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ABSTRACT. Herein I define the global attractor for the semidynamical system
(H,{S(t)}+>0), where H is a Hilbert space and S(¢) is a semigroup. In par-
ticular, 1 will consider the semigroup S(t) which acts on a relevant function
space by S(t)up = u(t;uo), where u(t;ug) is the solution of a given partial
differential equation at time ¢ with initial condition u(0) = wg. By imposing
regularity properties on the terms of the Navier-Stokes Equations (with peri-
odic boundary conditions), we can find in H a maximal compact invariant set
A that is also the minimal set that attracts all bounded sets X C H, and we
call this set the ’global attractor’. On the global attractor, we can extend our
semidynamical system to a true dynamical system (A, {S(¢)}+er). Finally, I
will show that A is finite-dimensional by constructing an explicit bound on its
fractal dimension, and I will discuss in what sense this implies that the dynam-
ics of the attractor are determined by a finite number of degrees of freedom, by
showing that we can parametrize the attractor with a finite set of coordinates.
The reader should have some familiarity with the languages of Banach, Hilbert
and Sobolev spaces, as well as with the basic notations of PDEs and Dynami-
cal Systems. For conciseness, some well known inequalities and estimates will
be utilized without proof. This exposition most closely follows the treatment
given by Robinson [11].

CONTENTS

1. The 2D Navier-Stokes Equations: Existence and Uniqueness of Strong

Solutions 1
2. Existence of the Global Attractor 8
3. Dimension of the Global Attractor 11
4. Parametrizing the Global Attractor 14
References 17

1. THE 2D NAVIER-STOKES EQUATIONS: EXISTENCE AND UNIQUENESS OF
STRONG SOLUTIONS

We will be interested in the semidynamical system (H, {S(t)}+>0), where H is
an appropriate space containing the solutions of the 2D Navier-Stokes Equations,
and S(t) is the semigroup such that S(¢)ug = u(t; ug), where u(t; ug) is the solution
of the the equations at time ¢ and for initial condition u(0) = ug. Our final aim
will be to show that the dynamics of fluid flow can be described with finitely many
degrees of freedom, and this is accomplished in the final section. Before we can
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make sense of this concept, however, and before we can understand how to choose
H appropriately, we must establish the existence and uniqueness of solutions to the
Navier-Stokes Equations:

(1.1) p(u; + (@ V)@) — vAd+ Vp = f(Z,t), divi=0

where v > 0 is the kinematic viscosity constant, p > 0 is the pressure constant,
u(Z,t) is the vector-valued velocity function, p(#,t) is the scalar pressure, and
f(&t) € L3(Q,R), where Q is our domain of interest, is the density of force per
unit volume. [6] [12] We normalize the constant density as p = 1, which we can do
since we are considering an incompressible fluid. Therefore, the condition div-4 = 0
is just Newton’s second law, F' = ma, in the form div -4 =V - (pid) = V-4 = 0.
[11] Henceforth, the vector arrows will be dropped.

For simplicity, we will consider a domain @ = [0, L]? and impose periodic bound-
ary conditions. Namely, in this case we needn’t worry about the boundary condi-
tions, because our solutions will be L-periodic. However, this means that our
solutions will not be unique, so to ensure uniqueness we must restrict our attention
to functions w € L? such that fQu =0. If welet \; = 4LL22, then by Poincaré’s
Inequality:

_1
(1.2) Jull2 < Ay 2 [Vl 22
In order to ensure that fQu = 0, we will want to assume that fQ uo(x)de =
fQ f(z,t)de = 0 for all ¢ > 0. This indeed gives us the desired result, if we
compute:

up — vAu~+ (u- V)u+ Vp = f(z,t)
after rearranging terms, gives

ug = vAu — (u-V)u— Vp+ f(z,t)
Integration over ) now yields

d
%/ ’U,ZdZL' = / |:I/(D1(D1’U,Z) —+ DQ(DQU»L)) — ’U,lDl’LLZ‘ — UQ.DQUZ' — sz —+ f d.%
Q Q

which reduces to

d

—/ uidr = / ((Dyu1)u; + (Doug)u;)dx

after an integration by parts, since the integral over ) of a partial derivative of
the L-periodic functions is zero, and hence the periodic terms drop out. But since

V - u = 0, this becomes
/ u(z,t)dx =0
Q

which is precisely the condition we wanted for u.

To simplify our treatment, we will want to reformulate the Navier-Stokes Equa-
tions in a weaker form, that will therefore be easier to solve. Then we will want to
impose conditions on f and ug that will imply that a solution of this weaker form
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of the equation is actually a classical solution. We will want to reformulate the
Navier-Stokes Equations in terms of a linear operator A and bilinear operator B as

%—i—yAu—i—B(u,u):f

To do this, we begin by defining a bilinear form a(u,v) = fQ Vu - Vudz and a tri-

linear form b(u, v, w) = Z?,j:1 fQ ui%wjdx. We then define the ’Stokes operator’
A to be the unique linear operator such that

(Au,v) = a(u,v) for allv € V
with

V={ue [H;(Q)]2:V~u:0and / u=0}
Q
where we define the Sovolev space

H]’;(Q) = {u periodic : D*u € L*(Q)V 0 < |af < k}

We have incorporated the condition V -« = 0 into the definition of V', so that this
condition need not concern us further. The domain of A is just

D(A)={ue[H}Q)*:V-u=0and /Qu:0}

It turns out that for u € D(A) and f € [H~1(Q)]* (where H*(Q) is the dual
space of H}(Q), which is the completion of C2°(Q) in H*¥(2)), vAu = f, so that
A is a solution to Poisson’s Equation, and therefore Au = —Au for all u € D(A).
Returning to the Navier-Stokes Equations, if we take the inner product of (1.1)
with an element v € V= {u € [C*(Q)* : V-u=0and [,u=0}, we get

(Ccl;;,u) —V/QAuv—&—/Q(u-Vu)v—&-/Q(VP)U:/va

But if we integrate the pressure term by parts, we get

/pr)v:/Qp(v-v):o

since V - v = 0, so the pressure term drops out, and we are left with

(‘Z‘,v) —u/QAqur/Q(u-W)“:/Qf“

Integrating the second term by parts gives

2 Ou Ov
v | Auw=v / — — =va(u,v)
/Q ; Q axj 8xj

and we are left with

(‘Z,v> +I/a(u,v)+/Q(u~Vu)U:/va

Actually, this can be written as

<Ccl;,v> + va(u,v) + b(u,u,v) = (f,v) forallveV
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but we can actually write this for all v € V, since V is dense in V. If we define
the bilinear operator B(u,v) to be the unique operator such that (B(u,v),w) =
b(u,v,w) for all w € V, we are left with

%—i—uAu—kB(u,u):f

with equality in L2(0,7; H) for strong solutions, where we have let H = {u €
[L2(@) : V-u=0and [,u= 0}. This is the weak form of the Navier-Stokes
Equations with periodic boundary conditions, as desired.

Proposition 1.3. If f € C°(), and u € C?*(Q) N C°(Q) satisfies u € HL(Q) and

i / Diu(z) Div(a)dz = / F(2)o(x)da

for all v € CX(Q), then u is a classical solution of
—Au = f with u|pg =0
Proof. We have
/Q Vu - Vudr = /f(a:)v(x)dx

which, after integration by parts and rearrangement becomes
/(Au — fHlvdz =0
Q

But u € C%(Q) and f € C%(€), so ¢ = Au— f € C°(Q). Suppose that there exists
an z € Q such that ¢(x) # 0. Since ¢ is continuous, there is a neighborhood U
of x such that ¢ has constant sign on U. Let v be a positive function compactly

supported in U. Then
/gm}d:r:/ pvdr # 0
Q U

which is a contradiction. O

Corollary 1.4. If u(t) is a strong solution of the weak form of the Navier-Stokes
Equations, and u € [C2(Q)]?, then u is a solution of the classical Navier-Stokes
FEquations.

Proof. This works exactly the same as Proposition 1.3. Simply check that imposing
this continuity condition on u will force an equality in L?(O,T; H) to be a true
pointwise equality. O

We need only a couple of properties of the trilinear form b(u, v, w), and we are
ready to prove the existence and uniquness of strong solutions of the 2D Navier-
Stokes Equations. I will state these without proof:

If w € H and v,w € V, then

(1.5) b(u,v,w) = —b(u,w,v)
and
(1.6) b(u,u, Au) =0V u € D(A)

Differentiating;:
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(1.7) b(v, u, Au) + b(u, v, Au) + b(u, u, Av) = 0V u,v € D(A)
Finally,

(1.8)
) ) ||u||ooHv||‘l/Hw||€I ifuel>® veV, weH
b, v, w)] < { kel i ol ool ol 3 w0 € V
EllullZ el $ ol 1Avl 7wl ifuweV, veD(A), weH

Theorem 1.9. (Strong Solutions) If ug € V and f € L? (0,00; H), then there is
a unique solution of

d
d—? +vAu+ B(u,u) = f (as an equality in L*(0,T; H))

that satisfies
u € L>®(0,T; V)N L*0,T; D(A))

and in fact u € C°([0,T); V). The solutions depend continuously on ug.

Proof. We will want to utilize a Galerkin approximation of the Navier-Stokes Equa-
tions, approximating the equation with a sequence of ODE’s u,. By obtaining
uniform bounds on the u,, and their derivatives, we will then be able to establish
that our sequence converges to some u in L>(0,T; V)N L?(0,T; D(A)), and we will
show that this u is our desired solution.

Let {w;} be the set of eigenfunctions Aw; = A;w;. By the Hilbert-Schmidt
Theorem, {w;} is an orthonormal basis for H. It is also an orthogonal basis for V.
Define

n
Pou= Z(u, w;)w;
j=1
to be the projection of an element of H onto the subspace spanned by {w, ..., w,}.
Now take the n-th Galerkin approximation of the Navier-Stokes equation (by ODEs
that we know we can solve using fixed point arguments)

dun,
% + vAu, + P, B(up,un) = P f
If we take the inner product of this approximation with Au,, we get
1d 2 2
2dt ”un”v +v ||AunHH + (P B(un, up), Aun) = (f, Auy,)

A commutes with P,, since Aw; = Ajwj, so

(P B(tn, un), Auy) = (B(tn, un), Aty) = b(up, un, Auy,) = 0 by (1.7)

so we have
1d 9 9
57 lunlly + v | Aunlly < £l | Aunl
2dt
Using Young’s Inequality, we get
2
1d 1/ 1|z

2 2
Sdt ||un||v + VHAUTLHH < T
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If we integrate from 0 to ¢, this becomes

: T,
lun ()] + v / | Aun ()13 ds < Jun Q)2 + LIL20L2D
But clearly, [|u,(0)||,, < [|u(0)||y, for all n, so we have
2 2 Hf“iQ(Oﬂf:H)
sup [lun(®)]% < K = [Juo]% + “r2@EH)
t€[0,T]
and
T
K
/ | Aun ()] ds < 2
O V

Therefore u,, is uniformly bounded in L>°(0,T;V) and in L?(0,T; D(A)), and by
the Alaoglu weak-* compactness theorem we can take a subsequence {u,} such
that
Up = u in L®(0,T;V)
and
u, —u in L?(0,T; D(A))

for some u € L>(0,T;V) N L%(0,T; D(A)). We want to obtain a uniform bound

for % in L2(0,T; H). We can actually show that ‘Z‘—; is uniformly bounded in
L?(0,T;V*) (where throughout X* denotes the dual space of the Banach space

X). For the equation

du,,

dt

= —VAun - PnB(Umun) + Pnf

we need to show that each term on the right is uniformly bounded in L2(0,7 : V*).
Since u,, is uniformly bounded in L?(0,7 : V) and A : V — V* is a continuous
linear operator, the term —v Au,, is uniformly bounded. Since f € L2(0,T : V*), it
is clear that the term P, f is also uniformly bounded. Finally, by (1.8) we have
1 L1 1
1bCu, v, w)ll g < Kl Ml 1ol z ol lwlly
But b(u, v, w) = —b(u,w,v) by (1.5), so
(B(u, u), w) <kl Jully ol for all we v
and we therefore have
1B (u, u)llye <kl g llully
But clearly, ||P,B(u,v)||\. < ||B(u,v)]

v« forall u,v € V, so

2
v ds

T
2
1P B ) ey < [ 1B(un(),0n(5)
and

T
2 2 2
1P B (tns wun) 20,704y < k/o ([ (8) 1z [[un(5) [l ds

2 2
<k HunHLw(o,T;H) Hunl|L2(0,T;V)
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So P, B(uy,u,) is uniformly bounded in L2?(0,T;V*), and thus, dgt" is uniformly

bounded in L?(0,T;V*), and hence in L?(0,T; H). Following Temam [12] we can

du

-~} such that

take a further subsequence {

Ay, L du

dt dt

Another result of Temam [12] confirms that u € C°([0,T]; V). We now have that
Uy, — u strongly in L?(0,T;V), so

in L?(0,T; H)

du

i +vAu+ B(u,u) = f

holds as an equality in L?(0,T; H), and we have therefore proved the existence of
strong solutions.

For uniqueness, let w = u — v where v and v are strong solutions of the Navier-
Stokes Equations, and consider

% + vAw+ B(u,u) — B(v,v) = f

Taking the inner product with Aw we get
s— lwlly + v | Awll = b(v, v, Aw) = b(u, u, Aw)
1 1 1 1
< k{HwHi{ lwll§ lully | Aull 7 | Aw]l 4
ERIIE 3 5
+ ol 7 [l [[wll Aw”H]

Applying Young’s Inequality and neglecting the terms in |\Aw||§1, we get

1d 2 4 2
337 1ol < © Nl Nauly + ot |
so that

Jwol < can(c | (laly 14u(s) s + ||v<s>|4v)ds) (o)

Since u and v are strong solutions, they are bounded in L>°(0, T’; V) and in L?(0,T; D(A)),
and we have continuous dependence on initial conditions. Furthermore, if w(0) = 0,
since the integral expression in the exponential function is finite this implies that
w(t) = 0 for all t. In other words, if u(0) = v(0) = wug, then u(t) = v(t) for all ¢, so
the strong solutions of the Navier-Stokes Equations are unique. g

Having proved the existence and uniqueness of strong solutions of the 2D Navier-
Stokes equations with periodic boundary conditions, we can now make sense of our
semidynamical system. If f € V*, we can define (H, {S(¢)}+>0) as above sensibly.
However, we encounter difficulties for ¢ < 0, since we could only confirm unique
solutions wu(t,ug) for positive time. [11] We will see, however, that by considering
the asymptotic behavior of (H, {S(t)}:+>0), we can define a structure A called the
global attractor, on which we can sensibly define a dynamical system for all time.
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2. EXISTENCE OF THE GLOBAL ATTRACTOR
To begin, we should define some important concepts:

Definition 2.1. A set B C H is called an absorbing set if for each bounded set
X C H there exists a time to(X) such that S(¢)X C B for all t > ¢o(X).

Definition 2.2. A semigroup S(t) (here the semigroup relevant to us) is dissipative
if it possesses a compact absorbing set B.

Definition 2.3. For any set X C H we define the w-limit set of X as
w(X)={y: I, — 0, z, € X with S(t,)x, — y}

The w-limit is an important concept. Here is a useful characterisation:

Proposition 2.4. For a bounded set X, w(X) = \;50U,> 5(s)X

Proof. Let X be a bounded set. Let wi(X) =50 Us>: S(8)X. If y € w(X), we
clearly have y € W forallt >0,y € wh_and we now know that w C wi.
Conversely, if y € ;1, then for all ¢ > 0 we have y € m, so there are
sequences {Ty(,f)} and {acg)}, with 74 > t, 2! € X, such that S(Tﬁf))xg;) — .
Now we can construct new sequences {t,} and {x,}, with ¢, chosen from {T,S? )}
and x,, chosen from {zﬁﬁ} )} such that

1
|saimet =y <=
H ™ n
Then S(t,)z, > yast, - 00,80y Ew=w Cw=w=uw;. O
Definition 2.5. A set X is called invariant if S(¢t)X = X for all ¢ > 0.
We are now ready to define the global attractor:

Definition 2.6. (The Global Attractor) The global attractor A is the maximal
compact invariant set, and the minimal set that attracts all bounded sets X C H
(i.e. dist(S(t)X,A) — 0 ast — oo, where dist is the semidistance between sets:
dist(X,Y) = sup,c x infyey |z —yl).

Therefore, if A exists for the 2D Navier-Stokes Equations, then at least asymp-
totically, all the dynamics of (H, {S(t)}+>0) will occur in A. Furthermore, since A
is invariant, no part of A can be neglected. The condition that 4 be compact is
what prevents us from simply choosing A = H, and, as we will see, A will turn out
to be a much smaller space than H. First, however, we must establish the existence
of A for (H,{S(t)}+>0). The following lemma is key:

Lemma 2.7. If S(t) is dissipative, and B is a compact absorbing set, then the
global attractor exists, and A = w(B).

Proof. We first want to show that w(B) is nonempty, compact, and invariant. We
want to use the characterisation from Proposition 2.4. Since for ¢ > ¢ (where ¢,
is defined in the definition of an absorbing set), the sets | J,~, S(s)B are nonempty
compact sets decreasing with ¢, their intersection w(B) is nonempty and compact.
To show that w(B) is invariant, suppose © € w(B). Then there exists sequences
{tn} and {z,}, t, — oo and x,, € B, such that S(t,)z, — x. Therefore,

S(#)S(tn)an = St + tp)an — S(t)a
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since S(t) is continuous. So S(t)w(B) C w(B). Conversely, for ¢, >t + tp, we have

Sty —t)xn, € U S(s)B

so that there is a convergent subsequences {t,, } and {z,,, } such that S(t,, —t)z,, —
y for some y, and so y € w(B). But since S(t) is continuous,

x = lim S(t)S(tn;, —t)zn, = S(t)y
J—00 '

sow(B) C S(t)w(B) = S(t)w(B) = w(B) ¥Vt >0, and w(B) is invariant. We know
now that, for t > to(B), U, S(s)B is a compact subset of w(B). It is clear that
w(B) is the maximal compact invariant set, since if Y is compact and invariant,
we know that Y is bounded, and hence that there exists a to(Y") such that for all
t>1t(Y), we have Y = S(t)Y C w(B).

It remains only to show that w(B) attracts all bounded sets. Suppose for a
contradiction that it does not. Then there is a bounded set X, a § > 0, and a
sequence {t,}, t, — 00, such that

dist(S(t,)X,w(B)) > for alln
Then there are x,, € X such that

dist(S(ty)xn,w(B)) > = for all n

N>

Since X is bounded, S(¢,)z, € B for large n. But B is compact, so there is a
subsequence with S(t,,)z,, — 3 € B and dist(3,w(B)) > 3. But

B = lim S(t,,)r,;, = lim S(t,, —to(X))S(to(X))zn,
J—00 J—00

Set B; = S(to(X))xn;. Then B; € B = B € w(B), which is a contradiction.
Therefore, w(B) attracts all bounded sets. It also minimal, since it must attract
itself, and it is invariant. Therefore, w(B) = A. O

We are now ready to prove the existence of the global attractor for the 2D
Navier-Stokes Equations with periodic boundary conditions:

Theorem 2.8. If f € H, then there exists a global attractor A for the system
(H,{S(t)}+=0)-

Proof. Since V. CC H, it suffices to show that there is an absorbing set in V. In
other words, there exists a time 1 (||ug||;), & pv, and an T4 such that

t+1
lu(®)lly < pv and / | Au(s) % ds < Ia

for all t > ¢1(||uol| ;). Indeed, by taking the inner product of the weak form of the
Navier-Stokes equation with Au (noting that b(u,u, Au) = 0), we get
2
(1 1V ex

d, 2 2
= lully +v [l Aully < ==

Neglecting the second term
d

2
2 _ Ifll%
R < =4
dt HU”V =7,
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Integrating both sides between s and ¢, with ¢t — 1 < s < ¢, gives us

2

We now integrate from s =t — 1 to s =t to obtain
t
2 I£1I7
ol < [ Jul ds+
t—

‘We now want to bound .
[ I as
t

To do this, take the inner product of the weak form of the Navier-Stokes equation
with u to get

1d
5l alfy + b, w,w) = (f,w)
But b(u,u,u) = 0, so we have
1d
Sl + vl < 1y el
Applying Young’s inequality, we get
d . o 2 _ IfIV-
(29) e lul 4wl < A

Finally, integrating between ¢ and ¢ + 1 gives

t+1
o [ Il ds < Wl o,

So we now have to bound ||u(t)||i1 To do this, use Poincaré’s inequality to obtain
||u||%, >\ ||u|\?q, (where Ay is defined as in Section 1). Applying this to (2.9), we
get

V*

I£11y

2 2
7 1l + vl <

Applying Gronwall’s lemma, we get

(@))% < lluoll? e ¥ 1t + 25V (1 — A1t

ol ) = ma (L TE Y
0 OllH) = VA1 V2 )\ HU'OHH y

then for all t > tg, we have

I£113
v2)\

So if

(2.10) oy < 21211

Which therefore implies that
. 115, SIS
2.11 2 ds < LIV V>
(211) | e s < A0 005
Therefore if ¢ > t1(||uol| ;) = to(|Juol|ly) + 1, then we have

2 2 2
2 Wflly- | S Ll
t < = 2
[w(@)l, < pv = 2 + 20200 4
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To obtain the integral bound, integrate the expression
d o > _ ISl
Sl + vl 4wy < 2

between ¢t and t + 1 to get

/tH Au(o) I ds < 1, = Ll o
: HE? = A= v

So V' has a bounded absorbing set. But since V' CC H, this means that H has
a compact absorbing set, and that therefore (H, {S(t);>0) has a global attractor
A. O

Furthermore, one can show that the 2D Navier-Stokes equations have the injec-
tive property, so that if ug,v9 € A, and S(T)ug = S(T)vy for some T > 0, then
we must have u, = vg. The proof is straightforward from the estimates we have
made thus far, and the interested reader can refer to Robinson [11]. A corollary of
this is that, on A, solutions of the Navier-Stokes Equations are unique backwards
in time as well as forwards in time, so that we can generate a dynamical system
(A, {S(t)}+er). Surprisingly, A is finite dimensional (which we will prove in the
next section), and as we will see in Section 4, this has profound implications for
the dynamics of (A, {S(¢)}+er)

3. DIMENSION OF THE GLOBAL ATTRACTOR
We proceed by showing that the global attractor A, which lies in the infinite
dimensional phase space H = {u € [L*(Q)]? : V-u = 0 and fQu = 0}, is
nonetheless finite dimensional. Before we can prove this, however, we will need to
define some relevant concepts.

Definition 3.1. The semigroup S(t) is uniformly differentiable on A if for each
u € A, there exists a linear operator A(t, ) such that, for all ¢ > 0,

w180y S@u - A - w)l,

— 0 ase—0
wwEA0< [u—v]| ; <e lv—ull 5

and

sup [[A(t,u)ll,, < oo forallt>0
u€A

If we know that our semigroup is uniformly differentiable, we can linearise our
differential equation to obtain

= Litu0)U () ; U(0) = ¢
where L(t,ug) = L(u(t)) where in the case of the 2D Navier-Stokes Equations we
will see that L is the linear operator such that
L(w)w = vAw — B(w,u) — B(u,w)
for all w € H. We can define another important concept:
Definition 3.2. If {§z()} is an orthogonal set of infintesimal displacements from

an initial position ug € A and {qb(i)} a set of orthonormal vectors in the directions
of the dz(®,
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1t

TR,(A) = sup sup limsupf/ Tr(L(s;uo)P(”)(s))ds
20€A pm(0) t—oo T Jo

where Tr denotes the trace of a matrix and P("(t) denotes the projection of

the parallelepiped formed by {S(t)6z™), ... S(t)6z(™} onto the space spanned by

{Qs(l)’ o ¢(n)}

If we write (-) for the time-average operation, this becomes:

TR.(A)= sup sup <TT(L(t;u0)P(”) (t))
zoE€EA P(n)(0)

Thus, 7R, (A) represents the maximum possible asymptotic growth of an in-
fintesimal n-volume over all initial positions ug € A. Therefore, if TR, (A) < 0,
then our infintesimal n-volume necessarily decays to nothing in A. [11] It is then
reasonable to conjecture that A4 contains no n-dimensional subsets and thus that
the fractal dimension of A must be no larger than n. This is indeed true, but the
proof (attributable to Hunt) is quite involved, and a proof will not be given.

Lemma 3.3. (Hunt) If S(t) is uniformly differentiable on A and there exists a tg
such that A(t,ug) is compact for allt > ty, and also TR, (A) <0, then dj(A) < n.

Before proceeding to bound the dimension of A, we will need two additional
lemmas:

Lemma 3.4. Let P, be a rank n orthogonal projection in L*(Q) (Q the periodic
domain [0, L]?> € R?). Then Tr(—AP,) > Cn?.

Proof. Write A = —A, and let w; be its orthonormal eigenfunctions, with eigen-
values A; ordered as A\j;1 > A;. If P, is the projection onto the space spanned by
the orthonormal vectors {¢1,...,¢,}, then
n
TT(APn) = Z(¢j7 A¢])
j=1
so that

[ANgE:

Jj=1k

N

I(wr, )17 = n

A (855 wi) |7

o
(oN

0y 0y )

k 1

Il

—
~

I

But the ¢; are normal, so

MZ

b
I

j=1 1

But ¢; do not span H, so

3

2
I(wk, §5) 7 <1
j=1

Tr(AP,) > A
j=1

so that
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We now want to bound the eigenvalues A; by

cj <A <Cy
To do this, note that since the eigenvalues are proportional to the sums of squares
of two integers (since we have periodic boundary conditions), we will have reached

the eigenvalue 2k? once we have taken k% combinations of integers, so A2 = Ck?2,
and so if k% < n, (k + 1), then

Ck* < A, <C(k+1)°
so k <n? < (k+1) so that
1
in% <k<k+1<2n?
which gives
en < A\, <Cn
as wanted. But then

which implies that

as desired. O

Lemma 3.5. S(t) for the 2D Navier-Stokes Equations is uniformly differentiable,
where A(t;ug) is the solution of the equation
au

(3.6) — FAU +B(uwU) + BU,u) =0 ; U(0) = ¢

Furthermore, A(t,ug) is compact for all t > 0.
Proof. For a proof, see Robinson [11] page 347. O

With these results in hand, we can finally bound the dimension of the global
attractor:

Theorem 3.7. The fractal dimension of the global attractor A for the 2D Navier-
Stokes Equations is finite-dimensional, and in fact

(3.9) d(A) < a(”l)2

v
where py is as defined above and « is a constant.

Proof. We have
L(u)w = vAw — B(w,u) — B(u,w)
by Lemma 3.5, so that

n

(Po(w) = (S (Lwes 7))

j=1

< i(VA¢jv¢j)> - <Zb(¢j,U,¢j)>

j=1 j=1
But by (1.8) we therefore have
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since ¢; are normal in H. Applying Young’s inequality to the last term, we get

n n 2
(Butla) < 3 Mo+ 3 (5 Il + 5 )

V— k:2 "
= =5 2_(esllv) + 5, > ()
Jj=1

j 1
v k*n 2
=—— AP, —_—
L (Tr(=AP)) + )
By Lemma 3.4, we have
cv
(PuL(w) < —5n” + 7<||UHV>

so that the trace is negative for n > oz((Hu” >). But (JJully,) < pv on A, so our
result follows by Lemma 3.3. O

Now that we have bounded the dimension of the global attractor, we can study
the implications of this finite-dimensionality for the dynamics of fluid flow. In
particular, by parametrizing the global attractor with a finite number of parameters,
we can show that, at least asymptotically, the dynamics of fluid flow are determined
by a finite number of degrees of freedom.

4. PARAMETRIZING THE GLOBAL ATTRACTOR

Ideally, if we have d;(A) < d, we would hope to find a d-dimensional invariant
smooth manifold that contains A. The desired notion of a manifold, termed inertial
manifold, is attributable to Foias:

Definition 4.1. (Inertial Manifold) An inertial manifold M for the semidynamical
system (H,{S(t)}:>0) is a finite-dimensional Lipschitz manifold that is positively
invariant and attracts all trajectories exponentially:

dist(S(t)ug, M) < C(|Jug]| ;)e ™ for all ug € H

If we know that there is an inertial manifold for our system, then we can de-
termine the dynamics of the attractor with a finite system of ordinary differential
equations. Unfortunately, though the concept of an inertial manifold was created
specifically in order to be applied to the Navier-Stokes Equations, the existence of
an inertial manifold even for the 2D Navier-Stokes Equations with periodic bound-
ary conditions remains open.

We are not without hope, however. There is no a priori reason to believe that
A should be smooth enough to be imbedded on an inertial manifold, and it should
at least be clear that this is a deep problem, but that does not mean that we
cannot imbed A into some appropriate Euclidean space. It is a familiar result that
a compact n-manifold can be imbedded in R?"*!. A first guess, then, would be
that if d;(A) < d for an integer d, then we can inject A into R??*1. This turns out
to be correct, and will follow from a more general result:

Theorem 4.2. Let X be a compact subset of a Hilbert space H, dy(X) < d with d
an integer, and let k > 2d+1. If L is a bounded linear map into R*, then for any
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€ > 0 there exists a bounded linear map into R*, L = L(e), such that L is injective
on X and ||[L — Lol|,, < e.

Proof. We will construct an appropriate collection of countable dense subsets of
L(H,RF), and then take a countable intersection and utilize the Baire Category
Theorem. Let Y = {v—w : v,w € X}. Y is the image of X x X under the Lipschitz
map that takes (v, w) — v—w, so since the fractal dimension does not increase under
the operation of a Lipschitz map, we have df(Y) < df(X x X) = 2d;(X) < 2d.
Now define

1
Ar={v—w:v,we Xand Jv—w|,;>-}
r
and let )
Arjn = {u € Avi1(es,0] 2 )

where {e;} are an orthonormal basis for H. A, ;. is compact and 0 ¢ A,, so we

have - e
A, = U Arjn
j=1n=1
Define
L, jn={L € L(H,R") : L7H0)N A, ., =0}
Then

oo o0
() () Lo

j=1n=1
consists of maps L for which L=1(0) N A, = 0, or for which diam(L~'(z)NX) < 1
for all x € R¥. Therefore,

8

r

oo oo
() Lrn
1j=1n=1

consists of maps that are injective on X.

We now want to show that L, ; ,, are open and dense in L(H,R¥). To show that
they are open, let L € L, ;,, We want to find an e > 0 such that ||L — L,y < €
implies L € L, jn. But from the definition of L, ; ,,, this is just to say that if Lz # 0
for all 2 € A, j,, then La # 0 for all # € A, j,. But since A, , is compact, if
Lx # 0 for all z € A, ;,,, then mingec Lz| =n >0 and max,c4 zlly <R
for some 0 < 77 < R. Then we have

|Lz| = |Lz — (L — L)z|
> |La| —|(L — L)z|
>0 —||L~L|opR

T3,m T3,m

so that if we choose 0 < e < 7k, then |Lz| # 0 for all 2 € A, ;,, and it follows that
L, jn is open.

To show that L, ;,, are dense in L(H,R¥), fix Ly € L(H,R¥) and € > 0. Define
amap ¢ : R¥ — S¥~1 where S*~! is the k — 1-sphere, as

{|% if 2 £ 0

() = p ifx=0
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where p is just some point on S¥~1. ¢ is Lipschitz on O, = {x : |z| > p} for all
p > 0. Letting W C RF, we can write

oom) ={ Jevnop Us

If we let dy denote Hausdorff dimension, we know that dg(p) = 0, and so by the
countable additivity of Hausdorff dimension,

di(p(W)) < sup du(p(WNOy1))

and since ¢ is Lipschitz on O1, we have dg(¢(W)) < dg(W). In particular,
dH(d)(LOAT)) < dH(LOAr) < dH(Ar) < df (Ar) < df(Y) <2d

since Hausdorff dimension is bounded above by fractal dimension and the fractal
dimension of a subset of Y is no greater than the fractal dimension of Y. But
dg(S*1) =k —1 > 2d, so it follows that ¢|z, 4, is not surjective. Choose z € S¢
such that z ¢ ¢(LoA;), and set L = Lo + ezej, where e is the linear functional
that takes u — (u,e;). L € L(H,R¥), and also ||L — Lol|,, < €. It remains only to
show that L € L, ;,,. Suppose for a contradiction that it is not. Then there exists
au€ Ay, with Lu=0. Then

Lou = —(ej,u)ez
and since u € A, ;,, implies that |(e;,u)] > L > 0, we can write
z=—((ej,u)e) " Lou

and hence

z = ¢(z) = p(Lou) € ¢(LoA,)
which is a contradiction. Therefore, L, ; , are dense open subsets of L(H, R¥), and
so by the Baire Category Theorem,

o0

oo 0o
() L
r=1j=1n=1

is a dense open subset of L(H,R¥), but since elements of this set are injective on
X the result follows. O

2
Corollary 4.3. Ifd € Z, d > a(”T‘/) , then there exists a parametrisation of A

using 2d + 1 coordinates.

Proof. We have bounded the dimension of A as above, and we know A C H, so
it remains only to show that L™"[y4 is continuous for L € (2, (;2; Na=y Lrjn-
Suppose for a contradiction that it is not. Then there exists € > 0 and a sequence
{z,} € LA with z,, —» y € LA with HL‘lxn —L‘lyHH > e But L7z, € A,
and since A is compact there exists a subsequence {xy, } such that L™'z,,, — z for
some z € A. Since L is continuous, it follows that x,;, — Lz = y. But since L is
injective on A, we therefore have z = L~'y, which is a contradiction. Therefore,
L~ is continuous on A and the result follows. (]
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We therefore know that, at least asymptotically (i.e. on the global attractor), we
can describe the dynamics of fluid flow (at least in a 2D periodic domain, with 2d+1
parameters. This is also true for the 3D Navier-Stokes Equations with Dirichlet
boundary condition, but the arguments necessary are much more involved, and the
ambitious reader is referred to Constantin [2] for details. Unfortunately, these 2d+1
parameters need not correspond to any known observable physical conditions, so
modeling turbulent flows remains a difficult task. This result, however, provides
hope that such work is not fruitless.
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