale
and the characteristic pressure scale. This means that each time or length
is made dimensionless by dividing it by ¢ or L. Hence, we can define a
dimensionless time and dimensionless length by ¢ = % and T = 7. We can
do the same for all the other quantities. We also take characteristic values
of 1 and k£ which we denote p and k. These are equal to p and k if they are
constant. B

The Strouhal number and Reynolds number are defined by

L
LU

A small Strouhal number St corresponds to the longtime behavior of a sys-
tem. A large Reynolds number Re corresponds to small viscous effects.

The acoustic waves propagates at the sound speed which is given in the
isentropic case by c? ap = vRT'. Hence we can define the Mach number as
the ratio between U and ¢, namely

=

Ma =

o IS

- . (7)
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When Ma < 1, we have a subsonic flow and when Ma > 1, we have a
supersonic flow.
The velocity and the temperature satisfy both a diffusion equation with

a diffusivity given respectively by % and C%p' The ratio between this two
numbers is the Prandtl number -
Cop Cpp
P et —_ = — 8
r=0— % (8)

Now, we will introduce some other dimensionless parameters related to
the gravity force and the Coriolis force. First, let us introduce a vertical
length scale H. Hence the gravity wave speed is given by /gH and we
can define the Froude number which measures the importance of the gravity
force. It is the ratio between U and v/gH, namely

Fr = 9)

=

The Rossby number measures the importance of the earth’s rotation. It is
the ratio between the rotation time scale tg = 1/ and the fluid time scale
ty = L/U. Tt is given by

U

= —. 1
Ro OL (10)

Since, we have two length scale, we can define the ratio between H and L,

H

= 7. It measures how shallow the fluid is.

In section 2, we study the inviscid limit, namely the limit when the
Reynolds number goes to infinity. We will mostly emphasis the problem
of boundary layers. In section 3, we study the compressible-incompressible
limit, namely the limit when the Mach number goes to infinity and the den-
sity becomes almost constant. We also study the limit when ~ (the adiabatic
constant) goes to co. We will emphasis the problem of oscillations in time.
In section 4, we study rotating fluid at high frequency. In section 5, we will
study the hydrodynamic limit of the Boltzmann equation and derive several
compressible and incompressible fluid systems. In section 6, we will recall few
results about the homogenization of the Stokes, the Euler and the compress-
ible Navier-Stokes system. In section 7.1, we will give some other examples
of singular limits which were not studied in the previous sections. Finally, in
section 7.2, we will give some concluding remarks.



Let us end this introduction by giving some general references about fluid
mechanics. We refer to [33, 119, 122] for mathematical results about the
incompressible Euler equation. We refer to [108, 163, 39] for mathematical
results about the incompressible Navier-Stokes system. We refer to [109,
117, 66, 139] for results about the compressible Navier-Stokes system. We
also refer to [176, 177] for many formal asymptotic developments and to
(80, 144, 118] for physical and mathematical results about the geophysical
equations.

2 The inviscid limit

The Navier-Stokes system is the basic mathematical model for viscous in-
compressible flows. It reads

ou” + v’ . Vu’ —vAu” + Vp =0,
div(u”) =0, (11)
u” =0 on 09,

where u” is the velocity, p is the pressure and v is the kinematic viscosity. We
can define a typical length scale L and a typical velocity U. The dimensionless
parameter Re = % is very important to compare the properties of different
flows. When Re is very large (v very small), we can expect that the Navier-
Stokes system (IV.S,) behaves like the Euler system

ou+uVu+ Vp =0,
div(u) = 0, (12)
un=0 on OJf.

The zero-viscosity limit for the incompressible Navier-Stokes equation in
a bounded domain, with Dirichlet boundary conditions, is one of the most
challenging open problems in Fluid Mechanics. This is due to the formation
of a boundary layer which appears because we can not impose a Dirichlet
boundary condition for the Euler equation. This boundary layer satisfies
formally the Prandtl equations, which seem to be ill-posed in general. Let us
first state some results in the whole space where the boundary layer problem
does not occur.



2.1 The whole space case

The inviscid limit in the whole space case was performed by several authors,
we can refer for instance to Swann [159] and Kato [95]. They basically prove
the following result. Take the Navier-Stokes system in the whole space R?

o + div(u" @ u") — v,Au" = =Vp in R? (13)
div(u™) =0 in R4 (14)
u'(t=0)=wuy with div(uy) =0 (15)

where v, goes to 0 when n goes to infinity.

Theorem 2.1 Let s > d/2 + 1, and uy € H*(RY). If T* is the time of
existence and u € Coe([0,T%); H®) is the solution of the Euler system

ou-+divlu®u)=—-Vp in R (16)
div(u) =0 in R4 (17)
u(t=0)=ug with div(ug) =0, (18)

then for all 0 < T' < T, there exists vy such that for all v, < vy, the Navier-
Stokes system (13 - 15) has a unique solution u™ € C([0,T]; H*(R?)) and for
each t € [0,T], u(t) = lim, .. u™(t) exists strongly in H*(R?) uniformly in
t €10,T]. Moreover,

||Un — U’HLOO(O,T;HS_Q) S CVn (19)
where C' depends only on wu.

We point out that this result can be easily extended to the periodic case and
more generally to domains without boundaries.

Idea of the proof: The proof of this theorem is based on a standard
Gronwall inequality (see [159, 95, 38]). Let us start by proving (19). First,
we see that we can solve the Navier-Stokes system and Euler system in
C([0, T]; H*(R%)) on some time interval independent of v, with bounds which
are independent of n. This is because there is no boundary. Then, we can
write an energy estimate in H*~? for w" = u" — u,

Op|w"|

-2 + Val V" [ o

< (c(lul

we o+ [w”]

ms—2 + V|| Au|

w"|

HS) Hs—2 (20)
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and by Gronwall lemma, we can deduce that (19) holds. It is easy to see
that the above argument holds as long as we can solve the Euler system and
that we can take any 7" such that 7" < T™* (see [38]). Notice that in [38], the
regularity required is s —2 > d/2 + 1. However, it seems that this is not
necessary modulo the regularization argument given below.
Interpolating between (19) and the uniform bound for w™ in C([0, T]; H*(R?)),

we deduce that u™ converges to w in H* for any s’ < s and for s —2 < s’ < s,

we have

/
s—s

lo" = ull ey < Com® - (21)

To get the convergence in H? requires a regularization of the initial data. For
all § > 0, we take uf such that ||uf|| g < Clluol|ms, [[ud|| s+ < &, ||ud|
£ and for some s’ such that d/2 < s’ < s—1, we have ||u)— uo|

o2 S
e <055
Such a uf can be easily constructed by taking u = F~*(1yg<1/53F o). Let
v be the solution of the Euler system (16,17,18) with the initial data v’ (t =
0) = ud. Then, setting w® = v° — u, we have

Oellw’ 5 < Cllullrs + 10 llzo) 1?7 + Cll® lazssallw® s [ (22)

Then, we notice that on some time interval [0, 7], T < T* (T depends only
on [luo|lgs), we have [[v°||gs+2 < € and [|[v°|| =2 < &. Moreover, writing

at the regularity s’, we can prove easily that || w°|| .y < =
22) at th larity s’ ily that |w’|| oo g ppey < CO°
Hence, (22) gives

9y |w’| a || || e 4+ CO5 1 (23)

Hence w® goes to zero in L=(0, T; H*), namely v° goes to v in L>(0,T; H*).

e+ V]

#e < C([lul

Writing an energy estimate for w™® = u™ — v°, we get (here we drop the n
and ¢)
Ocllwlzzs + vall Vel
< Ol e [ o2 el s + (0P lze + ) o)+
allo? ess oo (24)
Hence, we get
O||lwl| s < Cllu™ — || poe [0 || o1 + Clv° — | oo ||0°]| o1+
Un |0 || o2 + C(||0°|| s + ||u™|| ) ||w]| s (25)




Since u" converges to u is H*!, we deduce that

o1 < Cvn)V2 (26)

[0 = ul[ o < [lu" = ul

Taking ¢ = 4,, such that § = d,, and %% go to zero when n goes to infinity, we
deduce that

1/2

v / v
e € O(Fm 467 S [

a75||u}n75| 52

1) (27)

Hence, by Gronwall lemma, we deduce that w™° goes to zero in L>(0,T; H®)
and that u" goes to w in L>(0,T; H®). o

2.1.1 The 2D case

We notice that the time 7% is related to the existence time for the Fuler
system (16). If d = 2 it is known [175, 171] that the Euler system (16)
has a global solution and hence one can take any time 7" < oo in the above
theorem.

Also in the 2D case, one can lower the regularity assumption. Indeed
Yudovich [175] proved that if wy = curl(ug) € L> N LP for some 1 < p < 0o
then the Euler system (16) has a unique global solution. It was proved in
[34] that the solution to the Navier-Stokes system converges in L>°((0,T); L?)
to the solution of the Euler system if we only assume that wy = curl(ug) €
L*> N LP. More precisely, Chemin [34] proves that

1 — url u
" = ull e o2y < Clleurl(uo) | s (v T3 Clommlzenna) - (28)

Notice that here, the rate of convergence deteriorates with time. This does
not happen if we also know that w is in L*°(0,T’; Lip) as was proved by
Constantin and Wu [40].

For vortex patches, namely the case where curl(ug) is the characteristic
function of a C'™* domain a > 0, it was proved in [32] (see also [22]) that
the characteristic function of curl(u) remains a C'** domain and that the
velocity wis in L{2 (R; Lip). It was proved in [40, 41] that under the condition,

loc

u € L (R; Lip), the estimate (28) is actually better since there is no loss for

loc
the rate of convergence, namely

1
Hun — U’HLOO(O,T;LQ) S C(VnT)2 . (29)

10



In [41], the authors also prove some estimate in L” spaces for the difference
between the vorticities, in particular they prove for p > 2 that ||curl(u™ —
)| Lo (0,300) < O/~ for some short time T and € > 0.

Concerning vortex patches one can give more precise results about the
convergence. It was proved by Danchin [42] that the boundary of the patch
under the Navier-Stokes flow converges to the boundary of the patch under
the Euler flow. A similar result is also proved in higher dimension locally
in time [43]. Also, in [1], a better rate of convergence is given for vortex
patches, namely ,

"~ vllzeoirzey < C D) (30)

which is optimal (see also [129] for a similar result in 3D).

Let us end this subsection by the vortex sheet case, namely the case
where the vorticity is a measure. For the 2D case, it is known that we
have existence of weak solutions for the Euler system if we only assume that
up € L? and wy € L' N LP, 1 < p. In this case, extracting a subsequence, we
can prove the weak convergence of the solutions to the Navier-Stokes system
towards a weak solution to the Euler system. Indeed, from the bound we
have on the vorticity curl(u") € L>(0,7'; L?), we deduce that v" is bounded
in L>=(0,T; W) and since d;u™ is bounded in L>(0,7; H™') we deduce
that u™ is precompact in L?L? . Then extracting a subsequence, we deduce
that u™ converges to some u and u is a weak solution of the Euler system.
Here, the main point is that W'?(R?) is compactly injected in L? (R?).
The above argument does not work if p = 1. However, the best result in this
direction is due to Delort [50] where he can prove the weak convergence under
the assumption that the initial vorticity is compactly supported, belongs to
H~Y(R?) and can be decomposed into two parts: one being a nonnegative
measure, the other belonging to some L(R?), ¢ > 1. The proof requires a

precise analysis to rule out concentrations at the limit.

2.2 The case of the Dirichlet boundary condition

Let us consider the limit from (11) towards (12). In the region close to the
boundary the length scale becomes very small and we can not neglect the
viscous effect. In 1904, Prandtl [145] suggested that there exists a thin layer
called boundary layer, where the solution u” undergoes a sharp transition
from a solution to the Euler system to the no-slip boundary condition u” = 0
on 02 of the Navier-Stokes system. In other words, Prandtl proves formally

11



that ©v” = u 4 u';; where uY;; is small except near the boundary. Giving a
rigorous justification of this formal expansion is still an open problem. We
refer to [151, 150] for a justification in the analytic case.

There are many review papers about the inviscid limit of the Navier-
Stokes in a bounded domain and the Prandtl system (see [60, 29]). We also
refer to [83] for a review about boundary layers.

2.2.1 Formal derivation of Prandtl system

To illustrate this, we consider a two-dimensional (planar) flow v” = (u,v)
in the half-space {(z,y)|y > 0} subject to the following initial condition
u’(t = 0,2,y) = uf(x,y), boundary condition u”(t,z,y = 0) = 0 and v* —
(Uo,0) when y — oo. Taking the typical length and velocity of order one,
the Reynolds number reduces to Re = v~!. Let ¢ = Re™'/?2 = \/v. Near the
boundary, the Euler system is not a good approximation. We introduce new
independent variables and new unknowns

t=t ==z ¥
€

NSS!

<

(@,0)(t,2,9) = (u, Z)(E,z,eg)
Notice that when g is of order one, y = ey is of order e. Rewriting the
Navier-Stokes system in terms of the new variables and unknowns yields

ﬂg—i— ’&ﬁj -+ f]ﬁg — ﬂgg — €2ajj —|-p5c =0
62(13{ -+ ’11?750 + 17?717 — ?73717) — 641755; + pg =0
Uz +05 =0
Neglecting the terms of order €? and €* yields
7:654-?21]50 +1~)ﬁg — fbgg +p5; =0
Since p does not depend on y, we deduce that the pressure does not vary
within the boundary layer and can be recovered from the Euler system (12)

when y = 0, namely p,(t,z) = —(U; + UU,)(t,x,y = 0), since V(t,z,y =
0) = 0. Going back to the old variables, we obtain

{ Up + Uy + VUy — VUyy +pp =0 (31)

Uy +vy, =0

12



which is the so-called Prandtl system. It should be supplemented with the
following boundary conditions

u(t,a:,y:[)):v(t,x,y:()):() (32)
u(t,z,y) — U(t,z,0) as y — oo.

Formally, a good approximation of u” should be u + u';; where u is the
solution of the Euler system (12) and u(¢,x,0) + u%, is the solution of the
Prandtl system (31), (32).

Replacing the Navier-Stokes system by the Euler system in the interior
and the Prandtl system near the boundary requires a justification. Mathe-
matically this can be formulated as a convergence theorem when v goes to
0, namely u” — (u + u%;) goes to 0 when v goes to 0 in L™ or in some
energy space. In its whole generality this is still a major open problem in
fluid mechanics. This is due to problems related to the well-posedness of the
Prandtl system. Indeed, under some monotonicity condition on the initial
data, Oleinik proved the local existence for the Prandtl system [140, 141] (see
also [142]). These solutions can be extended as global weak solutions [173].
However, Weinan E and Enguist [61] proved a blow up result for the Prandtl
system for some special type of initial data. For general initial data, it is
not known whether we have local well-posedness or not. Moreover, even if
we have existence for Prandtl system there are other problems related to the
instability of some solutions to the Prandtl system [82] which may prevent
the convergence.

2.2.2 The analytic case

In this subsection, we will present the result of [151, 150]. We will just give
an informal statement since the result requires the definition of several spaces
to keep track of the analyticity of the solution.

Theorem 2.2 Suppose that u(t, x,y) and u(t, z,0)+u%, are respectively the
solutions of the Euler system (12) and the Prandtl system (31), (32) which
are analytic in the space variables. Then for a short time independent of \/v,
there is an analytic solution u of the Navier-Stokes equations such that it is
given by u = u + O(\/v) in the interior and u = u(t, x,0) + u’; + O(/v)
inside the boundary layer.

We refer to [29] for a sketch of the proof and to [151, 150] for the complete
proof.

13



2.2.3 Kato’s criterion of convergence

The convergence of u” — (u + u%;) to 0 when v goes to 0 in L? is still an
open problem. Kato [96] gave a very simple criterion which is equivalent to
the convergence of u” to u in L.

First let us notice that working with strong solutions to the Navier-Stokes
system does not really help. Indeed, the existence of strong solution for d > 3
only holds on a time interval [0,7,] where T, may go to zero when v goes
to 0. Also, for d = 2, working with strong solutions does not help since the
higher Sobolev norms blow up when v goes to zero. This is why we consider
a family of weak solutions u” to the Navier-Stokes system (11) with an initial
data uf. We assume that v¥ € C,([0,T]; L*(Q)) N L?(0,T; H(Q2)) for all
T > 0, divu’=0 and (11) holds in the sense of distributions, namely

T
—/u5¢(t=0)+/ /—u"@u”:v¢+uvuy-v¢—uyat¢dmt=0 (33)
Q 0 Q

for all ¢ € C3°([0,T") x ), divep =0 and the following energy inequality holds

T
/]u”(t,x)\de—i—Qu/ /|Vu”(s,x)\2dxd3§/|u5(a:)]2d$ (34)
Q o Ja Q

Assume that u} is divergence-free and converges in L? to some gy and
uy € H*, s > d/2 4+ 1. Let u be the unique strong solution of the Euler
system (12) with the initial data wuy in the space C([0,7*); H®) for some
T* < oo and T* = o if d = 2. We refer to [162] and [33] for this existence
result. Kato proves the following convergence criterion

Theorem 2.3 For 0 < T < T%*, the following conditions are equivalent

e i) u’(t,.) converges to u(t,.) in L*(Q) uniformly fort € [0,T]

® ij)
T
V/ \Vu”|Pdxdt — 0 (35)
o Jr,
when v goes to 0. Here ', is a strip of width O(v) around the boundary
002.
o i)

T
v / / Vo Pdzdt — 0 (36)
0 Q
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Idea of the proof:

We will just give a sketch of the proof of ii) implies i). The idea is to
construct a corrector or boundary layer which allows to recover the Dirichlet
boundary condition for the difference ©” —u and which satisfies some natural
bounds. Kato constructs such a corrector B” which is divergence free and
with a support contained in a strip of size O(r) around 0f2. Then, considering
u’ —u — B, he can write the following energy estimate where u® = u + B

1 t
e = ula®) +v [V s
0
t
< / / —(u” x u”) : VuP +u-Vuu” + Ve’ . Vua® deds + o(1) (37)
0 Ja
for 0 <t < T, where o(1) goes to zero when v goes to 0. This yields
1 t
e = ul®) +v [ v <
0
¢
/ /—(u”—u) X (v —u): Va—u" xu”: VB'+
0 Jo
t
/ / vVu” . VuP dzdt + o(1). (38)
0 Ja

Then, using some natural L? and L° bounds satisfied by B”, the Hardy-
Littlewood inequality for the second term on the right hand side of (38) and
applying a Gronwall lemma, Kato gets

t
Ju” —ul|7(t) < / K|u” —ul|72 + R(s) ds + o(1) (39)
0
for some constant K related to the L* norm of Vu and
t
MﬂSK/WWWﬁmw+K%WHm+KfWWWMm»
0

This ends the proof of the uniform convergence in L2 Notice that it also
proves iii) since the total dissipation appears on the left hand side of (38). o

In the same spirit as the Kato criterion, Temam and Wang [164] give a
different criterion based on the magnitude of the pressure at the boundary.
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They prove that if there exists some 0 < ¢ < 1/2 such that

T T
cither 17 / 1" lsopm < C or 1A / VP 2o < C (40)
0

0

then the convergence of u” towards u holds and
|u” — ul|2 < CVI=2)/5, (41)

Also, in [169], Wang gives a criterion which only involves the tangential
derivative of the velocity, namely V. u”. However, he needs a control on a
strip of size bigger than v.

Concerning bounded domain with boundary conditions other than the
Dirichlet boundary condition, let us mention that in [165], Temam and Wang
prove the convergence of the solutions to the Navier-Stokes system towards
a solution of the Euler system in the non-characteristic case, namely the
normal velocity is prescribed at the boundary. In this case a boundary layer
of size v can be constructed.

Let us also mention that in [11], Bardos treats the case of a bounded
domain with a boundary condition on the vorticity, which does not engender
any boundary layer. He has a result similar to theorem 2.1.

Also, in [36], the vanishing viscosity limit is considered with the Navier
(friction) boundary condition.

2.2.4 Different vertical and horizontal viscosities.

One of the main ideas of Kato in the previous subsection is to take the
freedom of using a corrector which does not necessary satisfy the Prandtl
system. The same idea was used in [123] to get a complete convergence result
without any condition on the dissipation in the case we take different vertical
and horizontal viscosities. We consider the following system of equations

(NSy)

Ou" + div(u" @ u") — vd?u" —nA, u" = —-Vp in (42)

div(u") =0 in Q (43)
u"=0, in 00 (44)
u"(0) =wuy with  V.uj =0 (45)
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where Q = w x (0,h) , or 2 =w x (0,00), and w = T?, or R?, v = v,,, n = 7.
We want to point out here that this anisotropy is classical in geophysical
flows. In fact instead of putting the classical viscosity —2A of the fluid
in the equation, meteorologists often model turbulent diffusion by putting
a viscosity of the form —AyA,, — Ay92,, where Ay and Ay are empiric
constants, and where Ay is usually much smaller that Ay (for instance in
the ocean, Ay ranges from 1 to 103cm?/s whereas Ay ranges from 10° to
10® cm?/s. We recall that the viscosity of the water is of order 1072 e¢m?/s.)
We refer to the book of J. Pedlovsky [144], Chapter 4 for a more complete
discussion. When 7, v go to 0, we expect that u™ converges to the solution

of the Euler system

Ow +diviw @ w) = =Vpin
div(w) =0in £,
wn=1ws=0 on 09,
w(t =0) = w’.

(46)

It turns out that we are able to justify this formal derivation under an addi-
tional condition on the ratio of the vertical and horizontal viscosities.

Theorem 2.4 Let s > 5/2, and
w’ € H*(Q)?, div(w®”) =0, w’n=0 on 00.

We assume that u™(0) converges in L*(2), to w® and v,n,v/n go to 0, then
any sequence of global weak solutions (a la Leray) u™ of (42- 45) satisfying
the energy inequality satisfies

u"'—w—0 in L.

([0,7%); L*(2)),
VNV et o u™ — 0 in L ([0, T%); L*()),

loc
where w is the unique solution of (46) in C([0,T*); H*(Q)?).

2

We give here a sketch of the proof and refer to [123] for a complete proof.
The existence of global weak solutions for (NS,,), satisfying the energy
inequality is due to J. Leray [102, 104, 103] (see also [90] and [163, 39] for
some references about weak solutions of the Navier-Stokes)

SO+ v [ 10 ads +n [ oma + o7 2 < 5l (47
0 0
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This estimate does not show that u" is bounded in L?(0,7; H') and hence
if we extract a subsequence still denoted by u” converging weakly to u in
L>(0,T; L?), we cannot deduce that u™ ® u™ converges weakly to w @ w. If
we try to use energy estimates to show that ™ —w remains small we see that
the integrations by parts introduce terms that we cannot control, since " —w
does not vanish at the boundary. Hence, we must construct a boundary layer
which allows us to recover the Dirichlet boundary conditions. Hence, B™ will
be a corrector of small L? norm, and localized near 952 (we take here the case
where 2 = w x (0,00) not to deal with boundary conditions near z = h)

B'"(z=0)+w(z=0)=0, B"(z=00)=0,
div(B") =0, B"—0 in L2 ([0,T*);L?)
a possible choice is to take B™ of the form

B" = —w(z = O)e_ﬁ + ..

where ( is a free parameter to be chosen later. We want to explain now the
idea of the proof. Instead of using energy estimates on u" — w, we will work
with v = u" — (w + B"). Next we write the following equation satisfied by
wP = w + B" (in what follows, we will write B instead of B")

o + wB . Vu? — u@?ws — nAm,wa =
OB + BNwP +w.VB — vo?uw® —nA, ,wP — Vp (48)

which yields the following energy equality

1 t t
SIS+ [ 10086 ds+n [ 0PI+ 10,071 =
1 t
SN + [ w08 + w.VB - vdu® — na,,uf] (19)
0

Next, using the weak formulation of (42), we get for all ¢

t t
/ u™ P (t) + V/ / o, wP (s)u™ + 77/ / O, wPo,u" + 8yw36yu" =
Q 0 Jo 0o Ja

¢
/Qu".wB(O) + / /Qu".VwBu" +u™ [0,B — w.Vw — vd?w® —nA, w5 (50)
0
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Then adding up (47),(49) and subtracting (50), we get
1 2 ' 2 ' 2 n|2 1 2
Slo@lze +v i 10:v[|72ds + 7 i 19:0]1z2 + 10,u" [z < 5 llvollz> +
t
/ / 0.[0B — vO2wP — A, ,wP] + w.VBwP — v VwPu™ + w.Vwu™ (51)
0o Ja
Finally, using that [(u.Vq)g =0, we get
/ w.VBw® — u" . Vuwbu" + w.Vwu" = / —wP VBv — B.Vwv — v.VuPv
Q

Q

Now, we want to use a Gronwall lemma to deduce that ||v(¢)||?. remains
small. By studying two terms among those occurring in the right hand side
of the energy estimate (51), we want to show why we need the condition
v/n — 0. In fact

/ vgf)sz
Q

z z
CllOzvsll2 VvClwl Lo 10:0] L2
v
CCll0=vs 3z [[wllzee + Z10:01172

< /@ 208 Y

IN

IN

where, we have used the divergence-free condition 0,v3 = —0,v1 — 9,v,. We
see from this term that we need the following condition to absorb the first
term by the viscosity in (51) : C¢||w||2~ < n. On the other hand, the second
term can be treated as follows

1// 02Bv
Q

< v[|0:|L2(10-B]| 2

v

< leﬁzv\lifrvllaﬁllé
v 1

< ZH@UH%HV\WHQL@—

N7

The second term on the right hand side must go to zero, this is the case if
we have v/¢ — 0. Finally, we see that

Ui

1%
If ~—0 then ( = ——
U Cllw||F

is a possible choice.
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2.3 Weak limit.

We want to conclude this section by mentioning an other important question
in the inviscid limit of the Navier-Stokes even in the case without boundary.
Consider any sequence of weak solutions to the Navier-Stokes system with
viscosity v. What can we say about this sequence when v goes to 0. In
subsection 2.1, we saw that if the initial data is regular enough then the
sequence converges to the solution of the Euler system on some small time
interval. Moreover, in the 2D case, we can take initial data such that the
vorticity is a signed measure and still prove that the solutions of the Navier-
Stokes system weakly converge to a solution of the Euler system [50]. Can we
say more ? What can we say if we only assume that ug € L? 7 We mention
here two attempts to explain what happens based on two notions of “very
weak” solutions to the Euler system.

2.3.1 Measure valued solutions

In their three papers [59, 58, 57| Diperna and Majda studied the behavior of
sequences of approximate solutions to the Euler system. In the introduction
of [59], they state “a sequence of Leray-Hopf weak solutions of the Navier-
Stokes equations converges in the high Reynolds number limit to a measure-
valued solution of Euler defined for all positive times”. They introduced the
following notion of measure valued solutions to the Euler system.

Definition 2.5 Let O be a smooth domain of R?, v a nonnegative measure
of M(O) and (t,x) — (V(; 4y Vi,my) @ dt du-measurable map from (0,T) x O

(tz)’

to MT(RY) x Prob(S*1'). We also denote p = u, + fdtdz the Lebesgue
decomposition of p into its singular and absolutely continuous parts. Then
the triple (p, V', v?) is called a measure valued solution of the incompressible
Euler system if

div[@(lt’m), %le + f)} =0 and

//¢t-<v(1t,x>, %M»u + f)dtdz + Ve - <V<2t,x), i X 5>du —0 (52)

for all smooth divergence-free vector field ¢(t,x).

20



Of course a weak solution u of the Euler system defines a measure valued
solution by taking f = u = |u]?, V(lm) = Oyey(tr) and 1/(215@) &) = (55:‘%‘ if
u(t,z) # 0.

They also define the notion of generalized Young measure for a sequence
{v¢} bounded in L*(0).

Theorem 2.6 If {v°} is an arbitrary family of functions whose L? norm on
a set O is uniformly bounded, then extracting a subsequence, there exist a
measure i € M(O) such that

?—p in M(O), (53)
and a p-measurable map x — (v, V(2x)) from O to M*(RY) x Prob(S41)
such that for all

|Ve

v
9(v) = go(v)(1 + [vf*) + 9H(7|)|U|2,
where gy lies in the space Co(RY) of continuous function vanishing at infinity
and gy lies in the space C(S1) of continuous function on the unit sphere,
we have

9(v) = (Vs 0(0) )L+ e + (v g () )dp in D' (54)

where f denotes the Radon-Nikodym derivative of u with respect to dx. The
triple (p, v, v?) is called the generalized Young measure of the sequence {v<}.

The notion of generalized Young measure can be extended to the case the
function v, also depend on t. The above two definitions are linked by the
following theorem.

Theorem 2.7 Assume v, is a sequence of functions satisfying div(v.)=0, v,
is bounded in L*((0,T) x O) and for all divergence-free test function ¢ in
C6o((0,T) x 0),

lii%//(gbt.vg + Vo :v xv.) dtde=0. (55)

Then, if (u,v*, V%) is a generalized Young measure of the sequence {v} then
it defines a measure-valued solution to the Fuler system.

Of course, one of the main application of this theorem is the case where v,
satisfies the Navier-Stokes equation with a vanishing viscosity since it implies

(55).
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2.3.2 Dissipative solutions

An other notion of “very weak” solutions to the Euler system was introduced
by P.-L. Lions [108]. As stated by P.-L. Lions, it is not clear whether this
notion is relevant. Its only merits are the fact that such solutions exist and
are global and as long as a “smooth” solution exists with the same initial
data, any such dissipative solution coincides with it. Let us point out that
such a uniqueness property does not hold for the measure-valued solutions of
the previous subsection. Before defining dissipative solutions, let us introduce
few notations. For a divergence-free smooth test function v of [0,00) x R,
we define

E(w) = —% — P(v.Vv) (56)

where P is the Leray projector on divergence free vector fields. We also
denote d(v);; = 3(0;v; + d;v;), the symmetric part of Vo. For t > 0, let

Il le = 1150 (6, €)+ e (57

Definition 2.8 Letu € L*°(0, 00; L*)NC([0,00); L?). Then u is a dissipative
solution of the Euler system

Oyu + div(u ® ) =-Vpin RY
div(u) =0 in Rd, (58)
u(t )

if uw(0) = u°, div(u) = 0 and for all divergence-free smooth test function v,
we have

1 = 0) ()] 22y < 2019711 (1 — 0) (02 ) +

+2/0 /Rdlest'd_mE(v).(u—v)ds. (59)

In [108], P.-L. Lions proves the following result

Theorem 2.9 Let u” be a sequence of Leray-weak solutions to the Navier-
Stokes system with viscosity v and initial data ug. In particular it satisfies

d 14 v N
e ey + IV By SO in D, (60)
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uw’ € L*0,T; H') N L>=(0,00; L*) N C([0,00); L2) for all T > 0 and u”(t)
goes to uf in L*(RY) when t goes to 0. Assume that uf converges in L? to
u® then, extracting a subsequence, u” converges weakly-+ in L°°(0,00; L?) to
some u and converges weakly in L uniformly int € [0,T] to u. Moreover, u
18 a dissipative solution of the Fuler system.

Let us give a sketch of the proof. From (60), we can deduce that for all
divergence-free test function v, we have

%HUV — [Tz ay + VI VU |[T2@ay < 20|d7 ool [u” — |72 ma)+

Q/E(v).(u” —v)dx + C(v)v||Vu"||2 (61)
Then, we can apply a Gronwall lemma to get
(= 0)(E)]|F2may < €0 147wl — 0(0))]]72ga)+
t
+ 2/ / 217l B(v).(u” — v)ds + Cr(v)v. (62)
0 Jrd

Then, we can extract a subsequence of u” which converges weakly-* in
L>(0, 00; L?). Passing to the limit in (62), we deduce that u is a dissipative
solution of the FEuler system.

3 Compressible-incompressible limit

It is well-known from a Fluid Mechanics viewpoint that one can derive for-
mally incompressible models such as the Incompressible Navier-Stokes sys-
tem or the Euler system from compressible ones namely compressible Navier-
Stokes system (CNS) when the Mach number goes to 0 and the density be-
comes constant. There are several mathematical justifications of this deriva-
tion. Omne can put these works in two categories depending on the type
of solutions considered. Indeed, one viewpoint consists on looking at local
strong solutions and trying to prove existence on some time interval inde-
pendent of the Mach number and then studying the limit when the Mach
number goes to zero. This was initiated by Klainerman and Majda [97] (see
also Ebin [62]). The second point of view consists on retrieving the Leray
global weak solutions [104, 103] of the incompressible Navier-Stokes system
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starting from global weak solutions of the compressible Navier-Stokes system
(see [111]). Let us also mention that there were many works about this limit
during the last 10 years and that there are many review papers about it (see
for instance [124, 70, 47, 155]).

3.1 Formal limit

We first wish to recall the general set up for such asymptotic problems. We
will present it for the compressible isentropic Navier-Stokes system. The
unknowns (p,v) are respectively the density and the velocity of the fluid
(gas) and solve on (0,00) x RY

% +div (jv) = 0, p>0, (63)
opv L - T 1s .
5 +div (pv ® v) — pAv — EVdive +Vp = 0, (64)
and
p=ap, (65)

WhereN22,/l>0,/1+§>0, a >0 and vy > 1 are given.

From a physical view-point, the fluid should behave (asymptotically) like
an incompressible one when the density is almost constant, the velocity is
small and we look at large time scales. More precisely, we scale p and v (and
thus p) in the following way

p=plet,x), v=eu(et,x) (66)

and we assume that the viscosity coefficients u, £ are also small and scale like

= €fle, é: €& (67>

)

where € € (0,1) is a “small parameter ” and the normalized coefficient p., &

satisfy
fe — [, fe — & as e goesto 0y . (68)

We shall always assume that we have either ¢ > 0 and g+ & > 0 or u = 0.
With the preceding scalings, the system (63)-(65) yields

%+div(pu) =0, p=>0,
(69)
% + div(pu ® u) — pAu — £ Vdivu + %Vp”’ =0.
€
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We may now explain the heuristics which lead to incompressible models.
First of all, the second equation (for the momentum pu) indicates that p
should be like p+O(e?) where p is a constant. Of course, p > 0 and we always
assume that p > 0 (in order to avoid the trivial case p = 0). Obviously, we
need to assume this property holds initially (at ¢ = 0). And, let us also
remark that by a simple (multiplicative) scaling, we may always assume
without loss of generality that p = 1.

Since p goes to 1, we expect that the first equation in (69) yields at the
limit : div w = 0. And writing Vp? = V(p” — 1), we deduce from the second
equation in (69) that we have in the case when p > 0

Ou

T +diviu @ u) — pAu+Vr =0 (70)
or when =0
ou )
5 +diviu®@u) +Vr =0 (71)

p’—1
2
pressible Navier-Stokes equations (70) or the incompressible Euler equations

(71), and the hydrostatic pressure appears as the limit of the “renormal-
Y

where 7 is the “limit” of In other words, we recover the incom-

ized” thermodynamical pressure (p _ ). In fact, as we shall see later on,

2
the derivation of (70) (or (71)) is basically correct even globally in time, for
global weak solutions ; but the limiting process for the pressure is much more
involved and may, depending on the initial conditions, incorporate additional
terms coming from the oscillations in div(pcue @ ).

This section about the compressible incompressible limit is organized as
follows. In the next subsection 3.2, we recall the results of Klainerman and
Majda [97, 98] for the strong solutions to the isentropic compressible Navier-
Stokes when the Mach number goes to zero. Then, we give several extensions
of that result by taking general or “ill-prepared” initial data [166, 154]. Also
we state result about long time existence for the slightly compressible system
(87, 89]. We also present results in “almost” critical spaces [45, 46]. In
subsection 3.3, we recall the results of convergence from the global weak
solutions to the isentropic compressible Navier-Stokes towards the global
weak solutions of the incompressible Navier-Stokes. In the last subsection
3.5, we state some newer results about the non-isentropic case [133, 134].

We will not mention result about the steady problem and refer to [17,
106, 111].
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3.2 The case of strong solutions

The first mathematical justification of the incompressible limit is due to
Ebin [62]. By using Lagrangian coordinates and a geometric description
of the equations, he proved that “slightly compressible fluid motion can be
described as a motion with a strong constraining force, while incompressible
fluid flow is the analogous constrained motion.” The first justification using
PDE methods was done by Klainerman and Majda [97, 98] using the theory
of singular limits of symmetric hyperbolic systems. We should also mention
the work of Kreiss [99] about problems with different time scales but which
requires the control of more time derivatives at time ¢ = 0.

We consider the compressible Euler system which can be recovered from
(69), by taking p. = & =0,

Ope .
a—i+ue~Vpe+pEdlqu:0, pe > 0,

(72)

Ou, 1
Pe ( En +u6-Vu€) +€—2Vp6:0

where p. and p. are related by p. = ap) where a > 0 and v > 1 are given
constants. They consider the above system in the torus or the whole space,
Q =TV or Q = R" with the following initial data

uc(t =0,2) =wl(z), pe(t=0,2)=p(z). (73)

Notice that we can retrieve the initial data for p. from the initial data for p..
Here ||.||s will denote the H* norm and sy = [5§] + 1.

Theorem 3.1 Assume the initial data (73) satisfies

1
lue(@)ls + < llpe(@) = plls < Co (74)

for some constants p > 0 and Cy and some s > sy + 1. Then there exists an
€0 and a fized time interval [0, T] with T depending only upon ||u(z)||so+1 +
Hp2(z) = pollse+1 and a constant Cy such that for € < €y, a classical solution
of the compressible Euler system exists on [0,T] x Q and satisfies

1. ou, Ope
. Zp? — ||, ., < C,. 75
sl 250 =l + el Gl + Il <€ (75)
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Moreover if the initial data satisfies the additional condition

u(x) = uo(x)—l—eu (x ), divu® = 0,
pl(x) =p+ €ep(a), (76)
lut ()]s + Hp (@)][s < Co

then, on the same time interval [0,T], we have

Ope

sup_ || ||s 1+ _1||

0<t<

s < C! (77)

and as € goes to 0, u. converges weakly in L*([0,T]; H*) and uniformly in
Cloe([0,T] x Q) to u™ where u™ satisfies the incompressible Euler system

ou> - o
{W—Fu -Vu —i—Vp =0

(78)
*(t=0,z) =u’(z), divu>®=0.

The condition (76) means that the flow is initially almost incompressible
and that the density is initially almost constant. These data are called “well-
prepared” initial data. The more general condition (74) will be called general
initial data or “ill-prepared” initial data. Notice that we still need to assume
that p? — p is of order e this is because, we need to make a change a variable
ge = € '(p. — p) to write our system in a form which is suitable for energy
estimates, we will denote ¢2 = e 1(p? — p).

Idea of the proof: We rewrite the system in terms of the new unknowns
(u€7 qg> where qe = 6_1(p€ - Z_))

9qe
ot

Ouc + ue - Vue + L
ot e(p + eqe)?

+u. - Vg + z(p + eqo)divue =0, pe >0,
s
(79)
Vg =0

To prove (75), we just need to prove H?® estimates on some time interval
[0, T] which is independent of €. For each ¢, we denote

1
/Zm| 0%qe* +(p + €qo)[0%u . (80)
laf=s
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Then, we can prove that 9;F, < C(E,)* where C does not depend on € < €.
This shows that there exists a time of existence T which is uniform in e.
Next, we have to prove (77) and the convergence towards the incompress-
ible system (78) under the well-prepared condition (76). We notice that,
taking the time derivative of (79), we can write a hyperbolic equation for
(Oytie, O¢qe) which is similar to (79). To prove uniform bounds for (9dyu., 0q.)
in H*~! on some time interval [0, 7] we only need to have bounds in H*!
initially. This follows immediately from (76). Hence, if (76) holds then (77)
holds. Moreover, by simple compactness arguments, we can extract a subse-
quence such that (u., ¢.) converges in C([0, T]; H;,.") to some (u, q) for k > 0.
Then, it is easy to see that u satisfies the Euler system (78) by passing weakly
to the limit in the different terms. Since, we have uniqueness for (78), we
deduce the convergence of the whole sequence. O

Remark 3.2 1) In [97, 98], the authors also deal with the Navier-Stokes case
by proving that the viscosity does not affect the leading hyperbolic behavior.

2)For the “well-prepared” case, the convergence stated in the theorem can
be improved to a convergence in C([0,T]; H®) (see Beirao da Veiga [18, 19]).

During the last 25 years there were different extensions of this result
in different directions. First, there were results trying to take more general
initial data. These results require some analysis of the acoustic waves. Then,
there were results about more general models, namely the non-isentropic
model (the entropy is not constant and is transported by the flow). Also,
there were results trying to improve the minimum regularity required for the
convergence.

3.2.1 General initial data

In the whole space RY (see Ukai [166]) or in the exterior of a bounded
domain (see Isozaki [92, 93]), the result of [98] has been extended to the
case of general initial data or “ill-prepared” initial data. The convergence
towards the incompressible limit holds locally in space. However, we do not
have uniform convergence near ¢ = 0 due to the presence of an initial layer
in time. This layer comes from acoustic waves that go to infinity. We have
the following result

Theorem 3.3 ( = RY) Assume the initial data (73) satisfies (74) and
that (u®(x),q%(z)) converges to some (u°(x),q"(x)) in H*, then the solution
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constructed in theorem 3.1 satisfies
(ge; ue) — (0,u™) (81)
weakly* in L°°((0,T); H®) and strongly in CP ((0,T] x RY) where u™ is the

loc
unique solution to the incompressible Euler system (78) with the initial data
Pu® where P is the Leray projection onto divergence free vector fields P =

Id — VA~'V..

In the periodic case TV, Schochet [154] extends the result of [98] to the
case of “ill-prepared” initial data. He proves the same theorem 3.3 in the
periodic case with the only difference that the (0,u) is replaced by (c, u*™)
for some constant ¢ and that the convergence is only weak due to the acoustic
waves. The convergence is strong for the divergence-free part Pu..

Theorem 3.4 (Q = TV) Assume the initial data (73) satisfies (74) and
that (u®(x),¢%(z)) converges to some (u°(x),q"(x)) in H*, then the solution
constructed in theorem 3.1 satisfies

(geue) — (¢,u™) (82)

weakly® in L>((0,7T); H®) where u™ is the unique solution to the incom-
pressible Euler system (78) with the initial data Pu® where P is the Leray
projection onto divergence free vector fields P = Id — VA™V-. Moreover,
Pu, converges strongly in CP ([0, T] x TN) to u*.

loc

Idea of the proofs:

The idea of theorem 3.4 is to use the group method to filter the oscilla-
tions. We also would like to mention that ideas close to the group method
were also developed by Joly, Métivier and Rauch [94]. We introduce the
following group (£(7),7 € R) defined by ™ where L is the operator defined

on D x (D’)N, by
"
L (‘p) =— (7? m) | (83)
v g Ve

It is easy to check that e is an isometry on each H*® x (H*)" for all s € R

and for all 7. This show that if we define ((’p((T)) ) = ¢t (SOO) then it solves
U\T Vo

Op . ov 1
3 = —qypdivo 3 = —WVgp.
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If we denote U, = (g, u.), then V, = E(—E)U6 is such that 0,V, is bounded
in L>(0,T; H*~'). Then, we can use compactness argument to extract a
subsequence which converges to some V' in C([0,7T]; H;,."). Now, passing to
the limit in the equation satisfied by V requires the study of resonances. It
turns out these resonances do not affect the divergence-free flow. See also
subsection 3.3.5 for more about resonances.

If we consider the whole space case, we notice that the long time behavior
of the operator e’ is not the same in the whole space and in the torus.

Indeed, in the whole space we have dispersion and the following Strichartz
[158] type estimate holds

(G

Vo

tL (0
“ (w)

for all p,q > 2 and o > 0 such that

< (Cel/p

(84)

Ly (R;W 1 (RN))) Hoto

2 1 1

1
.

=

This dispersion allows for the convergence in C? _((0,T] x RY) (see also [52]).

loc

3.2.2 Long time existence for the compressible system

In [87], Hagstrom and Lorenz give a result about the global existence of strong
solutions to the slightly compressible Navier-Stokes system in 2D for initial
data which are close to the incompressible, namely satisfying a condition of
the type (76). Also, in [89], Hoff gives a similar result in dimension 2 or 3
with a force term under some assumptions about the limit system. These
two results use different properties of the system. However, they both use in
a critical way the presence of the viscosity. Consider the system (69) with
ay=1, pte = >0, { = § and p+ & > 0. The limit system reads

ot

(85)
u®(t =0,7) =u’(x), divu>® =0.

aOO
{L+u°°-Vu°°—,uu°°+Vp°°:O

In [87], the following result is proved

Theorem 3.5 Letu® € C°(T?) be an incompressible velocity field and wo(x) =
p>(t = 0,z) where (u™, p™) is the solution to (85), —Amg(x) = >7 ,_, Oiud;u?.

1,j=1
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There exists €g = eo(u®, 1, &) and 5o = do(u®, p, ) such that if 0 < € < ¢y and
the initial data (p°,u?) for (69) satisfies

lu(x) — ullls + € lpe(2) — 1 — e*molls < do (86)

then there exists a global solution (pe,u.) € C*([0,00) x T?) to (69) which
locally converges to (1,u*™) when € goes to zero.

We also refer to Gallagher [69] for a similar result.
Idea of the proof : We write u¢ = u™ +u' and p¢ = 1+ €*(7> +p'). Then,

we denote
w = ;-
€p

Hence, w satisfies the following equation

w+ (u* +u) - Vw=Aw+ G (87)
where A, is a constant coefficient operator given by
1 0 0 0, A + D2, & agy 0
A= — 0 0 09, | + §8§y A + §8§y 0 (88)
O, 0y, O 0 0 0

and G consists of nonlinear terms involving (u*,7%°) and w. It turns out
that this term can be controlled for long time due to the exponential decay
of the incompressible Navier-Stokes solution u>°.

Equation (87) is a coupled parabolic-hyperbolic system where the large
hyperbolic part is symmetric. Even though (87) is not completely parabolic,
in particular there is no viscosity in the third equation, the coupling between
the three equations yields some decay for w. This cannot be seen from the
standard L? estimate but requires the use of a different scalar product. We
denote fle(k) the symbol of A., k € Z? which can be obtained from A,
by replacing 0, by ik, and 0, by iks. Then a symmetrizer H (k) can be
constructed for (87) satisfying the following lemma

Lemma 3.6 [87] There ezist co, c1,Cy, Cy depending on u, &, €y such that for
0 < € < ¢g there are Hermitian matrices H(k,¢) € C3*3 satisfying

0<(I—Ciel) <H<(I+Ciel)
¢ (HA(k) + Ac(k)*H)q < —coq"Hqg — c1|k[*(|qa ] + |ga|?) ¥ ¢ € C?,
|H 1| < G
(89)
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Using this lemma, we can define a new inner product on L*(T? R?) by

(wi,wa)r = Y by (k)" H (k, €)by(k)

keZ?

which is used to prove the exponential decay. o

In [89], Hoff takes an other approach to prove the long time existence for
the slightly compressible Navier-Stokes. He uses the effective viscous flux F
given by

F = (4 &)divu, — 2[p) — 1 (90)

which satisfies the following elliptic equation
AF = div(p.Oiue + peue - Vue — pef) (91)

where f is the force term. It turns out that this equation yields some regu-
larity for F which is not shared by divu, or by e 2?[p? — 1]. Then, Hoff uses
the equation for the density to deduce that

(N + €>8t(pe - 1) + 672[03 - 1] = —pt’ (92>

from which we can deduce some decay for (p. — 1) if we have some good
control on F. We refer to [89] for more details.

3.2.3 Convergence in critical spaces

The compressible Navier-Stokes system (69) is invariant, up to a change of
the pressure law, under the transformation

(p(t,x),u(t,z)) — (p(It 12), lu(l*t, 1)) (93)
P(p) — EP(p). (94)

Hence it seems natural to consider initial data (p°, u°) € H%? x H%¥?>~!_ For
fixed € the local existence for (69) in the critical Besov space Bg’/f X B%?_l
was performed by Danchin [44]. He also proves global existence if the data
is small. We refer to [44] for the precise definition of the Besov space Bi/f.
We only recall that unlike H%?2, Bi/lz is injected in L°°.

In [46] and [45], Danchin proves the convergence of the solutions con-

structed in [44] towards solutions of the incompressible Navier-Stokes system.
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More precisely for the critical case, namely Bgf X Bi/f_l he proves a global

existence and convergence result but only for small data. For large data he
works with spaces which are slightly more regular, namely Bg’/f% X Bgf‘l*“
or the Sobolev spaces with the same regularity. Moreover, he proves the
convergence towards the incompressible Navier-Stokes system as long as the

solution of the limit system exists

3.3 The case of global weak solutions

Global weak solutions to the isentropic Navier-Stokes system were constructed
by P.-L. Lions [109] (see also Feireisl [64] and Novotny and Straskraba [139]).
We also refer to [65] for a review paper about the isentropic Navier-Stokes
system and to [66] for the existence of weak solutions to the full compressible
system. In this subsection, we would like to study the behavior of the weak
solutions constructed in [109] when the Mach number goes to zero. The first
paper treating this question is [111]. In [111], the group method was used
to pass to the limit in the nonlinear term. This yields the convergence in
the periodic case. The result of [111] was then extended in [54] and [52] to
deal with the case of a bounded domain or the whole space case. In [54], the
presence of a boundary layer is responsible of the damping of the acoustic
waves. In [52] the dispersion of the acoustic waves yields the local strong
convergence towards the incompressible solution.

In the next subsection 3.3.1, we will present in some details the simple
result of [113] were the convergence is proved locally in space. This proof is
independent of the boundary condition. In particular it also holds for the
exterior domain.

3.3.1 The local method

Let 2 be an open bounded set in RY. For e € (0, 1], we consider (p.,u.) a
weak solution of

Ipe
apt + div(peue) = 0, pe >0
(95)
apaetue + div(peue @ ue) — pAu, — EVdivu, + %V,OE =
€
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N
in (0,T)><Q,T>O,a>0,7>5,,u>0and,u+§>0. We assume that

pe € L=(0,T; L) N C([0, T]; LY), pelucl* € L=(0,T; L"), ue € L*(0,T; H')
and that the total energy is bounded namely

1 1
/ p6|u6|2 + 2 [PZ - ﬁ: - 7/5: (pe - ﬁE)] dr <C, ae. L€ (07 T)
Q

T
/ dt /dm |Du? < C
0 Q
(96)

for some positive constant C' independent of €, where p, is a positive constant
such that p. and 1/p. are bounded independently of e.
We denote p? and m? the initial conditions for p, and p.u.. We also assume
[me|?
0

€

that

, m?, p¥ are bounded in L', L*/0FV | L7 respectively. Extracting

0
Ome

VL
weakly when € goes to zero 0, towards p, m, w, u, p°, m°®, u° (respectively in
L>®(0,T; L) —wx, L=(0,T; L*/0FD) —wx, L=(0,T; L?) —w*, L*(0,T; H'),
L7, L2/0+Y [2) and that p,. converges towards p. Finally, we denote Vj =

{ue L2(Q),/ updr = 0 Vo € C3°(Q), div e =0 in Q} (if Q is regular,

Q
than Vo = {Vp, p € H'(Q)}.
The main result of [113] is the following

subsequences, we can assume that pe, petie, /Petic, Ue, p°, M converge

Theorem 3.7 Under the above conditions
i) pe converges to p in L>(0,T; L"), and m = \/pw = pu.
it) The weak limit u is a solution of the incompressible Navier-Stokes system

%—i—div(u@u)—uAu—l—VW:O, divu =01in Q x (0,7)
: (97)

u(lt=0,2) = u'(x)

with w € L*(0,T; HY) N L>(0,T; L*), 7 € D and v = = and u° € @° + Vj.

<=

Remark 3.8 1) For the existence of solutions to the compressible Navier-
Stokes satisfying the conditions stated above, we refer to [109].
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2) Theorem 3.7 does not say anything about the boundary condition satisfied
by w. This is natural since there is no boundary condition for the initial
system (95). This is the reason we have and initial condition u° € u° + Vj
which may seem vague. However, if we fix some boundary conditions, then
u® will be completely determined. This will be done in the next subsections.

Idea of the proof:
To simplify the proof, we assume that p. goes to p = 1.
Convergence of p. to 1
We claim that p. converges to 1 in C([0,00); LY) : indeed, for e small

13
enough p,. € (5, 5) and thus for all § > 0, there exists some vs > 0 such
that

2+ (v = 1)) —yx(p) Tt = wsle —p i |z —p| > 6, >0

Hence,

sup/lpe—ll7 < 57|Q|+Stl>1£)|:/1(|05—1|>6)|p6_ﬁep +Clpe — 1

t>0
C 2
< FNQ+ = +Clpe - 1
Vs

and we conclude upon letting first € go to 0 and then § go to 0. Actually,

we need more information about this convergence and more precisely, denot-

ing o, = Pe — Pe we can prove using some convexity inequalities that ¢, is

bounded in L>(0,T; L?) if v > 2. If v < 2, then p.1(,,—1<1/2) is bounded in
2_
L0, T L%) and [|@el(p.—1151/ llr=(or2) < Cer ™.

Next, we notice that 7. = p.u®u, is bounded in L>(0, T'; LY YNL?(0, T; L9)
o1 1 N-2
with — = —+
q
we denote by 7 a weak limit of 7.. Passing to the limit in the first equation of

(95), we deduce that u € L?(0,T; H') satisfies divu = 0 in x]0, T[. Passing
to the limit in the second equation of (95), we get

%—i—diVT—,uAu—i-Vm =0 (98)

where m € D'(2x (0,7)). We just need to prove that div(7) = div(u x u) +
Vmy. It turns out that in general my does not vanish.

it N >3,1<q<~if N =2. Extracting a subsequence,
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Convergence of u, in the regular case

First, we assume that o, 7 = 5(p? — p! —Y(pe — pe)), Me = peltc, uc are
regular in z, uniformly in €, i.e. ¢, 7 and m,, are bounded in L>(0,7; H?)
and u, is bounded in L?(0,T; H®) for all s > 0. Next, we want to show that

div(peue @ ue) = div(u ® u) + Vg (99)

for some distribution 7. To this end, we will pass to the limit locally in x
when € goes to 0. Let B be a ball in our domain 2. We want to prove the
convergence stated in (99) locally in B x (0,7"). We introduce the orthogonal
projections P and @ defined on L?(B) by I = P+Q ; divPu = 0, curl(Qu) =
0in B ; Pu.n =0 on 0B where n stands for the exterior normal to 0B.
Applying P to the second equation of (95), we deduce easily that %Pm6

is bounded in L>(0,7; H*)(Vs > 0) and hence that Pm, converges to Pu in
C([0,T]; H*) (Vs > 0). Here, we have used that the injection of H"(B) in
H*(B) is compact since B is bounded. We also deduce that Pu, converges

to Puin L?(0,T; H?®) since P(u. — u) = P<(1 — pﬁ)u€> + P<p6u€ — u)
Next, we decompose in B, m, in u+ P(m. — u) + Q(m. — u) and u, in
u+ P(ue —u) + Q(ue — u). Hence, we can decompose in D'(B) div(pue @ )
in 8 different terms and it is easy to see that it is sufficient to show that
div (Q(m6 —u) ® Q(ue — u)) converges to some gradient. Moreover since
Q(m.—u) and Q(u.—u) converge weakly to 0 and that Q(m.—u)—Q(u.—u) =
Q(((l — pg)u> converges to 0 in L*(0,T; H*) (Vs > 0), we see that it is

equivalent to show the above requirement for the following term div (Q(me —

u) @ Q(me — u)) Next, we introduce 1), such that ][wed:n =0, VY. = Qme.

B
Besides, it is easy to see that ¢, is bounded in L>(0,7; H®)(Vs > 0). With
the above notations, we deduce from the initial system (69) the following one

dp. 1 oV, ay
- A = — V. = F, 1
BN + c e =0, 5 + c Pe . (100)

where F, = &£V div u, + Vr, + u@ [Aue — div(peue @ u,)| is bounded in
L*(0,T; H®)(Vs > 0).
Next, we observe that in D'(Bx]0,T[), we have on one hand

iv(Qu® Qu) = SVIQuP’ + (dAvQu)Qu = V] Quf
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and on the other hand
. 1 2
div (ws ® we) = VIV + Auvy,
| N
= §V(|V¢e| ) - E(E%Viﬁe) + e F. — ayp Vo,

1 s 9\ O
= §V<|W}€| awe) at(ewevwg)ﬂwgﬂ.

Using that e V1), converges strongly to 0 in L*(0,7T; H*) (Vs > 0) and that
e F, converges strongly to 0 in L>(0,7; H®) (Vs > 0), we deduce that

div(Q(me — u) @ Q(m. —u)) = Vg (101)
and finally, we obtain that

div(peue @ ue) = diviu®@u) + Vg in B x (0,7) (102)

and the theorem is proved in the regular case. We only notice here that if €2
is not simply connected, we can take C' an annulus around each hole in the
previous argument to make sure that the pressure is globally well defined.

Convergence in the general case:

Now, we are going to show how we can regularize in = the above quanti-
1 .
ties (uniformly in €). To do so let K5 = 5—NK(5), where K € C§°(RY),

/ Kdz =1, § € (0,1). We can then regularize by convolution as follows
RN

02 = o x K5, m? = me * K;, u® = u, * Ks, 7° = 7. % K5. We can then follow
the same proof as in the regular case by replacing ¢, 7., m. and u, by their

regularizations and we conclude by observing that |Ju? — u[| , oz < €9,

1
Hue H Ll(,;LP) — Ll(,1;LP) —

L2(0,T;H?

(p= N3 it N >3 1<p<+ooif N=2). Indeed, from the above uni-

form bounds, we deduce that

s%g]{npfui = |y 18 = W]+ lpctic = ]y b O
ec)|0,
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0 0

oup {11l @ = @l N @ = me @l +
ec|0,
5 5
e @ ue =l @ Wl 0 f > 0,
.1 1 N-21 1 N-=-2 | 1 N-2 .
with — > -+ ——— — > — + , since — + < 1. Moreover, it

q v 2N "r v
is easy to see that for all § and all s, we have that ||m? — u?||r2(zs) goes to

0 when € goes to 0.
In the next three subsections, we would like to specify the boundary
conditions and give a more precise convergence result.

3.3.2 The periodic case

The periodic case was treated in [111]. The convergence stated in theorem 3.7
can not be improved. Indeed, the acoustic waves will oscillate indefinitely.
So, we only have weak convergence. The initial condition in (97) can be
specified precisely, namely u° = Pu°.

3.3.3 The case of Dirichlet boundary conditions

In this subsection, we will state more precise results in the case of Dirichlet
boundary conditions. Indeed, depending on some geometrical property of the
domain, we can prove a strong convergence result towards the incompressible
Navier-Stokes system, which means that all the oscillations are damped in
the limit. Let © be a bounded domain. We consider the system (69) with
the following Dirichlet boundary condition

ue=0 on 0. (103)

For e € (0, 1], we consider (p, u.) satisfying the same hypotheses as in section
3.3.1. In order to state precisely our main Theorem, we need to introduce a
geometrical condition on 2. Let us consider the following over determined
problem

0
a—i =0 on 09, and ¢ is constant on 0. (104)

A solution of (104) is said to be trivial if A = 0 and ¢ is a constant. We will
say that 2 satisfies assumption (H) if all the solutions of (104) are trivial.
Schiffer’s conjecture says that every (2 satisfies (H) excepted the ball (see for

“Ap =\ in Q,
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instance [71]). In two dimensional space, it is proved that every bounded,
simply connected open set  C R? whose boundary is Lipschitz but not real
analytic satisfies (H), hence property (H) is generic in R?. The main result
reads as follows

Theorem 3.9 Under the above conditions, p. converges to 1 in C([0,T]; L7(2))
and extracting a subsequence if necessary u. converges weakly to u in L*((0,T)x
DN for all T > 0, and strongly if Q satisfies (H). In addition, u is a global
weak solution of the incompressible Navier-Stokes equations with Dirichlet
boundary conditions satisfying u—o = Ptg in .

For the proof of this result, we refer to [54]. We only sketch below the
phenomenon going on. Let (A ()k>1, (Aro > 0), be the nondecreasing se-
quence of eigenvalues and (¥ o)x>1 the orthonormal basis of L*(Q) functions
with zero mean value of eigenvectors of the Laplace operator —Ay with
homogeneous Neumann boundary conditions

O
on

—AV = )\2,0\111@0 in €, =0 on 0N. (105)
We can split these eigenvectors (Uy o)gen (Which represent the acoustic eigen-
modes in 2) into two classes : those which are not constant on 0f2 will gener-
ate boundary layers and will be quickly damped, thus converging strongly to
0; those which are constant on 0f2 (non trivial solutions of (104)), for which
no boundary layer forms, will remain oscillating forever, leading to only weak
convergence. Indeed, if (H) is not satisfied, u¢ will in general only converge
weakly and not strongly to u (like in the periodic case Q2 = T? for instance).
However, if at initial time ¢ = 0, no modes of second type are present in the
velocity, the convergence to the incompressible solution is strong in L2.

Notice that according to Schiffer’s conjecture the convergence is not strong
for general initial data when 2 is the two or three dimensional ball, but is
expected to be always strong in any other domain with Dirichlet boundray
conditions.

3.3.4 The whole space case

In [52], the authors give a more precise result in the whole space case by
using the dispersion of the acoustic waves.
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Consider the system (95) in the whole space RY. The initial data (p%, m?)

satisfies
/ =0+ 7L g <o (106)
me(t = ——dr <
RN 2p?
0

€

Ve
converges weakly in L?(R") to some @°. Let L5(RY) denote the Orlicz space
LARY) = {f € L. (R")/flisj<1 € L* and fljys1 € LP}. We consider

loc

global weak solutions to (95) with the initial data (106) satisfying (96) with
Q replaced by RY and such that p. — 1 € L*°(0, T; L3 (RYM)).

W(PZ —1—7(p.—1)), mc = peu.. We also assume that

where 7, =

Theorem 3.10 Under the above assumptions, p.—1 converges to 0 in L*°(0,T’; L3).
For all subsequence of u. which converges weakly to some v € L%, u is a
global weak solution of the incompressible Navier-Stokes system with the ini-
tial data u(t = 0) = Pu®. Moreover, the subsequence u. converges strongly
to u in L2(0,T; L*(RY)) and the gradient part Qu. converges strongly to 0

loc

in L2(0,T; LYRYN)) for ¢ > 2 when N =2 and for q € (2,6) when N = 3.

The proof uses the Strichartz estimate (84) to prove that the acoustic waves
locally go to zero.

3.3.5 Convergence towards the Euler system

In this subsection, we study the case where p. goes to 0 too. We will state
two results in the periodic case and in the whole space case taken from [127].
The case of domains with boundaries is open even in the incompressible case
(see Section 2).
The whole space case

We consider a sequence of global weak solutions (p,, u.) of the compress-
ible Navier-Stokes equations (69) and we assume that p.—1 € L*>(0, co; LJ)N
C([0,00), LY) forall 1 < p < ~,where Ly = {f € L., | f|Lis>1 € L, | f|Li5<1 €
L?}, u. € L*0,T; H') for all T € (0,00) (with a norm which can explode
when € goes to 0), pe|uc|? € L=(0, 00; L') and peu, € C([0,00) ; L7 —w)

v/ (v+1)

i.e. is continuous with respect to t > 0 with values in L endowed with
its weak topology. We require (69) to hold in the sense of distributions and
we impose the following conditions at infinity

pe— 1 as || > 400, u.,—0 as |z]— +oo. (107)
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Finally, we prescribe initial conditions p(t =0) = p% , pou(t =0) = m?
)

where p? > 0, p° —1 € L7, m? € L*/0+) m? = 0 a.e. on {p® = 0} and
0

P°|ul|” € L', denoting by u® = ﬁoﬁ on {p? > 0}, u? = 0 on {p? = 0}. We

also introduce the following notation pe = 1+ ep.. Notice that if v < 2, we

cannot deduce any bound for o, in L>(0,T; L?). This is why we introduce

the following approximation which belongs to L2

1 2a
d, = - T —1—~(p. —1)).
6\/7_1(& Y(pe — 1))

Furthermore, we assume that /p? v converges strongly in L? to some u°.

Then, we denote by u® = Pa", where P is the projection on divergence-free
vector fields, we also define ) (the projection on gradient vector fields), hence
uw® = Pu® + Qu°. Moreover, we assume that ®° converges strongly in L? to
some . This also implies that ¢? converges to ¢° in L]. We also assume
that (pe,u.) satisfies the energy inequality. Our last requirement on (p., )
concerns the total energy : we assume that we have

t dE, ,
Ee(t)+/ D.(s)ds < E’ ae.t, — +D.<0 in D(0,00) (108)
0

dt
here B (t) = | ~polucf? ¢ 11 1))(t), D(t) =
where £,(t) = [ Sodud )+ 3 = =1 =t~ D) =
[ nDud) + € (vu?e) and B2 = [ Sl o (a0 -1 -

7(p? —1)). The existence of solutions satisfying the above requirement was
proved in [109].

When € goes to zero and p. goes to 0, we expect that u,. converges to v,
the solution of the Euler system

O+ div (v®v)+Vr=0
(109)
divv=0 vy =u’

in C([0,7*); H*). We have the following theorem

Theorem 3.11 We assume that pe = 0 (such that p. + & > 0 for all €)
and that Pu® € H* for some s > N/2 + 1, then P(\/peuc) converges to v
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in L>°(0,T; L*) for all T < T*, where v is the unique solution of the Euler
system in L2 ([0, T*); H®) and T* is the ezistence time of (109). In addition

loc

VPeue converges to v in LP(0,T; L3, for all 1 < p < +o0 and all T < T*.
The periodic case

Now, we take Q@ = TV and consider a sequence of solutions (p,u.) of
(69), satisfying the same conditions as in the whole space case (the functions
are now periodic in space and all the integration are performed over TY).
Of course, the conditions at infinity are removed and the spaces LY can be
replaced by LP. Here, we have to impose more conditions on the oscillating
part (acoustic waves), namely we have to assume that Qu" is more regular
than L?. In fact, in the periodic case, we do not have a dispersion phe-
nomenon as in the case of the whole space and the acoustic waves will not
go to infinity, but they are going to interact with each other. This is why, we
have to include them in the energy estimates to show our convergence result.
This requires an analysis of the possible resonances between the different
modes.

For the next theorem, we assume that Qu°, ¢° € H*! and that there
exists a nonnegative constant v such that p. + & > 2v > 0 for all e. For
simplicity, we assume that u. 4+ & converges to 2v.

Theorem 3.12 : (The periodic case) We assume that p. = 0 (such that
pe+E& — 2v > 0) and that Pa® € H® for some s > N/2+1, and Qu°, ¢° €
H*™! then P(y/peuc) converges to v in L*°(0,T;L?) for all T < T*, where
v is the unique solution of the Euler system in L72.(0,T7*; H®) and T is

the existence time of (109). In addition \/pcuc converges weakly to v in
L>(0,T; L?)

Idea of the proofs

The proofs of theorems 3.11 and 3.12 are based on energy estimates, since
we loose the compactness in = from the viscosity at the limit. Indeed, using
the energy bounds, we deduce that p. — 1 converges to 0 in L*>°(0,7"; L3) and
that there exists some u € L>(0,T'; L?) and a subsequence \/Pclle converging
weakly to u. Hence, we also deduce that p.u. converges weakly to u in
L7 Here we are in a situation where we do not have compactness in
time and we do not have compactness in space. This is why we have to use
an energy method. For this, we have to describe the oscillations in time and
incorporate them in the energy estimates. It turns out that in the whole

42



space case the acoustic waves disperse to infinity as can be deduced from
the Strichartz estimate (84). We also refer to [166] and theorem 3.3 in the
framework of strong solutions and [52] and theorem 3.10 in the framework of
weak solutions. In the sequel, we will concentrate more on the periodic case.
The operators L and £ were defined in (83). Let

U = (e, Qpeue)) and V= L(—t/e)(pe, Q(peuc)).

Using that
Ope .. 0
€ T 1 div Qlpau) = 0, ¢ = Qpau) + Vi, = cF. (110)
ot ot
for some F. which is bounded in L?H~" for some r € R, we deduce that

1
oUc = —LU® + (0, F,), and hence that 0,V = L(—t/€)(0, F). This means
€

that V¢ is compact in time since the oscillations have been canceled by
L(—t/e). If we had enough compactness in space we could pass to the limit
in this equation and recover the following limit system for the oscillating part

OV + Q1(u, V) + Qo(V, V) — vAV = 0, (111)

where Q; and Q, are respectively a linear and a bilinear forms in V' defined
by

Definition 3.13 For all divergence-free vector field u € L*(Q)N and all V =
(¥, Vq) € L2 Q)NTL, we define the following linear and bilinear symmetric
forms in 'V

.1 0
Qw V) = Tlerolo 7 Jo £=s) (div (u ® Ly(s)V + Lo(s)V ® u))ds (112)

and

T 0
Qv V)= tim - [ £ ( (c2<s>V®cz<s>v)+”T1V<£1<8>V>2)d8'

(113)

The convergences stated above take place in W11 and can be shown by
using almost-periodic functions (see [125] and the references therein). We
also notice that

—vAV = lim = —E(—s)(
0

T—00 T

0

zyAcQ(s)v) ds (114)
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To recover compactness in space, we will use the regularity of the limit
system. Let V° be the solution of the following system

VO + Q1(v, Vo) + Qu(VO, V) —vAV? =0
(115)
Vio = (¢, Q1)

where v is the solution of the incompressible Euler equations with initial data
u®. The existence of global strong solutions for the system (115) (and local
solutions if the viscosity term is removed) can be deduced from the exact
computations of the two forms ©O; and Q,. We point out that in the case
v > 0, the existence of a global solution to the system (115) is an important
property of (115) which is not shared by the Navier-Stokes system from which
it is derived. Indeed, the nonlinear term Qy(V°, V?) can be decomposed into
a countable number of Burgers equations. We refer to [127] for more details.

Finally, the energy method is based on the fact that we can apply a
Gronwall lemma to the following quantity

t t
||\/Eue—v—ﬁz(g)VH%Q+I|¢e—£1(g)V||%z- (116)

Notice indeed, that from the analysis given above, we expect that |/pcu.
behaves like v + L5(1)V and that ¢, and ®. behave like £;(£)V. For the
details, we refer to [127].

We want to point out that the method of proof is the same for the whole
space case and is simpler since we do not have to study all the resonances
(the acoustic waves go to infinity). So, we just need to apply a Gronwall

lemma to the quantity given in (116) where V is replaced by V (¢t = 0).

Remark 3.14 In theorem 3.12, one can remowve the condition 2v > 0. In
that case, we still have the result of theorem 3.12 but only on an interval of
time (0, T**) which is the existence interval for the equation governing the
oscillating part (115). Indeed, it is easy to see using the particular form of
Q; and Qy that if v > 0 and V(t = 0) € H*! then, we have (as long as v
exists) a global solution in L>°(H*™') which satisfies VV € L'(0,T; L>). On
the other hand if v = 0 and V(t = 0) € H*™' then we can only construct a
local (in time) solution in L®(H*™Y) which satisfies VV € LY(0,T; L>®) for
all T < T*.
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3.4 Study of the limit v — oo

In this subsection we are going to study the limit + going to infinity. De-
pending on the total mass, we will recover at the limit either a mixed model,
which behaves as a compressible one if p < 1 and as an incompressible one
if p =1 or the classical incompressible Navier-Stokes system. We start with
the first case and define the limit system, namely

%—l—div(pu)—()in 0,T)xQ, 0<p<lin (0,T)xQ,  (117)
% +div(pu @ u) — pAu — EVdivu + Vr=01in (0,7) x Q,  (118)
divu = 0 a.e. on {,0 = 1} : (119)

7 =0 a.e. on {p<1},7r20a.e. on {pzl} (120)

In all this section, €2 is taken to be the torus, the whole space or a bounded
domain with Dirichlet boundary conditions. Indeed, the proofs given in
[112] can also apply to the case of Dirichlet boundary conditions, by using
the bounds given in [110] and [67].

Let v, be a sequence of nonnegative real numbers that goes to infinity.
Let (pn,un) be a sequence of weak solutions to the isentropic compressible
Navier-Stokes equations

%%—div(pu) =0, p>0,
(121)

% + div(pu ® u) — pAu — EVdivu + Vo' =0

where > 0 and pu+& > 0. We recall that global weak solutions of the above
N
system are known to exist, if we assume in addition that ~, > 5 This holds

for n large enough. The sequence (p,, u,) satisfies in addition the following
initial conditions and the following bounds,

prtn(t =0)=m | p.(t=0)=p>, (122)
where 0 < p? a.e. , p® is bounded in L'(Q) and p° € L with /(pg)% < Cv,

for some fixed C', m® € L2/ +D(Q), and p? [ul|* is bounded in L', denoting
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0
by u? = % on {p® > 0}, u® =0 on {p? = 0}. In the periodic case or in the

n
Dirichlet boundary condition case, we also assume that [ p% = M, for some

M, such that 0 < M, < M < 1 and M,, — M. Furthermore, we assume
that p2ul converges weakly in L? to some m® and that p® converges weakly
in L' to some p°. The last requirement concerns the following energy bounds
we impose on the sequence of solutions we consider,

t dE /
E,(t) +/ D,(s)ds < E° ae.t, d_tn +D, <0 in D(0,00) (123)
0

whete E,(8) = [ SoulunP(0) + —(p.7"(0). Dult) = [ ulDuf(0) + €

1 a
(v (1) and 5 = [ St +

Without loss of generality, extracting subsequences if necessary, we can
assume that (p,,u,) converges weakly to (p,u). More precisely we can as-
sume that p, — p weakly in LP((0,7) x Q) for any 1 < p < oo and that
p € L>(0,T; LP) (in fact we will show that p actually satisfies 0 < p < 1),
u, — u weakly in L*(0,T; H.,).

Before stating the main theorem, we have to define precisely the notion
of weak solutions for the limit system. (p,u, ) is called a weak solution of
the limit system (117-120) if

p € L®(0,T; L= N LYN)) NC(0,T; LP) for any 1 < p < o0 (124)

Vu e L*(0,T, L?) and u € L*(0,T; H'(B)), (125)

where B = Qif Q = TV or if Q is a bounded domain (with Dirichlet boundary
conditions) and B is any ball in RY if Q = R¥ | in this last case we also impose
that u € L2(0,T, L2Y/N=2(RY)), if in addition N > 3.
Moreover,

plul* € L>=(0,00; L') and pu € L>(0, c0; L?) (126)

Next, equations (117), (118) must be satisfied in the distributional sense.
This can be written using a weak formulation (which also incorporate the
initial conditions in some weak sense), namely we require that the following

identities hold for all ¢ € C*(]0,00) x ) and for all & € C>([0,00) x Q)"
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compactly supported in [0,00) x Q (i.e. vanishing identically for ¢ large

enough)
_/OOO dt/gpat(b_/gp%(o)_/ooodt/qu.w): 0,  (127)

_/OOO dt/gpu.@tq)—/gmo@(())—/Ooodt/ﬂp(u-vq))-u+ (128)

+/ dt{/ wDu.D® + {divudiv@} — 7 divd =0.
0 Q

On the other hand, the equation (120) should be understood in the following
way pm = m > 0. Of course, we have to define the sense of the product pr
since, we only require that 7 € M. Indeed, the product can be defined by
using that

p € C([0,T]; LP)n C*([0,T]; H™),

(129)
e W heo(HY) + LY (LN WN=2) 0 L*(LP) + L*(L?).
1 1N =2 1
Where1<a,ﬁ<ooandB:ET+(1—5).

Finally, equation (119) is just a consequence of (117), however we incor-
porate it in the limit system to emphasis the fact that it is a mixed system
which behaves like a compressible one if p < 1 and as an incompressible one
if p=1.

Theorem 3.15 Under the above conditions, we have 0 < p <1 and
(pn—1)1 — 0 in L*(0,T; LP) for any 1 < p < +o0.

Moreover, (pn)™ is bounded in L' (for n such that v, > N ). Then extracting
subsequences again, there exists 1 € M((0,T) x Q) such that

(pn)™ & . (130)

If in addition p° converges in L' to p° then (p,u,m) is a weak solution of
(117-120) and the following strong convergences hold

pn—p in  C(0,T;LP(Q)) for any 1 < p < +0o0
Py, — puin LP(0,T; LY(Q)) for any 1 <p < +oo, 1 <g<2
Pntln @ Uy — pu@u in  LP(0,T; LY(Q)) for any 1 < p < +o0.
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The second result concerns the case M > 1. Let (p,,u,) be a sequence
of solutions of (121) satisfying the above requirement but where we assume
now that [ ph = M >1, [(p2)™ < M™ + C~, for some fixed C.

Theorem 3.16 Under the above assumptions, p, convergesto M in C([0,T]; LP(Q2))
for 1 < p < 400, /P u, converges weakly to VMu in L=(0,T; L*()) and
Du,, converges weakly to Du in L*(0,T; L*(Q)) for all T € (0,00) where u is
a solution of the incompressible Navier-Stokes system
%jtdiv(u@u) — %Au—{—Vp:O,
div(u) =0, uy—g = P(m").

For the proof of these two theorems we refer to [112] and to [124] for the
Dirichlet boundary condition case.

3.5 The Non-isentropic case

We consider the non-isentropic compressible Euler system. This can be writ-
ten after some simple change of variable in the following form (see [133])

a(Bg+v-Vg) +1V-v=0
r(@w +v-Vu)+1iVg=0 (131)

@S +v- VS =0
where a = a(S, eq) and r = r(S5, eq) are positive given function of S and egq.
In (131), S is the entropy, P = Pe® is the pressure for some constant P
and v is a rescaled velocity. The equation of state is given by the density
p = R(S, P) from which we can deduce the function a and r by

POR(S, P) R(S, P)
=—=——" = —", 132
Formally when € goes to zero, we expect that the solution (g, v, S¢) to the
system (131) converges to a solution of the following limit system

ro(S) (0w +v-Vu)+Vr =0

a(S, eq)

div(v) =0 (133)
(9,55' +v- VS =0
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where r(S) = r(5,0). The limit system (133) is an inhomogeneous incom-
pressible Euler system (see [108] for some remarks about this system). This
convergence was first proved in the “well-prepared” case in [153].

For general initial data, there are two major questions we can ask about
the system (131). Can we solve (131) on some time interval which is inde-
pendent of € 7 and can we characterize the limit of (g, v., Sc) when e goes
to zero 7 For the first question a full satisfactory answer is given in [133].
For the second equation, Métivier and Schochet [133] prove the convergence
towards the limit system (133) in the whole space by using the dispersion
for a wave equation with non constant coefficients. For the periodic case the
problem is much more involved due to the oscillations in time. In [134], the
same authors give some partial results. The case of the exterior domain is
treated in [2]. Before stating the result of [133], let us mention the reference
[26] where a formal computation is made in the periodic case and the recent
paper [3] where the full compressible Navier-Stokes is considered in the whole
space.

Let us take some initial data for (131) (g, v, Sc)(t = 0) = (¢°, 02, S?).
The following result is proved in [133]. The first part applies to the case
Q =TV and Q = R" (see also [2] for domains with boundary). The second
part is only for the whole space case (see [2] for the case of an exterior
domain).

Theorem 3.17 i) Assume that ||(¢°,v°, S)||gs < My where s > N/2 + 1.
There exists T = T'(My) such that for all 0 < € < 1, the Cauchy problem with
the initial data (g°,v?,S?) has a unique solution (q.,v.,S.) € C([0,T); H®).
i) Moreover if @ = RN and (v°,S°) converges in H*(RY) to some (v°,S°)
and S° decays at infinity in the sense

|S5(2) < Cla|™'7° |VS§(x)| < Clar|>7°
then (qe, ve, S¢) converges weakly in L=(0,T; H®) and strongly in L*(0,T; Hy )
for all s < s to a limit (0,v,S). Moreover, (v,S) is the unique solution in
C([0,T]; H®) of the limit system (133) with the initial data (wg, Sy) where wy
is the unique solution in H*(RY) of

div(wg) =0, curl(rowy) = curl(rgvg), where ro = r(Sp,0). (134)

The difficulty in proving the convergence towards the limit system is that
the acoustic waves satisfy a wave equation with variable coefficients. The

49



proof of the convergence is based on the use of the H—measures (which were
introduced by Gérard [72] and Tartar [161]) to analysis the oscillating part
and actually prove that it disperses to infinity as was the case in the isentropic
case.

4 Study of rotating fluids at high frequency

In this section, we will study rotating fluids when the frequency of rotation
goes to zero. This is a singular limit which has many similarities with the
compressible-incompressible limit. We will not detail all the known results
for this system. We consider the following system of equations

e3 X u" Vp

Ou” + div(u® @ u™) — vO2u™ — nA, u™ + =——+Fin (35)
€

€

div(u") =0 in (136)

u™(0) =ug  with div(ug) =0 (137)

u=0 on 0 (138)

where for example = T?x]0,h[ or Q@ = T3 v = v and n = 7" are

respectively the vertical and horizontal viscosities and € = €" is the Rossby
number. This system describes the motion of a rotating fluid as the Ekman
and Rossby numbers go to zero (see Pedlovsky [144], and Greenspan [80]).
It can model the ocean, the atmosphere, or a rotating fluid in a container.
As for the compressible-incompressible limit the limit system can depend on
the boundary conditions in a non trivial way.

4.1 The periodic case

When there is no boundary (2 = T? for instance) and when v =1 =1 (the
Navier-Stokes case) or v =1 = 0 (the Euler case), the problem was studied
by several authors ([81], [33], [8], [9], [10], [63], [68], [143]...) by using the
group method of [154] and [81]. This method was first introduced to treat the
compressible incompressible limit (see subsections 3.2.1 and 3.3.5). Basically,
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denoting Lu = —P(e3 x u) and L(7) = €™, we see that v™ = L(—t/e)u™
satisfies

O™ + L(—t/e) [div(u" @ u") — vOZu™ — nA, u”] = -Vgin  Q (139)

which gives compactness in time for v™.

The special structure of the limit system which is similar to (159) allows
to prove results about long time existence for the Navier-Stokes system when
€ goes to zero. This means in some sense that the rotation has a regularizing
effect. This regularizing effect also appear when we deal with boundary layers
(see the next subsection).

The method introduced in [154] fails when €2 has a boundary (except in
very particular cases where there is no boundary layer, or where boundary
layers can be eliminated by symmetry [23]).

4.2 Ekman boundary layers in Q = T?x]|0, h]

In domains with boundaries (for instance Q = T*x]0, i), the case of “well-
prepared” initial data was treated in [37], [84], [123], [73]. Here “well-
prepared” initial data means that Luy = 0 which implies that the initial
data is bi-dimensional and only depends on the horizontal variables. No-
tice that this implies that there are no oscillations in time. In this case a
boundary layer appears at z = 0 and z = h to match the non-slip boundary
condition with the interior flow. This boundary layer is responsible of the
so-called Ekman damping. Let us give a formal expansion leading to the
Ekman boundary layer in the well-prepared case (see [84])

4.2.1 Formal expansion

For convenience we will take here ¢ = v, otherwise there is not such a formal
development. Let us write u™, p and F in the following form

z h—=z
U=U"¢ 2,1,z 7 T) +eU + ...
where [ is the length of the boundary layer. Notice here that we do not have
a dependence on E since we are concerned here with the well-prepared case.
U? is decomposed as

UO = Qo(t’ x?y’ Z) + Uo(t7$’ y? 9) _I_ (vjo(t’ x7 y’ A)?

o1



is the sum of an interior term U° and of two boundary layer terms U° and Uo
respectively near z = 0 and z = h, where we set = z/l and A\ = (h — 2)/l.
We enforce

lim U =0 and lim U =0,

6—o00 A—00

and, to get the good limit conditions at z = 0 and z = h,

u(t,x,y, 2 =0)+a’(t,z,y,0 = 0) =0, (140)

u(t,z,y,z = h) +u°(t,z,y, A = 0) = 0. (141)

Since the Ekman boundary layers come from the interaction between the
viscosity v0?u and the Coriolis force e '(e3 x u), we take [ = /e, hence
[ = €, in this section. Let us focus on the boundary layer near z = 0. At the
leading order €2 , one gets

0pp° =0 hence p°=0.

The pressure does not change in the boundary layer, which is classical in
fluid mechanics. One also has from (135)

—uf = —0,p°, (142)
u = =0,p", (143)
0=—0.p", (144)

—07u) — 1y =0, (145)
—515 + ) = 0, (146)
—giiy = —0pp", (147)

and from (136)

dpliy =0 hence @3 =0,

(148)

Oou + Oy + O.u3 = 0, (149)
0,15 + 0,11y + Opliz = 0. (150)
(147)

(143)

give that u{ and u$ do not depend on z, and that

Dpu® + 0yud = 0. (151)
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Subtracting this from (149), one gets that u} does not depend on z, and since
a3 = 0, (140) leads to ul = 0.

Hence u° satisfies an equation of 2-D Navier-Stokes’ type. To find this
equation, one must take the next order of (42), which gives

1
—Uy
O’ + V(' @u’) = Agyu’ + | wp | ==Vp'+ FO(t,2,y,2) inw(152)
0

We will suppose that F° does not depend on z, and that Fy (¢, z,y) = 0. The
third component gives that p' does not depend on z. Combining this with
(152), one finds that u} and ud do not depend on z. Hence the divergence-free

condition for u' shows that u} is affine.
Let (° = curl u°. We have

9%+ (W V)" — A, ,¢° — curl F* = —0,u; — d,ujy = O.uj.
Integrating this equation with respect to z, we obtain
¢+ (WO V)" — A, " — curl FO=h7Y(u(z = h) — uj(z = 0)).

Therefore there is a source term in the equation of the vorticity, term which
is given by the vertical velocity of the fluid just outside the Ekman boundary
layer. So let us compute the boundary layer @°, which satisfies

The solution is given by

9

@} = —e V2 (u] cos( ) + ufsin(F5)
9

)= —e vz (u) cos(\%) —u? sin(\%)

Reporting this in (150), and using (151), one gets

9l — -5 0 9.0\
pith = ¢ 3 (D, — D) sin(

Sl
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Integrating this equation,

6_
~1
U3 —_—

s

2 0 0
0,ud — O, u) (sin(—=) + cos(—=
7 (Ortty — Dyuy)( (\/5) (\/5))
The integration constant is 0, because limy ., a3 = 0.
The same calculus holds for the boundary layer at z = h, if we change 6

by A and 89 by —a)\

(153)

A

W) =—e vz (u? cos(\%) + ud sin(\%)
uy = —e v uj cos( ) — uf sin(\%)
A
v e V2 .
iy = S5 (Opuh — Oyud) (sm(\%) + cos(\%))
Using the limit conditions, and the fact that ul is affine, one gets
Opud — Oyul 2
= B0 (1 %) (154)
V2 h
V2
822:1% = ———(Dpuy — ayﬂcl)) (155)

h
Coming back to (152), we find the limit system

2
o’ + V(' @u’) — A, u’ + \/T_QO =—-Vg+F° in w (156)

Hence (u!, 1)) satisfies a 2-D Navier-Stokes system with a damping term (we
recall u = 0).

4.2.2 The “ill-prepared” case

We want here to present the result of [125] where = T?x]0, h[ and we
consider “ill-prepared” initial data. Here, we have to study the oscillations
in time and show that they do not affect the averaged flow. We can apply
the same formal expansion as in the previous subsection taking into account
the oscillations in time, namely

z h—z

t
U:UO(E,t,x,y,z,i,T)—I—eUl—l—... (157)
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U = U (7, t,2,y,2) + U7, t,2,9,0) + U°(7, L, 2, y, ). (158)

We do not detail this expansion here and refer to [125]. We only point
out that there are two extra difficulties here. Indeed, there is an oscillating
boundary layer for each mode which has a vertical component. Moreover,
we have to deal with the resonances between the different modes as in the
works cited in the periodic case.

To write down the limit system, we introduce the spaces Vi, consisting
of functions of H® with some extra conditions on the boundary (see [125]).
We also set Lu = —P(e3 X u), where P is the projection onto divergence-free
vector fields such that the third component vanishes on the boundary and
L(7) = e™. Let us denote w the solution in L>(0,7*, V) of the following
system

ow + Q(w,w) — Ay yw+yS(w) =—-Vpin Q,
div(w) =0in €,
wn=xws=0 on J9Q,

w(t =0) = uw’.

(159)

where Q(w,w), S(w) are respectively a bilinear and a linear operators of w,
given by

Qw,wy= > bt )b(t,m) e, N*(X) (160)

l,m,k
keA(l,m)
AD+A(M)=A(k)

where the N* are the eigenfunctions of L and i\(k) are the associated
eigenvalues, . are constants which depends on (I,m, k) and A(l,m) =
{l4+m, Sl+m, I+ Sm, Sl+ Sm}, (Sl = (I1,ls, —I3)) is the set of possible
resonances. The bilinear term @ is due to the fact that only resonant modes
in the advective term w.Vw are present in the limit equation.

S(w) = 5" = (D(k) + i1 (K))b(t, k) N*(X)
where
D(k) = \/5{(1 . A(k)Q)%} , I(k)=V2 {/\(k)(l - A(k:)?)%} .

In fact S(w) is a damping term that depends on the frequencies A\(k), since
D(k) > 0. It is due to the presence of a boundary layer which creates a second
flow of order e responsible of this damping (called damping of Ekman).
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Theorem 4.1 Let s >5/2, and w® € V2 ()3, V.w®=0. We assume

sym
that u? converges in L*(2) to w®, n =1 and €,v go to 0 such that \/g — .
Then any sequence of global weak solutions (d la Leray) u™ of (135- 138)
satisfying the energy inequality satisfies

u" — L(E)w — 0 din  L>(0,T* L*Q)),
€

t
Vo (u" — E(E)w), Vvou" — 0 in L*(0,T*, L*(2))
where w is the solution in L>(0,7*,VE ) of (159)

) Vsym

The above theorem gives a precise description of the oscillations in the
sequence u". We can also show that the oscillations do not affect the averaged
flow (also called the quasi-geostrophic flow). We see then that w (the weak
limit of u") satisfies a 2-D Navier-Stokes equation with a damping term,
namely

O +W.NVW — A\, T +v¥2w = —Vpin T2
diviw)=0in T? (161)
w(t =0)=Sw’) =u",
where S is the projection onto the slow modes, namely that do not depend
on z, w(t,x,y) = S(w) = (1/h) fohw(t,x,y,z)dz.
This can be proved by studying the operator ) and showing that if k €
A(l,m) with k3 = 0 and l3m3 # 0 than oy, + @ = 0.

4.2.3 Non flat bottom

In [125], we also deal with other boundary conditions, and construct Ekman
layers near a non flat bottom

Qs = {(z,9,2), where (z,y) € T?, and §f(z,y) <z <h},

with the following boundary conditions

u(z,y,0f(z,y)) = 0. (162)
We also treat the case of a free surface,
u" 1 t
un(z=h)=0 0, }L) = —o(-,t,, 163
ie=m=0 o.(1F) =FeCean (163)

where o describes the wind (see [144]). Next, we have the following theorem
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Theorem 4.2 Let u™ be global weak solutions of (185,136,137, 162,163). If
n=1 and (¢,v,3,0) — (0,0,0,0) then

W= L(Bw =0 in 120, T LXQ)),

€
Vo, (0 — L), oo — 0 in 120, T L2(Q))
€

S stand for the limit

where w is the solution of the following system (\/_, 5 e

of these quantities when n goes to infinity)

ow + Q(w, w) xyw+2\/—_ "51 gﬁg(f,w) =-Vp
div(w) =0 in £,
wn=2ws=0 on 09,
w(t=0)=

(164)

where Sy(0), and So(f,w) are source terms that are due respectively to the
wind , and to the non flat bottom.

The proofs of the above two theorems are based (as in the previous sec-
tion) on energy estimates and use a more complicated corrector due to the
presence of oscillations in time as well as the presence of different types of
boundary layers. For more details about the proof, we refer to the original
paper [125].

4.3 The case of other geometries

In the whole space case or in a domain 2 = R?x]0, h[ the oscillations dis-
perse to infinity as was the case for the acoustic waves in the compressible-
incompressible limit. Let us state the following result for Q = R*x]0, A
taken from [35]. We take 1 to be constant and v = e.

Theorem 4.3 Let ug be a divergence free vector field is L?, ug.n = up3 = 0
on 0. Let u® be a family of weak solutions of (135- 138) written in Q =
R%x]0, h[. Let W be the global solution of the 2D Navier-Stokes system (161)
in R? with the initial data S(w®). Then, we have

[u = (@, )| Lo mys22, 2 xj0.0p) T 1V (0 — (@, 0) || 2@y 22 ®2xjonyy — O

(165)
when € goes to zero.
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The proof of this theorem uses the Ekman layer constructed in subsection
4.2.1 and some Strichartz type estimate for the oscillating part.

Let us also mention that the study of other geometries such as cylindrical
domains were also studied [25].

4.4 Other related problems

We would like to end this section on rotating fluids by mentioning few related
results. First, other physical systems present very similar properties to the
rotating fluids. For instance there are several singular limits coming from
magneto-hydrodynamic which have similar properties as the rotating fluids.
We refer to [51] and [20]

An other important question concerns the stability of boundary layers.
Indeed, in the previous subsection, we dealt with the case the horizontal
viscosity was not going to zero. We can also study the case where 1 goes to
zero. For the case without rotation we are lead to the inviscid limit which
was studied in section 2. It was proved that if v, n and v/n go to zero then
we have convergence towards the Euler system. In other words the horizontal
viscosity has a regularizing effect which is not shared by the vertical one. In
the case with rotation and when v = 1, we can prove [123] (see also [125] for
the ill-prepared case) that if

14
[l < C=, (166)

for some small enough constant C, then we have convergence towards the
Euler system with damping, namely (161) with n = 0. This means that the
rotation has a regularizing effect. Condition (166) is a stability condition.
It was proved in [53] that the boundary layer can be instable if (166) is not
satisfied. More precisely, Desjardins and Grenier [53] prove the instability
of the Ekman boundary layer under a more precise spectral condition. The
stability condition (166) can also be refined to match the spectral condition.
This was done by Rousset [148] for the case of Ekman boundary layers and
[147] for the case of Ekman-Hartmann boundary layers.
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5 Hydrodynamic limit of the Boltzmann equa-
tion

From a physical point of view, we expect that a gas can be described by
a fluid equation when the mean free path (Knudsen number) goes to zero.
During the last two decades this problem got a lot of interest and specially
after DiPerna and Lions constructed their renormalized solutions [56]. In this
section, we present some of the most recent results concerning these (rigorous)
derivations. We will present results for the three most classical equations
of fluid mechanics in the incompressible regime, namely the incompressible
Navier-Stokes equation, the Stokes equation and the Euler equation. We will
also present some derivation of Fluid Mechanic boundary conditions starting
from kinetic boundary conditions [132].

5.1 Scalings and formal asymptotics

In his sixth problem, Hilbert asked for a full mathematical justification of
fluid mechanics equations starting from particle systems [88]. If we take the
Boltzmann equation as a starting point, this problem can be stated as an
asymptotic problem. Namely, starting from the Boltzmann equation, can we
derive fluid mechanics equations and in which regime 7

A program in this direction was initiated by Bardos, Golse and Lever-
more [12] who, using the the renormalized solutions to the Boltzmann equa-
tion constructed by DiPerna and Lions, set an asymptotic regime where one
can derive different fluid equations (and in particular incompressible models)
depending on the chosen scaling.

5.1.1 The Boltzmann equation

The Boltzmann equation describes the evolution of the particle density of a
rarefied gas. Indeed, the molecules of a gas can be modeled by hard spheres
that move according to the laws of classical mechanics. However, due to the
enormous number of molecules (about 2.7 10! molecules in a cubic centime-
ter of gas at 1 atm and 0° C), it seems difficult to describe the state of the
gas by giving the position and velocity of each individual particle. Hence,
we must use some statistics and instead of giving the position and velocity
of each particle, we specify the density of particles F(x,v) at each point
x and velocity v. This means that we describe the gas by giving for each
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point x and velocity v the number of particles F'(z,v) dz dv in the volume
(x,x 4+ dzx) X (v,v + dv).

Under some assumptions (rarefied gas, ...), it is possible to derive (at
least formally) the Boltzmann equation from the classical Newton laws in an
asymptotic regime where the number of particles goes to infinity. (see [101],
[157] and [31] for some rigorous results about the derivation of the Boltzmann
equation starting from the N particle system).

The Boltzmann equation reads

O,F +v.V,F = B(F, F) (167)

where the collision kernel B(F, F) is a quadratic form which acts only on
the v variable. It describes the possible interaction between two different
particles and is given by

B(F, F)(v) :/ / (F{F' — FyF)b(v — vy, w)dvidw (168)
rD Jgp-1
where we have used the following notation for all function ¢
¢ =), ¢1=0(v), ¢ =e(vy), (169)
and where the primed speeds are given by
v =v+ wlw. (v — )], v] =0 —wlw.(v; —v)]. (170)

Moreover, the Boltzmann cross-section b(z,w) (2 € RP,w € SP~1) depends
on the molecular interactions (intermolecular potential). It is a nonnegative,
locally integrable function (at least when grazing collisions are neglected).
The Galilean invariance of the collisions implies that b depends only on v —
v1,w and that

w.(v; —v)

b(’Z?w) = |Z‘S(’Z’, ‘Mc’)v Me = (171>

o1 —
where § is the specific differential cross-section. We also insist on the fact
that the relations (170) are equivalent to the following conservations

v+ v} =v+wv; (conservation of the moment) (172)
|02 + |[v}]* = [v]* + |v1|* (conservation of the kinetic energy)  (173)

We notice that the fact that two particles give two particles after the interac-
tion translates the conservation of mass. For a more precise discussion about
the Boltzmann equation, we refer to [30], [31] and [168]. For some numerical
works on the hydrodynamic limit, we refer to [156].
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5.1.2 Compressible Euler

We start here by explaining how one can derive (at least formally) the Com-
pressible Euler equation from the Boltzmann equation. A rigorous derivation
can be found in Caflisch [28]. If F' satisfies the Boltzmann equation, we de-
duce by integration in the v variable (at least formally) the following local
conservations

O (fop F dv) + V. (fppv F dv) =0
(o vF dv) + Vo (fpv®v F dv) =0 (174)

O (fgp |V[*F dv) + V. (fp v|v]* F dv) =0

These three equations describe respectively the conservation of mass, mo-
mentum and energy. They present a great resemblance with the compressible
Euler equation. However, the third moment [, v[v|* F' dv is not a function
of the others and depends in general on the whole distribution F'(v). In the
asymptotic regimes we want to study, the distribution F'(v) will be very close
to a Maxwellian due to the fact that the Knudsen number is going to 0. If
we make the assumption that F'(v) is a Maxwellian for all ¢t and x, then the
third moment [, v[v|* F' dv can be given as a function of p = [, F' dv,
pu = [opvF dvand p(i|ul* + 26) = [, 2|v|*F dv. Moreover, for all ¢ and
7, f]R{D v;v;F dv can also be expressed as a function of p, v and 0.

We recall that a Maxwellian M, , ¢ is completely defined by its density,
bulk velocity and temperature

__r L
Mp,u,@ — (27r9)D/2eXp( 20|U U| ) (175>

where p,u and € depend only on ¢ and x. If, we assume that for all ¢ and =z,
F is a Maxwellian given by F' = M, 2) u(t,2),0(t,2) then (174) reduces to

Op+Vepu=0
O(pu) + Vu.(pu @ u) + Vi (ph) =0 (176)
O (zplul + 2p6) + Va. (pul5luf* + 5526)) =0

which is the compressible Euler system for a mono-atomic perfect gas. This
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derivation can become rigorous, if we take a sequence of solutions F, of
1
OF. +v.V,F.=-B(F_,F,) (177)
€

where € is the Knudsen number which goes to 0 (see R. Caflisch [28]). For-
mally the presence of the term 1 in front of B(F,, F.) implies (at the limit)
that B(F, F') = 0 which means that F' is a Maxwellian (see [30], [31] or [168]
for a proof of this fact).

5.1.3 Incompressible scalings

In the last subsection, we explained how we can derive the compressible
Euler equation. It turns out that using different scalings, one can also derive
incompressible models. We will explain what these scalings mean concerning
the the Knudsen, Reynolds and Mach numbers. We consider the following
global Maxwellian M which corresponds to p =6 =1 and u = 0.

1

Gy (g ). (178)

M(v) = (27

Let F, = MG, = M(1 + €™g.) be a solution of the following Boltzmann
equation

1
e F, +v.VF, = —qB(Fe, F.) (179)
€
which is also equivalent to
1
e€0,G. +v.VG, = —qQ(GE, Ge) (180)
€

where
Q(G,G)(v) = /RD /SD_l(GllG/ — G1G)b(v — vy, w) Midvrdw. (181)
With this scaling, we can define
Ma=¢€¢", Kn=¢% Re=¢"1. (182)

Here € is a time scaling which is related to the Strouhal number. We re-
call that St = % and hence St = €*~™. This scaling in time allows us to
choose the phenomenon we want to emphasize. By varying m, ¢ and s, we
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can formally derive the following systems (see the references below for some
rigorous mathematical results). A part from the first case where the com-
pressible Euler system is satisfied by the moments of F', the fluid equations
are recovered for the moments of the fluctuation g and we can show at least
formally that ¢ = p + w.v + 9(% — L) where (p,u,0) satisfies one of the
above equations

1)g=1, m=0, s=0 Compressible Euler system [28, 100, 167]

2)g=1, m>0, s=0 Acoustic waves [14]

du+ Va(p+0)=0 (183)
Oh(p+0)+ 22V, u=0

We notice here that for these two first cases, we have St Ma = 1 which is
the condition to see some acoustic effects at the limit.

3)g=1, m=1, s=1 Incompressible Navier-Stokes-Fourier system
49, 12, 16, 114, 78]

ou+uVu—vAu+Vp = 0, V,u=0

00 + u.VO — kAB =0, p+0=0
4)qg=1, m>1, s=1 Stokes-Fourier system [13, 14, 115, 74, 132]
ou—vAu+Vp = 0, Vy,u=0

0,0 — kAG =0, p+0=0
5)g>1, m=1, s=1 Incompressible Euler-Fourier system [115, 149]

ou+uNVNu+Vp = 0, V,u=0

Note that the compressible Navier-Stokes system (with a viscosity of order 1)

can not be derived in this manner because of the following physical relation
Ma

Re =C——. 184

e=Cr (184)

However, the compressible Navier-Stokes system with a viscosity of order e
can be considered as a better approximation than the Compressible FEuler
system in the case g =1, m =0, s =0.
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5.1.4 Formal development

Here, we want to explain (at least formally) how we can derive the incom-
pressible Navier-Stokes system for the bulk velocity and the Fourier equation
for the temperature starting from the Boltzmann system with the scalings
g=1, m=1, s=1. A simple adaptation of the argument also yields a for-
mal derivation of the Stokes-Fourier system (which is the linearization of the
Navier-Stokes-Fourier system) as well as the Euler. Rewriting the equation
satisfied by g., we get

1 1 1
81595 + Zv-vmge = _G_QLge + gQ(gevge> (185>

where L is the linearized collision operator given by

Lg = / / (9+ 91— 91— g)bv—vi,w)Mdvy do  (186)
RD JSD-1

We assume that g. can be decomposed as follows g. = g + €h + €2k + O(€?)
and we make the following formal development

612 . Lg—o. (187)
A simple study of the operator L shows that it is formally self-adjoint, non
negative for the following scalar product < f,g >= (f g) where we use
the following notation (g) = [op, gMdv and Ker(L) = {g, g = o+ f.v +
ylv?, where (a,f,7) € R x RP? x R}. Hence, we deduce that g = p +

u.v + 9(% - D

1

o v.Vg=—-Lh+Q(g,9). (188)
Integrating over v, we infer that u = (vg) is divergence-free (div u = 0).

Moreover, multiplying by v and taking the integral over v, we infer that
V(p + 0) = 0 which is the Boussinesq relation. Besides, at order 1, we have

1
~ Qg+ v.V,h=—Lk+2Q(g,h), (189)

€0
from which we deduce that

o O(vg) + V(v ®@vh) =0, (190)
Elo ; at<(—D’“+| 5~ o) + Vx.(v(—D’U_!_ S-DR =0 (191)
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To get a closed equation for g, we have to inverse the operator L. We define
the matrix ¢(v) and the vector ¢)(v) as the unique solutions of

[0]”

Lo(v) =v®uv— %|U|2L Lip(v) = ( — 1) (192)

which are orthogonal to Ker(L) for the scalar product < -,- >. We also
define the viscosity v and the heat conductivity x by

1

v = 5oy ¢ ) (193)
2
K= STy ) (194)

We notice that v and x only depend on b. Using that L is formally self-
adjoint, we deduce that

Oi(gu;) + Vx.<<;§ij(@(g,g) — v.Vg)> +V <%h> =0 (195)
ol 4 Ts 1)+ V(@) 0 a) =0 (196)

A simple (but long) computation gives the Navier-Stokes equation and the
Fourier equation, namely

ou+uNVu—vAu+Vp=0 (197)
00 +u. VO — kAO =0 (198)
where u = (gv), 0 = —p = ((g—fZ — 1)g) and the pressure p is the sum of

different contributions.

5.1.5 Mathematical difficulties

Here, we want to explain the major mathematical difficulties encountered in
trying to give a rigorous justification of any of the above asymptotic problems
starting from renormalized solutions.
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D1.

D2.

The local conservation of momentum is not known to hold for the
renormalized solutions of the Boltzmann equation. Indeed, the solu-
tions constructed by R. DiPerna and P.-L. Lions [56] only hold in the
renormalized sense which means that

B(F) +v.VB(F) = QF.F)(F), (199)
BF)(t=0) = B(F") (200)

where (3 is given, for instance, by B(f) = Log (1 + f).

The lack of a priori estimates. Indeed, all we can deduce from the
entropy inequality and the conservation of energy is that g, is bounded
in LlogL and that g.|v|? is bounded in L'. However, we need a bound
in L? to define all the product involved in the formal development. In
[74], the authors used the entropy dissipation estimate to deduce some
information on the structure of the fluctuation g. and get some new a
priori estimates by using some Caflisch-Grad estimates.

To pass to the limit in the different products (and specially in the case we
want to recover the Navier-Stokes-Fourier system or the Euler system), one
has also to prove that g. is compact in space and time, namely that g. € K
where K is a compact subset of some LP(0,T; L*(€2)). We split this in two
difficulties

D3.

D4.

D5.

The compactness in space of g.. This was achieved in the stationary
case by C. Bardos, F. Golse and D. Levermore [15], [12] using averaging
lemma [76, 75] and proving that g, is in some compact subset of L'(Q).
However, a newer version of the averaging lemma [78] was needed in [79]
to prove some equiintegrability and hence the absence of concentration.

The compactness in time for g.. It turns out that in general g, is not
compact in time. Indeed, g, presents some oscillations in time which can
be analyzed and described precisely. Using this description and some
compensation (due to a remarkable identity satisfied by the solutions
to the wave equation), it is possible to pass to the limit in the whole
equation. This was done by P.-L. Lions and the author [114] using some
ideas coming from the compressible-incompressible limit [111, 113].

An other difficulty is that is that in [12], very restrictive conditions
on the Boltzmann kernel were imposed. These conditions were slightly
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relaxed in [74] to treat some general hard potentials in the Stokes-
Fourier scaling and in [79] to treat Maxwellian potential. The case of
general potentials including soft potentials was treated in [105].

5.2 The convergence towards the incompressible Navier-
Stokes-Fourier system

The first paper dealing with the rigorous justification of the formal develop-
ment 5.1.4 goes back to the work of C. Bardos, F. Golse and D. Levermore
[12] where the stationary case was handled under different assumptions and
restrictions (see also A. De Masi, R. Esposito, and J. L. Lebowitz [49] for a
similar result in a different setting). There are however some aspects of the
analysis performed in [12] that can be improved. First, the heat equation
was not treated because the heat flux terms could not be controlled. Second,
local momentum conservation was assumed because DiPerna-Lions solutions
are not known to satisfy the local conservation law of momentum (or energy)
that one would formally expect. Third, the discrete-time case was treated in
order to avoid having to control the time regularity of the acoustic modes.
Fourth, unnatural technical assumptions were made on the Boltzmann ker-
nel. Finally, a mild compactness assumption was required to pass to the limit
in certain nonlinear terms.

During the last few years, there appeared several results trying to improve
the result of [12] and give a rigorous justification of the derivation. In [114]
and under two assumptions (the conservation of the momentum and a com-
pactness assumption), it was possible to treat the time dependent case and
derive the incompressible Navier-Stokes equation. In [74], Golse and Lever-
more gave a rigorous derivation of Stokes-Fourier system (the linearization
of the Navier-Stokes-Fourier system) without any assumption. In [79], Golse
and Saint-Raymond gave the first derivation of the Navier-Stokes-Fourier
system without any compactness or momentum assumption. However, their
result only applies to a small class of collision kernels. In a recent work
in collaboration with Levermore [105], we give a derivation of the Navier-
Stokes-Fourier system for a very general class of Boltzmann kernels which
includes in particular soft potentials.

In what follows, we assume that €2 is the whole space or the torus to avoid
dealing with the boundary. First, let us specify the conditions we impose on
the initial data. It is supposed that G? satisfies (we recall that F° = MG?)
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H(GY) = /Q/RD(GSZOQGS —GY+ 1)M dzdv < Cé? (201)

This shows that we can extract a subsequence of the sequence ¢° (defined
by G = 1+ ¢€g?) which converges weakly in L' towards ¢° such that ¢° € L%
We also notice that (201) is equivalent to the fact that [,(h(eg?)) do < Ceé?,
where h(z) = (1 + z)log(1 + z) — z which is almost an L? estimate for g°.
This shows at least that ¢° € L2, Then, we consider a sequence G, of
renormalized solutions of the Boltzmann equation (180) with s = ¢ = 1,
satisfying the entropy inequality and we want to prove that g. converges to
some g = u.v + 9(% — 242),

Before stating the new result of Golse and Saint-Raymond [77], we want
to explain the kind of assumptions that were made in previous works. The
convergence result proved in [114] (which only deals with the u component)
requires the following two hypotheses (Al) and (A2) on the sequence G,
which allow to circumvent the difficulties D1 and D2

(A1). The solution G, satisfies the projection on divergence-free vector
fields of the local momentum conservation law

1
0 P(vG) + —PV,.(v ®vG,) = 0. (202)
€

(A2).  The family (1 + |v|*)g?/N. is relatively compact for the weak
topology of L'(dt M dv dx) which we denote w — L'(dt M dv dz), where
Ne=1+ £ge..

In the sequel, we denote the weak topology of L'(dt M dv dx) by w —
LY(dt M dv dz). The assumption (A2) enforces the L log L estimate we have
on g., namely [, (h(eg.)) dw < Cé® to prevent some type of concentration.

Now, we state the result of Golse and Saint-Raymond [79] where no as-
sumptions on the solutions is made. This result was extended by Levermore
and the author [105] to treat the case of a larger class of Boltzmann kernels
which includes all the classical kernels in particular soft potentials.

Under some assumptions on the Boltzmann kernel (see [79, 105]), we have

Theorem 5.1 Let G, be a sequence of renormalized solutions of the Boltz-
mann equations (180) with initial condition G° and satisfying the entropy in-
equality. Then, the family (14|v|?)g. is relatively compact in w—L'(dt Mdv dx).
If g is a weak limit of a subsequence (still denoted g.) then Lg = 0 and
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|v

g=p+uv+ Q(TIQ — %) satisfies the limiting dissipation inequality

L0 + a0 + S0 do + (203)

DN | —

¢
1

+/ /—V|qu—|—tvxu|2+/<|V9|2
0 Jo2

< lim inf L (h(ege))dz = C° (204)

e—0 62 Q

Moreover, 8 + p =0 and (u,0) = ((vg), <(‘D”f2 —1)g)) is a weak solution
of the Navier-Stokes-Fourier system (NSF')

ou+uVu—vAu+Vp=0, Vu=0
(NSF){ 9,6 +u.V0 — kA0 =0,
u(t =0,2) = u’() O(t =0,z) = 6°(x)

with the initial condition u® = P{vg®) and 0° = ((I_|)U—J|r22 —1)¢%) and where the
viscosity v and heat conductivity k are given by (193) and (194).

Idea of the proof:

Now, we give an idea of the proof of theorem 5.1 (see [79] and [105] for
a complete proof). We start by recalling a few a prior estimates taken from
[12]

Proposition 5.2 We have

i) The sequence (1 + |v|*)g. is bounded in L>(dt; L*(Mdv dz)) and rela-
tively compact in w— L*(dt Mdv dz). Moreover, if g is the weak limit of any
converging subsequence of g, then g € L>®(dt; L>(Mdv dx)) and for almost
every t € [0,00), we have

1 / (1) dz < liminf — [ (h(eg.(t)))dz < C°. (205)
2 Ja =0 € Jq

it)Denoting q. = 5(GLG. — GaG.), we have that the sequence (1 +
[v|?)qe/Ne is relatively compact in w — L'(dt du dx)) where du = b(v —
vy, w)dwMy dvyM dv. Besides, if q is the weak limit of any converging sub-
sequence of q¢/N. then q € L*(dt; L*(du dx)) and q inherits the same sym-
metries as q., namely q(v, v, w) = q(vy,v,w) = —q(v', v}, w).
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i11) In addition, for almost all (t,z), Lg = 0, which means that g is of
the form

1 D
9(t,2,0) = plt, 2) + ult, 2)0 -+ 0(t, ) (G lof? = 5), (206)
where p,u,0 € L>®(dt; L*(dx)).
iv) Finally, from the renormalized equation, we deduce that

v.V.g = //qb(m — v, w)dwM;dv, (207)

which yields the incompressibility and Boussinesq relations, namely
V,u=0, V,(p+86)=0. (208)

The rest of the proof is based on a new averaging lemma [78] as well
as a better use of the entropy dissipation to get some estimate on the non
hydrodynamic part of g.. The final passage to the limit uses the same local
method of subsection 3.3.1 to deal with the acoustic waves.

Remark 5.3 Let us also mention a new work of Y. Guo [86] where he proves
that the next order terms in the formal development also hold for the case of
reqular solutions to the Boltzmann equation.

5.3 The convergence towards the Stokes system

The convergence towards the Stokes system is easier than the Navier-Stokes
case for two reasons. Indeed, we do not have to pass to the limit in the
nonlinear terms. Besides, the control we get from the entropy dissipation is
better. In this section, we want to present the result of [115] where a new
notion of renormalized solution was used. In [74], the whole Stokes-Fourier
system was also recovered by using a different method.

5.3.1 Defect measures

In [115], the difficulty D1 was overcome by showing that the conservation of
momentum can be recovered in the limit by a very simple argument. Indeed
by looking at the construction of the renormalized solutions of DiPerna-Lions
[56], one sees that one can write a kind of conservation of moment (with a

70



defect measure) which also intervenes in the energy inequality. Indeed, the
solutions F. built by DiPerna and Lions satisfy in addition

1 1
8,5/ vF, dv + —div/ (v@v)F, dv+ —=div(M,) = 0. (209)
RD € RD €
Besides, the following energy equality holds

1 1 1
—// lv2F.(t, z,v)dr dv + —/tr(ME) dx = —// |v2F(x, v)dz dv
2 Q JRD 2 QO 2 Q JRD

(210)
which can be rewritten (with €™m, = M, )

1
0(gev) + Vi {gev @ v) + Zv.mE =0, (211)
/(\v|2ge>d:c + / tr(my) dz = 0 (212)
Q Q

5.3.2 Entropy inequality

One can write the entropy inequality for G, (as in the case of the limit towards
the Navier-Stokes system) or write it for F, as well. It turns out that the
second choice gives a better estimate for the defect measure. Indeed starting
from the entropy inequality for F,, we can deduce

// (€"ge)dx M dv(t // —gededU()
RD RD

+— ds/ dm/ M dv M, dvl/ dwb(v — vy, w) (213)
4€? RD JRD SD—1
! !/
(GQlG'6 — GaG, )log GdG // (€"g2)dx M dv
ElG RD

Let us now state the result. We take initial data satisfying

/ / Fldxdv =1, / / vEF dxdv = 0, / / lv[>FPdxdv = D
10 JRD 10 JRD 10 JRD

(214)

D
/ / FlogF? dx dv < 5 + Ce*m (215)
Q JRD

We also assume that b satisfies (A0).
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Theorem 5.4 If F, is a sequence of renormalized solutions of the Boltzmann
equations (179), s = q =1 and m > 1, with initial condition F° and satisfies
the entropy inequality as well as the refined momentum equation, then the
family (1 + |v|*)g. is relatively compact in w — L'(dt Mdv dz). And, if g
is a weak limit of a subsequence (still denoted g.) then Lg = 0 and g =

p+uv+ 9(@ — %) satisfies the limiting dissipation inequality

1 2 2, D ! t 2
= [ |p@®)]" + [u(®)|* + =10]° dz + —v|V,u+" Vul
2 /g 2 0 )02

1

< lim ionf —— [ (h(e"ge))dx = C° (216)
€— e«m Q
Moreover u = (vg) is the solution of the Stokes system (S) with the initial
condition u® = P{vg®) and where the viscosity v is given by (193). Besides,
we have the following strong Boussinesq relationship

p+6=0. (217)

We only explain here briefly how we can recover the conservation of mo-
mentum at the limit. Indeed, starting from the entropy inequality, one de-
duces that

(h(e™go))dx + €™tr(m,) + D(G,) < Ce*™ (218)
Q
and since m > 1, we deduce

1 1

—tr(m.) and -m, — 0 (219)
€ €

in L>°(0,T; L*(2)) since m, is a positive matrix. This yields the local con-
servation of momentum in (211) at the limit.

5.4 The case of a bounded domain

In this subsection, we want to present the derivation of fluid mechanics
boundary conditions starting form kinetic boundary condition. For simplic-
ity, we will present the result in the Stokes scaling though the proof works
as well for the Navier-Stokes scaling using the result of the previous sections.
We also refer to [27] for a derivation of the Navier condition for the primitive
equations.
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Let © be a smooth bounded domain of R” and O = Q x R” the space-
velocity domain. Let n(x) be the outward unit normal vector at x € 0€2. We
denote by do, the Lebesgue measure on the boundary 0¢2 and we define the
outgoing/incoming sets ¥, and X_ by

Yi = {(x,v) €%, =£n(z).v >0} where ¥ = 9Q x R”.
We consider the Boltzmann equation in R, x O with a scaling where
g=s=1and m> 1.
5.4.1 The Maxwell boundary condition

The boundary condition we will consider express the balance between the
incoming and outgoing part of the trace of F', namely v. F' = 1y, vF. We
will use the following Maxwell reflection condition

v F =(1—a)L(y+F)+ aK(y.F) on X_ (220)

where o is a constant also called accommodation coefficient. The local re-
flection operator L is given by

Lo(z,v) = ¢(x, Ryv) (221)

where R,v = v — 2(n(x).v)n(z) is the velocity before the collision with the
wall. The diffuse reflection operator K is given by

Ko(r,v) = v2r(z) M (v) (222)

where gz~§ is the outgoing mass flux

o(x) :/ é(z,v)n(x).vdv. (223)
n(x)>0
We notice that

/ n(x).ovV2rM(v) dv = / In(z).v|vV2rM(v) dv =1,
v.n(z)>0 v.n(z)<0

which expresses the conservation of mass at the boundary. Here, we are
taking the temperature of the wall to be constant and equal to 1. For the
existence of renormalized solutions to the Boltzmann equation in a bounded
domain we refer to [136].
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5.4.2 A priori estimate
Let £(v4+Ge), the so-called Darrozes-Guiraud information [85], be given by

E(v+Ge) = /8 . (<h(5ﬁ+g€)>ag - h(@%ﬂs)@ﬂ)) do. (224)

In the case of a bounded domain, the entropy inequality reads

HG) + [ (FEG)+ =60 Gle)) ) ds < HEG),

(225)

ae
V2me
where H(G) is the relative entropy functional
HG) = / (Glog(G) — G +1)) d, (226)
Q

and F(G) is the entropy dissipation rate functional

E(G):/Q<<11 (glg)(c;’a' GIG)>>dx. (227)

Notice the presence of the extra positive term due to the boundary. It is easy
to see that due to Jensen inequality the extra term & (71Gc(s)) > 0. This
also gives a bound on v, G, which is useful.

Now, we present two results taken from [132] which hold for a wide range
of collision kernels

Theorem 5.5 (Navier boundary condition) Let F/™ = G™M be a family of
initial data satisfying

—H Gy + / / WRE™ dady < O (228)
for some C™ < 00 and
v G™ —u in D'(Q;RP),

1
Lol e ey n D RD (229)
S5l =G — 0 i DQRD),
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for some (u™™, ) € L*(dz; RP x R). Denote by G. any corresponding family
of renormalized solutions of the Boltzmann equation satisfying the entropy
inequality (225), where the accommodation coefficient satisfies

Y N whene— 0. (230)
2me

Then, as € — 0, the family of fluctuations satisfies

1 D+2
g — v+ (5P - T+)9 in w-LL (dt: w-L'((1 + |o]2)Mdv dz))

(v g.) —u in C([0,00); D'(Q;RP)),
[v]2 = 1) go) — 0 in C(]0,00); D' (4 RP)),

(5
(231)

where 11 is the orthogonal projection from L?(dx; RP) onto divergence-free
vector fields with zero normal velocity, namely the set

H={uc L*Q), Vou=0, un=0 on 0Q}.

Furthermore, (u,0) € C([0,00); H x L*()) N L*(dt; H(Q) x HY(Q)) and it
satisfies the Stokes-Fourier system with Navier boundary condition

Ou+ Vep —vAu=0, divfu) =0 on RT x Q,
2vd(u) -n+Au) An=0, un=0 on RT x 09,

_ _ +
{ 0 — kAL =0 on RT x Q, (232)

58n9+)\g—15920 on RT x 09,
u(0,2) = u™(z), 6(0,2) =0"(x) onQ.

where d(u) denotes the symmetric part of the stress tensor d(u) = 1(Vu +!
Vu).

The second result treats the case of Dirichlet boundary conditions. We
will make the same assumptions as in the previous theorem but instead of

Qe

assuming that v T A, we assume that ¢ — +o0.

Theorem 5.6 (Dirichlet boundary condition) We make the same assump-
tions as in Theorem 5.5, except that we replace condition (230) by

e oo, when e — 0. (233)
€
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Then, as € — 0, we have the same convergences (231) as in Theorem 5.5
with (u,0) € C([0,00); H x L3*()) N L*(dt; V x H}(Q)) where

V={uec H(Q), Vyu=0, u=0 on 0Q}.

Furthermore, (u,0) satisfies the Stokes-Fourier system with Dirichlet bound-
ary condition

Ou+Vep —vAu=0, divlu)=0 on Rt x Q,

00 — kA0 =0 on RT x Q,
u=0, 0=0 on RT x 09, (234)
u(0,2) = u™(z), 6(0,7) =0"(x) on Q.

Idea of the proof

The interior convergence can be deduced easily from the work of Golse and
Levermore [74]. We just want to explain the convergence at the boundary.
We prove two types of control on the trace yg. of g. on the boundary. The
first control comes from the inside, it uses the interior estimates to deduce
an estimate on the trace

Lemma 5.7 We have for all p > 0,
YGe — g in w-Lj, (dt; w-L* (M (1 4 |v|P)|v-n(z)|dv do,)) (235)
€"vge — 0 a.e. on RT x 90 x R%, (236)

The second control comes from the boundary term appearing in the en-
tropy dissipation. It does not give an estimate on g. but rather on g, minus
its average in v. We get

Lemma 5.8 Define ve = 49 — Is, (V4 9e)oa and

(1) (2)

Y =yl e <o0v GaoasiveGer 1D = Ye — Y. (237)

Then

?

238)

— is bounded in L7 (dt; L*(M|vn(z)|dv do,))

(

[a e
o i+ %( is bounded in L} (dt; L*(M|vn(z)|dv do,));
(

(

loc
€ (14 %7,

V4Ge)on)'/?

(dt; L (Mon(z)|dv do)).

% 76(2) is bounded in L},
€0¢
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5.5 Convergence towards the Euler system

We present, here, a method of proof based on an energy method or more
precisely the relative entropy method (see Yau [174]). Indeed contrary to the
two preceding cases, we suppose here the existence of a strong solution to
the Euler system and we show the convergence towards this solution. The
technique used is based on a Gronwall lemma. In [115] (in collaboration with
P.-L. Lions), we show this convergence with an assumption on high velocities
(A2). This assumption was removed in Saint-Raymond [149]. We will present
the result of [149]. We introduce a defect measure (as in the Stokes case)
which disappears at the limit. We take well prepared initial data (i.e. there
are no acoustic waves) and the temperature fluctuation is equal to 0 initially.

5.5.1 Entropic convergence

In addition to the assumptions on GY which we imposed in the case of con-
vergence towards the Navier-Stokes system, we suppose that ¢° converges
entropically towards ¢° and that ¢° = «°.v (with divu® = 0) i.e. that

@ —¢" in w— LYM dvdr), and (241)
. 0 1 0)2
lim = [ (h(ege))dx = 5 [ ((97)")d. (242)
€ € Q 2 Q

It is also supposed that u is regular enough (for example u® € H*, s > % +1)
to be able to build a strong solution u of the Euler system with the initial
data u". Then, we have @ € L2 ([0,7*); H*) for some T* > 0.

loc

5.5.2 Relative entropy

We want to show that the distribution F; is close to a Maxwellian Mg cq,0) =

MG,. But as F, is only in LlogL, we have to estimate the difference between
F. and M q,0) using the relative entropy

H(G., G = /Q <G€ log(%) G+ G> (243)

€

Using the improved entropy inequality (213), we get
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GG+ /tr(me) /Ot dsD(G)+ < H(G,CY)

jaf*

//<G8tlogG > 4620, < gov > u+638t<g€>—ds

where m, denotes the sequence of defect measures appearing in the conser-
vation of momentum

Theorem 5.9 Under some assumption of the collision kernel, if G. is a
sequence of renormalized solutions of the Boltzmann equations with initial

condition G°, and such that ¢° converges entropically to ¢° = u°.v, where
u € H*, (s>L4+1). Then, for all0 <t <T*
ge(t) — u(t).v  entropically (244)

where u(t) is the unique solution of the Euler system in L7 ([0, T); H®) with
the initial condition u®. Moreover, the convergence is locally uniform in time.

Let us explain here the idea of the proof of the above result. It is based
on a Gronwall lemma. Indeed, after some non trivial computations, one can
rewrite the entropy inequality as follows

1 ~

_[ (Ge, Go) + /Qtl"(me)} (t) + 612 /Ot dsD(G,) < %H(GS,G’S)

/ ||vu||Lm H(G, )+e/ﬂtr(m6)}(s) ds + A,

where A, converges to 0. Hence, we deduce that H (Ge,ée) goes to 0 in
Li5.([0.77)).

We want to point out that the same type of argument can be used to
prove the convergence towards the Navier-Stokes system in the case a regular

solution is known to exist.

6 Some homogenization problems

In this section, we would like to present some homogenization problems. We
will only consider examples which are related to fluid mechanics.

78



The homogenization of the Stokes and of the incompressible Navier-Stokes
equations in a porous medium (open set perforated with tiny holes) has
been studied in many works from the formal point of view as well as the
rigorous one. We refer the interested reader to [21, 152, 107] for some formal
developments and to [160, 4, 135] for some rigorous mathematical results.

Let us start by giving a definition of a porous medium. Let €2 be a smooth
bounded domain of R and define ) =]0, 1[" to be the unit open cube of R¥.
Let Vs (the solid part) be a closed smooth subset of ) with a strictly positive
measure. The fluid part is then given by Yy = Y — ), and we define 6 = | )|
the Lebesgue measure of )y and we assume that 0 < 6 < 1. The constant
¢ is called the porosity of the porous medium. Repeating the domain Yy by
Y-periodicity we get the fluid domain E; which can also be defined as

E;={yeRY |3k € Z", suchthat y—ke€Y; }. (245)
In the same way, we can define F, = RY — E;
E,={ycRY |3k cZ", suchthat y — ke, }. (246)

It is easy to see that E; is a connected domain, while Ej is formed by separate
smooth subsets. In the sequel, we denote for all k € Z¥, Y* = Y + k the
translate of the cell Y by the vector k, we also denote Y* = Y, + k and
y]]? = Y;+k. Hence, for all €, we can define the domain (2, as the intersection
of © with the fluid domain rescaled by €, namely Q. = 2N eF;. However,
to get a smooth connected domain, we will not remove the solid parts of the
cells which intersect the boundary of 2. We define

Qc=Q—U{eY*,  where, k€ ZVN, YF C Q}.
We also denote K, = {k | k € Z" and eJ* C Q}.

Remark 6.1 We can also consider more general domains, especially the
more physical case where E is a connected set of RN which can be achieved
by allowing Vs to be a closed subset of Y (this is not possible in N = 2 since
we also want that Q. is connected). We refer the interested reader to the
paper of G. Allaire [{] where the so-called “oscillating test function “ method
of Tartar is extended to the case of a connected Fj.

Due to the presence of the holes €)*, the domain €2, depends on e and
hence to study the convergence of a sequence of functions, we have to extend
the functions defined in €2, to the whole domain 2. This can be done in two
different ways.
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Definition 6.2 For any function ¢ € L'(Q.), we define

~ o in Q
¢_{0 in Q-Q, (247)

the extension by 0 of ¢ and

5= ¢ in Q. 21s)
B ﬁﬂ feyljg ¢ dy in eYF Vk € K..

We will also need the restriction operator constructed by Tartar [160] for
the case of a solid part ) strictly included in ) and by Allaire [4] for more
general conditions on the solid part.

Lemma 6.3 There exists a linear operator R. from Hi ()N to H}(Q)N
(called restriction operator) such that

(i) Vo € H} ()N, we have Rep = 6.
(1) V -u =0 in Q implies that V - Reu = 0 in Q..

(iii) There exists a constant C' such that for all uw € H{(Q)N, we have

[[Reu|| 20 + €|V (Reu)|| 20 < Clul|z2@) + €l|Vul| 2@ |- (249)

The operator R, defined above also acts from W, (Q) into W, " () for
all 1 < r < co and we have an estimate similar to (249) where the L? norms
are replaced by L" norms.

Due to the presence of the holes in the domain 2., the Poincare’s inequal-
ity reads

Lemma 6.4 There exists a constant C' which depends only on Y such that
for all u € Wy (Q.), we have

lullzri@ < CellVul| o) (250)

We refer to [160] for a proof of this lemma. By a simple duality argument
we also have the following relation for all 1 < p < oo

ullw 1200 < CellullLr()- (251)
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Finally, we define the permeability matrix A. For all i, 1 < i < N, let
(vi,q;) € HY (V)N x L*(Y¢) /R be the unique solution of the following system

—AUZ' + V(]i =e¢; in yf
(SZ) div V; = 0 in yf
v; =0 on dY, and wv;, g; are ) — periodic.

Using regularity results of the Stokes problem, we infer that v; and ¢; are
smooth. We extend v; to the whole domain Y by setting v;(y) = 0 if y € ;.
Then, for all y € V¢, A(y) is taken to be the matrix composed of the column
vectors v;(y) and A = fyf A(y)dy. Tt is easy to see that A is a symmetric

positive definite matrix. Indeed, multiplying the first equation in (5;) by v;
and the first equation in (S;) by v;, we get that fyf Vv, - Vu; = fyf v = Aji

and fyf Vv;- Vv, = fyf vi; = Ay; where we wrote v;(y) = ZN

j=1Vji(y)e;. Then

to prove that A is positive definite, we just notice that for all vector X =

Z?le zie;, we have z; Ay = ||V Zj\;l a:jvj||%2(yf) and that {v;, 1 <i <

N7} is an independent family.

6.1 Darcy law

Let us start by recalling the derivation of the Darcy law [48]. We consider
the Stokes problem in the domain §2.,

_Aue + vpe = f )
(252)
divu, = 0, e = 0 ondf)..

Theorem 6.5 Prolonging u. by zero in the holes, we have the following con-
vergence
U — u weakly in (L*(Q)) (253)

where u = A(f — Vp) and satisfies divu = 0. This is the Darcy law

The proof uses the “oscillating test function” method of Tartar [160]. Indeed,
testing (252) with ¢(x)v;(%) where ¢ € C§°(2), we can pass to the weakly to
the limit in the different terms to deduce (253). Actually some non trivial
work should be done to pass to the limit in the pressure term and we refer

to [160] and [4].
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6.2 Homogenization of a compressible model

Here, we give a derivation of the porous medium equation. We start with
the following semi-stationary model

e20ipe + div(peue) = 0,
(254)
—pAu, — EVdivu, + Vo = p.f +g

complemented with the boundary condition u, = 0 on 02, and the initial
condition p.(t = 0) = pe. The force term is such that f € L>((0,7) x €,)
and g € L*((0,T) x Q). We also assume that v > 1 and that || f||z~ is small
enough if v = 1.

We assume that the initial data is such that p € L' N L7(Q,) if v > 1,
that fQ peollog peo| < C if v = 1 and that p, converges weakly to pg in
L(Q).

We consider a sequence of weak solutions (pe, u.) of the semi-stationary
model (254) such that for all T > 0, p. € C([0,T); L*(Q2))NL>(0,T; L7(Q))N
L*((0,T) x Q) and pc|logp| € L>*(0,T; L'(Q.)) if v = 1. Moreover, u, is
such that %= e L*(0,T; Hj (%)) and % € L*((0,T) x Q). Finally, we also
require that p, is bounded in L2.(H(2)) + eL2(L?(£2)). We assume that the
bounds given above are uniform in e. We point out that the fact that we can
consider a sequence of solutions satisfying the above uniform estimates can
be proved using the methods of [109].

Before studying the limit of the sequence (uc, p, p.), we have to prolong
it to Q. Let @, p. and p, be the extensions of u., p. and p. to the whole
domain (2.

Theorem 6.6 Under the above assumptions,
pe  —  Op weakly in Lyp(L"(Q))NL*((0,T) x ),
pe — p stronglyin Ly(LY(Q))NLH(0,T) x Q),

U
62

— u  weakly in L2(L*(Q))

for all r < oo where p € L*((0,T) x Q), p* € L2(HY(Q)) and p is the
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solution of the following system

00.p + - div- [pA(pf +9—Vp?)] =0

pAlpf +g—Vp)n=0 on N (255)
p(t =0) = po

and u is given by
u=A(pf+g—Vp") on {p>0} (256)

We point out here that even though each one of the terms f, g and Vp?
does not have necessary a trace on the boundary 0S2, the combination of them
appearing in (255) has a sense. A formal derivation of the system (255) can
be found in [55]. The relation (256) giving u as a function of the pressure is
a Darcy law [48, 160].

Remark 6.7 if A = ol (which is the case if for instance Vs is a ball) and
f =9 =0 then we get the following system

Op — BAPT =0

9T =0 on 00 (257)
p(t =0) = po
where 3 = %. This system is the so-called “porous medium” equation.

6.3 Homogenization of the Euler system

We consider an incompressible perfect fluid governed by the Euler equation.
We consider the following system of equations

ot + eu . Vu = —Vp© + f(x)

div (u) =0,
un=0 on S, (258)
Uj—g = Up

where u€ is the velocity, p© is the pressure, f€ is an exterior force and n is
the outward normal vector to .. Arguing as in the book of A. Bensoussan,
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J.-L. Lions and G. Papanicolaou [21] (see also [107]) and the book of E.
Sanchez-Palencia [152], we make an asymptotic development using both a
microscopic scale and a macroscopic scale. Hence, we can derive a (formal)
limit system. Indeed taking u¢ of the form u® = u®(¢, x, £) + eu' (¢, x, £) + ...,
we get formally the following system for v(t, x,y) = u°(t, x,y)

(

at'U + U.va = _vyp(xa y) - v:r: Q(x) + f(ta €, y)
div, (v) =0, div, (fyf U(x,y)dy) =0,
v(z,y)n=0 on QxIVs, (259)

(fyf v(z, y)dy).n =0 on 0N

L Ylt=0 = Yo

where f(t,z,y) and vg(x,y) are the two-scale limits of the sequences f¢
and u§ and here n is the inward normal vector to Vs. The notion of two-
scale convergence is aimed at a better description of sequences of oscillating
functions with a known scale. It was introduced by G. Nguetseng [137, 138|
and later extended by G. Allaire [5] where one can find the mathematical
setting we use here.

Definition 6.8 Let u¢ be a sequence of functions such that u¢ € L*(Q.) and
[u| 12,y is bounded uniformly in e. If v(z,y) € L*(Q x Yy), then we say
that u® two-scale converges to v if and only if Vip € C(2 x YVy), we have

lim u(x)Y(z, z) dx :/ v(z,y)(z,y) dedy. (260)
=0 Ja, € QxVy

Moreover, we say that u® two-scale converges strongly to v if and only if

v(z,y) € L*(Q,C(YVy)) and we have

. el x o
lim [[u*(2) = v(=, 2)llz2@,) =0, (261)

and
i ()0, 5 = 0. (262)
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We will state two results. The first one concerns the Cauchy problem for
the limit system and the second one concerns the convergence of a sequence
of the solutions to (258) toward a solution to (259). We start by defining the
following functional spaces

A ={v(x,y), veL*QxYy), div,(v) =0, div,(7) =0,
v.n=0onQ x9JYs, v.n=0on 0N}263)
A ={v(z,y), veA and curly(v) € L=(2 x Yy}, (264)

where div, and div, denote respectively the divergence in the y and in the
x variables, namely div,(v) = 0y,v1 + Oy,v2 and div,(v) = 0y v1 + Oy, va.
Moreover, T denotes the integral of v over Yy, namely v(z) = fyf v(x,y) dy.
Finally, n denotes the exterior normal vector to 9); or to S

Now, we give an existence result for the limit system (259)

Theorem 6.9 Take vy € A, and f € L*((0,00); Ax)). Then, there exists
a global solution to the system (259) such that

v e C([0,00); A) N L2((0, 00); As). (265)

This result is similar to the existence result for the incompressible Euler
system by V.-I. Yudovich [175]. However, unlike Yudovich solutions, the
uniqueness of the solutions constructed in theorem 6.9 is not known.

Now, we focus on the convergence result. We have to assume that u
is bounded in L3(Q), div (uf) = 0, u§.n = 0 on 99, € curl (uf) is in
L (which implies the existence and uniqueness for the initial system) and
that u§ two-scale converges strongly to vy where vy € A.. Moreover, we
assume that f€ is divergence-free, that it is bounded in L'((0, 00); L3(£2,)),
that curl f¢ is bounded in L'((0,00); L°(€).)) and that f€ two-scale con-
verges strongly to f, namely

o x
lim [[u5(2) = vo(@, —)l|z20) = 0, (266)

. . T

i [|f(¢, ) = f(t 2, =l eeyzzn =0, (267)

where vy and f satisfy the hypotheses of theorem 6.9. Here, we only take the
two-scale convergence in the z variable, then we have
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Theorem 6.10 Under the above conditions there exists a sequence uS of
solutions to the initial system (258). Moreover, extracting a subsequence if
necessary u¢ two-scale converges to v where v is a solution to the limit system
(259).

We refer to [116, 128] for the proof.

7 Conclusion

Before giving some concluding remarks we would like to mention some other
limit problems which we did not develop in the previous sections. These
asymptotic problems are very important and we want to give some references
to the interested reader.

7.1 Other limits
7.1.1 The infinite Prandtl number limit

The infinite Prandtl number limit was considered in [170] (see equation (8)
for the definition of the Prandtl number). At the limit the so-called infinite
Prandtl number convection system is retrieved at the limit. It is a system
where he velocity is slaved by the temperature field since velocity diffuses
more rapidly than the temperature. The proof is based on an expansion
using two time scales.

7.1.2 The zero surface tension limit

The infinite Weber limit was considered in [7]. This is the same as the zero
surface tension limit. It was proved in [7] that when surface tension goes to
zero the water wave system with surface tension [6] converges to the water
wave system without surface tension [172]. This is a singular limit since
surface tension has a regularizing effect even though the initial system and
the limit system are of the same type.

7.1.3 The quasi-neutral limit

The convergence from the Vlasov-Poisson system towards the incompressible
Euler equation in the quasi-neutral limit was considered in [24] and [126].
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These two works deal with the zero temperature case, namely the density
f(t,z,v) is a delta function in velocity.

A related problem, is the relation between the Euler system and the N
vortices problem. This was considered in [121]. We also refer to [120] for an
inviscid limit with concentrated vorticity.

For related asymptotic problems in plasma physics, we refer to [131] for
the limit from the Klein-Gordon-Zakharov system to the nonlinear Schrodinger
equation. We also refer to [130] for the limit from Maxwell-Klein-Gordon and
Maxwell-Dirac to Poisson-Schrédinger when the speed of light ¢ goes to in-
finity.

7.1.4 Thin domains

Fluid equations considered in thin domains give rise to many asymptotic
problems (see [91] and [146] and the references therein). Indeed, taking for
instance the Navier-Stokes equation in a thin domain (0,¢€) x T?, we can try
to describe the solutions when e goes to zero. To do so, we have to make a
change of variable and rescale the domain to a fixed domain (0, 1) x T?. This
introduces a small parameter € in the equation written in the fixed domain.
The small parameter € is the ratio between the vertical length scale and the
horizontal one.

7.2 Concluding remarks

As can be seen from the different section of this chapter, asymptotic prob-
lem in hydrodynamics is a vast subject by the number of problems one can
consider and the number of methods used to treat them. It is an important
subject from physical and numerical point of view. Besides, it is the motor
behind the development of many new mathematical tools such as (the group
method, defect measures, boundary layer theory ...) to handle the several
physical phenomenon such as (oscillations, boundary layers ...).

In this review paper, we tried to give an idea about some of the advances
made in these singular limits during the last few years. At several places,
the author put more emphasis on results he is more aware of.
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