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SMOOTH APPROXIMATION OF STOCHASTIC
DIFFERENTIAL EQUATIONS

BY DAVID KELLY' AND IAN MELBOURNE?
University of North Carolina and University of Warwick

Consider an It6 process X satisfying the stochastic differential equation
dX =a(X)dt + b(X)dW where a, b are smooth and W is a multidimen-
sional Brownian motion. Suppose that W, has smooth sample paths and that
Wy converges weakly to W. A central question in stochastic analysis is to
understand the limiting behavior of solutions X, to the ordinary differential
equation d X, = a(Xy,)dt + b(Xy) dW,.

The classical Wong—Zakai theorem gives sufficient conditions under
which X, converges weakly to X provided that the stochastic integral
J b(X)dW is given the Stratonovich interpretation. The sufficient conditions
are automatic in one dimension, but in higher dimensions the correct interpre-
tation of ['H(X)dW depends sensitively on how the smooth approximation
W), is chosen.

In applications, a natural class of smooth approximations arise by setting
W, (t) = n—1/2 fé’t v o ¢gds where ¢; is a flow (generated, e.g., by an or-
dinary differential equation) and v is a mean zero observable. Under mild
conditions on ¢;, we give a definitive answer to the interpretation question
for the stochastic integral [ b(X)dW. Our theory applies to Anosov or Ax-
iom A flows ¢y, as well as to a large class of nonuniformly hyperbolic flows
(including the one defined by the well-known Lorenz equations) and our main
results do not require any mixing assumptions on ¢;.

The methods used in this paper are a combination of rough path theory
and smooth ergodic theory.

1. Introduction. Let X be a d-dimensional It process defined by a stochastic
differential equation (SDE) of the form

(1.1 dX =a(X)dt +b(X)dW,

where a:RY — R? is C!*, b: R4 — R*¢ js C*t, and W is an e-dimensional
Brownian motion with e x e-dimensional covariance matrix X.

Given a sequence of e-dimensional processes W, with smooth sample paths, we
consider the sequence of ordinary differential equations (ODEs)

(1.2) dX, =a(X,)dt +b(X,)dW,,
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where dW,, = W,, dt. We suppose that an initial condition & € R is fixed through-
out and consider solutions X and X,, satisfying X (0) = X,,(0) =&.

Let T > 0. The sequence W, is said to satisfy the weak invariance princi-
ple (WIP) if W, —, W in C([0, T], R¢). Assuming the WIP, a central ques-
tion in stochastic analysis is to determine whether X, —,, X in C([0, T], RY)
for a suitable interpretation of the stochastic integral [ b(X)d W implicit in (1.1).
The Wong—Zakai theorem [53] gives general conditions under which convergence
holds with the Stratonovich interpretation for the stochastic integral. These con-
ditions are automatically satisfied in the one-dimensional case d = e = 1, but
may fail in higher dimensions. See also Sussmann [51]. In two dimensions, Mc-
Shane [31] gave the first counterexamples, and Sussmann [52] provided numerous
further counterexamples.

From now on, we replace (1.1) by the SDE

(1.3) dX =a(X)dt +b(X)*xdW,

to emphasize the issue with the interpretation of the stochastic integral. General
principles suggest that the limiting stochastic integral should be Stratonovich mod-
ified by an antisymmetric drift term:

1
b(X)* dW =b(X)o dW + 5 > DPY9*bP (X)b™Y (X) dt.
o, B,y

Here, and throughout the paper, we sum over 1 <« <d, 1 < 8,y <e, and b*
and bP denote the («, y)th entry and Bth column, respectively, of b. Moreover,
{DP7} is an antisymmetric matrix that is to be determined. [Hence, an alternative
to (1.3) would be to consider d X = a(X)dt + b(X) o dW with the emphasis on
determining the correct drift term a.]

In applications, smooth processes W, that approximate Brownian motion arise
naturally from differential equations as follows [18, 21, 36, 42, 43]. Let ¢; : M —
M be a smooth flow on a finite-dimensional manifold M preserving an ergodic
measure v and let v: M — R¢ be a smooth observable with [;, vdv = 0. Define

nt
(1.4) Wn(t):n_l/Z/ v o ¢y ds.
0

For large classes of uniformly and nonuniformly hyperbolic flows [11, 20, 33, 35],
it can be shown that W, satisfies the WIP. In this paper, we consider such flows, and
give a definitive answer to the question of how to correctly interpret the stochastic
integral [ b(X) * dW in order to ensure that X,, —,, X.

An important special case. Let d = e =2 and take a =0, b(x1, x2) = (
The ODE (1.2) becomes

dx}=dw!, dx*=xldw?,

so with the initial condition £ = 0 we obtain X! = W! and X2(¢) = [{ W} aW2.
Weak convergence of W, to W does not determine the weak limit of [ W} dW2.

10
OX1)'
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However, according to rough path theory [29], this is the key obstruction to solving
the central problem in this paper. Generally, define the family of smooth processes
W, € C([0, 00), R*),

t
(1.5) Wﬁy(r)zf whawy, 1<B,y<e.
0

The theory of rough paths implies that under some mild moment estimates, the
weak limit of (W,,, W,,) determines the weak limit of X,, in (1.2) and the correct
interpretation for the stochastic integral in (1.3).

Hence, a large part of this paper is dedicated to proving an iterated WIP for the
pair (W, W,).

Anosov and Axiom A flows. One well-known class of flows to which our re-
sults apply is given by the Axiom A (uniformly hyperbolic) flows introduced by
Smale [50]. This includes Anosov flows [3]. We do not give the precise definitions,
since they are not needed for understanding the paper, but a rough description is as
follows. (See [6, 46, 48] for more details.)

Let ¢,: M — M be a C? flow defined on a compact manifold M. A flow-
invariant subset 2 C M is uniformly hyperbolic if for all x € Q there exists a
D¢, -invariant splitting transverse to the flow into uniformly contracting and ex-
panding directions. The flow is Anosov if the whole of M is uniformly hyperbolic.
More generally, an Axiom A flow is characterised by the property that the dynamics
decomposes into finitely many hyperbolic equilibria and finitely many uniformly
hyperbolic subsets 21, ..., 2, called hyperbolic basic sets, such that the flow on
each €2; is transitive (there is a dense orbit).

If © is a hyperbolic basic set, there is a unique ¢;-invariant ergodic probability
measure (called an equilibrium measure) associated to each Holder function on €.
[In the special case that €2 is an attractor, there is a distinguished equilibrium mea-
sure called the physical measure or SRB measure (after Sinai, Ruelle, Bowen).]

In the remainder of the Introduction, we assume that €2 is a hyperbolic basic set
with equilibrium measure v (corresponding to a Holder potential). We exclude the
trivial case where €2 consists of a single periodic orbit.

We can now state our main results. For u:Q — RY, we define E, (1) € R
and Cov,(u) € R7*4 by setting E,(u) = [qudv and Covfy(u) =E,wPu?) —
E, uf)E, @").

THEOREM 1.1 (Iterated WIP). Suppose that 2 C M is a hyperbolic basic
set with equilibrium measure v and that v:Q — R¢ is Holder with [ovdv = 0.
Define W,, and W,, as in (1.4) and (1.5). Then:

@ (W,,W,) =, (W, W) in C([0, 00), R¢ x R¢*¢) as n — 00, where:
(1) W is an e-dimensional Brownian motion with covariance matrix X =
Cov(W (1)) =limy,— o Cov,, (W, (1)).
(ii) WAY (1) = f; WP od W + 3 DPVt where D = 21im,,_, oo E,(W, (1)) — Z.



482 D. KELLY AND I. MELBOURNE

If in addition the integra vPv? o @, dt exists for all B, y, then
(b) Ifin add h lOOOQﬁV ¢ d forall B h

o0
2‘3”=/ /(vﬂvyoqst—l—v”vﬁoqbt)dvdt
0 Q
and

o0
DBY :/ f(vﬁvy oy — v’ 0P o¢;)dvd:r.
0 Q

THEOREM 1.2 (Convergence to SDE). Suppose that 2 C M is a hyperbolic
basic set with equilibrium measure v and that v: X — R is Holder with [ vdv =
0. Let W,,, W and D be as in Theorem 1.1. Let a :R? — R? be C't and b:R¢ —
R*¢ pe C**, and define X, to be the solution of the ODE (1.2) with X, (0) = .

Then X, — X in C([0, 00), R?Y) as n — oo, where X satisfies the SDE

dX = {a(X)-i—% > Dﬂya“bﬂ(X)b“V(X)}dt+b(X)odW, X(0)=&.
o, B,y

Mixing assumptions on the flow. The only place where we use mixing assump-
tions on the flow is in Theorem 1.1(b) to obtain closed form expressions for the
diffusion and drift coefficients X and D. In general, these integrals need not con-
verge for Axiom A flows even when v is C*°.

Dolgopyat [12] proved exponential decay of correlations for Holder observables
v of certain Anosov flows, including geodesic flows on compact negatively curved
surfaces. This was extended by Liverani [27] to Anosov flows with a contact struc-
ture, including the case of geodesic flows in all dimensions. Theorem 1.1(b) holds
for the flows considered in [12, 27]. Nevertheless, for typical Anosov flows, the
extra condition in Theorem 1.1(b) is not known to hold for Holder observables.

Dolgopyat [13] introduced the weaker notion of rapid mixing, namely decay of
correlations at an arbitrary polynomial rate, and proved that typical Axiom A flows
enjoy this property. By [16], an open and dense set of Axiom A flows are rapid
mixing. However, this theory applies only to observables v that are sufficiently
smooth, and the degree of smoothness is not readily computable. On the positive
side, Theorem 1.1(b) holds for typical Axiom A flows provided v is C*°.

In the absence of a good theory of mixing for flows, we have chosen (as in [36])
to develop our theory in such a way that the dependence on mixing is mini-
mized. Instead we rely on statistical properties of flows, which is a relatively well-
understood topic.

A more complicated closed form expression for ¥ and D that does not require
mixing conditions on the flow can be found in Corollary 8.1.

Beyond uniform hyperbolicity. In this Introduction, for ease of exposition we
have chosen to focus on the case of uniformly hyperbolic flows (Anosov or Ax-
iom A). However, our results hold for large classes of nonuniformly hyperbolic
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flows. In particular, Young [54] introduces a class of nonuniformly hyperbolic dif-
feomorphisms, that includes uniformly hyperbolic (Axiom A) diffeomorphisms,
as well as Hénon-like attractors [5]. For flows with a Poincaré map that is nonuni-
formly hyperbolic in the sense of [54], Theorems 1.1 and 1.2 go through un-
changed.

The nonuniformly hyperbolic diffeomorphisms in [54] (but not necessarily
the corresponding flows) have exponential decay of correlations for Holder ob-
servables. Young [55] considers nonuniformly hyperbolic diffeomorphisms with
subexponential decay of correlations. Many of our results go through for flows
with a Poincaré map that is nonuniformly hyperbolic in the more general sense
of [55]. In particular, our results are valid for the classical Lorenz equations.

These extensions are discussed at length in Section 10.

Structure of the proofs. In the smooth ergodic theory literature, there are numer-
ous results on the WIP where W,, —,, W. Usually such results are obtained first
for processes W, arising from a discrete time dynamical system. Results for flows
are then obtained as a corollary of the discrete time case, see for example [9, 33,
35, 37, 40, 45]. Hence, it is natural to solve the discrete time analogue of Theo-
rem 1.1 first before extending to continuous time. This is the approach followed
in this paper. We first prove the discrete time iterated WIP, Theorem 2.1 below.
Then we derive the continuous time WIP, Theorem 1.1, as a consequence, before
obtaining Theorem 1.2 using rough path theory. For completeness, we also state
and prove the discrete time analogue of Theorem 1.2 (see Theorem 2.2 below),
even though this is not required for the proof of Theorem 1.2.

For the proof of the discrete time iterated WIP, it is convenient to use the stan-
dard method of passing from invertible maps to noninvertible maps. So we prove
the iterated WIP first for noninvertible maps, then for invertible maps, and finally
for continuous time systems.

Structure of the paper. The remainder of this paper is organized as follows.
Sections 2 to 5 deal with the discrete time iterated WIP. Section 2 states our main
results for discrete time. In Section 3, we present a result on cohomological in-
variance of weak limits of iterated processes. This result seems of independent
theoretical interest but in this paper it is used to significantly simplify calculations.
In Sections 4 and 5, we prove the iterated WIP for discrete time systems that are
noninvertible and invertible, respectively.

In Section 6, we return to the case of continuous time and prove a purely proba-
bilistic result about lifting the iterated WIP from discrete time to continuous time.
In Section 7, we state and prove some moment estimates that are required to apply
rough path theory. In Section 8, we prove the iterated WIP stated in Theorem 1.1.
Then in Section 9, we prove Theorem 1.2 and its discrete time analogue.

In Section 10, we discuss various generalizations of our main results that go
beyond the Axiom A case. In particular, we consider large classes of systems that
are nonuniformly hyperbolic in the sense of [54, 55].
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We conclude this Introduction by mentioning related work of Dolgopyat [14],
Theorem 5 and [15], Theorem 3(b). These results, which rely on very different
techniques from those developed here, prove the analogue of Theorem 1.2 for
a class of partially hyperbolic discrete time dynamical systems. The intersection
with our work consists of Anosov diffeomorphisms and time-one maps of Anosov
flows with better than summable decay of correlations. As discussed above, our
main results do not rely on mixing for flows; only the formulas require mixing.
Also, we consider the entire Axiom A setting (including Smale horseshoes and
flows that possess a horseshoe in the Poincaré map) and our results apply to sys-
tems that are nonuniformly hyperbolic in the sense of Young (including Hénon and
Lorenz attractors).

Notation. As usual, we let [b(X)dW and [b(X) o dW denote the Ité6 and
Stratonovich integrals, respectively.

We use the “big O” and < notation interchangeably, writing a, = O(b,) or
a, < b, if there is a constant C > 0 such that a, < Cb, forall n > 1.

2. Statement of the main results for discrete time. In this section, we state
the discrete time analogues of our main Theorems 1.1 and 1.2.

Let f:M — M be a C? diffeomorphism defined on a compact manifold M.
Again we focus on the case where A C M is a (nontrivial) hyperbolic basic set with
equilibrium measure . The definitions are identical to those for Axiom A flows,
with the simplification that the direction tangent to the flow is absent. (Hyperbolic
basic sets are denoted throughout by €2 in the flow case described in Section 1 and
by A in the current discrete time setting. The analysis of the flow case includes
passing from the hyperbolic basic set €2 for the flow to a hyperbolic basic set A
for a suitable Poincaré map; hence the need for distinct notation.)

We assume in this section that A is mixing: lim,_ o [, wiw2 o f"du =
Jawidp [, wadp forall wy, wy € L? (this assumption is relaxed in Section 10).

Let v: A — R be Holder with [, vdu = 0. Define the cadlag processes W,, €
D([0, 00), R?), W), € D([0, 00), R**?),

[nr]—1
W, (t) =n"1/2 Z vo fj,
j=0
(2.1)
t . .
WEY (1) :/ whaw? =nt > WPo oo fl.
0 0<i<j<[nt]—1
Since our limiting processes have continuous sample paths, throughout we use the
sup-norm topology on D ([0, co), R¢) unless otherwise stated.

THEOREM 2.1 (Iterated WIP, discrete time). Suppose that A C M is a mixing
hyperbolic basic set with equilibrium measure |, and that v: A — R€ is Holder
with [, vdu =0. Define W, and W, as in (2.1). Then (W, W,) =, (W, W) in
D([0, 00), R¢ x R¢*¢) as n — o0, where:
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(1) W is an e-dimensional Brownian motion with covariance matrix % =
Cov(W(1)) =lim,_ oo Cov, (W, (1)) given by

o0
24 :/ vPo? dp+ Z/ (WPvY o 1+ v7vP o fM)dp.
A A
(i) WAY (1) = [é WP AWY + EPYt where E = lim,— o0 B, (W,,(1)) is given by

o
EPY — Z/ VP’ o fdu.
A
n=1

Given a: R4 — R4, b:R? — R?*¢ we define X, € D([0, 00), R?), to be the
solution to an appropriately discretized version of equation (1.2). Namely, we set
X (t) = X{ns),n where

1 j+1 j
Xj-i-l,n:Xj’n +n a(Xj,n)+b(Xj,n) W, T - W, E s XO,nzg-

THEOREM 2.2 (Convergence to SDE, discrete time). Suppose that A C M is
a mixing hyperbolic basic set with equilibrium measure ., and that v: A — R is
Holder with [, vdp = 0. Let Wy, W and E be as in Theorem 2.1. Let a :R? — R?

be C' and b:RY — RY*€ pe C**, and define X,, € D([0, 00), ]Rd) as above.
Then X, = X in D([0, 00), R?) as n — oo, where X satisfies the SDE

dX = {a(X) + Z Eﬂ”a"‘bﬁ(X)b“V(X)}dt +b(X)dW, X(0)=¢.
o, B,y

3. Cohomological invariance for iterated integrals. In this section, we
present a result which is of independent theoretical interest but which in partic-
ular significantly simplifies the subsequent calculations.

Let f: A — A be an invertible or noninvertible map with invariant probability
measure /. Suppose that v, 9: A — R are mean zero observables lying in L.
Define W,, € D([0, 00), R¢) and W,, € D([0, 00), R**¢) as in (2.1), and similarly
define W, € D([0, o0), R¢) and W,, € D([0, 00), R¢*€) starting from 0 instead
of v.

We say that v and 0 are L2-cohomologous if there exists x : A — R¢ lying in L?
such that v =17+ x o f — x. Itis then easy to see that W,, satisfies the WIP if and
only if Wn satisfies the WIP and moreover the weak limits of W,, and Wn coincide.
However, the weak limits of W,, and Wn need not coincide. The following result
supplies the correction factor needed to recover identical weak limits.

THEOREM 3.1. Suppose that f: A — A is mixing and that v, d € L*>(A, R¢)
are L*-cohomologous mean zero observables. Let 1 < B,y < e. Then the limit
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limn_moZ’}:l A PVY o fI —0P3Y o fI)du exists and
—_— w . .
Wﬁ”(t)—Wﬁ”(t)%tZ/(vﬂv”off—f)ﬁf)”off)du a.e.,
j=1"h

as n — 00, uniformly on compact subsets of [0, 00).
In particular, the weak limits of the processes

n n

WEY (1) — 1) :/ Vot o fldu,  WEY (1) -1 :/ P57 o fldp,
. A . A
j=l1 j=1

coincide (in the sense that if one limit exists, then so does the other and they are
equal).

PROOF. Write v="9+a,a=xo f— x,and A,(t) =n~"2 Y a0 f7.
Then

—~ ' o, t r__
Wﬁ%z)—ijV@):/ Wfdw,{—/ Wde,{:/ Aﬁdwnhrf WEdAY.
0 0 0 0

Now
[nt]—1 j—1 [nt]—1

t . . . .
/ APawy =p~! > Xzaﬂof’vyof":n*1 ) (xP o fi—xPywofi
0 :
J=0

=0 i=0
[nr]—1 . [nt]—1 '

=n"" Y (xPv)o i —nxP Y v o £,
=0

j=0

which converges to 7 [, xPv? du a.e. by the ergodic theorem.
A similar argument for the remaining term, after changing order of summation

yields that [; WPdAl — —t A 0Px7 o fdu ae.
Hence, we have shown that

(3.1) Wﬁ”(r)—WﬁUt)et(/ Xﬁvyd,u—f ﬁﬁx)’ofdu).
A A
Next,
VY o fI—0PpY o I = (Xﬁ of— Xﬁ)v)’ o fl _|_{)/3(XV of —x%) o f/,

and so

n n
Z/vﬁvyofjd,u—Z/ﬁﬁf)Vofjdu
j=1 A j=1 A

(3:2) =Z/A{(XﬁOf—xﬂ)v“f“rﬁﬂ(xVof—XV)ij}du
=1
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n

= Z/A{(xﬂ o [T —yFo frIN o f"

j=1
_|_ﬁ/3(XV o fITl—x7o fj)}d,u
=/ Xﬂvyd,u—/ P x7 o fdu + Ly,
A A

where L, = fA(f)ﬁXV o fr1 — xPyY o fMydu — 0 as n — oo by the mixing
assumption. The result is immediate from (3.1) and (3.2). [

COROLLARY 3.2. Let f: A — A be mixing and let v, 0 € L*(A, R¢) be L?-
cohomologous mean zero observables.

Suppose that (W,, W,,) =, (W, W) in D([0, 00), R¢ x R¢*¢) as n — co. Then
(W, W,)) = (W, W) in D([0, 00), R¢ x R€X¢) as n — 00, where W = W and

o0
WAY (1) =WﬂV(t)+er (VPu” o fldu— P07 o fI)du
— . JA

REMARK 3.3. For completeness, we describe the analogous result for semi-
flows. Again the result is of independent theoretical interest even though we make
no use of it in this paper.

Let ¢, : Q2 — Q be a mixing (semi)flow with invariant probability measure v.
Suppose that v, 0 : 2 — R¢ are mean zero observables lying in L?. Define W,, and
W, asin (1.4) and (1.5), and similarly define Wn and W, starting from v instead
of v.

We say that v and 9 are L%-cohomologous if there exists x : Q@ — R¢ lying in
L? such that [jvogsds = [ Doy ds+ x op; — x. Again, W, satisfies the WIP if
and only if Wn satisfies the WIP and the weak limits coincide. As in Theorem 3.1,
we find that the limit lim, o f fo (WPvY o ¢y — 0P DY o ) dv exists and

o o0
ny(t)—ny(t)—)t/ / (VPvY o ¢y — 0P o @) dv ds a.e.,
0o Je

as n — 00, uniformly on compact subsets of [0, 00). The proof is almost identical
to that of Theorem 3.1, and hence is omitted.

4. Iterated WIP for noninvertible maps. A sufficient condition for Theo-
rem 2.1 is that f: A — A is a mixing uniformly expanding map. More generally,
in this section we consider a class of nonuniformly expanding maps with suffi-
ciently rapid decay of correlations. The underlying hypotheses can be satisfied
only by noninvertible maps; see Section 5 for more general hypotheses appropri-
ate for invertible maps.

In Section 4.1 we give more details on the class of maps that is considered in
this section. In Section 4.2, we prove the iterated WIP for these maps.
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4.1. Noninvertible maps. Let f:A — A be an ergodic measure-preserving
map defined on a probability space (A, i) and let v: A — R? be an integrable
observable with [, vdu =0.Let P: L'(A) — L'(A) be the transfer operator for
f given by [, Pwiwadp = [, wiUwyrdp for wy € L'(A), wy € L®(A) where
Uw=wo f.

DEFINITION 4.1. Let p > 1. We say that v admits an LP martingale-
coboundary decomposition if there exists m, x € L? (A, R®) such that

4.1) v=m+xof—x, m € ker P.

We refer to m as the martingale part of the decomposition.

REMARK 4.2. The reason for calling m a martingale will become clearer in
Section 4.2. For the time being, we note that it is standard and elementary that
PU =1 and UP = E(:| f~'B) where B is the underlying o-algebra. In particular
E(m|f~'B)=0.

Our main result in this section is the following.

THEOREM 4.3. Suppose that f is mixing and that the decomposition (4.1)
holds with p = 2. Then the conclusion of Theorem 2.1 is valid.

PROPOSITION 4.4. Let p > 1. A sufficient condition for (4.1) to hold is that
v € L™ and there are constants C > 0, T > p such that

4.2) ‘/ vwof”d,u‘§C||w||00n_r forallwe L™, n>1.
A

PROOF. By duality, || P"v|; < Cn™". Also, || P"v| 0o < ||v]lco and it follows

that | P"v]], < [|vllss /7 (Cn=7)'/7 which is summable.
Define x = Y ;2 P"v € L?, and write v=m + x o f — x where m € L?.
Applying P to both sides and using the fact that PU = I, we obtain that m € ker P.
O

There are large classes of noninvertible maps for which the decay condi-
tion (4.2) has been established for sufficiently regular v; see Section 10. In par-
ticular, for uniformly expanding maps the decay is exponential for Holder contin-
uous v, so T and p can be chosen arbitrarily large.

In the remainder of this subsection, we reduce Theorem 4.3 to the martingale
part. Define the cadlag processes M,, € D([0, c0), R¢), M[, € D([0, c0), R¢*¢),

[nt]—1

M, (1) =n"'"? Z mo f/,

j=0

t . ,
Mﬁy(z)zfo MPdmy =n=" Y mPofim¥o fl.

O<i<j<[nt]—1
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Theorem 4.3 follows from the following lemma.

LEMMA 4.5. Suppose that f is ergodic and that m € L*(A, R¢) with Pm =
0. Then (M,,M,,) =, (W, I) in D([0, 00), R¢ x R¢*¢), as n — oo, where
W is an e-dimensional Brownian motion with covariance matrix Cov(W (1)) =
SammT dp and 1P7 (1) = [[WEdW?.

PROOF OF THEOREM 4.3. We apply Corollary 3.2 with 0 = m. Note that
fammT o fldu = [, PPmmT du = 0 for all j > 1. By Theorem 3.1, E =
%2 vv! o f/ du is a convergent series. By Corollary 3.2, (W,,, W,,) =, (W, W)
where ¥ = Cov(W(1)) = [, mm” dp and W(t) = 1(t) + Et.

It remains to prove that ©A7 = limn%ooCOVﬁy(Wn(l)) = /A v du +
3% [PV o f1+ v vP o fM)dp and that E = lim,—, o E,, (W, (1)).

Define v, = Z’};év o fl,m,= Z’};(l)m o f/. Then

/mnm,{d,u= > fmofi(mofj)TdM=nZ.
A 0<i,j<n—1 A

Equivalently, c" ¢ =n~"! [, (cTm,)?du for all c € R®, n > 1. Let | - || denote
the L? norm on (A, u). We have that n'/2(cT ¢)'/? = ||cTm,|». By (4.1), v, —
my = x o f" — x. Using f-invariance of u,

e vall, =n' (" ze) 2| = [l valy = | maly| < e wa —m)],
<2[c" x|,
and hence lim,,_, oo 2~ '/2||cT v, ||l2 = (¢T £¢)'/2. Equivalently,
(4.3) £= lim n~! /AvnvnT dp = lim Cov, (W, (D).

Leta, = [,vo frul du and s = Zle a,. Compute that

Z /I\vofi_jdeu= Z (n—r)/Avof’de,u

0<j<i<n-—1 1<r<n
n
= Z (n—r)ar:Zsk.
1<r<n k=1
Hence,
. . n
lim n~! =iyl du= lim n~! = li
dmn 2, JvefThvidu= limn ) = fim s
0<j<i<n—1 k=1
4.4)

o0
=Z/ vo frol du.
r=1 A
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Similarly,
. . w

@5 lima' Y fv(voff_’)TdM:Z/ v(wo M) dpu.

n—o0 0<i 1 A - A

<i<j<n r
Write
n_I/ vavg du=n""" )" / vo filvo f\ dp
A A

0<i,j<n—1

:/ vaaV,uA—n_1 Z /vofi_jdeu
A A

0<j<i<n—1

+n7t /Av(vofj_i)Tdu.

O<i<j<n-—1

By (4.3), (4.4), 4.5), S = [y v du+ 302, [y(wo frol +v@o M) dp.
Finally, E,(W,(1)) = n_1205i<j5n_1f1\ v(v o fIHTdu, so it follows
from (4.5) that lim,, o E,(W,(1)) = E. O

4.2. Proof of Lemma 4.5.

REMARK 4.6. The M, —, W part of Lemma 4.5 is standard but we give
the proof for completeness. The statement can be obtained from the proof of
Lemma 4.5 by ignoring the M, component. In particular, our use of this fact in
the proof of Lemma 4.8 below is not circular.

Recall that m is B-measurable and m € ker P so E (m| f~'B) = 0. Similarly, m o
f7is f~/B-measurable and E(m o f7|f~UtVB) = E(m|f~'B) o f/ =0.1f the
sequence of o-algebras £~/ B formed a filtration, then M,, would be a martingale
and we could apply Kurtz and Protter [24], Theorem 2.2 (see also [22]) to obtain a
limit for (M,,, M,,).

In fact, the o-algebras are decreasing: f /B> f~U+D for all j. To remedy
this, we pass to the natural extension f:A — A. This is an invertible map with
ergodic invariant measure i, and there is a measurable projection 7 : A — A such
that 7 f = f and m,ji = ;1. The observable m: A — R lifts to an observable
m=mom: A — R and the joint distributions of {m o f/: j > 0} are identical to
those of {/i o f/:j > 0}.

Define

[nt]—1
M,(t)=n""% " fo fi,

j=0

~ L, ~ ~ .
Mﬁy(z)zfo MPamy =n=' Y @fofim’o fl.

O<i<j<[nt]—1
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Then (M,,, Mn) = (M,,M,) o r and 7 is measure preserving, so it is equivalent
to prove that

(4.6) (M, M) =, (W,I)  inD([0, 00), R¢ x R®*®),

Let B=n"1B. Again fﬁjg D fl(j“)g but this means that {F;, j > 1} =
(F/B, j > 1} is an increasing sequence of o -algebras. Moreover, /i o f / is F -
measurable and E (m o f —IF j—1) = 0. Hence, the “backward” process

-1
M, =n""7 3" fofi
Jj=—Int]
forms an ergodic stationary martingale. Similarly, define
~ t ~ —~ ~ ~
NA7~ (1) =/ MP—aMy—=n"' Y P fino fi.
0

[—nr]<j<i<—1

Note that [ mm! djp = [, mmT dp.

PROPOSITION 4.7. (M7 ,M;) —, (W.,I)in D([0,00),R® x R°*¢) as
n — oQ0.

PROOF. We verify the hypotheses of Kurtz and Protter [24], Theorem 2.2
(with § = 0o and A, = 0). We have already seen that M, is a martingale. Also,

by the calculation in the proof of Theorem 4.3, E(M,),/’_(t)z) =n7! ZB@] mY o
fJ ||% =t/ (m?)*dji independent of n, so condition C2.2(i) in [24], Theo-
rem 2.2, is trivially satisfied.

The WIP for stationary ergodic L2 martlngales (e.g., [8, 30]) implies that

M —w W in D([0, c0), R¢). In particular, (M MY ) —>w (WB, W) in
D([0, 00), R?). Hence, the result follows from [24], Theorem 2.2. [

It remains to relate weak convergence of (M ( M ) and (Mn, M »). It suffices
to work in D ([0, T], R¢ x R¢*¢) for each fixed 1nteger T >1.

LEMMA 4.8. Let g(u)(t) = u(T) — u(T — t) and h(u,v)(t) = u(T —
) (v(T) — v(T —1t)). Let x denote matrix transpose in R°*¢. Then

(M. M) o £ = (g(M,). (s(M,) — h(M,,))*) + Fy,

where sup,co.71 Fn(t) = 0 a.e.

PROOF. In this proof, we suppress the tildes. First, we show that M, o f "1 =
g(M7) + F?, where SUpP;¢[0.7] F)(t) > 0ae.
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We have
[nt]—1 ) [nt]—1—nT _
My o fT =072 mofiof™ =012 3" mof
j:() j=—nT
=M, (T)— M (T —1)+ FO(1).
Here, F,? consists of at most one term and we can write

|F,?(t)|§n_1/2) max mo f/|.
j=1,.., nT

It suffices to work componentwise, so suppose without loss that ¢ = 1. By the
ergodic theorem, n~! Z;;l m?o f7/ — Ia m?du, and so n™'m? o f7* — 0. It

.....

Next, we show that M, o f"T = (g(M;) — h(M,))* + F,, where
sup o, 71 Fn(t) — 0 a.e. We have

[nt]—1 /j—1
MY (y=n"" <Zmﬂofi)my o f/,

j=0 \i=0

-1 j—1
MY @y =n"t Y ( > om? off>mﬂoff.
1+1

j=—Int11 \i=[—n1]

Hence,
MEY (1) o £
[nt]—1—nT j—1 . .
=n"! Z Z mP o fim? o f7
j=—nT i=—nT
“4.7)

—nT —1 -1 [nt]—nT j—1 . ‘
:”_1<Z+ Z - Z - Z )Zmﬂof’myof]

j=—nT  j=—nT+1 j=[nt]-nT+1 j=[nt]-nT/ i=—nT

= F)(t) + MIP-—(T) — E,(r) — F2(1),

where
—nT—1
Fyy=n"1>" mPofim’ofT,
i=—nT
[nt]—nT—1
Fnz(t) — (n—l/Z Z m,B ofi>(n—l/2my of[nt]—nT)’
i=—nT

—1 j—1
E.(h=n"" ) Y mPofim¥ofl

j=[nt]-nT+1i=—nT
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Now Fn1 (t) consists of only two terms and clearly converges to 0 almost every-
where. The first factor in F2 converges weakly to W# (see Remark 4.6) and the
second factor converges to O almost everywhere by the ergodic theorem. Hence,
SUP;¢(0.7] Z|F)(t)] = 0 a.e. for r = 1, 2. Moreover,

-1 —nT+[nt]—1 j—1 . .
E,()y=n""" ) ( oo+ Y )m'goflmyofj
j=[nt]—nT+1 i=—nT i=—nT+[nt]
(4.8) X
= H,(t) + MVP=(T — 1) 4+ F2 (1),
where
—1 ' —nT+[nt]—1 .
H,,(z):(n—l/2 > mVoff>(n—1/2 > mﬁofl>
j=[nt]—nT i=—nT
(4.9)
=M} (T —t)(MP—(T) — MP-—(T — 1)),
and  FX(r) = nty 0 THMTNE o pigy o fdenTHL D Again,

SUP;¢[0.7] |F2(t)] — 0 a.e. by the ergodic theorem. The result follows from (4.7),
(4.8),(4.9). O

PROPOSITION 4.9. Let D([0, T1,RY) denote the space of caglad functions
from [0, T] to R with the standard Skorokhod [J| topology. Suppose that A, =
B, + F,, where A, € D([0,T],R?), B, € 5([0, T1,R?), and F,, — 0 uniformly
in probability. If Z has continuous sample paths and B, —, Z in 5([0, T1,R%),
then A, —, Z in D([0, T],RY).

PROOF. It is clear that the limiting finite distributions of A, coincide with
those of B,, so it suffices to show that A, inherits tightness from B,. One way
to see this is to consider the following Arzela—Ascoli-type characterization [49],
valid in both D([0, T], RY) and D([0, T], R9).

Tightness of B, in 5([0, T1,RY) implies that for any ¢ > 0, k > 1, there
exists C > 0, 8y > 0, ny > 1 such that P(|B,|cc > C) < ¢ for all n > 1 and
P(w(By,8r) > 1/k) < ¢ for all n > ng, where

w(,8) = sup min{|y (1) — ¥ (')

t—8<t’'<t<t"<t+8

YO =y (")}

’

(where ¢, ¢, " are restricted to [0, T']). These criteria are also satisfied by F,, for
trivial reasons, and hence by A, establishing tightness of A, in D([0, T], R?). [

COROLLARY 4.10. (Mn,I\N/[[n) —>w (W), (gI) — h(W)*) in D0, T],
R¢ x R¢*¢) as n — o0.
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PROOF. Recalling the notation from Lemma 4.8, observe that the func-
tional x:D([0,T], R¢ x R¢*¢) — D([0, T], R¢ x R¢*?) given by x(u,v) =
(g(u), (g(v) — h(u))*) is continuous. Hence, it follows from Proposition 4.7
and the continuous mappmg theorem that (g(M ), (g(M ) — h(M N*) = w
(gW), (gI) — h(W))*) in D([O T],R¢ x R¢*¢). The result is now immediate
from Lemma 4.8 and Proposition 4.9. [

LEMMA 4.11. (g(W),(g(I) —h(W))*) =4 (W, I) in D([0, T], R® x R°*¢).

PROOF. Step 1. g(W) =4 W in D([0, T], R®). To see this, note that both pro-
cesses are Gaussian with continuous sample paths and g(W)(0) = W(0) = 0. One
easily verifies that Cov(g(W)(#1), g(W)(fy)) =1 X forall 0 < ¢ <1, <T. Hence,
gW)=q4 W.

Step 2. Introduce the process J(t) = fotg(W) dg(W). We claim that (g(W),
J) =4 (W, I). To see this, let ¥, (1) = X1 W(j/n)(W((j+ 1)/n) — W(j/n))
so (W, Yn) =y (W, I). Similarly, let Z,(7) = Zmo gW)(j/m)(gW)((j +
1)/n) — g(W)(j/n)) so (g(W), Z,)) = (g(W), J) It is clear that (W,Y,) =4
(g(W), Z,)) so the claim follows.

Step 3. We complete the proof by showing that J = (g(I) — h(W))*. Let 1 <
B,y < e. We show that g(I)#V — h(W)PY = JVB.

Now J72(t) = [§ (W)Y dg(W)P =lim,_. S, where the limit is in probabil-
ity and

snz[’:glg(W)V(S)( (S5 ) = (1))

[nt]—1

== (WV(T)—WV(T— S)

)
<(wi(r=5)-w(r-50)
(-

[nt]—1k—1 j+1 >
n

s (T

k=0 j=0
k k—+1
<(w(r=3)-w(r-=0))
n n
[nt]—-2 [nt]—1

=% 5, (=) wr-)

n

(w0 (r-50)
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[nt]—2

(-1 r-2)
(D) w(r-2)

On the other hand, {g(I) — h(W)}FY (t) = [ _, (WP — WA(T — 1))dW" =
lim;,_ 50 T, Where
nT—1

v 3 ()i a) (v () ()

i=[n(T—-1)]

—[—nt]-1

=y (w(r- L) wea )

) )

We claim that lim,,_, oo (7, — S,;) = 0 a.e. from which the result follows. When
nt is an integer, S,, = T,,. Otherwise, T,, — S,, = A,, + B, where
[nt]—-2

m B (o () ()
(o w(r- ) - (r-(47)

and :(Wﬁ<T_([nt]n—l-l)_Wﬂ(T—t)>>
) (W” (T B [’L_f]> W (T - (%)))

The claim follows since A, — 0 and B, — O asn — oo. [

PROOF OF LEMMA 4.5. This follows from Corollary 4.10 and Lemma 4.11.
0

5. Iterated WIP for invertible maps. In this section, we prove an iterated
WIP for invertible maps, and as a special case we prove Theorem 2.1.

For an invertible map f: A — A, the transfer operator P is an isometry on L”
for all p, so the hypotheses used in Section 4 are not applicable. We require the
following more general setting.

Suppose that in addition to the underlying probability space (A, ) and
measure-preserving map f:A — A, there is an additional probability space
(A, i) and measure-preserving map f:A — A, and there is a semiconjugacy
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m:A — A with meu = 1 such that 7 o f = f o 7. (The system on 1_\_ is called a
factor of the system on A.) We let P denote the transfer operator for f.

DEFINITION 5.1. Let v: A — R® be of mean zero and let p > 1. We say

that v admits an LP martingale-coboundary decomposition if there exists m, x €
LP(A,R®),m e L?(A,R?), such that

(5.1) v=m-+xof—x, m=momn, m € ker P.

The definition is clearly more general than Definition 4.1, but the consequences
are unchanged.

THEOREM 5.2. Suppose that f is mixing and that the decomposition (5.1)
holds with p = 2. Then the conclusion of Theorem 2.1 is valid.

PROOF. By Theorem 3.1, we again reduce to considering the martingale
part m. Define the cadlag processes (M, M[,) and (M, M,,) starting from m and
m, respectively. Then (M,, M[,) = (M ns | M,,) o 7. Hence, we reduce to proving
the iterated WIP for (M,,, M,,) = (M,,, M,). Since 7 € ker P, we are now in the

situation of Section 4, and the result follows from Lemma 4.5. 0O

For the remainder of this paper, hypotheses about the existence of a martingale-
coboundary decomposition refer only to the more general decomposition in (5.1).

5.1. Applications of Theorem 5.2. 'We consider first the case of Axiom A (uni-
formly hyperbolic) diffeomorphisms. By Bowen [6], any (nontrivial) hyperbolic
basic set can be modeled by a two-sided subshift of finite type f: A — A. The
alphabet consists of k symbols {0, 1, ...,k — 1} and there is a transition matrix
A € R¥*k consisting of zeros and ones. The phase space A consists of bi-infinite
sequences y = (y;) € {0, 1, ...,k — 1}% such that Ay, =1foralli € Z, and f
is the shift (fy); = yi+1.

For any 6 € (0, 1), we define the metric dy(x, y) = 6**-Y) where the separa-
tion time s(x, y) is the greatest integer n > 0 such that x; = y; for |i| < n. Define
Fy(A) to be the space of dy-Lipschitz functions v: A — R® with Lipschitz con-
stant |v]|g = SUP,2y, |x — y|/dp(x, y) and norm ||v||sg = |v|eo + |V]p Where |V]|so 1S
the sup-norm. For each 6, this norm makes Fy(A) into a Banach space.

As usual we have the corresponding one-sided shift f: A — A where A =
{0,1,. — 1}{0.-1.2.--} "and the associated function space Fy (A). There is a nat-
ural pI’Q]GCthH T:A— A that is a semiconjugacy between the shifts f and f, and
Lipschitz observables v € Fy (A) lift to Lipschitz observables v =v o m € Fg(A).

A k-cylinder in A is a set of the form [ag,...,ar_1] = {y € [_\:yi = a;
foralli =0,...,k— 1}, where ag,...,ax—1 € {0, 1, ...,k — 1}. The underlying
o -algebra Bis deﬁned to be the o—algebra generated by the k-cylinders. Note that
f:A — A is measurable with respect to this o-algebra. We define B to be the
smallest o-algebra on A such that 7: A — A and f: A — A are measurable.

»Vi4-1
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For any potential function in Fy(A) we obtain a unique equilibrium state .
This is an ergodic f-invariant probability measure defined on (A, B). Define i on
(A, B) to be the unique f-invariant measure such that w,u = . Again, u is an
ergodic probability measure.

We assume that there is an integer m > 1 such that all entries of A™ are nonzero.
Then the shift f is mixing with respect to u.

PROOF OF THEOREM 2.1. To each y € A associate a y* € A such that
(i) y¥ =y forall i > 0 and (ii) xo = yo implies that x* = y* for each i <0 (e.g.,
for the full shift, take y* =0 fori < 0).

Given the observable v € Fy(A), define x1(x) = Y72 v(f"x*) — v(f"x).
Then xy € L and v=17+ xj o f — x1 where ¥ “depends only on the future” and
projects down to an observable v : A — R. Moreover, by Sinai [48], ¥ € Foipe (A).
It is standard that there exist constants a, C > 0 such that | [, vw o f"du| <
Cllvllgiz2llw|l1e”" for all w € L' n>1.By Proposition 4.4, (4.1) holds for all p
(even p = 00). That is, there exist m, x2 € L>®(A) such that v =i + ¥ 0 f X2
where m € ker P. It follows that 0 =m + x> where m =m o m, x» = x» o 7. Set-
ting x = x1 + x2, we obtain an L*> martingale-coboundary decomposition for v
in the sense of (5.1). Now apply Theorem 5.2. [

Our results hold for also for the class of nonuniformly hyperbolic diffeomor-
phisms studied by Young [54]. The maps in [54] enjoy exponential decay of cor-
relations for Holder observables.

More generally, it is possible to consider the situation of Young [55] where the
decay of correlations is at a polynomial rate n~°. Provided 7 > 2 and there is ex-
ponential contraction along stable manifolds, then the conclusion of Theorem 2.1
goes through unchanged. These conditions can be relaxed further; see Section 10.

6. Iterated WIP for flows. In this section, we prove a continuous time ver-
sion of the iterated WIP by reducing from continuous time to discrete time. The-
orem 6.1 below is formulated in a purely probabilistic setting, extending the ap-
proach in [19, 37, 40].

We suppose that f: A — A is a map with ergodic invariant probability mea-
sure i. Let r: A — R be an integrable roof function with 7 = [, r d . We sup-
pose throughout that r is bounded below (away from zero). Define the suspen-
sion A" ={(x,u) e A xR:0<u <r(x)}/ ~ where (x,r(x)) ~ (fx,0). Define
the suspension flow ¢, (x, u) = (x, u 4+ t) computed modulo identifications. The
measure u” = u x Lebesgue/r is an ergodic invariant probability measure for ¢;.
Using the notation of the Introduction, we write (€2, v) = (A", u").

Now suppose that v: Q — R¢ is integrable with [, vdv = 0. Define the smooth
processes W, € C([0, 00), R¢), W, € C([0, 00), R x R¢*€),

nt
Wy (1) = n_l/zf v o ¢y ds,
0
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t nt N
WQV(:):[ Wde,{:;rlf / v o dv” oy drds.
0 0

Define v: A — R¢ by settmg v(x) = fo( )v(x u)du, and define the cadlag
processes W, € D([0, 00), R¢), W,, € D([0, 00), R¢*¢),
[nt]—1
Way=n""23" 50 fi,

j=0
~ [ ~ ~ . .
Wﬁ%):/ Wlaw? =n=' > P fliV o fl.
0 O<i<j<[nt]—1
We assume that the discrete time case is understood, so we have that
(6.1) (W, W) >0 (W, W) in D([0, 00), R® x R**¢),

where W is e-dimensional Brownian motion and WA (¢) = fot WPaw? + EPr:.
Here, the probability space for the processes on the left-hand side is (A, w).
Define H : Q — R¢ by setting H (x, u) = [y v(x,s)ds.

THEOREM 6.1. Suppose that v € L%(A) and |H||v| € LY(Q). Assume (6.1)
and that

(6.2) n V2 sup |Hogu|—w0  inC([0,00),R?),
t€l0,T]

6.3 lim n~! D = 0.

O 1ZhnT 1;k

Then (W, Wy,) = (W, W) in C([0, 00), R® x R¢*¢) where the probability space
on the left-hand side is (2, v), and

— t
W =@ ""*w, Wﬂy(z)z/ whPaw? + EPY¢,
0
EPY = (7)~1EPY +/ HPYY dv.
Q

REMARK 6.2. The regularity conditions on v and |H||v| are satisfied if v €
L®(Q,R¢) and r € L*(A, R), orif v e L*(,R®) and r € L% (A, R). Moreover,
assumption (6.2) is satisfied under these conditions by Proposition 6.6(b).

If ¥ admits an L? martingale-coboundary decomposition (5.1), then condi-
tion (6.3) holds by Burkholder’s inequality [10].

In the remainder of this sectlon we prove Theorem 6.1. Recall the notation
= [y vodsds, vn—Z" ovo f7, rn_Z" or o f/.For (x,u) e Qand >0,
we define the lap number N(t) =N(x,u,t) e N

N(@t)=max{n >0:r,(x) <u+1t}.
Define g, (t) = N(nt)/n.
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LEMMA 6.3. (W,, W,) 0 g0 = (7)) ~V2W, 7 ~'W) in D(([0, 00), R¢ x
RéX@).

PROOF. By (6.1), (W,, W,) =, (W, W) on (A, w). Extend (W,, W,) to Q
by setting W, (x, u) = W, (x), W, (x, u) = W, (x).

We claim that (W,,, W,)) =, (W, W) on (2, v). Define g(t) =t /r. By the er-
godic theorem, g, (1) = N(nt)/n =tN(nt)/(nt) — g(t) almost everywhere on
(€2, v). Hence, (Wn, Wi, gn) = w (W, W, g) on (£2, v). It follows from the con-
tinuous mapping theorem that

[(Wo, W,) 0 ga(2), 1 >0} =, {(W, W) o0 g(r), 7 >0}
= {(W@/»). W(/P).t =0}
= [((O~12W @), )" 'W(0)),1 >0}

on (£2, v) completing the proof.

It remains to verify the claim, Let ¢ = essinfr and form the probability
space (€2, rc) where pu. = (n x Lebesgueljoc])/c. Then it is immediate that
(Wn, W) = w (W, W) on (2, ue). To pass from p. to v, and hence to prove the
claim, we apply [56], Theorem 1. Since u. is absolutely continuous with respect
to v, it suffices to prove for all &, T > 0 that

(6.4) lim p,( sup |[Py(t)o f— Py(t)|>¢)=0,

im0 [P0 5 0] =
for P, = W, and P, = W,,. We give the details for the latter since that is the
more complicated case. Compute that W,’fy(t) of — Wﬁy (t)=n"" l<i<[n VY ©
flﬁﬂ (0] f[nt] — I’l_l Zl§j<[}’l[] 5]’6}3 (e] f‘/ and so

WAy _ By H B 1 5V o i
\\[%tlgllwn o f = W] <15 |n | max 15,2<kv o f'||,
14 -1 ~p J
Tl ] 2 e £, =0
1<j<k

by (6.3). Hence, (6.4) follows from Markov’s inequality. [

It follows from the definition of lap number that

¢ Cr,u) = (FN O, u 41—y ().
We have the decomposition

N(t)
v,(x,u)z/o V(s (x,0))ds + H o ¢y (x,u) — H(x,u)

(6.5)
=Un@(X) + Ho¢(x,u) — H(x,u).

We also require the following elementary result.
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PROPOSITION 6.4. Let ay be a real sequence and b > 0. If lim,,_, o n—ta, =
0, then 1imy— 00 ™7 SUp, 10,71 lann | = 0.

LEMMA 6.5. (W, W,,)) = (W,,, W,,) 0 g+ Fy,, where F,, —, F in D([0, 00),
R¢ x R€*€) and F(t) = (0, [o HPvY dv)t.

PROOF. Using (6.5), we can write

By definition, Wn (N(nt)/n) = n—1/2 Un(r)- Hence, by assumption (6.2), we obtain
the required decomposition for W,,.
Similarly,

t t
WA () :/ WEaw) = | vP v o ¢y ds
0 0
(6.6) .
= /0 [ﬁ[ﬂ;l(ns) + HP o Ons — Hﬂ]vy o Ppsds = An(t) + By (1),

where
t B 1 nt
A= [ B odusds. Buy=n~ [T [HP o g~ B oy ds.
By the ergodic theorem,
n n
nilHﬂ_/‘ vY oqﬁsds:Hﬂ(n)*l/ v’ opgds — Hﬂ/ v’ dv=0.
0 0 Q
Hence, by Proposition 6.4, n! sup,c(o.71|H? [§" v o ¢y ds| — 0 a.e. Similarly,
n n
n_lf HP o p5v” 0 ¢y ds :n_lf (Hﬁvy) opsds — / HPvY dv.
0 0 Q

Applying Proposition 6.4 with b = 1 and a, = [j HP o ¢sv7 o ¢gds —
n [o HPv” dv, we obtain that n=! [ HP o sv” oy ds — [ HPv¥ dv uniformly
on [0, T'] a.e. Hence, B, (1) — 1 [ HPvY dv uniformly on [0, T'] a.e.

To deal with the term A,, we introduce the return times t, j =1, ;(x, u), with
0=1y0<th1 <ty <---such that N(nt) = j for t € [t j, 1, j+1). Note that
tn,j(x,u) = (rj(x) —u)/n for j > 1. Since r is bounded below, we have that
lim;_, o 1, j = 00 for each n.

Compute that

Na=1 o 5 ; y
A, () = Z / vj vY o g ds + vN(m)vV o s ds
j=0 i

n tn,N(nt)

N(nt)—1 . p
-B n,j+1 Y -B v
= E v; v o¢mds+vN(m) vY o ¢y ds.
j=0 In,j

In,N(nr)
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For j > 1,

In,j+1 In,j+1 .
/ vo¢nsds:/ v(f/x,u+ns—rj(x))ds

tn.j tn,j
r(f7x) . .
=n_1/ v(fix,s)ds=n""50 f/,
0

and similarly we can write f(;"’l vousds =n~! fur(x) v(x,s)ds =n"'9+0(/n)
a.e.

By definition, W, (N(nt)/n) =n"" Z?]:(’(lf)_l vjvo f7. Hence, we have shown
that A, (1) = W, 02, (1)+ Co (1) + O(1/n) ae., where CY (1) = 8y ) Ji. 1 07 0
Ons ds.

Finally, we note that

' '
/ vo¢nsds:/ v(fN('”)x,u+ns—rN(m)(x))ds

Iy, N(nt) In,N(nt)
U+t —ry (ur) (x)
:n_1/ v(fNDx, 5)ds
0

= n_lH(fN("’)x, U~+1t—rymun))
=n""H o ¢y

Hence, C,’?y = W/ZB o gn(t) - n~Y2HY o Onr = w 0 by Lemma 6.3 and assump-
tion (6.2). [

PROOF OF THEOREM 6.1. This is immediate from Lemmas 6.3 and 6.5. 0O

PROPOSITION 6.6. Sufficient conditions for assumption (6.2) to hold are that
(a) H € L**(Q,R®), or (b) ¥ € LX(A), where T,(x) = [ [u(x, u)| du.

PROOF. In both cases, we prove that n~12Hog, > 0ae. By Proposition 6.4,
sup;efo.71 H © $nt — 0a.e.

(a) Choose § > 0 such that H € L*1% and 7 < % such that 7(2 4+ §) > 1. Since
|H o ¢nll2+s = | H|l2+s, it follows from Markov’s inequality that v(|H o ¢, | >
n®) < | H|l24sn~ " @ which is summable. By Borel-Cantelli, there is a constant
C > O such that |H o ¢,| < Cn~" a.e., and hence nV2H o ¢n — 0 ae.

(b) Since 63 e L'(A), it follows from the ergodic theorem that n123, 0 -
0 a.e. Moreover, N (nt)/n — 1/ a.e. on (2, v) and hence n~ /29, o fFIN®DI 5 0
a.e. The result follows since |H (x, u)| < v4(x) forall x,u. [

REMARK 6.7. The sufficient conditions in Proposition 6.6 imply almost sure
convergence, uniformly on [0, T], for the term F;, in Lemma 6.5.
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7. Moment estimates. In this section, we obtain some moment estimates that
are required to apply rough path theory. (Proposition 7.5 below is also required for
part of Theorem 1.1; see the proof of Corollary 8.3.)

7.1. Discrete time moment estimates. Let f: A — A be a map (invertible or
noninvertible) with invariant probability measure . Suppose that v: A — R isa
mean zero observable lying in L. Define

n—1
vn=Zvofj, ShY = > o flvY o f7.
j=0

O<i<j<n

PROPOSITION 7.1. Suppose that v: A — R€ lies in L> and admits an LP
martingale-coboundary decomposition (5.1) for some p > 3. Then there exists a
constant C > 0 such that

1/2

H max |vj|H2p <Cn''~, H max |S;

IH <Cn foralln > 1.
0<j<n 0<j<n 2p/3

PROOF. The estimate [|v, |2, <K n'/2 is proved in [34], equation (3.1). Since
Unta — Va =4 vy forall a, n, the result for maxo< <, |v;| follows by [47], Corollary
B1 (cf. [38], Lemma 4.1).

To estimate §,, write

Sr/?)’z Z mﬂofivyofj—i— Z (Xﬂofj—xﬂ)vyofj.
O<i<j<n 1<j<n
We have | Cizjeux? o F707 o fill, < nlxPv7ll, < nllxPlplv7 oo and
I 1<jen xP07 0 f71p < IXPlpl X< <n v o f/lloo < nlx Pl plv” lloo-
Next, we estimate [, = > o<« j<n mP o fivY o fJ. Passing to the natural exten-

sion f: A — A in the noninvertible case (and taking f = f in the invertible case),
we have

L= ) ﬁzﬁofiﬁyofj=< > ﬁzﬁofiﬁyofj)of"

O<i<j<n —n<i<j<0

oS

so we reduce to estimating I,” =3 _,;_j V" o fimf o fi.
Now,

n
in_:ZXk whereXk:( Z ﬁyofj>r7zﬂof_k.
k=1 —k<j<0

Recall that E (P o f1| f~'~18) = 0. Hence E(Xx| f*'B) =0, and so {Xx: k > 1}
is a sequence of martingale differences. For p’ > 1, Burkholder’s inequality [10]
states that || I || y < II(X4=; XD)/2| v, and it follows for p’ > 2 that

n
(7.1) 12 < > Xkl
k=1
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Taking p’ =2p/3, it follows from Holder’s inequality that
Xilepn=| ¥ o f1|
P

—k<j<0

Z Fk p= k—112p )4 12‘
[ o 7751, = 1vi_i |5, [m”], < &Y/

Hence, |1, [l2p/3 < n and so || S, l2p/3 <K n.

This time we cannot apply the maximal inequality of [47] since we do not have
a good estimate for S;4, — S; uniform in a. However, we claim that ||S;4, —
Sallzps3 < n+n'2al’? Set Ay, = (050, b)/? with by = k'/2. By the claim,
|San — Sall2p/3 K Aq,, and it follows from [41], Theorem A (see also references
therein) that || maxo<;<, [S;lll2p/3 <K n as required.

For the claim, observe that

at+n—1j—1 . .

SP =887 = 3 S vPo flu o f
j=a i=0
at+n—1la—1 at+n—1j—1
Zzﬁofvyof]+zzﬁofvyof]
j=a i=0 j=a i=a

U,)l’ ofa—{—SfV o f4.
Hence,
270 = 7 1y < 107 Loy 08 sy + 1Sully < n'2a? 4
for ¢ =2p/3. This proves the claim. []

REMARK 7.2. The proof of Proposition 7.1 makes essential use of the fact
that v € L™ [26, 34, 38]. Under this assumption, the estimate for maxo<;<y |v;|
requires only that p > 1 and is optimal in the sense that there are examples where
lim,, s o ||n_1/2v”||q = oo for all g > 2p; see [38], Remark 3.7.

We conjecture that the optimal estimate for maxo<j<,[S;| is that
| maxo<;<n IS;lll, < n (for p > 2). Then we would only require p > 3 instead
of p > 9/2 in our main results.

Recall that W, (1) =n—1/2 25-"30_1 vo f/ and ny(t) = fé W,’? dW) . We define
the increments

W (s, 1) = Wy (1) — Wy(s) and Wf”(s,t):ft Wh (s, r)dWY (r).

N

COROLLARY 7.3. Suppose that v: A — R¢ lies in L* and admits an LP
martingale-coboundary decomposition (5.1) for some p > 3. Then there exists a
constant C > 0 such that

| Wi/, k/m),, < C(1k = jl/n)'"*  and
|Wai/n, k/mly,5 < Clk— jl/n,
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forall j,k,n>1.

PROOF. Lett > s > 0. By definition,

[nt]—1 ) [nt]—[ns]—1 )
Wals,t) = n~ 2 3" vo fl :n_1/2< > vof’) o flns]

i=[ns] i=0
[nt]—[ns]—1 .
=qn~'/? Y. vof =12V ).
i=0

By Proposition 7.1, assuming without loss that j < k,

[Wai/n ke /m)ly, =0~ 2llve-ll2p < C(Gk = j)/n)

Similarly,

W,(s, 1) = n~! Z vPo fivY o i

[ns]<i<j<[nt]-1

= n_l( Z vPo fivY ij> o flnsl

0<i<j<[nt]—[ns]—1

1/2

—qn! 3 v o flvr o fl=n""s

[nt]—[ns]"
0<i<j<[nt]—[ns]—1

By Proposition 7.1,
IWo(i/n, k), 5 =0 1Sk=jll2ps3 < Clk = j)/n,

as required. [

7.2. Continuous time moment estimates. Let ¢;: Q2 — Q be a suspension flow
as in Section 6, with Poincaré map f: A — A. As before, we write Q = A", v =
u", where r: A — R is a roof function with 7 = [rdu. Let v: Q2 — R¢ with
Jovdv=0.

As before, we suppose that r is bounded away from zero, but now we suppose
in addition that v and r lie in L°°. (These assumptions can be relaxed, but then the
assumption on p has to be strengthened in the subsequent results.)

Define

t t u
vt=/ vodgsds, S;g)/:/ / vP o ¢psv? o ¢y ds du.
0 0 JO

Let 9: A — RR¢ be given by 0(x) = [y ™ u(x, u)du (so ¥ coincides with the func-

tion defined in Section 6). The assumptions on v and r imply that v € L (A, ).

PROPOSITION 7.4. N(¢t) <[t/essinfr]+ 1 forall (x,u) € 2,t>0.
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PROOF. Compute that

r[z/essinfr]—f—Z(x) =r(x)+ r[t/essinfr]—f—l(fx)
> u+ ([t/essinfr]+ 1)essinf f > u +1.

Hence, the result follows from the definition of lap number. [

PROPOSITION 7.5. Suppose that v: A — R® admits an LP martingale-
coboundary decomposition (5.1) for some p > 3. Then there exists a constant
C > 0 such that

1/2
lvell2p < Ct/2, IS¢ 1123 < Ct,

forallt > 0.

PROOF. If r < 1, then we have the almost sure estimates |v;| < ||[v]lcof <
lv]loot'/? and |S;| < ||v||goz‘2 < ||v||%ot. Hence, in the remainder of the proof, we
can suppose that ¢ > 1.

For the v; estimate, we follow the argument used in [38], Lemma 4.1. By (6.5),

v =Un() +G(1),

where G () (x,u) = Ho ¢, (x,u) — H(x,u) = [ v(¢i(x,s))ds — [y v(x,s)ds.In
particular, |G (t)|loo < 2|17 lloo IV lloe < 2117 loo llV]lsot /2. By Proposition 7.4, there

is a constant R > 0 such that N(¢) < Rt for all t > 1. Hence,

~ 1/2
<
ol = max 1551+ 20l lvloot 2.
By Proposition 7.1, | maxo<;<g: [V/]ll2p K 12 Since r is bounded above and be-
low, this estimate for maxo<j<g, |0;| holds equally in L?P(A) and L?P(S2). Hence
lvellap < 2172,
To estimate S; we make use of decompositions similar to those in Section 6.
By (6.5),

t t
S[ﬁy ZA vay O¢s dS =‘/(; (51/?/'(3‘) + G'B(s))vy O¢S dS,

proof of Lemma 6.5 withn =1,

where || fé GP (5)vY o ¢y ds]loo < 2|r|oo|v|§ot. Moreover, in the notation from the

t
/0 By )07 © s ds = Ay (1)
N(@t)—1

. u
= E ﬁ/.gf)yofj—ﬁﬂ/ vyoqbsds—i-ﬁf,(t)HVoqbt
= 0
1:

~ ~ u -
= Szl%) — U'B/O v ogyds + vf,(l)Hy o ¢y,
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where S, is as in Proposition 7.1. Now ”'71{}/(1)”00 < INOllsoll?Pllee <
Rt||7 ||sollv]loo- Hence, by Proposition 7.1,

z ~
/0 Dy V7 © s ds| < jrga}é|sfy| + (1 + R[5 IvlI3, < 1.
completing the proof. [

Again we recall that W, (t) =n~/2 [’ v o ¢y ds and W,’?y(t) =/ W,de,Z,
and we define the increments

Wo(s, 1) = Wy (1) — Wy(s) and Wﬁ”(s,t):ft Wh (s, r)dWY (r).

COROLLARY 7.6. Suppose that v admits an L? martingale-coboundary de-
composition (5.1) for some p > 3. Then there exists a constant C > 0 such that

[Wats, 0)],, <Clt =sI'* and  [W,(s,0)],,,5 <Clt —s],
foralls,t > 0.

PROOF. This is almost identical to the proof of Corollary 7.3. [

REMARK 7.7. Any hyperbolic basic set for an Axiom A flow can be written
as a suspension over a mixing hyperbolic basic set f: A — A with a Holder roof
function r. Since every Holder mean zero observable v: A — R¢ admits an L™
martingale-coboundary decomposition, it follows that Proposition 7.5 and Corol-
lary 7.6 hold for all p.

8. Applications of Theorem 6.1. In this section, we apply Theorem 6.1 to
a large class of uniformly and nonuniformly hyperbolic flows. In particular, we
complete the proof of Theorem 1.1. Our main results do not require mixing as-
sumptions on the flow, but the formulas simplify in the mixing case.

Let ¢;: 2 — Q be a suspension flow as in Section 6, with mixing Poincaré
map f:A — A. As before, we write Q = A", v = u’, where r: A — R is a roof
function with 7 = [ rdp.

Nonmixing flows. First, we consider the case where ¢, is not mixing. (As usual,
we suppose that the Poincaré map f is mixing.)

COROLLARY 8.1. Suppose that f: A — A is mixing and that r € L' (A) is
bounded away from zero. Let v € L'(Q2, R¢) with Jqvdv = 0. Suppose further
that |H||v| is integrable and that assumption (6.2) is satisfied.

Assume that v admits a martingale-coboundary decomposition (5.1) with p = 2.
Then the conclusion of Theorem 6.1 is valid. Moreover,

=AY = Cov®” W (1)

_ (f)—lfAf)ﬁ{)V du+ (7)7! Z/A(ﬁﬂﬁy o f"+ 875 o fMYdpu,
n=1
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and WPY (1) = [§ WP o dWY + 1DVt where

o0
DPFY — (7)1 Z/ (5/35)/ o f"— 57 P of”)du—l—/ (H’gvy — Hyvﬂ)dv.
n=1 A @

PROOF. By Theorem 4.3, condition (6.1) is satisfied. Specifically, (Wn,
W W) —w (W, W) where W is a Brownian motion with Cov?” (W (1)) =
Ia vﬂvydu—l-z 1fA(vﬂv7’of”+v7’vﬁof”)d;L andWﬂy(t) _f WP AWy +
EPYt.

By Remark 6.2, hypothesis (6.3) is satisfied. Hence, by Theorem 6.1, (W,
W,) = (W, W) where W = (7)~12W and WAY (1) = [E W) dW] + EPY1. 1tis
immediate that ¥ = Cov(W (1)) has the desired form. Moreover, by Theorems 4.3
and 6.1,

o0
EFY — (7)~! Z/ ﬁﬁﬁyof”d,u-i—/ HPY dv.
n—1 A Q

The Stratonovich correction gives

DBY —2pgBy _ w8y
o0
=(F)_1{Z/ (l~)ﬂl~)yofn_ﬁl/ﬁﬂof")dlu_/ f)ﬁf)yd,u}
n=1 A A

+2/ HPvY dv.
Q

To complete the proof, we show that (7)~! [, 937 du = [o HPvY dv +
Jq H” vP dv. Compute that

r(x) r(x)
/ ﬁﬁﬁyduzf {/ v’s(x,u)du/ vy(x,s)ds}d,u
A A LJO 0
r(x) u r(x)
:f / vﬂ(x,u){f vy(x,s)ds+/ vV(x,s)ds}dudu
AJO 0 u

r(x)
=// VP (e, u)HY (x, u)dudp
A JO

r(x) K
—i—/f v”(x,s)(/ vﬁ(x,u)du)dsd,u
A JO 0
r(x)
=f/ vﬂmdv+// v (x,s)HP (x, s)ds
Q AJo

=F/ vﬁH)’dv—i—F/ v HP dv,
Q Q

as required. [J
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REMARK 8.2. Corollary 8.1 applies directly to Holder observables of semi-
flows that are suspensions of the uniformly and nonuniformly expanding maps
considered in Section 4, and of flows that are suspensions of the uniformly and
nonuniformly hyperbolic diffeomorphisms considered in Section 5. In particular,
this includes Axiom A flows and nonuniformly hyperbolic flows that are suspen-
sions over Young towers with exponential tails.

Mixing flows. Under additional conditions, we obtain the formulas for ¥ and D
promised in Theorem 1.1(b).

COROLLARY 8.3. Assume the set up of Corollary 8.1. Suppose further that
v € L, and that v admits a martingale-coboundary decomposition (5.1) with
p = 3. If the integral [§° [qvPvY o ¢y dv dt exists, then

o
Zﬁ}’:/ /(vﬁvyo¢,+vyvﬁo¢t)dvdt
0 Q
and

o0
DPY =/ /(vﬂvy oy — v’ vP o) dvdr.
0 Q

PROOF. It follows from [10] that ||W,||, = O(1), and hence that E, |W, |7 —
E|W|4 for all ¢ < p. In particular, taking ¢ = 2, we deduce that Cov,(W,(1)) —
Y. Moreover, the calculation in the proof of Theorem 4.3 shows that £A7 =

1 [PV o ¢y + 17 vP 0 ¢y) dvdt. Similarly B, (f§ Wf dW]) — [ [qvPv? o
¢ dv dt.

Since v € L*° and p = 3, it follows from Proposition 7.5 that || fol W,f dw) ||, =
O(1). [In fact, we require only that || fol Wde,qu = O(1) for some g > 1.]
Hence, Ev(fol W,’,de),/) — EP7 and so

DBY — 2By _ By
o0 [e.e]
:2/ /vﬂv”odhdvdt—/ /(vﬂvyo¢,+v7’vﬂo¢t)dvdt
0o Jo 0o Ja

o
:f /(v’gv” o — v vP o ;) dvdr,
0 Q

as required. [l

PROOF OF THEOREM 1.1. We use the fact that every hyperbolic basic set for
an Axiom A flow can be written as a suspension over a mixing hyperbolic basic
set f: A — A with a Holder roof function r. Any Holder mean zero observable
v:A — R® admits an L°° martingale-coboundary decomposition. Hence Theo-
rem 1.1 follows from Corollaries 8.1 and 8.3. [
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9. Smooth approximation theorem. In this section, we prove Theorems 1.2
and 2.2. To do so, we need a few tools from rough path theory that allow us to lift
the iterated WIP into a convergence result for fast-slow systems. We do not need
to introduce much new terminology since the tools we need are to some extent
prepackaged for our purposes. For the continuous time results, we use the standard
rough path theory [29], but for the discrete time results we use results of [23].

9.1. Rough path theory in continuous time. Let U, :[0, T] — R® be a path of
bounded variation. Then we can define the iterated integral U,, : [0, T] — R¢*¢ by

t
©.1) Un (1) = /0 Un(r) AUy (1),

where the integral is uniquely defined in the Riemann—Stieltjes sense. As usual,
we define the increments

U,(s,t) =U,(t) —U,(s) and U,(s,t)= /t U,(s,r)dU,(r).

Suppose that a:R? — R is C!* and b:RY — R?*¢ is C3, and let X,, be the
solution to the equation

t t
9.2) Xn(t):%‘—i-/o a(x,,(s))ds+/0 b(X,(5)) dUy(s),

which is well-defined for each n, and moreover has a unique solution for every
initial condition & € RY. To characterize the limit of X,, we use the following
standard tool from rough path theory.

THEOREM 9.1. Suppose that (U,,U,) —, (U, U) in C([0, 00), R¢ x R¢*¢),
where U is Brownian motion and where U can be written

9.3) U@) = /Ot U(s)odU(s)+ Dt,

or some constant matrix D € R°*°. Suppose moreover that there exist C > 0 and
PP
q > 3 such that

(9.4) [Un(s, )], < Cle —sI'? and Uy (s, 0], < Clt =sl,

hold foralln > 1 and s, t € [0, T]. Then X,, =, X in C ([0, 00), R%), where

(9.5) dX= (a(X) + Y pFr 8"‘b’3(X)b”‘V(X)> dt +b(X) odW.
@By

If (9.4) holds for all g < oo, then the C> condition on b can be relaxed to C*™.
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This result has been used in several contexts [7, 25], so we only sketch the proof.

PROOF OF THEOREM 9.1.  First, suppose that « € C'*, b € C3. By [17], The-
orem 12.10, we know that the map (U,, U,) — X, is continuous with respect
to the p, topology (i.e., the rough path topology) for any y > 1/3. In particu-
lar, the estimates (9.4), combined with the iterated invariance principle, guarantee
that (U, U,) — (U, U) in the p, topology for some y > 1/3. It follows that
X, —w X where X satisfies the rough differential equation

t t
X(t)=X(O)+/O a(X(s))ds+/0 b(X(s))d(U, U)(s).

By definition of rough integrals, and the decomposition (9.3), X satisfies (9.5).
Similarly, if the estimates (9.4) hold for all ¢ < oo, then we can apply [17],
Theorem 12.10, under the relaxed condition a € C1*, b e C?+. O

Now let ¢, : 2 — Q be a suspension flow as in Section 6, with Poincaré map
f: A — A. As before, we write Q = A", v =", where r : A — R is a roof func-
tion with 7 = [rdu. Let v:Q — R with [ovdv =0 and define v: A — R,

5x) = 3P vo g dr.

COROLLARY 9.2. Suppose that f: A — A is mixing and that r € L>°(A) is
bounded away from zero. Suppose that a € C'* and b € C3. Let v e L®(Q,R¢)
with [ovdv =0. If U admits a martingale-coboundary decomposition (5.1) with
p > %, then the conclusion of Theorem 1.2 is valid.

PROOF. Recall that X, satisfies (9.2) with U, = W,,. By Corollary 8.1,
(W,,W,) =, (W,W) where W is Brownian motion and WAY () =
fot WP dWY + DPYt. Moreover, the estimates (9.4) hold by Corollary 7.6. The
result follows directly from Theorem 9.1. [

PROOF OF THEOREM 1.2. Again we use the fact that every hyperbolic basic
set for an Axiom A flow can be written as a suspension over a mixing hyperbolic
basic set f: A — A with a Holder roof function r. Any Holder mean zero ob-
servable v: A — R¢ admits an L°° martingale-coboundary decomposition. Hence,
Theorem 1.2 follows from Corollary 9.2 together with the last statement of Theo-
rem 9.1 (to allow for the weakened regularity assumption on b). [J

9.2. Rough path theory in discrete time. In this section, we introduce tools [23]
that are the discrete time analogue of those introduced in the continuous rough path
section. Let Uy, : [0, T] — R€ be a step function defined by

[nt]—1

Us)= > AUy,;.
j=0
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We also define the discrete iterated integral Uy, : [0, T] — R¢*¢ by

9.6) U,,(t):/otUn(r)dUn(r): > AUAU,;.

0<i<j<[n=2t]
Note that, as usual, we use the left-Riemann sum convention. We define the incre-
ments

[nt]—1
Un(s,)= > AU,; and U,(s,1) = > AU, AU, ;.

j=I[ns] [ns]<i<j<[n=21]

Suppose that a : R? — R%is C'* and b :RY — R¥*¢ is C3, and let Xy, j be defined
by the recursion

9.7) Xnjt1=Xnj +n'a(Xy j) +b(Xn ) AU,

with initial condition X, o =& € R9. We then define the path X,,:[0,T] — R4 by
the rescaling X, () = X, [n/]- The following theorem is the discrete time analogue
of Theorem 9.1 and is proved in [23].

THEOREM 9.3. Suppose that (U,, U,)) = (U, U) in D([0, 00), R¢ x R¢*¢),
where U is Brownian motion and where U can be written

t
U(r) 2/0 U(s)dU(s) + Et,

for some constant matrix E € R¢*¢. Suppose moreover that there exist C > 0 and
q > 3 such that

12
09 10Gmkmly, <c/ =

 —k
and [U,G/mk/m)], =

k]

hold for alln > 1 and j, k=0, ... ,n. Then X, — X in D([0, 00), R?), where

dX = (a(X) + 3 Eﬁya“bﬁ(X)W(X)) dt +b(X)dW.
o, B,y

If (9.8) holds for all g < 0o, then the C* condition on b can be relaxed to C*™.

COROLLARY 9.4. Suppose that f: A — A is mixing and that a € C'*T, b €
C3. Let v € L®(Q, R¢) with Jovdv =0. If v admits a martingale-coboundary
decomposition (5.1) with p > %, then the conclusion of Theorem 2.2 is valid.

PROOF. .We have that X, is defined by the recursion (9.7) with AU, ; =
n~1%y o f7. In particular, U, = W,, and U, = W,,, as defined in Section 2.
By Theorem 2.1, (W,,,W,) —, (W,W) where W is Brownian motion and
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WAY (1) = fé WA dWY + EPYt. Moreover, the estimates (9.8) follow immediately
from Corollary 7.3. Hence, the result follows from Theorem 9.3. [

PROOF OF THEOREM 2.2. Again, any Holder mean zero observable v: A —
R¢ admits an L°° martingale-coboundary decomposition. Hence, Theorem 2.2 fol-
lows from Corollary 9.4 together with the last statement of Theorem 9.3. [

10. Generalizations. Our main results, Theorems 1.1, 1.2 for continuous
time, Theorems 2.1, 2.2 for discrete time, are formulated for the well known, but
restrictive, class of uniformly hyperbolic (Axiom A) diffeomorphisms and flows.
In this section, we extend these results to a much larger class of systems that are
nonuniformly hyperbolic in the sense of Young [54, 55]. Also, as promised, we
show how to relax the mixing assumption in Theorems 2.1 and 2.2.

In Section 10.1, we consider the case of noninvertible maps modeled by Young
towers. Then in Sections 10.2 and 10.3, we consider the corresponding situations
for invertible maps and continuous time systems.

10.1. Noninvertible maps modeled by Young towers. In the noninvertible set-
ting, a Young tower f:A — A is defined as follows. First we recall the notion of
a Gibbs—Markovmap F:Y — Y.

Let (Y, ;y) be a probability space with a countable measurable partition «, and
let F:Y — Y be a Markov map. Given x, y € Y, define the separation time s(x, y)
to be the least integer n > 0 such that F"x, F"y lie in distinct partition elements
of «. It is assumed that the partition separates orbits. Given 6 € (0, 1) we define
the metric dg (x, y) = 05,

If v:Y — R is measurable, we define |v|y = SUPy £y [lv(x) —v(y)|/dg(x, y) and
llvlle = llvlleo + |v]g. The space Fp(Y) of observables v with ||v]|g < oo forms a
Banach space with norm || - ||¢.

Let g denote the inverse of the Jacobian of F for the measure puy. We require
the good distortion property that |log glg < co. The map F is said to be Gibbs—
Markov if it has good distortion and big images: inf,c,, iy (Fa) > 0. A special case
of big images is the full branch condition Fa =Y for all a € . Gibbs—Markov
maps with full branches are automatically mixing.

If F:Y — Y is a mixing Gibbs—Markov map, then observables in Fy(Y) have
exponential decay of correlations against L! observables. In particular, Theo-
rems 2.1 and 2.2 apply in their entirety to mean zero observables v:Y — R® with
components in Fy(Y) for mixing Gibbs—Markov maps.

Given a full branch Gibbs—Markov map F:Y — Y, we now introduce a re-
turn time function ¢ :Y — ZT assumed to be constant on partition elements. We
suppose that ¢ is integrable and set ¢ = [y ¢ duy. Define the Young tower

A={(y,0)eY xZ:0<t <oy},
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and define the tower map f: A — A by setting

v, £+1), <oy -2,
(Fy,0), L=g¢(y) — 1.

Then u = uy x Lebesgue/@ is an ergodic f-invariant probability measure on A.
Note that the system (A, u, f) is uniquely determined by (Y, uy, F) together
with .

The separation time s(x, y) extends to the tower by setting s((x, £), (y,£')) =0
for £ # ¢" and s((x, £), (y, £)) = s(x, y). The metric dy extends accordingly to A
and we define the space Fy(A) of observables v: A — R that lie in L>°(A) and
are Lipschitz with respect to this metric.

The tower map f: A — A is mixing if and only if gcd{p(a):a € o} = 1. In the
mixing case, it follows from Young [54, 55] that the rate of decay of correlations
on the tower A is determined by the tail function

(10.1) Fr.0) = {

(e >n)=pu(y €Y:p(y) >n).

In [54], it is shown that exponential decay of (¢ > n) implies exponential de-
cay of correlations for observables in Fy(A), and [55] shows that if (¢ > n) =
O (n—P) then correlations for such observables decay at a rate that is O(n—B-D),
For systems that are modeled by a Young tower, Holder observables for the under-
lying dynamical system lift to observables in Fy(A) (for appropriately chosen 6)
and thereby inherit the above results on decay of correlations. Similarly, if we de-
fine Fp(A,R®) to consist of observables v: A — R® with components in Fy(A),
then results on weak convergence for vector-valued Holder observables are inher-
ited by the lifted observables in Fyp(A, R¢) and so it suffices to prove everything at
the Young tower level.

THEOREM 10.1. Suppose that f : A — A is a mixing Young tower with return
time function ¢ 1Y — 7% satisfying u(p > n) = O(n=P). Let v e Fg(A,R®) with
favdu=0. Then:

(a) Iterated WIP: If B > 3, then the conclusions of Theorem 2.1 are valid.
(b) Convergence to SDE: If 8 > %, then the conclusions of Theorem 2.2 are
valid for all a € C'*, b e C3.

In particular, Theorems 2.1 and 2.2 are valid for systems modeled by Young towers
with exponential tails for alla € C'*, b e C*.

PROOF. In the setting of noninvertible (one-sided) Young towers [55], given
v € Fy(A) with mean zero, there is a constant C such that

V vwof"du’SCHwHoon_(ﬂ_l) forallwe L™, n > 1.
A
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Hence, by Proposition 4.4, there is an L?” martingale-coboundary decomposition
(4.1) for any p < B — 1. The desired results follow from Theorem 4.3 and Corol-
lary 9.2, respectively. [l

If B > 2, or more generally ¢ € L2, the WIP is well known. In fact, ¢ € L?
suffices also for the iterated WIP and the mixing assumption on f is unnecessary,
as shown in the next result. These assumptions are optimal, since the ordinary CLT
is generally false when ¢ ¢ L.

THEOREM 10.2. Suppose that A is a Young tower with return time function

Qe L?. Let v € Fy(A,R®) with Javdp =0. Then (Wy, Wy,) —, (W, W) where
W is an e-dimensional Brownian motion with covariance matrix

=7 = CovP” W(1)
o0
=@ [ P aur + @Y [ @5 0 P45 o F)duy,
Y n=1 Y

and WPY (1) = fé WP AWY + EPYt where

00 -1
EFY = (@) Z/yaﬂwopﬂder/AHﬂvV du,  Hy,0)=Y) vy, )).
n=1 j=0

If moreover u(p > n) = O(n_ﬂ)for some B > %, then the conclusion of The-
orem 2.2 (convergence to SDE) holds for all a € C'*, b e C3.

PROOF. We use the discrete analogue of the inducing method used in the proof
of Theorem 6.1. Define v:Y — R by setting v(y) = Z?(:yg_l v(f/y). Then v
lies in L? and Jy vduy = 0. Let P denote the transfer operator for F:Y — Y.
Although v ¢ Fy(Y,R®) an elementary calculation [33], Lemma 2.2, shows that
P € Fy(Y,R®). In particular, P? has exponential decay of correlations against L'
observables. It follows that x = Z?‘; | P/ converges in L™, and hence following
the proof of Proposition 4.4, we obtain that & admits an L? martingale-coboundary
decomposition.

Define the cadlag processes Wn, Wn as in (2.1) using v instead of v. It fol-
lows from Theorem 4.3 that (Wn, Wn) —w (W, W) where W is an e-dimensional
Brownian motion and WAY (t) = fé WP dWY + EPYt with

o0
CovF” W(l)zf aﬁwduy+zf(5ﬂwOF"+ﬁVﬁﬂoF")dW,
Y Y
n=1

and EFY =% | [, 5P3Y o F"dpy.
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Arguing as in the proof of Theorem 6.1, and noting Remark 6.2, we obtain that
Wy, W) = (W, W) where

— t
W= (g)"?W, Wﬁy(r):/o wPdw” + EPt,

EPFY = (p) ' EPY +/ HP v dp.
A

Finally, to prove the last statement of the theorem, it suffices by Corollary 9.2 to
show that v admits an L? martingale-coboundary decomposition with p > %. We
already saw that this holds for A mixing, equivalently d = gcd{p(a):a € a} = 1.
If d > 1, then A can be written as a disjoint union of d towers Ay each with a
Gibbs—Markov map that is a copy of F and return time function 14, ¢/d. Each of
these d towers is mixing under f¢, and the towers are cyclically permuted by f.
Hence,

o0 oo oo
S Py = Z ZPmd”(lAkﬁ—d/AlAkﬁdu).
m=1 r=1m=0

But [[P™(1a,0 — d [5 1a,0dp)ll, < m™P. Hence, we can define x =
o_1 P e LP yielding the desired decomposition v =m + x o f — x. O

EXAMPLE 10.3. A prototypical family of nonuniformly expanding maps are
intermittent maps f :[0, 1] — [0, 1] of Pomeau—Manneville type [28, 44] given by

x(142%x%), xe[0, ),
X =
2x — 1, xe[4,1].

For each « € [0, 1), there is a unique absolutely continuous invariant probability

measure w. For o € (0, 1), there is a neutral fixed point at O and the system is

modeled by a mixing Young tower with tails that are O (n~#) where g =a~!.
Hence, the results of this paper apply in their entirety for « € [0, %). Further,

it is well known that the WIP holds if and only if « € [0, %), and we recover this
result, together with the iterated WIP, for « € [0, %).

10.2. Invertible maps modeled by Young towers. A large class of nonuni-
formly hyperbolic diffeomorphisms (possibly with singularities) can be modeled
by two-sided Young towers with exponential and polynomial tails. For such tow-
ers, Theorems 10.1 and 10.2 go through essentially without change. The definitions
are much more technical, but we sketch some of the details here.

Let (M, d) be a Riemannian manifold. Young [54] introduced a class of nonuni-
formly hyperbolic maps 7 : M — M with the property that there is an ergodic
T-invariant SRB measure for which exponential decay of correlations holds for
Holder observables. We refer to [54] for the precise definitions, and restrict here to
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providing the notions and notation required for understanding the results presented
here. In particular, there is a “uniformly hyperbolic” subset Y C M with partition
{Y;} and return time function ¢ : ¥ — 77 (denoted R in [54]) constant on partition
elements. For each j, it is assumed that T¢W) (Y;) C Y. We define the induced map
F=T?Y—>Y.

Define the (two-sided) Young tower A ={(y,£) € Y x Z:0 <!l < ¢(y)} and
define the tower map f: A — A using the formula (10.1).

It is assumed moreover that there is an F-invariant foliation of Y by “stable
disks,” and that this foliation extends up the tower A. We obtain the quotient tower
map f:A — A and quotient induced map F = f#:Y — Y. The hypotheses in
[54] guarantee that:

PROPOSITION 10.4. There exists an ergodic T -invariant probability measure
v on M, and ergodic invariant probability measures ua, WX, Ly, Ly defined on
A, A, Y, Y, respectively, such that:

(a) The projection w:A — M given by m(y,€) = T'y, and the projections
7:A— Aand7:Y — Y given by quotienting, are measure preserving.

(b) The return time function ¢ :Y — Z is integrable with respect to juy (and
hence also with respect to y when regarded as a function on Y).

(c) ma =py x counting/ [y ¢ dp and pwx = uy x counting/ [, ¢ du.

(d) The system _(I_’l F, wy) is a full branch Gibbs—-Markov map with partition
a ={Y;}. Hence, f: A — A is a one-sided Young tower as in Section 10.1.

() uy(p >n)= 0(e"") for some a > 0.

(f) Letv: M — R be Holder with [, vdv =0.Then vor = vom + x10f —x1
where x1 € L°(A) and v € Fg(A)for some 6 € (0, 1).

PROOF. Parts (a)—(e) can be found in [54]. For part (f) see, for example, [32,
33]. O

COROLLARY 10.5. Theorems 2.1 and 2.2 are valid for Holder mean zero ob-
servables of systems modeled by (two-sided) mixing Young towers with exponential
tails.

PROOF. By Proposition 10.4(d) and the proof of Theorem 10.1, for any p we
can decompose v € Fy(A) as v =m + x2 0 f — x2 where m, x; € L°°(A) and
m lies in the kernel of the transfer operator corresponding to F: A — A. Now let
m=momw and x = x1 + x2 o ™ where xi is as in Proposition 10.4(f). We have
shown that v o 7 admits an L® martingale-coboundary decomposition (5.1). By
Theorem 5.2, we obtain the required results for v o 7, and hence for v. O

By [5], this includes the important example of Hénon-like attractors. Again the
results hold with the appropriate modifications (in the formulas for ¥ and E) for
nonmixing towers with exponential tails.
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A similar situation holds for systems modeled by (two-sided) Young towers
with polynomial tails where Proposition 10.4(a)—(d) are unchanged and part (e)
is replaced by the condition that py (¢ > n) = o). In general, part (f) needs
modifying. The simplest case is where there is sufficiently fast uniform contrac-
tion along stable manifolds (exponential as assumed in [2, 32, 33], or polynomial
as in [1]). Then part (f) is unchanged allowing us to reduce to the situations of The-
orem 10.1 in the mixing case, 8 > 3, and Theorem 10.2 in the remaining cases.

In the general setting of Young towers with subexponential tails, there is con-
traction/expansion only on visits to ¥ and Proposition 10.4(f) fails. In this case, an
alternative construction [39] can be used to reduce from M to Y and then to Y. De-
fine the induced observable v on Y by setting v(y) = Z?Lyo)*l (Tty). If @ e LP
(which is the case for all p < ) then itis shownin [39] that v =momw 4+ x o F — x
where /i € LP(Y) lies in the kernel of the transfer operator for F:Y > Y and
x € LP(Y). Thus, if ¢ € L?, we obtain the iterated WIP for 9, and hence for v.

10.3. Semiflows and flows modeled by Young towers. Finally, we note that the
results for noninvertible and invertible maps modeled by a Young tower pass over
to suspension semiflows and flows defined over such maps. Using the methods in
Sections 6 and 7, we reduce from observables defined on the flow to observables
defined on the Young tower, where we can apply the results from Sections 10.1
and 10.2. We refer to [33] for a description of numerous examples of flows that
can be reduced to maps in this way.

We mention here the classical Lorenz attractor for which Theorems 1.1 and 1.2
follow as a consequence of such a construction. There are numerous methods to
proceed with the Lorenz attractor, but probably the simplest is as follows. The
Poincaré map is a Young tower with exponential tails, but the roof function for the
flow has a logarithmic singularity, and hence is unbounded. An idea in [4] is to
remodel the flow as a suspension with bounded roof function over a mixing Young
tower A with slightly worse, namely stretched exponential, tails. In particular,
the return time function for A still lies in L? for all p. Holder observables for
the flow can now be shown to induce to observables in Fy(A), thereby reducing
to the situation of Section 10.2. Moreover, the flow for the Lorenz attractor has
exponential contraction along stable manifolds, and this is inherited by each of the
Young tower models described above. Hence, we can reduce to the situation in
Theorem 10.1 with g arbitrarily large.
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helpful comments.
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