NONCONVENTIONAL LIMIT THEOREMS
IN DISCRETE AND CONTINUOUS TIME VIA MARTINGALES

YURI KIFER AND S.R.S. VARADHAN
INSTITUTE OF MATHEMATICS COURANT INSTITUTE
THE HEBREW UNIVERSITY NEW YORK UNIVERSITY

JERUSALEM, ISRAEL NEW YORK, USA

ABSTRACT. We obtain functional central limit theorems for both discrete time
expressions of the form l/ﬁz[rf\g} (F(X(q1(n)),...,X(qe(n))) — F) and
similar expressions in the continuous time where the sum is replaced by an in-
tegral. Here X (n),n > 0 is a sufficiently fast mixing vector process with some
moment conditions and stationarity properties, F' is a continuous function with
polynomial growth and certain regularity properties, F = JFd(p x -+ x p),
1 is the distribution of X (0) and g;(n) = in for ¢ < k < £ while for ¢ > k they
are positive functions taking on integer values on integers with some growth
conditions which are satisfied, for instance, when ¢;’s are polynomials of in-
creasing degrees. These results decisively generalize [18] whose method was
only applicable to the case k = 2 under substantially more restrictive mo-
ment and mixing conditions and which could not be extended to convergence
of processes and to the corresponding continuous time case. As in [18] our
results hold true when X;(n) = T"f; where T is a mixing subshift of finite
type, a hyperbolic diffeomorphism or an expanding transformation taken with
a Gibbs invariant measure, as well, as in the case when X;(n) = f;(Y,) where
T, is a Markov chain satisfying the Doeblin condition considered as a sta-
tionary process with respect to its invariant measure. Moreover, our relaxed
mixing conditions yield applications to other types of dynamical systems and
Markov processes, for instance, where a spectral gap can be established. The
continuous time version holds true when, for instance, X;(t) = f;(&) where
&t is a nondegenerate continuous time Markov chain with a finite state space
or a nondegenerate diffusion on a compact manifold. A partial motivation for
such limit theorems is due to a series of papers dealing with nonconventional
ergodic averages.

1. INTRODUCTION

Nonconventional ergodic theorems known also after [1] as polynomial ergodic
theorems studied the limits of expressions having the form (see [9], [11], [10])
1/N 27]:]:1 Ta) f ... 7%™) f, where T is a weakly mixing measure preserving
transformation, f;’s are bounded measurable functions and ¢;’s are polynomials
taking on integer values on the integers. Originally, these results were motivated
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by applications to multiple recurrence for dynamical systems, the functions f; being
indicators of some measurable sets.

After an ergodic theorem (or in the probabilistic language: the law of large
numbers) is established it is natural to inquire whether a corresponding central
limit theorem holds true, as well, though as usual under stronger conditions. In
this paper we prove the functional central limit theorem (invariance principle) for
expressions of the form

[Nt

]
(1.1) > (F(X(q1(n), .., X (qe(n)) — F)
n=1

1
vN
and for the corresponding continuous time expressions of the form

1 [Nt]
(1.2) = [ PO X i) - P

where {X (n),n > 0}, (or {X(¢)},t > 0) is a sufficiently fast mixing vector valued
process with some stationarity properties satisfying certain moment conditions, F'
is a continuous function with polynomial growth with certain regularity properties.
F = [Fd(p x -+ x p), where p is the common distribution of X (n), {q;(¢)}
are positive functions, (taking on integer values on integers in the discrete time
case), g;j(t) = jt for j < k and for j > k they satisfy certain growth conditions.
For instance, it would be enough if {¢;(t)} are polynomials of increasing degrees,
though we actually do not need any polynomial structure of functions ¢;, j > k
which was crucial in papers dealing with nonconventional ergodic theorems cited
above.

Our methods rely on a martingale approach which have played a decisive role in
most proofs of the central limit theorem during the last 50 years. In view of strong
dependence on the future of summands in (1.1) application of martingales in our
setup does not seem plausible on the first sight. It turns out, somewhat surprisingly,
that an appropriately modified martingale approach still works well in our situation
if we construct the filtration of o-algebras so that in some sense ”future becomes
present”. Unlike the classical situation our functional central limit theorem yields
a process which has Gaussian distributions but not necessarily independent incre-
ments. This interesting effect rarely appears in natural models. Under stronger
mixing and moment conditions we derive also convergence of moments of the above
expressions to the corresponding moments of the limiting Gaussian distribution.
We obtain also a functional central limit theorem in the corresponding continuous
time case which only recently was treated in the sense of nonconventional ergodic
theorems (see [5]). It turns out that the limiting process in the continuous time case
has a somewhat different structure than in the discrete time setup. These results
generalize [18] where the partition into blocks and the direct use of characteristic
functions showed applicability only to the case k = 2 under more restrictive condi-
tions and neither the functional central limit theorem nor the continuous time case
could be dealt with by the method employed there.

As in [18] our results hold true when, for instance, X (n) = T™f where f =
(fi,., fo), T is a mixing subshift of finite type, a hyperbolic diffeomorphism or an
expanding transformation taken with a Gibbs invariant measure and some other
dynamical systems, as well, as in the case when X(n) = f(Y,), f = (f1,.... fo)
where T, is a Markov chain satisfying the Doeblin condition (see [15]) considered as
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a stationary process with respect to its invariant measure. In the dynamical systems
case each f; should be either Holder continuous or piecewise constant on elements
of Markov partitions (see [3]). As an application we can consider F(z1,...,x¢) =

xgl)---xég), T = (x§1),...,x;£)), X(n) = (X1(n), ..., Xe(n)), X;j(n) = I, (T™z) in
the dynamical systems case and X;(n) = I4,(Y,) in the Markov chains case where
I 4 is the indicator of a set A. If N(n) is the number of I’s between 0 and n for which
Tily € Aj for j =0,1,...,k with k = £ (or Tj; € A; in the Markov chains case)
then N(n) is the number of k-tuples of return times to A;’s (either by T'x or by
Y;) which form an arithmetic progression of length k having a difference between
0 and n. Our result implies in this case that n=/2(N([tn]) — nt(u(A))¥), t € [0,1]
(where p is a corresponding invariant measure of T' or &,, respectively) weakly
converges as n — oo to a Gaussian process having not necessarily independent
increments. Substantially more general than [18] setup of the present paper enables
us to apply results to additional classes of dynamical systems and Markov processes,
in particular, to those having a spectral gap.

The continuous time version holds true, in particular, when X;(¢) = f;(T:) where
T, is an irreducible continuous time Markov chain or a nondegenerate diffusion on
a compact manifold.

2. PRELIMINARIES AND MAIN RESULTS

Our discrete time setup consists of a gp-dimensional stochastic process
{X(n), n=0,1,...} on a probability space (2, F, P) and of a family of o-algebras
Fr CF, —oo < k <1< oo such that Fy; C Fprp if K < k and I’ > [. It is often
convenient to measure the dependence between two sub o-algebras G, H C F via
the quantities

(2.1) @y (G, H) = sup{||E[g|G] — Elg]|lp : g is H — measurable and ||g||, < 1},

where the supremum is taken over real functions and || - ||, is the L" (€, F, P)-norm.
Then more familiar «, p, ¢ and -mixing (dependence) coefficients can be expressed
via the formulas (see [4], Ch. 4 ),

OZ(g,H) = %woo,l(g,H), p(gaH) = WQQ(Q,H)
(b(gvH) = %wOO,OO(gaH) and L/)(gvH) = wLOO(gvH)'
We set also

(2.2) Wa,p(1) = SUP @Wqp(F—o0,ks Frtn,o0)
k>0
and accordingly

OC(TL) = iwoo,l(n)v p(n) - wQ,Q(n)v (b(n) = %woo,oo(n)v ’l/)(’fl) - wl,oo(n)'

We will impose mixing rates, i.e. rates of decay of @, ,(n) requiring that
(2.3) C(q,p) = Z wqp(n)
n>1

is finite for some choices of p and g. Our setup includes also conditions on the
approximation rate

(2.4) Blp,r) = sup 1X (k) = E[X (B)|Fi—rser] llp-
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In what follows we can always extend the definitions of Fy; given only for k,1 > 0
to negative k by defining Fi; = Fy for k£ < 0 and [ > 0. Furthermore, we do not
require stationarity of the process X (n),n > 0 assuming only that the distribution
of X (n) does not depend on n and the joint distribution of {X (n), X (n)} depends
only on n —n/ which we write for further references by

(2.5) X(n) & pand (X (n), X (1)) 2 pn_p for all n,n’

where v £ 1 means that Y has p for its distribution.
Next, let F' = F(x1,...,2¢), v; € R¥ be a function on R#¢ such that for some
1, K >0,k € (0,1] and all z;,y; € R®,7 =1, ..., ¢, we have

0 4 4
(2.6)  [F(21,m0) = F(yn, oo ye) S K14 |l + )yl ] Dl — w5l"
j=1 j=1 j=1
and

4
(2.7) |F(@1,.m) S K1+ |agl'].
j=1

To simplify formulas we assume a centering condition
(2.8) F:/F(xl,...,xg)d,u(xl)---du(a:g) =0

which is not really a restriction since we can always replace F' by F' — F. Our goal
is to prove a functional central limit theorem for

[Nt]
F(X(q1(n)), ..., X(qe(n))) and t € [0, 7]

n=1

(2.9) @@:j%

where ¢1(n) < g2(n) < --- < qe(n) are increasing functions taking on integer values
on integers and such that for j < k, ¢;(n) = jn, whereas the remaining ones grow
faster in n. We assume that for k£ +1 <i </,

(2.10) nlingo(qz(n +1)—qi(n)) =
and for ¢ > k and any € > 0,

(2.11) hnniio%f(q”l(e n) —q;(n)) >0
which implies because of (2.10) that

(2.12) Jim (git1(en) — gi(n)) = oo.

To shorten some of arguments we assumed that ¢;(n) is increasing in both n and
¢ but, in fact, (2.10) and (2.11) imply already that this holds true for all n large
enough which suffices for our purposes. For each 6 > 0 set

(2.13) v$wxw:MXWW=/m%u

Our main result relies on
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2.1. Assumption. With d = (¢ — 1)p there exist oo > p,q¢ > 1 and §, m > 0 with
0 <K — g satisfying

(2.14) Z @ep(n) =0(p,q) <
(2.15) > [B(g, 7))’ < oo,
=0

11 u+2 9

(2.16) Y < 00, Y2q, < 00 With — > — 4 + -
27p m g
In order to give a detailed statement of our main result as well as for its proof

it will be essential to represent the function F' = F(x1,xa,...,x) in the form
(2.17) F=F(x)+ -+ Fzi,zo,...,20)
where for ¢ < £,
(2.18) Fi(x1,...,2;) = [ F(x1,22,...,20) dp(zig1) - - - dplaze)

— [F(z1,22,...,20) dp(a;) - - - dp(zg)
and

Fo(zy,29,...,2¢0) = F(x1,29,...,20) — /F(xl,xg,...wg) du(xy)

which ensures, in particular, that

(219) /Fi(xl, L2yeveyXj—1, {Ei) du(xl) =0 V L1,X2y...,L5-1-
These enable us to write

k )
(2.20) En(t) =) &nlit)+ Y &nl(t)

i=1 i=k+1
where for 1 <i <k,

Ni
(2.21) &in( Z X(2n),...,X(in))
and for i > k + 1,

1 [Nt]

2.22 &n(t) F (X oo X(qi(n))).
(2.22) =7 2:1 (n)) (¢i(n)))

2.2. Theorem. Suppose that Assumption 2.1 holds true. Then the (-dimensional
process {& n(t) : 1 < i < £} converges in distribution as N — oo to a Gaussian
process {n;(t) : 1 < i < L} with stationary independent increments. The means are
0 and the covariances are given by E[n;(s)n;(t)] = min(s,t)D; ;. Fori,j <k, D;;
is given by Proposition 4.1. Moreover D;; = 0 if i # j, and either ¢ or j is at
least k + 1, making the processes {n;(-), i > k + 1} independent of each other and
of {n;(-) : § <k}. Fori>k+1, the variance of n;(t) is given by tD; ; where

D :/|Fz‘(5€175€27-~-7xi)|2dﬂ(9€1)dﬂ(x2)"'dﬂ(%‘)'
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Finally, the distribution of the process En(+) converges to the Gaussian process &(-)
which can be represented in the form

14

k
(2.23) &) =D _mt)+ > m()

i=k+1
If k > 2, then the process £(t) may not have independent increments.

In order to understand our assumptions observe that w,, is clearly non-
increasing in ¢ and non-decreasing in p. Hence, for any pair p,q > 1,

@g,p(n) < P(n).
Furthermore, by the real version of the Riesz—Thorin interpolation theorem or the
Riesz convexity theorem (see [12], Section 9.3 and [7], Section VI.10.11) whenever
0 S [07 1]7 1 SpOaplaQO7Q1 S oo and

1_1—9+9 1 1-60 0
P po p1q 0 @
then
(2.24) @q,p(n) < 2(@yq,po (n))l_e(wch,pl (n))e-

In particular, using the obvious bound wy, ,, < 2 valid for any ¢; > p; we obtain
from (2.24) for pairs (oo, 1), (2,2) and (00, 00) that for all ¢ > p > 1,

(2.25) @ap(n) < (2a(n)) 777, @y p(n) < 25T E (p(n)) ' T

and wq,y(n) < 2'47 (¢(n))' 7.
We observe also that by the Holder inequality for ¢ > p > 1 and « € (0,p/q),
(2.26) Blar) < 2" [B(p, 7)) Yyt

P—qo

-l

with vy defined in (2.13). Thus, we can formulate Assumption 2.1 in terms of more
familiar «, p, ¢, and )-mixing coefficients and with various moment conditions. It
follows also from (2.24) that if w, ,(n) — 0 as n — oo for some ¢ > p > 1 then

(2.27) wgp(n) = 0asn —ooforallg>p>1,

and so (2.27) holds true under Assumption 2.1.

The key point of our proof will be construction of martingale approximations
for the processes & n(t)’s where we will have to overcome problems imposed by
strong dependencies between terms in the sum (2.9), as well as between arguments
X(g;(n)), j =1,2,...,¢ of the function F there. The realignment in the definition
of {& n(t)} for i <k will also be important since it makes the collection a process
with independent increments in the limit. Otherwise, in the limit, increments of
{&(t)} will be correlated with the increments of {¢;(¢)} at different time points. It
will not matter for ¢ > k + 1, for they will all turn out to be mutually independent
in the limit.

We observe that the estimates of Section 3 not only enable us to rely
on martingale approximations and martingale limit theorems but, actually,
Corollary 3.6 yields a possibility to represent F;(X(qi(n)),...,X(¢i(n))) —
EF;(X(gi(n)),...,X(qi(n))), n > 1 as a mixingale sequence studied in [21], and so
in order to prove weak convergence of §; y to Gaussian processes with independent
increments we could take advantage of the (weak) invariance principle obtained in
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[21]. Still, in order to derive Theorem 2.2 in its full strength we would need most of
estimates of Section 3 and limiting covariances identification of Section 4 together
with some of arguments of Section 5 enabling us to conclude about limiting behav-
ior of the sum process {x which has nothing to do with [21]. Anyway, we find it
more beneficial for a reader to proceed here relying on the more familiar invariance
principle for martingale differences.

Under stronger mixing and moment conditions we are able to derive convergence
of all moments of {x () to the corresponding moments of 7(t).

2.3. Assumption. For every p there exists co > ¢ > p such that

(2.28) Z wqp(n) =0(p,q) < .
n=0
For every ¢,6 > 0,
(2:29) > [B(g. 7)) < 0
r=0

and the moments 7, < oo exist for every m > 0.

2.4. Theorem. Suppose that Assumption 2.3 holds true. Then for any k =1,2, ...
and t >0,
(2.30) Jim Elgy (1) = B[ (¢)).

This result will follow from Theorem 2.2 together with additional moment esti-
mates.

The conditions of Theorems 2.2 and 2.4 hold true for many important models.
Let, for instance, Y, be a Markov chain on a space M satisfying the Doeblin
condition (see, for instance, [15], p.p. 367-368) and f;, j = 1,...,£ be bounded
measurable functions on the space of sequences © = (2,4 = 0,1,2,..., 2; € M)
such that |f;(z) — f;(y)] < Ce " provided z = (z;), y = (y;) and z; = y; for all
i =0,1,...,n where ¢,C > 0 do not depend on n and j. In fact, some polynomial
decay in n will suffice here, as well. Let X (n) = (Xi(n),..., X¢(n)) with X;(n) =
fi(Thn, Tog1, Tryo,...) and take o-algebras Fiy, k < [ generated by Yp, Tiy1,..., Ty
then our condition will be satisfied considering {Y,,, n > 0} with its invariant
measure as a stationary process. In fact, our conditions hold true for a more general
class of processes, in particular, for Markov chains whose transition operator has a
spectral gap which leads to an exponentially fast decay of the p-mixing coeflicient.

2.5. Remark. Formally, (2.5) requires some stationarity and, for instance, if we
consider a Markov chain &, satisfying the Doeblin condition but whose initial
distribution differs from its invariant measure then (2.5) does not hold true for
X(n) = f(&,). Still, a slight modification makes our method to work so that The-
orems 2.2 and 2.4 (as well, as their continuous time version Theorem 2.6) remain
valid. In order to do this we consider another probability measure IT on the space
(Q, F) and require the weak stationarity (2.5) with respect to II, i.e. X(n)Il =
and (X(n), X(n'))II = pty,—ns. In addition, we modify the definition of the depen-
dence coefficient @, , in (2.1) taking the conditional expectation of g there with
respect to the probability P while the unconditional expectation of g taking with
respect to II. It is easy to see that under the same assumptions as above but with
modified (2.1) and (2.5) our proof will still go through.
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Important classes of processes satisfying our conditions come from dynamical
systems. Let T be a C? Axiom A diffeomorphism (in particular, Anosov) in a
neighborhood of an attractor or let 7" be an expanding C? endomorphism of a
Riemannian manifold M (see [3]), f;’s be either Holder continuous functions or
functions which are constant on elements of a Markov partition and let X (n) =
(X1(n), ..., Xe(n)) with X;(n) = f;(T™z). Here the probability space is (M, B, 1)
where p is a Gibbs invariant measure corresponding to some Holder continuous
function and B is the Borel o-field. Let ¢ be a finite Markov partition for 7" then
we can take Fy; to be the finite o-algebra generated by the partition ﬁéZkTiC . In
fact, we can take here not only Holder continuous f;’s but also indicators of sets
from Fy;. A related example corresponds to T' being a topologically mixing subshift
of finite type which means that T is the left shift on a subspace = of the space of
one-sided sequences ¢ = (¢;,7 > 0),5; = 1, ..., [y such that ¢ € Zif m,,,, = 1 for all
i > 0 where IT = (7;;) is an lp x lp matrix with 0 and 1 entries and such that II"
for some n is a matrix with positive entries. Again, we have to take in this case f;
to be Holder continuous bounded functions on the sequence space above, p to be a
Gibbs invariant measure corresponding to some Holder continuous function and to
define Fj; as the finite o-algebra generated by cylinder sets with fixed coordinates
having numbers from k to [. The exponentially fast -mixing is well known in
the above cases (see [3]). Among other dynamical systems with exponentially fast
1-mixing we can mention also the Gauss map Tz = {1/x} (where {-} denotes
the fractional part) of the unit interval with respect to the Gauss measure G (see
[13]). The latter enables us to consider the number N, (x,n), a = (a1, ..., a¢) of m’s
between 0 and n such that the g;(m)-th digit of the continued fraction of z equals
certain integer aj,j = 1,...,£. Then Theorem 2.2 implies a central limit theorem
for N,(x,n) considered as a random variable on the probability space ((0, 1], B, G).
In fact, our results rely only on sufficiently fast « or p-mixing which holds true for
wider classes of dynamical system, in particular, those with a spectral gap (such
as many one dimensional not necessarily uniformly expanding maps) which ensures
an exponentially fast p-mixing. Of course, there are many stationary processes and
dynamical systems with polynomially fast mixing which still satisfy our conditions
but they are more difficult describe in short.

Next, we discuss a continuous time version of our theorem. Our continuous
time setup consists of a p-dimensional process X (t), ¢ > 0 on a probability space
(Q,F,P) and of a family of o-algebras Fyy C F, —oc0 < s < t < oo such that
Fst C Fgp if 8 < s and t/ > t. We assume that the distribution of X(¢) is
independent of ¢ and denote it by p. The joint distribution of {X (¢), X (¢t + s)} is
assumed to depend only on s and is denoted by pus. For all ¢ > 0 we set

(2.31) wyp(t) = sg% Wy p(Foooss Fstt,oo)
and
(2.32) B(p,t) = sup 1X(s) = E[X ()| Fatosrt]llp-

where @y ,(G, H) is defined by (2.1). We continue to impose Assumtions 2.1 and 2.3
on the decay rates of @, ,(t) and G(p,t). Although they only involve integer values
of t, it will suffice since they are non-increasing functions of ¢ . Let ¢1(t) < g2(t) <
-+ - < qg(t) be increasing positive functions such that ¢;(t) =it for i = 1, ..., k while
qi(t), i > k grow faster in t. We assume that these functions satisfy the conditions
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(2.11) and (2.12) (with ¢ in place of n) while (2.10) is replaced by
(2.33) tlim (gi(t+v) — qi(t)) = oo for any v > 0 and 7 > k.

2.6. Theorem. Suppose that Assumption 2.1 holds true. Then the distribution of
the process

1 Nt
(2.34) En(t) = \/—N/o F(X(q1(s)), ..., X (qe(s)))ds

on C[0,T], converges to the distribution of a Gaussian process &(t) which has the
representation (2.23) but unlike in the discrete time case all processes n;, i > k
are zero there while {n1(t),...,nx(t)} is a k-dimensional Gaussian process having
stationary independent increments. The means are 0 and variances and covariances
are given by En;(s)n;(t)] = min(s,t)D; j, 4,5 = 1,...,k. The expressions for these
D; ; are provided in Section 7. If Assumption 2.3 holds true then the moments of
En(t) converge to corresponding moments of £(t).

The conditions of Theorem 2.6 are satisfied when, for instance, X(t) =
(X1(t),..., X (t)) with X;(t) = f;(&) where & either an irreducible continuous
time finite state Markov chain or a nondegenerate diffusion process on a compact
manifold. On the other hand, these conditions do not usually hold true for impor-
tant classes of continuous time dynamical systems (flows) having rich probabilistic
properties such as Axiom A (in particular, Anosov) flows where the standard tool
of suspension flows is usually applied while it does not seem to work in our cir-
cumstances and a different approach should be employed here. In fact, mixing in
the framework of Markov families on unstable manifolds considered in [6] seems
to be an appropriate framework in order to obtain a version of Theorem 2.6 when
X (t) = T'f where T is an Anosov flow and f is a Holder continuous vector func-
tion. In this case when, for instance, [ = k£ we can derive Theorem 2.6 from Theorem
2.2 representing

N N-1
/ F(Tty, Ty, ..., T*%)dt = F(T™y, T*y, ..., T*"y)
0 0

3
Il

where I:"(yl, e Yk) = fol F(Ttyy, T?ys, ..., T*yy ) dt.

3. APPROXIMATION ESTIMATES

This section contains estimates which are crucial for our proofs. We will make
repeated use of the following simple variations of Holder’s inequality.

3.1. Lemma. (i) For any two random variables Z, D

12" D |la < 125 1D

K
b*

provided 1 > ai + & . If, in addition, |D| < |Z| a.e. (almost everywhere), we can
replace k by a < k and change h to h + k — « obtaining

1Z*D"|a < | 2" D]l < | Z)|aF""|ID

«
b*
provided % > htf—fo‘ + -

(ii) If f(z,w) is a function of x and w such that for almost all w,

|f(@,w)] < CW)[L + |z"]
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then
1F(X (W), @)]la < A +ACW)IIp

provided L > where Y s a bound for || X ||m.

(i) If f(,

1., h
p T om
w) is a function of x and w satisfying for almost all w,

|f(@,w) = f(y,w)| < HW)[L+|al" + [y|"]]e = yI°
then
(3.1) 1£(X (), w) = FY (@), )la < (1 + 29p) [ H @)1 X = Y1I3
provided > 5 L Lo —|— 2 where v, is a bound for | X||m and ||Y||m-
Proof. For (i), by Holder’s inequality

K

12" D%la = [E[z" D] i

provided 2 > & 4 £ If D[ < |Z| and 0 < a < &,

ID*Z"|o < | D*ZM 520 < |12

provided é > h"':—*_o‘ + 75
For (ii), by Holder’s inequality
E[[f(X(w),w)|*] < B[[C(w))* [1 +|X]*)]

a

< [Blc@V])? (B[0+ |x1%])#

prov1ded >1 + o
The assertlon (it ) follows similarly from the inequality

EIXYZ|] < [| X5 [Y 52 12155
ifl1>-— —|— —|— = O

Z o
We will need also

3.2. Lemma. (i) Let F(xy,...,xe—1,2¢) be any function that satisfies (2.6) and
(2.7). Then the functions F;(z1,...,x;) defined in (2.18) will inherit similar prop-
erties from F'.

(ii) Let Z be a random vector in L,(P) with | Z]], <, and G C F be a subo-field.

If
Gi(xy,...,xi—1,w) = BlF(x1,...,2,-1, Z(w))|F]
then
|Gi(x1,. . o1, w)| < C(L+ C(w)" + |x]")
and

|Gi(3;‘1, L ,xi_l,w) - Gi(yh .- -;yi—l;w)|
<C(1+Cw) + |z + [y*) |z — y|®

where C' > 0 is a constant, C(w) = (2E[|Z|L|g])% and ||C(w)]]: <2
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Proof. For (i), if
|F($1,3)2, R 7xz)| < 01(02 + |$|L)
then
[ Far,... i a)dp(e)] < [ [F(, ... 2o, )ldu(e:)
< Cy(Co+ x| +7L).

The Holder property is similar.
The assertion (ii) follows from

|Gi(z1, ..z, w)| < E[|Fi(a:1, e ,a:i_l,Z)||g} < CLE[(Cy + |z]* +|Z]")|G]
and
|Gi(z1,. ., zim1,w) — Gi(y1, ..oy yim1,w)| < E[|E(x1, ey Tim1, )
~Fi(y1,. - yi-1, 2)||G] < CE[(L+ |zl + |yl + 22]")|G] |z — y|™.
O
3.3. Remark. Here and in what follows it is sometimes more convenient to use

together with (2.6) and (2.7) also slightly different looking conditions for growth
and Holder continuity of functions we are dealing with (i.e. considering |x|* in place
of Z§:1 |z;]*, x € R) but, in fact, these sets of conditions are equivalent since for
any b1, bo,...,0 > 0 and v > 0,

1 1

3.2 max b} <Y b <lmaxb <I(> b)) <! maxb].
(3.2) 1<i<l b T 4 - L P P A (Zl i) < 1<i<i
= i=

We will need the following result which will serve as a base for our estimates

and is, in fact, an extended multidimensional version of the standard Kolmogorov
theorem on the Holder continuity of sample paths.

3.4. Theorem. Let f(z,w) be a collection of random variables defined for x € R,
satisfying

(3:3) 1f(z,w)=fy,w)llp < CL(+ 2] +]y|) |z =yl and || f(z, w)|lp < C2(1+|z[")

with K > %. Then for any v/ > 1+ % and 0 such that Kk > 0 > % there is a random
variable G(w) such that

!’ 7i
(3.4) |[f(z,w)] < Gw)(1 +|z|") a.e with |G(w)|, < co[C1 + C’Q]Pi@ 021 »e
where ¢g = co(d,p,k,0,1,0') > 0 depends only on parameters in brackets. Since
k <1 and pk > d, it follows that p > d, and therefore we can always take ' = 1+1.
Furthermore, if Z € Ly (P) is a random variable with values in R satisfying
1 Z]|m < Ym and if £ > % + £t then
(3.5) 1f(Z(w),w)lla < [[G(w)X+1Z["*)]la
_d _d
< ol + Col 7 Cy 1L+ 4] = coc(ym)[C + Ca] 7 Cy 7.
If p(k — ) > d, then we can have an almost sure Holder estimate
[f(z,w) = fy,0)| < H@)[L+ 22 + |y 2|z — y|°
with
HH(("))”P < C(Kjv 97 dvpa 67 L) (Ol + 02)
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and the estimate
(3.6) 1f( X1, Xa, ..., Xio1,w) — f(YV1, Y2, ..., Yo, 0)]la
< [H@)[L+ X[ + [Y*2)X - Y Pl
<H|p(1 4+ 752 X520 1% = Yill§
42 g where X = (X1,...,X;-1), Y = (Y1,...,Y;_1) € R? and

1
4 m

provided % >
1,....,a — 1 are random vectors with || X ||m, [|Y lm < Ym.-

Xj7§/j7 ] =

3.5. Remark. There are several types of constants that we need to keep track of.
Constants C, K will be absolute and may change from line to line. Constants ¢ will
depend on other parameters like moments and will be denoted by ¢(+) to indicate
this dependence.

Proof. For // =1+1 >L+g set
fla,w) = flz,w)(1 + |z
Then by (3.3), if |[x — y| < po = Vd

9
(3.7) 1F(@,0) = Fy@)llp < [1f (2, 0) = f(y,@)|p(1 + |2+~
1 s @)lp|lyl T = |2 n(z) < er[Cr + Co |z — yl|*n(x)
and
(3.8) |1 f(z,w)llp < Can()

where n(z) = (1+]z]*)(1+|z]* )"t and ¢; = ¢1 (s, k, d) < 00 is a constant depending
only on the parameters in brackets. Let By, (p) denotes an open unit ball of radius
p centered at w € R%. A multivariate generalization of a result of Garsia, Rodemich
and Rumsey (see [22], p.60]) states that if g : R? — R satisfies

l9(x) — g(y)|
b (LR dady < Q,,
Loy ¥ = s <

for some continuous strictly increasing functions ¥, o with ¢(0) = ¥(0) = 0 then
for any z,y € Bu(p),

2|z —y| = 4d+1pr
(3.9) l9() — g(y)| < 8 / v (%) 45 )
0 au
where kg = infacru lB‘I(“+BO(1)‘. Choose here ¥(z) = |z|? and o(u) = Wt F
O<u<2
with0<0<m—g and set
|f~(x7w) — fN(y’w”P
[Qu,p(w)]” = / T Ated dzdy.
Buw(p)X Buw(p) |ZIJ y|

Then by the result above together with (3.7) we derive that there exists ¢y =
co(t, K, 0,p,d) > 0 such that for any =,y € By, (p),

(3.10) |f(@,0) = f(y,0)] < 2 Qup(w)|z —yl*
and for 0 < p < py,

(3.11) 1Quslly < c2va(Cy + Caln(w)p—?)
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where
vl = / |z — y|"P~P0=2d o dy < oo
Bo(1)xBo(1)

provided p(k — ) > d. Observe that (3.10) and (3.11) is, in fact, the conclusion
of a multidimensional version of the Kolmogorov theorem (see, for instance, [19],
Theorem 1.4.1) but our argument relies also on the specific estimate (3.11).

Let Zz be the lattice in R¢ with spacing h. The maximum distance of any point
in R? from Z¢ is h@ = hpo. Therefore in the cube of side h centered around
w € Z4 we have

|f (@, 0)] < 1 (w, )] + 2Qunpo () ph’,

and so ) .
|f(z,w)P < 27| F(w, w) P + BQE, . (w)ph b’
Therefore,
sup |f(z,w)|? < 2071 sup [|f(w,w)[” + EQE, . () 1]
rER4 wEZﬁ ’
<22 [|f(w w) P+ QY ()b B
wGZfL

and, using (3.11) together with the estimate Zwezg [n(w)]P < i(d,i,p)h=9,

E[[supga | f(z,w)P]] <277 3, ez | (w,w)I3
+20 o WP S e | Quooe (W)
< ACF + (CL+ C)PhPR] 3 cqg n(w)]P < e5[CF + (C1 + Co)PhPe|h =1

with a constant ¢s = ¢5(d, p, t, k,0) > 0. Making the choice of

h=[eFe]" <1,

~ _d d

E[[Sudp |f (@, w)|P)] < cgCy™ " [Ch + Ca
R

Now set ~

®(w) = sup |f(z,w)|.

rcRd
Then
|f (@, w)| < @(w)(1 4 []F),

and so

[f(Z(w),w)| < @W)I(1 +|Z(w)|").
These yield (3.4) and (3.5) follows by a routine application of the Holder inequality
(see Lemma 3.1).
We now proceed to obtain a Holder estimate on f(z,w). If p(k — J) > d then by
(3.10) and (3.11) in the same way as above for x,y in a cube of side 1,

|f(@,w) = [y, w)| < Cs(w)|z —y|°

with ||Cs(w)|l, < e(k,d,§)(Ci + C2). For such a cube D centered at z we obtain
that

|f(@,w) = f(y,w)| < Cs(z,w)|z — yI°
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with [|Cs(z,w)|l, < cr(k,d,6,0)(1 4 |2|t1)(Cy + Cy). Tt follows that whenever

|[fz,w) = fly,w)| < C* @)1+ |2 T + [y ]|z — y|?

where [|C*]|, < cs(k,d,0,t)(Cy + Cs). Then for some H(w) = cg(d,¢)C*(w) we

obtain the global estimate
f(2,0) = fly,0)| < H@)[L+ ]| 270 + [y 270w — y[°

for all x,y. In particular, by Lemma 3.1,

Hf(Xl7X27"'7Xi717w) - f(Y17}/27"'7}/i717w)”a < ||H(CU)[]. + |AXV|L+2

L L i—1
HY [ 2X =Y Plla < K H|p(1 +73:7) X520 1X5 = Y5llg

provided52%+%+g. O

In our nonconventional setup Theorem 3.4 is applied usually in the form of the
following useful result which in several respects improves Lemma 3.1 from [17] used
in the proof of [18].

3.6. Corollary. Let G and H be o-subalgebras on a probability space (Q, F,P), X
and Y be d-dimensional random vectors and f = f(x,w), x € R? be a collection of

random variables that are measurable with respect to H and satisfy
(3.12)
1f(@,w) = fy,w)llg < Cr(L+ [a]" + [y[) |z — y|™ and || f(z,w)llq < C2(1 + [[*).

Set f(x,w) = E[f(z,)|G](w) and g(x) = E[f(z,w)]. Then, assuming that q > p,
125>9>g and £ > 1 4+ L e have

a — p m

(313) [ F(X(w).w) ~ 9(X)lla < ey (G H)(Cr +Co) Oy P (L4 X[,

where ¢ = ¢(t, k,0,p,q,a,9,d) > 0 depends only on the parameters in brackets.
Neat, assuming 4 > & + “2 + g,

(3.14) [EIf(X.)IG] = 9(X)la < R+ 2¢(Cr + Co)(1+ 2| X[152) |1 X — E[X|G]];

where R denotes the right hand side of (3.13).
Moreover, let x = (v,z) and X = (V,Z), where V and Z are di and d — d;-

dimensional random vectors, respectively, and let f(x,w) = f(v, z,w) satisfy (3.12)
inx=(v,2). Set g(v) = E[f(v, Z(w),w)]. Then

(3.15) IELF(V, Z, 9G] — §(V)lla < c(1+ || X]|2)
% (qp(G, H)(Ch + C2)# Cy 7 + |V = E[VIG]|% + | Z — E[ZIH]])%).
Furthermore,

(3.16) IF (X (@), @) = F(Y (w),w) = 9(X) +9(Y)]a
< cwg (G H) (1 + X502 + (Y1) I1X = Y715,
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Proof. We start with (3.13). Set h(z,w) = f(z,w) — g(z),

Ky = Ciwgp(G,H) and Ky = Coty,(G,H). Then by (3.3) and the definition of

wyp for all z,y € RY and ¢,p > 1,

3.17) Az, w) = Ay, w)llp < @qp(G, H)I(f (2, w) = fy,w)) = (g9(x) — 9(¥))llq
S2K (1 + [l + [yl |z — gl

and

(3.18) [h(z, w)llp < @qp(G, H)I|f (2, w) = g(2)[lq < 2K2(1 + |z[).

These inequalities enable us to apply Theorem 3.4 to h(x,w) (in place of f(z,w)
there) and (3.13) follows from (3.5). .
In order to obtain (3.14) we note that since 1 > g it follows that f(z,w) has an

almost surely continuous modification and taking into account that X = E[X|G] is
G-measurable we obtain that E[f(X,-)|g] = f(X,-). Therefore
(3.19) IE[f(X,)IG) = 9(X)lla < | BLF(X,)IG] = 9(X)lla
+HIES (X, )IG] = E[f (X, )IGDla + [[9(X) = 9(X)la
<A ) =9(X)la + 1£(X, ) = F(X e+ l9(X) = 9(X)|a-
We can estimate the first term on the hand side of (3.19) by (3.13), with X replacing
X and noting that || X||,, < || X]||m. The second term is estimated by (3.6),

(3.20) 1F(X,w) = F(X,0)lla < cCr(L+7 )| X — Xy,

— m

The third term is easily estimated taking into account that by (3.12) and Lemma
3.2,

9(z) = g(y)] < e[l + || + [y[}e -yl
and since 0 < § < k < 1, it follows from Hélder’s inequality that
l9(X) = g(X)lla < e(1 + 921X = X5

For (3.15) we have with V = E[V|G], Z = E[Z|H] and §(v) = E[f(v,Z,-)] and
g(v) = E[f(U, Z, )]7
(3.21) IE[f (V. Z,)IG] = g(V)lla < 1F (V. Z,) = F(V. Z.)|la

HIEFV, Z,)19] = g(V)lla + 19(V) = g(V)|a-
The first term in the right hand side of (3.21) is estimated by (3.6) similar to (3.20).
Observe that f(v, Z,-) is H-measurable, and so we can estimate the second term in
the right hand side of (3.21) by (3.14) with V', dy, f(v,w) and g(v) in place of X,
d, f(z,w) and g(z), respectively. The third term in the right hand side of (3.21) is
estimated by first using (3.12) to obtain

50) — 50| < Ellf(v,2,7) — £(0,Z,)]] < E[(1 + ol + |2 + | 21| — Z)")
and then substituting V' in place of v there. Finally, by (3.17) and (3.18) we can
apply (3.6) which yields (3.16). O
3.7. Remark. We will always work with a,m,p,d, ¢ that satisfy p(k — ) > d =
(¢ —1)p and
L+ 2
m

(3.22) >1pr2y

SHE—
>

K=



16 Yu.Kifer and S.R.S.Varadhan

Note that m > 224*2) and m > MJ?)-
p—a 1—a

Next, we recollect some notations relevant to what follows.

(323) -Fi,mr = Fim,'r(xlax%nwxiflaw)
= E[F($1, Loy .oy Li—1, X(?’L))|}—n_r,n+r],
El,n7T = Film,r(xl’ xo,. .. ,xi_l,w)

= E[E,n,r(mla L2y ooy Lj—1, X(Tl))|.7:0,l],
Fil,n,r,r’ = Fil,n,r - El,n,r’a XT(n) = E[X(n”]:ﬂ—?“,ﬂ-i-f’]v
ni,qi(n),r = Fil,r,qi(n) (XT’(ql (n))v s 7XT(Qi—1(n))a UJ),
Yiqn) = Fi(X(q1(n)), ..., X(qi(n))) and
Yim =0 if m#gq(n) foranyn,
Yvi,qi(n),r = i,qi(n),r(X’r(ql (TL)), cee 7X’r(qi71(n))7w) and
Yimr=0 if m#¢q(n) forany n.
In particular if I > q¢_1)(n) + 7,

(324) E[Yvi,qi(n),T’LF*OOJ] = né,qi(n)

In order to exploit our mixing conditions it is important to approximate the
random variables X (n) by X,(n) and random variables Y; ,, by Y; ., . In order to
justify the approximations, we need to estimate the following quantities
(3.25)

||Y;,n,'r||a7 HE[K,n,rL/Tfoo,l]Ha» ||Y;,n,'r - Y;,n,'r’Hav and HE[Y;,n,'r - Y;,n,'r’|-7rfoo,l]||a

which can be done either directly via Theorem 3.4 or relying on Corollary 3.6 but
in order to apply either of them we will need the following estimates.

)T.

3.8. Lemma. Forz = (z1,...,%i-1), ¥y = (v1,...,Yi—1) and any choice of p, ¢ and
l+r<n,

(3.26) 1B (@, @) [p < K (L4 (|21 + ),

(3.27) 1Eiinr(2,0) = Finr (Y, ) lp < KL+ [z + [yl + ) llz = ylI",
(3.25) 1EL ()l < KUt 2] + 7 ) @00 — L= 1),

and

(329) ||El,n,r(x7w) - F‘il,n,r(yaw)Hp

S KA llz]" + lyll* +g)lle — yll @y p(n =1 = 7).

Proof. These estimates follow immediately from the definition (2.2) of the mixing
rates @y, and Lemma 3.2. O

3.9. Lemma. Let p,a,m and q be related as in Remark 3.7. Then for any n > r,
||Y;7n,’f||ll S Kc(d7p7 /g’ 97 La Ll)c(’\/m)'
Proof. We combine (3.5) with (3.26) and (3.27) to derive the above estimate. [

We can now apply Theorem 3.4 to conclude that
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3.10. Lemma. Let p,a,m and q be related as in Remark 3.7. If ¢ > 1 and g;(n) >
7+ 1 then

||77£7qi(n),r||a < C(dvpa K, L)C(’Yma 'th)wq,p(%'(n) -r-= l)

Proof. We apply Theorem 3.4 relying on the mixing estimates (3.28) and (3.29) to
conclude that
3 (z,w)] < C(w)(1 + |z|"T1) a.e.

i,q; (n),r
with [|C(w)]lp < c(YmsVqe) @q,p(gi(n) —r —1) and then use Lemma 3.1 to complete
the proof. O

3.11. Lemma. Letn > 1+7rV 1 and suppose that o < 1, a < k and 2« < q. Then
with § = (1 — p%) and + >

17 sty = Moyl < €(ds Py 5 )0V, Y200, Vaam )
xwqp(gi(n) —r V' =1) x [[B(g,r)]° + [B(a,7")]°]].
Proof. We reduce the problem to the estimation of || Z1||, + || Z2|l« Where
Zl = F‘il,qi(n),r’(X”‘,(ql (’I’L)), cee 7X7"(q7;*1(n))7 C(J)
- Fil7q,i(n0,r(XT” ((h (n))a s 7XT/(Qi—1(n))7w)
and
Zy = F 4, () (X (@1(n); - - X (gi-1(n)), )
- El,qi(n),r(XT(ql (n))a s 7XT(qi—1(n))7w)'
For the first term Z; we note that by the mixing property,
HFil,qri(n)J,r’(m?w)Hp S w(I:P(qi(n) —rV T/ - l) ||E,q¢(n),r7r’(x7 W)”q
where = (x1,...,x;—1), and by the triangle inequality
HFi,q'i(n),nr’ (%W)Hq < HF‘i,lh(n),r(xv UJ) - E(xv X(QZ(n))”q
+ 1F5 g5 (n) v (2, w) = Fi(2, X (qi(n)))lq-
If Y is G measurable then for any ¢ > 1,
I[X = E[X|G]llg = X =Y = E[X|G] + Yl
<X =Yg+ [[EX - Y|G]llg < 2[X =Yg
Therefore from the Holder condition on F and Lemma 3.1,
1 g: (n),r (2, w) = Fi(w, X(g:(n)))llq < 2[|Fi(x, Xr(gi(n)))
—Fi(z, X (g:(n)llq < 1K1+ [2]" + [ X (g (n)]" + | X (gi(n))[']
x| X (gi(n)) = X(gi(n)"llg < K(1+7aeen— )[B(g, )]

Finally,
||Fil)qi(n)’r,'r"(x7w)||p S K(l + ||x||" + C(Py?q’f”y%)
Xwqp(gi(n) —rV ' —1) [[5(% )] + B(q, 7"/)]&}
and

1 gy (22 90) = F gy e (05 0) [
<K@+ [lz]]* + lyll +vg)@gp(gi(n) —r V' =Dz -y~
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Observing that kK — a < 1 we can now apply Theorem 3.4 with
C1 = c(Yq)@qp(gi(n) =7V 1" —1) and
Cz = c(V2qu Vawsn )@qp(@i(n) — 7 V' = 1)[B(g, 7)]*] + [B(g,7")]°]

I—a

to conclude that
a appl—-2L
1Z3lla < €z Tms Yatin V(i) = v ' = D) [[8(a, )]+ [Bla )] 7

provided ¢ > & 4 45, Now we turn to Z» obtaining similarly to the above that
||Fil,qi(n),r($7w) - F‘il,qi(n),r(ya w)llp

< @ep(@i(n) = 1 = DI Fi g n)r (@, 0) = Fig,(n),r (4, @)l

< Kwgp(gi(n) —r = D+ =] + lyll* + vg) [z — gl
and

1F g1 (@, )l < Kaogp(gi(n) —r = DL+ ||z +7q.)-
In view of (3.1) of Theorem 3.4, if 2 > L 4 22 4+ 2 p(x —§) > d then

1Zlla =I1FL sy 0 (Xl (), - X (G1-1(n)), )
— F oy (X (@ (1)), X (gi-1(n)), w) o
< Kwgp(i(n) = V1’ = De(ym, v24.)18(a,7))°

Therefore with the choice of 6 = a1 — %),

1Z1]la + [ Z2]la
< e Vo Vagen) @y asln) — v o7 = ) [[Blg. ) + Bla. ).
0
3.12. Lemma. Let 6 = o1 — 1%) <1- z% and «, a satisfy conditions of Lemma
3.11. Then
(3'30) ”Yi,qi(n) - Yi,qi(n)m”a < 0(7%77%)[5(% 7’)]6'

Proof. We decompose the difference into two pieces,
1Yiq:n) = Yigim)rlla < [1Yigi(n) = Fi(Xr(q1(n)), - ., X (gi(12)l]a
+ 1Fi (X (qi(n), - .-, X(¢:(n)) = Yig,(n),rlla = T1 + To.
From the Holder continuity of F; we obtain
Ty <O+ D 1X (g ()] + D 1Xr(a5 ()] D 1X(g5(n) = X (g5 (n))]"|a-
j=1 j=1 j=1
We can now use Lemma 3.1 to conclude that for § < x and ad < ¢,
T < e(Yasurn )[B(g, )’
On the other hand,
Ty = ||Gigi(n),r (X (q1 (1)), oo, X (gim1(n), )l

where
Gim,r(z,w) = Fi(z, X (m)) — E[Fi(z, X (m))|Fm—rm-r]-
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Now,
1Giqi(n),r (T w)lp < 2[|Fi(@, X (q:(n)) — Fi(z, Xr(¢:(n)))llp
<2K|[(L+ [a]* 4+ [ X (qi(n)|" + [Xr(gi(n))[) | X (gi(n)) — Xr(gi(n))]" |
< K(1+ clyumen) + ol ) 3, 7))
provided o < k and ¢ > pa. On the other hand,
1Ginr(@,w0) = Gipr(y,w)llp < K1+ |2|" + [yl + )|z — yl”.
From Theorem 3.4, if px > d, this provides the estimate
Ty = |G i (n),r (Xr(q1(n)), - .., Xi(gim1(n)), w))la

_d
< e(Vpattn 5 Yaat+n) )[B(q, T)]a(l )
p—a q—a

= C(’ypa(u-l) ,’yaq(L+51) )[ﬁ(q, T‘)]é.
p—a q—a

4. LIMITING COVARIANCES

In this section we will study the asymptotical behavior of covariance
1
Dij(N;s,) = Bln@n®Ol =5 >, Y. EliamYigo)
1<n<Ns 1<I<Nt

of the processes {&; n(t)} defined by (2.21) and (2.22) where Y] 4.,y is given by
(3.23). We will show that the limits

Di,j (S, t) = ngnoo Di’j (N, S, t)

exist and D; ;(s,t) = min(s,t) D; ; where the matrix {D; ;} is determined by the
results below.

4.1. Proposition. For any i,j =1,2,....k and s,t > 0 the limit
Jim & v ()€ v (1)] =

1im% 3" E[F(X(n), X(2n),..., X (i) Fj(X (1), X (21), ..., X (j1))]

N —o00
0<in<Ns
0<jI<Nt

exists and equals D; ; min(s,t) which is calculated as follows. Let v be the greatest
common diwvisor of i and j with i = vi’, j =vj' and i’,j' being coprime. Set

A (@i, @iry oo Toir, Yjr, Y250 - s Yogr) = /Fi(xlw-wxiflaxi)

X Fiy--oviny) 1 des) [ delyer)

og{i’2¢,...,vi'} o' ¢{3",25",-..,vi"}
and
(4.1) a;;j(ni,ne,. .., Ny) = /Ai7j(x1, e Ty Y1y Yu) H A, (To, Yo ).
o=1
Then -
D, ;= % Z a; ;(u,2u,...,vu)

U=—00
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where

a; ;(0,0,...,0) = /Ai,j(a:l,...,xv,xl,...,xv) H du(zs)

o=1

and the series for D; ; converges absolutely.

This is essentially a straightforward but long computation carried out in a few
steps, each one formulated as a lemma. We will first derive some uniform bounds
on D; ;(N,t,t) A key step is to get for any pair ¢, 7 an estimate on

bij(n, 1) = E[Y; q.(n)Yja; 0))-

If [n — 1] >> 1 then either ¢;(n) or g;(I) will be much bigger than all other g;(m)
and ¢;(m) which together with the mean 0 condition on Fj, Fj and estimates of
Section 3 will make then this expectation small as shown in the following result
which will be used also later on.

4.2. Lemma. There exists a nonincreasing function h(m) > 0,
with Y7, h(m) < oo, such that for any i,j =1,2,...,¢,

(4.2) sup  |bi(n,0)| < h(m)

n,l:sq 5 (n,l)>m
where s; ;(n,l) = max(§; ;(n,1),3;:(,n)) and & ;(n,1) = min(g;(n) — g;(I), n).
Furthermore, there exists a constant C > 0 such that for allt > s > 0 and 1 =
1,...,4,

(4.3) sup E|& N (1) — & n(s)> < O (t— s).
N>1

Proof. First, observe that for i =1,.... k,
(44)  ¢(n)—¢g-1(n)=n and s;;(n,l) =min(i|n — |, max(n,l)) > |n — |

where in the first equality we set go(n) = 0. On the other hand, if ¢ > k+ 1 then it
follows from (2.10)—(2.12) that for any € > 0 there exists n. such that for all n > n,
andn >12>0,

(4.5) () —qgi1(n) >n+et g(n) —ql) >n—1+e
and so
(4.6) sii(n, 1) >min(n —l+e7 1 n) >n—1.

Now, assume that ¢;(n) — ¢;(I) > 0 and n > nq so that we will use here (4.4)-
(4.6) with ¢ = 1 while only in Proposition 4.5 these estimates will be needed for
all positive . Set r = 2s;;(n,1) = £8; ;(n,1). If we replace Y; 4, (») and Y} 4 o) by
Y;

i (n),r and Yj o gy - defined in (3.23) then the difference between b; ;(n,[) and

bff}-) (n,0) = E[Y; g, (n),rYi,q;).7)

can be estimated easily using the approximation estimate of Lemma 3.12 which
gives

1687 (1, 1) = b5 (0, )] < (s Yapieen) ) [B(, 7).

2—pa
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On the other hand, by (4.4) and (4.5) we see that in our circumstances min(g;(n) —
¢;(1),¢(n) — gi—1(n)) > §; j(n,1), and so by Lemma 3.10,

18 (0, 1) = | EY. g, () 0 Y 11|
= |E[E[Y: ¢ 0,1 F0,0:0—r) Vi) | < N5 (X (D), -, X (g5 (D)) L2 )
X”E[ i,qi(n) r|-7:0,q1 (n)— T]HLz(P < Cwy, p(ésij(n 1)).

We can always estimate |b; ;(n,l)| by |b (n 0y —bi;(n, )|+ |b (n 1)|, so that

1 (1,11 £ C (0 (5500, 0) + 800, 551 (1. D))°).

Now, observe that if n < n; and ¢;(n) — ¢;(I) > 0 then
sij(n,l) < Lo = max<£%'(n) and | <n;+ L.

nng, 1<

Hence, in order to satisfy (4.2) we can take

h = b: s l
07) = B 1y 2 (121

for m < Lq while for m > L we define
1 1
hm) = C(@yp(5m)) + (B(a: [;m])°).
Finally, by (4.4) and (4.6) for t > s > 0,
EH&W@) - fi,N(5)|2] < % ( Zngngt bii(l,1) + 2 ZNnggf:ft [bi.i(n, l)|)

<¥ 2 Ns<I<Nt (BY? +2 > onsip b(n — 1) <Ct
provided N(t — s) > 1 and the result follows. O

Next, we will need a result which will be formulated in a somewhat more general
situation. Let H(x1,22,...,24) be a function on (RY)? that is continuous and satis-
fies the growth condition |H (x1, 2, ..., zq)| < 14>, ||z;||* for some ¢ > 1. Suppose
that {Y(n) : n > 1} is a stochastic process with values in R” and there exists an
integer m > 1 such that for any I < m the distribution of {Y(n1),Y (n2), - Y (n;)}
depends only on the spacings {n; —n;_1}, I = 2,...,1 between them. For [ > 2, we
denote this distribution by pg where S'is a set of [ — 1 positive integers prescribing
the spacings between the [ integers. We assume that all {Y'(n), n > 1} have a
common distribution p and that the integrability condition [ ||z|‘du < oo holds
true. For some p,q > 1 and a nested family of sub o-fields F,, , as above assume
the mixing condition

wWep(l) = sup wgp(FosomsFnee) — 0 as | — oo,

m—n>l

and the localization condition
lim Sup [Y(n) — E[Y(n”}—nfr,nJrr]”M(P) =0.

rTr—00
Let n1 < no < ... < ng be a sequence of integers that tend to oo with some of
gaps {n;+1 — n;} tending to infinity while others are kept fixed. This splits the set
of integers 1,2,...,d into a partition P consisting of blocks B; of different sizes.

The pairwise distances between integers in each block B; remain fixed (so it can be
viewed as rigid) while the distances between different blocks tend to co. We assume
that each block B; consists of at most m integers. Let m; denotes the number of
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integers in a block B; and S; denotes the set of spacings in Bj, i.e. sequence of
m; — 1 positive integers representing pairwise distances between successive integers
in S;. Let the distribution pp on (R')¢ be the product measure

pp =1 us;
over successive blocks.

4.3. Lemma. Assume that {n;} goes to infinity with rigid blocks determined by P.
Then
lim  E[H(X(n),...,X(ng))] :/H(xl,...,xd)dup

N1 yeneyNg—00

where the limit is taken so that the sets S; of spacings in each block B; remain fived
while the gaps between different blocks tend to infinity.

Proof. First we note that because of the growth and integrability conditions we can
replace H by H¢ where ¢ is a continuous cut off function with compact support.
The error is uniformly controlled on either side. We can then approximate H
uniformly by a smooth function. In other words we can assume without loss of
generality that H is a bounded continuous function supported on some ball of
radius L with a bounded gradient. We prove the lemma by reducing the number
of blocks by one at each step. The last gap that tends to oo cuts off a block

= {ng41,...,nq4} at the end with a rigid spacing S between integers in the
block. We will show that
(4.7) olim E[H(X ()., X (ng))] = 0
"P gixéid
where
ﬁ(xl,mg,...,xd) = H(z1,x2,...,24)
- IH(xl,l'Q, sy Td sy Xd ALy ,Z'd)d,us(xd/+1, R axd)'

This will reduce the number of blocks by one, replacing H by
H1($1;m2; R 7xd/) = /H(le,l‘z, sy Ld s Tdr 41y - 7xd)d:us(xd/+17 s ,$d>.

The step by step reduction will end when only the first block B; with spacings
S1 remains and since it is rigid we can integrate it out with us, and end up with
J H(z1,...,24)dup which will complete the proof of the lemma.

The function H is also bounded with a bounded gradient. Therefore,

|H(X(n1),...,X(na) — H(X,(n1), ..., Xp(na))||
< Osgp [ X (n) = X ()|, Py = 0

uniformly over all nq,...,ng as 7 — oo. To establish (4.7), it is therefore sufficient
to prove that
(4.8) lim limsup E[H(X,(n1),...,X.(nqg))] =0.

=X ny,..ng—00

Observe that
E[ﬁ(Xr(m),---,Xr(nd))]: BIE[H(X:(m1), ..., Xr ()| F—con 4]l
EGr(Xr(n1), ..., Xr(na), w)]
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where
Gr(1,. oy, w) = BIH (@1, 2, X (Mg i1)s ooy X (1)) | F om0
To prove (4.8) is clearly sufficient to show that
’r]i»l’go E[ sup |Gr(21,...,20,w)|]] =0.

Tlyeees gl

Since |VoGylloo < IVaH oo < |[VaH ||so, there is a uniform bound on ||VG,.||. We
can therefore estimate

sup |Gr(x1,...,2q,w)] SC/|Gr(x1,...,xd/,w)|dgcl---dxd/.

T1yeees gt
Taking expectations and observing that G, vanishes outside a ball of radius L,
E sup |Gp(z1,...,2¢,w)| <CLY sup E|G,(x1,... 24, w).

L1y T gr L1,y T g/
If ng'y1 — nar > 2r then by the definition (2.1) of the dependence coefficients w,

sup ||Gp(x1,. . 2, w) — He(x1, ..oy za) |1 € 2Wo01(Nar41 — nar — 27) || H | o

TlyeeesXgr

where

~

Ho(z1,...,20) = E[H(z1,..., 20, X,(ng11), . . ., Xr(nq))]
while R R
H(xl, AN ,xd/) = E[H(xl, cee ,xd/,X(nd/+1), e ,X(nd))] =0.

Since H has a bounded gradient,
|B[H (1, 2, X (nar41), -, X (na))] — B[H(z1,...,za,
Xo(nar11), - -, Xr(nqg))]| < Csup, E|X (n) — X,(n)| = e(r) — 0 as r — occ.

Taking into account that wee 1(1) < wp (1) — 0 the lemma follows from the above
estimates. (]

4.4. Lemma. For any i j <k and s,t > 0 and integer u, the limit

4
(4.9) th — g bij(n,l) = Umln(s )cj(u)
> 0<in<Ns ']
0<jI<Nt

in—jl=u
exists where v is the greatest common divisor of i and j. For any multiple of v,
(4.10) ¢ij(vu) = a4 5(u, 2u, ..., vu)
with a; j defined by (4.1). If u is not a multiple of v then ¢; j(uw) = 0. Furthermore,
Umln(s t)

(4.11) hm N Z bi j(n,1) I Z cij(u)

0<in<Ns —oco<u<oo

0<jI<Nt

amd the series in the right hand side converges absolutely.

Proof. Tt is clear that if w is not a multiple of v there are no solutions of the equation

in’ — jlI' = u so we can replace u by vu. Combining the indices n,2n,...,in and
[,2l,...,70 and ordering them into a single sequence we obtain employing Lemma
4.3 that

Im ni—oe b;;(n,) =lm wi—e E[F;(X(n),X(2n),...,X(in))

in—jl=vu in—jl=vu

< F(X(1), X(20), ..., X(G1)] = aij(u, 2u, . .., vu).
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If v is the greatest common divisor of ¢ and j then i = va and j = v@ with « and
[ being coprime. Since all the gaps in either sequence above go to oo, we can have
blocks of size more than one only by pairing two members from different sequences
and therefore the rigid blocks of Lemma 4.3 can be of size one and two only. If we
start with (n,l) such that an — Sl = u, their multiples (amn, fml), m = 1,...,v
with amn — fml = mu will give v blocks of size 2. There can not be any other.
Indeed, if (a,d) is a pair of integers which is not an integer multiple of («, 5) then
taking into account that o and [ are coprimes we conclude that |an — bl| — oo
when n — oo preserving an — 3l = u fixed. To complete the proof of the lemma
we need to count the number of integer solutions of in — jl = vu or an — Bl = u
with avn < Nt and pvl < Ns. The set of solutions for any u is obtained by
shifting the set of solutions of the homogeneous equation an — Gl = 0 by a fixed
solution of the above nonhomogeneous one. Therefore, with our constrains their
numbers can differ at most by a constant. In the homogeneous case the solutions
are precisely those m = in = jl that are multiples of va3. Their number is integral
value of Nminits} _ Numin{s.t} = Tpig proves (4.9) while Lemma 4.2 and (4.9)

vaf ij

imply (4.11). O

Finally we turn to & n(t) with K +1 < i < {. We will see in the next section
that, in fact, their limits in distribution {n;(-);4 > k+ 1} are mutually independent
processes which are also independent of the processes {n;(-); 1 < i < k} but here
we deal only with their variances and covariances.

4.5. Proposition. Fori > k+1,
(4.12) my oo B (&, v (s)&n (1))
=min(s, t) [ (F(z1,22,... ,a:i))Qd,u(xl)du(mg) cedp(ag).
Moreover, for any t,s and j <1, 1> k,
(4.13) Jim B(& (g (5)) = 0.
Proof. Tt follows from (4.6) that
sii(n,1) > min(jn — 1| + e~ max(n,1)) if max(n,l) >n. and n #1,
and so by (4.2),
bii(n,l) = 0 as max(n,l) — oo so that |n —1I| > 1.
Therefore for any fixed L > ng,
W SUP N o0 3 Doy <picrny o |00i (0 D] <2737, 1 h(m)
+limsupy_ o & > 1<inn<t |bii(n, )] =217, 5 h(m).

We now let L — oo and since ) | h(m) < oo it follows that lim sup in the left hand
side above equals zero, i.e. the off-diagonal terms do not contribute in (4.12). It
remains to deal with the diagonal terms b; ;(n,n). Since gj(n) — gj—1(n) — oo for
7=2,3,...,0 asn — oo it follows from Lemma 4.3 that

(4.14) lim b;(n,n) :/(Fi(xl,...,xi))Qdu(xl)...du(xi)

n—oo

proving (4.12).
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Next, we deal with (4.13). Relying on Lemma 4.2 we can estimate for any € > 0,
(4.15) [E&in (1)), (5)]
< |B& N (eT)8&n (s)] + |E (& n (t) — &in (eT)) &5 (5)]
< (EfiN(ET))l/z (Esz,]v(s))l/z + % ZaNTgngNT,lglgNT |b¢,j(n, Dl
<CTve+ % ZsNTgngNT,lgngT h(si,;(n,1)).

Since i > j and i > k then by (2.12) we can choose N(g) > e 1T n. such that
¢i(n) — q;(1) > e~! whenever N > N(g),n > eNT, | < NT and, moreover, by
(4.5),

sij(n,1) = min(gi(n) — g;(1),n)
> min(q;(n) — ¢(eNT) + e, n) > min(n —eNT + &1, n).
Hence,
1
~ > h(sig(n,))<T > h(m)
eNT<n<NT,1<IKNT m>min(e~1,eNT)
and letting, first, N — oo and then € — 0 we derive (4.13) from (4.15). O

5. PROOF OF THE MAIN THEOREM

The proof of Theorem 2.2 relies on martingale approximations and martingale
limit theorems but we will need several modifications in our situation. We begin
with the following result which can be found in various forms in the literature (see,
for instance, Section 2 in Ch. VIII of [16] and close versions in Theorem 18.2 in
[2] and Theorem 4.1 in [14]). Let {Un, : n > 1} be a triangular array of random
variables satisfying the following conditions,

B1. {Un,} is adapted to some (Qn,Gnn, Pn);
B2. {Uy,,} are uniformly square integrable;
B3. |[E[Unm|Gn.n]ll2 < c(m —n) for all N, n < m and for some sequence c(k)
satisfying > "=, c(k) = C < oco.
B4. For some increasing function A(t),
i 3 Wi~ AW =0

N—oo N
1<n<Nt

where
WN,n = UN,n + Z E[UN,m|gN,n] - Z E[UN,m|gN,n—1]-

m>n+1 m>n
Observe, that Wy ,,, n > 1 is a martingale differences sequence provided B1-B3
hold true.

5.1. Theorem. Under assumptions B1-B4,
1
fN(t) = = Z UN,n
VN 1<n< Nt

converges in distribution on D[[0,T]; R] to a Gaussian process &(t) with independent
increments such that £(t) — &(s) has mean 0 and variance A(t) — A(s).
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We need however to strengthen the theorem a little bit in our context. First we
note that the condition B4 can be replaced by the weaker condition

1

. 2 .
(5.1) Jim — S EWE) = A0)
1<n<Nt

as can be seen from the following result.

5.2. Lemma. If for a fixed | the random variables
VN, = (Zr(l71)+1<n<rl UNJL)2 satisfy a uniform law of large numbers in the sense
that -

T

) 1
lim sup supE[|; Z (VN nti — E[VNnil]l] =0,

T—00 N

then (5.1) implies B4.

=1

Proof. We begin with the observation that if 7,, n > 1 are martingale differences
adapted to any filtration G,, and they are uniformly integrable, then % Zf:f:l M — 0
in Li(P). To see this, we approximate 7, in Li(P) by 7, that are uniformly
bounded. The latter may not be a martingale difference but it can be written as
Nn = Mo+ With |9, 2, (p) < |90 — Tl £, (p) and 7, being a martingale difference
with a uniformly bounded second moment. We will now compare

An(tw) =+ 3 ()

n<[Nt]
with block sums over B, = {n:rl+1<n < (r+1)i},
1
Aé\;(t,w) =N Z ( Z 7771)2
r:B,.C[0,Nt] n€B,
The difference involves the cross terms

AlN (t,w) — An(t,w) = % Z Z M Tm -

r:BrC[0,Nt] m>m

,mEBy
> Matim

n>m
n,meBy

is a martingale difference adapted to G,; and therefore for fixed [,

It is easy to see that the sum

1\}21100 ||AlN(t7w) - AN(ta uJ)HLl(P) =0.
Since EF[An(t,w)] = EF[AY (t,w)], it follows immediately that
msupy o [|An (8, w) = EP[AN(t,w)]l|1, (p)
< lirnsupN~>oo HAé\/(t?w) - EP[AN(tﬂ w)]||L1(P)'
On the other hand, WN,n - UN,n - RN,n—l + RN,na where
RN,n = Z7n2n+1 E[UN,m|gN,n]a and
Z Wy = Z UNn — Bnji + Ry vy
neB, neB,

By our assumption the squares of the block sums Vy, = (3, c B U N.n)? satisfy a
uniform law of large numbers in Ly (P). The differences between the two block sums
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come from the correction term and their second moments are uniformly controlled.
Therefore their contribution is at most % Hence,
limsup limsup || Aly (t,w) = EX[An (t,w)]|| £, (p) = 0
l—o0 N—oo

and the lemma follows. O

5.3. Remark. Let the filtration F,, , satisfiy any mixing condition, i.e. w (k) —
0 as k — oo. Then any collection of uniformly integrable random variables { f,,(w)},
with f, being F, k n—r measurable for some fixed k, are easily seen to satisfy the
(centralized) law of large numbers. It is obvious for uniformly bounded {f,} and
we can always approximate our {f,} uniformly in L; by uniformly bounded ones.

5.4. Corollary. If we have a family of triangular arrays and the conditions of
Theorem 5.1 are valid uniformly over the family then the limit theorem is also valid
uniformly over the family.

Proof. The proof is by a routine contradiction argument. If the family is indexed
by « and the limit theorem is not valid uniformly, then for some choice apy that
depends on N the limit theorem fails to hold. But this is just another triangular
array and, by the uniform validity of the assumptions, the limit theorem has to
hold. O

5.5. Remark. One way to generate new triangular arrays for N = 1,2, ... is to take
a sequence of sub o-fields, Gy iy, a sequence of sets By € Gy, with Pyn(By) >
d > 0 and to consider (Qn,Gnn, Unn, Pn,By), 7 =1,2,... where Gy, = ON kn+n,
UN,n = UN ky+n and the measure Py g, is defined by

Py (F n BN)
P, N=—— =
~,By () Pr(By)

It is easy to see that U, are again martingale differences, for each fixed § > 0
uniform integrability under Py g, is inherited from the same property under Py
and the condition B3 of Theorem 5.1 holds uniformly over this family, as well,
provided ky < C'N for some C. Otherwise, it has to be checked again. The limit
A(t) will of course vary depending on the behavior of kWN If %" — 1o then A(t)
gets replaced by A(t + to) — A(to).

This observation leads to the following theorem.

5.6. Theorem. Let X be a complete separable metric space and for each N > 1
let Fy(w) be a X-valued and G i, -measurable random variable. Suppose that the
distribution Ay of Fx under Py converges weakly as N — oo to X on X and
%" — to. Let the conditions of Theorem 5.1 hold true and set

éN,kN(t):\/—lﬁ S Une

kn+1<n<kn+Nt
Then the joint distribution of the pair (Fn,En kn(+)) converges on X x DI[0,T] to
the product of A and the distribution v of a Gaussian process with independent
increments having mean 0 and variance A(t + to) — A(to). In particular, any limit
in distribution of

()= —= Y Una

1<n<Nt
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is always a process with independent increments. We can drop the assumption that
kWN — to provided we can verify that for some A(t),

. 1
A}E}lm HN Z W3 = AWM)|l L, (pyy =0
kn+1<n<kn+Nt

Proof. Since the conditions of Theorem 5.1 are satisfied here, £y, converges in
distribution as N — oo to a Gaussian process with independent increments whose
distribution we denote by . Now, if pyx denotes the joint distribution of F and
EN.ky () the convergence of the marginals implies the tightness of uy. Taking a
subsequence if necessary, we can assume that py has a limit p with marginals A
and v. We need to prove that p = A x . It is enough to prove that if £ C X
and F C D[0,T] are continuity sets of A and =, respectively, then u(E x F) =
AE) x y(F). We can assume without loss of generality that A(E) > 0. Set
By ={w: Fn(w) € E} then Py(By) — ME), and so Py(By) > 3A(E) > 0 for
N large enough. In view of Remark 5.5, {n k (+) converges in distribution under
Pn.By as N — o0 to a Gaussian process with independent increments and since,
clearly, under Py, g, we have convergence in B4 to the same A(t) = A(t+to)— A(to)
as under Py, it follows that the distribution of {x g, (-) under Py g, converges to
~. In particular, since F' is a continuity set,

pN(E % F)
Py py{w:énry () € F} = “Pn(By) — y(F).
Since E x F is a continuity set of u, this proves that % =~(F). O

5.7. Corollary. Assume that we have a triangular array consisting of Gn.n-
measurable random wvectors Uy, @ Q@ — R and that each linear combination
(N, UN n) satisfies the assumptions B1-B4. In particular,

. 1
dm I D0 AW = A AON ) = 0.
1<n<Nt

Then
§N<t>=¢iﬁ S Uaa

kn+1<n<kn+Nt

converges in distribution on the Skorokhod space D[[0,T]; RY] to the Gaussian pro-
cess n(t) with independent increments taking values in R?, having mean 0 and
covariance

B[(An(t) = n())*] = (A, (A(t) — A(s))N).

Proof. By the results for the scalar case, the distribution of (u,n(¢)) converges to
a Gaussian process with independent increments. This implies compactness of the
distributions of the vector process {n(-). Let @ be a limit point of distributions
of £n and let n be the corresponding limiting vector process. By the above for
each constant vector u the distribution of the increments (u,n(t) — n(s)) must be
Gaussian and, therefore, by the Cramér-Wold argument, n(t)—n(s) has under @ the
d-dimensional Gaussian distribution with mean 0 and a covariance matrix {4, ;(t)—
A; j(s)}. Moreover, by Theorem 5.6, under @ the random variable (u,n(t) —n(s))
is independent of {n(7) : 7 < s} for every t > s and u € R?. This is sufficient



Nonconventional limit theorems 29

to determine @ as the distribution of a Gaussian process 7)(t) with independent
increments taking values in R? having mean 0 and covariance

El(ni(t) — mi(s)) (0 (£) = 1;(s))] = Ai 5 () — Ai ()

and establish that the distribution of

En(t) = ¢_ Y. Una

kn+1<n<ky+Nt
converges to @ on the Skorokhod space DI[[0, T]; RY]. O

Next, we break the proof of Theorem 2.2 into several steps and use the following
representations

(5:2) Yigm) = Yiqma + X1 Viam .2 — Yigm.2r1l,
Gi,No(t) = \/_1ﬁ 21<n<my(Nt) Yigi(n), 15
Ginr(t) = \/_1N ZlgngMi(Nt) [Yi,qi(n),Q* - Yi7qi(n)72T—1]a7“ >1
and & () =300, Ginr(t)
where M;(u) =w if i > k+ 1 and M;(u) = u/i for i = 1, ...,4. First, we establish

5.8. Proposition. For each fixed u, as N goes to co, the partial sums

61 N Z CZ N, T’ = Z }/i7q,i(n)72“

1<n<M;(Nt)

form a tight family of processes on the Skorokhod space D[[0,t]; R]. All the limit
points are Gaussian processes with independent increments. The second moments
are uniformly integrable so that the covariance of the limiting Gaussian process
can be identified as the limit of the covariances of the corresponding approximating
processes along the subsequence.

Proof. We note that Y 4, (n),r 18 F_ oo q;(n) 4 measurable. In order to apply Theorem
5.1 with Gn.n = F_oo,q;(n)+r We need to verify the conditions B1-B4. With such
choice of Gy, B1 is clearly fulfilled. To verify the uniform square integrability
of {Y] 4.(n),r} We observe that the uniform square integrability of any family {Z,}
implies the uniform integrability of { E[Z,|G]} as a and G vary. The distribution of
{X(n)} is the same for all n and therefore by our moment condition, | X (n)|?* are
uniformly integrable. Using the bound |F| < C(1 + > |z;]*) it is easily seen that
{Yi,¢:(n),r} are uniformly square integrable. To control ||E[Y 4, n),r|F-occ.]llL.(P)
note that by (3.24) we can use Lemma 3.10 for ¢;—1(n) + r < [ which yields the
estimate

IE[Y: g, n)r| Footlllz = 1 41 ) 2 < (ds 0, 5 1) e(yms Vo) wq,p(qi (n) — 7 = 1)
provided g;(n) > 1+ r. On the other hand, if ¢;—1(n) +r > [, we can write
HE[Yi,qz‘(n),Affoo,l]”? < ||E[Yi7qz’(")7r|'7:—00,qz‘—1(n)+r]”2
< C(d,p, K, L)c(’\/mv PYqL)wq,P(qi(n) - Qifl(n) - 27')
< c(d,p, 5, 1)c(Ym, Yo )@q,p(n — 2r)
whenever n > 2r and n > n* = n*(i) = min{m : ¢() — ¢—1(l) > IVl > m}

observing that n* < oo by (2.12). Assuming that ¢ > p, we can always bound w, 4
by 1. Therefore, choosing ¢(n) = 1 for small values of n (there are at most n* 4 2r
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of them) and estimating c(n) by either ¢(d, p, &, t)c(Vm, Vg )@q,p(¢:(n) —r —1) or by
c(d, p, k, L)e(Ym s Yqu)@q,p(n — 21) we arrive at B3 with the estimate

Zc(k) < [n” +2T+22wpq )e(d, p, &, L)e(Ym, Yau)-
n=0 n=1
If we set
zm'r: Z E 1nr|~7:7<>om]
n>m-—r
then it follows from the above estimates that
(53) Sulp ||Ri,l7rH2 S 2(71* +7r+ e(pv q))C(d,p, R, L)C(Wma P)/qL)

where 0(p, q) is given by (2.14). It is now clear that W; . » = Yi n—rr + Rint1,r —
R n,r is a martingale difference and is uniformly square integrable. While B4 may
not hold, the limit will exist along suitable subsequences. The uniform bound on
[|Winrll2 ensures that limits A(¢) will be Lipschitz continuous functions of ¢ and
the convergence is uniform in ¢. O

In order to obtain convergence of processes &; y and not only their approxima-
tions &y, we will need uniform bounds in the representations (5.2).

5.9. Proposition. The differences {(; v ()} satisfy

. i, N,r < .
(5.4) Z;‘;ﬂf&f‘é” sup. (G (1)l < € < o

Proof. Set }7“” =Yinar —Yipo-1,7>1and
Rim,r = Z E(Yri,m7r|ffoo7n+27‘)~
m>n+1

Estimating conditional expectations here by Lemma 3.11 when m — n > 2"t! and
by the contraction argument when n 4+ 1 < m < n + 2"+, and applying Lemma
3.11 after that again we obtain

(55) [ Rinsllz < 27 sup,, Vil + C((8(4,27))° + (B(a,2771))°)
< C27((8(g,27))° + (B(g,2"71))°)

where C’ C > 0 do not depend on 7,n,r. Now observe that
(5.6) Gi,Nr = \/— 1<m§ - Ziqi(m);r — \/LN (Ri gt (N1 — Rivor)
where Z; ,, , = im,r + Rm,r — Ri,n,l,r, n > 1 is a martingale differences sequence
with respect to the filtration {G,, n > 1} with G, = F_ nyor. By the Doob
inequality for martingales
(5.7) LESUPo<t<T | Z1<1§Nt Zi7q'i(l);r|2 < % ZlglgNT Equi(l),r

< AT maxi<i<NT EZl o < 12T(supn Hﬁ,n,ng + 2sup,, HZEL’MTHQ)
We can estimate also
(5.8) + Emaxo<;<NT |R7q,(z) — Rio.?

N
< Zlg I<N ERz (D) S dmaxo<i<NT RR% i (),

2|
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Now collecting (5.5)—(5.8) and applying Lemma 3.11 again to (5.7) and (5.8) we
obtain that

(5.9) sup || sup [Gnr(B)lll2 < C27((B(q,27)° + (B(g, 27 ))°)
N>1 0<t<T

where C > 0 does not depend on r. Since >, (8(g, 7))% converges by our assump-
tion (2.15) then >_ -, 2"(6(q, 27))? converges, as well, and so the right hand side
of (5.9) is summable implying (5.4). O

Next, we deal specifically with the terms Y 4, (n), K +1 < @ < £ which satisfy
(2.10), (2.11) and (2.12). By Propositions 5.8 and 5.9 any possible limit 7;(¢) in
distribution of .

€Z,N(t) \/N n;\[t Y;,qi (n)
for 1 < i < ¢ will be a Gaussian process with independent increments. The processes
{n:(+), k+1 < i < ¢} will be mutually independent as well as totally independent
of {n;(+), 1 <i < k} which is proved by successive application of Theorem 5.6. We
note that it is enough to show that for any 7" < co we can ignore ankw(i) Yi qi(n)
in the definition of & n(¢) where kn (i) = max{n : ¢(n) < ¢—1(NT)} so that
Theorem 5.6 will be applicable then to the approximations

1
gi,N,r(t) - = Y;, i(n),r
\/— Z qi(n)

kn(i)+1<n<Nt

with Yj 4. (n),r defined in (3.23). At the end, relying on Proposition 5.9 we can let
r — oo and complete the proof. From (2.12), for any € > 0, ¢;(Ne) > ¢;—1(NT) for
large N which implies that the the initial terms are at most Ne in number. Since
€ is arbitrary we see that N~ 1ky(i) — 0 as N — oo. By (4.3) of Lemma 4.2 we
obtain that the contribution of initial kx(7) terms in the sum for &; n is negligible.
Similarly we conclude that it does not matter whether we take the sum for & n . (t)
above till Nt or till Nt+ ky (i) as in Theorem 5.6. By Proposition 4.5 we have also
that the limiting variance A, ;(t) of each & n(t), ¢ > k exists and is given by (4.12).

We observe that independency of processes 7;, @ > k of each other and of n;, i < k
can be proved in an alternative way without using Theorem 5.6. Namely, we can
rely on Theorem 5.1 showing that linear combinations of processes &; n,» converge to
Gaussian processes deriving similarly to above via uniform estimates of Proposition
5.9 that linear combination of processes 7; are Gaussian and concluding the proof
via the vanishing covariances assertion (4.13) of Proposition 4.5.

Now, we are able to complete the proof of Theorem 2.2. First, we conclude from
Propositions 5.8 and 5.9 together with Corollary 5.7 that the k-dimensional process
{& n(t) : 1 < i<k} converges in distribution as N — oo to a Gaussian process
{n:(t) : 1 <1i < k} with stationary independent increments whose covariances are
given by Proposition 4.1. As explained above, when ¢ > k + 1, the process & n(t)
converges in distribution to a Gaussian process 7;(t) with stationary independent
increments and 7g4+1(t), ..., 7¢(t) are both mutually independent and independent of
processes 11 (t), ..., nk(t). It follows that the ¢-dimensional process {&; n(t) : 1 <14 <
¢} converges in distribution as N — oo to the Gaussian process {n;(¢) : 1 <i < ¢}
with stationary independent increments whose covariances are given by Proposition
4.1 and Proposition 4.5 taking into account independency of processes n;(t) with
i >k + 1 of other processes 1;(t) with j # 1.
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It remains to show that the process £ (t) given by (2.20) converges in distribution
as N — oo to a Gaussian process £(t) given by (2.23). The convergence itself is
clear since each &; n converges to the corresponding 7;. In order to show that ¢
is a Gaussian process it suffices to prove the same for ((t) = Zle n;(it) since
((t) = Zf:k 41 mi(t) is a Gaussian process (as a sum of independent Gaussian
processes) independent of ¢, and so ¢(t)+ ((t) is a Gaussian process if ¢(t) is. Since
(m(t),...,mk(t)) is a k-dimensional Gaussian process with independent increments
then the vector increments (nj (it)—m;((i—1)t),i=1,2,..., k) for j =1,2,....k are
mutually independent k- dlmensmnal Gausman processes and so

k k
)= Nij(ns(it) —m; (i = 1)1)) = Z Z Aij (n;(it) —n; (i — 1))

i=1 j=1 j=1i=1
is a Gaussian process for any choice of constants A;; and we recall that 7;(0) =
&;,n(0) = 0. Now observe that choosing A\;; = 1if i < j and A;; = 0, otherwise, we
obtain that ((t) = ((t) completing the proof.
As to our claim that increments of £(¢) may not be independent if k£ > 2 consider,
for instance, the case k = ¢ = 2 and

§(t) — &(t/2) = m(t) +n2(2t) — m(t/2) — n2(t) and &(¢/2) = n1(t/2) + na2(1).
Then by Proposition 4.1,
E(&(t/2)(&(t) — £(t/2)) = Daat/2

where
oo

1
Dy = 3 Z as1(w)

U=—00

and
121(w) = [ Faler,y) B ()l (. 2).

Assume, for instance, that X (0), X (1), X(2), ... is a sequence of independent iden-
tically distributed random variables then p, = p x p if w # 0, and so ag,;(u) = 0 if
u # 0 while

@Mmzfawwm@wumw»

Now suppose that EX(0) = 0, EX?2(0) = 1 and choose F(z,y) = 2?y?> — 1. Then
[ F(z,y)du(z)du(y) =0, Fy(x,y) = 2*(y?> — 1), Fi(z) = 2? — 1, and so

1
Do = 50200) = [ = 1/du(y) £ 0
unless X2(0) = 1 with probability one. O

6. HIGHER MOMENTS

It is sometimes of interest to know that there is convergence of higher moments.
Once the limit theorem is established it is only a question of obtaining uniform
bounds for them. Indeed, if we have bounds of the type

Elen ()™ < Con(t)
for some C,,(t) > 0 valid for all N and m then
ElEn (O™ Ten > < M EEN )™ M ey @ysar < Conga (M
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where 4 denotes the indicator of an event A, which provides uniform in N inte-
grability of all powers {€X(¢)}. Since {n(¢) converges in distribution this uniform
integrability yields convergence of all moments of &y (t) to the corresponding mo-
ments of the limiting distribution.

We start obtaining required estimates with a general result on a probability space
(Q, F, P) with a filtration of o—fields G;. Suppose that random variables X, are
G; measurable and for all p < oo satisfy

(6.1) Tp = Sup X1l < SQPZ I1E[X;1G:]llp = Ap < 0.
! i
We will explore the behavior of higher order moments for sums S, = >, X;

obtaining estimates of the form E[S2!] < Cqn' with some control on dependence
of constants Cy; on o and Ao;.

6.1. Lemma. Suppose {a,} is a sequence of nonnegative numbers such that for
some integer | > 1 and any integer n > 1,

n 2l
2l—r
i e Yy O
j=1r=2
Then
an, < An'
with A = max{2!d!C* C% a,}.
Proof. We derive the above inequality by induction. It is clearly valid for n = 1.
Assume it is valid for j =1,2,...,n. Then

gy 2T

ani1 <Yy Yo, Cr(Afh) T
<eC A, Or AT N < Ay

where
20—2

A =cC? AT S ocraH
r=0

and we need to pick A so that %/ < A. In particular, A = max{2!c!C% C? a}
will do because CA~% <1, 2¢C24-T <1 and
22 ) )
cCPATT Y CTATH <cCPAVT(20-1) <eC? AT <A
r=0
|

6.2. Lemma. Let the sequence {X;} of random variables satisfy (6.1). Then for
each | > 1 there is a constant ¢; depending only on | such that

E[S?] < ¢; A% nl.
Proof. We begin by expanding S7% | = (S; + X;;1)* by the binomial theorem,

21

- 21
SH L =S+ X+ ) <
r=2

2l—r yvr
P > Sj Xj+1
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and expressing

J 201—2

IR IUED I DI T
i=1 1<i<j r=0
This enables us to rewrite
21 2 2l—r vr
S =57 +20 Y ZXJ+1+Z CHD ¢

1<i<y r=2

where Z; = X; Y222 S7527%7". Then,

d 21
ES), =EX{'+2l Y EZX;j1+) < )ESQZ "XT
2

1<i<j<n j=1lr=
- 2 - TxT
—u Y pzwe Yy () ps,
1<i<n j=1r=2

where W; = Z?:i E[Xj+1|fi]. We note that || X;||2r < v2r < Ay and ||WiH2l < Ay
Hence,

21—2

BlZWil) < ||y SIS 1 Xt | Wi
r=0

< qAYESPT + [E[SP,)] T ).

Next, for r > 2,
\E[SF X7l < 1851507 1Kl < AlIS; 115"
It follows that

B[S, <cl[ AR5 127 + A5 1272 + A8, 2]

Scl[

where ¢; is an absolute constant which depends only on . The sequence a,, = E[S%]
satisfies the condition of Lemma 6.1 with ¢ = ¢;, C' = Ay and a; < 'y%ll and the
result follows. O

> Z
j=1 r=2
S35 2 ]
1 2

j=1lr=

6.3. Proposition. Suppose that Assumption 2.8 holds true. Then for any integer
p=1,

sup E[[&,N(t)]%} < 0.
N

Proof. Observe that Y;, , defined in (3.23) is F_oo n4r measurable. If [ +
max{r,r7'} < g;—1(n)+max{r,7’} < q;(n) —max{r,r’'} then by the definition of the
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mixing coefficient w, ,,

||E[ i,qi(n),r — }/Lqi(n)w’|-7:7<>o7l+max{r,’r/}]||P
< ||E[ i,qi(n),r — Yvi,qi(n),r’|-7:—oo,qi_1(n)+max{r,r/}]||p
< wqm(qi( ) - qifl(n)) -2 max{r, rl})HYi,qi(n),r - Yi,qi(n),THQ'

On the other hand, if ¢;—1(n) + max{r,r'} <+ max{r,7'} < ¢;(n) — max{r,r'}
then
||E[ i,qi(n),r — m,qi(n),r’)|f—oo,l+max{r,r/}]||p
< wqm(%( ) —1- 2max{r, rl})HYi,qi(n),r - Yi,qi(n),r’Hq'
The conditions for these estimates are valid when n > [ + 2 max(r,7’). We observe
that there are at most 2 max(r, 7’)+1 terms with ¢;(n) between [ and I+2 max(r,7’).
We estimate the latter terms just by contraction of conditional expectations. Re-

placing r by 27 and 7’ by 2"t we conclude from the above estimate combined with
Lemma 3.12 that

(6.2) sup Z | E[Y,q;(n),2r — Yi,q5 (n),2r+1 [ Frgar+1]llp

qi(n)>1

S C[2T+2 + 9(Q7p)] sup HY;,n,ZT - Y;,n727‘+1 Hq S ézrﬁ(s(% 2T)

for some C,C' > 0 where 6(q, p) is the same as in (2.14). The right hand side of
(6.2) is bounded, even tends to zero as r — oo in view of (2.29). Hence, we can
apply Lemma 6.2 to S,, = /nin,r, With 5, ,(t) defined in (5.2), which yields that
for any positive integer [,

E(&inar (1) — & o (1) < @ C%271 3% (g1, 27)

where ¢ = ¢; depends on [. Now the assertion of Proposition 6.3 follows by writing
1€, 5 @)ll2 < [1€s,n,1 () ]2
+ 30 vt (B) = Enar (8|21 < Cr 302027 B%(q1, 27) < oo,

where C:’l > 0 depends only on [ and convergence in the right hand side is ensured
by (2.29). O

Proposition 6.3 gives required uniform bounds on even moments of & x(t) and
bounds on odd absolute moments are obtained by the Cauchy-Schwarz inequality
E\&G n@)P < (ngf]’v(t))l/z. The corresponding bounds on moments of &y (¢) follow
by

[Ev @l < ZH&N (@) + Z 1€, ()[]2

1=k+1

which together with the argument at the beginning of this section completes the
proof of Theorem 2.4. O

We observe that convergence of moments of {x(t) to the corresponding mo-
ments of an appropriate Gaussian distribution can be derived also directly without
relying on convergence of distributions so that the latter would follow from the
former by the method of moments (see, for instance, [20]) but under stronger as-
sumptions of Theorem 2.4. Namely, the moment E£3™(¢) is the sum of terms

N=" Tl <icr Tocnens Vit With 3, lin = 2m. Relying on combinatorial
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counting arguments together with estimates of Corollary 3.6 it is not difficult
to see that asymptotically as N — oo the contribution to the sum comes only
from terms where the product can be arranged into product of pairs Y; ;. ()Y} 4, (1)
with |g;(n) — ¢;(1)| not too large while for different pairs with, say, ¢;(n), ¢;(I) and
qir(n'), gj (I') the quantities |g;(n) — ¢ (n")| and |¢;(1) — ¢;+(I")| will be much larger
and will tend to co as N — oco. Relying on Corollary 3.6 this enables us to treat
different pairs as if they were independent of each other and applying combinato-
rial counting arguments similar to estimates of moments of sums of independent
random variables we obtain appropriate limits of moments.

7. CONTINUOUS TIME CASE

First, we represent again the function F' in the form (2.17) and {x(¢) given by
(2.34) in the form (2.20) where now

(Nt)
(71) nlt) = / X(q1(s))s o X (ai(s))) s
with S;(u) =wu/iif i <k and S;(u) =wif i > k+ 1. Set
E,r,t = Fi,r,t(mla ceey a:i_l,w) = E(F(xl, ey Li—1, X(t)|-7:t—r,t+r),
X (t) = B(X ()| Fi—r4r), Yi(t) = Fi(X(a1(s)), ., X(ai(s))) if t = qi(s)
and Y;(t) = 0 if t # qi(s) for any s, Vi (t) = Fi .t (X (q1(s)), -, X0 (qi(5)))
ift =¢;(s) and Y; - (t) = 0 if ¢t # ¢;(s) for any s.

In order to use fully our discrete time technique it will be convenient to pass
from &; n to & n given by

[Si(N1)]

gzN 1 Z I

where I;(n) = [ "*1Yi(g;(s))ds. The error of such transition is estimated by

n

. c. < )
(7.2) S |§in (1) — &N (B)] < T 0208, Qi)
where Q;(n fo |Y:(qi(n + s))|ds. Now for any § > 0,

P{maXOSHSNTQi( ) > 6\/_} < NTHlaX0<n<NTP{Q'(TL) >E\/N}
< & maxXo<n<nT f{Q (n)>eVN} Q3 (n)dP
<( = [ Q¥ (n)dP < (eVN)™0 [iy EY*(gi(n + s))ds < C(ey/N) ™

Thus, the left hand side of (7.2) tends to 0 in probability as N — oo, and so it
suffices to prove our functional central limit theorem for &; x in place of &; .
Introduce the approximations & n, of § v by

[Si(ND)]

(7.3) Enrl) = o= 3 Tl

n=0
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where I; »(n) = f:“ Y+ (qi(s))ds. Now set
Rip(m)= > E(Lir()F-somsr)
l=m+1

and Z; (m) = I; »(m) + R; »(m) — R; »(m —1). Then E(Z; ,(m)|F_co,m-14r) =0,
and so {Z,, Gm }m>0 with Z,,, = Z;,(m) and G,, = F_oc m+r turns out to be a
martingale differences sequence. We saw already above that {Q?(n)} is uniformly
integrable. Then both {I?(n)} and {I?.(n)} are uniformly integrable and like in
the proof of Proposition 5.8 we conclude that both {R? .(n)} and {Z? (n)} are
uniformly integrable, as well. Set

1 [Si(N1)]
Ginr(t) = N Z Zir(n).
n=0

Then similarly to Section 5 we obtain that

(7.4) sup | v (t) = Gin ()] — 0 in probability as N — oo,
0<t<T

and so in order to obtain a central limit theorem for 5” ~(t) it suffices to prove it
for the normalized martingal ¢; » v (%).

In order to invoke martingale limit theorems we have to study next the asymp-
totical behavior as N — oo of normalized variances E(Ci,nN(Si(Nt)))?. As in the
discrete time case considered in Section 4, in view of (2.17) and (7.1) it suffices to
study the asymptotical behavior of

(7.5) Dij(N,s,t) = E[&in ()&~ (1)
S;(Nt) (S;(Ns
= % I [ BYi (i)Y (g (0) dude.
We treat first the case when 1 < i, j < k similarly to Proposition 4.1. Let v be the

greatest common divisor of ¢ and j then similarly to the argument in Lemma 4.4
we obtain that for any integer w,

(7.6) lim ElY; (iu)Y;(jv)] = a;j(w, 2w, ..., vw)
U,V—00, IU— V=WV
with a, ; defined in Proposition 4.1. Now, changing variables we have

(7.7) L LY B (i)Y (o)l dudy

= N [N iy (1 (o) dwd.

When v is large then the expectation under the integral equals approximately
a; j(w, 2w, ...,vw) and taking into account that the latter is absolutely integrable
in w from —oco to co we can approximate the interior integral in w by the in-
tegral ffooo Next we integrate in v within constraints 0 < v < Nt/j and
u = (juv+ wv)/i < Ns/i, i.e. asymptotically for N large 0 < v < %min(s,t).
It follows that the expression in (7.7) is approximately equal as N — oo to
o0

(7.8) v min(s, t) / a; j(w, 2w, ..., vw)dw

) —o0
and we obtain the same covariances as in the discrete time case.

Next, we claim that for each7i=k+1,...,¢ and t > 0,

(79) ]\;HII Di71‘(N, t, t) =0.
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Indeed, set again b; j(u,v) = E(Y;(gi(u))Y;(q;(v)). Then
(7.10) L e |b“(u v)|dudv < 2 [N du f“+”|b”(u v)|dudv
+2 fON'Yd f - 1bii(u ,v)|dudv + % N,yd f bi i (u, v)|dudv

< C(ty +v + 85 (N7))

for some C' > 0 independent of ¢, N and v where we obtain by (2.33) and estimates
similar to Lemma 4.2 and Proposition 4.5 that for any ¢ > k and v > 0,

o0
(7.11) ﬂ,(f) (M) = sup |bii(u,v)|dv < oo and  lim ﬂ,(f) (M) =0.
u>M Jutry M—o0
So, letting first N — oo and then v — 0 we obtain (7.9).
Convergence of moments in the continuous time case is obtained similiraly to
Section 6 by obtaining appropriate bound on moments of &; y. In order to employ
directly the technique of Section 6 we can represent &; y as a sum

[Nt] 1 S;(Nt)
§in( Yi(qi(s))ds,
\/_ Z [Nt]
where Ym = f Yi(qi(s))ds. Relying on Lemma 6.2 for the sum \/Nfi,N(t)

written above we obtam essentially the same estimates for moments as in Section
6.

7.1. Remark. In fact, in the continuous time case we can take ¢;(t) = «;t for
arbitrary 0 < a3 < ag < --- < «ap in place of 1 < 2 < --- < k while leaving
qi(t), i =k+1,...,£ as before. In this situation (7.6) becomes
lim E[E(alu)y}(ajv)] = Qi (plzv P22y s Py %y z)
U, V—00, A U—Qj V=2
where p1 < pa < -+ < pp,; < land a;p;, ajp € {1, ...,ax} for I = 1,...,n;;. Then
the covariances (7.8) will have the form

1 . e
mm(s,t)/ a; j(p1w, p2w, ..., P, ;w, w)dw.
Q05

— 00
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