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Preface to the Second Edition

Since publication of the first edition of this book in 1983, a very active area in
the theory of Navier-Stokes equations has been the study of these equations as
a dynamical system in relation to the dynamical system approach to turbulence.
A large number of results have been derived concerning the long-time behavior
of the solutions, the attractors for the Navier—Stokes equations and their approxi-
mation, the problem of the existence of exact inertial manifolds and approximate
inertial manifolds, and new numerical algorithms stemming from dynamical sys-
tems theory, such as the nonlinear Galerkin method. Numerical simulations of
turbulence and other numerical methods based on different approaches have also
been studied intensively during this decade.

Most of the results presented in the first edition of this book are still relevant;
they are not altered here. Recent results on the numerical approximation of the
Navier-Stokes equation or the study of the dynamical system that they generate
are addressed thoroughly in more specialized publications.

In addition to some minor alterations, the second edition of Navier—Stokes Equa-
tions and Nonlinear Functional Analysis has been updated by the addition of
a new appendix devoted to inertial manifolds for Navier—Stokes equations. In
keeping with the spirit of these notes, which was to arrive as rapidly and as
simply as possible at some central problems in the Navier-Stokes equations, we
choose to add this section addressing one of the topics of extensive research in
recent years.

Although some related concepts and results had existed earlier, inertial mani-
folds were first introduced under this name in 1985 and systematically studied for
partial differential equations of the Navier-Stokes type since that date. At this
time the theory of inertial manifolds for Navier—Stokes equations is not complete,
but there is already available a set of results which deserves to be known, in the
hope that this will stimulate further research in this area.

Inertial manifolds are a global version of central manifolds. When they exist
they encompass the complete dynamics of a system, reducing the dynamics of an
infinite system to that of a smooth, finite-dimensional one called the inertial sys-
tem. In the Appendix we describe the concepts and recall the definitions and some
typical results; we show the existence of inertial manifolds for the Navier—Stokes
equations with an enhanced viscosity. We also describe a tentative route for prov-
ing the existence of inertial systems for the actual two-dimensional Navier—Stokes
equations and for the two-dimensional version of the Navier-Stokes equations
corresponding to the flow around a sphere (flow of a thin layer of fluid around a
sphere), a subject of obvious interest for geophysical flows and climate problems.

As indicated earlier, another aspect of inertial manifolds not presented here is
the use of approximation of inertial manifolds for the development of new multi-
level algorithms adapted to the resolution of the many scales present in turbulent
flows. These aspects are addressed (and will be addressed further) in publications
more numerically or computationally oriented; some bibliographic references are
given in the Appendix.
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Introduction

The Navier-Stokes equations are the equations governing the motion of
usual fluids like water, air, oil, ..., under quite general conditions, and they
appear in the study of many important phenomena, either alone or coupled
with other equations. For instance, they are used in theoretical studies in
aeronautical sciences, in meteorology, in thermo-hydraulics, in the petroleum
industry, in plasma physics, etc. From the point of view of continuum
mechanics the Navier-Stokes equations (N.S.E.) are essentially the simplest
equations describing the motion of a fluid, and they are derived under a quite
simple physical assumption, namely, the existence of a linear local relation
between stresses and strain rates. These equations, which are recalled in § 1,
are nonlinear. The nonlinear term (u - V}u contained in the equations comes
from kinematical considerations (i.e., it is the result of an elementary
mathematical operation) and does not result from assumptions about the
nature of the physical model; consequently this term cannot be avoided by
changing the physical model.

While the physical model leading to the Navier—Stokes equations is simple,
the situation is quite different from the mathematical point of view. In particular,
because of their nonlinearity, the mathematical study of these equations is
difficult and requires the full power of modern functional analysis. Even now,
despite all the important work done on these equations, our understanding of
them remains fundamentally incomplete.

Three types of problems appear in the mathematical treatment of these
equations. Although they are well known, we recall them briefly for the
nonspecialist.

1) Existence, uniqueness and regularity. It has been known since the work of
J. Leray [1] that, provided the data are sufficiently smooth (see § 3), the initial
value problem for the time-dependent Navier-Stokes equations possesses a
unique smooth solution on some interval of time (0, Ty); according to J. Leray
[3] and E. Hopf [1], this solution can be extended for subsequent time as a
(possibly) less regular function. A major question as yet unanswered is whether
the solution remains smooth all the time. In the case of an affirmative answer
the question of existence and uniqueness would be considerably clarified. In
the case of a negative answer, then it would be important to have information
on the nature of the singularities, and to know whether the weak solutions are
unique and, should they be not unique, how to characterize the ‘‘physical”
ones.

All these and other related questions are interesting not only for mathemati-
cal understanding of the equations but also for understanding the phenomenon
of turbulence. Recall here that J. Leray’s conjecture [1}{3] on turbulence, and
his motivation for the introduction of the concept of weak solutions, was that
the solutions in three space dimensions are not smooth, the velocity or the

X1



xii INTRODUCTION

vorticity (the curl of the velocity) becoming infinite at some points or on some
“small” sets where the turbulence would be located.

All the mathematical problems that we have mentioned are as yet open. Let
us mention, however, some recent studies on the Hausdorff dimension of the
set of singularities of solutions (the set where the velocity is infinite), studies
initiated by B. Mandelbrot [1] and V. Scheffer [1H4] and developed by L.
Caffarelli-R. Kohn-L. Nirenberg [1] (see also C. Foias-R. Temam [5]). The
studies are meant to be some hopeful steps towards the proof of regularity if
the solutions are smooth, or else some steps in the study of the singular set if
singularities do develop spontaneously.

2) Long time behavior. If the volume forces and the given boundary values of
the velocity are independent of time, then time does not appear explicitly in
the Navier-Stokes equations and the equations become an autonomous infinite
dimensional dynamical system. A question of interest is then the behavior for
t — o of the solution of the time-dependent N.S.E. A more detailed description
of this problem is contained in § 9, but, essentially, the situation is as follows. If
the given forces and boundary values of the velocity are small then there exists
a unique stable stationary solution and the time-dependent solution converges
to it as £ — 0. On the other hand, if the forces are large, then it is very likely
from physical evidence and from our present understanding of bifurcation
phenomena that, as t — <, the solution tends to a time periodic one or to a
more complicated attracting set. In the latter case, the long time behavior of
the solution representing the “permanent” regime, could well appear chaotic.
This is known to happen even for very simple dynamical systems in finite
dimensional spaces, such as the Lorenz model (cf. also O. Lanford [1]) or the
examples of mappings of the unit interval of R into itself, discussed by M.
Feigenbaum [1] and O. Lanford [2]. Such chaotic behavior is another way to
explain turbulence; it is based on the ideas of dynamical systems and strange
attractors, following D. Ruelle [1], [2], D. Ruelle-F. Takens [1] and S. Smale
[2]. Actually, for the moment, these two ways for the description of turbulence
are not mutually exclusive, as singularities and long time chaotic behavior could
perhaps be both present in the Navier-Stokes equations. Let us mention also
that, as observed by D. Ruelle [3], the strange attractor point of view is not
sufficient to explain the chaotic structure in space of the physical flow®.

A great number of mathematical problems relating to the behavior for t —
of the solutions of the N.S.E. are open. They include convergence to a stable
stationary or time periodic solution in connection with bifurcation theory? or
convergence to a more complicated attractor (cf. C. Foias-R. Temam (5], {8],
[9] and also J. Mallet-Paret [1]). Of course in three space dimensions the

! We specify “physical flow™ since the word “flow” is also used in the dynamical system context
to describe the trajectory of u(t) in the function space.

2 From the abundant literature we refer, for instance, to C. Bardos—C. Bessis [1], P. Rabinowitz
[1] and the references therein.
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difficulties are considerable, and the problem is perhaps out of reach for the
moment since we do not even know whether the initial value problem for the
N.S.E. is well posed.

3) Numerical solution. We mentioned at the beginning that the N.S.E. play
an important role in several scientific and engineering fields. The needs there
are usually not for a qualitative description of the solution but rather for a
quantitative one, i.e., for the values of some quantities related to the solution.
Since the exact resolution of the N.S.E. is totally out of reach (we actually
know only a very small number of exact solutions of these equations), the data
necessary for engineers can be provided only through numerical computations.
Also, for practical reasons there is often a need for accurate solutions of the
N.S.E. and reliance on simplified models is inadequate.

Here again the problem is difficult and the numerical resolution of the N.S.E.
will require {as in the past) the simultaneous efforts of mathematicians,
numerical analysts and specialists in computer science. Several significant
problems can already be solved numerically, but much time and effort will be
necessary until we master the numerical solution of these equations for realistic
values of the physical parameters. Besides the need for the development of
appropriate algorithms and codes and the improvement of computers in
memory size and computation speed, there is another difficulty of a more
mathematical (as well as practical) nature. The solutions of the N.S.E. under
realistic conditions are so highly oscillatory (chaotic behavior) that even if we
were able to solve them with a great accuracy we would be faced with too
much useless information. One has to find a way, with some kind of averaging,
to compute mean values of the solutions and the corresponding desired
parameters.

As mentioned before, some analytical work is necessary for the numerical
resolution of the N.S.E. But, conversely, one may hope that if improved
numerical methods are available, they may help the mathematician in the
formulation of realistic conjectures about the N.S.E., as happened for the
Korteweg—de Vries equations.

After these general remarks on fluid dynamics and the Navier-Stokes
equations, we describe the content of this monograph, which constitutes a very
modest step towards the understanding of the outstanding problems mentioned
above. The monograph contains 14 sections grouped into three parts (88§ 1-8,
9-12, 13-14), corresponding respectively to the three types of problems which
we have just presented.

Part T (8§ 1-8) contains a set of results related to the existence, uniqueness
and regularity of the weak and strong solutions. The material in Part I may
appear technical, but most of it is essential for a proper understanding of more
qualitative or more concrete questions. In §1 the N.S.E. are recalled and we
give a brief description of the boundary value problems usually associated with
them. Sections 2 and 3 contain a description of the classical existence and
uniqueness results for weak and strong solutions. We have tried to simplify the



Xiv INTRODUCTION

presentation of these technical results. In particular, we have chosen to em-
phasize the case of the flow in a cube in R", n=2 or 3, with space periodic
boundary conditions. This case, which is not treated in the available books or
survey articles, leads to many technical simplifications while retaining the main
difficulties of the problem (except for the boundary layer question, which is not
considered here). Of course the necessary modifications for the case of the flow
in a bounded region of R" are given. The results in §3 2 and 3 are essentially
self-contained, except for some very technical points that can be found
elsewhere in the literature, (cf. in particular O. A. Ladyzhenskaya {1], J. L.
Lions [1] and R. Temam [6] to which we will refer more briefly as [RT7).

New (or recent) developments, related either to weak solutions or to strong
solutions, are then presented in §§4 to 8. New a priori estimates for weak
solutions are proved in § 4 following C. Foias—C. Guillopé-R. Temam [1].
They imply in particular, as noticed by L. Tartar, that the L™-norm of a weak
solution is L' in time, and this allows us in §8 to define the Lagrangian
representation of the flow associated with a weak solution. In § 5 we present the
result established in C. Foias~R. Temam [5] concerning the fractional dimen-
sion of the singular set of a weak solution.

In § 6 we derive, after R. Temam [8], the necessary and sufficient conditions
for regularity, at time t =0 of the (strong) solutions to the N.S.E. The result
relates to the question of compatibility conditions between the given initial and
boundary values of the problem. This question, which is a well-known one for
other initial and boundary value problems including linear ones, apparently has
not been solved for the N.S.E.; of course the question of regularity at t =0 has
nothing to do with the singularities which may develop at positive time.

Finally in § 7 we prove a result of analyticity in time of the solutions,
following with several simplifications C. Foias—R. Temam [5]. The proof, which
could be used for other nonlinear evolution problems, is simple and is closely
related to the methods used elsewhere in these notes.

Part 1T (§8 9—12) deals with questions related to the behavior for t — ® of the
solutions of the N.S.E. Section 9 explains the physical meaning of these
problems through the example of the Couette-Taylor experiment. Section 10 is
devoted to stationary solutions of the N.S.E.; contains a brief proof of
existence and uniqueness (for small Reynolds number), and the fact that the
solution to the N.S.E. tends, as t — o, to the unique stationary solution when
the Reynolds number is small. This section contains also a proof of a finiteness
property of the set of stationary solutions based on topological methods.

The results in §§ 11 and 12 (following C. Foias—-R. Temam [5]) are related to
the behavior for ¢t — o of the solutions to the N.S.E. at arbitrary (or large)
Reynolds numbers. They indicate that a turbulent flow is somehow structured and
depends (for the cases considered, see below), on a finite number of parame-
ters. These properties include a squeezing property of the trajectories in the
function space (§ 11) and the seemingly important fact that, as t — =, a solution
to the Navier-Stokes equations converges to a functional invariant set (an
w-limit set, or an attractor), which has a finite Hausdorff dimension (§12).
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Intuitively, this means that under these circumstances all but a finite set of
modes of the flow are damped.

Both results are proved for a space dimension n=2 or 3, without any
restriction for n=2, but for n=3 with the restriction that the solution
considered has a bounded H'-norm for all time. It is shown (cf. § 12.3 and C.
Foias-R. Temam {13]) that if this boundedness assumption is not satisfied then
there exists a weak solution to the N.S.E. which displays singularities. Alterna-
tively, this means that the relevant resulits in 8§ 11 and 12 (and some of the
results in Part III) fail to be true in dimension 3 only if Leray’s conjecture on
turbulence is verified (existence of singularities).

Although the problems studied in Part II are totally different from those
studied in Part I, the techniques used are essentially the same as in the first
sections, and particularly in §§ 2 and 3.

Part IIT (§8 13 and 14) presents some results related to the numerical
approximation of the Navier-Stokes equations. At moderate Reynolds num-
bers, the major difficulties for the numerical solution of the equations are the
nonlinearity and the constraint divu=0. In §13 we present one of the
algorithms which have been derived in the past to overcome these difficulties,
and which has been recently applied to large scale engineering computations.
Section 14 contains some remarks related to the solution of the N.S.E. for
large time: it is shown (and this is not totally independent of the result in Part
IT) that the behavior of the solution for large time depends on a finite number
of parameters and an estimate of the number of parameters is given. A more
precise estimate of the number of parameters in terms of the Reynolds number
and further developments will appear elsewhere (C. Foias-R. Temam {9], C.
Foias-O. Manley-R. Temam-Y. Tréve [1], C. Foias-R. Temam {11], [12]).

At the level of methods and results, there is again a close relation between
Part IIT and Part I (8§ 3 and 13 in particular), and there is a connection as
already mentioned with Part II (§§ 12 and 14).

It is not the purpose of these notes to make an exhaustive presentation of
recent results on the Navier-Stokes equations. We have only tried to present
some typical results, and the reader is referred to the bibliographical comments
in the text and at the end for further developments. In particular we have
refrained from developing the stochastic aspect of the Navier-Stokes equa-
tions, which would have necessitated the introduction of too many different
tools. The interested reader can consult A. Bensoussan-R. Temam [1], C.
Foias [1], C. Foias-R. Temam [6] [7], M. Viot [1], M. L. Vishik [1], M. L
Vishik—-A. V. Fursikov [1], [2], [3].

Our aim while writing these notes was to try to arrive as rapidly and as
simply as possible at some central problems in the Navier-Stokes equations.
We hope that they can stimulate some interest in these equations. One can
hope also that the demand of new technologies and the accelerated improve-
ment of the opportunities offered by new (existing or projected) computers will
help stimulate further interest in these problems in the future.

In conclusion I would like to thank all those who helped in the preparation
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of these notes: C. Foias for his collaboration which led to several articles on
which these notes are partly based, C. Guillopé, Ch. Gupta, J. C. Saut, D.
Serre and the referee for reading the manuscript and for the comments they
made. Finally I would like to thank the mathematical secretary at Dekalb
University and Mrs. Le Meur at Orsay for kindly typing the manuscript.



PART I

Questions Related to the Existence,
Uniqueness and Regularity of Solutions

Orientation. In this first Part, which contains §§1 to 8, we present the
Navier-Stokes equations of viscous incompressible fluids, and the main bound-
ary value problems which are usually associated with these equations. Then we
study the case of the flow in a bounded domain with periodic or zero boundary
conditions, and we give in this case the functional setting of the equation, and
various results on existence, uniqueness and regularity of time-dependent
solutions. We emphasize the case of the flow with space periodic boundary
conditions, treating more briefly the zero boundary conditions which are much
more often considered in the literature; see for instance O. A. Ladyzhenskaya
[1], J. L. Lions [1], and R. Temam [6] to which we will refer more briefly as
[RT].

In § 1 we recall the Navier-Stokes equations and the corresponding bound-
ary value problems. In § 2 we present the appropriate functional setting. In
§ 3 we recall the main existence and uniqueness results (which are essentially
classical), with the details of various a priori estimates used frequently in the
sequel and we sketch the proof of existence and uniqueness. Section 4 contains
some new a priori estimates, used in particular in § 8. Section 5 includes some
results on the Hausdorff dimension of the singular set of a weak solution.
Section 6 presents the necessary and sufficient conditions of regularity of the
solution at time ¢=0 (the compatibility conditions). Section 7 shows under
appropriate assumptions that the solution is analytic in time with values in
D(A). Finally, in § 8 we exhibit the Lagrangian representation of the flow
associated with a weak solution of the Navier-Stokes equations.
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Representation of a Flow.
The Navier-Stokes Equations

Let us assume that a fluid fills a region {} of space. For the Eulerian
representation of the flow of this fluid, we consider three functions p = p(x, t),
p=pix, 1), u=u(xt), x =(xy, x5, x3)€ £, teR, where p(x, t) (or p(x, 1)) is the
density (or the pressure) of the fluid at point x at time ¢ and u(x, t) = (u,(x, t),
u,(x, t), us(x, t)) is the velocity of the particle of fluid which is at point x at time
t. One may also consider Lagrangian representation of the flow, in which case
we introduce functions g =g5(a,t), p=p(a,t), a =il(a,t); here i(a,t) is the
velocity of the particle of fluid which was at point a € ) at some reference time
t,, and the meanings of p(a, t), p(a, t) are similar. The Lagrangian representa-
tion of a flow is less often used, but we will make some comments on it in § 8.

If the fluid is Newtonian, then the functions p, p, u are governed by the
momentum conservation equation (1.1) (Navier-Stokes equation), by the con-
tinuity equation (1.2) (mass conservation equation) and by some constitutive
law connecting p and p:

U « du .
(1.1) p (—9?+ Z uia—— —pAu— 3 +p)graddivu +grad p =T,
i1 Xi
ap ..
(1.2) §+d1v (pu) =0,

where p >0 is the kinematic viscosity, A another physical parameter and
f=f(x,t) represents a density of force per unit volume. If the fluid is
homogeneous and incompressible, then p is a constant independent of x and ¢,
and the equations reduce to

du & du
1.3 (#+2 i—)— Au+grad p =f,
{1.3) Clew _;luaxi pw Au+grad p=f,
(1.4) divu =90.

Usually we take p =1, set v = and, using the differential operator V = (3/9x;,
d/dx,, d{dx;) arrive at
u

(1.5) aJr(u-V)u*vAquVp:f.

We can also consider (1.5) as the nondimensional form of the Navier-Stokes

equation (1.3), which is obtained as follows. We set p=pxp’, p=pxp’, U=

ug', x =Lyx', t = Tet', f=(pxUx/Ty)f', where py, Ly, Ty are respectively a

reference density, a reference length and a reference time for the flow, and

Ug = Ly/ Ty, px = Ukpx. By substitution into (1.3) we get (1.5) for the reduced
3
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quantities u'(x’,t"), p'(x’,¢"), f'(x',¢'), but in this case the inverse of v
represents the Reynolds number of the flow:

(1.6) Re=2*1.U,.
o

The equations (1.4), (1.5) are our basic equations. We note that they make
sense mathematically (and in some way physically) if € is an open set in R?,
u=(uy, Uy, f=(f1, f2). Since it is useful to consider this situation too, and in
order to cover both cases simultaneously, we assume from now on that

Q is an open set of R", n =2 or 3, with boundary I'.

1.7 We assume furthermore that () is located locally on one side of I and that
I' is Lipschitzian or sometimes of class C" for a specified r.

One of the first mathematical questions concerning the equations (1.4), (1.5)
is the determination of a well-posed boundary value problem associated with
these equations. This is still an open problem, but it is believed (and has been
proved for n=2) that (1.4), (1.5) must be completed by the following initial
and boundary conditions (for flow for >0, x € Q).

o Initial condition:

(1.8) u(x, 0) = uy(x), xeQ (u, given).
e Boundary condition:
(1.9) ulx, ) =¢(x, t), xel, t>0 (Q bounded, ¢ given).

If Q) is unbounded (and in particular for 1 =R"), we add to (1.9) a condition
at infinity:

(1.10) u(x, 1) = (x, 1) as x| +oo,

¢ given'.
Instead of (1.9) (and (1.10)) it is interesting to consider another boundary
condition which has no physical meaning;

(1.11) u(x+Le,t)=u(x,t) VxeR", V>0,

where ey, ...,e, is the canonical basis of R", and L is the period in the ith
direction; Q=(]0, L[)" is the cube of the period®. The advantage of the
boundary condition (1.11) is that it leads to a simpler functional setting, while
many of the mathematical difficulties remain unchanged (except of course those
related to the boundary layer difficulty, which vanish). In fact, in § 2 we will
describe in detail the corresponding functional setting of the problem (i.e. for
(1.4), (1.5), (1.8), (1.11)), and we will mention only briefly the case with a

! For special unbounded sets (} further conditions must be added to (1.9), (1.10); <f. J. G.
Heywood [1], O. A. Ladyzhenskaya-V. A. Solonnikov [1}, [2].
2 Of course one may consider different periods L, .. ., L, in the different directions, and in this

case Q=[J*_, (J0, L;[).
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boundary, which is presented in detail in the references already quoted
(Ladyzhenskaya [1], Lions {1], [RT])).

Remark 1.1. In the periodic case (i.e. (1.11)), it is convenient to introduce
the average of u on the cube of the period,

(1.12) m,(t)= j u(x, t) dx,
meas Q Jo

and to set

(1.13) u=m, +u

The average m is explicitly determined in terms of the data. By integration of
(1.5) on Q, using (1.4), the Stokes formula and the fact that the integrals on the
boundary dQ of Q vanish because of (1.11), we get

d _ 1
(1.14) @ m, (t) = mg(t) (‘meas 0 L flx, 1) dx),
so that
(1.15) m, ()= mu()nLJ‘I my(s)ds.

By substitution of (1.13) into (1.5) we find

(1.16) E;—‘:+(u V)i - v Ad+(my - V)i = F(=f—my).

The quantity m, being known, the study of (1.16) is very similar to that of
(1.5). Therefore in the periodic case we will assume for simplicity that the
average flow vanishes, m, =0.
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2 Functional Setting of the Equations

In this section we describe the functional setting of the equations, insisting
more particularly on the space periodic case (boundary condition (1.11)).

2.1. Function spaces, We denote by L*()) the space of real valued func-
tions on ) which are L? for the Lebesgue measure dx = dx, - - - dx,; this space
is endowed with the usual scalar product and norm

(u, v)= J. u(x)v(x) dx, lu] = {(u, u)}'”2.
(¢}

We denote by H™(Q) the Sobolev space of functions which are in L*),
together with all their derivatives of order =m. This is as usual a Hilbert space
for the scalar product and the norm

(U V)= 2, (D%, D°v), |l ={(u, )},

[al=m
where a =(ay,...,a,), o, eN, [a]=a;+ - -+ a,, and
a[a]
Da:D?\...D;‘":____a__.__T;
axlx...ax"n

H(Q) is the Hilbert subspace of H'({2), made of functions vanishing on I'. The
reader is referred to R. Adams [1] and J. L. Lions-E. Magenes [1] for the
theory of Sobolev spaces.

We denote by H;'(Q), meN, the space of functions which are in Hjp (R")
(i.e., uloc H™(0) for every open bounded set @) and which are periodic with
period Q:

2.1 u{x+Le) = u(x), i=1,...,n

For m =0, H)(Q) coincides simply with L*(Q) (the restrictions of the functions
in Hg(Q) to Q are the whole space L*(Q)). For an arbitrary m eN, H7(Q)isa
Hilbert space for the scalar product and the norm

(u, v), = Z J. D*u(x)D*v(x) dx.
[x]l=m YO
The functions in H;'(Q) are easily characterized by their Fourier series

expansion

02 HO-{uu= T am gy T K laf <),

keZ" keZ™

and the norm |ul,, is equivalent to the norm {}; .z (1+k[*™)|c.|?}'%. We also
set

(2.3) HQ)={ue H™MQ) of type (2.2), c,=0}.
7
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We observe that the right-hand side of (2.2) makes sense more generally for
meR, and we actually define H;(Q), meR, m=0, by (2.2); it is a Hilbert
space for the norm indicated above. For m € R, we define H;,"(Q) with (2.3);
this is a Hilbert space for the norm {¥,.z-|k[>™|c, |}, and H[(Q) and
H;’“(Q) are in duality for all m eR.

Two spaces frequently used in the theory of Navier-Stokes equations are

V={ueHlQ),divu=0inR"},
H={ueHXQ),divu=0in R"},

where H;'(Q) ={H}'(Q)}"; more generally, for any function space X we denote
by X the space X" endowed with the product structure. We equip V with the
scalar product and the Hilbert norm

v (du dv _ 12
(-3 (axi, ax)’ = £, ).

This norm is equivalent to that induced by (H}(Q))", and V is a Hilbert space
for this norm. It is easy to see that the dual V' of V is

V'={ueH;(Q)=HLQ)), divu=0in R"};
|l - |l will denote the dual norm of || - || on V'. We have
VcHcV/,

where the injections are continuous and each space is dense in the following
one. One can also show by mollification that the space of smooth functions,
(2.4) V=VNnE€R")",

is dense in V, H and V',
Remark 2.1. i) Using the trace theorem, one can show that ue V if and
only if its restriction ul, to Q belongs to

(2.5) {fve H'(Q),divu=0in Q, vlr, =vl,j=1,...,n}
where we have numbered the faces I', ..., T,, of Q as follows:
(2.6) I=00N{x;=0}, T,,,=dQN{x;=L},

and vl is an improper notation for the trace of v on T';. The characterization
of ulg for ue H is more delicate and relies on a trace theorem given in [RT,
Chap. 1., Thm. 1.2]": ue H if and only if u belongs to

2.7 {vel®(Q),divv=0in Qv vl =-v- v, j=1,...,n}

!Let @ be an open bounded set of R™ of class 42. Then if v €L%@) and div v € L%(0), we can
define y,v e H™2(30), which coincides with v - vl if v is smooth (v denotes the unit outward
normal on 80). Furthermore, for every u in H'(0), we have the generalized Stokes formula
(v, Vu) +(div v, u) = (v, v, you), where yyu = ul,, denotes the trace of u on 90, and (-, -) is the
pairing between H'/2(30) = y,H'(0) and its dual H™'?(30).
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i) Let G be the orthogonal complement of H in H = (L2(Q)/R)". We have
(2.8) G={ue H)Q), u=Vq,qe H(Q)}.

2.2. The Stokes problem and the operator A. The Stokes problem as-
sociated with the space periodicity condition (1.11) is the following one.
(2.9) Given feHYQ) or H,'(Q), find u e H(Q) and p € L* Q) such that

-Au+Vp=f in Q, V-u=0 in Q.

It is easy to solve this problem explicitly using Fourier series. Let us introduce
the Fourier expansions of u, p and f;

u= Z uke2i-rrk<x/L’ p= Z pke2i-rrk-x/L, f= Z fkezmk-x/L.

kez" keZ" keZ”

Equations (2.9) reduce for every k#0 to
4 k| 2imk

(210) L2 Uy + L Px :fk’
(2.11) k-u =0.
Taking the scalar product of (2.10) with k and using (2.11) we find the p,’s:
Lk - f,
212 = keZ", k+#0;
( ) pk 217r|klz’ ez ) 7&0’
then (2.10} provides the u;’s:
L’ ( (k 'fk)k)

) = — " k#0.

(2.13) u a2 kP fe T keZ", #0

By the definition (2.2) of Hy(Q), if f€Hg(Q) then u eH(Q) and p € Hy(Q);
if feH;'(Q) then ueHQ) and pe HY(Q). Now if f belongs to H, then
k - f, =0 for every k so that p=0 and

__ AL
e = 477 |k|*”

We define in this way a one-to-one mapping f — u from H onto
D(A)={ue H, Aue H}=H}¥Q)NH.

Its inverse from D(A) onto H is denoted by A, and in fact

(2.14) Au=—-Au VYueD(A).

If D(A) is endowed with the norm induced by [H]S(Q), then A becomes an
isomorphism from D(A) onto H. If follows that the norm |Au| on D(A) is
equivalent to the norm induced by Hﬁ(Q).

The operator A can be seen as an unbounded positive linear selfadjoint
operator on H, and we can define the powers A“, « €¢R, with domain D(A®) in
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H. We set
Vo =D(A*?);

V, is a closed subspace of [HI‘;‘ (Q), and in fact
(2.15) V., ={veH2(Q), div v =0}.

In particular, V,=D(A), V=V, V,=H, V_,=V’; A is an isomorphism from
Vesz 0nto V,,, D(A) onto H, V onto V', and so forth. The norm |A*?u| on V,
is equivalent to the norm induced by H3(Q),

(2.16) C |ule =AU = ule VYV ueD(A),

with? ¢, ¢’ depending on L and e.

The operator A is an isomorphism from V,_,, onto V,_ for all a € R. We
recall also that the injection of V, into V,__ is compact for every a €R, € >0.
Indeed if u,, is a sequence converging weakly to 0 in V,, then

Y luml?|k]>**=¢, a constant independent of m,
keZ"

U =0 asm—o YVkeZ"

For every KeR, K >0,

Z |"mk|2|klza,

D M T W P e
lk|=K lki>K

keZ"

lim sup |u, |2 . = Kczg ,
and since this lim sup is arbitrarily small, u,, >0 in V___.

Eigenfunctions of A. The operator A™! is linear continuous from H into
D(A), and since the injection of D(A) in H is compact, A~! can be considered
as a compact operator in H. As an operator in H it is also selfadjoint. Hence it
possesses a sequence of eigenfunctions w;, jeN, which form an orthonormal

basis of H,
(2.17) .
O<A ==, A — for j—x

In fact the sequence of w;’s and A;’s is the sequence of functions w,, and
numbers A ,,

k. k\ .
Wio = (ea __Ii’li)ekawIL, Ak,a =4’TT2 Iklsz,

% The letters ¢, ¢, ¢, c; indicate various positive constants. The letters ¢; represent well-defined
constants while the constants represented by the letters ¢, ¢, ¢; may be different in different places
in the text.
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where k=(ky,...,k,)eZ" k#0,a=1,...,n, and e,,...,e, represents the
canonical basis of R".

2.3. Sobolev inequalities. The trilinear form b. We recall some Sobolev
inequalities and some basic properties of Sobolev spaces.

If @ is an open set of R" and its boundary a@ is sufficiently regular (say
Lipschitzian), and if 3—m/n >0, then

(2.18) H™(@)< LY0O), a:———,

the injection being continuous. In particular, there exists a positive constant ¢
depending on m, n and L such that

(2.19) lu

L"(Q)éc(m; n, L)'u;m VueH;n(Q)a m<g

For m>n/2, H;(Q)<%,(Q) (the space of real continuous functions with
period Q) with a continuous injection.
If m;,, myeR, m;=m, and 0¢€]0, 1[, the discrete Holder inequality® gives

¥, kpmemeom s (5 ke ) (L ke ),

kezZ" keZ" keZ"
so that

(2.20) |l -0, com, = Ul lule, YueHP(Q), m;=m,.

If (1--6)m;+m,>n/2, the continuous imbedding of H,(Q) into €,(Q) shows
that there exists a constant ¢ depending only on 6, m,, m,, n, L such that

lule o) = (0, my, mo, n, Ly(ulla ™ lulf,)

(2.21) n
YueHHQ), m=m, 0<6<], (1—-0)m1+0m2>5.

Actually (cf. S. Agmon [1]), the inequality (2.21) is also valid if
n n . n/2—m;

(2.22) 0=m; < <m,, (1-0)m+6m,==, ie,=——".
2 2 m, —m,

In particular, if n =2,

¢ 1u\1/2|ul%/2

¢ |uli* Jul"

(2.23) Ul = { Y ueH(0),

and because of (2.16)

o clul'? | Au|t?
(2.24) Ul on E Yue D(A);
L cluel| 34 Auw| M4

Y abl=E e E b ) p =16, p = 1(1-9).
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if n=3
e
(225) l"‘IL“‘(Q)g {C |u|}/2 lulz/z Vu EH?;(Q),
_Je \u|1/4 |Au|3’4
(2.26) lulL“‘(O)—-‘ {C nunl/z lAuluz VueD(A).

The form b. We now show how to apply these properties of Sobolev spaces
to the study of the form b.

Let 0 be an open bounded set of R" which will be either Q or Q. For
u, v, welL(0), we set

n

2.27) b(u, v, w)= Z I u,Dyvw; dx,
i,j=1 40
whenever the integrals in (2.22) make sense. In particular, we have:

LemMa 2.1. Let =€ or Q. The form b is defined and is trilinear continuous
on H™(0) xH™ "1 (0) xH™(0) where m; =0, and

ifmi#g, i=1,2,3,

m1+m2+m3§

(2.28)

NI Nl

. n .
mytm,+tmy>— ifm :5 for some i.

Proof. If m; <n/2 for i =1, 2, 3, then by (2.18) H™(0) < L%(0) where 1/q;, =
3—my/n. Due to (2.28), (1/q, + 1/, + 1/g3) = 1, the product u,(D.v;)w; is integra-
ble and b(u, v, w) makes sense. By application of Hélder’s inequality we get

n

(2.29) |b(u, v, w)i = _ Zl [t a0y | Devj|L oy [W;
. 1L} =

Ib(u9 v, w)lécl Iulm‘ Ivlm2+1 lem3-

L%(0)s

If one or more of the m;’s is larger than n/2 we proceed as before, with the
corresponding g; replaced by +oe and the other g;’s equal to 2. If some of the
m;’s are equal to n/2, we replace them by m;<m;, m; —m] sufficiently small so
that the corresponding inequality (2.29) still holds. O

Remark 2.2. i) As a particular case of Lemma 2.1 and (2.29), b is a trilinear
continuous form on V,, XV, XV, m; as in (2.28) and

(2.30)  |b(u, v, W= U, [0y V], YUEV,,vEV, 1, WweV,,.

In particular, b is a trilinear continuous form on VX VXV and even on
VX VXV,

ii) We can supplement (2.29)-(2.30) by other inequalities which follow from
(2.29)-(2.30) and (2.20)-(2.26). For instance the following inequalities combin-
ing (2.30) and (2.20) will be useful.

b, v, W)= ¢ Ll a2 J1ol] 2 | A] 2 |w]

(2.31)
YVueV,veD(A),weH, ifn=2,
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1B (u, v, w)| = 5 llull {loll? |Av]| V2 [w]
(2.32) |
YueV,veD(A), weH, ifn=3.

iii) Less frequently, we will use the following inequalities. We observe that
u,(D;v;)w; is summable if (for instance) u, € L™(0), Dy, w; € L*(0), and

L wDo;w; dx|= lui]lf(o) lDiv,-| lel-

In this manner, and using also (2.24), we get in the case n = 2

lu]?|Au|? vl lw] YueD(A), veV, weH,

b, v, W= e {lul lol w2 |Aw|'? YueH, veV, we D(A),

and in the case # = 3, using (2.26)
[ AuP 4o |[w| VYueD(A),veV,weH,

[b(u, v, w)| =¢ X R R
Ll el wl 2 T aw]'? Y ue H ve V., we D(A),

Finally we recall a fundamental property of the form b:
(2.33) blu,v,w)=—blu,w,v) VYuuvy,weV.

This property is easily established for u, v, we V" (cf. [RT, p. 163]) and follows
by continuity for u, v, we V. With v =w, (2.33) implies

(2.34) b(u,v,v)=0 YuveV.
The operator B. For u, v, we V we define B(u, v)e V' and Bu € V' by setting
(2.35) (B(u, v), w)y=>b(u, v, w), Bu =B(u, u).

Since b is a trilinear continuous form on V, B is a bilinear continuous operator
from V X V into V'. More generally, by application of Lemma 2.1 we see that

B is a bilinear continuous operator from V,, XV, .; (or from
(2.36) H™(@)xH™" (@) into V_,,, where m,, m,, m; satisfy the as-
sumptions in Lemma 2.1.

It is clear that various estimates for the norm of the bilinear operator B(-, -)
can be derived from the above estimates for b.

2.4. Variational formulation of the equations. As indicated before, we are
interested in the boundary value problem (1.4), (1.5), (1.8), (1.11), when the
average of u on Q is 0; u, and f are given, and we are looking for u and p.

Let T>0 be given, and let us assume that u and p are sufficiently smooth,
say ue €*(R"x[0, T), pe €' R"x[0, T]), and are classical solutions of this
problem. Let u(t) and p(t) be respectively the functions {xeR"™ — u(x, t)},
{xeR" > p(x, 1)}. Obviously ue L*(0, T; V), and if v is an element of ¥ then
by multiplying (1.5) by v, integrating over Q and using (1.4), (1.11) and the
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Stokes formula we find (cf. [RT, Chap. III] for the details) that
d

(2.37) a—t(u, v)+v((u, v))+b(u, u, v)=(f, v).

By continuity, (2.37) holds also for each ve V.
This suggests the following weak formulation of the problem, due to J. Leray
(1], 2], [31

Problem 2.1 (weak solutions). For f and uq given,

(2.38) fel*0, T; V),

(2.39) ue H,

find u satisfying

(2.40) uel®0,T;V)

and

(2.41) %(u, v)+v((u, 0))+b(u, u,v)={,v) YveV,
(2.42) u(0) = ug.

If u merely belongs to L*0, T; V), the condition (2.42) need not make
sense. But if u belongs to L*(0, T; V) and satisfies (2.41), then (cf. below) u is
almost everywhere on [0, T] equal to a continuous function, so that (2.42) is
meaningful.

We can write (2.41) as a differential equation in V' by using the operators A
and B. We recall that A is an isomorphism from V onto V' and B is a bilinear
continuous operator from VxV into V'. If ueL*0, T; V), the function
Bu: {t — Bu(t)} belongs (at least) to L'(0, T; V’). Consequently (2.41) is equi-
valent to

d
X {u, v) ={f— vAu — Bu, v),
and since f—vAu—BueL'0, T; V'), u’' = du/dt belongs to L'(0, T; V'), and

(2.43) Z—I:Jr vAu+Bu=fin V'
Furthermore, (cf. {RT, Chap. III, § 1)) u is almost everywhere equal to a
continuous function from {0, T] into V’, and (2.42) makes sense.

We refer to [RT] (and the sequel) for more details and in particular for the
relation of Problem 2.1 to the initial problem (1.4), (1.5), (1.8), (1.11). One can
show that if u is a solution of Problem 2.1, then there exists p such that (1.4),
(1.5), (1.8), (1.11) are satisfied in a weak sense (cf. [RT, p. 307)).

Of course a weak solution of the Navier-Stokes equations (Problem 2.1) may
or may not possess further regularity properties. For convenience we will
introduce a class of more regular solutions which we call strong solutions.
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Problem 2.2 (strong solutions). For f and u, given,
(2.44) fe L¥0, T; H),
(2.45) uge v,
find u satisfying
(2.46) ue L0, T; D(A)NL=0, T; V)

and (2.41)-(2.43).

Further regularity properties of strong solutions are investigated in §4 (for
the space periodic case) and § 6 (for the bounded case). Let us observe here
that, by application of (2.32) and (2.41)—-(2.42),

(2.47) IB(y, W)= s Wl |Ag|"* ¥ ye D(A).
Hence if u is a strong solution, then for almost every ¢,
(2.48) |Bu(0)] = c; Jlu(d]? | Au(0)] 2,

and the function Bu:{t+> Bu(t)} belongs to L*(0, T; H). Since f and Au
belong to L*0, T; H), u’'=f—vAu— Bu belongs to this space too, and

(2.49) u'e L0, T; H).

The two conditions ue L*(0, T; D(A)), u’e L*(0, T; H) imply by interpolation
(cf. J. L. Lions-E. Magenes [1] or [RT, Chap. III §1.4), that u is almost
everywhere equal to a continuous function from [0, T] into V:

(2.50) uc€(0, T V).

2.5. Flow in a bounded domain. Although up to now we have concentrated
on the space periodic case, all of what follows applies as well to the case of flow
in a bounded domain with a fixed boundary (1.4), (1.5), (1.8), (1.9) with ¢ =0,
Q) bounded, provided we properly define the different spaces and operators.

In this case (cf. [RT],

V={ve¥€Z(})", divo=0},
V =the closure of ¥V in H()

={v e Hp(€}), div v =0},
H = the closure of ¥ in L%())

={vel?(), divo =0, y,o=v-v|=0},
H*({inL*())=G={v,v=Vp, pec H(Q)},
D(A) =V NH*Q) = {v e HAQ) NHAQ), div v =0},
Au=—PAu VueD(A),

where P is the orthogonal projector in L*((2) onto H.
Most of the abstract results in § 2.2 remain valid in this case. We cannot use
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Fourier series any more, so that neither can A 'f be explicitly written, nor can
the eigenfunctions of A be calculated. Still, A is an isomorphism from V onto
V' and from D(A) onto H, but this last result is a nontrivial one relying on the
theory of regularity of solutions of elliptic systems (cf. S. Agmon-A. Douglis—
L. Nirenberg [1]), L. Cattabriga [1], V. A. Solonnikov [1], I. 1. Vorovitch-V. I.
Yodovich [1]). The spaces V,=D(A%?), a >0, (which will not be used toco
often) are still closed subspaces of H*(Q), but their characterization is more
involved than (2.15) and contains boundary conditions on I'. All the in-
equalities in § 2.3 apply to the bounded case, replacing just H,'(Q) by H™(Q)
(assuming that (1.7) is satisfied with an appropriate r). The proof of (2.20)?
which was elementary, relies in the bounded case on the theory of interpola-
tion, as well as on the definition of H™(Q), meR\N (cf. J. L. Lions-E.
Magenes [1]). Finally, with these definitions of A, V, H, ..., § 2.4 applies to
the bounded case without any modification.

“In the bounded case, (2.20) becomes

[l (1 gym, +am, =€ - ull, ¥ ue H™(Q).



3 Existence and Uniqueness Theorems
(Mostly Classical Results)

In this section we derive basic a priori estimates for the solutions of
Navier-Stokes equations, and we recall the classical existence or uniqueness
theorems of weak or strong solutions. The only recent result is the theorem of
generic solvability of Navier-Stokes equations, given in §3.4 and due to A. V.,
Fursikov [1].

3.1. A priori estimates. We assume that u is a sufficiently regular solution of
Problems 2.1-2.2, and we establish a priori estimates on u, i.e., majori-
zations of some norms of u in terms of the data u,, f, .. ..

i) By (2.41), for every te(0,T) and ve V,

3.1 (W'(t), v) +v((ult), v)+bulr), ulr), v) =(f(t), v).
Replacing v by u(t) we get, with (2.34),
(' (), u(0) + v [lu(Of = (f(1), ult)).

Hence
1
(32) 3 SO+t = 0, w() = 0l o)
<Y 2 -1_ 2
=5 lufFF+ 5= Ol
d 2 2 1 2
(33) Tl + v ol = (ol
{ v
By integration in ¢ from 0 to T, we obtain, after dropping unnecessary terms,
(3.4 [P ask,
¢]
1 T
(.5 Ky =Kyt £, T) = (lea+2 [ W0l )
v v J

Then by integration in ¢ of (3.3) from 0 to 5, 0<s <T, we obtain

WP = o+ 1R de.

(3.6) sup |u(s)*=Ko,,
se[0,T]
(3.7 K, = Ky(ue, f, v, T) = vK.

il) Assuming again that u is smooth, in (3.1} we replace v by Au(r):

(u'(t), Au(0)+v((u(t), Au(0)+bu(t), ult), Au(t)) = (f(1), Au(t)).
17
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Since

(3.8) (Ad, ) =((d,¥) VeV,

this relation can be written

%% luIP+ v | Au(O)]? + b(u(t), u(t), Au(t))
3.9 v 1, .
= (f(0), Au) = |AuOP +=f(OP.

Now the computations are different, depending on the dimension.
iii) Dimension n =2. We use the relation (2.31); (3.9) implies

d 2
LI +3 v |AWOP 2 FOF + 2, (0] |Au(OP? 0],
t 2 v
The right-hand side can be majorized by
2 v
IR+ 5 AP +cf luOF Juol,

using Young’s inequality in the form

(3.10) ab=ea®+c.b", 1<p<oeo, £>0, p’=p—f—1, CEZ—("PS—_”%’

14
with p =% and ¢ = /2. We obtain

d 2 '
(3.11) 5 IO +v |Aw@ == [f0OF + i lu@F lu@l*
Momentarily dropping the term v |Au(t)|?, we have a differential inequality,
y=a+0y,
(3.12) 2 ,
y(O=lu®l’, a@==IfOPF, 6@t)=cilu@®fju@®l?,

1 4

from which we obtain by the technique of Gronwall’s lemma:

dit (y(t) exp (—Lt a(1) df))éa(t) exp (—J: (1) d~r>,

y() = y(0) exp (J: a(7) d7)+ J: a(s) exp ([ 6(1) dT) ds,
or

IO =NulP exp ([ et 1u(o)P luto)? )

(3.13) [ !
+2 L [f(s)I? exp (J ey lu@P lu()|P d7> ds.
1 %4

S
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With (3.4)—(3.7),

(3.14) sup lu(P =K,
t€[0,T1
T
(3.15) Ks=Ks(uo, f,v, L) = (||uo\|2+% L ‘f(S)P ds) exp (¢ K Ky).

We come back to (3.11), which we integrate from 0 to T:

T 2 T
VI [Au(o)? dt§\|u0||2+—L If(OF dt+cy sup [u(tf flu(n)l,
o v te[0,T]
T
(3.16) j |Au(t)? dt =K.,
0

. 1 2 2 T 2 ! 2
(317) K.=K(ug,f, v, L) == (Huoll +-; I If(0l dt+c1K2K3>.
0

iv) Before treating the case n =3, let us mention an improvement of the
preceding estimates in the periodic case, for n =2. This improvement, which
does not extend to the case of the flow in a bounded domain or if n = 3, is based
on:

LemMma 3.1. In the periodic case and if n=2,

(3.18) b(d, d, Ad)=0 VopeDA)=HXQ)NV.
Proof. In the periodic case A¢ =—Ad¢, and

2

b(d)9 d)’ Ad)) == Z j ¢I(Dl¢]) Ad’] dx
Li=19Q

2
- ¥ | aaDigax
Li.k=1 JQ
and, by integration by parts, using the Stokes formula,
(3.19) b(d, ¢, Ad) = Zj &:DuhDedy dx+ 2 j Dy Dy, Did; dx.
Lik JQ iik JQ
Now both integrals vanish, the first one because

2
Z J &:Dy ;D d; dx = Z J &.D,; M dx
Q Q 2

(D)’
s dx

i

:—L div ¢

and the second one because the sum Y7, -, Di¢:D;d,D.¢; vanishes identically
(straightforward calculation). O

3

! ¢, (and therefore c}) depends on the domain 0, i.e., on L if 0=Q.
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This lemma allows us to transform (3.9) into the simpler energy equality
1d s 2
(3.20) 'z'Ellu(t)H +v [Au())* = (f(t), Au(1)),

from which we derive, as for (3.4)-(3.7),

(32 L (ol + v |Au(OP 7O,
(3.22) sup. Ju(0F K3 =g+ [ 0P
(3.23) LTIAu(t)IZ dtéK;=%K;.

v) Dimension n =3. In the case n =3, we derive results which are similar to
that in part i1i) (but weaker).
After (3.9) we use (2.32) instead of (2.31), and we obtain

2
LCOF +3 v |Au(OF = FOP+ 26, P | Au(0?
t 2 v

g%lf(t)ler%lAu(t)IzHé Jul®

(by Young’s inequality),

(3.24) L (ol + v AP =2 O + 5 T
But
(3.25) ol=—=|As| VveD(A),
VA,
and
d 2 2 2 2 ' s
(3.26) SR +or, (O == F0OR + 3 Tu(olf.

This is similar to (3.11), but instead of (3.12), the comparison differential
inequality is now
y' =cay’,

(3.27) 2

YO =1+, ch=max (e > sup |f(OF).

V t€(0,T]

We conclude that

- y(0)
Y(t):J1~2y(0)2c4t
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as long as t<<1/(2y(0)%cy), and thus
L[l (0l = 200+ {lugl®)
for
3 1
Bea (1 + lluol®*

Lemma 3.2, There exists a constant K¢ (=3/8cy) depending only on f,v, Q, T
such that

0

IIA
ftA

!

(3.28) flea (O = 21 +[ful®)
for

2 < — __&_
(3.29) t= T (|lul) 1+ uP?

It follows that if n =3 and u is a sufficiently regular solution of Problems
2.1-2.2 then (assuming T, =T)

(3.30) sup JluMP = K7 =2(1+uy|

1€l0,T 1

T, given by Lemma 3.2, and from (3.24),

%),

T,
I |Au(t))* dt = K,
o
(3.31)
1 | 2 2 Tl 2 7 3
K=~ |luol* += |F(O* de+c3K7 ).
14 v Jy

3.2. Existence and uniqueness results. There are many different existence
and uniqueness results for Navier-Stokes equations. The next two theorems
collect the most typical results, obtained in particular by J. Leray [1], [2], [3],
E. Hopf [1], O. A. Ladyzhenskaya [1], J. L. Lions [1], J. L. Lions-G. Prodi [1],
and J. Serrin [1].

THEOREM 3.1 (weak solutions). For f and u, given,

(3.32) feL%0, T; V", uye H,

there exists a weak solution u to the Navier—Stokes equations (Problem 2.1)
satisfying

(3.33) ueL*(0,T; V)NL*0, T; H)

as well as (2.39) (or (2.43)) and (2.40).
Furthermore, if n =2, u is unique and

(3.34) ue¥$(0, Tl; H),
(3.35) wel*0,T; V).

21 = T,(luyl) and obviously t=T.
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If n =3, u is weakly continuous from [0, T] into H:

(3.36) ue€(0, T]; H,),
and
(3.37) u'e L4300, T; V.

THEOREM 3.2 (strong solutions, n =2, 3). i) For n=2, f and u, given,
(3.38) feL™0, T; H), Upev,

there exists a unique strong solution to the Navier-Stokes equations (Problem
2.2), satisfying>:

(3.39) uelL¥0,T;D(A)), uw'eL?0, T;H),
(3.40) ue%(0,T]; V).

ii) For n=3, f and u, given, satisfying (3.38), there exists Ty = Tglug)=
min (T, T,(luol)), T1(lucll) given by (3.29), and, on [0, Ty], there exists a unique
strong solution u to the Navier—Stokes equations, satisfying (3.39), (3.40) with T
replaced by Ty.

Remark 3.1. i) The theory of existence and uniqueness of solutions is not
complete for n=3: we do not know whether the weak solution is unique {or
what further condition could perhaps make it unique); we do not know
whether a strong solution exists for an arbitrary time T. See, however, § 3.4.

ii) We recall that as long as a strong solution exists (n = 3), it is unique in the
class of weak solutions (cf. J. Sather and J. Serrin in J. Serrin [1], or [RT, Thm.
II1.3.9]).

iii) Due to a regularizing effect of the Navier-Stokes equations for strong
solutions, those solutions can have further regularity properties than (3.39)-
(3.40) if the data are sufficiently smooth: regularity properties will be investi-
gated in § 4 for the space periodic case and in § 6 for the bounded case.

Let us also mention that if n =2 and in (3.38) we assume only that uy€ H,
then the solution u is in L. ((0, T]; D(A)) and 4((0, T]; V).

Remark 3.2. The strong solutions (and the weak solution if n = 2) satisfy the
energy equality (3.2). For n =3 we know only that there exists a weak solution
which verifies the energy inequality

%_;it (P + v Ju (P < (1), u(®) on (0, T).

It is not known whether all the weak solutions satisfy this inequality or whether
this inequality is actually an equality.

Remark 3.3. Let us assume that the conditions (3.38) are verified. Then for
n =2, if u is a weak solution to the Navier-Stokes equations (Problem 2.1), u
is automatically a strong solution by uniqueness and Theorem 3.2. For n =3,

3fe L%0, T; H) is sufficient for n =2.
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the same is true on (0, Ty(ug)), but u will be a strong solution on the whole
interval [0, T] if u satisfies some further regularity property.

For instance, if a weak solution u belongs to L*(0, T; V), then u is a strong
solution: indeed u is a strong solution on some interval (0, Ty), T =T, Let us
assume that the largest possible value of Ty is T'<T. Then we must have

lim sup ||u(t)l]| = +o.
t—>T'—0

On the other hand, the energy inequality (3.24), which is valid on (0, T' — €) for
all £ >0, implies

d
2 (1 () = c(1+{lu()F)?,
and by the technique of Gronwall’s lemma,
L+ Qo exp (e 1+ luoP?ds),  0<i<T
0

Thus Jju(¢)|] is bounded for t — T'—0, contradicting the assumption that T' < T.

3.3. Outlines of the proofs. The proofs of Theorem 3.1 and 3.2 can be
found in the original papers or in the books of O. A. Ladyzhenskaya [1], J. L.
Lions [1], [RT]. We finish this section with some outlines of the proofs which
we need for the sequel.

i) We implement a Galerkin method, using as a basis of H the eigenfunc-
tions w;, jeN, of the operator A (cf. (2.17)). For every integer m, we are
looking for an approximate solution u,, of Problems 2.1-2.2,

(3.41) U = 2, Gm(D)W;,
i=1

u,,:[0, T]— W, =the space spanned by w,, ..., w,..
The function u,, satisfies, instead of (2.39)-(2.40),

d
(3.42) x (Ups V) + (U, V) + bty U, V) =(f,0) VVEW,,
(3.43) U (0) = Pmu()y
where
(3.44)* P, is the orthogonal projector in H onto W,

The semiscalar equation (3.42) is equivalent to the ordinary differential
system

d
(3.45) %Jr vAu, + P, Bu,, =P, f.

*Due to the definition of the w,’s,P, is also the orthogonal projector on W, in
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The existence and uniqueness of a solution u,, to (3.42)-(3.45) defined on
some interval (0, T,,.), T,, >0, is clear; in fact the following a priori estimate
shows that T,,=T.

i1) The passage to the limit m — % (and the fact that T,, = T) is based on
obtaining a priori estimates on u,,. The first estimate, needed for Theorem 3.1,
is obtained by replacing v by u,, (=u,(t)) in (3.42). Using (2.34) we get

1d

3.46
(3.46) 2dt

|t (D + 2 e (DI = (f, wrm (1)).
This relation is the same as (3.2), and we deduce from it the bounds on u,,
analogous to (3.4)-(3.7):

J, tontF ars (ot [0 ),

sup (O = (Juonl"+ 5 [ 10 ).

tef0,T]

Since |Ug| = |Pauol = uol, we get for u,, exactly the same bounds as (3.4)—(3.7),
from which we conclude that

(3.47) u,, remains in a bounded set of L*(0, T; VYNL™(0, T; H).

Then, as usual in the Galerkin method, we extract a subsequence u,,, weakly
convergent in L%(0, T; V) and L=(0, T; H),

jin L*0,T;V) weakly and

(3.48) Uy —> Us.
[m L0, T;H) weak-star.

The passage to the limit in (3.42), (3.43) allows us to conclude that u is a
solution of Problem 2.1 and proves the existence in Theorem 3.1. However,
this step necessitates a further a priori estimate and the utilization of a
compactness theorem; we will come back to this point in a more general
situation in § 13. Finally, we refer to [RT] for the proof of the other results in
Theorem 3.1.

iii) For n =2, the only new element in Theorem 3.2 is (3.39)-(3.40). We
obtain that ue LX0, T; D(A))NL=(0, T; V) by deriving further a priori esti-
mates on u,,, in fact, a priori estimates similar to (3.14)—(3.17). We obtain them
by taking the scalar product of (3.45) with Au,,. Since P,, is selfadjoint in H
and P, Au,, = AP,u,, = Au,,, we obtain, using (3.8),

1d
(3.49) > d lsml” + v | At 2 + b (U, U, Alt) = (f, Auh).

This relation is similar to (3.9). Exactly as in § 3.1, we obtain the bounds
(3.14)~(3.17) for u,,, with u, replaced by uy,,. Since ug,, = P,.uo and P, is an
orthogonal projector in V,

(3.50) o || = | Pmtsoll = lusoll,
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and we then find for u,, exactly the same bounds as for u in (3.14)-(3.17):
(3.51) u,, remains in a bounded set of L*(0, T; D(A)N L0, T; V) (n=2).

By extraction of a subsequence as in (3.48), we find that u is in
L0, T; D(A)NL™0, T; V). The continuity property (3.40) results from
(3.39) by interpolation (cf. J. L. Lions—-E. Magenes [1] or [RT]). The fact that
u'e L*(0, T; H) follows from (2.43),

(3.52) u'=f—vAu—Bu,

and the properties of B; f and Au are obviously in L*(0, T; H) and for B we
notice in the relation (2.31) that

(3.53) |Bu(H)| = c, [u(O]'? lu()|| |Au(0)]'?,

so that Bu belongs to L*(0, T; H) and u’ belongs to L*0, T; H).

The proof of Theorem 3.2 in the case n =3 is exactly the same, except that
we use the estimates (3.30), (3.31) valid on [0, T, (lu|)] instead of the estimates
(3.14)-(3.17) valid on the whole interval [0, T]. Also, instead of using (2.31)
and obtaining (3.53), we use the relation (2.32) which gives us

(3.54) Bu(0)| = 3 lu()P? |Au(®)]';

Bu is still in L%0, T; H), and u' is too.

Remark 3.4. Except for Lemma 3.1 and (3.20)~(3.23), the a priori estimates
and the existence and uniqueness results are absolutely the same for both the
space periodic case and the flow in a bounded domain with u =0 on the
boundary (cf. §2.5). If u=¢+#0 on the boundary and/or () is unbounded,
similar results are valid. We refer to the literature for the necessary modifica-
tions.

3.4. Generic solvability of the Navier-Stokes equations. We do not know
whether Problem 2.2 is solvable for an arbitrary pair u,, f, but this is generi-
cally true in the following sense (A. V. Fursikov [1]):

TueOREM 3.3. For n =3, given v,0 (= Q or ) and u, belonging to V, there
exists a set F, included in L*(0, T; H) and dense in

(3.55) L0, T; V') Vgq, 1=q<3,

such that for every f e F, Problem 2.2 corresponding to u,, f, possesses a unique
solution (strong solution).

Proof. 1) Since L*0, T; H) is dense in L0, T; V'), 1=q <%, it suffices to
show that every feL*0, T;H) can be approximated in the norm of
L0, T; V') by a sequence of f,.’s, f,. € L*0, T; H), such that Problem 2.2 for
Uo, fr POSsesses a unique solution.

For that purpose, given f, we consider the Galerkin approximation u,,
described in § 3.3 above (cf. (3.41)~(3.45)). It is clear that u, is in L*(0, T; W.,.)
and hence in L*(0, T; D(A)) and that u,, is continuous from [0, T] into W,,
and hence into D(A). Now for every m we consider also the solution v,, of the
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linearized problem

dv,,
) —my =
(3.56) dr vAv,, =0,
(3.57) 0, (0)=I - P,)u,.

It is standard that the linear problem (3.56)—(3.57) possess a unique solution
satisfying in particular

(3.58) vm € L%0, T; D(A)NL™(0, T; V).
We then set w,, = u,, +v,, and observe that w,, satisfies

(3.59) w,, € L%0, T; D(A))NL=(0, T; V),

and by adding (3.56) to (3.45) and (3.57) to (3.43),

(3.60) Wy, (0) = ug,

(3.61) %+ vAW,, +Bw,, = f+g.,

(3.62) g, =—(I—Pn)f+ B(vy)+ B(vp, ty)+ By, 0p) + (I — P ) B(W,,).
The proof will be complete if we show that, for m — o,
(3.63) g.—0 inL%0,T;V), 1=q<%

ii) Since |(I-P,,)f(t)] — 0 for m — o for almost every t, and |(I—P,)f(t)| =
|[f(e)l, it is clear by the Lebesgue dominated convergence theorem that (I—
P,)f—0in L*0, T; H) for m — .

Multiplying (3.56) by Av,, we get

2 o O + 25 [ A (0 =0,

o OF-+ 20 | A (9 ds ST~ Pk
from which it follows that, for m — o,
(3.64) v,—0 inL*0,T;D(A) and L=(0,T; V).
Using (3.64), the estimate (3.47) for u,, and Lemma 2.1 (with m; =0, m,=
1, m;=1), we find

[ 1B 0,0 = cL it (O | Aty (O dt — .
0

In a similar manner we prove that
B(Wm, 4,) and B(v,,v,)—0 inL*0,T;V’
for m — =, and the proof of (3.63) is reduced to that of
(3.65) (I-P,)B(u,)—0 inL%0,T;V"), form-—co,
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ili) The proof of (3.65) is technical and we give only a sketch of it.

The sequence u,, converges to some limit u (cf. (3.48))°. Since Buc
L*30,T; V") and since, by Lebesgue’s theorem, (I—-P,) Bu—0 in
L*30, T; V"), it suffices to show that

(3.66) Bu,, — Bu strongly in L(0, T; V).
Due to (2.33) and Lemma 2.1,

therefore B is a bilinear continuous operator from V;,X V3, into V' (see also
(2.36)) and

(3.67) ”B¢HV'§C |¢|§/4 Y.

It follows from the proof of Theorem 3.1 (cf. the cited references) that u,,
converges to u strongly in L*0, T; V,_,) and LV*(0, T; H) for all ¢ >0. By
(2.20) with m, =0, m,=1—¢,8m,+(1—0)m,=0(1—¢)=2, and the Holder
inequality,

T T e(1-6) T 26
[ttt o= (= )|t - a)
(0] ] (§]

Up=e(1-0)+6/2. We conclude that u, — u in L?(0, T; V;,), and with
(3.67), that Bu,, — Bu in L**(0, T; V'). Finally, since p<8/3, p—8/3, as
e — 0, we choose ¢ sufficiently small so that p/2 =q. O

Remark 3.5. As indicated in Remark 3.1, the theory of existence and
uniqueness of solutions is not complete when n =3, while it is totally satisfac-
tory for n =2,

It was Leray’s conjecture on turbulence, which is not yet proved nor
disproved, that the solutions of Navier-Stokes equations do develop sin-
gularities (cf. also B. Mandelbrot [1], [2]). It seems useful to study the properties
of weak solutions of Navier-Stokes equations with the hope of either proving
that they are regular, or studying the nature of their singularities if they are
not.

The results in §§ 4, 5 and 8 tend in this direction. Of course they (as would
Theorem 3.3) would lose all of their interest if the existence of strong solutions
were demonstrated.

51n (3.48) a subsequence u,,. of u,, converges to u, but this is sufficient.
¢ Cf. [RT]; this is how (3.37) is proved.
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4 New A Priori Estimates and Applications

In this section we establish some properties of weak solutions of Navier—
Stokes equations. The results are proved for the space periodic case, but they
do not all extend to the bounded case (cf. the comments, following § 14). We
assume throughout this section that n =3 and the boundary condition is space
periodicity.

4.1. Energy inequalities and consequences. We derive formal energy in-
equalities assuming that u,, f, u are sufficiently regular.

LEMmMa 4.1. If u is a smooth solution of Problems 2.1-2.2 (space periodic case,
n =3), then for each t>0, for any r=1,

(4.1) —]u(t)|2+v lu(OZ 1 S L1+ u@)f lu(@)"* ")

where the constant L, depends on the data, v, Q and N, (f) =If| =01.v,_,-
Moreover, for any r= 3, we have

(4.2) —IU(t)|2+V w1 = L1+,

where L, depends also on v, Q and N,_{(f).
Proof. i) We take the scalar product in H of (2.43) with A'u, and we obtain

Sl v s = ), ~ (B AT

By the definition (2.42) of B and as Au = —Au in the space periodic case (cf.
(2.14)), we can write

(4.3) ;j P+ v [uf2sy = (F, W), — (= 1), u, ATw).

The first term in the right-hand side of (4.3) is majorized by

(4.4) 0 Tl =5 O 1+ 2 Ny

The second term is a sum of integrals of the type

JQ wDu; Ay;dx  or J w.Du,D?*D3D3*y; dx, o €N, a,fta,tas=r
Q

We can integrate by parts using Stokes’ formula; the boundary terms on 4Q
cancel each other due to the periodicity of u, and the integrals take the form

(4.5) j D*(wDu)Du;dx, D*=D%D$:D3.
Q

29
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With Leibniz’ formula, we see that these integrals are sums of integrals of
the form

(4.6) I w,D,D*w,D"u; dx,
Q
and of integrals of the form

4.7 J. 8 u,d"*Du,D°u, k=1,...,r,
Q

where 8% is some differential operator D* with [a]=a;+a,+a3=k.

The sum for i =1, 2, 3 of the integrals (4.6) vanishes because of the condition
div u =0. Then it remains to estimate the integrals (4.7).

i) Proof of (4.1). By Holder’s inequality, the modulus of (4.7) is less than or
equal to

184t (DlL30y 18" u (Do) IDu(t)].

From the Sobolev injection theorems (H'(Q)< L% Q), HY*(Q)< L3} Q), cf.
(2.18)), this term is less than or equal to

et luOlrr2 Ju®lsa—i lu (),

¢ depending on k, r, Q.

We then apply the interpolation inequality (2.20) with m; =1, m,=r+1,
0=kir—1/2r, 1-0)m;+0m,=k+% and 6=1-(k—1/r, (1-60)m,+0m,=
r+2-k, to get

lu(t)lkﬂ/z =c; lu(t)li"""“”' |u(t) ﬂrfl,zr,

(Ol 2k = u@IF @l "

Therefore the modulus of the integrals of type (4.7) is bounded by an
expression

3 a2 u O [u @),
Hence

b, u, Aw)| = cqlu(Ol > w50 Ju@)l,

(4.8) =2 luOF 1+ e @ (o=

(by Young’s inequality).

v
4

This relation with (4.3) and (4.4) gives (4.1).
iii) Proof of (4.2). We majorize b(u, u, A'u) in a slightly different way. We
write

(4.9) |, = c5 lu(OF fu@p"



NEW A PRIORI ESTIMATES AND APPLICATIONS 31

by application of (2.20) with m;=1, my=m+1, §=1-1/r. Then (4.8) gives

[b(u, u, Aw)| = eg [u(O> (™
(4.10)

=

i/lu(t)lf)r1 +chlu®f?  (by Young’s inequality).
This relation combined with (4.3)—(4.4) gives (4.2). O

An immediate consequence of (4.2) is that u remains in V, as long as |ju(¢)|
remains bounded. This is expressed in

LemMa 4.2. If useV, and feL™(0, T; V,_,), r=1, then the solution u to
Problem 2.2 given by Theorem 3.2 ii) belongs to 6([0, Ty]; V,).

If uye Vand feL>(0, T; V,_,), r=1, then uc 60, T]; V,).

Proof. 1) We consider the case uy< V,, and we first show that u belongs to
L>(0, Ty; V,). For that it suffices to prove that the Galerkin approximation u,,
of u constructed in § 3 remains bounded in L7(0, Ty; V,) as m — =, We take
the scalar product in H of (3.45) with A'w,, =(—1)A"w,,, and since P,, is
selfadjoint in H and P, A"y, = A'u,,, we get

] d 2 2 r r
2% 17+ [ [Py = (F, thn)e = (= 1) D (U, Uy, A",

This is similar to {4.3) and thus, exactly as in Lemma 4.1, we get the
analogue of (4.2):

%ium(t)lﬂ ¥t (D1 = LI+ |u, (D

due to (3.51) we conclude that

U (D= ci +Hu, (0)f for0=t=T,,

[l dr= e+, OO

Now P, is a projector in V, too, and |P,ue|, =|uyl,, so that u, remains in a
bounded set of L™(0, Ty; V,) and L?(0, Ty; V,.,), and

(41 ]-) uc Lw(o’ T*’ Vr) N LZ(O’ T*) Vr+1)‘

We then check that Bu, and therefore u'=f~vAu—Bu, belongs to
L*(0, Ty; V,_,); the continuity of u from [0, Ty] into V, follows by interpolation
(cf. J. L. Lions-E. Magenes [1] or [RT, § II1.1]).

ii) For upe V, we observe that the solution u of Problem 2.2 belongs to
L%(0, Ty; D(A)). Thus u(t)e D(A) =V, almost everywhere on (0, Ty), and we
can find t, arbitrarily small such that u(t,)e V,. The first part of the proof
shows that ue€([t,, Tsl; VolNL*(t;; Ty; V5). Hence u(t,) € V; for some t,€
[t;, Ta), t. arbitrarily close to t;, and ue %([t,, Tyl; V3) NL*(ty, Ty; Vi). By
induction we arrive at ue €([t,_, Ty]; V,)NL3(t,_,, Ty, V,-;) and, since t,_, is
arbitrarily close to 0, the result is proved. O
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4.2. Structure of the singularity set of a weak solution. Let m=1. We say
that a solution u of Problem 2.1-2.2 is H™-regular on (1, ,) 0=, =¢,) if
ue€((ty, t,); H™(Q)). We say that an H™-regularity interval (¢,, t,) is maximal
if there does not exist an interval of H™-regularity greater than (¢, t,).

The local existence of an H™-regular solution is given by Lemma 4.2: if
uge V,, and fe L*(0, T; V,,_;), then there exists an H™-regular solution of the
Navier-Stokes equations defined on some interval (0, t,). Also, it follows easily
from Lemma 4.2 that if (1}, ;) is a maximal interval of H™-regularity of a
solution u, then
(4.12) lim sup |u(¢)l,, = +oo.

t—>1,—0

We are now able to give some indications on the set of H™-regularity of a
weak solution.

THEOREM 4.1 (n=3, space periodic case). We assume that uge H, fe
L>0,T; V,._,), m=1, and that u is a weak solution of the Navier—Stokes
equations (Problem 2.1). Then u is H™-regular on an open set of (0, T) whose
complement has Lebesgue measure 0.

Moreover, the set of H™-regularity of u is independent of m, i.e. is the same for
r=1,...,m

Proof. Since u is weakly continuous from [0, T] into H, u(t) is well defined
for every t and we can define

2, ={te[0, T] u(t) ¢H"(Q)},
Q, ={tef0, T}, u( eH (O},
0,={te(0,T),3e>0,ucb((t—¢ t+e); H(Q)}

It is clear that O, is open for every r.

For r=1, since ue L*0, T; V), 3, has Lebesgue measure 0. If ¢, belongs to
Q, and not to @, then, according to Theorem 3.2 ii), t, is the left end of an
interval of H'-regularity, i.e. one of the connected components of @,. Thus
0,\0, is countable and [0, T]\ @, has Lebesgue measure 0.

The theorem is proved for m=1. We will now complete the proof by
showing that €, =0,.

If (t;,t,) is a connected component of @; (a maximal interval of H'-
regularity), then for every t; in this interval, u(t;) € V and, according to LLemma
4.2, there exists a unique H™-regular solution defined on some interval (¢{, t3),
t1<t;=t,. Since uniqueness holds also in the class of weak solutions (cf.
Remark 3.1 ii)) this solution coincides with u, i.e., (¢t1,t3) is an interval of
H™-regularity of u. According to (4.2), u remains bounded in H™ as long as u
is bounded in V. Therefore, using Lemma 4.2 also, we see that t; =t,, and
since ty is arbitrarily close to ty, (t;, t;} is an interval of H™-regularity. This
proves that ¢, =0,, and 0,=0,, r=1,... ,m—1. a

4.3. New a priori estimates.
THeoREM 4.2 (n=3, space periodic case). We assume that u,e H, fe
L*0,T; V,,_,) and that u is a weak solution of the Navier-Stokes equations
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(Problem 2.1). Then u satisfies

T
(4.13) ue L*(0, T, H,(Q)), J lu(nldt=c,

(0]
r=1,..., m+1, where the constants c, depend on the data v, Q, u,, f, and the
a,’s are given by

1

4.14 =—,
(4.14) T2

Proof. 1) Let (a; B;), i €N, be the connected components of @,, which are
also maximal intervals of H™-regularity of u.

On each interval (a;, 8;), the inequalities (4.1) are satisfied, r=1,..., m, and
we write them in the slightly stronger form

(4.13) %lu(r)lf+ v (@2 = LA+ uOR 1+ u@P7 .

Then we deduce

(d/dt) lu(t)|? ()2,
A+l A + a7

=LA+ [u@®ld.

By integration in t from «; to 3;, we get

1 1

e op T AT Y e o

S0
" L (1 +]u(n))2/er—v

From (4.12), the first term in the left-hand side of this inequality vanishes,
since (a;, 3;) is a maximal interval of H™-regularity. Thus

. (0., <Lr JB' R
J;. ( +lu(t)l3)2r/(2pl) dt='V’ X (1+u()l?) du

8,
dsz,j (1 +u(n)]?) dt.

By summation of these relations for i eN, we find, since ue L*0, T; V),

J’T w7

(4.16) TR 2)Zr‘,(zﬁhalt:c,, r=1,...,m

ii) The proof of (4.13) is now made by induction. The result is true for
r=1. We assume that it is true for 1,...,r, and prove it for r+1 (r=m).
We have

T T | 2 o, /2
J' ]u(t)l:xﬂr'l' dt = J [ lu([)(r+l ] [(1+ iu(t)‘rZ)Zr/(zrfl)]a'“/2 dt
0 0

(1 + lu(t)l;‘!)2r/(2r+1)

UOT lu())Z dt]a"llz[‘[T(l . dt]l—(aw/z)

(TP )

lIA

(by Holder’s inequality),
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where

2r @, 2 1 q

21 2 2-ay, 2r—1 2°
Therefore (4.13) follows for r+1, due to (4.16) and the induction
assumption. O

Remark 4.1. As indicated at the beginning of this section, all the results
have been established in the periodic case. We do not know whether they are
valid in the bounded case (although it is likely that they are) except for the
following special results: (4.1) and (4.2) for r = 1, which coincide with (3.24); in
Theorem 4.1 the fact that the complement of @, in [0, T] has Lebesgue
measure 0 and is closed; and (4.13) for r=2(a, =3%) (same proofs)®.

The following interesting consequence of Theorem 4.2, which relies only on
(4.13) with r=2, is valid in both the periodic and the bounded cases.

THEOREM 4.3. We assume that n =3 and we consider the periodic or bounded
case. We assume that uye H and fe L*(0, T; H). Then any weak solution u of
Problem 2.1 belongs to L'(0, T;L*(0)), 6=Q or Q.

Proof. Because of (2.26)

(D)o = ¢ u®l'? |Au@)|?,

and by Holder’s inequality

LTiu(z)\m)é o LTlAu(t)F” at) ( [ hcor @),

0

Y

and the right-hand side is finite, thanks to (4.13) (r =2, cf. Remark 4.1).

' Cf. also § 6, and in particular Remark 6.2, for a complete extension of Theorem 4.1 to the
bounded case.



5 Regularity and Fractional Dimension

If the weak solutions of the Navier-Stokes equations develop singularities, as
Leray has conjectured, then a natural problem is to study the nature of the
singularities. B. Mandelbrot conjectured in [1]{2] that the singularities are
located on sets of Hausdorff dimension <4 (in space and time), and V. Scheffer
has given an estimate of the dimension of the singularities which he succes-
sively improved in [1]-{4]. A more recent (and improved) estimate is due to L.
Caffarelli-R. Kohn-L. Nirenberg [1]. In this section we present some results
concerning the Hausdorff dimension of the singular set of weak solutions,
following (for one of them) the presentation in C. Foias~R. Temam [5].

5.1, Hausdorff measure. Time singularities. We recall some basic defini-
tions concerning the Hausdorff dimension (cf. H. Federer [1]). Let X be a

metric space and let D >0. The D-dimensional Hausdorff measure of a subset
Y of X is

(5.1 I-LD(Y):IE% MD,E(Y):SUP I-LD,E(Y),
€ £ >0
where
(5.2) up. (Y)=inf Y, (diam B;)°,
i

the infimum being taken over all the coverings of Y by balls B; such that
diam B; (=diameter of B;)=e.

It is clear that up (Y)Z2up (YY) for e=¢" and up(Y)e[0, +]. Since
up (Y)=ePPopy (Y) for D> Dy, then if pp (Y)<x for some Dye (0, )
then up(Y)=0 for all D> D,. In this case the number

inf {D, pup(Y) =0} =inf{D, up(Y) < oo}

is called the Hausdorff dimension of Y. If the Hausdorff dimension of a set Y is
finite, then Y is homeomorphic to a subset of a finite dimensional Euclidean
space. Finally, let us also mention the useful fact that u,(-) is countably
additive on the Borel subsets of X (see Federer [1]).

The first result on the Hausdorff dimension of singularities concerns the set
of t in [0, T] on which u(t) is singular, u(t)¢ V. Actually this is a restatement
by V. Scheffer [1] of a result of J. Leray [3] (cf. also S. Kaniel-M. Shinbrot [1]).

THEOREM S5.1. Let n=3, €= or Q, and let u be a weak solution to the
Navier-Stokes equations (Problem 2.1). Then there exists a closed set € < [0, T]
whose 3-dimensional Hausdorff measure vanishes, and such that u is (at least)
continuous from [0, T]\ & into V.

Proof. i) The proof of this theorem is partly contained in that of Theorem
4.1 (cf. also Remark 4.1). We set € =[0, T]\0,, and we only have to prove
that the 1-Hausdorff measure of & is 0.

35
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Let (q;, B;), i€, be the connected components of @,. A preliminary result,
due to J. Leray [3], is

(5.3) 2 (B—a)'?<

iel

Indeed, let (&, B;) be one of these intervals and let t € (q;, B;). According to
Theorem 3.2 and (3.29),

K
(1+{u®iP)*’

where K, depends only on f, v and @ (=Q or Q). Thus

Bi— D= Ty(lu@)l) =

(—iKt—‘;l—,z_ LHuOP,  te(ap B,

Then we integrate on (o, 3;) to obtain
8
VKB )’ =B~ o) + I () dt,
and we add all these relations for iel to get

T
2V Ksz B—a)?=T+ j Nl (Ol? dt <.
iel 0
ii) The proof now follows that given in V. Scheffer [1, § 3]. For every £ >0,
we can find a finite part I, of I such that
(5.4) Y B-a)se, ) (Bi-a)se

i¢ I, i¢l,

The set [0, T]\ Uicr, (o, B;) is the union of a finite number of mutually disjoint
closed intervals, say B;, j=1,..., N. It is clear that |J[L, B; © &, and since the
intervals (¢;, B;) are mutually disjoint, each interval (¢, 8;), i¢ L, is included in
one, and only one, interval B, We denote by I; the set of i’s such that
B;>(ay;, B;). Tt is clear that I, I),..., Iy, is a partition of I and that B, =
(Uier, (i, BHYU(B; N &) for all j=1,..., N. Hence
diam B, = ), (B, ~a;)=e  (by (5.3)),
iel;

and

N N 1/2

M1/2,5(£)§ Z (diam Bj)1/2§ Z (Z (ﬁi_ai)> = Z (Bi_ai)llzé €.
j=1 i=1 Nel il

5.2. Space and time singularities. The second result concerns the Hausdorff
dimension in space and time of the set of (possible) singularities of a weak
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solution (cf. V. Scheffer [1}H{4], C. Foias—R. Temam [5]):
THEOREM 5.2. Let n=3, 0 =Q or Q; let u be a weak solution to the Navier—
Stokes equations (Problem 2.1) and assume moreover that

(5.5) u,c D(A).

Then there exists a subset ©,< O such that

(5.6) esssup |u(x, t)]< forall xe@\O, and Te(0,x),
1e(0.T)

(5.7 the Hausdorff dimension of 0, is =3.

Before proving Theorem 5.2 we present some preliminary material of
intrinsic interest.

Lemma 5.1 is borrowed from V. Schefler [1]; we reproduce it for the
convenience of the reader'

Lemma S.1. For a>0 and f< L' R™), let A, {f) be the set of those x eR" such
that there exists m, with

(5.8) I FWldy =27 for all m Z m,.
ly—xj=2m

Then the Hausdorff dimension of R"\ A, (f) is =a.
Proof. By definition of A_(f), for any £ >0 and x eR"\ A, (f) there exists a
ball B, (x) centered in x such that

(5.9) J’ [f(y) dy >27(diam B.(x))* and diam B.(x)=e.
B, (x)

By a Vitali covering lemma (see E. M. Stein [1]), there exists a system
{B.(x;):jeJ}<{B.(x):xeR"\ A,(f)} such that the B.(x;)’s are mutually dis-
joint, J is at most countable and

(5.10) U  B.(x)= U Bix),
jed

xeR"\A,(f)

where Bl(x;) (jeJ) denotes the ball centered in x; and with diameter
5(diam B, (x;)). By virtue of (5.1), (5.9), (5.10), it follows that

aR"\ AL (F) = lim pgs R\ A,(f) Zlim inf } (diam B;(x))"

jed

é}Lng)lO“ZL If! dxél()“L If) dx <+,
’ e (X;) "

jel

and the Hausdorff dimension of R"\ A,(f) does not exceed a.

'In Lemma 5.1 and Theorem 5.3 the dimension of space n is any integer =1 (and is not
restricted as everywhere else to 2 or 3).
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THEOREM 5.3. Let G be an open subset in R" and let T € (0, »), 1 <p <x and
fe L’ (G x(0, T)) be given. Let moreover

(5.11) ve L0, T; LA(G))NL*0, T; HY(G))

be such that

d
(5.12) 5?— vAv={ in the distribution sense in G X (0, T)
and
(5.13) v()e€(G) forae te(0,T) and®> v(0)e€(G).
Then there exists a subset Gy < G such that
(5.14) esssup |v(x, <o if xe G\G,
1e(0,T)

and the Hausdorff dimension of Gy is =max{n+2-2p, 0}.

Proof. We infer from (5.11)—(5.12) and the regularity theory for the heat
equation (cf. O. A. Ladyzhenskaya—V. A. Solonnikov-N. N. Ural’ceva [11])
that:

9
a—feLD(Gx(o, T) and veL?(, T; W>*(G))

(where WZ?(G) is the usual Sobolev space of functions defined on G, which
together with all their derivatives up to order 2 belong to LP(G)). If ¢ € C3(G)
and v, = ¢v, then v, will satisfy (5.11)-(5.13), and also

av,

e Av,=f, in the distribution sense in G < (0, T,

where f, is a suitable function which also belongs to L?(G % (0, T)).
Therefore, taking into account that the Hausdorff measures are Borel meas-
ures, we can consider only the special case

(5.15) v()e4(G), G=R", suppov(t)cK forall te(0, T)\ow, Odw

where K is a certain compact set =R" while o is of Lebesgue measure =0. It is
clear that in this case v(x, t) coincides almost everywhere in R" X (0, T) with
the function

W =w,t+wy,

2 It is well known (cf. for instance J. L. Lions [1] or R. Temam [RT, Chap. III, Lemma 1.2]) that if
v satisfies (5.11) and (5.12) then v is equal for almost every te(0,T) to a function in
%([0, T1; LXG)) and therefore v(0) makes sense.
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where
wolx, 1) = j E(x—y, oy, 0) dy,
(5.16) o
wilx, t)=j j E(x—y, Df(y, ) dy dr
0 R"
and

1 |xf?
E(x, t)=—— Nl |
1) N CXP( 4vt>

Therefore we can assume that, for any te€ (0, T)\w, v(x, t) = w(x, t) everywhere
on R". It follows that for such t’s and for all x,eR", we have

'1_n j lo(x, 1) — we(x, )] dx
Ix—xol=r

r

51,, j {wi(x, )] dx
I Jix—xysr
(5.17) ‘ 1
=[ [ Baomxi-nw| i nlaydrax
0 " jy~x|=r

A

j[ j E(xg—x, t—)f*(x, ) dxdr = wk(x, 1)

(by (4.16) and the change of variables x'=y —x+x,, y'=y)

where, for all {x, s}eR" % (0, «),

1
f*(x, S)=SUPTJ. If(y, s)| dy.
r I ly~x|=r
From the classical theorem on the maximal functions (see E. M. Stein [1]), we
have
(5.18) f*e LPR" x(0, T)).

Since for t€[0, T\ w, v{x, t)— wy(x, t) is continuous in x, from (5.17) we finally
infer that

(5.19) lo(x, )| = wo(x, t) +wi(x,t) forall xeR" and te(0, T)\w.
But, setting

M, ={(y,7):ly—x|=27,720,t—-7=27%} forj=1,2,...,
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we have for all xeR", te(0, T), and because of standard estimates on E:

J: JW E(x—y, t=7)f*(y, 7) dy dr

A

/ 1 .
C"Jj(lx _ yl2+4v(t“1'))"/2 f (y, T) dy dr

1
(] £y, 7) dy dr
®" %0, TH\M, lx—yl

y m J L , ) dy dr)

i w,, (x—yP+4v(t—1)

(] [ romravan)”

22 )|, o dvar)

i=

['[ rromayar)”

0

A

(5.20) =c,

=c

!
n,u

00 /p
+ Z 2m‘(2—2i2—ni)(p*1)/p (jj f*(y, T dy d’r)
~ -

i=1 f

[ ey aray)”

(v}

S Ch gt 20T D@ DIDI (j

i=1 ly—xj=27

o0 ] 1/p
= Chof+ Cun 2, 2“"*2”"]_2“”‘ g(y) dy)
ly—xj=27

i=1
where ¢/, ch, . .. are suitable constants (with respect to {x, }) and
T
g(-)=I f*¢-, " dre L'®R") (see (5.18)).
0

Therefore A,(g) (see Lemma 5.1) makes sense, and if
a>max {0, n+2-2p},
obviously

sup wi(x, )< for x e A,(g).
te(0,T)

Consequently (since w, is continuous on R" x {0, T)), by virtue of (5.19) we
have

esssup lv(x, t)|<x for xe A,(g).
te(0,T)
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Therefore the set

Gy: {x eR":esssup |v(x, t)| 200}

te(0,T)

is included in R"\ A,(g). From Lemma 5.1 we infer that the Hausdorff
dimension of G, is =a. The conclusion (5.14) is now obtained by letting
a—max{0,n+2-2p}.

Remark 5.1. The proof of Theorem 5.2 shows that the result remains valid
if G=0Q and we replace (5.11) by

ve L7(0, T; LX(G) NL*0, T; H(G)).

We now turn to the proof of Theorem 5.2.

Proof of Theorem 5.2. Obviously it is sufficient to prove the result for a fixed
T e(0, ). Also it is clear that each component v(x, t) =uy;(x,t) (j=1,2,3) of
u(t) satisfies (5.11)-(5.12). Since

ue L*(0, T; LX) N L¥0, T; L°(Y),
we find by interpolation that u e L'(0, T; L3 (£)) for every r=2 (see J. L.

Lions-J. Peetre [1]), whereupon, for r =, we obtain

ue L%, T; L"),
It follows that
(5.21) b=y uDue LY0, T; L¥%Q))
since
Ll()/3 . LZC L5/4.
We then get

d
f—mmgradp:h in (0, T),

(5.22) divu =0,
u=0 on’I'x(0, T),
u=u,cH}Q) for =0,
where (see (5.21))
h=f—yeLYQx(0, T)).

By referring to the regularity theory for the Stokes system (5.22) (cf. K. K.
Golovkin-O. A. Ladyzhenskaya [1], K. K. Golovkin-V. A. Solonnikov [1], V.
A. Solonnikov [2]), we see that

Dpe L*(Qx(0, T))

3This boundary condition must be replaced by the periodicity condition when € =Q; see
Remark 5.1.
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for any 1<a <3. Thus for v(x, t) = u(x, t) we obtain
av
Pyl Av=h;—Djp e L*(Qx(0, T))
on 1% (0, T), so that by virtue of Theorem 5.3, we obtain that the set
0= {x e Q:esssup |v(x, 1) = 00}

te(0,T)

has the Hausdorff dimension =5-2a. The conclusion follows by letting
5
a— 3. O



6 Successive Regularity and Compatibility
Conditions at t = 0 (Bounded Case)

In this section we assume that n =2 or 3 and consider the flow in a bounded
domain Q<R". We are interested in the study of higher regularity properties
of strong solutions, assuming that the data ug, f, ) possess further regularity
properties. While this question is essentially solved in § 4 for the space periodic
case (through Lemmas 4.2 and 4.1), the situation in the bounded case is more
involved. In particular, we derive in this section the so-called compatibility
conditions for the Navier-Stokes equations, i.e., the necessary and sufficient
conditions on the data {on 9} at t =0) for the solution u to be smooth up to
time t=0.

6.1. Further properties of the operators A and B. We recall that if Q
satisfies (1.7) with r=m+2, and if m is an integer >n/2 (m =2 for n=3,2),
then H™({)) is a multiplicative algebra:

(6.1) Ifu,ve H™(Q),m=2, n=3then u-ve H™(Q) and |u - v|,,

= e (Q) [t [0l
For every integer m we define the space
(6.2) E,=H™Q)NH,

which is a Hilbert space for the norm induced by H™(Q) = H™(Q)". Tt is clear
that E,, ., < E,,, for all m and that E,= H:

(6.3) E,.,<E,c- -cEcE,=H.

The orthogonal projection from L%(Q2) onto H being denoted by P as before,
we introduce the operator &

(6.4) Au=—PAu,

which is lic:zar continuous from E,,, m =2, into E,= H. Actually the operator
P is linear continuous from H™(Q) into H™(Q)NH = E,, (cf. [RT, Chap. I,
Remark 1.6]), and therefore

(6.5) & is linear continuous from E,, ., into E,,..

Now if ucE, . ,NV,m=0, and du=feFE,, then Au+f=(—P)Au be-
longs to H*, which amounts to saying (cf. § 2.5) that there exists pec H'({2)
such that Au+f=Vp. Hence

—Au+Vp=f in Q,
(6.6) divu=0 in Q,
u=0 on 91Q),
43
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and u is the solution to the Stokes problem associated with f. The theorem on
the regularity of the solutions of Stokes problem mentioned in § 2.5 implies
then that

(6.7) A is an isomorphism from E,,.,N V onto! E,,,, m=0.
It is clear from (6.6) that?
(6.8) Au=Au VY ueD(A).

Operator B. Lemma 2.1 shows us that b(u, v, w) is a trilinear continuous
form on H™(Q) xH™" (D) x H if m; +m,>nf2 (or my +m,=nf2 if m;#0 for
all i). This amounts to saying that the operator B defined in (2.41) is bilinear
continuous from H™(Q)xH™*'(f)) into H, under the same conditions on
m,, m,. Clearly (u - V)v belongs in this case to L*(Q)) and

(6.9) B(u, v) = P[(u - V)v].
We have
LEMMA 6.1.
(6.10) B(E,, .1 XE,.)eE, form=1.

Proof. It m =1, u, ve H*(Q)), then obviously (u - V)v €L*(Q) and
D,((u - V)v)=(Du) - (Vo)+u - (D,Vv)

belongs to 1.%(€2), since the first derivatives of u and v are in L%(€) (at least) and
u and v are continuous on {). The operator P mapping H'(Q) into H'(Q) N
H B(u,v)=P(u-V)v)is in H'(Q)NH=E,.

If m=2, then y; and D,v; are in H%(€)), and their product is too, due to
(6.1). Hence (u - V)veH™(Q) and P((u - V)v) as well®.

6.2. Regularity results. If u, and f are given, satisfying
(6.11) uge 'V, feL?0, T; H),

then Theorem 3.2 asserts the existence of a (strong) solution u of Problem 2.2
defined on some interval [0, T'], T'=T if n=2, T'=T if n=3. Changing our
notation for convenience, we write T instead of T, and

(6.12) ueL*0, T; D(A)NE(0, T]; V),
(6.13) u'e L*(0, T; H).

YIf 4 is the inverse of g . GAu =u, for all ue E, .,NV, but in general 4sfu# u for an
arbitrary ue E, ,.,, m20.

2 Because of (6.7) and (6.8), V,, is a closed subspace of E,,, for all m € N, the norm induced by
E,, being equivalent (o that of V, . In the space periodic case, the analogue of E_ =H7(Q)NH is
equal to V.

*The proof shows also that B(E,, xE, ., )< E, for m=2.
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Our goal is to establish further regularity properties on u, assuming more
regularity on u, f.
We introduce the space

i
6.14) W, = {v e%(0, T;E,,), v"" :Zii_tl”)e €0, TLE, 2),j=1,..., l},

where m is an integer and [ =[m/2] is the integer part of m/2, i.e. m =21 or
m=2l+1
We begin by assuming that for some m =2

(6.15) ueE,NV, feW,

and we make the following observation:
Lemma 6.2, If u is a strong solution to the Navier—Stokes equations and u,
and f satisfy (6.15) for some m =2, then the derivatives at t =0 of u, u’(0) =

(d'u/d)0),j=1,...,1 can be determined “explicitly” in terms of u, and f(0),
and
(6.16) uPOeE, » j=1,...,1= [%]

Proof. By successive differentiation of (2.43), we find
()

6.17 .
(6.17) a0

+ v+ g = i
where we set ¢ =d'¢/d!, B(t) = Bu(t), so that

(6.18) = Z‘: (f)B(u""”, u'y.
i=0 M
Now by (6.5), (6.10), (6.15), B0)=Bu(0)eE,_,, and u(0)=
—vdu(0)— B(u(0))+f(0)e E,,_,. Similarly, if m =4,

u”(0) = —wsdu'(0) — B(u'(0), u(0)) — B(u(0), u'(0))+f'(0) e E,, 4.

The proof continues by induction on j using (6.5), (6.10), (6.15), and shows
that

i - —q G-1 _—,'_1 j—] —1eh) o -
(6.19) uP(0) = —vu""(0) i;}( ; >B(u‘ (0), uO)+ f91(0)

€ Em —2js
for j=1,...,L O

It is known that for an initial and boundary value problem, the solutions may
not be smooth near t=0, even if the data are €. For Navier-Stokes
equations, the following theorem gives the necessary and sufficient conditions
on the data for regularity up to t =0, the compatibility conditions (cf. (6.21)).
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TueoreMm 6.1, We assume that n=2 or 3, Q satisfies (1.7) with r=
m+2, m=2, uy and f satisfy (6.15) and

d'f {Lz(o, T;H) if m=2l+1,

(6.20) 'L, T; V) if m=2l,

and that u is a (strong) solution of Problem 2.2.
Then a necessary and sufficient condition for u to belong to W,, is that

u .
(6.21) 1 (0 (as given by (6.19)e V

fori=1,...,1 ifm=21+1, j=1,...,1-1 ifm=2L

Proof. 1) We first show that the condition (6.20) (which is void for m = 2) is
necessary if m=3.

We know that u is in €({0,T]; V). If u belongs to W,, then uec
(0, T} E,), ue4(0, T]; E,._,), and necessarily u’ takes its values in
E, _,.NV, sothat u'e4(0, T]; E,,_»,N V) and u'(0) € V. The proof is the same
for the other derivatives.

We now prove that under conditions (6.15), (6.20) and (6.21) u is in W,,..

ii) For j=1, the equation

1)
(6.22) Tt o+ B, u) + B, w) =
(u' =u"), together with u™(0)e V given by (6.19), allows us to show that*
(6.23) uPe L*0, T; D(A)N¥4([0, T]; V).

We continue by induction; once we establish that
(6.24) u®e L*0, T; D(A)N¥€({0, T]; V), j=0,...,1-1,

we consider (6.17), (6.18) with j =1 and u”(0) given by (6.19) and belonging to
V (if m=2l+1) or to H (if m =2Il). In a similar manner, we show that

(,)G{U(o, T; D(A)NG({0, T; V) if m=21+1,

(6.25) L*0, T; V)N%(0, T]: H) if m=2L

iii) The next step in the proof consists in showing that

(6.26) u®e9(0, T); D(A)) forj=0,...,1-1.

4 The fact that uPe L%(0, T; D(A))NL=(0, T; V) is obtained by deriving one more a priori
estimate for the Galerkin approximation u,, of u (cf. (3.42)-(3.45)): that u,, belongs to a bounded
set of L%(0, T; D(A)NL™0, T; V). As (3.47), (3.52), this estimate is obtained by differentiating
(3.45) with respect to ¢ and taking the scalar product in H of the differentiated equation with u,,
and Au,,.

The fact that ue%4([0, T]; V) follows by interpolation, like (2.50), after we show that u"=
f'—vAu' - B, u)—B(u, uNe L%0, T; H). It is clear that f' and vAu' are in L*(0, T; H). For the
quadratic terms, it follows from (2.47), (2.48) that B maps (L*(0, T; D(A)N L™, T; V))? into
L40, T; H).
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For that purpose we write (6.17), (6.18) in the form
_ . i/ o
(6.27) vefu = —y i+ — Z (,)B(u“"”, u®)+fP;
i=0
f9 and u9*? are in 4([0, T]; H) (at least). Because of Lemma 2.1 and (2.36),
B is bilinear continuous from VXV into V_,,. Hence by (6.24), for i=
0,...,j,and j=0,...,1-1,

(6.28) Bui ™, u®e (0, TT; V_1,).

Since A is an isomorphism from V;; onto V_,,, (6.27) implies then that
u?e€(0,T]; Vi), j=0,...,1—-1. Using again Lemma 2.1, B is a bilinear
continuous operator form V;, X V;,; into H. Thus, for the same values of i and
Jj as in (6.28),

Bu'™, u®)e (0, T]; H),

and (6.26) follows.
iv) Finally we show that ue W, i.e.,

(6.29) u?e (0, T; En_z), Jj=0,...,L

For j =1, this is included in (6.25). For j ={—1, using (6.10) and (6.26) we find
that

i=0

and then (6.5), (6.27) and (6.25) show that u" Pe%(0, T); E,._2+2). The
proof continues by induction for j=1-2,...,0.
Theorem 6.1 is proved. O

6.3. Other results. We particularize Theorem 6.1 to the case m =3.

THEOREM 6.2. We assume that n=2 or 3, satisfies (1.7) with r=35, uge
HYXQ) NV, fe€({0, T;H(Q)NH) and df/dte L*0, T; H). Then the solution
u of Problem 2.2 defined by Theorem 3.2 on some interval [0, Ty],0< T4 =T,
belongs to 6([0, Tx]; H*( Q)N V), if and only if

(6.30) WP Aug+ P( Y o %9)+ f(0)=0 onT,
i=1 i
The only condition left in (6.21) is (6.30). Since u'(0)e E,=H'(Q)NH,
u'(0)-v=0o0nT, and (6.30) is a restrictive assumption for the tangential value
on T of

(6.31) Vo= v Aug+ Y. uo..%+ £(0) eH(Q).

i=1 (

Another way to formulate (6.30) is this: ¥, = PW¥,+Vq,, where (cf. [RT, Chap.
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I, Thm. 1.5]) g, is a solution of the Neumann problem:

Agy=div¥,; in ,

6.32 ;
( ) d—(lg:\l’o ‘v onl;
ov

V¥, must be such that the tangential components on I' of W, and Vq, coincide:
(6.33) V.go=(W¥o), onT;

(6.32), (6.33) constitute an overdetermined boundary value problem (Cauchy
problem on I' for the Laplacian) which does possess a solution.

If the compatibility conditions (6.21) are not satisfied, the other hypotheses
of Theorem 6.1 being verified, we get a similar result of regularity on
QOx(0, T]

THEOREM 6.3. We make the same hypotheses as in Theorem 6.1, but the
conditions in (6.21) are not satisfied®. Then

i
dar

Proof. Thanks to (3.39), there exists 0 < t,<< Ty, t, arbitrarily close to 0, such
that u(t,) € D(A). Equation (6.19) for ¢, and j=1 shows that u'(t;) e H. We
conclude as in Theorem 6.1 or 3.2 that u’e L3(ty, Ty; V) N6((t, Txl]; H).

We choose t;, to<t; < Ty, t; arbitrarily close to t,, such that u'(t;)e V, and
conclude that u'e L%(t;, Ty; D(A))N€([t;, Tx]; V). We then choose t, t; <
t, < Ty, t, arbitrarily close to t;, such that u'(t;) e D(A), etc.

Finally we get that u e @([t, Tgl; E.), u' € €((t, Tgl; En_2), ..., for 4 arbi-
trarily close to 0, and the result is proved. O

Remark 6.1.If T is €~ u,e €°(Q)"NH, fe € %[0, T)", then ue
6=(Qx[0, T)". The €~ regularity in Qx(0, T] was proved in O. A.
Ladyzhenskaya [1]. Of course, by combining Theorems 6.1 and 6.2 with the
imbedding theorems of Sobolev spaces into spaces of continuously differenti-
able functions, one can get partial results of regularity in spaces of 4*
functions.

Remark 6.2. Let u be a weak solution of the Navier-Stokes equations
(Problem 2.1) in the three-dimensional case. Let @, be the set of H'-regularity
of u defined in Theorem 4.1 and Remark 4.1, and let €=[0, TI\@,. According
to Theorem 6.3, if uge H, fe W,,_, and hypothesis (6.20) is verified, €, is also
an interval of H'-regularity, r=m,i.e., uec€(@;H™( Q)N V). This is the
analogue of Theorem 4.1 for the case of a bounded domain.

Remark 6.3. Let u be a weak solution of Navier—Stokes equations (Problem
2.1) in the three-dimensional case. We assume that ugeH, feH™ Q)N
H, m=3, is independent of t. Then for every te@, u'(t) makes sense and

(6-34) € Cg((o, T]a Em—2j)7 ]: 19 cee s l

5 It suffices also to assume that uye V instead of uye E,, NV.
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belong to V. If we introduce the analogue (1) of (6.31)

3 ;
0= au®+ Y w0 s,
i=1 ax;
and write that the overdetermined boundary value problem simiiar to (6.32),
(6.33) possesses a solution, we conclude that u(t) belongs, for ¢ in €, to a
complicated “‘manifold” of V:  depends on u(t) (and f); q{t)=
N(div (1), @(t} - v), where N is the “Green’s function” of the Neumann
problem (6.32): the condition (6.33) is the “equation” of the manifold.
A similar remark holds for every t >0 for a strong solution; similar remarks
follow from the other conditions (6.21) if m = 5.
Remark 6.4. If we introduce pressure, then we clearly get regularity results
for pressure:

0
Vp:~glt—‘+v Au—(u-Viu+f
In the situation of Theorem 6.1,

p € €([0, T]; H™ Q) g—t‘,?e € ([0, T]: H™ - 2(Q),

(6.35) .
j=1,...,1-1,
and in the situation of Theorem 6.3,
pe€(0, T]; H"'(Q)) a—j‘—.)e €U0, T H™ ' (Q))
(6.36) b3 BE] L3 at} £ ) L]

I=1,...,1-1.
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7 Analyticity in Time

In this section we prove that the strong solutions are analytic in time as
D(A)-valued functions. We assume for simplicity that fe H is independent of
t: we could as well assume that f is an H-valued analytic function in a
neighborhood in C of the positive real axis. The interest of the proof given
below is that it is quite simple and relies on the same type of method as that
used for existence. The method applies also to more general nonlinear evolu-
tion equations with an analytic nonlinearity.

7.1. The analyticity result. The main result is the following one:

THEOREM 7.1. Let there be given u, and f, uge V, f € H independent of t.

If n=2, the (strong) solution u of Problem 2.2 given by Theorem 3.2 is
analytic in time, in a neighborhood of the positive real axis, as a D(A)-valued
function.

If n=3, the (strong) solution u of Problem 2.2 given by Theorem 3.2 is
analytic in time, in a neighborhood in C of the interval (0, Ty), as a D(A)-
valued function.

Proof. 1) Let C denote the complex plane and H. the complexified space of
H, whose elements are denoted u+iv, u,ve H, i =J-1. Similarly Vg, V¢ are
the complexified V, V', and X¢ is the complexified space of a real space X. By
linearity, A (resp. P,, resp. B) extends to a selfadjoint operator in H¢ (resp. to
the orthogonal projection in Hg, V¢, V{, onto the space Cw + - +Cw,,
resp. a bilinear operator from Vg X Vg into V§).

Consider now the complexified form of the Galerkin approximation of
Navier-Stokes equations, i.e., (compare with (3.41)-(3.45)) the complex
differential system in P, H¢:

(7.1) dd—LZ" () + vAU (D) + PoBltn (D), un (D) = Puf.

(7.2) U, (0) = P,uq,

where (eC, and wu, maps C (or an open subset of C) into P, H¢=
Cw;+--+Cw,,. The complex differential system (7.1), (7.2) possesses a
unique solution u,, defined in C in some neighborhood of the origin.

It is clear that the restriction of u, () to some interval (0, T,,) of the real axis
coincides with the Galerkin approximation u,,(t) defined in the real field by
(3.41)-(3.45).

ii) As in the real case, we now prove some a priori estimates on u,,. We take
the scalar product in H¢ of (7.1) with Au,, ()

du (¢
((%;‘—;—"—) , um(g))) + 1 | At (O + (Bl (£), U (D)), At () ={f, At (0)).

51
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We multiply this relation by €', with { = se'®, and for fixed 6, |§] < /2, we get:

Re e“’<<iu—-('i"£(—£)-, um(§)>> L—se"’ =Re <(\dum(§_e_wj , um(Seio)>)

,lﬁ_ i0\}2
Y (|4 (52

Therefore
1
3T — lu,. (se®)|?+v cos 8 | Au,, (se™®)?
(7.3) = —Re e*(B(u,,(s¢), u,(s¢")), Au,(s¢*))
+Re e {f, Au,,(se*)}.
The absolute value of the term involving f is less than or equal to
(7.4) 1 LA (56 )| = -2 | At 56+ 7.

050

For the term involving B, we use the inequality (2.32), which clearly extends to
the complex case’,

(7.5) 1b(u, v, W =cklullllo]|V*|Av|'?lw| Y ueD(Ag),ve Ve, we He.
This allows us to write
KB (tn (5€™), Uy, (s€)), Atty, (s€™))|
= ¢ lu,. (se)|P? |Au,, (se')>?

’

a
<£_c4gs_|Au (se‘9)|2+rc—l3 ., (se™®)||®
(by Young’s inequality, see (3.10)),
where ¢’ depends on the data v, u,, 2.
If we take into account this majorization and (7.4), then (7.3) becomes

(7.6) s (s )+ v cos 0 Aty (s =25+

|t (s,

il
cos 0 os 0)°

The inequality (3.25) is still valid in the complex case

ol ==

Av] VoeV,,
\/;\‘i | [

and thus
(7.7)

’

d i || 2 2 c )
m(8€“) |2 4 v\ cos fju,(se?) || 2 = 2+ m(se)||®
7 16, (s€“)||* + v\, cos 8l w,,,(se™) || p— I/ Ic050|3||u (se”y||

1
cos’f

A

( 17+ )Hum(se"’) Ie.

! This relation, which is not so good as the first relation (2.31), is valid for both dimensions, n =2
and 3.
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This differential inequality is of the same type as (3.27), setting y(s)=
N1, (se™ 2, ¢4 = (1/(cos?0)((2/v) |f]° + ¢'). We conclude, as in Lemma
3.2. that there exists K, which depends only on /, v and Q (or Q). such
that

(7.8) 1+l (se P =200 + o) = 201 + fluol),
for
(79) S§:|COS GPT;(HMOH)’
'y 4___f£é__. =T ~:___7§£L__~
(7.10) T i{llul) = (1+{|ug?)? (: T luomD (1 +Hu0mH2)2>.

This shows that the solution u,, of (7.1)=(7.2), which was defined and
analytic in a neighborhood of ¢ =0, actually extends to an analytic solution of
this equation in an open set of C containing (sce Fig. 7.1):

(7.11) Alug) = {é = se", 0<s <[cos O T | (fuql)), 6] <§l
The estimate (7.8)—(7.10) shows that
(7.12) sup Nu, (O = const = 201+ ||u,|1?).
Le Aty

1) The analyticity of u,, and Cauchy’s formula allow us to deduce from
(7.12) a priori estimates on the dertvatives of u,, (with respect to {) on compact
subscts of A(ug). Indeed, for {eA(u,) and keN, k=1,

d*u k! I u, (z)

—My=—" —r . d

a ' e 2R

where d = d({. dA(u,)) is the distance of £ to the boundary dA(u,) of A(w).

{7.13)

2

28 4

F1G. 7.1. The region Alu,) in C.
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Therefore

d u 24k !

m <Z .

e )= aF et (21,

and by (7.12), for any compact set K < A(ug)
d*u,, () PAREY 3

7.14)? S = 1+ P2
( ) Llelllz dck [d(K, BA(uO))]" ( ” 0“ )

Considering (7.1), we find that

v lAun (O =f+ %—“é"(g) 1B (), un(O)

=[f|+ dd—“; O]+ e lun O |Aun @I (by (232)

< d_.u'" B _Cé 3
=171+ | % 0|+ £ A O S O
Thus
(7.15) A =211+ Sl 0P +2 | Lo )|
v v al

and it follows from (7.14) that for every compact subset K of A(u,)

(7.16) sup |Au. (D] =c;,
{eK

where ¢; <, depends on K and the data,

23/2c2 23
> (1+ w2+

y? Vald(K, 8A(u)]

717 i) =21fl+ (1+ugl?) .
v

Using again Cauchy’s formula (7.13) and (7.16), we obtain also for every
{eK and keN:

d* _ 2! A
|4 2 40| = s i A O
a4 2% iK)
(7.18) A BT “'"(C)lz[d(x, oA
where K’ (containing K) is the set
(7.19) {z € A(up), d(z, 0A(ug)) =3 d(K, dA(up))}.

iv) We now pass to the limit, m — ., Since the set {ve Vg,|v]|=p} is
compact in He¢ for any 0<<p <o, we can apply to the sequence u,, the vector

24(X, Y) =inf, cx,cy d(x, y).
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version of the classical Vitali’s theorem. Thus we can extract a subsequence u,,,
which converges in Hg, uniformly on every compact subset of A(uy) to an
Hc-valued function u*(¢) which is analytic in A(u,) and satisfies obviously:

(7.20) sup [[u(QIP =21 +llugl).
LeA(uy)

Since the restriction of u,, to the real axis coincides with the Galerkin
approximation in R, of the Navier-Stokes equation, it is clear that the
restriction of u*(¢) to some interval (0, T') of the real axis coincides with the
unique (strong) solution u of the Navier-Stokes equations given by Theorem
3.2. Hence u* is nothing else than the analytic continuation to A(u,) (at least)
of u, and we will denote the limit u(¢) instead of u*(¢). Secondly the whole
sequence u,,(+) converges to u(-) in the above sense (i.e. uniformly on compact
subsets of A(u,), for the norm of Hc).

Since the injection of D(A) in V is compact, it also follows from (7.16) and
Vitali’s theorem that the sequence u,, converges to u in V uniformly on every
compact subset of A(u,), and that

(7.21) sup |Au({)| = ca(K),
{eK
with the same constant c4(K) as in (7.17). Finally the majorizations (7.14),

(7.18) imply that d*u,/dZ* converges to d*u/d{* in V uniformly on every
compact subset K of A(ug), and

dku(f) 2kFT
7. = 2
(7.22) 9P| gt | =TaK, antugyF MO
A dku({) 2Kk ci(K")
7.23 = s
(7.23) U T ar IZTA(K, oA T

K' defined in (7.19).

To conclude, we observe that the reasoning made at ¢ = 0 can be made at any
other point t,e (0, ) such that u(ty)e V. We obtain that u is a D(A)-valued
analytic function at least in the region of C:

(7.24) U {ta+A(u(to))}h,

where the union is for those t,’s for which (t,€ (0, ©) and u(t,) € V). Finally we
observe that, actually, A(ug) = A(lluyl)) depends only on the norm in V of u, and
decreases as ||ugl increases. Therefore if u is bounded in V on some interval
[a, B], supicpap U= R, then

(1.25) U {+A)t> U {6+AR),

to€la,B toela.B]
and this guarantees that the domain of analyticity of u contains the region
mentioned in the statement of Theorem 7.1 (See Fig. 7.2.) The proof of
Theorem 7.1 is complete.
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y A

=Y

FiG. 7.2. U, ciap e+ AR}

7.2. Remarks.

Remark 7.1. Of course the result of analyticity given by Theorem 7.1
applies as well to a weak solution of the Navier—-Stokes equations (Problem 2.1,
n = 3) near a point t, belonging to the set of H'-regularity (cf. § 4). If fe H is
independent of t, and (a, 8) is a maximal interval of H'-regularity of a weak
solution u, then u is a D(A)-valued analytic function in

U {e+adu(l

te(a,B)

Remark 7.2. Theorem 7.1 and Remark 7.1 extend easily to the case where f
is an Hg-valued analytic function of time in a neighborhood of the positive real
axis: it suffices to replace everywhere in the proof A(u,) (or 1o+ A(u(ty))) by its
intersection with the domain of analyticity of f.

We conclude this section with the following:

ProPosITION 7.1. Under the same hypotheses as in Theorem 7.1, for 0<t=
2T 1(lual)), Ti(luoll) given by (7.10), the following relations hold:

k+1
(7.26) el = 1S 0] 2 1+,
(7.27) |Au“"(t)\—\A 2 (1) fsjf,‘f«;(f) kz1,
where

23/2

es() = z“'(% (1 + o), cg(k>) - szk'( ]+

{

51+ ol )3/2)

Proof. 1t suffices to apply (7.22), (7.23) with K ={t}. The distance d(t, 0A(u,))
appears in the right-hand side of these inequalities, and an elementary calcula-
tion shows that for 0 = ¢ £ 1 T (Jluell), this distance is = ¢/2. O

Remark 7.3. When the compatibility conditions (6.21) are not satisfied, u is
not smooth near =0 and the H-norm of the derivatives u*(z) tends to
infinity as t — 0. The relations (7.21), (7.22) give some indications on the way
in which they tend to infinity. A similar result has been obtained by totally
different methods by G. Iooss [1] and by D. Brézis [1].



8 Lagrangian Representation of the Flow

We assume that the fluid fills a bounded region Q of R*. The Lagrangian
representation of the flow of the fluid, mentioned in § 1, is determined by a
function ®:{a, t}e QA x(0, T) > ®(a, 1) Q, where P(a, t) represents the posi-
tion at time t of the particle of fluid which was at point a at time t =0 (flow
studied for time ¢, 0=t =T). This also amounts to saying that {tr — ®(a, t)} is
the parametric representation of the trajectory of this particle.

The Lagrangian representation of the flow is not used too often because the
Navier-Stokes equations in Lagrangian coordinates are highly nonlinear. It
plays an important role, however, in two cases at least: it is used in the
numerical computation of a flow with a free boundary, and, in the mathemati-
cal theory of the Navier—Stokes equations, it is the starting point of the
geometrical approach developed by V. 1. Arnold [1], D. Ebin-J. Marsden [1],
among others.

If we are given u, a strong solution of the Navier-Stokes equations, then it is
easy to determine the trajectories of the particles of fluid for the corresponding
flow: for every aec(}, the function t+— ®(q,t), also denoted & or &, is a
solution of the ordinary differential equation

de(t) _

(8.1 a

u(&(n), 1

with initial (or Cauchy) data
(8.2) E0)=a.

Our goal in this section is to show that, using one of the new a priori
estimates mentioned in § 4, it is possible to determine the trajectories of the
fluid (in some weak sense), even if u is a weak solution of the Navier—Stokes
equations.

8.1. The main result. We assume for convenience that
(8.3) u,e V., fe€(0, T], V),

and that we are given u, a weak solution of the Navier-Stokes equations
(Problem 2.1) associated with u, and f, and that Q satisfies (1.7) with r=2.

We have first 10 give meaning to (8.1), (8.2) since u is not regular.

Lemma 8.1. If £ is a continuous function from [0, T] into Q and u is a weak
solution of Problem 2.1, then u(&(t), t) is defined for almost every 1[0, T], the
function t — u(£(t), t) belongs to L'(0, T;R?) and (8.1) and (8.2) make sense.

Proof. Tt follows from Theorem 4.1, Remark 4.1 and Theorem 5.1, that u is
continuous from [0, T]\ € into D(A), where & has Lebesgue measure (. Due
to (1.7), HX(Q) is included in €(Q) (cf. $§ 2.3 and 2.5, dimension n = 3), and
D(A)=%(Q)°. Hence u(&(1), t) is well defined for every t[0, TI\€ and is
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continuous from [0, T]\ & into R>. The function t — u(£(t), t) is measurable. If
we show that this function is integrable, then (8.1) will make sense in the
distribution sense and (8.2) obviously makes sense. But,

(8.4) lu€@®), DI=u@l-a Vtel0, TI\E,

and according to Theorem 4.3, t+—> |u(t)j =, is L'. O

The main result can be stated:

THEOREM 8.1. Let Q) be an open bounded set of R*> which satisfies (1.7) with
r=2, and let u be a weak solution of the Navier—Stokes equations corresponding
to the data u,, f, which satisfy (8.3).

Then, for every ac(l, the equations (8.1), (8.2) possess (at least) one
continuous solution from [0, T] into Q. Moreover, we can choose this solution in
such a way that the mapping ®:{a, t}— £,(t), belongs to L*(2x (0, T))*! and
adfate LY (Qx (0, T))>.

8.2. Proof of Theorem 8.1. i) Let w;, j €N, denote the eigenfunctions of the
operator A (cf. (2.17)) and, as in (3.44) we denote by P, the orthogonal
projector in H on the space spanned by wy, ..., w,. The function u being
continuous from [0, T] into V' with u'e L**(0, T; V'), u,, is, in particular,
continuous from [0, T] into D(A), with u,. e L**(0, T; D(A)).

Due to Agmon’s inequality (2.21) (cf. §2.5), there exists a constant c;
depending only on ), and such that

(8.5) ol =cioll? A0 ¥ veD(A);
P, being a projector in V and D(A),

(8.6) |t (Dl = €1 e (V2 [ At (0)]72 = 0(0),
for every te[0, T]\ &, where

(8.7) 0(t) = c1 lu('? |Au(n)|'2,

8 e L0, T) by Theorem 4.2 and Remark 4.1.
Now as m —>

(8.8) u, —»u in L0, T; V) and LY0, T; L™(()).

Indeed the convergence in L*(0, T; V) is a straightforward consequence of the
properties of P, and the Lebesgue dominated convergence theorem. The
convergence in L'(0, T;L™(Q)) is proved in a similar manner, using the
following consequence of (8.5):

|t (8) = u (Dl = = €1 Nt (1) — u(I'? |Au,, ()— Au()]'? Vid €,

! and even ®e L=(Q; €([0, T, R?).
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and by Hoélder’s inequality®

J e () = U (Do) dlt
0
(8.9)

3/4

= (j ot (1)~ umnldr)m(LTlAumm—Auml”dr)

ii) For every m, we define in a trivial manner an approximation £, of £
where &, is solution of (6.1), (6.2) with u replaced by u,,. The usual theorem
on the Cauchy problem for ordinary differential equations (O.D.E.’s) asserts
that £, is defined on some interval of time [0, T(m, a)), 0< T(m, a)=T. But

. : 0 = R? vanishes on 8Q, and if we extend u,, by 0 outside £, we see that a
rajectory £,.(t) starting at time t =0 from a € Q (condition (8.2)) cannot leave
Q at a time <T. Hence T(m, A)=T, and &,,.(t)=¢&,.(t)eQ for all te[0, T],
(acQ).

The theorem on the continuous dependence on a parameter of the solution
of an O.D.E., shows that the function @, :Qx[0, T]— Q defined by

(8.10) ®,.(a,t)=&,.() (& = &a)

is in €Y Qx[0, T)> Since divy,=0, the Jacobian of &,,
det (D®,. (-, t)/Da) is equal to one for every t and therefore ®,.(-,1): Q—Q is
locally invertible for every t. Furthermore, if a€dQ, £,.(t)=a is a trivial
solution of (8.1), (8.2) (with u replaced by u,,), and hence ®,.(a, t) =a for all
a€dQ and for all t. The classical theorems on the global invertibility of €'
mappings (cf. F. Browder [1]) imply that, for every t, ®,.(-,t) is a €'
diffeomorphism from { onto itself. Finally, as div u,, =0, ®,, (-, t) preserves the
areas.
iii) We now pass to the limit m — o, for a fixed a € Q. Due to (8.6),

dé.. (1)
dt
and since 6 € L'(0, T), the functions &, =&, are equicontinuous. Thus, there
exist a subsequence m’ (depending on a) and a continuous function £ = £, from
[0, T] into €, such that &, — & as m'— o, uniformly on [0, T]. We will
conclude that £ is a solution of (8.1), (8.2), provided we establish that
(811) um'(gm'(')a )_) u(g(.)v ) in [Ll(oa T)
But, for t¢ &,
U (1), 1) — u(E(1), 1)]
= | (£ (1), 1) — u (&), O+ u(EdD), 1) - u(&(r), )]
= () — U(Ol =y U (En(1), 1) — u(€(), 1)).

=lu, (&0, D =0() VYied,

2 Since the smooth functions are not dense in L=, and L*3(0, T: D(A)) is not a normed space,
there is not much flexibility in the construction of a sequence of smooth functions u,, approximat-
ing u in the norm of LY0, T;L™()).
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Because of (8.8), (8.9), it remains, to prove (8.11), to show that
(812) u(ém'(.)’ .) - u(‘f('), ) in ﬂ—l(Oa T)

For every t¢%, u(-,t)eD(A) is a continuous function on ; hence
u(&,. (1), 1) > u(&(t), 1), and ju(&, (1), )| =|u(0)|~q) and Lebesgue’s theorem
gives us the result (8.12).

iv) We infer from iii) that, for every fixed a € Q, there exists a solution £ = £,
(not necessarily unique) of (8.1), (8.2). We denote by A(a) the set of continuocus
functions from [0, T] into ) which satisfy (8.1), (8.2). According to (8.1), (8.5),
a function ¢ in A(a) belongs to the Sobolev space W"'(0, T) = W40, T)’, and
[€'(1)]| = 8(t) almost everywhere (for all t¢ €). We consider now the set-valued
mapping

AacQ—Aa) Y,

where Y is the subset of W''(0, T) of functions n taking their values in Q and
such that |n'(t)|=6(t) almost everywhere; Y is closed in W' (0, T): it is a
complete metric space. For every a €}, A(a) is not empty because of part iii)
of the proof. As for (8.12), one can show easily that A(a) is closed in Y and
also that the graph of A is closed.

By the von Neumann measurable selection theorem (recalled in the Appen-
dix to this section), A admits a measurable section L, i.e., a measurable
mapping L:Q~ Y, with L(a) € A(a) for all a €. Thus &, = L(a) is a solution
of (6.1), (6.2), and &,(t)e Q for all t[0, T]. We set ®(a, t) = £,(t), and clearly,
® possesses the desired properties. O

Remark 8.1. It would be interesting to prove further properties of ®: for
instance that @ preserves the areas, that ®(q, -) is unique at least for almost
every da EQ, etc.

8.3. Appendix. For the convenience of the reader, we recall here the
measurable selection theorem (cf. C. Castaing [1]):

THEOREM 8.A. Let X and Y be two separable Banach spaces and A a
multiple-valued mapping from X to the set of nonempty closed subsets of Y, the
graph of A being closed.

Then A admits a universally Radon measurable section, i.e., there exists a
mapping L from X into Y, such that

Lx)eA(x) VxeX,

and L is measurable for any Radon measure defined on the Borel sets of X.



PART II

Questions Related to Stationary Solutions and
Functional Invariant Sets (Attractors)

Orientation. The question studied in Part Il pertains to the study of the
behavior of the solutions of the Navier-Stokes equations when t — =, and to
the understanding of turbulence. Of course, before raising such questions, we
have to be sure that a well-defined solution exists for arbitrarily large time;
since this question is not solved if n=3, we will often restrict ourselves to the
case n =2 or, for n =3, we will make the (maybe restrictive) assumption that a
strong solution exists for all time for the problem considered.

In §9 we start by describing the classical Couette-Taylor experiment of
hydrodynamics, in which there has recently been a resurgence of interest. We
present here our motivations for the problems studied in Part IL. In § 10 we
study the time independent solutions of the Navier-Stokes equations. In § 11,
which 1s somewhat technical, we present a squeezing property of the trajec-
tories of the flow (in the function space) which seems important. In § 12 we
show that, if the dimension of space is n =2, then every trajectory converges
(in the function space) to a bounded functional invariant set (which may or may
not be an attracting set), and that the Hausdorff dimension of any bounded
functional invariant set is finite. This supports the physical idea that, in a
turbulent flow, all but a finite number of modes are damped.

Throughout 8§ 10 to 12 we are considering the flow in a bounded domain ({}
or Q) with indifferently either 0 or periodic boundary conditions. We will not
recall this point in the statements of the theorems.
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9 The Couette-Taylor Experiment

We recall what the Couette flow between rotating cylinders is: the fluid fills a
domain Q of R* which is limited by two vertical axisymmetric cylinders with the
same axis (radii ry, r,, 0<<r,<r,) and by two horizontal planes separated by a
distance h. The outer cylinder is at rest and the inner one is rotating with an
angular velocity w,. This corresponds to the flow in a fixed bounded Lipschitz
domain Q of R* with vanishing forces per unit volume' and nonzero boundary
conditions on I'=38€: ¢ # 0 in (1.9) (but ¢ - v =0). This case was not studied in
Part I to avoid purely technical difficulties, but its mathematical treatment is
very similar to that considered in Part I (cf., e.g., C. Foias—R. Temam [3], [4],
[5]; J. C. Saut-R. Temam [2]). When w,(¢) is constant, w{t) = @;, a Reynolds
number can be defined for this flow (cf. (1.6)), Re = ®,r,d/v, d =r,—r;, which
corresponds for instance to the choice of Ly=d as a characteristic length for
the flow, and to Uy = @,r, = the velocity on the inner cylinder as a characteris-
tic velocity.

The Taylor experiment on the Couette flow is as follows. We start with the
fluid at rest and we increase the angular velocity of the inner cylinder from 0 to
some value @;:

i) If @, (more precisely Re, which has no dimension) is sufficiently small,
then after a very short transient period we observe a steady axisymmetric flow.
The trajectories of the particles of fluid are essentially circles with the same
axis as the cylinders.

ii) If @,(Re) is larger than some threshold A’, but not too large, then, after
the transient period, another steady state appears, different from that in i). A
cellular mode now appears: the trajectory of the particles of fluid is now the
superposition of the motion around the axis and a roll-like motion in the
azimuthal plane. The steady flow (see Fig. 9.1) remains axisymmetric, and in
adjacent cells the fluid particles move in counterrotating spiral paths.

With changing (i.e., increasing) @,, a cellular structure may lose its stability
and another cellular steady motion may appear, with more cells.

iii) When @,(Re) is larger than a higher threshold value, the flow observed
after the transient period becomes unsteady with its cellular structure per-
turbed by circumferential travelling waves. At this point the flow is periodic in
time.

As Re increases, the temporal variations of the flow become more complex,
quasiperiodic perhaps, with two or more incommensurate frequencies. Finally
the flow becomes totally turbulent with no apparent structure at all.

This is a somewhat simplified description of the phenomena, the flow
observed depending in a sensitive way on the ratio df! and/or on how the

! The gravity forces are of the form grad (—pgx;), where Ox, is a vertical axis pointing upward,
and we can incorporate them in the pressure term.
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z 4 z4

3-cells 5-cells

FIG. 9.1

constant angular velocity @, is attained; different situations may also appear if
the flow does not start from rest. We refer the reader to T. B. Benjamin [1], T.
B. Benjamin-T. Mullin {1], {2], P. R. Fenstermacher—-H. L. Swinney-J. P.
Gollub [1], H. L. Swinney [1], J. P. Gollub {1]. Let us also mention the
remarkable fact reported in T. B. Benjamin [1] that different stable steady
motions have been observed for the same geometry and the same boundary
velocity (same values of v, ry, r,, h, @,).

Although the above description of the experiment is over-simplified, it is
quite typical, and similar phenomena are observed for other experiments, such
as Benard flow and flow past a sphere. Let us interpret, for the flows studied in
Part 1, what the corresponding mathematical problems are. We start from rest
(uo="0), and we can imagine that f(¢) is “increased” from 0 to some value fe H
through some complicated path, or through a linear one: f(¢t)=A(¢t) fo, foec H,
A(t)eR, increasing from 0 to A. The parameter?

(9.1) R =p2[3 ™2 lﬂa

can play the role of the Reynolds number, L being a characteristic length of
the domain (Q or Q), n the dimension of space and |f| the H-norm of fe H.
Then the conjectures on bifurcation and onset of turbulence are as follows (cf.
D. Ruelle [1], D. Ruelle-F. Takens [1]):

a) If R is sufficiently small, the solution u(t) of Problem 2.2 tends, for t — o,
to i a time independent solution of the Navier-Stokes equations.

b) For larger values of R, i may lose its stability and u(t) converges for

2R has no dimension if p=1; if p# 1, the number without dimension is R = g2 |f| L3™2,
=,
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t — o to another stationary solution i’; this can be repeated for higher values
of R, u(ty = a",....
c) After a higher threshold, u(t) converges, for 1 -, to a time periodic
solution of the Navier-Stokes equations up(t), or to a quasiperiodic solution.
d) For higher values of R, u(t) as t — « tends to lic on a ‘“‘strange attractor,”
such as the product of a Cantor set with an interval. This would explain the
chaotic behavior of turbulence.
The small contributions presented below to this list of outstanding problems are:
e The proof of a), which is elementary and has been known for a long time;
e Some properties of the set of stationary solutions of the Navier—Stokes
equations in connection with b) (§ 10);
¢ Existence and a property of the limit set if n =2 in the case d) (§ 12).
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1 O Stationary Solutions of the
Navier—Stokes Equations

Assuming that the forces are independent of time, we are looking for time
independent solutions of the Navier—Stokes equations, i.e., a function u = u(x)
(and a function p = p(x)) which satisfies (1.4), (1.5), and either (1.9) with ¢ =0,
or (1.10):

(10.1) ~vAu+(u-Vu+Vp=f in@(=Qor Q),
(10.2) divu=0 in0,

(10.3) u=0 onl'=9Q ifO=0Q,

or

(10.4) u(x+Le)=u(x), i=1,...,n, xeQ if06=0Q.

In the functional setting of § 2, the problem is

(10.5) Given f in H (or V'), to find u € V which satisfies
(10.6) v((u, v))+b(u, u,v)=(f,v) VYveV,

or

(10.7) vAu+Bu=f in H (or V').

10.1. Behavior for ¢t — o, The trivial case. We start by recalling briefly the
results of existence and uniqueness of solutions for (10.5)-(10.7).

THroREM 10.1. We consider the flow in a bounded domain with periodic or
zero boundary conditions (€ = or Q), and n=2 or 3. Then:

i) For every f given in V' and v>0, there exists at least one solution of
(10.5)-(10.7).

ii) If f belongs to H, all the solutions belong to D(A).

i) Finally, if
(10.8) v2>cy|fllv

where c, is a constant depending only on 0", then the solution of (10.5)-(10.7) is
unique.

Proof. We give only the principle of the proof and refer the reader to the
literature for further details.

For existence we implement a Galerkin method (cf. (3.41)-(3.45)) and look,

T¢, is the constant in (2.30) when m, =m, =1, m,=0. Since |f|=v, Ifly- if f< H, a sufficient
condition for (10.8) is v2>¢,vA, |f|, which can be compared to (9.1).
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for every meN, for an approximate solution u,,,

(10.9) Uy = _‘Zl EmWis &m €R,

such that |

(10.10) V(U 0)) + b (U, U, V) =(f, V)

for every v in W, = the space spanned by wy, ..., w,. Equation (10.10) is also
equivalent to

(10.11) vAu,, + P,.Bu,, = P,.f.

The existence of a solution u,, of (10.10)—(10.11) follows from the Brouwer
fixed point theorem (cf. [RT, Chap. II, § 1] for the details). Taking v =u,, in
(10.10) and taking into account (2.34), we get

(10.12) v |t =<, ) = [Ifll- Heall

and therefore

(10.13 il = -

We extract from u,, a sequence u,,, which converges weakly in V to some
limit u, and since the injection of V in H is compact, this convergence holds
also in the norm of H:

(10.14) u, — u weaklyin V, strongly in H.

Passing to the limit in (10.10) with the sequence m’, we find that u is a
solution of (10.6).

To prove ii), we note that if ue V, then Bue V_,, (instead of V') because of
(2.36) (applied with m;=1,m,=0, m3=3). Hence u=v 'A"'(f—Bu) is in
V. Applying again Lemma 2.1 (with m, =3, m, =3 m;=0), we conclude
now that Bue H, and thus u is in D(A).

We can provide useful a priori estimates for the norm of u in V and in
D(A). Setting v =u in (10.6) we obtain (compare to (10.12)—(10.13))

(10.15) v [ull = <f, wy=Ifllv- flul,

1
(10.16) =gl (== iitren)
For the norm in D(A) we infer from (10.7) that
v |Au|=|f|+|Bu| =|fl+c, lul’?|Aul'?  (by the first inequality (2.32))

2
é[fH;V \Au|+-§—i|lun3 (by the Schwarz inequality)

2

<Ifl+ |Au| - fAmlfP (with (10.6)).
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Finally

ekl

For the uniqueness result iii), let us assume that u, and u, are two solutions
of (10.6):

(10.17) \Aul§%1ﬂ+

v((uy, v))+ b(uy, uy, v) ={f, v,
V((uz, U))+b(u2’ u2’ U) :<fa U>.

Setting v = u; — u,, we obtain by subtracting the second relation from the first
one:

vy — woll? = —b(uy, uy, uy = us) + b(usy, Uy, Uy —us,)
=—~blu, — Uy, Us, U; — U,) (with (2.34))

=c; luy—uylP llugl  (using (2.30) with m, =m;=1, m,=0)
< flly-fuy — w2 (with (10.16) applied to u,).
14

Therefore

(=1l )t~ P =0

and u; —u,=0 if (10.8) holds. ]

Concerning the behavior for t — o of the solutions of the time-dependent
Navier—-Stokes equations, the easy case (which corresponds to point a) in § 9) is
the following:

THEOREM 10.2. We consider the flow in a bounded domain with periodic or
zero boundary conditions (0 = or Q) and n =2 or 3. We are given fe H, v >0
and we assume that

(10.18) v()‘—)>3/4>(% |f|+-C%‘fP>

54 3/2
"2 VAI/

where c5, ¢, depend only on O.
Then the solution of (10.7) (denoted u.) is unique. If u(:) is any weak
solution® of Problem 2.1 with u,e H arbitrary and f(t)=f for all t, then

(10.19) u(t) - u, inH ast— =
Proof. Let w(t) = u(t)— u.. We have, by differences,

dw(t)
dt

+ vAw(t)+Bu(t) - Bu,. =0,

2If n =2, u(-) is unique and is a strong solution (at least for ¢t >0). If n = 3, u(*) is not necessarily
unique, and we must assume that u(-) satisfies the energy inequality (see Remark 3.2).
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and, taking the scalar product with w(t),

(10.20) %a—lw(t)|2+vllw(t)l|2+b(u(t) u(t), wi(t)) — b, Ue, w(t))=0°.

Hence, with (2.34),

T \W(t)|2+v Iw(OIF = =b(w(t), Ue, w(t)).

Using (2.30) with m; =3, m, =1, m; =0, we can majorize the right-hand side of
this equality by

i {w(®ly w() |Aud,
which, because of (2.20), is less than or equal to
ctwOP w2 |Aua;
with (3.10) this is bounded by

v
ENW(t)H2 i IW(t)l2 |Aul*?

where ¢ = 3(c{/2)4/3. Therefore,

(10.21) - IW(t)12+ v wOlP = T IW(t)l2 |Augf*?,
(10.22) d%]w(t)\2+(w\1 L5 A WP =0,
If
(10.23) b=k 2 | Au¥3 >0,
v

then (10.22) shows that |w(t)| decays exponentially towards 0 when t — o:
lw(t)] =]w(0)e™,

w(0) = ug— u,. Using the estimation (10.17) for u., we obtain a sufficient
condition for (10.23), which is exactly (10.18).

If we replace u(t) by another stationary solution u¥ of (10.7) in the
computations leading to (10.22), we obtain instead of (10.22)

viur-u*=0.

Thus (10-23) and (10.18) ensure that uX = u,,; i.e., they are sufficient conditions
for uniqueness of a stationary solution, like (10.8).
The proof is complete. O

3 The proof that (w'(t), w(t)) =3(d/dt) w(t)] is not totally easy when n =2, and réelies on [RT,
Chap. III, Lemma 1.2]. If n =3 we do not even have an equality in (10.20), but an inequality =,
which is sufficient for our purposes: a technically similar situation arises in [RT, Chap. III, § 3.6].
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Remark 10.1. Under the assumptions of Theorem 10.2, consider the linear
operator o from D(A) into H defined by
(Ao, )= v(Ad, )+ b(d, Uee, ¥) + b(ue, &, ) Vb, Y€ D(A),
whose adjoint &* from D(A) into H is given by
(oAb, W) = v(Ad, ¥)+ b(Y, Ue, §) + blue, ¥, @) V&, Y€ D(A).
Then with the same notation as in the proof of Theorem 10.2, we have

dw(t)
dt

and (10.20) is the same as

+ Aw()+ Bw(r) =0,

%ad; Iw(OF +v(sbw(0), w(D) =0
or

Ed—tlw(t)lzﬂf

1d A+ oA*
( w(t), w(t)):().
2
The operator ((f +*)/2)"! is selfadjoint and compact from H into itself, and

the conclusions of Theorem 10.2 will still hold if we replace (10.18) by the
conditions that the eigenvalues of (s +A*)/2 are >0.

10.2. An abstract theorem on stationary solutions. In this section we derive
an abstract theorem on the structure of the set of solutions of a general
equation

(10.24) N(u)=f;

this theorem will then be applied to (10.7).
Nonlinear Fredholm operators. If X and Y are two real Banach spaces, a
linear continuous operator L from X into Y is called a Fredholm operator if
i) dim ker L <Coo,
i) range L is closed,
iii) coker L =Y/, ... has finite dimension.
In such a case the index of L is the integer

(10.25) i(L)=dim ker L —dim coker L.

For instance, if L =L, + L, where L, is compact from X into Y and L, is an
isomorphism (resp. is surjective and dim ker L, =q), then L is Fredholm of
index O (resp. of index q). For the properties of Fredholm operators, see for
instance R. Palais [1]. S. Smale [1].

Now let w be a connected open set of X, and N a nonlinear operator from w
into Y; N is a nonlinear Fredholm map if N is of class €’ and its differential
N'(u) is a Fredholm operator from X into Y, at every point u € w. In this case
it follows from the properties of Fredholm operators that the index of N'(u) is
independent of u; we define the index of N as the number i(N'(u)).
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Let N be a €' mapping from an open set @ of X into Y, X, Y being again
two real Banach spaces. We recall that u € X is called a regular point of N if
N'(u) is onto, and a singular point of N otherwise. The image given by N of
the set of singular points of N constitutes the set of singular values of N. Its
complement in Y constitutes the set of regular values of N. Thus a regular
value of N is a point fe Y which does not belong to the image N(w), or such
that N'(u) is onto at every point u in the preimage N '(f).

Finally we recall that a mapping N of the preceding type is proper if the
preimage N~ '(K) of any compact set K of Y is compact in X.

We will make use of the following infinite dimensional version of Sard’s
theorem due to S. Smale [1] (see also K. Geba [1]).

THEOREM. Let X and Y be two real Banach spaces and w a connected open set
of X. If N:w — Y is a proper €* Fredholm map with k >max (index N, 0), then
the set of regular values of N is a dense open set of Y.

We deduce easily from this theorem:

THeorReM 10.3. Let X and Y be two real Banach spaces and o a connected
open set of X, and let N:w —> Y be a proper €* Fredholm map, k=1, of index
0.

Then there exists a dense open set w, in Y and, for every fe ,, N"X(f) is a
finite set.

If index N=q>0 and k = q, then there exists a dense open set w, in Y and,
for every f € w,, N™\(f) is empty or is a manifold in o of class €* and dimension
q.

Proof. We just take w; = the set of regular values of N which is dense and
open by Smale’s theorem. For every f € w,, the set N'(f) is compact since N is
proper. If index (N) =0, then for every fe w, and ue N~'(f), N'(u) is onto (by
definition of w,) and is one-to-one since

dim ker N'(u) =dim coker N'(u)=0.

Thus N'(u) is an isomorphism, and by the implicit function theorem, u is an
isolated solution of N(v) =f. We conclude that N™(f) is compact and made of
isolated points: this set is discrete.

If index (N) = q =k, for every f € w,, and every u € N"'(f), N’(u) is onto and
the dimension of its kernel is q: it follows that N '(f) is a manifold of
dimension q, of class €% like N. [

Applications of this theorem to the stationary Navier—Stokes equation (and
to other equations) will be given below.

10.3. Application to the Navier—Stokes equations. We are going to show
that Theorem 10.3 applies to the stationary Navier-Stokes equation (10.7) in
the following manner:

(10.26) X=D(A), Y=H N(u)=vAu-+Bu.

It follows from (2.36) that B(-, ) is continuous from D(A)xX D(A) and even
V32X V3, into H and N makes sense as a mapping from D(A) into H.
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LemMa 10.1. N:D(A)— H is proper.

Proof. Let K denote a compact set of H. Since K is bounded in H, it follows
from the a priori estimation (10.17) that N '(K) is bounded in D(A) and thus
compact in V5. As observed before, B(-, -) is continuous from V3, X V,,, into
H, and thus B(N '(K)) is compact in H.

We conclude that the set N '(K) is included in

v 'AT(K -B(N"YK))),

which is relatively compact in D(A), and the result follows. O

We have the following generic properties of the set of stationary solutions to
the Navier-Stokes equations.

THEOREM 10.4. We consider the stationary Navier—Stokes equations in a
bounded domain () or Q) with periodic or zero boundary conditions, and n =2
or 3.

Then, for every v>0, there exists a dense open set G, = H such that for every
feO,. the set of solution of (10.5)—(10.7) is finite and odd in number.

On every connected component of O, the number of solutions is constant, and
each solution is a €~ function of f.

Proof. 1) We apply Theorem 10.3 with the choice of X, Y, N indicated in
(10.26) (and w = X). It is clear that N is a €™ mapping from D(A) into H and
that

(10.27) N'(u)-v=vAv+B(u, v)+B(v,u) Yu veD(A).
It follows from (3.20) that for every ue D(A), the linear mappings
v—B(u, v), v—>B(v, u)

are continuous from V into H and they are therefore compact from D(A) into
H. Since A is an isomorphism from D(A) onto H, it foilows from the
properties of Fredholm operators (recalled in § 10.2) that N'(u) is a Fredholm
operator of index 0.

We have shown in Lemma 10.1 that N is proper: all the assumptions of
Theorem 10.3 are satisfied. Setting €, = the set of regular values of N=N,, we
conclude that 0, is open and dense in H and, for every fe©,, N '(f), which is
the set of solutions of (10.7), is finite.

ii}y Let (0;);., be the connected components of @, (which are open), and let
fo. f, be two points of 0, for some i. Let u,e N~ '(f,). There exists a continuous
curve

sel0,1]—>f(s)e0, fOy=f,, f(H=f,

and the implicit function theorem shows the existence and uniqueness of a
continuous curve s— u(s) with

N(u(s)) =f(s), u(0) = uy.

Since f(s) is a regular value of N, for all s<[0, 1], u(s) is defined for every
5,0=s=1, and therefore u(1)e N"'(f,). Such a curve {s—>u(s)} can be con-
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structed, starting from any u, € N '(fy). Two different curves cannot reach the
same point ugze N7'(f;) and cannot intersect at all, since this would not be
consistent with the implicit function theorem around uy or around the intersec-
tion point. Hence there are at least as many points in N~'(f;) as in N7'(f,). By
symmetry the number of points is the same.

It is clear that each solution u, =y, (f) is a €~ function of f on every O.

iti) It remains to show that the number of solutions is odd. This is an easy
application of the Leray-Schauder degree theory.

For fixed v>0 and fe0,, we rewrite (1.7) in the form

(10.28) T,(u)=wu+A'Bu=A""f=g,
u, g€ D(A). By (10.17), every solution u, of T, (u,)=Ag 0=\ =1, satisfies

IAuA|<Ra "1+ If|+ 5)‘3/2lfl3

Therefore the Leray-Schauder degree d(T,, Ag, Bg) is well defined, with Bg
the ball of D(A) of radius R. Also, when Ag is a regular value of T, i.e., Af is a
regular value of N, the set T_'(Ag) is discrete={u,,..., )}, and
d(T,, Ag, Bg) =Yr_; i(y;)) where i(y;) = index u;

It follows from Theorem 10.1 that there exists Ax€[0, 1], and for 0=A =
Ax, N '(Af) contains only one point u,. By arguments similar to that used in
the proof of Theorem 10.1, one can show that N’(u,) is an isomorphism, and
hence for these values of A, d(T,, Ag, Bg) ==+1. By the homotopy invariance
property of degree, d(T,, g, Bg)==+1 and consequently k must be an odd
number.

The proof of Theorem 10.4 is complete. O

Remark 10.2.

i) The set @ is actually unbounded in H; cf. C. Foias—R. Temam [13].

ii) Similar generic results have been proved for the flow in a bounded
domain with a nonhomogeneous boundary condition (i.e., ¢#0 in (1.9)):
generic finiteness with respect to f for ¢ fixed, with respect to ¢ for f fixed and
with respect to the pair f, ¢; see C. Foias-R. Temam [3], [4], J. C. Saut-R.
Temam [2], and for the case of time periodic solutions, J. C. Saut-R. Temam
(2], R. Temam [7].

iii) When Q is unbounded, we lack a compactness theorem for the Sobolev
spaces H™(Q) (and lack the Fredholm property). We do not know whether
results similar to that in Theorem 10.4 are valid in that case; cf. D. Serre [1]
where a line of stationary solutions of Navier-Stokes equations is constructed
for an unbounded domain ().

We now present another application of Theorem 10.3, with an operator of
index 1, leading to a generic result in bifurcation. We denote by S(f, v)= D(A)
the set of solutions of (1.5)-(1.7) and

(10.29) S(H=U S, v).

v>0
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-
N~

—

S~

Fic. 101

THEOREM 10.5. Under the same hypotheses as in Theorem 10.4, there exists a
G;-dense set © < H, such that for every f € 0, the set S(f) defined in (10.29) is a
€~ manifold of dimension 1.

Proof. We apply Theorem 10.3 with X=D(A)XR, Y=H ov=w, =
D(AYX(1/m,x)c X, meN, N(u, v) = vAu + Bu, for all (u, v) e X. It is clear that
N is €~ from o into Y and

N'(u,v) (v, w)=vAv+B(u, v)+ B(v, u)+ pAu.
For (u, v)€ w, N'(u, v) is the sum of the operator
(v, u) = B(u, v)+ Blv, u)+ pAu,
which is compact®, and the operator
(v, w) — vAv,

which is onto and has a kernel of dimension 1. Thus N'(u, v) is a Fredholm
operator of index 1 and N is a nonlinear Fredholm mapping of index 1.

The proof of Lemma 10.1 and (10.17) shows that N is proper on D(A) X
(v, ), for all v,>0 and in particular »,=1/m. Hence Theorem 10.3 shows
that there exists an open dense set @, < H, and for every fe®,, N,.,\(f) is a
manifold of dimension 1, where N,, is the restriction of N to w,,. We set
0 ={\mz10., which is a dense G; set in H, and, for every fe@, S(f)=
Umz=1 N2 (f) is a manifold of dimension 1.

Remark 10.3. i) By the uniqueness result in Theorem 10.1, S(f) contains an
infinite branch corresponding to the large values of v.

ii) Since S(f) is a €~ manifold of dimension 1, it is made of the union of
curves which cannot intersect. Hence the usual bifurcation picture (Fig. 10.1) is
nongeneric and is a schematization (perfectly legitimate of course!) of generic
situations of the type shown in Fig. 10.2.

Remark 10.4. Other properties of the set S(f, v) are given in C. Foias—R.
Temam [3), [4] and J. C. Saut-R. Temam [2]. In particular, for every
v, f, S(f, v) is a real compact analytic set of finite dimension.

4 Same proof essentially as in Theorem 10.4.
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10.4. Counterexamples. A natural question concerning Theorem 10.4 is
whether @, is the whole space H or just a subset. Since Theorem 10.4 is a
straightforward consequence of Theorem 10.3, this question has to be raised at
the level of Theorem 10.3. Unfortunately, the following examples show that we
cannot answer this question at the level of generality of the abstract Theorem
10.3, since for one of the two examples presented @, = H, while for the second
one 0, # H.

Example 1. The first example is the one-dimensional Burgers equation
which has been sometimes considered in the past as a model for the Navier—
Stokes equations: consider a given v>0 and a function f:{0, 1]-—R which
satisfies

d*u  du .
(10.30) ~vd—;:+u‘—1i-l=f on (0, 1),
(10.31) w(0) = u(1)=0.

For the functional setting we take H=L%*0,1), V=H}0,1), D(A)=
H0, 1))NH?0, 1), Au=—d?u/dx?, for all ue D(A),

d
B(u,v)= u—B, VYuwuveV, Bu=DB(uu).
dx
Then, given f in H (or V'), the problem is to find ue D(A) (or V) which
satisfies

(10.32) vAu+Bu=f.

We can apply Theorem 10.3 with X=D(A), Y =H, N(u) = vAu + Bu. The
mapping N is obviously €~ and

N'(u) - v=vAv+B(u,v)+ By, u);

N’(u), as the sum of an isomorphism and a compact operator, is a Fredholm
operator of index 0. Now we claim that every ue D(A) is a regular point, so
that w, = H.

In order to prove that u is a regular point, we have to show that the kernel
of N'(u) is 0 (which is equivalent to proving that N'(u) is onto, as index
N'(u)=0). Let v belong to N'(u); v satisfies

2
*Vg}i;+u£+vg—:=0 on(0,1),  (0)=0v(1)=0.
By integration —vv’+ uv = constant = a, and by a second integration taking into
account the boundary conditions we find that v =0.
Since the solution is unique if f =0 (u =0), we conclude that

(10.33) (10.30)—(10.31) possesses a unique solution Vv, Vf.

Example 2. The second example is due to Gh. Minea [1] and corresponds to
a space H of finite dimension; actually H =R?>.
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Theorem 10.3 is applied with X =Y =R? N(u)=vAu+Bu for all u=
(uy, Uy, u3)€R>. The linear operator A is just the identity, and the nonlinear
(quadratic) operator B is defined by Bu =(8(u3+u3), —8u u,, —8u,u;) and
possesses the orthogonality property Bu - u = (. The equation N(u)=f reads

v, +8(ud+u3) =1,
v, — Suy Uy = fo,
Vihy — 8u1u3 = f3.
It is elementary to solve this equation explicitly. There are one or three

solutions if |f; +|f3] # 0. In the ‘*nongeneric case™, f, = f; =0, we get either one
solution, or one solution and a whole circle of solutions: w, # Y in this case.
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1 1 The Squeezing Property

In this section we establish a squeezing property of the semigroup of
operators associated with the time-dependent Navier-Stokes equations. This
property, which will be useful for the next section, is also interesting by itself
and has found other applications (see in particular Foias-Temam [7]): the
squeezing property shows that, up to some error which can be made arbitrarily
small, the flow is essentially characterized by a finite number of parameters.

11.1. An a priori estimate on strong solutions. The following a priori
estimate is valid for all time; it is a particular case of the more general results
stated in § 12.3 (Lemma 12.2); we refer the reader to that section for more
details.

LEmMA 11.1. Assume that uge H, and f satisfies

(1L1) f is continuous and bounded from [0, ») into H,
' f' is continuous and bounded from [0, ©) into V',

and let u be the strong solution to the Navier—Stokes equations given by Theorem
3.2, defined on [0,) if n=2, on [0, Ti(uy)] if n=3.

Then u is bounded in V on [0, »} if n =2, on [0, Ty (ue)] if n =3, and for every
a >0, Au is bounded on [a,®) if n=2, on [a, T)(uy)] if n=3,

(11.2) sup flu(o|= (ol £, », ),
(11.3)° sup |Au(n)| = c"( [luql, £, » @)

where ¢’ depends on |jug|, f, v, Q@ (or Q), and c" depends on the same data and
furthermore «.

Remark 11.1. i) If n=3, (11.2) follows from (3.28)-(3.29), but (11.2) must
be proved for large time if n =2.

ii) If u is defined on some interval (7o, 7,) and sup, <=, [lu()]|=cj <= then,
by inspection of the proof of (11.3), we can see that, for every «>0,
SUP, ra=e=., |AU()| = ¢, where ¢ depends on ¢ and the data u,, f, v. Q (or

Q).

11.2. The squeezing property. We assume that n =2 or 3. Let uy and v, be
given in V, lu|= R, |vg| =R, and let f be given satisfying
f is continuous and bounded from [0, ») into H,

(11.4) . . .
f’ is continuous and bounded from [0, ) into V',

'"0<a=T(ugy) if n=3, and in this case the supremum is for 0=t= T (u,) in (11.2) and for
a=t=T(uy) in (11.3).

79
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We denote by u and v the strong solutions of Navier—Stokes equations
corresponding respectively to (ug, f) and to (v, f), which are given by Theorem
3.2, and are defined on (0,%) if n =2 and on [0, T;(R)] if n =3, where

- Ks
(11.5) TR =GRy
(see (3.29)).

We recall that w,, A, denote the eigenfunctions and eigenvalues of A and
that P, is the projector in H (or V, V', D(A)) on the space W,, spanned by
Wi, W

THEOREM 11.1. Under the above hypotheses, for every a >0, there exist two
constants cs, cg, which depend on «, R, f, v, Q (or Q) and such that, for every
tZ a, for every m sufficiently large, i.e. satisfying

(11.6) A1 ZCe,

we have either

L7 ()= ()| = V2P, (u(t)— 0(1))]
or

(11.8) lu® —v@®)]=e

Proof. We assume in this proof that tZ /2 if n =2, o/2=t=T(R)if n=3.
1) We set

w(t) = u(t)—v(1),
p()=IP w®), q@®)=|I-P,)w().

We have, by taking the difference of the equations (2.43) for u and v,

(11.9)

(11.10) ‘2—‘:}+Aw+B(u, w)+ B(w, v) =0.
Taking the scalar product, in H, of (11.10) with P,w(t), we obtain
1d ,
——p*+v|P.wif

(11.11) =—b(u, w, P,w)—b(w, v, P,w)
= b(u, P,,w, I-P,)w)—b(P,w, v, P,w)
-b((I-P,)w, v, P,w) (with (2.33)-(2.34)).

We apply Lemma 2.1 (i.e. (2.29)) respectively with m,, m,, m3=2,0,0; 3,1, 1;
0,1, 1, and we use (11.3) for u and v, with « replaced by «a/2:

b(u, P,,w,(I—-P,)w)=—c;c"||P.wl| q,
~b(P,w,v, P,w)Z—c,c" |P.w|24

11.12
( ) =—cip*?|P.wi'*  (with (2.20)),

—b((I =P, )w, v, P,,w)=—c,c"q ||P.wll
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With these lower bounds, (11.11) becomes

1d , : '
A113) 3L pr v Pl cia [Pawl- i [Pwl

Since A=A, and
IPwll=A L2 |Pawl =AM 0D,
we have
d L . ,
(11.14) P ZP(rAnip+ EIANLA P e 1)
In a similar manner, taking the scalar product in H of (11.10) with (I —P,,)w,

we obtain

1d

5 5 VI =P = cip I = Powl+ 40 - Po)wl ™ g™
But
(11.15) (O M EDREIITEY MITEDHES
and thus
d ;
(11.16) a =1 - Pwl (-uAlRa +eip+ciag )

We set A =A,..(, p=max (ciA;", ¢4, ¢4, ciA7"*). Thus (11.14)—(11.16) take
the form:

d
p:;?) = —p(vAp+pp +pr'?q),
(11.17) d
q;f =[(I-P,)wil(—vA"q +pp + pq),
and if
(11.18) —(vA"?=p)g+pp =0,

then for almost every f?

dp
L= =X [(wAY2+p)p +pq],

d
d—‘:é AV (A 2= p)q + pp].

(11.19)

ii) We now want to prove the alternative (11.7)-(11.8). Let us consider a

% The first relation of (11.19) follows easily from the first relation of (11.17) at a point t,, where
p(ty) > 0. If p(1,) =0 then either p is not differentiable at r, (which can only occur on a set of points
t, of measure 0) or dp(t,)/dt 2 0. The differentiability almost everywhere of p follows trivially from
the differentiability almost everywhere in V' of u and v, and thus w =u —v.
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specific point ty, fcZa if n=2, a=t,=T(R) if n=3. If q(tx))=p(1y) then
(11.7) is satisfied at t, and we have nothing to prove. Therefore we assume that

(11.20) q(to) > p(to),

and on the other hand we assume that m is sufficiently large so that

(11.21) vA2—p>2p.
This implies that
(11.22) (VA2 =p)q(1)>2pp(1),

in a neighborhood of t,.
At this point two possibilities can occur: either (11.22) is valid on the whole
interval [t~ a/2, iy, or (11.22) is valid for re (¢, to), with t,=t,— /2 and

(11.23) (YA =p)q(ty) = 2pp(1y).

The second possibility is discussed in point iii) of the proof; in the first case,
since (11.18) and (11.19) are satisfied on [f,— /2, £,], we have

dg(t) = A2
Z—(t= — (WA= p)q(1), IE[to-g,to],

and consequently

(11.24) q(ty) =exp (—-%/\I/Z(V)\Vz—p)a)q<t0—g).

Due to (11.2),

(11.25) q(’o‘g)gl‘”(“"g)‘g%l’

and (11.8) follows at f, with appropriate constants cs, cg.

iii) The last step consists in proving (11.7) at t =, a =t,(=T(R) if n=3),
assuming that (11.22) is satisfied on an interval (¢, ty), and (11.23) is satisfied
at t; (to—af2=1,<ty).

We denote by (11.19)' the differential system obtained by replacing the
inequalities in (11.19) by equality signs. It is natural to formally associate with
(11.19)' the differential system
dp_ (vA'"*+p)p+pq

dqg~ (m"*—p)g—pp’

We prove by elementary calculations that ®(p(t), q(t)) remains constant when
p(-), q(-) are solutions of (11.19)" and

1/2
(11.26) B(p, q) = (p+4) - exp (p’;;j)).



THE SQUEEZING PROPERTY 83

By elementary calculations we also check that
2 o(p(1), 4) =0
dt p ’ q =

when p(-), q(+) are solutions of (11.19), in particular on [t,, t,]. Thus

D(p(ty), qliy)) =D(p(ty), q(t))).
By (11.23),

172

VA +p 2vA,
Y q(ty) - exp \ —57—7 )
P v

B(p(t), q(t:)) = ]

and on the other hand, with (11.20),

A”Z
D(p(1), q(te))Z q(1y) - exp (Vzp )

Since

(11.27) a)=lwlt)=c Vi,

and p(t,) <q(t;), we obtain an estimate of the type (11.8) for |w(ty)|=
(P*(1) + 47(10))* =24 to).

The proof is complete. O

Remark 11.2. 1) As in Remark 11.1 ii), the squeezing property is valid for
any pair of strong solutions u, v of the Navier-Stokes equations, defined on
some interval (7, 7,), and satisfying

sup Jlu(Dl=c) <o, sup Jlo(Dll=cp<os,
ToSIET, ToSt=T,
so that
sup  [|Au(D|=c| <, sup  |Av(D|=cf <o
Tota/2=St=T, Tota/2=t=T,

ii) Of course we can replace the coeflicient V2 in the right-hand side of
(11.6) by any constant 8> 1. It is clear that in such case c5 and ¢ depend also
on (3.

Remark 11.3. It is reasonable to consider as physically “undistinguishable”
two strong solutions u, v, which satisfy (11.8) for some m sufficiently large.
Mathematically, we can consider an equivalence relation among the strong
solutions which are defined on (7, 7;) (and bounded in V on this interval): two
solutions u, v are said to be equivalent if there exist two constants cs, ¢ such
that (11.6)—(11.8) hold on (7, 7,). It is easy to check that this relation is indeed
an equivalence one. The squeezing property implies that P, u characterizes the
equivalence class of u, i.e., characterizes u up to an error exp (—cA%,).

Remark 11.4. Let us mention an alternate form of the squeezing property
which is useful for later purposes.
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Let u and v be two strong solutions of the Navier—Stokes equations, defined
and bounded in V on some finite interval 7,=t =7, <oo. For every a >0, there
exist two constants c¥, cf which depend on 7, 71, @, R, f, v, >, such that, on
[1o+a, 7,], we have either (11.7) or

(11.28) |uit) = v(0)] = |u(ty) — v(to)| exp (—c3A M%)
for every m satisfying
(11.29) Ao =ck

The proof is exactly the same, except that in (11.25) and (11.27) we replace
the majorizations

u(fo—g)—v(fo—g)lg%, lu(zl)—v(zl)|§—%

by the estimate (=c” |w(7,)|) which follows from the next lemma.

Lemma 11.2. If u and v are two strong solutions defined and bounded in V on
a finite interval To=t=t,, n=2 or 3, then there exists a constant ¢" which
depends on 1o, 1y, [, v, Q (or Q), and R, with

(11.30) R= sup [u()], Rz sup [ov(),
telvo,m,] tefry,m]

such that

(11.31) lu(t) - v =" - lulrg)—v(re)l VY telrg, 1l

Proof. Tt follows easily from the energy inequality (3.24), valid for strong
solutions, and from the assumptions on u and v, that Au and Av belong to
L2(7y, 7,; H) with their norm in this space bounded by a constant depending on
T0, T1. [, v, & (or Q) and R.

We take the scalar product in H of (11.10) with w(¢), and using (2.29),
(2.33), (2.34) and (11.30) and Remark 11.1 ii), we get, as for (11.13):

1d ,
= WP+ v[wiP = —b(w, v, w) = ¢, |Av] W |w|?
2dt
=2 Wl +c5 [wf? |Av|*,
d 2 ’ 4/3 2
(11.32) 7 W =2cs 1Al Wl
and since |Av|*?e LY(0, T), (11.31) follows from Gronwall’s lemma. O

*Here RZsup, .. lu(l, R=Zsup, ., . ;llv)]l.



12 Hausdorff Dimension of an Attractor

In this section we derive an important property of functional invariant sets and
attractors which are bounded in V, i.e., in the H-norm. We show rthat these sets
have a finite Hausdorff dimension.

Definitions are given below but it is well known that attractors encompass the
long-time behavior of solutions of the Navier—Stokes equations. As explained
below, attractors are always bounded in the H'-norm in space dimension n = 2,
but it is not known whether this is true in space dimension n = 3.

The main result of this section was first proved in C. Foias-R. Temam [5] and
the proof presented below is based on this article. Although this result was sub-
sequently improved in different ways, the proof in this article relies mostly on the
Navier-Stokes equation techniques presented in this book, while the subsequent
proofs depend more heavily on dynamical systems techniques (cf. the comments
in the Comments and Bibliography section).

This result on the Navier-Stokes attractors shows that the long-time behavior
of the solutions of these equations is finite dimensional although these equations
have infinite dimension. As indicated before, this is true without restriction for
two-dimensional flows and, in space dimension three, this is true for flows which
remain smooth for all time. Other aspects of finite dimensionality of flows are
mentioned in the Comments and Bibliography section.

12.1. Functional invariant sets and attractors. Throughout this section, we
assume that f(t)={f is independent of ¢ and belongs to H. Let S(t) be the
semigroup associated with the strong solution of the Navier-Stokes equation

du
@ +vAu+ Bu=f,

i.e., the mapping u, = u(0)~u(t), which is defined on V for all t=0 if n =2,
and for t {0, T,(uy)] (at least), if n=3.

DEerINITION 12.1. A functional invariant set for the Navier-Stokes equations
is a subset X of V which satisfies the following properties:

i) For every ugc X, S(1)u, is defined for every t>0.

it) S()X =X for all t>0.

We recall that an attractor (in V or H) is a functional invariant set X which
satisfies furthermore the condition:

iii) X possesses an open neighborhood w (in V or H), and for every

Uy € w, S()ug tends to X, in V or H, as t — o,

If n=2, we have the following:

LEMMA 12.1. Let us assume that n =2, and that uy and f are given in H. Then
there exists a functional invariant set X = V, compact in H, such that the distance
in H of u(t) to X tends to 0 as t — o, where u(-) is the solution of Problem 2.1.
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Proof. We set

(12.1) X = {uls),s>1}

20
where the closures are taken in H. An element ¢ € H is in X if and only if
(12.2) Ve>0, V>0, Is>7 suchthat u(s)—¢|=Ze.

It is easy to see that X is also equal to

(12.3) M {u(s), s>7} (o= 0).
T=t,
Since for t,>0, the set
(12.4) {uls), sz 1o}

is bounded in V (cf. Lemma 11.1), so is its closure in V and so is X. By
Theorem 3.2, since n =2, S(t)¢ is defined for all 1 >0, for every ¢ € X, and the
first condition i) in Definition 12.1 is satisfied. For condition ii) we observe that
S(1)X = X follows easily from the fact that S(t)u(s)=u(s+1), for all s, t=0.
In order to show that S(1)X = X, we note that S(¢) is injective because of the
time analyticity property (see § 7) and therefore since the set (12.4) is relatively
compact in H(t,>0), the sequence u(s;), jeN, converges in H whenever the
sequence S(t)u(s;) converges. Indeed, if S(¢)u(s;) converges in H to some limit
¢, as j—>= (and s5; — =), then by (12.2), ¢cX The sequence u(s;), being
bounded in V, is relatively compact in H and possesses cluster points in H; if ¢
and ¢’ are two cluster points, S(0)y¢ =S(t)¢'=d¢d so that ¢’ =, the cluster
point is unique and the whole sequence u(s;) converges to it in H as j — o,

Finally we show that the distance in H of u(t) to X tends to 0 as t — . We
argue by contradiction. If this were not true, we could find £,>0, and a
sequence s; — =, such that

grelg(lu(si)—¢\=>.-eo>0 Vi

Since u(s;) is bounded in V we can, by extracting a sequence, assume that u(s;)
converges in H to some limit . By (12.2), € X, in contradiction with

lu(s)—¢|=eo>0 Vi

The lemma is proved. [

12.2. Hausdorff dimension of functional invariant sets.

THEOREM 12.1. Let n=2 or 3 and let fe¢ H. We assume that X is a functional
invariant set bounded in V. Then the Hausdorff dimension of X is finite and this
dimension is bounded by a number c, which depends on Q (or Q), v,|f| and’
R =supy.x ||

Proof. i) We are going to make use of the squeezing property, in the
conditions indicated in Remark 11.4: we fix a >0 and choose 7,=0, 7, =2a,

"'The bound given in the proof is, in fact, an increasing function of v, |f| and R.
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and t€[a, 2a]?. We then choose m sufficiently large so that (11.29) is verified
and (see (11.28))

(12.5) exp (—c¥A A D=,
and the value (or one value) of i which is appropriate below is
(12.6) 22

T

We set S(t)=S, then Theorem 11.1 and Remark 11.4 show us that for all
&, ¥ € X, we have either

(12.7)  |Sé—SY|=v2|P,.(Sb—Sw)| or [Sb-S¥|=nld—yl.

Given r>0, since X is relatively compact in H, it can be covered by a finite
number of balls of H of radius <r, say By,..., By. By definition, SX = X;
hence

(12.8) X< ) S(B,NX)
k=1

and (12.7) implies that for all k=1,..., M, and for all u, ve S(B, NX) we
have either

(12.9) lu—v|=v2|P,.(u—v)|, or |u-v|=ndiam B,.

Let ¢ be an arbitrary point of S(B, N X) and let Y, be the largest subset of
S(B, N X), containing ¢ and such that

o —8|=V2|P,(y—0) Y, 0¢eY,;

of course Y, may be reduced to ¢>.

ii) We now define a reiterated covering of X.

Let Byy, ..., By, be a covering of P, S(B, NX) by balls of P, H of radius
=r; =} diam B,. For those j’s such that P, Y, N B+ &, we choose arbitrarily
an u; € Yy, such that P,u; < P, Y, NBY;, and we denote by B,; the ball of H
centered at u,; and of radius

V2
ri =<2 r,+n diam B, = (T“’) diam B,.
Setting B; =< if BN P, Y, =, we have

Mk
(12.10) S(B,NX)< U B,
i=1

)

Indeed, if ue S(B, N X), then there exists u' € Y, (u'=u if uecY,) such that,
by (12.9) and the definition of Y,,

lu — u'|=n diam B,.

2 Since, by the definition of a functional invariant set, S(t)¢ is defined for every t 20, for every
¢ € X we are free to choose 7y, 7, in Remark 11.4, 0=1 =1 <+

2If Y, # S(B, NX) then sup,cgm,nx)y, dist (¢, Y,) =7 diam B,.
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Then
lu—ul =|u—u'|+|u' — u,| = n diam B, +V2 P (u' )|
=<ndiam B, +v2r}.
Before proceeding to the next step, let us observe that we can derive an

upper bound for M,.
By Lemma 11.2,

IS¢ —Syl=c"|¢—¢| Vo, beB NX;
hence

lu—v|=c"diam B, Vu,veS(B.NX),
(12.11) diam S(B, N X)=c¢" diam B,,

diam P, S(B, N X) =¢" diam B,.

Since P, S(B, N X) is included in a ball of P, H of radius c¢” diam B,, we have
1
(12.12) M =1, (——)
dc

where [, (o) is, in R™, the minimum number of balls of radius = which is
necessary to cover a ball of radius 1, I, (o) =2"™2%¢ ™.
iii) We have

V2
diam By; = (—2—+ Zn) diam B,

=ediam B, (with the choice (12.6) of 1)

=er

(e =(2=2)/4); with (12.10)~(12.12), for any v >0,

M,

¢ 1
Y. (diam By;)” =M,e"(diam B)" =1, (m)e’(diam By)".
i=1

j=

Since the By, k=1,...,M,j=1,..., M, for all k, constitute a covering of
X by balls of radius =er, we infer from the definition of u., (X) in (5.2) that

M M, 1 M
tye(X)= Y Y (diam Bk,-)*éuy,e,(X)élm(—")s’ Y. (diam B,)".
k=1j=1 4c k=1

This last inequality, valid for any covering of X by balls of radius =r,
implies in its turn

(12.13) b er () = Aty (X),
where A =1,(1/4c")e”. By reiteration,

(12'14) l“'-y.eir(X)éAj“-y,r(X)-
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Since e <1, if vy is sufficiently large, then A <1 and A’ = 0 as | — =, so that
po(X) =sup p,,(X)=1lim p, ., (X)=0.
>0 e

Therefore, provided
_log [.(1/4¢")
log (2—+2))/4’

the Hausdorff dimension of X is <v.

The proof is complete. 4

Remark 12.1. We do not know, even if n =2, whether every functional
invariant set is bounded in V. But Lemma 12.2 shows us that this is the case
for those associated with the limit of u(t) as t — .

The question of the boundedness of X in V is totally open if n =3.

(12.15) vy=-

12.3. Other properties of functional invariant sets. We conclude this sec-
tion by indicating some regularity results and a priori estimates which are valid
for long times, and we infer from these estimates some properties of functional
invariant sets; in particular, if f is sufficiently regular and n =2, a functional
invariant set is necessarily carried by the space of €™ functions.

LemMA 12.2. Let n=2 or 3, and consider the time-dependent Navier—Stokes
equations with the data u,, f satisfying

(12.16) use H,
j
12.17) 7 is continuous and bounded from [0, =) into H™ % *(0)NH,

1
(12.18) %’; is continuous and bounded from [0,x) into V, _5_,,

where m is an integer =1 and | =[m/2]*.
We assume that the solution u to Problem 2.2 satisfies

(12.19) uec L™(ty,©; V) for some t,=0.

Then u is continuous and bounded from [n, ) into H™(0), d'u/dt’ is continu-
ous and bounded from [n, ©) intoH™ 2 (0),j=1,...,,V n>0, and the corres-
ponding norms of u and d’'u/dt’ are bounded by constants which depend only on
the data, ty, m, and {ulp =, . v)-

We do not give the proof of these a priori estimates, which is rather long; we
refer the reader to C. Guillopé [1].

We recall that, if n =2, then (12.19) is automatically satisfied for every t,>0
and the result holds for n >0 arbitrarily small. When n =3, we do not know
whether (12.19) is true; however, the boundedness of lu(t)| for t — = is closely
related to Leray’s conjecture on turbulence.

0= or Q;V, 5, =V if m=2L and=H if m=21+1.
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Let us recall that Leray’s hypothesis, and his motivation in introducing the
concept of weak solution was that singularities may develop spontaneously
over a finite interval. We know that |u(t)| remains bounded even for weak
solutions but the enstrophy |lu(t)|| may perhaps become infinite. We formulate
Leray’s assumption in a more precise way:

There exist QcR?, T>0, v>0, upe V, fe€ L0, T; H) such that
(12.20) llu(5)]] becomes infinite at some time ¢ € (0, T), # being the weak
solution of the Navier-Stokes equations.

Let us assume now that f € L™(0, «; H) and is not ““too chaotic” at infinity, i.e.,

There exists a>0 such that for any sequence t; — +o, the
(12.21) sequence of functions fi(t)=f(t+¢), 0<t<a possesses at least
one cluster point in L*(0, a; H).

This property is trivially satisfied if f is independent of time, or more generally
if

(12.22) feLi(0,0; V), fe LZ(0,; V')
with
Ifleass+avy T flLaessavy S ¢(Pa,

for all s >0, @ >0, where c(f) is independent of s. In such a case we have the
following result proved elsewhere (cf. C. Foias-R. Temam [13]):

THEOREM 12.2. Given QeR? T,v and fe L™(0,%; H) satisfying (12.21),
then either (12.19) or (12.20) holds; i.e., there exists uge V for which |u(t)|
becomes infinite on the interval [0, a}, a >0 given in (12.21).

Finally we infer from Lemma 12.2 the following regularity result for a func-
tional invariant set (or attractor):

THEOREM 12.3. Let us assume that f is independent of t, and f € €=(€)" N H®.
Then any functional invariant set X, bounded in V, for the corresponding Navier-
Stokes equations, is contained in €=(6)".

Proof. We consider the semigroup operator S(t) defined at the beginning of
§12.1. Since S(1)X = X, for all t>0, and S(t) is one-to-one by the analyticity
property, every ¢ € X is of the form ¢ = S(t)uy, with uge X, and therefore by
Lemma 12.2, ¢ is in H™(0), for all m.

Remark 12.2. i) This result is comparable to regularity results for the
solutions of stationary Navier—Stokes equations, but it applies also to periodic,
and quasi periodic solutions, among others.

ii) The conclusion of Theorem 12.2 is valid if we assume only that X is
bounded in V,;,,, for some & >0. See C. Guillopé [1] for the details.

5 If we consider the flow in (€ =), we also need (1.7) with r =cc.



PART III

Questions Related to
the Numerical Approximation

Orientation. In Part II1, containing §§ 13 and 14, we develop some results
related to the numerical approximation of the Navier-Stokes equations. This is
far from being an exhaustive treatment of a subject which is developing
rapidly, due to the needs of modern sophisticated technologies and the appear-
ance of more and more powerful computers.

Part III does not discuss any practical developments concerning implemen-
tation of computational fluid dynamics algorithms' (though these are impor-
tant). It is limited to the presentation of two questions related to the numerical
analysis of the Navier-Stokes equations. The first is the question of stability
and convergence of a particular nonlinear scheme; this is developed in § 13.
The particular scheme was chosen almost arbitrarily among several schemes
presently used in large scale computations and for which convergence has been
proved. The second question, considered in § 14, is that of the approximation
of the Navier—Stokes equations for large time: in the context of the questions
studied in §12 (see also §9), the problem of numerical computation of
turbulent flows is connected with the computation of u(t) for t large (while the
force, or more generally the excitation, is independent of time). Section 14
contains some useful remarks pertaining to this question.

! See the comments following § 14.
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13 Finite Time Approximation

In this section we study the convergence of a space and time discretization
scheme for the evolution Navier-Stokes equations. This scheme combines a
discretization in time by an alternating direction (or decomposition) method
with a discretization in space by finite elements. It belongs to a series of
efficient schemes which have been introduced and studied from a theoretical
point of view in the past (cf. A. J. Chorin [2], [3], [4], R. Temam [1], [2], [5],
[6]), and which have recently regained interest and have been implemented in
large scale computations for industrial applications (cf. e.g., H. O. Bristeau—-R.
Glowinski-B. Mantel-J. Periaux—P. Perrier-O. Pironneau [1], R. Glowinski-B.
Mantel-J. Periaux [1]).

The proof of convergence is the same as that appearing in [RT, Chap. III,
§85, 6, 7] and in R. Temam [1], [2], [4], [3] for closely related schemes.
However, for the proof of the strong convergence result which is necessary for
the passage to the limit, we use a compactness argument different and slightly
simpler than that considered in those references. This compactness result is
given in § 13.3.

13.1. An example of space-time discretization. We consider the flow in a
bounded domain with periodic or zero boundary condition (i.e., @ =€) or Q),
and n=2 or 3. We are given u, and f as in Theorem 3.2 and we want to
approximate the strong solution u to Problem 2.2 defined in Theorem 3.2, on
[0, T1if n=2, on [0, Ty] if n=3.

We are given a family of finite dimensional subspaces V,, he#, of V, such
that
(13.1) (J V, isdensein V.

he#

For instance we can take 3 =N, V, =the space spanned by the eigenvectors
wi, ..., w, and the discretization would correspond to a Galerkin method
based on the spectral functions. Also V,, may be a more general subspace
corresponding to a more general Galerkin method, but the most interesting
case we have in mind is that in which V), is a space of finite element functions
with the set # properly defined: we refer to [RT, Chap. I, § 4] for the precise
definition of a possible finite element space (Approximation APX4).

Actually, in order to be able to treat more finite element schemes we will
consider the following more general situation:

W,, he ¥, is a family of finite dimensional subspaces of W=
Ho(Q) or H(Q), such that Uy W, is dense in W.

For every h, V, is a subspace of W,, such that the family V,,
h € ¥, constitutes an external approximation' of V.

(13.2)

(13.3)

' For the precise definition of an external approximation cf. [RT, Chap. I, § 3.1]. The reader who
so wishes may concentrate on the first, simpler case: V, <V with (13.1).

93



94 PART III. QUESTIONS RELATED TO THE NUMERICAL APPROXIMATION

The cases covered by (13.2), (13.3) contain the finite element approxima-
tions of V called APX2, APX3, APX3' in [RT, Chap. I, §4] and others
published in the literature (cf. M. Bercovier-M. Engelman [1], V. Girault-P.
A. Raviart {1], among others).

For every h, let ugy, be the projection of u, in W, on V,, i.e.,

Uon € Vi,
((uon, v)) = ((Ug, v)) Vv, € V.
Let N be an integer®, k = T'/N. For every h and k we recursively define a

(13.4)

family uj"*'? of elements of V,, m=0,...,N—1, i=1,2. We start with
(13.5) U = ugn.
Assuming that uj, (or more generally uj, m=0) is known, we define ujp*"?
and then u**' as follows:
um+1/2e Vhy
(13.6)
(um+1/2—uh , Uh)+ ((um+1/2 v ) =" 1) Vv, eV,
where
1 (m+1k
(13.7) :EI f(1) dt,
and
m+1e Wh,
(13.8)

-
2 = U2, o) 42 (™, 0))+ DR, up, 1) =0

v th € Wh‘

Here® b(u, v, w) is the modification of the nonlinear term which was intro-
duced in R. Temam [1], [2] and which guarantees the existence of a solution to
(13.8), and the stability of the approximation for (13.8) or similar schemes:

(13.9) b(u, v, w)= 2 L {w[(D,v;)w; — v;(D;w;)]} dx.
ij=

The existence and uniqueness of a solution u[**'’? for (13.6) follow from the
Riesz representation theorem (or Lax-Milgram theorem). The existence of a
solution uj"*'e W, of (13.8) (a nonlinear finite dimensional problem) follows
from the Brouwer fixed point theorem, using [RT, Chap. II, (2.34) and Lemma
1.4]. Problem (13.6) is just a variant of the linear stationary Stokes problem,
and (13.8) is a relatively standard nonlinear Dirichlet problem. We refer to
Glowinski, Mantel and Periaux [1] and to F. Thomasset [1], for the practical

2With the notation of Theorem 3.2, T'=T if n=2, T'= Ty =min (T, Ty(uyp)) if n=3.

3 b(u, v, w) may be #0, while b(u, v, w)=0, for u, veHLD) (or HXQ)), by lack of the free
divergence property.
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resolution of these problems. We note that, as usual (cf. R. Temam [3], [RT,
Chap. I, § 7]), the alternating direction or splitting-up method allows us to
decompose, and treat separately, the difficulties related to nonlinearity and to
the incompressibility constraint div u =0 (contained of course in (13.6)).
We associate with this family of elements ul*¥? of W, the following
functions defined on [0, T'] (cf. R. Temam [3], [RT]):
e ul’ is the piecewise constant function which is equal to u]
[mk,(m+1k), i=1,2, m=0,...,N—1.
e 7" is the continuous function from [0, T'] into W,, which is linear on
(mk, (m+1)k) and equal to u**"? at mk, i=1,2, m=0,...,N—1.
By adding (13.6) and (13.8) we obtain a relation which can be reinterpreted
in terms of these functions as

m+i/2

on

~(2)
(13.10) (dZ:‘ (t—k), vh)+ (PO + w2 (1), v))
+ b(u(z)(t) U(Z)(t), o) =(fi(H),v,) Vv,eV,
where
(13.11) f()=fm for te[mk, (m+1)k).

Simitarly, by adding (13.8) to the relation (13.6) for m+ 1, we arrive at an
equation which is equivalent to

~(1)
(13.12) (dz (1), vh>+ (WP + k) +u2(1), v))

+hW@), u?®), v) = (t+ k), v,) Vv, eV,

13.2. The convergence theorem. We now discuss the behavior of these
functions 1, @, as h and k — 0.

THEOREM 13.1. Under the above assumptions, the functions ul’, iy, i=1,2,
belong to a bounded set of L*(0, T'; WYNL=0, T'; G), G =L*(®).

As k and h— 0, ul® and i@’ converge to the solution u of Problem 2.2 in
L*(0, T"; W) and LU0, T"; G) for all 1=q<o,

Proof. i) We first derive the a priori estimates on the functions. We set
m*172 in (13.6) and, observing that

Uy = Up
(a—b,a)=3(al>~|b*+|a—b[) Va,beH,

we get
e 22 = g a2 o g R
= 2kl ) S 2 |7
(13.13)

\/—lf'"lll R

=25 g AR+ |

2
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whence

(A3 a2 = g e 5 AP = 2 P
Similarly, taking v, = up' " in (13.8) and taking into account (2.34) we obtain
(13.15) a2 | = w2k up R = 0.

By adding all the relations (13.14), (13.15) for m =0, ..., N—1, we find

luh Z (I m+1_ +1/2lz+]u;|n+1/2_umz)

+7V Z (Hur+1/2n2+2“ur+1n2)
m=0

(13.16) _|u0h\2+— Z 7
N-—1 (m+Dk 2
<lu0h12+71m20 Lk f(s) dS\

2 T
5|uoh|2+;T L If(s)*ds  (by the Schwarz inequality).
1

Due to (13.4), |lugn]| =|lul, and therefore the sequence ug, is bounded in H.
We then conclude that

(13‘17) Z (\um+1 "‘”/212+lu?“/z—uﬁ‘lz)éLl,
— L
(13.18) €Y (upape2 upp =,
m=0 v
where
(13.19 Li= b+ )P as
1

By adding the relations (13.14) and (13.16) for m =0, . . ., p, we obtain, after
simplification,

(13.20) lue*'?=L,, p=0,...,N—1.

Adding the relations (13.14) for m=0,...,p and (13.16) for m=0,...,p—1,
we find, after dropping unnecessary terms,

(13.21) lub*V?2=L,, p=0,...,N—1.

The relations (13.18)-(13.21) amount to saying that the functions u{’, @{",
i =1, 2, belong to a bounded set of L*(0, T'; G), and that u{", u$?, belong to a
bounded set of L*0, T'; W). In order to show that &’ also belongs to a
bounded set of L*0, T'; W), we observe by direct calculation (cf. [RT, Chap.
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III, Lemma 4.8]) that

N kX ; i
luﬂ)_uﬂiz(o,r;ng Z \uﬂnﬂjz—u:‘ 1+./2l2
m=1

é%—l (by (13.17)).

(13.22)

i) We want to pass to the limit as k — 0, h — 0. Due to the previous a priori

estimates, there exist a subsequence (denoted k,h) and u™,u® in

LX0, T'; WYNL?(0, T'; G) such that
o m{weakly in L*0, T; W),
ul’ - u
weak-star in L™(0, T'; H), i=1,2.

The relations (13.17) and (13.22) imply that the same is true for @i, i =1, 2.
Now we infer from (13.17) that

(13.24) |u§(2)7 ug)]Ll(O,T';H)é kL]

(13.23)

and therefore
u?-u—0 in L¥0, T'; H),

so that u®=u, Also we infer from the properties of the V,’s (which

constitute an external approximation® of V) that u‘" belongs in fact to
L*0,T'; V)NL™(0, T’; H):

(13.25) uV=u®=u, e L0, T; V)NL™0, T; H).

The last (and main) step in the proof is to show that ug is a solution to
Problem 2.2. We need for that purpose a result of strong convergence which
will be proved with the help of the compactness theorem in § 13.3.

13.3. A compactness theorem.
THEOREM 13.2. Let X and Y be two (not necessarily reflexive) Banach spaces
with

(13.26) Y = X, the injection being compact.

Let 4 be a set of functions in L'R; Y)NLP(R; X), p>1, with
(13.27) G is bounded in[P®R; X) and L'R:;Y);
(13.28) J’ lgt+s)—g(s)%ds =0 ast—0,

uniformly for g€ 4,

the support of the functions g € 4G is included in a fixed compact of

(13.29) R, say [-L, +L].

Then the set 4 is relatively compact in L°([R; X).

4 For the details see [RT].



98 PART III. QUESTIONS RELATED TO THE NUMERICAL APPROXIMATION

Proof. i) For every a >0, and for every ge L?(R; X) we define the function
J.g : R X, by setting

(13.30) (J.g)(s) =% js_ﬂg(o dt =§% J+ag(s +0) dt.

s—a —a

It follows from the first relation in (13.30) that the function s+ (J,g)(s) is
continuous from R into X; on the other hand J,ge L?(R; X), and furthermore

1/p
1 ta ,
ag)s)lx = = (/ lgls + DIk dt) (2a)'/P
2a —a
(by the Holder inequality),

+o +oc 1 +a
J I(Jag)(S)l&dséj ‘2—;‘[ lg(s + 0|k de ds

= j lg()i% dt,

(13.31) Vagleewo =l8ler@xy VgeLPR; X).
The same reasoning shows that J,ge L'(R; Y) and
(13.32) |Jag|L‘(R;Y)§ “L’(IR;Y) Vge L'R;Y).

ii) It is easy to see that J,g — g in L*(R; X) (resp. L'(R; Y)) as a — 0 for
every ge LP(R; X) (resp. L'R; Y)). Due to (13.31), it suffices to prove this
point for functions g which are €™ with values in X (resp. Y) and have a
compact support, and this is obvious.

We then observe that, due to (13.28),

(13.33) Jg—g inlPR;X) asa—0 uniformlyfor ge¥%.

In order to prove (13.33), we write

2a )

(2a) 1/’
2a

Jag<s>—g<s)=ij “(gls+1)—g(s)) dt,

L/p

([ Tsro-goar)

[T.g(s)—g(s)lx =

—+oo —+oo 1 +a
[ TUa©-geisds= S [ Clatso0-go ards

1 +a “+oo
é;—j I lg(s+t)—g(s)|% ds dt
al, ).

= sup I |g(s + ) — g(s)|% ds;

—a=t=

and (13.28) implies that this last quantity converges to 0, uniformly for g€ % as
a—0.
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iii) We now show that

For every a>0 fixed, the set 9, ={J.g, g€ 9} is uniformly

(13.34) equicontinuous in €R; X).

Indeed, for every s, teR

r+a

|7.8(s) = Jag(Dlx =2—1(; (g(s+z)—g(t+2))dz

J—

X

rs+a

2a l)_,

g(z) dz —j g(z) dz

X
1 rt—a t+a
~3a g(z)dz— g(z) dz
a Js—a s +a X
2)s— |
<22 gl

scls—t]" Vge¥.

Hence we have (13.34).

We then apply Ascoli’s theorem (cf. Bourbaki [1]) to show that the set ¥, is
relatively compact in €(R; X). All the functions J,g have their support
included in a fixed compact, say [—L —1, L + 1] (assuming that |a|=1). Due to
(13.34), the only assumption of Ascoli’s theorem which remains to be checked
is that

(13.35) For every s R, the set {J,g(s), g€ %} is relatively compact in X.

But according to (13.26), it suffices to show that this set is bounded in Y, and
we have with (13.27)

1
J =—
I ag(s)'Y 2(1,

+a 1 +oo
j g(s+1) dt‘ =— j lg(s+ )]y dt
s y 2al.

§—1— 12l m.yy Sconst Vge$§
2a ’

The set %, is therefore relatively compact in 4(R; X), and due to (13.29) this
set is, for every fixed a, relatively compact in L*(R; X).

iv) Finally we prove that the set ¢ itself is relatively compact in LP(R; X).
For instance, we have to prove (cf. Bourbaki [1]) that for every £ >0 there
exist a finite number of points g;,. .., g, in L?(R; X), such that 4 is included
in the union of the balls centered at g and of radius &.

According to (13.33), for every € >0 there exists a such that

(13.36) ‘Jag“g‘Lu(R;x)§§ V geg

Since 4, is compact, it can be covered by a finite number of balls of
LP[R; X), centered at J,g,, ..., J.2n, and of radius &/3; finally it is clear with
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(13.36) that the balls of L?(R; X) centered at g, ..., gy, and of radius & cover
.

The proof of Theorem 13.2 is complete. O

We have a similar result for functions g defined on a bounded interval, say
[0, T].

THeEOREM 13.3. We assume that X and Y are two Banach spaces which
satisfy (13.26). Let 4 be a set bounded in L'(0, T; Y) and L*(0, T; X), T>
0, p>1, such that

T—a
(13.37) J’ lg(a+s)—g(s)kds— 0 asa— 0, uniformly for gc 4.
0

Then 9 is relatively compact in L0, T; X) for any q, 1=q <p.

Proof. This is proved by applying Theorem 13.2 in the following manner.
We consider the set € of functions g:8(s)=g(s)if s€]0, T]and =0 otherwise.
The set ¢ is bounded in L'R; Y)NL[R; X) and satisfies (13.28) for p
replaced by g, as

T

J’ Ig'(a+S)*§(S)|§'<dS=J’ _ lg(a+s)*g(S)I%dS+J’
o 0

T—t

lg(s)|% ds + J’ lg(s)|% ds
0

= Tl-a/p(J'()Pa‘g(a +5)—g(s)% ds) "
+2a*qfv(j;\g<s)\sz as)

T—a q/p
éT“"/"(J’ lga+s)—g(s)|% ds) +calTVP,
(V]

and this goes to 0 uniformly with respect to g% as a — 0.

Remark 13.1. Of course, under the assumptions of Theorem 13.2 we can
obtain that ¥ is relatively compact in L?(0, T; X) itself if we assume, instead of
(13.37), that

T

J‘T-alg(a +5)—g(s)|% ds + J

le(o) s+ [ Te(s)k ds —0
(13.38) 0 T-a o

as a — 0, uniformly for ge %.

13.4. Proof of Theorem 13.1 (conclusion). i) By application of Theorem

13.3, we show that the functions u{’, @{’ converge to u strongly in L*(0, T'; G)
or even L*(0, T'; G), 1=qg <.

By integration of (13.12),

@D+ a)— G0, v) = j { (WP (s + )+ uP(s), )

2
£ bP(s), u2(s), v)— (s + k), vh)} ds
Vv, eV,



FINITE TIME APPROXIMATION 101

We majorize the absolute value of the right-hand side of this equality as
follows:

1/2

\3 J (WP(s+ k), 1)) ds

: =5l ([ s+ o as)

v T 1/2
55 a' v (I lel(s + kO|? ds)

scia' |,

where ¢; depends only on the data, u, f, v, Q (or Q), T'. Similarly,

ol

‘g] (u@(s), v)) ds| = cja

cza'? oyl

J (f(s+ k), v,) ds| =

For the term involving b, we use Lemma 2.1 with m; =3, m,=m;=1:

J b(u®(s), ul>(s), v,) ds

e[ T la b oyl ds

- CZ; thu'[l *“lu(2)(s)‘1/2 Hu(Z)(S)“3/2 dS

t+a 12
s cilola([ TP as)

{by Holder’s inequality and since
u{® is bounded in L™(0, T'; G))

=cga vl

Finally we obtain the majorization

(13.39) (@t +a)— @), v =cia” vl Vo, e Vi

) ~(1)

Since @i’ is a V,-valued function®, we can take v, = a4"’(t+a)—i#"'(¢), and
we find after integration with respect to t:

T -a

T —a

J @V (t+a)—a (O dt=cra J la(e+a)—ad (o) de
0 0

T'—a

éC;(Tr)l/Zal/fi(J’
0

T—a
(13.40) J (e +a)— a0 dt=cfa'’
¢

)

1/2
e+ a) - a o ar)

* This is not the case for @{® (a W, -valued function).



102 PART III. QUESTIONS RELATED TO THE NUMERICAL APPROXIMATION

We apply Theorem 13.3, as follows. ¥ is the family of functions &{" which is

bounded in L*0, T; W)NL=(0, T; G),(Y=W,X=G),p=2, so that (13.37)
follows from (13.40). We conclude that @{" is relatively compact in
L0, T; G), 1=q<2, and since i7" converges weakly in L0, T'; G) to ux
(see (13.23)-(13.25)), this means that @{" converges to uy, strongly in
L0, T'; G), 1=q<2. The sequence i{" being bounded in L=(0, T'; G), we
conclude from the Lebesgue dominated convergence theorem that we actually
have

(13.41) a’ —>u stronglyin L4(0, T;G) Vgq 1=q<.

As for (13.22), it is easy to check by direct calculation that
(13.42) 3~ ul oo =3 Z luge 42— P,
and with (13.17)

~(i) ()2 k P —
(13.43) ja’ —ug |L2(0,T';G)§C§, i=1,2.

This, together with (13.24) and (13.41), shows that
(13.44) u{’ and i’ converge to u strongly in L0, T'; G) Vg, 1=q<x.

ii) Using (13.44) and the weak convergences obtained in § 13.2 (in particular
(13.23)), the passage to the limit in (13.12) is standard. We will just give the
main lines of the proof. Let ¢ be any %' scalar function on [0, T'] which
vanishes near T'; we multiply (13.11) by (&), integrate in ¢ and integrate by
parts the first term to get

j { 00, 0 (0)+ 5 (2 )+ a0, (1)
(13.45) +b(uP(n), u®(r), Uhdl(l))} dt

= [ e+ 10, w0m,) de+ (o, 19000

Let v be an arbitrary element of V. We choose for v, an approximation of v,
and passing to the limit in (13.45) we get

I {=(ug(0), v (1)) + v ((uxt), V(1)) + b(us2), ux(2), v(2))} dt
0

(13.46) -
- f (1), wp(1)) dt + (g, D)$(0).
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(The passage to the limit in the nonlinear term necessitates the strong con-
vergence (13.41); cf. [RT]).) We deduce from (13.46) that uy is a solution to
Problems 2.1-2.2, and since this solution is unique in the present situation, we
conclude that uy = u. By uniqueness, the entire sequences u’, i{’ converge to
u as k and h tent to 0. The last step of the proof is to obtain strong
convergence in L*(0, T'; W).
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1 4 Long Time Approximation of the
Navier-Stokes Equations

The study of the long time behavior of the solutions to the Navier-Stokes
equations is directly related to an understanding of turbulent flow, as can be
seen from Part I1. In this section we present two results which tend to indicate,
as do those in §811 and 12, that the flow has, for time large, a finite
dimensional structure. The first result is related to the flow itself (§ 14.1); the
second to its Galerkin approximation (§ 14.2).

14.1. Long time finite dimensional approximation. Let f and g be two
continuous bounded functions from [0, ) into H, let u, and v, be given in V,
and let u and v denote the corresponding solutions to Problem 2.2:

(14.1) %+vAu+Bu:f, u(0) = u,
d
(14.2) —d—’:+ vAv+Bo=g  v(0)= o,

We assume that u and v are defined and bounded for all time in V:

(14.3) sup lu(d]|=c’, sup lo(lj=c".

120

We recall that this property is automatically satisfied if n =2 (cf. Lemma 12.2).
We recall also that for every a >0

(14.4) sup |Au(t)| =", sup |Av()| = c¢”,

= (=2

where ¢” depends on «, ¢’ and the data (Lemma 12.2).

The space E. Let us now consider a finite dimensional subspace E of V. We
denote by P(E) the orthogonal projector in H onto E, and Q(E)=1-P(E).
Since P(E) is not a projector in V, it may happen that ((¢, ) #0, if
dcE ycV and P(E))=0. However (see Lemma 14.1 below), there exists
p(E), 0=p(E)<1, such that

(14.5) (e, v)I=p(E) oyl VodeE, VYyeV, PE)}=0.
We also associate with E the two numbers A(E), w(E),

AE)=inf{|®|*, ¢ e V, P(E)d =0, |d| =1},

w(E)=sup {ly|*, ¢ € E, y| = 1},
105
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so that
(14.6) |¢I=AE) "?|ol YoeV, PE)=0,
(14.7) W= uw(E)?l¢] VyeE

When it is not necessary to mention the dependance on E, we will write
simply P, Q, p, A, u instead of P(E), and so forth.

We will now prove (14.5).

LemMA 14.1. Under the above assumptions, there exists p = p(E) such that
(14.5) holds.

Proof. If this were not true, we could find two sequences ¢, ¥5, j=1, ¢, €
E, y; € V, Pg; =0 such that

1
Il =zlc, iz (1-5) sl
Setting &; = ¢y/lld;ll, ;= wifllusll, we find

(14.8) 12|(6}, ¥))= 1 —% _

We can extract a subsequence, still denoted j, such that ¢; converges to some
limit @, ||¢|l|=1, ¢ € E (E has finite dimension), and ¢ converges weakly in V
to ¢, eV, [Y||=1, Py =0. At the limit, (14.8) gives

(o, wNl=1. foli=1, lwl=1,

so that |[y||=1, ¢ = k¢ +#0, in contradiction with Py =0. O
An inequality. We consider the two solutions u, v of (14.1)-(14.2), and we
set

w=u—-v, p=Pw, q=0Qw, e=f—g

(P=P(E), Q=Q(E)=1-P(E)).
We apply the operator Q to the difference between (14.1) and (14.2). We
obtain

%ﬁ vQAw + QB(v, w)+ QB(w, u) = Qe.

We then take the scalar product in H with g,
1d, , >
~—|qf*+
S 2laP+v lal
=—(B(v, p), q)— (B(p, u), )~ (B(q, u), ) +(Qe, q)— v((p, 9)).

Using Lemma 2.1 (or (2.36)) and (14.5)—(14.7), we find that the right-hand
side of this inequality is less than or equal to

A1 |Qelllgll+vou ' plllgll+ ci(|Au| +|Av]) |pl gl + ¢ |Au]| |q] gl
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If t=a, a >0 arbitrary, then this expression is in turn less than or equal to

3v £V
ll \|2+ \Q P+ HQ\|Z+? o’ lp|2+§||qn2
2

3¢
+£—1—l(lz‘\ul+lz‘\v|)2 Ipl* +cyc”A 2 |lal?
gV

3)\2 ( u)z
S evllalP 42 10 +2 (5L ) pP+ crea gl

where e >0 is arbitrary.

If
(14.9) AME)> (clvc>2
then we set
(14.10) V= MENR >0, e =i OCAENE

2 2v ’

and we have established:
Lemma 14.2. If (14.3)-(14.5)—-(14.7) and (14.9) hold then, for tZa >0,

(14.11) —|q\2+v||ql|2< lQ |2+ <(—C‘-5—)+vp2u>lp|2,

with v', € as in (14.10).

We now prove

THEOREM 14.1. We assume that the space dimension is n =2 or 3 and that u
and v are solutions of (14.1)-(14.2) uniformly bounded in V. Let E be a finite
dimensional subspace of V such that (14.9) is satisfied.

Then, if
(14.12) |P(E)(u(t) —v(t)| = 0,
(14.13) (I-PENF)—g))| =0 ast— o,

we have also

(14.14) [I-P(E)(u(t)—ov(t))| >0 ast— o,
ie.,
(14.15) lu(t)— o) >0 ast—>wx.

Remark 14.1. Theorem 14.1 shows that if the condition (14.9) is satisfied
the behavior for t — o of u(t) is completely determined by that of P(E)u(t)
(although we do not know how to recover u(t), knowing P(E)u(t)). Lemma
14.3 below shows that (14.9) is satisfied if E is “sufficiently large”.
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Proof of Theorem 14.1. We infer from (14.6) and (14.11) that

d ,
Elqlzﬂ’)\ lal”=ci|Qef* +c5 |pl?

where
, 3)\% ) 6 ( N)2
=5,  Ci=—
2ev €

whence for tZ ;=2 q,

(¢ic

+ Vp2u>,

(14.16) laO =latioPe 9+ [ [efle()+ b Ip(rPle* " dr.

to

Given & >0, there exists M (which we can assume Za) such that for t= M

|P(u(t)—v(1)* =6,
I(I-P)f(t)—g(t)*=3s.

Therefore, for t=t,+M, (14.11) implies
t
lg(OP = c(u, v)e ™+ 5(ci+ CE)J e dn
t—M

—M
+[cic(f, g)+cie(u, v)]J e N o
t,

0

where
c(u,v)= sup lu(®—v()l, cf,g)= sup If(6)—g(o)l.
As t — >,
. 2 ’ ' 1_e_V’}\M
lim sup |q(t)|*=8(ci +c3) (——)
F——y 14 A
e*u’}\M
+cie(f, g) +exe(f, @)l ——.
v'A

We let § — 0 and then M — « and we obtain (14.14). O

As mentioned before, the following lemma shows that condition (14.9) is
always satisfied if E is sufficiently large.

Lemma 14.3. If E;, j =1, is an increasing sequence of subspaces of V such that
\U, E; is dense in V, then A(E;) — + as j—o.

Proof. In fact, we will prove that

(14.17) For every integer m there exists j, and, for j=j,, we have
A(E]',")éxm,

where A, is the mth eigenvalue of A.
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By assumption, for every k,

Inf |w, —¢ll-—>0 asj— .
weE;

Hence, for given m and § >0, there exists j,, such that
"I’n’fs lwe—uwll=86 fork=1,...,m andevery j=j,.

Thus, for every j=Zj,, there exist Wy, ..., W,, in E, with ||w; - w;||= 8. There-
fore if ¢ € V, (I - P(E;))$d =0, we have

Il = 1Pl +IItI = P ol
Z Aot (= PR+ A, [Padf

Z At [0 = (Ass = X)) [Prdb]?

=t O = A=A X (B, W, — W,)?

j=1

;(Am+l_(xm+l—x A1"’"82 ld)lz

3

This implies
)\(Ej) Z A1~ A — )\1))\1”152,

and the results follow by letting § — Q. O

14.2. Galerkin approximation. We are going to establish a result similar to
that in Theorem 14.1, for the Galerkin approximation of Navier-Stokes
equations when the space dimension n = 2. For simplicity we restrict ourself to
the Galerkin approximation using the eigenfunctions w,, of A (asin § 3.3), and
we will show that if m is sufficiently large, the behavior as t-— o of the
Galerkin approximation u,, is completely determined by the behavior as t — «
of a certain number my of its modes, i.e. the behavior of P, _u,,, msy<m.

We start with some complementary remarks on Galerkin approximations.

For fixed m, the Galerkin approximation u,, of the solution u of (14.1) is
defined (see § 3.3) by

d

Sy v Au, + P, Bu,)=P.f, >0,
(14.18) dt

um(O) = Pmu(b
where P, is the projector in H, V, V', D(A), ..., onto the space spanned by
the first m eigenfunctions of A, w,, ..., w,.

We have established in § 3.3 some a priori estimates which are valid on a
finite interval of time [0, T]; we can obtain a priori estimates valid for all time
as follows.
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We infer from (3.46) that

1d

2dr |t (DF + v it (DI = (1), () SO |1 (1)

1
=~/__—A1 LF(O e (O

2

== Jun P +——=IfO),
2 vV A,
-(l 2 2<_4_ 2<i 2
(1419) dt lu".(t)l +v “um(t)” = VAl lf(t)! =VA1 N(f) ’
where N(f) =sup,=o |f(t)|. Thus for every t=s=0
t _ 2
(1420) P+ v (@I do =ty () + LIV,
s VAI
and |u,,(t)| is bounded for all time:
(14.21) (O <JugPe + 3757 N(pY.
VA

The following a priori estimate is also verified by u,,.

Lemma 14.4. |u,.(t)|| is bounded independently of m and t.

Proof. For T=a >0, this is proved on [0, a] in (3.59). In order to obtain the
result for t = «, we consider the analogue of (3.11) for u,, (obtained by taking
the scalar product of (14.18) with Au,,; see § 3):

L it (O + ¥ | A O =2 O+ 2 it O it O

Therefore with (14.21)
d

I+ s i (P =2 NG+ 4 it (O
v

(14.22)
= c5(1+{unl??,

and for 0=s=t, we can show by integration that

(1O = 1+t ) ex0 (5[ (1411t () i),
If t=a >0, we integrate in s from t—ca to t and we find
cral1 0P = [exp (3] (1 +lun(@P) do)-1]
Using (14.20), we see that the right-hand side of this inequality is bounded

by a constant depending on « and the data, but independent of ¢t and m. The
lemma follows. O
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We can now state the result announced.
Let u,, and v,, be the Galerkin approximations to the solution u and v of
(14.1)-(14.2),

(1423 D pau bR B = Pof, un(0) = Pt
dv,,
(14.24) _(;+ vAv,, +P,B(v,)=P,g, U (0) = P, v,.

THEOREM 14.2. We assume that n =2 and that m = my, my. sufficiently large
so that the condition (14.29) below is verified.

Then, if
(14.25) |P, (U () =0 ()| =0 as t — o,
(14.26) (I-P,)(f()—g))] =0 ast—>e,
we have
(14.27) [(I—Pp, ) (4 (1) = 0, (D) =0 as t — 0,
ie.,
(14.28) u(t)—v,(H)—>0 ast— .

Proof. We have to obtain an analogue of (14.11); we then proceed as for
Theorem 14.1.
We set for my=m (my to be determined):
W = U~ Um> Py = PruWy Gy = QuiyWi» €=f—8, €4, = O m

(Q,, =I—P,). Then by subtracting (14.21) from (14.23) and applying Q,,, to
the equality which we obtain, we arrive at

d
et Ay + Qo PrB (O, W) + Oy PuB (W, ) = O, P

Consequently,,

1d ) »

~ . lqm,.l tv ”qmu = —(B(vmv wm)v qum) - (B(wm’ um)a PQO*) + (Om*e’ qum*)~
2dt

The right-hand side is equal to
(Om*e’ qum,.,) - (B(Um, pm*), qum*) —(B(Um, (I_Pm)Qm,,)a PQO,.,)
- (B(pm,p um)) qum,.,) - (B(Qm,p um), qum,.,)
Because of (2.31) and Lemma 14.4, this quantity is bounded by
1O 1yl + € [0 103172 1Py 2 1Py Hit,
Rl o Ll A [ M e 1 e
4" P Pl Nt il + € 1yl 2 i I Nt
== R U@ M | 1 [ o1 W S8
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If
. C!l 4
(14.29) A1 > (ﬂ ,
we set
#y —1/4
(14.30) V'=2(v—c"A >0, & :%'C 2mL—+‘>0,
14

and we bound the last quantity by

”2_*_(6")2A 31(3+1 |p 2

1% A gV
_2_ Ilqm*llz_*—ii lQm*e|2+-2— HQm* m*|

2ev
+ A e
Finally we find
d A IIA 1/2
(14.31) a2+ AP S22 | Qe+ e
dt 3% £V

This inequality is totally similar to (14.11), and starting from (14.31) the
proof of Theorem 14.2 is the same as that of Theorem 14.1. O

Remark 14.2. We did not establish above any connection between the
behavior for t—> o of u(t) and of its Galerkin approximation u,,(t). This
remains an open problem. See however P. Constantin—C. Foias—R. Temam [1].



APPENDIX
Inertial Manifolds and

Navier-Stokes Equations

Inertial manifold is a new concept introduced in 1985 after the publication of
the first edition of these notes. Although related concepts and results existed
earlier, inertial manifolds were introduced under this name in 1985 and system-
atically studied for nonlinear dissipative evolution equations since that time. It
would be beyond the scope of this appendix to make a thorough presentation of
inertial manifolds; we refer the interested reader to more specialized books and
articles (see references below). In this appendix we recall only the concept, the
main definitions, and the main results and concentrate on some results specifically
related to the Navier—Stokes equations as they appear in the articles of C. Foias—
G. Sell-R. Temam [1], [2], M. Kwak [1], and R. Temam-S. Wang [1]. We restrict
ourselves to space dimension two. Some of the results are not in their final form;
a number of problems are still open but we believe they are of sufficient interest
to be presented in their current form.

A.l. Inertial manifolds and inertial systems. It was shown in § 12 that attrac-
tors for Navier-Stokes equations, which are bounded in the H !_norm, have finite
dimension. As indicated in the introduction of § 12, this shows that the long-time
behavior of the solutions to these equations is finite dimensional. The concept of
inertial manifold is an attempt to go further in the reduction of the dynamics of
infinite-dimensional equations such as the Navier—Stokes equations to that of a
finite-dimensional differential equation.

Consider a semigroup of continuous operators {S(t)},=¢ in a Hilbert space H
(scalar product (-, -), norm [-1). This could be, for instance, the semigroup defined in
§ 12 for the Navier—Stokes equations in space dimension two when f(r) = f € H
is independent of #; S(¢) is then the nonlinear mapping #(0) — u(f) in H, whose
existence is guaranteed by Theorem 3.1 (in particular (3.34)).

DeFINITION Al. Given a semigroup of operators {S(f)};=o in a Hilbert space
H, an inertial manifold for this semigroup (or for the corresponding evolution
equation) is a Lipschitz finite-dimensional manifold # in H such that

(A.1) S C M, Vi=0,

for every ug € H, S(t)ug converges to M
at an exponential rate, i.e.,

dist (S(t)ug, M) = cq exp(—cat),

where ci, ¢; depend boundedly on |ug] .

(A2)

13
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When an inertial manifold exists, the restriction of S(z) to # defines a finite-
dimensional semigroup of operators {Z()};z0,

(1) = S|,
() : M- M,

which fully reproduces the dynamics of the initial equation (or semigroup). This
system is called an inertial system. More generally an inertial system (or an inertial
form) for a semigroup {S(#)};zo is a finite-dimensional system (or semigroup)
{Z()}1=0 which fully reproduces the dynamics of the initial system.!

Having defined inertial manifolds (and inertial systems), we now make some
comments and comparisons with attractors.

Remark A.1. When an attractor &/ exists as well as the inertial manifold .#
then obviously & C # and, if Theorem 12.1 applies, then &/ like # has finite
dimension. However, there are differences between attractors and inertial mani-
folds:

i) Attractors may be complicated sets, even fractals, while inertial manifolds
are required to be smooth, at least Lipschitz manifolds, usually €' manifolds.

ii) The convergence of orbits to the attractors may be slow, like for instance a
negative power of ¢ or even slower. However the convergence of the orbits to an
inertial manifold is required to be exponential. Hence, after a short transient pe-
riod, the orbits essentially lie on the inertial manifold .4 and most of the dynamics
takes place on .

Remark A.2. See Remark A.4 for some comments on the connection between
inertial manifolds and turbulence.

A.2. Survey of the main results. In this section we survey some typical results
on inertial manifolds for general equations and give bibliographical references.
We consider in the Hilbert space H an evolution equation

(A.3) % + Au = R(u),

(A4) u(0) = up.

This could be the Navier-Stokes equation written in the form (2.43), with A re-
placed by vA and R(u) = f — Bu. We assume here that A is an unbounded self-
adjoint closed positive operator in H with domain D(A) C H, and that R is a !
mapping from the domain D(A”) in H of A?, for some y (0 = y < 1), into H.
The function u = u(t) is a mapping from IR, (or some interval of IR) into D(A).
We assume that the initial value problem (A.3), (A.4) is well posed; i.e., we
assume that for every uy € H there exists a function u continuous from IR.. into

! We realize that this definition is not very precise but prefer to avoid technicalities; see the references
given below for the precise statements.
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H which satisfies (A.3), (A.4) in some sense. According to Theorem 3.1, this
is true for the Navier-Stokes equations in space dimension two (space periodic
case or flow in a bounded domain). In that case we denote obviously by S(z) the
operator

S() @ ul0) e H— u(t) € H, 120

Assuming also that A~! is compact, we see that there exists an orthonormal
basis of H, {w;}jen which consists of eigenvectors of A, i.e., exactly as in (2.17),

AWJ' = 7\jo, Wi S D(A)’

A.
(A.5) O< N =EN=EN,..., Aj — oo for j — oo.

Then any u € H (or u € D(A?) for some § = 0) can be expanded in the form
(A6) u = Zﬁjwj,
J=1
where the series (A.6) converges in H (or in D(APY).
For any N € N, let Py denote the orthogonal projector in H onto the space

spanned by wy, ..., wy, and let Qy = I — Py be the orthogonal projector in H onto
the space spanned by the w;, j = N + 1. Then for u € H, we write

(A.7) u=yy+zn, ¥YN=Pyu zv=0nu

It is easy to see that equation (A.3) is equivalent to the system

d

(A.8) d—f + Ay = PR(y + 2),
d

(A.9) d-j + Az = OR(y + 2).

As in (A.8), (A.9) we will omit the indices N and write P, Q, v, z instead of Py, O,
VN, Zn, When N is fixed and no confusion can arise.

There are by now many ways to construct an inertial manifold for equation
(A.3)(A4) (or the semigroup {S(t)},=0); in general they produce the inertial man-
ifold A as the graph of a function ® from PyH into QyH, for some N:

(A.10) v = @(yw),
. P NH e QNH .

The following result proved in C. Foias~G. Sell-R. Temam [1], [2], is a general
and typical result of existence of inertial manifolds. To avoid technicalities we
state it in a fuzzy way without all the assumptions; the interested reader is referred
to the references above for the precise statements.
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THEOREM A.l. The assumptions are those given above in this Appendix. We
also assume

i) some technical hypotheses on A and R,

ii) Av+1 = ki, for some N € N,

i) \we — AW = Kz()\;l/“ + \y),
for some ki,k2 > 0, and some a, 0 = a < |, which depend on A and R.

Then there exists a €' mapping ® from PyH into QvH such that the graph M
of ® is an inertial manifold for equation (A.3), (A.4) (or the semigroup {5(t)}s=0).

The technical hypotheses mentioned in i) are satisfied by many equations includ-
ing the Navier-Stokes equations in space dimension two. Hypothesis ii) is easily
satisfied for N sufficiently large, but the most restrictive assumption is hypothesis
iii), also called the spectral gap condition. For instance, for the two-dimensional
Navier—Stokes equations, @ = 1/2 and since,

Av ~cN, as N — oo,

(see R. Courant-H. Hilbert [1], G. Métivier [1]) we do not know if iii) is satis-
fied. This hypothesis is satisfied and Theorem A.1 applies for reaction—diffusion
equations for which ¢ = 0 (dimension one or two), for certain dissipative evolu-
tion equations of mathematical physics (such as the Kuramoto—Sivashinsky, the
Cahn—Hilliard, or the complex Ginzburg-Landau equations). It applies more gen-
erally to “very dissipative” equations, including the Navier-Stokes equations with
enhanced viscosity described below.

Before describing these equations of Navier-Stokes type and proceeding with
recent results and open problems, we make a few comments.

Remark A.3 (asymptotic completeness). Another interesting property of inertial
manifolds is the asymptotic completeness property proved in C. Foias—G. Sell- E.
Titi [1], and P. Constantin—C. Foias-B. Nicolaenko-R. Temam [1]; namely,

for every uy € H, there exists itg € M
(A.11) and 7 € R such that
|S(t)ug — S(t + 7)itg] — O when ¢t — +o0.

Remark A.4 (inertial manifolds and turbulence). Consider an orbit u = u(t)
lying in /; then in view of (A.6), (A.7), and (A.10), we have, at all times,

o0

u(t) = Z aj(twj,

j=1

N 00
(A.12) W) = y() + 20, y0) =D ajwy, A= a0)w,
j=1 j=N+1

(1) = ®(y(2), t=0.

In the physical language of turbulence, (A.12) means that the high frequency
component of the flow, z, is slaved by its low frequency component, y. Other
comments on the relevance of inertial manifolds to turbulence appear in R. Temam
[11], [12]. See also the concept of approximate inertial manifolds in C. Foias—O.
Manley-R. Temam [2]-5].
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Remark A.5. Detailed study of inertial manifolds for dissipative evolution equa-
tions appears in the references quoted above; see also J. Mallet-Paret-G. Sell [1]
for reaction—diffusion equations in higher dimension, A. Debussche-R. Temam (2]
for a general result of existence of inertial manifolds, including the case where
the operator A is not self-adjoint and an estimate of their dimensions. Many
more results and references appear in the books by P. Constantin—C. Foias-B.
Nicolaenko-R. Temam [1], R. Temam [13], and the books edited by C. Foias—
B. Nicolaenko-R. Temam [1] and C. Foias—G. Sell-R. Temam [3]. See also the
books quoted above and the references therein about approximation of inertial
manifolds and attractors. The relations of inertial manifolds with the concept of
slow manifolds in meteorology is addressed in A. Debussche-R. Temam [1], {2]
and discussed from a nontechnical point of view in R. Temam [12].

Remark A.6. Relations like (A.12) open the way for the use of approximate
inertial manifolds for the development of multilevel methods for the numerical
approximation of the Navier—Stokes equations; see the references quoted above
and R. Temam [14].

We conclude § A.2 with the Navier—Stokes-related example.

Example A.1: Navier-Stokes equation with enhanced viscosity. We consider the
Navier-Stokes equations in space dimension # with a higher-order viscosity term
(see J. L. Lions [1]):

(A.13) — 4+ u(-AVu—vAu+ W -Vu+Vp=f,

(A.14) V.u=0.

The functions 4 = u(x,?) and p = p(x,t) are defined on R" X R,, taking values
in R" and R, respectively, u = (u),...,up); r € N, and p,v are strictly posi-
tive numbers. For y = 0, equations (A.13), (A.14) reduce to the incompressible
Navier-Stokes equations.

We consider the space periodic case; hence u and p are periodic in each direction
X1,..., X, With period L > 0, i.e., (1.11) holds. We also assume as in Remark 1.1
and in the preceding chapters that

/ ulx,t)dx =0,
Q
where Q = (0,L)".

We consider the same space H as in § 2.1 and set

(A.15) Au = p(—A)Yu - vAu,

with domain D(A) = V N HY(Q) where V and H} (Q) are defined as in § 2.1.
Writing

{A.16) R =TI F - (u- Vu)
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where I1 is the orthogonal projector in IL(Q) onto H, equation (A.3) is the same
as (A.13), (A.14).

We consider the same trilinear form & as in (2.27) and we infer from Lemma
2.1 that b is trilinear continuous on H™(Q) x H™*1©Q) x 1.2(Q) provided m; =
my + 1 > n/4. In particular for m; = my + 1 = r, b is trilinear continuous on
D(AY?) x D(A'/?) x H, A as in (A.15), provided

N n 1
T4y
e.g., r = 1 in space dimension 2 = n = 5. Using the methods of § 2, it is very
easy to see that (1.11), (A.13), (A.14) define a well-posed initial value problem
and that all hypotheses of Theorem A.1 are satisfied except iii) (see the technical
details in C. Foias—G. Sell-R. Temam [1], [2]).

Now we turn our attention to hypothesis iii) in Theorem A.1. By R. Courant-D.

Hilbert [1]-G. Métivier [1],

A ~ cNE/m ag N = oo,

where c is an appropriate constant. Assume momentarily that Ay = ¢cN%/"; then
for a = 1/2,

A+l — Ay ~ ¢/ N@/m=1
XI{I/-EI + )\11\1/2 ~ c//Nr/n’

and the spectral gap condition is satisfied for N large provided
(A.17) r>n.

It can be shown that this condition, established by assuming that \y = ¢N%/",
remains partly valid if we only assume that Ay ~ cNZ/m as N — o0, namely we
obtain that the spectral gap condition is satisfied for a sequence N; of N;, N; — ¢
as i — 0o,

In conclusion, under assumption (A.17), equation (A.13), (A.14) with space
periodicity boundary condition (1.11) possesses an inertial manifold. A better
(smaller) value of r can be obtained by choosing @ more carefully (a smaller).

A3. Inertial system for the Navier—Stokes equations. In this section we
present a tentative approach for proving the existence of an inertial form for the
space periodic Navier—Stokes equations in space dimension two, as in M. Kwak
[1]. Similar results for the flow around a sphere, as in R. Temam-S. Wang [1],
are given in § A.4.2

2 Despite the statements made in these references and in the first printing of the second edition of
this book, the existence of an inertial form for the Navier—Stokes equations in space dimension two is
not yet fully proved. The difficulty is explained below. Nevertheless we thought the method proposed
by M. Kwak sufficiently interesting and promising to warrant presentation in its present form. The
reduction of the Navier-Stokes equations to a system of reaction—diffusion equations is also interesting
on its own.
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As observed before, Theorem A.1 does not apply to the two-dimensional Navier—
Stokes equations with space periodic boundary conditions. The program of M.
Kwak consists of imbedding the Navier—Stokes equations, through what we will
call the Kwak transform, into a reaction—diffusion system for which Theorem
A.]1 might apply and then deducing the existence of an inertial system for the
Navier—Stokes equations themselves.

The following presentation, based on R. Temam-S. Wang [1], is much simpler
than the original proof; other results contained in R. Temam—-S. Wang [1] are
presented in § A.4. Of course we will not be able to give all the details but we
will emphasize the main points. All the details can be found in R. Temam-S.
Wang (1], hereafter referred to as [TW].

It is convenient, in view of § A.4, to introduce the function

{ = curl u = Dyuy — Dau,.
Taking the curl of (1.5), we obtain the curl equation
95
ot

Space periodicity is also required for  (§(-,1) € H)(Q) at each time ¢)* and from
{ we recover u by the equations

u =Vt = (D, —Dyp),

-Ay =G ¥ € Hy(0),

where ¢ is the stream function. It is clear that (A.18), (A.19) are equivalent to the
space periodic Navier-Stokes equations in dimension two.

The appropriate Kwak transform in this case consists of considering the func-
tions

(A.18) — vAL + div(lu) = F = curl f.

(A.19)

g, v =grad { w = Cu,
J(8) = (L7, w).

By straightforward calculation, one can check that J({) is solution of the system
(¢’ = dyp/dr):

(A.19)

U — vAL +div = F,
(A.20) V' — vAV + grad(div w) = grad F,
W~ VAW + 2u¥ - Vau + (- w)u +  curl [A™' (T - u)] = Fu + (f.

Here A™! is the inverse of the Laplace operator from L2(Q) into H3(Q); ¥ - Vu is

the contracted product
2

2
> wDi = Y _(DLNDiw).
i=1

i=1

3 For the function spaces and norms the notations are those of § 2.
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The embedded system. The embedded system (reaction—diffusion type system)
consists of looking for functions {, v, w which are space periodic with period Q,
and which satisfy the following equations:

U —vAL+divw=F,
v — vAv + grad (div w) = grad F,
(A.21) w —vAw+ 2y -Vu+ (v - uwu
+ Ccurl[A~ (v -u)] — Fu - {f
+ o[l + 774G} 1w — W) = 0.

Here 7 = v/L?, and u, ¥, W are still defined by (A.19) and (A.19’) while v and w are
now functions independent of {; r > 0 sufficiently large will be choosen hereafter.
Except for the underlined terms, equations (A.21) are the same as (A.20) if we
replace v and w by ¥ and w. We call (A.21) the embedded system.

For simplicity we write U = ({,v,w). The linear operator in (A.21) is the
nonself-adjoint operator U — AU,

-vA 0 div
A= 0 —vA grad div |.
0 0 —vA

We consider it an ur}bounded operator from W, into Wy, where for s = 0, W, =
H(Q) x Hf,(Q)2 X H3(Q). Then, the notation being obvious, we write (A.21) like
(A.3) in the form

du
(A.22) — + AU = R(Q).

dt

One can derive a priori estimates for the solutions of (A.21) and prove theorems

of existence and uniqueness of solutions, similar to Theorem 3.1. Asin § 3 we
will establish a priori estimates on the solutions U of (A.21) assuming that they are
sufficiently regular, skipping the details of the proof of existence and uniqueness;
this is done in two steps:

,i) The first step, a key one, is to show that (A.21) converges in some sense to
(A.20) as t — oo; this is shown by proving that v(z) — #(z) and w(z) — Ww(¢) converge
to 0 as r — oo. Note that if {, v, w are solutions of (A.21) then

(A.23) V' — vAD + grad div w = grad F.

Subtracting this equation from the second equation (A.21) we find
v—7) —vAWy -9 =0.

Hence

d
(A.24) = lv—9* +2v]lv-3|* = 0,
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and if py = 4n2/L? is the first eigenvalue of the operator —A in H3(Q)?,
12 12
CHe =D+ 2o v - DI =0,
5 |0+ 2 (v - 9)

v = D)O)* = |(v = 9)O)|* exp(~2vpu1),
(A.25) [(v—=VHr)] = 0ast — oo

The proof is more involved for w—w.
(A.20), we first observe (using div w =

As for the derivation of the third equation
¥ - 1) that w satisfies

W — vAW + 2v V- Vu + (div wu
(A.26)

+ ¢ curl{A™'(div w)] = Fu + {f.

Subtracting this equation from the third equation (A.21) we obtain

w—w) —vAw-w)+2ulv—9)-Vu
(A.27)

+ (v-u —div wu + { curl]A™ (v - u — div w)]
+ o[l + 074 o lw = W) = 0.

Upon taking the scalar product in L*(Q) of each side of (A.27) with w — W, we
find
l1d
2dt
(A.28)

w =+ wllw =l + o [T+ 5740, ] w = wl?
= 20((v—=9)-Vu,w—w)—{(v-u—div whu,w - w)

— (el [A™ (v -u—divw)],w—w).
Using appropriate estimates (see [TW]) we infer from (A.28) that

d e __ .
(A29) = lw—w|*> +viw—wi?+Qr—c))v [1 + i 4|C|‘11/2] lw — wi?

w
=2 w-w|’,

where ¢ is a suitable constant independent of r. We now choose r = ¢/. Dividing
then (A.29) by v* and adding this relation to (A.24) we obtain

(A.30) %{w—v!%u-ﬂw—wﬁ}+V{|fv4||2 + 2 ||w;w||2}

r — -
+;P [] + I/|§ﬁ/2] |W~W|2 = 0.
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In particular

%{W—§P+VQM—WP}+w“{w—ﬂ2+fﬂw—WV}éQ
{lo-DOP + 21w - (01}
= {I6-» O +v2|w- DO} exp(-2vpm0),

and this shows that
(A.31) v =P)@> + v 2 |(w=w)(@)|* — 0as t — oo.

This implies that the embedded system “converges” to the original one (i.e., (A.18)
or (A.20)) when t — .

ii) In a second step we derive further a priori estimates.

Estimates for {, ¥ = grad {, and w = {u are derived as follows. We take the
scalar product in L*(Q) of the first equation (A.21) with {; we find

2212 + LR = (7.0 - @iv w0
= (F, ) — (diviw — w), ) (since (div w, ) = 0)
= (curl £,8) + (w — w, grad {)
=(f,V0 + (w—w,grad {)

1
< V1wt + 212+ DIV + L -l
4 v 4 v

1 1 .
HEIZ + = 1F12 + = w —w)?.
v v

=

v
2
Therefore

d
L1+ 181> = 21512+ 2w — P
(A.32) 2 2 \
é—!f|2+—llw—wu :
v Vi

We multiply (A.32) by (/4 (4 = 4n2/L?) and add this relation to (A.30):

d
m{“mv+w 7+ 02w — mﬂ

(A.33) +2 {ﬂncuz v — ol + 02 ||w~»~v||2}

vz [ Zoleltn ] vl = 2 41
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From (A.33) we infer some estimates similar to (3.4)«3.7). In particular

d [m 2 ~12 ) . 2}
B - -
o { 2 IC] =9+ v % |lw—Ww|

+% {%|§12+ lv— o) +y‘2|w—ﬁz|2} = g—:/lﬂz’

which yields
(A.34) L) =K, V=0,

where K| depends on Uy, | f|,v and L.
Further estimates are derived as in (3.9)—3.17) by considering higher norms.
Recall that, for any s = 0, W, = H;(Q) X Hﬁ,(Q)2 X H},(Q) and that D(A) =
W,. Then, based on these estimates one proves (see [TW] and compare to
Theorem 3.2) the following theorem.

THEOREM A.2. For f given in HL(Q)2 = H,(Q)Y and Uy given in D(A), there
exists a unique solution U = U(t) of (A.21) such that U(0) = Uy, and

UecL*0,T;W3), U €L¥0,T;W;) VT>0.

Furthermore
i) If Ug =J (), then U(t) = J(L(2)) V 1 = 0.
11) If U() 7é J(Co), then

|U(t) — J(L(@)] — 0 ast — oo.

Application of Theorem A.1. We would now like to apply Theorem A.1 or, more
precisely, a version of Theorem A.1 adapted to the nonself-adjoint case (see A.
Debussche-R. Temam [2], [3], hereafter referred to as [DT2,3]). Remember that
A is not self-adjoint; however its eigenvalues are the numbers @rv/ Lz)(k% + k%),
ki,k» € IN and its eigenfunctions are proper combinations of sines and cosines.

One of the main points in applying Theorem A.1 is to check the spectral gap
condition, i.e., hypothesis iii) of Theorem A.l. Here the Ay are the numbers
(4r2v/L2) k3 + k3), ki,k, € IN numbered in increasing order and according to
their multiplicity.

Considered in D(A), equation (A.21) is of reaction—diffusion type, i.e., its non-
linear terms are continuous functions of U in D(A); for this reason & = 0 in
hypothesis iii). Thus the spectral gap condition reduces to a well-known problem
in number theory; namely that there are arbitrarily large gaps among the integers
which are sum of two squares (of integers). Such gaps indeed exist.

Because we need the nonself-adjoint version of Theorem A.1 appearing, for
instance, in [DT2,3], a new difficulty arises which is not yet resolved. Indeed some
of the requirements in [DT2,3] involve bounding, independently of N, the norms of
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the operators e*'P and e~/ where t = 0 and P = Py and Q = Qy are the spectral
projectors as above. Although A is not self-adjoint, its generalized eigenvectors
(root vectors) are orthogonal and the projectors P and Q are orthogonal. However,
the Jordan blocks of A produce some contributions to e*’, e~A!, which we are not
able to control. The verification of this hypothesis (hypothesis (H1) in [DT3]) has
been overlooked in the references using the Kwak transform.

If an inertial manifold and an inertial system for the embedded equation exist
then, due to statement i) in Theorem A.2, the inertial form of the embedded
system is also an inertial form of the two dimensional Navier-Stokes equation.
Write U = Y + Z and write

Z = 9(Y),

the equation of the inertial manifold for the embedded system as in (A.7) and
(A.10). Let P be the corresponding operator P = Py; then from (A.8)—(A.10) and
(A.22) we infer the inertial system

(A.35) Efd—)t] + AY = PR(Y + ®&(Y)).

That is, we would have proved the following result:

(A.35) There exists a finite-dimensional differential system,
namely (A.35), which produces the same dynamics4
as the two-dimensional space periodic Navier—Stokes equations.

Remark A.7. i) We assumed that the flow has the same period L in each direction
x1,Xx3. If the periods L, L, are different, then the existence of an inertial mani-
fold hinges on the fact that there are arbitrarily large gaps in the set of numbers
((L2/L2k? + k3), k1, k2 € N. This remains true if L,/L; is rational and Theorem
A.3 is valid in this case as well (see C. Foias—G. Sell-R. Temam [1], [2]).

ii) For the flow in a bounded domain (see § 2.5), the embedded system is not
of reaction—diffusion type and the previous method no longer applies.

iii) If &/ is the global attractor for the Navier-Stokes equations and &/ the
attractor for the embedded system then &/ = J(&/y) and, as far as we know,
(A.21) is the simplest imbedded system for which this property is valid.

iv) We could have considered the Navier-Stokes equations in vector form in-
stead of the curl equation, using a suitable embedded system. However, for some
geometric reason this is not straightforward for flows around a sphere considered
in § A.4 and, for the sake of simplicity, it was better to start from the curl equation
in both cases.

A.4. Flow around a sphere. In this section we consider the flow of an incom-
pressible fluid around a two-dimensional sphere; we follow [TW].

4 That is, the same equilibrium points, same time-periodic or time quasi-periodic orbits, same at-
tractors, and so on.
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There are two reasons for considering such flows:

e The first reason is the obvious interest of such flows in meteorology and
climate type problem.

» The second reason is related to the spectral gap condition arising in Theorem
A.2. The Laplace operator is now replaced by the Laplace—Beltrami operator on
the sphere which we still denote by A. The eigenvalues and eigenfunctions of A
are known; the eigenfunctions are spherical harmonics and the eigenvalues are the
numbers n(n + 1), n € N, repeated according to their multiplicity. Then the Ay are
numbers of the form vn(n + 1), and rhere are indeed large gaps in the spectrum.

The corresponding Navier-Stokes equations for the flow around the unit sphere
S§?% are written

du
(A.36) o vAu+Vu+grad p = f,

(A.37) divu = 0.

Here A is the Laplace—Beltrami operator on the unit sphere S? (for vector func-
tions), V,v is the covariant derivative of v in the direction u, grad and div are the
gradient and divergence operators on S2. The analytic expressions using spherical
coordinates can be found in [TW] and in many places in the literature (see, e.g.,
T. Aubin [1]). We have

|ue|?

V,u = grad
ugra(2

—u X curl u,
(A.38) )

Au = grad(div u) — curl curl u.
Here the curl of a scalar function ¢ or a vector function u are defined by

curl ¥ = n X grad ¢,
(A.39) V= mxgrad g
curl u = —divin X u),

where n is the unit outward normal on S2.
Now set

(A.40) =curlu
and observe that u is completely determined by £ using div # = 0, which implies
(A41) u = curl ¢, ~Ay = (.

Taking the curl of each side of (A.36) we obtain

(A.42) g—f ~vAL +div(lu) = F = curl f.
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This equation is the same as (A.18) except that A is now the Laplace—Beltrami
operator and div, curl have to be properly defined. In fact, except for some minor
and obvious modifications, all that was said in § A.3 from (A.18) to (A.35’) applies
here. The embedded system is the same as (A.21) (see [TW]). The only modifi-
cation necessary occurs when we apply Theorem A.2 and check the spectral gap
condition: here we do not need to invoke the result in number theory. Instead we
observe that there are indeed arbitrarily large gaps in the spectrum which consists
of the numbers vn(n + 1). If Ay and Ay are two different consecutive eigenvalues
A =vnln + 1), Aye1 = vin + 1)(n + 2), then

(A43) AVl — AN = 21/(71 + 1)

Hence all hypotheses of Theorem A.1 are easily verified, in particular the spectral
gap condition. In fact, (A.43) would give the value of N (expressed in terms of
the data) for which the spectral gap condition is satisfied and hence an estimate of
the dimension of the inertial manifolds of the embedded system and of the inertial
form of the Navier—Stokes equations for the flow around a sphere. However, here
we need again the nonself-adjoint version of Theorem A.1 of [DT3] and in that
respect we meet the same difficulty as in § A.3. Instead of verifying hypothesis
(H1) of [DT3] we might perhaps consider different constructions of the inertial
manifold of the embedded system, using another function space. Also the reduc-
tion to the reaction—diffusion system (A.21) is not canonical; one might obtain a
different reaction—diffusion system for which the operator A is self-adjoint. These
problems are open.

Remark A.8. Tt would be very easy to incorporate the Coriolis force k£ X u in
the model above.



Comments and Bibliography

Most of the results in §§ 2 and 3 are classical and, as mentioned, can be
found in the books of O. A. Ladyzhenskaya [1], J. L. Lions [1] and R. Temam
[6], and in J. Serrin [1]. The only difference is that we have emphasized a little
more the space periodic case which is not treated in detail in the literature;
also, at the end of § 3 (§ 3.4) we give a simple but interesting result of generic
solvability in the large, due to A. V. Fursikov [1].

The new a priori estimates in § 4 are borrowed from C. Foias—C. Guillopé-
R. Temam [1]. The results on the Hausdorff dimension of the singular set of a
weak solution to the Navier-Stokes equations in § 5 are two typical results, if
not the most recent. They rely on the ideas of B. Mandelbrot [1], and on the
work of V. Scheffer [1], [4] and C. Foias-R. Temam [5]. The result in § 5.1
(time singularities) is just a restatement by V. Scheffer [1] of an old result of J.
Leray [3], and also generalizes a result of S. Kaniel and M. Shinbrot [1]. The
result in § 5.2, leading to a Hausdorff dimension of singularity =3 in space and
time (n =3), is an extension due to C. Foias-R. Temam [5] of a result by V.
Scheffer [3], [4]. The best result presently available along those lines is that of
L. Caffarelli-R. Kohn-L. Nirenberg [1] (the one-dimensional Hausdorff meas-
ure of the singular set vanishes).

The set of compatibility conditions given in § 6 was derived in R. Temam [8).
The first compatibility condition is mentioned in J. G. Heywood [2]; for the
compatibility conditions, cf. also O. A. Ladyzhenskaya-V. A. Solonnikov [3].
In §7 we give a simple proof of time analyticity of the solutions to the
Navier-Stokes equations (with values in D(A)), which is a “‘complexification”
of the standard Galerkin approximation procedure; this presentation is slightly
simpler than the original one given in C. Foias—R. Temam [2], [5]. For other
results on time analyticity, cf. also C. Foias—C. Guillopé-R. Temam [1], and for
a proof based on semigroup operators which apparently applies to N.S.E., cf.
F. J. Massey III [1].

Finally, in the last section of Part I (§ 8), we use an a priori estimate of § 4, to
determine the Lagrangian representation of the flow associated with a weak
solution of the N.S.E.; for further developments on this new result, cf. C.
Foias—C. Guillopé-R. Temam [2].

The properties of the set of stationary solutions to the N.S.E. based on the
Sard-Smale theorem, and derived in § 10, are among the results proved in C.
Foias—R. Temam [3], [4]. Results of genericity with respect to the boundary
conditions are not presented here; they use somewhat more sophisticated tools
in analysis and topology, and can be found in J. C. Saut-R. Temam [1], [2]. For
other recent results on the set of stationary solutions, cf. also C. Foias-J. C.
Saut [3] and Gh. Minéa [1].

The results in §§ 11 and 12 are taken from C. Foias-R. Temam [5]. The
squeezing property of the trajectories is used in § 12, and has played a role in
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the proof of other results on the structure of a turbulent flow: cf. in particular
C. Foias—R. Temam [7], [8]. The results mentioned in § 12.3 are proved in C.
Guillopé [1]; a similar result is also announced in J. G. Heywood-R. Ran-
nacher [1].

For the numerical approximation of the N.S.E. on a finite time interval (and
for stationary solutions), see the references mentioned in § 13; see also R.
Temam [6], and M. Fortin—R. Peyret-R. Temam [1], R. Peyret [1], R. Temam
[11, [2], [4), [5], F. Thomasset [1], and the references therein. The compactness
theorem used in the proof of convergence is new. The results in § 14 are part of
a work in progress; cf. C. Foias—R. Temam [9], C. Foias—O. Manley-R.
Temam-Y. Tréve [1] and the references there.



Comments and Bibliography:
Update for the Second Edition

A new result published since the first edition of these notes is the Gevrey class
regularity of the space periodic solutions of the Navier—Stokes equations which
appeared in C. Foias-R. Temam {13]. This implies a result of space analyticity
of the solutions, providing an exponential decay rate of the Fourier coefficients
when the force f itself is in the same class. The proof, which is short and rather
clementary, is based on appropriate forms of energy estimates.

The results of Chapter 3 on the existence and uniqueness of solutions in space
dimension three have been partly improved by G. Raugel-G. Sell [1], who consider
three-dimensional flows in a thin domain (domain thin in the third direction).
Namely, if the thickness ¢ and the data satisty some set of inequalities, then the
solution exists for large times and remains smooth,

The “new a priori estimates” in Chapter 4 have been extended in several di-
rections by G. F. D. Duff [1]-[4] who addresses the case of a bounded domain
and of nonzero (nonpotential) volume forces. See also in D. Chae [1], [2] results
extending those of § 4 to Gevrey classes, combining the methods of C. Foias—C.
Guillopé-R. Temam [1] and C. Foias—-R. Temam [13]. The energy inequalities in
Lemma 4.1 (derived here as a preliminary result for the “new a priori estimates”
in § 4.3) have been improved by W. D. Henshaw—H. O. Kreiss—L.. G. Reyna [1].
They make explicit the dependence of the bounds on v and on associated nondi-
mensional numbers and their proof leads to better bounds than those obtained if
one makes explicit the bounds from Lemma 4.1.

New results partly related to those of Chapter 8 (Lagrangian Representation of
the Flow) were proved by R. Coifman—P. L. Lions—Y. Meyer-S. Semmes [1].

The problems considered in Part II have been the object of extensive research
during the past decade; a number of new results have appeared concerning the
behavior for + — 20 of the solutions, the concept of attractor, and the idea of fi-
nite dimensionality of flows. For the attractors, the result of finite dimensionality
of Navier-Stokes attractors presented in Chapter 12 (and based on C. Foias-R.
Temam [5]) have been improved using the concept of Lyapunov exponents and
ideas from dynamical systems theory. New bounds have been derived on the
dimension of attractors which are physically relevant and are related to and con-
sistent with the conventional theory of turbulence of Kraichnan (in dimension two)
and Kolmogorov (in dimension three); see P. Constantin—C. Foias-O. Manley-R.
Temam [1], P. Constantin—C. Foias [1], P. Constantin—C. Foias—R. Temam [2], [3].
A thorough description of the results and many more results on attractors for
dissipative evolution equations can be found in the following books and in the
references therein: A. V. Babin-M. 1. Vishik [1], C. Foias-O. Manley-R. Temam
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[5], J. Hale [1], O. A. Ladyzhenskaya [2], E. Lieb [1], D. Ruelle [4], [5], M. L
Vishik [2]; see also the books edited by C. Foias-B. Nicolaenko—-R. Temam [1]
and C. Foias—G. Sell-R. Temam [3].

Another result pertaining to finite dimensionality of flows is the concept of
inertial manifolds addressed in the Appendix. The corresponding comments and
bibliographical references are given in the Appendix itself. Finally results on
finite dimensionality of flows also appear as part of the concepts of determining
modes and determining points. Determining modes were introduced and studied
in C. Foias—O. Manley-R. Temam~Y. Tréve [1]; determining points (or nodes)
were introduced and studied in C. Foias—R. Temam [11], [12]. New developments
appear in D. A. Jones—E. S. Titi [1]-{3]; reference [3] contains the latest results.

In relation to Part 111 and in particular Chapter 14, we would like to mention
the development of new multiresolution algorithms based on the use of approx-
imate inertial manifolds. This includes the nonlinear Galerkin method and the
incremental unknown method. See C. Foias-O. Manley-R. Temam [2], [3], M.
Marion-R. Temam [1], [2], C. Foias-M. Jolly-I. F. Kevrekidis—G. R. Sell-E. S.
Titi {1}, T. Dubois—F. Jauberteau-R. Temam [1], [2], R. Temam [15], [16], J. G.
Heywood-R. Rannacher [2], D. A. Jones-L.. G. Margolin-E. S. Titi [1], and B.
Garcia-Archilla-J. de Frutos [1], among others; see also R. Temam [16].
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