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ABSTRACT. In [12] we obtained a functional central limit theorem
(known also as a weak invariance principle) for sums of the form
SV F (X (), X2n), o X (kn), X (gr41(0)), X (@r42(n)), -+, X (@e(n)))
(normalized by 1/v/N) where X (n),n > 0 is a sufficiently fast mixing vector
process with some moment conditions and stationarity properties, F' is a
continuous function with polinomial growth and certain regularity properties
and ¢;,4 > m are positive functions taking on integer values on integers
with some growth conditions which are satisfied, for instance, when ¢;’s are
polynomials of growing degrees. This paper deals with strong invariance
principles (known also as strong approximation theorems) for such sums which
provide their uniform in time almost sure approximation by processes built
out of Brownian motions with error terms growing slower than v/N. This
yields, in particular, an invariance principle in the law of iterated algorithm
for the above sums. Among motivations for such results are their applications
to multiple recurrence for stochastic processes and dynamical systems as well,
as to some questions in metric number theory and they can be considered as
a natural follow up of a series of papers dealing with nonconventional ergodic
averages.

1. INTRODUCTION

Nonconventional ergodic theorems attracted substantial attention in ergodic the-
ory (see, for instance, [1] and [6]). From a probabilistic point of view ergodic
theorems are laws of large numbers for stationary processes and once they are es-
tablished it is natural to study deviations from the average. The most celebrated
result of this kind is the central limit theorem. In [12] we obtained a functional
limit theorem for expressions of the form

(1.1) En@) =1/VN Y (F(X(a1(n)), ., X(ge(n))) = F)

1<n< Nt

and for the corresponding continuous time expressions of the form

Nt
(1.2) en(0) = AVE [ (P(X (@0 X alt)) = P
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where X (n),n > 0’s is a sufficiently fast mixing vector valued process with some
moment conditions and stationarity properties, F' is a continuous function with
polinomial growth and certain regularity properties, F = JEd(p x - x ), pis
the distribution of X (0), ¢;(t) = jt, j < k and ¢;j,j > k are positive functions
taking on integer values on integers in the discrete time case with some growth
conditions which are satisfied, for instance, when ¢;’s are polynomials of growing
degrees though we actully need much less. A substantially more restricted central
limit theorem for expressions of this sort was obtained in [11].

Functional central limit theorems are called nowadays also weak invariance prin-
ciples while for more than 40 years now (since probably Strassen’s work [16]) proba-
bilists were interested also in strong invariance principles called also strong approx-
imation theorems. The latter provides almost sure or in average approximation
of a sum of N random variables by a Brownian motion or, more generally, by a
Gaussian process with an error term growing slower than v/N which yields as a
result both the central limit theorem and the law of iterated logarithm, as well as
other limiting results which are clear or easy to prove for Gaussian processes.

We will show in this paper that the sums Z(Nt) = v/ Néy(t) appearing in (1.1)
can be represented as ) ., ., ., Z;(Nt) where each =;(/Nt) can be approximated with
an error term of order N%_O‘, a > 0 by a process o; B;(t) where o; > 0 is a constant
and B; is a Brownian motion. This result yields also a law of iterated logarithm
type result saying that with probability one all limit points as N — oo of the
sequence &y (t)(loglog N)~/2, t € [0,1] of paths belong to a compact set.

Our methods employ the martingale approximation machinery from [12], en-
hanced so that to obtain appropriate error estimates, together with the technique
from [14] which involves partition into blocks and Skorokhod embedding of martin-
gales into a Brownian motion (the latter was first used for similar purposes in [16]).
Observe that the summands in (1.1) depend strongly on the future and martingale
methods start working only after we force ”the future to become present”. By this
reason the role of martingales in our nonconventional framework was not selfevi-
dent at the beginning but their effective use initiated in [12] opened a wide vista for
proving various limit theorems in this setup. It was shown in [12] that {x converges
weakly to a Gaussian process and it would be interesting to obtain a strong approx-
imation of VN (t) by such Gaussian process but this would require to deal with
multi dimensional approximations where the Skorokhod embedding we rely on does
not work. Observe that since the 1960ies several other methods were developed to
provide approximation of sums of random variables by a Brownian motion. Among
them is the quantile method (see, for instance, [13]) which provides essentially op-
timal approximation but works only for independent random variables and by this
reason does not seem applicable to our setup. Another method developed by Stein
(see its recent account in [5]) also yields nearly optimal error estimates but it is
not yet clear whether it can be adapted to our situation. The advantages of yet
another method based on estimates of conditional characteristic functions (see, for
instance, [4]) lie in its applicability to the multidimensional situation where, for
instance, the Skorokhod embedding does not work well, but complications in the
use of characteristic functions exhibited in [11] make applicability of this method
in our setup doubtful.

As in [12] our results hold true when, for instance, X(n) = T™f where
f="(f1,, fo), T is a mixing subshift of finite type, a hyperbolic diffeomorphism
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or an expanding transformation taken with a Gibbs invariant measure (see for
instance, [2]) and some other dynamical systems, as well, as in the case when
X(n) = f(&), f = (f1,., fo) where &, is a Markov chain satisfying the Doeblin
condition (see [10]) considered as a stationary process with respect to its invariant
measure. The main known application of the above type results is to multiple re-
currence when we employ our limit theorems for the random variable which counts
returns of the stochastic process under consideration to given sets. In this case the
function F' above is a product of some coordinate functions in which we plug in
corresponding X (¢;(n)) = L4, (n(gi(n))) where n(m) is either 7™z in the dynamical
systems case or &, in the Markov chain case and I4 is the indicator of a set A.
This yields also applications to metric number theory providing limit theorems, for
instance, for the number My (x) of times first N digits in the m-base or continued
fraction expansion of x belong to a chosen subset of digits. As it is well known the
former expansions can be obtained via the multiplication by m (expanding) trans-
formation while the latter via the Gauss map of the interval and both dynamical
systems are exponentially fast 1) mixing with respect to their invariant Lebesgue or
Gauss measure, respectively (see, for instance, [8]).

2. PRELIMINARIES AND MAIN RESULTS

Our setup consists of a p-dimensional stochastic process {X(n),n =0,1,...} on a
probability space (2, F, P) and of a family of o-algebras Fj; C F, —oo < k <[ < o0
such that Fy; C Fpp if k' < k and I’ > [. The dependence between two sub o-
algebras G,’H C F is measured often via the quantities

(2.1) w@qp(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"(Q, F, P)-norm.
Then more familiar «, p, ¢ and -mixing (dependence) coefficients can be expressed
in the form (see [3], Ch. 4 ),

a(G,H) = iwwl(g,?{), p(G,H) = w22(G, H)
(b(gaH) = %woopo(gaH) and w(gaH) = wl,oo(gaH)~
The relevant quantities in our setup are

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

1 1
a(n) = Zwm,l(n)a p(n) = w2,2(n)v p(n) = 57700,00(”) and ¢(n) = wl,m(n)-
Our assumptions will require certain speed of decay as n — oo of both the mixing

rates wq p(n) and the approximation rates defined by
(2.3) Bp(n) = sup [ X (m) — E(X(m)|Fn—n.min)lp

In what follows we can always extend the definitions of Fy; given only for k,1 > 0
to negative k by defining Fi; = Fo; for kK < 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

(2.4) X(n) & pand (X (n), X(n')) < pt_p for all n,n/
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where Y 4 Z means that Y and Z have the same distribution.
Next,let F' = F(z1,...,x¢), x; € R® be a function on R#¢ such that for some
t, K >0,k€ (0,1 and all 2;,y; e R®, i =1,...,¢,

L l l
j=1

j=1 j=1

and

4
(2.6) |F(1, o ze)| S K14+ Jag]").
j=1
The above assumptions are motivated by the desire to include, for instance, func-

tions F' polinomially dependent on their arguments. To simplify formulas we assume
a centering condition

(2.7) F= /F(xl, woy @) dp(xy) -+ - dp(ze) =0

which is not really a restriction since we always can replace F by F — F.

Our setup includes also a sequence of increasing functions ¢ (n) < g2(n) < -+ <
ge(n) taking on integer values on integers and such that the first k& of them are
¢;(n) = jn, j < k whereas the remaining ones grow faster in n. We assume that
fork+1<i<V¥,

(2.8) gi(n+1) = qi(n) = n’
for some § > 0 and all n > 2 while for ¢ > k and any € > 0,

(2.9) lim inf(gi+1(en) — gi(n)) > 0
which is equivalent in view of (2.8) to
(2.10) linrriioréf(qiﬂ(e n) —qi(n)) = oo.

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
(2.11) F=F(z1)+ + Fiz1,22,...,2¢)
where for i < ¢,

(2.12) Fi(x1,...,2) = [ F(z1,22,...,2¢) dp(zig1) - - - dplae)

— [F(x1,22,...,2¢) dp(a;) - - - dp(x)
and
Fo(x1,22,...,2¢) = F(x1,22,...,20) — /F(xl,xg, ooy xp) dp(xy)
which ensures, in particular, that

(213) /Fi(ml,mg,...,xi_l,mi)du(mi)EO v L1, L2y Lj—1.

These enable us to write

4
(2.14) 2(t) = Z Zi(t)
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where for 1 <i </,
(2.15) Zit)= Y Fi(X(q(n)),...,X(gi(n))).

The decomposition of Z(t) above is different from [12] since we work here with each
= (t) separately remaining all the time within a one dimensional framework and do
not care about multi dimensional covariances.

For each 6 > 0 set

(2.16) % =115 = EX@) = [ lol’dn
Our main result relies on

2.1. Assumption. With d = (¢ — 1)p there exist p,¢ > 1 and §,m > 0 with
0 <K— % satisfying

(2.17) Z n’w, p(n) < oo,
n=0
(2.18) Z(rﬁq(r))5 < 00,
r=0
(2.19) < o0 <oowith ——>14t+2. 90
: Tm » V2q(c+2) w 240 - p m p

Following [14] we will write Z(t) < a(t) a.s. for a family of random variables
Z(t),t > 0 and a positive function a(t),t > 0 if limsup,_, ., |Z(t)/a(t)] < co almost
surely (a.s.)

2.2. Theorem. Suppose that Assumption 2.1 holds true. Then without changing
their (own but may be not joint) distributions the processes Z;(t), t > 0,i=1,...,¢
can be redefined on a richer probability space where there exist also standard Brow-
nian motions B;(t),t > 0,7 = 1,...,¢ such that for some constants o > 0 and
ag; Z 0, = 1, ...,é,

(2.20) Ei(t) — 0 Bi(t) < 127 a.s..

As usual (see [14] and [9]), relying on the well known invariance principle in the
law of iterated logarithm for the Brownian motion (see [15]) we obtain immediately
from the above theorem the following result.

2.3. Corollary. Let K; be the compact set of absolutely continuous functions x in
C10,1] with (0) = 0 and fol i?(u)du < o? and set (;4(u) = (2tInlnt)~V2Z;(tu),
u € [0,1]. Then the family C; 1, t > 3 is relatively compact in the topology of uniform
convergence and as t — oo the set of all a.s. limit points of (;+ coincides with K;.
Let K be the compact set of functions x € C[0,1] which can be written in the form
z(u) = 3 cicpzi(u) with ; € Ky i = 1,...,0. Set {(u) = (2tInlnt)~1/2Z(tu),
u € [0,1]. Then the family (;, t > 3 is relatively compact in the topology of uniform
convergence and as t — oo the set of all a.s. limit points of (; is contained in K.

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

@qp(n) < P(n).
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Furthermore, by the real version of the Riesz—Thorin interpolation theorem (see,
for instance, [7], Section 9.3) if 8 € [0,1], 1 < po,p1, g0, 1 < o0 and

1 1-6 e 1 1—-6 0
I + , — = + —
p Po P11 q q0 q1

then
wq,P(n) S 2(wq07p0 (n))lie(wlhml (n))e
Since, clearly, wg, p, < 2 for any ¢1 > p; it follows for pairs (o0, 1), (2,2) and

(00, 00) that for all ¢ > p > 1,

Q=

11 1_ _1
@gp(n) < (2a(n))7 77, wyp(n) <2573 (p(n))' 77T

and @,y (n) < 277 (9(n))"
We observe also that by the Holder inequality for ¢ > p > 1 and « € (0,p/q),

Blg, ) < 2B, )] Y bt

P—qo

Tl Q=

with vy defined in (2.16). Thus, we can formulate Assumption 2.1 in terms of more
familiar «, p, ¢, and ¥—mixing coefficients and with various moment conditions.

The strategy of the proof of Theorem 2.2 consists of several steps. First, we
split the sum =;(¢) into a sum of ”big” and ”small” growing blocks so that the
total contribution of small block can be disregarded and their sole purpose is to
provide sufficient separation between big blocks. Growing blocks will enable us to
approximate their members by conditional expectations as in (2.3) with increasing
precision which differs from [12] and is an important point in obtaining our esti-
mates. In spite of the fact that big blocks still remain strongly dependent in our
setup the technique of [12] enables us to treat them as if they were weakly depen-
dent. Namely, employing appropriate estimates from [12] we construct a martingale
approximation of sums of big blocks with an error sufficient for our purposes. Fi-
nally, we rely on the Skorokhod embedding of martingales into a Brownian motion
and estimate the distance between the embedded process and the Brownian motion.

We observe that though the Skorokhod embedding preserves distribution of each
one dimensional martingale it does not preserve, in general, joint distributions of
several martingales when we employ it simultaneously to £ of them as in our case. By
this reason we obtain strong approximations (2.20) for each Z;(t) but we do not ob-
tain a strong approximation of the sum Z(t) by the Gaussian process Zle 0;B;(t)
which according to [12] is the weak limit of processes N~/2Z(Nt) as N — oo. In
fact, this is connected with multidimensional strong approximation theorems where
the Skorokhod embedding is not applicable while other methods employed usually
in these circumstances do not seem to work for in our nonconventional setup.

3. BLOCKS AND MARTINGALE APPROXIMATION

The following result which is a part of Corollary 3.6 from [12] (improving in
several respects Lemma 3.1 from [11]) will be a base for our estimates.

3.1. Proposition. 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 wvariables measurable with respect to H and satisfying

B [If(z,w) = [y, w)llg < Cr(l+[z]" +|y[ )z =yl and || f(z,w)]lq < Co(1+]z])
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where g > 1. Set g(x) = Ef(x,w). Then
(3.2) [IE(f(X,)G) = g(X) o < e(1+ X152 0) (@4 (G, H) + 11X = E(X|G)I|5),

provided % > %—F%—i—a and/i—g > 6 > 0 with ¢ = ¢(C1,Ca, 1, , K, 8, p,q,v,d) >0
depending only on parameters in brackets. Moreover, let x = (v, z) and X = (V, Z),

where V' and Z are dy and d — dy-dimensional random vectors, respectively, and let
flz,w) = f(v,z,w) satisfy (3.1) in z = (v,2). Set §(v) = Ef(v,Z(w),w). Then
(3.3) IE(f(V.Z,)|G) = (V)| < e(1+ X33 2)
< (@a.p(G, 1) + |V = E(VIG)|3 + 1Z — E(ZIH)]j).
We will use the following notations
(34)  Firn(z1,22,...,2ic1,w) = B(F(21,32,...,2i—1, X ()| Frerntr)
Xr(n) = BE(X(0)|Farintr), Yilai(n)) = F(X(q1(n)),..., X(q:(n))) and
Yi(j) =0 if j#gqi(n) foranyn, Yi,(q(n)) = Firqi(n) (Xr(q1(n)),
S Xe(gic1(n)),w) and Y ,.(j) =0 if j#q(n) foranyn.
Next, we fix some positive numbers 4n < 20 < 7 < 1/2 which will be specified
later on and following [14] introduce pairs of ”big” and ”small” increasing blocks
defining for each ¢ random variables V;(j) and W;(j) inductively so that
(3:5)Vi(1) = Yia(qi(1)), Wi(1) = Yia(¢:(2)), a(1) = 0, b(1) = 1 and for j > 1,
a(j) =b(j = 1) +[(7 = D°], () = a(§) + [i7], r() =[],

Vi(j) = Za(j)<l<b(j) Yir() (¢:(1)) and W;(j) = Zb () <l<a(j+1) Yir() (a: (1))
Observe that unlike [12] but following [14] the parameter r(j) grows with j in-
creasing precision of conditional expectations approximations. Let v;(t) = max{j :
b(j) + [5°] < t + 1} which is the number of full small blocks in the sum Z;(¢). We
will see that the small blocks W;(j), 7 = 1,2, ... make negligible contributions to
the sum =; and can be disregarded while the big blocks V;(j), j = 1,2, ... are widely
separated which enables us to exploit fully our mixing assumptions. Observe that
unlike the sums appearing in standard limit theorems these big blocks are strongly
(and not weakly) dependent but as in [12] we will see by means of Proposition 3.1

that only sufficient separation between ¢; (1) for different I’s plays the role.
Next, set

(3.6) Z E(Vi(5)IGm)
j=m+1

and M;(m) = Vi(m) + Ri(m) — Ri(m — 1) where G = F_oo g;(b(m))+r(m)-
Observe that if a(j) < I < b() and 5 > m + 1 then X =
(X (@ (D), oo, Xo(5y (@i=1(1)) 18 F_oo,gi 1 (1)4r(j) measurable while f(z,w) =
Fl:’r(j)7qi(l)(x17...,xi,l,w) is Fg,(1)—r(j),00 Measurable. Hence, by (3.2) cogsidered
with G = f,oo’max(qi 1 (D) +7(7),as (b(m))+r(m)) and H = F, s () —r(5),00 W€ obtain that
(3.7) 1B (Yir () (@i(1)|Gm)|246 < Cwgp(dij (1))

where p and ¢ satisfy conditions of Proposition 3.1 with v = 2+ § and Assumption
2.1, C' > 0 does not depend on 1, j,I, m and

(3.8)  d;;(1) = min(g; (1) — qi—1(l) — 2r(j), :(1) — gi(b(m)) —r(j) —r(m))
>1—b(m)—2r(j) > a(j) — b(m) — 2r(j)
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taking into account that under our assumptions

(3.9) qi(l) = qi-1(l) > L and ¢;(I) — qi(m) > 1 —m
provided [ is large enough. Thus, for 57 > m + 1,
(3.10) [EVi)IGm)llys SC Y wapll—blm) —2r()))

a(g)<I<b(j)

and

(311 [Ri(m)lars<C S 3 @epll —b(m) —2r(j)) < C < o

J=m+1a(f)<I<b(4)

for some constant C' > 0. In particular, the series (3.6) converges in L?>9(Q, F, P),
and so the definition of R;(m) makes sense. Observe also that M;(m) is G, mea-
surable and

E(Mi(m)|Gm—1) = E(Vi(m) + Ri(m)|Gm—1) — Ri(m —1) = 0
which means that (M;(m),Gy), m = 1,2, ... is a martingale difference sequence.
We are going to replace the sum =;(t) by the martingale 3, ., ., ;) Mi(m) and
it will be crucial for our purposes to estimate the corresponding error. In order to
make the first step in this direction we set

Lim)= Y (Vij) = Mi(5))

1<j<m
and relying on (3.11) it follows that
(3.12) [7:(m)]|, = [|Ri(vi(m)) |2 + | R:(0) ]2 < 2C
for some constant C' > 0. By Chebyshev’s inequality

1 .
(3.13) P{|I,(m)| > 57n%+5} < 16C%m~(1+29),
Observe that

Vi(t)
Bz Y Uz [ =) )
1<j<vi (1) 0

and so
(3.14) vit) < (14 7)) < 2/

Hence, taking m = v;([t]) = v;(t) and e = 3(37 — 0) + 27(5 — 0) > 0 we obtain by
(3.13) and (3.14) that
(3.15) P{|L(wi([#)] = [1120=9} < P{L(v([1)]

> ($ui([t]) =} < 16C% (v ([1])) =129,
Therefore, by the Borel-Cantelli lemma we conclude that for some ng = ng(w) and
all V; (t) Z no,

(3.16) I (v (1) < t2079) as.
Observe that

l/i(t)+1
t<2 Y [1< / (u” 4 Ddu < 477 (wi(t) + 1),
1<j<v;(t)+1 0
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and so
(3.17) vi(t) > (rt/2)/1*7 — 1.
Hence, if t > 277 (ng + 1)17 then (3.16) holds true.
Next, set
Ir(m) = > Yi(a:(D))]-
a(m+1)<l<a(m+2)
Since a(v;(t) + 1) <t < a(v;(t) + 2) then
(3.18) Y Yia)] < Lw(1).
a(vi(t))<I<t
By (2.6) and (2.19),
(3.19) 1Yi(gi(D)ll2s < C <00

for some C' > 0 independent of I and since by the construction a(m+2)—a(m+1) =
(m+1)" + (m +1)? we see that

(3.20) [L2(m)|24s < > [Yi(g:(D)ll245 < 2C(m +1)7.
a(m+1)<i<a(m+2)
By (3.14) and Chebyshev’s inequality
(3.21) P{|L(v(t))] > [1]2(-2}
< P{|L(vs(1))] = (5ui() 2009} < Oy (1)) 717
for some C >0 independent of ¢ where we assume that 7 < 1min(§,1) and take

£ = £min(4,1), 8 = 13z min(4,1). As in (3.16) we conclude using (3.17) and the
Borel-Cantelli lemma that

(3.22) Lv(t) <2079 as.

for all ¢ > to and some random variable ty = to(w) < oco.

Next, we estimate contribution of the small blocks. Let I > j then W;(j)
is measurable with respect to G = F_ 4, (a(j+1))+r(j) Provided j7 > 2, and so
applying (3.2) with such G, f(z1,....,%i-1,w) = Fi0),q.(n) (%1, .-, i—1,w) where
b(l)y <n<a(l+1), H= F i (b)) —r(1),00 WE obtain by (2.6), (2.19) and (3.9) that
for n large enough,

(3.23) |EW;i(7)Yir)(ai(n))] = [E(Wi(§) E(Yira)(a:(n))IG)) |
< Crowgp(n —r(l) —a(j + 1) —rENIWi()ll2

for some C; > 0 independent of j,n,[ satisfying the conditions above. Since by
(2.6), (2.19) and the definition of blocks,

(3.24) Wil < D Wirm(@D)l2 < Cals’]
b(j)<l<a(j+1)
for some Cs > 0 independent of j, then

(3.25) [EWi()Wi(D)] < CLCali*|%)wqp( Y ([mT] —2[m™)).

j<m<l
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Hence, by (2.17), (3.24) and (3.24) for any positive integers m < n,

(3:26) B( 100 Wil)” < iz (W20 +25, 0 |E(Wi(Wi))])
< O Y i 120 < Cy(n+20 — 1 +20)

for some C3,Cy > 0 independent of m and n. It follows by Theorem Al from [14]
together with (3.14) that

. << 2 og” v(t) < t%* a.s.
3.27 Wi(j 0 0g3 2t2¢
1<m<v;(t)

where e < (37 — 0)(1+7)~! and ¢ is large enough.
Next, set

> Yo (Yil@®) = Yirg(@@)]
1<j<m a(j)<I<a(j+1)
By (2.3), (2.5), (2.18) and Holder’s inequality (see Lemma 4.11 in [12]),

(3.28) 1Yi(g:(1) = Yiriy (@(D)ll2 < CBy(r(1))
for some ¢,0 > 0 satisfying (2.19) and for a constant C' > 0 independent of j.
Hence, by (2.18),
(3.29) (13 (vi(t)]2 < C < o0
for some constant C' > 0 independent of ¢. Proceeding in the same way as in (3.16)
we obtain that for some random variable ¢ty = to(w),
(3.30) [Is(vs(t))] <209 as.
whenever t > to. Finally, collecting (3.16), (3.22), (3.27) and (3.30) we conclude
that
(3.31) =) - Y M) <t
1<j<w;(t)

for some € > 0.

4. COMPLETING THE PROOF VIA SKOROKHOD EMBEDDING

A martingale version of the Skorokhod embedding (representation) theorem (see
[16], Theorem 4.3 and [9], Theorem Al) applied to our martingale M;(m) =
D i<j<m Mi(j) yields that if {B;(t), t > 0} is a standard Brownian motion then
there exist non-negative random variables T; = T; ; such that the processes

(4.1) {Bi( ) T3),m=1}  {Mi(m), m=>1}
1<j<m
have the same distributions. Hence, without loss of generality we can redefine
(4.2) Mim)=Bi( > T)—Bi > Ty
1<j<m 1<j<m—1

and can keep the same notations for both M;(m) and M;(m). In fact, we will
redefine also the processes X (n), V;(m), W;(m) we had before on a richer and
common with M;(m) probability space so that all marginal and joint distributions
remain intact. Furthermore, the embedding theorem cited above yields that if
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A, is the o-algebra generated by {B;(t), 0 < ¢t < Elgjgm T;} then T, is A,
measurable, B; (>, ., Tj + s) — Bi(}_1<;<,, 1) is independent of A, for any
5> 0, o o

(4.3) E(TulAn-1) = E(M}(m)|An-1) = B(M?(m)|Gm-1) = E(M (m)|Gm—1)
and

(4.4) B(To|Am-1) < cu B(IMi(m)* | A1)

where ¢, > 0 depends only on u > 1, A, D Gy D Gm = o{M;(j), 1 < j<m} and
G is the same as in (3.6).
In order to exploit the representation

(4.5) Mi(m) =Bi( Y Tj)
1<j<m

we have to establish a strong law of large numbers with appropriate error estimates
for sums of 7}’s in the form
(4.6) | Z T; — ot =0(t' ™) as.

1<t<vi(t)
for some A > 0 and o; > 0. This would imply that
(4.7) B:( Y 1)) - Bilo?t)| <12 as.

1<5<w;i ()
for some A < i) Indeed, set 7;(t) = >1<j<uity Ii- Then (4.6) means that

|7:(t) — o?t| < Qt'=* for some random variable Q = Q(w) < oo a.s. Introducing
the events Qny = {@Q < N} we obtain

A(t) = |Bi(7i(t)) — Bi(o7t)[Iay < Ar(t) + Aa(t) + As(t)

where

A(t) = supg< < yp-» |Bi(oFt + s) — Bi(o7t)],

As(t) = | By(02t) — By(02t — Nt'Y)| and
As(t) = supgc ey |Bi(o?t — Nt'=* + 5) — Bi(o2t — Nt1 7).
By the martingale moment inequalities for the Brownian motion
EAY™(t) < Cpu N™™07Y | j =1,2,3

where C), > 0 depends only on m > 1. Thus

P{A(n) > n%*x} < 321, NmpmmA-2h),

Choose \ < %)\ and m > 2(\ — 25\)’1 then n—(A—2%) < n72, and so the proba-
bilities above form a converging series. Hence, by the Borel-Cantelli lemma there
exists ng = no(w) < oo such that

A(n) < n3 = as. forall n > nyg.

Since v;(t), and so also 7;(t), can change only at integer ¢ and since Qy T © as
N 1 oo with P(2) = 1 we conclude that, indeed, (4.6) implies (4.7). Finally,
redefining without changing distributions all processes once again we can replace

B;(0?t) by 0;B;(t) arriving at the assertion of Theorem 2.2.
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We start deriving (4.6) by writing

(4.8) Z (T; — M} (j)) = DY (m) — DP(m),
where o
DW(m)= Y (Tj—E(Tj|A;-1)), DP(m)= Z (M7 () — E(M{(5)|Gj-1)),

and using (4.3) in order to have (4.8). Set RW(j) = T; — E(Tj|A;j_1) then
(RM(4), Aj)j>1 is a martingale differences sequence. By (3.11), (3.19) and (4.4)
for any j > 1,

E|RW (5)]"+2° < 2B|T; "2 < 2¢0 15 EIMi(5)]*1° < COA+E|V;(j)*F0) < €53+

for some C, C' > 0 independent of j. Observe that (j~ (17t R (5), A;);>1 is also
a martingale differences sequence and assume that 7 < 6/4 and 7+ < 1/4. Then

Z] (A+i6)(1+7— s)E|R 1)( )|1+ 6<CZ.]_(1+ )<OO
j=1

and so by the standard result on martingale series (see Theorem 2.17 in [9]),

Z GO RM(5) converges a.s.
1<j<o0

Hence, by Kronecker’s lemma

—(1+7—¢) ZR D ~H=pWm) -0 as. as m — oo,

and so by (3.14),
(4.9) T DW ()] < 4w(t) "= DD (1(8))] — 0 a.s. as t — oo.
Setting R (j) = MZ?(j) — E(M?(j)|Gj—1) we obtain that (R (5), G;);>1 is a
martingale differences sequence, as well, and by (3.11) and (3.19),

BIR® ()20 < 2B|M,()*H < C(L+ E[V;()IPH) < G537
for some C, C' > 0 independent of j. Thus, in the same way as above, we see that
(4.10) === D@ (1(1))| — 0 as. as t — oco.

It follows from (4.8)—(4.10) that in order to obtain (4.6) it suffices to show that
there exists o; > 0 such that

(4.11) | M) - ot =0 ) as.

1<j<vi(t)

for some A > 0. By the definition of M; ( /) and the Cauchy inequality,

(412) | D> (M) = V2G| < (Ai(m)2(20 Y0 VEG)Y? + (Au(m))'/?)

1<j<m 1<j<m

where Ai(m) =32, <., 07 (7): pi() = Ri(j) — Ri(j — 1) and E[4;(m)| < mC? by
(3.11). Fix 8 > 0 and for each I > 1 set m; = [I1>/?] then by Chebyshev’s inequality

(4.13) P{|Ai(m)] > m} TP} < C2m; " < G172
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for some C:Z' > 0 independent of [. Therefore, by the Borel-Cantelli lemma for all
[ >y = lo(w) < 00,

|A;(my)] < mHﬁ a.s.
If m; < w;(t) < mygpq and [ > Iy then by (3.14),

m 148
A < [Asmen)| < miY < () HA(EEL I < 0 as,

where C' > 0 does not depend on I. Choosing 8 = 7/2 we obtain that
(4.14) Ai(vi(t)) < Ct 7= as,
for all t >ty = to(w) < oo where in view of (3.17) we can take to = 2((lo +1)%/% +
2)1+7.

It follows from (4.12) and (4.14) that in order to obtain (4.11) it remains to show
that
(4.15) Y. VPG - ot =01 ) as.

1<j<vi(t)

for some A > 0. Next, we will make yet another reduction showing that (4.15) will
follow if

(4.16) (Y Yi@)? —o?t] = 0t ™) as.
1<5<t

for some A > 0. A transition from (4.16) to (4.15) proceeds in the same way
as in Lemma 7.3.5 of [14] but for readers’ convenience we sketch also here the
corresponding argument.

First, we write

(4.17) B(Y. Yi@) = > VEG)| < D) + Ja(ni(t)

1<I<t 1<5<wi(t)
where 9
L) =B Y Yi@®) = > EVA()
1<I<t 1<j<w;(t)
and
L(m)=| > (V2G) - EV2())].
1<j<m

Next,

(4.18) Ji(t) < Jun(vi(t)) + Jiz2(vi(t)) + Jis(vi(t)) + Jra(vi(t)) + Jis(vi(t))
where
Ji(m) =23 o e [EViDVi(), Jiz(m) = B(X1< 00 Wil),
Ji3(m) = E(Iy(m))?, Jua(m) = E(Is(m))? and
Ji5(m) = 20| 1< jem Vil 2 (157 (m) + 1142 (m) + J{1%(m)

with I and I3 the same as in (3.20) and (3.29), respectively. Using (3.7)—(3.10) we
obtain similarly to (3.23)-(3.26) that

(4.19)  Jii(m) < 2021g]‘<3§m [Vi(i)ll2 Ea3)<lgb(3) @ap(l —0(j) — 27’5))
2C 21§j<5§m 5T Za(})<l§b(3) wqp(l —b(j) — 27“3)) <Cm
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for some C,C > 0 independent of m. For Jia(m), Jiz(m) and Jia(m) we already
have appropriate estimates in (3.26), (3.20) and (3.29), respectively. Employing
(3.2) from Proposition 3.1 together with Assumption 2.1 in order to estimate a;, =
|EY;(qi(1))Yi(gi(n))| we see (see (4.31) and (4.34) below as well as Lemma 5.1 from
[12]) that >, ., <, Gin is of order O(t), and so for m < v;(t),

(4.20) B( Y Vi) < Y YAa®)+2 Y aw<Ct

1<i<m 1<I<t 1<l<n<t

for some C' > 0 independent of . Combining (3.14), (3.20), (3.26), (3.29) and
(4.18)—(4.20) we obtain that

(4.21) Ju(vi(t)) < Ct' e
for some C' > 0 independent of t where & = (7 — 260)/(1 + 7).
In order to estimate Ja(t) we set
Us(j) = VE(J) — EV2(j) if [V2(j) — EV2(j)| <37
i 0 otherwise

where o € [r, 8] will be further specified later on. Observe that

(4.22)  P{U() # V() — EVZ(j)} = PUVE(5) — EVE2(H)| > 57}
< 21+gj_(1+g)(1+g> < 21+gj—(1+g)(1+o—27-).

Since o > 27 then the power of j in the right hand side of (4.22) is less than
—1, and so by the Borel-Cantelli lemma with probability one the event {U;(j) #
V2(j) — EV2(j)} can occur only finite number of times. Hence, the asymptotical
behaviot as m — oo of J(m) and of J5(m) = |3 ,<,<,, Ui(j)| is the same (up
to a random variable independent of m) and it suffices to estimate the latter. Set
Uz(j) = U;(j) — EU;(j). Using (3.10) we obtain that for j < j’,

(4.23) |EU; (U ()] < (3" om0+ Y m).
j<m<j’
Next,
(4.24)
E(U;(j))? < 2§02 E|U; ()13 < 320+ B ()P < ¢t e
1)

for some C' > 0 independent of j where e = § — o + %" — 70 and we choose ¢ and 7

so small that £ > §/8. Tt follows from (2.17), (4.23) and (4.24) that for some C' > 0
independent of n and m,

n

(425) E( Z UZ*(,]))Q < CN'(nQ"'QT_E _ m2+27’—s)
Jj=m+1
and applying again Theorem Al from [14] we obtain by (3.14) and (4.25) that
(4.26) Y Uro) < (i) 728 < 2817 IF as.
1<5<vi(t)

Hence, J5(v;(t)) < t+7 2079 as., as well.
Finally, it remains to establish (4.16). In fact, existence of the limit

lim 7 E( Y Yi(gi(n)® = o?

t—o0o
1<n<t
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and its computation is given in Propositions 4.1 and 4.5 from [12] and we only have
to explain the estimate (4.16) which is actually hidden inside the proof there. If
i < k then the above limit has the form (see Proposition 4.1 in [12]),

(4.27)

o0

o?: Z ai(l Wlth al /F :161,..-, (y1,- 7yl H dpru xuayu)

l=—o00 1<u<i

where p,, is the same as in (2.4) and duo(z,y) = dzydp(z) is the measure supported
by the diagonal. If ¢ > k then (see Proposition 4.5 in [12]),

(4.28) o; —/F2 X1y ey Xy )Ap(21) - - - dp(2;).
We have
(4.29) BE( Y Yilgm) = Y. binn)
1<n<t 1<n,n’<t
where

bi(n,n') = EF; (X (q1(n)), ..., X (¢:(n))) Fi(X (q1(n)), ... X (a:(n))).

If i < k then for each integer m we consider b;(n,n’) with in — in’ = im.
Assume that |im| < imax(n n’) then we can apply (3.3) of Proposition 3.1
with G = F_ 00,(1—3/4) max(n,n’ , H = -7:(1 1/2) max(n,n’),0c0» V = (X(Tl),,X(Z -

Dn; X(n'), ..., X ((i — 1)n’)) and Z = (X (in), X (in')) which gives that
|bi(n,n') — [ EF;(X(n),...,X((i — L)n),z)F;(X (n),
X (0 = D)n'), y)dpim (2, )| < C1(wg,p(3 max(n,n’)) + B¢(§ max(n,n’)))

for some Cy > 0 independent of n,n’. Repeating these estimates i times we obtain
that

1
[bi(n,n") = ai(m)] < C1(wq,p(7 max(n,n')) + ﬂq( max(n,n’)).
If |im| > max(n n'), say im > max(n,n’), then applylng (3.3) of Proposition

3.1 with G = F_ ,max(in’,(i—1)n)+5n’ H = fz 1/16)n,001 V= (X(n),.. X((i —
1)n); X(n'),...,X(in’)) and Z = X (in) which yields that

[bi(n,n)| < Ca(q,p(n/16) + B4(n/16))

for some C2 > 0 independent of n. The same estimate holds true if im < —n/4
with n/ in place of n, and so we can replace above n by max(n,n’). Next, we
want to show that a similar estimate holds true for a;(m) when |im| > max(n,n’),
assuming first that ém > max(n,n’). Since for in —in' = im,

a; /EF (21, oy i1, X(i0))Fi(y1, ooy yio1, X (in') H A (T s Yo
1<u<1 1
we can apply (3.3) of Proposition 3.1 with G = F__ ,, . H = ]-"(Z__)n o)

V =(21,.., Zi=1;Y1, -, Yi—1, X (in’)) and Z = X (in) which ylelds that
lai(m)| < C3(wq,p(n/16) + B4(n/16))

for some C3 > 0 independent of n. If im < —7% then we obtain a similar estimate
with n replaced by n’, and so we can replace n in the above estimate by max(n, n’).
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Collecting the above estimates we obtain that if 7+ < k and in — in’ = im for an
integer m then

(4.30) |bi(n,n') —a;(m)| < 04(wq,p(1—16 max(n,n’)) + ﬂq(% max(n,n’))

for some Cy > 0 independent of n. By (2.17), (2.18) and (4.30) we obtain that for
i <k,

(4.31) | Y bi(non!) = 0| < Cst'?
1<n,n’<t
for some C5 > 0 independent of ¢.
Next, we consider the case i > k + 1. It follows from (2.8) that if n # n’ and
max(n, n’) is large enough then |g;(n) — ¢;(n')| > (max(n,n’))’. Hence, relying on
(3.3) in Proposition 3.1 it is easy to see similarly to above that in this case

(32 il )] < Co(@ap(lastn) — ) + 5, lailn) — (')

for some Cg > 0 independent of n and n’. In order to estimate the difference
between b;(n,n) and o? from (4.28) we use that ¢;(n) — ¢;—1(n) > n for large n
which yields that

it m) = [ BEAX (), e X (0 = D), a)i(o)] < Cr(ip(37) + Ba()

for some C7 > 0 independent of n where we rely on (3.3) from Proposition 3.1 with
G=7F w-3m H=TFilne V= (X(n),....,X((1 = 1)n)) and Z = X(in).
Repeating this estimate ¢ times we obtain that

1 1
(4.33) | Z bi(n,n) — t0z2| <y Z (wqm(zn) + ﬁq(zn))
0<n<t 0<n<t
for some Cs > 0 independent of ¢. This together with (2.8), (2.17), (2.18) and
(4.32) yields that

(4.34) | Z bi(n,n') — to?| < Cot' ™
0<n,n'<t
for some Cy > 0 independent of ¢. Finally, (4.29), (4.31) and (4.34) yields (4.16)
completing the proof of Theorem 2.2. O
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