Bernoulli 22(1), 2016, 275-301
DOIL: 10.3150/14-BEJ658

Quenched limit theorems for Fourier
transforms and periodogram
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In this paper, we study the quenched central limit theorem for the discrete Fourier transform. We show
that the Fourier transform of a stationary ergodic process, suitable centered and normalized, satisfies the
quenched CLT conditioned by the past sigma algebra. For functions of Markov chains with stationary tran-
sitions, this means that the CLT holds with respect to the law of the chain started at a point for almost all
starting points. It is necessary to emphasize that no assumption of irreducibility with respect to a measure or
other regularity conditions are imposed for this result. We also discuss necessary and sufficient conditions
for the validity of quenched CLT without centering. The results are highly relevant for the study of the peri-
odogram of a Markov process with stationary transitions which does not start from equilibrium. The proofs
are based of a nice blend of harmonic analysis, theory of stationary processes, martingale approximation
and ergodic theory.

Keywords: central limit theorem; discrete Fourier transform; martingale approximation; periodogram;
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1. Introduction

The finite Fourier transform, defined as

Sa(t) =" e* Xy, (1

k=1

where i = /—1 is the imaginary unit, plays an essential role for the study of stationary time
series (X ;) jez of centered random variables with finite second moment, defined on a probability
space (2, IC, P).

The periodogram, introduced as a tool by Schuster [35] in 1898, is essential in the estimation
of the spectral density of the stationary processes. It is defined by

2
)

L(t) = %‘Sn(t) t €10,2m]. )
n

Wiener and Wintner [39] showed that for any stationary sequence (X ;) ez in L' (namely

E|Xo| < oo) there is a set ' C Q of probability one such that for any ¢ € [0, 27] and any

w € Q, Sy(t)/n converges. The speed of this convergence (see Peligrad and Wu [26] and the

references therein) is usually given by a central limit theorem for the real and imaginary parts
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of S,(t)/+/n under various dependence restrictions. Peligrad and Wu [26] showed that, under
a very mild regularity condition and finite second moment, [Re(S,, (¢))//n, Im(S,(2))//n] are
asymptotically independent normal random variables with mean 0 and variance T f (¢), for almost
all z. Here f is the spectral density of (X;) ez. This result implies that for almost all ¢, the
periodogram I,,(¢) converges in distribution to f(¢) X2 where X2 has a chi-square distribution
with 2 degrees of freedom. Sufficient conditions for the validity of the law of iterated logarithm
were recently pointed out in Cuny et al. [8].

An interesting problem with practical applications, is to study the validity of the central limit
theorem for Fourier transform and the periodogram for a Markov chain with stationary transitions
which is not started from equilibrium but rather started from a point for almost all starting points.
This is often the case for simulated data and also for evolutions in random media or particle
systems. The problem is difficult, since the Markov chain started at a point is no longer stationary.
This type of central limit theorem, started at a point, is known under the name of quenched
central limit theorem (CLT) and it is a consequence of a more general result, the almost sure
conditional CLT for stationary processes. This means that on a set of measure one the central limit
theorem holds when, in the definition of weak convergence, we replace the usual expectation by
the conditional expectation with respect to the past o-algebra. The almost sure conditional CLT
implies CLT. Some examples of stationary processes satisfying the CLT but not the almost sure
conditional CLT can be found in Volny and Woodroofe [37].

The problem of the quenched CLT for stationary Markov chains or for stationary processes is a
subject of intense research. We mention the papers [7,9,10,12,13,27,28,37], among many others.
Several of these results were surveyed in [25].

As far as we know, this type of convergence was not yet investigated for the Fourier trans-
forms or the periodograms. In this paper, we show that the quenched CLT holds for almost all
frequencies of the properly centered and normalized discrete Fourier transform of any stationary
and ergodic sequence. We also provide necessary and sufficient conditions for the validity of
quenched CLT without centering and specify a sufficient condition for the validity of quenched
CLT for fixed frequencies.

All these results shed additional light on the speed of convergence of the periodogram in
approximating the spectral density f(¢) of a stationary process. The techniques are a nice blend
of martingale approximation, rooted in Gordin [19] and Rootzén [30] and developed by Gordin
and LifSic [20] and Woodroofe [40], and tools from ergodic theory and harmonic analysis.

To allow for flexibility in applications, we introduce a stationary sequence and a filtration in
two different ways. First by using a measure preserving transformation, and then, in Section 3,
as a function of a Markov chain. We formulate the main results for measure preserving transfor-
mations in terms of almost sure conditional CLT. However, in Section 3 we show that, only by
a change of language, the results can be formulated for stationary and ergodic Markov chains,
where the terminology of a process started at a point becomes natural.

A variety of applications to functions of linear processes, functions of Markov chains, iterated
random functions, mixing sequences, are also pointed out. It is remarkable that for the case of a
stationary ergodic reversible Markov chain the quenched CLT without centering holds without
any other additional assumptions.

Our paper is organized as follows. Section 2 contains the presentation of the results. Several
applications are given in Section 3. Section 4 is devoted to the proofs. Section 5 contains several
auxiliary results needed for the main proofs.
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2. Definitions, background and results

A strictly stationary sequence can be introduced in many equivalent ways. It can be viewed, for
instance, as a function of a stationary Markov chain with general state space. This definition will
be given in Section 3. For more flexibility in the selection of filtration, in this section, we shall
introduce a stationary sequence and a filtration by using a measure preserving transformation.

Let (2, IC, P) be a probability space where, without restricting the generality, we shall assume
that IC is countably generated, and let 7 : Q + Q be a bijective bi-measurable transformation
preserving the probability P. An element A is said to be invariant if 7(A) = A. We denote by
T the o-algebra of all invariant sets. The transformation T is ergodic with respect to P if each
element of Z has probability 0 or 1. Let F be a o-algebra of K satisfying Fo € T~ ! (Fp). Define
the nondecreasing filtration (F;);cz by F; = T~ (Fp) and let F_oo = ﬂkeZ Fr.Let X be a Fp-
measurable, square integrable and centered random variable. Define the sequence X = (X;);cz
by

Xi=XgoT". 3)

For p > 1, we denote by || - ||, the norm in IL? (2, F,P) and for an integrable random variable
Y we denote by Eo(Y) = E(Y|Fo).

Since K is countably generated, there is a regular conditional probability measure P®(-) with
respect to Fy, such that for all w € 2, P“(-) is a measure on K and for each A € K we have
P®(A) =P(A|Fo)(w), P a.s. For integrable X, the corresponding conditional expectation is de-
noted by E”(X) and it is a regular version of E(X|Fp)(w).

Relevant to our results is the notion of spectral distribution function induced by the covari-
ances. By Herglotz’s theorem (see, e.g., Brockwell and Davis [4]), there exists a nondecreasing
function G (the spectral distribution function) on [0, 27t] such that, for all j € Z,

27[ ..
cov(Xo, X ;) = / I74GO), el
0

If G is absolutely continuous with respect to the normalized Lebesgue measure A on [0, 27],
then the Radon—Nikodym derivative f of G with respect to the Lebesgue measure is called the
spectral density and we have

271
cov(Xo,Xj)=/ e'? £(9) do, jeZ.
0
We shall introduce the notations

V(1) = —=[Re(S, (1)), Im(S, (1)) ].

G-

n

We also denote

W, (1) = —=[Re(Su(t) — Eo Sy (1)), Im (S, (1) — oS, (1)) ]-

n

SE
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The central limit theorem for V,, () has a long history. We mention, among many others, Rosen-
blatt (Theorem 5.3, page 131, [34]) who considered mixing processes; Brockwell and Davis
(Theorem 10.3.2, page 347, [4]), Walker [38] and Terrin—Hurvich [36] discussed linear pro-
cesses; Wu [41] treated mixingales.

Peligrad and Wu [26] established the following result, where, besides a mild regularity as-
sumption (4), no other restriction of dependence is imposed to the stochastic process. Below,
by = we denote convergence in distribution.

Theorem A (Peligrad and Wu). Let (Xi)kez be a stationary ergodic process, centered, with
finite second moments, such that the following regularity assumption is satisfied,

E(Xo|F-0) =0 P-a.s. %)
Then, for almost all t € (0, 2m), the following convergence holds:

i E[S, (1)
m ————

n— 00 n

=2m £ (1), (5)

where f(t) is the spectral density of (Xi)kez. Furthermore

1
\/—EV,L (1) = N(@) under IP, (6)

where N(t) = [N1(2), N2(t)], with N1(t) and N,(t) independent identically distributed normal
random variables mean O and variance T f ().

The proof of Theorem A is based on the celebrated Carleson’s [5] theorem on almost sure con-
vergence of Fourier transforms. A different proof, without using Carleson’s result, was recently
given in Cohen and Conze [6]. This suggests that the power of Carleson’s theorem might lead to
a stronger type of limiting distribution, in the almost sure sense.

The goal of this paper is to study a more general form of (6) known under the name of
quenched CLT.

By the quenched CLT we shall understand the following almost sure conditional limit theorem:

For almost all ¢ € [0, 27], there is " with P(") =1 such that for all w € Q' we have

E°[g(Va())] = E[g(N®)] as n — 00, 7

for any function g which is continuous and bounded. We shall say in this case that the quenched
CLT holds for almost all frequencies. In other notation, for almost all ¢ € [0, 27t], there is ' with
P(2’) = 1 such that for all w € Q' we have

V., (t) = N() as n — oo under P?.
Clearly (7) implies (6) by integration with respect to IP.

Our first result gives a quenched CLT under a certain centralization. Note that the next theorem
applies to any stationary and ergodic sequence.
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Theorem 1. Let (Xy)rez be a stationary ergodic process, Xy defined by (3) and let S, (t) be
defined by (1). Then, for almost all t € [0, 2]

Eo|S, (1) — Eg S, ()
lim 0| n() 0 n( )l 2012 P-a.s.
n—o00 n

and the quenched CLT holds for W,(t), where N1(t) and N»(t) are independent identically
distributed normal random variables with mean 0 and variance o7 /2.

Our second theorem provides a characterization of quenched convergence without centering.

Theorem 2. Let (Xi)iez be as in Theorem 1. Then the following statements are equivalent:

(a) Foralmostallt € [0, 2n] the quenched CLT in (7) holds, where N1(t) and N, (t) are as in
Theorem 1.
(b) Foralmostallt € [0, 27] we have ﬁEO(Sn (1)) — 0, P-a.s.

Discussion

An interesting problem is to specify ot2. Note first that if Eo(S,(1))//n converges in .2 to 0,

our proofs show that in this case atz can be identified as

ElS,(1)]?
Jim S OF _ ol (8)
n—o00 n
Note also that in both Theorems 1 and 2 we do not require the sequence to be regular, that is, it
may happen that E(X¢|F_,) does not converge to 0 in I.?. The spectral density might not exist.
If we assume condition (4) then, as shown in Peligrad and Wu [26], the spectral density f () of
(X1)rez exists and 012 =27 f (t). Furthermore, we have
111«:(5@)) 0 inlL?
— — in L7,
«/ﬁ 0\Pn

and then o can also be identified as

i E|S, (1)]?
m —— =

n—00 n

of =27 f(1). ©)

By the mapping theorem (see Theorem 29.2 in [1]), all our results imply corresponding results
for the periodogram. As a consequence of Theorem 2 and the discussion above we obtain the
following corollary:

Corollary 3. Assume that the sequence (Xy)kez is as in Theorem 1 and in addition satisfies (4)
and item (b) of Theorem 2. Then, for almost all t € [0, 27t] the periodogram I,, = 21tn) 1| S, (1) |?
satisfies a quenched limit theorem with the limit f(t)X2(2), where X2(2) is a chi-square random
variable with 2 degrees of freedom, and f (t) the spectral density.
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The next corollary provides sufficient conditions for the validity of item (b) of Theorem 2.

Corollary 4. Assume that (Xy)rez, is as in Theorem 1 and in addition that

Eo(Xir1 — X0)|?
Z' ot k+11< O o Pas. (10)
k>1
Then (7) holds, where N1(t) and N»(t) are as in Theorem 1.
Clearly (10) is satisfied if
Eo(Xz)|?
3 % <00 Pas, (11)
k>1
which is further implied by
Eo(X)2
Z [ o(k 131153 - oo, (12)
k>1

Moreover, since ||[Eo(Xx)||2 is decreasing, condition (12) implies condition (4). These remarks
justify the following corollary:

Corollary 5. Condition (12) is sufficient for the quenched CLT in (7) with N1 (t) and N(t) i.i.d.
normal random variables with mean 0 and variance 1 f(t), f(t) being the spectral density of
the process.

The above results hold for almost all frequencies. Actually it is possible that on a set of mea-
sure 0 the behavior be quite different. For the case when ¢t = 0, there are a variety of exam-
ples where the partial sums of a stationary sequence do not satisfy a nondegenerate CLT. One
important example of this kind is provided by filters of Gaussian processes with long range
dependence, when the covariances are not summable. For example, Rosenblatt [32] proved
that for a stationary Gaussian sequence (Xy)rez of standard normal random variables with
cov(Xo, Xi) = (1 + k*) /2,0 < o < 1/2, the sequence n~17* 3"} _ (X7 — 1) has a nonnor-
mal limiting distribution as n — co. Another interesting example, also for r = 0, is provided by
Herrndorf [22] who constructed a stationary sequence of centered uncorrelated random variables
with finite second moment, which is strongly mixing with arbitrary mixing rate and the partial
sums do not satisfy a nondegenerate CLT under any normalization converging to infinite. This ex-
ample satisfies condition (4). Furthermore, Bradley [3] (see Theorem 34.14, Vol. 3) constructed
a stationary sequence of centered random variables with finite second moment, satisfying our
condition (12) and such that its partial sums normalized by its standard deviation is attracted
to a non-Gaussian nondegenerate distribution. Rosenblatt [33] studied the Fourier transform of
nonlinear functions of Gaussian processes and established for certain frequencies, on a set of
measure 0, non-Gaussian attraction for the Fourier transform properly normalized.

In the spirit of Maxwell and Woodroofe [24] and Cuny and Merlevede [7], we give below a
result allowing us to identify frequencies for which the quenched CLT holds.
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Theorem 6. Let t € (0,21) be such that e~ is not an eigenvalue of T. Assume that the se-
quence (Xi)rez is as in Theorem 1 and in addition that we have

1
> a7 [Eo(Sk ), < oo (13)
k>1

Then (7) holds with N1(t) and Ny(t) independent identically distributed normal random vari-
ables mean 0 and variance 6,2 /2 where at2 is identified by (8).

3. Applications

3.1. Functions of Markov chains

Let (§,)nez be a stationary and ergodic Markov chain defined on a probability space (£2, F, IP)
with values in a measurable space (S, .A). The marginal distribution is denoted by 7 (A) = P(&g €
A) and we assume that there is a regular conditional distribution for &; given &y denoted by
QO(x,A) =P € Ay = x). In addition Q denotes the Markov operator acting via (Qh)(x) =
f ¢h(s)Q(x,ds). Next, let ]L%(n) be the set of measurable functions on S such that f h2dr < oo
and f hdr = 0. For a function & € IL(Z) () let

Xi=h(&). (14)

Denote by Fi the o-field generated by & with i < k. For any integrable random variable X
we denote Ei(X) = E(X|Fr) and Pr(A) = P(A|F%). In our notation Eo(X1) = (Qh) (&) =
E(X180)-

To guarantee that the regular transitions exist, we shall assume that A is countably generated.

The Markov chain is usually constructed in a canonical way on 2 = S* endowed with sigma
algebra A°°, and &, is the nth projection on S. The shift 7:Q2 — € is defined by &,(Tw) =
&n+1(w) for every n > 0.

For any probability measure v on A the law of (&,),cz with transition operator Q and initial
distribution v is the probability measure P¥ on (§°°, A%°) such that

PV € AlEn =x) = 0(x,A) and P"(§ € A) =v(A).

For v = 7, we denote P = P". For v = §,, the Dirac measure, denote by P* and E* the regular
probability and conditional expectation for the process started at x. Note that for each x fixed
P*(-) is a measure on F°°, the sigma algebra generated by (_J k. Furthermore P* (-) is a version
of the conditional probability on F>° given &y and, by Markov property, P*(-) is also the regular
measure on F>° given Fo.

We mention that any stationary sequence (Yx)xcz can be viewed as a function of a Markov pro-
cess & = (Y;; j < k) with the function g(&) = Y. Therefore the theory of stationary processes
can be embedded in the theory of Markov chains.
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For a Markov chain, by the quenched CLT for the Fourier transform we shall understand the
following convergence: for almost all 7 € [0, 27] there is a set S’ C S with 7 (S") = 1 such that
forxe S’

V. (1) = N(@1) under P*. (15)

In other words for almost all # € [0, 27t], there is a set S’ C § with 7 (S”) = 1 such that for x € S’
E* [g(Vn(t))] — E[g(N(t))] as n — 0o,

for any function g continuous and bounded. When the stationary process is viewed as a function
of Markov chain, then §o = (¥;; j < 0), and therefore a fixed value of & means a fixed past
trajectory up to the moment of time 0.

All our results hold in the setting of Markov chains. In this case, the transformation T is the
shift. The Markov property allows for the formulation (15).

It is remarkable that for ergodic reversible Markov chains the quenched CLT holds without
centering and without any additional assumptions.

Corollary 7. Assume that (Xy)kez is defined by (14) and in addition that the Markov chain
(Ex)kez is reversible (ie. Q = Q*). Let t € (0,27) \ {m, 7t/2,37/2}. Then, (15) holds where
Ni(t) and Ny(t) are as in Theorem 6.

Proof. We shall verify the conditions of Theorem 6. Since the spectrum of Q is contained in
[—1,1] and for ¢ € (0, 27) \ {n} we have that € is not real, the operator I — e Q is invertible,
and therefore there exists g € L2(S, A, 7) such that 1 = g — e Qg. We obtain

Eo(Sa() =Y Eo(e¥g(&r) — " Vg (&141)) = e"Eo(g(81)) — e "V Eo(g(Enr1)).-
k=1

Then clearly
1Eo(Sn ()], <2lgll2 < oo,

and therefore condition (13) is satisfied. Furthermore, since 7T is the shift operator, under our
hypotheses, cannot have eigenvalues other than £1 (see page 15 in Cuny et al. [8]).

3.2. Iterated random functions

Let (I', d) be a complete and separable metric space and let &, = Fy, (§,—1), where F¢(:)
F(-,¢) is the e-section of a jointly measurable function F:I' x ¥ — I' and ¢,¢,, n €
are i.i.d. random variables taking values in a second measurable space Y. Define L,
SUP £/ d(F¢(x); Fe(x"))/d(x, x"). Diaconis and Freedman [15] proved that (&,) admits a unique
stationary distribution 7 provided that for some o > 0 and xp € T,

N

E(LY) <oo,  E(logL:) <0 and E(d%(xo, Fs(x))) < o0. (16)
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Let & be a function and let X = h(&). Assume E(X;) =0 and E|X|? < co. To analyze this
example, we shall use the coupling function introduced by Wu [41]:

An(0) = sup [ (h(8) = h(§")1(d(¢.8) < 1),

where the supremum is taken over all &, &’ independent distributed as 7. We shall establish the
following:

Corollary 8. Assume condition (16) is satisfied and

1/2 A2 t
/ Q) dt < oo. 17)
o tllogt|

Then, for almost all frequencies, the quenched CLT (15) holds with N1(t) and N,(t) i.i.d. normal
random variables with mean O and variance 7 f (t), f (t) being the spectral density of the process.

Proof. We shall verify condition (11). By Lemma 3 in Wu and Woodroofe [42], condition (16)
implies that there is 8 > 0, C > 0 and 0 < r < 1 such that

E(d? (£4.6,)) < Cr", (18)
where &,, &, are i.i.d. Since E(h(§,)|§0) =0 a.s.
[E(hEDE0)| < |E([hE) —h(8)]1(d (50, &) < 82)180)|

]
+ [E([r(E) — h (&)1 (d(€n. &) > 8n)150)|
=1,+1I,.

To establish (11), it is enough to prove that

E(1?
Z EUD _ (19)
n
n>1
and
13
Z — <00 a.s. (20)
n

n>1

By Cauchy—Schwartz inequality and Markov inequality
12
E(,) <221 Xoll2P2(d (50, £)) > 84) < I Xoll2[2E(d” (5. 5)) /8E]"

By selecting now §, = /28 we obtain E(I1,,) < r"/*. Therefore P(Il,, > r"/®) < r"/*, and (20)
follows by the Borel-Cantelli lemma.

Next, note that I; 2 < A2 (8,) and for the selection of 8, = r"/?# the convergence of the series
in (19) holds under the 1ntegral condition (17).

Furthermore, the above computations also show that E|E(k(£,)|&p)| — 0 as n — oo which
proves (4). O
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3.3. Linear processes
Next, we give an application to linear processes.

Corollary 9. Let (&;)kez be a sequence of stationary and ergodic square integrable martingale
differences. Define

o0 o0
Xy = Zajgk_j, where Zaf < oo0. 1)
j=0 j=0

Then, under the condition
> (aj —aj41)*logj < oo,
j=3

the conclusion of Corollary 4 holds.

Proof. We shall verify the conditions of Corollary 4.
Clearly for k > 1, by the orthogonality of the martingale differences

Eo( Z aj18p—j — Z%Sk—j)

j=—1 j=0

2
|Eo(Xis1 — X3 =
2

2
= (@41 —ap?lol3-

Zajﬂék—j - Zajék—j

jzk jzk 2=k
Now
1 .
> z Y @jy1—ap)’ <) (ajr1—aj’log j,
k=1 " jzk izl
and the conclusion follows by Corollary 4. ]

Remark 10. In the case when the sequence a; is positive and decreasing, then the natural con-

dition 27020 a]z < oo is necessary and sufficient for the conclusion of Corollary 9.

3.4. Functions of linear processes
In this section, we shall focus on functions of real-valued linear processes. Let (a;);cz be a se-

quence of square summable real numbers and (§;);c7 is a sequence of i.i.d. random variables in
L2 with mean 0 and variance o 2. Define X by (21) and let & be a real valued function and define

Yi = h(Xx) — Eh(Xp). (22)
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As in [8] we shall give sufficient conditions for the validity of (7) in terms of the modulus of
continuity of the function 4 on the interval [—M, M], defined by

wi (u, M) = sup{|h(x) —h(V)|. |x — y| Su.|x| <M, |y| < M}. (23)

Corollary 11. Assume that h is y-Hdélder on any compact set, with wy(u, M) < CuVMﬁ,for
some C >0,y € (0, 1] and B > 0. Assume that E(h%(Xy)) < oo and

Za,f logk <00 and E|g>V?"V? < co. (24)
k>3

Then (7) holds with N1(t) and N,(t) i.i.d. normal random variables, mean 0 and variance T f (),
f(t) being the spectral density of the process.

Proof. We shall apply Corollary 5. Define F; = o (&, < k). Since F_ is trivial, (4) holds. We
write

Yo=Y P(Yp),

>0

where P_; denotes the projector operator
Po()=E () —E_11(). (25)

By the orthogonality of the projections,

[Eovo 3 =Y Pl =D Po¥p |5 < oe.

>0 Jj>k

Therefore, condition (12) follows from

| PoY)) |3 log j < oo. (26)
2
j=2

So it remains to verify (26). We estimate || Po(Y ) |I§ as in [8]. We give here the argument for com-
pleteness. Let &’ be an independent copy of &, and denote by E¢ (-) the conditional expectation
with respect to £. Clearly

k—1 k—1
Po(Yy) = Eg |:h <Zaj§;£j +axbo + Zajfk—j) —h <Zaj$]£j + aky + Zajgk—j):|-
j=0 j>k j=0 Jj>k
By using definition (23),
| Pori)| = CElax (60 — &) [ (|xi| v [ x¢])"

where X} = Y 5"0a;8 +arko+ X aik-jand X{ =Y "0aiE  +adi+ Y a; %
&, j. Therefore, by taking the expected value, noticing that X; and X;’ are identically distributed
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as Xy = Z?io ajéx—j, and then applying the Cauchy—Schwarz inequality, for a positive con-
stant C’, we obtain
2
| Po(Xi) |, < C'agE(1€0I* )E(IXol ™).

We estimate now E(|Xo|?#). If B < 1 then E(|Xo[*) < (B|X0|*)# < (X )=0ai)Po?. In case
B = 1, by the Rosenthal inequality (see Theorem 1.5.9 in [14]), for some positive constant Cg,
E(1Xo*) < Cs(Xj=0aD)Po? +3 10 alzﬁE(|$0|25)). Since we assume that ), a7 < 0o, it
follows that we can find a constant K such that

| Povi) |3 < KaZE(1€01> ) (Bl v o).

The result follows by (26) and by taking into account condition (24). ]

3.5. Application to mixing stationary sequences

Mixing coefficients are important for quantifying the strength of dependence in a stochastic pro-
cess. They have proven essential for analyzing Markov chains, Gaussian processes, dynamical
systems and other dependent structures.

We shall introduce the following strong mixing coefficient: For a o -algebra A and a random
variable X the strong mixing coefficient is defined as

a(A, X) =sup{|P(AN{X > x}) —P(AHP(X > x)

;xeR}.

This coefficient was introduced by Rosenblatt [31] and also analyzed by Rio [29]. It is weaker
than those involving all the future of the process which are usually used in the literature and they
are estimable for a variety of examples from dynamical systems.

For a stationary sequence of random variables (X )kcz, we denote by F,, the o -field generated
by X; with indices [ < m. Notice that (F)icz defined in this way is a minimal filtration such
that (Xy)xez is adapted to (Fi)rez- The sequences of coefficients @ (n) are then defined by

a(n) =a(Fo, Xn).

We refer to the book by Bradley [3] for classical mixing coefficients and to Dedecker et al.
[11] for specific estimates of coefficients of type & for certain dynamical systems generated by
intermittent maps.

For integrable random variable X, define the “upper tail” quantile function Q by

Q) =inf{t > 0:P(|Xo| > 1) <u}.

By relation (1.11c) in Rio [29] notice that

a (k)
|Eo(X0) |3 = E(XxEo(Xp)) <2 i 0%(u) du. @7
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By using this inequality, condition (10) is verified provided
S 1 a (k)
> - 0%(u) du < . (28)
o ko

Denoting @ ! (x) = min{k € N:a& (k) < x} we can write relation (28) in the equivalent formula-
tion

1
/ log(1 +a () Q*(u) du < oo.
0

In particular, if E(|Xo|>™) < oo for some positive § > 0, by decoupling the above integral via
the Cauchy—Schwarz inequality, we obtain that a sufficient condition for (10) is

1
/ [log(1 —i—éfl(u))](pﬂs)/(S du < oo,
0

which requires a logarithmic rate of decay of the coefficients & (k). If || Xollco < 00, condition
(28) is implied by

a (k) < oo.

-

00
k=1

Since (@ (k))ik>1 is decreasing, by (27), condition (28) implies the regularity condition (4). There-
fore it is a sufficient condition for (7) which holds with N;(¢) and N,(#) i.i.d. normal random
variables, mean 0 and variance 7 f (¢), f(¢) being the spectral density of the process.

It is worth mentioning that some more restrictive mixing conditions make possible to obtain (7)
directly from (6). One of these conditions is called ¢-mixing. A stationary sequence of random
variables (Xj)iez is called ¢-mixing if

¢(n) = sup{|P(B|A) — P(B)

;AeFy, BeF'} —0.

Here F" is the o -field generated by X; with indices / > n. It is equivalent to saying that (see [3],
Vol. 1)

¢ (n) = sup{|P(B|Fo) — P(B)

;BeF'} -0 a.s.

If we fix now m > 0, we have S,,(¢)/+/n — 0 P-a.s. and it is enough to study the asymptotic
behavior of

Vo (1) = (Re[Sy (1) = S (1)]/+/n, T[S, (1) — S (1) ]/v/n).

By the definition of ¢-mixing coefficients, for 4 continuous and bounded (see again [3], Vol. 1)

E(h(Vam®)1F0) —E(r(Vam(®))| <p(m)  as.,

and the claim follows easily by Theorem 3.2 in [2].
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4. Proofs

Proof of Theorem 1. The proof of Theorem 1 is based on the following approximation lemma
for Fourier transforms. Recall the definition of projection operator (25).

Lemma 12. Under the conditions of Theorem 1, for almost all t € [0, 2n], the martingale dif-
ference

Dit,w) =) V' PXj(@)=e"Y e/ PyX;(w) o T*
Jj>k j=1
is well defined in the almost sure sense and in L*(S2, K, P). Denote by M, (t)(w) = > i Di(z,
w). Then, for almost all t € [0, 27],

1 2 .
;]Eo’Sn(t) — EO(S,,(I)) — M,,(t)‘ -0 P-a.s. and in L.

Proof. The convergence in [L; was established in Peligrad and Wu [26]. We shall prove here the
almost sure convergence. It is convenient to work on the product space, (SZ ]-' P) = ([0, 27] x
QBRAALRP) where A is the normalized Lebesgue measure on [0, 27t], and § is the Borel
o-algebra on [0, 27t], P = A ® P. Consider also the filtration (F;),cz given by F, := B ® F,,.
Denote by E, the integral with respect to P, by E the conditional expectation with respect to Fo,
P () =Er () = Eg—1(). ~ B

Let t € [0, 21) be a real number, fixed for the moment. Clearly, the transformation 7; from 2
to Q given by

Ti: (u, w) = (u+1modulo2r, T(w)),
is invertible, bi-measurable and preserves P. For every (v, w) €  define the variable Xo on Q
by Xo(u, w) = e Xo(w) and for any n € Z, X, (t;u, 0) = Xo(u, ) o T” For simplicity, in
the sequel, we shall drop from the notation the variables # and  in Xk(t, u,w) and we
shall write instead X (r) and S, () = et X (1). Notice that (X, (1))nez is a stationary se-
quence of complex random variables adapted to the nondecreasing filtration (F,). Moreover

iu gkt Xi(w) = f(k (t; u, w). We shall construct a martingale M,, (1), adapted to (j-:n), with sta-
tionary differences, such that for almost all # € [0, 2]

%1@0[3,1 (1) —Bo($.(0)) = My ()" > 0 B-as.

With this aim we shall apply Proposition 15, given in the Section 5. In order to verify the condi-
tions of this proposition, we have to show that for almost all ¢ in [0, 27]

Py(Su(t)) — Do(t)  P-as. (29)

and

B[ sup| Po(3,(0)[*] < oc. (30)
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In order to prove (29), note that by the orthogonality of the projections and the fact that the
sequence || E_, Xo||2 is decreasing, it follows that

2

n
Z P Xo
k=0

= lim [ Xo — E_»Xoll3 = [ Xol3 — | E—ocXoll3 < I X0lI3 < oco.
n—0o0

n
21 T
2 I1P-iXolly = Jim, 3 1P Xolly = Jim,

k>0 2

Clearly this implies

Z |P0Xk|2 < 00 P-a.s.
k>0
Now for @ such that Zk20|P0Xk|2(w) < oo, by Carleson’s [5] theorem, PyS,(t) =

Zliks” e (PyX 1) (@) converges A-almost surely. Denote the limit by Do = Dy(t). We now
consider the set

A={(, @) C[0,2n] x 2, where [PyS,(1)], does not converge}

and note that almost all sections for w fixed have Lebesgue measure 0. So by Fubini’s theorem
the set A has measure O in the product space and therefore, again by Fubini’s theorem, almost
all sections for 7 fixed have probability 0. It follows that for almost all ¢ in [0, 2xt], Po(S,(t)) —
Do(t) almost surely under P. This shows that, after multiplying by e, we get, for almost all 7,
that condition (29) is verified with

Do(t) = e ZeiﬂPoX ().
j=1

Note that

Dy (1) = Do(r) o TF =& Zei-/’PkX,- (w).
j>k

Next, we prove (30). By the maximal inequality in Hunt and Young [23], there is a constant C
such that

2
2
f [sup| Po($2 ) [*]an) = € 37 1P X3,
0 n
k>1
Then we integrate with respect to P and use Fubini theorem to obtain

27w
/O E[sup|P0(Sn(t))|2]A(dt) < ClIXol3 < 0.

n>0
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It follows that

E[sup| PO(S,, (t)) |2] < o0 for almost all 7.
n>1

Therefore, we obtain that condition (30) is satisfied. We apply now Proposition 15 to obtain for
almost all 7 in [0, 27t]

1~ - L - 2 ~
;Eo‘Sn(t) — Eo(Sn(t)) - M, (t)‘ -0 P-a.s., 31
where

M) =) D).

k=1
Now fix ¢ in [0, 27t] such that (31) holds. Clearly

1 2
;E0|Sn ) —Eo(Su(®) = My@)|" >0  P-as.
The result follows. O

We study next the behavior of M,,(¢)/+/n. We shall do it in general in the context of stationary
and ergodic complex valued martingale differences. Below, the martingale difference D may
depend on 7.

Proposition 13. Let T and Fy be as in Section 2. Assume that t € (0,27) be such that e =" is
not an eigenvalue of T . Let D = Dy be a random variable defined on (2, F,P), Fo measurable
and such that E(D o T|Fy) =0 a.s. For any k € Z, let

Di(1) = (Re(e¥ D o T%), Im(e* D o TF)).
Let M, (t) = Y i D (t). Then, there is a set Q' with P(Q') = 1 such that for all w € Q'

1
Jn

where N = (N1, N2), with N1, N> are two independent centered normal random variables with
variance E|D|?/2.

M, (t) = N under P?, (32)

Proof. Fixt € (Q, 21) such that e~ 2 is not an eigenvalue of T. Denote Ry (t) = Re(eik’D o Tk)
and Iy (1) = Im(e'*' D o T).
The proof is based on Theorem 16 and the following two convergence results: for any real
constants a and b
1
—=Eo( max [aRe() + bL(1)]) >0 Paas. 33
N max [aRy(1) +b1(0)| (33)
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y

Before proving (33) and (34) let us show how they lead to the result.

Let a and b be two rational numbers and let €, ; be the set of probability 1 where (33)
and (34) hold. Construct €; = () Q4.5, where the intersection is taken over all the rationals a
and b. Clearly P(€21) = 1. Then, by Theorem 16 in Section 5, we get via (33) and (34) that for
all w € Q1

and

| — 1
- > laRi) + b1 ()] - E(az +b*)E|D
k=1

> 8) —0 P-a.s. (34)

n

3 (aRe(t) + blk(t))/ﬁ: N(a,b,t)  underP®, (35)

k=1

where N (a, b, 1) is a centered normal random variable with variance (a2 + b2)E|D|?/2.
Because [Ey is regular, by Hopf ergodic theorem

n
lIE0|M,,(t)|2 _! S Eo|De()|* - E|Do)|* asn — oo P-as.
n n =1

By Markov inequality it follows that there is a set €25 such that for all w € 2, the sequence
(M, (t)//n)n>1 is tight under P®.
Now construct ' = € N Q;. For w € ', we apply Lemma 17 in Section 5 and obtain (32).
It remains to prove (33) and (34). To prove the convergence in (34) we shall use relation (16)
in Cuny—Merlevede—Peligrad [8], with u = 0, which gives

n
% > laRe) + oL@ — %(a2 +b)EIDI*  Pas.
k=1
This convergence was obtained by trigonometric computations along with Dunford—Schwartz
ergodic theorem from Sections VIIL.5 and VIIL.6 of [16], which requires that ¢ € (0, 27) be such
that e=2" is not an eigenvalue of T (see Proposition 30 in [8]).
This last convergence implies that, for every ¢ > 0

{

whence (34) follows by Theorem 34.2(v) in Billingsley [1].
We verify now relation (33). Note that

1 & 1
- > laRe@) + oL 0] - E(a2 +b2)E|DP
k=1

> e) —0 P-a.s.,

|aRi(t) +b1k(0)| < (la| + b])[ D] o T* = (la| + |b]) | Dk
It is enough to verify that

1
—Eo( max |Dk|2) —0 P-a.s.
n

1<k=<n
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We shall use a truncation argument. Let ¢ > 0 and ¢ > 0 be fixed for the moment. Let n be
sufficiently large such that e4/n > c. For this selection of n, we have

1 1
~Eo( max |D¢?) = —Eo( max |D4I(|Dkl < ev/m))
n 1 n I<k=n

<k=n

1
+ —]E()( max |Dk|21(|Dk| > 8ﬁ)>
n 1<k=<n

1 n
2, 1 2
<e +nk§zlﬁEo(|Dk| I(IDgl > ¢)).

Now, by the Hopf theorem for Dunford—Schwartz operators (see [16] or [17]),

n
%ZE0(|Dk|21(|Dk| >c¢)) > E(|Dol*I(|Dol > ¢))  asn — oo P-as.
k=1

Then we have

1
lim sup —Eo(lmai( |Dk|2> <& + E(IDo21(1Do| > c)).
<n

n—oo N <k

The result follows by letting ¢ — 0 and ¢ — oo. ]

Remark 14. Note that because K is countably generated then (2, KC, P) is separable and by
Lemma 32 in Cuny et al. [8], T can admit only a countable number of eigenvalues. Therefore
the quenched CLT in Proposition 13 holds for almost all ¢ € [0, 27].

End of the Proof of Theorem 1. By using Theorem 3.1 in Billingsley [2], Lemma 12 shows
that for almost all ¢ € [0, 27], there is a set ' C  with P(2’) = 1 such that for all w € Q/, the
limiting behavior S, (t) — Eo(S, (7)) is the same as of the martingale M, (¢) under P*. Then, by
Proposition 13 and Remark 14, for almost all ¢ € [0, 27t] the quenched CLT holds for W, (),
with the limit N(¢) = (N(¢), N2(t)), where Ni(t), No(¢) are two independent centered normal
random variables with variance E|D(¢)|?/2. For an alternative characterization of E|D(f)|?, it
remains to note that by Lemma 12, for almost all 7 € [0, 27]

1 N\ 2 1 5\ /2
(;E0|Sn(t)—]E0(S,l(t))| ) —(;E0|Mn(t)| ) -0  Pas.

Furthermore, by the Hopf ergodic theorem

1 | —
“Bo|Ma )" = =Y Eo| Do) - EIDO]P Paas.
n n =l |:|

Proof of Theorem 2. Clearly (b) implies (a) via Theorem 1. To prove that (a) implies (b), we
shall use again Theorem 1 along with the Theorem of types. This latter theorem states that if
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Vo =a,U, + b, and V,, = V and U, = U with U nondegenerate then a, — a, b, — b and
V=aU+b.

Under conditions of Theorem 2, for A-almost all ¢ € [0,27] there is a set Q' C Q with
P(2') = 1 such that for all w € Q'

LR Su(t) —Eo(Sn ()] = Ni(0) der P
ﬁe[n — Lo (S ]i] under .

By the properties of conditional expectations and measure theoretical arguments (see Lemma 18),
we know that for every function g continuous and bounded and random variables X and Y, such
that Y is Fp-measurable,

E®(g(X, Y)IFo) =E“(g(X. Y (w))|F0)

for w in a set of probability 1. By this observation along with the definition of convergence in
distribution, we derive that for A-almost all ¢ € [0, 2] there is a set Q' C  with P(Q') = 1, such
that for all w € Q'

1
7 Re[S, (1) — Eo(Su(1))(@)] = Ni(r)  under P,

and by (a) there is a set Q" C Q with P(QN) = 1, such that for all w € Q"
—1 R(S (l)):N(l) der P
e under .
«/— n 1

Now assume that N (¢) is nondegenerate. For w € ' N Q”, by the Theorem of types we have
ReEo (S, (1)) (w)//n — 0. A similar argument gives ImEq(S,(¢))(w)/+/n — 0 and (b) follows
for this case. If Ny(¢) is degenerate, then both Re[S), ()]/+/7 — 0 under P and Re[S,(¢) —
Eo (S, (2))(w)]/+/n — 0 under P®, and the result follows. U

Proof of Corollary 4. In order to prove this result, we shall verify the item (b) of Theorem 2.
We have then to show that for almost all ¢

Eo(Sy()
Ji

Note that it is enough to show instead that for almost all ¢ € [0, 21t]

(1 —eNEo(Sp()
NG

P-a.s. (36)

0 P-a.s.

With this aim note that

(1 —eEo(Su () Eo(Sa (1)) — " Eg(S, (1))
Vn a Vn

-1
[T it (n+1) 1 1 it (k+1)
= —e"Eo(X)) — "V —Eo(X,) + —= > " ®TVEg(Xp 41 — X0).
NG NG i =
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We shall analyze each term in the last sum separately. The first term, e/ Eq(X)/+/n in the above
expression is trivially convergent to 0, P-a.s. By Jensen’s inequality the second one is dominated
as follows:

21
< ~Eo(Xp).

: 1
e”(”H)ﬁEQ(Xn)

We write

1

—Eo ZEO (x3) - —ZEO (X3).

which convergence to 0, P-a.s., by the Hopf ergodic theorem for Dunford—Schwartz operators
(see again [17]).
To prove the convergence of the third term, since we assumed (10), it follows that

3 IEo(Xk+1 — Xo)I?
k

P-a.s.

k>1

By Carleson theorem (see [5]) it follows that for almost all ¢

Z e*Eo(Xe1 — X&)

converges P-a.s.

172
k>1 k
which implies by Kronecker lemma
1 n—1
Zelt(k+l)E0(Xk+1 X)) —0 P-a.s.
" =1
which completes the proof of (36) and of this corollary. (I

Proof of Theorem 6. With the notations from the proof of Lemma 12, we note that under con-
dition (13) we also have

Y R 0) )" < oo (37)

k>1

Then, we can apply directly the martingale approximation in Theorem 2.7 in Cuny and Merlevede
[7] which also remains valid for complex valued variables. It follows that

1~ = . ~ . =
EE0|S,, (t) — My(t)] >0  P-as.andinL?,
where M, has stationary complex martingale differences defined by

Py(Xk(t)) o T/
b, ([)_Z(:); k+1 '
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Whence we obtain

%Eo}(S,,(t)) — M) -0  P-as.andinL? (38)

where the differences of the martingale M, (¢) are

1tk
Po(Xy) o T/
D )= Z Z k+1 '
n>0k>n

It follows that for P-almost all @, under P?, the behavior of S, (t) /+/n is equivalent to M, (¢)//7.
We have just to apply Proposition 13 to obtain the quenched CLT, where the limiting independent
normal variables have the variance || Dq(¢) ||% /2. It remains to note that by (38) we can identify

I Do(1)|3 as

1
lim ~E|[$,()|* =] Do(0)])- -
n—-oon

5. Technical results

First, we prove the following martingale approximation for complex valued random variables.
It is similar to Proposition 7 in Cuny and Peligrad [9] but we do not assume ergodicity and the
variables are complex valued. Because there are various changes in the proof we give the proof
for completeness.

Proposition 15. Assume that (Xi)rez is a stationary sequence of complex valued random vari-
ables and let S, = j_y Xk. Assume

Py(S,) — Dy converges a.s. and E[sup|P0(Sm)|2] < 00 39)
m
(where Py is defined by (25)). Then, Dy is a martingale difference and
%E0(|Sn —Eo(S,) — M,[)) >0 P-as.,
where My, =Y 1_, Dy with Dy = Do o T*.

Proof. Starting from condition (39), we notice that this condition implies Py(S,) — Dy in
ILZ(]P’). Since E_;[Py(S,)] =0 a.s. we conclude that E_;[Dg] = 0 a.s. and therefore (Dy)r>1 is
a sequence of martingale differences adapted to F;. We shall approximate S, by M,, + Eo(S,).
We use now a traditional decomposition of S, in martingale differences by using the projections
on consecutive sigma algebras:

Sn — Eo(Sn) = [Sn - IEn—l(Sn)] + [En—l(Sn) - En—2(Sn)] +o [El(Sn) - EO(Sn)]
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So, we have the martingale decomposition

Su—Eo(Sn) = My =Y _[Pe(Sp — Sk—1) — Di].
k=1

We write now

Pe(Su — Sk—1) — D = [Po(Su—i)] o T* — Dy o T*,

and so
n n n—1
D [Pe(Sy = Sie1) = D] =D (Po(Su—r) = Do) o TF =" (Po(Sk) — Do) o T" .
k=1 k=1 k=0

With the notation
Py(Sk) — Do = Gy,

we have

n—1

= Eo(S)) — My =) GjoT"" J—ZG,, joTi.
j=0 j=1

By the orthogonality of G; o T"~/ , we have

n—1
EOiS’l —Eo(Sn) — Mn|2 = ZEO(|Gj|2 o Tn_j)_
j=0

Let N be fixed. For n sufficiently large, we decompose the last sum into a sum from 1 to N and
one from N + 1 to n. Then

N n—1
2 _ _
Eo| Sy — Eo(Sn) — Ma|" =Y Eo(IG,;[PoT" )+ > Eo(IG;I1 o T"7)
j=0 Jj=N+1
(40)
= An(N) + Bn(N).
It is then well known that we have for all j fixed
n—j
O ZEO |G | o T“) converges as n — oo almost surely and in L.
u=0

By writing for all j fixed, 0 < j <N,

—j-
Eo(IG ;1?0 T"7) Z]EO (IG;? o TY) Z o(IG;1* o T),
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it follows easily that
An(N)
n

-0 asn — oo P-a.s. and in Ly. 41

Now we treat B, (N). We bound this term in the following way,

By (N) —ZEo[sup 1G] oT/]

n m>N

By the Hopf ergodic theorem and the specification in Section (7) in Dedecker et al. [12] we have

sup |Gm|? o Tf'] =E[ sup |Gm|2|I]

1 n
lim — "
m>N m>N

n—-oon [
j=1
P-a.s.andin Ly,

where Z is the invariant sigma field. Since by (39) sup,,-y |Gm|> — 0 as. as N — oo and
SUp,,- N |Gm|2 <sup,, |Gn |2 € Ly, by Billingsley [2], Theorem 34.2(v) we also have

lim ]E[sup te |I] P-as. and in L,
—00 m>N

and therefore

n

1 .
lim lim —Z[sup |Gm|2on] =0, P-a.s. andin L.

N—ocon—oon £ 1 m>N
]=

It follows that

=0, P-a.s. and in L. (42)
U

Bn(N)
hm lim sup

N—o0 n—00 n

We give below a well-known Raikov type central limit theorem for nonstationary martingales.
The following theorem is a variant of Theorem 3.2 in Hall and Heyde [21] (see also Génssler
and Héusler [18]).

Theorem 16. Assume (Dp i)1<i<n IS an array of square integrable martingale differences
adapted to an array (Fy.;)1<i<n Of nested sigma fields. Suppose

E(lmax | Dy, j|> -0 asn — oo (43)
<j=
and

n

ZD,%’/ P g2 asn — oo. 44)

Then S, = Z?: 1 Dy, j converges in distribution to a centered normal variable with variance o’
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We give now a result on weak convergence needed for the proof of Proposition 13.

Lemma 17. Assume that the sequence of random variables (Y, Zn)n>1 is tight and for every
rational numbers a and b we have

aY, +bZ, = aN| + bN>.

Then (Y, Z,) = (N1, N2).

Proof. Because (Y,, Z,) is tight, from any subsequence (n") we can extract another subsequence
(n”) convergent in distribution to (L1, L) say. By the Cramér-Wold device, it follows that for
all real numbers a and b we have

aY,+bZ, = al{+bL,.

Therefore for all rational numbers a and b we have

Eei(aN1+bN2) — Eei(aLlerLZ). (45)

Now, for any reals (c, d) we take sequences (a,),>1 and (b,),>1 of rational numbers such that
ap — ¢ and b, — d. By the Lebesgue dominated convergence theorem, we pass to the limit
in (45) (written for a, and b,), and obtain that the equality in (45) holds for all real num-
bers. Since the Fourier transform determines the measure we obtain (L, L) is distributed as
(N1, Na). U

The next lemma is a step in the proof of Theorem 2.

Lemma 18. Let (2, F,P) be a probability space with F countably generated, G C F a sigma
algebra, Y a G-measurable integrable random variable, X integrable and let g :R* — R be a
continuous and bounded function. Let P® be a regular version of P given F. Then there exists
Q1 C Q with P(21) = 1 such that, for all w € 2

E°[g(X, Y (@)] =E°[g(X, )]. (46)
Proof. It is easy to see that for a simple function V we can find Qy C Q with P(Q2y) = 1 such
that, for all w € Qv

E°[g(X. V(w))] =E°[s(X, V)].
Indeed, if V =3""_, a;1(B;) with Bj € G we have for every B € G

E(I1(B)(g(X,V)IG)) = Z]E(I(B NBj)g(X,V)) = Z]E(I(B NBj)g(X.aj))
j=1 '

Jj=1

E(I(B) > I(B)HE(g(X, aj)|g)>.

j=1
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Let V,, — Y a sequence of simple functions. Then we can find a set 21 C Q with P(Q21) =1,
namely Q1 =(), Qv,, such that for all w € €

E°[g(X. Va(@))] =E®[g(X, Vi)].

Now, for w fixed in 21, by Lesbegue dominated convergence theorem we get (46) by passing to
the limit. O
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