SPECTRAL METHODS FOR STATISTICAL LIMIT THEOREMS
IN DYNAMICS

ANSHUL ADVE

ABSTRACT. We present a functional analytic approach to proving the cen-
tral limit theorem (CLT) for sequences of random variables which are weakly
dependent. In particular, we focus on sequences which arise naturally from
dynamical systems. The method is standard, but in Sections 4 and 5 we see
that it provides significantly more information than is necessary to prove the
CLT. We characterize the consequences of the method via decay of correla-
tions of the random variables, and discuss how to use the extra information to
construct Edgeworth series, which are higher order versions of the CLT.
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1. INTRODUCTION

Some of the most fundamental theorems in both pure and applied probability
theory concern the average behavior of independent and identically distributed (iid)
random variables.

For the remainder of this paper, fix a probability space (X, u). By default,
L? = LP(X, ).

Theorem 1.1 (Law of Large Numbers). Let 9™ € L' be iid random variables with
[ 4™ du = 0. Denote ¢, = ' +---+9". Then %iﬁn — 0 in L' and pointwise a.e.

As we shall see later, this is in some sense a first order result. If the ¥™ lie in
L2, then for most points in X we get a “second order” refinement.
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Theorem 1.2 (Classical Central Limit Theorem). Let ¢ € L? be real-valued iid
random wvariables with mean [¢™dp = 0 and standard deviation o = ||¢"| 1.
Denote 1, = ' + -+ ™. Then ﬁd)n converges in distribution to the normal

distribution N(0,0?) with mean 0 and variance o2. Explicitly, one has

1 nooo. 1 b0
1 {x : ﬁwn(x) < t} —_— s /_Ooe dy
for each t € R.

See [4] for proofs.
In ergodic theory, a similar setup arises, and it is natural to ask whether or not
there exist analogs of Theorems 1.1 and 1.2.

Definition 1.3. A measure preserving system (MPS) is a triple (X, u, T') consisting
of a probability space (X, ) and a map T': X — X which preserves y, in the sense
that for each f € L', one has foT € L' and

/fon,u:/fdu.

Measure preserving systems are the central objects of study in ergodic theory.
Henceforth, fix a map T: X — X which makes (X, ) into an MPS. This map
should be thought of as describing how X evolves with each timestep.

A measurable map ¥: X — R is called an observable. One can think of ¢ as
measuring some property of the system X. The measurement of this property at
time n is then given by ¥™ = ¥ o T™. Since T preserves p, the ¥™ are identically
distributed, though likely not independent. However, if we replace independence
with an indecomposability assumption, then we get an analog of Theorem 1.1.

Definition 1.4. The system (X, u,T) is ergodic if for observables f, one has that
f = foT a.e. implies f is constant a.e.

Taking f to be the indicator function of some set, this implies (and in fact is
equivalent to) that X cannot be decomposed into two invariant subspaces of positive
measure.

Theorem 1.5 (Ergodic Theorem). Suppose (X, u,T) is ergodic. Let 1) € L' with
[ du =0, and set Y™ = o T™. Denote ¢, = ' +---+ ", Then %’(/)n — 0 n
L' and pointwise a.e.

A proof may be found in [5].
This is evidently analogous to Theorem 1.1. Theorem 1.2 is more difficult.

Question 1.6. Let vy € L? be a real-valued observable with Jwdu =0, and set
Y™ = oT"™. Denote ¢y, = ' + --- + ™. Does there exist some o such that
ﬁwn — N(0,0?) in distribution?

If for some v the answer to Question 1.6 is positive, then we say that ¥ satisfies
the CLT, or some such phrase.

In general, the answer to Question 1.6 is negative. The difficulty relative to
Theorem 1.5 arises from the fact that ﬁz/}n is much more sensitive to the depen-

dence between the 9™ than %7/)71 One might hope, therefore, that if the pairwise
correlation between the " decays sufficiently fast, then the CLT will hold for .
This is not strictly true. In fact, in Theorem 1.2, we cannot replace independence



SPECTRAL METHODS FOR STATISTICAL LIMIT THEOREMS IN DYNAMICS 3

with pairwise independence. Nevertheless, Remark 1.8 below suggests a general
principle along these lines which is helpful to keep in mind.

Definition 1.7. One defines the covariance of f,g € L? by

cov(f.g) = [ fodu~ (/fdu> </9du)-

If f, g are independent, then cov(f, g) = 0. Thus covariance provides one way to
quantify how much correlation there is between f and g.

Remark 1.8. If one has exponential decay of covariances cov(f,go T") = O(r"),
r < 1, for some large class C C L? of observables f, g, then one should expect any
f € C to satisfy the CLT (see, e.g., [1, 2, 8]). In practice, X is often a compact
metric space, and C consists of the Holder continuous functions X — R (e.g., in
Section 3.1). We emphasize that this is purely a heuristic — for most natural
notions of correlation, neither exponential decay of correlations nor the CLT imply
the other.
Decay of correlations is discussed in depth in [1].

The same philosophy as in Remark 1.8 suggests that if T" is “sufficiently chaotic,”
then the ¥™ should quickly become less and less correlated, and the CLT should
hold. Indeed, we will see manifestations of this intuition in Section 3.

The structure of the paper is as follows. In Section 2, we present a general
method to prove the CLT for observables ¥ under suitable conditions. The key to
this method is to find a Banach space which is somehow adapted both to ¥ and
to the dynamics of the system (X, u,T). In Section 3, we will study two concrete
classes of systems for which Banach spaces of the form described in Section 2 may
be constructed (for sufficiently regular observables ). Many more examples can
be found for instance in [2, 3, 7, 8]. In Sections 4 and 5, we switch our focus to
studying more general consequences of the existence of such a Banach space. Section
4 introduces a notion of covariance for more than two functions, and provides a
condition equivalent to the existence of such Banach spaces in terms of the decay
of these “higher” covariances. This gives a precise statement in the same vein as
the heuristic given by Remark 1.8. Finally, Section 5 shows how one can compute
“higher order information” from these Banach spaces, and discusses how to use
this information to compute arbitrarily precise error terms in the CLT under some
extra conditions.

2. FrRoM SPECTRAL GAP TO CLT

Throughout this section, fix an observable ¢y € L with [t du = 0. Denote
Yn=tp+yoT+ - +yol" L
2.1. The Spectral Method.

Definition 2.1. The characteristic function of an observable f: X — R is the
function ¢: R — C given by

o(t) = /eitf dp.
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Our proof of CLT for ¢ will go through the characteristic functions of the 1),, and
the normal distribution. In hindsight, this is very natural. The CLT concerns the
distribution of a sum of independent random variables, which is the convolution
of the distributions of the summands. The Fourier transform turns convolution
into multiplication, so one might expect that studying the Fourier transform of the
distribution might be helpful. This is precisely the characteristic function.

Theorem 2.2 (Lévy Continuity Theorem). Let f,, f be observables and ¢,y
their characteristic functions. Then f, — f in distribution if and only if v, — ¢
pointwise.

This is Theorem 3.3.17 in [4].
The characteristic function of the normal distribution N (0,0?) with mean 0 and
variance o2 is e~37°t". Thus by the continuity theorem, it is enough to show that

(2.3) /eiﬁd}” dp — ezt

for each t € R.
We will study the characteristic functions of the v, from a functional analytic
viewpoint.

Definition 2.4. The Koopman operator U : L? — L? is defined by f + foT.

Since T preserves p, this is an isometry on L2. It turns out, however, that the
most useful operator to study in our context is the adjoint to U.

Definition 2.5. The transfer operator P : L?> — L? is defined to be the adjoint of
the Koopman operator. That is, it is the unique bounded linear map satisfying

/(foT)gdu=/f(7’g)du~
for all f,g € L2

This definition is already natural in view of Remark 1.8, because we can write

COV(fagoT”)=/f(goT”)du— </fdu> (/goT”du)
Z/(P”f)gdu— (/fdu) (/gdu>-

Moreover, we will see in Lemma 2.10 and (2.12) that we can express the charac-
teristic functions of the v, in a very simple way in terms of a twisted version of
the transfer operator (see Definition 2.9). The advantage of studying the transfer
operator over the Koopman operator is that the transfer operator tends to increase
regularity. This is explicated from an intuitive standpoint in the remark below, and
we will see this explicitly in Section 3.1 and a little more subtly in Section 3.2.

Remark 2.6. One should think of P as the natural action of 7' when functions are
viewed as (absolutely continuous) mass densities. More precisely, given f € L2
identify f with the measure puy = fdp. Maps act on measures via pushforward,
so from T we get a new measure T, (f du) which gives a set F C X the measure
pf(T71E). Then one can check that Pf is the density of T%(fdp) with respect
to p. For instance, suppose X = R/Z, p is Haar measure (i.e. Lebesgue measure
when R/Z is identified with [0, 1]), and T'(z) = 2z. Take f to be a “spiky” function
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supported on [—¢,¢]. Then the graph of P f will look like the graph of f, but it will
be spread out to be supported on [—2¢, 2¢] and will be half as tall. So P “smooths
out spikes,” and thus increases regularity. In general, we have already remarked
that we expect a CLT when T is “chaotic.” Intuitively, what it means for T to be
chaotic is that it pulls points which are close together apart. In our example where
T(z) = 2x, we see that indeed dist(T"z, T™y) = 2"dist(z, y) when x and y are very
close. So if T is chaotic, then as we saw, P should spread spiky functions out in
the horizontal direction, thereby increasing regularity.

The takeaway from this is that if we restrict the transfer operator P to act on
a Banach space of functions whose norm controls regularity, then P should have
nice functional analytic properties. We will be more precise about what properties
we want later in this section. For now, we need to collect some facts about P and
relate it to the characteristic functions of the ,,.

Proposition 2.7. The transfer operator preserves constant functions and integrals.

Proof. If g is constant and f € L?, then

/(foT)gdu = /fgdu

since 1" preserves pu. Thus Pg = g. In addition,

[ran=[aenisdu= [Pran

where 1 is the constant function z — 1. O
Proposition 2.8. Let f € L*™. Then ||Pflloo < ||flloo-

Proof. Viewing the L> norm as the operator norm on the dual of L', we can write

[Pflloc = sup

llglli<1

[®n d#‘ — sup

llglli<1

/f(goT)du‘ < sup

llAll<1

/fhdu‘ — 1l

The inequality is due to the fact that T preserves p, so |[goT||1 = ||g||1- The second
equality follows from the same facts, since it holds for ¢ € L?, and thus extends to
g € L' by continuity. O

The key to relating P with the characteristic functions of the 1, is the following.

Definition 2.9. The twisted transfer operator P,: L? — L?, indexed by a complex
number z, is given by f — P(e*¥ f).

Note that Py = P.
Lemma 2.10. For any f € L? and n € N,
PIf =P (e )
Proof. This is the definition of P, when n = 1. For n > 1, we wish to show that

(2.11) PP (e f) = P(eFVP (e2Vn f)) = P (eisVni f).
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Indeed, for all g € L2,
[PEpr s mgan= [P pgor)an
= [t peser o T ay
= / et f(g o T ) du

= /PnJrl(eiw"“f)g du.
Thus (2.11) holds and we conclude by induction. O

By Lemma 2.10,

2.12 R dp = [ P (1) dp.
(2.12) [ an= [P @

This reduces the CLT to understanding the twisted transfer operators P, for
small real z. As discussed above, one can often find a Banach space on which
P = Py acts with nice properties. We will then use classical perturbation theory of
operators to extend these properties to P,.

Definition 2.13. Let L be a bounded linear operator on a Banach space. The
spectrum of L, denoted o(S), is the set of complex numbers A such that A\ — L
does not have a bounded inverse.

The spectrum is always a nonempty compact subset of C (see, e.g., [10]).

Definition 2.14. The spectral radius p(L) of a bounded linear operator L on a
Banach space is the maximum modulus of a point in o(L).

Gelfand gave the following formula for the spectral radius (again, see [10]).

Proposition 2.15 (Spectral Radius Formula). Let L be a bounded linear operator
on a Banach space. Then the spectral radius is given by

p(L) = inf [|L"||* = lim_ [[L"*.
n n—oo

Now we make the assumptions on ¢ and the system (X, u,T) from which we
will deduce the CLT. Suppose there exists a Banach space B satisfying (B1)-(B6)
below. Here and throughout, M, denotes the multiplication operator f — fg.

(B1) B contains the constant functions.

(B2) BN L is dense in B.

(B3) Integration with respect to p extends from B N L™ to a bounded linear
functional on B.

(B4) The multiplication map My, : f — 9 f extends from BN L™ to a bounded
linear operator on B.

(B5) The transfer operator P maps BN L into itself, and extends to a bounded
linear operator on B.

(B6) The spectrum of the restriction of P to By = {f € B: [ fdu = 0} (where
integration is defined via (B2)) is contained in the disc {\ € C : |\| < r}
for some r < 1.
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Remark 2.16. We are purposely sloppy with notation in (B2) — it will be clear
from context how to interpret BN L. We only need (B2) to define integration,
My, and P in a unique and natural way.

Remark 2.17. By Proposition 2.8, the condition in (B5) that P maps BN L™ into
itself is equivalent to P mapping B N L* into B.

Remark 2.18. The most important properties are (B4) and (B6). Note that (B4) is
the only property that depends on ¥. Combined with (B1), it ensures in particular
that ¢ € B. When (B6) holds, we say that P has “spectral gap.” We have already
seen that the space of constant functions is an eigenspace of P with eigenvalue 1.
In fact, we will see later that the spectrum of P is exactly o(P|g,) U {1}. Thus
(B6) does indeed tell us that o(P) has a “gap.” Via perturbation theory, this is the
property that controls the behavior of P, for small z.

The property (B5) allows us to define the transfer operator on B. We wish to
define the twisted transfer operators on B as well. By (B4), it makes sense to put

X (i) )
Mys =Y (iz) M)

1l
=0 I

as an operator on B. Thus we can define the twisted transfer operators by

(2.19) Py = PMyizo = Y (Zi)

§=0
On BN L%, this agrees with Definition 2.9.

J
PM],

Definition 2.20. A function f on an open subset of C taking values in a Banach
space C is holomorphic at z if
flz+h) - f(z)
h
converges to a limit in C as h — 0. If f is defined and holomorphic on all of C,
then f is entire.

Most of the results from elementary complex analysis (Morera’s theorem, equiva-
lence of holomorphicity and analyticity, etc.) translate mutatis mutandis to Banach
space valued functions, with analogous proofs.

By (2.19), P, is an entire function of z, and

. 4/ i A
PP = —| P.=—PM,.
0 dzilz=o” =~ j17

The final tool we need to analyze the twisted transfer operators is the following
theorem, which extends (B6) from P to P, and provides a sort of eigenspace decom-
position. The proof of this theorem requires some functional analytic machinery,
so we defer it to Section 2.2.

Theorem 2.21 (Analytic Perturbation Theorem). For sufficiently small z, there

is a decomposition

(2.22) P. = A(2)IL + N,

where A(z) € C and 11, N, are bounded operators on B, satisfying (D1)-(D4) below.
(D1) A(2), I1,, and N vary holomorphically with z.
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(D2) 11, is a projection, i.e., 12 =11,.
(D3) TN, = N.II, = 0.
(D4) The spectral radius p(N,) < r < 1, where r is as in (B6).

From now on, let A(z), II,, and N, be as in the theorem. It will be important
that (D4), combined with the spectral radius formula, implies

(2.23) [NZ]] = O@™).

For reference, we isolate a lemma that appears in the proof of Theorem 2.21.
Lemma 2.24. We have A\(0) =1 and o f = ([ fdu) 1
Proof. This is the content of Lemma 2.30. O

Combining the decomposition of Theorem 2.21 with (2.12), we get

(2.25) /efw”d,u /73" Ydp = )\(\;ﬁ)/ du+/N”

By continuity, A\(¢/y/n) is close to A(0) = 1 for large n, so by (2.23),
< > / N (1) dp 22 0,
*

/H%(l)du 2 [ Me(1)dp = 1.

Similarly,

n

Thus (2.25) becomes

/eiﬁwn A= A <\;ﬁ)n [1+0(1)].

Taylor expanding A\ around 0, we can rewrite this as

(2.26) /eiﬁ% dpt = (1 + /\’(0)% + A’/(O)% +0 <niﬁ>)n 1+ 0(1)).

Lemma 2.27. We have X' (0) =0 and

N(0) = — lim 7/1,/12(21#

n—00 N

Ezistence of the limit is part of the statement.

Proof. This computation is carried out in Section 5.1. The statement of the lemma
is finally deduced in Example 5.5. O

Plugging Lemma 2.27 into (2.26) gives
/e"ﬁw dp = ez OF[1 4 (1))

Thus if we put

then we conclude (2.3), and can apply the Lévy continuity theorem.
Hence whenever a Banach space satisfying (B1)-(B6) exists, v satisfies the CLT.
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2.2. Analytic Perturbation Theory. This section generally follows [11]. A more
complete treatment may be found in [9].

The proof of Theorem 2.21 rests on the holomorphic functional calculus, which
gives a meaningful way to evaluate holomorphic functions at operators (or indeed
at any element of a Banach algebra).

Let L be a bounded linear operator on a Banach space B. If p is a polynomial,
then it makes sense to write p(L). If p(t) = t?+1, for example, then p(L) = LoL+1.
Now suppose g : U — C is holomorphic on an open set U C C. When can we make
sense of g(L)? If g(¢) = A=)~ for A € C\ o(L), then g(L) = (\I — L)~ L.
However, if A € (L), then this cannot be defined. This suggests that one should
be able to define g(L) whenever g is holomorphic on (a neighborhood of) o(L).
Indeed, this can be done via Cauchy’s integral formula.

Theorem 2.28 (Holomorphic Functional Calculus). There ezists a unique contin-
uous algebra homomorphism g — g(L) from holomorphic functions on o(L) (with
the compact-open topology) to bounded linear operators on B (with the norm topol-
ogy), such that if g(¢) = ¢ for all ¢ in a neighborhood of o(L), then g(L) = L.
Moreover, if v is a curve in the domain of g which has winding number 1 around
each point in o(L), then

1
L)y=— I—L)'d¢.
R K GICEIRE
Here the contour integral may be interpreted as a Riemann integral where the
Riemann sums converge in operator norm.
In large part, the utility of this calculus is due to the following theorem.

Theorem 2.29 (Spectral Mapping Theorem). Let g be holomorphic in a neighbor-
hood of o(L). Then o(g(L)) = g(o(L)).

Proofs of the previous two theorems may be found in Chapter 10 of [10].

Now we begin the proof of Theorem 2.21. One has B = By & C, where By =
{f €B: [ fdu=0} and C is identified with the space of constant functions. By
Proposition 2.7, these subspaces are P-invariant. Moreover, P is the identity on C,
so we have the decomposition P = Q@I where @ = P|g,. Thus o(P) = o(Q)U{1}.
Let Dy be the open disc of radius r centered at the origin in the complex plane,
where r is as in (B6). Let D; be a disjoint open disc centered at 1, and set
D = DyU D;y. Then o(P) C D. Since the condition of having a bounded inverse
is open with respect to the operator norm (see [10]), o(P,) C D whenever z is
sufficiently small.

Let g = 1p,. Then g is holomorphic on D, so we can define II, = g(P,). Since
g?> = g, Il is a projection. Differentiating under the integral sign in Cauchy’s
integral formula, we see that II, is holomorphic in z.

Lemma 2.30. IIof = ([ fdu)1 for each f € B.

Proof. Since 0(Q) C o(P), any function h which is holomorphic in a neighborhood
of o(P) is holomorphic in a neighborhood of ¢(Q). Thus if we set h(P) := h(Q) P 1,
then h — h(P) is a continuous algebra homomorphism in the sense of Theorem
2.28. It follows from the uniqueness of the holomorphic functional calculus that
Iy = g(P) = g(Q) @ I. But by (B6), 0(Q) C Dy. Thus g = 0 in a neighborhood of
0(Q), and consequently g(@Q) = 0. The proposition follows. O
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This result shows in particular that IIy has rank 1. This can be extended to II,.

Lemma 2.31. Let P; and Py be bounded projections on a Banach space satisfying
|Pr — Pz|| < 1. Then their images are isomorphic as vector spaces.

A computational proof is given in [9].

Let h(¢) = ¢. Then P.II, = (hg)(P,) = II.P,, so the image of II, is P,-
invariant. But by Lemma 2.31, the image of II, is one-dimensional, so there is a
constant A(z) such that P.II, = A(2)II,. Explicitly,

_ JPIL(1)dp

JIL(1)dp
The denominator is equal to 1 when z = 0, so by continuity it is nonzero for
z sufficiently small. This shows that A(z) varies holomorphically in z. Note in
particular that A(0) = 1.

Finally, let ho(¢) = ¢1p, and N, = ho(P,). Since h({)g(¢) + ho(¢) = ¢ and
h(P,)g(P,) = P.II, = A1, we get that P, = A\ I, + N,. It remains to check
the properties (D1)-(D4) in the statement of Theorem 2.21. (D1) and (D2) have
already been discussed. (D3) follows from the fact that hog = gho = 0, and (D4)
from the spectral mapping theorem.

A(2)

3. Two EXAMPLES

In this section we use the methods of Section 2 to prove two instances of the
CLT.

3.1. Bernoulli Shifts. Let (X, d) be a compact metric space and p a Borel prob-
ability measure on X. Form the countable product XN of all sequences x =
(x1,2,...) of points in X, and equip XN with the product measure N and the
product metric

dN(x,y) =Y 277 d(z;,y;).
j=1

The left shift T'(xq,z2,...) = (x2,23,...) preserves u™N, so (XN, uN, T) is a mea-
sure preserving system.
If x = (21,29,...) and z € X, denote

(z,x) = (z,21,22,...).

Proposition 3.1. The transfer operator P is the “averaged right shift”
P60 = [ (o3 duto).
Proof. We must check adjointness. Let f,g € L2(XN). Then
[ 10092000 ) = [ £ x)9000) N o)
~ [/ @0 auw)] a0 a0

where the second equality comes from pN = p x N and Fubini’s theorem. Thus
P f must be the expression in brackets. a



SPECTRAL METHODS FOR STATISTICAL LIMIT THEOREMS IN DYNAMICS 11

Definition 3.2. Fix a € (0,1). A function f: XN — R is a-Hélder continuous if
the a-Hélder seminorm

_ qup 0 =07
Tl = 2 NGy

is finite. Let C*(X™N) denote the vector space of such functions. This becomes a
Banach space with respect to the norm

7o = [ £ 05 + 1o

Proposition 3.3. Let f € C*(XN). Then |Pfla <27 f|a-

Proof. Let x,y € XN with x # y arbitrary. Then

Pf(x) —Pf(y)] 1
dN(x,y)* = dN(x,y)® /|f(u, x) — f(u,y)| du(w)

_i |f(uax)_f(u7Y)|d < |f|a

~ 20 ) dN((u,x), (u,y))e T 2a

Taking the supremum over the left hand side gives the desired result. O

Here we see Remark 2.6 in action. Indeed, T is chaotic in the sense of the remark,
and P correspondingly increases regularity (i.e. decreases the Holder seminorm).

Theorem 3.4. Let B = C*(XN) and ¢ € B with [¢du™N = 0. Then the condi-
tions (B1)-(B6) from Section 2.1 hold.

Proof. (B1)-(B3) are immediate. Let f € B be arbitrary. Observe that
I £llz < diam(X™)*[| £l
Thus for any x,y € XN,
[ (x)f (%) = P )] < Wl f(x) = F@)+ [ fllzoe |h(x) — 9 (y)]-

Consequently
1651 = | [ 08 0|4 16510 < Wollm Wi + i1 + 1

< (diam(X ™) |9 e + ¢z + diam(X ™) [1]a) [ fla-

This proves (B4). (B5) follows from Proposition 3.3. Finally, (B6) follows from
Proposition 3.3 combined with the spectral radius formula. ([

Corollary 3.5. Let v: XN — R be Holder continuous with fz/)duN =0. Then
satisfies the CLT.

3.2. Hyperbolic Toral Endomorphisms. Let T¢ = (R/Z)? denote the d-torus.
Let u be Haar measure on T?, normalized so that u(T9) = 1. If we identify T
with [0, 1]¢, then yu is d-dimensional Lebesgue measure.

Definition 3.6. A matrix is hyperbolic if it has no eigenvalues on the unit circle
in the complex plane.

Let A be a hyperbolic d x d matrix with integer coefficients and nonzero determi-
nant. Then A preserves Z%, so the map T'(z) = Az is a well-defined endomorphism
of T.
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Proposition 3.7. (Td,,u,T) 18 @ measure-preserving system.

This is a standard result, and the proof presented below is essentially the same
as the one in [5].

Proof. Let f € L? and let f: Z? — C be its Fourier transform. Then
f(T(x)=> Flk)e2mikaz — 3 Flk)e2miaks,
kezd kezd

where the sum converges in L?. Thus

[reTdu= 3 Fw=Fo - [ ran

kez?
A'k=0

as desired. Here the second equality follows from our assumption that A has nonzero
determinant. 0

Remark 3.8. For this system, as opposed to the Bernoulli shift in Section 3.1, we
will have to carefully adapt our Banach space to the map T. We saw in Remark
2.6 that P should increase regularity as long as T pulls nearby points apart. But
here A may have eigenvalues of modulus less than 1, in which case it pushes points
along the corresponding eigenvector together. These directions are “bad” in the
sense that P will make functions more irregular along them. Thus the norm on the
Banach space we construct must measure regularity along the “good” directions
(those which are eigenvectors with eigenvalues of modulus greater than 1) while
simultaneously not penalizing irregularity along the bad directions.

The proof of Proposition 3.7 suggests that it may be fruitful to look for Banach
spaces with some algebraic structure. Indeed, we will construct a space of trigono-
metric polynomials with a sort of weighted ¢? norm. Our construction is inspired
by [3].

Let V denote the complex vector space of trigonometric polynomials

fa)= 3 Flkermiee,
keZd

where f: Z% — C is zero at all but finitely many points.
Proposition 3.9. Let f € V. The transfer operator acts on f by
Pf@) = FA'm)emme.
meZd
Proof. We need to check adjointness. Let g € L? be arbitrary. Then

g(T(x)) = Z G(k)e2mik-Av — Z/g\(k)ezﬂmtk.;c.

kEZ kEZ
Thus

[taenau= 3 feamgo = [ | Y Farmpenme| o) du

keZd meZa

by Parseval’s theorem. ([
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Now place the norm

1 = D7 17 m)Pw(m)

meZd

on V, where w: Z¢ — (0,00) is a weight which we will specify later.

Let B be the completion of V with respect to the norm || - ||..

At this point we need a technical lemma whose proof we defer to the end of this
section.

Lemma 3.10. There exists a choice of w with the following properties.
(W1) There is a constant ¢ < 1 such that w(m) < cw(A*m) for all m € Z%\ {0}.
(W2) logw is Lipschitz on Z°.

From now on, fix w satisfying (W1) and (W2) in the lemma. Let ¢ € V be a

=

real-valued trigonometric polynomial (so 12(—/{:) = (k)) with [ dp = 0.

Theorem 3.11. B satisfies (B1)-(B6), where v is as above.

Proof. (B1) and (B2) are immediate by construction. Since the integral of any

~

trigonometric polynomial f is f(0), integration is a bounded linear functional on
V, and thus extends to B. So (B3) holds. For (B4), we may assume 1)(z) = e2™k@

—~

for some k € Z? by linearity. If f € V, then ¢ f(m) = f(m — k). Thus
lofl2 = > [Fm—k)Pwim) = > [Fm)Pwim+ k) = Ox1)||£]12,
meZd meZd

where the last equality follows from (W2). This proves (B4). By Proposition 3.9,
Pf(m) = f(A'm), so by (W1),

IPFIZ = D 1F(A'm)Pw(m)
meZd
<FO)PwO) +c Y [F(Am)Pw(Atm) < | £]3

mezd\{0}

~

Thus (B5) holds. If in particular [ fdu =0, i.e., f(0) = 0, then the above calcula-
tion shows ||Pf||?, < c||f||2- Thus by the spectral radius formula, (B6) holds. [

Corollary 3.12. If ¢ is a real-valued trigonometric polynomial as above, then 1)
satisfies the CLT.

Proof of Lemma 3.10. The idea is to give m € Z% a lot of weight if it lies along
an eigenvector whose corresponding eigenvalue has modulus greater than 1, but
very little weight if it lies along an eigenvector whose corresponding eigenvalue has
modulus less than 1 (cf. Remark 3.8).

Viewing A! as a complex matrix, we put A? into Jordan canonical form. So we
can write

C'=F,® ---®E, and A=A, ---®A,,
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where A;: FE; — E; and the matrix representation of A; is
YRR |
Ai

1
i

in some basis of F;. Scaling the jth vector in this basis by €7, we get a new basis
in which A; is represented by

)\i g

Let B be the union of each of these new bases, so B is a basis of C?. Define a map
0 : B — {—1,1} as follows. If e € B, then e € E; for some unique i. Set o(e) =1
if |\;| > 1 and o(e) = —1 if |\;| < 1 (by assumption |\;| # 1). Now given m € C¢,
write m = c1eq1 + - - - + cqeq in the basis B, and let

w(m) = exp (o(er)]er] +-- -+ o(ea)ca)

(we will restrict m to Z¢ later). Pick e above so that ||\;| — 1| > ¢ for each i. Then

choose § so that ||\;] —1|—& > 6 for each i. By construction, o(e)(|\;|—1) = || Ai|—1]

if e € F;. It follows that
w(Atm)

w2 ep(Oler] 4o fea).

Since the map m + |c1| + --+ + |c4| is a norm on C?, and all norms on finite
dimensional spaces are equivalent, there is some constant C' such that |e1| + -+ +
lca| > C whenever m € Z?\ {0}. Thus we can take ¢ = exp(—6C) in (W1). For
(W2), we use again the equivalence of norms on C? to see that log w is Lipschitz. [

4. SPECTRAL GAP VERSUS DECAY OF CORRELATIONS

Our goal in this section is to give a precise characterization of when a Banach
space satisfying (B1)-(B6) can be constructed in terms of how fast correlations
between the ¥ o T™ decay. This in some sense makes Remark 1.8 meaningful.

We begin by constructing a notion of correlation for any number of random
variables. Define C,: (L)% — L recursively by C;(f) = f, and

Cort(frs s frn) = [ck<f17...,fk> —/ck<f1,...,fk>du] [fkﬂ - [ e du} .
Denote

covi(fi, .-, fx) = /Ck(f17~-~7fk)dﬂ-

Remark 4.1. Observe that cova(f,g) agrees with the usual notion of covariance.
However, covy is not a standard or particularly nice generalization of covariance.
In fact, for k& > 2, covg(fi,-.., fx) depends on the order of the f;, in contrast
with any intuitive notion of correlation. For our purposes though, covy is the right
quantity to study.
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Proposition 4.2. The Cy and covy satisfy the following properties.

(C1) Adding a constant to any of the fa, ..., fr (but not f1) preserves C.(f1,..., fx)-
(C2) Cy is linear in each coordinate.

(03) Ck(fl,...7fk)OT:Ck(f1OT,...7fk,OT).
(C4) covisr(fi,--s fur9) = covi(fis..., frg) whenever [ frdpu= [gdu=0.

Proof. (C1) and (C2) are evident from the definition. (C3) follows by induction
and the fact that T preserves p. (C4) is a computation. (]

Theorem 4.3. Fiz a (real-valued) observable 1) € L>=(X) with [ dp =0. Then
there is a Banach space B satisfying (B1)-(B6) if and only if there exist constants
0<r<1<R<oo such that

(4.4) |covpr1( o T™, ... o T )| < RFr™
whenever k € N and nqy > -+ > ni > 0.

Proof. (=) Suppose there is a Banach space B satisfying (B1)-(B6). We show by
induction on k that if f € BN L, then

(4.5) |covpp1 (o T™ ... o T, )| = O(RFr™ | f])),

where 0 < r < 1 < R < oo are constants we will choose later, and the asymptotic
constant is absolute. In the base case k = 0,

oDl =] [ 7] = 00111

If k > 0, then by (C1) in Proposition 4.2 we may assume [ fdp = 0. By (C3)-(C4),

lcovig1 (o T™, ..., o T, f)| = /Ckﬂ(z/}oT”l,.--,zboT"’“,f)du

- /ck(on"I,...,on"wfdu

_ /ckwoT”l*”k,...,w(P”kf)du

= Jcovg(p o T "k .. ah o T™=27"k h (P f))].

By (B6) and the spectral radius formula, there are constants C' > 0 and r < 1 such
that the operator norm ||(P|g,)"|| < Cr™. Then since [ fdu =0,

[W(P™ NIl < Cr= [ My ]| f1]-

Thus if we take R > C||My|| (which doesn’t depend on k), then we can conclude
(4.5) by induction.

Finally, specializing (4.5) to the case f = v and increasing R to account for the
asymptotic constant, we obtain (4.4).

(<) Suppose (4.4) holds for some 0 < r <1< R < oo. For f € L™, define

(4.6) IIf‘/fdu

where the supremum is taken over all finite nonincreasing sequences of nonnegative
integers. By (C2), || - || is a seminorm on the space V of functions f € L* with
£l finite. Observe that for constant functions f, the covariance term in (4.6) is

sup  R7Fr =" covpyr (o T, ... p o T f)],
i > >ny
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zero, so we can write V = C @ V,y, where V) is the space of functions f € V with
J fdu=0.1If f € Cis a constant function, then Pf = f, and by (C2) and (4.4),

1My f| = ’f/zbdu‘ + osup RN feovp (Yo T o T, 4)] < | f].

ni2-2ng

If f €V, then [Pfdu=0,so by (C3),

IPfll= suwp R ™ |covps(poT™, ... .o T™, Pf)|
ny>-2ng
= sup R Frm /Ck(¢oT"1,...,on"’“)Pfd,u‘
ni>e>ny
= sup R Frm /Ck(wOT"H'l,...,on"’*‘H)fdu’
ny>-2>ng

=r sup R Fpm! |covk+1(1/) o™t gpoTmtL f)| <7r|fll

ny>-2ng

In addition, if f € Vy, then by (C4),

||M¢f||:’/¢fdu‘+ sup  RFr="[covii (o T™, ... o T 4 f)|

ny>-2ng
=|cova(¥, /)l + R sup  R™ETIrTMcovia(Y o T™, . o T™ 1), f)

ny2-2ng

< 2R| f]l

These computations demonstrate (B1)-(B5) with V in place of B. Since || -|| is only
a seminorm and V is not complete with respect to || - ||, it doesn’t make sense to
speak of the spectrum of P. However, if V were a Banach space, then the estimate
IPfll < r|lf|l combined with the spectral radius formula would give (B6). With
this in mind, we can quotient )V to get a normed vector space and then complete
it to get a Banach space B. Since integration, My, and P are all bounded with
respect to || - ||, they can be defined on B in the obvious way, and they will satisfy
the same norm bounds. If we identify f € V with its equivalence class in B, then
we can think of BN L> as V (see Remark 2.16). Thus (B1)-(B6) hold. O

5. HIGHER ORDER EXPANSIONS

As usual, fix in this section a (real-valued) observable ¢ € L> with [ dp = 0.

In the previous section, we saw that the properties (B1)-(B6) tell us more than
just decay of pairwise correlations, but rather encode information about correlations
of arbitrarily high order. Similarly, we will see in this section that these properties
tell us more than just the CLT. In fact, they often imply “higher order” central
limit type theorems.

5.1. Computing the Spectral Decomposition. Assume there is a Banach space
satisfying (B1)-(B6), and write P, = A(z)II, + N, as in Theorem 2.21. In the proof
of the CLT in Section 2.1, we only used a second order approximation of \(z) and
that [IIp(1)dp = 1. Whenever this decomposition exists, however, we can get
more information by looking at more terms of the Taylor expansions of A(z) and
J1I.(1)dp. Here we demonstrate how to compute all the derivatives of A\(z) and
JII.(1)dp at z = 0, and later we provide an application of this computation.
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Write
’P? N2

I, = NT,
A=) 7

where N, = A(z)"!N.. For small enough z, A(z) is close to 1, so N has operator
norm O(r™) for some r < 1. Thus from the Leibniz rule for differentiating products,
we deduce the following.
Lemma 5.1. There exists r < 1 such that

dk
dzk

Nn
z=0 ?

= Ok(Tn)

Notation 5.2. Write f(n) = g(n) if f(n) — g(n) is bounded in norm by O(r™) for
some r < 1 (where r and the implied constant may depend on anything except n).

pg] |
z=0

The difference quotients defining the derivatives in the equation above converge
in norm, so by (B3) we can integrate both sides and swap the derivatives with the

integral. This gives
d* k . [ " .
== kitho=k N1 L =
k d* :
—n (k1) izip
Z <k‘1> {()\ ) (0)} dzk2 z:o/e du]
ki1+ka=k L

T
= % () o) [ o al.

k1+ko=k

By Lemma 5.1,
d* d*
P Hz ~ —
dz¥ l.=0 dzk

B 5 (ol

ki1+ko=k

Q

Thus we can express the derivatives of [II.(1)du in terms of the derivatives of
A(z). Now, notice that the left hand side is independent of n, so the difference
between the right hand side for n — 1 and for n is

. k —-n -n
53 X () |0 [ ameo [ua] ~o
ky+hka=F !
The Leibniz rule states that
k . .
Al—n (k1) — <‘1))\(11) A" (J2)’
(A" | ji;_ i (A7)
J1+j2=k1
and the binomial theorem says that
Uptay = (n—po T = 37 (-1)F (’“.2)1&2;3 (7t 0T 7).
Jatja=k2 J3

Plugging these equations into (5.3) and using the identity of multinomial coefficients

Goopss) = 7= () () ()
Ji:Jd2:d3:04)  G1ld2ldslal ki) \j1) \Js/)’
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we obtain

> E NOO0® O [ er o,
Jiti2+iztja=k 1592533, J4
Jj1+Jja#0
The reason the condition j; + j4 # 0 is imposed in the sum is that the terms
j1 + ja = 0 cancel with the second term in brackets in (5.3). Now, subtracting the
j1 = k term from both sides above gives us that —)\(k)(O) ~ the expression below.

(64 > i””ﬂ(‘.k..)AMNMQﬂwhmn/w#wmor%wdu

J14jatiatia=k J1,725735 74
J1+37a#0
J17k

In this sum, one can never have j; = k or jo, = k. Thus this gives us a recurrence
for A(¥)(0), at least up to an error which decays exponentially in n. If we want to
use this recurrence to compute A(*)(0), we need to make sure this error remains
exponential when we plug in our approximations of )\(j)(()) for j < k. By Faa di
Bruno’s formula, (A~")2)(0) can be written as a sum of Oy(1) many monomials
in the A)(0), each of which grows polynomially with n. The L> norm of the
integrand in (5.4) also grows at most polynomially in n. Thus any exponential
error we obtain by plugging in approximations of AU )(0) is multiplied by nO+1),
and is therefore still exponential.

Example 5.5. Here we compute A(*)(0) for k& = 1,2,3.
k =1: The only term in (5.4) corresponds to (ji,j2,73,44) = (0,0,0,1). Thus

'O)Qi/wOT"_ldu:O.

This implies that for general k, any term in (5.4) in which j; = 1 or
jo = 1 vanishes. Similarly, any term in which js + j4 = 1 vanishes.
k = 2: The only nonzero terms in (5.4) correspond to (j1,jz2,43,74) = (0,0,1,1)
and (0,0,0,2). Thus

N(0) = —2/@[;n(qpoT"’l)d,u+/¢2oT”’1du
2 -3 [worwer)du

where the sum is over all pairs (¢,7) with at least one of i,5 = 0. If T is
invertible, the sum may be written in the slightly neater form

)\// Z /w w o Tn
nez
This is known as the Green—Kubo formula. With some additional algebra,
this implies

N'(0) = — lim —/¢ dp,

n—oo N

which is the formula given in Lemma 2.27. Recall that the variance o2 =

—X"(0), so this form establishes the nonnegativity of the variance.
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k =3 : The only nonzero terms in (5.4) correspond to (j1,j2,73,j4) = (0,0,0,3),
(0,0,1,2), or (0,0,2,1). Thus

N"(0) ~ —i/uj?’oT”*ldM?ﬂ‘/wn(zp?oT”*l)du—3i/¢3(¢oT"*1)du.

The case k = 4 already has many nonzero terms, so we will not state the full
formula for A(*)(0) here. This is the first case where one has to recurse, because for
instance (j1, j2,73,44) = (2,0,2,0) corresponds to the term

—6)"(0) / Y2 dp.

We have a formula for \”/(0) of the form f(n)+O(r™) with » < 1. By the discussion
before the beginning of this example, we can write

~olf(n) + 0] [ 42 du = ~65(m) [ 42 du+ O(s")
for any s > r. Thus the error does not accumulate too much upon recursion.

5.2. Edgeworth Series. If the CLT corresponds to a second-order expansion of
the A(z), it is natural to ask if higher order expansions of A(z) can give error terms on
the CLT, and whether or not we can get formulas for the error terms similar to the
Green—Kubo formula for the variance. Under the additional technical assumptions
(B7) and (B8) below, [7] shows that these error terms exist, and the methods of
the previous section give formulas analogous to Green—Kubo.

(B7) For all z € R\ {0}, the spectrum of P, (as an operator on B) is contained
in the open unit disc in the complex plane.

(B8) For any fixed r > 0, there are constants K, Ny large enough that |PN | < %
for all N > Ny and real z satisfying K < |z| < N".

Note that the perturbation-theoretic methods in Section 2 only give us infor-
mation about P, for small z, whereas (B7) and (B8) both depend on P, for large
z. Thus it takes some effort to check these conditions, and we will not give any
examples here.

The theorem below is a slightly weaker version of Theorem 2.1 in [7].

Theorem 5.6. If (B1)-(B8) hold, and o® = —\"(0), then there exist polynomials
Py, P, ... with real coefficients such that for any k € N,
k

1 1 b o2 P;(t) _2/9,2 _
wos gpmr sif- o [ = TR ot

where the implied constant does not depend on t € R.

Jj=1

This is known as an Edgeworth expansion of order k + 2. When k = 0, this is
the usual CLT.
In particular, the proof given in [7] constructs the polynomials P; in terms of the

derivatives A(*)(0) and dd—;|zzo JII.(1)dp. Thus the results of Section 5.1 allow
us to explicitly compute Edgeworth expansions of arbitrarily high order, and to do
so very precisely (i.e., up to exponential error).

The reason that these derivatives get involved is that the proof relies critically

on characteristic functions via the following fundamental estimate.
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Theorem 5.7 (Berry—Esseen Inequality). Let f: X — R be a real-valued random
variable with mean 0 and characteristic function . Let g: R — [—M, M| be an L*
function with continuously differentiable Fourier transform =y, satisfying v(0) = 1
and v/ (0) = 0. Then
g 1
u@:ﬂﬂét}—/ g@ﬂmw<ﬂ/

’ dt+0(1/7),

-T

w@)—v@w

where the constant depends only on M (in fact we can take it to be 24M /7).

This is Lemma XVI1.3.2 in [6].

In particular, we are interested in the case where f = ﬁd)n and g(y) is ey’ /20
multiplied by a polynomial in y and /n.

Here we begin to see why the assumptions (B7) and (B8) are necessary. Indeed,
the Taylor expansion from the previous section allows us to control the characteristic
function o(t) for small ¢, but in the Berry—Esseen inequality we would like to take
T large. Thus we need tail estimates on ¢(t), and these follow from (B7) and (BS).

For details, as well as examples of systems in which (B1)-(B8) hold, we refer the
reader to [7].
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