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Abstract. We consider a viscous incompressible fluid enclosed in a bounded
region of IR? or R?, and subjected to time dependent forces. Using bound state
estimates for the Schrodinger operator, we obtain rigorous bounds for the
characteristic exponents, entropy (Kolmogorov-Sinai invariant), and
Hausdorff dimension of attracting sets. Our methods are of potential use for
more general time evolutions described by nonlinear partial differential
equations.

1. Introduction

In an earlier paper (Ruelle [32]) some rigorous inequalities on the characteristic
exponents for the Navier-Stokes time evolution have been obtained. These
inequalities were based on estimates for the eigenvalues of Schrodinger operators,
and have been subsequently improved by Lieb [18]. Using other methods,
Constantin and Foias [4] have also investigated the characteristic exponents for
Navier-Stokes (in the 2-dimensional case).

From the estimates on characteristic exponents one obtains rigorous bounds
on the Kolmogorov-Sinai invariant (rate of creation of information) and the
Hausdorff dimension of attracting sets. Such estimates were given in [32] and [4].
We indicate below the best bounds currently known, based on the results of Lieb
[18] (see Egs. (14)—(17)). This improves in particular the bounds on the Hausdorff
dimension of attracting sets obtained by Constantin and Foias [4]. Explicit results
are also obtained for a 2-dimensional convection problem.

One novelty of the present paper is to lift the requirement that the forces acting
on the fluid be time independent.

2. Definition of the Characteristic Exponents
We consider a time evolution equation

d
Ex=F(x,t) (1)
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ina separable Hilbert space M ' and assume that the general solution x = f(x,, ) is
well defined for initial condition x, in a suitable open subset U C M and t >0. We
also assume the existence of the linear operator T(x,, t) : M+ M obtained by
taking the derivative of f(xq,t) with respect to the first argument, i.e.,
T(xo, -)=D,, f. The growth of a small perturbation ¢ of the initial condition is
described by &(t) = T(x,, t)&,. Alternatively, ¢ satisfies the linearized equation

d
71 5= Pxob)E- @

Note that the linear Eq. (2) is time dependent even if F does not explicitly depend
on t. We define the characteristic exponent A(x,, &y) as the following limit if it

exists: 1
Hexgr &0) = lim —log | (1) ©)

We shall first discuss the case where the right-hand side of (1) does not depend
explicitly on t: F(x, t)=F(x). We write then f(x, )= f*x and T(x,t)=T; and we
have, where defined,

fitt=fo [, fO=identity,
’1—;cs+t: ;fx ;’ ’1—;:0:]1

If M is finite dimensional® and g is a probability measure on M, invariant
under time evolution (i.e., under the f, all t = 0), the multiplicative ergodic theorem
of Oseledec? implies the existence of the limit (3) for g-almost all x,, (and all £,).
Furthermore*

lim (T)* T = 4, @)

also exists almost everywhere and the characteristic exponents A(x, -) are identical
with the logarithms A,(x) of the eigenvalues of A.. If ¢ is ergodic, the characteristic
exponents are almost everywhere constant.

The multiplicative ergodic theorem does not extend without further conditions
to the case where M has infinite dimension. In fact one can find a bounded
operator T such that ((T")*T")!/*" does not tend to a limit when n— oo °. However,
the multiplicative ergodic theorem holds if the operators T! are compact® (i.e.,
completely continuous: they can be approached in norm by finite rank operators).
This is sufficient for applications to the Navier-Stokes time evolution.

1 In the Appendix we allow M to be a Hilbert manifold. Here we take M linear for notational
simplicity

2 We also assume that f, T depend continuously on x and t. Much wecaker conditions are
actually needed

3 See Oseledec [26], Raghunathan [27], Ruelle [30]

4 In(4) wedenote by T* the adjoint of T; since T*T is positive, its positive root (T*T) /3 is well
defined

5  This was shown to me by T. K6rner (Cambridge). This example contradicts the multiplicative
ergodic theorem when the support of ¢ is reduced to one point (and the time is discrete rather than
continuous)

6 See Ruelle [31], Maii¢ [24]; Maii¢’s results extend to Banach spaces
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3. The Time Dependent Case

To treat the case where the right-hand side of (1) depends explicitly on ¢ we have to
make some statistical assumption on its time dependence. Here we discuss the
situation formally, the appropriate theorems are quoted in the Appendix, and their
applicability to physics is discussed in Sect. 6.

Let (S, o) be a probability space and (g'),» o a semi-group of measure-preserving
transformations of S with respect to which ¢ is ergodic. We shall assume that
F(x,t)=F(x,g'y,) for some y, €S and some function F: M x S—>M.

For instance we may take for S the k-torus {(yy, ..., y,) mod 2=}, for o the Haar
measure, and let g'(yy, ..., y) = + @L, ..., Y+ ), (ergodicity is ensured if
there is no relation > n,w; =0 with integers n; not all zero). This corresponds to
quasiperiodic forces (periodic forces if k=1).

If the equation

d
Sx=F(xgy,)

has a well defined general solution x =f(x,, y,, t), we write f(x,, yo) = {(xq, Vo, 1),
g'y,), and we have ££7'=f o f", f° =identity. We assume that (f') leaves invariant a
probability measure g on M x S and that the projection M x S— S maps g to . Let
also T{, ,, be the derivative of f(x, y, t) with respect to the first argument, then

(x,y
s+t __ s 0 _
T(x,y) - Tf‘(x.y)T T(x,y)_ 1.

The multiplicative ergodic theorem may now be applied to define characteristic
exponents’. In particular

tim (T )T, ) ' = Ay

t
x,9)°

(x,)

exists for g-almost all x, y.

To proceed we disintegrate the measure ¢ by writing | o(dx dy) = [ g,(dx)o(dy),
where the probability measure ¢, on M is defined for o-almost all y. We see now
that for g-almost all y, we can revert to the study of (1) (with F(-,t)=F(-, g'y)),
and obtain the existence of the limit (3) and of

A= lim (T(x, t)* T(x, £))"/*
t— o0
for g,-almost all x. If ¢ is f-ergodic (this can be achieved by decomposition) then the
characteristic exponents are almost everywhere constant.

In the quasiperiodic example the above condition “for g-almost all y”” may be
dropped (because in that case a (g') invariant measurable subset of S is ) or S).

4. Hausdorff Dimension and Entropy

Assume again that the right-hand side F of (1) is time independent, and let there be
a compact invariant subset K of M. The compactness of the derivative T; implies

7  See the Appendix for a precise statement
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that K has finite Hausdorff dimension (Mallet-Paret [21]3)). An estimate of the
Hausdorff dimension of K in terms of characteristic exponents follows from the
work of Frederikson, Kaplan and Yorke [9], Douady and Oesterlé [6], Mané
[23], and Ledrappier [16]. More precisely, let 1, =4,=... be the decreasing
sequence of characteristic exponents associated with the ergodic measure g, define

c,(n)= Zli for integer n=0, and extend by linearity to the intervals [n,n+1].
Define tlhe “Liapunov” dimension of ¢ by
dim ,(¢) =max{s:c,(s) =0} .
Then (Ledrappier [16]) the Hausdorff dimension of K satisfies:
dimgzK <sup dim 4(): ¢ is ergodic and suppoCK} .

Ledrappier [16] also shows that dim ,(g) is an upper bound to the Hausdorff
dimension dimy(p), i.e., to the minimum of the Hausdorff dimensions of the sets E
such that g(E)=1. This is an interesting quantity (L.-S. Young [37], Grassberger
and Procaccia [ 12]) which can be measured experimentally (see Malraison, Atten,
Bergé, and Dubois [22])°.

Consider now the case of time dependent forces described by
F(x,t)=F(x,g'y,), where (g'y,) is distributed according to the measure o. The
characteristic exponents 1, =1, =... associated with an ergodic measure ¢ have
been defined above (¢ is a measure on M x S, but the characteristic exponents
correspond to expansion or contraction in M only). We define ¢, and dim 4(g) as
before. Suppose now that there is a compact set K C M such that fK x SCK x §
for t>0. There is then a compact set K(y,) such that!®

K(yo) x {yo} = [} F(Kxg y0).

>0
and its Hausdorff dimension satisfies (see Appendix):
dimzK(y,) <sup{dim ,(g): ¢ is ergodic,
suppo CK x S and the projection on S maps ¢ to o} . 5)

A dynamical system with given invariant probability measure ¢ may always be
considered as a source of information, and the rate of information creation is the
Kolmogorof-Sinai invariant or entropy h(). In particular we expect h(g)>0 for a
turbulent fluid (the system acts as a random number generator) even though its
time evolution is deterministic. This is because of sensitive dependence on initial
condition: two initial conditions which differ by an amount too small to be
measured will differ by a measurable amount after some time ¢, so that new
information on the system has become available.

In the case of time dependent forces, as discussed above, the rate of information
creation by the system is the relative entropy he(0) — hy(c) = h(g|o). It is a general

8  This argument has been applied to the Navier-Stokes equation by Foias and Temam [8]
9  We note in passing that dimyK is not in general equal to the supremum of the dimye with
suppe CK and g ergodic (sce McCluskey and Manning [25])

10 We assume that g~ "y, is well defined; this condition is weakened in the Appendix
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fact that this quantity is bounded above by the sum of the positive characteristic
exponents (see Appendix):

hiQ)—ho)= 2 o). (6)

In particular, for periodic or quasiperiodic forces we have h(g)=0.

5. Rigorous Inequalities

Suppose that the time evolutions defined by (1), (2) make good sense (this has to be
checked in individual cases). Suppose in particular that

H(x)=3(D.F)+3(DF)*

is a well defined self-adjoint operator. Usually #(x) will be unbounded, but we
assume that this operator is bounded above and that its spectrum is discrete,
consisting of the eigenvalues a;(x)=a,(x)=..., repeated according to (finite)
multiplicity. Then it is shown in [32] that

S A0 < Timint | 3 a/(x(0). ™

(This inequality is related to Lemma 2.1 of [16].) Notice that the estimate (7)
forgets time correlations: the growth rate of a perturbation £ is estimated in terms
of the maximum growth rate at each time. If ¢ is an ergodic probability measure, (7)
yields

¢ (m)= 5::&(@) <| Q(dx)iai(x) - <z ai> : ®)
and
i:}éoli(g)§<i:x§;0ai>g. (9)

More generally (see [32])
T Grs( 3 (@)
1220 >0 o

ita;>

if y=1. In fact, as noted by Lieb [18], Karamata’s theorem yields

2 oA = < (P(ai)>
i=1 i=1 0
if ¢ is convex non-decreasing, and

/

2 (P(;Li(Q))é\ > </>(a,-)>
i:4;=20 0

ita, =20

if furthermore ¢(t) =0 for t £0. The estimates (8), (9) yield rigorous bounds on the
Hausdorff dimension and the entropy as follows from (5) and (6).
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6. Application to Dissipative Physical Systems

In order to define the characteristic exponents we want the operators T'(x, t) to be

compact. In fact, in order to use the inequalities of Sect. 5, we want the eigenvalues

a; of #(x) to satisfy lim a;= — co. [These conditions can be relaxed a bit, see [31].
1> 0

In particular, if the T(x, t) are bounded but not compact one can still define the
“largest characteristic exponent” by the theorem of Furstenberg and Kesten [10]
which is a predecessor of the multiplicative ergodic theorem.]

In practice lim ;= — co in those cases where # contains a Laplace operator

operating on a (vector-valued) function in a bounded domain. The Laplacian
corresponds to a dissipative phenomenon: friction (diffusion of momentum), heat
diffusion or ordinary diffusion. Unfortunately, compressible fluids are not allowed
because the equation of conservation of mass:

%

2 +div(eu)=0

does not have a Laplacian acting on g. The incompressibility condition divu =0 is
acceptable however as an auxiliary condition. Altogether, our inequalities will be
useful for dissipative systems which are incompressible and enclosed in a bounded
region''. Otherwise one may get a finite upper bound for the largest characteristic
exponent, but divergent estimates for Hausdorff dimension and entropy.

7. The Navier-Stokes Equation

Our previous discussion applies to the characteristic exponents of a viscous
incompressible fluid enclosed in a bounded region Q in d dimensions (d=2 or 3).
The Navier-Stokes equation is used:
% =— ;ujajui+v4|uj—0jp+gi, ;6%:0.
(The velocity u; on the boundary 0Q is imposed). The operator # corresponding to
the Navier-Stokes equation are of Schrddinger type. The distribution of the
eigenvalues a; of # may be estimated by a classical approximation, which also
yields rigorous inequalities, studied by Lieb and Thirring [ 197 (see also the review
in Reed and Simon [28] IV Sect. XIII 15 and Fefferman [7]). The original study
was made in Ruelle [32], and the results improved by Lieb [18]. One can further
generalize by allowing time dependent forces. One obtains thus, for y=1,
d —1 y/2+d/4
> ui(g))ygd<—> Ly 27382 eae) - (10)
11420 2d v ) o

where the g-average is over the velocity field u, and
v
£,= ilZj(@iv}-+6jvi)2

11 1am indebted to U. Frisch, A. Lafon, and J. L. Lebowitz for discussions on these matters. It
remains unclear to me ifincompressible fluids are really excluded from the analysis, or if they could
be handled by a suitable trick
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. C C e . d—1\2+as
is the dissipation rate; L., is a finite constant. [The improvement by <—d—>

over [32] is due to Lieb [18], who gives L; ,<0.24008 and L, 3<0.040304 as the
current best estimates.

In particular, an estimate of the rate of information production is obtained by
putting together the inequality (6) with (10) for y=1:

d—1\v/2+d4 .
—1/2-3d/4 1/2+d/4
o)~ hy() < d( = ) Ly (Teyzeas) - ()

Q

The function ¢, defined in Sect. 4 satisfies (according to [18], Egs. (1), (27))
c(nd) d<sup{F(p):[ p=n,020}),,

d—1 \'
F(fp)——de.ffp +5<p <2d ) , (12)

p=1+2/d,

where K, is (for each d) a universal constant. The estimate (12) is obtained by
comparing the eigenvalues of # with the eigenvalues of another operator repeated
d times. Therefore an upper bound to ¢,(k) is obtained for any integer k>0 by
linear interpolation of the right-hand side of (12) between values nd, (n+ 1)d. Since
the right-hand side is concave with respect to n we have, for all real s,

%(S)éd<sup{ﬁ(co):5¢= §,¢§0}> o

Therefore the argument of Lieb (leading to [18], Eq. (43)) yields the following
estimate for the Liapunov dimension:

dim (o) i R 2+ 4% T
2] ‘d<2d> A (T g ) ) (13)

[This result had been obtained in [32] only for d =3, and assuming the correctness
of an unproved conjecture of Lieb and Thirring [ 19]. The best estimates on 4, are
currently [18]: 4,<0.5597, A5;<0.1329.]

The inequalities (10), (11), and (13) are quite general, and valid also when the
boundaries 09 of the region containing the fluid are time dependent. (This is the
situation of a fluid agitated by a propeller; the case of a spoon in a cup of coffee is
not allowed because of the coffee-air surface which makes this a more difficult
problem.) The case of moving boundaries is not exactly of the form discussed
earlier, because the region 2 and therefore the Hilbert space M depend on time, but
the extension is straightforward.

8. The Navier-Stokes Equation in 2 Dimensions

The situation of the existence and uniqueness problem for the Navier-Stokes
equation is different in 2 and 3 dimensions.
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If d=2, there is a good existence and uniqueness theorem (Leray,
Ladyzhenskaya). For time independent forces, a sufficiently large ball UCM is
mapped by time evolution to a compact set contained in U. There is therefore a
universal attracting set K such that every solution of the Navier-Stokes equation
approaches K when t— 00. (A nice discussion of this is given in Foias and Temam
[8] Sect. 2, this article contains further references to Navier-Stokes theory*?). For
the more general case of time dependent forces there is a universal attracting family
of compact sets (K(»))y.cs-

We shall further discuss the case where the boundaries of Q are fixed (u=0 on
09). We have then the identity

0
Elul2= —2v|[ull*+2(u, 9),

where | | is the I? norm, and the Dirichlet norm | | is defined by
lul?=3%3% !)(ﬁiuj)z. Thus
i

&)= lul?), = %(Ilgll”2>g,

where || ||”is the norm in the dual of the Dirichlet space with the norm || ||. If —puis
the largest eigenvalue of the Laplacian in Q, we have'?

2
lgl?<p g’ u=—,
12|

where |Q] is the area of 2, and therefore

12|

<~‘. 8>g§ g<lg'2>o‘

Using (11), (13) we have in particular the entropy and Hausdorff dimension
estimates'*

Q)= hy(@)=3Lizv *([5) 4oy *1QI<I01Y0=La

v

1] G*, (14)

dimyK(y) S Ay~ Q12 ([ ))<= %V_ZIQI(QQZDG)UZ =1/24,G, (15)

L,,<0.24008, A,<0.5597

12 Standard references are Ladyzhenskaya [15], Lions [20], and Temam [36]; see also Tartar
[35]
13 Note that | {u?< dx, max fu| [ dx, max [ul £ (] [|0,ul) (] [ |0u))

= (1Q1 ] f10,ul®) (11 [ {10,ul?) 2 =101 (5 [ § (3) (9u) = 3121 ul)?

14 1In the case of time independent forces, suph(g) is the topological entropy, which is thus

bounded above by L, 2|—:7|G~2
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~ |Q
where we have written G=|2-—|(<|g|2>c,)”2 by analogy with the generalized

V2

Grasshof number G = v[% of Constantin and Foias [4]. We have GZG, and G is
proportional to G when Q has a fixed shape. The estimate (15) improves the results
of Constantin and Foias (dimyK <const((logG)'/*+1) in the case of periodic
boundary conditions, and dimy,K <const G* in general, with constants depending
on the shape of Q).

An example of 2-dimensional fluid set into motion by boundary effects will be
treated in Sect. 10 (convection).

9. The Navier-Stokes Equation in 3 Dimensions

If d =3 there is no longer an existence and uniqueness theorem. One has a unique
solution for small times if the initial condition is good, and one can define “weak
solutions” for all times, but without uniqueness (Leray [17], Hopf [13]). This is
because the time evolution might create singularities even if the initial condition is
smooth. One knows however that the singularities can occupy only a small subset
of 4-dimensional space-time (see Leray [17], Scheffer [33], [34], and the best
results in Caffarelli, Kohn, and Nirenberg [2]). It is in fact not known if
singularities occur at all.

Here we shall ignore singularities, and assume that our initial conditions are in
some open set U which is mapped inside itself by time evolution. There is then an
attracting family of compact sets (K(y)),s as in the 2-dimensional case. The
entropy and Hausdorff dimension estimates are here

1 -
(@)= @) g Laav™ (1 65) (16)

Q
dimK(y) <314 A0~ QPP ([ e21%),)%7 17)
L,,<0.040304, 4,<0.1329,

where |Q| denotes the volume of Q.

It is not known how to bound {f ¢¥*), in terms of the forces acting on the fluid
(assuming u=0 on 9€). It is however possible to bound this quantity in terms of
{(f £)*> and the forces by using the inequalities *°

e3> <constv3|4u|®,

1 3411 642
<(fc)“v|Au]2>Q§constv—6<(f£)3+°‘>g+v +5 O(<Hg|! zoc> , (18)

15 Multiplying the Navier-Stokes equation by Au, integrating, then multiplying by |u|/>*, one
obtains

;}1% Bl 24 | 2| Aul?* < comsty ™ [+ 2 42 g - fuf 2.

Averaging over time yields (18), which remains true for o= —1
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etc. Unfortunately these inequalities are not suited to a large volume limit because
different terms are proportional to different powers of the volume of integration*®

10. Convection

We consider heat conduction by a viscous fluid, with gravity treated in the
Boussinesq approximation. This means that the fluid is considered incompressible
except for a buoyancy effect. We further assume that the various
phenomenological and thermodynamic coefficients are constant'’. Writing
0=T-—Ty,+pZ, where T, is a reference temperature and Z the vertical co-
ordinate, we have the following evolution equations

Zaiui’_‘oa 19)
%t Zu 0 u; +vAu; — —6ip+goc08,-Z, (20)
00

The term ga#0;Z in (20) is the buoyant acceleratmn, defined only up to a gradient
(absorbed in 0,p); c is a specific heat. The fluid is enclosed in a box Q. The velocity
and temperature are imposed on the boundary of Q, where it is assumed that (u;)
and 0 vanish. We simplify our problem by taking the specific heat ¢ infinite, so that
(21) becomes 20
Pk 2 u0(0—BZ)+xA0. (22)

Furthermore we shall discuss only the 2-dimensional situation and take 6,Z = o;,.
The linearized Egs. (20), (21) are of the form

a

65 =Ae,
where ¢ is a vector field with components U, U,, k@, satisfying Z 0;U;=0. (The
constant k will be fixed later.) Define

IE* = f Zéz

The self-adjoint part # of ¢ is then defined by

(f,%f)z(é,%é)z][ Z U,4U;— Z U.U 50+ 0ju;) + U g0 ©

i,j=1

L kOAO—KO 3 Ud(0— ,BZ)J
i=1

2
:j|:" ‘=Z1 GAE +KE3AE;— Z M;i; fj],

lj—

16 R.Maiié has informed me that he has obtained Hausdorffdimension estimates (unpublished),
Constantin, Foias, Manley, and Temam [5] have also announced such estimates

17 For aclassical study of convection see Chandrasekhar [3];see also Glansdorff and Prigogine
[11], Chap. XI
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with

k

The symmetric 3 x 3 matrix M satisfies Tr M =0, and therefore its eigenvalues are
bounded by (3TrM?)'/? (Lieb’s remark, see [18]). Therefore
v 1
HEAR| v |+GTrMHPR | 1
K 1

3 2
) '21 M;éé= ) Z1%(8iuj+ajui)éiéj+k(ala)£lé3+ (k@zﬁ— —go— kﬁ) &85,
iL,j= LJ=

For a probability measure ¢ ergodic under time evolution, we have then, by easy
modification of standard arguments ([32] and [187):

P2 (@) SLpp2v™ " +1 " S GTrM?) 2073, (23)

for y=1, and
dim (@) £ A,(2v ™ 1~ HIQM T M) )2 (24)
We have
[TrM?= jB > (6u1)2+£(— 3 @007+ <k°‘ +kﬂ>2],

because cross products disappear by integration. On the other hand (20) and (22)
yield

(i 2 (aiuj)2> =T 40,

(29)
Iy (aﬁ)2> =B w0,

k2 2
atenry= | (£ +58) cuny+ (2 +) |

and taking k=(ga/B)'/?, we get
STeM?y =ga[3Q2v " +x~ )< u,0> + 111 . (26)

We specialize now to the case of a rectangular region Q2 of height & and basis b,
so that || =bh, and Z varies from O to h. We assume that the initial temperature T
in Q is between T, and T, — fh; the evolution equations imply that this remains
true at all times, and we have

so that

—ph—2Z)<0=pZ.
Writing 0, = 4(]0]+ 0), we have

{u0d7— | d(f@ fa)
0“2 —ouzﬁ ) +'|‘Z -
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where
Z h
0< [0+ [0_S3P(Z>+(Z—-h)<EPR*<2-3B(Z* +(Z—h)P).
0 VA
Therefore

02 5 § 00) 3P+ 2122 S 0sal 492+ (2 hP)az

h
(where we have used [ 0,u,dZ =0> , hence
0
i 17\ 5/2 t 2 21T 2p5 2
< (= <_ =
£u20dZ= 3 <15> fh <£ (0,u,) dZ) =< 2[270 gofi*h —1- f(azuz) dZ:'

L 7 a2 B2h* 2
I T W G

where we have used the fact that (0,u,)? = (0,u,)? as a consequence of (19). In view
of (25) we have thus

7
< 2.2p274
g0 < 5o g2 B Q.

Therefore (26) yields

<I§TIM2>§[E(5(H2 /)gaﬁ :|gocﬁl9|

and we obtain

swph(@)=sup 3 (o)< Lu[lmmz/)” }(2v‘1+x”1)gaﬂlﬂl
_ 12|
=L, [16209“—3]% (v+2ic)h4, 27
h* 1/2
sup dim,(0) 4, [1620(1+2/>” +§] @ kDIl

7 212 . e\ 112 w12\ Q|
A [1620(1 +2x/v) R + 3] R <2<v> + <K> ) R

(28)
where we have introduced the Rayleigh number % = %lih“.

If K is the universal attracting set for the present problem '8, dim 4K is bounded
by (28) while the topological entropy of the time evolution (restricted to K), i.e.,
sup h(g), is bounded by (27). In particular, we have an upper bound to the

18 The existence of such a set is fairly clear, but we have in fact not proved it
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dimension of K which is linear in #. This means physically that the number of
“excited modes” does not grow faster than linearly with the imposed temperature
gradient.

11. Conclusion

In this paper, we have described a relatively systematic method of obtaining upper
bounds on characteristic exponents, entropy and Hausdorff dimension for a time
evolution described by nonlinear partial differential equations. The full nonlinear
problem is decomposed into a linear part and a nonlinear part. The linear problem
can be handled systematically by use of existing methods (of the type of classical
estimates for a quantum system). The remaining nonlinear problem requires
making suitable a priori estimates. The method has been illustrated by examples
from hydrodynamics, but it is potentially useful in the study of many dissipative
physical systems.

Appendix

In this appendix we discuss a situation slightly more general than in the main text:
we allow M to be a manifold. On the other hand the time is taken to be discrete,
which is sufficient (use a time one map).

Let M be a Hilbert manifold (modelled on a separable Hilbert space) and S a
compact metrizable space. Let also ¢ be a Radon probability measure on the
compact set suppg (the support of g) contained in M x S. We denote by n: supp
0—S the canonical projection. We assume that there is a neighborhood U x S of
suppe in M xS, and continuous maps f:UxS—M xS, g:S—S, such that
fsuppo=suppo, fo=0, and no-f=gon. We write f(x, y)=(f,x,gy), and o =rmp.

Disintegration

In the above setup we can disintegrate ¢ with respect to =, ie.
[ o(dxdy)= [ a(dy)¢,(dx), where g, is a probability measure with support in U
defined for o-almost all y. [See for instance Bourbaki [1], Integration Chap. 6
Sect. 3 No. 1.] We have the invariance relation f,0,=g,,.

Assume now that the maps f,: U—M are of class C' and define the linear map
1., to be the tangent of f, at the point x. Therefore T, ,, maps the tangent space
T.M to T.., M, where x’= f x, and T, ,, depends continuously on x. We assume
that T/, ,, depends continuously on (x, y) e U x S. Using a finite number of charts
of M, one may consider all T, ,, as acting on a single Hilbert space, but the
dependence on (x, y) will in general only be measurable, instead of continuous.

Multiplicative Ergodic Theorem®
From now on we assume that the operators T, ,, are compact, and write
n —
T(x,y)_ E""(x,y)"‘Tf(x,y)’Ex'y)‘

19 For this infinite dimensional variant of the multiplicative ergodic theorem of Oseledec, see
Ruelle [31], Mané [24]
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Then, for g-almost all (x, y), the following limit exists in norm and is compact:

lim (T2 T )27 = Ay *)
(here T* is the adjoint of T). Let expA"> ... >expA¥ > ... be the sequence of
eigenvalues of A, ,, and UY),, ..., U, ... the corresponding eigenspaces. If

Vi, is the orthogonal complement of UM + ...+ U~ Y, then
o1
lim ~log|| T3 ,yull =47 ,, when ueVO\VT+D
n—=o N

for r=1,... (and the (x, y) for which (*) holds).

The Y are the characteristic exponents, and their multiplicities are the
m¥ =dimU"Y. If ¢ is f-ergodic the characteristic exponents and their multiplicities
are g-almost everywhere constant. Let 1,(0)=1,(0)=... be these characteristic
exponents repeated according to multiplicity, define

c(m)= > A{0) for integer n20,

and extend ¢, to be linear on intervals [n,n+1]. Notice that c, is concave on
[0, + o), that c,(0) =0, and that c,(s) may take the value — co for suffiently large s.
Define also

dim (o) =max{s:c,(s)=0} .

Hausdorff Dimension

Remember that f(x, y), T, ,) depend continuously on (x, y)e U x S. We assume
that there is a sequence (y— ). o such that g"y )=V —n, and
n—1

1
vague lim - > o_;=0.
n o

We also assume that there is a compact KCU such that f, K CK, and define
Then K(y(0))= QO Ju-aK-.

dim, K(y(0)) <sup{dim 4(¢): ¢ is ergodic, suppoCK x S and ng=0}.

[When S consists of a single point, this is a corollary (see Ledrappier [16],
Corollary of Proposition 2) of a theorem of Douady and Oesterle [6].
(Ledrappier’s result is finite dimensional but, as he points out, it extends to infinite
dimension. Related results have been obtained by Mané.) The arguments of
Douady, Oesterlé and Ledrappier extend in a straightforward manner to the
present situation. ]

Entropy

Assume again that ¢ is ergodic. Then

h(@—hlo)= 2 Alo)-
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[This has been proved in [29] for the case when M is finite dimensional and Sis a
point. If (S, o) is non-trivial, replacing the entropy by the relative entropy is done in
standard ways (see Jacobs [ 14], Sect. 10.5, Theorem 5). If M has infinite dimension,
the proof of finite Hausdorff dimension of K(y) supplies coverings of K(y) by very
flat ellipsoids, which can be cut in small rectangular cells, and the argument of [29]
extends to this situation. Another proof has been promised by R. Mané.]

Acknowledgements. I am indebted to U. Frisch, A. Lafon,J.L. Lebowitz, R. Temam, and especially
J.-P. Eckmann, F. Ledrappier, E. Lieb, and R. Mafi¢ for discussions pertaining to the contents of
the present paper.
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Note added in proof: The following recent references are relevant to the subject matter of this
paper:

[A] Babin, A.V.,Vishik, M.I.: Attractors for partial differential equations of evolution and
estimation of their dimension. Usp. Mat. Nauk 38 No. 4 (232), 133-182 (1983)

[B] Foias, C., Manley, O.P., Temam, R., Tréve, Y.M.: Asymptotic analysis of the Navier-
Stokes equation. Physica 9D, 157-188 (1983)

In particular [A] contains lower bounds on the dimension of attracting sets (obtained by
proving the existence of an unstable fixed point).





