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Abstract

We prove that the two dimensional Navier-Stokes equations possesses an exponen-
tially attracting invariant measure. This result is in fact the consequence of a more
general “Harris-like” ergodic theorem applicable to many dissipative stochastic PDEs
and stochastic processes with memory. A simple iterated map example is also presented
to help build intuition and showcase the central ideas in a less encumbered setting. To
analyze the iterated map, a general “Doeblin-like” theorem is proven. One of the main
features of this paper is the novel coupling construction used to examine the ergodic
theory of the non-Markovian processes.

1 Introduction and Main Results

We are mainly concerned with the ergodic theory of stochastic processes with infinite di-
mensional phase spaces. Such systems are difficult to handle with the standard theory. To
handle them we show that many estimates can be preformed in the context of a finite di-
mensional non-Markovian stochastic process. Hence, we also in this paper develop a fairly
general ergodic theory for a certain class of non-Markovian stochastic processes.

The central structural assumption in this work is that the system has only a finite number
of unstable directions. In other words, the unstable manifold is finite dimensional. We mainly
have in mind stochastically forced PDEs where the symbol of the differential operator is
dissipative. This holds for our primary expository example, the stochastically forced 2-D
Navier Stokes equations (SNS).
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We will concentrate on this equation for definiteness; however, the ideas developed and many
of our lemmas could be applied to a large number of equations such as: reaction diffusion
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equations, the Cahn-Hilliard equations, or the Kuramoto-Sivashisky equations. In fact very
little of the fine structure of the Navier-Stokes equations is used. Our methods could also
be used to analysis certain classes of stochastic delay equations, as the central results are
concerned with the ergodic theory stochastic systems with memory.

In developing our theory, we will also discuss a system generated by a simple iterated
map. This is mainly for expository purposes. We use it to highlight the essence of our ideas
while avoiding a number of technical complications which the SNS equations present. These
complications are standard in the ergodic theory of Markov processes. They are essentially
the difference between Doeblin’s condition and Harris’s condition (see [Dur96, Har56]). The
first is extremely uniform while the second requires some care and extra estimates to deal
with the lack of uniformity. The iterated map example will place us in the uniform “Doeblin-
like” situation where our central ideas are less obscured by other technicalities.

This paper gives the proofs of the exponential convergence results mentioned in [EMS01]
and referred to in [BKLO01] as being similar to theirs. In fact, it is an expanded and clarified
version of the coupling section from an earlier circulated draft of [EMS01]. At first glance,
that article takes a very different point of view from this one. [EMSO01] quickly reduces the
equation to a finite dimensional process with memory and then rests in that world for the
remainder of the discussion. In this paper, we prefer to stay in the Markov setting, as we are
interested in the convergence to the invariant measure from an initial state. Answering this
question seems more natural in the Markovian setting. However both points of view were
developed in tandem and both have gavg?nt)useful in improving our understanding.

z,

In equation (1), we will interpret <=5~ in the sense of It6. For simplicity of presentation,

we will take o(u)dW to be of the form

o(u)dW (z,t) = Z or(u)eg(z)dwy(t,w) (2)

kew

where the wy’s are standard i.i.d complex valued Wiener process satisfying w_(t) = wy(t)
and {ex(z) = (_ZZ?)%, k € Z?} are the basis in the space of L? divergence-free, mean zero
vector fields on T?, the two dimensional torus. W is a finite subset of Z? specifying the
modes which are forced. The o, are complex valued functions. Further assumptions on the
o are necessary and will be outlined below.

Generally, we restrict to the case where only a finite number of modes are forced. Parts of
our analysis cover the case when all modes are forced and the case with finitely many forced
modes is within reach of our techniques; however, it presents extra complications which we
do not tackle in this article. We do give a general outline of this case in the map example.

To give the conditions on the o, we define L, = span{ek ke W} Notice that L2, is
finite dimensional. We assume that each o is a smooth function from ]L%/V — C such that
there exist positive numbers o and o™ with o™ < |oy| < o"**. The requirement that
the o be bounded from below is critical to the current approach. The requirement that
they be bounded from above provides simple estimates. It is reasonable to expect that many
unbounded functions could be analyzed. The requirement that the lower o, only depend on
the forced modes is an artifact of how we prove Lemma 4.5 and could certainly be removed

(as long as only a finite number of modes are forced).



Define
IWline =sup{N : k € W for all k with 0 < |[k|] < N },

and £ = >_(o7*)2. Of course (0,0) ¢ W since we allow no mean flow. Letting P;(uq, -)
denote the measure induced at time ¢ by the dynamics starting from wug, we will prove the
following theorem:

Theorem 1. In the above setting, there is an absolute positive constant C (depending only

on the domain) so that if W3, > Ci—é then following holds. There exist positive constants

K and v so that for any initial conditions u(()l) and u(()2)

2 2
1 2 1 2 -
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The exact setting and mode of convergence will be described in section 2.4. For now let
us simply say that the || - ||« is a norm on measure which interpolates between the total

variation norm and the Wasserstein norm. Hence, it is a complete metric on the space of
probability measures. The | |, norm will be defined in section 4, but it is essentially the
L? norm in the space variables.

We do not claim that the map examples we consider are of any relevance other than as
illustrative examples. A typical example of the type of iterated random map we will consider
is ¢p(w) : [0,1] x I3 — [0,1] x 2. Here [? is the unit ball in the space of square summable real
sequences and ¢ is the map

5 - (z) . <ez2.|y*y*yy2+(1+z|y|2)-vv(w) ( mod1)> | )
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where W is a Gaussian random variable, B is any [? valued random variable independent of
W, and “¥” denotes the convolution on [?. The exact form of this map is unimportant. The
point is that it is a map of an infinite dimensional phase space with the property that the
map has a smooth density on some finite dimensional part of the space (namely [0, 1]) and
is contractive in a way to be made clear in the sequel on the remaining part of the phase
space (namely [%).

The first ergodic results for equation (1) were proved in [FM95]. However, the results
there required forcing which was extremely rough in the space variable. In particular, the
forcing could not be differentiable in the space variable and all of the eigen functions e had to
be forced. In [Mat99], ergodicity and stronger results were proved without any assumptions
on the fine structure of the forcing but only assumptions on the balance between energy
dissipation and energy influx. In many ways, the results in this paper can be seen as applying
the ideas from [Mat99] to one part of the phase space and ideas from classical probability
theory to the remainder.

Recently there have been a number of papers on the subject of ergodicity of stochastically
forced PDEs and the 2D Navier Stokes equation in particular. Others working independently
of the author, have announced similar results to those in this note. In [KS00] ergodicity
was proved for the two dimensional Navier Stokes equation forced by an impulsive forcing.



Recently they have also announced that they can demonstrate convergence of the transition
kernels to this unique invariant measure [KS]. The abstract theorems contained in this
paper can also be used to prove exponential convergence of the 2D Navier Stokes equation
with impulsive forcing. In [BKLO1], results similar to ours for the Navier Stokes equation
were proven independently. The techniques are more analytical in nature and the control
by the initial data less explicit. In this paper, we take a more probabilistic approach than
[KS00, KS, BKLO1]. In addition the convergence to the invariant measure is slightly stronger
than those obtained the the other works. We utilize the ideas and imagery of coupling which
are novel in this context. We believe that coupling provides a powerful, extremely adaptive
tool for proving ergodicity in this setting. Although there are many differences between the
three approaches, at the core there are a number of similarities. This is not surprising as
they all reflect the same underlying physics. It will be interesting to see what common theory
distills out of these different treatments, pulling the best features from each.

The theory presented in this paper could be described as “effectively elliptic” in that all of
the important coordinates are forced directly. Some steps towards a hypo-elliptic theory have
been made. In [EH], a reaction diffusion system with all but a finite number of modes was
examined. This equation is much more uniform than the Navier Stokes equation, yet their
results are suggestive. More importantly the analysis in [EH] addresses issues orthogonal
to those in this paper; hence, they should be understood as complimentary. In [EMO01], it
was shown that arbitrary finite dimensional projections of the Navier Stokes equations were
ergodic under quite general assumptions. The approach presented here is well suited to the
hypo-elliptic setting; however, additional estimates are needed.

Lastly, we show in the map setting how the coupling construction can produce a factoriza-
tion of the invariant measure when modes other than the “active variables” are forced. This
makes clear the connection to [Mat99] mentioned previously. In that paper, each realization
of forcing was in one to one correspondence to a stationary solution. This simple structure
was because the dissipative linear term was taken strong enough to ensure that there were
no active variables. If we allow there to be active variables, then for each realization of the
forcing on the “enslaved” variables we obtain an attracting invariant measure on the active
variables. (See the next section for a precise definition of “active” and “enslaved” variables.)
Hence, we see that the invariant measures can be disintegrated over each fiber of the forcing
on the enslaved variables. We only scratch the surface of this property. It is clear that an
interesting theory can be developed exploiting the skew flow structure of the enslaved modes
viewed as a random dynamical system driven by the active modes..

2 Abstract Setting

Let X be a Banach space and B the associated Borel o-algebra. Let P be a Markov transition
kernel on X. Let ¢(w) : X — X be a random map, built on the probability space (2, P, F),
which realizes the Markov chain associated with P. That is to say, P{¢(w)z € B} = P(z, B)
for B € B.

We wish to compare the measure obtained by evolving forward in time from two different

initial conditions xol) and x((]Q) namely Pt(x(()l), -) and Pt(ﬁ(()z), -). To accomplish this, we will



build a measure on the product space X x X such that its marginals agree with Pt(a:él), -)
and Pt(xéz), -) and which possesses properties useful for our analysis. Such a construction is
usually referred to as a coupling. The idea is construct to a coupling which makes explicit
the shared component of Pt(xél), -) and Pt(ng), -). Usually one constructs a coupling which
ensures that at some random moment of time in the future the two Markov process are at
the same position in phase space. This random time is referred to as the “coupling time.”
Since the two processes agree at the coupling time, the Markov property ensures that the
two processes have identical distributions at any time after the coupling time.

Since the phase space is infinite dimensional, we will not be able to construct a coupling
which ensures that the two processes agree in all coordinates at some random time. Instead,
we will change the measure so that asymptotically as ¢ — oo the trajectories will converge
to each other in a particular norm.

Though the theorems in this note apply to this general setting; all of the the examples
we will present have a shared structure. We will construct a coupling which ensures that
some finite subset of the coordinates agree for all times in the future after some moment
of time. We emphasis that we will not construct a coupling which insures that all of the
coordinates are ever equal. Instead, we only ensure that a finite number of coordinates agree
at some moment after the coupling time; however, the construction will guarantee that they
agree for all future times. This will in turn imply that the remaining degrees of freedom
converge to each other as t — oco. Both facts are linked to the special structure of the
systems we consider. These systems possess some subset of the coordinates which we will
refer to as the “active variables” with the following properties. If the active variables agree
from time 0 to ¢, then the distance between the remaining coordinates is reduced by a factor
exponentially small in ¢ over the interval of time. Hence if the “active variables” agree for all
future times, the remaining coordinates converge to each other. This also gives an indication
of why it is possible to make the active variables agree for all future time with some positive
probability. The longer the active variables agree the closer the remaining degrees of freedom
are to each other. Hence if the transition probabilities possess any smoothness relative to the
initial states then it will become easier to continue coupling the active variables the longer
they agree. This feedback is the critical element of the systems we consider. More general
constructions will be useful to handle other situations such as the hypo-elliptic cases.

In general the “active variable” refers to some coordinates on which we will change the
measure. The “enslaved variables” can then be determined from some initial condition and
the trajectories of the active variables. The enslaved variables can be viewed as a random
dynamical system over a probability space given by the active variables. However with the
added complication that the measure on the active variables depends on the state of the
whole system; not just the active variables as is the normal case.

Consider the following two examples. The first illustrates the difficulty in making two
processes agree for all time. The second illustrate the type of feedback all of our systems
have. Let By, VNVt, and Wt be standard Brownian Motion on R and set

dX; = —X,dt + dW, dY; = —Y,dt + e tdt + dW,

X():IO }/021’0.

A straightforward application of Girsanov’s theorem implies that for any finite 7" the mea-



sures induced by B;, X;, and Y; on the path space C ([O,T];R) are mutually absolutely
continuous. Hence, it is possible to build a coupling construction with a positive chance
that B, = X; =Y, for all t € [0, T]. However as T increases the Radon-Nikodym derivatives
between the densities induced by X; and B; or between the densities induced by Y; and B,
be come increasingly large. This is because the density induced by B; on C([O, oo);]R) is
singular relative to the other two. But X; and Y; are absolutely continuous relative to each
other on C' ([0, 00); R). Hence, it would be possible to couple them for all times.

For a caricature of the feedback mechanism, consider the following two systems of 1to
stochastic differential equations

dZ, = —Z,dt + F,dt + dW, dZ, = —Z,dt + F,dt + dW,
dF dF .
%:—Ft‘i‘Zt E:—E‘i‘zt

Z():Zo F(J:fo ZOZZO F0:f0

where we assume that fy # fo. A straight forward calculation shows that if Z, = Z,
for s € [0,7] then |F, — Fy| = |fo — fole™'. Hence, asymptotically in time, the F, forgets
the initial condition, becoming completely enslaved to the Z motion. Again Girsanov’s
theorem implies that the measures induced by Z, and Z, on the path space C([O, T}, ]R) are
mutually absolutely continuous. Consider Z; = Z; for t € [0,7]. Then we are interested
in the percentage of the time, under the most efficient coupling possible, that Z, = Z, for
te [T, T+1]. If Qr and Q7 represent the measure induced on C([T, T+ 1], R) by Z; and

Z, respectively, then Girsanov’s theorem followed by the Cauchy-Schwartz inequality implies

that
s dQr dQr\ > /T“ 1 -y
— =E|ll - —=—|<E[—==] —1= —|F, — F, -1
|Qr — Qrlrv ‘ 0, = (dQT) exp ; 2! ¢ 2| =dt

where | - |7y is the total variational norm. If we assume that Z, = Z, for ¢ € [0, T] then

~ 1
|QT - QT|TV < exp (§@_T) —1.

The total variational distance between the two probability measures can be interpreted as the
minimum chance, over all couplings, that two random variables distributed as the measures
are not equal. Hence from the above calculation, we see we should be able to construct a
coupling so that the longer the Z agree the more likely they are to agree at the next moment
of time.

In the next few sections, we develop these ideas in an abstract setting. In the above
discussion, we have assumed that the coupling was constructed so the active modes eventually
were equal for all future times. This will not be true in all of the settings to which we intend
to apply the abstract theory. We wish to allow the possibility that the active coordinates
simply become more and more similar, yet this is enough to entrain the enslaved variables.
This will be useful in the case when all of the active modes are not forced. In this “hypo-
elliptic” setting, it is impossible to make the active modes equal at all times.



2.1  An Enslaving Splitting

In light of the discussion in the last section, we assume that X = X, x X_. We will refer to
X, as the active space and X_ as the enslaved space. Furthermore, we assume the existence
of a function ® : X, x X — X_ such that if 1 = ¢(w)xe with z; = (2, ;) € X, x X_ then
y1 = ®(21,29). For z € X¥, we will used Y(z, o) to denote the x = (z,y) € Xk x X¥ = X*
where y is obtained by y = ®(z,x0). In the context of the example at the end of the last
section, ® would reconstruct the F; given the initial condition of F' and the information
Zs,s €[0,T] and Y returns the pair (Fy, Z;).

Our terminology is reasonable because given a trajectory zi,..., 2, and an initial y,, we
can reconstruct the associated ¥, ...,y,. ® can be viewed as a random dynamical system
over the space X, with the caveat that the distribution on X, used to drive ® and obtain
a path in X_ depends on both the current value in X, and X_. Our assumption that
® is deterministic means that any knowledge of the randomness in a given step must be
transmitted through z. In section 3.1, we will relax this condition. In the simple map
setting ® needs only be a function of the zy € X. The “look ahead” allowed by the inclusion
of z; € X, is useful in the continuous in time setting.

We extend the definition of ® and T to sequences in X, as follows: If z = (z1,...,2;) €
X theny = (y1,...,yx) = ®(2,20) € X* means y; = (25, 2;_1) where z; = (2;,y;). We will
use “:” to denote concatenation. Namely, if z = (21,...,2;) € Xk and Z € (21,...,2,) € X7

then z : 2 = (21,..., 2k 21, .- Zm) € X5 We will denote by 11, and II_ the projections
onto X and X_ respectively. We also extend all of our maps to sets of vectors in the natural
way. Hence if Z C X* and z € X then

zo: Y(Z,x0) = {(x0, 21, ...71) € XF .32 € Z so that (z1,....21) = Y(z, .
0 (70) {(07 ) ) ) ) » 0

We will denote by mpx the projection onto the k-th component of a vector z € X™ where
m > k. Similarly we will denote by 7, iz as the vector of length k—n+1 obtained by taking
the nth through kth element of x. At times we will not want to mention explicitly the length
of a vector but wish to obtain remainder after the first n elements are removed. If z € X"
and n < k < m, we will write W[f%k]x for the remaining m — (k —n+1) elements of = after the
elements n through k have been removed. For example Wﬁi,k}(xl, X9y ey Ty Tty -+ s Tpy) =
(X1, Thaty -y Ton)-

Let P"(z,-) be the measure induced on X by the chain after n steps starting from the
initial condition z. Let Q"(z, -) be the measure induced on the path space X" by taking n
steps of the chain starting from x. We emphasize that Q"(x, -) is a measure on the entire
path space from 1 to n. Let Q" (z, -) be the projection of @™(x, -) onto X'} and B, the
sigma algebra generated by the projection of B on to X . In general, if U(z,-) is a measure
on the paths in X"} and U(z,-) is a measure on the path space X for v € X, then (UU)(z,-)
will denote the measure on the path space X'/ constructed as follows. For any A C X+

(UU)(z, A) = / U(z, dz)U(wnT(z, x), ﬂ[*llnl(z) N A)

Tr[l,n]A

where 7T[_11n](2) is viewed as a subset of X1 If the U and U are normalized to be proba-

bility measures then UU is the distribution of the X+ valued random variable 2/ = 2 : 2



obtained by first drawing z = (21, -, %,) from X! according to U(z,-). Then drawing
2= (2, -, %n) from X7 according to U(zy,-) where , is the random variable m,Y(z, z).
We extend all of our definitions to measures on the product spacein X Xi in the natural
way.

Lastly, given two measure U and U on some product space, we will write U ~ U if the
two measures have the same marginals. For instance if U and U are measures on X* x X*
then U~ U means that U(A x XF) = U(A x X*) and U(XF x 4) = UX" x A) for all
measurable A.

2.2 Basic Assumptions on the Coupling and Convergence

We begin with an overview of the central construction of this paper. We will build a coupling
which makes certain features of the dynamics transparent. The construction requires has
three basic components. First, a default coupling Q. which will be used when nothing better
can be done. It is usually taken to be Q; x @) ; that is uncorrelated motion. Secondly, for
a distinguished subset of initial conditions, called C, a factorization of the dynamics into a
family of measures s; and r,. This factorization has the property that if segment are drawn
from the support of s; then the trajectories of the whole system will converge to each other
when viewed under the norm described momentarily. The third ingredient is this norm which
is adapted to the factorization of the dynamics into s and r.

To help build intuition, it is often the case that the s measure contains the parts of the
dynamics which leads to similar behavior of the two trajectories and r is the remainder left
over when the similar part has been removed. However, strictly speaking one only needs a
factorization which satisfies the assumptions below.

More precisely we assume that we are provided with a probability transition kernel Q. :
(X x X) x By — [0,1] where By is the product o-algebra on X, x X, generated by the
elements of B, x B;. We make the following basic assumption on Q.:

A1: Q, has the correct marginals: For all z,2' € X, Q. (2/,z, - ) ~Qu (2, -) X Q4 (x, -).

This is the absolute minimal assumption on Q.. In all cases in this paper Q. will be
taken to be Q4+ x Q4 but one can imagine cases where another choice might be advantages.

Convergence will be measured relative to a collection of test functions G. We will always
assume that G only contains measurable functions g : X — R with ||g||. = suplg(z)| <1
for all g € G. Given any signed measure ;1 on X, we define

Il = sup / g(@)du(z) (4)

Once we describe the factorization, we will give further conditions on the set G.

As mentioned, we will not always have a factorization for all initial conditions. Rather,
we assume that we are provided with a measurable subset C C X x X and that we will only
be asked to provide an admissible factoring for initial conditions in C.

A 2: Uniformly over C, there is some “similar” motion induced by active transition densities: For

any k =1,2,--+ or oo there exist sub-probability kernels ry and sy, so that: (A sub-probability
kernel simply means that they are normalized to a number less than or equal to one.)



i) The two measures factor Q. for initial conditions in C. If (M, 2®) € XF x X*, with
2 = (x(()l), . xk, 1) then

ii) The factorization is symmetric in total mass. s; (21, 2 X, x X)) = s(2®, 21, X x
X.)

iii) The ratio of mass in the factors is uniformly bounded over initial conditions in C. There
is a positive constant p; so when (zM), 2®) € C, s¥(zMW, 2@ Xk x Xk) > pF > 0.

Here sk(x(l),a:@), -) is the measure on Xi X X’i obtained by weighting the first step ac-
cording to s, the second step according to sy taking into account the first step, and so on.
Symbolically, s* = sj,---s;.

In the above, s* = s, ---s; is a slight generalization of the definition given previously
since s;, takes argument from Xk, However the idea is the same. Given initial conditions

(mél), 1:(() ) € X x X, we first draw a (z% ) 2] ) from s; (xél), x(()z), -). Then we use T to obtain

xgl). Next we feed the (xo ,xg)) into sy and draw (zgl),zél)) from which we reconstruct

(xgl), xg ). Continuing in this manor we see that s* = sy, - -+ s is a well defined measure on
X* x X* taking arguments (z{", 2{?) e X x X.

The s measures are our replacement for the active modes being exactly equal in a classical
coupling argument. Our construction is only useful if s> is supported on pairs of trajectories
which, if followed, determine the asymptotic behavior of entire system. This is the content
of the next assumption which describes the relation between the factorization and the mode

of convergence given by || ||g. We now state the remaining assumptions on G.

A3: If the active modes are drawn from s> the trajectories approach each other over time as seen
through test function which induce the G-distance. There exists a fized function G : Z — [0, 00)
and, for every (xé ),xo )€ C, a set Z(a:(() ), x(() )) C X x X% with the following properties:

i) Z(x(()l),x(()2 ) has full measure: s (x(() ),x(()Q),Z) =s (xél),xo ),XOO x X).
ii) Decreases to zero: G(n) is monotone decreasing with G(n) — 0 as n — oo.

ii1) Drawing from s> causes the trajectories to converge in the G-norm as t — oo: If
(2, 2®) € Z with 2 = (zgl),zé),---) and x = T(z(i),xg)) then for any g € G
we have [g(xi") — g(xi)| < G(n).

It is now clear why we built our coupling as we did. It was constructed with the hope
that eventually the coupled process would draw its infinite z futures from s*>°. Assumption
A3 then guarantees that the z’s obtained from these z will converge to zero.

For this to happen the system has to regularly find itself in the set C. This is the content
of the next assumption which is the last of our basic assumptions.

A 4: The set C is visited infinitely often: For any (z(V,2?) € X x X, there exists a measur-
able set A C X x X of full Q-measure so that for each (f, f®) € A, where fO =

(f1 o .. ), there exists a strictly increasing sequence {t}3, with (ft(lj), ft(f)) cC
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2.3 The Coupling Construction

We now use the assumptions in the previous section to construct a specific representation
of two copies of the Markov chain built on a common probability space. This coupling will
then be used in the following sections to prove ergodic theorems.

2.3.1 Setup and Basic Features
In preparation, define p*(z®), 2@) = ¢*(zM 2@ Xk x X*) and the probability measures

sz 2@ )
Pz, z)
Sk( 1) I(Q) )
sp(z™M, 2®), X, x Xy)

k 1 2
Rk($(1) x(2) .> _ r (,T,'( )7,£U( )’ )
) T 1)
rk($(1)7$(2), )
I‘k(l’(l),lf(2),X+ X X-i—) .

SH(, 2@, ) =

Sk('r(l)ux(z)u ) = Rk(m(l)ax(2)7 ) =

If p* = 0 then we set the corresponding S* to the null measure. Clearly by the construction
of the s, p#(z™M, 2®?) > o1 (M ?). Since p* € [0, 1], notice that they form a partition
of the unit interval. Lastly we set U"(z®, 2 .) = (R,S" ) (z™,2®, .) for n > 1,
U! = R!, and p° = 1. Recall that, as defined at the start of section 2.1, RnS” ! represents
the measure on X7 x X" obtained by first taking n — 1 steps according to S"~!, updating
the initial condition and then taking one step according to R,,. In this setting, we have the
following simple but central lemma.

The following lemma is a fundamental in our investigation. It provides a factorization
of the future trajectories into a “similar” part and a “remainder” part. We find it useful to
think of S¥(x(M 22 .) as concentrated along the diagonal in X, x X,. Strictly speaking,
our assumptions do not guarantee this. However, in all of the simple cases in this paper,
this will be true and in the more complicated cases, such as the SNS, it is essentially true
in a way that will be made clear later. However, we will only use the properties assumed in
the assumptions.

The following lemma is fundamental to this paper. It gives the factorization of the infinite
future.

Lemma 2.1 (Future Factoring Lemma). Consider the setting of Assumption 2. For
(x(1)7x(2)) 6 C}

QT (@2, ) X g, )8 (@2, )
+§j 2,2®) = (a2 )] QU2 )

k=1

This factorization has the following intuitive meaning. The measure Q° on pairs of com-
plete futures staring from (x(()l), x((f)) can be decomposed into a mixture of the measure S*,
which lead to convergence for all time, and the measures Q‘ka, which lead to convergence
for the first £ — 1 steps and then not on the kth step. The p factors can be understood as the
probability of drawing from a given term in the factorization. Hence there is a p> chance of

drawing from the “similar for all time” part of the distribution for all time and a pF~1 — pk



11

chance of drawing from the part “similar” for exactly k — 1 steps. It is important to observe
that all but the totally “similar” part of the decomposition S> have a finite length part
which is not the standard distribution QZ°.

Proof of lemma 2.1.

Q+(JZ(1),[E(2), ')%SI(J](I),[L’(Q), ')+I‘1(ZL‘(1),JI(2)7 )
%p1<x(l)7x(2)>sl(‘r(l)7x(2)7 )+ (]' - pl( @ (2)))R1( (2)7 )

In the following, we suppress the dependence on the initial condition in the interest of brevity.
Next

2 M

N Q481+ Qiry ~se8) + T8y + Q1
Evaluating these measures on the set Xi X Xi produces

L=p"+ 18 (X x X3) 4+ (1= p') .
Simplifying produces ros; (X2 x X%) = p* — p? and hence

Qi ~p’S* + (p' — p*)RaS1 + (1 — p")Q4 Ry
~p*S? A+ (p' = p7)U + (1 - pHQ. U
Continuing in this fashion produces the quoted result. O
From the proof of the above lemma, one easily extracts the following corollary.

Corollary 2.2.
P @, 2) — (e, 1) = 1yt (2, 2, X x X

This corollary also has an intuitive meaning. pF=*(2®, 2®)—p¥F(x(1) £()) is the difference
in the probability of drawing from s*~! and s*. The only way this can happen is to draw
from s*~! for the first k — 1 steps and but not from s; on the kth step. This is exactly what

r;,s" 1 represents.

2.3.2 The Reconstructed Process

We now build a Markov process (xg), z ), M,(LI), M ) which will be central to all the follow-

ing analysis. By construction, the 29 e X will be a realization of the Markov chain with
transition kernel P and initial condition m(()l). We emphasis that = and 2\ will not be
independent realizations. The entire point of coupling is to build useful correlations between

the two processes At times we will want to view 21 as an element of X, x X_ and we write

2 = (z,(l s ) The M.” can be seen as some internal state which will help our analysis.

M#) will be used as a stack to store future states of sz). More precisely for each n, M#) is an
element of Xﬁ for some k, k € {1,2,3,...,00}. Recall that 7 is the projection of an element

of X’i onto its first element and 7i- was the projection orthogonal 7;. Hence m; returns the
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first element in the stack and 7i- returns everything else. By combining these two maps, we
implement what is usually referred to as a “pop” from a stack. m; returns the top element
in the stack and 7i- returns an updated stack which has the previous top element removed.

The dynamics of (:17%1), xg), My(ll), M7(12)) is given by the following rules where z, = Il x,
and y, = I[1_x,:

i) There is something on the stack; pop it off and use it: More precisely it pY is not

the empty set, then for ¢ = 1,2 we set zgil =T Mff), Mgl = L]\/[n , and ynJrl =
O(z (@) ())
n—i—l?yn :

ii) The stack is empty but we are not in the set C where we have control over the factorization

Take a step from Q.: More precisely if MY is the empty set and ([Bn ,$n ) ¢ C then

we chose (zfllll,zgl) according to the distribution Q+(xn),x§?), -) and set yfl}rl =

o2,y and M), = empty set.

iii) The stack is empty and we are in the set C where we have control over the factorization Try

to couple for all future times: More precisely if M is the empty set and (xn ,mn ) eC
then, we pick an a from {1,2,3,..., 00} according to

o=k  with probability p*~}(zD 23} — pk (21 @)
o =co  with probability p>(z{!), 2?)

n
Recall by convention p® = 1. Since the p* partition the unit interval, this construction

is well defined. We now choose an element (((V,¢?) of X% x X% by the following

prescription: If o = oo, we pick (¢, (?) according to the distribution Soo(xﬁl ), x% ), -)

otherwise according to Uo‘(x,(l ), xff), -). In all cases, we set an = m¢(® and ]\/[nJrl =

71¢®. Lastly, we set ygil = P( n+1,y£)).
This completes the coupling construction.

Let us pause for a moment and highlight the main features of this construction. When
the chain is not in the set C at time n, each coordinate draws its next step from Q.. It is
useful to recall that usually Q. = Q. x @4, so the two coordinates move independently in
this case. The first time the chain finds itself in C, it draws a segment of future of a random
length which is specified by the random variable a. If & = 0o then the choice is made from
S and the chains are said to have “coupled.” This infinite future is placed on the stack
M where it is “popped off” one by one for the rest of time. By the properties of S>, the
enslaved degrees of freedom will converge to each other asymptotically in time. If o # oo,
then a future of finite length is drawn from U?®. This future is placed on the stack, where
it is again “popped oft” one by one until nothing is left. Once the stack the stack is again
empty, we are free to draw a new from Q. until the chain is again in C and we can again
try to couple for all times. We will refer to the times what the stack is empty (|M| = 0)
as “unbiased” because the future depends only on the current state and we are free to pick
the next step basses on the transition kernel. When there are elements on the stack we are
required to use them as the decision about next step had already been made.
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2.4 A Basic Ergodic Result

In this section, we give basic convergence results, postponing discussion of the convergence
rate until section 2.5. We have the following basic ergodic result.

Theorem 2. Under Assumptions Al- A4, for any (:U(()l), x(() )) € X x X
”Pn(ﬁf(()l)a -) = Pn($(()2), Mg =0 asn — oo .

Before giving the proof, we establish some notation. For (x(() ), (2)) € X x X define the
stopping time 7 by

(@8, 2) = inf{n 1 |M,| = oo} . (5)
Since

1P, ) — P(af mwmmmxw—m@%

the importance of the stopping time 7 shown by the following central lemma.

Lemma 2.3 (Basic convergence estimate). For any g € G and (xél), x, ?) e X x X,

1 2 n n
where G 18 described in Assumption A3 and 7 de?med by (5)

Since by construction of the chain, 7 must occur after a visit to C when M, is the empty
set. (M, will also be empty as M, and M, always have the same length by construction.)
Hence, it is important to track these visits. To this end, we introduce the following stopping
times:

UOZO

be=inffn > vy @0,0P) € C) k=1,2- - (6)

v =1inf{n > t; : [M,| =0or |[M,| =00} k=1,2,---

The t is the first visit to C by the chain. Assuming the chain has not yet coupled, and hence
|M| # oo, vy will be the first time the stack is empty. As such, v; is the first time when
we are again eligible to couple. Since t5 is the first visit to C on or after vy, t5 is precisely
the next time we try to couple. Assuming that coupling attempt failed, vy will again be the
first time when we can try to couple if we find the chain in C. The time between t; and
vy can be thought of as a blackout region where the future has already been chosen and we
can not manipulate it. Once the chain has coupled, we turn off this “blackout” feature and
the t; simply track the visits to C. This is done so that all of the ¢; and v, are finite which
simplifies some notation and arguments. However, this feature of the construction has no
mathematical content.
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As the visits to various sets (namely C) will be important, we define the following hitting

times. For any xo = (ZL‘(()I), .r((]2)) € X x X and measurable set A, we define

Ta(x0) =inf{n >0:x, € A} and 7a(X9) =inf{n >0:x, € A} (7)

The two definition differ only in there treatment of the initial condition.
We now return to the proof of Theorem 2 using Lemma 2.3.

Proof of Theorem 2. Since HP”(QJ[()D, ) = P"(ng), Mg = supgeg ‘Eg(:l:g)) - Eg(xg))‘ and

lim G(n) = 0, Lemma 2.3 reduces the proof of the theorem to showing that P {7 > %} — 0
asn — 0. We now analyze this using the stopping times defined in (6). Since with probability
one, the trajectory enters C in finite time regardless of the initial condition, we know that
t; is almost surely finite. Since |M,,| decreases by one on each step until it reaches zero,
vy — t; is finite with probability one. (When |M;,4,| = 00, v; —t; = 1 by construction.) In
all cases, v is finite with probability one. Again since with probability one the trajectory
will again enter C regardless of the state at time vy, we see that ¢y is finite with probability
one. Continuing in this manner, we see that each t; is almost surely finite and lim ¢; = oc.
We now return to showing that P {T > %} — 0asn — 0. First observe that P{7 > 1+ #;} <

(1 — p2°)* because on each visit to C when |M,| = 0 there is at most (1 — p2°) chance that
the chain does not couple. Now pick an € > 0 and fix a k so that (1 — p°)* < £. Since
tr < 0o almost surely, there exists a finite m so that P{t;, > m} < 5. To complete the proof

observe that if n/2 > m then

n n n n
IP’{ —}:P{t n } JP{— &t >—}
7'>2 k<2<7' + 2<7’ k_2
SP{T>1+tk}+P{tk2g}
< (1= p) +P{t), >m) <e

Since € was arbitrary, lim, .., P{7 > £} = 0 which completes the proof. O

Proof of Lemma 2.3. For any n,

E{g(ibg))} —E {g(xnl)) & T > g} +E {g(x%l)) &1< g}
e ) e < B} e e )
<P {7’ > —} +E{g(z?)} +E{’g(xnl)) —g(@)| ‘ TS g}

Hence
Blg(e)} — E{g(e®)} < P{r> 2} +E{jga) —g®)| | r< 2} .

Reversing the role of (! and () using the fact that E {|g(x$ll)) — gz ‘ T < %} < G(%),
because the trajectory was draw from S°°, produces the quoted estimate.
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2.5 Exponential Convergence

We now explore the rate of convergence. From Lemma 2.3, we see that the convergence
rate is dictated by the speed at which G and P{7 > n} converge to zero. Though an entire
zoology of convergence rates are possible, we concentrate on exponential convergence.

As the rate at which P{r > n} — 0 depends on the frequency of visits to C, again
consider the stopping times {f;} defined in (6). With the following assumptions, we can
prove exponential convergence to the invariant measure.

A5: The convergence is exponential when the appropriate active variable paths are used: There
exists constants Ko and Ao > 0, so that the function G from assumption A3 satisfies G(n) <
Koe_AO”.

A 6: The stopping times measuring the recurrence of needed events have exponential moments. :
For some fixed \y > 0 the following hold.

i) The time between unbiased visits to C of the Markov chain constructed in Section 2.3 has
exponential tails (unbiased visits are those when |M,,| = 0): There exists a finite constant
K so that E{exp[A1 (tks1 — te)]|7 > tepr} < Ky for all k > 1.

ii) Furthermore, for any initial conditions the time to first enter C has exponential tails (which
may depend on the initial condition) : For any initial condition (xél),xé )) € X x X,
Eexp(Ai7c) < 00. (The hitting time Tc(xél),l‘(() ) is defined in (7).)

Simply put the assumption A5 says that once the chain couples the enslaved variables
converge to each other exponentially quickly. This is need if we want exponential conver-
gence. The two parts of assumption A6, give up exponential control over the coupling time.
The second part of the assumption ensures that the time to enters the set C in which we
have control of the needed estimates has exponential tails. The first part of the assumption,
ensures that failed coupling attempts do not introduce waiting times with fat tails. Hence
it is not completely surprising that we have the following theorem.

Theorem 3. Under assumptzons Al- A3 and A5 —-AG6, there exists constants positive K and
v so that for any :(:0 eX

1P (x5, ) = P'(z?, )lg < K[1+Eexp(hro)]e ™ .

where T¢ = Tc(l'((] ), (2)).

Proof of Theorem 3. By our assumption on G(n) and Lemma 2.3, we have
1Pt ) = Pl Vg <P {r > T} + Koe % .
Hence we need to show that P { T > %} decays exponentially in n. Begin by picking a A’ > 0

so that a = E{exp(N (tgr1 — tr))|T > tre1}(1 — p2°) < 1. This is always possible by the first
part of assumption A6. Next let F; be the sigma algebra generated by the process through
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step 7. By Chebyshev’s inequality and the definition of 7, we know that for any k£ > 1

P {g < tilty < 7'} < exp(—)\'g)E{exp(th)h >t} (1 — p)F

k
< exp [—)\1%] E exp [A1t4] HE {exp [A1(t; — tiq)] ‘.7-", & T > ti} .

1=2

By the definition of 7, we know that P{t, < 7} < (1—p°)*. Combining these two estimates
and the definition of a defined above with the fact that 7 must occur immediately after some
t, produces the estimate

P {g < tk‘tk < 7'} P{tk < 7'} < exp(—)\'g)]E exp [Ati]a" ! .

Since t; is just the first n > 0 so (x%l), xg)) € C, we know that 7 > ¢;. Hence combining all

of the estimates produces

n > n > n
P{§<T}S;P{EStk<T}:§P{§Stk|tk<T}P{tk<T}

= exp(—Xg) .

1—a

< exp(~N'5)Eexp [At] E exp [\ 7c]

a
1—a
completes the proof. O

Assumption 6 made the proof of Theorem 3 straight forward; however, it is not immedi-
ately obvious how to connect it with a particular system. In the remainder of this section
and the subsequent two, we introduce a number of assumptions in this direction.

The stopping time ¢ — tx, when conditioned on 7 > t; 1, is composed of two elements.
The time to drain the stack after a failed coupling attempt and then the time to return
to the set C after the stack has drained. The next assumption addresses the first of these
issues.

A T7: It is exponentially unlikely to couple for a long time without coupling for all time: There
exist positive constants Ny and Ky such that for all (z(V, 2®2) € C and k, pF=(2W, @) —
PP (D, 1)) < Kye 2k,

In terms of the coupling construction, this ensures that the random variable oy defined
by

A = U — tk (8)

has exponential moments. When the system has not coupled, oy, is the time needed to drain
the stack. In all cases, it is the time one needs to what until a visit to C can be used for
tr+1. Hence we have that ¢y — tpy = oy + 7c(xy,). The exponential moments of «y, are
encapsulated in the following lemma.

Lemma 2.4. Under assumption A7 there exist positive constants K3 and 3 so that for any
n >0, Plag > n|t > v} < Kze on.
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Proof of Lemma 2.4. From the construction of the coupled chain, we see that this is a ques-
tion about the existence of exponential moments of the random variable o used in the
construction in section 2.3. We see that

Pl{ax = jlT > v} = {

1 2 P
- P ald, o) =1

- ‘ ‘ (9)
o l(mii),@gz)) — pj(zgi),ng)) for 2<j <oo.

Hence the lemma is just a restatement of assumption A7. O]

This lemma gives control over the time until the stack drains after each failed coupling
attempt. The next two sections, make various assumptions which allow us to control the
return time to the set C. First we assume that the set C is the entire space. This makes
all of the estimates uniform and has the flavor of a Doeblin Condition. In section 2.5.2; a
different tact is used to control the times t;,; — t;. The section posits the existence of a
Lyapunov function to control the excursions out of the set C. The resulting theorem has
the flavor of Harris’s Condition [Har56].

2.5.1 Doeblin-like Condition

We now explore exponential convergence in a Doeblin-like setting where all of our estimates
are uniform over the entire phase space.

Theorem 4. If assumptions A1-A5 and assumption A7 all hold with a C equal the entire
space X x X then there exist constants positive K and ~v so that for any (x(()l), IL‘(()Q)) e XxX

n 1 n 2 o
1P (@), ) = Pl g < Ke ™

Proof of Theorem 4. We will prove this theorem by connecting with Theorem 3. We begin
by observing that since C = X x X, we have that 7¢ = 0 for any starting point. Hence
tir1 —v; = 0. Hence assumption A4 and the second part of assumption A6 hold trivially as
we are always in the set C. All that remains it to show that the first part of assumption A6
holds, after which Theorem 3 will apply and the proof will be complete. Since C = X x X
and tr.1 = v, we know that t,,1 — tp = vp — tx. This is precisely the random variable
defined in (8). Hence the fact that E{exp(N (tx4+1 — tx)|7 > tg+1} < oo uniformly in & for
some X > 0 follows directly from Lemma 2.4 which complete the proof. m

2.5.2 Harris-like Condition

We now turn to the “Harris-like” setting where we will no longer assume that all of our
estimates are uniform over the entire phase space. Rather, we will assume that we have the
needed estimates over some central region of the phase space. To these weaker assumptions,
we need to add the existence of some structure which ensures that the dynamics visit the
center region regularly. With this concern in mind, we introduce the following assumption.

A 8: Thereis a Lyapunov structure which pushes the dynamics back in to the center of the phase
space. There exists a' V : X — R such that V(z) > 0 and if 1 is distributed as P(x, -) then

EV(x1) <aV(xg) +b

for some b >0 and a € (0,1).



Let V(z(D, 2?) = V(M) 4V (2?). Fixing an a € (a,1), we define C(a) = {(z, 2?)) ¢
X xX: V(W @) < 2y

Theorem 5. If assumptions A1-A3, A5 and A7-A8 hold with a C such that C = C(a) for

some a (where C is defined above) then there exist constants positive K and vy so that for
any (2", 2{) € X x X

1P (28", ) = P« g < K[1+EV(2$)) + BV (2§)] e .

Proof of Theorem 5. All we have to do is to prove that together Assumption A7 and Assump-
tion A8 together imply Assumption A6 and that there is a constant K’ so that Eexp(A7¢c) <
K'[1+ EV(Z‘O : (2))} Once this is done, the theorem is implied by Theorem 3. For nota-
tional brevity, we will write x,, for (x% ), xg)). Recall the hitting times defined in (7). We
have the following estimates whose proofs are discussed at the end of this section:

Lemma 2.5. Under Assumption AS, if 2 is the nth step of a chain starting from x(()i) and
X, = (:z:,(ll), xﬁf)) then

2
EV(x,) < a"EV(xq) + . b (I —a").

Lemma 2.6. Under Assumption A8, forn >0

Plio(o) >} <" (22 BV () + 22 Bl )

~

a

Plro() >} < (22 ) BVix).

Since a € (a, 1), it is clear from the second lemma that for some A\;; > 0 and K’ > 0,
E exp (Al,lTC(XO)) < K'[14 V(x¢)]. Assuming that we pick A; < A, this gives the needed
estimate on 74(xg) to satisfy the second part of Assumption A6. We now turn to the
estimates on t, 1 — t; for K > 1. For definiteness, fix some k > 1. Set d, = t;11 — t; and
again ay = vy, — tj,. As observe before, dj, = oy, + 75(Xy,)-

Fixing a 0 € (0,1) and k, observe that

P{di, > n} =P{dp >n & ax > on} +P{dy, >n & o, < on} . (10)
Lemma 2.4 implies that
P{dy > n & ap > on} < P{ay, > dn} < Kzexp(—A3on) . (11)

The second term requires a bit more work. First notice that if we condition on «ay, = j
then x,, is distributed as (X§ )7X§ ) where x = T(C("),x&)) and (¢, ¢?)) is distributed
according to U’(x,, ). We need to estimate P{7¢(x,,) > l|a, = j}. From Lemma 2.6, we
see that there exists a K > 0 and v > 0 so that for any [ > 0

P{re (%) > g = j} < Ke "EV (Y, ) .
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We need to estimate ]EV(XE-U, X§2))- By construction (see the proof of Lemma 2.1)

Qi(xtkv ) > |:pj_1<xtk:) - pj(xtk)}Uj(th ) = P{O‘k’ :j}Uj(th ) .

Since V > 0, this implies that if (X, X®)) € X/ x XV is distributed as (Q7 x Q7)(x,, -)
then
1 2
v < BV
J A - ]P){Oék :j}
Because V(x;,) < Ky, Lemma 2.5 implies that there exists a j independent constant K so
that ]EV(XJQ), X]@)) < K. Hence we have that

P{re(xp) > 1 & ap = j} <Ke "BV, XP)Play = j} < KKpe ™

Returning to (11), we conclude by observing that

[on]
P{dy, >n & o < on} = Z]P){Tc(ka_l) >n—j& o =7}
j=1
[5m) )
< KK(/)Ze—”/(n—l) < Ke7=9)n
j=1

Combining all of our estimates we obtain that d; has exponentially decaying tails independent
with bounds independent of £ which concludes the proof. O

Proof of Lemma 2.6 and Lemma 2.5. Both lemmas are simple consequences of the Lyapunov
structure. The proof of the continuous analog of Lemma 2.6 can be found in Lemma 3.2 of
[EMSO01]. In the discrete setting, similar statements are proved in Lemma 9.3 of [MSHO1] or
Lemma 11.3.9 of [MT93]. Lemma 2.5 is just integrating up the differential inequality given
by the Lyapunov structure. This can be found in many references. For instance see Lemma
9.3 of [MSHO1] or [Has80] for the continuous setting. O

3 A First Application

Consider the probability space (€2, P, F,0) where each w € ) is an infinite sequence of the
form (wy,ws,...) and 6 is the shift which maps (w1, ws,...) to (wa,ws,...). We assume that
0 is ergodic with respect to P. Let 6" denote the n-fold composition of 6.

Let I denote the space of square summable sequences that is the y = (y(1),4(2),y(3),...) €
R with [lylls = [ >, y(k,‘)z]% < 0o. We denote by [? the set {y € I : ||y]l» < 1}. Consider
the following iterated random map from ¢ : [0,1]" x I3 — [0,1]" x 12

N — fl(Z,y)—f-fQ(Z,y)'W(w) ( mOdl)
O (y) ( W) - (% y) - 01(2) + 0a(z) - BW) ) ' (12)
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Wy

Here “x” denotes the convolution and “” denotes coordinate by coordinate multiplication.
W (w) is a non-degenerate Gaussian random variable on R” and B(w) is any random variable
such that || B2 < 1 almost surely. We assume that the collection of random variables

{W(w), W(0w), W (0*w), ..., B(w), B(dw), B(0*w),...}

are jointly independent. Furthermore we take f; : [0,1]" x I[# — % such that f;(z,y) is
continuous in y. We also assume that there exist fixed, positive numbers f* and f, so
that 0 < f,. < (fg(z,y))j < f* < ooforall zand y and j = 1,...,n. Here ( ), is
the jth coordinate of the vector. h : [0,1]" — [? such that there exists a positive h* so
sup, [|h(2)]. < & <1 The gZ [0, 1] — l2 are such that sup, [|g1(z)||2 + [lg2(2) 2 < 3.

We define 2} = (zn ) = dgn (271, 9t ) for initial conditions x(() ),x(()) [0,1]™ x 3.
In this setting, we can use Theorem 4 to prove

Theorem 6. There exist positive constants K a~y so that for almost every realization B(w) =
(B(w), B(dw), B(*w) ...)

Sug\E{g («))B} — E{g(«?)|B}| < Ke™"
ge

where

g= {g 10,1 x 1} — R : g(2,9) measurable , sup|g(z,y)| <1,

Z7y

|g(zvy) - g(z7 y,)| < ||y - y,”2 fO’I” all Y, y,}
Of course the above theorem implies that

Slelgp IE{g(z{")} — E{g(z!?)}| < Ke.
g

If we define

Grv = {g 01" x B — R : glzy) measwrable, suwplg(z,y)| < 1}
zY

and

Gw = {g :10,1]" x I — R : g(2,y) measurable , sup|g(z,y)| <1,
2y

g(z,y) —g(z",y)| < |z = 2|+ |ly — ¥'[|2 for all z,, Z’7y,y’}

then | - |g,, and | - |g, correspond respectively to the standard total variation and Wasserstein
distances on probability measures. Both of these metrics are complete. (see [Dud76].) Since
Gw C G, convergence in | - |g implies convergence in | - |g,,. Yet, if the test function depends
only on z then convergence in | - |g is equivalent to | - |g,, -

Our conditions on ¢, were designed to ensure that the map had a number of properties:
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i) ¢ is a map from [0,1]" x {# — [0,1]" x [?: Since the new z is calculated module 1, it
is clear that it is in [0,1]". The fact that the y component stays in [} follows from a
combination of Young’s and Holder’s inequality. Fix (z,y) € [0,1]" x [? then

1h(2) - (5 * y) + 91(2) + g2(2) - Bl < [Ih(2)[l2lly 13 + llg1(2)ll2 + N g2(2) 21 B2

1
<5 T gz +llg2(2)ll < 1

and hence ¢, (z,y) € [0,1]" x ? almost surely.

ii) For fixed z and B the map is a contraction: Fix (z,v), (z,9) € [0,1]" x [? and w and @
such that B(w) = B(@). Letting II, denote the projection onto the y coordinate,

1Ty ¢u(2,y) — Iyoa (2, 9)lla = [|h(2) - (y * y) — h(z) - (T *G)ll2 = [|h(2) - [(y — 7) * (y + D)]]2
. . h* . . .
< |1n(2)l2lly = Fll2lly + g2 < 7lly = Jll22 < ly — gl
Since h* < 1, the claim holds.

iii) The z motion can be described by a density which is smooth in the initial y, everywhere
positive, and uniformly bounded from above and below: Because W is a non-degenerate
Gaussian there exists a function p(z,y, z1) such that for measurable A C R™

P{¢.(z,y) € A} = P.(z,y,A) = /Ap(z,y,zl)dzl

Because f; is uniformly bounded from above and below, we know that p is everywhere
positive and uniformly bounded from above and below. Because f; and f, are con-
tinuous in y, p is also continuous in y. Since [0, 1]" is compact, we know that p is
continuous in y uniformly in (z,y). Putting these facts together implies that there
exist positive constants p* and C' so

SUP~|PZ(Z,y, ) - Pz(27g7 ')|TV S )0* <1
Z7y’z7y

and

SUP|PZ(ZJJ7 ) - PZ(27g7 ')|TV S OHy - gHQ .

Having made these observations, Theorem 6 is a consequence of the following two theo-
rems when we set X, = [0,1]" and X_ = [?. The first theorem addresses the simplified case
of Theorem 6 when we take B(w) equal to zero. After discussing this case, we will turn to
the slightly more complicated setting of B(w) not equal to zero.

Theorem 7. Let X, and X_ be two Banach spaces. Consider ¢, a random map from
Xy x X_ = X, x X_ on a probability space (2, P, F,0). We assume ¢ has the form

gbw(zay) = (Fw(zay)v G(Zay))7
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for (z,y) € Xy x X_. Given two initial conditions z’ = (z®,y®) € X, x X_, i = 1,2, two
noise realizations w, we define x,(;)

v

11 = Dok (x,(;)) There ezist positive constants K and

sup [E{g(z")} — E{g(a)}] < Ke ™"
geg
where
G ={g:X; xX_ — R:g(z,y) measurable , sup|g(z,y)| <1,
Z?y

|g(zay) - g<27y,)| < ||y - y,“ fOT all Zvy}
if the following conditions hold:

i) For A C X, define P.(z,y, A) = P{o.(z,y) € A}. There is a fized positive constant
p <1, with

sup |P+(Z7yaA) - P—i—(gv g: A)lTV S )6

Z7y727g
and a positive constant C so

sup |P+(Zuy7A) - P+<27g7A>|TV < élHy - g”

z7y7z7g

ii) There exist positive constants 4 and ég, such that for any sequence zi,. ..,z

sup |G ({21}t y) — G ({2}, 9)]| < Coe™™"

R
where G"({zk}’f,y)d:dG(zn, “)o---0G(z9, -)oG(z1,y).

Proof of Theorem 7. This theorem will be implied by Theorem 4 after we validate Assump-
tions A1-A2, A3-A5, and Assumption AT.

We begin by defining Q. (z™",2®), ) as the product measure P, (zV), -) x P, (2@ -).
Clearly this choice satisfies Assumption Al. We now define s(z") 2 .) = P (z() ) A
P, (z?, -). This notation is explained in section C of the appendix. As defined s(z™",z® .)
is a measure on X,. We define s(2"),2(?), .) as the measure on X, x X, concentrated on
the diagonal elements (z, z) where z is distributed according to s(z(!), 2(®), .). Next define
r(z®, 23, ) = [Py (@D, ) = Py (z®, )]* and

with the convention that % = 0. Observe that

Q. (2, 2@ )Mz, 2@ ) 4 r(x® 2@ )
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The added flexibility of defining different measures for different steps is not needed in
this example. For @ = (z0) ... 2" ) € X} x X*, for all k we define s,(z,z®, .) =
s(mp_12W, me_12®@ ) and rk(x(l),x(z), D =r(meozW, w1 2@ ),

We set ®(z,z) = G(z). Notice in the simple map setting when we define ®, we do not
need the “look ahead” of knowing the z at the moment of time we are reconstructing the y.
This is needed in the continuous in time setting when each step of our chain will be a entire
segment of trajectory.

We begin by showing that our choice of measures s and functions G satisfy assumptions
A3-A5. Since s* is concentrated on the diagonal, we can pick a set of full measure Z C
X5 x X3 such that if (¢M,¢@) € Z then ¢V = ¢, Next, for any two m(l) € X, we define
X9 = T(C(), a:(()i)) € X* and y® =I_x@. Then for any g € G, the continuity of g(z,y) in y
and the assumption on G implies |g(m,x") — g(mx®)| < G(n) = Cye~ ™. This establishes
assumptions A3—-Ab.

Then clearly our construction of sy and ry satisfies the first part of Assumption A2. The
uniform lower bound on p (:pé ),x(() )) = s (2, 2, X* x X¥) for finite k follows from the
uniform upper bound p on the total variational for one step. To see this recall that

s(m(l) (2) Xy x X)) = s(x( ) (2 ,X4)
=1— [P (W, ) = P (@®, v > 1
and thus
s"(2W, 2@ XE x XE) =sp, 51 (2, 2@ XF x XF)

k
> [ng s(W,2® X, x X )| > [1-4" >0
xT K3

Clearly a better bound is needed for k = co. We will turn to this last. It will require an
understanding of the contraction in the enslaved variables. From corollary 2.2

Py ay”) = P el 2y) = / S de x ¢ (VP K x X))
XE xX

where Y = m- (¢ T x(z ). Continuing

<stag? o) XE xxE)  sup mea (0 x @, X x X))
(X(l),X(Q))eD

where D = {(xV, x®) : 3¢ = (G1,- .., &) € Xk with Y@ = 1, (¢, 2{")}. Because the same
¢ is used to obtain both x") and x®, our assumption on G implies that for all (x(", x®) € D,
ITT_x® — TI_x®@]|| < Cee™7*. Combining this with the second assumption P, produces

sup rk-l-l(x(l)a X(2)7X+ X X-i—) = sup ’P—F(X(l)’ ) - P+<X(2)7 ’ )|TV < CA'ICA'2€7;Y’€ .
(xM.x®)eD (xM,x*)eD

Returning to our estimate of p* — p**1 we see that

k+1(1.(()1)7 x(()2)

p
1 2

k( ) S 611026_’% (13)
P Ty T

1—
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Hence assumption A7 holds in this example. In addition with a little work this estimate shows
that p*> is uniformly bounded away from zero which is the missing element of assumption

A2.

For any fixed n
> (1) ()
P, )

k=n

Since p"(x™M,2?) > (1 — p)™ > 0 for any n, we need only show that the product term is
uniformly bounded away from zero for some n. Using estimate (13), we see that

Pas w(n )

0 k+1
& Yk
log H :17(1) x(z Zlog ), z?) > Zlog (1 — C1Cye™ ) )

Since there exists a C” so that for large enough k, log (1 — C’lége*%> > K'e 7% it is clear
k+1

that the sum is bounded away from —oo uniformly in (z(*), 2(?)). (Since p* > p**!, the sum
is bounded from above by zero.) Hence there exists a positive p>° so that p> (2, 2(2)) > p>
This completes Assumption A2 and hence the proof. n

3.1 A Small Generalization

To handle the case of Theorem 6 when the B is not identically zero, we need a small
generalization of our abstract theory. We could have addressed this case from the start, but
the notation seemed complicated enough.

Since we are interested in general theorem applicable to the setting of Theorem 6, we
pause fro a moment to explore that setting. Given our independence assumptions on B and
W, we can split € into g x €2, such that W (w) = W(3) and B(w) = B(n). We will prove
the following:

Theorem 8. Let X, and X_ be two Banach spaces. Consider ¢, a random map from
X; x X_ — X4 x XU on a probability space (2 = Qg x Q,,P =Pz x P,, F,0). We assume
that ¢ has the form

b (2,9) = (Fs(2,9), Gy(z,1)).

for (z,y) € Xy x X_. For any two initial conditions x((f) = (z®,99) e Xy xX_,i=1,2,

noise realization W% we define :U,(;J)rl = Qbekw(i)(ﬂfl(j)). Then there exist positive constants K

and vy such that for almost every sequence n
sup [E{g(z)n} — E{g(a?)n}] < Ke ™
where

G = {g : X, x XU — R:g(z,y) measurable , sup|g(z,y)| < 1,

Z?y

8zy) — &(=,9)| < lly = /|| for all 2y}
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as long as the following conditions holds for almost every realization n with constants inde-
pendent of n:

i) For A C Xy and n € S, define P.(z,y, Aln) = Ps{Fg.,(2z,y) € A}. There exists a
fized positive constant p < 1, with

sup |P+(Zuy7A‘n) - P+(57177A|77)|TV S ﬁ

2,42,y

and a positive constant C so

sup |Py (2,9, Aln) — Py(Z, 3, An)lrv < Cilly — 9 -

2,2,y

ii) There exist positive constants 4 and ég, such that for any sequence zy, ..., z,

sup |G ({231, ) — Gr({a} i 9)| < Coe ™
vy

where Gy ({21 }7, Y)=EGogn-1 (2, - ) 0 -+ 0 Goyl(22, +) 0 Gyl21, 7).

Proof of Theorem §. The proof of this theorem is essentially identical to the proof of The-
orem 7. It requires a small generalization of Theorem 4. The assumption that the map ,
used to reconstruct the enslaved modes, is deterministic forces the structure of Theorem 7
from the previous section. In our present setting, we also need to know the realization of n
to reconstruct the enslaved modes. In this case, we set ®7(21, 20, yo) = G,(20,%0). Now all
of the quantities in section 2 depend on the realization of 7. After taking each step, we now
have to shift the n with 8. Though this seems more complicated, since we have assumed
that all of our bounds are uniform in 7, it amounts only to more complicated notation. The
analysis of section 2 carries over with out modification. With this in hand, the proof of this
theorem is the same as the previous theorem.

To proceed in cases were we do not have estimates uniform in 7, we will need control
of the constants p; as we shift along 7. As the shift along 7 is ergodic, it is reasonable to
expect that such an estimate would exist in many settings. O

4 Ergodicity of the Navier Stokes Equation

We will work on a probability space (€, F,F;,P,0;). We associate 2 with the canonical
space generated by all dwy(t). F and F; are respectively the associated global o-algebra and
filtration generated by the {wg(s)}rew for s < t. Expectations with respect to P will be
denoted by E.

Define B(u,v) = —Pg,(u - V)v and A*u = — Py, Au where Py, is the L? projection
operator onto the space of divergence-free vector fields. Recall that o7'** = sup |oy(x)| and
let Omax = max o™ and £F = >, |k[7|o** 2. Writing u(z,t) = >, uk(t)er(z), we will
define

H = {u = (up)rez2, uo =0, Z |2 e |* < OO}
k
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and L2 = H°.
Projecting (1) onto L%, we obtain the following system of It6 stochastic equation

du(x,t) + vA*u(z, t)dt = B(u,u)dt + o(w)dW (z,t) . (14)

Recall o(u)dW was defined in the introduction. Since only a finite number of modes are
forced and the oy (u) are uniformly bounded from above and below, equation (14) possess a
global solution almost surely. It can be shown that the solution is almost surely continuous
in L and in H? at any moment after the initial moment. (In fact since we force only a
finite number of modes, it can be shown that only the |u;| decay exponentially in |k|. See
[Mat98].) We will take the state space of (14) to be L? equipped with the Borel o-algebra
and write u(t,w;ug) for the solution at time ¢, noise realization w and initial condition .
P;(ug, -) will denote the measure induced on IL? by the dynamics starting from wuq.

4.1 The Splitting into High and Low Modes

For this section and section 4.2, we momentarily allow forcing with an infinite number of

modes. That is, we briefly allow the set of forced modes, W, to be an infinite subset of Z2.

We do this to make clear the generality under which our construction is valid. Of course, this

raises delicate questions of uniqueness. Since the case of infinite W is an aside, we simply

assume that o has been chosen to insure the existence of a unique solution which is almost

surely in C'([0, 00), H?). (See [Fla94, DPZ96, Fer97, Mat98] for discussions of these issues.)
Fixing a finite subset Z of Z2, we define the splitting

L? = span{e;, k € Z}, L; =span{ey, k & Z} .

We will say that a splitting is elliptic if & € Z implies that k € W.

Similarly, we also split the probability space into 2 = €y x Q. €2, is generated by the
increments of the Brownian motions wy, with k € Z and §2;, by those outside of Z. We will
write w = (&,() € Qp X Qp,. As before we define the inner diameter of Z, denoted |2/, by

|Z|int =sup{N : k€ Z forall k with0 < |k] <N } .
With “high/low” splitting, we can decompose (14) into
di(t) = [N + PB(C,0)] dt + P,G(L, h)dt + ay(C, h)dB(t, €) (15)
dh(t) = [—vA*h + P,B(h, b)) dt + P,G(h, ()dt + o3, (¢, h)dn(t, C) (16)

where G(f, 9)=B(g, f)+ B(f,9)+ B(g,9), P, and P, are respectively the projection onto L7
and L7, 0,dB = P,odW, and o,dn = P,odW. In defining the noise, we have used the fact
that T (t) is independent on the high and low mode space. In principle, this is not essential.
In a more general setting, we would set n = P,W and g = P,E{W|n}.

We now consider (16) from a slightly different point of view. We can consider the ((t) as
some specified exogenous forcing. Hence if we are given some fixed trajectory ¢(t) then we
can solve (16) for any initial condition n-almost surely. We will write ® (¢, hg) for solution
to (16) at time ¢ with initial condition hg at time s, noise realization 7, and low mode forcing
(. Of course ®/ (¢, hg) depends on the trajectory of £ 7 on [s,t]. When the starting time
s = 0, we will write ®{(¢, ho) for @/ (¢, ho).

The decomposition presented here is discussed more detail in [Mat99] and [EMS01].
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4.2 The Enslaving for Navier Stokes

For any € € (0,1) and § > 0, define the following set of nice future trajectories 2.
t
Zfﬁ:{fecﬂammL%:ﬂwwmlu@ﬁf+m%/|Aﬂg@dngﬂ+u+5wmpwzo}
0

The paths are “nice” because we have good control over their growth. In particular, observe
that for all f € U°,

1! s _1+6&
Z < T-%0
im 5 [ As)f < =205 a7)
These paths are typical in the following sense. Let P{ - | n} the probability measure obtained
by conditioning on particular realization of high mode noise 7.

Lemma 4.1. For any initial condition uy € L2, € € (0,1) and § > 0, P{u(-,w;ug) € U’} =
1. Furthermore, for almost every n, P{u(-,w;ug) € U’ |n} = 1.

Proof of Lemma 4.1. From Lemma A.2 of the appendix it is clear that P{¢x%uq € U} = 1.
By Fubini the conditional expectations are well defined for almost every . Since the set has
full measure for the full expectation it must have full measure for almost every conditional
expectation. ]

We now make a critical assumption on the structure of 0. We assume that o, depends
only on /. It is the key to the analysis proceeding in its present form.

Lemma 4.2. Let C be the same constant as in Theorem 1. Assume that oy, is independent
of h and €|Z|2,, > C%(l + 0) for some e € (0,1] and 6 > 0. Then there exists a positive
constant K and vy, depending on € and 9, so the following holds:

Given a l € C’([O,t];Lz), a hg € L2, and a high mode noise trajectory n such that

0(s) + ®1(L, hg) € U then for any hg € L2

2

26 ho) — @(¢, o)

2
e ®
]LZ

ZSKW—%

L
for any s € [0, ].

Proof of Lemma 4.2 . For e = 1 this is Lemma 2.2 from [EMS01]. Though the exponential
convergence is not explicitly in the statement, it can be found in the proof. The fact that we
allow the high modes to be forced is not of concern as the proof deals with the differences of
two solutions; and hence, the noise cancels out because o, depends only on the low modes.
The proof for smaller ¢ is identical. It simply uses the fact that |Z|? , is strictly greater than

&
5 []
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4.3 The Main Result: Theorem 1

We now return to the setting where only a finite number of modes are forced and begin
examining the principle result of this paper: Theorem 1. To make the statement of Theorem
1 complete we need to define the norm in which we are measuring the convergence. The norm
on signed measures || - ||, is simply the norm defined in (4) for the class of measurable test
functions G, = {g : L} x L — R : sup|g(¢, h)| < 1 and |g(¢, h1) — g(€, ho)| < |1 — holp2 }-
This norm is analogous to the | - |g-norm defined in section 3. In particular, convergence
under | - |g implies convergence under the Wasserstein distance. And if the test function
depends only on the low modes then it implies convergence in total variation.

After some work, Theorem 1 will be a consequence of Theorem 5. The proof is contained
in the next section and is composed of a number of steps. The first step is to factor the
transition kernel induced by the dynamics of the Navier-Stokes equation and then reconsti-
tute it to build the s* and r* kernels from Assumption A2. The second step is to obtain
the analytic estimates on the s* needed to verify assumptions A3-A5. Lastly we prove the
existence of the Lyapunov structure required by assumption AS.

As a preliminary step, we fix the splitting by taking the splitting set to be WW. In the
notation of section 4.1, we take Z = V. We use the notation of section 4.1 decomposing
L? = L2 x L7. For the remainder or discussion we fix a ¢y € (0,1) and 6 > 0 so that
€0 Zline > (1 + 5)05—'—; This is always possible since we have assumed that |Z];,; > Ci—% We
set U = U, where U’ was defined in the last section.

Since we now are only forcing the “low modes” the split system (15) and (16) can be
written as

de(t) = [-vAN*( + PB(L, 0)] dt + P,G(¢, h)dt + o (£)dW (t,w) (18)
ag—f) = —vA*h + P,B(h,h) + P.G(h, ) . (19)

Since the high modes are now deterministic given a low mode trajectory, we simplify the
notation of section 4.1. We will write ®,(¢, ho) for the solution to (19) with specified low
modes ¢ and high mode initial condition hy.

STEP 1: SETUP AND PRELIMINARIES

Though our process is continuous, we will think of solutions of (18)-(19) as a discrete
chain where each step will be a segment of trajectory. For the remainder of this discussion,
we fix a T > 0 and set X = C([0,7],L?), X, = C([0,T],L2), and X_ = C([0,T],L?). We
define P(z, -) as the measure induced on X by starting from an initial condition z. We will
allow x to be in either X or IL2, this is reasonable as one only needs to evolve forward in
time last position in 2. As before we define Q" as the measure induced on X" by taking n
steps of the chain, )"} as its projection onto X}, and P as the projection of P onto X, . Of
course in our current setting, we can also view Q" and Q" as measures on C([0, nT],L?) and
C([0,nT],L2?) respectively. We define the function ® : X, x X — X_ by y = ®(z,x) with
y(s) = ®(z,2(T)) with s € [0,T]. Next define Q, (zV), 22, .) to be the product measure
Qi (zM, ) x Q(z?, -). Clearly this choice satisfies assumption Al.

We begin by establishing a number of constants, whose values will be fixed later, and
using them to define a number of subsets in the pathspace which will be needed in our
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constructions. For any positive Ky, Ki, and C; we define the following sets. (Recall that ey
and ¢ were positive constants fixed once and for all in the last section.) In general “4” will
adorn subsets of the active variable and boldface will be used for sets which contain pairs of
trajectories.

First set Af = {2 € Xy : supycjo |2(t)[, < Cy}. Fork=2,3,... andx = (x,..., 25 1) €
X*, we define

koo Tk
A () :{zk € X, |ze(t)Fs + 2ve Z/ |Az;(s)|2, s
j=2 "0
<K+ (140)E(k—2)T +t] forall t € [O,T]}

where x;, = T (2, H_w4—1) and T;(k) = t1gy(j) + T1g<ry(J). Notice that the definition of
Af does not depend on a base point x while the higher k definitions do. These sets are

subsets of X,. Next we string them together to define subsets of the sequence space. For
x=(Zo,...,Tm_1) € X™ we define AT”“(Q;) C Xl_f;mfl as

AR (x) = {(Zm7 coeyz) € X € Af (2o, @) for L =m ..k where

z; = (z;,y;) and y; = ®(zj,x,_1) for j =m, ... ,k} . (20)
When m = 1, we will simply write Ai(a:) Observe that we continue the convention from
the previous sections of subscripts denoting objects having to do with the k-element in a
sequence and superscripts denoting objects associated with a path of length k. Notice that
by construction if one is sitting at € X then A* (z) is precisely the choices of active variable
which keeps one in the set of “nice” futures U from the previous section for k steps.
Finally we build a particular set of pairs of paths in the product path space. These

[19%)]

will be the paths on which our “s” measures in the factorlzatlon will be concentrated. For
2@ = (2, 2l 1) E XF with i = 1,2, we define Af (z(M,2®@) = A (zW) N A (2?).
Then for k£ > 1 and xo € Apx, we define

A* (x(()l),x(() )) = {(z(l), ) e Xt x Xk where 2 € Aik(xél),xé )), zgl)(T) = z%z) (T)
and if k > 2,20 = 22 for m € {2, .. k}}

These will be our “similar” paths in the product of the active path spaces. For these sets
to be useful we have to show that we can construct a coupling (a measure on the product
space) so that these sets have positive measure and in addition if these paths are followed
the system has desirable properties. The latter point will be the topic of the next section
while the first will be covered the following sections.

Before continuing, we define two last set of paths. Namely the paths in the whole phase
space determined by following our disguised active mode paths and a group of nice initial
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conditions. In particular, define

APV 2Py = {(:i:(l),:%@)) e XFxXF with 20 = (27, ..., 27,) : 3 (=W, 2®) e Ak (&), 23

with TT,&; = 2 and T, = y; where 3 = &(=, 2 )}

Next we define a set of nice initial conditions by Ag = {z € X : |2(T)|?, < K} and

AO,k {(xél)7 cee Jml(g )> (Ié2)7 .. x](f)) l’(()z) - A(] and

1 2 2 2
(o) x @, al?) € ARl 2l |

STEP 2: THE SETS A’j_ HAVE PROBABILITY CLOSE TO ONE

This will be obtained by choosing the various constants. Because we know that the
moments of the norm of the trajectory are controlled by the norm of the initial condition,
for any € > 0 we can pick a Cy so that P{sup,cjo7[21(t)]> < C1} > 1 = § for any 2 € Ay
and z1(t) = Pupixo(T). Then by Lemma D.1 the fact that the low modes are less that
Cy on [0,7T] implies that there is some bound K] so that the norm of the total solution is
bounded by K over the interval [0, T]. Lastly we pick K; > K so that for any z; € X with
lz1(T)[?, < K, we have

k Ty (k)
P{|xk(t)|i2 + 2ueg g / |ij(s)|i2 ds < Ky + (1+0)&E[(k —2)T + t]+
— Jo

for all t € [0,7] and k € {2,3,---}}> 1—%

Combining the two estimates give that for any zq € Ay, P{2(-) € A¥(x)} > 1 — ¢ for all
k. After these considerations the only free parameters in our construction are € and the Ky
used to define Aj.

STEP 3: CONTRACTIVE PROPERTIES

For paths in A% Lemma 4.2 describing the high mode contraction has the following
simple form.

Corollary 4.3. There exist positive constants K' and ~' such that for k > 2 and n €

2,...,k)

2 A~
sup (sup ‘y —yD(t )‘L2> < Klem T (21)

(z(l)’m(Q))ervk tE[O T}

where y&) = T_m,2®.
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Proof of Corollary 4.8. Fixany (2 :C(Q)) A%, Because (mp gz, m ga@) € AR, 2{Y)
with moz® € Ay, we know that ma® € Ay and I 7m,2® = I, 7, x(z for n € {2,...,k}.
Then Lemma 4.2 implies that

2 /
V() = (D)) e
L

2
sup |yM(t) —y P ()], < K' |y
te[0,T7]

for n = 2,...,k and some fixed positive K’ and +/, independent of the initial conditions or
2

n. We know that ‘y%l)(T) — y%z) (T) , < 2K, from the definition of Af and the choices of
L

constants made in the last section. Hence for new positive constants K’ and 7/, we have
stated result. O

STEP 4: DECONSTRUCTION AND RECONSTRUCTION OF THE MEASURES

We now build the factorizations s, and ry as needed to satisfy assumption A2. For k > 2,
we proceed in a fashion similar to section 3. However, we do not have the luxury of using the
same factorization of all k£ as we did in section 3. For £ = 1, we will do something slightly
more complicated but in the same spirit.

Given k > 2, we define

sp(z® 2@ ) =Q (i M Al (2! )) A Qu (i A (e (1),x(2)))
rk(x(l)ax(z)v ):[Q+(7Tk 1$( ﬁ"4+( (1)71‘(2))) QJr(ﬂ-k 1&3( mA+( (1),.77(2)))]
+Q+(7Tk:—1I . ﬂAZ—(CE( 793(2))6)

Observe that Q4 (mr_12M, -) = sp(x®, 2@ ) 4+ (2™, 2@ ) and s (2™, 2@ ) =
sp(z®, 20 ). Next we define, sp(z™, 23| -) to be the measure on X, x X, concentrated
on the diagonal elements (¢, ¢) where ( is distributed according to s;(z"), 22, .). Lastly as
in the simple map example of section 3, we define

Tk(l’(l),l’@), ) X Tk($(2),37(1), )
Tk(x(l),J}(Q),X)

+

rk($(1), x(Z)a ' ) =

again with the convention that % =0.

As mentioned at the onset, we only use the above construction for & > 2. This is because
Q+ (2, +) is singular with respect to Q4 (z®, ) whenever M(T) # 2*(T). Hence for
k = 1, we can not compare measures on the entire path space, instead we look at measures
induce on L at time 7. More precisely for any B C LZ, define

={zeX, =C([0,T],L7) : (T) € B} .
We set

vay(2, B) = Qu(x, [BIN A}) (22)
) ) = UAl(x(1)7 ) A UA1(:E(2)’ ) and,

Ur(x(1)7$(2)’ )= [vAl(xu)’ ) _UA1($(2)’ .)]+ ,
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Next we let Q1'(z, -|¢) be the probability measure induced on X, = C ([O T),L3) by
Qi (z, -NAY) Condltloned on the trajectory being ¢ at time T'. Also define Q' (z(, 2 - |¢) =

QY (x™, -10) x QM (@, -|0). Lastly, we define
51 (a /Q& .2, o ., o)
@) x ry(a®, 20, )
(1) ) = ’ !
I (‘T ) JI 7 ) - ( (1) 11(2), X+)

n®.a®, ) = Qua, - N (AD) + [ QG 0., do

The critical feature of this construction is that if ("), () is in the support of s; then
CO(T) = ¢@(T) and |9 (¢)]? < Oy for t € [0, T]. Recalling that by definition s* =s;, - - - sy,
if (¢M,¢@) is in the support of s* with & > 2 then ¢ can be viewed as a trajectory in
C([0,kT],L?). Viewing them as such (M (t) = ¢?(¢) for t € [T,kT] and |[¢(V|* < C for
te0,7].

STEP 5: THE LOWER BOUNDS ON pF

Recall that we defined p*(z! x@)) = sk(2W, 2™ Xk x Xk ). To connect with Theorem
5, we need to estabhsh that the p* are each umformly bounded away from zero of initial
conditions with xo € Ap. This is the content of Assumption A2.

We begin by considering p!. All we desire to show is that there exist some positive
constant pl so that p'(zM), 2) > p! for all 2 € Ay. (The constant p’ will depend on our
choice of K, which was used to define Ay. From the construction we see that p'(z(") 2(2) =
v (2, 2@ 1L2) = ||va, (M), -) Avg, (@@ 2|7y, We need to show that there exists a p! so
pH (™ 2@ > pl for all 20 € Ay. But this follows from Lemma C.1 because Q (z®, A})
is uniformly bounded from below by construction and Lemma 4.5 shows that the needed
density moment is uniformly bounded from above.

We now turn to p* for k > 2. Observe that for fixed (zi, z{?) € Ay,

oMy, ay)) = / s'(zg 2y ¢ x d¢®)sP (P X X
XxX

where YO = (z{", 2", i = 1,2, with 2" = (¢, y®) and y® = &(¢?, z{"). Next note that
sl(a:(()l), 93(() ) X x X) = (:B(()l),[l?(() ),Lz) and that by the construction of v*, (M(T") = ¢(T)
and (M, ¢ ¢ A, Recalhng the definition of A%! from the last section we observe that

ke.(1) _(2) se.(1) (2) 72 . 2k (1) (2) k-1 k—1
P (x(] » Lo )Z [U ('x0 » Lo a]LZ)} (X(l),xlél)f;eAOvlS (X » X aX+ X X+ )

From the calculation for k = 1, we know that the first factor is bounded from below by pl.
Hence we only need a lower bound on the second factor. Recalling the definition of s* for
k > 2, Lemma C.1 implies that to obtain the uniform lower bound on p* it is sufficient to

have an upper bound on

4

d ’ m Ak (2)
(@) o) e A0 dQ ( - Ak ( x(2)))
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and a lower bound on

i - 1 1 2
o QT @Y nAN@ )

The infimum is bounded from below by 1 — ¢ by construction. A bound on the supremum
follows from (26) of Lemma 4.4.

In summary, have shown that for all k there exists a positive p* so that p* (x(()l), a:éQ)) > pF
for all xg) € Ay.
STEP 6: pF~! — p¥ DECAYS EXPONENTIALLY

The second condition needed to connect with Theorem 5 is that the p*~(z(M), ) —
pk(x(l),x(2)) decay, uniformly in z, at an rate exponential in k. This is the content of
Assumption A7. We will show that pk(x(()l), x((f)) - pk“(x(()l), xéQ)) decays exponentially in k
with constants uniform over initial datum in Ay.

Begin by fixing 29 € Ay. From Corollary 2.2, we have that p¥(z(1), 2(2))—pt+1 () 2(2)) =
18P (2, 22 XFH x XFH1) To simplify notation we will denote

rAk(x(l),a:@), N = [Q+(7Tkx(1),, . QAZ(I(U?Q;@))) _ Q+(7Tkx(2), . ﬂA,j(a:(l),a:@))]*
r (@0, 2, = Qu @, - 1 AF @0, 2?)e)
With this notation ry = 74, + 14,. Next observe that
pk(l,(l)’ x(Q)) B pk+1(l,(1)’ x(Q)) _ r}gﬂsic(xu)7 I(2)7Xk'+1 % Xk+1)

< sup  rpst(@®, )

=) 2@ e A,

Where

rpaast (0, 22 = / P (00, @ X)) (@D, 2@, dz0 x d20))

Xk xxk
with x = T(z®, ). (Notice that the r;,; is not bold !) Hence, we have

pk(x(l),x@)) _ pk—&-l(x(l),x(?)) < sup r!Ak+lsk(m(1),x(2))
;1:(1)73:(2)6140
+ sup rAk+1Sk (ZE(I), x(Q))
$(1)7,1’(2>6A0

where T!AkHSk and rAkHsk are defined as above.

Intuitively, the first term is small because it is unlikely that the trajectory is outside
of A;H on the k-th step given that it started in Agy. Intuitively, the second term is small
because there is little probability mass left in r4, ., which is essentially difference of the two
transition densities on the k + 1-th step after agreeing on the first k steps. The contractive
properties of the system make the density on the k + 1th step close.

We begin with the first term.

sup T;Akﬂsk(:p(l),x(z)) < sup P, { sup |zx(t)[72 > Ko+ (1+0)&; (k + 1)T}

x(l),x<2)6AO $0€A0 OStST
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By Lemma A.2 the last term decays exponentially, hence there exist positive constants K
and v so that

sup TlAk+1Sk<J](1),ZL'(2)) < Ke®
(D 2 eAq

We now turn to the other term. Since s*(z(V, 2 Xt x X*) = s#(zM, 23 Ak (2 22))),

koo(1) (2 1) (2
Sup 74,8 (93( )l )) < sup TAk_H(ZB( )l ))
x(l),x(z)er (x(1)7x(2))6A07k

< sup E®)
(z(D) 2(2)c A0k

1Qu(ma .1 A5 o, 2) T
dQ . (mpx® - N Az+1(x(1)7 z(2))

by Cauchy-Schwartz,

< sup E®
(z(W) 2(2))c A0k

1
a1
AQ.(max®, - N AL, (@, 2®) ]|
AQ:(ma® N AL, (a1, 2))

and by expression (27)

1
< [exp (Ke‘”k) — 1} 2
for possible larger K and ~. Putting all of the estimate together produces
1 ’
sup p(a5”, 26”) — pH (g, 27 < KT o [exp (Ke ™) —1]F < K'e™™ (24)
z(i)GAo
for some other positive K’ and .

STEP 7: LYAPUNOV STRUCTURE

The last requirement to apply Theorem 5 is the existence of a Lyapunov function. For
z € X, we take V(z) = |2(T)[2>. Let x, € X = C([0, T]; L?) the solution to the Navier Stokes
equation starting from initial data xy. Because the paths are continuous almost surely we
know that ,,_1(T") = x,(0) with probability one. The standard energy estimate applied to
this setting (see [Mat99, EMSO01] ) produces:

E{ loa(D)I}s 1Fas | = €27 [oua (T) [} + 52T

Hence assumption A8 holds with a = e=7 and b = %T and
C= {(:1:(1),1:(2)) € X x X: [¢V(T)[:, +|2@(T)|7, < KO} . (25)

Clearly if (z™M), 2(?)) € C then () € A for both i = 1 and i = 2.

STEP 8: CONCLUSION OF THE PROOF OF THEOREM 1
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All of the assumptions needed to apply Theorem 5 have been satisfied. We summarize.
In step 1, we constructed the needed s+ r decomposition. In step 2, we obtained the needed
uniform bounds on the p’s. Together step 1 and 2 establish assumptions A1, A2, and AT.
Given the contraction shown in Lemma 4.2 and the fact that the test functions are continuous
in the high modes, assumption A3 and A5 are satisfied. The Lyapunov structure shown in
step 3 is compatible with assumption AS.

4.3.1 Estimates on the Radon-Nikodym Derivatives

We now use this estimate to control various Radon-Nikodym derivatives which we arise in
the next section.

The next lemma shows how the measures on the future paths become exponentially
similar if the past is taken from the support of S*.

Lemma 4.4. From any integer p > 1, there exist fized positive constants K (p) and A(p) so
that if 2 < n < k then

g (125 (mar), 0 AL (), 1))
dQ*~ (n ’.mAfflvk(x(l),x(z)))

sup
(z(M),z(2))c A0

) ! < exp (f(( Je~ mn) . (26)

In particular, we have the estimate

dQﬁ__n (an(1)7 - M Ai—i_l’k(x(l)? I(2)>)

(2)
sup E
ko ”(an(Q), NA" l’k(x(l), x@)))

(m(l)’m(Q))eAO,n

r < exp (K(l)e’gf(l)fL) -1.
(27)

This next lemma is the key estimate to prove that density at time 7" have a minimal
common component uniformly over all initial conditions in Ay

Lemma 4.5. Recall the definition of va,(z, B) from (22) and assume that Cy > Ky (the
constants used in defining Ay and Ag). Then for any p > 1, there ezists a constant C* so

that
dva, (2@, )\
2V 2@ e A dva, (22, )

Proof of Lemma 4.4. Recall that Q’f”(ﬂnx(i), -) is just the measure on the low modes in-
duced by the dynamics of (18) up to time (k —n)T starting with low mode initial data é )
(I, z)(T") and high mode initial condition A\’ = (IT_m,2®)(T). Since (2, 2®) € AO”
with n > 2, we know that K(()l) = E(()Q) hence we will simply write ¢.

We need to compare the measures induced by

0D (t) = [~vA2D + BB 1D)] dt + BG(0D, ,(6D, h{"))dt + o (¢D)dB(t, €)
(9(0) = ¢,
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for i = 1,2. If we define D(t, ¢, h{", KNYEG (e, ®,(¢, (")) — G(€, ®,(¢, h)) then (D) is
related to /(2 are require to apply Lemma B.1. Recalling that o(¢) is uniformly bounded
away from zero, all we need is control over |D(t,?, hél), héQ))| for initial conditions in A%
and ¢ trajectories in A7 (21, 2(2),

By Lemma E.1 and the bilinearity of B(u,v),

(1) 7 (2)y2 2 1) 2
Du(E b B2 < Cale) | ) + | @it ‘ + |eutn)] (28)
where d(t )(13,5 (e, h(l)) (0, h )‘L Because our paths are restricted to £ € A" (21 2(2)),
we have
2
(¢ IL2+)<I% (¢, h) ] ‘<I>t s )(L < 2K, +2(1 + 6)EnT +1) .

Since in the definition of D, ®,(¢, h(()l)) and (¢, h(()z)) are evaluated with the same ¢, Lemma
4.2 implies that

et

~ 12
d(t) < K ’ho ~ o,

for some constants K and 7 and all t > 0. Because (z(V),2®) € A% Corollary 4.3 tells us
that

2 /
h((]l) . h((JQ) . S Kleffy nT ) (29)
L

for some 7 € (0,~]. Combining the two estimates give d(t) < K"e~7 T+,
Using these facts in (28), shows that for some K” and ~”,

(k—n)T
sup [ sup / Di(, hé”,héz))lgdt] <K'
€() ))

(1) z(2))e A0n . EA1+1’]€(Q?(1>717(2
for any k£ > n. Using this estimate and Lemma B.1, we complete the proof. O

Proof of Lemma 4.5. Though the following proof is not the most elegant, it will be sufficient
for our needs. We will prove the lemma by comparing the stochastic process ¢(t) with

di(t) = | —vA% + P,B(I, é)] dt + o(D)dW (t,€) .

This process is a standard elliptic diffusion as we have removed the memory term. We define
o4, (z,B) = Q4 (2, [B] N A}) = P{{ € [B] N A}. We know from the standard theory that
0a,(x,B) = [, p(z,y)d for some smooth density p(x,y). Here X is the Lebesgue measure
on LZ, which is finite dimensional. In addition we know that p(x, -) is positive in the interior
of the ball {y : |y|*> < C;} and that for any p > 1

ﬁ(x(l),y)r 0 (2)
sup ——| p(x',y)dA\(y) < oo . 30
x<1>7x<z>eA0/ [p(-%’("‘),y) ( JAAW) (30)
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We can uniformly bound the moments of the density ratio because K is strictly less than
C} and hence we never get close to the boundary.

For a moment let us assume that we can show that vy, (z, B) has a density p(z, y) relative
to A(y) and is absolutely continuous with respect to 04, (x, B). In addition, suppose that for
any p > 1,

oy [ {W’”]pﬂx,y)w@) < oo (31)

z€A) p(CL’, y)

Assuming this we can prove the result through repeated applications of the Holder’s inequal-
ity. For brevity, we write p; for p(z®, y) and p; for p(z@, y) where i = 1,2,

P . qp pHl . q12p 3 2p12 3
L] min ] 2] s (J 2] ) (/20
b2 P2 b1 D2 Y4

bounding the second factor by (31) gives

~ 12p+1 A 72 % ~ 14p+2 ~ 74p
([ o) <o/ 2] se) (]
b2 D2 D2 b2

Since the second factor in the final expression is again bouned by (31) and the first factor
by (30), we obtain the quoted result.

To complete the proof, we need to demonstrate (31). This will be accomplished through
Lemma B.1. Since the difference between the equations for ¢ and /is the G term, we need to
show that it is uniformly bounded for paths in A] and initial conditions in Ag. By Lemma
(E.1), we know that we just need a uniform bound on |u(t)|?, = [€(t)|?, + |k(t)|?> over the
interval. The initial high mode is uniformly bounded because we start in Ag. The low modes
is bounded over the time interval because we also stay in A;. Combining these two facts
with Lemma D.1, shows that the high modes also stay bounded in IL.? over the time interval.
Combining all of this give the uniform bound on |G| as was needed. O

N
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A Energy Estimates

Lemma A.1. There exist positive constants Cy and C; so that

g*
Bu(t)ff <e VB lu(O)f, + 22 (1- )

g*
B[ Au(t)2, <e ' [Au(0)2, + 5 (1- )

For anyp > 1,
t
Bl < B0 +Cy [ M ) ds
0

t
E|Au(t)|5 <e "B [Au(0)|f +01/ “2 IR | Au(s) PP ds
0

In particular, this means that all moments of the energy and enstrophy are uniformly bounded
by a constant times there initial value.

Proof of Lemma A.1. These are just the standard energy and Sobolev estimates in this set-
ting. There is a little extra work to do in the stochastic setting. Proofs can be found in
[VF88, Mat99, Mat98, EMS01]. Not all of these references consider the case when oy, de-
pends on on u. However, as we have assumed that each oy (u) is uniformly bounded the same
proofs apply. n

Lemma A.2. Fiz a ¢ € (0,1) and define

def

B

t
() + 2ven [ Na(s) s
0

There exist a v > 0 so that whenever |u(0)|i2 < Cy
PS sup B, —&s > Co+ K p <e ¥
s€0,t]

for any K. Using this we see that for any positive Ky and Ky and 6 € (0,1], there is a
positive C, independent of Ky, so

P{E; < Co+ Ko+ &t + Kit® for allt > 0} > 1 — Ce 0
Furthermore the constant C' — 0 as K; — 0.

Proof of Lemma A.2.
lu(t)|2 —|—2V€0/ |Au(s)]Zs = |ugl?s + / Ey(u(s))ds — 2v(1 — €) / |Au(s)]?, ds

s / (uls), ()Y ()
<Cy+ &t+ N,
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where N; = 2”;;_60)[]\4, M), + M, M, = fot (u(s),o(u(s))dW(s))Lz and [M, M]; is the
quadratic variation of M,. To prove the first estimate we need to control the probabil-
ity that sup, N5 > K. In this setting, the exponential martingale inequality states that for
positive v and K,

]P’{ sup M, — z[M, Mg > K} <e K
se[0,4] 2
4v(1—ep)

2

Hence the result follows with v = =5—
To prove the second result, define the events

B, = { sup Ny > Ko+ Ki(n — 1)5}
s€[0,n]

and observe that
P{Nt < Ko+ K1t5}2 1- IP’{ UBk}z 1= P{B:} .
k k

Applying the first estimate to ]P’{Bk}, we see that the sum is finite. More exactly, there exist
positive constants C,

]P{Nt < Ko+ K1n5}2 1— Ze*v[KoJrKl(nfl)ﬂ > 1 QKo

n

B Comparisons of Path Space Measures

Let z(t) be the stochastic process in R™ on the time interval [0, T'] given by the It6 stochastic
equation

dx(t) = f(t,z(-))dt + g(t,z(-))dW(t) . (32)

W (t) is a standard Brownian motion on R™. f and g are non-anticipating functionals from
R, x C([0, T];R™) into the n x m-matrices and n-vectors respectively. (See [RY94, Pro90].)
We assume that (32) is well defined pathwise up to time 7" with probability one and there
exists a positive a so that 27 gg7x > a|z|? for all z € R™. Let

dy(t) = D(t,y(-))dt + f (¢, y(-))dt + g(t, y(-))dW (t)

where h is a non-anticipating n-vector valued function on R™. We will always start x(t)
and y(t) from the same fixed initial condition. Let A be a subset of C([0,7];R™) and let
Ay be the restriction to C([0,t];R™). For any B C C([0,t];R™) define P*(B) and P/(B) by
P{x € B} and P{y € B} respectively.
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Lemma B.1. In the above setting, assume there exists a D, : Ry — Ry such that

sup |D(t, z(-))] < D.(t)
z(-)€EA

for allt € [0,T). Then for any p > 1 we have the following estimates:

2 [ 0) L) < o (D52 [ 0ugsyras)

and

B |G o) - 1}21&@) <o (o [ ID.o)Fds) -1

Proof of Lemma B.1. Define D(t,y(-)) equal to D(t,y(-)) when y € A, and zero otherwise.
Let g(t) solve

dj(t) = D(t,§(-)dt + f(t,9())dt + g(t,5())dW (1) .
Observe that as long as ¢ stays in A then y = ¢. Hence, if PY(B) = P{y € B} then

p

14,(9) < EY

~ p
dpr?
ap (¥)

dpy p .
B ] 14 ) -
t

ap? (9)

By Girsanov’s theorem,

-~ p
dpr?
P (9)

— e (= [l 60D 01w () - [lg7 DG i) Fas)

< a0 (0 [, o)

where
36 = (= [ 197 (5.0)Ds. )W ()~ 2 [l .0)D(s. s )

Because M,(t) has expected value one, we obtain the first of the quoted estimate. Equally
we have

dpP?

) dpy
ap (9) —

. apy
ap (1)

1 — 2FY
* ip:

E? — B () = E?

which implies the second estimate. [
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C Coupling Estimates

For any two probability measure p; and us on a space X, we can always write them relative
to a common measure v so that du; = ;dv. Then we define the measures (u; A u2)(-),
(1 — p2)*(+), and (e — p1)™ () respectively by the densities (¢4 A q)dv, (1 — o) dy,
(b — 1) T dv where a Ab = min(a, b) and (a)" is a if a is positive and zero otherwise. Notice
that u1 = (g A p2) + (p1 — po) ™. Also observe that if | - |7y is the total variation norm then

1 — pia|ry =1 — (p1 A p2)(X) = (1 — p2) (X)) = (2 — 1) H(X).

Lemma C.1. Let py and po be two measures on a space X with p;(X) < 1. Assume that
i1 s equivalent to ps and that there exists a constant C' > 0 and p > 1 so that

/X[%(x)]pﬂ dug(x):/X {%(@rdﬂl@) <

dug d[j,g
then
1
1A ——(z)|dus(x) > |1 — - .
[ @) it = 1] (255

Notice that this lower bound is strictly positive if u1(X) > 0 (or equivalently pus(X) > 0).

Proof of Lemma C.1. Let f(x) denote %(m). Then

/X 1A (@) dpa(z) = /X (f = 1f — 1) dpsa()

()~ [ L

Fixing any M > 0, we define By = {z : f(z) > M} and B, as its compliment. By the
Chebyshev’s inequality, p1(By) < C'M~P. Continuing, we have

J A s @) duate) =atx) - [ / }1“du1<x>— | l ‘fl“dm(x)
o (x) - L - &m0 O

Optimizing over the choice of M gives the result. O

D Control of High Modes By Low Modes

Lemma D.1. If h(t) is the solution to (19) with some low mode forcing ¢ € C([0,t],1L?),
then supseo q |P(5)|p> is bounded by a constant depending on [h(0)|y, and fot 1)1, ds.

Proof of Lemma D.1. This lemma follows from standard estimates on the nonlinearity fol-
lowed by Gronwall’s inequality. Its proof can be found in Lemma C.1 from [EMSO01]. O
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E B Estimates

Lemma E.1. Let {ex, k € Z*} be a basis for L2. Consider a splitting of L? = L7 +1L2. Let
N7 be sup{|k| : ey with ex, € L7} and P, be the projector onto 2. If u,v € L? then

[PeB(u,v)| < C(NT)* Juls vl

Proof of Lemma E.1. This Lemma is taken from [EMSO01]. It is a simple consequence of well
known result in [CF88]. We recapitulate the proof as it is short.

In the periodic setting, Py, Py, and (—A)*® all are simply Fourier multipliers and hence
commute with one other. Recall that B(u,v) = Py, (u - V)v and hence,

|P€B<u7 U)| = sup |<PgB(U, U)u w)]L2| = sup |<B(u7 U)u PZw>IL2|
i i

= sup [(B(u, Pw), v)r2| < C |uly2 |v];2 sup ‘A3Pgw|L2

welL? weL
|w|=1 |lw|=1
SC(NJr)g |U‘L2 |U‘]L2 sSup |w|1L2 < C(N+)3 |U’L2 ‘U’]LQ
i
wl=
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