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Abstract

Let f : R — R be a measurable function satisfying

1 1
flx+1) = f(2), /Of(x)dx:(), /sz(:ﬂ)dx<oo.

The asymptotic properties of series Y ¢ f(kx) have been studied extensively in the
literature and turned out to be, in general, quite different from those of the trigono-
metric system. As the theory shows, the behavior of such series is determined by
a combination of analytic, probabilistic and number theoretic effects, resulting in
highly interesting phenomena not encountered in classical harmonic analysis. In this
paper we survey some recent results in the field and prove asymptotic results for the
system {f(nz),n > 1} in the case when the function f is not square integrable.
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1 Introduction

Let f: R — R be a measurable function satisfying

1 1
flz+1) = f(x), /0 f(z)dx =0, /0 fA(x) dr < oco. (1.1)

The asymptotic properties of the system { f(nz),n > 1} have been studied extensively
in the literature and turned out to be, in general, very different from those of the
trigonometric system. Khinchin [51] conjectured that (1.1) (even without the last
condition) implies

. 1
lim N Zf(kx) = a.e. (1.2)

This remained open for almost 50 years until it was disproved by Marstrand [54];
he showed that there exist even bounded counterexamples f. At about the same
time, Nikishin [57] constructed a continuous function f satisfying (1.1) such that
> e f(kx) diverges a.e. for some (c;) with >_ ¢f < co. Gaposhkin [43] showed that if
f satisfies (1.1) and belongs to the Lipschitz « class for some o > 1/2, then > ¢ f (kx)
converges a.e. provided ) cz < 00, i.e. the analogue of Carleson’s theorem holds for
the system f(nz). Berkes [18] showed that this result becomes false, in general, for
Lipschitz 1/2 functions. There exists no characterization of functions f for which
the analogue of the Carleson convergence theorem holds for f(nz) and, despite the
profound work of Bourgain [24] connecting Khinchin’s conjecture with metric entropy
behavior, we have no characterization of functions f for which (1.2) holds.

The asymptotic properties of the system {f(nz),n > 1} play also an important
role in the metric theory of uniform distribution. A sequence (z,),>1 of real numbers
is called uniformly distributed mod 1 if for any interval [a, b) on the real line we have

N
. 1
i kz:l Liap)(zk) = b —a,

where 1, ) denotes the indicator function of the interval [a,b), extended with period

1. Given a sequence (x1,...,xy) of real numbers, the value
N
11 x
-DN:DN(xl""’xN): sup Zk_l ]\[;7b)( k)_(b_a)
0<a<b<1

is called the discrepancy of the sequence. It is easily seen that an infinite sequence
(xn)n>1 is uniformly distributed mod 1 iff Dy(z1,...2n) — 0 as N — oco. By a
classical result of Weyl [68], for any increasing sequence (ny) of integers, {ngz}r>1
is uniformly distributed mod 1 for all x € R, with the exception of a set having
Lebesgue measure 0. Improving the results of Erdés and Koksma [32] and Cassels
[25], Baker [15] proved that for any increasing sequence (ny) of positive integers the
discrepancy Dy ({niz}) of the first N terms of the sequence {nix} satisfies

(log N)3/2+€



for any € > 0. On the other hand, Berkes and Philipp [20] constructed an increasing
sequence (ny) of integers such that for almost all = the relation

(log N)'/2
VN

holds for infinitely many N. These results describe the extremal behavior of Dy ({nyz})
rather precisely; on the other hand, the exact asymptotics of Dy ({nxx}) is known
only in a few special cases, e.g. for ny = k (Khinchin [52], Kesten [50]) and for
exponentially growing ny (Philipp [58]). Let us note that for every x € R

Zf (ngx)

where V; denotes the total variation of f on [0,1]. The second inequality in (1.5) is
obvious from the definition of Dy ({ngx}), while the first one follows from Koksma’s
inequality (see e.g. [27]), stating

1 o !
v - |t de

for any function f with Vy < oo and for every set x1,..., 2y of points from the unit
interval. The inequality (1.6) plays a crucial role in the theory of Monte Carlo and
quasi-Monte Carlo integration. By (1.5), determining the precise order of magnitude
of Dy ({nxz}) requires sharp bounds for sums S8, f(njz), which, in turn, is closely
connected with estimating the integral

1 /N 2
/ (Z f(nkx)> dz (1.7)
0 \k=1

for functions f of bounded variation. Koksma [53] showed that the integral in (1.7)
is bounded by Vy - G(ni,n2,...,ny), where

~({ngz}) > (1.4)

N

3 s0)

k=

— sup < Dy({ngz}) < sup (1.5)

dyp<a|f

SQVf-DN(.%'l,...I'N) (16)

G(nl,ng,...,nN) = Z M (1.8)

1sign 0ol

Here (-,-) denotes the greatest common divisor, while [-,-] stands for the least com-
mon multiple. Equation (1.8) shows that the order of magnitude of the discrepancy
Dy ({niz}) depends not only on the growth speed of the sequence, but also its num-
ber theoretic properties.

Relations (1.3) and (1.5) imply that for any f with V; < oo and any increasing
sequence (ny) of integers we have

N

> fngx)

< V/N(log N)3/2+¢ a.e. (1.9)




for any € > 0. On the other hand, the proof of (1.4) in Berkes and Philipp [20]
provides an increasing sequence (ny) of integers such that for f(z) = {z} — 1/2 we

have for almost all x N
> )
k=1

for infinitely many N. The gap between (1.3) and (1.4), as well as the gap between
(1.9) and (1.10) remain open until today. Very recently, Aistleitner, Mayer and
Ziegler [13] improved (1.9) to

> v/N(log N)'/? (1.10)

> fla)

k=1

< VN (log N)*?(loglog N)~1/2+¢ a.e. (1.11)

for any € > 0. Their proof uses the estimate

log N
3 () e <7C g > (1.12)
i TieN /MEng loglog N

valid for any set {nj,...,ny} of distinct positive integers, which is due to Dyer and
Harman [30]. Dyer and Harman also conjectured that log N on the right hand side
of (1.12) can be replaced by /log N. Assuming the validity of this conjecture, the
bound in (1.11) can be improved to v/N (log N)*e.

The previous results show that there is a crucial difference between the asymptotic
behavior of the system f(nz) for functions f with bounded variation and for f(x) =
e?™ In the latter case Berkes and Philipp [20] proved that if 1)(n) is a nondecreasing
sequence satisfying ¥ (n?) < ¥(n), then

N
§ : e27rink:v
k=1

holds for all increasing (ng) if and only if

< VNY)(N)  ae. (1.13)

=1
Zkﬂ/}(k‘)Q < 00.

k=1

In particular, (1.13) holds for ¢»(N) = (log N)Y/?%¢ for ¢ > 0 and fails for (N) =
(log N)!/2

By a profound result of G4l [38], for any sequence (n1,...,ny) we have
G(n1,na,...,ny) < N(loglog N)?

and this result is best possible. Since under Vy < oo the integral (1.7) is <
G(n1,na,...,ny), for functions f with bounded variation the L2 norm of Z]kvz1 f(ngx)
is O(v/N loglog N), a bound only slightly weaker than the bound O(v/N) valid for or-
thogonal series. Thus one can expect that under V; < oo the convergence properties
of Y772 e f(ngx) are also not much worse than those of orthogonal series, described
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by the Rademacher-Mensov convergence theorem. This is indeed the case: Berkes
and Weber [22] showed that for any increasing sequence (ny) of positive integers and
any function f satisfying (1.1) and Vy < oo, the series > 7, ¢k f(ngx) converges a.e.
provided

oo

Z c2(log k)™ < o0

k=1
for some € > 0. On the other hand, Nikishin [57] showed that for f(x) = sgnsin 27z
(a function with bounded variation on [0,1]) the series > ;2 i f(kx) diverges on
a set with positive measure for some (cx) with > po;cf < oco. These two results
characterize, up to a logarithmic factor, the a.e. convergence of > 77, ¢ f(ngx) for
functions f with bounded variation. For other classes of functions the convergence
properties of the series are completely different. Recall that if f is a Lip a function
with o > 1/2 satisfying (1.1), then the analogue of Carleson’s theorem holds for
> pey i f(kz), and this theorem generally fails for o = 1/2. In the case 0 < a < 1/2
Weber [66] proved, improving results of Gaposhkin [41], that a sufficient convergence

criterion is
o0

> cid(k)(log k)? < oo, (1.14)
k=1

where d(k) = #{1 <i < k: ik} is the divisor function. It is known that
d(k) < exp(C'log k/ loglog k),

for some C' > 0 and thus Y ;- ¢ f(kz) converges a.e. provided

Z ¢z exp(Cy log k/loglog k) < oo,

a fact proved independently also by Aistleitner [7] for 1/4 < a < 1/2. We note that,
as Weber [66] showed, (1.14) is sufficient for the a.e. convergence of > 2, ¢ f(kx)
even if instead of the Lipschitz character of f we assume only that the Fourier co-
efficients of f are O(k~'/2(log k)~(1+2)) for some & > 0, a criterion allowing a much
larger class of functions f. In the case when the Fourier coefficients of f are O(k™7),
1/2 < v < 1, a sufficient convergence criterion is

Z czp(k)(log k)* < oo
k=1

where

) = S D)

din

See Berkes and Weber [23]. These results show that even in the case ny = k the
convergence behavior of Y27 ;| ¢k f(ngx) is intimately connected with number theory.
For a detailed study of the convergence properties of sums > 7~ ; ¢ f(ngx), see Berkes
and Weber [22].

The previous results show that even for “nice” functions f, the a.e. convergence
of Y22, cif(kz) is a highly delicate question, far from being solved. In contrast,
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convergence in L? norm is essentially solved by a theorem of Wintner [69], who
proved that if f has the Fourier series

fr~ Z(ak cos 2mkx + by, sin 2wkx),
k=1

then >"22, ¢ f(kx) converges in norm for all (c) with Y72 | ¢ < oo iff the Dirichlet

series - -
> apk™, and ) bpk* (1.4)
k=1 k=1

are regular and bounded in the half-plane R(s) > 0. This remarkable criterion shows
again the complexity of the convergence
problem studied here.

2 Lacunary series

In the previous chapter we have seen that that the convergence and growth properties
of series > 77, ¢ f(ngx) are closely connected with the number theoretic properties
of (ng), and even for ny = k the convergence problem has an arithmetic character.
In this chapter we investigate lacunary series, i.e. the behavior of f(nxx), where (ng)
satisfies the Hadamard gap condition

N1 /me > q>1  (k=1,2,...). (2.1)

In the case f(z) = cos2mz and f(z) = sin 27z, Salem and Zygmund [60] and Erdés
and G4l [31] proved the central limit theorem and the law of the iterated logarithm,
i.e.

1 N
3" Fe) -5 N(0, 1) (2.2)

VN/2iZ

and

lim sup a.e. (2.3)

1 N

S Togtor e 27 ) =
with respect to the probability space ([0, 1], B, 1), where B is the Borel o-field in [0, 1]
and p is the Lebesgue measure. This shows that Hadamard lacunary subsequences
of the trigonometric system behave like independent random variables. Extensions
for weighted sums Zgzl ¢k f (ngx) were proved by Salem and Zygmund [60, 61] and
Weiss [67] under the same coefficient conditions as assumed for independent random
variables. For general f satisfying (1.1), the situation is considerably more complex.
Kac [48] showed that if f is a Lipschitz function or a function with bounded variation
satisfying (1.1), then the CLT (2.2) holds in the case nj, = 2* with a limit distribution
N(0,0?), where

1 o0 1
2 = 2,17 X €T kﬂ? Z.
U_AfUdH;Aﬂﬁ@M
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The corresponding law of the iterated logarithm was proved by Izumi [47] and
Maruyama [55]. On the other hand, Erdés and Fortet showed (see [49], p. 646)
that both the CLT and LIL fail for the system f(ngx), where

f(z) = cos2mx + cosdmz and ni=2F—-1, k> 1.

Specifically, in the case of the CLT a limit distribution in (2.2) still exists, but its
distribution function equals

1 pax/2|cost| 9
7'('_1/2/ / e " dudt
0 —0o0

(i.e. it is a mixture of Gaussian distributions) and the limsup in (2.3) is v/2 cos 7z,
i.e. the limsup depends on z (cf. also [26]). These results show that under (2.1) the
behavior of f(ngx) still resembles to that of independent random variables, but it is
influenced substantially by the number theoretic properties of the sequence (ny) as
well. Gaposhkin [40] showed that the CLT for f(nsx) remains valid if all the fractions
nk11/ny are integers or if ngi1/np — «, where " is irrational for r = 1,2,.... He
also showed (see [44]) that the validity of the CLT is intimately connected with the
number of solutions (k,!) of Diophantine equations of the form

ang £ bn; = c, where a,b,c € Z. (2.4)

Improving Gaposhkin’s results, Aistleitner and Berkes [8] gave a complete charac-
terization for the CLT under (2.1). They proved, namely, that under (2.1) f(ngx)
satisfies the CLT for all functions f satisfying (1.1) if and only if

L(N,d,v) = o(N) as N — o0 (2.5)
uniformly in v # 0, where
L(N,d,v) =#{1<a,b<d, 1<EkI<N: anp—bn =v}, (2.6)

where we exclude the trivial solutions k£ = [ in the case a = b, v = 0. Allowing also
v = 0in (2.5), the CLT will hold with norming factor ||f||v/N. A similar criterion
holds for the LIL, see [5, 6].

In his classical paper, Philipp [58] investigated the law of the iterated logarithm
for the discrepancy Dy ({niz}) under the lacunarity condition (2.1). For an i.i.d. se-
quence (&) of random variables, uniformly distributed on (0, 1), the Chung-Smirnov
law of the iterated logarithm (see e.g. [62], p. 504) states

lim sup NDn (& ) _1 (2.7)

n—oo V2N loglog N 2

with probability 1. Philipp proved that under (2.1) we have

< limsup NDy{nez}) <y a.e. (2.8)

1
42 7 Nooo V2Nloglog N —

where the constant C; depends only on the growth factor ¢ in (2.1). Again, this
shows that under (2.1) the sequence {nyz} behaves like a sequence of independent
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random variables, but the value of the limsup in (2.8), as well as the question whether
the limsup is a constant almost everywhere, remained open. Berkes and Philipp [20]
showed that for any g > 1 there exists a sequence (ny) satisfying (2.1) such that the
limsup in (2.8) exceeds clog log L showing that the limsup in (2.8) can be different
from the classical value 1/2 in (2.7). Aistleitner proved that the limsup does not
have to be a constant a.e. for lacunary (ng) (cf. [2, 3, 4]). The (nonconstant) limsup
in the case ny = 2¥ — 1 was determined by Fukuyama [36].
Very recently Fukuyama [33] developed a powerful technique to calculate the

exact value of the limsup in (2.8). In particular, he showed

lim sup w =Cy ae.,

N—o00 \/W
where the constants Cy (which are explicitly known) depend on the precise value and
the number-theoretic properties of # in a highly interesting way. For example, we
have

Cy = V42/9, iff=2
(0 +1)0(6 —2)

Cy if # > 4 is an even integer,
2,/(0—1)3
Vo +1
Cy = i if # > 3 is an odd integer.

2¢v/60 — 1
Of particular interest is the case when 6 has no rational powers (which is the case
e.g. if 6 is transcendental), where we have Cy = 1/2, i.e. the same constant as in
(2.7). Aistleitner [5] showed that the limsup is also equal 1/2 if the counting function
defined in (2.6) satisfies

L(N,d,v) = O(N/(log N)'™®) as N — oo (2.9)

for some £ > 0, uniformly in v € Z. That is, under a condition only slightly stronger
than the necessary and sufficient condition for the CLT for f(ngx), the discrepancy
behavior of {n;x} also follows i.i.d. behavior precisely. Note, however, that although
the asymptotic order of the discrepancy of {nyz} is very well understood for exponen-
tially growing (ny) from a probabilistic point of view, there exist hardly any results
for the corresponding problem for concrete values of x. For example, the classical
problems asking for uniform distribution of the sequences {2¥1/2} and {(3/2)*} are
still completely open, and there is little hope that they can be solved within the next
decades (for a discussion of these problems and recent contributions, see Bailey and
Crandall [14] and Dubickas [28, 29]).

Let &1,&a,. .. be i.i.d. random variables, uniformly distributed on [0, 1], let

Fale) = 316 < 0)
k=1

denote the empirical distribution function of the sample ({1, ...,&,) and let
T, = sup vilFu(x) - ]
0<z<L1



be the Kolmogorov-Smirnov statistic. 7, plays an important role in nonparametric
statistics, see e.g. [62]. Using probabilistic terminology, the Chung-Smirnov LIL (2.7)
can be formulated as

I T, 1
imsup ————= = —
n%oop v2loglogn 2

The limit distributional behavior of T}, is described by Kolmogorov’s theorem

a.s.

lim P(T, <t) = K(t), (2.10)
n—oo
where -
K(t)=1-2) (-1l 2, (2.11)
k=1

It is natural to ask if an analogue of the Kolmogorov limit theorem (2.10)-(2.11) holds
for discrepancies. Aistleitner and Berkes [9] showed that if (2.5) holds uniformly in
v € Z (including v = 0), then the limit distribution of VN Dy ({nzz}) exists, namely
we have

Note that the just mentioned Diophantine condition is not satisfied for ny = a” (in
this case relation (2.5) fails for v = 0), but the limit distribution of v/ N Dy ({a*z})
still exists; the limit distribution is the same as the distribution of supy<;<; |G(2)],
where GG is a Gaussian process with covariance function o

k

1 o 1
[(s,t) :/0 Is(z)Li(x) dx + kzl/o (Is(x)It(akx) +Is(akg;)1t(x)> dx

where
Li(z) = L () — t.

As we pointed out above, assuming (2.5) uniformly in v € Z, f(nyx) satisfies the
CLT and replacing o(N) by O(N/(log N)'*¢), the LIL also holds for f(ngx). Hence
under these conditions the behavior of f(ngx) follows precisely that of i.i.d. random
variables. However, as Fukuyama [34] observed, the validity of the CLT and LIL can
break down after a permutation of the terms of the sequence (ny), even though an
i.i.d. sequence remains i.i.d. after any permutation. We investigated this surprising
phenomenon in a series of papers [10, 11, 12|, and found necessary and sufficient
Diophantine conditions for the permutation-invariant behavior of f(ngx).

In conclusion we note that most results discussed in this chapter break down for

sublacunary sequences (i.e. sequences (ny) satisfying ng,1/ni — 1), except that the
upper half of the LIL for f(ngx), i.e.

S S|
v Nloglog N

still holds for some classes of sub-lacunary sequences satisfying strong number-theoretic
conditions (Philipp [59], Berkes, Philipp and Tichy [21], Fukuyama and Nakata [35],
Aistleitner [1]; cf. also Furstenberg [37], who studied denseness properties of such
sequences from an ergodic point of view).

The case of superlacunary sequences will be investigated in the next chapter.

lim sup a.e.

N—oo




3 The case f & L?

In the previous chapter we saw that under (1.1) and the Hadamard gap condition
(2.1) the asymptotic properties of partial sums Zszl f(ngx) are determined by a
combination of probabilistic and number theoretic effects. In particular, the behav-
ior of the system f(ngz) is strongly influenced by the number of solutions of the
Diophantine equation (2.4). Assuming

Ng+1/Mk — 00, (3.1)

both Diophantine conditions (2.5) and (2.9) are satisfied and consequently f(nx)
satisfies the central limit theorem and the law of the iterated logarithm in their clas-
sical form, a result established by Takahashi [64, 65]. In other words, under the gap
condition (3.1) the sequence f(nxx) behaves precisely as an i.i.d. sequence, without
any number theoretic assumptions on (ng). It is natural to ask about the asymp-
totic properties of lacunary sequences f(nxx) when the square integrability condition
fol f?(x)dr < oo does not hold. Gaposhkin [42] was the first one to investigate this
question; he proved the following result.

Theorem 3.1 Let f: R — R be a measurable function with period 1. Then there
exists an increasing sequence (ng) of positive integers and measurable functions gi(x),
Yr(x), ne(x), k = 1,2,... on (0,1) such that the gy are stochastically independent
and

fnz) = gi(w) + Pr(x) + k() (3-2)

where - -
> llkllar < oo and Y pfx () # 0} < oo. (3.3)

k=1 k=1
Here || - ||ar denotes the norm in the space M(0,1) of measurable functions on (0,1)

defined by |||y = inf{e > 0: p(x : [P(x)| >€) <e}. If f€ LP(0,1) (p>1) or f €
C(0,1), then the conclusion remains valid with the gy belonging to the corresponding
spaces and || - ||m replaced by || - ||, or || - ||c, respectively.

As an immediate consequence, we get
oo
D Ifx) — grlz)| <00 ace. (3.4)
k=1

in all cases covered by the theorem. Relation (3.4) has powerful consequences. Most
limit theorems of probability theory are invariant for small perturbations, i.e. if they
are valid for some sequence ({) of random variables, then they remain valid for all
sequences (&},) satisfying

o
Z & — &l < o0 aus.
k=1

Thus going beyond the limit theorems studied in the previous section, Gaposhkin’s
theorem extends a very large class of limit theorems of independent r.v.’s for lacunary
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sequences f(ngx). On the other hand, his theorem provides (except an unproved
remark in the case f € LP(0,1), p > 1) no estimate of the growth rate of (ny) in (3.4)
and in particular, it provides no explicit lacunarity condition for many interesting
limit theorems such as versions of the central limit theorem with stable limits, laws of
large numbers and their generalizations, extremal limit theorems, etc. The purpose of
the present chapter is to obtain explicit growth rates in Gaposhkin’s theorem, leading
to concrete lacunarity conditions for a large class of limit theorems for f(ngz). As we
will see, for many important limit theorems (including the ones mentioned before)
these lacunarity conditions are actually quite close to (3.1). Our results will be
deduced from the following approximation theorem.

Theorem 3.2 Let (ny) be an increasing sequence of positive integers. Then there
exists a probability space (2, F, P) and two sequences (Xy) and (Yy) of random vari-
ables with the following properties.

(a) The sequence (Xi)g>1 is a probabilistic replica of the sequence {nix)}r>1 in
the sense that the distribution of the two sequences in the spaces (Q,F,P) and
((0,1),B, ) are the same.

(b) (Yi)k>1 is an i.i.d. sequence with uniform distribution over [0, 1].

(c) We have
P(| Xk — Yi| > 6r) < 6 k=1,2,... (3.5)

where 61 = 1 and
5k:5(nk_1/nk—|—nk/nk+1) k=2,3,.... (3.6)

By the identical distribution of the sequences (X} )x>1 and (f(ngx))r>1 the asymp-
totic properties of the two sequences are the same. Using standard probabilistic
language, we can say that we “redefined” the sequence {n;z}r>1 (without changing
its distribution) on the probability space (€2, F, P) together with an i.i.d. uniform
sequence (Yj)g>1 such that relation (3.5) holds with the ¢ in (3.6). In other words,
the sequence {nix}r>1 is, after a suitable redefinition, a small perturbation of an
ii.d. uniform sequence. This fact implies that if Y 72,y < oo (or equivalently if
Y pe Nk /N1 < 00), then most limit theorems valid for the i.i.d. sequence (Y%)g>1
will be valid for {nyz}i>1 as well. Related, weaker approximation theorems were
obtained in Hawkes [45] and in Berkes [17] dealing with the trigonometric case.

Note that Theorem 3.2 concerns the specific sequence {n;z}, but depending on the
properties of the function f, it leads automatically to a corresponding approximation
theorem for general sequences f(nyx). For example, if f is continuous with continuity
modulus w(f, ), then (3.5) and (3.6) imply

DX = f(V) <00 ae. (3.7)
k=1
provided
an/nkJrl < 00, Zw(f, Nk /Mpy1) < 00.
k=1 k=1

A much more general consequence of Theorem 3.2 is the following

11



Theorem 3.3 Let f : R — R be a measurable function with period 1 and let (ny)
be an increasing sequence of positive integers. Let (T},) be positive numbers such that
plx € (0,1) : |f(z)] > Ty} < k=2 and assume that

3 <T,€5,1/4 +wd?(fr, 85;/2)) < . (3.8)
k=1

Then on a suitable probability space there exists a probabilistic replica (Xj)r>1 of
(f(ngz))e>1 together with an i.i.d. sequence (Yj)i>1 such that Yy are distributed as

f(x) on ((0,1),B, 1) and

o
Z\Xk—Yk] < oo a.s.
k=1

Here 0y, is defined by (3.6),

1 1/2
wa(f,0) = ( sup /0 [f(@+h) = fz—h)]? dfﬂ)

0<h<o

is the L? modulus of continuity of f and fr is the truncated function f - 1{|f| < T}.
There exist several classical limit theorems for f(ngx) involving this modulus of
continuity wa(f,h). For example, Ibragimov [46] proved the CLT for f(2¥x) under
(1.1) and the assumption

iwg(f, 27%) < .
k=1

Takahashi [64] proved the CLT for f(ngz) under (1.1), ngy1/ng — oo and

wr(f.h) = O (log %)

for some a > 1 and Matsuyama and Takahashi [56] proved the corresponding LIL
under similar, slightly stronger assumptions. Gaposhkin [40, 41] proved that under
(1.1) and

> w3 (fynk/nig) < o0 (3.9)
k=1

the sum > 5o cpf(ngz) is a.e. convergent provided Y 22, c2 < oo and also that
f(ngz) satisfies the LIL, provided (3.9) holds with ws replaced by the ordinary mod-
ulus of continuity w.

Given any periodic measurable function f, we can choose T} so that u{|f| >
T),} < k=2 for all k > 1 and then condition (3.8) is satisfied if &, tends to 0 sufficiently
rapidly or, equivalently, if (ny) grows sufficiently rapidly. More importantly, however,
Theorem 3.3 enables one to give a concrete gap condition implying the validity of
i.i.d. limit theorems for lacunary sequences f(ngx). We illustrate the procedure on
two classical limit theorems for i.i.d. random variables.
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Corollary 3.1 Let f: R — R be a measurable function with period 1 such that the

distribution function
F(z) = pft € (0,1) : (1) < o} (3.10)

of [ satisfies
1—F(z) ~px “L(x), F(—z) ~ qz"“L(x) as x — 00 (3.11)

for some constants p,q > 0, p+qg=1, 0 < a < 2 and a slowly varying function L.
Let (ng) be an increasing sequence of positive integers satisfying (3.8). Then letting
Sn = p_y f(nxz) we have

(Sn — an) /by -5 G (3.12)

for some numerical sequences (ay), (by) and an a-stable distribution G.

Corollary 3.2 Let f: R — R be a measurable function with period 1 such that the
distribution function F in (3.10) satisfies F(x) < 1 for all x and 1 — F is regularly
varying at +oo with a negative exponent. Let (ng) be an increasing sequence of
positive integers satisfying (3.8). Then letting M, = maxj<i<p f(nyx), we have

(M, — an) /by % G (3.13)
where G(z) = exp(—2~%)1 g o) (2)-

Note that (3.11) is the classical necessary and sufficient condition for the partial
sums S, of an i.i.d. sequence with distribution function F' to satisfy the limit theorem
(3.12) with suitable norming and centering sequences a,, b,. Corollary 3.1 shows
that if the distribution function F of the periodic function f satisfies (3.11), then the
partial sums of f(ngx) for any (ny) satisfying (3.8) obey the limit theorem (3.12).
Similarly, the assumption on F' in Corollary 3.2 is the well-known necessary and
sufficient condition for the centered and normed maxima of an i.i.d. sequence with
distribution F to converge weakly to the distribution G(z) = exp(—z~%)1(0,00)(7),
the so called Fréchet distribution. As we know (see e.g. [39]), the limit distribution
in (3.13) for any i.i.d. sequence can be only one of the Fréchet, Weibull and Gumbel
distributions with respective distribution functions exp(—2~%)1 g «)(z), its analogue
on the negative axis and exp(—e~%); the analogue of Corollary 3.2 holds for the other
two limiting classes, too.

The growth speed of (ny) in (3.8) depends on f; clearly, “nice” functions f require
less rapidly growing (ny). For example, in Corollary 3.1 condition (3.11) with L(z) =
1 and p = ¢ = 1/2 can be realized with the function

—|z — —1/a 1 T
f(m):{ lz—1/2] fo<z<1/2 .14)

|z — 1/2|7 Y/ if 1/2<z<1.
Then we can choose T}, = k% and a bound for | f’| on the set {|f] < T}, } is Ck2(1+e)/«

and thus
wa(fr,,0) < w(fr,, ) < CRHIF/ag,
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Thus a simple calculation shows that (3.8) is satisfied if
Ngy1/nk > K7 (3.15)

for some v = y(a)) > 0. Note that (3.15) is only slightly stronger than (3.1): relation
(3.1) requires that nj grows faster than exponential, while (3.15) is satisfied for
ny ~ e“Flo8k for a sufficiently large C. There are, of course, many other choices of
the function f leading to the same distribution function F' in (3.10), which lead in
general to faster growing (ng).

Besides covering a large class of limit theorems, Theorem 3.2 leads also to per-
mutation-invariant results. As we have seen, under (1.1) and suitable smoothness
conditions, f(2¥x) satisfies the central limit theorem and the law of the iterated
logarithm, but, as Fukuyama [34] showed, these results are not permutation-invariant:
both the CLT and LIL break down after a suitable permutation of the terms of the
sequence f(2¥z). In contrast, relation (3.4) is clearly permutation-invariant and so
are its consequences discussed above.

4 Proofs

Theorem 3.2 will be proved by using the strong approximation technique developed in
Berkes and Philipp [19]. More precisely, the result will be deduced from the following
extension of Theorem 2 in [19].

Lemma 4.1 Let (2, F, P) be a probability space, F1 C Fa C ... C F a sequence
of o-fields and X1, Xo,... a sequence of discrete random variables such that X is
Fi.-measurable and

P(T(' (diSt(Xk’fkfl),diSt(Xk)) > 'yk) < Y (4.1)

for some v, k =1,2,.... Assume that on (0, F, P) there exists a random variable Z,
independent of o{F1, Fa, ...} and uniformly distributed over [0,1]. Then on (2, F, P)

there exist independent random variables Y1,Yo, ... such that Xy, < Vi (k=1,2,...)
and

Here £ denotes equality in distribution, dist(X}) and dist(Xg|Fx_1) denote, re-
spectively, the distribution of X and its conditional distribution relative to Fj_1,
and 7(P;, P») denotes the Prohorov distance of the probability measures P; and P,

defined by

7(P1, Py) = inf{e > 0: Pi(A) < P,(A%) +¢ and
Py(A) < P(A®) + ¢ for all Borel sets A C R}

where A¢ is the open e-neighborhood of A, i.e.,

A*={zeR: |z —y| <efor somey e A}.
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Proof of Lemma 4.1. We start with recalling some well known facts from probabil-
ity theory. Given an atomless probability space (2, F, P) and a distribution function
F', there always exists on (2, F, P) a r.v. X with distribution F. As an immediate
consequence, if X is a discrete r.v. on an atomless space (2, F, P) with distribu-
tion function F' and G is a two-dimensional distribution function with first marginal
F (ie. G(z,+00) = F(z)), then on (Q,F, P) there exists a r.v. Y such that the
distribution of the vector (X,Y) is G.

Trivially, if X and Y are r.v.’s defined on the same probability space satisfying
P(|X —Y| > ¢) < ¢, then the Prohorov distance of the distribution of X and Y
is < e. By a theorem of Strassen [63], the converse is also true: if P, and P
are probability measures on the real line with 7(P;, P») < ¢, then on any atomless
probability space (€2, F, P) there exist r.v.’s X and Y with distributions P, and P,
such that P(|]X — Y| > ¢) < e. Combining this with the previous remarks it follows
that if the distribution Pj is discrete and 7(P;, P») < €, then one can even prescribe
ar.v. X on (2, F, P) with distribution P, and there still exists a r.v. Y on (2, F, P)
with distribution P5 such that P(|X —Y|>¢) <e.

Turning to the proof of Lemma 4.1, we will construct the r.v.’s Y7,Y5,... by
induction. We first enlarge the o-fields Fj, by setting F; = o{Fy, Z}, where Z
is the random variable in the formulation of the lemma. Clearly dist(Xy|F;_;) =
dist(Xg|Fk—1) and thus (4.1) implies

P(m (dist(Xp|Fp_q), dist(Xp)) >m) <m (k=1,2,...). (4.2)

Let Y7 = X7 and assume that Y7,Y5,...,Y,_1 are already constructed and satisfy
the statements of the lemma, moreover, Y; is .7-"]* measurable for 1 < j < k — 1.

Since X 4 Y; for 1 < j < k-1, therv.’s Y1,Y5,...,Y;_; are discrete. Letting
oy =o0{Y, .. Y}, clearly F* C Fp_; and thus (4.2) implies

P(r (dist(Xp| Fp2 ), dist(Xg)) > v) < (k=1,2,...). (4.3)
Consider the sets D of the form
D={Y1=0b1,..., Y1 =01} (4.4)

where by,...,br_1 are in the range of Y7,...,Ys_1, respectively. The union of these
sets is clearly €2; we will construct Y3 on each such set separately. We clearly have
dist(Xy|Fi* ;) = dist(Xg|D) on the set D in (4.4), and thus (4.3) implies that the
sets D can be distributed into two classes I'1 and I' such that )5, P(D) < v
and for any D € I'y we have

W(dlSt(Xk’D),dISt(Xk)) < Yk - (45)

Let first D € T'y, let P(P) denote conditional probability with respect to D and define
the probability measures P; and P5 on the Borel sets of R by

Pi(A) = P(X € AID), Py(A)=P(Xy <€ A), AeB.
By (4.5) we have m(P, Py) < v and since the probability space (D, Fy, P(P)) is
atomless, the remarks at the beginning of the proof imply that on the probability
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space (D, Fy, P(P)) there exists a random variable Y; with distribution dist(X})
such that PP)(| X}, — Yi| > ) < 4. This defines the random variable on each set
D € T'y; for aset D € I's let Y, be any r.v. on the probability space (D,f,:,P(D))
with distribution dist(X%). Thus we defined Yj on the whole probability space 2;
clearly, the so defined Y}, is F;' measurable and has the property that its conditional
distribution on any set of the form (4.4) equals its unconditional distribution and
thus Y}, is independent of the vector (Yi,...,Ys_1). Also,

P(| Xk = Y| = ) < 2.
This completes the induction step and thus the proof of Lemma 4.1.

Proof of Theorem 3.2. Let e, = ng/ngy1 and ¥(x) = {o}. Set Ay = {i/npy1 :
1< < nk+1}, B, = U;?:O Aj and let Jyi, Ja,. .., iy, be the left closed intervals to
which the points of By divide the interval [0,1). Let Fi be the o-field generated by
the intervals Ji, ..., Jy,, and set

T = Ti(x) = Y (ngz),
Xy = E(T|Fk)-

Clearly F1 C JFo C --- and X is an Fj-measurable discrete r.v. taking the constant
value p(A)~! [, ¥(nkx) dz on any atom A of Fj,. Since the atoms of Fj, are intervals
of length < 1/ng1, we have

‘Tk - Xk‘ < nk/nkJrl =&k . (46)

Let G, denote the set of intervals I = [i/nk+17 (14 1)/nk+1), 0 <i < ngy1— 1 which
contain in their interior no point of By_1. Clearly each interval I € G is an atom of
Fi. and

> oud)=1-2e, k> ko (4.7)

To see the last inequality observe that the number of those intervals

I=[i/ngsr, (i 4+ 1) /ngs), 0<i<mpyq—1,

which contain in their interior a point of Bj_; is at most card By_1 <ni + --- +ny
and thus the total measure of these intervals is at most (ny + -+ + ng)/ngr1. Now
(3.1) implies ny + - - - + ny, < 2ny, for k > kg, proving (4.7).

Let H denote the uniform distribution over (0,1). Clearly the conditional distri-
bution of T, = ¥(nix) relative to each interval I € Gy is H and thus by (4.6) we
have

7 (dist(Xg|I), H) = 7 (dist(Xg|I), dist(Tx|I)) < ek for I € Gg_1.
In view of (4.7), the last relation means

7 (dist(Xg|Fr—1), H) < e with probability > 1 — 2ej_1. (4.8)
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Since dist(X}) is obtained from dist(Xy|F;—1) by integration, (4.8) easily implies
m (dist(X%), H) < e + 2ep-1,
which, together with (4.8), yields
7 (dist(Xg|Fr—1),dist(Xg)) < 2(ex + k1) with probability > 1 — 2(ex + ex_1).

We thus showed that condition (4.1) of Lemma 4.1 holds with 6p = 2(ex + ex_1).
Hence if on the probability space ((0,1), B, 1) there exists a uniformly distributed
random variable Z independent of o{F1, Fa, ..., }, then Lemma 4.1 applies and yields
a sequence (Yj) of independent random variables on this space such that Yy 4 Xy

and
n(| X — Yi| > 0x) < 26 k> k.

By (4.6) this implies
p({re} =Yil =2 0) <o k=ko

with 0 = 5(ex + €,—1). If a random variable Z with the desired properties does
not exist, replace ((0,1), B, u) by the product space ((0,1),5, 1) x ((0,1), B, 1) and
redefine all random variables and o-fields on the new space in an obvious fashion. In
the new space the required Z obviously exists and all arguments of our proof remain
valid in the new space.

To complete the proof of Theorem 3.2 it suffices now to show that there exists an
ii.d. sequence (Z) with Z 4 Y such that |Yy — Z| < e for k =1,2,.... By passing
to a suitable product space as before, we can assume without loss of generality that
there exist independent random variables 71,79, . . ., having uniform distribution over
(0,1) and independent also of X1,Y7, X, Ya,...; let Hy = 0{Y%,nr}. By the remarks
made at the beginning of the proof, on the atomless probability space (€2, Hy, P) there
exists a random variable Zj such that the joint distribution of Y3 and Zj, is the same
as the joint distribution of Y, and ¢ in ((0, 1), B, ). Clearly the Zj are independent,

7, £ 4 and by (4.6) we have | Z —Yy| < eg. This completes the proof of Theorem 3.2.

Proof of Theorem 3.3. We first consider the case when f satisfies the additional
condition fo f2(x)dz < oo; let

ap
N_

o0
5 + Z ay, cos 2mkx + by, sin 27kx)

k=1
be its Fourier series. Then for any n > 1 we have
1f = sn(F)Il < walf,m/n)

where s, (f) denotes the nth partial sum of the Fourier series of f (see e.g. [16], Vol.
I1, p. 156). Write f = f1 + fa, where

m
fi(x) = sm(f,z) = 30 + l; ay, cos 2mkx + by, sin 2wkx),
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and fo = f — s, with m to be determined later. By Theorem 3.2 there exists a
probability space (€2, F,P) and sequences (X}) and (Y;*) of random variables such
that (X;) is a probabilistic replica of the sequence {njx}, Y are ii.d. random
variables with uniform distribution over (0, 1) and

with 0y defined by (3.6). Then
[F(X5) = PO < [f1(Xg) = A+ [f2(X) = f2(Y)] = Vi + Va.
Clearly

@) <20 k(lax| + b))

k=1
m 1/2 m 1/2 m 1/2
<27 (Z ai) + (Z bi) (Z k2> < 47THme3/2
k=1 k=1 k=1

and thus (4.9) and the mean value theorem imply that |V;| < 47| f||m®/26; with
probability > 1 — d;. On the other hand, X; and Y} are uniformly distributed r.v.’s
over (0,1) and thus || f2(X};)[| = || f2(Y)] = || f2l]. Hence we have

IVall < 2l fall < 2w2(f,7/m)

and thus the Markov inequality yields that |Va| < w%/ 2( fym/m) with the exception
of a set with measure not exceeding 4wy (f, 7/m). We thus proved that

F(X5) = LY < dnll FIm® 28, + wy > (f, 7 /m) (4.10)

with probability exceeding 1 — (dx + 4wa(f,7/m)). In the case of a general periodic
measurable f, apply the previous argument for the truncated function fr, = f -

1{|f] < Ty}, with the choice m = [5,;1/2]. Clearly, || fr,|| < Tk, and thus using
(4.10) for fr, and applying the Borel-Cantelli lemma, Theorem 3.3 follows with

Xy = f(XE), Yie = f(Y)).
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