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Preface

Over two centuries ago, L. Euler (1750) derived an ideal model equation de-
scribing the evolution of fluids. Later on, this model was revised under a more
realistic basis by H. Navier (1822) and G. Stokes (1845). Finally, with his
eponymous equation L. Boltzmann (1872) introduced the foundation of Gas
Dynamics. Since then, much progress has been made in the understanding
of these physical models. But many fundamental mathematical questions still
remain unresolved, such as the existence, uniqueness and stability of solutions
to the corresponding equations in three dimensions.

Due to the large number of applications to different fields (such as
meteorology, astrophysics, aeronautics, thermodynamics, lasers and plasma
physics), the study of these model equations from a purely mathematical
point of view plays a crucial role in Applied Mathematics.

The series of lectures contained in this volume reflects five different and
complementary approaches to several fundamental questions arising in the
study of the Fluid Mechanics and Gas Dynamics equations. These lectures
were presented by five well-known mathematicians at the International CIME
Summer School held in Martina Franca, Italy, from 1 to 5 September 2003.

P. Constantin presents the Euler equations of ideal incompressible fluids
and discusses the blow-up problem for the Navier-Stokes equations of viscous
fluids, also describing some of the major mathematical questions of turbulence
theory.

These questions are intimately connected to the Caffarelli-Kohn-Nirenberg
theory of singularities for the incompressible Navier-Stokes equations, that is
explained in detail in G. Gallavotti’s lectures.

A. Kazikhov introduces the reader to the theory of strong approximation
of weak limits via the method of averaging, applied to the Navier-Stokes equa-
tions.

On the other hand, Y. Meyer’s lectures focus on several nonlinear evo-
lution equations — in particular the Navier-Stokes ones — and some related
unexpected cancellation properties, that are either imposed on the initial
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condition, or satisfied by the solution itself, whenever it is localized in space
or in time variable.

Finally, S. Ukai presents the asymptotic analysis theory of fluid equa-
tions. More precisely, he discusses the Cauchy-Kovalevskaya technique for the
Boltzmann-Grad limit of the Newtonian equation, the multi-scale analysis,
giving the compressible and incompressible limits of the Boltzmann equation,
and the analysis of their initial layers.

Many Ph. D. students and researchers from all over the world attended
the summer school, thereby contributing to its success.

The Apulian landscape with its Romanesque and Baroque cathedrals, cas-
tles, rocky settlements, trullis and caves, and the city of Martina Franca, with
its Ducal Palace — where the lectures were held — contributed to creating an
attractive and pleasant working atmosphere. The summer school would not
have taken place without the contagious optimism of Vincenzo Vespri, the
efficient coordination of Elvira Mascolo and Pietro Zecca and the precious
help of Marco Romito and Veronika Sustik. We would like also to thank here
Carla Dionisi, who took care of the final typesetting of the lectures notes.

Finally, let us remember that the CIME summer school benefited from
the financial support of Ministero degli Affari Esteri — Direzione Generale
per la Promozione e la Cooperazione — Ufficio V, M.U.R.S.T., INdAAM and
Universita Franco-Italiana.

July 2004 Marco Cannone
Paris, Kanazawa Tetsuro Miyakawa
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Euler Equations, Navier-Stokes Equations
and Turbulence

Peter Constantin

Department of Mathematics, University of Chicago
5734 University Avenue Chicago, IL 60637, USA
const@math.uchicago.edu

1 Introduction

In 2004 the mathematical world will mark 120 years since the advent of turbu-
lence theory ([80]). In his 1884 paper Reynolds introduced the decomposition
of turbulent flow into mean and fluctuation and derived the equations that de-
scribe the interaction between them. The Reynolds equations are still a riddle.
They are based on the Navier-Stokes equations, which are a still a mystery.
The Navier-Stokes equations are a viscous regularization of the Euler equa-
tions, which are still an enigma. Turbulence is a riddle wrapped in a mystery
inside an enigma ([11]).

Crucial for the determination of the mean in the Reynolds equation are
Reynolds stresses, which are second order moments of fluctuation. The fluctu-
ation requires information about small scales. In order to be able to compute
at high Reynolds numbers, in state-of-the-art engineering practice, these small
scales are replaced by sub-grid models. “Que de choses il faut ignorer pour
‘agir’ | 7 sighed Paul Valéry ([88]). (“How many things must one ignore in
order to ‘act’ ! 7) The effect of small scales on large scales is the riddle in
the Reynolds equations. In 1941 Kolmogorov ([65]) ushered in the idea of
universality of the statistical properties of small scales. This is a statement
about the asymptotics: long time averages, followed by the infinite Reynolds
number limit. This brings us to the mystery in the Navier-Stokes equations:
the infinite time behavior at finite but larger and larger Reynolds numbers.
The small Reynolds number behavior is trivial (or “direct”, to use the words
of Reynolds himself). Ruelle and Takens suggested in 1971 that deterministic
chaos emerges at larger Reynolds numbers ([33]). The route to chaos itself was
suggested to be universal by Feigenbaum ([19]). Foias and Prodi discussed fi-
nite dimensional determinism in the Navier-Stokes equations already in 1967
([55]), four years after the seminal work of Lorenz ([68]). The dynamics have
indeed finite dimensional character if one confines oneself to flows in bounded
regions in two dimensions ([2], [31], [32], [34], [56], [69]). In three dimensions,
however, the long time statistics question is muddied by the blow up problem.
P. Constantin: Euler Equations, Navier-Stokes Equations and Turbulence, LNMCIME 1871,

1-43 (2006)
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2 Peter Constantin

Leray ([67]) showed that there exist global solutions, but such solutions may
develop singularities. Do such singularities exist? And if they do, are they
relevant to turbulence? The velocities observed in turbulent flows on Earth
are bounded. If one accepts this as a physical assumption, then, invoking clas-
sical results of Serrin ([34]), one concludes that Navier-Stokes singularities, if
they exist at all, are not relevant to turbulence. The experimental evidence, so
far, is of a strictly positive energy dissipation rate 0 < € = (v|Vu|?), at high
Reynolds numbers. This is consistent with large gradients of velocity. The gra-
dients of velocity intensify in vortical activity. This activity consists of three
mechanisms: stretching, folding and reconnection of vortices. The stretching
and folding are inviscid mechanisms, associated with the underlying incom-
pressible Euler equations. The reconnection is the change of topology of the
vortex field, and it is not allowed in smooth solutions of the Fuler equations.
This brings us to the enigma of the Euler equations, and it is here where it is
fit we start.

2 Euler Equations

The Euler equations of incompressible fluid mechanics present some of the
most serious challenges for the analyst. The equations are

Diu+Vp=0 (2.1)

with V- u = 0. The function u = u(z,t) is the velocity of an ideal fluid
at the point z in space at the moment ¢ in time. The fluid is assumed to
have unit density. The velocity is a three-component vector, and x lies in
three dimensional Euclidean space. The requirement that V - u = 0 reflects
the incompressibility of the fluid. The material derivative (or time derivative
along particle trajectories) associated to the velocity w is

The acceleration of a particle passing through x at time t is Dyu. The Euler
equations are an expression of Newton’s second law, F' = ma, in the form
—Vp = Dyu. Thus, the only forces present in the ideal incompressible Euler
equations are the internal forces at work keeping the fluid incompressible.
These forces are not local: the pressure obeys

—Ap=V-(u-Vu)=Tr {(Vu)2} = 0;0; (uu; ).

If one knows the behavior of the pressure at boundaries then the pressure
satisfies a nonlocal functional relation of the type p = F([u®u]). For instance,
in the whole space, and with decaying boundary conditions

p = RiRj (uiuj)
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where R; = ai(—A)_% are Riesz transforms. (We always sum repeated indices,
unless we specify otherwise. The pressure is defined up to a time dependent
constant; in the expression above we have made a choice of zero average
pressure. )

Differentiating the Euler equations one obtains:

DU +U?+Tr{(R®R)U*} =0

where U = (Vu) is the matrix of derivatives. We used the specific expression
for p written above for the whole space with decaying boundary conditions.
This equation is quadratic and it suggests the possibly of singularities in finite
time, by analogy with the ODE %U + U? = 0. In fact, the distorted Euler
equation

WU +U?+Tr{(Re®R)U*} =0

does indeed blow up ([15]). The incompressibility constraint TrU = 0 is re-
spected by the distorted Euler equation. However, the difference between the
Eulerian time derivative 0; and the Lagrangian time derivative D; is signifi-
cant. One may ask whether true solutions of the Euler equations do blow up.
The answer is yes, if one allows the solutions to have infinite kinetic energy.
We will give an example in Section Three. The blow up is likely due to the
infinite supply of energy, coming from infinity. The physical question of finite
time local blow up is different, and perhaps even has a different answer.

In order to analyze nonlinear PDEs with physical significance one must
take advantage of the basic invariances and conservation laws associated to
the equation. When properly understood, the reasons behind the conservation
laws show the way to useful cancellations.

Smooth solutions of the Euler equations conserve total kinetic energy,
helicity and circulation. The total kinetic energy is proportional to the L?
norm of velocity. This is conserved for smooth flows. The Onsager conjecture
([72], [48]) states that this conservation occurs if and only if the solutions
are smoother than the velocities supporting the Kolmogorov theory, (Holder
continuous of exponent 1/3). The “if” part was proved ([28]). The “only if”
part is difficult: there is no known notion of weak solutions dissipating energy
but with Hélder continuous velocities. The work of Robert ([$1]) and weak
formulations of Brenier and of Shnirelman are relevant to this question ([35],
[6])-

In order to describe the helicity and circulation we need to talk about
vorticity and about particle paths. The Euler equations are formally equivalent
to the requirement that two first order differential operators commute:

Dy, 2] = 0.

The first operator Dy = 0; +u - V is the material derivative associated to the
trajectories of u. The second operator

N=w(xt)-V
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is differentiation along vortex lines, the lines tangent to the vorticity field w.
The commutation means that vortex lines are carried by the flow of u, and is
equivalent to the equation

Dw =w- Vu. (2.3)

This is a quadratic equation because w and u are related, w = V x u. If
boundary conditions for the divergence-free w are known (periodic or decay
at infinity cases) then one can use the Biot-Savart law

u=RKspg*w=V X (—A)ilw (24)

coupled with (2.3) as an equivalent formulation of the Euler equations, the
vorticity formulation used in the numerical vortex methods of Chorin ([13],
[14]). The helicity is

h=u-w.

The Lagrangian particle maps are
a— X(a,t), X(a,0)=a.
For fixed a, the trajectories of u obey

X
— =u(X,t).
= = u(X,1)
The incompressibility condition implies

det (V,X) = 1.

The Euler equations can be described ([63], [1]) formally as Euler-Lagrange
equations resulting from the stationarity of the action

/ab/|u(x,t)|2 dudt

u(e,1) = X (A, 0),1)

with

and with fixed end values at t = a,b and
Az, t) = Xz, ).

Helicity integrals ([71])

/Th(:mt)d:v =c

are constants of motion, for any vortex tube T (a time evolving region whose
boundary is at each point parallel to the vorticity, w - N = 0 where N is the
normal to 97 at « € 9T.) The constants ¢ have to do with the topological
complexity of the flow.
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Davydov, and Zakharov and Kuznetsov ([12], [93]) have formulated the
incompressible Euler equations as a Hamiltonian system in infinite dimensions
in Clebsch variables. These are a pair of active scalars 6, ¢ which are constant

on particle paths,
DtQO = Dt9 =0

and also determine the velocity via

9p(z,t)  On(z, t).

u'(z,t) = (z,t) D D

The helicity constants vanish identically for flows which admit a Clebsch vari-
ables representation. Indeed, for such flows the helicity is the divergence of a
field that is parallel to the vorticity h = —V - (nw). This implies that not all
flows admit a Clebsch variables representation. But if one uses more variables,
then one can represent all flows. This is done using the Weber formula ([90])
which we derive briefly below.

In Lagrangian variables the Euler equations are

0%X (a,t) Ip(X(a,t),t)

2t oz (25)

J .
Lf’t) we obtain

Multiplying this by =

0%X(a,t) 0X7(a,t) ~ 0p(a, )

ot? 5‘ai aai

where p(a,t) = p(X(a,t),t). Forcing out a time derivative in the left-hand
side we obtain

9 90X (a,t) 0X7(a,t) _9q(a,t)
ot ot 8(%‘ - 8&1‘

with
2

d(at) = plat) = 5 | =5~

Integrating in time, fixing the label a we obtain:

1‘8X(a7t)

0XI(a,t) 0XI(a,t) on(a,t)
ot PO C v

with .

n(a,t):/ G(a,s)ds
0

where X (a.0)

a,
v @) = =

is the initial velocity. We have thus:



6 Peter Constantin
(VQX)*atX = U(O) (a) — Vafl.

where we denote M™* the transpose of the matrix M.
Multiplying by [(VQX(a, t))*} ~and reading at a = A(z,t) with

Az, t) = Xz, 1)

we obtain the Weber formula

QA (x,t) _ On(z,t)

u'(x,t) = (UZO)(A(xvt)))

This relationship, together with boundary conditions and the divergence-free
requirement can be written as

u=WI[Av] =P {(VA)"v} (2.6)

where P is the corresponding projector on divergence-free functions and v is
the virtual velocity
U =U) © A.

We will consider the cases of periodic boundary conditions or whole space.
Then
P=/+R®R

holds, with R the Riesz transforms. This procedure turns A into an active
scalar system

DtA == O,
DtU = O7 (27)
u=WI[A,v].

Active scalars ([17]) are solutions of the passive scalar equation D0 = 0
which determine the velocity through a time independent, possibly non-local
equation of state u = U[f].

Conversely, and quite generally: Start with two families of labels and vir-
tual velocities

A = A(x7t’ A)7 /U('r7t7 A)

depending on a parameter A such that
DiA=Dw=0

with Dy = 0y + u - V. Assume that u can be reconstructed from A, v via a
generalized Weber formula

u(z,t) = /VIA(ac,t,)\)v(x,t,)\)du(A) —Van

with some function n, and some measure du. Then u solves the Euler equations
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%-Fqu—i—Vw:O

where .
m = Dyn+ §|u|2.

Indeed, using the kinematic commutation relation
Dtvxf = Vthf - (Vﬂiu)*vﬂc-f

and differentiating the generalized Weber formula we obtain:

Dyu = Dt(/ Vi Avdp — Vn) =
- /((Vmu)*VzA)vd,u — V(D) + (Vyu) Vn =

—Va(Din) — (Vau)* [/(VrA)vdu —Vun| =

—V.(Din) — (Vau)'u = =V, (7).

The circulation is the loop integral

Cvzj{u~dx
¥

and the conservation of circulation is the statement that

d
7Cw =0

for all loops carried by the flow. This follows from the Weber formula because

0. ¢l

w (X (a, t))Tai = Ufo)(a) — M.

aai

The important thing here is that the right hand side is the sum of a time inde-
pendent function of labels and a label gradient. Viceversa, the above formula
follows from the conservation of circulation. The Weber formula is equivalent
thus to the conservation of circulation.

Differentiating the Weber formula, one obtains

o’ 0A 0A

Here we used the notation

W(O) =V x U(O).
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Taking the antisymmetric part one obtains the Cauchy formula:
1 0A 0A
i = S€ijk | Det | 53— 5 A
Wi = S€ijk ( e [axj . w(o)( )D

w=C[VA,(] (2.8)

which we write as

with ¢ the Cauchy invariant
C(l‘, t) = w(o) e} A
Therefore the active scalar system

DtA = 07
Do (2.9)
u=VY X (—A)_l (C[VAv d)

is an equivalent formulation of the Euler equations, in terms of the Cauchy in-
variant ¢. The purely Lagrangian formulation (2.5) of the Euler equations is in
phrased in terms of independent label variables (or ideal markers) a, ¢, except
that the pressure is obtained by solving a Poisson equation in Eulerian inde-
pendent variables x,t. The rest of PDE formulations of the Euler equations
described above were: the Eulerian velocity formulation (2.1), the Eulerian
vorticity formulation (2.3), the Eulerian-Lagrangian virtual velocity formula-
tion (2.7) and the Eulerian-Lagrangian Cauchy invariant formulation (2.9).
The Eulerian-Lagrangian equations are written in Eulerian coordinates x,t,
in what physicists call “laboratory frame”. The physical meaning of the de-
pendent variables is Lagrangian.

The classical local existence results for Euler equations can be proved in
either purely Lagrangian formulation ([45]), in Eulerian formulation ([70]) or
in Eulerian-Lagrangian formulation ([19]). For instance one has

Theorem 2.1. ([19]) Let o > 0, and let ug be a divergence free C1* periodic
function of three variables. There exists a time interval [0,T] and a unique
C([0,T); CH*) spatially periodic function €(z,t) such that

Az, t) = x + L(z,t)

solves the active scalar system formulation of the Euler equations,

0A
ot +u-V 0,

u=P{(VA(z, 1)) uo(A(z, 1))}
with initial datum A(x,0) = z.
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A similar result holds in the whole space, with decay requirements for the
vorticity. As an application, let us consider rotating three dimensional incom-
pressible Euler equations

Ou+u-Vu+ Vr +202e3 x u=0.
The Weber formula for relative velocity is:
u(z,t) = P(O;A™ (z, t)ug' (A(z, 1), 1))

+0P{(Z; A(x, 1), 0; Az, 1)) — (Z;2;€:) } -

Here (2 is the constant angular velocity (not w -V ), and e; form the canon-
ical basis of R®. We consider the Lagrangian paths X (a,t) associated to the
relative velocity u, and their inverses A(z,t) = X ~1(x,t), obeying

(at+’LLV)A:0

As a consequence of the Cauchy formula for the total vorticity w + 2{2e3 one
can prove that the direct Lagrangian displacement

AMa,t) = X(a,t) —a

obeys a time independent differential equation. The Cauchy formula for the
total vorticity (the vorticity in a non-rotating frame) follows from differen-
tiation of the Weber formula above and is the same as in the non-rotating
case

w+20e3 =C[VA,(+ 20e3]
Composing with X the right hand side is

C[VA,{+20e3) 0 X = (w(o) + 202e3) - Vo X.

Rearranging the Cauchy formula we obtain

Dui 1) + 3p0(0)60(@) - Tu(at) =

_ % (pr(@)€(a, t) — pola)é(a, 0))
where lw(X (a,t),1)]
pi(a) = #

is the local Rossby number and £ = ﬁ is the unit vector of relative vortic-
ity direction. This fact explains directly (9,,A = O(p)) the fact that strong
rotation inhibits vertical transport ([24]). In particular, one can prove rather
easily
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Theorem 2.2. Let ug € H*(T?), s > g and let T' > 0 be small enough . For
each 2, consider the inverse and direct Lagrangian displacements

Uz, t) = Az, t) — x

and
Aa,az,as,t) = X(ay,a9,as,t) — (a1, az,as).
They obey
1025 (s )l oo (azy) < Cp
and

10as A5 O)ll oo (4a) < Cp

with p = 271 SUPg<i<T lw (-, )] Loo (da) -

Let 2; — 0o be an arbitrary sequence and let X7 (a1, as,as,t) denote the
Lagrangian paths associated to (2;. Then, there exists a subsequence (denoted
for convenience by the same letter j) an invertible map X (a1, as,as,t), and a
periodic function of two variables \(ay,as,t) such that

lim Xj(al,ag,ag,t) = X(al,ag,ag,t)

Jj—o0
holds uniformly in a,t and
X (a1, az,a3) = (a1, a2, a3) + Ma1, az, t)

This represents a nonlinear Taylor-Proudman theorem in the presence of iner-
tia. It also implies, at positive Rossby number, that the vertical transport, in
a relative vorticity turnover time is of the order of the local Rossby number.
The nonlinear Taylor Proudman statement and derivation of effective equa-
tions are usually addressed via analysis of resonant interactions ([416], [3]).

3 An Infinite Energy Blow Up Example

A classical stagnation point ansatz for the solution of the Euler equations
was shown to lead to blow up in three dimensions by J.T. Stuart ([37]), and
two dimensions by Childress, Iearly, Spiegel and Young ([12]). A new ansatz,
and numerics for the singularity are due to Gibbon and Ohkitani ([76]). The
ansatz requires infinite energy, separation of variables, and demands the three
dimensional velocity in the form

u(x,y, Z’t) = (u(x,y,t), Z’y(l‘,y,t))

with v(z,y,t) and u(z, y,t) = (u1(x,y,t), us(z,y,t)) periodic functions of two
variables with fundamental domain ). The divergence-free condition for u
becomes the two dimensional
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V-u=—y.

The Euler equations respect this ansatz and the dynamics reduce to a pair of
equations, one for the vorticity in the vertical direction

Ous(z,y,t ouq(z,y,t
w3<$7y7t): 2(6582/ )_ 1(8yy )7

and one for the variable 7 which represents the vertical derivative of the
vertical component of velocity. The velocity is recovered using constitutive
equations for a stream function ¢ and a potential h. This entire system is

8tw3 +u- ng = YWws3.
2]
o Tu-Vy ==+ & [ (@ t)da

u=V+ty)+Vh
—Ah = s
7A’LZJ = W3

The two dynamical equations for (ws,~) coupled with the constitutive equa-
tions for u form the nonlocal Riccati system. This blows up from all nontrivial
initial data:

Theorem 3.1. ([18]) Consider the nonlocal conservative Riccati system. For
any smooth, mean zero initial data vo # 0, wg, the solution becomes infinite
in finite time. Both the maximum and the minimum values of the component
v of the solution diverge to plus infinity and respectively to negative infinity
at the blow up time.

One can determine explicitly the blow up time and the form of v on char-
acteristics, without having to actually integrate the characteristic equations,
which may be rather difficult. The solution is given on characteristics X (a,t)
in terms of the initial data vy(z,0) = v(z) by

(X(a.0.) = alr(@) ({524 - 3(r(0)

where B
w0 ={ [, me e Ly ) :
—2
a(r) = {Klg'/Q Tt —|—7'1’y()(a)da}
" 6(% =afr), 7(0)=0.

The function 7(t) can also be obtained implicitly from
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= (@)2/@/62%@) A (iiliiii)dadb'

The blow up time t = T, is given by
1 1 ~Yo(a) — mg
T, = // log < dadb
Q[ Yo(a) —70(b) Y0(b) = mo

mo = inn Yo(a) < 0.

where
The Jacobian J(a,t) = Det {W} is given by

1 1 da -
o) = T 1l fy T )

Because the Jacobian can be found explicitly, one can get some of the Eulerian
information as well: integrals of powers of v can be computed. The moments
of v are given by

/Q (7w, 1)) d =

P __le) —o(r ’ a,t)da
0 [ {2 ~ o) | (o0

The proof of these facts is based on several auxilliary constructions. Let ¢
solve

0+ v Vo=~
together with

1
V-v(z,7) = —¢(z,7) + @ /Q o(x, 7)dx.

We take the curl { = % — %—2 and demand that

0:¢C+v-V(= (gé— |§2|/Q¢(a:,7')dx> C.

Note that this is a linear equation when ¢ is known, which allows a bootstrap
argument to guarantee that the construction does not breakdown before the
blow up time derived below. Passing to characteristics

day

A Ve
dr v(Y,7)

we integrate and obtain



Euler Equations, Navier-Stokes Equations and Turbulence

Po(a)

¢(Y(a,7),7) = T+ 7do(a)

valid as long
igg(l + 7¢o(a)) > 0.

— 1
o(r) = M/Q(b(x,f)dw

J(a,7) = Det{a;;}

as _
dr

We need to compute

The Jacobian

obeys
_h(av T)J(aa T)

where B
h(a7 T) = (b(y(a'v T), T) - ¢(7—)

Initially the Jacobian equals to one, so
J(a,7) = e~ Jo Maw)ds,

Consequently

J(a,7) =elo P(s)ds oy, (— /T % log(1 + s¢o(a))ds)
0

and thus
1

1+ 7éo(a)

The map a — Y (a,7) is one and onto. Changing variables one has

/¢xrdx—/¢ (a,7),t)J(a,7)da

= fo (s)ds d .
o) =e IQI/ 1+r<z>o ¢

J(a,7) =elo ¢ #s)ds

and therefore

Consequently
d _ fOTg(S)dS o d 1 1

—e

dr dr \Q| 14+ 7¢o(a) da

Because both sides at 7 = 0 equal one, we have

e foT g(s)ds

1
- [ 4
Q] /Q 1+ réoa) "

13
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wo={ [, oo} {f, )

Note that the function 6(z,7) = ¢(x, 7) — ¢(7)obeys

a6 1 _
— 4 0v-Vi=—-624+2— [ §%dz — 240.
or Qs s

We consider now the function

and

oz, ) = e2lo ¢(S)ds§(m,7)

and the velocity B
U(x,7) = e2lo ¢(S)d5v(a:,7').

Multiplying the equation of § by e*/d #(s)ds we obtain

T oo 2
2 [J o(s)ds 2 2
e“Jo +U - -Vo=—0"+ o°dx.
or Q|

Note that
V-U=-o0.

Now we change the time scale. We define a new time ¢ by the equation

ﬂ _ 672]07 B(s)ds
dr ’

t(0) = 0, and new variables

y(z,t) = o(x,7)

and
u(z,t) =Ul(x,T).

Now -y solves the nonlocal conservative Riccati equation

Oy
ot

2

2
yedx
Q|

+u-Vy=-—9"+

with periodic boundary conditions,
u=(—A)" [Viw+ V4]

and

%:-i-u-Vw:'yw

The initial data are

Yo(z) = do(w) = do()
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= <|Ql|> /Q/Q OO iiﬁibi dadb

Note that the characteristic system

and

dX

=X
= u(X, 1)

is solved by
X(a,t) =Y(a,7)
This implies the relationship

(X(a.000) = a(r) (20—~ 5(r) )

a(r) = 2 Jo $()ds

If the initial smooth function ~o(a) = ¢o(a), of mean zero has minimum
mgo < 0, then the blow up time is

1
Ty = ——
mo

Lets consider now a simple example, in order to determine the blow up as-
ymptotics. Let ¢g attain the minimum mg at ag, and assume locally that

oo(a) > mo+ Cla — ao|2

for 0 < |a — ag| < r. Then it follows that the integral

1 da
@ / €2+ ¢p(a) — mg

behaves like

2
~ log 1+ <CT>

€

1 da
LQI/@ + ¢o(a) — mo

for small e. Taking

it follows that

e_ff;‘z’(s)dswlog{ 1+ ¢ }
Te — T

and for small (7, — 7)
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1 [ bl . C
Q| /Q (1 +T¢o(a))2d Te —T

and thus ¢(7) has a finite limit ¢ — T as 7 — 7. The average ¢(7) diverges

to negative infinity,
c C o
llog { 1+ }] .
Tw — T T — T

The prefactor o becomes vanishingly small

o(r) ~ -

a(r) ~ (log(r. — 7))~

and so

14 7¢p(a

If ¢o(a) > O then the first term in the brackets does not blow up and -y
diverges to plus infinity. If the label is chosen at the minimum, or nearby,
then the first term in the brackets dominates and the blow up is to negative
infinity, as expected from the ODE. From

(X 0. 008) ~ ogr. — 1) (28~ 310)).

(o)) tdr = dt

it follows that the asymptotic behavior of the blow up in ¢ follows from the
one in T:
1 2
T*—tN(T*—T)<1+10g< ))
Te — T

4 Navier-Stokes Equations

The Navier-Stokes equations are
D,u+Vp =0, (4.1)
together with the incompressibility condition V -« = 0. The operator D,
D,=D,(u,V)=0+u-V—vA (4.2)

describes advection with velocity v and diffusion with kinematic viscosity v >
0. When v = 0 we recover formally the Euler equations (2.1), and D, |,—g =
D;. The vorticity w = V X u obeys an equation similar to (2.3):

Dyw=w-Vu. (4.3)

The Eulerian-Lagrangian equations (2.7) and (2.9) have also viscous counter-
parts ([20]). The equation corresponding to (2.7) is
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DyA =0,
D,v =2vCVv, (4.4)
u=WI[A,v]

The u = W[A,v] is the Weber formula (2.6), same as in the case of v = 0.
The right hand side of (4.4) is given terms of the connection coefficients

i = ((va)™) (@0,4m).

Jr

The detailed form of virtual velocity equation in (4.4) is
Dyv; = QVCIZ?iakUT,L.

The connection coefficients are related to the Christoffel coefficients of the
flat Riemannian connection in R? computed using the change of variables
a= A(z,t):
QA (z,t)

axk

The equation D, (u, V)A = 0 describes advection and diffusion of labels. Use
of traditional (D;A = 0) Lagrangian variables when v > 0 would introduce
third order derivatives of A in the viscous evolution of the Cauchy invariant,
making the equations ill posed: the passive characteristics of u are not enough
to reconstruct the dynamics.

The diffusion of labels is a consequence of the physically natural idea of
adding Brownian motion to the Lagrangian flow. Indeed, if u(X(a,t),t) is
known, and if

Cili(w, 1) = = I3 (A, 1))

dX(a,t) = u(X(a,t),t)dt + V2vdW(t), X(a,0) = a,
with W (t) standard independent Brownian motions in each component, and
if
Prob{X(a,t) € de} = p(x,t;a)dx
then the expected value of the back to labels map

A(z,t) :/p(x,t;a)ada

solves
D,(u,V)A=0.

In addition to being well posed, the Eulerian-Lagrangian viscous equations are
capable of describing vortex reconnection. We associate to the virtual velocity
v the Eulerian-Lagrangian curl of v

(=V*xu (4.5)

where
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vi=((va™) o
Ju
is the pull back of the Eulerian gradient. The viscous analogue of the Eulerian-
Lagrangian Cauchy invariant active scalar system (2.9) is

D,A =0,
D, (1 = 20GT (P + vTICP, (4.6)
u=V x (—A4)" (C[VA(])

The Cauchy transformation
CIVA, (] = (det(TA)(VA)~C.

is the same as the one used in the Euler equations, (3.1). The specific form of
the two terms on the right hand side of the Cauchy invariant’s evolution are

Gik =sicy, — L, (4.7)

and
T:g = eqjiermpC,Z‘iC’,Z;j. (48)

The system (4.4) is equivalent to the Navier-Stokes system. When v = 0
the system reduces to (2.7). The system (4.6) is equivalent to the Navier-
Stokes system, and reduces to (2.9) when v = 0.

The pair (A,v) formed by the diffusive inverse Lagrangian map and the
virtual velocity are akin to charts in a manifold. They are a convenient rep-
resentation of the dynamics of u for some time. When the representation
becomes inconvenient, then one has to change the chart. This may (and will)
happen if VA becomes non-invertible. Likewise, the pair (A, () formed with
the “back-to-labels” map A and the diffusive Cauchy invariant ¢ are conve-
nient charts. In order to clarify this statement let us introduce the terminology
of “group expansion” for the procedure of resetting. More precisely, the group
expansion for (4.4) is defined as follows. Given a time interval [0,7] we con-
sider resetting times

O=to<ti <---<tp---<T.
On each interval [t;,t;11], ¢ = 0,...we solve the system (4.4):
Dy (u,V)A =0,
D, (u,V)v =2vCVw,
u=P((VA)*v).
with resetting values

{ Az, t;) =z,
v(x,t; +0) = (VA)*v)(z,t; — 0).
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We require the strong resetting criterion that V£ = (VA) —I must be smaller
than a preassigned value € in an analytic norm: 3\ such that for all « > 1 and
all ¢t € [t;,t;41] one has

/eklkl ‘Z(k)‘ dk <e<1.

If there exists N such that T = Zﬁio(tiﬂ — t;) then we say that the group
expansion converges on [0,T]. A group expansion of (4.6) is defined similarly.
The resetting conditions are

{ Az, t;) =,
C(z,ti +0) = C[(VA)) (2, t; = 0), ((2, t; — 0)].

The strong analytic resetting criterion is the same. The first interval of time
[0,t1) is special. The initial value for v is ug (the initial datum for the Navier-
Stokes solution), and the initial value for ¢ is wg, the corresponding vorticity.
The local time existence is used to guarantee invertibility of the matrix VA
on [0,¢1) and Gevrey regularity ([57]) to pass from moderately smooth initial
data to Gevrey class regular solutions. Note that the resetting data are such
that both v and w are time continuous.

Theorem 4.1. ([21]) Let ug € H'(R?) be divergence-free. Let T > 0. Assume
that the solution of the Navier-Stokes equations with initial datum ug obeys
supg<i<r |w(-, )l 22(dz) < 00. Then there exists X > 0 so that, for any e >0,
there exists T > 0 such that both group expansions converge on [0,T] and the
resetting intervals can be chosen to have any length up to T, t;11 —t; € [0, 7].
The velocity u, solution of the Navier-Stokes equation with initial datum ug,
obeys the Weber formula (2.6). The vorticity w = V X u obeys the Cauchy
formula (5.1).

Conversely, if one group expansion converges, then so does the other, using
the same resetting times. The Weber and Cauchy formulas apply and recon-
struct the solution of the Navier-Stokes equation. The enstrophy is bounded
supg<i<r |w(-, )l 22(dz) < 00, and the Navier-Stokes solution is smooth.

The quantity A can be estimated explicitly in terms of the bound of en-
strophy, time T', and kinematic viscosity v. Then 7 is proportional to e, with a
coefficient of proportionality that depends on the bound on enstrophy, time T’
and v. The converse statement, that if the group expansion converges, then the
enstrophy is bounded, follows from the fact that there are finitely many reset-
tings. Indeed, the Cauchy formula and the near identity bound on VA imply a
doubling condition on the enstrophy on each interval. It is well-known that the
condition regarding the boundedness of the enstrophy implies regularity of the
Navier-Stokes solution. Our definition of convergent group expansion is very
demanding, and it is justified by the fact that once the enstrophy is bounded,
one could mathematically demand analytic norms. But the physical resetting
criterion is the invertibility of the matrix VA. The Euler equations require no
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resetting as long as the solution is smooth. The Navier-Stokes equations, at
least numerically, require numerous and frequent resettings. There is a deep
connection between these resetting times and vortex reconnection ([74], [75]).
In the Euler equation, as long as the solution is smooth, the Cauchy invariant
obeys ((x,t) = w)(A(z,t)) with w) = wo, the initial vorticity. The topol-
ogy of vortex lines is frozen in time. In the Navier-Stokes system the topology
changes. This is the phenomenon of vortex reconnection. There is ample nu-
merical and physical evidence for this phenomenon. In the more complex, but
similar case of magneto-hydrodynamics, magnetic reconnection occurs, and
has powerful physical implications. Vortex reconnection is a dynamical dis-
sipative process. The solutions of the Navier-Stokes equations obey a space
time average bound ([16], [21])

T

/ R/ (. 1) ‘w (M)

0

2
1
dxdt < §v_2/|uo(m,t)\2da:.
R3

This bound is consistent with the numerically observed fact that the region of
high vorticity is made up of relatively straight vortex filaments (low curvature
of vortex lines) separated by distances that vanish with viscosity. The process
by which this separation is achieved is vortex reconnection. When vortex
lines are locally aligned, a geometric depletion of nonlinearity occurs, and the
local production of enstrophy drops. Actually, the Navier-Stokes equations
have global smooth solutions if the vorticity direction field \%\ is Lipschitz
continuous ([29]) in regions of high vorticity. So, vortex reconnection is a
regularizing mechanism.

In the case of the Navier-Stokes system the virtual velocity and the Cauchy
invariant in an expansion can be computed using the back to labels map A, but
unlike the case of the Euler equations, they are no longer frozen in time: they
diffuse. Let us recall that, using the smooth change of variables a = A(x,t)
(at each fixed time ¢) we compute the Euclidean Riemannian metric by

9" (a,t) = (9 A") (0 A7) (1) (4.9)

The equations for the virtual velocity and for the Cauchy invariant can be

solved by following the path A, i.e., by seeking
U(xa t) - ’U(A(SC, t)a t)a
C(z,1) = £(A(z, 1), 1)

The equations for v and & become purely diffusive. Using D, A = 0, the
operator D, becomes

(4.10)

Dy(foA)=((8, —vg”0;0;)f) o A (4.11)

The equation for v follows from (4.4):
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Orv; = vg™" 0 Opv; — 2uVimj6mvj (4.12)

with
ij _ gmkF_jk
(] K3
The derivatives are with respect to the Cartesian coordinates a. The equation
reduces to dyv = 0 when v = 0, and in that case we recover v = ug), the

time independent initial velocity. For v > 0 the system is parabolic and well
posed. The equation for ¢ follows from (4.6):

& = vg” 9;0;€9 + wW k0" + vTIEP (4.13)
with
Wik = —58g" Ih, + g’“”l“é?n,
T = egjiermpl ;T 9%

Again, when v = 0 this reduces to the invariance 0;( = 0. But in the
presence of v this is a parabolic system. Both the Cauchy invariant and the
virtual velocity equations start out looking like the heat equation, because
g™ (a,0) = 0™" and ka(& 0) = 0. The equation for the determinant of VA
is

D, (log(det(VA)) = v {C};.,Ci.i} (4.14)
The initial datum vanishes. When v = 0 we recover conservation of incom-
pressibility. In the case v > 0 the inverse time scale in the right hand side

of this equation is significant for reconnection. Because the equation has a
maximum priciple it follows that

t
det(VA)(x,t) > exp {—1// sup {C}..Cr.i } do’}
t,
Considering
g = det(gi;) (4.15)
where g;; is the inverse of " and observing that
g(A(z,t)) = (det(VA))~?

we deduce that the equation (4.14) becomes

8t(10g(\/§)) = Z/gijaiaj 10g(\/§) — I/gaﬁFg;Fgm (416)

The initial datum is zero, the equation is parabolic, has a maximum priciple
and is driven by the last term. The form (2.64) of the equation (4.14) has the
same interpretation: the connection coefficients define an inverse length scale
associated to A. The corresponding inverse time scale

v {C’,@SC}:#} =v {gm"lﬁ r? } oA

ms* ni
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decides the time interval of validity of the chart A, and the time to reconnec-
tion. Let us denote
L =log(\/g)

Vi :_gjkr;kv

The equation (2.64) for L can be written as
8tL = Vgijé‘iajL —vF.

We will make use now of a few well-known facts from Riemannian geometry.
The first fact is

0jlog(\/g9) = I}y, (4.17)

The second fact is the vanishing of the curvature of the FEuclidean Riemannian
connection in R? ' 4 ' '

The third fact is that the connection is compatible with the metric
ik i pk k jp _
8ig’" + Ij,g"" + Ilhg'" = 0. (4.19)
Taking the sum ¢ = [ in (4.18) we deduce that
Dol = 0il gy, — Ok Ty + LT
Using (4.17) and multiplying by ¢*? we deduce
F=—g90;0;L+VI0;L+ g*’0,I'..
But, using (4.19) we deduce

g™y = 2F — V'O, L + divV

with 1
divV = —0; (\/gV?) .
o (i)
Therefore -
97 0;0;L — F = divV, (4.20)
and we obtained an alternative form of (2.64):
3“/53 = 1/81- (\/_Z]gaﬁ[‘oltﬁ) . (421)
Let us introduce now 1
f1=—£ (4.22)

V9
Writing £ = /gf in (4.13) and using (4.21) it follows that
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Nf!=vg*P0,05f" + VDO f + vFIfP (4.23)

with
k __ k
DI¥ = 2g pfgn

and
Fi =T3+2g" 8 oL + 5197 (Féjpéi - Ffiiffjij) :

In the derivation of the last expression we used the fact that \/g = el and
the equation (4.20). Let us note here what happens in two spatial dimensions.
In that case A* = 2%, I} = 0, and f! = f? = 0. Then the free term F3 in
(4.23) vanishes because T5 cancels the §3 term. The rest of the terms involve
Fg and vanish. The equation becomes thus the scalar equation

Ouf? = vg* .05 f°

which means that
wd = f3o Al

Because the rest of components are zero, this means that in two dimensions
w = f o A. This represents the solution of the two dimensional vorticity
equation

D,w=0

as it is readily seen from (4.11). The three dimensional situation is more
complicated, f obeys the nontrivial well posed parabolic system (4.23), and
the Cauchy formula in terms of f reads

w=(VA) ' (foA). (4.24)

The function fo A = (det(VA)) ¢ deserves just as much the name “Cauchy
invariant” as does ¢ = V4 xv. In the inviscid case these functions coincide, of
course. The Eulerian evolution equation of ¢ = (det(V A))( is similar to (4.6).
There are two more important objects to consider, in the viscous context:
circulation, and helicity. We note that the Weber formula implies that

udr — vdA = —dn

7{ udr = fvda (4.25)
v0A v

holds for any closed loop . Similarly, in view of the Cauchy formula one has
that the helicity obeys

and therefore

h=uv-w=v-(—V-(w)

So, if T'o A is a vortex tube, then
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/TOA hdx = /TOAU.gda: = /Tv.gda_ (4.26)

The metric coefficients g%/ determine the connection coefficients, as it is
well known. But they do not determine their own evolution as they change
under the Navier-Stokes equations. (The evolution equation of g%/ involves Vu
and VA). It is therefore remarkable that the virtual velocity, Cauchy invariant
and volume element evolve according to equations that do not involve explic-
itly the velocity, once one computes in a diffusive Lagrangian frame. This
justifies the following terminology: we will say that a function f is diffusively
Lagrangian under the Navier-Stokes flow if f o A obeys an evolution equation
with coefficients determined locally by the Euclidean Riemannian metric in-
duced by the change of variables A. Thus, for instance, the metric itself is not
diffusively Lagrangian. The previous calculations can be summarized thus:

Theorem 4.2. The virtual velocity v, the Cauchy invariant ¢ and the Jaco-
bian determinant det(V A) associated to solutions of the Navier-Stokes equa-
tions are diffusively Lagrangian.

5 Approximations

We will describe here approximations of the Navier-Stokes (and Euler) equa-
tions. These approximations are partial differential equations with globally
smooth solutions. We’'ll consider a mollifier: an approximation of the identity
obtained by convolution with a smooth function which decays enough at in-
finity, is positive and has integral equal to one. The mollified v is denoted

[ul:

]

The length scale 6 > 0 is fixed in this section. In order to recover the original
equations one must pass to the limit 6 — 0. The first approximation concerns
the Eulerian velocity formulation (4.1), and is due to Leray ([67]):

[u]s = 63 J (x — y) u(y)dy = Js(—iV)u = Jsu = [u]
R3

O+ [u] - Vu —vAu+ Vp =0 (5.1)

together with V - v = 0. The Eulerian vorticity formulation (4.3) has an
approximation which corresponds to Chorin’s vortex methods ([13]):

Ow + [u] - w — vAw = w - V[u] (5.2)

with u calculated from w using w = V X u. This relationship can be written
as

[u] = J5 (V x (—A) ") w.

The virtual velocity active scalar system (4.4) has an approximation



Euler Equations, Navier-Stokes Equations and Turbulence 25

D, ([u], V)A =0,
D, ([u], V)v =2vCVw, (5.3)
u=WIA,vl].

The relationship determining the advecting velocity is thus
[u] = JsW[A,v]

with WA, v] the same Weber formula (2.6). The Cauchy invariant active
scalar system (4.6) is approximated in a similar manner

D,([u], V)A =0,
D, ([u], V)¢9 = 20GI+8;.¢P + vTICP, (5.4)
u="Vx(=A)"(C[VA,(])

The Cauchy formula (3.1) is the same, and the diffusive Lagrangian terms
G4% and T are given by the same expressions (4.7), (4.8) as in the Navier-
Stokes case. In fact, the approximations of both group expansions are defined
in exactly the same way: one respects the constitutive laws relating virtual
velocity or Cauchy invariant to velocity, and the same resetting rules. One
modifies the advecting velocity: D, is replaced by D, ([u], V).

All four approximations are done by mollifying, but they are not equiva-
lent. The Leray approximate equation (5.1) has the same energy balance as
the Navier-Stokes equation,

d
Q—dt/|u|2dx+u/|Vu|2dx:0

but, when one sets v = 0 the circulation integrals are not conserved. The vor-
ticity approximation conserves circulation, but has different energy structure
(the integrals of u-[u] decay). The approximations of the active scalar systems
provide convergent group expansions for the vorticity approximation, not the
Leray approximation.

Theorem 5.1. Consider ug € H'(R?), divergence free, and let T > 0, v > 0,
0 > 0 be fizred. Consider a fized smooth, normalized mollifier J. Then the
group expansions of (5.3) and (5.4) converge on [0,T]. The Cauchy formula
(3.1) gives the solution of the approximate vorticity equation (5.2). The vir-
tual velocity, Cauchy invariant, and Jacobian determinant are diffusively La-
grangian: they solve the evolution equations (4.12, 4.13, 2.64 (or 4.21)) with
coefficients determined locally from the Euclidean Riemannian metric, in co-
ordinates a = A(x,t) computed in the expansion.

The proof starts by verifying that there exists 7 > 0 so that both expansions
converge with resetting times ¢,,1 —t; > 7. This is straightforward, but rather
technical. Then one considers the variable

w = (VA)*v.
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It follows from (5.3) that w obeys the equation
D, ([u], V)w + (V[u])*w = 0.

This equation is an approximation of yet another formulation of the Navier-
Stokes equations ([66], [78], [32]) used in numerical simulations ([7], [8]), and
related to the alpha model ([52], [59]). Taking the curl of this equation it
follows that b = V x w solves

Dy ([u], V)b =b- V[u]

The resetting conditions are such that both w and b are continuous in time.
The Weber formula implies that the advecting velocity [u] is given by [u] =
JsPw, and hence it is continuous in time. It follows that the b solves the
equation (5.2) for all ¢ € [0,T]. The initial datum for b is wp, so it follows
that b = w for all t. But the Cauchy formula holds for b, and that finishes
the proof. The fact that the Cauchy formula holds for b is kinematic: Indeed,
if A,v solve any virtual velocity system (5.3) with some smooth advecting
velocity [u], then the Eulerian curl b of (VA)*v is related to the Lagrangian
curl ¢ of v by the Cauchy formula (3.1).

6 The QG Equation
Two dimensional fluid equations can be described as active scalars
(O +u-V)0+cAD=f

with an incompressible velocity given in terms of a stream function
—0a1)
u = VJ‘ =
v ( X

computed in terms of 6 as
= A7P0.

The constant ¢ > 0 and smooth time independent source term f are given.
The operator A = (—A)z is defined in the whole R? or in T2. Interesting
examples are # = 2 (usual hydrodynamical stream function) with o = 2
(usual Laplacian dissipation), and 3 = 1, (surface quasigeostrophic equation,
QG in short) with o = 1 (critical dissipation). We describe briefly the quasi-
geostrophic equation. When ¢ = 0, f = 0 the equation displays a number of
interesting features shared with the three dimensional Euler equations ([17]).
In particular, the blow up of solutions with smooth initial data is a difficult
open problem ([36], [37], [40], [77]). There is additional structure: the QG
equation has global weak solutions. This has been proved by Resnick in his
thesis ([79]); a concise description of the idea can be found also in ([27]). The



Euler Equations, Navier-Stokes Equations and Turbulence 27

dissipative system ([9], [27], [39], [61], [91], [92]) with ¢ > 0 and « € [0, 2] has
a maximum principle (again proved by Resnick, and again explained in ([27]).
The critical dissipative QG equation (¢ =1, f =0, a = § = 1) with smooth
and localized initial data in R? has the following properties: Weak solutions
in L°°(dt; L*(dz) N L (dx)) N L2(dt; H?) exist for all time. The L norm is
nonincreasing on solutions. The solutions are smooth (in a variety of spaces)
and unique for short time. If the initial data is small in L then the solution is
smooth for all time and decays. The subcritical case ( a > 1, more dissipation,
less difficulty) has global unique smooth solutions. The main open problems
for the QG equations are: uniqueness of weak solutions, global regularity for
large data for critical and supercritical dissipation.

A nice pointwise inequality for fractional derivatives has been discovered
recently by A. Cordoba and D. Cordoba ([11]. The inequality provides another
proof of the maximum principle, and has independent interest. I'll explain it
briefly below. One starts with the Poisson kernel

t
P(z,t) = cn————1
(22 +12) =

in R™ for t > 0. The constant ¢, is normalizing:

/P(z,t)dz =1.
Rﬂ.

Convolution with P(-,t) is a semigroup. The semigroup identity is
—tAp _
e " f = /P(Z,t)Tz(f)dZ
R'n.

where
(r=()(x) = f(z - 2).
and A is the Zygmund operator,

=

A= (~A).

The quickest way to check the semigroup identity is by taking the Fourier
transform, P(€,t) = e ¢l If f is in the domain of the generator of a semi-

group then

A — T L (A
Af 1t1lr{)1t (e I)f

and consequently

—Af =lim t7 P (2, 1)0.(f)d>
R?’L

where

0:(f)(x) = flx —2) = f().
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If the function f is smooth enough, then this becomes
Af = [ b
- = Cn T 1192 z
|2[nH1
R'n.

and it makes sense as a singular integral. This was proved by A. Cordoba and
D. Cordoba in ([41]) where they discovered and used the pointwise inequality

FAF > GG,

This inequality is the consequence of an identity.

Proposition 6.1. For any two C§° functions f,g one has the pointwise iden-
tity

A(fg) = fAg+ gAf — Ix(f,9) (6.1)
with I defined by

L(f,g) = cn / M%H@(f))(az(g))dz (6.2)
J

The proof follows the calculation of Cordoba and Cordoba: Start with

and integrate against c,|z| 7" 1dz. One obtains

A(f?) = 2fAf = I(f. f) (6.3)

By polarization, i.e., by appliying (6.3) to f replaced by f + eg, then differen-
tiating in € and then setting e = 0, one deduces (6.1), and finsihes the proof
of the proposition. We remark that one can also obtain higher order identities
in the same manner. One starts with

. =300 () e
=1 J
Integrating against c,|z|~""1dz, one obtains the generalized identity
Inlfees§) = 307 (70 ) Al (6.4

Jj=1

where the multilinear nonlocal integral is

In(fooef=en [ H% (6. (/)" dz. (6.5)
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In view of the definition of Besov spaces in terms of §, ([80]) it is clear that
the multilinear operators I,,, are well behaved in Besov spaces. Also, for m
even L, (f,..., f) > 0 pointwise. Thus, for instance

0 < L(f, fof. f) = AfPAf +AfAf? —6f2Af% — Af*

holds pointwise.
Let us also note here that I5(f, g) gives a quick proof of an extension ([64])
of a Moser calculus inequality of Kato and Ponce ([62]):

Proposition 6.2. If 1 <p< oo, 1 <p; <o0,i=1,2 and p% + p% = %, then
[A(fg) — fAg — gAfllLr(rn) < )
C{IfllLer mmy 1Af ] Lot (mey gl o2 (rery 1 Ag | o2 () } 2
holds for all f € WPt g e Whp2,

The proof is straightforward: In view of (6.1) one needs to check the in-
equality for I>(f,g). We write

IQ(fvg) = JT(fvg) + KT‘(f7g)
with

1o(f.9) = en / 2718 (1)) (6 (9)) d=

|2l<r

and K. (f,g) the rest. We note that

17:(f, 9l ey < Crl[AfllLes @m)ll A9l o2 ()

and
1K, (f, )l o @y < Cr M fll o @yl o2 (rm)

with C depending on n, p; and py only. These inequalities follow from the
elementary

16=fllLe@ny < 2V FllLe @

and the boundedness of Riesz transforms in LP. Optimizing in r we obtain
the desired result. It is quite obvious also that

19:(f, Dl Loy < Cr* 227 [ fll gone< llgll oz
holds for any 0 < s; < 1,0 < sy <1, 51+ s2 > 1. Here we used

||f||B;*°° = | fllzemny +sup 2|7 %[0 fll Lo mr)

Consequently
12(f; )l e @n) < CIIf]

P (6.6)
holds.
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Proposition 6.3. Consider F, a convex C? function of one variable. Assume
that the function f is smooth and bounded. Then

FI(H)Af = A(F(f)) (6.7)

holds pointwise. In particular, if F(0) =0 and f € C§°

F'(f)Afdz > 0.
R’n
Indeed
F(B) - F(a) = F'(a) (B —a) 20

holds for all a, 5. We substitute 8 = f(z —z), @ = f(x) and integrate against
cn|z| 7" 1dz. Note that F(f(z)) is bounded because F' is continuous and thus
bounded on the range of f. The inequality

Doy = /fzm*l/lfd:c >0

implies that the L?™ norms do not increase on solutions of the critical dissi-
pative QG equation, and the maximum principle follows.

7 Dissipation and Spectra

Turbulence theory concerns itself with statistical properties of fluids. Some
of the objects encountered in turbulence theory are the mean velocity (u),
Eulerian velocity fluctuation v = u — (u), energy dissipation rate v(|Vul|?),
velocity correlation functions (4, v®v), velocity structure functions (d,v®d,v),
higher order structure functions, (d,,v ® ---4,,,v). We use the notation
dyu = u(x — y) — u(x). The operation (---) is ensemble average, a func-
tional integral. The Navier-Stokes equations represent the underlying dynam-
ics. A mathematical framework related to the Navier-Stokes equations has
been developed ([60], [51], [89]), but the mathematical advance has been slow.
Not complexity but rather simplicity is the essence of the difficulty: turbu-
lent flows obey nontrivial statistical laws. Among these laws, the law for wall
bounded flows ([5]), and for scaling of Nusselt number with Rayleigh number
in Rayleigh-Bénard turbulence in Helium ([73]) are major examples. A cele-
brated physical theoretical prediction concerning universality in turbulence, is
due to Kolmogorov ([65],[58]). One of the simplest and most important ques-
tion in turbulence is: how much energy is dissipated by the flow. This question
is of major importance for engineering applications because the energy diss-
pated by turbulence is transferred to objects immersed in it. Mathematically,
the question is about the long time average of certain integrals, low order
(first and second) moments of the velocity and velocity gradients in forced
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flows. There is a rigorous mathematical method ([25], [26], [35], [43]) to ob-
tain bounds for these bulk quantities, and make contact with experiments in
convection and shear dominated turbulence.

The Kolmogorov 2/3 law for homogeneous turbulence is

Sa(r) ~ (er)’

with
Sa(r) = ((0ru)?)

the second order longitudinal structure function and with
e = v{|Vul?)

the energy dissipation rate. The law is meant to hold asymptotically, for large
Reynolds numbers, and for r in a range of scales, [L, k;l], called the inertial
range. The energy dissipation rate e per unit mass has dimension of energy per
time, em?sec™3. The Kolmogorov law follows from dimensional analysis if one
postulates that in the inertial range the (second order) statistics of the flow
depend only on the parameter €, because the typical longitudinal velocity fluc-
tuations over a distance r should be an expression with units of emsec™! and
such an expression is (er) 3. The energy spectrum for homogeneous turbulence
is )

B = [ (& 0P)ase

1€|=F

with 7 the spatial Fourier transform. The Kolmogorov-Obukhov energy spec-
trum law is

E(k) ~eik™3
The asymptotic equality takes place for k € [kg, kq] where

_3
1

NG

kqg=v 1¢

is the dissipation wave number, and k is the integral scale. The interval [ko, k4]

is the inertial range. The statements about asymptotic equality refer to the
. .. 5 2

high Reynolds number limit, k3¢~ 3 E(k) — C, as Re — oco. The Reynolds

number is

Re =L = {{Jul*}* (hov) ™

where U? = (Ju|?), L = ky . The physical intuition is the following: energy is
put into the system at large scales L = k; ! This energy is transferred to small
scales without loss, in a statistically selfsimilar manner. At scale k (in wave
number space) the only allowed external parameter is €. The energy spectrum
has dimension of energy per wave number, because the energy spectrum is
the integrand in the one dimensional integral
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E= /OOO E(k)dk.

3 1

Thus E(k) is measured in em®sec™2. The wave number is measured in cm 1.
A time scale formed with € and k is t, = ¢~ 3k~5. This is the time of transfer
of energy at wave-number scale k. Using this time scale and the length scale
k=1 one arrives at the expression E(k) ~ k—3€3k3, the Kolmogorov-Obukhov
spectrum. The spectrum can be derived also from the 2/3 law.

The dissipation of the energy occurs at a dissipation scale kg. This is an
inverse length scale formed using only the kinematic viscosity (measured in
em?sec™!) and e.

The fact that Laplacian dissipation and no other should be used to study
turbulence acquires a physical justification: the Kolmogorov dissipation scale
is based on the Laplacian, and it is observed experimentally quite convincingly.

Let us describe in more mathematical terms the issues. We start with the
dissipation law. The Kolmogorov theory predicts that the energy dissipation
is -

€~ —.

L

The first difficulty one encounters is due to the need to solve three dimen-
sional Navier-Stokes equations. The second difficulty concerns the ensemble
average: one needs homogeneity (translation invariance of the statistics) and
bounded solutions. One way out of this is to take a set of bounded solutions
and perform a well defined operation M that is manifestly translation invari-
ant, normalized and positivity preserving ([30]). This gives upper bounds for
energy dissipation, and structure functions of order one and two in the whole
space. Assuming scaling M ((6,u)?) ~ r® we proved in ([30]) that s > 2/3. In
([30]) the body forced were assumed to be uniformly bounded, but not uni-
formly square integrable. If the body forces are uniformly square integrable,
for instance in bounded domains, then an idea of Foias ([50]) can be used to
bound the dissipation without assuming that the velocities are bounded. An
upper bound on dissipation in bounded domains, exploiting this idea is given
in ([44]).

I will explain the idea below in the whole space, with square integrable
forces. Consider solutions of Leray regularized solutions of Navier-Stokes equa-
tions in R3,

D,([u, VYu+Vp=f, V-u=0,

with smooth, time independent, deterministic divergence-free body forces f,
fo) = [ menfieyie
RS

with f supported in |€] < ko. We consider a long time average M.
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1

=l

T
/h(-,t)dt = Mz (h)
0

We define the averaging procedure to be

(h(x,t)) = k3 listup MT/h(x,t)dx
R3
We set
U = ([ul?), F* = (/)
and
L™ = |V fll=F"

Note that L= < 27wky. The energy dissipation of the Leray regularized solu-
tion v(|Vu|?) is bounded uniformly, independently of the regularization. The
upper bound is:

U3 U
ng—i_ﬁﬁf

This implies, of course,
- U3 N vU? N VU [vU? N 4U3
‘ST Turr T Ve T

lim sup eLU 2 <1.

Re—o00

and consequently

For the proof one applies first My and obtains
.fi = 8JMT([u]JuZ) + 81-MTp — vAMru + Mru,
because Mrf = f. One then takes the scalar product with f.

[Pz == [@f9rr(ulsuiis
J

RS
+V/Vf - VMr(u)dz + %(/f (u(-,T) — u(-,0))dx.
R3 R3

Then we deduce

1
11 < 19~ Mr(full) + v [ 1951190raldo -+ O().
R3

We did use the fact that the mollifier is normalized, so ||[u]||2. < ||u/|2.. But
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IV Mrul? < My |Vul®

Multiplying by k3, dividing by F it follows that:

1 v 1
F< ZkS’MT(|U|2) + f\/kS’MTHVUH%Z + O(T)

and letting 7" — oo
U? 1
F< -t VVe/L + O(T)'

But
e < FU

follows immediatly from the energy balance, and that concludes the proof of
the upper bound. We have therefore

Theorem 7.1. Consider solutions of Leray’s approximation
D, ([u], VYu+Vp=f, V-u=0

in R3 with divergence-free, time independent body forces with Fourier trans-
form supported in |§| < kqo. Let
T
1
e =lim sup T v||Vu(-,t)|?dt,

T—o0

T
U? =lim sup — [ [lu(-,t)|dt,
F2=IfO)I?,
where ||h||? = k3 [ |h|*dz is normalized L* norm. Let also
—1_ VSl
L 1_ ||
F

define a length scale associated to the forcing and

UL

1%

Re

be the Reynolds number. Then
3
e < UT <1 + Re™ 2 + iRel)

holds, uniformly for all mollifiers, L*(R?) initial data and f with the required
properties.
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The normalization k3 for volume is arbitrary: any other normalization works
and does not change the inequality. The uniformity with respect to mollifiers
implies that the result holds for suitable weak solutions of the Navier-Stokes
equations. The problem of a lower bound is outstanding, and open. When one
replaces [u] by the Bessel potential (I —a?A)~1u one obtains the Leray alpha
model ([10]).

In order to describe in more detail the issues concerning the spectrum it
is convenient to phrase them using a Littlewood-Paley decomposition of func-
tions in R?. This employs a nonnegative, nonincreasing, radially symmetric
function

b0y (k) = b0y (|E])

with properties ¢()(k) = 1, k < %k‘o, by(k) = 0,k > %k’o. The positive
number kg is a wavenumber unit; it allows to make dimensionally correct
statements. One sets

Yy (k) =Yy (27"k), neZ.

The properties
Yy (k) =1, fork € 2%0[%, %],
¢(n) (k) = Oa for k ¢ 2nk0[§7 5]
follow from construction. The Littlewood-Paley operators S(™ and A,, are

multiplication in Fourier representation by ¢(,)(k) and, respectively by
Y(n) (k). For any m € Z, the Littlewood Paley decomposition of h is

h = S(m)h+ Z h(n)

n>m

and for mean zero function h that decay at infinity, S"™h — 0 as m — —o0
and the Littlewood-Paley decomposition is:

h= Y hw

n=—oo

with
hn) = Anh = fRd Y(n) (y)(3yh)dy.
N Wiy (y) = [ €205 (€)dE
Yin) =Yy, (0yh)(x) = h(xz —y) — h(z).

A, is a weighted sum of finite difference operators at scale 27"k Lin physical
space. For each fixed & > 0 at most three A, do not vanish in their Fourier
representation at & with k = [¢]:

himy(€) 0= n € I = {[—1,1]—|—log2 (:{))}mz
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Let us consider a slightly large set of indices

- {12 (£) oz

If £ is a wave number whose magnitude |¢| is comparable to k, & < |¢| < 2k,
then, if u(z,t) is an L? valued function of ¢, one has for almost every &

)= (1)

neJy
because I¢| C Ji. Consequently, because J;, has at most five elements,

2k

dx /EI e asie Zuu(n D22 -

[SE

Viceversa, because the functions 1(,), n € Ji are non-negative, bounded by
1, and supported in [k, 6k] one has also

5 6k N )
b 2 T Ol < [, ( [, feol dS<£>> ax

neJy

Most of the experimental evidence on E(k) is plotted on a log-log scale. So, for
the purpose of estimating exponents in a power law, and in view of the above
inequalities, we found it reasonable to consider ([__} [23], [38]) an average of
the spectrum, defined as follows. One defines the Littlewood-Paley spectrum
of the function u(z,t) to be

Epp(k Z lim sup —/HU(n) B[z eyt

neJ

From the definition and the considerations above it follows that

2k
cBup(h) < 5 [ BOVIA < CELp(W

[NES

holds for all k£ > 0, with ¢, C' positive constants depending only on the choice
of Littlewood-Paley template function ¢ ). We will consider the Leray ap-
proximation again in R*. Then the components obey

where p,) = App, are the Littlewood-Paley components of the pressure,
fn) = Anf, are the components of the force and
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Wz, t) =

[ 100 404, (610105, ) .0 .

The 4/5 law of isotropic homogeneous turbulence
S3(r) ~ er

where S3 = ((6,u)?) is the third order longitudinal structure function. The 4/5
law would follow from the Navier-Stokes equations if assumptions of isotropic,
homogeneous, stationary statistics could be applied. The natural mathemat-
ical assumption associated to the law is that

1
€=1lim sup T lu(-,t)? 1ot <00
i

T—o0 3

1
The Besov space Li},, ;¢ (dt)(B3 ™) is thus a natural space for a Kolmogorov

theory. (It is also the natural space for the Onsager conjecture, ([28]). The
uniform bound assumed above is used for the inequality

T
kS
lim sup ?0//|5yu(x,t)|3d:cdt§€]y|
T—o00
0 RS

Armed with this inequality, one obtains a bound on the energy production in
the Littlewood-Paley spectrum. Indeed,

W (2, Oy (2, 1) = — / / [0y, Wiy ()W) (2) ) {8, 11516601} (2, D)yl
R3 R3
and therefore
(Whugny) < Cwe
with
Cy = / / 113 121 W) (4)¥(0) (=) dyd=
R3 JR3

Considering f(§) supported in [£| < kg then, f,) = 0 for n > 1 and the
balance

em) = Wum?) = (W)
follows. This implies
Theorem 7.2. Consider smooth, time independent divergence free forces with

Fourier transform supported in || < ko. Consider solutions of the Leray ap-
proximation
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D, ([u, VYu+Vp=f, V-u=0,
with square integrable initial data. Then
€(n) < Cye
holds for n > 1. Also ..
Erp(k) < fac3k™3
holds for k € [akq, kq], with £ < a <1 and with

B, = Cg,a_%g(e)_l

Consequently

2k

1

E/E()\)d/\ < vu€3k73
k
2

holds with ~v, = Cf,.

This result contains an unconditional statement. For each fixed mollifier Js,
the Leray system has global smooth solutions and € is finite. The bound on
the spectrum depends on the mollifier through €. But even if we make the
assumption that € is bounded independently of §, we still have a result only
in a limited range of physical scales.

Similar results can be obtained for two dimensional turbulence. In two
dimensions there is no need to consider approximations, because solutions are
well behaved. But the range limitations are still there. The spectrum suggested
for the direct cascade is the 2D Kraichnan spectrum:

E(k) = Cnsk~3.

with n = (v|Vw|?), the rate of dissipation of enstrophy. The dissipative cutoff
scale is the wave number %, formed with v and 7:

N|=
o=

kyp=v"2n
Bounds on the spectrum for two dimensional turbulence have been addressed
by Foias and collaborators ([33], [53], [54]). The result of ([22]) is

Theorem 7.3. Consider two dimensional incompressible Navier-Stokes equa-
tions
Dyu+Vp=f
with time independent, divergence-free forces whose Fourier transform is sup-
ported in |£| < ko. For any ’;—0 < a <1 there exists a constant C, such that
n

the Litlewood-Paley energy spectrum of solutions of two dimensional forced
Navier-Stokes equations obeys the bound
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Erp(k) < C. k™3

for k € [ak,, k;]. Consequently
. 2%k
E/E(A)d)\ < Cuk™3
k
3

holds with C, = CC,.

The range of physical space scales is again bounded. The mathematical reason
for this limitation is the fact that one uses —vA and one has to let v — 0. The
technical tools we have at this moment do not allow us to rigorously obtain
an effective nonzero eddy diffusivity to replace kinematic viscosity. When the
model allows a non-vanishing positive linear operator then the scale limita-
tion is no longer present. This is the case if one uses the forced surface qua-
sigeostrophic model for the inverse cascade, appropriate for boundary forced
rotating geophysical systems. One obtains ([23]) a spectrum consistent with
the spectrum
E(k) ~ k™2, k < ky.

obtained in Swinney’s lab ([4]):
Theorem 7.4. Consider the QG equation

00 +u-VO+cAl=f

in R2, with u = ¢y R0, with deterministic forcing f with Fourier transform
supported in |¢| < k¢, and with L? initial data. Then

Erp(k) < Ck~?

holds for weak solutions solutions of QG, for all k < kj.
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Notations

The lectures are devoted to a complete exposition of the theory of singular-
ities of the Navier Stokes equations solution studied by Leray, in a simple
geometrical setting in which the fluid is enclosed in a container {2 with peri-
odic boundary conditions and side size L. The theory is due to the work of
Scheffer, Caffarelli, Kohn, Nirenberg and is called here CKN-theory as it is
inspired by the work of the last three authors which considerably improved
the earlier estimates of Scheffer.

Although the theory of Leray is well known I recall it here getting at the
same time a chance at establishing a few notations, [Ga02].
(1) An underlined letter, e.g. A, A, ..., denotes a 3—dimensional vector (i.e.

three real or complex numbers) and underlined partial derivative symbol
0,0, ... denotes the gradient operator (01, 02, 03). A vector field u is a function

on 2.
(2) Repeated labels convention is used (labels are letters or other) when not
ambiguous: hence A- B or A - B means sum over ¢ of A;B;. Therefore 0 - u,

if u is a vector field, is the divergence of w, namely >, d;u;. 0-0 = A is the
Laplace operator.
(3) Multiple derivatives are tensors, so that 90 f is the tensor 9;; f. The Lo (£2)

is the space of the square integrable functions on {2: the squared norm of
. def
f €Ly willbe |IfI3= [, |f(z)sz.

(4) The Navier-Stokes equation with regularization parameter A is

U =vAu— (u)x-0u—0p, O-u=0, /uda:zQ (0.1)
Q

where the unkowns are u(x,t), p(x,t) with zero average and, [Ga02],
(i) w is a divergenceless field, p is a scalar field

G. Gallavotti: CKN Theory of Singularities of Weak Solutions of the Navier-Stokes Equations,
LNMCIME 1871, 45-74 (2006)
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(ii) (u)x = [, xa(z — y)u(y)dy and x is defined in terms of a C'*°(£2) func-
tion z — x(x) > 0 not vanishing in a small neighborhood of the origin and
with integral [ x(z)dz = 1: the function yx(z) can be regarded as a periodic
function on 2 or as a function on R? with value 0 outside 2, as we shall
imagine that (2 is centered at the origin, to fix the ideas. For A > 1 also the

function x»(z) = A3x(Az) can be regarded as a periodic function on {2 or as
a function on R3: it is an “approximate Dirac’s 6—function”. Usually the NS
equation contains a volume force too: here we set it equal to 0.!

(iii) The initial datum is a divergenceless velocity field u® € Ly(£2) with 0
average; no initial datum for p as p is determined from u°.

(5) A weak solution of the NS equations with initial datum w, € Lo({2)
is a limit on subsequences of A — oo of solutions u*,p* of (0.1). This
means that the Fourier transforms of u*, and p* exist and have components
up(t) = [pe BuMz)de (k = 2In, n € Z%), and pi(t) which have a limit
as A — oo (on subsequences) for each k # 0 and the limit of the wy(¢) is ab-
solutely continuous. This is equivalent to the existence of the limits of the Lo
products (u(t), ¢)r, and (p(t), )L, for all t € (0, 00] and for all test functions
f(z),1(x). There might be several such limits (i.e. the limit may depend on
the subsequence) and what follows applies to any one among them.

The core of the analysis will deal with the regularized equation and the
properties of its solutions, which are easily shown to be C* in z € 2 and in
t € (0,00) if the intial datum is u € Ly (£2). The limit A — oo will be taken at
the end and it is where the theory becomes non conctructive because there is
need to consider the limit on subsequences.

Of course the point is to obtain bounds which are uniform in A — co and
the limit A — oo only intervenes at the end to formulate the results in a nice
form.

The theory of Leray is based on the following a priori bounds, see section
3.2 in [Ga02], on solutions of (0.1) with initial datum u, with Lo square norm
Ey

t
A 1 _
@< B, [ arlig’ ) < 5 B 02)

satisfied by the solution u*.

The notes are extracted from reference [Ga02] to which the reader is re-
ferred for details on the above results and have been made independent from
[Ga02] modulo the above results (in fact, essentially, only modulo the state-
ments on the regularized equation (0.1)).

The proof is conceptually quite simple and is based on a few (clever)
a priori Sobolev inequalities: the estimates are discussed in Sect. 1-3, which
form an introduction.

! This is a simplicity assumption as the extension of the theory to cases with time
independent smooth (e.g. C*) volume forces would be immediate and just a
notational nuisance.
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Their application to the analysis of (0.1) is in Sect. 4 where the main
theorems are discussed and the CKN main result is reduced via the inequalities
to Scheffer’s theorem. The method is a kind of multiscale analysis which allows
us to obtain regularity provided a control quantity, identified here as the “local
Reynolds number” on various scales, is small enough. Unfortunately it is not
(yet) possible to prove that the local Reynolds number is small on all small
regions (physically this would mean that in such regions the flow would be
laminar, hence smooth on small scale).

However the a priori bounds give the information that the local Reynolds
number must be small near many points in {2 and, via standard techniques, an
estimate of the dimension of the possibly bad points follows. The application to
the fractal dimension bound is essentially an “abstract reasoning” consequence
of the results of Sect. 4 and is in Sect. 5.

The proofs of the various Sobolev inequalities necessary to obtain the key
Scheffer’s theorem and of the new ones studied by CKN is decribed concisely
but in full detail in the series of problems at the end of the text: the hints
describe quickly the various steps of the proofs (however without skipping any
detail, to my knowledge).

1 Leray’s Solutions and Energy

The theory of space—time singularities will be partly based upon simple general
kinematic inequalities, which therefore have little to do with the Navier—Stokes
equation, and partly they will be based on the local energy conservation which
follows as a consequence of the Navier—Stokes equations but it is not equivalent
to them.

Energy conservation for the regularized equations (0.1) says that the ki-
netic energy variation in a given volume element A of the fluid, in a time
interval [tg,t1], plus the energy dissipated therein by friction, equals the sum
of the kinetic energy that in the time interval ¢ € [to, ¢1] enters in the volume
element plus the work performed by the pressure forces (on the boundary
element) plus the work of the volume forces (none in our case). The analytic
form of this relation is simply obtained by multiplying both sides of the first
of the (0.1) by u and integrating on the volume element A and over the time
interval [to, tl].

The relation that one gets can be generalized to the case in which the vol-
ume element has a time dependent shape. And an even more general relation
can be obtained by multiplying both sides of (0.1) by ¢(z,t)u(z,t) where ¢
is a C(§2 x (0, s]) function with ¢(x,t) zero for ¢ near 0 (here s is a positive
parameter).

Energy conservation in a sharply defined volume A and time interval ¢ €
[to,t1] can be obtained as limiting case of choices of ¢ in the limit in which
it becomes the characteristic function of the space—time volume element A x
[to, t1].
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Making use of a regular function ¢(z, t) is useful, particularly in the rather
“desperate” situation in which we are when using the theory of Leray. The
“solutions” wu (obtained by removing, in (0.1), the regularization, i.e. letting
A — 00) are only “weak solutions”. Therefore, the relations that are obtained
in the limit Awoo can be interpreted as valid only after suitable integrations
by parts that allow us to avoid introducing derivatives of u (whose existence
is not guaranteed by the theory) at the “expense” of differentiating the “test
function” .

Performing analytically the computation of the energy balance, described
above in words, in the case of the regularized equation (0.1) and via a few
integrations by parts? we get the following relation

3 Jo d€lu(€, s)P(&, 5) +v [ dt [ (& 6)|0u(§, b)dz =

=I5 [ [%(wt + v Ap)|uf® + F|ul*(u)r - 0o + pu- Qw} dtd¢

where ¢, = 0y, and u = v is in fact depending also on the regularization

parameter \; here p is the pressure p = — Zij AT19,0;(ujuy).

Suppose that the solution of (0.1) with fixed initial datum wu, converges
(weakly in L), for A — oo, to a “Leray solution” u possibly only over a
subsequence \,, — 0.

The (1.1) implies that any (in case of non uniqueness) Leray solution u
verifies the energy inequality:

Lo Ll ) 20(&8) g + v [, [ (€ DIu (G 1) Pdgdt <

< Jyes Jo [Slor+ v AQ)ul? + YulPu - 9 + pu - 99| de dt

where the pressure p is given by p = =37, AT10,05(uuj) = —A719 d(uw)
=-A"(9uw)*

Remark 1.1.

(1) It is important to remark that in this relation one might expect the
equality sign: as we shall see the fact that we cannot do better than just
obtaining an inequality means that the limit necessary to reach a Leray so-
lution can introduce a “spurious dissipation” that we are simply unable to
understand on the basis of what we know (today) about the Leray solutions.

(2) The above “strange” phenomenon reflects our inability to develop a
complete theory of the Navier—Stokes equation, but one can conjecture that
no other dissipation can take place and that a (yet to come) complete theory
of the equations could show this. Hence we should take the inequality sign in
(1.2) as one more manifestation of the inadequacy of the Leray’s solution.

2 The solutions of (0.1) are C°°(£2 x [0,00)) so that there is no need to justify
integrating by parts.
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The proof of (1.2) and of the other inequalities that we shall quote and
use in this section is elementary and based, c.f.r. problem [15] below, on a few
general “kinematic inequalities” that we now list (all of them will be used in
the following but only (S) and (CZ) are needed to check (1.2)).

2 Kinematic Inequalities

A first “kinematic” inequality, i.e. the first inequality that we shall need and
that holds for any function f, is *

(P) Poincaré inequality:

J

where F is the average of f on the ball B, with radius r and CL is a suitable
constant. We shall denote (2.1) by (P).

dm|f—F”‘<C§r320‘</ dm8f|> , 1§a§g (2.1)

r

A second kinematic inequality that we shall use is

(S) Sobolev inequality:

S lul? dz < C’,f[ <fBT (Qu)? dw)a : (IBT |uf? d—) o * (2.2)
3

e (fB,,, (¢—2)
where B, is a ball of radius r and the integrals are performed with respect to

dz. The C’qs is a suitable constant; the second term of the right hand side can
be omitted if u has zero average over B,.. We shall denote (2.2) by (S), [So63].

q/2
uPdz) | if2<q<6 a=

A third necessary kinematic inequality will be
(CZ) Calderon—Zygmund inequality:
/ |Z(Aflaiaj)(uiuj)|qcz§ < CqL/ lul?%d¢, 1< q< oo (2.3)
Q Q
0.

which we shall denote (CZ): here §2 is the torus of side L and C is a suitable
constant, [St93].

And finally
(H) Holder inequality:

3 The inequalities should be regarded as inequalities for C°° functions; they can be
extended to the appropriate Sobolev spaces by continuity.
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’/flf?-'-fn

which we shall denote (H): the integrals are performed over an arbitrary do-
main with respect to an arbitrary measure (of course the same for all inte-
grals).

< [[ (/ |fi|m)”li D

i=1

Remark 2.1. (H) are a trivial extension of the Schwartz-Holder inequalities;
while (S) and (P) (mainly in the cases, important in what follows, ¢ = 6 and
o = 2) and (CZ) are less elementary and we refer to the literature, [So63],
[St93], [LLO1], for their proofs.

An important consequence of the inequalities is

Proposition 2.1. Let u be a Leray solution verifying (therefore) the a priori
bounds in (0.2): [, |u(z,t)]*dz < Ey and fOT dt [, |0u(z,t)]* de < Eqv~!

then
/ dt/ dz |u) '3 + / dt/ da |p]*? < v B (2.5)

where C' can be chosen C’ (1+ C’L

proof: Apply (S) with ¢ = X2 and a = 1:

1
/|g|%d§§0‘io </ (39)2d:17> </ uzdx) QEL%/ |8u|2 2.6)
Q 3 9] 9] 3

hence integrating over ¢t between 0 and 7" using also the second a priori esti-
mate, we find

T T
/ dt/ |g|%dggcioE§/ dt/ dz (9u)? < O 'EYE (@)
0 2 3 0 2 3

while the (CZ) yields: [,,da|p|3 < CF [, dz|uls which, integrated over ¢
3

and combined with (2.7), gives the announced result.

3 Pseudo Navier Stokes Velocity — Pressure Pairs.
Scaling Operators

As already mentioned the CKN theory will not fully use that u verifies the
Navier—Stokes equation: in order to better realize this (unpleasant) property
it is convenient to define separately the only properties of the Leray solutions
that are really needed to develop the theory, i.e. to obtain an estimate of
the fractal dimension of the space—time singularities set Sy. This leads to the
following notion



CKN Theory of Singularities 51

Definition 3.1. (pseudo NS velocity field): Let t — (u(-,t),p(-,t)) be a func-
tion with values in the space of zero average square integrable “velocity” and
“pressure” fields on 2. Suppose that for each p € C*°(£2 x (0,T]) with ¢(z,t)
vanishing for t near zero the following properties hold. For each T < oo and
s<T:

(a) fQQdQZQ; QQZQ, pP= 721-7]- 5'18]A*1(uzuj)
(b) [y dt [ daz|u' + [ dt [, dz|p]*/ < oo
(© 3 Jodzlula,s)Pe(z,s) +v ., [oe(@,t)|0uldzedt < (3.1)

< j;gs f_(g {%(@t ‘|‘Z/A80)|Q|2 + %IHPE 'Q@ +p% 'Q<p dﬁdt

Then we shall say that the pair (u,p) is a pseudo NS wvelocity and pressure
pair. The singularity set in the time interval [0,T] of (u,p) will be defined as
the set Sy of the points (x,t) € 2% [0,T] that do not admit a vicinity U where
lu| is bounded.*

The name given to the set S is justified by a general result on the theory
of NS equations which shows that is a Leray’s solution of the NS equations
is essentially bounded in a neighborhood of a space time point then it is C'*°
near such point.

Proposition 3.1. (velocity is unbounded near singularities): Let u(x,t) be a
Leray’s solution of the NS equation in L. Given ty > 0 suppose that |u(z,t)] <
M, (z,t) € Uy(xy,to) = sphere of radius p (p < to) around (z4,%to), for some
M < oo: then u € C®(U,/2(zq, to))-

Remark 3.1.

(1) This means that the only way a singularity can manifest itself, in a Leray
solution of the NS equations, is through a divergence of the velocity field itself.
For instance it is impossible to have a singular derivative having the velocity
itself unbounded. Hence, if d > 3 velocity discontinuities are impossible (and
even less so shock waves), for instance. Naturally if w(z,t) is modified on a
set of points (z,t) with zero measure it remains a weak solution (because the
Fourier transform, in terms of which the notion of weak solution is defined,
does not change), hence the condition |u(z,t)| < M for each (z,t) € Ux(zq,to)
can be replaced by the condition: for almost all (x,t) € Ux(zy,to).

(2) The above result is not strong enough to overcome the difficulties of a local
theory of regularity of the Leray weak solutions. Therefore one looks for other
results of the same type and it would be desirable to have results concerning

4 Here we mean bounded outside a set of zero measure in U or, as one says, essen-
tially bounded because it is clear that, being u,p in L2(§2), they are defined up to
a set of zero measure and it would not make sense to ask that they are bounded
everywhere without specifying which realization of the functions we take.
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regularity implied by a priori informations on the vorticity. We have already
seen that bounded total vorticity implies regularity: however it is very difficult
to go really beyond; hence it is interesting to note that also other properties of
the vorticity may imply regularity. A striking result in this direction, although
insufficient for concluding regularity (if true at all) of Leray weak solutions,
is in [CF93].

(3) For a proof of the above (Serrin’s) theorem see [Ga02], proposition IV in
section 3.3.

The remaining part of this section will concern the general properties of
the pseudo NS pairs and their regularity at a given point (x, ¢): it will not have
more to do with the velocity and pressure fields that solve the Navier—Stokes
equations. It is indeed easy to convince oneself that the (3.1), in spite of the
arbitrariness of ¢, are not equivalent, not even formally, to the Navier—Stokes
equations, and they pose far less severe on u, p restrictions. We should not be
surprised, therefore, if it turned out possible to exhibit pseudo NS pairs that
really have singularities on “large sets” of space—time. In a way it is already
surprising that the pseudo NS fields verify the regularity properties discussed
below.

The analysis of the latter properties (of pseudo NS fields) is based on the
mutual relations between certain quantities that we shall call “dimensionless
operators’ relative to the space-time point (x,to)

Definition 3.2. (dimensionless “operators” for NS) Let (zq,t0) € 2% (0, 00)
and consider the sets ®

An(to) = {t||t —to| <r?v=1}

B(zg) = {€ll6— 2| <r} =B, )
Qr(zo,t0) = {(&,9) 11§ — zol <7, [9 —to] <r®v~'}
QT(@O;tO) = Ar tO) X Br(&o) = Qr
define:
(i) “dimensionless kinetic energy operator” on scale r:
1
Alr) = — sup / u(&, )2 dé 3.3
(r) =5 B |u(€, )] d§ (3.3)

and we say that the dimension of A is 1 : this refers to the factor r—' that is
used to make the integral dimensionless.
(ii) “local Reynolds number” averaged on scale r:

5(r) = % | v 10 uf? (3.4)

STIfr > L/2 this is interpreted as B, = 2. If 2™t >ty then Ar(to) is interpreted
as 0<t<to—i—r2uf1



CKN Theory of Singularities 53

and we say that the dimension of § is 1 : this refers in general to the power
—a to which r has to be raised so that an expression becomes dimensionless:
in this case a = 1.

(iii) “dimensionless energy flux” on scale r:

1
G = s [ dodeiul (3.5)

The dimension of G is 2.
(iv) “dimensionless pressure power” forces on scale r:

1
I0) = g | e o (36)

The dimension of J is 2.
(v) “dimensionless non locality” on scale r:

K(r) = Ty;jf/&dﬂ(/a |p\d§)5/4 (3.7)

The dimension of K is 13/4.
(vi) “dimensionless intensity” on scale r:

S(r) = v~ /3503 / (' + |pP/*)dode (3.8)

T

where the pressure is always defined by the expression

3
p=— Y 0:0;A (uuy).

ij=1
The dimension of S is 5/3.
Remark 3.2.
(1) The A(r),... are not operators in the common sense of functional analy-

sis. Their name is due to their analogy with the quantities that appear in
problems that are studied with the methods of the “renormalization group”
(which, also, are not operators in the common sense of the words). Perhaps
a more appropriate name could be “dimensionless observables”: but we shall
call them operators to stress the analogy of what follows with the methods of
the renormalization group.

(2) The A(r), G(r), J(r), K(r), S(r) are in fact estimates of the quantities that
their name evokes. We omit the qualifier “estimate” when referring to them
for brevity.

(3) The interest of (i)+(iv) becomes manifest if we note that the energy in-
equality (3.1) can be expressed in terms of such quantities if ¢ is suitably
chosen. Indeed let



54 Giovanni Gallavotti

(z—z,)°
exXp — (4(y(t0—t§+2r2) )

drv(t — to) 4 8mwr2)3/2

@ =x(z,t) ( (3.9)

where x(z,t) is C° and has value 1 if (z,t) € Q,/2 and 0 if (z,1) € Q.. Then
there exists a constant C' > 0 such that

lol < &, 99| < &, 0 + vAp| < 5, everywhere (3.10)
|§0| > #a if (27 t) € QT/Q
Hence (3.1) implies
v ; . 1 | |
G A +a) <€ (s [ e [ [ i) a0

and, since [, |ul* < C ([, lu|?)2/3(v=1r®)/3 with a suitable C, it follows
that for some C

A(B)+38(5) < C (G2 + G(r) + J(r)) (3.12)

(4) Note that the operator §(r) is an average of the “local Reynolds’ number”
. |Oul*dE

(5) The operator (v) appears if one tries to bound J (%) in terms of A(r)+4d(r):
such an estimate is indeed possible and it will lead to the local Scheffer theorem
discussed in the next section.

4 The Theorems of Scheffer
and of Caffarelli-Kohn—Nirenberg

We can state the strongest results known (in general and to date) about the
regularity of the weak solutions of Navier Stokes equations (which however
hold also for the pseudo Navier Stokes velocity—pressure pairs).

Theorem 4.1 (upper bound on the dimension of the sporadic set of singular
times for NS, (“Scheffer’s theorem”)): There are two constants €s,C > 0 such
that if G(r) + J(r) + K(r) < g4 for a certain value of r, then u is bounded in
Q% (Eo» to):

1/3
lu(z,t)| < C’gsr , (x,t) € Qz(zg,t0), almost everywhere (4.1)

having set v = 1.

Remark 4.1.
(1) c.f.r. problems (5)=+(11) for a guide to the proof.
(2) This theorem can be conveniently combined, for the purpose of checking its
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hypotheses, with the inequality: J(r)+ G(r)+ K(r) < C (S(r)*/10+5(r)3/4),
which follows immediately from inequality (H) and from the definitions of the
operators, with a suitable C.

(3) In other words if the operator S(r) is small enough then (zy,t0) is a regular
point.

(4) This will imply that the fractal dimension of the space—time singularities
set is < 5/3. In fact, see section 5 below, an a priori estimate on the global
value of an operator with dimension « implies that the Hausdorff’ measure
of the set of points around which the operator is large does not exceed «;
here the operator S(r) has dimension 5/3 and therefore together with the
a priori bound (2.5) it yields and estimate < 5/3 for the Hausdorff dimension
of the singularity set. This also justifies the introduction of the operator S(r).

It is easy, in terms of the just defined operators, to illustrate the strategy
of the proof of the following theorem which will immediately imply, via a
classical argument reproduced in section 5 below, that the fractal dimension
of the space time singularities set Sy for a pseudo NS field is < 1 and that its
1-measure of Hausdorff 111 (Sp) vanishes.

Theorem 4.2 (sufficient condition for local regularity space-time (“CKN the-
orem”)): There is a constant €qxy, such that if (u,p) is a pseudo NS pair of
velocity and pressure fields and

1
lim sup —/ |Ou(z’,t')? dz'dt’ = limsup 6(r) < eckn (4.2)
r—0 vr Qr(g(ytﬂ) r—0

then u(z’,t'"), p(a’,t") are C™ in the vicinity of (z4,t0).°

For fixed (z,to), consider the “sequence of length scales”: r,, = L2", with
n=0,—1,-2,.... We shall set oy, = A(ry), ki = K&'°, jn = Jn, gn = G2/>,
dn = 6(ry,) which is a natural definition as it will shortly appear. And define
X, = (on, EnynsGn) € Ri. Then the proof of this theorem is based on a
bound that allows us to estimate the size of X, defined as the sum of its
components, in terms of the size of X provided the Reynolds number 6,4,
on scale n + pis < 4.

The inequality will have the form (if p > 0 and 0 < § < 1)

5) (4.3)

n-+p

X, < By(X o

where B,,(-;0) is a map of the whole Ri into itself and the inequality has to
be understood “component wise”, i.e. in the sense that each component of
the Lh.s. is bounded by the corresponding component of the r.h.s. We call | X]|
the sum of the components of X € Ri.

5 This means that near (z,t) the functions u(z’,t'), p(z’,t') coincide with C*° func-
tions apart form a set of zero measure (recall that the pseudo NS fields are defined
as fields in Lo (£2))
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The map B, (+;d), which to some readers will appear as strongly related to
the “beta function” for the “running couplings” of the “renormalization group
approaches”,” will enjoy the following property

Proposition 4.1. Suppose that p is large enough; given p > 0 there exists
dp(p) > 0 such that if 6 < 0,(p) then the iterates of the map By(-;0) contract
any given ball in Ri, within a finite number of iterations, into the ball of
radius p: i.e. |B’;(K; 0)| < p for all large k’s.

Assuming the above proposition the main theorem II follows:

proof: Let p = &4, c.f.r. theorem I, and let p be so large that the above
proposition holds. We set .k, = d,(¢s) and it will be, by the assumption
(4.2), that 6, < eqppn for all n < ng for a suitable ng (recall that the scale
labels n are negative).

Therefore it follows that |B’; (X, €ckn)| < &5 for some k. Therefore by the
theorem I we conclude that (z,,%o) is a regularity point.

Proposition 5.1 follows immediately from the following general “Sobolev
inequalities”

(1) “Kinematic inequalities”: i.e. inequalities depending only on the fact

that u is a divergence zero, average zero and is in Lo(£2) and p = —A~1(9 u)?

Jo  <CEPPAL GIPKYS 422 AR 5,0

K§/3 <C(Q27P2K,p+ 2511/;1/1?/%;52@) (4.4)
GHP < C(27%A, ., +22wAY2 512

where C' denotes a suitable constant (independent on the particular pseudo
NS field). The proof of the inequalities (4.4) is not difficult, assuming the
(S,H,CZ,P) inequalities above, and it is illustrated in the problems (1), (2),
(3).

(2) “Dynamical inequality”: i.e. an inequality based on the energy inequal-
ity (c) in (3.1) which implies, quite easily, the following “dynamic inequality”®

A < C (PG 427 Ay by + 2P Ty (4.5)

whose proof is illustrated in problem (4).

" Indeed it relates properties of operators on a scale to those on a different scale.
Note, however, that the couplings on scale n, i.e. the components of X, provide
information on those of X, 4, rather than on those of X, , as usual in the
renormalization group methods, see [BG95].

8 We call it “dynamic” because it follows from the energy inequality, i.e. from the
equations of motion.
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Proof of proposition: Assume the above inequalities (4.4), (4.5) and setting
an = Ap,kn = Kf/‘r),jn = Jn,gn = G%/B, On+p = 0 and, as above, X =
(n, K, Jn, gn). The r.hus. of the inequalities defines the map B,(X;0).

If one stares long enough at them one realizes that the contraction property

of the proposition is an immediate consequence of
(1) The exponents to which € = 277 is raised in the various terms are either
positive or not; in the latter cases the inverse power of ¢ is always appearing
multiplied by a power of d,,, which we can take so small to compensate for
the size of € to any negative power, except in the one case corresponding to
the last term in (4.5) where we see e~ without any compensating Ontp-
(2) Furthermore the sum of the powers of the components of X, in each term
of the inequalities is always < 1: this means that the inequalities are “almost
linear” and a linear map that “bounds” B, exists and it is described by a
matrix with small entries except one off-diagonal element. The iterates of the
matrix therefore contract unless the large matrix element “ill placed” in the
matrix: and one easily sees that it is not.

A formal argument can be devised in many ways: we present one in which
several choices appear that are quite arbitrary and that the reader can replace
with alternatives. In a way one should really try to see why a formal argument
is not necessary.

The relation (4.5) can be “iterated” by using the expressions (4.4) for

Grp, Jntp and then the first of (4.4) to express G:/fp in terms of A,, 42, with
n replaced by n + p:

a, < C (27pan+2p+23p6i122pai/+22p+ ;
5 20 1/2
+2P/5 (O g aphintap) /2 +27p/05n+2pan/+2pﬁn{|»2p+ (4.6)
+23p5n+2pan+2p)

It is convenient to take advantage of the simple inequalities (ab)% < za+
z7lband a® <14a for a,b,z,x >0, x < 1.

The (4.6) can be turned into a relation between v, and &4y, Kntp by
replacing p by %p. Furthermore, in the relation between o, and ap4p, Kniyp
obtained after the latter replacement, we choose z = 277/5 to disentangle
2P119 (v, 4 phinyp)'/? we obtain recurrent (generous) estimates for ay,, ki,

Qip, S c (27p/1()an+p + 23p/10"£n+p + 53—&-1))
Ky < C (2*4p/5/<cn+p + fﬁﬂo)

def
g+p = 23p6n+p(an+p + Kpgp + 1)

def
K - 3
mip = 27 0nipQnyp

We fix p once and for all such that 277/19C < %

(4.7)
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Then if C23P6,, is small enough, i.e. if 6, is small enough, say for 6, < 0
—p/10 | 93 3p/10 | 93

for all |n| > m, the matrix M = C (2 v —B2 "Ontp 22_22/5122312212) will
have the two eigenvalues < § and iteration of (4.6) will contract any ball in
the plane a, & to the ball of radius 2.

If a, Ky, are bounded by a constant & for all |n| large enough the (4.4)
show that also g,, j» are going to be eventually bounded proportionally to 6.

Hence by imposing that ¢ is so small that | X,,| = a, + K + jn +gn < p We
see that proposition 3 holds (hence theorem 2 as a consequence of theorem 1).

5 Fractal Dimension of Singularities
of the Navier—Stokes Equation, d = 3

Here we ask which could be the structure of the possible set of the singularity
points of the solutions of the Navier—Stokes equation in d = 3. The answer is
an immediate consequence of theorem II and we describe it here for complete-
ness: the technique is a classic method (Almgren) to link a priori estimates
to fractal dimension estimates.

It has been shown already by Leray that the set of times at which a
singularity is possible has zero measure (on the time axis), see §3.4 in [Ga02].

Obviously sets of zero measure can be quite structured and even large in
other senses. One can think to the example of the Cantor set which is non
denumerable and obtained from an interval I by deleting an open concentric
subinterval of length 1/3 that of I and then repeating recursively this opera-
tion on each of the remaining intervals (called n—th generation intervals after
n steps); or one can think to the set of rational points which is dense.

5.1 Dimension and Measure of Hausdorff

An interesting geometric characteristic of the size of a set is given by the
Hausdorff dimension and by the Hausdorff measure, c.f.r. [DS60], p.174.

Definition 5.1. (Hausdorff a—measure): The Hausdorff a-measure of a set
A contained in a metric space M is defined by considering for each 6 > 0 all
coverings Cs of A by closed sets F with diameter 0 < d(F) < 0 and setting

1o (A) = lim inf d(F)~ (5.1)

Remark 5.1.

(1) The limit over ¢ exists because the quantity infe, ... is monotonic nonde-
creasing.

(2) It is possible to show that the function defined on the sets A of M by
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A — p(A) is completely additive on the smallest family of sets containing
all closed sets and invariant with respect to the operations of complementa-
tion and countable union (which is called the o-algebra X of the Borel sets of
M), c.fr. [DS60].

One checks immediately that given A € X there is «, such that
fo(A) =00 if < a, to(A) =0if a > a. (5.2)
and it is therefore natural to set up the following definition

Definition 5.2. (Hausdorff measure and Hausdorff dimension): Given a set
A C R? the quantity ., (5.2), is called Hausdorff dimension of A, while
Lo, (A) is called Hausdorff measure of A.

It is not difficult to check that

(1) Denumerable sets in [0, 1] have zero Hausdorff dimension and measure.

(2) Hausdorff dimension of n-dimensional regular surfaces in R? is n and,
furthermore, the Hausdorff measure of their Borel subsets defines on the sur-
face a measure p,, that is equivalent to the area measure p: namely there is
a p(x) such that pe, (dz) = p(z) p(dx).

(3) The Cantor set, defined also as the set of all numbers in [0, 1] which
in the representation in base 3 do not contain the digit 1, has

a. = logs 2 (5.3)

as Hausdorff dimension.”

5.2 Hausdorff Dimension of Singular Times in the Navier—Stokes
Solutions (d = 3)

We now attempt to estimate the Hausdorff dimension of the sets of times
t < T < oo at which appear singularities of a given weak solution of Leray,

9 Indeed with 2" disjoint segments with size 37", uniquely determined (the n—th
generation segments), one covers the whole set C'; hence

pos = inf ST AF)* <1 i a=ag=logy?2
Cs
FeCs

and fla, (C) < 1t de. po(C) = 0 if @ > ap. Furthermore, c.f.r. problem (16)
below, if & < ag one checks that the covering C° realizing the smallest value of
> recy A(F)* with § = 37" is precisely the just considered one consisting in the
2" intervals of length 37" of the n—th generation and the value of the sum on
such covering diverges for n — oco. Hence pq(C) = o0 if o < aig so that ag = e
and pa,(C) = 1.
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i.e. a solution of the type discussed in (0.1). Here T is an a priori arbitrarily
prefixed time.

We need a key property of Leray’s solutions, namely that if at time g
it is Ji(to) = L7 [(Qu)?dz < oo, i.e. if the Reynolds number R(ty) =

Ji(to)/?)V, = Vi)V, with V.Y s < +00, then the solution stays
regular in a time interval (¢, to + 7] with (see proposition II in §3.3 of [Ga02],
eq. (3.3.34)):

. T, L?
T = Imin FW’TC TC = 7 (54)
From this it will follow, see below, that there are A > 0,y > 0 such that if
t
o\ d
lim inf <7) / YR < A .
im in T - UR( ) < (5.5)

then 7 > o and the solution is regular in an interval that contains ¢ so that
the instant ¢ is an instant at which the solution is regular. Here, as in the
following, we could fix v = 1/2: but = is left arbitrary in order to make clearer
why the choice v = 1/2 is the “best”.

We first show that, indeed, from (5.5) we deduce the existence of a sequence

o; — 0 such that
¢ o
/ D pryy < A(ZY7 (5.6)
o

—0; Oi T.

therefore, the L.h.s. being a time average, there must exist vo; € (t — 0y,1)
such that
2 i\ 7
R (i) < A( ) (5.7)
T.

and then the solution is regular in the interval (9o;, Yo; + 7;) with length 7; at
least )
(0i/Te)™

A2
provided v < 1/2, and o; is small enough and if A is small enough (if v = %
then this means 242 < F). Under these conditions the size of the regularity
interval is longer than o; and therefore it contains t itself.

It follows that, if ¢ is in the set S of the times at which a singularity is
present, it must be

7 =FT, > 0; (58

~—

t
lim inf (%)7/ D rwy>4 ittes (5.9)
t—o

o—0 ¢ o

1.e. every singularity point is covered by a family of infinitely many intervals
F with diameters o arbitrarily small and satisfying

/tta 49 R2(0) > ga(%)_V (5.10)
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From Vitali’s covering theorem (c.f.r. problem (19)) it follows that, given
6 > 0, one can find a denumerable family of intervals Fy, Fy, ..., with F; =
(t; — i, t;), pairwise disjoint and verifying the (5.10) and o; < 0/4, such that
the intervals 5F} def (t; —70;/2,t; +50;/2) (obtained by dilating the intervals
F; by a factor 5 about their center) cover S

S C U; 5F; (511)
Consider therefore the covering C generated by the sets 5F; and compute the
sum in (5.1) with a =1 —~:

Zi(50z’)(5}7§>77 =573, "i(%) ' < (5.12)

1—~ 1=~ T
< T Y, [ A9 R2(9) < 22 [T d9 RA(9) < o0

where we have made use of the a priori estimates on vorticity (0.2) and we
must recall that v < 1/2 is a necessary condition in order that what has been
derived be valid (c.f.r. comment to (5.8)).

Hence it is clear that for each o > 1/2 it is 11, (S) < oo (pick, in fact, a =
1—~, with v < 1/2) hence the Hausdorff dimension of S is a,. < 1/2. Obviously
the choice that gives the best regularity result (with the informations that we
gathered) is precisely v = 1/2.

Moreover one can check that p;,5(S) = 0: indeed we know that S has
zero measure, hence there is an open set G O S with measure smaller than a
prefixed e. And we can choose the intervals F; considered above so that they
also verify F; C G: hence we can replace the integral in the right hand side
of (5.12) with the integral over G hence, since the integrand is summable, we
shall find that the value of the integral can be supposed as small as wished,
so that ju1/2(S) = 0.

5.3 Hausdorff Dimension in Space—Time of the Solutions of NS,
(d=3)

The problem of which is the Hausdorff dimension of the points (z,t) € §2 x
[0, T] which are singularity points for the Leray’s solutions is quite different.

Indeed, @ priori, it could even happen that, at one of the times t € S
where the solution has a singularity as a function of time, all points (z,t),
with x € (2, are singularity points and therefore the set Sy of the singularity
points thought of as a set in space-time could have dimension 3 (and perhaps
even 3.5 if we take into account the dimension of the singular times discussed
in (B) above).

From theorem II we know that if
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tr? /2v
limsupr™ / / —dﬁ (Qu)?* < (5.13)
t (z,r)

r—0 r2/2v

then regularity at the point (z,t) follows.

It follows that the set Sy of the singularity points in space-time can be
covered by sets C,. = S(z,7) x (t —r?v=1, ¢t + 2r?v =1 with r arbitrarily small
and such that

— d19 / x (Ou)? > (5.14)
TV Ji— T S(z,r)
which is the negation of the property in (5.13).
Again by a covering theorem of Vitali (c.f.r. problems (16), (17)) we can

2

find a family F; of sets of the form F; = S(z;,7;) x (t; — 55,6 + 3 ] pairwise
disjoint and such that the sets 6F;= set of points (2, t’ ) at dlstance < 61y
from the points of F; covers the singularity set Sp.!° One can then estimate
the sum in (5.1) for such a covering, by using that the sets F; are pairwise
disjoint and that 5F; has diameter, if maxr; is small enough, not larger than
187;:

len < Z/ (Du) dfdt<—/ /au dédt < oo (5.15)

i.e. the 1-measure of Hausdorff p;(Sp) would be < oo hence the Hausdorff
dimension of Sy would be < 1.

Since Sy has zero measure, being contained in {2 x S where S is the set of
times at which a singularity occurs somewhere, see (5.9), it follows (still from
the covering theorems) that in fact it is possible to choose the sets F; so that
their union U is contained into an open set G which differs from Sy by a set
of measure that exceeds by as little as desired that of Sy (which is zero); one
follows the same method used above in the analysis of the time-singularity.
Hence we can replace the last integral in (5.15) with an integral extended to
the union U of the F!s: the latter integral can be made as small as wished by
letting the measure of G to 0. It follows that not only the Hausdorff dimension
of Sy is < 1, but also the p1(Sp) = 0.

Remark 5.2.

(1) In this way we exclude that the set Sy of the space-time singularities con-
tains a regular curve: singularities, if existent, cannot move along trajectories
(like flow lines) otherwise the dimension of S would be 1 > 1/2) nor they can
distribute, at fixed time, along lines and, hence, in a sense they must appear
isolates and immediately disappear (always assuming their real existence).
(2) A conjecture (much debated and that I favor) that is behind all our discus-
sions is that if the initial datum u® is in C°°(£2) then there exists a solution

10 Here the constant 5, as well as the other numerical constants that we meet below
like 5, 6, 18 have no importance for our purposes and are just simple constants for
which the estimates work.
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to the Navier Stokes equation that is of class C* in (z,t)”, i.e. Sy = (!
The problem is, still, open: counterexamples to the conjecture are not known
(i.e. singular Leray’s solutions with initial data and external force of class
C*°) but the matter is much debated and different alternative conjectures are
possible (c.f.r. [PS87]).

(3) In this respect one should keep in mind that if d > 4 it is possible to show
that not all smooth initial data evolve into regular solutions: counterexamples
to smoothness can indeed be constructed, c.f.r. [Sc77]).

Acknowledgements: The notes are extracted from reference [Ga02].

6 Problems. The Dimensional Bounds
of the CKN Theory

In the following problems we shall set ¥ = 1, with no loss of generality, thus
fixing the units so that time is a square length. The symbols (u, p) will denote
a pseudo NS field, according to definition 1. Moreover, for notational simplic-
ity, we shall set A, = A(p), G, = G(p),..., and sometimes we shall write
A, Gy ... as A,,... with an abuse that should not generate ambiguities.
The validity of the (3.1) for Leray’s solution is checked in problem (15), at
the end of the problems section, to stress that the theorems of Scheffer and
CKN concern pseudo NS velocity—pressure fields: however it is independent of
the first 14 problems. There will many constants that we generically denote
C": they are not the same but one should think that they increase monotni-
cally by a finite amount at each inequality. The integration elements like dx
and dt are often omitted to simplify the notations and they should be easily
understood from the integration domains.

(1) Let p =74y and r = 1y, with r, = L2", c.f.r. lines following (4.2),
and apply (S),(2.2), with ¢ =3 and a = %, to the field u, at ¢ fixed in A, and
using definition 2 deduce

3/4 3
< G5 Ay J Nouldz) " o2 ([ )

Infer from the above the third of (4.4). (Idea Let |u|? be the average of u* on

the ball B,; apply the inequality (P), with o = 1, to show that there is C' > 0
such that
Sy, dzu? < ( [y, da||uf® = TuR)) + uf? [, da <
3 1o 1/2
< Cp [y, deulldul +C(5) [y, dulul® < Cp2AY2( [,y daloul?) +

+C(g)3p,4p
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where the dependence from ¢ € A, is not explicitly indicated; hence
3/4
[ dzluf < 0o A e (P4 P Y[ dziouP)
B, By

then integrate both sides with respect to t € A, and apply (H) and definition
2.)

(2) Let ¢ <1 be a non negative C*° function with value 1 if || < 3p/4
and 0 if |z| > 4p/5; we suppose that it has the “scaling” form ¢ = ¢1(z/p
with ¢1 > 0 a C°° function fixed once and for all. Let B, be the ball centered
at x with radius p; and note that, if p = r,,4, and r = r,, pressure can be
written, at each time (without explicitly exhibiting the time dependence), as

p(z) = p'(z) + p”’(x) with

z—Y

a7 - 0 (y) p(y) dy

p'(z) = ﬁ fB,, @ig‘p(y)ﬂw(y) dy + i fB
P'(@) = 1 [p, megr (@) (Qu(y) - (Qu(y)) dy

if |z] < 3p/4; and also |p'(z)] < Cp=3 pr dy |p(y)| and all functions are
evaluated at a fixed ¢ € A,. Deduce from this remark the first of the
(4.4). (Idea First note the identity p = —(47)~! pr lz — y|~" A(pp) for
z € B, because if z € Bs,;y it is ¢p = p. Then note the identity
App) =pAp+20p-dp+p Apandsince Ap=—0-(u-9u)=—(du) (9 u):
the second of the latter relations generates p” while pA ¢ combines with the
contribution from 29 p-dyp, after integrating the latter by parts, and generates
the two contributions to p’.

From the expression for p” we see that

I, 2 @ < [, Ay dy' 10u) PIOWW) [, de g <
< Cp( [, dy|9u(y)|?)? %

The part with p’ is more interesting: since its expression above contains in-
side the integral kernels apparently singular at z = y like |z — g|*1 A and
|z — y|~' D¢ one remarks that, in fact, there is no singularity because the
derivatives of ¢ vanish if y € Bs,s (where ¢ = 1). Hence |z — y|=" can be
bounded “dimensionally” by p~* in the whole region B,/Bs,)4 for all k >0
(this remark also motivates why one should think p as sum of p’ and p”).
Thus replacing the (apparently) singular kernels with their dimensional

bounds we get
C
/
< — .
/BTdIIUIpl < p3(/BrdzIUI) (/dexlpo

which can be bounded by using inequality (H) as
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IN
°

%(IBT da [u*/5 - [uf?/5 - 1) : (IBP da Ip\) <
(S delu2) - (fy de )" G225, delpl <
(pAp)1/5(fBr dx |Q|3> 1/5 ) (pr dx |p|)

where all functions depend on z (and of course on t) and then, integrating
over t € A, and dividing by 2 one finds, for a suitable C' > 0:

IN
Q 2o

IA
>

|

1 r
| ddell| < 0GR Ay

that is combined with [, dz|u||p”| < ([, da|ul*)/?( [y dz|p”|?)'/? which,
integrating over time, dividing by p? and using inequality (!) for [ g dx[p” |2
yields: r=2 [, dtda |u|lp"| < C(pr_l)QA,l,/2§p).

(3) In the context of the hint and notations for p of the preceding problem
check that [, da|p'| < C(rp=')* [, dz|p|. Integrate over ¢ the power 5/4
r p

of this inequality, rendered adimensional by dividing it by 7'3/4; one gets:

r A ([IP)* < Crp~t)Y2 K, which yields the first term of the second
inequality in (4.4). Complete the derivation of the second of (4.4). (Idea Note
that p”(z,t) can be written, in the interior of B, as p” = p + p with:

1 99 (u-9u

plz)= ! / %@(g)y-@gd@ plz)= /B

A B, |z — dm

dy
lz — y =

(always at fixed ¢ and not declaring explicitly the ¢~dependence). Hence by
using |z —y| > p/4, for x € B, and y € B,/Bs, /4, i.c. for y in the part of B,
where 0 ¢ # 0) we find

S Pldz < C [y dy( f, 52 lu(y)10u(y)]) <
1/2 1/2 1/2
< Cr( f, 10l?) ([, 10uP) " < Crpt2a)?( [, 10uf?)

1/2
S, 19l dz < 25 [,y Jullu] < Crp A% ( [, 10uP)

5/4
and ( I 10" |> is bounded by raising the right hand sides of the last in-
equalities to the power 5/4 and integrating over ¢, and finally applying in-

5/8
equality (H) to generate the integral (fQ |8g\2) ).
, 19

(4) Deduce that (4.5) holds for a pseudo-NS field (u, p), c.f.r. definition
2.1. (Idea Let @(z,t) be a C*° function which is 1 on @,/ and 0 outside Q,;

itis: 0 < p(z,t) <1, |0yp| < %7 |[Ap+0rp| < p%, if we suppose that ¢ has the
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form p(z,t) = <p2(p e ) > 0 for some (s suitably fixed and smooth. Then, by
applying the third of (3.1) and using the notations of the preceding problems,
ift € A,a(to), it is
fB iy 1wz, t)|?dz < & fQ dtdzx |u|? —|—fQ dtdz (|ul? + 2p)u - dp <

< fQ dtdx\u|2+‘fQ dtdz (|ul®— |ul?)u - 8@‘ +2fQ dtdzpu- e <
<% (fo, dtd;z:|u|> +\fQ dtdz (Juf? — Tuf2) u - &p‘+20 [, didz pllul <
< CpGy* + Cpl, + | J, dtde (uf? — Tul2) w- 05|

We now use the following inequality, at ¢ fixed and with the integrals over dx
Y f, da (1 - e 8| < G Jy, dalul |luf® - Tul?
2/3
< &(fy, delu?) " ( f, 1t - Tul3r2)

and we also take into account inequality (P) with f =
yields (always at ¢ fixed and with integrals over dx):

([ Je-1B™)" <[ mlou)

then we see that
S, |lul? = Tu \ ul 9] < %(IB )" (fy, ullowd) <
< (U, 10?) " (U 1) (15, 00?) " <
%pl/zAzN(pr!@'S)l . (pr |Qy|2) 1/2

Integrating over ¢ and applying (H) with exponents 3, 2, 6, respectively, on the
last three factors of the right hand side we get

u? and o = 3/2 which

<

1 R
2l | < cayRey sy < 0@+ A)

and placing this in the first of the preceding inequalities (*) we obtain the
desired result).

The following problems provide a guide to the proof of theorem II. Below
we replace, unless explicitly stated the sets B, Q,, A, introduced in definition
2, in (C) above, and employed in the previous problems with BY, A%, Q% with
BY = {a] |z — 2| < 1}, A% = {t|to > t > to — 17}, Q0 = {(z, D] [2 — x| <
rotg >t > tg— 1} = BO x AY. Likewise we shall set B0 = BV, AY =

Tn

AO QO = Q% and we shall define new operators A, 6, G, J, K S by the same
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expressions in (3.2)%(3.8) in (C) above but with the just defined new meaning
of the integration domains. However, to avoid confusion, we shall call them
AL 50 with a superscript 0 added.

(5) With the above conventions check the following inequalities
AL SCAL,,  GLSCGh,, GO+ MY

(Idea The first two are trivial consequences of the fact that the integration
domains of the right hand sides are larger than those of the left hand sides,
and the radii of the balls differ only by a factor 2 so that C' can be chosen 2
in the first inequality and 4 in the second. The third inequality follows from
(S) with a = %, qg=3:

Sy lul® = © [(fBS ‘QQP)M(fBg |@|2)3/4 +7”3/2<f32 |@|2>3/2} <
sC [T3/4A23/4<f39 |Qu|2)3/4 + A0% 2]

where the integrals are over dz at t fixed; and integrating over ¢ we estimate
GY by applying (H) to the last integral over t.)

. (6) Let ng =n+pand Q% = {(z,t)| |z —zo| < 7n, to >t > t—r%}défBg X
A} consider the function:

exp(—(z — zo)?/4(rp +to — 1))

0
(47 (r2 +to — t))3/2 ; (z,t) € QY

on(z,t) =

and a function xn,(z,t) =1 on Q) _; and 0 outside QY , for instance choos-
ing, a function which has the form x,,(z,t) = ¢(r;, 'z, 7"7701/215) >0, with ¢ a
C* function fixed once and for all. Then write (3.1) using ¢ = @, Xn, and

deduce the inequality

AY + 65 2 ~02/3 = 2 ~0 2 70 " 2
n n — — _ _
e < C[rn+pG ntp T § T G+l nep t § N Lk} (@)
n k=n-+1 k=n-+1

where Lj, = r,;Q fQO dz dt |u||lp— ﬁ| with p* equals the average of p on the ball
k

BY; for each p > 0. (Idea Consider the function ¢ and note that ¢ > (Cr3)~1
in QV, which allows us to estimate from below the left hand side term in (3.1),
with (Cr2)~1(A% + §°,,). Moreover one checks that

el <55, 10pl<F, n<m<ntp=mny, in Q) .,/Q)
O + Al < 56 in Qy,

and the second relation follows from 0;¢ + A = 0 in the “dangerous places”,
i.e. X = 1, because ¢ is a solution of the heat equation (backward in time).
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Hence the first term in the right hand side of (3.1) can be bounded from above
by

C C 2/3 C
J, o+ el < [ o ([ )< et
7" 0 r o r
Qno no 0, 2

getting the first term in the r.h.s. of (@).
Using here the scaling properties of the function ¢ the second term is
bounded by

f |u| |a<)0n| — r4 fQO |u|3 +Zk n+2 7. fQO/QO |,|3 S
< Zk? n+1 'r fQO |u|3 < Czk =n-+1 'rg

Calling the third term (c.f.r. (1.1)) Z we see that it is bounded by

Z< ‘fQo PU- D Xnen| < ‘fQo PU- O Xn+1n |+

‘fQo (p— P w- O Xt 10n|+
+Jan, el P20, =Xno-1)n

+Zk¢ n+2‘fQ0pu a(Xk_Xk: 1 (pn
A ’ngp* PF)u- 0 (X — Xk-1)@n

where p™ denotes the average of p over BY, (which only depends on t): the
possibility of replacing p by p — P in the integrals is simply due to the fact
that the 0 divergence of u allows us to add to p any constant because, by
integration by parts, it will contribute 0 to the value of the integral.

From the last inequality it follows

no—1 no—1 C
2 3 g [ e Pl AT = 3 G+ s
k=n+1 k k=n+1 F

then sum the above estimates.)

(7) If z, is the center of {2 the function x,,p can be regarded, if ng < —1,
as defined on the whole R?® and zero outside the torus §2. Then if A is the
Laplace operator on the whole R? note that the expression of p in terms of u
(c.fr. (a) of (3.1)) implies that in QY :

XnoP = A7 Axnop = A7 (pé\xno +2(9xno) - (9p) = Xnp 00 - (w))

Show that this expression can be rewritten, for n < ng, as

XnoD = —A7 (Xno 80 (uw ) 4+ [A7 (pAxn,) + 2(@A1) ((9xn,)D)] =
= [—(80A") (xnouw)] + [2(QA 1) (Oxnouu) — A7 (DD Xn, )uu )|+

de
A (PAXny) + 202 ) (OxXno)P)] < p1 + P2 + P3 + pa
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with p1 = —(09A™") (XngVnt1uu) and pa = —(QIA™") (Xno (1 — Vpy1)uu)

where ¥, is the characteristic function of B%; and ps,ps are the last two
terms in square brackets. (Idea Use, for x,t € Q%O, Poisson formula

A ((Xngp)(y:t))
Xono (& )P 8) = 3 [y =Ry dy =

PAXng+20Xng 0P~ Xng09-(uu)
- -1
4 fB?LO @7Q| dy

and suitably integrate by parts).

(8) In the context of the previous problem check that the formulae derived
there can be written more explicitly as

pL= —@A*l) + (XnoUny1uu), p2=—ifBo pe,, @) - xnouu
(83Xn0)u U

P3 = 51 fBo - y|3 8Xno)uu+47r fBo o g

[
r—y
by =~ 47rf|a: y\p )Axn0+4ﬂ~ .fp £ g QXno

where n < ng and the integrals are over y at ¢ fixed, and the functions in the
left hand side are evaluated in z,t.

(9) Consider the quantity L,,, introduced in (6),

de _ =
L, %l / lul |p — B, (9)| dgdv

n

and show that, setting ng =n +p, p > 0, it is

o 7/5 1/5 _,1/5 4/5 T 5/3 1/3 _2/3
Ly, <C{( +1) AT G K, + ﬁ) GG, +

Tng Tng

0 0'/3
+GO o+ G D nt1 Tk TA

(Idea Refer to (8) to bound L, by: S0 r2 fQO |u||p; — pl'| where pI is the
average of p; over BY; and estimate separately the four terms. For the first it
is not necessary to subtract the average and the difference |p; — pf| can be

divided into the sum of the absolute values each of which contributes equally
to the final estimate which is obtained via the (CZ), and the (H)

- <9 3/2 2/3 3 1/3 - C 3
. Ip1 — Prllul < . |p1 . |ul < . |ul
B Bn,+1 Bn+1 Bn+1

n+1

and the contribution of p; at L,, is bounded, therefore, by CGY 11t note that

this would not be true with p instead of p; because in the right hand side there

would be [, |p|?/? rather than [0 Ip|?/2, because the (CZ) is a “nonlocal”
n+1

inequality. The term with py is bounded as
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ng fBg lp2 — pylul < fAUO fBQL |u| ry, max [Ops| <
1/3
< rn(f@% ‘%72[3) ?L/JT‘}LO/S maxgo |@32| <

501/3 sno—1 |
<nGn " Yo M8%ieAg, Jpo o v

I 2

501/3 <—no—1  A?
- =T G Zm:’ﬂJrl r‘;n

Analogously the term with ps is bounded by using [9ps| <

Cr- 4fBO |u|?

which is majorized by Cr,3 ([0 |u|?)?/% obtaining
E

vz fQO |u||p3 - p3 | < C;T fAOL fBO \u| )2/3'% fBO lu|] <

S rZ Tn no fAU fBU ‘u| 2/3(f |u| )1/3 <
§ Q( )3 4/3r2/3G02/3G01/3 _ C(%)‘B/?)G%ENGO 1/3
no no

7«% r 7ﬂ’ﬂo n no n n

Finally the term with p, is bounded (taking into account that the derivatives
AxXn,OXn vanish where the kernels become bigger than what suggested by
their dimension) by noting that

— P
/ [pa = Pl < Crn/ |uf max [dps| < Crn</ Iul> (/ |4| )
BY BY By BY B9, "no

Denoting with Kgo the operator Kgo without the factor r,folg/ * which makes

it dimensionless, and introducing, similarly, A?L,CN?% we obtain the following
chain of inequalities, using repeatedly (H)

oy b= 7 < Gra g (Jg, 2 )5/4)4/5(&3 (Jaylul) )" <

S 0 g 1))
1/5

EIS Lo

5 4/
C rn 7Y /5 <
< G B0, (S 1) (fog )52
C 12/5~04/5 ~01/5 ~01/5 . 1/5 ~01/5 1-04/5
Sfifgo n K, An G, <cC f:no A% GY Kgo

Finally use the inequalities of (5) and combine the estimates above on the
terms p;, j=1,..,4.)

(10) Let T}, = (A% + 62); combine inequalities of (6) and (9), and (5) to
deduce

T, < 2% (2*2"05 R DI R (T pe P
49~ 7n0/5¢ Zzo:;il2—3k/5Tkl/2_|_82_5n0/3 Zno 1 ,2” k/3T1/2
TR D DT L A DURe SPTp)

e = C'max(G0*? K05 o, o)

no no

and show that, by induction, if ¢ is small enough then 7, 2T}, < 52/37“,:02.
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(11) If G(ro) + J(ro) + K(ro) < es with g5 small enough, then given
(z/,t") € Qo a(zg. o), show that if one calls G}, J?, K7, A%, 62 the operators
associated with Q%(z’,#') then

2/3
65/

hmsup 2A0 C
for a suitable constant C. (Idea Note that QT 4@ ') C Qry(zo,to) hence
G20/4, J£0/47 ... are bounded by a constant, (< 4%), times G(ro), J(r0). .. re-
spectively. Then apply the result of (10)).

(12) Check that the result of (11) implies theorem II. (Idea Indeed

1

0
La =
BTL

r2 n 2

Ju(z, ¢)Pde

— Nn——00

4
5 lu(' )P

where BY is the ball centered at ', for almost all the points (z,”,t') € Qr0/4,
hence |u(z’,t)] is bounded in QTO/4 and one can apply proposition 2).

(13) Let f be a function with zero average over BY. Since f(z) = f(y) +
fol dsOf (y+ (z—y)s) - (z —y) for each y € BY, averaging this identity over y

one gets )
d
rw= [ [, #2er@-p @y

Assuming o = 1 prove (P). (Idea Change variables as y — z = y + (z — y)s
so that for a integer

/Bg|f<x>|a|§§=/30

where the integration domain of z depends from x and s, and it is contained
in the ball with radius 2(1 — s)r around z. The integral can then be bounded
by

3f( ) (z—z)

BY |B°|

dz, dsp dz, dsq

where z varies in a domain with |g —z;| <2(1 — s;)r for each i. Hence the
integral over % is bounded by 8(1 — s;)? for each i. Performing a geometric

average of such bounds (over « terms)

Joo |F @)1y < 20730 T, [ s 10 (20)] (1= 50)%/ <
< g0+3, a(fBO 25 )rg) - (o o= W)

getting (P) and an explicit estimate of the constant C! only for « = 1 and a
hint that (P) should hold for a < 2 at least.)




72 Giovanni Gallavotti

(14) Differentiate twice with respect to a~! and check the convexity of
a™t = ||flla = ([ |f(2)|* dz/|B°|)* . Use this to get (P) for each 1 < ar < ag
if it holds for a = a . (Idea Since (P) can be written || f||o < Co ([ |0f] dz/r?)

then if o= = Yoy + (1 — 1) it follows that C,, can be taken C, = 9C,, +
(1=2)Cy).

(15) Consider a sequence u* of solutions of the Leray regularized equa-
tions which converges weakly (i.e. for each Fourier component) to a Leray
solution. By construction the u*, u verify the a priori bounds in (0.2) and
(hence) (2.5). Deduce that u verifies the (3.1). (Idea Only (c) has to be proved.
Note that if u* — u" weakly, then the left hand side of (1.1) is semi continu-
ous hence the value computed with u° is not larger than the limit of the right
hand side in (1.1). On the other hand the right hand side of (1.1) is continuous
in the limit A\ — oco. Indeed given N > 0 weak convergence implies

limy— 0 TO dt [ |u* — ] dz = limy o foTO dt Zo<\k\ |72( ) - Z(’f)lz

T,
= 1lmA—’°°(EO<\k|<Nfo Odth’\( )=y ( 2+Z|k\>Nf dtgr M 1y ()~ z(t)|2)§
< limy—oo (ZO<\k\<Nf dthk &( WP+ 5= Jy dtfo |Q(@/\ u)P?) =

-1
- hm)\aoo N2 dt f_Q |a )|2 < 2E][i]7112

using the a priori bound in (0.2) (with zero force) and componentwise con-
vergence of the Fourier transform v, (¢) of u(t) to the Fourier transform YR(t)

of u’. Hence fOT” Jo lur — u®* — 0 showing the convergence of the first two
terms of the right hand side of (1.1) to the corresponding terms of (c) in (3.1).
Apply, next, the inequality (S), (2.2), with ¢ =3,a =2, 4 —a =2, and

again by the a priori bounds in (0.2) we get
T 3/2 3/2
ot [l —uOPdz < © [, dt |9 — )3 || — uO|fy* <

T 3/4 T 1/4
sc(owwmw—wmﬂ ( MWM—ww) <
< C(2Eowv /4 (2VEy) [, dt ||[u* — 1|3 5—= 0

A—00

showing continuity of the third term in the second member of (3.1). Finally,
and analogously, if we recall that p* = —A~! Zij 8i8j(ug\u§‘) and if we apply
the inequalities (CZ) and (H), we get

e dt [, dezlpru g/gogo\ <[/ \plA/gf Pl + [ f |12>;’3| lut — u| < »

(L7 =poB2) () (o woe2) ™ (e =)
where the last integral tends to zero by the previous relation while the first,
via (CZ), will be such that fOTU [, 1P =32 < (ff ? —Q0|3)2/3 S—

proving the continuity of the fourth term in the right hand side of (c¢) in (3.1).
Hence the right hand side is continuous in the considered limit).
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(16) (covering theorem, (Vitali)) Let S be an arbitrary set inside a sphere
of R". Consider a covering of S with little open balls with the Vitali property:
i.e. such that every point of S is contained in a family of open balls of the
covering whose radii have a zero greatest lower bound. Given 1 > 0 show that
if A > 1 is large enough it is possible to find a denumerable family Iy, Fs, ... of
pairwise disjoint balls of the covering with diameter < 7 such that U;AF; D S
where AF; denotes the ball with the same center of F; and radius A\ times
longer. Furthermore A can be chosen independent of S, see also problem (17).
(Idea Let F be the covering and let a = max s diam(F). Define ay = a27*
and let F; be a mazimal family of pairwise disjoint ball of F with radii > a2~!
and < a. Likewise let F5 be a maximal set of balls of F with radii between
a272 and 27! pairwise disjoint between themselves and with the ones of
the family F7. Inductively we define Fi,..., Fg,.... It is now important to
note that if o ¢ UgpF it must be: distance(z, ) < Aa2~F for some k, if
A is large enough. If indeed § is the radius of a ball Ss containing = and if
a27 k0 < § < a27%0F! then the point of S5 farthest away from z is at most
at distance < 26 < 4a27%0; and if, therefore, it was d(z, Fy,) > 4a27% we
would find that the set F, could be made larger by adding to it S5, against
the maximality supposed for Fy,. Note that A = 5 is a possible choice.)

(17) Show that if the balls in problem (16) are replaced by the parabolic
cylinders which are Cartesian products of a radius r ball in the first k coordi-
nates and one of radius 7%, with a > 1 in the n — k remaining ones, then the
result still holds if one replaces 5F; with AF; where A is a suitable homothety
factor (with respect to the center of F;). Show that if « = 1,2 then A =5 is
enough (and, in general, A = (42 + 22(1+2)/@)1/2 is enough).

(18) Check that the Hausdorff dimension of the Cantor set C' is logs 2,
c.fr. (5.3). (Idea It remains to see, given the equation in footnote?, that if
a < ap then 1, (C) = oo. If § = 37" the covering C,, of C' with the n—th gener-
ation intervals is “the best” among those with sets of diameter < 37" because
another covering could be refined by deleting from each if its intervals the
points that are out of the n—th generation intervals. Furthermore the inequal-
ity 1 < 237¢ for o < logs 2 shows that it will not be convenient to further
subdivide the intervals of C,, for the purpose of diminishing the sum ) |F;|*.
Hence for 6 = 37" the minimum value of the sum is 2"37"* —— 00.)
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Preface

This lecture course is concerned with some mathematical problems originated
from the theory of compressible Navier-Stokes equations (cf.[9],[15],[16]).

The lecture notes consist of three sections. We discuss the problem of strong
approximation of weak limits in section I and prove, firstly, that weak limit
of some sequence of functions in Orlicz space can be approximated in strong
sense (in norm) by the subsequence of averaged functions if the radius of av-
eraging tends to zero slowly enough. This result allows us to control the order
of approximation by weakly converging sequence. In particular, it justifies the
smoothing approach near singularities in computation of non-smooth solutions
to partial differential equations. Secondly, we consider the weak converging
sequence of approximate solutions to averaged Navier-Stokes equations for
incompressible fluids and obtain strong convergence to the solution of the
limiting equations.

The section II contents the recent results [23],[25] in theory of transport
equations in Orlicz spaces. We introduce special class of convex functions
(Young functions) and corresponding Orlicz spaces. It allows us to obtain
exact well-posedness (existence and uniqueness) results for linear transport
equations in Orlicz spaces and describe the optimal conditions for coefficients.
It is worthy to be mentioned that this class of Young functions (of fast growth
at infinity, greater than any polynomial) is connected with Gronwall-type in-
equality and Osgood’s uniqueness theorem (cf.[26]) for Cauchy problem in
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ordinary differential equations theory. Namely, we obtain optimal conditions
for coefficients in Gronwall inequality. At the same time it gives the rela-
tions between Orlicz-Sobolev spaces and Osgood’s condition in uniqueness
problem.

The section III concerns with some problems related to compactness argu-
ments. Besides the classical compactness (cf.[1],][2],[3]) so called compensated
compactness ([4]-[7]) is also under consideration. We expose new version of
classic compactness theorem which, in fact, is a particular case of compen-
sated compactness. On the other side, we give a new and very simple proof of
“div-curl” lemma (the mostly important tool in applications of compensated
compactness theory to nonlinear P.D.E’s. ) which reduces the compensated
compactness to the current one. Finally, a new viewpoint on the general com-
pensated compactness theorem (Theorem of L.Tartar) is suggested: vanishing
of quadratic form on the kernel of operator instead of algebraic conditions.
Such approach, perhaps, can be more convenient in some cases when it is
possible to describe the kernel of differential operator.

The lecture course was given to participants of Summer School “Mathe-
matical Foundations of Turbulent Viscous Flows” organized by C.I.M.E. Au-
thor would like to express a deep gratitude to School Scientific Directors Prof.
Marco Cannone and Prof. Tetsuro Miyakawa as well as C.I.M.E. officials Diret-
tore Prof. Pietro Zecca, Segretario Prof. Elvira Mascolo and School Secretary
Dr. Veronika Sustik.

1 Strong Approximation of Weak Limits by Averagings

1.1 Notations and Basic Notions from Orlicz Function
Spaces Theory

Let 2 C R™ be bounded domain with smooth boundary I', and x =
(x1,...,2,) are the points of 2. By L'(£2) we denote the space of integrable
functions on 2. L*°(§2) is the space of essentially bounded functions, LP({2),
1 < p < oo — the Lebesgue space of functions which are integrable in power
p. We shall use also the Orlicz function spaces, and remind the basic notions
(cf. [18]).

Let m(r) be defined on [0,00) function, continuous from the right, non-
negative, non-decreasing and such that

m(0) =0, m(r) — oo asr — oo. (1.1)

The convex function (Young function)

M(t) = / m(r)dr (1.2)
0
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produces Orlicz class Kjp7(£2) containing the functions f(x) € L'(£2) such
that M (|f(x)|) belong to L*(£2), too.The liner span of K (§2) endowed with
the norm

1F a2y = inf { A >0 /M <|f(Ax)|> ix <1 (13)
02

is called as Orlicz space Lj(§2)associated with Young function M (t). The
closure of L*°(f2) in the norm (1.3) yields, in general, another Orlicz space
En(£2), and the inclusions take place

Exi(2) € Kn(9) € Lur(52). (14)

One says function M (t) satisfies Ay —condition (cf.[18]) if there exist constants
C > 0 and ty > 0 such that

M(2t) < C M(t) for Vt > to. (1.5)

Three sets Epy, Ky and Ly coincide if and only if M (¢) satisfies Ag-condition.
As rule, it’s possible to compare two Young functions M;j(t) and Ms(t),
namely, M (t) dominates M (t) if there exist constants C' > 0 and a > 0
such that

Ml(at) S Mg(t) for V¢ Z to = to(Oé,O). (16)

In this case
EM2 Q .E]w1 and LM2 Q L]\/[l.

If each function My, k = 1,2, dominates the other one, then M; and M5 are
equivalent, M = Ms, and corresponding Orlicz spaces are the same. Further,
one says function My dominates M; essentially if

M,y (Bt)

Jim Mo (D) =0, V@ =const>0. (1.7)
In this case the strong embeddings
.E]w2 C EMU LM2 C L]\/[1 (18)
are valid.
Denote by
n(r) =m™(r) (1.9)

N(t) = / n(r)dr. (1.10)
0
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This function is called as complementary convex function to M (t), and it’s
equivalent to the next one:

N(t) = sup {tr — M(r)}. (1.11)
r>0
Two Orlicz spaces Ly and Ly are supplementary, and for any f(x) € Ly (£2),
g(x) € Ln(£2) there exists the integral

< f,g>= /f(x)g(x)dx (1.12)
22

which defines the linear continuous functional on Ex(f2) with fixed f €
Ly (2) and any g € Ep(£2). It gives the notion of weak convergence (ac-
tually, weak*® convergence) in Ly (§2): the sequence { f,,(x)}converges weakly
to f(x) € Ly (92), frn — fif

< fn,g>—< f,g> foreach g € Ex(2). (1.13)
At the same time it’s possible to define mean convergence in Ly (§2):

fn — f in mean value, if
/M(\fn—f\)dx—>0 as n — oo, (1.14)
2

If M(t) satisfies As-condition, mean 2convergence is equivalent to the strong-
convergence, i.e. in norm of L/ (£2). Otherwise, mean convergence is stronger
than weak, but weaker than strong one. As an important and interesting
examples we shall use three Young functions: Mi(t) = #,1 < p < o0,
My(t) = et —t —1 and M3(t) = (1 + ¢)In(1 + t) — t. The first function
M, (t) yields the Lebesgue space LP({2), the second one Ms(t) produces two
Orlicz spaces Ly, and Epy, because Ms(t) doesn’t satisfy As-condition, and
M;(t) is slowly increasing function which is essentially dominated by M (t).
The Orlicz space Ly, (£2) is located between L!(£2) and any LP(£2), p > 1.
Finally, for any f(x) € L'(£2) and h > 0, let us denote

) = g ! s (552 ) ay (115

an averaging of f(x) where w(z) is the kernel of averaging:

w(z) € C°(RY),  w(z) >0, /w(z)dz =1.
RN
Formula (1.15) often is called as the mollification of function f and, in fact,

it is the convolution of f with the mollifier rw(z/h).
It’s the well-known fact that
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1fn = flloae)y =0 ash—0 (1.16)
if M(t) satisfies Ap-condition, and

/M(|fh—f|)dXH as h — 0 (1.17)
2

for any M (t), i.e.the sequence of {f,} approximates f in the sense of mean
convergence.

1.2 Strong Approximation of Weak Limits

Let us consider some sequence of functions { f,,(x)}, n =1,2,..., from Orlicz
space Ljs(£2) such that f, — f weakly in Ly (£2), as n — oo. For each f,(x)
we construct the family of averaged functions (f,,)(x).

Theorem 1.1 If M(t) satisfies As-condition then there exists subsequence
(fm)h,, such that

(fr)n,, — f strongly in Ly (£2)
asm — oo, h — 0.

For any M (t) there exists subsequence (f,)n
i.e. in the sense (1.14).

converging to f in mean value,

m

Proof. Step 1. Simple example.

In order to understand the problem we consider firstly, one very simple ex-
ample of the sequence f,(z) = sin(nz), n =1,2,..., z € RL, 2 = (0,27), of
periodic functions. In this case we have

fn(x) — 0 weakly in L*(0,27).
Let us take the Steklov averaging

x+h

(fahnte) = 55 [ Sl (115)

xz—h

It’s easy to calculate _—
(fu)n(x) = Su;: sin(nzx). (1.19)

and thereby to obtain:

a) If h = h, — 0 as n — oo, but nh,, — oo (for example, h, = n=%,

0 < < 1) then
(fn)hn —0asn— 00,

i.e. (fn)n, (x) tends to 0 strongly when h,, — 0 slowly enough.
b) If nh,, — const # 0 (or are bounded), then (fy,)n, — 0 weakly only.
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Step 2. One-dimensional case, Steklov averaging.

Now consider the case of N = 1, z € R, and f,(z) — f(z) weakly in Ly (£2),
whereM (t) satisfies As-condition.

For the sake of simplicity we assume f,(z), f(z) to be T-periodic, T =
const > 0, and, moreover, without loss of generality, one can admit f(x) =0,
since it is possible to consider the sequence of differences f, — f instead of f,,
ie.

fn(x) — 0 weakly in Ly (0,7T). (1.20)

Let us construct the family of functions

z+h

(Fnle) = 35 [ Falee (1.21)
z—h

and the sequence

Fo(x) = / ful€)de (1.22)

which doesn’t depend on h.
It means

1
(fa)n(z) = %(Fn(x—kh)—Fn(:c—h)). (1.23)
The sequence {F,(x)} possesses the estimates

sup [Fio(z)] < C,  ||F, Ozl £y 0,m) < C (1.24)
T

with constant C' independent on n.
Compactness theorem yields F,,(z) — 0 strongly in Ly, (0,7, i.e.

||Fn(x)||LM(07T) <C,, C,—0asn— oo. (1.25)
If we take Fj,(z + h) or F,,(x — h) (displacements of F,(x)) then
[En(z+1)llLy < Cn-C, [[Fu(z=h)l[Ly <Cpn-C (1.26)

with C independent on h, h € (01].
It gives

Cn

So, if we take h = h,, such that C,, - h,! — 0 as n — oo, for example,
h, = CP,0 < 3 = const < 1, then

(fn)n, — 0 strongly in L (0,T) (1.28)

It proves the theorem 1 in 1-dimensional case.
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Step 8. The general case.
Let the sequence {f,(x)}, x € 2 C RY, be weakly converging in L;(§2) to
f(x) = 0,where M(t) satisfies As-condition.

We extend f,(x) by 0 outside of 2 and consider the family (f,,)n(x) given
by the formula (1.15)

(fu)n(x) = hin / Faly)w (’(;y) dy (1.29)

with arbitrary kernel of averaging w(z).
At the beginning we fix some h = hg, for example hy = 1, and consider
the sequence

Fu0) = [ fal)otx - y)dy = [ fulx - 2)o(a)ia
RN RN
which doesn’t depend on h.
As in one-dimensional case we conclude by the compactness theorem
F,.(x) — 0 strongly in L (2),

ie. [[Fnllry @) < Cm, Cp — 0as m — oo. If we take the family

Fo () ER[ fulre (252 ) dy

then for h < hg =1

1 EmnllLar(2) < CllEmllLac)
with constant C' independent on h, i.e.
[ Emnlly @) < C - Ch.
In view of (f,)n = h~ N F,;, it means that if we choose h = h,,, such that
Cph, N — 0 asm — 00, hy, — 0, (1.30)

for instance, hY = CP 0 < 3 < 1, then(f,)n,, — 0 strongly in Ly (£2).

The theorem 1.1 is proved for the case of Young function M (t) satisfying
Ag-condition. For any M (t) the same proof is acceptable if one considers
the mean convergence (1.14) instead of strong or strong convergence in any
Banach function space where the set of smooth functions is dense, for example,
in the space Ey(f2).
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Remark 1.1

The main significance of theorem 1.1 seems to be useful for justification of
the smoothing approach in computation of non-smooth solutions to P.D.E’s.
Big oscillations occur near singularities. The appearance of oscillations can be
connected with weak convergence of approximate solutions to the exact one.
The procedure of "smoothing” means, in fact, an averaging, and the theorem
1.1 indicates that the radius of averaging must be big enough according to
assumption (1.30).

1.3 Applications to Navier-Stokes Equations

It this section we illustrate the theorem 1.1 by one simple example of Navier-
Stokes equations for viscous incompressible fluid. We consider the sequence
{u,} of solutions to Navier-Stokes equations [20]:

ou,

+ (un . v)un + Vpn = VAun + fna (131)
divu, = 0, (x,t) € Q=02x(0,T), 2CR3, I =a.

which are complemented with the initial and boundary data

0
n

=0, te(0,7) (1.32)
r

=u,(x), x€, u,

Let us suppose
u? (x) — u’(x) weakly in L*(£2),

f, — f weakly in L?(0,T;L*(2)) as n — oo.

In view of well-known a priori estimate

0<t<T

T
sup [[un ()]l 22y + / IV, (8)]22 gt < C (1.33)
0

with constant C' independent on n, we may admit
u,, — u weakly in L*(0,7; Wh"2(2)) N L?(0,T; L*(£2)) (1.34)

with any p, 1 < p < oc.

According to the theorem 1.1 it’s possible to extract subsequence {(u,,)n,, }
of averaged functions (with respect all independent variables or to spatial vari-
ables only) such that

(W )n,, — u strongly in L?(0,T; W2(£2)) N LP(0,T; L*(12)),

m

(£,.)n,, — f strongly inL?(0, T; L*(12)).

m
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And the question arises here: are {(u,,)s,, } approximate solutionsto the lim-
iting equations

%+(u.V)u+Vp:VAu+f7 divu =0 (1.35)

in some strong sense?
To give answer to this question we apply the operator of averaging to
equations (1.31) and obtain the system (1.35) for (u)p,, with new right part

m

Fp = En)h,, + [((Wn)n, - V)(@n)n,, = (Wm - V)um)p, ] =

(fm)hm + ©m-

Theorem 1.2 There exists subsequence (u,,)n,, such that the difference ¢,
tends to zero in the norm of space LP(0,7T; L9(f2)) with exponents (p,q),
pe(l,2],q€[1,3/2], 1/p+3/2¢ > 2.

The proof follows from theorem 1.1 because the sequence {(u,, - V)u,} is
bounded in LP(0,T; L1({2)) with such exponents (cf.[20]).

2 Transport Equations in Orlicz Spaces

2.1 Statement of Problem

Here we are concerned with the spatially periodic Cauchy problem for the
linear first-order equation (such as the well-known continuity equation in fluid
mechanics)

)
a—f—kdiv(pu):h, X = (1,...,2,) ER", t€(0,T)  (2.1)

complemented with the initial data
Pli=o = po(x), x e R" (2.2)

Besides, we consider the adjoint problem

0
8—5+u-VC=g, xeR” te(0,7) (2.3)
C‘t:T = CT(X), x€eR" (24)
Here p(x,t) and ((x,t) are unknown functions, while u = (uq,...,uy,), h,

g, po, and (p are given ones, and we assume, for the sake of simplicity, all
functions being periodic with respect to all spatial variables zy, k = 1,2,...,n.
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n

We denote by 2 the period set, 2 = [](0,7%), 0 < Ty < oo, and by Q =
k=1

£2x(0,T) the domain of functions in the space of independent variables (x,t).

Our main goal is to search for the minimal, as it is possible, conditions
for the smoothness of the coefficients u = (uy,...,u,) (forming the velocity
vector in mechanics) to provide the existence and uniqueness of generalized
solutions to the problems (2.1),(2.2) and (2.3),(2.4). There is a particular
interest in compressible Navier-Stokes equations concerned with conditions

n
Ou;
namely for the divergency of the velocity vector (divu = —) as far as
i

this quantity and the density play the important role in Zthle estimating of
solutions (cf.[9],[15],[16]).

For the case of solutions p, ¢ from Lebesgue spaces LP(£2), 1 < p < oo,
such conditions for divu were obtained by R.J.DiPerna and P.L.Lions [23],
namely

divu € L*(0,T, L>(12)) (2.5)

and these conditions seem to be optimal except the case of p = 1 for the
problem (2.1), (2.2) and p = oo for the problem (2.3), (2.4), respectively.

We use Orlicz function spaces associated with Young functions of low and
fast growth at the infinity instead of LP({2) for construction of generalized
solutions to the problems (2.1),(2.2) and (2.3),(2.4), and replace the condition
(2.5) with the assumption of integrability in certain Orlicz spaces. We remind
the Holder inequality

/ F©)9(x)dx < Clfl| () - 9]l () (2.6)
D

for conjugate Orlicz spaces. We use Orlicz spaces associated with Young func-
tion of rather fast increase. Namely, let us introduce the class IC of convex
functions M such that (cf.[16],[25])

K = { M(r) ?lng(r) dr = oo } (2.7)

where the last condition means the integral to be diverging at the infinity. The
class K contains functions increasing at the infinity faster than polinomials
and non slower than the exponent. Roughly speaking class C consists of Young
functions like that

t
Ineit - In®2int---In“"Iln---Int
—_—

m times

M(t) = exp{ }

If all o; < 1 then M(t) € K, but if at least one a; > 1 then M(t) does not
belong to K. Two another (but equivalent) definitions of class K in terms of
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inverse function M ~1(t) and supplementary function N(t) are the following
ones (cf.[25])

= {0 | 7@61_00}:{1\4@ | 7W_oo}

Remark that, given function H, the composition H o M € K if and only if
the inverse function H ! increases at the infinity non faster than polinomials.

2.2 Existence and Uniqueness Theorems

Let us explain the main idea to obtain a priori estimates for the solution p(x,t)
to the problem (2.1),(2.2). If p is a classic solution to the equation (2.1) and
&(p) is an arbitrary smooth function of p then the equality

a%p) +div(®(p)u) + [p@'(p) — P(p)ldivu = ' (p) - h (2:8)

dd
holds besides of (2.1); here &' (p) = 7 So, if the function @(p) is such that
P

r® (r) — d(r) << d(r) (2.9)
then there exists Young function M (s) to provide the relation
M(rd' (r) — ®(r)) ~ &(r) (2.10)

and one can apply the Holder inequality (2.6) to the third term in equation
(2.8). Then the complementary function N (r) gives the corresponding Orlicz
space for divu to be from. The remarkable fact is that (2.9) and (2.10) are
possible if and only if N(r) belongs to the class K and &(r) is a function of
slow growth (less than any power r'*¢ with positive €).

Proposition 2.1. Let N(r) € K, and @ satisfies the condition (2.9). Then a

priori estimates

ol oacay < €1+ [ Nlaival)ixat)- [l ooy + 11l 0caco |
Q

(2.11)

<1 Lo (0,7, 20 (2)) < C<1+/N(|diVu|)dth) : |:||<T||L\p(!2)+”g”Ll(O,T,Lg,(Q)):|
Q

(2.12)
hold for the solutions of the problems (2.1),(2.2) and (2.3),(2.4) respectively,
where ¥ is the complementary function to .
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A priori estimates (2.11) and (2.12) allow us to prove the existence of
solutions under the assumption on divu to be from the Orlicz class Ky (Q)
(or from Orlicz space En(Q)) associated with some N € K and u being from
LY(0,T, Lg(£2)) or L*(0, T, Ly (£2)) for the problems (2.1),(2.2) and (2.3),(2.4)
respectively.

Theorem 2.1. If pg € Lg(82), (r € Ly (£2),
h € LY0,T, Ls(£2)), g€ LY0,T, Ly(92)),

uc LY0,T,Ly(2)) or ue LY0,T, Ly(R2))

and divua € Kn(Q) with N € K, then there exist solutions to the problems
(2.1),(2.2) or (2.8),(2.4) respectively.

Scetch of proof. We approximate all prescribed functions with the se-
quences of smooth functions and construct the sequence of classic solutions
which contents weakly converging subsequence in view of (2.11),(2.12). Pass-
ing to the limit yields the existence of weak solutions. (More details one can
find in [25].)

To provide the uniqueness of solution it is nesessary to complete the above
conditions with additional smoothness of u.

Theorem 2.2 If the conditions of Theorem 2.1 are fulfilled and
uc LY0, T, Wh(02))

then the generalized solutions of the problems (2.1),(2.2) and (2.3),(2.4) are
unique.

The proof relies upon the following results given below.

2.3 Gronwall-type Inequality and Osgood Uniqueness Theorem

To prove the uniqueness in Theorem 2.2 we reduce the problem to the in-
equality of Gronwall type

t
Wwldx < C [ [ ¢ |diva]dxds (2.13)
[rese]]

for the difference v of the solutions.
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This inequality yields ¥ = 0 if and only if divu € Ky(Q) with some
N eK.
Indeed, denote a(t) = [, ¥ (z,t)dx, A(t) = fot a(s)ds and

/o, if a(t) =0,
B(t) = { ﬁ Jo [ )z, t)de, if a(t) #0

Then (2.13) takes the form

t
aft) < / a(s)B(s)ds (2.14)
0
It gives after changing of variables:

o A(t)
N(@))S]V&Jﬂmé B(A™}())dr)

! A0 —1 1 ¢
<am | NGO = g [ NEEees (219)

Here we have used Jensen’s inequality for convex functions

1 1
mméﬂmmsmmAMmmw

Vf e Ly(2),VM(t) — conver.

Inequalities (2.14),(2.15) lead to differential inequality

dA . _
T SAONT ), A0) =0 (2.16)

M(

By Osgood uniqueness theorem (2.16) implies A(¢) = 0 and then ¢ = 0 a.e.
In this connection let us consider Cauchy problem for the system of ordinary
differential equations

d
Zout), Xl =x0 €R” (2.17)
We suppose u(x,t) € L' (0,7, WLy (£2)) with some N € K (that means:
gradient of u with respect to x belongs to L*(0,T, Ly (2))).

By the embedding theorem (cf.[24]) the field u possesses the continuity
modulus (in the generalized Holder sense)

o) = [ Frrnede

s—n

(2.18)

By Osgood uniqueness theorem the solution of (2.17) is unique if and only
if (cf.[26], Ch.3, Corollary 6.2)
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ds e '
0/ (2.19)

In view of (2.18) this condition is equivalent to N(r) being from K.

0ui
8.%‘]‘
uniqueness of solution to Cauchy problem (2.17) is equivalent to the assump-
tion N(r) € K.

Proposition 2.2 If € LY0,T,Ly(R2)), i,j = 1,2,...,n, then the

2.4 Conclusive Remarks

The nesessity of conditions for the coefficients in well-posedness theorems we
illustrate by the following example.

Example 2.1 Let n = 2, and v(s) is continuous odd function such that

s
~7(0) =0, and v(s) — oo as s — 00, and | —— < co. We construct a vector

v(s)

field on the plane R? by the formula

u=u(z,y) = (v(z), —yy'(x)) (2.20)
Then the system of equations for the trajectories

dz dy ,

- = = 2.21

7 =@, o =—y(@) (2.21)

yields the solutions

x(t) = £, y(t) = Cexp <— /7'(F_1(s))ds> (2.22)
1

z

(here I'(z) = /’Yﬁ)

0
{(z,y,t) |z =t =0}. In particular, taking v(z) = 2y/x, we obtain the family
of solutions

), forming a double surface containing the axis

C
r=1t, y= - (2.23)
Thus, the function
1, Ity <z < I'7L(1)
Sy, 1) = {0, otherwise (2.24)

is a nontrivial solution to the transport equation (2.3) vith zero initial data.
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Such a non-uniqueness example appeared due to the non-embeddings

ug LY0, T, W (R?) and divu € K (Q) with M & K

loc

Example 2.2 Set

_ g'(t)
C:XCa :5 ntXC7 u = X 2.25
p=57"(0) i (225)
with x¢ standing for the charasteristic function of C, and C, in its turn, is the
cone C = {(x,t)||x| < B(t) } with a positive function ((¢) vanishing as ¢t = T.
Since

meas supp p(t,-) = meassupp ((t,-) -0 ast—T

then the formula (2.25) defines the example of nontrivial solution to the homo-
geneous problem (2.3),(2.4) and decaying solution to the problem (2.1),(2.2).
Such an example is possible due to the non-embedding

diva € LY(0,T; Larioc(R™))  with M€K

Remark on “Div-condition”. Here we consider the connection appear-
ing between the functions @(r) satisfying (2.9) and corresponding Young func-
tions M(r) (or their complementaries N(s)) from (2.10) which describe the
function space for divu. Given function M (r) produces the class of functions
&(r) with the property (2.9) which have the same growth with respect to the
linear function, with the power-type difference only. Namely, two functions
@1 (r) and Py(r) satisfy (2.10) with the same M (r) if and only if there exists
q = const > 0 such that

i) _ (@O) . 226)

r r

This explains, in particular, the condition (2.5) for the case of Lebesgue spaces
LP.

3 Some Remarks on Compensated Compactness Theory

3.1 Introduction

Compactness method (as it’s named by J.-L.Lions in his famous book [1])
concerns with the solving of some boundary value problem

L(u) =0 (3. 1)
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by the construction of sequence of “approximate” solutions {u, }
Ly(u,) =0, n=1,2,... (3. 2)

and passing to the limit as n — oo.

As rule, the sequence {u,} converges in certain sense to some element u,
but it’s not so evident for u to be the solution of (3.1), in particular, in the
case of nonlinear problem (3.1).

The simple example

up(x) = sin(nz) on [0,27]
illustrates the typical situation:
Uy () — 0 weakly in L*(0,27) as n — oo

but uZ(z) — 3.
Very often one has quadratic nonlinearity

Up = u, v, —=v weakly in L*(0)

Then
Up -V — X in sense of distributions D'($2)

And the question is wheather equality
) = u(x)-v(x) in D(2)

holds or not?
This question possesses the positive answer if one of two sequences  {u,}
or  {v,} converges in strong sense, i.e. if

Up —u or v, —v innormof L*(0)

So, the main goal of compactness method is to obtain a strong convergence at
least for one sequence, and the principal tool here is based on the Aubin- Simon
compactness theorem (cf.[1],Ch.2, theorem 5.1, [2],[3]), which is elucidated in
the next section for the convenience of reader.

As a one of very useful tool in solving of non-linear P.D.E.’s is so called
theory of compensated compactness (cf.[4]-[7]). Roughly speaking, this theory
allows us to pass to the limit in weakly converging sequences under minimal
conditions which don’t provide in general case strong convergence of any se-
quence either {u,} or{v,}.

The mostly important for the applications to nonlinear P.D.E.’s theory is
one particular version of compensated compactness, namely, so called “div-
curl” lemma [4],[5],[7]. Numerous interesting results were obtained on the base
of this lemma (cf. [8]-[17]).
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3.2 Classical Compactness (Aubin-Simon Theorem)

Now we recall here one well-known and widely-used compactness argument
(cf. [1], Ch. 2, Theorem 5.1). Let By, B and B; be three Banach spaces such
that

By —— B — B;

Here < means continuous embedding while <<  is continuous and
compact one.

If the sequence{u, (t)} is bounded in L°(0,T; By), 1< py < oo, and the
sequence of derivatives {du, /dt} is bounded in LP*(0,T; By), 1<p; < oo,
then {u,(t)} is compact in LP(0,T; B) with 1 < p < pg in the case of
po < oo and 1 < p < oo in the case of pg = oo, p1 = 1.

This theorem was proved firstly by J.P.Aubin [2] in the case 1 < pg, p1 < 00
and for the limiting cases by J.Simon [3].

The same result takes the place if the sequence of time-derivatives of the
other sequence {v,(t)} instead of {u,(t)} is bounded (cf.[16], lemma 6).

LetV and W be two Banach function spaces defined on the bounded do-
main 2 € RY and such that D(£2) < V << W < D'(£2) We suppose, of
course, for any Banach spaceB located between D({2)and D’({2) the product
with infinitely differentiable functions is defined:

Yu € B,Yp € D(2) 3F(u-¢) € B.

In particular, it’s valid for the spaces V and W as well as for their conjugate
spaces V/ and W' which satisfy the embedding relations

D) > W —=V' < D'(2)
Finally, let V; be some Banach space, arbitrary wide
V' — V] — D'(02).
Now we suppose that there exist two sequences {u,(t)} and {v,(¢)} such that
un(t) — u(t) weaklyin LP(0,T;W),1 <0 < oo

vn(t) — v(t) weakly in LI(0,T; W'), q > Ll
p—
Then one can define the sequence of products {u, (t) - v,(t)} as a sequence in
the space L(0,T; D'(£2) by the rule
< Up - Vpy @ >=< VU, Up - ¢ >, Vo € D(£2),

where < g, ¢ > designates the value of distribution g on the test function ¢.
We assume also the sequence {u,, - v, } to be converging in D’(0,T'; D’ (2)

Up - vp — x  in D'(0,T; D'(£2)
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If we suppose additionally {u,(t)} is bounded in LP(0,7;V) and {v} (¢)} is
bounded in LP*(0,7;V{), 1< p; < oo then the equality x = u - v holds in
sense of D’(0,T; D’(£2)). This proposition is a particular case of compensated
compactness theory (see subsection 4 below) but it’s proof can be reduced to
Aubin - Simon theorem if we take By = W/, B=V’' and B; =V].

To apply this version of compactness theorem to P.D.E. theory we define,
firstly, the sequence {v,, } which admits a priori estimates for time-derivatives.
The other factor in non-linear term gives the sequence {u, }. It indicates the
spaces V and W’. Then we have to check the compactness of embedding V' into
W or, if it’s easier, W’ into V'. (See, for example, application to compressible
Navier-Stokes equations in [16], subsection 5.2, and also recent paper [31])

3.3 Compensated Compactness — “div-curl” Lemma

Let 2 ¢ RY be bounded domain with boundary I', and let {w.} and
{w2}, n=1,2,..., be two sequences of vector fields on {2 such that

1 1
w, =W,

w2 = w? weakly in L*(£2) asn — oc. (3. 3)

Then the sequence of scalar products Q(wh, w2) = YN (wh)i(w?); is
bounded in L'(£2), so

QW (x), Wy, (x)) = x(x) in D'($2) (3. 4)
And the question is: wheather equality
X(x) = Q(w'(x),w*(x)) in D'Q2 (3.5)
holds or not?
Let us introduce two operators of vector analysis:
6@2' _ 80.]'
6a:j (9561 ’

N
diva = Zaaﬂ (curla)y; = ij = 1,2,...,N. (3.6)
i—1 O

ox

Proposition 3.1 (F.Murat[4],[5], see also [7])
If the sequence {divw),} is compact in H,'(£2) and {curlw?} is com-
pact in (H;,}(2)™, m = N(N —1)/2, then the equality (3.5) is valid.
Remark 3.1 If div and curl of one sequence {w}} or {w2} are compact,
then this sequence is strongly compact in L?(§2) as a solution to elliptic prob-
lem for Laplace operator (see decomposition (3.7) below).

Proof. Introduce two function spaces:

J(2) = {uecLl*(2)| divu = 0}
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G) = {vel* ()| v = V¢, yeH (2)}
which make Helmholtz-Weyl decomposition (cf.[19]-[21])

I2(0) = J(2) & G(RQ) (3.7)

(To find ¢ for given w one has to solve Dirichlet problem for Poisson equation
with right hand part divw. Such operator is continious map from H~1(2)

into H' (£2)(cf.[1],[13]). In particular, if the sequence {divw,} is compact
in H=1(£2) then the corresponding sequence {v,} in decomposition (3.7) is
compact in L2(£2).)

Now one can represent

where u¥ € J(2), vF e G(£2), k=1,2.. Then one has
{divv; = divw;}

-compact set in H l;i(()), according to assumption, and curlvl = 0. It means
the set {vl} is compact in L?(£2).
By the same way
{curlu® = curlw?}

is compact set in (H;,}(2))™, m=1/2N(N —1) and divu? = 0.
It implies compactness of {u2} in L2({2). So, the scalar product can be

rewritten as follows
Qwy,wi) = Quy,up) + Q(vy,vi) + (u,-vi) + (ul-vy,)

After integrating over (2 two last terms vanish since J({2) and G({2) are
orthogonal subspaces. And two first terms content strongly converging se-
quences {u2} and {vl} what allows to pass to the limit in (3.4),(3.5) and
to prove proposition 3.1. In addition we remark that test function ¢ € D(£2)
can be included in any sequence {w.} or {w?2}. It is also the reason why the
smoothness of boundary I is not so important.

As it has been noted, our proof relies upon decomposition (3.7) which itself
is based on the optimal estimates for the solutions of Dirichlet problem. We
are able to prove “div-curl” lemma for the wide class of Orlicz spaces instead
of L2(£2) (cf.[27],[28].) Indeed, let {w}} and {w? }be two sequences such that

wl =~ w' weakly in Ly (2), w2 —w? weakly in Ly ()
where M (t) and N(t) are mutually complementary Young functions.
Then we have the convergence (3.4), and to prove (3.5) it is necessary
to provide decomposition (3.7) and strong compactness of {v}} and {u2} in

L (92) and Ly (£2), respectively. We assume additionally the set {div wl}
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to be compact in Orlicz-Sobolev space W ~1L;(§2) which is conjugate for
W En(£2), and the set {curl w2} to be compact in WLy (£2) (conjugate

for Wt Ep(92)), respectively.
One can use decomposition (3.7) and corresponding optimal estimates if
Young function M(t) or N(t) satisfies additional condition (cf.[29],[30])

< pa = const < 00,

or
¢N'(t)

N(t)

This means that the spaces Ly (£2) and Ly (§2) are located between Lebesgue
spaces (LP1(£2), LP2(f2)) and (L%(2), L%(£2)) , respectively. Optimal
estimates are obtained in [29],[30] by interpolation of estimates for Lebesgue
spaces. For the limiting cases p; = 1 or ¢ = 1 and po = 00 or g3 =
the optimal results are not proved still and it remains as an interesting open
problem.

1 < q1 = const < < @2 = const < 00

3.4 Compensated Compactness-theorem of L. Tartar
Let
P
Q) = > bijuiu; (3. 8)

ij=1
be arbitrary quadratic form with constant coefficients, (b;; = const) on R?.
Let {u,(x)}, x € 2 C RY be some sequence such that

u,(x) = u(x) weaklyin (L*(2))? asn — oo (3.9)

Then
Q(un(x)) — x(x) in D'(2) (3.10)

and the question is
x(x) = Qu(x)) in D'(2)? (3. 11)
Suppose, some additional information is known, namely, let
Az (L2(2)P — (H(£2))
be linear bounded operator of the form

L 8’&1
Ap(w) = Y ahijp s k=120 (3.12)
1 J

i=1 j=

where, for simplicity, aj;; are real constants.
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Finally, let us introduce the set

p N
A={NeRP|IEeRN,£#£0, Y > arjhi&; = 0, Vb= 1,2,...,¢}

i=1j=1
(3. 13)
Proposition 3.2 (L.Tartar[6])
Assume (3.9), (3.10) and additionally
{A(u,)} is compact in (H,!(£2)) (3. 14)
and
Q) =0, YAe 4 (3. 15)

Then the equality (3.11) holds.
Remark 3.2. “div-curl” lemma is a particular case of this proposition.

Proof. To make a proof looking like the proof of “div-curl” lemma we
assume at the beginning operator A to be closed. It means the set ImA* is
[e]

closed, where A* : (H' (£2))9 — (L?(£2))? is an adjoint operator, or, by

other words, second order operator Ao A* : (H! (2))? — (H~Y(£2))? is
strongly elliptic.
We shall use decomposition (cf.[22])

L*() = kerA @ ImA* (3. 16)
instead of (3.7). Then for Vn = 1,2,... one has
w, = v, +w,, v, € kerA, w, € ImA*

The set {w,,} is compact in (L?(£2))? since operator A is invertible on ImA*,
and {A(w,)} = A(u,)} is compact in (H~1(£2))? according to assumption.
Rewrite quadratic form Q:

Qu,) = Q(va) + Q(Wn) + Q(Va, Wn) + Q(Wy,vy) (3.17)
where .
Qu.v) = > bijuiv
ij—=1

is bilinear form on R? x R? such that Q(u) = Q(u,u).

Formula (3.17) means that only one question is in limiting passing, namely,
does Q(v,,) converge to Q(v) if v,, € kerA ?

Fourier transformation applied to equalities

Ap(vp) = 0 k =1,2,...,q



96 Alexandre V. Kazhikhov

yields
Y aniy ()& = 0

=1 j=1

where v, is Fourier image of v,, extended by 0 on the whole RY and ¢ =
(&1,&,...,&N) - parameters of Fourier transformation

It means both Re(v,,) and I'm(v,,) belong to the set A , and according to
assumption (15)

Q(V, V) = 0.
It gives by Plancherel-Parseval identity

Q(vp)dx = Cn Q(Vn,Vy)dé = 0
RN RN

Passing to the limit in (3.17) we obtain the result of proposition 3.2 in the
case of closed set ImA* in (L?(§2))P . Note that construction of sequence w,,
does not depend explicitly on the norm of inverse operatorA~!. In general case
we can approximate each w,, from closure of ImA* by sequence {w,, } from
ImA* and pass to the limit by standard diagonal procedure. In conclusion
of this section we underline once again that proposition 3.2 is not a new
mathematical result, but the sense of condition (3.15) as vanishing of form Q
on subspace kerA is a new viewpoint which can be usefull in some cases when
ker A admits the simple description.

3.5 Generalizations and Examples

New approach to compensated compactness theory based on decomposition
(3.16) allows us to give clear and short proofs of main known theorems formu-
lated in propositions 3.1 and 3.2. At the same time we can give some natural
generalizations of theory on the other cases of compensated compactness ar-
guments.

a). We shall start from generalization of “div-curl” lemma as a most im-
portant for the theory of nonlinear partial differential equations.
Consider two operators of vector analysis (3.6):

Aq(u) = divu, As(u) = curlu

as linear bounded operators from L?(§2) onto H~1(£2).The kernel of operator
A; is the subspace J(£2) in Helmholtz-Weyl decomposition (3.7). It’s easy to
calculate the adjoint operator for A;, namely, operator-gradient: A} = —V,

which acts as bounded linear one from H' (£2) onto L?({2) and ImAj =
G(£2) - the second subspace in decomposition (7). Moreover, G(§2) = kerAs,
so (3.7) is a particular case of decomposition (3.16):

L3(2) = J(2) @ G(2) = kerA; @ ImA; = ImA5 @ kerA,
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Now let us consider two arbitrary linear bounded operators instead of (3.6):
Av: (L)Y — (HTH(Q)F, Ay (L)Y — (HTH(Q)? (3.18)
Then the following assertion takes place.
Proposition 3.3 Assume (3.3) and (3.4), and additionally let the sets
{Ai(w,)} and {Ax(w})}

are compact in (H,,}(2))P and (H;;}(£2)7, respectively.

loc

Then equality (3.5) holds, if operators A; and A, satisfy the condition
kerA; C ImA;, i#j (3. 19)

Proof. At the first step we use decomposition (3.16) with operator A; and

represent w) as follows
wl = ul + vl ul€kerd,, v.eImA; (3. 20)

Then v! — vl strongly in L?(§2), and in the scalar product
(W wi) = (- wy) + (v wy)

one can pass to the limit in second term. In the first term we use decomposition
(3.16) with operator A and represent w2 :

_ 2 2 2 2 *
w, = u, + v, u, €kerdy, v;clImA,

where the sequence {v2} is compact (strongly) in L?(£2). It means that

nowy) = () + (w0 vy)

(uTL n n n

and we can pass to the limit in the last term, while the first one vanishes after
integrating over (2 since ul and u? are orthogonal in view of condition
(3.19). It proves the proposition 3.3

If assumption (3.19) doesn’t take place and subspaces kerA; and kerAs

have nontrivial intersection, i.e.
S = kerA; n kerAs # {0} (3. 21)

then (3.5) doesn’t take place, in general. In this case some additional condi-
tions are needed, but on the subspace S only. For example, another operator

Ag : (L2(Q)N — (HY(Q)"

is compact on S. If kerAs () S # {0} then one has to continue the
procedure adding new operators.
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Example 3.1
Consider the simple case of N=2 and A; = Ay = div, i.e.
8w1 811)2
A = A = — —=
1(w) 2(w) or, T oz
Then S = kerA;(\kerAy = J(£2) # {0}. Taking operator As of the form
Owo Oow, Owy
A = —= — —=
3(W) 8$1 “ 81‘2 b (91'2

with arbitrary real parameters a and b , we obtain equality (5), in assumption
of compactness of the set {A3(wk)}in H; ! (), if b* + 4a < 0. If b2 + 4a > 0,
then another conditions are required on kerAs () J(£2).

b). Most part of applications to nonlinear P.D.E. problems concerns with
the case when operator A in (3.12) is defined by a priori estimates connected
with conservation laws, and quadratic form (3.8) is related to non-linearity of
the system of equations, so these two given objects are independent, in some
sense, each on other, and don’t satisfy the crucial assumption (3.15). Such
situation is needed for some additional information on kerA, e.g. another op-
erator B : L?(2) — (H71(£2))" has locally compact image.

Example 3.2 Let N=2,p=2,¢q=1, A = div and
Q) = u? + ujus.

Then
A= {NeR*|IHeR? £#£0, M& + b = 0}

which means A = R?, while
QA) = MM + A2), and Q(\) #0 VA€ A =R

Since ker A = J({2) one can add any operator

2

6U1 2 6U2
i=1 i=1

to be compact in H,,!(£2) on the sequence {u,,} from subspace .J(£2) under
condition
(a1 — b2)2 + 4dasby < 0

which provides operator B to be elliptic on J({2).
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1 Introduction

My interest in Navier-Stokes equations arose from the wavelet revolution. I
was puzzled by (1) a series of talks and preprints by Marie Farge and (2)
an intriguing paper by Paul Federbush entitled ‘Navier and Stokes meet the
wavelets’. Both Marie Farge and Paul Federbush were convinced that wavelets
could play an important role in fluid dynamics.

Let me first support Marie Farge and Paul Federbush’s views with two
remarks (A and B below).

A. Turbulent flows are active over a full range of scales. Understanding or
modelling the nonlinear interactions between different scales or investigating
the energy transfers across scales are serious scientific issues. For the sake
of concision, I will only examine one model. This model was proposed by
P. Frick and V. Zimin in [43]. The velocity field v is written as an expansion
v = ng’; v; where v; corresponds to scales around 277 and to frequencies (or
wavelengths) around 27. Then the Navier-Stokes equations become a sequence
E;, j € Z, of equations where F; governs the evolution of the component v;
of the flow. Finally the nonlinear interactions between distinct scales are mod-
elled by an adequate coupling between these equations FEj.

B. In the thirties J. E. Littlewood and R. Paley elaborated an algorithm
which permits to travel across scales while keeping an eye on the frequency
content and the model proposed by P. Frick and V. Zimin can be viewed
as a nonlinear version of Littlewood-Paley analysis. This precisely defines the
paradifferential calculus. Other good news are coming. Indeed paradifferential
operators [22], [30] have been successfully applied to Euler or Navier-Stokes
equations by Jean-Yves Chemin and his students. Gustavo Ponce and Tosio
Kato [66] used Calderén’s commutator estimates in their work on Navier-
Stokes equations. Calderén’s bilinear operators are not stricto sensu paradif-
ferential operators but are similar in spirit. Finally wavelet analysis is a fast
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187 (2006)
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and flexible alternative to the paradifferential calculus and times were ripe for
using wavelets in fluid dynamics.

We now better understand why Marie Farge and Paul Federbush thought
that wavelets are relevant in turbulence. Moreover they believed that wavelet
based Galerkin schemes could overcome pseudospectral algorithms which are
acknowledged to be the best solvers for Navier-Stokes equations.

It is surprising that this program did not become a success story. As of-
ten in science, something else was found. Marco Cannone was working on
Paul Federbush’s paper while he was preparing his Ph.D. He noticed that
Federbush should have used Littlewood-Paley expansions instead of wavelet
expansions. The proofs in [40] would have gained in concision and clarity.
Then M. Cannone observed that a strategy due to Tosio Kato [62] but also
used by Frederic Weissler in [114], was even more powerful. These authors did
not use microlocal analysis or paradifferential operators. Size estimates on
the velocity field only mattered in their proofs and oscillations were ignored.
Wavelets seemed to be useless.

But M. Cannone reversed this trend when he discovered that oscillations
matter. Here is the story of this achievement. As it was already mentioned,
T. Kato was studying solutions v(z,t) € C([0,00); L3(R3)) to the Navier—
Stokes equations. In 1984, he proved global existence (in time) of such solu-
tions when the L? norm of the initial condition is small enough. M. Cannone
replaced T. Kato’s sufficient condition |[vg||s < € by a much weaker one which
is satisfied whenever vy is oscillating. These oscillations are defined by the
smallness of a Besov norm in a suitable Besov space B, the exact bound
71, depending on p € (3,00). An equivalent condition is given by simple size
estimates on the wavelet coefficients of vy (Theorem 19.3). These methods did
not yield the limiting case p = co. The best result in this direction was finally
obtained by Herbert Koch and Daniel Tataru [67]. The Koch and Tataru
criterion is given by simple size estimates on the wavelet coefficients of vg
(Theorem 19.2).

My interest in nonlinear evolution equations oriented my research in an-
other direction. In a joint work with Patrick Gérard and Frédéric Oru, I dis-
covered new Gagliardo-Nirenberg inequalities which, in a certain sense, are
related to the blow-up of solutions of the nonlinear heat equation. Here also,
the lifetime of a solution is infinite (no blow-up) when the initial condition
is oscillating and our new Gagliardo-Nirenberg inequalities are explaining the
role played by these oscillations. Our approach does not yield new results
here but places classical facts in a new perspective. The limiting case in these
sharp Gagliardo-Nirenberg inequalities concerned functions of bounded varia-
tion and could not be reached by my approach. At that time Albert Cohen was
investigating the properties of the wavelet coefficients of functions of bounded
variation. In a joint work with Wolfgang Dahmen, Ingrid Daubechies, and
Ron DeVore, he proved that these coefficients belong to weak-I' in two di-
mensions and obtained similar results in any dimension. This was exactly
what I needed for completing my program. Then Michel Ledoux looked for
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a direct proof which would not use wavelet analysis. He succeeded and his
remarkable approach will be detailed in Section 17.

It is time to return to the main problem raised by Marie Farge and Paul
Federbush on wavelet based Galerkin schemes. Instead of asking for an efficient
wavelet based solver, I asked myself another question. Let us assume that the
initial velocity vy has a sparse wavelet expansion. Is this property preserved
by the nonlinear evolution? Lorenzo Brandolese solved this problem in his
Ph.D. dissertation. L. Brandolese proved that a property like vg € S(R?)
is immediately lost by the evolution unless vy satisfies an infinite number of
algebraic identities. A sharp version of this result will be proved in Section
11.

Let us observe that L. Brandolese’s work did not ruin Marie Farge’s claims.
Indeed she stressed that one should focus on the vorticity instead of the ve-
locity. We will back her claims by proving that 3-D vortex patches exist in the
following sense: if the initial vorticity wy belongs to BV (the space of func-
tions with bounded variation), then this property persists along the nonlinear
evolution. We will also prove that a property like wy € S(R3) is preserved by
the evolution.

These notes are organized as follows. In Section 2, some classical facts
about the nonlinear heat equation are presented and the connection with the
sharp Gagliardo-Nirenberg inequalities is explained. Sections 3 to 12 are de-
voted to the Navier-Stokes equations. Some new results are given here with
their proofs. The main results of L. Brandolese’s Ph.D. are enunciated with-
out proofs in Section 12. Finally Sections 13 to 18 should be viewed as an
appendix. The functional analysis tools (wavelets, Littlewood-Paley analysis
and BV') which are being used in the first part of these notes are given there.
Two proofs of the sharp Gagliardo-Nirenberg inequalities are detailed.

These notes are dedicated to Lorenzo Brandolese, Marco Cannone, Giulia
Furioli and Elide Terraneo.

2 A Model Case: the Nonlinear Heat Equation

Two nonlinear heat equations, two nonlinear Schrodinger equations, and the
Navier-Stokes equations are sharing the same translation and dilation invari-
ance. The methods and tools which will be used on the Navier-Stokes equa-
tions will be tested on these four evolution equations. Here is the first nonlinear
heat equation:

Ou _ 3 3
{ 5 = Au+u’, (x,t) € R® x (0,00) (2.1)

u(x,0) = up(x)

where u = u(x,t) is a real valued function of (x,t), z € R® and ¢ > 0.
In the second one +u? is replaced by —u? and in the last two ones, this
nonlinearity becomes “iu|ul|?.
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If u(z,t) is a solution of (2.1), so are Au(Az, A\%t) for A > 0 and u(x —
x0,t + 7) for 79 € R3,7 > 0. The initial condition is modified accordingly.

We now focus on (2.1). In the following calculation, u is assumed to be
a classical solution to (2.1) with enough regularity and decay at infinity. It
implies that LP-norms will be finite by assumption and integrations by parts
will be legitimate.

Multiplying (2.1) by u and integrating over R? yields < ||u||3 = —2||Vu|/3+
2||u||} which suggests that the evolution depends on the competition between
Julld and ||Vu3.

The following theorem by J. Ball, H. A. Levine and L. Payne [4] says more:

Theorem 2.1. Ifug is a smooth compactly supported function which does not
vanish identically and if

1
IVuoll2 < —=lluolli (2.2)

V2

then the corresponding solution of (2.1) blows up in finite time: there exists a
finite Ty such that ||u(.,t)||2 is unbounded as t approaches Ty.

If ug(z) = ¢(ex) where ¢ is any testing function, then (2.2) holds when e
is small enough. Then the corresponding solution of (2.1) blows up in finite
time. On the other hand, if ug(z) = cos(w - 2)¢(z) and |w| tends to infinity,
then the left-hand side of (2.2) tends to infinity while the right-hand side is a
constant. The following conjecture complements Theorem 2.1 and says that
such oscillations in the initial condition prevent blow-up.

Congecture 2.1. There exists a Banach space Z whose norm is denoted by ||| z
such that

@IIf13 < CIVIIllflz

(8)If the initial condition wug is smooth, compactly supported and satisfies
lugllz < 7, then the lifetime of the corresponding solution of (2.1) is
infinite (here 7 is a positive constant).

(D) 1 fallz = £z i fale) = Af(A), A >0,

(0) || fllz is small if f is oscillating.

If we accept this conjecture, then (2.2) implies that |jug||z is large. Prop-
erty («) is a special case of some new Gagliardo-Nirenberg estimates which
will be unveiled in these notes (Section 13 and 15). If the norm in Z is trans-
lation invariant, then we have B’f lczc BO_OLOC. These two Besov spaces
are the minimal and the maximal ones for which () holds. We do not know
whether or not this maximal Besov space fulfills () while («) will be proved
in Section 13.

Property () and the invariance of (2.1) by suited scalings are obviously
related. Let us be more precise. A solution u(z,t) to (2.1) generates a family
ux, A > 0, of solutions by uy(z,t) = Au(Az, \?t). If E is a Banach space and
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if the norm in F obeys a scaling law where the exponent is not the one in
(), then a condition like ||ug||z < n for some small 7 is meaningless. Indeed
it suffices to replace the initial condition uy by Aug(A-) and to choose the
right value of A\ to meet this smallness requirement. We then would reach a
contradiction. Indeed if u is a global solution to (2.1), so is uy. This remark
explains (). Property () paves the road to the construction of self-similar
solutions and two instances of this program will be studied in the case of
Navier-Stokes equations (Theorem 6.2 and 10.1).

The simplest norm fulfilling () is the L? norm for which Frederic Weissler
[113] proved the following.

Theorem 2.2. There exists a positive number 1, such that ||ug||s < n implies
the existence of a global solution u(z,t) € C([0,00); L*(R?)) to (2.1).

Uniqueness was proved by F. Weissler under the condition that u be-
longs to a Banach space Y slightly smaller than the ‘natural space’ which is
C([0,00); L3(R3)). This smaller space is defined by imposing a second condi-
tion on u(x,t). This condition reads

MY, ) <7, t>0 2.3
n

where 7/ is a ‘small’ positive number.

Let us denote the heat semigroup exp(tA), ¢ > 0, by S(t). We have
S(t)[f] = f*®(t) where &(t) = t~3/2®(x//t) and &(z) is the usual Gaussian
function. Imposing (2.3) to the linear evolution S(¢)ug is then equivalent to
saying that ug belongs to the Besov space Bg 1/2,00 (a definition will be given
in this section). This is not a restriction since this Besov space contains L3.

In her thesis, Elide Terraneo constructed a striking counter-example show-
ing that uniqueness of solutions u(z,t) to (2.1) in C([0, c0); L?(R?)) could not
be expected in general [111]. This explains the role of (2.3).

We now follow F. Weissler and prove Theorem 2.2. The proof depends on
the following remarks. In the first place we consider the linear space H of all
solutions u(x,t),z € R3,t € (0,00), of the linear heat equation % = Au.
Then many functional norms are equivalent on H. For instance the three
norms ||u(+,0)||s, sup{|lu(-,t)||s, t > 0} and || sup;sq|u(-,t)|||s are equivalent
on H. Secondly F. Weissler observed that this property is somehow preserved
by the Nonlinearity in (2.1). This second observation will be specified in a
moment. Let us mention that Weissler’s proof preludes T. Kato’s approach to

the Navier-Stokes equations.
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Using a technique which will be detailed below in Lemma 10, F. Weissler

transformed the nonlinear heat equation % = Au+wu?, with u(z,0) = ug into
t

u(t) = S(t)uo + / S(t — yud(r) dr (2.4)
0

where S(t) = exp(tA) is the heat semigroup and u(x,t) is viewed as a vector-
valued function of the time variable ¢.

Before moving further, let us stop and say a few words on these vector-
valued functions of the time variable. The general methodology which will be
used through these notes consists in looking for solutions u(-,¢) belonging to
the Banach space X = C([0,00); E), where E is a suitable Banach space of
functions of . The continuity in ¢ will be given a precise definition. The norm
of u(+,t) in X = C([0,00); E) is denoted by |lu||x and defined as

[ullx = sup{llu(-, )| z; t = 0} (2.5)

This norm will be called the natural norm in what follows. A solution
u € X of (2.4) is called a mild solution of (2.1).

The collection of Banach spaces E which are being used splits into two
classes. The first class consists of separable Banach spaces and the condition
u € C([0,00); E) means that u, as a function of ¢, is continuous when E is
equipped with the topology defined by its norm.

The second class consists of Banach spaces E which are not separable
but are dual spaces of some separable Banach space F. Then the continuity
requirement will be more involved. The o(FE, F') topology would have been the
most natural choice. However this weak continuity will not suffice since it is
not compatible with the nonlinearities of the problem. The following definition
applies to both cases:

Definition 2.1. If E is a separable Banach space, u € C([0,00); E) simply
means (a) the ordinary continuity with respect to the norm and (b) the bound-
edness of ||u(t)||z, t > 0. With these notations, the norm of u € C([0,00); E)
is sup{[[u()l| 5, ¢ > 0},

If the Banach space E = F* is a nonseparable dual space, then the property
u € C([0,00); E) is defined by (c) and (d):

(¢c) at every to > 0,u(t) is continuous with respect to the topology defined by
the norm
(d) at 0, we only impose a weak-star convergence: u(t) — u(0), t — 0.

The norm is defined as in the first case.
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F. Weissler used Picard’s fixed-point theorem to solve (2.4). We postpone
the proof of Theorem 2.2 and focus on Picard’s theorem. A sharp version of
this fixed-point theorem is given by the following lemma

Lemma 2.1. Let X be a Banach space, let || - || denote the norm in X and
let B: X x X x X — X be a trilinear mapping such that

1Bz, y, 2) |l < Coll lyll l|=]] (2.6)

If ||zo|| < 3—\2500_1/2, then the equation

r=x0+ B(zr,z,z), v€ X (2.7)

has a unique solution satisfying ||z| < %00_1/2 and this solution is the limit
of the sequence z,, n € N, defined by

Tn+1 = X0 + B(l'n, T, xn) (28)

Finally the mapping ¢ defined by ®(x¢) = lim,,—,o0 Ty, is analytic in the ball
2

—1/2
Izl < 325C5 2.
The proof is straightforward. It consists in estimating ||z,+1 — x,|| by the
numerical sequence 1, defined by

Tni1 = Co(3827r, + 38,72 +13)
Sn+1 = Sn +7ry (29)
s0 = ||zl

Then an obvious induction yields ||z,+1 —x,| < r,, n € N. On the other hand
the sequence s,, converges to the smallest positive solution of s = ||z¢|| + Cps®
if and only if ||zg] < %0071/2' These two remarks imply Lemma 1. This
argument will be repeated with more details in Section 5, Lemmata 5.1 and
5.2.

For applying Lemma 2.1 , one has to prove the estimate
117 (u, ug, us) || x < Clluallx[luzllx [[usll x (2.10)

for the trilinear operator defined by

I'(uq, ug,us) = /0 S(t — 1)ur (T)ua(T)us(7) dr (2.11)

We wrote u(t) = u(-,t) for keeping the notations as simple as possible.

If (2.10) holds and if ||ugllg < 3%/56’_1/2, Picard’s fixed-point theorem
applies and yields a mild solution. The constant C' is defined by (2.10).

It is time to return to Weissler’s proof of Theorem 2.2. We are looking for
solutions u(z,t) € C([0,00); L3(R?)) of (2.4). We therefore apply Lemma 2.1
to £ = L3(R3).
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Bad news is coming. If Lemma 2.1 is applied to E = L3>(R3?), the funda-
mental trilinear estimate (2.10) is definitely incorrect.

F. Weissler proposed three remedies for fixing this problem. In the first
remedy, X is replaced by the Banach space Y C X consisting of all functions
such that

u(-,t) € C([0,00); L*(R?))
t/%u(-,t) € C([0,00); LS (R?))
limy—o t"/*||u(-,t)||s = 0

limy oo t'/*u(-,t) |6 = 0

(2.12)

The second and the third remedies will be discussed later on. Three distinct
norms will be used. As above, the natural norm is

[ullx = sup{{lu(-, £)[ls, t > 0}
The second norm ||u|ly is named the strong norm and is defined by
lully = flullx + sup{t"/*[lu(- )]s ¢ > 0} (2.13)
The third norm is the weak norm and is defined by
ull = sup{t"*[[u(, )]s, ¢ > 0} (2.14)
The success of F. Weissler’s approach relies on the following two facts:

Proposition 2.1. Keeping the preceding notations, we have

(a) (2.10) holds when ||ul|x is replaced by |lul|y
(b) there exists a constant C' such that ||ully < C|lul|x when w is a solution
of the linear heat equation.

Since ||u]lx < |lully, the strong norm and the natural norm are equivalent
ones on H.

The proof of Proposition 2.1 is simple. By Holder’s inequality
llurusus (-, t)||la < t=3/*|luy|ly ||uszly ||lus||y. Then the operator S(t — 7) pulls
back L? to L? with an operator norm which is C(t—7)~/4 and also pulls back
L? to L% with an operator norm which is C(t — 7)~'/2. The proof ends with
fg(t —7)"Y4r=3/4dr = C and fot(t — 1)~ Y27=3/4 dr = Ct~'/*. The proof of
(b) reduces to Young inequalities if one writes u = S(t)ug. Proposition 2.1 is
proved and Picard’s fixed point theorem implies Theorem 2.2.

In the second remedy, the L® norm is replaced by the L> norm and
(2.12) is replaced by ||u(-,t)||ee < Ct~/2. The proofs are similar.

The third remedy is more original since the natural space and the corre-
sponding norm are forgotten. Instead we consider the Banach space M of all
measurable functions f(z,t) on R? x (0, 00) such that sup{t'/*||f(-,t)|l¢; t >
0} is finite. This norm is denoted by | f|«. If f(-,t) = S(¢)g where g(x) is a
function defined on R?, then || f||. is equivalent to the norm of g in the Besov
Bg 1/2,00

space . As above, one obtains
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11 (1, ug, ug)ly < Cllun [l«llusll[[us]l« (2.15)

and
1S(#)uolly < Clluolls (2.16)

Moreover we also have

11 (ur, we, us)l e < ClluallsfJug|l«[us]l« (2.17)

Here H'/2 ¢ L3 denotes the homogeneous Sobolev space.

The proof of (2.17) begins with Holder’s inequality as above. Then we
need to compute the operator norm of S(t) : L? — H'/2. A simple calculation
shows that this norm is Ct~'/# and the exponent here does not depend on
the dimension. The proof ends with fot(t — 1) VAr=3/ar = C.

Finally Picard’s fixed point theorem can be applied to (2.4) and to the Ba-
nach space M. This third remedy will be used below in the proof of Theorem
2.5.

Some variants and improvements on Theorem 2.2 will be given now. One
motivation is the construction of self-similar solutions of (2.1). A first group
of self-similar solutions of (2.1) were discovered by A. Haraux and F. Weissler.
They proved the following theorem:

Theorem 2.3. There exists a (nontrivial) function w(x) in the Schwartz class
S(R?3) such that

1 T
—w(==), t >0,z € R?, 2.18
i CA) 2

u(z,t) =

is a global solution of (2.1).

The corresponding initial value ug(z) = 0 identically. We observe that this
solution belongs to L>((0,00); L?). Therefore uniqueness does not hold in
this setting. But the stronger condition u € C([0,00); L?) does not imply
uniqueness either, as it was proved by Elide Terraneo. She constructed two
distinct solutions u(z,t) and v(z,t) of (2.1) such that u,v € C([0,00); L?) and
u(+,0) = v(-,0). In her counter-example, u is the solution given by Theorem
2.2 while |Jv(-,t)|l¢ = +o0 for ¢ > 0. [111]

This situation sharply contrasts with what happens for Navier-Stokes
equations. As it will be told in Section 5, T. Kato proved the analogue of The-
orem 2.2. T. Kato’s proof is close to F. Weissler’s approach and (2.3) is playing
a very important role in the construction. For quite a long time, uniqueness
of Kato’s solutions v(z,t) € C([0, ), L3(R?)) was an open problem. Finally
uniqueness was proved by Giulia Furioli, Pierre-Gilles Lemarié-Rieusset and
Elide Terraneo without assuming (2.3). The interested reader is referred to
[47], [78] or to Section 7.

We now return to the problems raised by Conjecture 1. Theorem 2.2 says
that the space Z = L3(R3) and the norm ||.||3 fulfill (3). Moreover one has
I£117 < CIIV£ll2llfll3 (see Section 13). In other words, the space Z = L? is
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meeting the requirements («), (3), (). However (§) is not satisfied. But the
L3 norm can be replaced by a much weaker one for which (a), (3), (y) and
(6) hold. This weaker norm is a Besov norm. The relevance of Besov norms
in («) is explained by the following Gagliardo-Nirenberg inequality which will
be proved in Section 13.

Lemma 2.2. For any function f belonging to the homogeneous Sobolev space
H', we have

I£1I3 < CIV£llllf |5 (2.19)

where B is the homogeneous Besov space B,

Lemma 2.2 suggests that the norm || f|| 3 in the Besov space BZ1>° might
be the one we are looking for. This Besov norm is the weakest one since B>
is the largest function space whose norm is translation invariant and fulfills ().
But we do not know if () holds for this maximal Besov space. Nevertheless the
following theorem gives an example of a norm fulfilling conditions («) to (9)
which is weaker than the L? norm but unfortunately stronger than the norm
in the Besov space B>, In the following theorem, W'3/2 denotes the homo-
geneous Sobolev space of functions whose gradient belongs to L?/2. This ho-
mogeneous Sobolev space W13/2 is contained in L3. The homogeneous Besov
space By '/*™ is also needed. We start with o(z) = (2m)~3/2 exp(—|z[2/2)
and let S; be the convolution operator with 2%¢(27z), j € Z. Then we have
(see Section 18)

Definition 2.2. A tempered distribution f belongs to 351/2’00 if and only if
a constant C exists such that ||S;(f)|ls < C27/2, j € Z. The optimal C being

the norm of f in 351/2’00.

With these notations and definitions we have

Theorem 2.4. Let ||.||z denote the norm in the homogeneous Besov space
Z = Bgl/z’oo. There exists a positive number n such that, if the initial con-
dition ug satisfies ug € L3 and |lugl|z < n, then the corresponding solution of
the nonlinear heat equation is global in time and belongs to C([0,00); L3(R3)).
Moreover u(t) = S(t)ug + w(t) where w(-,t) € C([0,00); W13/2),

[w(- )llyirrs2 < Clluolls (£ = 0) (2.20)
and ”w("t>||W1,3/2 —0 (t—0).

Theorem 2.4 implies u(-, t) € C([0, 00); W3/2) iff ug € W3/2. In M. Can-
none’s Ph.D. [17], S(t)uy is called the trend and u(t)—S(t)uo is the fluctuation.
Here the fluctuation is more regular than the trend.

Theorem 2.4 is not optimal but it improves on Theorem 2.2. On the one
hand,

L? C By /%> c B b (2.21)
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and these embeddings are provided by Bernstein’s inequalities. On the other
hand, Theorem 2.4 is consistent with the guess that the oscillating character of
the initial condition implies the global (in time) existence of the corresponding
solution. Indeed one can easily check that

lim sup Jw]!/2]| cos(wa)p(2)] = < Cllels (2.22)
w— 00
Here ¢ has the same meaning as in Definition 2.2. The smallness requirement
is met when |w]| is large enough, and the corresponding solution is global in
time. A last observation concerns scale invariance. The norm in B /2,50 pas
the same invariance as the L3 norm does and this invariance is consistent with
the one we found in the nonlinear heat equation.

The proof of Theorem 2.4 will permit to obtain more. Let us denote by
H'/? the usual homogeneous Sobolev space defined by the norm ([ |f(£)|?
€| d€)Y/? where £ is the Fourier transform of f. This Sobolev space is contained
in L3. Then we have

Theorem 2.5. Let us replace the assumption uy € L* in Theorem 2.4 by
ug € Z = 351/2’00 and ||up||lz < m. Then the algorithm used in the proof of
Theorem 2./ yields a solution u € C([0,00); Z) with the following property:
u(-,t) = St)up +w(-,t), w(-,t) =0, (t —0) and

lw( Ol gz < Clluoll g=rr20e (E20) (2.23)

Here the continuity refers to the weak™ topology of Z. As a simple counter-
example will show one cannot expect w € C([0,00); H/?). We have instead
w € L®([0,00); H'/?).

Let us sketch the proofs of Theorem 2.4 and of Theorem 2.5. It paves
the way to the proof of Theorem 6.2. For proving Theorem 2.4, we forget
C([0,0); L3(R?)) for a while. Instead we consider the Banach space M of all
measurable functions f(x,t) on R3 x (0, 00) such that sup{t'/4|f(-,t)|le; t >
0} is finite. We already noticed that the trilinear operator I' satisfies the
following two estimates

17w, g, ws) |l < Cllun [l«f|usll [[us]l« (2.24)

and
117 (w1, uz, uz) (-, t) I3 < Cllun [ [[uzl«flusl« (2.25)

Let us denote by M the closure in M of the space of compactly supported
continuous functions. Then the information given by (2.24) and (2.25) can be
completed with I'(u1,ug,u3)(-,t) € C([0,00); L3(R3)) if uy,uz,us belong to
M. Therefore the ‘artificial space’ Y is not needed and Lemma 2.1 can be
applied to M.

The proof of (2.20) is slightly more involved. The estimates [Ju(-, )]s <
C, [|u( )]l < C't=12 yield [|ud(-, t)||3/2 < Ct~1/2. We plug this information
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into Vfot S(t — 7)u®(r)dr and we glue together VS(t — 7). The resulting
operator is a convolution with a function in L*. This L* norm does not exceed
C(t — 7)~'/2. The proof ends with fot(t — 7)1 4 = 7,

The proof of Theorem 2.5 opens a new and important debate. The ques-
tion is: What is the meaning of u® when u is a distribution? We all know that
distributions or generalized functions can be solutions of a linear PDE. Is this
possible with nonlinear PDE? Jean-Michel Bony created the theory of paradif-
ferential operator for solving this problem. Here we use another strategy. The
Littlewood-Paley theory tells us that the oscillating behavior of a function
or a distribution f(z) is equivalent to size estimates on the linear evolution
S(t)f. That is why we forget once more the natural space C([0,00); Z) and
use the space M instead. The subspace M does not suffice here. Then the
meaning of u? is clear and the proof of Theorem 2.5 is similar to the preced-
ing one. We play with L% norms and we have |[u®(-,t)|o < Ct=3/%. Then the
operator S(t — 7) maps L? into H'/? with an operator norm not exceeding
C(t — 7)~*. The proof ends with fot(t — 1)~ VAr=3/4dr = C.

Theorem 2.4 and Theorem 2.5 being proved, we now treat an example.
Let us now assume that the initial condition ug is a self-similar function:
Aug(Az) = ug(z), A > 0. In fact any function which is homogeneous of degree
—1 and smooth on R?\ {0} belongs to Z. An optimal result can be found in
[17]. Then the solution of (2.1) associated to this self-similar initial condition
is also self-similar. Using this remark, one easily builds a self-similar solution
which is radial and positive. We start with ug(z) = n|z|~! (7 being small
enough) which is the simplest example of a function in By 1/ »%(R3) and we
apply the iterative scheme which is described by Lemma 2.1. Each iteration
provides us with a function which is positive and radial and so is the limit.
From this example we clearly see that oscillating patterns are not needed for
building self-similar solutions. We also observe that these self-similar solutions
are far away from the ones discovered by Haraux and F. Weissler. Indeed our
self-similar solutions are given by wu(z,t) = S(¢)[uo](z) + ﬁW(%) where
W (z) belongs to H'/?. We see that w(x,t) = ﬁW(%) tends to O in the
weak sense but does not tend to 0 in norm. This is the counter-example which
was announced in Theorem 2.5. Finally ug is the weak™ limit of u(x,t) as t
tends to 0. This contrasts with the Haraux and F. Weissler self-similar solution
which weakly tends to 0 as t tends to 0.

Before moving to the Navier-Stokes equations, let us say a few words on
the nonlinear heat equation with the wrong sign. It reads

(2.26)

{%fAuu3, (z,t) € R? x (0, 00)
u(x,0) = uo(z)

Then |Ju(+,t)||2 is a decreasing function of the time variable and this excludes
blow-up in finite time or self-similar solutions given by u(z,t) = %U (%)

where U belongs to L?. Indeed, for such a solution ||u(-,t)||2 = Cv/t which is



Oscillating Patterns in Some Nonlinear Evolution Equations 113

increasing. On the other hand, the theorems which are based on perturbation
arguments are still valid in this setting.

We now consider the nonlinear Schrédinger equation which obeys the same
scaling laws as the two preceding nonlinear PDE’s. There are indeed two such
equations depending on a + sign. The Schrodinger equations with critical
nonlinearity are the following evolution equations:

al _ 2
{Zat + Au = e|lul?u (2.27)

u(r,0) =ug, x€R> te]0,00)

where € is either -1 or 1 and © = u(x,t) is a complex valued function defined
on R3 x (0,00). If X is any positive scale factor, then for every solution u(z,t)
of (2.27), Au(Az, A%t) is also a solution of (2.27) for which the initial condition
is Aug(Ax). Therefore it is not unnatural to expect some similarities with both
the nonlinear heat equation and the Navier-Stokes equations.

More precisely we follow T. Kato and H. Fujita and expect (2.27) to be
well posed for the critical Sobolev space H'/?(R?). Cazenave and F. Weissler
[20] proved that it was the case under a smallness condition on the norm of the
initial condition in H'/2(R3). Fabrice Planchon [92] extended this theorem
and replaced the smallness condition [|ug|| 71,2 < 1 by a weaker requirement
which reads [|uo||« < n where the norm || - ||+ is the homogeneous Besov norm

.12
1nB2/ e

Theorem 2.6. With the preceding notations, there exists a positive constant
n such that for every initial condition ug in H'/?(R3) satisfying ||uo||« < n,
there exists a solution u(-,t) to the Schridinger equation (2.27) which belongs
to C([0,00); H/2(R3)).

This theorem can be compared to Theorem 2.4. However the Besov space
which is now used has a positive regularity index. Theorem 2.6 implies the
existence of many self-similar solutions to the nonlinear Schrédinger equation.
Such solutions were previously proved to exist by Cazenave and F. Weissler
[21] under much more restrictive regularity assumptions.

The experience we gained on these four nonlinear equations will now be
used to attack the much more difficult Navier-Stokes equations.

3 Navier-Stokes Equations

We now consider the Navier-Stokes equations decribing the motion of some
incompressible fluid. The fluid is assumed to be filling the space and there are
no exterior forces. Then the Navier-Stokes equations can be written as follows

(a) % =Av— (v.V)v—Vp
(b)) V=0 (3.1)
(¢)  v(x,0) =g
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Here v(xz,t) = (v1(x,t),v2(x,t),v3(x,t)) is the velocity at time ¢ > 0 and
position x € R3. The pressure p = p(z,t) is a scalar and the Navier-Stokes
equations are a system of four equations with four unknown functions vy, vo, vs
and p.

The vector Vp is the gradient of the pressure p. We have v -V = v10; +
0202 + v305. Tt yields (v - V)v = v1010 4 v209v + v395v which is a vector. The
divergence of v is dive = V - v = dyvy + Oov9 + O303.

If the velocity v(z,t) is not a smooth function of x, then multiplying some
components of v with derivatives of some other components might be impos-
sible. That is why (v - V)wv should be rewritten as 0 (vi1v) 4 J2(v2v) + J5(v3v)
which makes sense whenever v is locally square integrable.

The initial condition makes sense when v(z,t) is a continuous func-
tion of the time variable. For a Leray solution, it is the case since v €
C([0,T], L% (R?)) where L? means L? equipped with the weak topology. Then
v(+,0) makes sense.

Navier-Stokes equations have some remarkable scale invariance properties.
First they commute with translations in z and ¢ > 0. Moreover if the pair
(v(z,t),p(x,t)) is a solution of (3.1) and if for every A > 0 we dilate this
solution into

{UA(x, t) = Au(Az, A?t) (3.2)

pa(m,t) = N2p(\x, \%t)

then (va(z,t),pa(z, 1)) is also a solution to the Navier-Stokes equations. The
initial condition is replaced by

ua(z,0) = dvg(Az) (3.3)

We observe that this scale invariance is exactly the same as the one we met
in the nonlinear heat equation.

The Navier-Stokes system consists of 4 equations with 4 unknown func-
tions. If one gets rid of the pressure, the dimensionality is reduced to 3. There
exist three distinct algorithms for doing it. A first approach consists in apply-
ing the curl operator to (3.1). A second one uses the Leray-Hopf operator and
will be treated next. The last one consists in applying the divergence operator
to (3.1).

Let us analyze the first algorithm. The curl of the velocity is named the
vorticity and will be relevant in Section 8. This first algorithm is using the
following definitions and remarks.

Definition 3.1. If u(z) = (ui(z),u2(z),us(x)),z € R3, is a vector field,
then curl(u) = w is defined by wi = Oaug — J3ug, we = Jzuy — d1uz, wy =
81uQ — agul.

For inverting the curl operator, it suffices to use the following lemmas:
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Lemma 3.1. If u is a divergence free vector field, we then have
curl(curlu) = —Au (3.4)

Let us now assume that u vanishes at infinity in some weak sense. Then
curl(u) = w can be inverted into

u=—(A)" eurl(w) (3.5)

The operator (A)~!curl is an integral operator whose kernel is explicit and
(3.5) reads

—dru(z) = /R o=yl ) x wly)dy (3.6)

This identity is the Biot-Savart law.

For instance, the operator C : u — curl(u) is an isomorphism between the
Hilbert space of divergence free vector fields belonging to the Sobolev space
H' and the Hilbert space of divergence free vector fields belonging to L2.

This isomorphism and the following lemma will yield our first algorithm.
We plan to apply C to both sides of (a) in (3.1). The calculation relies on the
following:

Lemma 3.2. If divu = 0, then
curl{(v- V)ul = (u- V)w — (w- V)u (3.7)

The proof is a simple calculation. Using (3.7) and the isomorphism C, we
obtain a new formulation fo the Navier-Stokes equations. It reads

Lemma 3.3. The evolution of the velocity v is governed by the Navier-Stokes
equation if and only if the corresponding vorticity w satisfies the following:

% = Aw + 0;(wjv — vjw)
V- wo = 0

w(z,0) = wo(x)
v=—(A)"teurl(w)

(3.8)

We got rid of the pressure, as announced.
The second algorithm uses the Leray-Hopf projection.

Definition 3.2. The Leray-Hopf operator P is defined as the orthogonal pro-
jector from (L?(R3))? onto the closed subspace of divergence free vector fields.

We then have

Lemma 3.4. The Leray-Hopf operator can be computed through the following
identity:
P = (—A)~! curl curl (3.9)
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The proof is simpler on the Fourier transform side. Let us denote by & the
frequency vector, by 9(§) = [gs exp(—iz - £)v(x) dz the Fourier transform of
v and by II¢ the plane passing through 0 which is orthogonal to £. Then
the Fourier transform of curl(v) is the exterior product i§ x v while P is the
orthogonal projection upon IT¢. These remarks being made, (3.9) is obvious.

The Leray-Hopf operator is a pseudodifferential operator of order 0. It
belongs to the algebra generated by the Riesz transformations R;,j = 1,2, 3.
The Riesz transformation are defined by R; = 9;(—A)~'/2 where A is the
ordinary Laplace operator. Let us be more precise.

Lemma 3.5. Let f(z) = (fi(z), f2(z), f3(z)) be a vector field in L?*(R3). We
then have
P(f1, f2, f3) = (0 — R0, 0 — R0, 0 — R30) (3.10)

where o = o(f) = R1f1 + Rafa + Rsfs. It implies that P acts boundedly on
all spaces which are preserved by the Riesz transforms Ri, Ro and Rs.

Let M (£) be the 3 x 3 matrix of the orthogonal projection P¢ on the plane
II:. We then have

Lemma 3.6. The Leray Hopf projector P is the pseudodifferential operator of
order 0, acting on (L?)3, and defined by one of the equivalent conditions:

(a) the operator P is the orthogonal projection from (L?)3 onto the closed
subspace consisting of divergence free vector fields

(b) the symbol of P is M (€)

The relation between the translation invariant operator P and its symbol
M is given by FT'(v)(§) = M (§)Fv(€). Here F denotes the Fourier transfor-
mation.

Finally we obtain

Lemma 3.7. The Navier-Stokes equations can be written as follows

0
ait’ = Av — P[0y (010) + D2 (v0) + D5(v30)] (3.11)
The third algorithm consists in applying the divergence operator to (3.1).
We obtain
Ap = —0;0k (ujug) (3.12)

with the usual summation convention on repeated indices.

Assuming that the pressure p tends to 0 at infinity, (3.12) can be inverted
into p = —R; Ry (ujui) and it suffices to plug p into (3.1) to obtain (3.11). In
other words, this third algorithm is, in a sense, identical to the second one.

This section will end with the semigroup formulation of Navier-Stokes
equations. It begins with the following lemma were H 2 denotes the dual
space of the Sobolev space H3. The heat semigroup is S(t) = exp(tA).
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Lemma 3.8. Let p € L>®([0,T); H2), g = (g1,92,93) € L>([0,T); H=3),
vo € H™3 be given. Then there exists a unique solution v(x,t) € C([0,T]; H3)
of the linear heat equation

%:Av—kg—Vp

V-v=0 (3.13)
v(z,0) = vy
and this solution is
t
v(z,t) = S(t)vo + ]P’/ St—7)g(-,7)dr (3.14)
0

The Sobolev space H 3 is here used for convenience. In the application we
have in mind, any H®, s < —5/2 suffices. Before proving Lemma 3.8, let us
explain the role played by the Sobolev space H 3. We plan to apply Lemma
3.8 to the Navier-Stokes equations. We will first focus on Leray solutions which
belong to C([0,T]; L2) where the index means that L? is equipped with its
weak topology. Then g will be defined as g = 9;(vjv). It implies that the
Fourier transform G(§,t) of g(z,t) can be written as G(&,t) = ¢H (£, t) where
H(&,t) belongs to the Wiener algebra (as a Fourier transform of products
ujug of two functions in L?). Therefore H (¢, t) is bounded. Its product with
¢ is O(|¢]) at infinity and £H (&,t) is square integrable against (1 + [£])76 as
announced. Similar remarks apply to vg.

Lemma 3.8 is also relevant in the following situation. We now consider
solutions v € C([0, T]; L?) of Navier-Stokes equations. Then all products v;vy
belong to L3/? uniformly in time. Their Fourier transforms belong to L3
(Hausdorff-Young theorem) and this suffices for obtaining g € L>°([0, T]; H3).

The proof of Lemma 3.8 is routine but we will sketch it for the convenience
of the reader. We perform a Fourier transformation with respect to x. The
partial Fourier transform of v(z,t) is denoted by V' (,t), V5(€) is the Fourier
transform of vo(x) and A(&,t) denotes the partial Fourier transform of the
pressure p. We then obtain an ordinary differential equation which reads

ov

5 — €2V + G(E,t) + €N (3.15)

Let M(&) be the 3 x 3 matrix of the orthogonal projection P¢ on the plane
defined by & -y = 0. This projector is given by Pe(y) =y — |£|71(£ - y). The
entries of M (&) are obviously bounded by 1. We know that V(£,¢) - £ = 0.
Applying M (&) or P to (3.15), one gets rid of i€\ and obtains

%‘; = —[EPV + M(6)G(&,1), V(£,0) = Vo(€) (3.16)

This is an ordinary differential equation where V' and G belong to L?(R3, (1+
|€])~%) uniformly in the time variable ¢. Therefore (3.15) implies
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V(& t) = exp(—t[¢*)Vo(€) + M(S)/O exp[—(t = T)EPPJG (&, ) dr (3.17)

An inverse Fourier transform gives (3.14).
Returning to solutions of the Navier-Stokes equations, we have

Lemma 3.9. If v € C([0,T], L2 (R3)) or v € C([0,T); L?), then v(x,t) is a
solution of Navier-Stokes equations if and only if

o(@,t) = S(t)vy — /O S(t = 7)PO [u;0] (-, 7) dr (3.18)

This is an obvious corollary of Lemma 3.8.
The bilinear version of the quadratic operator fot S(t — 7)P0;[v;v](-, T)dr
will be denoted by B(v™,v(?)) and (3.18) will be rewritten as

v =109 — B(v,v) (3.19)

where 79 = S(t)vg. This bilinear operator B(v™), v(?) is playing a key role in
our understanding of the Navier-Stokes equations.

4 The L2-theory is Unstable

One of the most fascinating problem concerning Navier-Stokes equations is the
uniqueness of Leray’s solutions. We will shortly recall what a Leray solution
is. Then we will prove that the L? theory is somehow unstable. It means that
one cannot find a C? mapping @ : L*(R3) — C([0,7], L2 (R?)) which maps
the initial up data to a Leray solution wu(z,t). We will prove that the only
stable theory is based on L® or on spaces with the same scaling. This remark
preludes the following sections.

Among other requirements, a Leray solution to the Navier-Stokes equa-
tions satisfies the following properties,

{v € L2([0,T]; H'(R?))

v € C([0.T), L2, (R?)) (4-1)

Again L2 means L? equipped with its weak topology.
The lack of stability of Leray’s solutions has several meanings. We could

not succeed in proving the following:

Conjecture 4.1. For ty > 0, there exists a Leray solution u(z,t) with u(-,0) =
uo € L?, and a positive 1 such that, for each positive €, one can find a second
Leray solution u(x,t) with @(-,0) = g satisfying the following two properties:

[do — uoll2 < € (4.2)
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while
(-, to) —ul,to)ll2 = n (4.3)

This conjecture is obviously related to the problem of the uniqueness of
Leray’s solutions: a bifurcation obviously implies (4.3)

Unable to reach this goal, we will prove a weaker theorem where the lack
of continuity is replaced by the lack of differentiability.

We first need to define the regularity of a mapping between two Banach
spaces F and F.

Definition 4.1. A mapping @ : E + F is C? at 0 if one can find a bounded
linear operator T : E +— F and a bicontinuous bilinear operator B : EXE +— F
such that
{@(x) =¢(0) +T(x) + B(z,z) + p(x) (4.4)
lo(@)|[F = o(||z]|%) '

when x belongs to some neighborhood of 0 in E.
The lack of stability of the L? theory is detailed in the following theorem:

Theorem 4.1. Let us consider the Banach spaces E = L*(R3) and F =
C([0,T], L% (R?)). If a mapping  : E — F has the property that, for each
ug(x) € L*(R3), u(z,t) = ®(ug) is a Leray solution of Navier-Stokes equations
with initial condition ug, then ® cannot be C*(E; F) at 0.

Since we do not know whether a Leray solution is uniquely defined by its
initial condition, several such mappings @ might exist.

The proof relies on the theory of bilinear operators B : £ X E +— F, where
FE and F are two functional Banach spaces. Let us assume that translations act
continously on E and F. Let us also assume that B commutes with simultane-
ous translations. It means the following property. We denote by Ry, : £ — E
(or F — F) the translation by zo € R? defined by R, f(z) = f(z — z¢) and
we impose the following property: B(Ra.,f, Ra09) = RauoB(f,9), f,9 € E.
Then such a bilinear operator is uniquely defined by its bilinear symbol. The
bilinear symbol of B is a function m(¢,n),& € R3,n € R?, which is defined
by the following property:

Lemma 4.1. With the preceding notations and definition, the relation between
the bilinear operator and its symbol is given by

Bleg, en) = m(&,n)ecrn, ec(x) = exp(i€ - ) (4.5)

or in a more elaborate way by
B(f.g) = ) [ [esplia: (€ +n)mEn©awm dsan (10

where f denotes the Fourier transform of f.
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Getting a bound on ||B(f, g)||lr when ||f||r < 1,|lg9lg < 1, is not as easy
as one might guess.
Returning to Leray solutions, Lemma 3.8 implies

o(,t) = S(E)vo — /O S(t — 7)PO [u;0] (-, 7) dr (A7)

and a scalar and bilinear version of this quadratic operator is

B(f.g) = / S(t - 7)A(fg) dr (4.8)

where

(a) A is either the Calderén operator (—A)Y/2 or R;A
(b) R; is a Riesz transformation
(¢) f and g are real valued functions.

Let us write B(f,g) = AI'(f, g). The following lemma will help us in estimat-
ing some error terms

Lemma 4.2. The bilinear operator I'(f,g) : L>°([0,T], L?)x L>=([0,T}], L?)
C([0,T), L?) is continuous.

The proof is almost trivial. The product fg belongs to L°°([0, 7], L') and
the convolution operator S(t — 7) pulls back L' to L?. The operator norm
is the L? norm of the gaussian kernel scaled to the scale (t — 7)'/2. This L?
norm is (¢ — 7)~3/4 which leads to a convergent integral.

We now return to the proof of Theorem 4.1. We denote by A a small
parameter and form the Taylor expansion of @(Avy) = vy at 0. On the one
hand @ is C? at 0 and we have

vy = M 4 X202 4 0(\2) (4.9)

where the error term is measured in L>°([0, T); L?).

On the other hand, we can use (3.9) and write vy = AS(t)vg — B(vx, va) =
AS(t)vg — N2 B(v™, M) 4 O(N?) where the error term is measured in
C([0,T]; H~') and is estimated by Lemma 4.2. The uniqueness of Taylor ex-

pansion yields
W) = §(1)
v Vo
{ 0@ = —BuM), ) (4.10)

Since & € C*(F, X), where E = L?, X = C([0,T], L? (R?)), we have v(?) €
C([0,T], L2,(R?)).

We now simplify the notations and treat a model case where functions are
real valued and the Leray-Hopf projector is forgotten. The proof will adapt
to Navier-Stokes equations as well, since it is based on some inconsistency in
the scalings. Let us be more precise
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Lemma 4.3. Let us freeze the time variable t and consider the bilinear oper-
ator I, : L? x L? — L? defined by

h=Ty(f.9) = / o,S(t - DSEHNE@ @ dr  (411)

where f,g,h € L?. Then the operator norm of this bilinear operator is t—/*
which blows up ast — 0.

The proof of Lemma 4.3 is almost obvious. One computes the bilinear
symbol of I;(f,g) which is

mi(§,m) = /0 exp[—(t = )€ +nl* = 7(|€]* + nI)(n; + &) dr (4.12)

We then obtain my(&,n) = t'/2w(t1/2¢,t1/%n). We have

exp(—(|¢]* + n[*)] — exp[-[¢ + 1]
€+ 0> = 1§17 = Inl?

This exact computation of w(&,n) does not play any role. We observe that
w(€&,n) € LP(R? x R?), p > 3/2 and an obvious rescaling proves Lemma 4.3.

We can even be more precise. We return to (4.11) and compute (¢, ¢r)
when ¢, = t’3/4¢(xt*1/2), ¢ being any testing function. On the Fourier trans-
form side we obtain

& [ [t 0 s o ) exlic - (€-+ ) dgdn = ¢ ot )
(4.13)
The L? norm of this function is t~*/4, up to a multiplicative constant, as
announced. We are concerned by the localization of the functions which are
used in the counter example. The small scales are responsible for the lack of
stability.
The following observation might be interesting

Lemma 4.4. If m(¢,n) € LY(R3 x R3), then the bilinear operator defined by

B(f72g) = [ [exp(iz- (E+n))m(&,n) f(€)g(n)dedn is continuous from L2 x L2
to L=.

The proof of Lemma 4.4 is a simple exercise on Young inequalities and is
left to the reader.

The proof of Theorem 4.1 would work as well if L? is replaced by LP. When
2 < p < 3, the same argument proves that the bilinear operator is unbounded
when ¢ — 0. When p > 3, the norm of the bilinear operator is unbounded as
t — o0.

We now consider a class of Banach spaces E for which one would like to
prove stability. A functional Banach space FE is, by definition, included inside
the space of tempered distributions and contains the space of Schwartz testing
functions. Both inclusions are assumed to be continuous.

The proof of Theorem 4.1 leads to the following definition:

w(&m) = (§ +mn;)
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Definition 4.2. We say that E is a regular Banach space if the norm in E
is translation invariant and if, for each positive A\ and f € E, we have

ALFOI = 17O (4.14)

Theorem 4.1 tells us that we cannot expect stability with some other scaling
exponent in (4.14). Let us provide the reader with a string of such spaces.
The homogeneous Besov space Bf "1 is the smallest one. We then have

B c [3?Y c AY? ¢ L® ¢ KT ¢ B»™ (4.15)

where the definition of the Koch&Tataru space will be provided in Section 10.
Another interesting example of a Banach space satisfying (4.14) is provided
by the Morrey-Campanato spaces.

Definition 4.3. If 1 < p < co, a > 0, a measurable function f(x),r € R?
belongs to the Morrey-Campanato space MP* if a constant C' exists such that
for any ball B centered at xy with radius R we have

(R /B f@)Pdz)"? < CR (4.16)

The norm in the Morrey-Campanato space satisfies (4.14) if & = 1. When
p = 1, the definition is slightly modified since we now allow f to be a Borel
measure y and [, | f|dz is replaced by |u|(B). An example is the surface mea-
sure on a Lipschitz graph. The spaces MP** are increasing if p is decreasing.
P. Federbush used the space M?! in his work on Navier-Stokes equations [41].
If 1 < p < 3, the space MP! is containing the subsapce of functions which
belong locally to LP and are homogeneous of degree —1.

We can now complete the string (4.15) with

B> c [P?Y c HY? ¢ 1P ¢ M*' ¢ MY ¢ BV (4.17)

The relevance of these Morrey-Campanato spaces is illustrated by the fol-
lowing remark answering a problem raised by Peter Constantin.

Proposition 4.1. Let us assume that f € B;OL“’ has the following property:
for each function m(x) in L, the pointwise product m(z)f(z) still belongs to
B 1. Then f belongs to M1,

Indeed the closed graph theorem implies |[mf[|z-1.~ < C[m|[o and the
duality between B> and B! yields | [ ¢qp(z)m(z)f(z)dz| < C|mls
when ¢, () = a=2¢(%2), a > 0,b € R3. This implies [ |¢q(z) f(z)|dz <
C which is the definition of M1,

From now on we will concentrate on these reqular spaces E and we will
investigate the behavior of solutions v(+,t) € C(]0, 00), E) to the Navier-Stokes
equations. This behavior will be quantified using several functional norms.
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Some norms are describing energy estimates, other norms provide us with
quantitative information about the regularity of solutions, and finally some
norms are related to the oscillating properties of solutions. Are these norms
somehow preserved under the evolution or should we expect some blow-up?
Do all norms blow up simultaneously? We will show that a global solution
exists whenever the weak norm of the initial condition is small. Then we will
end with the following property which is our main goal:

If the initial condition is (everywhere) oscillating, then the corresponding
solution to the Navier-Stokes equations is global in time. Moreover this global
solution will keep forever the additional regularity of the initial condition.

For instance an initial condition which is C* and is sufficiently oscillating
will lead to a global solution which will also be C*° in the time-space variables.
Such a result seems inconsistent. Indeed a function cannot at the same time be
smooth and oscillating. However this objection disappears at a quantitive level
since the (strong) norm which measures the smoothness can be arbitrarily
large while the norm describing the oscillations is as small as we like. We
will impose ||vg]|« < n where ||f|.« is a norm which is small whenever f is
oscillating. In other words, we will assume that our initial condition vy is a
function which has a small norm in a function space containing generalized
functions. The norm of a function f in such a function space takes advantage
of the oscillating character of f. At the same time our initial condition vy may
be extremely large in function spaces like the Holder or Sobolev spaces.

We will denote by B a Banach space of smooth functions. For instance B
can be the Sobolev space H™ or the usual C™, m > 1. Then our discussion
can be summarized as follows:

Conjecture 4.2. There exists a Banach space Z C &’(R?) and a (small) posi-
tive number 7 such that

(a) if vg is smooth and compactly supported and if ||vgl|z < 7, then there
exists a global (in time) smooth solution v(x,t) to (3.1) (no blow-up)
(B) A3z = [If]lz if fa(z) = Af(Az)

(¢) || fllz is small if f is oscillating.

Once more we are not requiring that ||vg||p be small. This conjecture will be
one of our guide line in these notes.

As Roger Temam pointed out, the first result along these lines has been
proved by H. Fujita and T. Kato in 1964 [46]. These authors proved (a) and
(b) when Z = H'/2(R3). However (c) is not satisfied. Let us be more specific

Theorem 4.2. Let H'/?(R3) denote the usual homogeneous Sobolev space.
Then there exists a positive number n such that if vy belongs to H'(R3?) and

fulfills

V.Uo =0 (418)

[voll gra/2msy < 71 (4.19)
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there exists a unique global solution v € C([0,00), H(R?)) to the Navier-
Stokes equations.

Roger Temam told me that this theorem is an interesting example illus-
trating our conjecture. Indeed this theorem is especially attractive if ||vo|| ;1,2
is much smaller than ||vg| 1. This is likely to happen since the first Sobolev
norm is less demanding than the second one.

The following lemma tells us when || f|| ;1,2 is small while || f|| g1 is large.

Lemma 4.5. Let B be the homogeneous Besov space B;1/2’°°. Then there
exists a constant C' such that

1 g < CUFIZIFIE® (4.20)

This lemma will be proved in Section 13. The weak norm is much smaller
than the square root of the strong norm when our Besov norm is small.
Does this Gagliardo-Nirenberg estimate mean that BQ_ /220 g the space
which needs to be used in our heuristic approach? It cannot be so since
this Besov space does not enjoy the right scaling property. Indeed f(z) and
fialz) = Af(Ax), A > 0, do not have the same norm in B.

A second option consists in using the homogeneous space H/2 which
enjoys the right scale invariance. But an oscillating initial condition has a
large norm in this Sobolev space and the Fujita-Kato theorem does not meet
our expectations.

Let us observe that H'/2(R3) c L3(R?). It is therefore natural to replace
(4.19) by the corresponding condition ||ug||3 < 1 and to expect a global solu-
tion. It is what T. Kato did in 1984. T. Kato’s achievement is so important
that it deserves a full section.

5 T. Kato’s Theorem

In 1984, T. Kato discovered a remarkable existence theorem. Uniqueness was
proved much later by Giulia Furioli, Pierre-Gilles Lemarié-Rieusset and Elide
Terraneo. We then have:

Theorem 5.1. There exists a positive number n with the following property:
if the initial velocity vy belongs to L3(R3), fulfills ||lvolls < n and V.vg = 0,
there exists a unique global solution v € C([0,00); L*(R3)) to the Navier-
Stokes equations such that v(-,0) = vg. Moreover the mapping ® : vg — v €
C([0,00); L3(R3)) is analytic in the open ball ||vo||s < 0.

The proof of Theorem 5.1 mimics F. Weissler’s approach to Theorem 2.2.
One uses Picard’s fixed point theorem and solves Navier-Stokes equations as
written in (3.18). The versions of Picard’s fixed point theorem we are using
in the proofs of Theorem 5.1 are given by the following lemmata which are
similar in spirit to Lemma 2.1.



Oscillating Patterns in Some Nonlinear Evolution Equations 125

Lemma 5.1. Let (X, || - ||) be a Banach space and B : X x X — X a bilinear
mapping such that
1Bz, y)ll < Collz|l [yl (5.1)

If |xol| < ﬁ, then the equation
r=x0+ B(x,x) (5.2)

has a unique solution satisfying ||x|| < ﬁ and this solution is the limit of the
sequence x,, n € N, defined by

Tpa1 = To + B(xpn, xn) (5.3)

The proof of this lemma is straightforward but will be detailed for the
reader’s convenience. We write y,4+1 = &p+1 — @, and (5.3) reads

Yn+1 = B(zn—h yn) + B(yna wn—l) + B(yna yn) (54)
Then (5.1) yields

n—1

lynall < 2Collynll(loll + Y llykll) + Collyall? (5.5)
1

An obvious induction implies that ||y,|| < €, where €, is the solution of the
corresponding induction

€n+1 = QCOGn(HIOH + €1 + e + En—l) + C()EEL (56)
Moving backwards in the above computations, we obtain €, = 1,, —1,,—1 Where
M1 = |[zoll + C, (5.7)

If ||| < ﬁ, then the sequence 7, is increasing and converges to the smallest
solution of u = ||z || + Cou?. This implies > ° ||y, || < co as announced.

This lemma suffices for proving T. Kato’s theorem. However an improve-
ment which will be used in the next section reads as follows

Lemma 5.2. Keeping the notations of Lemma 5.1, we assume the following
properties:

(1) we are given a ‘strong norm’ || - |1 > || - || on a Banach space V.C X
(2) the bilinear operator B satisfies the assumptions of Lemma 5.1
(3) the bilinear operator B(x,y) is symmetric and there exists a constant Cy
such that
1B(z,y)llx < Cullz] [lyll, v € X, y eV (5-8)

(4) zo belongs to V' with ||zo|| < ﬁ-

Then the sequence x,, defined in Lemma 5.1 converges for the strong norm.
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It should be stressed that the smallness condition |z¢] < ﬁ only con-
cerns the ‘weak norm’. In the applications with have in mind, the weak norm
will be a norm in a Besov space with a negative regularity.

The proof of Lemma 5.2 is not difficult. We write ||y,|1 = 0, and (5.8)
yields [[ynt1ll1 < 2C1[|zn—1l[1llynll + Cillynll1llynll < 2C1en(llzollr +61+. ..+
0,,). This implies

llzoll1 + 601 + ...+ 0, < IIT°(1 4 2Cq€,)||zo0l1 (5.9)

The right-hand side of (5.9) is a constant C’ and we have 6,1 < C’¢,, which
ends the proof.
In some instances, the bilinear operator B(z,y) satisfies

1B(z,y)lly < Crll] lyll, =,y € X (5.10)

which is more than needed in Lemma 5.2.

Since we want to construct solutions u € C([0,00); L?), one is tempted to
apply Lemma 5.1 to the ‘natural space’ X = C([0, 00); L?). Unfortunately the
bilinear mapping B is not bicontinuous from X x X — X. To overcome this
issue, F. Weissler and T. Kato introduced an ‘artificial norm’ || - || » which is
the sum ||ul| x +sup{t*/?||u(-,t)||o0; t > 0}. The subspace of X defined by the
finiteness of this ‘artificial norm’ is the ‘artificial space’ and is denoted by X.
Then the proof of Theorem 5.1 reduces to proving (5.1) and to checking that
the natural norm and the artificial norm are equivalent ones when these two
norms are restricted to the closed subspace of X consisting of all S(¢)vg, vy €
I3, .

For proving the first assertion, one uses the following:

Lemma 5.3. For j = 1,2 and 3, the operator S(t)0,P is a convolution opera-
tor with the function (t — T)’ij(ﬁ) where w; is a continuous function
which is O(|z|~*) at infinity. The same remark applies to S(t)0;.

The proof of Lemma 5.3 is obvious if calculations are made on the Fourier
transform side.
We now prove (5.1).

Proposition 5.1. The bilinear operator defined by

w( ) = /Ot S(t — )P0, [0 v ](., 1) dr (5.11)
satisfies, uniformly in t,
lo(,t)lls < Cllo® ]l 0 2 (5.12)
and
lw (D)o < Ot 2 [0®] |2 (5.13)

Moreover, if v, v(® € C([0,00); L?), then w € C(]0,00); L) and
[w(,t)ls =0 (t—0) (5.14)
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The proof of Proposition 5.1 is easy. Combining the information given
by the norm in X, we have ||(v§1)v(2)(',7)\|3 < Cr7'/2 while the operator
S(t)9,;P maps L* to L?. Indeed this operator is a convolution with a function
in L' (lemma 19). The operator norm is bounded by this L' norm which is
(t—7)~1/2. The proof of the first assertion ends with fot(t—T)_l/QT_l/Q dr = 7.

We now compute L>®-norms. We begin as above and estimate the L5-norm
of v§1)v(2). The LS-norm of vV is O(t~/4) since it can be estimated by the
geometrical mean between the L? and the L>°-norm. Then the L%-norms of the
products vj(»l)v,(f), 1 <4, k <3, are O(r~3/%). Finally the operator S(t)o;P
pulls back L® to L>. The operator norm is given by Young inequalities and
we obtain C(t —7)~3/4. The proof ends with fot(t —7) 733/ dr = Ot/

The proof of the continuity at 0 relies on the following observation: if
f € L3, then lim; o t"/2||S(t)f|lc = 0. Therefore if v(-,t) € C([0,00); L),
and if one writes v(-,t) = S(t)vg + w(-,t), then |Jw(-,t)||x tends to 0 with
t. Finally the computation of the right-hand side of (5.11) yields four terms
and the proof is easily concluded with the preceding remarks and (5.12). The
proof of the continuity at ¢ > 0 is similar and will be omitted. We will return
to this proof in Section 7.

Finally the X norm of S(t)up and |jup||s are equivalent norms and the
proof of Proposition 5.1 is complete. It implies Theorem 5.1.

Existence and uniqueness were obtained inside the ‘artificial space’ X.
Therefore uniqueness requires the condition

2 ||ul|se < Co (5.15)

For quite a long time, uniqueness of Kato’s solutions v(x,t) belonging to the
natural space C([0, 00), L3(R?)) was an open problem. Finally uniqueness was
proved by Giulia Furioli, Pierre-Gilles Lemarié-Rieusset and Elide Terraneo
without assuming (5.15). The interested reader is referred to [47], [78], or to
Section 7.

6 The Kato Theorem Revisited by Marco Cannone

Some important improvements on Theorem 4.2 and 5.1 were obtained by
M. Cannone and F. Planchon. They proved that the norm in the Sobolev
space H'/2 which was used by H. Fujita and T. Kato can be replaced by a
weaker norm. This weaker norm is the norm in the homogeneous Besov space
Bq_(l_g/q)’oo when 3 < ¢ < oo. For simplifying the notations, this Besov space
will be denoted B,. Theorem 6.1 can be interpreted the following way. We
know from Kato’s theorem that the map @ : vy — v(-,t) € C([0,0); L*(R?))
is analytic on a neighborhood V of 0. We plan to construct the analytic
continuation of @ and to replace V by a much larger open set which will be
defined by a weaker norm. The weakest one will be unveiled in Section 10.



128 Yves Meyer

We will focus on Theorem 5.1. The discussion on Theorem 4.2 is fully
similar and will be treated again in Theorem 10.2.
M. Cannone and F. Planchon proved the following theorem [17]

Theorem 6.1. For q € (3,00), there exists a positive constant 1, such that
the three conditions

Vg =0, vo€L*R? and llvollB, <14 (6.1)

imply the existence of a global solution v(x,t) to the Navier-Stokes equations,
belonging to C([0,00); L3(R3)) and such that v(x,0) = vo. The same is true if
L3 is replaced by the Sobolev space H*.

The homogeneous Besov space B, is defined exactly the same way as in the
special case ¢ = 6 (see Theorem 2.4). We let ¢ be a function in the Schwartz
class S(R?) such that [gs ¢(2) dz = 1. Then we write ;(x) = 2% ¢(2/z) and
denote by S; convolution operator with ¢;(x). Finally if o > 0, a function or
a distribution f belongs to the homogeneous Besov space Bq’ @ if and only
if [S;(f)llg < C27%,j € Z.

As it was said before, B, = Bq*(lfg/q)’oo

The Banach spaces B, increase with ¢ in such a way that the conditions
(6.1) seem to be less demanding as ¢ grows. However the positive constant 7,
which appears in (6.1) tends to 0 as ¢ tends to infinity. Therefore comparing
these distinct conditions is a delicate matter, as F. Planchon noticed: if ¢
increases, the norm becomes less demanding but the diameter of the ball
|- IB, <mnyq is decreasing.

Theorem 6.1 is, in some sense, a corollary of the following theorem:

Theorem 6.2. For ¢ € (3,00), there exists a positive number n, with the
following property: if the initial condition vy belongs to the Besov space By =
Bq_(l_S/q)’oo and satisfies ||vo|lB, < 14, there exists a unique global solution
v(+,t), t € [0,00), of the Navier-Stokes equations enjoying the following siz
properties for t > 0

v € C([0,00); By) (6.2.a)
v(x,0) = vy (6.2.b)
[o(, 1)l 8, < Cqllvoll B, (6.2.c)
[o(-,t) = S()volls < Cy [lvolls, (6.2.d)
[, )llee < Cqt™1/2 (6.2.¢)
If v € BY™, then ||Vu(-,t)||s < Ct/2|jvo| , (6.2.1)

The Besov space B, is a dual space and is equipped with its weak-star
topology. The meaning of the continuity of v € C([0,00); B,) is given by
Definition 2.1

As it was said when Theorem 2.5 was discussed, Theorem 6.2 is raising a
fundamental problem. Can distributions be solutions of some nonlinear PDEs?
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The answer is clearly no and the main obstacle concerns the pointwise multi-
plication between two distributions. Here this problem is avoided by imposing
some other estimates to v(x,t). These estimates are consistent with the prop-
erties of the linear evolution. In other words, (6.2.a) and (6.2.c) will be ignored
during the proof. We instead focus on (6.2.d) which is a stronger statement.
Theorem 6.2 implies the existence of self-similar solutions to Navier-Stokes
equations. The proof of this remark relies on the two following facts.

(i) If we apply Theorem 6.2 to Avg(Ax), A > 0, the invariance of the Navier-
Stokes equations implies that Av(Ax, A\%t) is a solution.

(ii) Any function which is homogeneous of degree -1 and smooth away from
0 belongs to B, (See [17] for an optimal regularity assumption).

The proof of the existence of self-similar solutions is now immediate. We
assume that vy is homogeneous of degree -1 and is smooth away from the
origin. We multiply vg by a small positive number which yields [[vo||5, < 7q.
We use the uniqueness of the solution described in Theorem 6.2 and conclude
that Av(\z, A?t) = v(z, t). This implies the existence of a profile U such that
u(x,t) = %U(%) This elegant argument is due to M. Cannone.

For proving Theorems 10 and 11, we assume p = 6 (the general case is
left to the reader). In Theorem 6.2, we will focus on statements (6.2.a) to
(6.2.d). The last two facts (6.2.¢) and (6.2.f) need an other proof. We will use
the semigroup formulation of the Navier-Stokes equations which is given by
(3.18) or (3.19).

Lemma 5.1 will now be applied to the bilinear operator B(v("), v(?)) defined
by

w(-,t) = Bv,v)(-,t) = /o PS(t — 7)[0;(vjv)](T)dT (6.3)

As we did in the proof of Theorem 2.4, we consider the Banach space M
of all measurable functions f(z,t) on R? x (0, 00) such that

£l = sup{t /4| £, )l65 ¢ = 0} (6.4)

is finite. The space C([0,T; B,) would have been inadequate since the nonlin-
ear terms in the Navier-Stokes equations could not be given a meaning. As in
the proof of Theorem 2.4, M will denote the closure in M of the subspace
of continuous functions with compact support. We have

Proposition 6.1. The bilinear operator defined by (6.3) is bicontinuous from
M x M into MNL*>®((0,00); L?). Moreover w(-,t) — 0 ast — 0. The bilinear
operator B is also bicontinuous from Mg x My into Mo N C([0,00); L3).

Let us accept Proposition 6.1 and prove Theorem 6.1, If vg € L3, then
S(t)vo(-,t) € M. This trivial observation follows from Young inequalities and
does not even need a proof. Moreover if vy € By, we have S(t)vo(-,t) € M.
Indeed this is the definition of B,. This being said, Theorem 6.1 immediately
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follows from Proposition 6.1 and Lemma 5.1. The same remark applies to
Theorem 6.2, but (6.2.e) and (6.2.f) need another proof.

Now we return to the proof of Proposition 6.1. We first prove |Jw(-,t)||3 <
C. The weak continuity in ¢ at 0 will be postponed until the end of the proof.
We know from the definition of the norm that ||[v;v](-,7)[s < C7~/2. The
operator S(t)0;P pulls back L? to LS. The operator norm is given by Young in-
equalities and is C(t—7)~3/4. The proof of the first assertion in Proposition 6.1
ends with the following obvious calculation: fg (t — 1) 34712 dr = et= /4,

We now observe that the uniform L? estimate on B(v,v) is given for free.
Indeed the computation starts as above and ends with fot(t—r)_l/QT_l/2 dr =
7. Finally the X norm of S(t)ug coincides with the norm of ug in the Besov
space 36—1/2,00.
The weak continuity of v(-,%) at 0 will follow from

w(-,t) =0, t—0 (6.5)

For proving (6.5) one writes w(-,t) = 0jw;(-,t) where w;(-,t) = fot PS(t —
7)(v;v) (T)dr. We then argue as in the proof of the uniform estimates and
obtain ||w;(-,t)||3 < Ct'/2. Therefore w;(-,t) tends to 0 in the distributional
sense when ¢ tends to 0 and so does w(-,t). The last assertion in Proposition
6.1 is a variant on Proposition 5.1 and left to the scrupulous reader. The
argument will be detailed in Section 7. The proof of Proposition 6.1 is now
complete and Theorem 6.1 will follow when we will show that S(t)vy € M.
This is given by the following lemma

Lemma 6.1. If f € By, and if S(t) is the heat semigroup, then the mapping
defined by t € (0,00) +— S(t)f € LI(R3) is continuous. If f € L3, then
tH4S@) flls — 0, (t— 0). The same holds as t — co.

This simple observation will be proved for the reader’s convenience. Indeed
2S5t f =t""AS(t)f =t g Since f € By, we have |g;||, < Ct=(173/0)/2
and it yields [[t2S(t)f|l, < Ct~(1=3/9/2 which proves the continuity on
(0,00).

We now prove (6.2.e) and (6.2.f) in Theorem 6.2. Getting the L™ esti-
mate is a harder task. The computation starts as above but ends with the
divergent integral fg (t — 1)~ *r~'/2 dr. Instead we use Lemma 5.2 where the
‘strong norm’ will be the sum between the ‘weak norm’ defined by (6.4)
and sup{t'/?||v(-,t)|ls, t > 0}. The strategy of the proof is now identical
to the preceding one. The products vjv are viewed as products between a
function in L> and a function in L%. We finally use the duality between
LS and L8/°. It suffices to use Lemma 5.3 and to compute the L%/® norm
of (t — T)’ij(%). We obtain C(t — 7)~%/* and the proof ends with

fot(t — 7)== et~ 1/,
We now turn to (6.2.f) in Theorem 6.2. Once more Lemma 5.2 will be
used and the ‘strong norm’” is [|v|| o4 +sup{t'/2||Vv||3, t > 0}. The argument is
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identical to the preceding one and we analyze the bilinear operator 9;B(v, v).
When the function v; € L% is multiplied by the function ;v € L3, we obtain
a function in L? whose norm is O(7=%/*). The operator 9,PS(t — 7) is a

convolution with the integrable function (¢ — 7)*2103-7;6(%). Since wj

belongs to L9/5, this convolution pulls back L? to L? with an operator norm
which is C(t — 7)73/%. As above we have fg(t — 7)== et /2,
Lemma 5.2 applies if the linear evolution belongs to the Banach space defined
by the strong norm. That is why we need vy € Bg’oo. This ends the proof of
Theorem 6.2.

The proof of Theorem 6.1 can be seen, in a sense, as a corollary of the
preceding proof. Indeed, in both theorems, the bilinear operator maps M x
M into L? when the M norm is defined by (6.4). The linear evolution is
responsible for the differences between the two theorems. There exists another
difference. In Theorem 6.2, the ‘fluctuation’ w(-,t) belongs to L>°((0,00), L?)
but cannot belong to C([0,00); L?). A simple counter-example is given by self-
similar solutions. Let us assume in Theorem 6.2 that the initial condition v
is smooth away from the origin and is homogeneous of degree -1. Then v
belongs to all the homogeneous Besov spaces B,. We apply Theorem 6.2 to
nvg where 7 is a small positive number. Then the scheme defined in Lemma
5.1 generates a self-similar solution to Navier-Stokes equations. It is given by

1
Vit
where W (z) belongs to L3. It is clear that the L3 norm of the ‘fluctuation’

w(-,t) is a constant. However w(-,t) weakly tends to 0 with ¢.
M. Cannone and F. Planchon proved the following theorem:

v(a,t) = SO)vo)(@) + —W (=) (6.6)

Theorem 6.3. Let v(z,t) be a solution of (3.1) in C([0,00); L?), with initial
data vy € L? and denote by w the function w = v — S(t)vg. Then

w € C([0, 00); WH3/2) (6.7)

Let w(-,t) denote the vorticity with w(-,0) = wo. Then w(-,t) — S(t)wo is
continuous in time with values in L3/2.

Here also, what M. Cannone and F. Planchon call the ‘fluctuation’ is more
regular than the trend, as given by S(¢)ug. This theorem by M. Cannone and
F. Planchon paves the way to Theorem 9.1 of Section 9 where we will prove
that the vorticity w is continuous in time with values in BV when the initial
vorticity belongs to BV. Let us observe that BV is contained in L%/2. If wy
belongs to L3/2, then Theorem 6.3 says that w(-,t) € L3/2, uniformly in time.
We will prove the same result with L?/2 replaced by BV. Let us observe that
W13/2 ¢ /2 and Theorem 6.3 should be compared to Theorem 2.5.

For proving Theorem 6.3, we denote by X the Banach space consisting of
all functions f(z,t) defined on R? x (0,00) belonging to C([0,00); L3(R?)),
such that
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1FCt)lle < CEVAIVFCt)lls < O3 (6.8)

The norm in X is the sum between the natural norm in C([0, 00); L*(R?)) and
the optimal constants in (6.8). Then we have

Lemma 6.2. The bilinear operator B defined by (3.18) maps X x X to the
homogeneous Sobolev space W13/

The proof is straightforward. We return to (3.18) and write 0, (uju) = u;0;u =
w. Then [|w(-,7)|[3/2 < [lull%/v/7. We plug this estimate inside (3.18) and

estimate the L3/2 norm of 9,B(v(V),v(). We are led to estimating

1o / S(t — 7)PO; o] () dr a2 (6.9)

Then we glue together 9 S(t — 7)P and the resulting operator is a convolution
with a function in L'. The L' norm is C(t — 7)~'/? and the proof ends with
fot(t — 1)~V 124r = g,

Once Lemma 6.2 is proved, Theorem 6.3 follows from the proof of Lemma
18. Indeed the ‘strong norm’ here is the sum between the ‘weak norm’ and
sup{||f(,t)|lyi/1.3/2; t > 0} and the space X is defined accordingly. Here we do
not have x¢ € X. However the proof of Lemma 5.2 applies and yields Theorem
6.3.

7 The Kato Theory with Lorentz Spaces

Let us remind the reader with the definition of the Lorentz space L®1(R")
and L@®)(R").

Definition 7.1. A function f belongs to LY 1 < p < oo if and only if
f= Zakak(x) (7.1)
0

where the coefficients «y, and the normalized atoms ay(x) satisfy the following
properties:

(a)a(z) is supported by a ball By, with volume vy,

(b) ax(@)] < v, /"

(c) X low| < C

The norm of f in L®PY is the lower bound of the sums . || computed on
all possible expansions (7.1) of f.

The dual space of L) is L(@°) if 1 < p < 0o and % + % = 1. The Lorentz

space L(©°) can be defined by the usual condition: there exists a constant C'
such that for every positive A, the measure of the set of points x where | f(x)| >
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X does not exceed A~7. The unit ball of the Lorentz space L(4°) 1 < ¢ < 0o
is convex. It is not the case if ¢ = 1.

We already noticed that the fundamental bilinear operator 5(-,-) defined
by (3.18) is not continuous from X x X + X when X = C([0, 00); L?). That
is why F. Weissler and T. Kato gave up the natural norm in C([0,o0); L?)
and used instead the artificial norm where a growth condition on ||v(-, )|/« is
imposed. Therefore it was difficult to prove uniqueness of T. Kato’s solutions
in the natural space C([0, 00); L?).

We here use another approach and replace the natural space C([0, 00); L?)
by the natural space C([0,00); L(3°)). As it was said above, the topology
which is used in C([0, 00); L(3°°)) is a combination between weak and strong
continuity. The strong continuity is imposed when ¢ € (0, 00) while the conti-
nuity at 0 takes the form u(-,¢) — u(-,0) as — 0. We will study the bilinear
operator fg PS(t — 7)[0; (vv)](T)dT.

Theorem 7.1. Let X be the space C([0,00); L)) and let B be the bilinear
operator defined by

t
w(-,t):B(v(l),v(2)):/ PS(t—7)[8; (v @) (r)dr, vD,0® € X (7.2)
0

Then B: X x X — X is bicontinuous and w(-,0) = 0.

The proof relies on the theory of linear operators acting on Lorentz spaces.
Indeed if v € C([0,00); L)), then all the products uju; will belong to
L>=([0, 00), LB/2:2)) 0 C((0, 00), LB/%2°)). Therefore it will suffice to study
the following linear operator

)= [ Pstods Piw = [ Ko 03

where K(z,y) is a kernel fulfilling the following estimation
[Ks(a,y)| < Cs>(L+ |z —yl/s) ™" (7.4)

Let us prove this remark. In our situation, P, = /7.5(7)Pd; which is a con-
volution operator with 773w, (z/7) as we already observed many times. The
functions w;,j = 1,2,3, are continuous and decay as |z|~% at infinity. With
these new notations, the scalar version B (f,g) of the bilinear operator B can

be written as B(f,g) = fg P_(fg) \/‘%. We now perform the change of

variable t — 7 = 5% and define h(-,s) = fg(-,t — %) if 0 < s < V/t and by
0 elsewhere. Finally the time variable ¢ is frozen and everything reduces to
the linear operator fooo Pyh(-, s)ds. For easing notations the variable s will
be rewritten ¢ and we now sum up our discussion as follows. For proving
Theorem 7.1, we consider a slightly more general class of linear operators
Lo(f)= fooo P, f(-, )t 1dt and everything reduces to the following theorem:
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Theorem 7.2. If o € (0,3) and p € (1,3/a), then

”‘Cafll(q,OO) < Ciglg ||f('at)||(P,oo) (7-5)

3p
3—ap’

where q =

The proof of Theorem 7.2 is straightforward. Let A > 0 be a threshold and
E) denote the set of points x where |g(z)| > A when g = L, f. We then split
IS Poftetdtinto [ ()+ [7°() = u+v. The value of 7 will be unveiled in the
proof. We first estimate ||v||. Indeed, as a function of y, K;(x,y) belongs to
LP"! where 1/p + 1/p’ = 1. Moreover ||K,(x, M1y < Ct=3/P. This implies

IPf (s t)]loo < CET/P sup 1G5 8l puoo) (7.6)

Therefore -
[l oe < C/ t@=1=3/p) gt — ¢'7=3/p (7.7)

We now define 7 by C'773/? = \/2 where C’ is defined by (7.7). It implies
[[vlloc < A/2. Then |g(x)| > A implies |u(z)| > A/2. We now turn to u and
use the fact that the norm in L) is convex when p > 1. We then obtain

lull ooy < C / 1l pey £t = €7 (7.8)

Here we used the following lemma

Lemma 7.1. We have |P.(f)| < C|f| * ¢¢ where ¢(x) = (1 + |x|)~4, ¢ (z) =
t=3¢(x/t) which implies the uniform boundedness of P; on all the Lorentz
spaces L) 1 < p < 0.

Returning to our proof, we observed that [g(z)| > A implies |u(x)| > A/2
and finally the measure of this set does not exceed C”(2)7? = CoA™7 as
announced.

We now treat the continuity of the operator B(f, g). The main issue comes
form the following. If v(-,¢) — wvg as t — 0, then there are no reasons why
v(-,t)v;(-,t) = v(-,0)v;(-,0) as t tends to 0. However this issue happens to be
completely irrelevant in what follows. The following lemma will suffice to our
needs.

Lemma 7.2. Let B be defined by (3.18) and h(-,t) = B(f,q), (f,9) € X.
Then we have h(-,t) = 0 ast — 0.

The proof consists in proving a stronger estimate which reads
IR(-,t)|l(3/2,00) — 0 as t — 0. The proof is almost trivial. We know that
1£9ll(3/2,00) < C. But the convexity of the norm implies that

t
/200 <C [ €=7) 1 olamdr <CE2 - (19)
0
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We used the following observation: the operator P.S(t)0; is a convolution with
a function whose L' norm is Ct=1/2.

The proof of the continuity on (0, 00) for the strong norm is much easier
since the conflict between nonlinearities and weak convergence does not ap-
pear. We can directly go to the linear operator L, denote by f one of the
components of vjv and prove the strong required continuity. For proving the
continuity at tg, we suppose t,t" € (to/2,2tp). Then we split f into a sum
f1+ f2 where fi(-,t) = 0 for t > to/3, f2(-,t) = 0 for t < tg/4 and where
If1ll3/2.00) < Cs |l foll(3/2,00) < C- Then we write g = Lf = [ S(t — 7)Af dr
where A stands for Pd; and is a pseudodifferential operator of order 1. Let us
first treat u(-,t) = fot S(t—71)Af1(-, 7). dT We have

0 o _
IOl < [ 1425 =4 Pilamdr  (710)

We now use the boundedness of A~ : L(3/2:2) , [,(3:) and the computation
ends with fOtO/?’(t —7)72dr < C/ty. Concerning v, we write v(-, ') — v (-, t) =
fot S(r)Afa(, ¥ — 1) dT — fot S(T)Afa(,t — 7)dr = U + V. Concerning U we
factor out the Calderén’s operator. We obtain

t/
U:/[ﬂﬂAM”h@ﬂ—ﬂm
t
which implies

t/ _ dr
Wl < [ 1A Rt =7 (711)

The operators Q(t) = tAexp(tA),t > 0, are uniformly bounded on L),
We finally obtain

!/
Ul < Clog (%) (712)
Concerning V, it suffices to use Theorem 7.2 once more together with the
continuity of fo in £. We then have || fo(-,t' —7) = fo(-,t = 7)/(3/2,00) < € When
[t —t| <nand 0 <7 <t <t < 2. It implies [|[V]|(3,00) < Ce as announced.
We now turn to the main theorem by Furioli, Lemarié-Rieusset, Terraneo
[47]. It reads

Theorem 7.3. Let u(x,t),v(x,t) € C([0,T]; L3(R?)) be two solutions of the
Navier-Stokes equations. If u(x,0) = v(x,0), then u(x,t) = v(a,t) on [0,T).

Theorem 7.3 easily follows from a seamingly weaker property: there exists
a positive € such that
u(t) =wv(t) te]lo,e. (7.13)

For proving (7.12) we return to (3.18) and write
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u=8(t)up + Bu,u), v==S(t)uo+ B(v,v) (7.14)
Let v = u + w. Then

w = Bu+w)— Blu,u) = Blv,w) + Blw, u) (7.15)

We define n(t) = sup{||w(-,s)|/(3,0); 0 < s < t} and we shall prove the
existence of a positive € such that
n(t) < on(t), 0<t<e (7.16)

This obviously imply (7.13).
For estimating 7(t) we write

w = B(S(t)ug, w)+B(v—S(t)ug, w)+B(w,u—S(t)ug) +B(w, S(t)ug) (7.17)

For estimating ||B(w, S(t)uo)||(3,00), We return to the definition of the bilinear
operator B and glue together P0;S(t). As was already observed, this product
is a convolution operator with a kernel whose L' norm is Ct~/2. The operator
bound on L(3*°) of P9;S(t —7) does not exceed C(t —7)~/2. Finally the L>
norm of S(7)ug will be written 77 /2||71/25(7)ug||o0. Altogether we obtain

1B (w, S(t)uo(3,00) < Cnt) sup{||7/2S (7)uo | o } (7.18)

A similar treatment applies to the first term. Concerning the second and
the third terms in (7.16), we simply apply Theorem 7.1 and observe that
llu(t) = S(t)uol|(3,00) < llu(t) — S(t)uglls = a(t) where a(t) tends to 0 with ¢.
Altogether it yields

()l 3.00 < 1B (7.19)

where 7(t) tends to 0 with ¢. One should observe that ||t'/2S(t)ug||« tends
to 0 with ¢ when ug € L?. Since (7.19) implies (7.16), this end the proof of
Theorem 7.3.

8 Vortex Filaments and a Theorem by Y. Giga
and T. Miyakawa

We know from Lemma 3.3 of Section 3 that the evolution of the velocity v
is governed by the Navier-Stokes equation if and only if the corresponding
vorticity w satisfies the following;:

Lemma 8.1.

% = 9;(wjv — vjw) + Aw
V'W():O

w(z,0) = wo(z) ®.1)

v=—(A)"teurl(w)
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The right-hand side is meant as a sum over j (usual convention on repeated
indices). We have
div(0;(wjv —vjw)) =0 (8.2)

and the evolution of w is keeping the divergence free property.

We now turn to an important theorem by Y. Giga and T. Miyakawa. The
motivation of Giga and Miyakawa was twofold. They wanted to model vorticity
filaments in order to understand the nonlinear evolution of such filaments.
These vorticity filaments appear in numerical simulations of Navier-Stokes
equations. At the same time Giga and Miyakawa wanted to construct some
self-similar solutions to the Navier-Stokes equations. In order to achieve these
goals, they modeled these vorticity filaments with measures p satisfying the
following Guy David condition

Definition 8.1. A Borel measure u satisfies the Guy David condition if and
only if a constant C' exists such that, for every ball B with radius R, we have

ul(B) < CR (8.3)

We then write p € M and the norm in M s defined as the lower bound of all
constants C' in (8.3).

Let us provide the reader with an example of a vorticity field w(x) belong-
ing to M. We start with the definition of a Guy David curve. It is a rectifiable
open oriented curve I' C R? satisfying the following condition where s is the
arclength on I.

Definition 8.2. An oriented rectifiable curve I' is a Guy David curve if con-
stant C' exists such that for each ball B(xo,r) centered at xo with radius r, the
total length of I' N B(xo,r) does not exceed C'r.

We then define a vorticity filament by the following.

Definition 8.3. Let I' be a Guy David curve. The corresponding vorticity
filament is defined by w = tds where t denotes the oriented unit tangent
vector to I

Let us check that divw = 0. Indeed if u(z) is a testing function, it suffices
to prove that fr Vu -tds = 0. But the integrand is % and then the proof
reduces to | r % ds = 0 which is obvious.

Returning to the general case, the space of all measures satisfying the Guy
David condition will be denoted by M and the corresponding norm is ||z as-
The space SMS is a dual space and will always be equipped with its weak®
topology and v € C([0,00), M) is defined by Definition 2.1. One observes that
M is a particular Morrey-Campanato space. Indeed M = Mf 2,

Giga and Miyakawa proved the following theorem [54]
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Theorem 8.1. There exists a (small) positive number n such that whenever
the initial condition wo(x) satisfies

{div(wo) =0 (8.4)

lwollar <

then there exists a solution w(x,t) € C([0,00), M) to the Navier-Stokes equa-
tion which agrees with this initial condition. Moreover there exists a constant
Cy such that the corresponding velocity v satisfies

t2]o(, 8)lloo < Cillwollar (8.5)

For proving this theorem, we first rewrite (8.1) as an integral equation. As
in section 4, this is achieved by solving the linear heat equation and we obtain

w(t) = St)wo + fi S(t —7)[0;(wjv — vjw)](T)dr
w(xa 0) = Wo (86)
v=—(A)"teurl (w)

As it was previously said, there is another way of getting rid of the pressure.
One directly applies the Leray Hopf operator to (3.1) and one solves the
corresponding heat equation. It yields

{u(t) = S(tyuo + [y PS(t — 7)[0; (v;v)(r)dr (8.7)

u(x,0) = ug

Lemmata 3.1 and 3.4 (section 3) imply the following
Lemma 8.2. We have

(—A)" ! curl [0;(wjv — vjw)] = P[0;(v;v)] (8.8)

In other terms, (8.7) can be seen as a pullback of (8.6) if the Biot-Savart
law is being used.

In order to use Lemma 5.1 and Lemma 5.2, (8.6) will be rewritten in a
more concise form as

w=h+B(w,v), v=I(w) (8.9)

or equivalently as
w=h+ Bw,w) (8.10)

where w is now a vector inside some function space X and h is a given vector
in X. The difficult part of the proof is the construction of this Banach space
X to which Picard’s fixed point theorem will be applied.

In our proof, X is defined by imposing two unrelated conditions. The first
one says that we are looking for solutions which are continuous with respect
to the time variable with values in the space of Guy David measures. The
second is more artificial since it concerns the L> norm of the velocity field.



Oscillating Patterns in Some Nonlinear Evolution Equations 139

Definition 8.4. The Banach space X consists of all divergence free vector
fields w(x,t) € C([0,00), M) such that the corresponding velocity v satisfies

[o(-st)]|ee < CE7/2 (8.11)

This velocity is calculated by the Biot-Savart law. The norm in X is defined
as sup{[|w(:,t)llar, t > 0} + sup{t"/?[|v(-,t) o, t > 0}.

For proving Theorem 8.1, it suffices to apply Picard’s fixed point theorem
to (8.6) or equivalently to (8.10). The quadratic nonlinearity in (8.10) is

Blw,w) = /O St — 1[0, (w0 — vy0)](F)dr (8.12)

and the corresponding bilinear operator B(f,g) is given by 2B(f,g) = B(f +
gvf+g) _B(f’f) _B(g7g)

Two facts are required. In the first place, we need to prove that the linear
evolution A in (8.10) belongs to X whenever wy is a Guy David measure. This
is an easy consequence of Lemma 9.1. This lemma will play another role and
will be postponed until the heart of the proof is reached.

In the second place we treat the nonlinear evolution. We need to prove that
the bilinear operator B defined by (8.12) maps X x X to X. This concerns the
Guy David norm of B(w,w) and the L* norm of the corresponding velocity.

For treating the first norm, we use two facts. On the first hand we observe
that a function v; € L* is a pointwise multiplier of a Guy David measure
(in our case w). On the second hand, if we also glue together the operators
S(t—7) and 9;, the product S(t—7)0; is a convolution with a kernel whose L'
norm is C(t —7)~'/2. But the convolution between a Guy David measure and
a function in L1 is still a Guy David measure. Combining this remark with the
bound on the L*> norm of v(-,t) leads to | B(w,w)|py < Cfot L

1 dr =
\/T(t—T7) T
Cr.

The L bound on the velocity is slightly more involved. As it was said
in Definition 8.4, the velocity is computed by the Biot-Savart law. Then our
problem concerns the L> norm of w(-,t) = (—A)~tcurl B(w,w). We use (8.12)
again and obtain

w(-,t) = /0 (=) tewrl S(t — 7)[0; (wjv — vjw)](T)dT (8.13)

For easing notations, the integrand in (8.13) will be denoted by Wi (-, 7).

We first take advantage on our previous estimate on the Guy David norm
of w;v — vjw and we glue together (—A)~tcurld;S(t — 7) into an operator
named K;(t — 7). The kernel of K;(t —7)is (t —7)73/2g( (tfr_)qm) where g is
continuous and decays as |z| =3 at infinity. We do not have g; € L' but we do
not care. Instead we use the following lemma
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Lemma 8.3. Let w(x) be a nonnegative continuous function defined on R?
such that w(xz) < C(1+|x|)~* where o > 1. Then for any Guy David measure
1t there exists a constant C' such that for any o € R? and t > 0 we have

/w(x ;zo)du < 't (8.14)

For proving this remark it suffices to decompose the domain of integration
into dyadic rings of size 2™t, m € N, centered at z(, and to apply to each
such ring the definition of a Guy David measure.

Let us postpone the proof of Theorem 8.1 and comment on Lemma 8.4.
This lemma implies the following important observation. For a nonnegative
Borel measure, the norm in M as defined by (8.3) is equivalent to its norm in
the homogeneous Besov space BO’OZ’(’O. The Biot-Savart law implies that the
velocity belongs to Bgol*oo whenever the vorticity belongs to M. But we have
a better estimate, since an easy calculation shows that the velocity admits a
representation as v = 0191 + 0292 + 0393 where g1, g2, g3 belong to BMO.

We now return to the proof of Theorem 8.1. Lemma 8.3 applies and the
operator norm of K;(t —7) acting from Guy-David measures to L™ is exactly
(t — 1)~ 1. Altogether it yields

Wi, 7)lloe = O((t = 7)1 7H2) (8.15)

This estimate is useless since it would lead to a divergent integral in (8.13).
But we also know that the Biot-Savart pullback of 9; (w;v—v;w) is P(v;v). We
then forget Guy David measures and focus on L estimates. In a first place
we have ||v;v(-,7)|loc < C/7. Then we glue together PS(t — 7)d;. This new
operator is again a convolution with a kernel of the form (t—7)%w; (ﬁ)

where w; is a continuous function which is O(|z|~*) at infinity. Therefore the
operator norm of PS(t — 7)9; acting on L™ is O((t —7)~'/2). We then obtain

Wi, 7)lloe = O((t —7)~ /2771 (8.16)

The geometric mean between (8.15) and (8.16) is O((t —7)~3/%(1)~3/4) which
integrated over [0, ¢] yields the required t=1/2. This ends the proof of Theorem
8.1.

The Biot-Savart law enables us to lift Theorem 8.1 from vorticities to
velocities, but we are not going to be more precise about the Banach space I”
describing these velocities. This space is a dual space, its norm is compatible
with the scaling properties of the Navier-Stokes equations and it contains
functions which are homogeneous of degree —1, which permitted Giga and
Miyakawa to build self similar solutions to the Navier Stokes equations. Seven
years later, M. Cannone and F. Planchon proposed another construction of
self-similar solutions, based on Theorem 6.2.

Theorem 6.2 and Theorem 8.1 complement each other. Indeed the space
I'" is not contained inside any space By, 3 < ¢ < oo and conversely v € B,
does not imply u € I.



Oscillating Patterns in Some Nonlinear Evolution Equations 141

Before moving to the special case of vortex patches, we would like to
incorporate Theorem 8.1 in a more general framework. The Banach space I’
used by Giga and Miyakawa is a subspace of the functional space used by
H. Koch and D. Tataru. Indeed H. Koch and D. Tataru are assuming that
the initial velocity vy is the divergence of a vector field (g1, g2, g3) where these
three components belong to BMO. Let us be more precise

Definition 8.5. We denote by K = Ko, the Banach space consisting of all
generalized functions f which can be written as f = 0191 + D292 + D393 where
gj, 7 = 1,2 and 3, belong to BMO.
The norm in K = K is denoted by || fllx and is defined as the infimum of
the sums of the three BM O norms.

The definition of the John and Nirenberg space BM O runs as follows

Definition 8.6. A function f belongs to BMO if and only if f is locally
square integrable and if there exists a uniform bound for all the variances of f
over all the balls B C R™. Fach such ball B is viewed as a probability space,
the probability measure being dP = |B|~'dw.

We will return to the theorem by H. Koch and D. Tataru in Section 10.
For the time being, this theorem says the following: there exists a positive
constant 1 such that the following two conditions (a) [Jvg|lx < 71, and (b)
V.vg = 0 imply the existence of a global solution v € C([0,0); K) of the
Navier-Stokes equations. The space K is equipped with its weak-star topology.

It remains to say why this theorem generalizes Theorem 8.1. Indeed we
have

Lemma 8.4. If u is a Guy-David measure, then p |x|=1 belongs to BMO.

The proof of Lemma 9.1 is straightforward. We take an arbitrary ball B on
which the BMO condition needs to be checked. Without loosing generality
we can assume that B is centered at 0. The double ball is denoted by B. Then
we decompose j into a sum between ji; which is carried by B and po which
vanishes on this double ball. Now hy(z) = u1 x |2|™! = py * g on B where
g(z) = |z|~! on the triple ball 3B and g(z) = 0 elsewhere. The L? norm of g
is Cr'/? where r is the radius of B. On the other hand the total mass of the
measure 1 does not exceed Cr (this is the Guy David condition). Therefore
the L? norm of h; does not exceed C'r3/2. Tt remains to treat hy = g x|z| "
This is achieved by estimating |h2(2) — h2(0)] on B. It suffices to bound
llz —y|=% — |y|~| by r|y|~2 whenever |x| < r and to apply once more the
definition of a Guy David measure (or Lemma 8.1).

Lemma 9.1 is proved and we return to Theorem 8.1 and to the H. Koch
& D. Tataru theorem. If the vorticity w is a Guy David measure, then the
Biot-Savart law and Lemma 9.1 show that the corresponding velocity belongs
to the H. Koch and D. Tataru space B.

In the next sections, we will focus on a special case of Theorem 8.1 where
the initial vorticity wg belongs to the space BV of functions with bounded
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variation. This space BV is indeed contained in M and our next theorem says
that if the initial vorticity is a function of bounded variation (a vortex patch),
this property persists over time. The few properties of functions with bounded
variations which will be used are listed in Section 14.

9 Vortex Patches

The properties of the space BV (R?) of functions with bounded variation will
be freely used in this section. The reader who is not familiar with this space
may consult [2] or go to Section 14 to be given some more information.

The following theorem describes the evolution of the vorticity of a solution
v(+,t) € C([0,00); L3(R3)) given by Theorem 5.1. Let us assume, for instance,
that the initial vorticity wg is supported by a domain and has a jump dis-
continuity across the boundary. We would like to know whether or not this
geometrical information is preserved under the nonlinear evolution. Do ‘vortex
patches’ exist as it is the case for Euler equations? We now give up the spe-
cific example which opened this discussion and treat a slightly more general
situation where wy belongs to the space BV.

Theorem 9.1. Let n be defined as in Theorem 5.1 and let us assume that
the initial velocity satisfies ||vglls < n. If the initial vorticity wy belongs to
BV, then the unique solution w(x,t) of the Navier-Stokes equations given by
Theorem 5.1 satisfies the following properties

w(z,t) € C([0,00); BV)
(9.1)

where v(z,t) = (—A) "t curlw.

In Theorem 9.1, BV is given its weak-star topology. Theorem 9.1 comple-
ments T. Kato’s theorem. But Theorem 9.1 also complements Theorem 8.1.
The proofs of these observations depend on the following remarks.

Lemma 9.1. The space BV 1is contained in the space M of Guy David mea-
sures.

The two continuous embeddings BV < L?/? and L?/? c M suffice to
conclude.
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Lemma 9.2. If w belongs to the Lebesque space L3/, then u belongs to L>.

This is an obvious consequence of the Biot-Savart law and of the Sobolev
embedding theorem.

We now turn to the proof of Theorem 9.1.The proof of the Cannone-
Planchon theorem will be adapted to our situation. In other words, we play
with two norms. The first one |[v(-, ¢)|| = sup {t!/4||v(-,t)||¢ t > 0} is the norm
defined by (6.4) which was used in the proof of Theorem 6.2 and this norm
be the weak one in our discussion. The strong norm |jv(-,t)||; will be defined
by

loC, )l = sup {t/*o( )6 t = 0} +sup {w(-t)[lpv t =0} (9.2)

We are given a solution v(x,t) € C([0,00); L3(R?)) such that wy belongs to
BV and we aim at proving that this property persists under the evolution.
We apply lemma 18 and it suffices to prove (5.10). We now concentrate on
that proof. In other words, we shall show that the bilinear operator defined by
the right-hand side of (8.6) satisfies the mixed continuity property of Lemma
5.2.

We then need to estimate the BV norm of the integrand in (8.6). On the
first hand, in terms like vjw, v can be viewed as a pointwise multiplier of BV.
But Theorem 14.2 of Section 14 takes care of that problem and tells us that
the corresponding operator norm can be estimated by ||Vv|ls. We now turn
to (6.2.f) which yields |[Vu|s < C7~Y/2. Finally we have [jv;w(-,7)|pv <
Ccr—1/2.

On the second hand, we glue together S(t — 7) and 0;. The resulting
operator is a convolution with an integrable function. The L' norm of this
function is C(t —7)~'/2. The operator norm on BV will be estimated by this
trivial bound. Once again the proof of (5.10) ends with fg(th)71/2T71/2 dr =
.

Here are some examples of vortex patches. We start with a (bounded and
connected) domain 2 C R? with a smooth boundary 92 and we let g(z) =
(g1(x), g2(), g3(x)) be a divergence free vector field belonging to C'(£2). Let
us denote by n the exterior normal vector to 92 and assume that n-g =0
on 0£2. We let wy(z) be the ordinary product between g(x) and the indicator
function of 2. This wy(z) provides us with an example of an initial vorticity
with bounded variation. Moreover divwg = 0 in the distributional sense. For
constructiong this vector field g, one can assume that 92 is the level set of
a smooth real valued function §. Then g3 = 020 — 0360, g2 = 030 — 010,93 =
010 — 050 fulfills the requirements we imposed on the pair (w, g). Many other
examples can be constructed in a similar way.
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A last remark concerns the role of the smallness condition |lwp|py < «
in Theorem 9.1. We will follow M. Cannone and F. Planchon and replace it
by the weaker condition ||vg||p, < 74 for some ¢ € (3,00). Lemma 5.2 will
be used again. The weak norm is the sum between sup{t'/2||u(-,t)| oo, t >
0}+sup{t'/?||Vu(-,t)||3, t > 0}. The calculations are identical to the preceding
one and the weaker condition suffices, as in Theorem 6.2.

We now consider wavelet expansions and assume that the initial vorticity
belongs to B% ’1(R3) with a small norm. Let us observe that this Besov space
is contained in BV. What can be said about the evolution under the Navier-
Stokes equations?

Theorem 9.2. There exists a positive constant o such that if divwy =0 and
HonBlm < a, then the vorticity w(-,t) belongs to C([0,00), Bi™").

Here the situation is much simpler than the preceding one. Indeed classical
pseudodifferential operators are bounded on Besov spaces. It implies that the
initial velocity belongs to 312’1 with a small norm. It then suffices to study
the evolution of the velocity and to pull back the corresponding estimates to
the vorticites.

We then need the following simple observation:

Lemma 9.3. The Banach space Bfl is an algebra of continuous functions in
R? and each such continous functions is a pointwise multiplier for Bf’l.

The proof which is easy relies on paraproduct techniques. This lemma allows
us to mimic the proof of T. Kato’s theorem and details are left to ther reader.

10 The H. Koch & D. Tataru Theorem

The H. Koch & D. Tataru theorem is, in a sense the limiting case, as ¢ — oo,
of the M. Cannone-F. Planchon theorem (Theorem 6.2). Indeed the Besov
spaces B, which are used to define oscillatory patterns are increasing with ¢
and are now replaced by their limit. This limit will not be the space BO_OL‘X’
as one would expect. The limit space introduced by H. Koch and D. Tataru
is slightly smaller and one does not know if their theorem can be extended to
B bee.

Definition 10.1. We denote by K = Ko the Banach space consisting of all
generalized functions f which can be written as f = 0191 + Oago + 0393 where
gj, J = 1,2 and 3, belong to BMO.

The norm in Ko is denoted by ||f||p and is defined as the infimum of the
sums of the three BMO norms.

We now arrive to the main theorem
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Theorem 10.1. There exists a positive constant n such that the following
two conditions (a) ||vollic < n, (b) and (b) V.vg = 0 imply the existence of a
global solution v of the Navier-Stokes equations belonging to C([0,00); KC) with
w(+,0) = wp. Here the continuity refers to the weak™ topology of K.

As it was already stressed, the H. Koch and D. Tataru space contains
all the previous Besov spaces Bq which were used in Theorem 6.2. Moreover
the H. Koch and D. Tataru theorem implies the Giga-Miyakawa result. We
have already observed (Lemma 8.4) that A=!(u) belongs to BMO whenever
w satisfies the Guy David condition. Here A = (—A)'/2.

A combination between the H. Koch & D. Tataru theorem [67] and an
elegant remark by Pierre-Gilles Lemarié-Rieusset and his students [48] yields
the following theorem

Theorem 10.2. There exists a positive number n such that, for every positive
integer m, the following three conditions (a) ||[vo|lx <1, (b) vo € H™(R?) and
(c) V.vg = 0 imply the existence of a global solution v of the Navier-Stokes
equations. This global solution belongs to C([0,00); H™(R?)) and is unique.

Before ending this section, we would like to say a few more words about the
proof of the H. Koch and D. Tataru theorem. This proof follows the general
organization which was pioneered by T. Kato and F. Weissler. The Navier-
Stokes equations are rewritten as an integral equation. This is achieved by
solving the linear heat equation. Then we obtain, as above,

t 3
v(t) = S(t)vo + IP’/ S(t—r) Z 0;(vjv)(T)dr (10.1)

0 1
Here P denotes the Leray-Hopf projector on divergence-free vector fields. Two
points should be made. First the pressure p(x,t) has disappeared from the
Navier-Stokes equations and next the initial condition has been incorporated
inside (10.1). Indeed the kernel of the Leray-Hopf operator is precisely the

collection Vp of curl-free vector fields.
We then rewrite (10.1) in a more condensed way as

v="h+B(v,v) (10.2)

where v is now a vector inside some function space X and h is a given vector
in X. In the application we have in mind X = C([0,00); E) is a Banach space
of functions f(x,t) which are defined on R?® x (0,00) and are viewed as E
valued continuous functions of the time variable.

The difficult part of the proof is the construction of this Banach space X
to which Picard’s fixed point theorem will be applied.

H. Koch and D. Tataru used a function space X describing the expected
behavior of a solution w(x,t) when the initial data belongs to K. The defi-
nition of X is driven by the behavior of the linear evolution. In the H. Koch
and D. Tataru theorem, the Banach space X in which the iteration scheme is
applied is defined as follows.
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Definition 10.2. The Banach space X consists of all functions f(x,t) which
are locally square integrable on R3 x (0,00) and which satisfy the following
condition

11 = sup 12, ) o -+ sup (1B B [

1/2
| f|2dydt) <0
Q(.R)

As usual B(x, R) denotes the ball centered at x with radius R while Q(z, R)
is the ‘Carleson box’ B(z,R) x [0, R?]. The supremum is computed over all
such Carleson boxes and the right-hand side is the norm of f in X.

Two facts need to be proved. First the function h = S(¢)vg in (10.2) should
belong to X. Next the bilinear operator B(v,v) should act boundedly from
X x X to X.

The first fact is an easy consequence of the characterization of BMO by
Carleson measures. This characterization can also be interpreted as a charac-
terization of BM O by size conditions on wavelet coefficients. The second part
of the proof is much deeper and the reader is referred to the beautiful paper
by H. Koch and D. Tataru [67].

11 Localized Velocity Fields

Theorem 6.2 shows that oscillating patterns play some role in our understand-
ing of Navier-Stokes equations. I hoped more and believed that the following
conjecture might be true:

Congecture 11.1. Let So(R?) be the subspace of S(R3) consisting of all func-
tions f in the Schwartz class such that

/f(w)xo‘ de =0, «aeN" (11.1)

Let us assume that the initial condition vy(z) belongs to So(R?). Then there
exists a positive T such that the corresponding solution v(z,t) of the Navier-
Stokes equations still belongs to S(R?) uniformly in t when 0 < ¢ < T.

If the Navier-Stokes equations are replaced by the linear heat equation,
this is obviously true and moreover any norm on v(x,t) has a rapid decay in ¢
as t tends to co. If the heat equation were driving the Navier-Stokes equations,
then our conjecture would obviously be correct and this would pave the way
for finding wavelet based solvers for Navier-Stokes equations. Let us say a few
more words about such bases [69].

Lemma 11.1. There exists an orthonormal wavelet basis for divergence free
vectors in L>(R3). These wavelets have the ordinary structure 239/24p(29x —
k), j € Z, k € Z3, +) € F. The finite set F' contains 14 vector-valued mother
wavelets 1 (x) belonging to So(R?).
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Expanding the initial condition vy into this basis seems to be adapted to
the Navier-Stokes equations since such an expansion agrees with the trans-
lation and scale invariance of the Navier-Stokes equations. If vy belongs to
the Schwartz class and satisfies the vanishing moments conditions, then the
expansion of vg in our wavelet basis is sparse. Saying that there exists an effec-
tive wavelet based solver of Navier-Stokes equations implies that this sparsity
should be preserved under the evolution. In other words there is no hope
finding some effective wavelet solver unless our conjecture is true.

A second motivation comes from the Faedo-Galerkin schemes. In such a
scheme, we are looking for a solution v € E of some equation F(v) = g
where the nonlinear mapping F' and the right-hand side g are given. Then the
functional space E containing the true solution v is replaced by an approx-
imation space V. This approximation space V comes equipped with a basis
Um, 1 < m < M. Then the equation F'(v) = g is replaced by

M
< F(0), 0 >=< g,V >, U= Zcm’um, 1<m<M (11.2)
1

Paul Federbush [40] has been trying to apply this scheme to Navier-Stokes
equations when V' is the space V; coming from a multiresolution analysis.
Here also everything depends on the sparsity of some matrices.

Bad news is coming. S.Y. Dobrokhotov and A.I. Shafarevich [34], [35],
proved that the conjecture is wrong. Indeed the properties we require for the
solution imply infinitely many algebraic conditions. Among these conditions,
the simplest ones read

/ U07m<-'15)’l}0)n(.’1,‘) dr = 06m7n (113)
R3

where v, m = 1,2,3, are the components of the velocity field and 6, ,, is
the Kronecker symbol.
Using another approach, L. Brandolese [14] proved a deeper result.

Theorem 11.1. Let us assume that the initial velocity vo(x) belongs to
L*(R3, (1 + |z|)dz) and also to L'(R3, (1 + |z|)dz) and that div(v) = 0.
If there exists a positive T, constant C and solution v(z,t) € C([0,T], L%) of
the Navier-Stokes equations which satisfies v(x,0) = vo(z) and the uniform
estimates

/ lo(z, 1)1 + |2])dz < C, / (@, )21 + |e))dz < C, 0<t<T
R3 R3

(11.4)
then (11.3) holds.

The following property will provide a better understanding of Theorem
11.1.
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Proposition 11.1. Let us assume that the initial velocity vo(x) satisfies the
estimate |vo(z)| < C(1 + |z|)~%. Then there exists a positive T such that the
Kato’s solution v(-,t) of the Navier-Stokes equation still satisfies |v(x,t))] <
Cl+lz))™%, 0<t<T.

In other words an O(|x|~*) decay is preserved by the nonlinear evolution.
But this exponent is sharp and cannot be replaced by v > 4.

In other words relating coherent structures in fluid dynamics to localized
and oscillating patterns of the velocity field is hopeless, simply because local-
ization is not preserved by the nonlinear evolution.

Brandolese’s theorem can be slightly improved by introducing a new func-
tional space E containing L' (R?, (1 + |z|)dz).

Let E denote the vector space consisting of all functions in L'(R?) such
that the two following conditions hold

/ |f(z)|dx < C/r (11.5)
|| >r
for every r > 1, together with

T/|z2r|f($)|dx_>07 r— 00 (11.6)

The norm in E is defined as the sum between f\$|<1 | f(x)|dx and the constant

C' in (11.5). Condition (11.6) implies that testing functions are dense in E.
We then have

Proposition 11.2. If there exists a positive T, and a solution v(x,t) of the
Navier-Stokes equations belonging to C([0,T], L?) which satisfies v(x,0) =
vo(z) and the two conditions

v(x,t) € L=([0,T); E) (11.7)

lv(z,t)|? € L>=([0,T]; F) (11.8)
then (11.3) holds.

Here L2, denotes the Hilbert space L?(R3) equipped with its weak-star
topology.

This implies that a o(|z|~*) decay at infinity is not preserved by the non-
linear evolution.

Let us sketch the proof of Proposition 11.2. Here are the main tools. We
first observe that the Banach space F is a convolution algebra. The second
observation concerns the definition of E. For proving f € FE, it suffices to
assume

r/ |[f(z)|de — 0, r — o0 (11.9)
r<|a|<2r
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Let Y denote the Banach space consisting of locally integrable functions
f such that

/ |f(z)|dx — 0, r — o0 (11.10)
r<lz|<2r

Then the proof of Proposition 11.2 relies on the following two lemmata:

Lemma 11.2.
VfeE=f—-ceY (11.11)

for some constant c.

This fact does not depend on the dimension n as long as n > 2.
The second lemma reads as follows:

Lemma 11.3. If
Af == 0;0k(g;) (11.12)
ok
where [ is assumed to belong to'Y and g; ;. belong to L' (R3), then

/gj7k(a:)dm = cdjk (11.13)

where 0; 1, s the Kronecher symbol.

The proofs of theese lemata will be omitted but can be found in [14].
Then the proof of Proposition 18.1 runs as follows. We use the semigroup
formulation of the Navier-Stokes equations which reads

t 3 t
v(t) = S(t)vo + / S(t—r) Z 0;(vv)(T)dr Jr/ S(t—71)Vp(r)dr. (11.14)
0 ] 0

All terms in (11.14) but the last belong to L ([0, T]; E'). Then (11.11) im-
plies that, up to some additive constant, the pressure belongs to L>([0,7];Y).
We then apply the divergence operator to the Navier-Stokes equations. It
yields Ap = =37, 0;0k(vjvg). Here we observe that all products between
two components of the velocity belong to L*(R3). This together with (11.13)
ends the proof.

We now turn to other vanishing moment conditions. The integral I(t) =
Jv(x,t)dz is preserved during the evolution. If v(z,t) is O(|z|~*) uniformly
on 0 <t < T, then we obtain I(¢) = I(0) = 0. But other vanishing moments
conditions would raise the same localization issue we already discussed. In-
deed the convergence of the integral [ v(z,t)z,,dz, m = 1,2,3, requires the
localization condition v(x,t) € L*(R3, (1+]|z|)dx) which is precisely forbidden
by Brandolese’s theorem.

We would like to conclude with some remarkable examples by L. Bran-
dolese of localized velocity fields satisfying the Navier-Stokes equations. We
begin with the following definition.
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Definition 11.1. Let u = (uy,ug,u3) be a vector field on R3. We say that u
s symmetric vector field if the following two properties are satisfied

i) forj = 1,2 or 8, uj(x1,x2,23) is an even function in each coordinate
Z, k # J, and is an odd function in x;
i) uy (w1, T2, 73) = uz(x3, 71, T2) = uz(v2, v3,71).

If u € L*(R3), these conditions obviously imply (11.3).
L. Brandolese proved that this symmetry is preserved by the nonlinear
evolution of Leray solutions [13]. We then have

Theorem 11.2. Let us assume v € (4,5). Let vy be a divergence free sym-
metric vector field. Let us assume that

lvo(z)] < Co(L + [=])77. (11.15)

If Cy is sufficiently small, there exists a solution v(-,t) of Navier-Stokes equa-
tions such that

v(-,t) is a symmetric vector field for t >0
[v(x,t)| < C(1+ |z|)77, lo(z,t)] < C(14t)77/2.

The conclusion still holds in the limit case v = 5, if we assume

le™vg(z)| < Co(1+ |z))~™°, 7 >0. (11.16)
If it is the case, we have
le™2u(z,t)| < C(1+ |z])~° for t,7 > 0, (11.17)

and (11.16) is preserved by the nonlinear evolution.

The situation dramatically changes when the vorticity is concerned. Indeed
the evolution equation which is satisfied by the vorticity reads

%—‘: = Aw — 0j(vjw — wjv)

Vw=0

w(z,0) = wp

'U:K*w7 K: (K17K2’K3), Kj(x) — 1 x5

T in Tal?

(11.18)

This fourth equation is known as the Biot-Savart law. This relation was al-
ready used in the Giga and Miyakawa theorem. It means that the mapping
w +— v is given by a pseudo-differential operator of order -1.

Using the heat semigroup S(t) = exp(tA), (11.18) can be rewritten as

w(t) = S(t)wo — /0 S(t —5)0;(vjw —wjv)ds (11.19)

which needs to be coupled with v = K x w.

We would like to construct smooth, localized and oscillating solutions to
(11.16). The smoothness and localization properties of w will be specified in
the following definition.
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Definition 11.2. Let A be the Banach algebra consisting of f € S(R3) such
that

F@)] < Cexp(—lal),  f(€)] < Cexp(=lgh(1+[eh ™" (11.20)

where f is the Fourier transform of f.

This functional space A is included in the Schwartz class.
We now arrive at the following theorem by L. Brandolese [13].

Theorem 11.3. Let us assume the following conditions on the initial vortic-
ity:
wo € A,div(wg) =0 and

/wg(x)dx = /xjwo(x)dx =0, ;=123 (11.21)

Then there exists a 7 > 0 and a solution v(x,t) of the Navier-Stokes equations
such that the corresponding vorticity w(x,t) belongs to the Banach algebra A
when 0 <t < T.

Moreover this vorticity w(x,t) still satisfies the cancellation relations (11.21).

Roughly speaking, this theorem says that ‘individual coherent structures’
do exist. Here coherent structures are defined as localized and oscillating pat-
terns. The continuation of this program consists in (a) proving that there exist
coherent structures with explicit geometical properties and (b) letting several
such coherent structures interact.

Let us assume that the initial vorticity wg is a sum between two compo-
nents Awo(\(z — o)) and A\?w; (A(z — 21)). Here wy and w; are smooth,
localized and satisfy the hypotheses of Brandolese’s theorem and A is a large
parameter. We assume that wg and w; satisfy (11.21). Then we would like to
know whether or not these two coherent structures will develop and eventu-
ally merge, as described in a scenario by Marie Farge. Then it would pave the
way to M. Farge’s program. It consists in expanding the vorticity field into
an orthonormal basis of divergence-free vector wavelets in order to decouple
the Navier-Stokes equations [38].

Let us mention that most numerical analysts compute the vorticity field.
In contrast pure analysts focus on the velocity. There is still some hope that
divergence-free wavelet bases might be efficient for speeding the computation
of the vorticity field.

12 Large Time Behavior of Solutions
to the Navier-Stokes Equations

This section is borrowed frorm L. Brandolese’s Ph.D [13]. In this section the
linear or nonlinear cancellations of the solutions to Navier-Stokes equations
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are related to the decay of the energy ||v(-,t)||2 as the time variable ¢ tends
to infinity.

From the preceding chapters we know that the oscillating behavior of the
initial condition plays an important role in the global existence of a solution.

Here we want to know whether the energy ||u(-,)||3 can have a fast decay
as t tends to infinity. Here also the Besov space will play a key role. If one sticks
to the linear evolution driven by the heat equation , we have the following
result.

Indeed we have:

Lemma 12.1. Ifa € L?(R"), the following two properties are equivalent ones
(a) le%als < C(L+8)7%,  t>0,

(b) a€ B R (a>0).

Large time decay of ||e!“al|z depends on the cancellation properties of a
which are made precise in (b).

Let us first ask the following: does |[v(-,t)||2 tends to 0 at infinity?

The first contribution to this issue is a fundamental theorem by T. Kato
[62] which says the following

Theorem 12.1. Let us assume that the initial condition vy belongs to
L*(R3?) N L3(R?) and let v(-,t) € C([0,00); L3(R3)) be a mild solution to
the Navier-Stokes equations, as given by Theorem 5.1. Then ||v(-,t)|2 tends
to 0 at infinity.

An important remark in [62] is that a Leray solution will always become a
Kato solution when the time variable will be large enough. This follows from
the energy inequality

()] +2 / Vo) |E dr < [o(s)|2. (12.1)

which holds for s = 0,and almost evrywhere in s > 0 for all ¢ > s. More details
are given in L. Brandolese’s dissertation [13].

This led to relate the decay rate of ||v(t)||2 to some properties of the initial
condition.

T. Kato’s theorem implies

Ju(t)]] < C(L+1)"3%¢, e>0 (12.2)

whenever a € L*(R3?). A main breakthrough was achieved by Maria Elena
Schonbek who used an adapted partitioning of the frequency domain in [95]
and in [96]. These new techniques were further improved by Kajikiya et
Miyakawa [61]. They proved the following



Oscillating Patterns in Some Nonlinear Evolution Equations 153
lo(®)l2 < (1L + 1)/ (12.3)

v(t) — e®ugllz = o(t™3/%), ¢ — . (12.4)

when v € L*(R?). The second estimate shows that ¢~3/4 cannot be improved
when vy is a generic function in L'(R3).

For some special initial velocities vy, M. Wiegner obtained a sharper decay
rate

Theorem 12.2. Let vy € L?(R3) and let v be a weak solution of the Navier—
Stokes equations with v(-,0) = vg. Let us assume that v satisfies the energy
inequality (12.1). Then

i) lv(-,E)|l2 — 0 when t — oo
ii) If the solution S(t)vy of the heat equation with initial condition vy has the
decay rate ||e!?voll2 < C(1+1t)75/4, then v satisfies

lo( 8)ll2 < C(L+ 1)~/ (12.5)

If the initial condition vy is more oscillating which here means that the
Fourier transform vy € L?(R?) vanishes at 0 at a high order, then the decay
of |[e*?vg|o is faster than ¢=°/%. But this faster decay does not pay and the
decay of ||v(t)]|2 is not improved.

Using in a clever way her technique of Fourier splitting, Maria Elena Schon-
bek proved that the exponent 5/4 is optimal. Indeed she obtained

[v(®)ll2 > C(1+)>/* (12.6)

for generic solutions.

This was improved by Miyakawa and Schonbek. These authors found a
necessary and sufficient condition for getting a better decay estimate than
(12.5). The Miyakawa—Schonbek theorem resembles Theorem 11.1. But this is
accidental since this similarity disappears when one is looking for more decay.
The Miyakawa—Schonbek theorem reads as follows

Theorem 12.3. Let us assume vy € L*(R3), divug = 0 and [ |vo(x)|(1 +
|z])dz < oo. Let v be a weak solution of the Navier-Stokes equations with
iitial condition vy.

We define bpy = [ xpvoi(x) de and My, = fooo J(vpor) (2, t) dx dt. Then we

have:
i) If (bpr) = 0 and if My ts a multiple of the identily matriz, then
limsup, . ¢4 [0(t)]> = 0.
i1) Conversely if (bpr) # 0 or if My, is not a multiple of the identity matriz,
then

lim inf t5 ()] > 0. (12.7)
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This theorem is striking but i) is useless since a full knowledge of the solution
is needed to conclude. Condition i) does not concern the initial condition but
the solution itself.

L. Brandolese achieved the construction of nontrivial solutions whose en-
ergy have a fast decay at infinity. He used the same tool he introduced for
proving the existence of localized velocities. Indeed a simple computation
shows that the symmetric solutions of Theorem 11.2 satisty ||v(-,t)||2 < Ct™7
for any v < 7/4.

13 Improved Gagliardo-Nirenberg Inequalities

The properties of Littlewood-Paley expansions which will be used are given
in Section 18. We begin with the definition of the Triebel-Lizorkin spaces.
Let us start with the norm. The space will come later on, as the collection of
tempered distributions for which the norm is finite.

Definition 13.1. For p,q € (0,00),s € R, we consider

+oo
£l = USo(H)llp + 110 32272145 (H)I*() (13.1)

=0

If p = oo, this definition should be modified into the following one: one con-
siders all possible expansions

+oo
f=So(h)+ > A;(hy) (13.2)
j=0
where h and hj are arbitrary functions and define the norm | f| pse as the
infimum of all the corresponding L™ norms
+oo ]
[Blloe + (32 27*1151*()) e (13.3)
§=0

If p = ¢, the Besov and Triebel-Lizorkin spaces are identical and we will
be mainly interested in the case p = ¢ = oco. Then we recover the classical
Hoélder spaces.

Finally F»9 is the subspace of L? consisting of all f € L? for which the
norm (13.1) is finite.

We now turn to the more interesting homogeneous Triebel-Lizorkin spaces
Flf’q. The definition of the norms are similar to (13.1) or (13.3) but the term
So(f) disappears while the index j runs from —oo to +oo. The main difficulty
concerns the a priori regularity assumption which should be imposed to f to
belong to one of these homogeneous spaces. The reader is reffered to Section
18 but we would like to give a flavour of the problems one is facing. If p =
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q = 2, the Triebel-Lizorkin space is the homogeneous Sobolev space Hs. If
0 < s < mn/2 then H* C LP when 1/2 — 1/p = s/n and this inclusion is not
true for other values of p. The a priori assumption is f € LP in this case.
When s = n/2, then H* € BMO and f cannot be considered as a function,
but instead as a function modulo constant functions. If n/2 < s < n/2 + 1,
then H* C C" where r = s — n/2 and C” denotes the standard homogeneous
Holder space defined by

l9(x) — g(y))| < Clz —y[" (13.4)
We now arrive to the main theorem

Theorem 13.1. Let us assume 0 < p1, p2, p3s < 00,1 < 1,642,953 < o0
and s € R. Let us denote by FO F@ FG) the Triebel-Lizorkin spaces
Fora Fp2ae FUsds and let us denote by ||| (m), m = 1,2, 3 the three Triebel-

Lizorkin norms. Let us assume that

1/ps = (1-06)/p1+6/p
{53 :3 (1—0)s; —|—10327 s1 27& So (13.5)

Then we have
11y < CUAIE N1 (13.6)

This theorem is well known in some particular cases. For instance when
we add 1/g3 = (1 — 0)/q1 + 0/¢2 to the hypotheses of Theorem 13.1 or when
q1 = g2 = q3, S1 = S2 = s3. In such settings, classical results in real or complex
interpolation apply. Moreover if g1 = g2 = ¢3 = 2, we recover the standard
Gagliardo-Nirenberg inequalities.

The proof of Theorem 13.1 is surprisingly easy and should become a classic.
Since the Triebel-Lizorkin spaces are increasing with ¢, when p is frozen, we
can assume g3 < 00, q1 = g2 = oo. Without loosing generality, we suppose
s1 < s3 < S3. The integer N = N(z) will be fixed in a minute. We have
Fy(x) = (120 o0 27559 | A ()9 (2))
< (ZN B |2j(33751)2j51A |q3 z))l/%
( N+1 |2 j(s2— 53)2352A ‘q3 x))l/%
< C[QN(GS s A (z )—i—Z_N(92 83 Ag(x)] where A (z) = SUupjcz 12751 A (f) ()]
and As(x) is defined similarly.

We now choose N such that 2V (s2=51) = Angg which means that the two terms

2N (ss=s) A () and 2-N(527%3) Ay (z) have the same magnitude. Altogether it
gives

F3(z) < C(Ay(2))' % (A2(2))’ (13.7)
It now suffices to apply Holder inequality to (13.7) to conclude.

We now give several examples of these improved Gagliardo-Nirenberg in-
equalities.
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All these applications depend on the identification of the Triebel-Lizorkin
spaces with usual functional spaces. As it is well known, these identifications
rely on the standard Littlewood-Paley theory (see Section 18). This excludes
the spaces L', L, BV, ... and other spaces based upon these spaces. We will
return to BV in the next section.

The first example improves on the famous Sobolev embedding theorem
which in three dimensions reads

1flle < CIV£ll2 (13.8)

The enemy in (13.8) is given by f(z) = exp(iw - z)¢(x) where w = A, v €
S2, X\ — oo. Then the left-hand side of (13.8) is ||4||¢ while the right-hand
side is asymptotic to Al/¢]|2. Theorem 13.1 applies and yields

Iflle < CIVAIS IS, 0 (13.9)
We have p3 = 6,p1 = 2,ps = 00,0 = 2/3,s = 0,817 = 1,80 = —1/2 which
corresponds to the assumptions of Theorem 13.1.

Let us comment on (13.9). The norm in || - [[(=1/2) is the norm in the
homogeneous Besov space B =12 Here we do not need the general theory
since this Besov space and the corresponding norm will be defined in a simpler
way. We start with ng’l/ % which is simply the homogeneous Holder space
C'/? defined by |f(z) — f(y)| < Clz — y|'/?, 2,y € R3. Then a function
belongs to BZ.S"” % if and only if it is the divergence of a vector field in
C'/2. For a better understanding of (13.9), one plays with dilations. If f(x)
is replaced by fi(z) = AY2f(\z), then the three norms in (13.9) remain
invariant. This shows le bien fondé of the exponent —1/2. We now consider
f(z) = exp(iw - 2)¢(x). Then the two norms in the right-hand side of (13.9)
grow as |w| and |w|~'/2. This explains the role of the exponents 1/3 and 2/3.

A main difference between (13.9) and the usual Sobolev theorem is the
following: the validity of (13.9) does not depend on the dimension. If this
dimension is 3, then L ¢ H' and (13.9) tells us a little more. If the dimen-
sion is not 3, then the finiteness of the Besov norm is playing an even more
important role.

We now turn to the fundamental inequality

IF1Z < CIVlallflls, B =B (13.10)

which was stated in Section 2. Returning to Theorem 13.1, (13.10) corresponds
to ps :47P1 = 27101 = 0079: 1/2a83 =0,81=1,80=—1.
We now treat a last example which was used in Section 6. It reads

2/3 1/3 —1/2,00
1f e < CIARRNFIE®, B = BV (13.11)

Here we have py =pa =p3 =2,83=1/2,81 =1,80 = —1/2, 0 =1/3.
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14 The Space BV of Functions with Bounded Variation
in the Plane

In studying the Banach space BV, we can assume that the dimension n is
larger than 1. Indeed in the one-dimensional case, the space BV is trivial
since it is isomorphic to the space of all bounded Borel measures on the line.
Assuming n > 2, we say that a function f(x) defined on R™ belongs to BV if
(a) f(z) vanishes at infinity in a weak sense and (b) the distributional gradient
V[ of f(x)is a (vector valued) bounded Borel measure. The norm of f € BV
is defined as the total mass of Vf. A seemingly less demanding definition
reads as follows: f belongs to BV if its distributional gradient is a (vector
valued) bounded Borel measure. Then it is easily proved that f = g+ ¢ where
¢ is a constant and ¢ tends to 0 at infinity in the weak sense.

The condition at infinity says that f * ¢ should tend to 0 at infinity
whenever ¢ is a function in the Schwartz class. For instance, any function
in LP(R™), 1 < p < o0, tends to 0 at infinity in the weak sense.

A crucial property of the space BV is the fact that it is a dual space. Let
Co(R™) denote the Banach space of all continuous functions on R™ which van-
ish at infinity, the norm of f € Co(R™) being || f||oc. We introduce the Banach
space I" consisting of all tempered distributions f = 9191 + 0292 + ... + Ongn
where ¢1, ..., g, belong to the Banach space Co(R™) and where the norm of
f € I'isthe L> norm of \/[g1|? + ... + |gn|?. Let us observe that the decompo-
sition of f as the divergence of the vector field (g1, ..., gn) is not unique. It im-
plies that the norm of f is the infimum of all L norms of v/]g1[2 + ... + [gn |2
where the infimum is computed over all such decompositions.

Then the Hahn-Banach theorem yields

Lemma 14.1. The Banach space BV is the dual space of I' and is equipped
with the dual norm.

This fundamental property implies weak-compactness. Indeed we have:

Lemma 14.2. If f; denotes a bounded sequence of functions in BV and if
this sequence converges to f in the distributional sense, then f belongs to BV
and || f[|pv < liminf || f;|5v, j — oo.

If the Banach space BV is equipped with its weak™ topology, then test
functions are dense in BV.
A second and equivalent definition of BV reads the following:

Definition 14.1. A function f(x) belongs to BV (R™) if it vanishes at infinity
in the weak sense and if there exists a constant C' such that

| 149 - f@)lde < Cl (14.)

for each y € R™.
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Let us stress that this new definition does not yield the same norm as
above.

From this second definition, it is immediately concluded that if a real
valued function f(z) belongs to BV, so do f*(z) = sup(f(z),0) and f~(z) =
sup(—f(z),0). In other words, it is often sufficient to consider non-negative
functions in BV.

The Banach space BV is contained in L™/ *(R") and this embedding
is sharp: we cannot replace p = n* = 5 by a larger value of p. Here
is a counter-example. Let us begin with a function 0(t) of the real vari-
able ¢ with the following properties: (t) is smooth on (0, +o0) and equal to
t(=n+ 1| 1log(t)| " whenever ¢ is small or large (the trouble comes from ¢ = 1).
Let us assume v > 1. We define f(z) by f(z) = 0(|z|). Then f(z) belongs to
BV and f(z) does not belong to L? for p # n*. This specific function is not
the worst among BV functions. Indeed its gradient belongs to the Besov space
B?’l which is much smaller than L! and which will be defined now. In other
words we have f € B%l where B% ! denotes the usual homogeneous Besov
space. This Besov space is much smaller than BV and has a trivial wavelet
characterization. Let ; () = 20"/2(22 — k), € {1, ..., by}, N = 2" — 1,
be an orthonormal basis consisting of smooth (for instance ¢ € C? suffices)
and compactly supported wavelets. Then the characterization of B11 1 reads

Definition 14.2. The Banach space B, is the subspace of L7—1 (R") defined

by
SN eli k)20 < oo (14.2)

JEZ kEZ™

The dual space of B%’l is the Banach space Bgol’c’o.

It is clear that the left-hand side of (14.2) should concern the N = 2™ — 1
wavelets 1, ... n. If we now return to the larger space BV, then I will be
replaced by weak ['.

We have seen that a function in BV belongs to L™ which is sharp. However
if we a priori know that a given function f both belongs to BV and to L4
for some ¢ > n*, then this f is more regular than a generic function in BV
is expected to be. Indeed f belongs to the Sobolev space L(" *) whenever
s =1/n*—1/q (Theorem 15.4). The Sobolev space L™ +*) consists of functions
whose fractional derivative of order s belongs to L™".

If F is a measurable set in R™ and if yg denotes the indicator function
of E, we would like to compute the BV norm of this indicator function xpg
whenever it is finite. If E is a domain delimited by a smooth boundary I", then
the BV norm of x g is the total surface of I'. However if E is an arbitrary open
set, then the BV norm of g is in general smaller than the n — 1-dimensional
Hausdorff measure H"~1(I") of its boundary I' = E. Indeed xg = X r almost
everywhere does not imply H" 1(0E) = H" !(dF). That is why De Giorgi
defined the reduced boundary 0* FE of a measurable set E and proved that the
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BV norm of g is H" 1(0*E). Here H? denotes the q-dimensional Hausdorff
measure.

For defining this reduced boundary, let us denote by B(z,r) the ball cen-
tered at o with radius . We then follow De Giorgi

Definition 14.3. The reduced boundary 0*FE of E is the set of points x be-
longing the closed support of p = Vx g such that the following limit exists

B D)
P Tul{Be )

With these new notations the co-area identity reads as follows [2], [82].

=v(z) (14.3)

Theorem 14.1. Let f(x) be a real valued measurable function defined on R™
and belonging to BV. Let us denote by (2, t € R, the measurable set defined

by
2, ={zeR"| f(z) >t} (14.4)

Let 0*£2; be the reduced boundary of 2, and I(t) = H"~1(0*(2;). Then the BV
norm of [ is given by the sum of the surfaces of its level sets. In other words

+oo
ey = [ 1o (145
This identity needs to be completed with the following observation
fz) = lim [/ X, (x)dt —m] (14.6)

where the limit is taken with respect to the weak™ topology of BV.
A first approximation to this theorem was given in the pioneering work by
Fleming and Rishel and Theorem 14.1 was completed by De Giorgi [2], [82].
Roughly speaking, we may interpret these two identities by saying that BV
is a space with a remarkable atomic decomposition. Let us be more precise.

Definition 14.4. A Banach space E is equipped with an atomic decomposition
if there exists a bounded subset A of E and a constant C' such that each x in
E can be written as a conver combination of v;\; where v; are some scalar
factors of modulus not exceeding C' and \;, j € N, are some atoms belonging
to A. In other words this reads

=) a) (14.7)
jEN
with

> oyl < Cllalle (14.8)

JEN
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Every Banach space E can be equipped with a trivial atomic decomposi-
tion where A = E and the series (14.7) reduces to © = x € A. When one is
seeking an atomic decomposition, it means that the atoms \ € A are expected
to be rather simple building blocks.

In the application to the Banach space BV, the series in (14.7) will
be replaced by an integral representation of x as a convex combination
r = [, Mw)dpu(w) where A\(w) € A and the total mass of y does not ex-
ceed C|z||py. A more precise statement and the definition of the space {2
will be given in (14.9).

For instance the Hardy space H!(R"™) has an atomic decomposition in
the strict sense given by (14.8). The atoms are the simple building blocks in
H(R™) which are defined by the following properties:

(a) a(x) is supported by a cube @
(b) lalles < 1/]Q|
(¢) [a(z)dz =0

Whenever a Banach space E is equipped with a nontrivial atomic decom-
position, proving the continuity of a mapping T : E — F is often an easy
task since it suffices to prove a uniform estimate for the action of 7" on atoms.
That is the approach which will be used for proving that BV is contained in
the Lorentz space L(Q*l)(RQ). However proving the continuity of a mapping
F — FE still remains difficult.

Returning to BV, the atoms ag () which will be used are indicator func-
tions yp of measurable sets {2 whose reduced boundaries 9*(2 have a finite
surface. We know that the BV norm of such an atom yxg is the surface of
the reduced boundary 0*(2. Finally (14.4), (14.5) and (14.6) show that any
function f(x) in BV is a Bochner integral fj;j ai(z)dt of such atoms. More
precisely we define 2; by (14.4) and write a; = xg,. Then (14.5) implies

+oo
| el = flav (149)
— 00

For proving an embedding theorem of the type BV C E where E is some
Banach space, it suffices to check that there exists a constant C such that
the F-norm of any atom ag(x) in BV does not exceed C times the surface of
0" (2.

For instance in three dimensions we have

BV c L¥/%1 (14.10)

Our last remark concerns the pointwise multipliers of BV. They are char-
acterized by the following theorem

Theorem 14.2. A function m(x) is a pointwise multiplier of BV if and only
if m(x) belongs to L™ and if Vm satisfies the following condition: there exists
a constant C' such that
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/ |Vm|dz < CH"(092) (14.11)
2

holds for all £2.

This characterization is an easy corollary of the atomic decomposition. In-
deed we need to bound [ |9;(mf)|dx for f € BV. Leibnitz formula yields two
terms. The first one is fine since we can multiply a measure with a bounded
function (we are sketching a proof where measurability issues are not dis-
cussed). The second term is saddler. We need to estimate [ |Vm||f|dz by
C||fllsv. Here the atomic decomposition permits to reduce this issue to the
case of indicator functions. Let us mention for example that in three dimen-
sions, any bounded function m(z) such that Vm € L3 is a multiplier. Indeed
Holder inequality reads [, |Vm|da < |[Vm||3]£2|*/® which is estimated by the
isoperimetric inequality in C||Vm/||sH?2(052).

15 Gagliardo-Nirenberg Inequalities and BV

Let us start with the twodimensional case and with the Sobolev embedding
of BV(R?) into L?(R?).

The fundamental estimate

I£llz < @vm) I flsv (15.1)
is obviously consistent with translations and dilations. Indeed, for any positive
a and f,(z) = af(az), we will have ||f,||l2 = ||f|l2 and similarly || f.|lsv =

[/Ilzv. But (15.1) is not consistent with modulations: if M, denotes the
pointwise multiplication operator with exp(iwx), then M, acts isometrically
on L? while ||M,, f| gy blows up as |w| tends to infinity.

For addressing this invariance through modulations, let us introduce an
adapted Besov norm.

Definition 15.1. Let B be the Banach space of all tempered distributions
f(z) for which there exists a constant C such that, for g(x) = exp(—|z|?) and
9ap) = ag(a(x — b)), the following condition is satisfied:

There exists a constant C such that, for any (a,b) € (0,00) x R?, we have

| < f7g(a,b) > | < C (152)

The infimum of these constants C' is the norm of f in B and is denoted
by || £l

It is easily proved that this Banach space coincides with the space of
second derivatives of functions in the Zygmund class. In other words B is the
homogeneous Besov space B 1> of regularity index -1. The definition and
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the norm given by (15.2) will be crucial for trying to obtain estimates which
do not depend on the dimension.
We then have

Theorem 15.1. There exists a constant C' such that

Ifll < C(IflavIfI) Y2, feBVR?) (15.3)

Moreover the norm ||f||« cannot be replaced in (15.3) by a smaller norm
which would satisfy the same scaling laws as the L? or BV norm.

To better understand this theorem, let us stress that we always have
71l < |l fllBv. The ratio || f|l«/||f||pv between these norms is then denoted
by (3 and is expected to be small in general. With these new notations, (15.3)
reads

Ifll2 < CBY2| fllsv (15.4)

which yields a sharp estimate of the ratio between the L? norm and the BV
norm of f. Moreover (3'/? in (15.4) is sharp as the example of
f(@)=exp(iwz)w(z) shows. Indeed if |w| tends to infinity and w(z) belongs
to the Schwartz class, then || f||2 = |Jw||2 is constant, |||« =~ |w|~!||w||s, and
finally || fllpv =~ |w|||w||i. In this example (3 is of the order of magnitude of
|w|~2 which corresponds to $'/? ~ |w|~!. If |w]| tends to infinity, (15.3) yields

the classical estimate [|w|2 < v/[|w]||1]|w]]co-

The proof of (15.3) relies on the following theorem

Theorem 15.2. Let ¢y, A € A, be a two-dimensional orthonormal wavelet
basis as described in Theorem 19.1. Then for every f in BV (R?), the wavelet
coefficients cx =< f,x >, A € A, belong to weak I*(A).

This theorem was proved by A.Cohen et al. [24] in the Haar system case.
The general case was obtained by the author and a good reference is [82].

Theorem 15.2 says the following: if ¢y =< f, 9y > and if the |cy], A € A,are
sorted out by decreasing size, the rearranged sequence ¢ satifies ¢ < C/n
for 1 < n.

One cannot replace the vector space weak [1(A) by I1(A) in Theorem 15.2.
Indeed let f(x) be the indicator function of any smooth domain (2 and let L
be the length of the boundary of 2. Then when 2/L > 1, the cardinality of
the set of A such that 277 < |cy| < 27771 s precisely 2/ L. This does not
mean that Theorem 15.2 is optimal. Indeed BV is a Banach space which is
the dual X* of a separable Banach space X while weak I' does not have this
property. Therefore BV and weak [! cannot be isomorphic. The Besov space
B% 1is included inside BV and is defined by the property that the wavelet
coefficients of a function in B} o1 belongs to I'. Therefore the vector space YV
of wavelet coefficients of BV functions is sitting somewhere between [! and
weak [
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Corollary 15.1. Let cy, A € A, be a given sequence. Let us sort out |cx|, A €
A, by decreasing size and let us denote the rearranged sequence by c;,, n > 1.
Let us assume that ) -, c;/n is finite. Then f = )\, ca¥n belongs to
B b,

The proof of (15.3) is straightforward. One uses the following trivial esti-
mate on sequences

> lenl® < 2llenllscInen s (15.5).

n=1

Then one applies Theorem 15.2 to an orthonormal wavelet basis of class
C2. If ¢ denotes the nonincreasing rearrangement of the wavelet coefficients
le(N)], A € A, then ||nc ||o is precisely the norm of ¢(\) in the space weak 1.

Let us observe that (15.3) is, as announced in the title of this section, an
improvement on the celebrated Gagliardo-Nirenberg estimates. Let us clarify
this statement. Let p,q,r and o be four exponents satisfying 1 < p,q,r <
oo, 0 € (0,1) and let j and m be two integers. One assumes j < om and
1/p—j/n=o0(l/r—m/n)+ (1 —0)/q where n is the dimension. Then the
Gagliardo-Nirenberg inequalities read

ID7 £, < CID™ FIT I fllg™ (15.6)

The notation || D7 f||, means sup{||0®f|»;|a| = j}. Gagliardo-Nirenberg
estimates are related to the Sobolev embedding theorem. Indeed || D7 f||, <
C||D7' f||,» whenever p > p’ and 1/p’ —1/p = (5’ — j)/n. This simple observa-
tion implies that the interesting case in (15.6) occurs when j = om, o € (0,1),
and 1/p =o/r+ (1 —0)/q. Then the Gagliardo-Nirenberg inequalities simply
read

D7 fll, < CIID™ fIIZ I fllg="
lp=o/r+(1-0)/q, 1<p,qr<oo (15.7)
oe(0,1)

Let us compare (15.3) to the Gagliardo-Nirenberg estimate (15.6). If p =
2,j=1,m=2,r =1 and ¢ = oo, then (15.6) can be improved into ||V f]|3 <
CllAf 1]l flso- Unfortunately this estimate is trivial. Indeed integrating by
parts yields [ |Vf|[?dz = — [ fAfdz and the (L', L>) duality suffices to
bound the last integral. However this simply minded estimate is not implied by
(15.3). Indeed the Riesz transformations are not bounded on L* and Af € L*
does not imply Vf € BV. On the other hand, f € B((XTI’OO) is much weaker
than Vf € L*>.

Albert Cohen, Wolfgang Dahmen, Ingrid Daubechies and Ron DeVore [25]
proved the following theorem:
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Theorem 15.3. In any dimension n > 1, let us assume that a function f
belongs both to BV and to the homogeneous space B3 ,1*°. Then we have

111z < CUfllav £l (15.8)

where || f||+ is norm of f in the Besov space BZ>°.

The norm of f in Bgol’oo can be defined as the optimal constant C' for
which one has | < f, gy > | < Ca*™", (a,b) € (0,00) x R™. The notations
are the same as in Definition 14.4. Let us stress that BV is contained in L?
if and only if n = 2. In other words when n = 1 or n > 2, the assumption
f € B> complements f € BV and both are needed to get an L? estimate.

Theorem 15.3 cannot be deduced from Theorem 15.2 when n # 2. New
estimates on wavelet coefficients of functions with bounded variation will be
needed. These estimates will be provided by Theorem 15.5.

Every function with a bounded variation belongs to L7T and it is natural
to ask the following question: what would happen if a function f belongs both

n

to BV and to L? for some ¢ > n* where n* = =57

The Lebesgue space L7 is contained inside the larger space C79 = Bgoﬁ’oo
when § =n/q.

Our problem will then be restated the following way. Let us assume that
a function f belongs both to BV and to BO_OB"X’. Is it then possible to say
more? The following theorem settles this issue

Theorem 15.4. If 0<s<1/p, 1<p<2and 3= 1;{’, then

1£llzee < CIFIHEILISS" (15.9)

where ||.|| _g stands for the norm of f in the homogeneous Besov space B .

Theorem 15.3 is a special case of Theorem 15.4 where s = 0,p = 2. Let us
prove Theorem 15.4. It uses both the upcoming Theorem 15.5 and the charac-
terization of the Sobolev spaces LP**(R™) by estimates on wavelet coefficients
[77].

The normalization of the wavelet coefficients of f is the same as in Theorem
15.5. Indeed one writes the wavelet expansion of f as

F@) =3 a(j, k)2 D2z — k) (15.10)

Since 1 < p < 2, the norm of f in L(P*) is estimated by > 14, (f)I[B257P,
Moreover using the heuristics given by A;(f)(k277) ~ a(j, k)2/(" 1) we write

145N =D la(j, k)p2rt—Damnd (15.11)
k

which yields
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S 1427 = 35 Ryt N2 (15.2)

This being said we turn to the Besov norm o of f. We have
0 = | fll-p = sup{2~ 72" Vla(j, k)|; (k) € Z x 2"} (15.13)

which implies o
|a(j k)| < 02P27i(n=1) (15.14)

Let us write v = 1 — 1 — 2. Then the right-hand side of (15.14) is 02779".
We then define F,,, m € Z, as the collection of (j,k) € Z x Z™ such that

27T < (g, k)| < 20-mHgn (15.15)

Since (3 is positive, we have v < 1 — %L Then Theorem 15.5 can be applied
and yields
S 2 <2 sy (15.16)

(4,k)EF

If ¢ € Z is defined by 27 < ¢ < 279! we do have m > q.

We now return to (15.12) and split the sum over (4, k) into a triple sum.
We use the partition of Z x Z™ into UF},.

We end with }°, o 27" 37 pep 277" and the estimate given by (15.16)
suffices to complete the proof.

As it was already mentioned, Albert Cohen, Wolfgang Dahmen, Ingrid
Daubechies and Ron DeVore [25] were motivated by the conjectural estimate
(15.8). The main tool in their approach is the following new estimate on
wavelet coefficients of f € BV.

Theorem 15.5. In any dimension n > 1, let us assume v < 1 — %L where v
s a real efcponent Then there e:m'sts a constant C = C(v,n) such that for
f € BV(R"), = [gn f(@)27(272 — k) dx and X > 0, one has

> 27T < Cw (15.17)

{le(@ k) |>A27m7}

Let us first observe that Theorem 15.5 improves on Theorem 15.2. Indeed
if v =0 and n > 2, (15.17) implies that the wavelet coefficients ¢(j, k) =
Jrn F(2)27(272 — k) dz of a function f(x) in BV belong to weak-I*. We
observe that the corresponding wavelet expansion
f@) = 32> % el E)2(n=1Diy(27x — k) is using some normalized wavelets
where the normalization is adapted to the BV nrom.

It is easily seen that this estimate is false when v =1 — % and it is not
difficult to construct sequences c(j, k) belonging to weak ! for which (15.17)
is not fulfilled. Indeed both Theorem 15.2 and Theorem 15.5 tell us that the
sorted wavelet coefficients ¢, of a function in BV (R™) decay as 1/m. But
these two theorems do not tell us the same story since this 1/m decay does
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not say anything about the way the dyadic boxes are filled. For instance let us
assume that ~ is a positive exponent. Then the sequence defined by ¢(j, k) =
277 for k € F; will belong to weak ! when the cardinality of F} is 277 but does
not fulfil (15.17). However the sorted ¢, are of the order of magnitude of 1/m.
In the opposite direction, let us denote by P, the conclusion of Theorem 15.5.
It is interesting to observe that P,, v > 0, does not imply weak [ ! which is Py
with v = 0. A trivial counter-example is given by ¢(j,k) =1, k =0, ¢(j, k) =
0, k # 0. Telling the same story with other words, we may investigate the
group G of permutations g of Z x Z™ for which the left-hand side of (15.17) is
preserved. We observe that, for any frozen j, any permutation acting on k € Z"
belongs to G. But these permutations are inconsistent with the locations of
the corresponding wavelets since, at scale 277, the corresponding location is
given by z; = k277, Therefore Theorem 15.5 does not throw any light on
the interscale correlations which exist on wavelet coefficients of functions in
BYV. These correlations come from the fact that edges exist. Therefore one is
likely to find chains of large wavelet coefficients located on edges.

16 Improved Poincaré Inequalities

In this section some remarkable improvements on Poincaré inequalities will
be given. We first start with the following example in two dimensions. Then
Poincaré inequality reads as follows:

If (2 is a connected bounded open set in the plane with a Lipschitz bound-
ary 02, then there exists a constant C' = CY, such that for every f in BV ({2)
we have

/Q (@) — ma(f)2dz < C|[ |3y (16.1)

Here mq(f) denotes the mean value of the function f over §2. Such an estimate
cannot be true in R™ for n > 2 since BV is not locally embedded in L? if n > 3.
However there exists a sharpening of this Poincaré inequality which is valid
in any dimension. Let C~1(£2) denote the Banach space of all distributions
f on 2 which can be written as f = AF where F' is the restriction to {2 of
a function G belonging to the Zygmund class on R™. The Zygmund class is
defined by the classical condition that a constant C' exists such that

Gz +y) + Gz —y) —2G(x)| <Cly|  x,yeR" (16.2)

The norm of f in C~1(£2) is denoted by || f|« and is defined as the infimum of
these constants C. This infimum is computed over all extensions G of F such
that f = AF on (2.

Here are some examples of functions belonging to C~1(£2). Let p(x) denote
the distance from x € {2 to the boundary df2. Let f be measurable on {2. Then
the following growth condition

|f(@)] < C/plx) (16.3)
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implies f € C~!(£2). Moreover this condition is necessary and sufficient for
f e C Y) if f is harmonic on 2. These examples show that C~*(£2) is not
contained in L(£2).

The theorem which follows is valid in any dimension. It will be proved in
several geometrical contexts. In the simplest case, {2 is a domain in R" with
a smooth boundary 9f2. In the second one {2 will be a Lipschitz domain.

Theorem 16.1. Let §2 be a smooth domain in R™. Then there exists a con-
stant C' = Cq, such that, for every f € BV(2)NC~1(£2), one has

/Q £(@) — ma(f)P de < Clflsv]fll (16.4).

Let us insist that no boundary conditions are imposed on f. Moreover
Cho = Cg for any positive A and Cy, is translation invariant.

This theorem will be deduced from Theorem 15.3. Let us use the following
local coordinates on some neighborhood of the boundary df2. The coordinate
p is the signed distance to the boundary. Then for a small enough ¢, (y,p), y €
012, p € [—¢, €] are the local coordinates which will be used on a neighborhood
of the boundary. Now the proof is extremely simple. One extends f across the
boundary 92 by imposing that the extended function F' which agrees with f
on (2 should be locally odd in p. Here locally odd means F(y, p) = —F(y, —p)
for |p| <.

The key fact which enters into the proof of Theorem 16.1 is that this odd
extension operator is both continuous with respect to the Besov norm and
the BV norm. This needs to be proved but there are no difficulties. Both the
Besov norm and the BV norm can be localized and the boundary of {2 can
be locally mapped to a hyperplane by a suitable diffeomorphism. The case of
the half space is now obvious.

An even extension operator would also be adequate for the BV norm but
certainly not for our Besov norm. Finally one applies Theorem 15.3 to this
new function F', once it has been cut by a convenient cut-off function.

This proof does not extend to non-smooth domains (2. Here is another
approach which is valid for any lipschitzian domain (2. We first consider the
special case of the unit ball B(0,1) centered at 0, with radius 1. Then our
preceding proof applies. The same is true if B(0,1) is replaced by the unit
cube Qg. Let us now consider a general bounded domain §2.

The proof runs as follows. We consider a Whitney covering of {2 by open
dyadic cubes @ € A. The distance form @ to the boundary is of the order
of magnitude of the side length lg of Q. The sum of the indicator functions
Xq does not exceed a constant C. The construction of this Whitney covering
does not require any smoothness on the boundary 92 of (2.

We now consider a smooth partitioning g () of the identity associated
to these cubes Q. Each ¢g is supported by the doubled cube 2Q), we have
> 0ea () =1and [0%pq(z)| < Calgz'al.

Let us assume that the BV norm of f is 1.
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We begin with defining averages pg(f) = [ f®¢ where &g (z) = lé”@((m—
xQ)/ZQ),@ being a testing function supported by the unit cube and with
integral 1.

Our given f is decomposed into a sum f = g + h where g(z) =

2o nQ(f)pq(x) and h(z) =3 (f(2) — pe(f))pe(@)-

A first remark concerns the BV norm of h(z). We have

1kllBv < CfllBv (16.5)

For proving this estimate, it suffices to show the following

/ 1£(2) - () do < Clg / 1V £(2)|do (16.6)

We first use the Sobolev embedding BV C L,,/(,,—1) written in a scale invari-
ant way

/|f () da) '™ <c/ IV f(2)| dw (16.7)

The constant C' does not depend on @ and n* =n/(n —1).

Then Holder’s inequality yields (16.6) and this, together with |Vg| <
C/lg, suffices for estimating the BV norm of h.

We just proved that h belongs to BV and this information will be also
used for g = f — h.

What do we know of the L? norm of h? We use (16.4) on each of the
doubled cube 2Q). We know that (16.4) is scale invariant. We then have, by
the first version of Theorem 16.1,

/ (@) — ng(f)F dz < C|If]l. / IV f(2)| de (16.8)

It now suffices to add these estimates over all cubes ) € A to obtain

Jo |nP dz < ClIfl v fls-
Let us now estimate the L? norm of g¢.
We trivially have |ug(f)| < C/lg since f belongs to C~1(2). Therefore

lg(z)| <~/p(x) (16.9)

where 7 is the norm of f in C~1(£2) and p(x) denotes the distance from z € 2
to the boundary 0f2.

In local coordinates, {2 is the domain lying above the graph I' = {x =
(2',2,); ©, > 0(2')} of a lipschitz function ¢ defined on R"~!. Then %g
belongs to L'(R"). Therefore

lg(@, oo = o(2') € L'R"™Y) (16.10)

We then assume that the BV norm of f is 1 and write [|g[|3 = [, |g]* dz +
JglglPde = I + I, where A = {z;2, > 0(2) + v/o(2’)} and B is the
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complement of A in 2. of A. For estimating the first integral, we simply
use the pointwise estimate (16.9) and we obtain I; < Cv as expected. For
estimating the second integral, we use (16.10) and obtain

0(z")+y/o (")
/ lg(z’, t)|* dt < Cvo(z)) (16.11)
0(x’)
and it suffices to integrate (16.11) over =’ to conclude.

There are other useful theorems along these lines. Let {2 be a connected
bounded open set with a smooth boundary. Let || f]|. be defined as above.

Theorem 16.2. With the preceding notations, we have

([ @) = ma(plae)” < CIsRIsL. (62)

There exists a similar theorem where {2 is replaced by R™ and this case
is trivial. Indeed one is using a simply minded Littlewood-Paley analysis and
writes f = Y. f;. Then ||f|| < >k J1fiP1fx]? dz and it then suffices to
estimate the L? norm of f; by 277¢; where €; is square integrable. Similarly
the L> norm of f; is estimated by 27 where ~ is the C™! norm of f. However
it is harder to obtain the localized result (16.12) from the global one since we
cannot extend a function f in the Sobolev space H'(R™) by an odd symmetry
across the boundary. This extension is valid only when f vanishes at the
boundary. However the second proof of Theorem 16.1 can be adapted to this
setting and the details can be found in [82].

A last example of an improved Poincaré inequality applies to the inclu-
sion BV C L3/? in three dimensions. More precisely G. Gallavotti used the
following estimate in his CIME lectures

([ 1@ = ma(PP2)" do < C v (16.13)

But as before (16.13) can be improved. We have

/ [7(@) = ma(HIF) ™ dw < ORI (16.14)

where the norm || f||.. in the space C~2(£2) is the restriction norm to {2 of
functions or distributions in the homogeneous Besov space B ?°°. This Besov
space consists of third derivatives of functions in the Zygmund class.

In contrast with (16.13), this new estimate is valid in any dimension n > 2.
As above, we begin with the global inequality where 2 = R™ and mg(f) is
erased.
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The proof of the global estimate directly follows from Theorem 15.4. In
the three dimensional case it is so simple and elegant that one cannot resist
providing the reader with more details. The proof relies on Theorem 15.5.
Keeping the notations of Theorem 15.5, we know that the wavelet coefficients

fR" 2)279(272 — k) dz of a function in BV belong to weak ['. The
same Wavelet coefficients of a distribution in B; > belong to [°°. Finally one

uses the Littlewood-Paley theory and obtains || f||3/2 < C( X |e(j, k)|3/2)2/3.
Let ¢, be the sorted wavelet coefficients |¢(j, k)| and || - ||«« be the norm in
B2°°. Then we have ¢}, < A = (Co/m)||f|lzv and ¢}, < B = C1]| f||+« which
imply

D ()2 < APPBYE = (Col fllsv)**(Cal fll)? (16.15)

as announced.

It remains to prove the local estimate. We proceed as above and use a
Whitney decomposition of {2 to construct a version of an extension operator
T : C73(2) — B?* which is also bounded on BV. More precisely we have
with the same notations as above f(z) =3 fog = h(x) + g(z) = > (feq —
1QPQ) + 2 HQPqQ-

As above g = |polli" [ feq = O(dgf). Therefore the sum g(z) =
> popq is O(dist(z, 062) and the corresponding integral can be handled as
above. We now turn to h(z) = ) hg where hg = (fog — noyqg). As above,
we map the boundary 92 to {z35 = 0}. Once this function h(x) is pulled back
to the upper half space, the extension is an odd extension as above. A crucial
role is played by [ hg(z)dz =0 and the details are left to the reader.

17 A Direct Proof of Theorem 15.3

Michel Ledoux found a direct proof of Theorem 15.3. Let S(t) = exp(tA) be
the heat semigroup. The proof starts with the following lemma:

Lemma 17.1. There ezists a positive constant C' = C,, such that

If =S fll < CE2| fll v (17.1)

The proof of (17.1) is almost trivial. Indeed S(¢)f — f = [[f(z — y)
F())gu(y)dy which yields [S(@)f — fly < [ £ — ) — F@)l1gy)dy and
it suffices to observe that ||f(z — y) — f(2)]1 < |y|||f\|BV. Here gi(x) =
t(_"/2)g(%) and g(x) is the familiar Gaussian function.

We are now ready to prove Theorem 15.3. Let 6(t) be the odd function
defined by 6(t) =0if 0 <t <1,0(t) =t—1if1 <t < M,and 0(t) =M — 1
if t > M. Here M is a constant (M = 10 will suffice). Next 65 = \(t/\).
Let us assume || f||. < 1 which reads ||S(t)f]ls < t~/2. We denote by |E)|
the Lebesgue measure if a measurable set |E|. We obviously have 52| f||3 =
IS HIf(@)] > BA}d(A?). That is why we want to estimate the Lebesgue
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measure |Ey| of Ex = {|f(x)| > 5A}. Our first observation is | f(x)| > 5\ <
[0x(f)] > 4X. Then for simplifying the notations let us write fy = 05(f) and
we split this function into the following three pieces:

== S+ SW)lfx = 1+ 5w f (17.2)

with = 272
Since we already have ||S(u)fllec < A, |fa(z)| > 4 implies that one of

the first two terms in (17.2) is large. In other words E) C F U G where

Fx ={x; [fx = S(w)fr(@)] > A} (17.3)
and
G = {=; [S(1)(fx — f)(2)] > 2A} (17.4)
We obviously have
[Fxl <A = S (f)]h (17.5)

and (17.1) yields |Fx] < OX72|V(f)|l1 = CA2[[xaVf|1. Here xy is the
indicator function of A\ < |¢| < M. Finally

/OO|FA|d()\2)§2/OO/ IV fldedh = 2log M [ |[Vfldz (17.6)
0 0 n R

We now treat |G|. At each point 2 we obviously have |S(u)(fx — f)] <
S()|fx = fland [fx — f| < X4 [fI1{ 7> ma}- Altogether it yields

[S)(fx = DI < A+ S (11515 0001) (17.7)

Finally G is contained in the set 2\ of points x such that

S f1Lgp1>axy) () > A
We obviously have
|925] < )‘_1/5(#)(|f|1{\f|>M>\})dx < )‘_1/|f|1{|f|>M>\} dz.

Then

2 [Cleparze [ [ ifigeamAd = MR A7)
0 0 Rn
We proved that
521 £13 < M]3 + log M|V £l (17.9)

We choose M = 6 and we assume that all norms are finite. Then (17.9) ends
the proof.
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It now remains to get rid of the a priori assumption that the L? norm of
f is finite. We are indeed assuming that f both belongs to BV and to the
Besov space B>, We then know that f tends to 0 at infinity in a weak
sense. Therefore f belongs to L™/ (=1 Assuming n > 2, it implies that, for
any positive €, f. = S(¢) f belongs to L?. We then apply (17.9) to f. and then
let € tend to 0. The case n =1 is left to the reader.

18 Littlewood-Paley Analysis

Littlewood-Paley theory was introduced in the thirties by Littlewood and
Paley in order to deal with some nonlinearities for which plain Fourier meth-
ods do not work. In the late seventies, the author of these notes successfully
used Littlewood-Paley analysis to prove L? estimates when the symbol of a
pseudodifferential operator is a ‘rough’ function [27]. In this situation usual
tools as Cotlar’s lemma do not work, since they are too demanding in term
of regularity. Soon after J-M. Bony created the theory of para-differential
operators for which the Littlewood-Paley theory is playing a key role again.
J-M. Bony applied these new tools to non-linear PDE’s and Jean-Yves Chemin
could prove his famous theorem on the regularity of the boundary of vortex
patches for the 2-D Euler equation. This proof was later simplified by P. Con-
stantin. But let us return to the thirties.

Non-linear analysis heavily relies on the resources of L? spaces where p # 2.
While the Fourier transformation is unitary on the Hilbert space L?, LP cannot
be characterized by size estimates on Fourier coefficients. To overcome this
drawback, Littlewood and Paley got the idea of grouping together the dyadic
blocks of the Fourier expansion Zfz ¢ exp(ikx) of a 2m-periodic function f.
They obtained

Ai(f)= > crexp(ikz), =0 (18.1)

29 <|k| <2041

The Fourier expansion of f(x) reads

fl@)=co+ Y A;(f)() (18.2)
0

If 1 < p < o0, Littlewood and Paley proved that f € LP is characterized
by size estimates on these dyadic blocks. Indeed, if ¢y = 0, the LP-norm of f
is equivalent to the LP norm of the Littlewood-Paley square function defined
by

S(H @) = (Y 14,()(@)?) (18.3)
0

and this beautiful discovery opened a new chapter in analysis.
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Extending Littlewood-Paley theory from 2m-periodic functions to func-
tions defined on R™ was not a trivial task since most of the proofs relied on
complex analysis. In dimensions larger than 1 and if p # 2, Charles Fefferman
proved that the indicator (or characteristic) function of the unit ball is not
a multiplier for the Fourier transforms of L? functions This implies that the
recipe for defining the dyadic blocks should be modified.

This was achieved in the late fifties by Alberto Calderén and Antoni Zyg-
mund and later improved by Elias Stein. We now follow Stein’s presentation
of Littlewood-Paley analysis.

One starts with a function ¢ in the Schwartz class S(R™) with the following
two properties

(a) the Fourier transform ¢(&) of ¢(x) vanishes outside the unit ball |{] < 1
(b)p(€) =1on ¢ < 3.

In some applications, one might wish to assume that ¢(z) is a radial
function, a property which is not needed in what follows.

For j € N, we introduce the dilated function ¢;(z) = 2" ¢(27z) and
denote by \S; the convolution operator with ;. In other words, S;(f) = f*p;.
Using the Fourier transformation we obtain

[S;(NNE) = 82776 f(€) (18.4)

In signal processing, S; is called a low-pass filter since it retains only those
frequencies which are less than a cut-off frequency which is here 27. For math-
ematicians S; is a mollifier or an approximation to the identity.

The speed of convergence of S;(f) towards f is related to the smoothness
of f and the goal of the Littlewood-Paley theory is to give a precise meaning
to this remark. For studying this speed of convergence, one is led to use series
expansions instead of sequences. Therefore we introduce

Aj = Sj+1 — Sj (185)
and observe that

I =S+ 4 (18.6)
0

This identity can be applied to any tempered distribution f :

f=50(F)+ > 4(f) (18.7)
0

The function A;(f) belongs to C*°(R") and is named a dyadic block. Indeed
the Fourier transform of A;(f) is supported by the dyadic annulus I; de-
fined by 271 < |¢] < 29+, In signal processing, this operator Aj is called a
‘band-pass filter’. It retains only the frequencies which belong to the dyadic
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annulus I';. These dyadic annuli are named channels in signal processing. The
expansion of f given by (18.6) can be viewed as a decoupling of this function.
Indeed the dyadic blocks A;(f) are (almost) orthogonal. More precisely, if
lj" — j| > 2, Aji(f) is orthogonal to A;(f) in L% When Littlewood-Paley
analysis is applied to L?, decoupling means that one can freely multiply the
dyadic blocks by a bounded sequence of real numbers and the new expansion
still is an LP function. More pecisely we have

CoIfllo < ISHle < CL@)II 1l (18.8)

when 1 < p < oo and when S(f)(z) = (|So(f)(x)[2 + 3214, (F)(@)[2)/* as
above.

The dyadic blocks A;(f) are well localized in the frequency domain. How-
ever they are not localized with respect to the variable z and the goal of wavelet
analysis is to impose both localizations. This would contradict Heisenberg’s
uncertainty principle, unless the localization with respect to the space vari-
able reads = € @ where Q is a dyadic cube with side length d ~ 277, This is
exactly the localization which will be imposed to wavelets in the next section.

A Littlewood-Paley analysis of f is given by the right-hand side of (18.7).
This decomposition obviously depends on the choice of ¢ but the properties
we want to discuss do not.

The function which plays the key role in a Littlewood-Paley analysis is
not p(x) but ¥(z) = 2"p(2z) — ().

Let us stress a few properties satisfied by 1

(a) ¢ belongs to Sp(R™)

(b) the Fourier transform (&) of 4 is supported by the annulus 1/2 < |¢] < 2
() (@) +1(2) =1 if F<[g<1

DY w1 i £E0

(e) A;(f ) X where 1);(z) = 2™ (2 x).

In (a) So(R™) denotes the subspace of the Schartz class S(R™) defined by the
condition

/xaf(x) de =0, «aeN" (18.9)

The function v is the prototype of a wavelet and Littlewood-Paley analysis is
the first step towards wavelet analysis. Indeed the analyzing wavelet ¥ satisfies
the localization, smoothness and the vanishing moment conditions which will
be imposed on an analyzing wavelet. Let us however stress a few differences
between v and the mother wavelet of an orthonormal wavelet analysis. For
obtaining an orthonormal wavelet basis, conditions (c¢) and (d) should be
replaced by

OO + b =1
(T D@ =1 if £#0.

Thes remarks will be further detailed in the next section.
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There is a second and more involved version of the Littlewood-Paley analy-
sis where (18.6) is replaced by a summation running from —oo to +oo. Before
being more specific, let us give three examples where this new brand of a
Littlewood-Paley analysis is crucially needed.

In physics, this definition is relevant whenever there is no reference scale,
in other words, when large scales are as important as small scales. A specific
example is given by Navier-Stokes equations or turbulence. Many scientists
think that one of the main problems in Navier-Stokes equations or turbulence
is the coupling between small and large scales. Such couplings between scales
might be related to the elusive ‘butterfly effect’ in atmospheric turbulence.

A similar problem concerns wavelet analysis. Should one use wavelet analy-
sis to investigate large scale behavior? This problem was often raised by Jean
Morlet. Jean Morlet thought that wavelet analysis should only be used for
analyzing behaviors at small scales.

There are many other examples where large scales are as important as
the small scales. For instance, let us consider the Brownian motion or the
fractional Brownian motion. If the standard Brownian motion is excepted,
the fractional Brownian motions or more generally the ‘1/f’ processes, have
a remarkable property named ‘long memory’. This long memory concerns the
large scale behavior and is related to some ‘infrared divergence’ of the spectral
density. The fractional Brownian motion is an example of Gaussian processes
with stationary increments. A standard Fourier analysis does not make any
sense in this context, as it was stressed by B. Picinbono. The correct tool for
analyzing these processes is a Littlewood-Paley analysis.

A third example is given by homogeneous function spaces. Let us be more
precise. A function space is defined as a Banach space E which is continuously
embedded inside §’(R™). A function space E is homogeneous if its norm ||.|| g
is translation invariant and satisfies a scaling law.

Definition 18.1. The norm ||.||g satisfies a scaling law if there exists an ex-
ponent « such that for every f in E and every positive A we have

1f e = AN fle (18.10)

Many function spaces do have this property. Let us list Lebesgue L? spaces,
Hardy spaces, homogeneous Besov spaces etc. However many mathematicians
prefer non-homogeneous space since homogeneous spaces are often quotient
spaces.

Let us now return to the second form of a Littlewood-Paley analysis.

We still define A; by (18.4) but now negative values of j are allowed.
Similarly S is still defined by (18.3) with j € Z.

Then we still have A; = S;41 —S; and we would like to know if the
following identity is true

=40 (18.11)
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Tt is obvious that (18.11) cannot be true for any f € S'(R™). Indeed
any polynomial P is a counter-example since A;(P) = 0 identically. However
there are many functional spaces E C §’'(R"™) for which (18.11) is valid : when
f € E, the right-hand side of (18.11) converges to f in E.

This problem is related to the properties of “an infra-red cut-off” which
deletes all low frequencies components in (18.11). Let us be more specific and
give a precise definition.

Let 6(§) be a function in C*°(R"™) such that

(@)6(©) =0 i |g<1
Do =1 i ¢ >2.

This function is defined in the Fourier domain and the problem raised by
the convergence of the right-hand side of (18.11) can be reformulated with the
following definition.

Definition 18.2. An infra-red cut-off is a sequence of linear mappings defined
on tempered distributions [ by

~

fo€) = 02°€) f(§), qeN (18.12)

The convergence issue in (18.11) is related to an infra-red cut-off. In-
deed NI A(F) = Sn(f) — S_n(f). Since ¢ € S(R™) and [ o(x)dx =
1, we obviously have Sy(f) — f in S'(R™). We need to know whether
S_n(f) — 0in 8’'(R™). Using the Fourier transformation, this can be rewrit-
ten $(2V€) f(€) = 0 (N — +00).

We now define 0(§) = 1 — ¢(£) and our problem can be restated as

0(29€) (&) = f (&) — f(&),  q— +o0. (18.13

)
If So(R") is dense in E, then ||f; — fllg — 0 (¢ — +00). then (18.11)
holds. This applies to E = LP(R") when 1 < p < oo but not to £ = L}(R")
or to E = L>®(R™). In both cases (18.11) does not hold. Before leaving these
observations, let us give a quantitaive version of (18.11) when F = LP(R").

We define S(f)(z) = (3, |Aj(f)(m)|2)l/2 and we have, as in (18.8),
Co@fllp < 1SNl < CL@) f1l (18.14)

We now return to the space S’'(R™) of tempered distributions and give
another solution to the problem of the infra-red cut-off. This approach does
not yield (18.11) but instead provides us with a weaker conclusion.

Proposition 18.1. If f(x) is any tempered distribution, there exists an inte-
ger N and a sequence Py(x) of polynomials of degrees less than or equal to N
such that

q—-+oo

0 [e%)
f(x)= lim {Z A5(f) qu} LA (s5)
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Let us observe that (18.15) is consistent with the fact that Littlewood-
Paley analysis is blind to polynomials. It implies that some ‘floating plolyno-
mials’ are needed to fix the algorithms.

This proposition will be illustrated with the example of the homogeneous
Besov spaces B;’;’o when the regularity exponent s is a real number. Applying
a wavelet analysis or a Littlewood-Paley decomposition will raise the same
issues which concern the role of floating polynomials in (18.15).

These are characterized by

14;(f)lle < C279%,  jEZ (18.16)

If the regularity exponent s is positive, then this Besov space ngx’ is usu-
ally denoted by C* and named a Holder space. It is defined modulo polynomials
of degrees not exceeding s. Let us observe that any polynomial whatever his
degree satisfies (18.16). If (18.16) was exactly defining C*, we would face the
following problem: all polynomials, whatever be their degree would belong
to C* while only polynomials with degrees not exceeding s do belong to C*.
In other words, in Proposition 18.1, the degree of the floating polynomial is
related to the order of the distribution f. The same relation holds in the case
of Hélder spaces. Let us observe that if s is negative, there are no floating
polynomials.

We would like to end this section by defining other Besov spaces which have
been used in a systematic way throughout this book. These spaces depend on
three indices; the first one measures the smoothness and is denoted by s, the
second one gives a small improvement on the regularity measurement and
the third one tells us what is the functional norm which is used for these
regularity measurements. Moreover these spaces exist as homogeneous spaces
or non-homogeneous spaces. Finally they are either spaces of functions (or
generalized functions) or spaces of tempered distributions.

Let us begin with the simpler definition of the non-homogeneous Besov
spaces.

Definition 18.3. Let s be a real number and p,q be two exponents belonging
to [1,00]. Then a tempered distribution f € S'(R™) belongs to B, ?(R") if and
only if the following two conditions are satisfied

12;(Nll, <2775, jeZ € €ldN) (18.17)
and

[So(H)llp < C (18.18)
The norm of f in By 4(R") is the sum between C and the 1%(Z) norm of ¢;.

If p = ¢ = oo, this Besov space coincides with the non-homogeneous Besov
space C*. If p = ¢ = 2, we find the standard Sobolev space.



178 Yves Meyer

A second definition will provide us with homogeneous spaces. We erase
condition (18.18) and impose (18.17) on all j € Z. But this definition immedi-
ately raises a difficult problem. The homogeneous Besov space B;vq(R”) is no
more embedded inside §'(R") in general. Indeed this embedding is equivalent
tos<n/pifl<p<ocorl<qg<ooandtos<nifl=p=gqg When
s > n/p and when either p or ¢ is larger than 1, then B;;'*’(R”) is a space of
functions modulo polynomials. The degrees of these floating polynomials does
not exceed s — n/p.

19 Littlewood-Paley Analysis and Wavelet Analysis

Wavelet analysis is an alternative to the standard Fourier analysis. This alter-
native is aimed at improving the representation and processing of some large
classes of signals, images, functions or operators. Wavelets should provide us
with fast algorithms which yield (1) accurate approxzimations and (2) sparse
and robust expansions.

The first example which illustrates these remarks concerns accurate ap-
proximations. The story begins in the nineteen century with the following
unpleasant fact: the Fourier series expansion of a continuous function may
diverge at a given point. This counter-example raised the following prob-
lem: could an orthonormal basis h, (x), n € N, of L?[0, 1] have the property
that the expansion of any continuous function f(z) € C[0, 1] converges uni-
formly to f(2)? In his dissertation submitted in July 1909 at the University
of Gottingen, A. Haar constructed what we today call the Haar basis and
proved that this basis is a solution to the problem. The structure of the Haar
basis is identical to the general structure of a wavelet basis. It is given by
ho(x) = 2920270 — k), n=2 +k 0<k <2 —1,5j>0. Here h(z) = 1 on
[0,1/2),-1 on [1/2,1) and h(x) = 0 outside [0, 1). The approximation to f(z)
which given by its expansion in the Haar basis coincides with the ordinary
approximation of a continuous function f(z) by piecewise constant functions
f;(z) with jump discontinuities at dyadic points k277, 0 < k <27 — 1.

A similar question can be raised when f(z) has m continuous derivatives.
We then write f € C™[0,1]. Does the corresponding expansion in the Haar
basis converges to f in the C" norm? The answer is obviously no and adapted
bases were constructed by Ph. Franklin (1927). These new bases heavily de-
pend on m and their algorithmic structure is not as simple as in the Haar
basis. New orthonormal wavelet bases were constructed by Ingrid Daubechies
(1987) and provide a much more interesting solution. Moreover these bases
come equipped with fast algorithms. These fast algorithms have been previ-
ously discovered in signal and image processing (1982) and are called subband
coding.

The second example concerns robust expansions. In the abstract theory of
Banach spaces robust expansions are related to unconditional bases. An uncon-
ditional basis e,,n € N, of a Banach space E is defined by the following two
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properties: (a) each z € E has a unique expansion as a series = Y ay, €,
and (b) this expansion still converges to x whatever be the permutation im-
posed to the terms. In (a) and (b) convergence has the strongest meaning
which is defined by the norm in E. Condition (b) is then equivalent to the
seemingly stronger property (c): if (A,) € [°°(IN) is any bounded sequence
and if x = Zgo ay, €,, then the series Zgo AnQu, e, still converges in E to
y = M (x). This leads us to another equivalent condition (d): for any multiplier
sequence (\,,) € [°°(N), the operator M defined by M (e,) = \pen, n € N, is
bounded on FE.

In 1938, Marcinkiewicz proved that the Haar system is an unconditional
basis for L”[0,1] when 1 < p < co.

We now turn to operator theory. Given a class 7 of operators acting on
some Hilbert space H, we wish to represent these operators in the simplest
possible way. If the collection 7 consists of self-adjoint operators which com-
mute, then one can find an orthonormal basis in which these operators are
simultaneously diagonalized. If these conditions are not fulfilled, we instead
look after an orthonormal basis in which the operators T' € 7 are represented
by banded matrices or matrices with a strong off-diagonal decay. If it is pos-
sible, it paves the way to the existence of fast algorithms for computing the
product between two operators in 7. This program can be completed when
7T consists of singular integral operators of Calderén-Zygmund type [26].

What can be said about sparsity or best bases? This fundamental issue
will be illustrated by a simple example. Let us consider a Hilbert space H
and a compact subset B C H. We would like to find an orthonormal basis
en,n € N, such that, for each n > 0, the errors p, = supy,epy ||z — 2| have
the strongest decay rate. Here x,, is the best approximation to x by a linear
combination of at most n terms among the basis sequence (these n terms are
not the first n terms in general). Compression algorithms for signals or images
are related issues.

In many interesting cases a near optimal solution to these four problems
is provided by an orthonormal wavelet basis. Moreover wavelets come along
with fast and efficient algorithms which implement Littlewood-Paley analysis.
Let us explain this connection.

There exists a 1-D orthonormal wavelet basis where both the ‘mother
wavelet’ b and the ‘scaling function’ ¢ belong to the Schartz class S(R).
Moreover the scaling function and the corresponding wavelet have the follow-
ing properties

(a)@(§) =1, [ <2n/3
(b)@(§) =0, || >4n/3
(€) ST |p(6 + 2km)? =1, —00 < € <00

and these properties are close to the corresponding ones in a Littlewood-Paley
analysis. Let S; denote the convolution operator with 27¢(27x) and similarly
let A; denote the convolution operator with 27¢)(2’x). In an orthonormal
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wavelet analysis one insists on getting SJQ- + A? = SJ2 1 while in a Littlewood-
Paley analysis, one is satisfied with S; + A; = S;11. The first requirement
implies that energy estimates are preserved since the operators .S; are selfad-
joint.

A second remark concerns the definition of wavelet coefficients. If ¢ is a
mother wavelet in some orthonormal wavelet basis, then the wavelet coeffi-
cients of a function f and the dyadic blocks of the corresponding Littlewood-
Paley expansion are related by

Aj[fl(k277) = 2072 4 = 2012 < f 4 1> (19.1)

In other words, once the dyadic blocks have been computed, then the
wavelet coeflicients are obtained by a down-sampling which, waving a hand, is
consistent with Shannon’s theorem. Here we have been sloppy since Shannon’s
theorem implies that the fine grid I'; = 277Z should be replaced by a finer one
given by (3/8)I7. In other words, Shannon’s theorem does not explain why
a function can be recovered from its wavelet coefficients. To be more precise,
this does not hold for a given j. Information which is not provided by a given
j is coming from j + 1.

This connection between wavelet analysis and signal processing is not sur-
prising, since most of the ideas and tools which have been developed in wavelet
based algorithms were indeed implicit in signal processing. For instance mul-
tiresolution analysis mirrors the pyramidal algorithms of Burt and Adelson.
Similarly quadrature mirror filters or subband coding are almost identical to
an orthonormal wavelet analysis. However many scientists belonging to the
signal processing community are still shocked by the fact that wavelet analysis
does not respect Shannon’s theorem stricto sensu.

Wavelet analysis is almost identical to Littlewood-Paley theory. It implies
that all the well known characterizations of function spaces in terms of size
estimates on dyadic blocks immediately translate into characterizations in
terms of size estimates on wavelet coefficients. As an obvious consequence,
wavelet bases are unconditional bases for such function spaces.

This section will end with describing the three-dimensional wavelets which
are generated by the above mentioned basis. For constructing these 3-D
wavelets, we need both the one-dimensional wavelet ) and the corresponding
scaling function ¢. Then the three 3-D mother wavelets are

Y1(x1, 20, 73) = P(21)0(T2)P(23)
Vo1, 2, 73) = @(z1)1h(22)p(23)
Y3(w1, 2, 3) = @(z1)p(T2)Y(23)
Ya(w1, 2, 73) = P(21)Y(22) P (73) (19.2)
V5(21, 2, 73) = @(w1)1(22)P(73)
VYe(x1, 02, 23) = Y(w1)0(22)(23)
Yr(w1, 00, w3) = P(21)Y(12)(73)

The 3-D wavelet analysis is described by the following theorem:
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Theorem 19.1. Keeping the same notations as in (19.2), we have:

(a) each (21, w2, 23) belongs to the Schwartz class S(R3) and all moments
vanish: [z, (z)dz =0 (o € N?)
(b) 23j/2wm(2j$1 —k1,2jl‘2 — ks, 2j$3 —/4,‘3)7 jE€Z, k= (k‘l, ko, ]413) S ZS, m =
2,3,4,5,6,7, is an orthonormal basis for L*(R3).

This basis is an unconditional basis for all function spaces if one excepts
those which are built on L' or L>. The latter spaces do not admit an uncon-
ditional basis. For simplifying the notations, the orthonormal wavelet basis
239/, (22 —k),m = 1,2,3, j € Z, k € Z3, of Theorem 16.2 will be indexed
by the corresponding dyadic cube Q = {z; 272 — k € [0,1]?} and written in
short ¥g(z). Let Q be the collection of all such dyadic cubes @. The index
m will be forgotten in the following theorem. If the mother wavelet ¢» was re-
placed by the indicator function of [0, 1], then the support of 237/24),, (2 z—k)
would be the dyadic cube () and the actual wavelet v is almost supported by
Q. Most of the classical functional spaces are characterized by size estimates
on wavelet coefficients. Fot instance the space BMO admits the following
characterization.

Theorem 19.2. Let f(x) € S'(R3) be a tempered distribution. Then f belongs
to BMO if and only if its wavelet coefficients ag =< f,9pg > satisfy the
following size condition: there exists a constant C' such that for each dyadic

cube R we have
S Jagl < CIR| (19.3)
QCR

Moreover f belongs to the KochéTataru space if and only if

> 27%¥]ag|* < C|R| (19.4)
QCR

This theorem is attractive and one cannot hope for a simpler analysis of BMO
anf of the Koch&Tataru space. Let us mention that Theorem 19.1 would not
true if our wavelet basis was replaced by the Haar basis.

The characterization of the homogeneous Besov spaces Bq_(l_g/(”’oo, 3<
q < oo is as simple. It is here convenient to change the normalization of the
wavelets and to write 3(j, k) = [ f(z)2%¢(27x — k) dz. We then have

Theorem 19.3. Let f(x) € S’(R3) be a tempered distribution. Then f belongs

to B (1=3/q),00 if and only if there exists a constant C' such that, for each

Jje Z its normalized wavelet coefficients B(j, k) satisfy

Z 18, k)% < C 2 (19.5)

It is then obvious that B;(1_3/q)’°° = B, C B, when ¢ < r. When ¢ = o0
(19.5) simply reads |3(j, k)| < C27, j € Z.
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This section indicates that wavelet bases are a marvellous tool for facing

theoretical problems but might be clumsy in practice, as the lengthy list (19.2)
shows.

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

S. Alinhac and P. Gérard, Opérateurs Pseudo-différentiels et Théoreme de
Nash-Moser. Savoirs Actuels. Editions du CNRS (1991).

L. Ambrosio. Corso introduttivo alla teoria geometrica della Misura ed alle
Superfici Minime. Scuola Normale Superiore Lecture Notes, Pisa, (1997).

C. Amrouche, V. Girault, M. E. Schonbek, T. P. Schonbek Pointwise Decay
of Solutions and of higher derivatives to Navier—Stokes Equations, STAM J.
Math. Anal., 31, N. 4, 740-753, (2000).

J. M. Ball, Remarks on blow-up and nonezxistence theorems for non-linear par-
abolic evolution equations, Quart J. Math. Oxford Ser. 28 (1977) 473-486.

G. Battle, P. Federbush, Divergence-free vector wavelets, Mich. Math. J., 40,
181-195 (1993).

G. Berkooz, P. Holmes, J. L. Lumley, The proper orthogonal decomposition in
the analysis of turbulent flows, Annu. Rev. Fluid Mech., 25, 539-575 (1993).
J-M. Bony, Calcul symbolique et propagation des singularités pour les equations
auz dérivées partielles non linéaires. Ann. Sci. ENS (1981) 209-246.

G. Bourdaud, Réalisation des espaces de Besov homogenes, Ark. Mat., 26,
N. 1, 41-54 (1988).

G. Bourdaud, Localisation et multiplicateurs des espaces de Sobolev homogénes
Manuscripta Mathematica, 60, 93-130 (1988).

G. Bourdaud, Ondelettes et espaces de Besov, Rev. Mat. Iberoamericana, 11,
N. 3, 477-512 (1995).

A. Braides. Approzimation of free discontinuity problems. Lecture Notes in
Mathematics no. 1694, Springer (1991).

L. Brandolese, On the Localization of Symmetric and Asymmetric Solutions of
the Navier—Stokes Equations dans R", C. R. de ’Acad. de Sciences de Paris,
t. 332, Série I, 125-130 (2001).

L. Brandolese, Ph.D. Dissertation (to be asked to
ymeyer@cmla.ens-cachan.fr).

L. Brandolese, Y. Meyer, On the instantaneous spreading for the Navier—Stokes
system in the whole space, A tribute to J. L. Lions. ESAIM Control Optim.
Calc. Var. 8 (2002), 273-285 (electronic).

L. Caffarelli, R. Kohn, L. Nirenberg, Partial regularity of suitable weak solutions
of the Navier—Stokes equations, Comm. Pure Appl. Math, 25, 771-831 (1982).
C.P. Calderén, Existence of weak solutions for the Navier-Stokes equations
with initial data in LP. Trans. AMS 318 (1990) 179-200.

M. Cannone, Ondelettes, paraproduits et Navier—Stokes, Diderot Editeur7
(1995).

M. Cannone, F. Planchon, On the regularity of the bilinear term for solutions
to the incompressible Navier—Stokes equations, Rev. Mat. Iberoamericana, 16,
N. 1, 1-16, (2000).

A. Carpio, Large time behavior in the incompressible Navier—Stokes equations,
SIAM J. Math. Anal., 27, N. 2, 449-475 (1996).



20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Oscillating Patterns in Some Nonlinear Evolution Equations 183

Th. Cazenave and F. Weissler. The Cauchy problem for the critical nonlinear
Schrédinger equation in H®. Nonlinear Anal. T.M.A. 14 (1990) 807-836.

Th. Cazenave and F. Weissler. Asymptotically self-similar global solutions of
the nonlinear Schrédinger and heat equations, Math. Zeit. 228 (1998), 83-120.
J.-Y. Chemin, Fluides parfaits incompressibles, Astérisque, 230 (1995).

A. Cohen. Numerical analysis of wavelet methods. Handbook of numerical
analysis, P.G.Ciarlet and J.L.Lions eds. (1999).

A. Cohen, R. DeVore, P. Petrushev and H. Xu. Nonlinear approximation and
the space BV (R?), American Journal of Mathematics, 121 (1999) 587-628.

A. Cohen, W. Dahmen, I. Daubechies and R. DeVore. Harmonic Analysis of
the space BV. (September 25, 2000)

R. R. Coifman Adapted multiresolution analysis, Computation, Signal process-
ing, and Operator theory. Proceedings of the ICM, Kyoto (1990) pp. 879-888,
Springer-Verlag.

R. R. Coifman, Y. Meyer, Au dela des opérateurs pseudo-différentiels,
Astérisque, 57, seconde édition (1978).

R. R. Coifman, G. Weiss, Extentions of Hardy Spaces and their use in Analysis,
Bull. Amer. Mat. Soc., 83, 569-645 (1977).

P. Constantin, C. Foias, Navier-Stokes equations, The University of Chicago
Press, Chicago, 1988.

Y. Couder, C. Basdevant, Ezxperimental and numerical study of vortex couples
in two-dimensional flows, J. Fluid Mech., 173, 225-251.

R. Danchin, Analyse numérique et harmonique d’un probléme de mécanique des
fluides, These de doctorat, Ecole Polytechnique, Palaiseau, France, Décembre
(1996).

I. Daubechies. Ten lectures on wavelets. STAM Philadelphia (1992).

R. DeVore. Nonlinear approximation. Acta Numerica (1998) pp. 51-150.

R. DeVore, B. Jawerth and V. Popov. Compression of wavelet decompositions.
American Journal of Mathematics 114 (1992) pp. 737-785.

S. Y. Dobrokhotov, A. I. Shafarevich, Parametriz and the Asymptotics of Lo-
calized Solutions of the Navier—Stokes FEquations, Linearized on a smooth Flow,
Institute for problems of Mechanics, Academy of Sciences of USSR. Translated
from Matematicheskie Zametki, 51, N. 1, 72-82 (1992).

S. Y. Dobrokhotov, A. I. Shafarevich, Some Integral Identities and Remarks
on the Decay at Infinity of the Solutions to the Navier—Stokes Equations in the
Entire Space, Russ. J. Math. Phys. Vol. 2, N. 1, 133-135 (1994).

D. Donoho Abstract statistical estimation and modern harmonic analysis. Pro-
ceedings of the ICM, Ziirich (1994) pp. 997-1005 Birk&duser.

D. Donoho, R. DeVore, 1. Daubechies and M. Vetterli. Data compression and
harmonic analysis, IEEE Trans. on Information Theory, Vol. 44, No 6, October
1998, 2435-2476.

M. Farge, Transformée en ondelettes continue et application a la turbulence,
Soc. Math. de France, 5 mai (1984).

M. Farge, M. Holschneider, J. F. Colonna, Wavelet Analysis of Coherent Struc-
tures in Two-Dimensional Turbulent Flows, Topological Fluid Mech., Ed. Keith
Moffat, Cambridge University Press.

P. Federbush. Navier and Stokes meet the wavelet. Communications in Math-
ematical Physics 155 (1993) 219-248.

C. L. Fefferman, Ezistence and Smoothness of the Navier—Stokes Equation,
Princeton, NJ 08544-1000, May 1 (2000).



184

43.

44

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Yves Meyer

M. Frazier, B. Jawerth, G. Weiss, The Littlewood—Paley Theory and the study
of Function spaces, CBMS Regional Conf. Series in Math., 79, Amer. Math.
Soc., Providence, (1991).

. P. Frick, V. Zimin, Hierarchical models of turbulence. Wavelets, Fractals and
Fourier Transforms, Farge et al. eds. New York, Clarendon, 265-283, (1995).

Y. Fujigaki, T. Miyakawa, Asymptotic profiles of non stationary incompressible
Navier—Stokes flows in R"and Rl. Mathematical analysis in fluid and gas
dynamics (Japanese) (Kyoto, 2000). Surikaisekikenkyusho Kokyuroku No. 1225
(2001), 14-33

H. Fujita and T. Kato. On the Navier-Stokes initial value problem I, Arch.
Rational Mech. Anal. 16 (1964) 269-315.

G. Furioli, P-G. Lemarié-Rieusset and E. Terraneo. Sur l'unicité dans L*(R?)
des solutions ‘mild’ des équations de Navier-Stokes. C. R. Acad. Sciences Paris,
Série 1 (1997) 1253-1256.

G. Furioli, P-G. Lemarié-Rieusset, E. Zahrouni and A. Zhioua. Un théoréme
de persistance de la régularité en norme d’espaces de Besov pour les solutions
de H. Koch et D. Tataru des équations de Navier-Stokes dans R®, CRAS Paris,
t. 330, Série T (2000)

G. Furioli, P.G. Lemarié-Rieusset et E. Terraneo, Unicité L*>(R?) et d’autres
espaces fonctionels limites pour Navier—Stokes, Rev. Mat. Iberoamericana, 16,
N. 3, 605-667 (2000).

G. Furioli, Applications de l’analyse harmonique réelle a ’étude des équations
de Navier—Stokes et de Schrodinger non linéaires, These, Univérsité d’Orsay
(1999).

G. Furioli, E. Terraneo, Molecules of the Hardy space and the Navier—Stokes
equations, Funkcial Ekvac., 45 (2002), no. 1, 141-160.

T. Gallay, C. E. Wayne, Long-time asymptotics of the Navier-Stokes and vor-
ticity equations on R3, Recent developments in the mathematical theory of
water waves (Oberwolfach, 2001). R. Soc. Lond. Philos. Trans. Ser. A Math.
Phys. Eng. Sci. 360 (2002), no. 1799, 2155-2188.

T. Gallay, C. E. Wayne, Invariant manifolds and the long-time asymptotics of
the Navier—Stokes equations on R?, Arch. Ration. Mech. Anal. 163 (2002), no.
3, 209-258.

Y. Giga, T. Miyakawa, Navier-Stokes Flow in R® with Measures as Initial
Vorticity and Morrey Spaces, Commun. in Partial Diff. Equations, 14, 5, 577—
618 (1989).

Y. Giga, T. Miyakawa, H. Osada, Two dimensional Navier—Stokes flow with
measures as initial vorticity, Arch. Rational Mech., 104, N. 3, 223-250 (1988).
R. Hanks, Interpolation by the Real Method between BMO, L%(0 < a < o0),
and H*(0 < a < 00), Indiana Univ. Math. J., 26, N. 4 (1977).

C. He, Z. Xin, On the decay properties of Solutions to the nonstationary Navier—
Stokes Equations in R3, Proc. Roy. Edinbourgh Soc. Sect. A, 131, N. 3, 597
619 (2001).

S. Jaffard, Y. Meyer, Wavelet Methods for Pointwise Regularity and Local Os-
cillations of Functions, Memoirs Amer. Math. Soc., 123, N. 587 (1996).

S. Jaffard, Y. Meyer, On the pointwise regqularity of functions in critical Besov
Spaces, J. of Funct. Anal., 175, 415-434 (2000).

J-P. Kahane and P-G. Lemarié-Rieusset. Fourier Series and Wavelets. Gordon
and Breach Science Publishers (1996).



61

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
7.
78.

79.

80.

81.

82.

Oscillating Patterns in Some Nonlinear Evolution Equations 185

. R. Kajikiya, T. Miyakawa, On L? Decay of Weak Solutions of the Navier—
Stokes Equations in R™, Math Z., 192, 135-148 (1986).

T. Kato, Strong LP-Solutions of the Navier—Stokes Equations in R™, with ap-
plications to weak solutions, Math. Z., 187, 471-480 (1984).

T. Kato, The Navier-Stokes equations for an incompressible fluid in R? with
a measure as initial velocity, Diff. and Int. Equations, 7, 949-966 (1994).

T. Kato, Strong Solutions to the Navier—Stokes Equations in Morrey Spaces,
Bol. Soc. Bras. Mat., 22, N. 2, 127-155 (1992).

T. Kato, H. Fujita, On the non-stationary Navier—Stokes system, Semin. Mat.
Univ. Padova, 32, 243-260 (1962).

T. Kato and G. Ponce, Commutator estimates and the Fuler and Navier-Stokes
equations. Comm. in PDE 41 (1988) 891-907.

H. Koch and D. Tataru. Well-posedness for the Navier-Stokes equations, Ad-
vances in Mathematics, 157 (2001) 22-35.

O. Ladyzenskaija, The mathematical theory of viscous incompressible flow, Gor-
don and Breach, New York, English translation, Second edition (1969).

P-G. Lemarié-Rieusset. Recent developments in the Navier-Stokes problem
Capman& Hall, Research Notes in Mathematics 431.

P.G. Lemarié-Rieusset, Analyses multirésolutions non-orthogonales, commuta-
tion entre projecteurs et dérivation et ondelettes vecteurs a divergence nulle,
Rev. Mat. Iberoamericana, 8, 221-236 (1992).

P.G. Lemarié-Rieusset, Ondelettes et poids de Muckenoupt, Studia Math., 108,
N. 2, 127-147 (1994).

J. Leray, Etude de diverses équations intégrales non linéaires et des quelques
probléemes que pose ’Hydrodynamique, J. .Math. Pures et Appl., 12, 1-82
(1933).

J. Leray. Sur le mouvement d’un liquide visqueuxr emplissant [’espace. Acta
Mathematica 63 (1934) 193-248.

P-L. Lions, N. Masmoudi Unicité des solutions faibles de Navier-Stokes dans
LY (£2). CRAS Paris, 327 (1998) 491-496.

Lu Ting, On the application of the integral invariants and decay laws of vorticity
distributions, J. Fluid Mech. 127, 497-506 (1983).

S. Mallat. A Wavelet Tour of Signal Processing. Academic Press (1998).

Y. Meyer. Wavelets and Operators. Cambridge studies in advanced mathemat-
ics 37 CUP (1992).

Y. Meyer. Wawvelets, paraproducts and Navier-Stokes equations, Current Devel-
opments in Mathematics, 1996, pp 105-212, Ed. Raoul Bott, Arthur Jaffe, S.T.
Yau, David Jerison, George Lusztig, Isadore Singer. International Press.

Y. Meyer. Wavelets, vibrations and scalings, CRM Monograph Series, Vol.9
(1998).

Y. Meyer. Large time behavior and self-similar solutions of some semi-linear
diffusion equations. Essays in Honor of Alberto Calderén, University of Chicago
Press (1999).

Y. Meyer. Wavelets and functions with bounded variations from image process-
ing to pure mathematics. Mathematics towards the Third Millennium. Atti
della Accademia Nazionale dei Lincei, ROMA (2000).

Y. Meyer, Oscillating patterns in image processing and nonlinear evolution
equations. The Fifteen Dean Jaqueline B. Lewis Memorial Lectures. Univeristy
Lecture Series 22 AMS (2001).



186

83

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Yves Meyer

. Y. Meyer and T. Riviere, A partial reqularity result for a class of stationary
Yang-Mills fields in high dimension. Revista Mathematica Iberoamericana, 19,
(2003) 195-219.

T. Miyakawa, Hardy spaces of soleinoidal vector fields, with applications to the
Navier-Stokes equations, Kyushu J. Math., 50, 1-64 (1996).

T. Miyakawa, Application of Hardy Space Techniques to the Time-Decay Prob-
lem for Incompressible Navier—Stokes Flows in R", Funkcial. Ekvac., 41, 383—
434 (1998).

T. Miyakawa, On space time decay properties of nonstationary incompressible
Navier—Stokes flows in R™, Funkcial. Ekvac., 32, N. 2, 541-557 (2000).

T. Miyakawa, M. E. Schonbek, On Optimal Decay Rates for Weak Solutions to
the Navier—Stokes Equations in R"™, Proceedings of Partial Differential Equa-
tions and Applications (Olomouc, 1999). Math. Bohem. 126 (2001), no. 2,
443-455.

S. Monniaux. Uniqueness of mild solutions to the Navier-Stokes equation and
mazimal LP-regularity, CRAS. Paris, t. 328, Série I (1999) 663-668.

B. Muckenhoupt, Wheighted norm inequalities hor the Hardy Maximal func-
tion, Trans. Amer. Soc., 165, 207-226 (1972).

F. Oru. Le réle des oscillations dans quelques problémes d’analyse non-linéaire.
These. CMLA. ENS-Cachan (9 Juin 1998).

J. Peetre. New thoughts on Besov Spaces. Duke Univ. Math. Series (1976).

F. Planchon. On the Cauchy problem in Besov spaces for a mnonlinear
Schrodinger equation, Communications in Contemporary Mathematics (2000),
243-254.

F. Planchon, Solutions globales et comportement asymptotique pour les
équations de Navier-Stokes, These, Ecole Polytechnique (1996).

E. Sawyer, Multipliers of Besov and power-weighted L*-spaces, Indiana, Univ.
Math. J. 33, 353-366 (1984).

M. E. Schonbek, L? decay for Weak Solutions of the Navier-Stokes Equations,
Arch. Rat. Mech. Anal., 88, 209-222 (1985).

M. E. Schonbek, Large Time Behavior of Solutions to the Navier—Stokes Equa-
tions, Comm. in Partial Diff. Equations, 11, N. 7, 733-763 (1986).

M. E. Schonbek, Lower Bounds of Rates of Decay for Solutions to the Navier-
Stokes Equations, J. of the Amer. Math. Soc., 4, N. 3, 423-449 (1991).

M. E. Schonbek, Some results on the Asymptotic Behaviour of Solutions to
the Navier—Stokes Equations, dans The Navier—Stokes Equations Il — The-
ory and Numerical Methods, Proceedings, Oberwolfach 1991, Lecture Notes in
Mathematics, 1530, 146-159.

M. E. Schonbek, Asymptotic Behaviour of Solutions to Three-Dimentional
Navier-Stokes Equations, Indiana Univ. Math. J., 41, N. 3, 809-823 (1992).
M. E. Schonbek, T. P. Schonbek, On the boundedness and decay of moments
of solutions of the Navier—Stokes equations, Advances in Diff. Eq., 7-9 July-
September (2000).

M. E. Schonbek, T. P. Schonbek, E Siili, Decay results to the Magneto Hydro-
dynamics equations, Mathematische Annalem, 304, N. 4, 717-756 (1996).

J. Serrin, The initial value problem for the Navier—Stokes equation, Nonlinear
Problems, Proc. Symp. MRC Univ. Wisconsin, Madison, 69-98 (1963).

K. Schneider, M. Farge, Numerical Simulation of a mizing layer in an adaptive
wavelet basis, C. R. Acad. Sci. Paris, t. 328, Série II, b, Mécanique de fluides,
263-269 (2000).



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Oscillating Patterns in Some Nonlinear Evolution Equations 187

H. Sohr, W. von Wahl, M. Wiegner, Zur Asymptotik der Gleichungen von
Navier—Stokes, Nachr. Acad. Wiss. Gottingen (1987).

E. M. Stein. Singular integrals and differentiability properties of functions.
Princeton University Press, Princeton, NJ (1970).

E. M. Stein. Harmonic Analysis: Real-Variable methods, orthogonality and os-
cillatory integrals. Princeton University Press, Princeton, NJ (1993).

S. Takahashi, A wheighted equation approch to decay rate estimates for the
Navier-Stokes equations, Nonlinear Analysis, 37, 751-789 (1999).

M. E. Taylor, Pseudodifferential operators and monlinear PDE. Birkh&user
(1991).

R. Temam, Navier—Stokes equations. Theory and numerical analysis, third edi-
tion, Studies in Mathematics and its applications, vol. 2, North Holland Pub-
lishing Co., Amsterdam-New York (1984).

R. Temam, Some developements on Navier—Stokes equations in the second half
of the 20th century, dans “Développements des Mathématiques au cours de la
seconde moitié du XXeme siecle”, J.P. Pier Editor (1998).

E. Terraneo. Sur la non-unicité des solutions faibles de l’équation de la chaleur
non linéaire avec non-linéarité¢ u*, CRAS. Paris t. 328, Série I (1999) 759-762.
E. Terraneo, Applications de certains espaces de [’analyse harmonique auz
équations de Navier—Stokes et de la chaleur non linéaires, These, Université
d’Evry—Val d’Essonne (1999).

H. Triebel, Theory of Function Spaces, Birkhéuser Verlag, Basel-Boston,
(1977).

F. Weissler. Local existence and nonexistence for semilinear parabolic equations
in LP. Indiana Univ. Math. J. 29 (1980) 79-102 J. (1980) 79-102.

M. Wiegner, Decay Results for Weak Solutions of the Navier—Stokes Equations
on R™, J. London Math. Soc., 2, N. 35, 303-313 (1987).

M. Wiegner, Decay of the Loo-norm of solutions of the Navier-Stokes equations
in unbounded domains, Acta Appl. Math., 37, 215-219 (1994).

M. Yamada, K. Ohkitani, Orthonormal Wavelet Expansion and its Application
to Turbulence, Dicaster Prevention Research Institute Kyoto University, Uji
611, Japan ; Departement of Physics, Kyoto University, Kyoto 606, Japan.

A. Youssfi, Localisation des espaces de Besov homogénes, Indiana Univ.
Math. J., 37, 565-587 (1988).

V. Yudovich, Ecoulement non-stationnaire d’un liquide parfait incompressible,
Zhurn. Vich. Mat., 3, 1032-1066 (1963) (en Russe).

W. P. Ziemer, Weakly differentiable functions. Sobolev spaces and functions of
bounded variation, N. 120, Springer-Verlag (1989).

V.D. Zimin, Hierarchic Model of Turbulence, lzvestiya, Atmospheric and
Oceanic Physics, 17, N. 12, UDC 532.517.4, 941-946 (1981).



Asymptotic Analysis of Fluid Equations

Seiji Ukai

Department of Applied Mathematics

Yokohama National University

79-5 Tokiwadai, Hodogaya-ku, Yokohama 240-8501, Japan
ukai@mathlab.sci.ynu.ac.jp

1 Introduction

Nonlinear partial differential equations describing the fluid motion make a long
list, most of which date back to the 19th century or earlier. Among them are
the Boltzmann equation, the Navier-Stokes and Euler equations, compressible
and incompressible, to mention a few. The Newton equation should be also
included in the list as a microscopic fluid equation which consider the fluid to
be a many-particle system. On the other hand, the Navier-Stokes and Euler
equations are macroscopic fluid equations regarding the fluid as a continuum,
and the Boltzmann equation is in-between.

Apart from the Newton equation, they are all nonlinear partial differential
equations, but belong to quite different classes from each other both in the
type as partial differential equation and in the structure of nonlinearity. This
has been raising a variety of challenging and interesting mathematical prob-
lems with important and fruitful results on the theory of nonlinear partial
differential equations. The fluid equations have been and will remain to be a
rich source for the progress of this field.

Obviously, any of the equations mentioned above can be applied to one
and the same fluid. In other words, they must be closely interrelated to one
another. Mathematically, this is a problem of the asymptotic analysis or of
the theory of singular perturbation. Since all the equations are of different
type and nature, this provides a number of highly sophisticated mathematical
problems of asymptotic analysis of nonlinear partial differential equations.
It should be stressed that it is only in these decades that the theory and
method have been developed on the asymptotic analysis of fluid equations
with mathematical rigor. However, the progress was remarkable and results
are fruitful. The aim of the present article is to review this progress and results.
More precisely, we will discuss the mathematical theory and method on the
fluid equations and their asymptotic relations depicted in the following two
figures.

S. Ukai: Asymptotic Analysis of Fluid Equations, LNMCIME 1871, 189-250 (2006)
www.springerlink.com (© Springer-Verlag Berlin Heidelberg 2006
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The first figure is classical. In physics, the following asymptotic diagram
has been believed to be valid for a long time. The explicit forms of the fluid

M —0
o CNS— IC.NS C: compressible
N — 0o [ -7 IC: incompressible
7
Newton I Boltzmann . ly -0 lu -0
e\\‘ NS: Navier-Stokes
o CE — ICE E: Euler
M —0

Fig. 1. N: number of particles, e: mean free path, v: viscosity, M: Mach number

equations mentioned in this figure will be presented in §2. The diagram given
here implies that any fluid equations should originate in the Newton equation
and bifurcate through various level of limits. This is in the spirit of the classical
mechanics that all phenomena should obey the Newton mechanics. The arrows
and physical parameters appearing in Figure 1 indicate which is the nearest
ancestor of each fluid equation and in which physical regime this fluid equation
is valid. For example, it says that the C.E (compressible Euler equation) is
derived from the Boltzmann equation in the zero limit of the mean free path ¢
or the Knudsen number witch is the dimensionless distance between collisions
of gas particles., and therefore that it must be valid in the physical sense in
the regime of small €. To prove this mathematically is our aim.

The second figure we target is a recent one. In the 1990’s, there has been
a remarkable progress of the multi-scale analysis which made possible to es-
tablish other kinds of links that have not been known in the classical diagram
of Figure 1, that is, the direct links (not via compressible macroscopic fluid
equations) between the Boltzmann equations and the incompressible macro-
scopic (Euler and Navier-Stokes) equations. This is indicated in Figure 2. The
explicit formula of the equations appearing in this figure will be given in §2.5,
together with their formal derivation.

Remark 1.1. The reader might notice that the naming in Figure 2 is somewhat
inappropriate. Indeed, it is true for the equations named with ’L’. The L.C.E
(linear compressible Euler equation) has the formal name ’the equation of
acoustic wave’ and L.IC.NS (linear incompressible Navier-Stokes equation)
"the Stokes equation’, while L.IC.E (linear incompressible Euler equation)
is nothing but a trivial equation describing a constant state (see Remark
2.6). Although the present naming is adopted to make explicit the original
equations from which they come by linearization, it is the naming only within
this article.

As stated already, we now have mathematical theories and methods, though
not necessarily enough, on all the asymptotic relations indicated in Figures 1
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\— L}?.NS

C.NS— IC.NS
v

7

e - L: Linear
Newton — Boltzmann l l
CE — ICE
| N
L.CE LIC.E

i f

Fig. 2. Multi-scale Analysis

and 2. The aim of this article is to present some of their main ideas, but the
full proof will be given only for some topics.

At this point, we mention two related open problems which are important
both in mathematics and physics. Checking the above two diagrams, one might
notice that there are some missing rings. They are the links which connect
the Newton equation and macroscopic fluid equations directly, not via the
Boltzmann equation;

Newton — | Fuid
\ T~ Equations

Boltzmann ——

Fig. 3. Missing rings

Verifying the links in this diagram would serve, together with those in
Figure 1 and 2, to establish a unified mathematical picture of a family of fluid
equations. Therefore, many attempts have been done so far also on Figure 3,
but without any essential success up to the present. This is now understood to
be one of big open issues in the mathematical theory of fluid equations. Note
that some results have been established by replacing the Newton equation
by stochastic models of particles, see e.g. [30]. From the physical view point,
however, deterministic models like the Newton equation seems more natural
than stochastic models for the microscopic dynamical law of fluid motion.

Another big open issue is concerned with the boundary layer. As stated
above, all of arrows in Figures 1 and 2 have been more or less verified
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mathematically. But it is only in the setting of the Cauchy problem, and
little is known in the setting of the initial boundary value problem in the
domain with boundary. It is known, and will be reproduced in §5 below, that
the asymptotic analysis on the Cauchy problems can reveal the mathematical
mechanism of the development of the initial layer. Likewise, the mathematical
mechanism of the development of the boundary layer could be well understood
if the asymptotic relations indicated in the diagrams of Figures 1 and 2 could
be established for the case of initial-boundary value problems. It is noted that
all the successes achieved so far are limited to the case where the boundary
conditions are essentially the same both for the starting and limit equations,
so that no boundary layers develop.

A famous example is the zero viscosity limit of the incompressible Navier-
Stokes equation with the zero Dirichlet boundary condition. This is one of
fundamental problem in the analysis of the boundary layer, and therefore,
has been attacked by many authors, but with little success. The difficulty
lies in the fact that the limit equation, the incompressible Euler equation, is
well-posed under the boundary condition of zero normal component, but ill-
posed (overdetermined) under the Dirichlet boundary condition which is the
well-posed boundary condition for the Navier-Stokes equation. Thus, the solu-
tions are expected to develop singularities near the boundary as the viscosity
coefficient v becomes small. This is now known as one of the most difficult
and challenging mathematical problems in the theory of nonlinear partial dif-
ferential equations, as well as the existence problem of smooth solutions to
the Navier-Stokes equation raised as 'the Millennium Prize’. The difficulty
disappears as soon as the Dirichlet boundary condition is replaced by the slip
boundary condition.

As far as the Boltzmann equation in a bounded domain is concerned, some
progress has been made recently. In [37], the convergence of the Boltzmann
equation to the (linear) Stokes-Fourier equation was proved together with the
convergence of the boundary conditions. It is a big challenging problem to
extend the result to the nonlinear case and to strength the convergence so as
to make visible the boundary layer. The structure of the boundary layer of
the Boltzmann equation has been also studied. The results for the linear case
were given in 1980’s in [34], [35], [36], and recently for the nonlinear case in
[38], [39]. This topics is, however, out of the scope of this article. Throughout
this article, only the case of the Cauchy problem will be discussed.

Further, we will discuss only the asymptotic relations involving the Boltz-
mann equation. Thus, we will not discuss interrelations between macroscopic
fluid equations shown in Figure 1, but most of our ideas work for the proof of
their asymptotic relations as well.

It should be also mentioned that we do not discuss the compressible Navier-
Stokes equation (C.NS). The classical Chapman-Enskog expansion [22] gives
a link between this and the Boltzmann equations, as indicated by the dotted
arrows in Figures 1 and 2, but is not an asymptotic expansion. The compress-
ible Navier-Stokes equation is an approximate equation to the Boltzmann
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equation, but cannot be characterized as a reduced equation of any limit of
the Boltzmann equation. In fact, the compressible Navier-Stokes equation de-
rived by the Chapman-Enskog expansion has the viscosity coefficient and the
thermal diffusivity proportional to the mean free path € .

We close this introduction with our basic setting of the problem. Mathe-
matically, our problem is stated as follows: Given a family of equations

Aulu) =0,

parametrized with some parameter(s) p near a certain value p., we want to
show that
(i) the solution u = u, converges to a limit u. as u — p.,

Uy = s (10— p)

and
(ii) the limit u, solves some equation, say,

Ay fus] = 0.

This limit equation is called the reduced equation.
To prove (i) and (ii), we need to establish the following steps.

(1) Existence of local or global solutions u,, for each p near fi..

(2) Uniform estimates in p near ju, of solutions w,,, for life spans (local solu-
tions), size of initial data (global solutions), etc.

(3) Convergence of u,,, or equivalently, existence of a limit w,, in the limit
[t = fLa.

(4) Derivation of the limit (reduced) equation which u. solves.

The most essential step is the step (2). The aim of this paper is to present main
mathematical ingredients for establishing the steps (1)-(4) for verifying the
asymptotic relations given in the diagrams in Figures 1 and 2. In particular,
it will be seen that abstract versions of the Cauchy - Kovalevskaya theorem
which is the most fundamental theorem in the theory of partial differential
equations provide a simple but powerful tool for the step (2) in most of cases
in the diagrams of Figures 1 and 2.

The present paper is planned as follows. In the next section, we reproduce
explicit forms of all the fluid equations mentioned in Figures 1 and 2, in
presenting the schemes which are adopted to prove the asymptotic relations
between them. Two schemes will be given. The first scheme is given in Figure
4 in §2.1, which is for establishing the convergence of the Newton equation to
the Boltzmann equation stated in Figure 1. This scheme is now classic, called
the Boltzmann - Grad limit.

The second scheme is for the multi-scale analysis connecting the Boltz-
mann equation and macroscopic fluid equations. It is in Figure 5 in §2.4,
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which shows that introducing different scalings into the Boltzmann equation
leads to different macroscopic fluid equations.

In §3, we introduce the abstract Cauchy Kovalevskaya theorem which will
be useful to establish uniform estimates stated in the step (2) above. As
application, two examples will be presented. The situation we meet in these
examples are those we will meet in §4 and §5. We shall substantiate the
diagram of Figure 4 in §4, and that of Figure 5 in §5.

2 Schemes for Establishing Asymptotic Relations

2.1 From Newton Equation to Boltzmann Equation:
Boltzmann—Grad Limit

The validity of the Boltzmann equation [1] from the view point of the New-
tonian mechanics is now well-established. The scheme for proving it is il-
lustrated in the following diagram. This diagram goes back to Grad [5] and
Cercignani [2], and was proved with a mathematical rigor by Lanford [8]. This
verifies Boltzmann’s derivation of his equation mathematically.

Newton eq. < Liouville eq. < BBGKY hierarchy

Boltzmann-Grad limit (2.17)

N — 00,0 — 0, No? — ag
Boltzmann hierarchy
‘ ‘ propagation of molecular chaos (2.20)

Boltzmann eq.

Fig. 4. Boltzmann - Grad Limit

A history and story associated with this diagram is nicely summarized in
[2]. The existing proofs for this diagram are just only for two cases, i.e. for
the hard spheher gas and a modified soft potential. Other cases are open big
problems. In this paper, we shall discuss only the hard sphere case.

There are two keys for the mathematical verification of the link between
the Newton and Boltzmann equation: The Boltzmann - Grad limit and the
ansatz of propagation of molecular chaos. Figure 4 illustrates how they play
central roles in this scheme. Their definitions and all the equations appearing
in Figure 4 are reproduced in the below.
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Newton Equation — Hard Sphere Gas

We consider a dynamical system of a finite number of hard spheres moving
in the whole space according to the Newtonian mechanics without external
forces. We assume that all spheres are identical.

Let N denote the number of hard spheres and o the diameter of the ball.
We assume the mass of the hard sphere m = 1 without loss of generality, and
introduce the following notation.

zi = (Ti1, Tig, Tig), vi = (01, via, vig) € R?

the position and velocity of the center of the ball 4,
zi = (5,v;) €RS (i=1,2,...,N), (2.1)
2V = (21,...,2N) € RSV . the phase point of the hard-ball system.

Then, the phase space of our system is
AN,U = {Z(N) ERGN' |xi_$j| >Uai7éj}a (22)
and the Newton equation for our system is

dx; dv;
T 0 (i=1,....,N), 2" e An,. (2.3)

To complete the description of the motion of our system, (2.3) should be
supplemented with the boundary condition due to mutual collisions of hard
spheres. The boundary of the phase space Ay o is,

Iy o = {2 e RV| |z; — 2| = 0,1 # j}.

on which the collision occurs. The collision of hard spheres is elastic. The
most frequent collision is the binary collision (collision of two balls), but the
multiple collision ( collision of more than two balls) can also occur. Here we
describe the boundary condition for the binary collision.

A collision between the balls ¢ and j is described by the relations

Tj=x; — ow, (2.4)

vf =v; — ((vi — V) - w)w, v = v+ (v — ) - w)w,
where - is for the inner product of R®, whereas w € S? is the unit vector in
the direction from the center of the ball j to that of 7. (2.4) indicates that
the two balls cannot penetrate into each other. In (2.5), v; and v} are the
velocities after collision. Since the collision is elastic, the conservation laws of
momentum and energy hold throughout the collision:

{ v; + v = v +vj, (momentum) (2.6)

[vi? + |v; > = |v]* + |U;-|2, (energy)

Actually, any solution of (2.6) is given by (2.5) for some w € S2.
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The description of the boundary condition due to the multiple collision is
more complicated and omitted here.

(2.3) is also supplemented with the initial condition specifying the starting
point of the system. Hence, the solution of (2.3) satisfying both the initial and
boundary conditions thus specified describes a trajectory of our system in the
phase space A .

Liouville Equation

We now rewrite the Newton equation (2.3) to an equivalent equation called the
Liouville equation. Its unknown is the N-particle probability density function

Py, = Pno(t,2M). (2.7)
Since all hard spheres are assumed to be identical, Py, is symmetric with
respect to z1,...,zn of (2.1). The Liouville equation is given by
N
0PN .«
62” + ;vi Ve Pyoe =0, t>0, 2z e Ay, (2.8)
where

3
0
zv: iJ . i = i1y L42, L43), i — 115 V42, U433 )-
v i j;vzy amij T (x 1,42, T 3) Uj ('U 1,02,V 3)
Of course, (2.8) should be supplemented with the boundary condition on
O0AnN - due to the elastic collisions described in the above, and also with the
initial condition

Pro(0,2) = Py g0(z™). (2.9)

The Newton equation (2.3) and the Liouville equation (2.8) are equivalent to
each other in the sense that the ordinary differential equations (2.3) is the
characteristic equation for the first order partial differential equation (2.8)
while a solution to the above mentioned initial boundary value problem for
(2.8) gives a trajectory of (2.3) if the initial data Py ¢ is a delta function.

BBGKY Hierarchy

We introduce the k-particle marginal (joint) probability density function of
PNJ. Put

Z(k):(zlaZQ,"'azk)eAk,Ga (k:1;275N)

Assuming Py, = 0 for 2N g A N,o, the k-particle marginal probability den-
sity function is defined by
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Py =P (t,2W) = /RG(H) Pyo(t 21, 2n)dzpsy - dzy. (2.10)

By definition,

P = Py,. (2.11)
The BBGKY hierarchy is a set of equations for P](Vkl which are obtained by
integrating (2.8) by parts with respect to zg41, -, 2N,
)

ot +Zvi'vxipj(\;€,2; = (N—k)UQQf,kH)(PI(V]f:l)) in A, k=1,---,N.
i=1

(2.12)

Here, Q((Tkﬂ), called the collision operator, is a linear integral operator defined
by

k
AW =3 [, i el - geds, 19
i=1 /IR"x5?

where g = g(z1,- -+ , 2k, 2k+1), and with z; = (x;,v;),
gi:g(zla"' 2T 7Zk7$i_aw7v*)7 (214)
9; :g(zl7"' 7ziavg7“' y Rky T +O’(JJ7’U;)7
v; =v; — ((v; — Vi) - w)w, v, =0, + (v — vy) - w)w. (2.15)

This is the equation satisfied by the k—particle distribution function as a
consequence of the Liouville equation (2.8). The derivation of (2.12) is rather
delicate, see [2]. The collision oerator (2.13) describes collisions between the
first k particles with the remaining N — k particles. Apart from notations,
(2.15) is just (2.5) coming from the conservation laws (2.6). Note also that

the operator Qf,kﬂ) depends on ¢ but not on V.

Remark 2.1. The form (2.13) is a traditional form given in terms of the gain
term G and loss term L as

QI =@ - I,

so that they can lead to the same terms of the Boltzmann equation (see
§2.1.5). Here G (resp. L) is the part of the integral (2.13) including ¢’ (resp.
g), and physically, it gives the rate of production (resp. loss) of particles in
the k—particle system by collisions with the remainig N — k particles. Note
that this splitting form is obtained for PV) satisfying the elastic boundary
condition applied to particles after collision. If the same boundary condition
is used for particles before collision, we will have the minus sign in front
of @ and hence similarly for the Boltzmann equation. This fact is related
to the ’ansatz of molecular chaos’ and also to the time irreversibility of the
Boltzmann equation. The ansatz of molecular chaos will be introduced in the
next subsection (see (2.20)) while the time ireversibility will be touched in
Remarks 2.2 and 4.6.
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The boundary condition for (2.12) is the same as for the Liouville equation
(2.8) but on the boundary Ay ,, which describes mutual collisions inside the
k— particle system. The initial condition is

Py 5(0,20)) = Py 5 0(z%). (2.16)

Since the BBGKY hierarchy (2.12) for k& = N is nothing but the Liou-
ville equation (2.8), it is clear that both equations are mutually equivalent.
Whereas the Liouville equation is a single equation for each N, the number
of equations composing the BBGKY hierarchy goes to oo with N.

Boltzmann Hierarchy
Now, we take the limit of (2.12) by letting
N —o00, 0—0, No?— ag, (2.17)

for some positive constant ag. This limit is now called the Boltzmann - Grad
limit. Later, we shall show that the limit equation is an equation for the
rarefied gas.

Under the last condition of (2.17), we see that ko® = (k/N)No? — 0 for
each fixed k, and thereby, if f*) = f(*) (¢, (%)) denotes the (formal) limit of
Py}, the limit equation of (2.12) is

k

af(k) k (k+1) [ p(k+1
+ 3 0 Vo fP = agQ TV (D), ke (2.18)
i=1

ot

Obviously, this equation is defined for each k € v in the phase space Ay
and the boundary condition is to be imposed on the boundary 04y o that is
not empty but consists of the ”diagonals «; = x;”. According to [2], however,
the distributions leading to pathologies due to this boundary condition is
negligible (see Remark 4.4). This means that we may discard this boundary
condition and consider (2.18) in the whole space R instead of Ap.0. Thus,
the left hand side of (2.18) describes the collision-free motion of a system of
k hard spheres. (2.18) is to be supplemented by the initial condition

F#0,20) = (P 0y inR* ke (2.19)

The set of infinitely many equations (2.18) is called the Boltzmann hierarchy.

Boltzmann Equation

In order to derive his equation, Boltzmann [I] introduced an ansatz called
“Propagation of Molecular Chaos”. This is the hypothesis that the hard
spheres are independent of each other stochastically, or more precisely, that
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the marginal probability density f*) can be factorized with the 1-particle
density ). Thus, writing f = f(!), we assume that

k

FO 2R = T F (i), (2:20)

i=1

holds for all £ € v”. Under this hypothesis, it is easy to see that any of
equations (2.18) reduces to one and the same nonlinear equation for f. It is
the Boltzmann equation;

of

TR fo:%Q(f), t>0, (z,v)€R®xR? (2.21)

where @ is the nonlinear collision operator defined by

@ = /RS (v = ve) - wl(fFL = [ f)dvedos, (222)
f= (tiE’U) fr=ftx), fl=[ftzv)), f.=Ff(tz0.),
"=y — (v—v* -w)w, Ui:v*+((v—v*)~w)w,
while 1
= (2.23)

is a number proportional to the mean free path (mean free time) of gas particles

between collisions or Knudsen number that represents the ratio of the mean

free path to some characteristic length of the domain containig the gas. In

Figure 5 in the next subsection, this number plays an essential role as the

parameter linking the Boltzmann equation to the macroscopic fluid equations.
The initial condition for (2.21) is

f(0,2,v) = fo(z,v), (x,v) € RS, (2.24)

Boltzmann'’s original derivation of (2.21) is based on the physical intuition
but uses both the limit (2.17) and the ansatz (2.20) though just for k£ = 2. In
order to complete the mathematical justification, we need (2.20) for all k.

The limit (2.17) means that the Boltzmann equation (2.21) is an equation
of motion of a rarefied gas. For, No? is a multiple of the total surface area of
our N hard spheres and hence proportional to the total collision cross section,
while No? is a multiple of the total volume or mass of our hard spheres. Hence,
under the limit (2.17), our hard sphere system tends to a gas with zero volume
(mass) but with effective collisions. Such a gas is called the rarefied gas.

The fluid, on the other hand, must have non-zero volume and mass, and
hence, the diagram of Figure 3 indicating the direct link between the Newton
equation and macroscopic fluid equation should be substantiated under the
assumption
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NO’3 — bo,

for some constant by > 0 which is a multiple of the total volume or mass of
the limit system. However, this means No? — oo and thus the left hand side
of (2.12) apparently diverges. This is a basic difficulty in proving the diagram
of Figure 3.

Collision Operator @Q

The multi-scale analysis shown in Figure 5 below establishes the links between
the Boltzmann equation and various macroscopic fluid equations. The mathe-
matical mechanism which makes this possible relies of course on properties of
the collision operator (). Most of them were deduced by Boltzmann himself.
Here, we present three of them. Define the inner product

< f,g>= (v)g(v)dv (2.25)

R? /
A function ¢(v) is said a collision invariant if
<¢,Qlg) >=0 (¥g € CF° (R}, R+)). (2.26)

The first property of @ is

[Q1] @Q has five collision invariants,

o) =1, @i(v) = v; (i=1,2,3), @4(1}):%|U|2. (2.27)

This leads to the conservation laws of the Boltzmann equation (2.21). First,
if f(t,z,v) is a l-particle probability density function of a gas in the phase
space of x and v at time ¢, then its moments with respect to v give rise to
corresponding macroscopic fluid quantities;

p =< @07f(t,$7 ) >,
pu; =< i, f(t,x,) > (i=1,2,3), (2.28)
pE =< 904af(t7:177') >,

where p,u = (u1,us,us) and E are functions of (¢, z) and give the macroscopic
mass density, bulk velocity, and energy density of the gas (fluid), respectively.
The temperature T' and the pressure p are related with E by

1 3
E= 5|u|2 +5T p=RT, (2.29)

with R being the gas constant (the Boltzmann constant divided by the mass
of the hard sphere). Throughout this note, we take R = 1. The last equation
of (2.29) is called the equation of state for the case of the hard sphere (mono-
atomic) gas.
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Now, let f be a smooth solution to (2.21) which vanishes sufficiently
rapidly with (a,v). Then, by virtue of (2.27) and by integration by parts,
we see that the quantities

/]RG wi()f(t,z,v)dxdv, 1=0,1,2,3,4, (2.30)

do not change with time ¢. In view of (2.28), these are the conservation laws
of total mass (¢ = 0), total momenta (i = 1,2,3) and total energy (i = 4) of
the gas.

The second property to be mentioned is
[Q2] <logg,Qlyl ><0 (Vg € Cg°(R},R+)).

Let f be a solution to (2.21) with the same property as above. It is nonnegative
since it is a density function, and hence we can define the H-function,

H=H(t) = flog fdzdv, (2.31)
R6
which is believed to give the minus of the entropy of the gas. Multiply (2.21)
by log f and integrate over R? by parts. By virtue of [Q2], Boltzmann himself
found that

dH

o <0, (2.32)
holds and that the equality follows if and only if f is a Maxwellian. This is the
celebrated H-theorem. Boltzmann then declared that he constructed the foun-
dation of the second law of the thermodynamics, that is, the law of entropy,
based on the classical mechanics. Although lots of objections were raised by
his contemporaries, the controversies motivated the later development of var-
ious ergodic theorems and finally, Lanford [3] endorsed him 103 years later.

Remark 2.2. The law of entropy contradicts to the Newton mechanics be-
cause the mechanical law is time reversible. This time reversibility is phrased
for our N-particle system as follows. If we reverse the velocities of all parti-
cles at time t = tg and follow their evolution, we find that all the particles
return to their original positions (the positions at ¢ = 0) with the reverse
velocities after a lapse of time tg. This would be rephrased for the Boltmann
equation as follows. Given a solution f(z,v,t), solve the Boltzmann equa-
tion with f(x,—wv,tp) as the initial data. Denote this solution by g(x,v,1).
Then, g(x,v,t9) = f(x,—v,0) would hold. Of course, this is false because it
contradicts to the H theorem applied to both f and ¢:

H(f(0)) = H(g(to)) < H(9(0)) = H(f(to)) < H(f(0)).

as long as f, g are not Maxwellian. As we have shown above (formally), the
Newton equation converges to the Boltmann equation, but the time reversibil-
ity is lost. This was the main point of the controversy mentioned above. It is
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not a surprise that Lanford’s theorem gives a mathematical reasoning of this
emergency of time irreversibility, see Remark 4.6.

Note from Remark 2.1 that if the ansatz of the molecular chaos is applied
to the particles before collision, the time reversibility is lost backward in time.

The final property of @ is
[Q3] Qo] =0 & <logg,Qlg] >=0 & g= M(v), where

v — ul?

M(v) = M[p,u,T](v) = Wexp <—| QRT‘ > (R=1). (2.33)
M (v) is called a Mazwellian and is known to describe the velocity distribution
of a gas in an equilibrium state with the mass density p > 0, bulk velocity
u = (u1,uz,uz) € R3 and temperature T > 0. Here, (p,u,T) are taken
to be parameters, and if they are constants, M is called a global (absolute)
Maxwellian while if they are functions of (x,t), it is called a local Maxwellian.
Evidently, the global Maxwellian is a stationary solution of (2.21).

2.2 From Boltzmann Equation to Fluid Equations —
Multi-Scale Analysis

The macroscopic limits of the Boltzmann equation are obtained when the
gas becomes dense enough that particles undergo sufficiently many collisions
and that the gas becomes locally in equilibrium, which is one of the basic
properties of the fluid. This situation is realized when the Knudsen number ¢
defined by (2.23) becomes sufficiently small. In fact, in this regime of €, the
solution f = f€ of the Boltzmann equation can is expected to be close to a
local Maxwellian which presents a local equilibrium state. For, writing (2.21)
as

(0 +v-Vur?) = QU (2:34)

and assuming that f¢ are sufficiently smooth and converge to a limit, say f°,
in a sufficiently strong norm, one reaches 0 = Q(f°) in the limit ¢ — 0. By
[Q3], then, the limit must be a Maxwellian, namely,

fo - M[P, u, T]ﬂ (235)

for some (p,u,T) which may be functions of ¢ and x.

In order to obtain the incompressible limit suggested in the diagram of
Figure 2, we shall further look at the case where this local Maxwellian is
sufficiently close to an absolute Maxwellian in the whole space. One reason is
that, as noticed in [14], if f¢ vanishes at @ = oo (a gas in vacuum), all gas
particles eventually will ran away (disappear) to infinity and any macroscopic
(fluid dynamical) behaviors will not be observed. Another reason is that in

view of the relation
B Ma

" Re’

€
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where Ma is the Mach number (ratio of the bulk velocity to the sound
speed) and Re is the Reynolds number (dimensionless reciprocal viscosity),
the macroscopic limit with a finite, non-zero Reynolds number will follow only
when the Mach number vanishes. And the small Mach number is realized if
f€ is close to an absolute Maxwellian taken in a proper choice of the Galilean
frame and dimensional units. Without loss of generality, we take the standard
Maxwellian

Mo(v) = M[1,0,1](v) = (%1)3 3 oxp (_”2|> . (2.36)

The distance to this abolute Maxwellian will be scaled in the unit of the
Knudsen number € as

FE(t, 2, 0) = Mo(v) + € MY (0)g* (¢, 2, v), (2.37)

where 8 > 0 is the strength parameter of the scaling. It is easy to see that this
ensures a infinitesimal small Mach number and non-zero Reynolds number for
infinitesimally small ¢, if 5 # 0.

The variable ¢’ in g¢ above is the scaled time variable defined by

t, (2.38)

with the strength parameter o > 0. This time scaling which is related to the
Strouhal number (ratio of the oscillation frequency to the bulk velocity) is
introduced to suppress, when a # 0, the acoustic modes varying in a faster
timescale than rotational modes of the fluid.

Varying the strengths of these two scalings yields different limits as ¢ — 0.
Plug the scalings (2.37) and (2.38) into the Boltzmann equation and drop ’
from ', to deduce the governing equation of the new unknown g¢:

€ 1 € €
+v-Vygt = ELg + e I'(¢g°), (2.39)
where L and I are defined by

Lg = 2My *Q(My, My ?g), (2.40)

() = My ?Q(My g, My ?g), (2.41)

Q(f, g) being the bilinear symmetric operator associated with the quadratic
operator (2.22) and defined by (3.28) in §3. L is the linearized operator of @
around the standard Maxwellian M, and hence called the linearized collision

operator, while I' is its remainder and is a quadratic operator.
The initial condition to be considered is

g€|t:O = 98(37,7})7 (242)
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B

) L.IC.NS L: linear
|k LIC.E o (1,1) <—IC.NS C: compressible
IC: incompressible
LCE — <« IC.E NS: Navier-Stokes eq.
CE E: Euler eq.
Pl | «
0

1

Fig. 5. Multi-scale Analysis

but for simplicity, we deal only with the case where initials are independent
of €, g§ = go. Obviously, the same conclusions will follow if g§ — go as € — 0
in a sufficiently strong norm. The aim of this subsection is to present that
different choices of the scaling parameters (¢, ) in(2.39) invoke different fluid
equations in the limit € — 0. This is the multi-scale analysis of the Boltzmann
equation and Figure 5.4 indicates its main results. The idea goes back to [18]
and [23], where the formal derivations of the various limit equations indicated
in Figure 5 are also nicely presented. The rest of this subsection is devoted to
reproduce it.

The Case (a, 3) = (0,0): Compressible Euler Equation (C.E.)

This case corresponds to the famous Hilbert expansion. More precisely, we
will show

Theorem 2.1. Assume that f€ be smooth enough and converge to a limit, say
f°, in a sufficiently strong norm. Then, when o = 3 = 0, the limit is a local
Mazwellian

Y= Mlp,u, T, (2.43)

and the fluid quantities (p,u,T) are governed by the compressible Euler equa-
tion

0
9P 4 div (pu) =0,

8o

— + div (pu @ u) + Vp =0, (2.44)
3/)

+ le pE + p)u) =0,

where
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15 3
E:§"LL| +§T7 p:RpT (R:]-)v
E being the energy density and p the pressure, and

a 9 0 , > O,
—(aim,aim,aixg), leU—V'U—

o U O U= (uity)ij-123.
i=1 "t

Proof. (2.43) was already proved in the begining of this subsection. Take the
inner product <,> of (2.34) with the collision invariants ¢, of (2.27), to
deduce, by the help of [Q1],

0
§<@iaf6>+div <U(pivf6>:07 i2071a2a3347

for any € > 0, which becomes in the limit € — 0,

7]
n < i, M[p,u,T] > +div < vyp;, M[p,u,T] >= 0.

Computing these inner products explicitly by (2.33) leads to (2.44).

The Case a > 0,8 =0

This is the case where only the time variable is scaled. Consequently, the
above argument applies exactly in the same way with the only replacement
of 9y by €*0;, and so, the limit equation is (2.44) with all the time derivatives
removed, that is, the stationary compressible Euler equation.

The Case o > 0,8 > 0

Put
Yo(v) = My (v),
i(v) = v; My ?(v) (i =1,2,3), (2.45)
Ya(v) = S(|v]? = 3)My"* (v).

and define

N = span{wo, cee ,1/}4}. (2.46)

(2.45) is an L%-orthogonal (¢4 not being normalized) basis of the space A
spanned by the collision invariants (2.27) weighted by M& 2,

Theorem 2.2. Suppose that the solutions g be smooth enough and converge
to a limit, say ¢°, in a sufficiently strong norm. If B > 0, it follows that
g € N. Write this in the form

3
9" = mpo + Z ui; + 01y, (2.47)

i=1
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Depending on the choice of («, 3), the coefficients n,u = (u1,ug,us),0, being
functions of t and x solve one of the macroscopic fluid equations specified in
Figure 5, as follows.

1. The case a = 0,4 > 0, Linear Compressible Euler Equation
(L.C.E):

a—Tt’erivu =0,

——i—V (n+0) =0, (2.48)

?

—|—d1vu =0.

2. The case a > 0,0 > 0.
In this case, u always satisfies the divergence-free condition,

div u =0, (2.49)
while n, 0 always satisfy the Boussinesque relation,
V(n+0)=0. (2.50)

On the other hand, the evolution equations they satisfy differ with the

values of a, B:

a) The case 0 < a = (§ < 1, Incompressible Euler Equation
(IC.E):

f+u Vu+ Vp =

45 (2.51)

f—l-u Vo =0.

Here, p is the pressure determined through the divergence-free condi-
tion (2.49) as is known in the classical theory of Navier-Stokes equa-

tion, and
.9
.V = 2
u ;ula

i

b) The case 0 < o < 1, a < (3, Linear Incompressible Euler
Equation (L.IC.E):

—Jer 0,

gg (2.52)

p being the same as abowve.
¢) The case (a,3) = (1,1), Incompressible Navier-Stokes equa-
tion (IC.NS):
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@—i—u-Vu—l—Vp:VAu,

(2.53)
gf +u- Vo = puAo.

Here, p is the pressure as above while v (viscosity) and u (thermal
diffusivity) are the positive constants defined by (2.62) in the below.
Further,
0? 0? 0?
“ o2tz Vo
1s the Laplacian.

d) The case a = 1, § > 1, Linear Incompressible Navier-Stokes
Equation (L.IC.NS):

N e (251

where 1 and v are the same constants as above.

e) The cases 0 < 3 < o : u =0, and eithern =0 = 0 or (2.50) remains
nontrivial..

f) The cases a > 1,3 > 0: g" = 0.

Remark 2.3. The formula on the right hand side of (2.47) is called the infini-
tesimal Maxwellian because it gives the infinitesimal fluctuation of Maxwellian
MIp,u,T) from the standard Maxwellian M[1.0.1]. This is seen from

d
M1+ s, su, 1+ 56]]a—o0 = g0My?,

where s may be taken to be ¢’ in the context of the scaling (2.37).

Remark 2.4. Suppose that ¢° be a ’smooth’ solution to the Cauchy problem
of (2.39) with the initial condition (2.42), and that the initial data go be such
that go ¢ N. Then, the above theorem says that the convergence fails at
t = 0 and hence cannot be a uniform convergence nearby. This explains how
the initial layer occurs. Note that if the solution is not ’smooth’; the initial
layer is not visible.

Remark 2.5. Tt is easy to check that (2.48) (L.C.E) is nothing but the lin-
earized equation of (2.44) around the stationary state (p,u,T) = (1,0,1).
(2.48) is called the acoustic equation and is reduced to the classical wave
equation: For ¢ =n + 0 or ¢ =divu,

Po

where
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c¢c=+/bRT/3 (T=R=1) (2.56)
is the sound speed of the mono-atomic (hard sphere) gas in equilibrium with

the Maxwellian M.

Remark 2.6. Due to the classical orthogonality of solenoidal vectors against
gradients of scalar functions, (2.52) is a trivial equation splitting into

ou 00

— =0, Vp=0, — =0,

ot b ot

showing that u, # and hence also 7 due to (2.50), are all constant in t. However,
it deserves its name, because it coincides with the linearized equation of ICE
around u = 0.

The proof of Theorem 2.2 requires some classical properties of the operator
L and I of (2.40). See for proof, e.g. [13], [2].

Proposition 2.1.

(i) L is non positive self adjoint on the space L2 and its null space is the
space N of (2.46).

(ii) Let
PO L2 N (2.57)
be the orthogonal projection. Then,
P°Lg=0, P°I'(g) =0, (2.58)
for any g sufficiently smooth.
(iii) For any ¢° € N, it holds that
(g% = ~L(g")* (2.59)

An elegant proof of (iii) is found in [18], but a direct computation with the
expression (2.47) works as well.

A simple consequence of (i) is that the inverse L~! exists and is a bounded
negative definite self adjoint operator on the space A'. On the other hand,
it is easy to check that the Burnett functions defined by

1 1
A@) = (4i(0) = 500() (WP =5),  B(v) = (Buy) = bo(v) (vev—5vPT),
(2.60)
I being the 3-dimensional unit matrix, are in A/ componentwise, so that the

functions
A =L71A, B' =L 'B, (2.61)

are well-defined and belong to A'*. It is known ([18]) that
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Proposition 2.2.

(i) There exist positive functions a(r) and b(r) on [0,00) such that
A'(v) = —a([v])A(v), B'(v) = =b([v)B(v).

(ii) The following properties hold.

o — < A;, Al > is positive and independent of i.

o < A,A,>=0 for anyi# j.

o <A, Bl >=0 foranyi,j k.

e < Bj; By, >=< Byy,B;; >=< Bj;, By, > holds and is indepen-
dent of 1,7 for any fixed k, 0.

e — < Bij, B}, > is positive and independent of i,j when (i # j).

o — < By, B;J > is positive and independent of i,j when (i # j).

o — < By, B;l > is positive and independent of i.

o < Bjj, By, >=0unless (i,j) = (k,£),((, k).

e <Bj;Bj;,>—-<B;;Bj; >=2<DB,; Bj,;> holds for any i # j

The proof of (ii) follows from (i) and symmetry. A tedious computation is
required to prove the last relation.

The thermal diffusivity and viscosity coefficient appearing in (2.53) and
(2.54) are given by

1
627

v=—< Bi,j7B1{,7j >=

p=— <Ay Ap >=

/ a(r)(r? — 5)27’46772/2611", (2.62)
0

1
15V 27

respectively. See also the proof of Theorem 5.8 in §5.

/O h b(r)yrSe " 2dr (i # 7). (2.63)

Proof of Theorem 2.2.
1. Proof of (2.47): Write (2.39) as

a €

e(eaa—gt + - nge) = Lg° + AT (g°). (2.64)
Going to the limit under the assumption of our theorem, we have Lg = 0
if 8> 0, whence (2.47) follows from Proposition 2.1.

2. Proof of (2.48). Recall (ii) of Proposition 2.1. Then the inner product of
(2.64) with ¢, gives (o = 0),

9
5 <95% > Ve <wghY;>=0 (j=0,---.4). (2.65)

Clearly, the limit equation for ¢° has the same form. Computing the ap-
pearing inner products explicitly with the expression (2.47) leads to (2.48).
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Proof of (2.49) and (2.50). In this case, we obtain, instead of (2.65),

0
e("& < g > 4V <wvg,p; >=0 (j=0,---,4), (2.66)

and since a > 0, we have in the limit,
vz'<vgoawj >=0 (.7:0374)

(2.49) follows from j = 0,4 (the same equation), and (2.50) from j =
1,2,3.

. Proof of (a)-(f) of Theorem (2.2). It is convenient to rewrite the limit g°

as
90:9W0+u'wlv

where (2.50) was used and
U= (s~ o) = 5 (0P — B, = (W, nts) = v
Observe that
Yov = A(v), vRW¥ = B(v) + %lepol,
where A, B are the Burnett functions, and
< Uy, ¥y >= g, <ULy >=1, <Yy, ¥ >=0,

component wise. Write (2.66) in the form

0 1
o <9 >+ Ve <gA>=0,
%t & (2.67)
— < g W >+—V, <g°,B>+V,pt =0,
ot €
where
€ 1 | |2 €
= —Iv|“g°.
p 3 g

The term V,p® is not dangerous because it is eliminated upon projecting
the equation onto the divergence free space. Also, the time derivatives in
(2.67) are not dangerous under the assumption of our theorem, as the
direct computation leads to

5
Oy < g5 W > — 0y < ¢ Wy >= 0, < Oy +u - ¥y, Wy >= 5@9,
Oy <g€,¥71 > — 0 <go,!p1 >= 0y < 00y + u - ¥, ¥ >= Osu.

The two remaining terms are difficult terms because of the presence of
the diverging factor e~. To control it, (2.64) is used once again, but in
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this time, to obtain the expression for Lg. Thus, recalling A’ = L™1A,
B’ = L71B of (2.61), we have,
€< g A>S=€e < Lg" LA >

—e<DigS A >+ < - Vgt A > P70 <D (gf), A >,
€*<g¢B>=¢“<Lg", L7 'B>

=e<0yg°,B'>+€ "% <v Vg5, B'> "< (¢),B > .
Go to the limit € — 0. The first terms on the last expressions vanish under
our assumption. Similarly, the second term vanishes if @ < 1 and the third
term if § > «. This proves (2.52).
There remains the case o > 1. We shall compute the limit of the inner

products appearing in the relevant terms. One is, using the summention
convention,

\v& <U.Vgo’A/ > =V <U~V(9WO+U'¢1)7A/ >
= 0;0;0 < Ay, A, > +9;0;ur < Bjy, A} >
= —0;0;0(udij)
= _/’LA€7

where Proposition 2.2 (ii) was used and 9; = 0/0x;.  Similarly, for each
fixed k,

V-<v®@Vg’, B, >=V-<v-V(0¥ +u-¥),B} >
= 8i8j9 < Aj,B{k > +8¢8jum < BjmaBz{k >

3

ZZ 0; (Z Bjum < Bjm, B;k > +Z 8j’u3‘ < Bjj7 Bz/k >)

i j#m J
= Z[“)Z((“)zuk + 6kuz) < Big, B’Zk >
i#£k
= —,uAuk.

Here, the divergence free condition (2.49) was used twice as well as Propo-
sition 2.2 (ii).
Now, appealing to Proposition 2.1(iii), we get

<I(g%), A > —<I(g"), A >= —<L(g")?* A >=— <(¢°)*, A>= —50u,
<I'(g%),B' > —<I(¢"), B >= —<L(g")? B >= —<(¢°)*, B>= —B(u),

and in view of the divergence free condition again,
V-Ou)=u-V0, V- -Bu)=u -Vu—V—

The very last term is to be absorbed into the pressure term Vp. We have
now finished the proof of the theorem for the case a =1 < .
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On the other hand, when § < a < 1, it is easy to check that these terms
should vanish, so that uw = 0, but V6 may be or or may not be zero. This
proves (e).

When a > 1, the factor ¢!~ diverges. However, we have again ¢° = 0.
To see this, multiply (2.67) by ¢*~! and then go to the limit. Applying
the above results on various limit forms, one obtain whenever § > 0,

NG =0, Au = 0.

Hence, if 6, u are in a Soblev space, say H_!, they must vanish identically.
This is (f), and the proof of Theorem 2.2 is now complete.

3 Abstract Cauchy-Kovalevskaya Theorem

The main step for establishing the asymptotic relations discussed so far is
the step 2 of §1, the uniform estimates for relevant solutions. In some parts
of the diagrams in Figures 4 and 5, a difficulty is the built-in infinitude: In
the Boltzmann-Grad limit of Figure 4, infinitely many equations come from
the BBGKY hierarchy (2.12), whereas if 3 > a in Figure 5, the factor ¢*—#
appearing in (2.39) goes to infinity as € tends to 0.

A very simple but powerful tool to overcome this difficulty is the abstract
Cauchy-Kovalevskaya Theorem. The classical Cauchy-Kovalevskaya theorem,
which is the most fundamental theorem in the theory of PDE’s, provides the
local existence and uniform estimate of solutions for general first order partial
differential equations. Likewise, the abstract version does the same but for
more general abstract evolution equations of the form

du
{th[u], £>0, 51)
u(+0) = uyp,

where A is a nonlinear 'unbounded’ map. Actually, we will meet this situation
repeatedly in the sequel.

The main ingredient of the abstract Cauchy-Kovalevskaya theorem is to
introduce a suitable Banach scale and to take advantage of the smoothing
effect of the integration in ¢ appearing in the integral form of (3.1),

ult) = up + /O Afu(s)]ds. (3.2)

Various versions of the abstract Cauchy-Kovalevskaya theorem have been
developed by many authors, see e.g. [31], [27], [28]. The setting given below is
a rather simple one. Let pg > 0 and put Iy = [0, pp]. Consider a one-parameter
family of Banach spaces {(X,,|| - ||,)}per,, and assume the following for the
evolution equation (3.1).
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(X) For any p, p’ € Iy with p’ < p, it holds that
X, C Xy, -1l < A1+l

(A) Ais well-defined as a map from X, into X, for any p, p’ € Iy with p’ < p,
satisfying
(A1) A[0] =o0.
(A2) There exist a positive number o € [0, 1] and a nonnegative function
C(p, q) which is increasing both in p,¢ > 0, and for any u,v € X,

it < Gt el
1A4Lu] = ARl < = ol

holds whenever p, p’ € Iy with p’ < p.

The family of Banach spaces satisfying the condition (X) is called a Banach
scale. The condition (A) requires that the map A is a Lipschitz continuous
map from X, into X,/, but this is required only for p’ < p. For p’ > p, A
need not to be defined, or if defined, it is admitted to be “unbounded” (the
denominator in (A1) is 0 for p = p’). This is just the same situation we meet
in the classical Cauchy-Kovalevskaya theorem.

For any positive number T, denote the set of continuous functions on
the interval [0,7] with value in the space X, by C([0,7]; X,). We have the
following existence theorem for (3.2).

Theorem 3.1. Assume (X) and (A). Then, for any initial uwy € X,, and for
any positive number a > 1, there exists a positive number v such that, putting

T=po/v,  pt)=po—rt, (3.3)

(3.2) has a unique solution u = u(t) on the time interval [0,T] satisfying

u e C°([0,T]; Xo), u(t) € X,y (t €[0,T]), (3.4)
and
sup |[u(t)l () < alluo||p- (3.5)
te[0,T]

Proof. The proof is very simple if o € [0,1). First, with a positive constant
to be determined later, we define a constant 7" and a function p(t) by (3.3).
Then, p(t) is decreasing and

0=p(T) < p(t) < p(0) = po, te[0,T].
With this choice, introduce the norm

ul[l = sup |[u(®)lo), (3.6)

te[0,T)

and for any positive number r > 0, define a space by
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Y, = {u | uis in the class (3.4), |||u]|] < r}. (3.7)

Obviously, Y, is a complete metric space with the distance induced by the
norm ||| - [|].
Next, we write the right hand side of (3.2) as NJu];

Nu](t) = uo +/0 Alu(s)]ds. (3.8)

This defines a map, and w is a solution to (3.2) if and only if u is a fixed point
of the map IN. We shall show that IV is a contraction map on the complete
metric space Y, with a suitable choice of r.

So, let u be in the class (3.4) with (T, p(t)) fixed as in (3.3). Then, by
virtue of the conditions (X) and (A), we get for p’ < p,

INul @)l < Tfuollo +/0 [|ALu(s)[] o ds

£ O, llu(s)]
§“$“+/4L47i®
uoll o (p=p)°

where C, = C(]|ul|,,0). Choose
p' = p(t), p = p(s). (3.9)

Since p(t) < p(s) for s < t. we can deduce for any u € Y, and t € [0, 7],

tC
Co 113 llos) ;o (3.10)

(p(s) — p(t))?
Cr t 1
< |luollp, + 77/0 7@_8)0053

Hwammsmmm+A

ol + 2
= |[Uo YL
(-
with ¢, = C(r,0)r. Note from (3.3),
T1-0o p(l)fcf
v° Y

By a similar computation, we have, for any u,v € Y.,

d»,«Tl_U

[INTul(t) = N[v]]|p) < mlll

u—l|, (3.11)
with d, = C(r.r).

Finally, we take r = a||ug||,, with some a > 1 and choose y to be so large
that
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CTT17U drTlfo
— < (a-—-1 =—<1
(1_0_),}/0 = ((L )HUOHPov w (1_0_)70 ’

can hold. Then, (3.10) and (3.12) yield, for any u,v € Y.,
N[l <, IN[u] = Nlll| < plflu —vl]l; (3.12)

which shows that N is a contraction map on Y;.. It is clear that the fixed point
u belongs to the class (3.4). Thus the theorem follows for o < 1.

In the above, a suitable choice of the constant a may lead to an optimal
life span T of the solution u, but of course it depends on the growth order of
cr,d, with r.

Actually, the solution u(t) is more smooth than stated in Theorem 3.1. In
fact, for any 7 € [0, 77, it follows from (A) that with ¢,¢ € [0,7], t > t/,

J(®) = u(t)loto < [ ALy

! 1 Cr /1—0o
<o |, G ar < et
[ lA)] = A s

|
d
= 0 =y 22 M el

u(t) — u(t’)

t/

1
HW = Alu@)]llp(r) < =]
<

where ¢, is as in (3.10) and d, as in (3.11). This implies

Theorem 3.2. The solution u = u(t) given in Theorem 3.1 satisfies
ue C0,7], X)) NCH[0,7), Xyr)), (3.13)

for any T € [0,T], and solves the Cauchy problem (3.1) on the time interval
0,7).

It is easy to see that the same holds for the case o = 1 with C°([0, 7]; X, (7))
of (3.13) replaced by C°([0,7); X,(7))-

Theorem 3.1 is valid also for the case ¢ = 1, which corresponds to the
situation of the classical Cauchy-Kovalevskaya theorem (cf. Example 1 below),
and is the most important case in application, but its proof is much more
complicated under the general setting (X) and (A) (see e.g. [29]).

However, there are some special situations for which the proof becomes
much simpler. Here, we give two such examples. Actually, the situation of
Example 1 below is an situation we will meet in §5 and that of Example 2
in §4. And, Example 2 establishes the existence theorem of local (in time)
solution to the Cauchy problem for the Boltzmann equation (2.21).
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3.1 Example 1: Pseudo Differential Equation

Our first example is a simple nonlinear first order pseudo differential equation.
This example serves as a preparation for §5, and also gives a flavor of the
classical Cauchy-Kovalevskaya theorem.

Let u(x) be a function defined on R™ and let

Fu)(€) = a(é) = (27r)—"/2/ e” W ly(z)de, €eR™ (i=+—1), (3.14)

n

be its Fourier transform. Define the norm

lelly = sup {wp (IO} = Nz, 100 (3.15)

with a weight function

wy(&) = eI+ gD, s> n. (3.16)

Then, the space
X, = {ul |lull, < o0}, peR, (3.17)

meets the condition (X). The above norm and space should have been indexed,
in addition, by the parameter s. Its role is only to make the space a Banach
algebra in order to control the mulitiplication of functions. For this, it suffices
to choose s > n. Thus fixed, we drop it from the index for simplifying the
notation in the sequel.

We state two properties of the space X,,. First, if p > 0, u(x) € X, is a real
analytic function of = in the whole space R™ with the common convergence
radius p. For simplicity, we show this for the case n = 1, but the proof is the
same for n > 2. For any k € N, we have

o0
u(a) = (2n) 2 [ atag)eeae,
o0

whence

W) < em 72 [ leaelde

12 [T |§|k€_p‘£‘d
k.ke—k

<C P [lullp,

where we have used the inequality 2*e~* < k¥e~* for z > 0. Now, by Stirling’s
formula, we see that u(x) has the convergent Taylor expansion at any point
a € R with the convergence radius p independent of a.
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The second property of the space X, is that if s > n in (3.16), the space X,
becomes a Banach algebra as long as p > 0. For this, denote the convolution
integral on R™ by * and note that

Fuo)(©)] =l ()] = | [ al¢ — it (3.15)
< [ e = muy o)yl ol

coe P

S wp(g)HquHUHpa

with some constant ¢y > 0. Indeed, by the help of the triangle inequality
I —n| + 0| > ||, we have,

e—P{+IE=nD+Inl}

/Rn{wp@ — ()} dn = / A lE—aarmn "

1
< e—p(2+|£|>/ dn
re (L4 [E=nD)*(1 + |n))*

coe P

wy (€

<

~—

This proves
lluollp < cfullo]|v]]p, (3.19)

which is what was desired.

Fix a positive number pg arbitrarily, and consider only p € Iy = [0, po] for
(3.17). Then, similarly as before, with a positive constant v to be determined
later, we define T and p(t) by (3.3), and then with these, the norm ||| - |||
and space Y, respectively by (3.6) and (3.7), of course with the Banach scale
{X,,p € I} defined by (3.17).

The map A we consider here is a nonlinear operator defined by

Alu] = a(9,)u?, (3.20)

where a(0, ) is a linear pseudo differential operator. We assume that its symbol
a(€) enjoys the estimate

a(§)] <ao(1+[£)7, o €[0,1]. (3.21)

Thus, our a(9,) corresponds to a differential operator of order o. The symbol
of a first order partial differential operator (with constant coefficients) satisfies
the condition (3.21) with ¢ = 1. Tt is easy to check that (3.20) fulfills the
condition (A) including the case o = 1, but we go differently.

Evidently, it is natural to consider (3.2) in the Fourier transform. Since
the Fourier transform of (3.20) is given by

F(Alul) = a()F (u?) = a(&) (i) (8), (3.22)
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(3.2) becomes
u(t) = N[a] = 1o —|—/ a(€)F(u(s)?)ds.
0

Denote the last integral by J(u). Recall that we defined the space Y. as before
by (3.7) but with the space X, defined by (3.17). For any u € Y,., we get, by
virtue of (3.18) with the choice p = p(s) as in (3.9) and by (3.21),

T(@)(t,€)] < / a(€) || F (u(s)?) (€) ds
0
< age / (14 €17 wp00) (€)1(5) 25y s
< a / (14 [€1)7 w0y (€) s ]

t
< AWy (f)_l/ (1+ |§|)‘7@—’Y(t—s)(1+\§\)ds
0
a J—
< 0172%@)(5) h

where ¢, ag are those in (3.19) and (3.21) respectively and a; = agc, az = a;r?

and c¢; > 0 is a constant. In the above, we used the observation

Wy(s) (€)1 = wpy(ry (€) LTV AHIED,

As a consequence, we have

az
JW)||| < e1—,
[T (u)ll] 1

for all u € Y,.. A similar computation gives
as
I (u) = J()]I] < 617|HU —olf],

with ag = a;yr, for any u,v € Y,.. Now, it is clear that the estimates (3.10) and
(3.11) follow for our N with due modifications. Hence, the same procedure for
the choice of r and v as before leads to (3.12), and hence to Theorem 3.1 for
(3.20) including the case o = 1.

Remark 8.1. Theorem 3.2 is also true, but of course with the modification
stated below that theorem.

Remark 3.2. Two observations which suggest the similarity with the classical
Cauchy-Kovalevskaya theorem: The unbounded factor (1 + |£|)? defines an
unbounded operator, that is, a pseudo differential operator of order o. In
the above, this unboundedness is controlled by the smoothing effect of the
integration in ¢. Since the triangle inequality is essential in estimating the
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nonlinear terms in (3.18), the above argument works only for o € [0, 1], and
not for ¢ > 1 and thereby not for the (pseudo) differential operator of order
> 1. This is the same as the original Cauchy Kovalevskaya theorem does not
work for second or higher order partial differential equations like the heat
equation.

Another observation is that the solution in the classical Cauchy - Ko-
valevskaya theorem is analytic both in x and ¢, and the convergence radius in
2 shrinks with time ¢. The same is true for our solution wu(t) since it belongs to
the class (3.4) and p(t), being the convergence radius, is a decreasing function
of t. Indeed, the smoothing effect of the integration in ¢ works only under the
shrinking p(t).

3.2 Example 2: Local Solutions of the Boltzmann Equation

Our technique provides also a simple method to construct local solutions to
the Cauchy problem for the Boltzmann equation (2.21). In §4, the Boltzmann
Grad limit will be established in the same spirit. The unbounded factor we
should control now is the unbounded function

q(U,U*,W) = |(U_U*’w)|

appearing in the collision operator @ defined by (2.22), which is the collision
kernel of the hard sphere gas. In this example, we deal with more general
kernels so that our result can cover Grad’s cutoff potential [13]. Thus, we
assume that ¢ is a general function satisfying

(@: g, ve0)] < @+pl+o)7,  (0,0,0) ER"R" xS, 0 <2,

Evidently, the hard sphere gas satisfies this with ¢ = 1, and our existence
theorem below is valid for o < 2. Here, go > 0 is a positive constant indepen-
dent of (v,v,,w). Physically, ¢ should be a nonnegative function but this is
not necessary for our proof.

Recall that x € R" stands for the space position and v € R" for the
velocity. Physically, n = 3 but mathematically, the Boltzmann equation (2.21)
can be defined for arbitrary n € v. In the physical background, 1D and 2D
Boltzmann equations means (2.21) with the space variable z € R? (d = 1,2)
but with the velocity variable unchanged as v € R*. We do not discuss this
case, however, since the argument below also applies with minor modifications.

The Banach scale to be introduced here to control the unboundedness of
the kernel q is, for p > 0,

X, = {fl@,0) € L. ®" x R") | |Ifll, < oo} (3:23)
il = sup {wo )t}

with the weight function
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wy(v) = ePHI), (3.24)

Certainly, the condition (X) is fulfilled.

The semi-group S(t) generated by the transport operator —v - V, in the
whole space R"™ without boundary conditions, which is appearing in (2.21), is
formally given by

S(t)fo = folz —tv,v), (3.25)

for fo = fo(x,v). This is not a Cp-semi-group in our setting given below
but has semi-group properties. Therefore, Duhamel’s formula applies and the
Cauchy problem for (2.21) with the initial condition (2.24) is rewritten in the
form of the integral equation

F(8) = S(8)fo + ao / S(t - $)QUf(s)]ds, (3.26)

The solution of (3.26) is the mild solution of the Cauchy problem for the
Boltzmann equation (2.21).

Theorem 3.3. Suppose that the condition (q) be fulfilled with o < 2 and let
po > 0. Then, for any fo € X,, and for any constant a > 1, there ewists a
constant v > 0 and the following holds. Define the positive constant T and a
function p(t) by

TZ*? P(t):PO—’Yt,
2
as in (3.3), and the norm by

AN = sup [[F(O)]o)
t€[0,T]

as in (3.6). Then, (3.26) has a unique solution f satisfying

feL=(0,TXo), [f(t) € Xy (t€[0,T]),
AT < all foll o-

Proof. First, we note that

1S @) follp = 1l.follps (3.27)

holds for any p € R.
Second, we shall derive an estimate of the collision operator @) in the space
X,. Let Q(f,g) be the associated bilinear symmetric operator:

QU9 = 3{QU +9) -l - 9)} (3.25)

1

=5 foo 00076+ 12— Fo. = Fg)do.d,
X 2

where g, ¢, g«, g, are the same as in (2.22). Clearly, Q(f)=Q(f, f).
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In order to derive an estimate of (), we write

-1

gl + 1291 < 2{wp (w0} 11£1 gl
-1

£g-1+ 1fegl < 2{wp(@)w,(0)} 1F1lollgll,-

Notice the conservation law of energy |v|? + |[v/|? = [v/|? + |[v.] (cf. (2.6)), to
deduce

W, (v )w, (v}) = wy(v)wp(vi),

which, then, yields, under the assumptions (g),

Qf, 9)(t, 2, v)| < —2 /(1+\U|+|v*|)a€_p‘”*|2dv*|\f||p||9\|p (3.29)
wy(v) Jrn

C,(1+ [v])°
=T w0

for all p > 0, with some positive constant C, such that C, is decreasing in
p>0and C, — ocoasp— 0.

Denote the last integral of (3.26) by J[f]. If we choose p = p(s), we have,
thanks to the estimate (3.29),

A 1lollgllo,

|ﬂﬂmzwnsA|QUJXax—a—@uwws (3.30)

t
g/cmﬁu+MVaﬂmeﬂuwmmws
0

t
L /<LHMV5“*M”“W@MﬂW
~ wym(v) Jo
B Gl U T
~ wpy(v) (14 |v]?)
C2 2
< ——IIfIlI%
VW) (V)
for o0 < 2, where
c1=Cpy 2, ey = cey,

with a constant ¢ > 0. Here, we have used that

P0/2 = p(T) < p(S) <po= p(O), s € [O,T],

with the choice of T" as in the theorem and that C, is decreasing with p.
The right hand side of (3.26) is written as

N[fI = S@)fo + JIf],
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for which (3.30), together with (3.27), gives

INTAONoce) < [l follpo + %Hmuz
for t € [0,T]. This is just like (3.10). If we note that Q(f) — Q(g) = Q(f +

g, f — g), we also have

apc2

HINTAI®) = Ngl®llpeey < TIHHQHHH]‘—QH\,

with the same constants cg,. This is just like (3.11), and the rest of the
argument is the same to conclude that N is a contraction map, and thus,
Theorem 3.3 follows.

Remark 3.3. The smallness conditon on the initials fj is not necessary.

Remark 3.4. There is no differentiability of f because S(t) is not a strongly
continuous (Cp-) semi-group in the space X, defined by (3.23). It becomes a
Cy-semi-group in spaces of more smooth functions, and the regularity theorem
of f then follows.

Remark 3.5. The unbounded factor to be controlled here is (1 4 |v|)? coming
from the assumption (q), and as seen in (3.30), again the smoothing effect
of integration in t combined with the shrinking in time weight function is
a key ingredient. The restriction o < 2 comes from the choice of the factor
1+ [v]? in the exponent of the weight function (3.24), which is chosen to be
compatible with the conservation laws (2.6) and hence cannot be replaced by
other factors. Thus, it is not possible to relax the restriction o < 2.

Remark 3.6. 1t is easy to see that the constant v should be chosen to be
proportional to ag = 1/e (see (2.23)), and hence that the life span T' of our
mild solution goes to 0 as the mean free path e tends to 0. Thus, Theorem
3.3 does not provide uniform estimates required for the multi scale analysis
of the Boltzmann equation depicted in Fig.5.

Remark 3.7. We close this example with two remarks: The non-negativity of
solutions and the backward solvability in time. First, the H-function (2.31)
is defined only for nonnegative functions. It is not hard to show that solu-
tions from Theorem 3.2 are nonnegative if the collision kernel g(v,v,,w) is
nonnegative as well as the initials fy, and therefore, the H-theorem (2.32) can
be verified. On the other hand, as in the classical Cauchy-Kovalevskaya theo-
rem, our thechnique is valid to solve the evolution equation (3.2) backward in
time, as well. This does not contradict the H-theorem, however, because the
non-negativity does not propagate backward in time.
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4 The Boltzmann-Grad Limit

The idea proposed in [5], [2] to establish the Boltzmann-Grad limit (2.17) is
to compare the three Cauchy problems for the BBGKY hierarchy (2.12), the
Boltzmann hierarchy (2.18) and the Boltzmann equation (2.21). Lanford [8]
carried out this for the mild solutions, and his proof has been achieved in
[2]. In this section, we will present his theorem, and reproduce the part of his
proof on the uniform estimates of solutions by using the Cauchy-Kovalevskaya
technique introduced in the previous section. For other parts of the proof,
including the most difficult part on the pointwise convergence, the reader is
referred to [2].

4.1 Integral Equations

We have already established the local existence theorem of mild solutions
to the Cauchy problem for the Boltzmann equation (2.21). Here, we shall
establish the same theorems for the BBGKY and Boltzmann hierarchies, and
furthermore, we shall derive estimates of their solutions uniform for k, N and
o which are needed to prove the existence of the Boltzmann-Grad limit.

First, we shall rewrite the relevant Cauchy problems in the form of the
integral equations. Let

W) = (), 2= (2 0;)

be as in §2, and let
ZW¥ (t,5,20)) € Ay,

denote the trajectory of (2.3) for N = k which obeys the boundary condition
of the elastic collision and passes the point z(*) Ay - at time ¢ = s (initial
condition), and put

U (t)g = 9(Z3(0,8,2)), (4.1)

for g = g(z(k)). Formally, this is the semi-group generated by the transport
operator of (2.12),

k
- Zvi Vi (4.2)
i=1
in the domain Ay, , associated with the boundary condition of elastic collision

on the boundary 04y ,. Now, the Cauchy problem to (2.12) with the initial
condition (2.16) can be formally rewritten as

t
P = UPOPE, o+ (N -1o? [ U0 (E-9)Q8 V(P o)ds, (1.3
0

for k=1,2,---, N.
Similarly, with the free stream of k balls of diameter 0 (point particle)
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zi(t) = (x; — tvg,v;), 20 (1) = (21(1), z2(t), - - - , 21 (2)), (4.4)
(a free trajectory of k balls), we define
S (t)g = gz (1)) (4.5)

which is a formal semi-group generated by the same transport operator as
in (4.2), but for (2.18) in the whole space R%* without boundary conditions.
Now, the Cauchy problem for (2.18) with the initial condition (2.19) becomes

F® ) = SP () £ + ao /ts“”(t—s)@é’““><f<k“><s>>ds, keN. (4.6)
0

4.2 Local Solutions and Uniform Estimates

We begin with (4.3). We shall introduce a suitable Banach scale and solve
(4.3) uniformly there.
The operator Q((,kﬂ) in (2.13) has two unbounded factors to controll:
e The unbounded number of terms coming from Zle as k — oo.
e The unbounded function |(v; — v,) - w| as |v;| — oo.

For their control, therefore, we need a Banach scale with double suffix. For

k € vand a, p €> 0, define the weight function in v(*) = (v1,v2, - ,UE) € R3*
by
k
W (0®) = exp (—ak+pp @), PR =32, (@7
i=1
and introduce the Banach spaces
X = {h e 1i5(Ako) | hllgap < o0}, (48)
with the norms
1Pllkap = sup  wi) (0 [a(z")]. (4.9)
Z(k)EAk-,g '

This definition involves o but for simplifying the notation, we drop it from the
suffix to Xék,), and || - ||k,a,p- The space X((yk,); is increasing in o and decreasing
in p.

Recall Uék) of (4.1).
Lemma 4.1. Letk € v, a,p € R and 0 > 0. For any h € ng,)) andt € R, we
have

U (£)h)

konp = [1Pllk.cp-
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Proof. Write the trajectory Zc(,k)(t, s,2(F)) in (4.1) in components of positions
and velocities as (X®), V*®)). Write simply w® = w¥) for (4.7). Since our
dynamical system conserves the energy (cf. (2.6)), we get

VO] = p®], w® (1) = o®®), (4.10)

whence the lemma immediately follows.
Recall also the integral operator ngﬂ) of (2.13).

Lemma 4.2. There is a constant C' > 0 such that for any k € v, o, p,0 >0

and g € ngpﬂ), we have in Ay, o

QFHV(9) (=) < Cep™2(1 + p)(k + 0™ %) {w ) (™)} Hlgllk+ 1,0,

Proof. Let w® be as before. The conservation law (2.6) applies to (v;, vs, v}, v.)
of (2.15) so that, like (4.10),

w(k“)(v(k),v*) = w(kH)(Ul, LU VR, VL),
holds, while
w(k+1)(v(k+1)) _ w(k)(v(k))w(l)(vk+1) — w(k)(v(k))e—a+p|vk+1|2.

whence, by the definition (2.14),

_ _ 2
191,19 < {w® @)} e =P Plig] i1 0.,

so that Qf,k+1) is majorized by

k
— U*Q _
8w{2 [l e 'dv*}{w<k><v<k>>} gllrsner
1=1

which proves the lemma.

Since the factor k+|v*®)|? is unbounded as k — oo and [v*)| — oo, this lemma

implies that ngﬂ) is unbounded as an operator from Xy 41,4, to Xk a,p, and
therefore, so is the integral

L(k+1)(g)(t) _ /Ot Uék)(t _ S)ngl)(g(s))ds (g = g(t,z(k+1))), (4.11)

which is appearing in the right hand side of (4.3). Like in Example 2 in $3,
however, this integral becomes bounded if «, p are varied with time ¢, thanks
to the smoothing effect of integration in ¢. To see this, let C' be the constant
in Lemma 4.2 and put

Cop = Ce®p™2(1 + p). (4.12)
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Lemma 4.3. For any «ag, po,y > 0 and for any k € v,

1
ILED () )l koot < C2ao,po/2{ sup ||9(S)||k+1,a<s>,p(s)}
Y 0<s<T
holds for t € [0,T], where

(07
alt)=ag+9t, plt)=po—t, T= min(7°, 5—3). (4.13)

Proof. First, note that chk)g < Uék)h if g < h. Applying this to Lemma 4.2
and setting o = «(s) and p = p(s), we deduce, together with Lemma 4.1,

U (t - )QFV (g(s >>< >|
< Cas)ps) (K + o ‘2){“’0((5 ),0(s) ( (k))}_l||9(5)Hk+1,a(s),p(s)~

Next, let T be as in (4.13). Then, by definition (4.12), Cy(s),p(s) < Coag,po/2
on [0.7]. Further, by definition (4.7), we get for t > s > 0,

(k) _ (k) (k) (k) ov(t=s)(k+]o™|?)
Was)p(s) = Ya(t) U r(t—s) A(t—s) = Ya()€

Finally, noting that

t
: 1

/ (k+ |v(k)|2)e_7(t_s)(k+|'“(k)|2)ds <— forallt>0, kev,
0 v

we are done.

Remark 4.1. The final integral exhibits the smoothing effect of integration in
t in the sense that it controls the unbounded factor k + [v*)|? in Lemma 4.2,
In [2], an almost same estimate is derived and the method is also similar. The
only difference is that the above lemma gives an explicit t-dependency of the
estimate.

We are now ready to introduce the Banach scale suitable for (4.3). It is,

N
vy = TT x®), P N kups 4.14
PETIx ol = sw NgW e, (410
where
g=(gMEM), g@ @), ... g (M),

This scale is increasing in o and decreasing in p.

Now, go back to (4.3) and regard it as an equation on the space YOS p) in
the form,

g=Ugo + Lg, (4.15)
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where
1 2 N
go = (PN )0 (z1), P o (@), P, (1)),
g= (p}\il(uz(l))7pﬁl(t,z(2))7 . ,P](\,J?Q(t,z(N))),
and

Ugo = (UM ()PS0 A0,
Lg=( (N —k)2LED(PEIEN N, L+ = 0).
Note that the equation (4.15) is linear.

With «g, pg, 7, given in Lemma 4.3, define the norms

llgoll = llgollao.pe> gl = sup [lg(s)llae),p(t):
0<t<T

with the norm in (4.14). We have

U golll < llgoll;

2

by Lemma 4.1, while, assuming, for simplicity, (N — k)o* < ap. in view of

(2.17), we have
1
LI = Za0Csaq 0021911,

by Lemma 4.3. This shows that if v is chosen so large that

1
n = ;G/OCQQOJ)O/Q < 1, (416)

(4.15), being linear, can be solved by the contraction argument, or equiva-
lently, by the Neumann series, as g = (I — L) 'Ugo with the estimate

gl < (1= )~ lgoll, (4.17)

which is uniform, in particular, in N. Summarizing, we have proved

Theorem 4.1. For any positive numbers oy, po, there exists a positive number
v and the following holds with a(t), p(t), T defined in (4.13). For any numbers

N € v, o€ (0,1), and for any initial gy € YOS(I)\,I%O, the equation (4.15) has a
unique solution g belonging to the function class

N
gty vy o tel0.T], (4.18)

and satisfying the estimate (4.17).

In this way, we have established the uniform existence and estimates, in NV
and o, of solutions to the BBGKY hierarchy (4.3).
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Theorem 4.1 is valid also for (4.6). To see this, first, redefine the space
X((,]f,)) given in (4.8) and its norm (4.9) by replacing Ay, by R%*, as

x5 = {n(=") € L. @) | |Ihllkap < oo}, (4.19)

[hlleep = sup  wl@®)Ih0),
SR

where the weight function w((xkz is the same as in (4.7).

Clearly, S®*) of (4.5) enjoys Lemma 4.1 with the above norm. Similarly, if
we define the integral

M n) = [ 50— @D ((s)ds (h= bt 2*)),  (120)
0

then, we have again Lemma 4.3 for M(**1) with the norm (4.19), and what
is important, with the same constants.

Next, with ng; and ||g||a,, defined in (4.19), we introduce the Banach
scale

o0
Zow=T[XE Ngllaw = s 1g™ [0, (4.21)
k
k=1 Cr

g=(gM (M), gP =), ...
and regard (4.6) as an equation on the space Z, , in the form
h = Sho + Mh, (4.22)
where
ho = (FV (W), £ (@), .. ), h=(fO,z0), @, 2@, ..,

and
Sho = (S® e, Mh = (agM®D(RED) )2 .

Finally, with the constants «q, pg, 7, given in Lemma 4.3, define the norms

lRoll = [1hollao.p0> IRl = sup [lg(s)llacs),o(s):
0<s<T
with the norm in (4.21), and deduce, as before,
1
I[Sholll < [lholl,  [[|MA][| < ;aoc2ao,po/2|||h|||~

Consequently, with exactly the same choice of «y in (4.16), (4.22) has a unique
solution h = (I — M)~1Shg with the estimate

AN < (1= )~ ]holl, (4.23)

whence follows
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Theorem 4.2. For any positive numbers «g, po, let v, a(t), p(t) and T be
those of Theorem 4.1. Then, for any initial ho € Za, p,, the equation (4.22)
has a unique solution h belonging to the function class

h(t) S Za(t),p(t)a te [O,T}, (424)
and satisfying the estimate (4.23).

Remark 4.2. Our argument is essentially in the spirit of the abstract Cauchy-
Kovalevskaya theorem. Indeed, since se %% < 1/(ed) holds for s > 0 and § > 0,
Lemma 4.2 gives

1
1RV (@lIk 0+, < —=Capllgllit1.a

This is just the case 0 = 1 in the assumption (A2) of §3, which is the key
assumption for the abstract evolution equation discussed in [31], [27], [28].
Thus, we could follow their argument to establish the same conclusion. How-
ever, a much simpler computation is enough for our problem, as presented, in
particular, in the proof of Lemma 4.3.

4.3 Lanford’s Theorem

The life spans T' of Theorems 4.1 and 4.2 are the same if the parameters o and
po the same. Thus, we conclude the uniform estimates for both the BBGKY
and Boltzmann hierarchies, which are what Lanford [3] used to establish the
Boltzmann-Grad limit:

Theorem 4.3. (Lanford [8]) Suppose that with some positive constants ay, po
and ro, the initials to (4.3) and (4.6) satisfy

k
(P oAy € YA 0 Hlgolln.agpo < Tor  for each N € v,

@p.po?

do =
ho=( fiF )2, ez hollag.ps <
0 ( 0 )k:l @0,p0 | 0| ag,po = T0-

Suppose further that they be continuous in Ay, and in R respectively and
that the convergence

P](\;fl’o — fék) (N — 00,0 = 0) locally uniformly in A s,,  (4.25)

holds for each k € v and o9 > 0 . Then, in the Boltzmann-Grad limit (2.17),
the solution g = ( PJ(\;CL )27:1 of Theorem 4.1 converges to the solution h =
( f® )72, of Theorem 4.2 in the sense

Pff,,o — " ae inR%* % [0,T] for each k € v, (4.26)

where T is the common life span of the solutions of Theorems 4.1 and j.2.
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Remark 4.3. The convergence (4.26) of the solutions is much weaker than
(4.25) of initial data. This cannot be strength to a (semi-) norm convergence.
As is shown In [2], this loss in the convergence quality is significant to explains
the emergence of time irreversibility of the Boltzmann stated in Remark 2.2.
This will be discussed after establishing Theorem 4.6 on the validity of the
ansatz of the molecular chaos (Remark 4.6)

Sketch of the proof. Let U, L, S, M be as in (4.15) and (4.22). The proof of
the theorem is easy once we admit the

Theorem 4.4. ([8], [2]). Under the assumption of Theorem 4.3, L*Ugq con-
verges to MPShg pointwise for each p € v.

Remembering that we constructed the solutions of (4.15) and (4.22) by the
Neumann series. we write for every ¢ € v.

q q
9=y L'Ugo+Vy  h=> MPShy+ W, (4.27)
p=0

p=0

where V,, W, are the remainders given by

o0 o0
Vo= Y. LPUgs, W= Y  MPSh,.
p=q+1 p=q+1

which are bounded as
I I
VoIl < —— Wl < ——1lholl.
Valll < 1_#|Igo||, Il plll_l_ul\ ol|

1 being the constant < 1 given by (4.16). In (4.27), take the Boltzmann-Grad
limit first, and then let p tend to oo, whence the theorem follows.

Remark 4.4. The proof of Theorem 4.4 is the most difficult part. The theorem
for p = 0 means that the elastic collision boundary condition can be ignored
in the Boltzmann-Grad limit. However, the pointwise convergence cannot be
strengthened to norm convergences. This is because the limit of the boundary
condition for U ](\f )O, is not empty. Also, the proof for the case p > 1 is not
quite trivial because, although L and M are bounded linear operators, the
pointwise convergence is not the norm convergence. The structures of the
operators should be examined carefully, using the ’collision trees’. All these

details are found in [2].

The validity of the Boltzmann’s ansatz (2.20) can be established with
the aid of Theorems 3.3 and 4.2. Let fo € X,,. Theorem 3.3 assures the
existence of a unique solution f to (3.26) for the initial fy. With them, define

ho = ( ék))k@ by
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k

P =T folz),  kew, (4.28)
i=1
and h = (f*))ge, by
k
W) =T f(t2),  kew (4.29)
=1

It is easy to check that this h satisfies (4.22) with ho as the initial. On the
other hand, if we put,

ao = log || foll 40

then, clearly,
ho € Z,

0,00

and hence Theorem 4.2 assures the existence of a solution h to (4.22) in the
class (4.18). On the other hand Theorem 3.3 assures, with a change of the
constant v if necessary, that the factorized h in (4.29) is also in the class
(4.18). By virtue of the uniqueness established in Theorem 4.2, therefore,
these two h are identical to each other. Thus, we proved,

Theorem 4.5. Let fo and [ be those of Theorem 3.3. Then, the solution h
of (4.22) is factorized by f as in (2.20) or (4.29) on the time interval [0, T)
if and only if the initial hg is factorized by fo as in (4.28).

Finally, combining these two theorems confirms the validity of the diagram
in Figure 4.

Theorem 4.6. The solution to the BBGKY hierarchy (4.15) which is equiv-
alent to the Newton equation (2.3) converges to the solution to the Boltzmann
equation (3.26) in the sense that the convergence (4.25) with the limit ho given
by (4.28) assures the convergence (4.26) with the limit h given by (4.29).

Remark 4.5. The ansaz of the molecular chaos asserts that particles are ran-
dom, that is, stochastically independent, which is possible for a rarefied gas
because collisions are rare. However, this is not a consequence of the deter-
ministic mechnical law. Theorem 4.5 reveals the nature of this randomness:
It is satisfied for the time interval [0, 7] if it is at the initial time ¢ = 0.

Remark 4.6. As proved in [2], this theorem also provides a mathematical rea-
soning of the loss of time reversibility in the Boltzmann equation stated in
Remark 2.2. It is due to the weaker convergence in (4.26) compared with
(4.25). More precisely, a stronger convergence for (4.26) leads to a contradic-
tion to the H-theorem. To show this by contradiction, admit for a moment
that Theorem 4.3 be strengthened enough that the condition (4.26) results
in the convergence of the same strength for (4.26). Consider the situation in
Theorem 4.5, and at time ¢t = ¢, reverse the sign of velocities v; in the solu-
tion P}él(mk,vk,t), namely, make P](\;f) (%, —v* to). With this as the initial

[ea
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data, solve again the BBGKY hierachy. By our assumtion, Theorem 4.3 again
applies and a unique solution, say R%,)U(xk, v¥,t), exists and enjoys the con-
vergence property (4.26). Denote its limit by g™ . Obviously, it is also in a
factorized form with a unique solution ¢ of the Boltzmann equation for the
initial data f(x, —v,to) The point is now clear: If the convergence is weaker,
the existence of such a factorized ¢ is not assured. Since the classical mechan-
ics is time reversible, it must hold that R%C)U(:vk,vk,to) = Pj(f‘)y(ack, - 0).
From the uniqueness of the limit, it follows that g(z,v,ty) = f(:r, —v,0). Now
we have the contradiction stated in Remark 2.2.

5 Fluid Dynamical Limits

Roughly speaking, the existing methods for establishing macroscopic limits
of the Boltzmann equation depicted in Figure 5 may be classified to three
different methods. Each method has its own advantage and disadvantage.

1. Method of spectral analysis [20], [13], [29], [32], [33]: This method starts
with the study of the the semi-group generated by the linearized Boltz-
mann equation obtained from (2.39). The spectral analysis gives estimates
both in ¢ and e sharp enough to give a strong control on the convergence
of nonlinear problems. Moreover, it is not necessary to restrict the initial
data to well prepared, that is, macroscopic data. For the incompressible
limit, ill-prepared data may generate acoustic waves, but this method en-
ables us to trace the pathological waves in detail and eventually, to reveal
a mathematical mechanism of the development of the initial layer. A seri-
ous disadvantage of this method is that it requires the smallness condition
in the nonlinear regime as well as strong regularity conditions both on ini-
tial data and solutions. In particular, this method has been successful for
the compressible Euler limit only in the framework of analytic functions
in z.

2. Method of the Hilbert-Chapman-Enskog expansion [21], [23]: This method
starts with expanding the solution of (2.39) in a series of € to some finite
power. Then, for well-prepared data, the residual can be estimated uni-
formly. Regular solutions exist for (2.39) for sufficiently small € as long
as the corresponding limit macroscopic fluid equations have regular solu-
tions, that is, before they devlop singularities including shock. Solutions
and initial data must be regular enough but are not required to be an-
alytic functions. The well-preparedness is necessary, so that this method
deals with the case where initial layers do not develop.

3. Method of L' compactness. [25],[37] This method is developing recently.
It relies on the relative entropy control (H-theorem) and the ’velocity
averaging lemma’. The main result is the weak L' convergence of the
Diperna-Lions renormalized solutions of the Boltzmann equation ([12]) to
Leray’s weak solutions of the Navier-Stokes equation. This is indeed a big
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progress on this subject. Both the smallness and regularity conditions are
not required. The convergence is not strong enough to make visible initial
layers, however. When the data are well-prepared data, the convergence
becomes the strong L' convergence.

In the below, we discuss only Method 1. For the other methods, the reader is
referred to the references mentioned above and references therein.

5.1 Preliminary

We thus verify the diagram of Figure 5 by Method 1. To start, recall the scaled
Boltzmann equation (2.39) and definitions (2.40), (2.41) of the operator L and
I'. We shall rewrite (2.39) in the form of the evolution equation

(ig6 € € 1 €
{ a By + mf(g ), t>0, (5.1)
g€(+0) = 9o,
where 1
B, = op(ev- Vo + L), (5.2)

is the linearlized Boltzmann operator.
We shall consider the mild solution of (5.1), which is defined by trans-
forming (5.1), by the Duhamel formula, into the integral form:

9°(1) = USt)go + 5 Telo1), (53)

where
US(t) = !5, (5.4)

is the semi-group generated by the linearized Boltzmann operator (5.2),

whereas
Tl = ¢ [ U= 9Tl (s, (55)

is a nonlinear term. The unbounded factor e~ ! is included in J because it

can be controlled by the smoothing effect of integration in ¢. Thus, the only
unbounded factor is €= for 3 < « in front of J.

To verify Figure 5, we need uniform estimates. According to Theorem 3.3,
for each € > 0 fixed, (5.3) has a local solutions on the time interval [0, T
for any initial, but the life span T — 0 as ¢ — 0 (Remark 3.6). It is also
known, [16], [17], that a global solution exists for a small initial (if limited to
the strong solution), but the size of the initial specified in [16],[17] should be
smaller with smaller €. Thus, the existing results do not provide us with any
uniform estimates.

The integral equation (5.3) tells us that g¢¢ is the sum of US(t)go and
e~ J. Thus, to establish the convergence and find the limit of ¢¢, we should
verify at least two following claims:
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(1) The semi-group US(t) converges to a limit U2(t) as e — 0.
(2) The integrals J¢[¢g¢] are uniformly bounded for small € > 0.

Indeed, once these claims are justified, we can immediately deduce the follow-
ing.

(a) The case 0 < a < 3: Since €*~® — 0 as ¢ — 0, the second term of the
right hand side of (5.3) vanishes, and hence, we have

g°(t) = ¢’ () =UL(t)go (¢ —0). (5.6)

by virtue of the claim (1). As will be discussed below, the reduced (limit)
equations for the limits ¢° are linear equations.

(b) The case 0 < 3 < a: Since the factor ¢’ tends to infinity, the second
term of the right hand side of (5.3) diverges unless J¢ — 0, as e — 0. In
this case, g has no limits, and hence no reduced equations.

(¢) The case 0 < a = (3: This is the only possible case where the reduced
equation becomes a nonlinear equation, if any.

Before going further, we mention a special case of the case (a) :

(a’) The case 1 < a < B. In this case, U2(t) = 0 for t # 0. Hence, so
does ¢°(t), and the reduced equations are trivial. This will been seen in
Theorem 5.1 below.

Now, we shall look at the limit g° of (5.6) more closely. To this end, we recall
the null space NV of L and the associated projectons PV defined by (2.46) and
(2.57). Normarize the basis (2.45) as

o(v) = My"* (v),

viv) = oMy P (v) (i =1,2,3), (5.7)
Pa(v) = L= (|vf2 = )My * (v),

to write PY explicitly in the form

4
Plg=>"<g,4 > i(v), (5.8)

i=0

where <,> is the inner product in L?(R?). For any fixed (t,z) and for any
function g(t, z,v), the orthogonal decomposition

g=Pg+ (P

gives the “hydrodynamic (macroscopic)” part P’g and the “kinetic (micro-
scopic)” part (I — P%)g. The hydrodynamic part plays a key role in diagrams
of Figure 5. Indeed, it already appears in the convergence statement (5.6): It
asserts that the limit of ¢¢, denoted again by ¢°, is in N with the form
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3
9" = mbo + Zuﬂﬁz + 01y, (5.9)

i=1
where the coefficients (1, v = (u1,u2,us),d) are to solve the fluid equations
in Figure 5. In view of the definition (5.8) of PY,
77:< 907’(/)0 >, u; =< 907’(/)1' > (2217273)a 9:< 907¢4 > . (510)

Now, a remark concerning the limit equation and its initial condition in the
case (a). The limit U2 (t) given in (5.6) happens to be a semi-group generated
by some linear operator, say, BY. Then, the reduced equation for the limit ¢°
is a linear evolution equation

d
at’?
Since the convergence (5.6) suggests the convergence

POg(t) — P°g°(t) = g°(t) (e —0),

Oty = B2 (t), t>0. (5.11)

(5.11) is an equation for the quantities (1, u, 8) in (5.10), and putting ¢ = 0 in
the above and since g¢(0) = go, it follows that the initial condition to (5.11)
should be of the form

g°(+0) = PYg. (5.12)

This can be rewritten, using (5.10), as the initial condition for (1, u,8);
(nuuue)(+0) = (7’]07’11,0,60), (513)

where the initial data (1o, ug, 6p) is determined by go through (5.10),

no =< go, %o >, Ui =< go,¥i > (i=1,2,3), 6o =< go, s> .

This causes the initial layer. Indeed, since U (0) = id, so is the limit U2(0),
On the other hand, U{(t) is continuous for ¢ > 0 up to ¢t = 0 and (5.12) implies
UQ(+0) = P°. In other words, UJ(t) is discontinuous at ¢t = 0 with

U%(+0) = PY #id = U5(0), (5.14)
which implies that the convergence (5.6) is not a uniform convergence near
t = 0. This phenomenon is called the initial layer and depicted in Figure 6.
Clearly, this happens also in the case (c).

5.2 Main Theorems

Here, we state the claims (1) and (2) in further detail. The claim (1) is sub-
stantiated in the space L? = L?(R®). Put

g°(t) = U5 (t)go-
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Fig. 6. Initial Layer

Theorem 5.1. (i) For any initial go € L?, the limit g°(t) = UL(t)go ewists as
e — 0 for each t > 0 and a > 0 in the strong topology of L?>. The convergence
is locally uniform in t > 0, and so, the limit g°(t) is continuous in t > 0.
Further, g°(t) is continuous up to t = 0 with a strong limit g°(+0). However,
in general, the convergence is not uniform near t = 0 and the limit U (t) is
discontinuous at t = 0: We have

6 . 0, a>1,
US(0) = id # US(40) = {po 0<a<1 (5.15)

where P° is the projection defined by (5.8).
A necessary and sufficient condition that the convergence is uniform up to
t =0 and ¢g°(t) is continuous at t = 0 is that go € N.

(ii) The limit g°(t) is in the space N with the form in (5.9) whose coefficients
(n, u=(u1,us,us),0) solve the equations

~ (2.48) (LCE) if a =0,

- (2.52) (LICE) if0 < e < 1,

~ (2.54) (LINS) ifa =1,
fort > 0 and satisfy the initial condition (5.12). However, when a > 1, g°(t)
is identically 0 for t > 0.

Remark 5.1. The last part of (i) implies that when « € [0, 1], the initial layer
develops if and only if the initial gy & N.

Remark 5.2. Thus, the initial layer comes from the linear semi-group UE(¢),
and in this sense, we can say that the initial layer is a linear phenomenon. On
the other hand, the boundary layer is a nonlinear phenomenon.

The claim (2) should be stated in different function spaces according to
the value of . We begin with the case a € [0,1). Let X, = X,(R?) be the
space (3.17) of functions u(z) given in Example 1 of $3 with n = 3, and define
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Y, = LE(R?, (1 + |v)’dv; X,(R3)) (b > 3/2).

= sSu v b U
lallo = sup {1+ o) "llgC )1l }

Also, with any constants pg,~y > 0, put

140
T="2 t) = po — vt 5.16
2 p(t) = po — t, (5.16)

and define the space and norm,

Y = {g(x,v,t) | g e CO([OvT};YO% g(t) € Yp(t)a te [OvT}}a (517)
glll = sup lg(®)[|pe)-
t€[0,T)

Theorem 5.2. Suppose « € [0,1). For any po,~y > 0, the following holds with
T defined by (5.16) and Y by (5.17).

(1) If {¢g}es0 is a bounded set in'Y, so is {JE[g%]}es0-

(i) If g° has a nonzero limit in'Y as € — 0, so does JE[g°].

This local estimate cannot be extended globally in ¢. Moreover, note that
functions involved here must be analytic in x.

For the case a > 1, on the other hand, a global in ¢ estimate is possible
for less smooth functions. Let H* = H*(R3) be the usual L? Sobolev space
and introduce

Zp = LY,([0,T] x R™, (1 + |v|)°dvdt; H*(R2)), s,b € R.

Theorem 5.3. Suppose o € [1,00). For any s > 3/2,b>5/2 and T > 0, the
following holds.

(i) If {g }eso0 is a bounded set in Zr, so is {JS[9}eso0-

(ii) If o = 1 and if g¢ has a nonzero limit in Zr as e — 0, so does J&[g°].

(i11) If o > 1 and if {g°}es0 is a bounded set in Zy, JS[g¢] converges to 0 as
e —0in Zp.

Here T' > 0 is arbitrary, and the statements are valid also with T = oo.

As noted above, these three theorems lead almost to the following theorem
verifying the diagram of Figure 5.

Theorem 5.4. (i) The case 0 < a < < 1: Let pg > 0. Then, there exist
positive numbers ag and v such that for any initial

goero, ||90||po < ao,

the following holds with T' defined by (5.16) and Y by (5.17).
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(a) For each ¢ > 0, (5.3) has a unique solution g¢ € Y on the time interval
[0,T] independent of € and the convergence

g°(t) = g°(t) (e —0) in Y,y foreach t€[0,T] (5.18)

holds with a limit g°(t) € Y ).
(b) The limit ¢g° has the the form (5.9) and its coefficients (n, u =
(u1,u2,us),0) solve the linear or nonlinear fluid equations indicated
in Figure 5 according to the choice of parameters («, 3).
(¢) Unless go € N, the convergence (5.18) is locally uniform on (0,T] but
not uniform near t =0, and so the initial layer develops as € — 0.
(i) The case 1 < o < B: If go is sufficently small, the statement (i) including
the initial layer is true in the space Y replaced by Zr for any time interval
[0, 7). Moreover, g° =0 fort >0 if a > 1,
(iii) The case a > B: g¢ diverges and not limit.

Remark 5.3. In both (i) and (ii), the smallness condition is required on the
initials. Of course, in case 3 > « strictly, then ag depends on € in such a way
that ag — oo as € — 0. This is natural because the limit equation is linear
when a < (.

The proofs of the above theorems are found in [29], [33], [20].... Here, we
present their sketches.

5.3 Proof of Theorem 5.1

Our proof is based on the spectral analysis of the linearized Boltzmann op-
erator B, given in [24], [16], [L7], [3]. It gives a semi-explicit formula of the
Fourier transform (in x) of the semigroup U, (¢). For any function u = u(z, v),
let

F(u)(z,§) = 13/2 / \ ey, v)dr, £€R® (i=+/—1)

(2m)3/2 JR

be its Fourier transform with respect to . Then,

F(Bu) = 6@%(_@@ L€+ L)F(u).

This implies that if

BA(6) = gy (—iev- €+ 1)

is taken to be an operator in the space L? = L?(R?) with € € R® as a
parameter, its semigroup gives a parametric representation of the Fourier
transform of the semigroup U (¢). Denote it by &(&,t);

B(&, 1) = PO = FUL()).

For simplicity of notation, «, € are dropped from the symbol @.
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Theorem 5.5. The following formula holds.
4
P(61) =Y MO PEX(E) + (& 1). (5.19)
j=0

The meanings of notations are as follows. (X\;(§), Pj(€§)) are the eigenvalues
and eigenprojections of B;(g)

By (E)P;(&) = A () F;(6), (5.20)
P;(&) being a projection (not necessarily orthogonal) on the space L*. Put
1
3]

There exists a positive number kg, and (A;(§), P;(§)) has an asymptotic ex-
pansion

E=rE, K=, f=—¢cec 8

1.
)\j(g) = ;{ZAjvlﬁ — 6)\]‘72:‘12 + O(€2|Ii|3)}, (521)
P;(€) = Pjo(€) + exO(1),
for || < ko/e, with some constants
)\j,l €R, )\j)g > 0,
and
4 ~
Pjo(€) = P°
§=0
holds for all € € S™ L. Under a suitable numbering for j, we have
)\j71 75 0 for j = 0,47 /\j71 =0 for j = 1,2,3. (522)
Further, x(&) is the characteristic function for || < kg/e.

Finally, p(&,t) is a linear bounded operator on L*(R3) with the operator norm

(e )l < coxp(~25), €<BS, 120, (5.23)

with some constants ¢,oy > 0 independent of €, £ and t.

Sketch of proof. HereN, we follow [24]. First,the matrix representation of the
operator A(EN) = P% - £PY in the basis (5.7) is a 5 x 5 matrix given by
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where v = \/2/3, € = (£1,£2,&3) (row vector) and ! means the transposition.
It is easy to compute its eigenvalues and normalized eigenvectors as

Xoi=¢ poi(é)= ﬁ(% + &9 + yiha),

AMi1=0, ¢11(§ = %(Wﬁo — o),
A1=0, @) =C()-¢ (i=23),

Xoa = —¢, 041(§) ﬁ(wo — &Y + ),

where ¢/ and C7 are 3-dimensional normalized vectors such that
= (Y1, 2, 08) = viho(v),  C*(E)-CP() =€-CU(E) =0 (j=2,3).
Now we consider the eigenvalue problem (5.20) for ¢ = 1 in the form
BL(&)p = —k)e. (5.24)

Decomposing ¢ = Po+(I—P%)p = ¢"+¢! and applying P° and P = - P°
to (5.24), we get

iP% - §~<p0 +iP% - égpl =\,
—ikPM - Q0 —ikPlv - £ + Lot = —kAp!,

where we have used properties of L in Proposition 2.1. Since L~! exists on
N, and since x may be assumed small in our situation, the second equation
can be solved as

' = ik(L+KAP' —ikP'w - EPY) T Py - £4°,
Insert this to the first equation to get
¥ = iA(€)@ — ik P - EPY(L+KkAPY — ikPlv - EPY) P - €00, (5.25)
If we plug the forms
A =i\ + KA, 0¥ = o) + K?

and put x = 0, we get the eigenvalue problem for A(£); A1) = A(£)@f. Thus
we have already obtained \; = A;1 and ¥g = ¥;1, j = 0,---,4. Expand
(5.25) in the power series of k. The r! term gives

Aathja + X1+ = iAE) P —POu - EPYL™ Py - £PO%; ;.

Take the inner product in L2(R?) of this and ¢; ,, we arrives at

Xo=Njo=—<L'Plw-&j1, Plu-&pj1> (=0, ,4)



Asymptotic Analysis of Fluid Equations 241

It is now easy to see that A; 2 is nothing but viscosity coefficient v or thermal
diffusivity p given in (2.62). Actually, we have

Ao2 = M2 = [, Xig=v (i=1,2,3),

and
Pj,oh =< hﬂ/)j,l > 1%‘71

for the expansion (5.21). The proof of (5.23) is lengthy and omitted. See [3],
[16], [17].
We now look at the first term of (5.19).

Lemma 5.1. For each fized t > 0 and k # 0, the following limits exist in the

sense of distribution.
(1) For )\j71 75 O,

N 1Nt J—
. X ()t _ e’ , 0= 07
i e X (E) {0 a>0.
(ll) For >\j,1 = 0,
1, 0<a<l,
lim e Oy () = § e Nialel 0 =1,
- 0, a>1.

Proof. (5.21) yields

Aj 1Rt
MO = expli 2 e {12 (0 5 + €Ot
€

Suppose Aj 1 # 0. If o« = 0, the last exponential function tends to 1 as e — 0 for
each fixed k, whence the limit is just the first exponential function on the right
hand side. On the other hand, if @ > 0, the same first exponential function
goes to 0 by virtue of the Riemann-Lebesque theorem, in the distribution
sense, if kKt # 0, whereas the second exponential function on the right hand
side tends to 1 or is bounded or tends to 0 according to o € (0,1), « = 1 or
a > 1, for fixed . Here, the fact A;2 > 0 is crucial. Thus, (i) follows.
Similarly, if ;1 = 0, we have

MO = exp{—e! k2 (\s + €O(Iu])t},

whence, since ;2 > 0 again, (ii) is straight forward.

Remark 5.4. We can see from where are coming the differential operators V,
and A, in the linear fluid equation (2.48),(2.52) and (2.54) in §2.5. First,
e””‘”"Qt(V > 0) is the symbol of a heat kernel, i.e. a symbol of the semi-group
generated by —v/\. On the other hand, e~%** gives rise to a symbol of a semi-
group generated by the operator ¢V. This is because the linearized collision
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operator L is invariant with respect to the rotation in R® and hence so is the
eigenprojection in (5.21). This observation, combined with Theorem 5.5 and
Lemma 5.1, now implies almost Theorem 5.1 as well as the forms of the linear
fluid equations in Figure 5.

Stronger convergences are known for (i) of Lemma 5.1. This is seen from
the following lemma based on the stationary phase method. For any function
wo(z),z € R?, define

w(z,t) = F~ (el apy).

Lemma 5.2. For any { > 3, there are positive numbers C, 0 such that for any
wo,
-6
|w(a:,t)\ < C(l + t) (||w0HH2(R3) + Hw0||L1(R3))7

holds for all t > 0.

Proof. Let R > 0 be a constant to be defined later, and decompose w as

w(.’]}',t) = Co _/1#3 eiz'feic‘g‘two(g)

:Co/ +Co/ = w1 + w2,
I¢I<R [€]>R

where cq = (27)73/2. Tt is immediate that
wa(a )] < O+ R) ol o

Write
wa(z,t) = 1 /R3 H(z —y, thwo(y)dy (1 = c5),
where

H(x,t) = / ! @ EHIE) ge
€<

In the polar coordinate, with r = |£],

R .
H(z,t) = 271'/ emwrzdr7

0 |z|r

and by integration by parts,

_ 21{ {e"t sin \x|rr2} R /R pirt sin |z|r — r|z| cos |x\rdr}.
it || r 0 0 ||
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Hence,
[H(z,t)] < C1+)7'R?,

which, in turn, gives
fwale, )] < O+ 07 R ol o
Choosing R = (1 +t)*/(=3) concludes the lemma.

Remark 5.5. This lemma strengthens the convergence in Lemma 5.1 for the
case (i) with a > 0. In fact, we have,

t €*
(@, )1 < = (hwoll e, + lwoll . g,

Since w(x,0) = wp(x), this proves that the convergence is not uniform near
t=0.

5.4 Proof of Theorems 5.2 and 5.3

Recall the definition (5.5) of the integral JS. It has two unbounded factors:
1/e in front of the integral and |v| included in the nonlinear operator I" which
is coming from the collision kernel ¢ = |(v — v*) - w| as has been seen in
Example 2 of §3. We will discuss the hard sphere case only, but can do the
same thing for Grad’s cutoff hard potential. If the soft potential is concerned,
the unbounded factor in v does not appear.

Unfortunately, it is not possible to control both unbounded factors simul-
taneously. We first show how to control the factor |v|. To this end, we shall
recall the classical decomposition of the linearized collision operator L for
Grad’s cutoff potential [5],

L=—-v(v) x+K, (5.26)
where v(v) is a function such that
0 <wo <w(v) <wi(l+ ),

with some positive constants v, vy, while K is an integral (in v) operator
having the smoothing effects

1K gllb+1 < Cllglls,  [1K9gllo < Cllgl|L2, (5.27)

for any b > 0, where the norm is

llglls = sup (1 + [v])’|g(v)]-
UGRS

The space equipped by this norm will be denoted by L°. (5.27) is a motivation
for the bootstrapping argument we shall use to control the above mentioned
unboundedness.
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I" is an unbounded nonlinear operator, but is controlled by the decompo-
sition (5.26) in such a way that

lv(0) = T (g, W)lly + 1K (g, Rl < Cllgllo]IR]s. (5.28)

We use this smoothing effect as follows. Define the operator

Af =

< —Eaﬁ(ev -V 4+ v(v)x) (5.29)

which is the free streaming term of B of (5.4), and denote its semi-group by
S€ (1) = eta.

Then, Duhamel’s formula holds;

1 t
US(t) = S5(8) + —— / SE(t — s)KUE (s)ds.
€ 0

Substitute this into (5.5) to deduce

€ € 1 ! € € 1 ! € € €
Tl 10 = ¢ [ Sa =Tl @lds+ o [ a0 = 9Kl os
(5.30)
= Jl(t) + J2<t).
Here and hereafter, the symbols €, « in the suffix are dropped occasionally,
to simplify the notation. The last term J, contains K and hence has a gain

of regularity due to (5.27) if J¢ has less regularity. J; has also a smoothing
effect. To see this, define the operator

M()h = /O S(t — $)h(s)ds.

Lemma 5.3. For any b > 0, there is a constant C > 0 such that for all € > 0
and o > 0,

[M(6)h]], < Cett Zl[lopt][[V(v)_lh(S)]]b,

holds for all t > 0, where the norm is that of the space L™ (R2; L°),

(Bl = sup [[ACz, o

zeR
Proof. We can easily have the explicit formula

S(t)h(z,v) = exp(— Zg?f)h(m —vt,v),
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whence

SR, 0)] < exp (=22 1+ o) w0 sup, (o) bz )b

Substituting this into M (¢) yields

(14 o) ¥ B, 0] < ) [ exp( = D as

x sup|[w(v) " Rz, 8) b
sefo,t],2cR®

This completes the proof of the lemma.

Thus, M can control both e~ (@*+1) and |v|. Indeed, applying this lemma to
J(t) = M @)I(g), (5.31)
yields

[J1(®)]]y < Ce* il[lopﬂ[[V(v)*lf(g)]]b < Ce® Zl[tpt][[g(S)]]ﬁ- (5.32)

The estimate of J5 is more delicate. Apply again Lemma 5.3 to Ja,

Jy = — M®)KJ[g], (5.33)

6o¢+1

to deduce

([ < C Zl[lopt][[V(v)—lKJ; [gl(s)]]p < C Zl[lopt]“J; [9](s)]]o—2.  (5.34)

This controls the factor |v| but not e~! in JE.
To overcome this difficulty, we shall go back to Theorem 5.1. Define
Va(t) = U — Po),

[e3

and write its Fourier transform as
() = F(VERL)F L (5.35)

Using (5.19), we decompose this as

w(gt) =Y eMOE X&)+ @& )T - P°) (5.36)
j=0

= lapl(fvt) + w2(§7t)7

with
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E;j(€) = Pi(§)I — P°) = €[¢|O(1),
the last term coming from the expansion (5.21).
Recall (5.5) and notice that thanks to Proposition 2.1 (ii),

Tl 10 = ¢ [ Vi - arig(s)as (531)

holds. The Fourier transform of this is, with the decomposition (5.36),
1 [t
FULONED) = ¢ [ (Bt =s)+vaet—9)GlEs)ds  (539)
0
=J3+ j47
where

G(& 1) = F(Llg“(M))(&)- (5.39)

The point is to control the unbounded factor e~ !. First, we see
4
(&) =) [EleM O E©o).
j=0

Thus, the unbounded factor ! is replaced by the unbounded symbol a(§) =
|€]. Since this a(§) satisfies the condition (3.21) on the symbol in Example 1
of §3, J3 can be controlled, similarly, in the space of functions which are real
analytic in = and belongs to Lg°, in v. Finally, we recall (5.33) and have

—(a 1
e VMO KT 0] < ;IIIQIIIQ- (5.40)
Here, the norm is that of (5.17) and the constant v > 0 will be chosen later.

The proof is lengthy and omitted here.
It remains to estimate Jy. (5.19) of Theorem 5.1 gives

L) [y wa(€,t — s)h(s)ds|| < OL [ exp(—2422)[|h(s)||ds
< Ce® SUPselo,t] [[R(s)]]

uniformly in € > 0,« > 0, with constants ¢ > 0 and ¢ € [0,1). The norm here
is that of L2(|R?). By virtue of another smoothing effect (5.27) of K, we then
have

e HIIMOE ||l < Cellg]l?, (5.41)

with a choice b = by > 3/2 4 1 so that Lp° C L?. The proof of this final step
is again too lengthy to present here.

Finally, the estimate (5.32) can be also put in the same norm as in (5.40)
and (5.41) (the proof is also lengthy), so that we get
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Lemma 5.4. For any pg, there is positive numbers v, C' such that
1
eIl < C(A + € + ;)IHQIHQ,

holds for all € > 0 and for all o > 0.

This lemma gives short time estimates, but for « > 1 global estimates are
possible as stated in Theorem 5.4.

To see this, we notice that if the limit of e*(©!y(¢) is like e=° (a > 0)
as is seen in Lemma 5.10, we get

|¢lelelt < opm1/2e—allE%

with some 0 < ¢’ < a and ¢ > 0, and thereby J; has a uniform estimate in
€ > 0 in the space Zr. Jo can be estimated as before, whence Lemma 5.4 also
holds in Z7 with a minor modification, and Theorem 5.3 follows. The detail
is omitted.

As for Theorem 5.4 (i), we sketch the proof of the existence assertion.
First, consider the case 0 < a < 1,a < .

We note that the semi-group U¢ (t) has the uniform estimate both in € > 0
and t > 0,

HU&®B)g0llpe < Collgollpo:

where the norm is as in (5.17). Next, We define the nonlinear operator N[g]
by the right hand side of (5.3):

1
Nlg)(t) = Us(t)go + =5 Jalo°1(®), (5.42)
and apply the contraction mapping principle. If o € [0,1), Lemma 5.4 gives
the estimate

1INl < Collgollpe + Cre”=*(1+1/7)[|g]l]*.
and similarly,
IINlg] = N[R][I] < Cre®=*(1+1/9)lllg + AllllIlg — Alll-

Here, C7 > 0 is independent of ¢ > 0 and g € Y. Fix v > 0. It is standard
that these two estimates imply that N is a contraction map on Y if ||gol|,, is
small. It is seen that this smallness condition cannot be relaxed with larger ~.

For a = 1 < 3, similar estimates hold in the space Zr, and we conclude
existence of global solutions for small initials.

Clearly, in both cases, if § > « strictly, the size ag of the smallness condi-
tion in Theorem 5.4 can be chosen to go to co as € — 0.

If 1 < o < g3, everything goes to 0.
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