Attractors and Finite-Dimensional Behaviour
in the Navier-Stokes Equations

Instructional Conference
Mathematical Analysis of Hydrodynamics
[CMS Edinburgh June 2003

James C. Robinson
(Royal Society University Research Fellow)
Mathematics Institute
University of Warwick
Coventry CV4 TAL

jcr@maths.warwick.ac.uk

July 4, 2003



Chapter 1

Introductory material

Throughout these lectures we will consider the Navier-Stokes equations

0

8—?+(U«V)u7VAu+Vp:g(x,t) Vou=0 (1.1)
on a periodic domain = [0, L]¢, so that u(x+ Le;, t) = u(x,t), and in addition
make the simplifying assumption that u and g have zero average over (),

/Qg(a?,t) dz = /Qu(a?) dz = 0.

Although we will generally confine our analysis to the case of periodic bound-
ary conditions, many results are also true for the case of Dirichlet boundary
conditions,

ulon =0,

and will be given in what follows.
In the case of periodic boundary conditions we can expand u as a Fourier
series,
u(z) = Z upe?m kel L with U = U_k- (1.2)
kez?

1.1 The Navier-Stokes equations in functional
form

We can rewrite the Navier-Stokes equations in a more convenient way. The
ideas go back to Leray (1933, 1934a & b) and are now standard — see, for
example, Constantin & Foias (1988), Temam (1979 or 1985), Ladyzhenskaya
(1969), Robinson (2001).

The main idea is to remove the pressure by projecting onto the space of all
divergence-free vector fields. If we denote by II the orthogonal projection in



L? onto the space of all such functions, then IIVp = 0, and so we obtain an
equation for u alone,

ou
E‘FH[(U'V)U} +vAu = f(z,t), (1.3)

where A = —IIA and f = Ilg.

We denote by H¥(€2) the space of d-component vector functions each com-
ponent of which lies in H*(Q) [the first k derivatives are in L2(£2)]. The natural
phase space for the problem is

H:{UEL2(Q): V-u=0, with /u(m)dx:()};
Q

we let V = H NH! and denote by V* the dual of V. By D(A") we denote the
domain of A", i.e. all those u for which |A"u| is finite. Note that in the case of
periodic boundary conditions this has a simple characterisation as those Fourier

series (1.2) for which
Ik k] < o0

kezZ?

(cf. Temam 1985). (In the case of periodic boundary conditions we have Au =
—Aw for smooth v € H.)

By A; we denote the eigenvalues of A, ordered so that A\;j;1 > A;. Although
in the periodic case we know the eigenfunctions of A explicitly (they are the
Fourier components in (1.2)), it can be convenient to label them more abstractly
as wj, so that Aw; = A\jw;. Using this notation, note that for all u € H we
have the Poincaré inequality

Mul? < [Duf?, (1.4)
where \; = (27/L)%.

We now define a trilinear form from V' x V' x V into R,

b(u,v,w) = /Q[(u -V)v] - wdz,

so that b(u,w,w) is the inner product of the nonlinear term in (1.3) with w.
Using the Riesz representation theorem we can define a bilinear form B(u,v) :
V x V' — V* such that

(B(u,v),w) = b(u,v,w) for all weV.

The following properties of b will be useful throughout all that follows. First
we have two orthogonality properties: in 2d and 3d we have

b(u,v,v) =0 for all uw€EH, vyweV, (1.5)
while in 2d for periodic boundary conditions only we have

b(u,u, Au) =0 for all u € D(A). (1.6)



We will also need some inequalities — we only give the 2d versions here:
b(u, v, w)| < klu'?|Dul*?|Do||w|?|Dw|*/?  forall  w,v,weV, (1.7)

b(u, v, w)| < klu|'?|Du|*/?|Dv|*/?| Av|*?|w] for all ueV,ve D(A), we H,
(1.8)
and

[b(u, v, w)| < [Jullso||v]||w] for all uel® veV, weH. (1.9)

With these definitions we can rewrite the Navier-Stokes equations in the

functional form
du

dt

We will refer to this form, in which the pressure is suppressed, as the ‘Navier-
Stokes evolution equation’.

+ vAu+ B(u,u) = f. (1.10)

1.2 Summary of existence and uniqueness re-
sults

Standard arguments show that for any f € V* the Navier-Stokes evolution
equation has a weak solution u(t) with

u(t) € L=(0,T; H) N L*(0,T;V).

In 2d this can be improved to a unique solution which is in fact continuous from
[0,T) into H.
In 3d the solution is known to be unique if it is strong, i.e. if

u(t) € L=(0,T; V)N L*(0,T; D(A)).

1.3 The Navier-Stokes equations as a dynamical
system

For many PDEs it is only sensible to consider solutions for ¢ > 0. For example,
backwards solutions of the heat equation (u; = Au) can blow up instantaneously
unless the initial data in analytic.

Here we define a dynamical system using the Navier-Stokes equations on the
phase space H (defined above), although we could also use V' = H NH!(Q), or
indeed D(A*/?) for any k. Given an initial condition ug € H, we have seen that
the equation has a unique solution wu(t;ug) for all positive times. In this case,
we can define a CY semigroup of solution operators S(t) : H — H by

u(t; ug) = S(t)uo.



These operator satisfy

S(0) =1
S(t)S(s) = S(s)S(t) = S(s +1t)

S(t)xg is continuous in xq and t,
and we can consider the semi-dynamical system

(H.{S(t)}>0)-

Further regularity results (see the above references) imply that it is also
possible to consider the solutions as generating a dynamical system on V', and
we consider this briefly in the next section.

1.4 Including the pressure
Taking the divergence of (1.1) we obtain a Poisson equation for the pressure,
Ap=V-f—=V-[(u-V)u].

If we impose the additional condition that fQ p = 0, then this equation has a
unique solution which satisfies the estimate

Pl < ClIDuf + [ f]] -]

(see Simon (1999), for example). We denote by P[u] the mapping from u to the
corresponding pressure p.

It is easy to start to think of the ‘Navier-Stokes equations’ as the Navier-
Stokes evolution equation, and hence of the velocity as the only dependent
variable of interest. Although this is a mathematically convenient point of
view, it is often the pressure that is of interest in physical problems. We note
here that there is no way to talk of a meaningful weak solution of the original
problem, including the pressure, unless f € H=1(Q) (a smaller space than V*),
as shown by Simon (1999).

A more physical phase space would be the space of all pairs (u, P[u]), i.e. the
fluid velocity and the corresponding pressure. In order to give sense to p at
every time we require the fluid velocity to be in V (essentially H'), so here we
denote by Sy the semigroup for the Navier-Stokes evolution equation defined
on V.

A dynamical system can be defined on the velocity-pressure space Vyp in a
natural way by setting

Svp (t)(uo, Plug]) = (Sv (t)uo, P[Sv (t)uo]).

Of course, although this extended phase space Vy/p is in some ways more natural
physically, it dresses the problem up as being more complicated than it really
is.



Note, in particular, that the phase space Vyp is in fact given as a graph over
V in the space V x L?(1),

Wp = {(u,P(u)) : uwe H}.

The evolution takes place on a manifold in V' x L?(Q), with the dynamics given
more naturally by the projection from Vyp onto V.



Chapter 2

Absorbing sets

Central to proving results on existence and unique for the Navier-Stokes equa-
tions (and for other PDEs) are various bounds on the norms of solutions. In
order to prove the existence of solutions for all time, we have to prove that
some norm of the solution is bounded for all time. Because of the strong dissi-
pation in many parabolic problems, it is often a short step from these bounds
to time-asymptotic bounds that are independent of the initial conditions.

We first prove a simple result for the Navier-Stokes equations (valid for
2d or 3d weak solutions resulting from the Galerkin procedure) showing that
asymptotically the kinetic energy (the L2 norm of ) is bounded independently
of the initial conditions.

We say that B is an absorbing set if, for any bounded set X € H,

StX CB for all t > t(X),

i.e. orbits starting in X eventually enter and never leave B. Note that the
‘absorbtion time’ is required to be uniform for all initial conditions in X.

2.1 Absorbing set bounded in L?

The existence of an absorbing set in IL? is straightforward.

Proposition 2.1. For the 2d Navier-Stokes evolution equation there exists an
absorbing set that is bounded in L%(Q).

[As remarked above this is also valid for the weak solutions in 3d that result
as limits of the Galerkin procedure.]

Proof. We take the inner product of

%+VAU+B(U,U) =f



with u« to obtain
1d, o 9
Since (B(u,u),u) = 0 this gives
> —|ul® + v|[Dul® < | f][ul. (2.1)

We now use the Poincaré inequality on the |Du| term,

|Du| > A%l

and Young’s inequality on the right-hand side to write

1d 2 2 I/>\1 2 1 2
- Mu? < =22 — |2
3+ vl < Tl

Tidying this up gives

d 2 2 1 2
el < _ i
dtIU| = V)‘1|u| +V)\1|f| ;

and then Gronwall’s inequality gives

2
lu(t)]? < |ug|?e "Mt + 1/|£|)\2 (1 —e vMt),
1

So for t large enough (depending only on € and |ug|)

21517

)2 < pt = : 2.2
) <5} = 5 (22)
The number 2 could be replaced by 1+ ¢ for any € > 0. O

[For an alternative estimate we can instead use

|(f,w)| < (L F 12l Dul,
where || f||_1 denotes the norm of f in H~! (we have ||f||_1 = |A~/2f|). Then

1d v 1
5l + V1Dl < £ 11Dl < ZIDuf + £,
or
d 2
&'”‘2 + v|Dul? < % (2.3)
From here we obtain, for ¢ large enough,
2| £112,
t 2 < *12 = .
() < [l o= =



Now, note that if f has expansion f = Z;’il fjw;, where wy, are the eigenfunc-
tions of A, then it follows that

2= 161
j=1

and -
1P = 1A = 300511
j=1
Since ) ,
IF12: = -1 1l
= 'y 2.4
R SIS AT 24
it follows that || f||-1 < /\171/2\]"|7 and so
2 2
12, 1P
ZD VR DY

and we have improved on the bound in (2.2).]

2.2 Absorbing set bounded in H'

The existence of an absorbing set in H! for the 2d equations was first shown (in a
different terminology) by Foias & Prodi (1967). This is the crucial ingredient for
proving the existence of a global attractor (see next chapter), and is (essentially)
the missing estimate that would allow us to prove regularity for the 3d equations.

Proposition 2.2. The 2d Navier-Stokes equations have an absorbing set that
is bounded in H(Q).

Before proving the proposition we make an additional estimate from

1d
5|l + vIDuf? < |fljul.

(this was (2.1)). Integrating both sides between ¢ and ¢ + 1 we obtain

t+1 t+1
fu(t + 1) + / Du(s)[?ds < [u(t)? + /] / ju(s) | ds.

Since |u(t)| < po for ¢ large enough, for all such ¢ we also have

t+1
[ 1Du(e)Pds < 1= g5 + [l (2.5)
t

Although in the proof we use the orthogonality condition b(u,u, Au) = 0, which
is only valid for periodic boundary conditions in 2d, the same result (with
a slightly more involved argument and weaker estimates) holds for Dirichlet
boundary conditions.



Proof. To prove the existence of this absorbing set we use a ‘trick’, which can be
formalised as the ‘uniform Gronwall lemma’ (see Temam (1988), for example,
although the statement of this as a formal lemma tends to hide the underlying
idea). We take the inner product of (1.10) with Au to give

) dt|Du|2 + v|Au|* + b(u, u, Au) = (f, Au).

We now use an orthogonality condition (1.6), b(u,u, Au) = 0 and the Cauchy-
Schwarz inequality to rewrite this as

|Du|2 v|Au|?* < m + z|Au\2
2dt - 2v 2 '

Dropping the |Au|? terms we have

1d i
——I|D
calP =,
We integrate this equation between s and ¢t + 1, with t < s < t + 1, which
gives
2 o |f|2
|Du(t +1)]* < + | Du(s)|?

(since 0 < t+1—s < 1). We now integrate both sides with respect to s between
t — 1 and ¢, and obtain

2 t+1
ue+ < T +/t |Du(s)? ds.

We can now use (2.5): if ¢ is large enough then we have

_ P
ot

|Du(t +1)* < p? - 1.



Chapter 3

The global attractor:
existence

We have seen that not only is there an absorbing set in L2, but there is a
bounded absorbing set in H'. Since H' is compactly embedded in IL2, this gives
us a compact absorbing set in L2

In order to prove the existence of a global attractor we make a slightly weaker
assumption. We say that a set B is attracting if

dist(S(t)X,B) — 0 as t — oo,
where dist(X,Y") is the Hausdorff semi-distance between two sets,
dist(X,Y) = sup inf |z —y|.
zeX YEY

Note that this distance does not define a metric - indeed, if dist(X,Y") = 0 then
one only has X C Y. To obtain a metric on subsets of H, we need to use the
symmetric Hausdorff metric,

disty (X,Y) = max(dist(X,Y), dist(Y, X)). (3.1)

(One can show that the space of all compact subsets of R™ is a complete space
when endowed with this metric.)

We say that a semiflow is dissipative if it has a compact attracting set. It is
easy to see that any semigroup with a compact absorbing set is dissipative.

Here we will prove a general result that a dissipative semigroup has a com-
pact, globally attracting, invariant set, the ‘global attractor’. The first result
along these lines seems to be due to Bilotti & LaSalle (1971). General treat-
ments of the theory of attractors are given in Babin & Vishik (1992), Hale
(1988), Ladyzhenskaya (1991), Robinson (2001), and Temam (1988).

First we define the w-limit set of a set X, which consists of all the limit
points of the orbit of X:

wX)={y:3t, = o0, =, € X with S(t,)x, — y}. (3.2)

10



This can be also be characterised as

w(X) = Usk)x. (3.3)

>0 s>t
w(X) in some sense captures all the recurrent dynamics of the orbit through X.

Definition 3.1. The global attractor A is the mazximal compact invariant set
St A=A for all t >0 (3.4)
which attracts all bounded sets;
dist(S(t)X,A) — 0 as t — 0o, (3.5)
for any bounded set X C H.

That A is maximal means that if Y is a bounded invariant set then A D Y.
(3.5) says that A attracts all orbits, at a rate uniform on any bounded set.
Without the compactness condition we could just take A = H. Note that while
A is the maximal compact invariant set, it is also the minimal set that attracts
all bounded sets. Confusion is possible, since various authors refer to A as the
‘minimal attractor’ and others as the ‘maximal attractor’.

We give the result in the following elegant version (inspired by a similar
result due to Crauel (2001) for random dynamical systems; Hale (1988) and
Babin & Vishik (1992) have similar results).

Theorem 3.2. A semigroup S(t) has a global attractor A if and only if it has
a compact attracting set K, and then A = w(K).

Note that the condition of a compact attracting set is much weaker than the
existence of a compact absorbing set. The proof requires the following simple
lemma:

Lemma 3.3. If K is a compact set and x, is a sequence such that
dist(xy,, K) — 0
then {x,} has a convergent subsequence whose limit lies in K.

As a first step to proving this new theorem first we prove the following
properties of w limit sets.

Proposition 3.4. If there exists a compact attracting set K then the w-limit
set w(X) of any bounded set X is a non-empty, invariant, closed subset of K.
Furthermore w(X) attracts X.

Proof. To see that w(X) is non-empty choose some point € X. Then since K
is attracting
dist(S(n)z, K) — 0.

11



It follows that for some sequence n; — 0
S(nj)z — a* € K.

As the intersection of a decreasing sequence of closed sets w(X) is clearly
closed. To show that w(X) C K suppose that t, — oo, x,, € X and

S(tn)xn — y.
Then since K is attracting
dist(S(tn)zn, K) — 0,

implying that a subsequence of S(t, )z, converges to a point in K. Since the
sequence itself converges it follows that y € K. So w(X) is compact.

Now suppose that w(X) does not attract X. Then there exists a 6 > 0 and
a sequence of t, such that

dist(S(tn) X, w(X)) > 0,
and hence z,, € X such that
dist(S(tn)xn,w(X)) > 6. (3.6)

However, the argument above shows that a subsequence of {S(t,)z,} converges
to some point z. By (3.6) we should have

dist(z,w(X)) > 0,
while by definition z € w(X). So w(X) attracts X. O
Now observe that
ACB = w(4) Cw(B), (3.7
and that since w(X) is invariant
wlw(X)] = ﬂ U S(s)w(X) = w(X). (3.8)
>0 5>t

Proof. (Proof of theorem 3.2). It follows from the previous proposition that
w(K) is non-empty, compact, invariant, and attracts K. So all we have to
prove is that w(K) attracts X. Since w(X) attracts X it suffices to show that
w(X) C w(K). But this follows immediately from (3.7) and (3.8). The only if
part is clear, taking K = A. O

Note that since the 2d Navier-Stokes equations have a compact absorbing
set they have a compact attracting set, and hence a global attractor.

Theorem 3.5. The 2d Navier-Stokes equations have a compact global attractor
that is bounded in H(Q).

12



Although the existence of an absorbing set in V for the 2D equations was
first shown (in different terminology) by Foias & Prodi (1967), the proof of
the existence of a global attractor for the 2D Navier-Stokes equations was first
published by Ladyzhenskaya (1972), and later, along with many other important
results, by Foias & Temam (1979).

We will see later that with higher regularity of f we can obtain much better
bounds on the functions in the attractor.

3.1 The 3d Navier-Stokes equations

At present we cannot show that the 3D Navier-Stokes equations generated
unique weak solutions, nor could we show that the strong solutions, which are
unique, exist for all time. Trying to investigate the existence of attractors with-
out the guarantee of a sensible semigroup seems futile.

However, the result given here shows that if we are prepared to assume
that the equations generate a semigroup on V, i.e. if we assume the existence
of strong solutions, then we can show that the equations must have a global
attractor. In fact the result here just shows the existence of an absorbing set
bounded in V', and to show that there is a global attractor we would need an
absorbing set that is compact in V. A relatively straightforward argument can
be used to prove the existence of an absorbing set that is bounded in D(A) once
we have the absorbing set in V', and hence of a global attractor.

What we are doing here is making a physically reasonable assumption in
a mathematically precise way, and then deducing an entirely mathematical
consequence. It allows us to consider the asymptotic regimes of the “true”
Navier-Stokes equations, and so fully-developed turbulence, within a mathe-
matical framework.

Another way to view this theorem, which does not require us to make any
“unjustified” assumptions, is as a description of the way in which the 3D Navier-
Stokes equations must break down if they are not well-posed. The theorem
shows that existence and uniqueness fail only if there is some solution u(t) such
that |Du(t)| becomes infinite in some finite time.

Theorem 3.6. Suppose that the 3D Navier-Stokes equations are well-posed on
V', so that for any f € H and ug € V,

du/dt + Au+ B(u,u) = f
has a strong solution u(t), i.e. a solution u with
u € L*(0,T; V)N L*0,T; D(A))
for all’T > 0. Then there exists an absorbing set in V.

The theorem is due to Constantin et al. (1985); the proof also appears in
Constantin & Foias (1988) and in Temam (1988).

13



Chapter 4

The global attractor:
properties

4.1 A dynamical system on the attractor

Importantly, we can show that if the semigroup S(t) is injective on A (we make
this precise in the statement of the next theorem) then the dynamics, restricted
to A, actually define a dynamical system, i.e. S(t)| 4 makes sense for all ¢ € R.
This is one good reason for investigating the dynamics on the attractor. The
importance of this result is emphasised in Hale (1988).

Theorem 4.1. If the semigroup is injective on A, so that
S(t)ug = S(t)vg € A for some t >0 = ug = vp, (4.1)
then every trajectory on A is defined for allt € R, and (3.4) holds for allt € R.
In particular,
(A, {S(t)}ter)
s a dynamical system.

Proof. For each u € A we know that u € S(t).A, and so there exists a unique
v € A with S(t)v = u. We define S(—t)u = v to give S(¢) for all ¢ € R, and
hence obtain (3.4) for ¢t < 0 also. Since A is compact, it follows that S(—t)
as defined here is continuous on A. Thus S(t) is a continuous map from A
into itself for all ¢t € R. Finally, it follows that S(t)| 4 satisfies the semigroup
properties in (1.11) for all ¢,s € R. O

4.2 Structure of the attractor

We now want to examine the attractor itself in more detail, first investigating its
structure. We show that it consists of all complete bounded orbits, and contains

14



the unstable manifolds of all fixed points and periodic orbits. This gives us a
better idea of the kind of dynamics we can expect to understand if we restrict
our attention to the attractor.

Theorem 4.2. All complete bounded orbits lie in A. If S(t) is injective on A
(as in (4.1)) then A is the union of all the complete bounded orbits.

A “complete” orbit u(t) is a solution of the PDE (or ODE) which is defined
for all t € R. In general we do not expect the solutions of a PDE to lie on a
complete orbit, since we cannot define S(t) for t < 0.

Proof. Let O be a complete bounded orbit, and assume that O is not contained
in A; then for some € > 0 there is a point x € O with ¢ N(A,e¢). However,
since A attracts bounded sets, for ¢t large enough

dist(S(t)z, A) < € for all z € O. (4.2)

Since O is a complete orbit, x = S(¢)Z for some & € O; (4.2) now gives a
contradiction.

If x € A and S(t) is injective then the orbit through x is defined for all ¢t € R
(theorem 4.1) and is contained in A since A is invariant. Thus 4 consists only
of complete bounded orbits. O

Note from the proof that we only use the injectivity to show that every point
in A lies on a complete bounded orbit. Even without the injectivity we know
that every complete bounded orbit lies in A.

To investigate the structure of the attractor further, we need to recall the
definition of stable and unstable manifolds. If z is a fixed point, then

Definition 4.3. The unstable manifold of z is the set
W*(z) ={uo € H: S(t)ug is defined for all t, S(—t)up — z as t— oco.}
One can define the unstable manifold of a general invariant set X just as in
definition 4.3, replacing “S(—t)ug — 2” by
dist(S(—t)ug, X) — 0.
Now, the unstable manifolds of all invariant sets (in particular of all the fixed

points and periodic orbits) are contained in the attractor:

Theorem 4.4. If X is a compact invariant set, then
w*(X) C A.

Proof. Let uw € W"(X). Then by definition (definition 4.3) u lies on the complete
orbit Y = Useru(t). Ast — —oo we know that dist(u(t), X) — 0, and as t — oo
we know that dist(u(t),.4) — 0, so the orbit u(t) is bounded. Thus u lies on a
complete bounded orbit, and by theorem 4.2, u € A. O

Thus the commonly drawn picture of the attractor for the Lorenz equations
is not in fact the whole of the global attractor. There are unstable fixed points
at the centre of the “eyes”, and their unstable manifolds will fill out these eyes.

15



4.3 Continuity properties of the attractor

We now show that the attractor cannot “explode”, a property known as upper
semicontinuity. This is a relatively easy result to prove, but essential in guar-
anteeing some stability for our notion of an attractor. We then discuss when it
is possible to show that the attractor does not implode.

4.3.1 Upper semicontinuity

We treat a semigroup So(t) with a global attractor Ap, and a family of perturbed
semigroups S, (t) with attractors A,. Such a situation could arise (for example)
by making small changes to the right-hand side of an ODE or changing the forc-
ing term in the Navier-Stokes equations. We first prove upper semi-continuity.
Since dist(A,, Ag) < € means that A, lies within a small e-neighbourhood of
Ap, it is clear that the result of the following theorem means that Ay cannot
“explode”.

Theorem 4.5. Assume that forn € [0,19) the semigroups S, each have a global
attractor A,, and that there exists a bounded set X such that

U 4,cx

0<n<no

If in addition the semigroups S, converge to Sy in that S, (t)x — So(t)z uni-
formly on bounded time intervals [0,T] and uniformly on bounded subsets Y of
H

sup sup |S,(t)ug — So(t)ug| — 0 as n— 0,
ug€Y tE[O,T]

then
dist(A,, Ag) — 0 as n— 0.
For similar results see Babin & Vishik (1992), Hale et al. (1988) or Temam
(1988).

Proof. Given € > 0 choose T such that So(T)X C N (Ao, €/2), which is possible
since A is attracting. Now choose 79 > 0 such that

sup sup [Sy(t)zo — So(t)xo| < €/2 for all 17 < 1.
te[0,T) zoeX

It follows that
A, = 8,(T)A, C S;(T)X C N(Ao,¢),

and we are done. O

Much use of this result has been made by Stuart and coworkers (see Stuart &
Humphries, 1997) to address the long-time approximation of dynamical systems
by numerical schemes.
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4.3.2 Lower semicontinuity

The result that would give full continuity would be that
dist(Ap, A,;,) =0 as 7 —0.

This is not known except in a few special cases. The most general result holds
for a generalisation of gradient (Lyapunov) systems, and is due to Humphries
(for antecedents see Hale et al., 1989). We give the proof here since the result
does not seem to be widely known in this form.

Theorem 4.6. (Stuart & Humphries, 1997). Let the assumptions of theorem
4.5 hold and in addition let Ay be given by the closure of the unstable manifolds
of a finite number of fized points, so that

Ao = [ WH(2).

ze€

Provided that the unstable manifolds vary continuously with n near n = 0 in
some neighbourhood of each fixed point, then the attractor is lower semicontin-
UOUS,

dist(Ao, A;) — 0 as n — 0. (4.3)
It follows that the attractor is continuous in the Hausdorff metric,
disty( Ay, Ag) — 0 as n — 0.

Proof. We need to prove (4.3), i.e. that within e of any point in Ay there is a
point in A, for all n < n*, with n* > 0. Since Ay is compact this reduces to
showing that there are points in A, within € of some finite set of points {x}}
in Ag. Since Ay is the closure of the unstable manifolds, there are points {y},
lying in the unstable manifolds in Ag, with

|$k —yk\ < 6/2.

We write y = So(tx)zk, with each z; within a small neighbourhood of the fixed
points. Since the set of {yx} is finite, t;, < T, for some T > 0.
Now choose ¢ > 0 such that

|z —u| <6 = |So(t)zr — So(H)u| <e/4  forall  te€]0,T],
using the continuity of Sy, and then pick 7 small enough (1 < 1) such that
|So(t)u — Sy (t)ul < e/4 for all u € N(Ap,9), t €]0,T].

Since the local unstable manifolds perturb smoothly, provided that 7 is small
enough (n < n* < ;) there are points 2/ in the unstable manifolds within A,
that satisfy

|z — 21 < 6.

17



It follows that

Sy ()2 — yil Sy (tr) 2y, — So(tr) 2kl
1Sy (tr) 2y, — So(tr)zl| + [So(tr) 2, — So(tr) 2k
e/d+e/d=c¢/2.

INIA

Therefore
1S(t)2] — 2] < e,

and since S, (t)z! € A,, we have obtained lower semicontinuity. Coupled with
the result of theorem 4.5 we now have continuity of A, at n = 0 in the Hausdorff
metric. 0
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Chapter 5

Gevrey regularity

One property of solutions lying on the attractor is that they are more regular
than arbitrary solutions. In particular, if the forcing function f is real analytic
then the functions lying in the attractor are real analytic, in a uniform way.

A function f(z) is real analytic [it can be represented locally by its Taylor
series expansion] if and only if its derivatives satisfy

DA < Mgl
for some M and 7. This motivates the definition of the analytic Gevrey class
D(eTAl/Q): this consists of functions such that

\eTA1/2u| < 400,

/24 . . . .
where 7 "4 is defined using the power series for exponentials,

X _n
e‘rAl/2 _ E LA"/Q
n!
n=0
Writing u as a Fourier expansion
_ Aigz
U= E uze

jez?

we have .
|e‘rA u|2 — § : eQT|j||uj‘2.
JEZ?
. . 1/2 . .
In particular, therefore, if u € D(e™ ") the Fourier coefficients of v must decay

exponentially fast.
Foias & Temam (1989) [see also Doering & Gibbon (1995)] showed that if

fe D(e"Al/z) for some o > 0 then u(t) is bounded in D(A1/2eTA1/2),

A2y < K forall ¢ >T,
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T and K depend only on |Du(0)].
We give the proof here, following Foias & Temam’s paper closely. We assume
the following result (which is lemma 2.1 in Foias & Temam (1989)):

Lemma 5.1. If u, v, and w € D(AeTA1/2) for some 7 > 0 then B(u,v) €
D(eTA1/2) and
|(eTA1/QB(u,v),eTA1/2Aw)|
S C‘GTA1/2A1/2U|1/2‘6TA1/2AU|1/2‘GTA1/2A1/2U||€TA1/2A’LU‘

for some ¢ > 0.

In order to make the notation more compact, we can write

(u.0)r = (o™ )
and Al/2 AL/2
(u,0))y = (AYV2e™ ", AV2e™4 7 0)).
The result of lemma 5.1 is now
|(B(u,v), Aw)| < el AY2ul}/2| Aul}/2| AV 20l | Aw,, (5.1)

cf. (1.8).

We now show:
Theorem 5.2. If f € D(e"Am) then fort < T(|f|s +|AY?u(0)]) we have

|AY 22Oy ()| < K(Iflo, [AY?u(0)])  forall 0<t<T,

where ¢(t) = min(o,t).
Proof. Taking the scalar product with Au (or u) in D(eTAl/z) leads to an equa-
tion for y = |AY?u|, like y < Ky3. Not only do the solutions of this equation
blow up in a finite time, but also we need to control |A'/?u(0)|, in order to
control |A'/?u(t)|,: we would need to start with analyticity in order to prove
it.

The trick to get round this is to define ¢(¢) = min(¢, o), and take the scalar
product of

%+VAU+B(U,U) =f

with €2¢®A% 4y to obtain

(i;" ew(t)Al/zAu) + V|e‘i)(t)‘41/2Au|2

= (e<15(t)Al/2f7 e¢(t)A1/zAu) _ (e¢(t)Al/2B(u,u),e¢(t)A1/2Au)
— (. Auy — (Blu,w), Au)

|flo|Aulg + C\A1/2u|z/2|Au|Z/2

v

1Al + el A2l Auf}

IA

IN

IN

v 2 c
ZM“@ + ;|f|§> + §|A1/2U|2-
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The left hand side of the equation we can bound as

<e¢(t)A1/2 % (DA Au)

= (Al/Q(i(ed’(t)Al/Qu(t)) _ (wAeaﬁ(t)A”Zu(t)’eaﬁ(t)Al/zAl/?u(t))

_1£\A1/2e¢<t>A”2u<t>|2 dd’( DAY A 4172

1 d dé
= i g 44
> 5@”““1@) — | Aulgs [ull o

2 v 2 1 2
> 5&”“%@) - Z|AU\¢@) - ;||UH¢(t)'

We therefore have

d 4 2 c
&|A1/2U|¢+V|Au|i < —IfIE A+ 1AV Rl + *3\A1/2U|?5
v v
4
< ;|f\¢+ "‘*|Al/2 ulg-

Now we can set
y(t) = 1+ AV 2u(t)5 ),
and we have

dy 3
—Z <K 2
3 S Ky (5.2)

with 4
¢
K=—|fl2+c+-.
v v
The solution of (5.2) is
1
y(0)=2 — 2Kt’
i

and so y(t) < 2y(0) for t < (4Ky(0)?)~L. Since ¢(0) = 0, we have

y(t) <

y(0) =1+ A 2u(0)?,
and so for t < T(JAY?u(0)|,|f|s), we have
A 2u(t)] < K (|AY2u(0)],|f,)-
O

It now follows that solutions on the attractor are uniformly bounded in
D(Al/ZefrAl/?):
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Corollary 5.3. The global attractor for the 2d Navier-Stokes evolution equa-

tion with periodic boundary conditions is uniformly bounded in D(Al/zeTAl/Q),

i.e. there exists a constant K such that if u € A then
|AY2e74 %y < K. (5.3)

In particular the attractor consists of real analytic functions.

Proof. The attractor is bounded in H*(Q), with |A'/?u| < M for all u € A. Set
T =T(M,|f|s). Since the attractor is invariant, if u € A then there exists a
uo € A such that v = S(T)ug. It follows from the above theorem that

|AY 29T S(TYuo| < K (M, |f|,).

Now set 7 = ¢(T) and K = K(M,|f|,), which gives (5.3). O
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Chapter 6

Finite-dimensional
attractors

6.1 Fractal (box-counting) dimension

The “fractal” dimension, which we will write as d¢(X), is based on counting the
number of closed balls of a fixed radius € needed to cover X.

We denote the minimum number of balls in such a cover by N(X,e). If
X were a line, we would expect N(X,¢) ~ e, if X a surface we would have
N(X,e) ~ ¢ 2, and for a (3-) volume we would have N(X,¢e) ~ ¢ 3. So one
possible method for obtaining a general measure of dimensions would be to say
that X has dimension d if N(X,e) ~ ¢~ 4. Accordingly, we make the following
definition. (The fractal dimension is also known as the (upper) box-counting
dimension! and the entropy dimension.)

Definition 6.1. The fractal dimension of X, ds(X) is given by

) log N(X,¢)
dr(X) =limsup ———=,
s(X) 250 Tlog(1/e)

where we allow the limit in (6.1) to take the value 4o0.

(6.1)

Note that it follows from the definition that if d > d¢(X), then for sufficiently
small €,
N(X,e) <e 2 (6.2)

The fractal dimension has the following properties:

LAt least in the finite-dimensional spaces R™ definition 6.1 is equivalent to the “upper
box-counting dimension”. The idea here is take a grid of cubes of side ¢ which cover R™,
and let N(X,¢€) be the number of cubes which intersect X. The dimension is then defined
exactly as in 6.1. Although these definitions coincide in R™, the “unit cube” [0,1]>° in an
infinite-dimensional Hilbert space has elements with arbitrarily large norm, so one cannot
“count boxes” in this context.
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Proposition 6.2. (Properties of fractal dimension).

(i) Stability under finite unions:

df(U Xk) S mkax df(Xk), (63)
k=1

(i) if f+ H— H is Holder continuous with exponent 0, i.e.

[f(x) = f(y)| < LIz —y|°, (6.4)

then dy (f(X)) < ds(X)/0,
(111) dp(X xY) <dp(X)+ds(Y), and
(iv) if X is the closure of X in H, then ds(X) = ds(X),

For more details see Eden et al. (1994), Falconer (1985 & 1990), C. Robinson
(1995), Robinson (2001).

6.2 Dimension estimates

There is an analytical method by which we can estimate the fractal dimen-

sion of the global attractor. The idea is to study the evolution of infinitesimal

n-dimensional volumes as they evolve under the flow, and try to find the small-

est dimension n at which we can guarantee that all such n-volumes contract

asymptotically. We will not give the analysis in detail, but merely in outline.
We will consider an abstract problem, written as

du
S =F@)  u(0) =,
with ug contained in a Hilbert space H, whose norm we denote by |- |. We

assume that the equation has unique solutions given by u(t;ug) = S(¢)ug, and
a compact global attractor A.

We want to start off with an orthogonal set of infinitesimal displacements
near an initial point ug € A, and then watch how the volume they form evolves
under the flow.

To study the evolution of this volume we have to study the evolution of a
set of infinitesimal displacements 6z (t) about the trajectory u(t). We suppose
that the evolution of these displacements is given by the linearised equation

v, _
o = Fumu  U©)=¢
which we write as aU
&= LEw)U)  U0)=¢ (6:5)

The validity of such a linearisation is one of the main points to check when
applying this theory rigorously. To this end we make the following definition:
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Definition 6.3. We say that S(t) is uniformly differentiable on A if for every
u € A there exists a linear operator A(t,u), such that, for all t >0,

sup |S(t)v — S(t)u — A(t,u)(v — u)|

—0ase—0 (6.6)
w,vEA; 0<|u—v|<e ‘U - u|

and sup ||A(t, u)]|op < 00 for each t > 0.
ueA

Although this is straightforward to check for ordinary differential equations,
its proof in the PDE will often involve technical difficulties.

Heuristically speaking the growth rate of each infinitesimal displacement
sz will be related to the eigenvalues of L. In particular, the length of an
infinitesimal displacement in the A-eigendirection is e’ d(0) at time ¢: the growth
rate is A, attached to the eigen-direction of L with eigenvalue A. The size of a
small 2-volume with sides in two different eigendirections would be

e()\1+)\2)t,

and so the growth “rate” is A\; + A2. The growth rate of an n-volume made of
infinitesimal directions in n eigendirections would be

A+t .

If we can makes sure that this growth rate must be negative then we know that
n-volumes contract. It is true, although by no means immediate, that if all
n-volumes contract then the dimension of the attractor must be smaller than
n. In the finite-dimensional setting this result is due to Douady & Oesterlé
(1980), while in the infinite-dimensional case it was proved by Constantin &
Foias (1985) and Constantin et al. (1985).

To extract the “growth rate”, we consider

Z ¢, L (t; uo (by) (6.7)

Jj=1

over all possible orthonormal collections of n elements {quJ _, of H. The idea
is, essentially, that the maximum over all choices of ¢; gives the largest possible
growth rate, i.e. the sum of the n largest eigenvalues of L. A more compact
notation for (6.7) is

Tr(L(t;u0) P),

where Tr denotes the trace in H and P is the orthogonal projection onto the
space spanned by the {¢;}"_;

The following theorem is given in a form suitable for calculations. We denote
by (f) the time average of f(t), namely

(f) = limsup = / 1(s

t—oo
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Theorem 6.4. Suppose that S(t) is uniformly differentiable on A, and there
exists a to such that A(t,ug) is compact for all t > to. If for some n we have

sup sup ¢, L ®i) ) <0
’LLOEA <{¢ }J 1; ! >

for any choice of n orthogonal elements {¢;} of H, then ds(A) < n. [Here u(t)
is the solution through ug.]

[The result of Constantin & Foias gives ds(A) < 2n and dg(A) < n (where dg
denotes the Hausdorff dimension); this was improved by Hunt (1999, Appendix
B in Robinson 2001 , see also Chepyzhov & Ilyin, 2001) to show that d¢(A) < n.
Constantin, Foias, & Temam in fact developed the ‘trace formula’ for dimension
estimation: the important quantity is in fact

sup sup (Tr(L(t;u) P™ (1)),
up €A P(n)(0)

where P(™) (t) is the projection onto the space spanned by the solutions
{62V (t),..., 62" (1)}

Requiring a bound on the trace over all fixed projections P(™) for each t leads to
the formulation of theorem 6.4. An alternative method is given in Mallet-Paret
(1976).]

Before we apply this result to give dimension bounds for reaction-diffusion
equations and for the Navier-Stokes equations, we will need an auxiliary lemma
which gives a lower bound on

n

> (05, —Ag)),

Jj=1

valid for any choice of n orthogonal elements of H.
Indeed, we use exactly this idea in the next lemma, which gives a bound on
this quantity over all choices of ¢; when L(t;ug) = —A.

Lemma 6.5. For any choice of n orthogonal elements {; iy of L2(Q),

n n

D IDG; P = (¢5 — Agy) = CL™mplm+2/m, (6.8)

j=1 j=1
The same result is also valid for any bounded C? domain Q C R™.

Proof. Write A = —A, and denote its orthonormal eigenfunctions as w;, with
corresponding eigenvalues A; ordered so that A\; ;1 > A;. We show first that

Z@A@zz (6.9)

Jj=1
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We rewrite the left-hand side of (6.9), expanding the ¢; in terms of the eigenbasis
{w;}, and obtain

M=
WK

Tr(AP,) = Akl (65, w)]?

<
Il
—
o>~
Il

=1

)\k<2| b, wi)| >
=1

I
NN

B
Il
—

Now, since |¢;| = 1 we have

SO lwk, ¢5)1* =,

j=1k=1

and since {¢;} are orthonormal but do not span H we have

Z ‘(wk7¢j)|2 S 1.

j=1

(6.9) now follows.
The explicit bound in (6.8) follows easily, using the property of the eigen-

values of the Laplacian
Cj2/m, < Aj < CjQ/m,

since then
n

Do 2 €3S /O < e
j=1 j=1

O

6.3 Dimension estimate for the 2d Navier-Stokes
equation

We first state the differentiability result.

Theorem 6.6. The solutions of the Navier-Stokes equations in 2d satisfy (6.6)
with A(t;up)€ the solution of the equation
dU

VAU + B(uwU) + BUu) =0 U(0) = ¢. (6.10)

Furthermore, A(t;ug) is compact for all t > 0.

For a proof see Constantin & Foias (1985), Constantin et al. (1985), Temam
(1988), or Robinson (2001).

With the differentiability ensured we can apply the trace formula to find a
bound on the dimension.
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Theorem 6.7. The attractor for the 2d periodic Navier-Stokes equations is
finite dimensional, with

dy(A) < (| Dul?.)">. (6.11)

= )\1/2

The result, due to Constantin et al. (1985), is also valid as stated for Dirichlet
boundary conditions.

Proof. The correct form of the linearised equation is given in (6.10), and so
L(u)w = vAw — B(w,u) — B(u,w).

Thus the time-averaged trace (P, L(u(t))) is bounded by

Par) = (L0

=1
n

- —<Z(_VA¢J"¢J')> - <ZZ b(¢j,u,¢j)>.

j=1

In order to bound the contribution from the nonlinear term we could proceed
using the standard bound on b(u,v,w) in (1.7), which leads to an estimate
similar to (6.11) but with a factor of v? rather than v.

However, a better estimate can be obtained as follows. Note that we have

S b(65u,65) /ZZ@ZMk@m>
j=1

Jj=14,k=1

and we have for each z € Q

1/2
2 n /

2 2
> 6@ 2 @) < [ XD on@? ) [ X

ik=1 i=1 j=1 i,k=1

8uk
8951

It follows use the Cauchy-Schwarz inequality that

D b(65,u,65)| < |Dullplz2,

j=1
where )
2) =YY bjla)
i=1 j=1

An inequality due to Lieb & Thirring (1976), adapted appropriately to this case
(details are given in Temam, 1988) allows us to bound |p|.2 by

o7z < e D[

J=1
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It follows that
1/2

PoL(u) < —v Y |Dg;* +elDul | Y 1Des* |

=1 =1

and so, using the Cauchy-Schwarz inequality we obtain
v — c
2 2
muwg—gin@|+ij.
=

Now taking the time average and using lemma 6.5 we obtain
(PL(u)) < ~5n® + (| Dul)*.
2 v
We therefore have (P,L(u)) < 0 provided that n > A;“/?v=1(|Du|?)"/? as
claimed. O

In order to make the dimension estimate more explicit, we define the dimen-
sionless Grashof number G, which measures the relative strength of the forcing
and viscosity by

_ e

G =
VQ)\l ’

and estimate (|Du|?) in terms of G.
Returning to the equation (2.1) that we obtained on the way to finding an
absorbing set in L2,
1d
2 dt
we can use the Poincaré inequality and Cauchy-Schwarz inequalities on the
right-hand side to obtain

[ul* + v|Dul? < | fl[ul (6.12)

1d, o 2 -1/2 If? v 2
—— Dul® < X Dul < ——— + —|D
53+ VDl < XTPfIDu] < 5s 4 2Dl
and so q 12
2 2
— Dul* < =—.
gl el < Oy

Integrating between 0 and ¢ we obtain
! 2 2 2 t[f]?
v [Du(s)[* ds < (Ju(0)* = [u(t)]?) + —5—
which gives

lim sup (| Dul?) < ik .
t—o0 - 1/2A1

Therefore

c Al /]
< — = .
df(.A) > /\i/QV 1/)\}/2 CVQ)\l cG

‘We have shown:
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Theorem 6.8. The global attractor for the 2d Navier-Stokes equations is finite-
dimensional, and

df(.A) <cG.

This is the best bound in the case of Dirichlet boundary conditions. By
working with the equation for w = V Aw and using the identity (B(u,u), Au) =
0, Constantin et al. (1988) were able to improve this for periodic boundary
conditions to

ds(A) < eG?3(1+1og G)M3. (6.13)

This bound is known to be sharp (see Babin & Vishik (1988), Liu (1993), Ziane
(1997)).

6.4 Reflecting the lengthscales in the forcing

Note that G reflects only the amount of energy being put into the flow, and
says nothing of the scales at which the energy is supplied. The following simple
calculation, inspired by the paper of Olson & Titi (2003), shows that it is in fact
possible to improve on the estimate in the Dirichlet boundary condition case,
and on the estimate (6.13) in the periodic case when the forcing is at very small
scales, by making a small modification to the above argument (see Robinson
2003). If we estimate (|Du|?) from

d, 9 2 Hf”%
< .
dt|u\ + v|Du| »

(this was (2.3)) rather than from (6.12) as above, then we obtain (the argument
is similar)

<|Du|2> < ||fH2—1 _ )\11/2G2

= 1/2 *9

where now we have defined an alternative Grashof number G, based on || f||-1,

=
G, = VR
V2]
It follows that
df(.A) S CG*.

We have already shown in (2.4) that || f]l. < )\1_1/2|f\L2, and it follows that
G. <G.

6.4.1 The ‘effective lengthscale’ of the forcing

In the case of periodic boundary conditions, the eigenvalue corresponding to the

(un-normalised) eigenfunction e?™& /L ig
472 |k|?
Ak = &) ;
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it follows that )\,;1/ 2, which has the dimension of a length, is essentially the
lengthscale on which the eigenfunction varies. Carrying this idea over to the case
of Dirichlet boundary conditions, it is a convenient and suggestive shorthand to
describe a forcing of the form

= fu (6.14)

k1<j<ko

as being confined to lengthscales between )\,;11/ % and )\,;21/ % it is clear from (2.4)
that for a forcing of this form

NP Ul < UFle < 221 f e (6.15)

More suggestively one can say that if the forcing is confined to lengthscales
between l,in and [y, then

lmin‘f| < ”f”* < lmaX|f|~

/2

Using l.ef = )\fl as a reference length, this gives

boin 2 < @, < e
lref ref

Returning to (2.4), the ratio ||f]|?/|f|*> appears as an average of squared
lengthscales, weighted according to the amount of energy injected at each scale.
Accordingly, it is natural to define an effective lengthscale of the forcing by

legt = [1fIl+/1f1,
in which case the relationship
le
G, ="q (6.16)
lref

is essentially a tautology. (Ratios of successive Sobolev norms have already been
used to define lengthscales; for example, a whole hierarchy of lengths is defined
in Doering & Gibbon (1995) using (essentially) the ratios of successive norms
of the solution u.)

Note that this implies that the dimension of the attractor is less than one if
the forcing is applied at sufficiently small scales. Since the attractor is a compact
connected set, this in fact implies that the attractor is a point (Falconer, 1985),
so that the dynamics is trivial (no matter how ‘complicated’ the forcing is at
these scales).

6.5 Physical interpretation of the attractor di-
mension

One way of interpreting the physical significance of an attractor is as a means
of giving a rigorous notion of the number of independent “degrees of freedom”
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of the asymptotic dynamics of the system. Following Doering & Gibbon (1995)
[also Constantin et al. (1988)] we relate this estimate to a lengthscale in the
underlying physical problem

Suppose that there is a smallest physically relevant length-scale [ in the
problem, the idea being that interactions on scales of less than [ do not affect
the dynamics (for example, in fluid mechanics the viscosity has a large effect on
the very small scales, and we hope that this means that fluctuations on these
scales have negligible effects). A heuristic indication of the number of degrees
of freedom would then given by how many “boxes” of side [ fit into 2,

Nheuristic ™~ |Q|l_m .

If we assume that npeuristic is & good estimate of the true number of degrees of
freedom, and in turn (!) that this is well estimated by the attractor dimension,
we can isolate a length scale, given in terms of d,(A) by

I~ (dlﬂ))um. (6.17)

Notice that tighter bounds on dy(A) raise the estimate of the smallest length
scale. Recall that the best current estimates for the dimension of the 2d Navier-
Stokes attractor are

ds(A) < eG?3(1 +1og G)V/3 (6.18)

in the case of periodic boundary conditions, and
df (A) <cG

in the case of Dirichlet boundary conditions, both due to Constantin et al.
(1988a) [a simpler proof of (6.18) can be found in Doering & Gibbon (1995)].

What is remarkable about the bound in (6.18) is that, using our “very heuris-
tic” estimate in (6.17), it corresponds to a length scale [ which satisfies

! ,
I~ G713, (6.19)

to within logarithmic corrections (L denotes the size of one side of our 2D pe-
riodic domain). The length scale in (6.19) is precisely the “Kraichnan length”,
derived by other (also heuristic) methods as the natural minimum scale in two-
dimensional turbulent flows (see Kraichnan, 1967). This links the rigorous ana-
lytical bound on the attractor dimension with an “intuitive” estimate from fluid
dynamics.
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Chapter 7

Embedding theorems and
finite-dimensional dynamics

What does it mean for a set to be finite-dimensional? And, in particular, what
does it mean for the attractor of a PDE (or ODE) to be finite-dimensional?

7.1 Embedding and parametrisation

We will show that, if k is large enough (roughly twice the dimension of the
attractor), then the attractor can be embedded into R¥. This result can be
considered in two ways. Firstly, the idea is that we can take the attractor
“out” of the infinite-dimensional space and map it, using some linear map L,
homeomorphically onto a subset of R¥. This makes sense of the idea that A
is a finite-dimensional set. Secondly, and perhaps more importantly, it follows
that L™! provides a way of parametrising the attractor using a finite set of
coordinates. We will make use of both interpretations in what follows.

The following theorem is due to Hunt & Kaloshin (1999). The first such em-
bedding result for arbitrary finite-dimensional sets was proved by Mané (1981).
Ben-Artzi et al. (1993) showed that the inverse of the projection is Holder con-
tinuous in the finite-dimensional case, along with strict bounds on the Holder
exponent. Foias & Olson (1996) subsequently proved that the inverse of the
projections is Holder continuous in the infinite-dimensional case, but without
bounds on the Holder exponent, and Hunt & Kaloshin introduced the notion of
the ‘thickness’ of a set and gave the strict bounds on the exponent given in the
following theorem.

In the statement of the theorem, the “thickness” of X, 7(X), is given by

) logd(X,e)
X) = limsup —2—~—
7(X) msup S e

where d(X, €) is the minimum dimension of all finite-dimensional subspaces, V,
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of B such that every point of X lies within € of V. [Foias & Olson implicitly
use the bound 7(X) < dy(X) in their proof.]

Note that the following alternative definition (whose equivalence is proved
in Kukavica & Robinson, 2003) is often more useful in applications: let X be
a subset of a Banach space B, and denote by ez(X,n) the minimum distance
between X and any n-dimensional linear subspace of B. Then

7(X,B) = lim — 08"

_ 7.1
noo log (X, n) 1)

Theorem 7.1. [Hunt & Kaloshin] If X is a compact subset of a Banach space
B then, provided that D is an integer with D > 2d¢(X) and
D — 2d;(X)

< DaT+x)

a dense set of linear maps from B into RP have the following properties:
(i) they are injective on X, and

(ii) their inverse is Holder continuous from LX into X with exponent 0,
L7z — L7 Yy| < Clz —y|® for all x,y € LX. (7.2)

(We note here that their result is in fact slightly stronger: in a Hilbert space
the factor of 7 in the denominator can be changed to 7/2, while they in fact
obtain a “prevalent” set of linear maps with this Holder property, see Hunt et
al. (1992).)

It is relatively easy to show that if X is a compact subset of L?(Q) that is
bounded in H¥(Q) then 7(X) < d/k when  C R%, see Friz & Robinson (1999).

7.2 A proof in the finite-dimensional case

We will prove an analogous (though weaker) result for subsets of a (large) finite-
dimensional space. The proof is based on that in Eden et al. (1994).

Theorem 7.2. If X is a compact subset of RN with dg(X) < d (d € N) then
there exists an orthogonal projection P, of rank 2d + 2, which is injective on X,
and whose inverse is continuous on PX.

The theorem is a corollary of the following result.

Proposition 7.3. If Y is a compact subset of RN with dg(Y) <k < N —3
then there exists an orthogonal projection P, of rank k + 2, with

Ker PNY = {0}.

Given this proposition, the proof of theorem 7.2 is straightforward:
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Proof. (Theorem 7.2) Let
Y=X-X={z1—22: 21 €X, 22€ X}.

Then since d;(X) < d, we have d;(Y) < 2d (by results from proposition 6.2).
By proposition 7.3 there is an orthogonal projection P, of rank 2d + 2, with

ker PNY = {0}.
Thus, if 21,22 € X, P(z1 — 22) = 0 implies that 21 — 25 =0, i.e.
Pz = Pxsy implies that T1 = Zo.
so P is injective on X.

To show that the inverse is continuous, suppose not. Then there exists a
sequence {r,} € PX with 2, — y € PX but |[P 'z, — P71y > 0 > 0.
However, P~ 'z, € X, and since X is compact there exists a subsequence Tn,
such that P’lzz:nj — 2. Since P is continuous, it follows that x,, — Pz. Since
P is injective, it follows from Pz = y that z = P~ !y, which is a contradiction.
So P~ is continuous on PX. O

To prove proposition 7.3 we need the following simple lemma.

Lemma 7.4. LetY be a compact subset of RN with d;(Y') < N —3. Then there
exists a unit vector b such that b ¢ RY (i.e. b # ay for anya >0,y €Y ).

Proof. (Lemma ??) df(RY) < N —2, but dy({b: |b|=1}) =N — 1. O
Proof. (Proposition 7.3) By lemma 7.4, there exists a unit vector a ¢ RY. Then
if
Q1 =1-aa”, where (aa®)z = a(a,x),

suppose that y € ker Q1 NY; this means that

(a,y)a =y.
But a ¢ RY, so y = 0. Thus

ker@Q; NY = {0}.

We now proceed by induction. Suppose that we have an orthogonal projector
Q. of rank N —m, with
ker@Q,, NY = {0}

and k < N —m — 3. We apply lemma 7.4 to Q,,RY ~ RV~™ 5o that there is
a unit vector a ¢ R[Q,,Y], and consider

Qm+t1 = Qm —aa™.
Again, if y € ker Q41 NY, we have
Qmy = (a,y)a,
and as before this implies that y = 0, so that
ker Qm+1 NY = {0}.

Thus we obtain, by induction, a projection as in the statement. O
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7.3 Finite-dimensional dynamics?

Since the attractor can be parametrised by a finite number of parameters, and
(equivalently) can be ‘faithfully represented’ in a finite-dimensional space R24+1,
it is a natural question whether one can construct a finite-dimensional dynamical
system which has an attractor on which the dynamics are ‘the same’ as those
on A. In this sense, the question is whether the dynamics are in some sense
‘asymptotically finite-dimensional’. We can make this precise in the following
rather wordy definition.

Definition 7.5. The dynamics of S(t) are asymptotically finite-dimensional f
for some k, comparable to ds(A), there exists a map ¢ : H — RE which is injec-
tive on A, and a smooth ordinary differential equation on R¥ with corresponding
solution operator T'(t) and global attractor X, such that the dynamics on A and
X are conjugate under ¢, i.e.

Tt)|x =poS(t)opt

An ordinary differential equation is here understood to be ‘smooth’ if its solu-
tions are unique and depend continuously on the initial conditions (e.g. & = f(x)
with f locally Lipschitz). [This question was first raised explicitly in Eden et
al. (1994). Some partial results can be found in Robinson (1999) and Robinson
(2001). Romanov (2000) makes a similar definition, dropping the requirement
that X is the attractor for T'(¢), but requiring ¢ to be bi-Lipschitz. He obtains
some nice general results about such systems.]

In general, such a result is unknown.

7.3.1 Inertial manifolds

One situation in which it is guaranteed is when the equation admits an inertial
manifold. An inertial manifold M for a general evolution equation

du
— 4+ Au= f(u
i fu)
is a finite-dimensional, positively invariant Lipschitz smooth manifold which
exponentially attracts all trajectories (Foias et al., 1985 & 1988), so that

S(t)M c M dist(S(t)ug, M) < C(ug)e .

In order to describe the results further, we assume that A is a positive,
linear, self-adjoint operator with compact inverse, and f is a Lipschitz function
from D(A®) (the domain of A%) into H, for some 0 < a < 1. Since A has a
compact inverse, there is a set of orthonormal eigenfunctions {w,} of A with
corresponding eigenvectors \,,, which one can order such that

Awn = Anujn An-i-l > )\n An — 00,
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see Renardy & Rogers (1992), for example. One can define the finite-dimensional
projection operators P, and their orthogonal complements @, by

n (o)
Pyu= Z(u, w;)w; Qnu = Z(u, wiw;j,
1 n+1

where (-, -) is the scalar product in H.
All current existence proofs give the manifold as a Lipschitz (or smoother)
graph over one of the finite-dimensional subspaces P, H, i.e.

M={p+é(p):pePH} (7.3)
For a general evolution equation
Wt Au= (), (74)

restricting the flow from (7.4) to the manifold given by (7.3) immediately yields
the set of ordinary differential equations for p = Pu,

D Ap=PI(p+ o). (75)

Since p € P,H ~ R"™ and ¢ is Lipschitz, it follows that (4.3) has unique solu-
tions (see Hartman (1964), chapter II, theorem 1.1, for example). Clearly the
solutions of (4.3) on P,.A are precisely those projected down from A, i.e.

p(t) = PuS(t)[p(0) + ¢ (p(0))],

and since M is an invariant manifold in H, P, A is the global attractor for (4.3).
This is exactly a system of the kind specified in (2.3), since P, 1z is given by
x + ¢(x).

However, there are two problems with the inertial manifold approach. Out-
standingly, the conditions known to be sufficient to prove the existence of such
an object are restrictive: essentially a large gap is required in the spectrum of
the linear operator A,

Ang1 — An > CAY .

Although this is satisfied for some interesting examples (e.g. the Kuramoto-
Sivashinsky equation (Temam, 1988; Foias et al., 1988b; Temam & Wang, 1994),
the Ginzburg-Landau equation (Temam, 1988), and reaction-diffusion equations
in space dimension 1 (Temam, 1988) (and some special domains in dimension 2
and 3, Mallet-Paret & Sell (1988)), there are many situations in which one can
prove the existence of a finite-dimensional global attractor but not (at present)
of an inertial manifold - of greatest interest, perhaps, are the 2d Navier Stokes
equations.

Secondly, the dimension of the inertial manifold, and hence of the differential
system (4.3) can be much greater than that of the attractor. For example, for
the Kuramoto-Sivashinsky equation

Ut + Ugzgr + Uge + ULy =0 ’LL(.TJ + L7t) = U;(.T,t)
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the best estimate of the dimension of the attractor is d(X) ~ L*?7® (Temam,
1988; Collet et al., 1993), whereas the best estimate of the dimension of the
inertial manifold is dim M ~ L'%4(In L)%? (Temam & Wang, 1994).

7.3.2 The Foias-Temam conjecture

The existence of an inertial manifold for the 2d Navier-Stokes evolution equation
is an important open problem, and related to the following conjecture due to
Foias & Temam:

Conjecture 7.6. For some N < 0, solutions on the attractor of the 2d Navier-
Stokes equations are determined by their first N Fourier modes, i.e. if

Pyu = Pyv with u,v € A
then in fact u = v.

We note here the following simple result.

Proposition 7.7. Suppose that A is Lipschitz continuous on the attractor,
|Au — Av| < L|u — v| for all u,v €A

for some L > 0. Then conjecture 7.6 is true. In fact the attractor is a subset of
a Lipschitz manifold given as a graph over Py H for some N.

Proof. Write w = u — v for u,v € A. If A is Lipschitz continuous from .4 into
H then
|Aw| < Ljw|

for some L. Now split w = P,w + @Q,w, and observe that we have both
[Awl* = [A(Pow + Quw)[* = [A(Pyw)]? + |A(Qnw)* = A7 11 1Qnw|?

and
|Aw|* < L*|w|* < L?|Pow|* + L?|Qnw|*.
Since A, — 00 as n — oo, we can choose n large enough that \,;; > L, and

then write
A1 — LPQuwl® < L*|Pyw]?,

L2 1/2
|Qnw| < m | Powl.

i.e.

It follows that we can define ®(P,u) = @,u uniquely for each u € A, and then

L2 1/2
|<I>(p1) - (I)(p2)| < (/\QH_LQ> |P1 —PZ‘»

so that the attractor is a subset of a Lipschitz graph over P, H. O
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The smoothness of A on A can be related to the regularity of functions in
A, as the following simple result shows: if A is bounded in D(A'*™) then A is
Hélder continuous on A.

Lemma 7.8. If A is bounded in D(A"),

sup |[ATu| < K
u€A

then
|A(u — )| < (2K)Y |y — |7/ O+, (7.6)

Proof. Setting w = u—v write w = Y ¢,wy,, where {w,,} are the eigenfunctions
of A, and then

o0
[Aw|* =3 " A2 en|”.
n=1

Now use the Hélder inequality with p = (1 +r)/r and ¢ = 1 + r, so that

oo 9] 1/(14r)
[Aw]* < (Zm%”“*”) (Z|An|2“+">|cnl2>
n=1 n=1
_ |,w|2r/(1+r)‘A1+rw|2/(l+r)’
which gives (7.6). O

In the light of proposition 7.7 the following result is extremely frustrating.
It says that if the attractor is bounded in a Gevrey class then A is Lipschitz to
with logarithmic corrections.

Lemma 7.9. Suppose that A is bounded in D(Al/QeTAl/z). Then A is almost
Lipschitz on A: for some ¢ > 0,

|Au — Av| < c|u — v|(log |u — v])%.

[A similar result holds if A is bounded in D(eTAl/Q) with slightly more messy
algebra.|

Proof. If u="73 ujw; € D(A1/2GTA1/2) then

1/2

oo
= > eyl

|A1/2e‘rA1/2u‘2

— (27)F = | 14(k/2
- Z K ZAj W2y 2
I =

> k



In particular we must have

| AFuf? <

It therefore follows from lemma 7.8 that

Ay 1/25 .
|Au — Av| < (((243))40 = o=/,
T

Certainly (4;)! < (45)* and so we have
|Au — Av| < Cj2|u — vt =/,

Now if we try to minimise the right-hand side over all possible choices of j we
get j = —1log|u — v|, and so
|Au — Av| < Clu — v|(log |u — v])?

as claimed. 0

7.4 Partial results

Here we assume that the PDE can be rewritten in the very abstract form

du

If we assume that the 2d NSE attractor is bounded in D(A3%/2), for example
(which is true if f € D(A)) then A is Holder on the attractor (by Lemma 7.8).

7.4.1 The construction of Eden et al.

In their monograph on exponential attractors, Eden et al. (1994) obtain a dif-
ferential system
i =F(z) = —a(z —v(z) + f(v(z)) (7.7)
for which X = LA is an exponential attractor (attracting at an exponential rate
«), and on which the dynamics agree with those projected from A.
The function f is defined for y € X by f(y) = LF(L™'y), and v(x) maps
any point & € R* to one of the points y € X such that

|l —y| = dist(z, X).

Thus the first term of (7.7) forces X to be attracting, and the second term
reproduces the dynamics on A.

In general such a function v is only continuous at points where the “closest
point” v(x) is unique. Thus solutions of (7.7) have to be defined as solutions of
the corresponding integral equation

z(t) = zo —l—/o F(z(s))ds,

and these cannot be guaranteed to be unique, even on X.
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7.4.2 An ODE without uniqueness

Here we will need the following extension theorem. It guarantees that a con-
tinuous function defined on closed subsets of R¥ has a continuous extension to
the whole of R*, with essentially the same modulus of continuity. In particular,
Lipschitz [Holder] functions have Lipschitz [Holder] extensions (set w(r) = Cr?).

Theorem 7.10. Let X be a compact subset of R™, and f a continuous function
from X into RF such that

[f (@) = f(y)] < w(lz—yl), (7.8)
where w, the modulus of continuity of f, is convez, i.e.
w(r+s) <w(r) +w(s). (7.9)

Then f has a continuous extension F : R™ — RF which satisfies

|[F(x) = F(y)l < (VE)w(|z — y). (7.10)

One can always find such an w for a continuous function defined on a compact
set. The result of the theorem can be extended to cover a function defined on
a closed subset of R™, provided that f satisfies (7.8) and is globally bounded

(£l < 00).
Proof. Tt follows from (7.8) that
[fi(2) = f3(@)] < w(lz —yl) (7.11)

for each component of f. We extend each component in turn preserving this
property, and then combine them to give an extension of f itself. Set

Fi(y) = jg@([fj(x) —w(lz =yl

First, note that if x,y € X then

Fj(z) = Fi(y) + w(lz —yl) < [fi(z) = fi(y)] —w(lz —y]) <0,

and so F;(y) = f;(y). To show (7.10), we use (7.9),

Fy(y) = Fy(2) = suplf;(@) = (| = yl)] = sup[fj(w) = w(w - 2|)]
< suplfy(e) = w(lz =yl = f(e) +w(lz — =)
< suplw(lz — 2]) — w(|z —yl|)]
zeX
< w(lz -y,

giving (7.11) for each F;. Combining these inequalities yields (7.10) for F. [
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We will show that there is a finite set of ordinary differential equations,
with dimension comparable to that of the global attractor, which reproduces its
dynamics. However, these ODEs do not have unique solutions, so we cannot
really speak about the “dynamical system” they generate, nor the corresponding
attractor (as required by our definition of ‘asymptotically finite-dimensional’).

Theorem 7.11. Let S(t) be the semigroup generated by the PDE
du/dt = F(u), (7.12)

where F(u) is [Holder] continuous from A into H [with Hélder exponent o].
Suppose that S(t) has a global attractor A, with ds(A) < d. Then, for any
k > 2d+ 1, there exists a system of ordinary differential equations in R¥,

dz/dt = f(z), (7.13)

where f : R¥ — R¥ is [Hélder] continuous, and a bounded linear map L : H —
R*, which is injective on A, such that for every solution u(t) of (7.12) with
u(t) € A there is a solution z(t) of (7.13) such that

u(t) = L™ x(t)]. (7.14)

Proof. Theorem 7.1 guarantees that there exists a bounded linear map L from
H into R¥, which is injective on A and has a continuous inverse on L.A. Now
consider the ODE for « € LA obtained from the equation on A4,

&= LF(L ).
Now, the function f : LA — R¥ given by
fla) = LF(L™"2)

is certainly continuous. If we have assumed Hélder continuity of F', then f is
also Holder, since we can use (7.2) to write

[f(x) = f(y)l |LF(L™ 2) — LF(L™"y)|
1L flop| F (L™ ) = F(L™y)]
K| Lllop| L™ e — L™ y[*
CK || Lllopla —y|*.

INIAIA

One can then use theorem 7.10 to extend f to a function f : R¥ — R¥, which
is [Holder] continuous and bounded. Then we have a system of ODEs

i=f(x) xRk (7.15)

with a [Holder] continuous right-hand side, and solutions which exist for all
time, since f(z) is globally bounded.

However, the solutions of (7.15) may not be unique, as f is only [Holder]
continuous, not Lipschitz. Nevertheless, by construction, we have ensured that
one of the solutions of (7.13) through xzy = Lug with uy € A will be precisely

x(t) = Lu(t).
This guarantees (7.14). O
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Note that we have that LA is “weakly invariant”, in the sense that for any
initial condition zy € LA we cannot guarantee that x(¢) remains in LA, but we
do know that there is at least one solution x(¢;x¢) which remains in LA (see
Bhatia & Szegd (1967) for some discussion of such sets).

7.4.3 A discrete time result

A more successful, but still partial, result is the following. Details are given
in Robinson (1999 or 2001); the proof relies on topological properties of the
attractor.

Theorem 7.12. Let A have finite fractal dimension, df(A) < d. Then given
T >0 and e > 0, for any k > 2d + 1 there exists a bounded linear map L : A —
RE, injective on A, and map f from RF into itself, such if X = LA then

(i) the dynamics on A and X are conjugate under L, i.e.
flx=LoS(T)o L™,

and

(i1) the global attractor for the discrete dynamical system generated by f, Xy,
satisfies
Xy CN(X,e),

and has X as an invariant subset.
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Chapter 8

Determining nodes

Although the attractor is finite-dimensional we have seen that it is hard to give
sense to the intuitive idea that the dynamics should be finite-dimensional. In a
paper from 1967, Foias & Prodi showed that the dynamics are ‘determined’ by
a finite number of Fourier modes, in that if u(¢) and v(t) are two solutions of
the Navier-Stokes equations, and for N sufficiently large

|Pyu(t) — Pyou(t)| — oo

then in fact |u(t) — v(t)| — oo.

It is as important to stress what such results do not say as what they do
say. If you take two solutions of the full equations and know that the P modes
are converging, you can deduce that the full solutions are converging. However,
it does not say that the solutions of the P-mode Galerkin truncation determine
the solution; nor that knowledge of the P modes at any instant will determine
the full solution. Improving the bounds on the number of modes required to be
determining has been an active area of research, and in a series of papers Jones
& Titi reduced the bound to N ~ G in the case of periodic boundary conditions
[this bound is derived in Jones & Titi (1993)].

In this chapter we prove a similar result, but replacing the finite number of
modes by a finite number of nodal values. This idea was introduced by Foias &
Temam (1984), the bounds improved through a series of papers, Foias & Titi
(1991), Jones & Titi (1992a), until the best current results which are due to
Jones & Titi (1993) [this paper gives the best bounds for determining modes,
nodes, and (see later) volume elements.]

We choose a finite set of points, or nodes, in Q = [0, L], N' = {x,}, and set

d(N) = supmin |z — z;],
xeQ) J

so that for every x € Q) there is an x; such that

|z — x| < dN). (8.1)
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We say that A is a set of determining nodes, if, whenever

sup |u(z;,t) —v(zj,t)| — 0
J

we have

sup |u(z,t) — v(x,t)| — 0. (8.2)
€N

Since, by Agmon’s inequality in 2D,
[ulloe < clul|Aul,

and we know that there is an absorbing set in D(A) (2.16), it suffices to show
that

|u(t) — v(t)] — 0. (8.3)
In fact, we will show that

[u(t) = o(@)] — 0,

which clearly gives (8.3) (and hence (8.2)) since |u| < A™/2||u]|.

Fundamental to the proof is the following lemma, relating a bound on w|x
to a bound on ||w| . The improvements to the result in Jones & Titi (1993)
rely in part on better estimates of norms of w in terms of  and d(N).

Lemma 8.1. If w € D(A), and we set

n(w) = max [w(z;),
then
lw]|oo < n(w) + cLl/Qd(N)1/2|Aw|. (8.4)

Proof. Recall the Sobolev embedding theorem H?(Q) ¢ C%1/2(Q), where C%'/2(Q)
is the set of continuous functions on ) with Holder exponent one half; since
D(A) C H?, and

[ull 72 < | Aul

(this follows straightforwardly in the case of periodic boundary conditions) we
have
w(z) —w(y)| < cLY?|Aw||z — y|'/>.

The expression (8.4) follows immediately from this and the definition of d(N)
and n(w). O

We now use this expression to study the time evolution of ||w(t)||, where
w(t) = u(t) — v(t), the difference of two solutions, and prove:

Theorem 8.2. (Determining nodes). There exists a 6 > 0 such that, if d(N') <
8, N are a set of determining nodes.

In the proof we use the existence of an absorbing set in D(A), which we have
not proved in these notes.
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Proof. The equation for w(t) = u(t) — v(¢) is

C(%) + vAw + B(u,w) + B(w,u) — B(w,w) =0,

and taking the inner product of this with Aw and using b(u,u, Au) = 0 (1.6)
and the three-term identity

b(u, w, Aw) + b(w, u, Aw) + b(w, w, Au) =0

which follows by differentiating, we obtain
—— ||w|]® + v|Aw|?* = b(w, w, Au).

Using the bound on b given by (1.9), we can write
1d 9 9
577 lwl” +v[Aw]” < flw]le [|wl]|Aul

2dt
< [n(w) + L 2dN)Y?| Aw|] w]]| Au|
< n(w)|w]|Aul + L 2dN) 2N Aw|?| A,

so therefore

1d —1/2
L2 4 — ey VL2 2 A o < ) o] A

Now, we know that we have absorbing sets in V' and D(A), so that for large
enough ¢
[Aul < Rp  |ull < 2Ry,

and therefore

1d
5 g lwl? + = ALY Rpd(N) 21N [lw® < 2Ry Rpn(w).

Now, choose § such that
p=v—c\LV2Rp5Y2 > 0. (8.5)

Then we have
1d
2 dt

By assumption, we know that n(w) — 0, and we also know that for ¢ large
enough ||w(t)||? < 4R%.
So we need to analyse the differential inequality

lwl* + pllwl® < 2Ry Rpn(w).

dX
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where we know that b(t) — 0 and that X (¢) < k for all ¢ > t;. We will show
that under these conditions, X (t) — 0. Indeed, choose € > 0. Then there exists
a T such that b(t) <e/2forallt >T. So for t > T,

dXx

E-FCLXSE/Q

By Gronwall’s inequality,
X(T+1t) < X(T)e ™ +¢/2,
and so choosing 7 large enough that
ke T < €/2,

we have
X(t)<e forallt > T+,

so that X (¢) — 0.
Thus |Jw(t)||* — 0, and so ||w(t)||ec — 0 and the nodes A are determining.
O

Here we have made no attempt to obtain the best estimate for the separation
d, and indeed, the estimate derived from (8.5) is very coarse. The best estimate,
due to Jones & Titi (1993), is

6 < cG_l/Q;

compare this with the length scale from the Kraichnan theory discussed in
section 6.5, where
(Ly/L) ~ G™Y/3.

Note that one can obtain a similar result by taking the average the solution
over a subgrid of a set of smaller squares, termed “determining volume elements”
(introduced by Foias & Titi, 1991; see also Jones & Titi, 1992b & 1993). So, we
split 2 into N equal squares, of sides L/\/N, and label them Q;, j =1,...,N.
We define the average of u(z,t) over a square,

N
(g, = 73 | u@)dr,
Q;
and show that if N is “large enough”, then if

Sup [(u(z, t) = v(@,t)q,| =0

then

sup |u(z,t) — v(x,t)| — 0.
e

A unified treatment of determining nodes, modes, volume elements, and
more general ‘determining functionals’ is given in Cockburn et al. (1997).
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Chapter 9

Nodal parametrisation

Foias & Temam (1984) conjectured that on the attractor one should be able to
take a finite number of nodes and distinguish functions by their value at these
nodes at one fixed time, i.e. for a set {z; };?:1 € Q, if u,v € A then

u(xj) = v(z;) forall k=1,...,k = u=0.

Here we show that this is true, provided that the attractor consists of analytic
functions, with k ~ d;(A), for almost every choice of k points in Q. The result,
originally due to Friz & Robinson (2001) has been considerably refined, and the
most powerful version is given in Kukavica & Robinson (2003). We give only
a sketch of the argument here, but note that it makes use of the attractor, its
finite-dimensionality, and the regularity of its elements.

We need a slightly weaker property than analyticity to state the theorem
exactly. Despite being weaker than analyticity, this property enables the results
to be proved much more simply.

If u € C>(92, R?) then the order of vanishing of u at  is the smallest integer
k such that 0%u(zx) # 0 for some multi-index «a with |a| = k. We say that u has
finite order of vanishing in 2 if the order of vanishing of w is finite at every = € €.
[Note that while this definition does not require that the order of vanishing of u
be uniformly bounded in €2, nevertheless the order of vanishing of u is uniformly
bounded on any compact subset K of 2. Arguing by contradiction, suppose not:
then there is a sequence z; € K with the order of vanishing of u at z; at least
j. Since K is compact, z; has a subsequence that converges to some z* € K:
it follows that w vanishes to infinite order at z*, a contradiction.]

Theorem 9.1. Let A be a compact subset of L?(Q,R?) with finite dimension
d¢(A) that, for each r € N and for every compact subset K of Q, is a bounded
subset of C"(K,RY). Assume also that u—v has finite order of vanishing for all
u,v € Awithwu # v. Then for k > 16ds(A)+1 almost every set x = (1,...,2k)
of k points in Q) makes the map FEy, defined by

Ex[u] = (u(z1),. .., u(zr))
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one-to-one between X and its image.

Furthermore the point values of w at (x1,...,x)) parametrise A: the map
E;t: Ex[A] — A is continuous from R into L2(Q,R?) and into C"(K,RY)
for every K CC 2 and r € N.

We make here the trivial observation that the conditions on the order of
vanishing is satisfied if all functions in A are real analytic. Note that parametri-
sation of the attractor by nodal values was addressed by Foias & Titi (1991),
who showed that the result holds in any system that has an inertial manifold.

For the proof we need to use the Hausdorff as well as the fractal dimension.
The Hausdorff dimension of a subset X of R™ is defined as

dp(X) =inf{d>0: HYX) =0},
where H? is the d-dimensional Hausdorff measure,
HYX) = lin%) inf {Z rd . X CUB(xy, 1) with 7 < e}
(here B(z,r) is a ball centred at x with radius r; see Falconer (1985 or 1990)

for further details). We will require the following four properties:

(1) If X € R™ and f: X — R™ is a 6-Holder function then the Hausdorft
dimension of the graph of f,

G={(z,f(x)): v€ X} CR"™™ =R" x R™,

satisfies
dg(G) <n—+(1-0)m. (9.1)

(2) Hausdorff dimension is stable under countable unions,
dy | | X; | =supdu(X;). (9.2)
j=1 !

(3) Hausdorff dimension does not increase under the application of bounded
linear maps L,
dp (LX) < dy(X). (9:3)

(4) A set in R™ with Hausdorff dimension strictly less than n has zero Lebesgue
measure.

For (1) see Friz et al. (2001), for (2) and (3) see Falconer (1985 or 1990); (4)
follows from the definition of Hausdorff dimension, since n-dimensional Haus-
dorff measure is proportional to n-dimensional Lebesgue measure (see theorem
1.12 in Falconer, 1985).
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Proof. A sketchy version of the proof, skating over some subtleties, is as follows.
If we choose a collection of points for which Fy is not one-to-one then there must
exists to distinct elements u,v € A such that

u(z;) =v(z;) forall j=1,... k.

If we consider w = u — v this says that w(z;) =0 for all j =1,...,k. So if we
can control the size of the set of possible zeros of functions w in

W={u—v: u,v €A, us#v}

we have a chance of proving the result.

Functions in W are as smooth as functions in A, and by assumption have
finite order of vanishing. Using properties of the fractal dimension, ds(W) <
2dy (A).

Since the attractor consists of smooth functions so does W, and a variant of
the simple result that 7(X) < d/k if X is bounded in H* shows that (W) = 0.
It follows using the embedding result of Hunt & Kaloshin (theorem 7.1) that W
can be viewed as a parametrised set of functions, where if we use D parameters
(with N > 4ds(.A)) the parametrisation

w(wz;p)  peRY

is Holder continuous with exponent § < 1 — [4ds(.A)/N].

Because the function w has finite order of vanishing the size of its zero set
is controlled. The set of zeros of w(x,p), considered as a subset of @ x R,
are contained in a countable collection of sets, each of which is the graph of a
f-Holder function,

(z',2;(2";€);),
where &’ = (1,21, %41, Zm). Each of these manifolds has (m — 1) + N free
parameters.

It follows that collections of & such zeros (considered as a subset of Q% x RY)
are contained in the product of k such manifolds. Since the coordinate p is
common to each of these, they are the graphs of #-Holder functions from a
subset of RN+(m=Dk into R¥, Equation (9.1) shows that each of these sets has
Hausdorff dimension at most

N+ (m—1)k+k(1-20),

and using (9.2) the same goes for the whole countable collection.

The projection of this collection onto QF enjoys the same bound on its dimen-
sion (9.3), and so to make sure that these ‘bad choices’ do not cover Q¥ c R™*
we need

N+ (m—1k+k(1—-0) <mk.
This is certainly true if
P>
0
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and since 6 can be chosen arbitrarily close to 1 — (4d(A)/N), it follows that

N2

M N T A

will suffice. Choosing the integer value of N with 8d(A)—1 < N < 8ds(A)+3
shows that k£ > 16d,(A) + 1 suffices.

Since the collection of ‘bad choices’ is a subset of R with Hausdorff di-
mension less than km it follows from fact (4) about the Hausdorfl dimension
(above) that almost every choice (wrt Lebesgue measure) makes Ex one-to-one.

The continuity of E ! follows since A is compact and Fy is one-to-one
between A and its image. O

We note here that for the 2d Navier-Stokes equations, if we space our nodes
evenly over the domain, then the separation required by our theorem is of the
order of G~1/3, with logarithmic corrections, confirming the Kraichnan length
scale by analytically rigorous means. Note also that this is an entirely natural
way to produce a length-scale from the equations, and ties in with the heuristic
argument that one would expect that

45(A) ~ (LL)

cf. section 6.5.

9.1 Extensions

The result can be extended in various ways, all of which are a corollary of the
following more general formulation, whose proof is essentially the same as that
of theorem 9.1. In the statement we let 2y C R™* and Q3 C R™2 be two open
connected sets.

Theorem 9.2. Let X be a compact subset of L?(Qy, R™) with finite fractal di-
mension, dg(X). LetY be a subset of L*(Q2,R%) that is bounded in C" (K, R%)
for each v € N and each compact subset K of Qy. Assume that uw — v has fi-
nite order of vanishing for every u,v € Y such that u # v. Also, assume that
there exists a one-to-one map ¥: X — Y that is Lipschitz from L?(Qy, R%) into
L%(Q9,R%). Then for every k > 16ds(X) + 1 almost every sety = (y1,...,Yk)
of k points in Qo makes the map

we (). (Su) )

one-to-one between X and its image.

We now give various applications of this result, only pointing out the appro-
priate choice of X, ¥, and Y. Note that the result allows observations to be
take at points in a different domain (£22) from the natural domain of definition
of functions in X (which is ).
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9.1.1 Almost every collection of points in space-time

Suppose that the set X consists of solutions of a partial differential equation
that we write in an (extremely) abstract form as

du
& = F(u) (9.4)

we assume that F is a local C'*° function of u and its derivatives, i.e. that for
each k € N and every compact set K C ) there exists a ¥’ € N and a compact
set K’ C Q such that

max sup |[D*F(u)| < max sup |DPul. (9.5)
lo|<k zck IBI<K ze K’

Denote by S(t)ug the solution at time ¢ of (9.4) with initial condition ug. The
next result appears to have many conditions, but they are readily satisfied by
many well-known examples of partial differential equations.

Corollary 9.3. Suppose that A is an invariant set under the dynamics of a PDE
(9.4) satisfying (9.5). Assume also that for eacht > 0 the solution operator S(t)
restricted to A is (i) Lipschitz from L?(;,R%) into itself,

1S(t)uo — S(t)vo| < L(t)|luo —vo|  with  L(t) € L*(0,T), (9.6)

and (i) injective, i.e. if S(t)up = S(t)vg then ug = vo. Then provided that
the assumptions of theorem 9.1 hold and that k > 16ds(A) + 1, for any T > 0
almost every collection of k points {(z;,t;)}s_; from Q x [0, T] make the map

u— (u(wy,ty),. .. u(wg, t))

one-to-one between A and its image.

(The notation u(x,t) above is shorthand for [S(t)u](z).)
Proof. Let X = A, and define ¥ : L2(Q,RY) — L?(Q x [0, T],R9) by

[Xu](t) = S(t)u  for every t € [0,T];
set Y = X(X). O
9.1.2 A Takens type result for the Ginzburg-Landau equa-
tion

Takens’ celebrated time delay embedding theorem (Takens, 1980, see also Sauer
et al., 1993) guarantees, under various genericity assumptions, that a finite
number of repeated observations at equally spaced time intervals' are sufficient

n fact these time intervals need not be equally spaced, see remark 2.9 in Sauer et
al. (1993), but it is much easier to reconstruct the underlying dynamics if they are by us-
ing a simple shift on the time series.
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to distinguish between different elements of the attractor of a finite-dimensional
dynamical system: if the attractor has dimension d then for a prevalent set of
Lipschitz functions h : R® — R and all T sufficiently small, the map

wis Hlul = (hu(0)], h{u(T)], A[u(2T)), .., hlu(2dT)])

is one to one on the attractor (this formulation is from Hunt & Kaloshin, 1999).

However, this time-delay embedding theorem has only been proved for finite-
dimensional systems. Here we apply theorem 9.2 to deduce Takens-type theo-
rems for the Ginzburg-Landau equation

wp — (14 i) gy + (14 ip) [u|?v — au =0 (9.7

subject to periodic boundary conditions on [0,1]. The proof is based on the
following result due to Kukavica (1992): there exists a number dy > 0 such that
if x1, 25 is an arbitrary pair of different points with |x; — 23| < dp, then for any
two solutions u; and us belonging to the global attractor A,

uy(z,t) = ua(zj,t), i=1,2, for every t > 0
implies that
ur(z,t) = ug(z, ), x €, for every t > 0.

We say that z7 and x5 are a set of “determining nodes”. (The constant dy can
be explicitly computed in terms of p, v, and a.) By combining this with theorem
9.2 we obtain the following result.

Theorem 9.4. Let x; and xo be two points with |x1 — xa| < 6o (6o as above),
choose Ty > 0, and let k > 16ds(A) + 1. Then for almost every set of k times

t= (tl,tg,...,tk)
where t1,...,t; € [0,Ty] the mapping
Ey: A— R
defined by

By(u) = ([S(t)ul(@r), ... [S()ul(@), [S()ul (a2). ., [S(t)ul(2))
is one-to-one between A and its image.

This means, in particular, that there exist 0 < ¢1 < t5 < --- < t; such that if
up(z,t) and ug(x,t) are two solutions belonging to the global attractor A with
Ul(xl,tj):u2(l‘17tj), jzlaak

and
Ul(ﬂfg,tj):’U,Q(afg,tj), jzlaak
then u; = us.
Note that by the invariance of the global attractor A, we may replace the

interval [0, Tp] with any [a, b] where —oco < a < b < oo. Since R = Upen[—n, 1),
Theorem 9.4 holds also if we replace [0, Tp] by R.
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Proof of theorem 9.4. We will apply theorem 9.2 with X = A and with Y and
Y chosen as follows. Let ; = (—1,1) (any other open interval containing
[—1/2,1/2] would do) and Qs = (1,7 + 1). We choose d; = 1 and d = 2. We
define
Y: X — C(Q,R?)
by
(B(u0)) (1) = (1S(E)uo)(@1), [S(t)uo](w2) ) (98)

for t € Qy = (1,To + 1) (note that S(t)uo is a (joint) analytic function of z € R
and ¢t > 0 and can thus be evaluated at = 27 and = = z2). O

Although the use of two nodes is necessary in the case of periodic boundary
conditions, only one spatial node is required in the case of Dirichlet boundary
conditions

u(0,t) = u(l,t) =0, t>0.

In this case, we can choose any 21 € (0,d0] and 2 = 0. Since all solutions
automatically agree at xo = 0, we get the following statement.

Theorem 9.5. Take an arbitrary point x1 with 0 < x1 < g, choose Ty > 0,
and let k > 16d;(A) + 1. Then for almost every set of points

t = (t1,t2,...,tx), tj € [0,Tp]

the mapping
Ey: A — R
defined by
By[u] = ((S(tl)u)(ml), o (S(te)u) (xl),>

is one-to-one between A and its image.

Proof. The result is simply a corollary of theorem 9.4 since solutions of the
CGLE with Dirichlet boundary conditions can be extended to odd periodic
solutions of the CGLE. 0

9.1.3 Determining modes

In chapter 8 we mentioned briefly the result of Foias & Prodi that a finite
number of modes are determining for the Navier-Stokes equations, in the sense
that if N is large enough then

|Pnvu(t) — Pyv(t)] — 0 = |u(t) — v(t)] — 0. (9.9)

Here we prove a result on the attractor that is reminiscent of the Foias-Temam
conjecture of section 7.3.2, but requires a finite number of measurements of the
first N modes.
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Theorem 9.6. Suppose that the first N modes are determining in the sense of
(9.9), that the attractor fulfils the conditions of theorem 9.1, and that solutions
are analytic functions of time. Then for any T > 0, for almost every set of k
times in [0,T) (with k > 16d;(A)) if u,v € A and

PNU(tj) ZPN’U(tj) for all j: 1,...,ki

then u = v.

Proof. Define ¥ : L2(Qq,R%) — L2([0, T],RN%) by S[u] = (Pyu)(t). O
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