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On the law of the iterated logarithm for
trigonometric series with bounded gaps 11

par CHRISTOPH AISTLEITNER et KaTUst FUKUYAMA

RESUME. Dans un article précédent, nous avons montré I’existen-
ce d’une suite (ny)r>1 de nombres entiers positifs avec sauts bor-
nés telle que nous ayons une loi logarithm itérée (LIL) de la forme

Zgil COS 2Nk X
h]{,n —?;lop NTosloe N (6] pour presque tous x.

Dans le présent travail, nous prouvons un résultat complémentaire
montrant que tout comportement limsup prescrit dans la LIL est
possible pour des suites avec sauts bornés. Plus précisément, nous
montrons que pour tout nombre réel A > 0, il existe une suite
d’entiers (ny)r>1 satisfaisant ngy41 —ng € {1,2} telle que la limsup
dans la LIL soit égale a A pour presque tout x. Des résultats
similaires sont montrés pour des sommes Y f(ng,z) et pour la
discrépance ((ngz))i>1.

ABSTRACT. In an earlier paper we proved that there exists a
sequence (ny)x>1 of positive integers with bounded gaps such that
we have a law of the iterated logarithm (LIL) in the form

Zszl CoS 2TTnkx

lim sup =00 for almost all x.

N—oo  V/NloglogN
In the present paper we prove a complementary results showing
that any prescribed limsup-behavior in the LIL is possible for
sequences with bounded gaps. More precisely, we show that for
any real number A > 0 there exists a sequence of integers (ng)r>1
satisfying ni41—ny € {1, 2} such that the limsup in the LIL equals
A for almost all z. Similar results are proved for sums Y f(nyz)
and for the discrepancy of ((ngx))r>1.
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1. Introduction and statement of results

It is well-known that for any quickly growing sequence of positive inte-
gers (ny)g>1 the systems (cos2mn,x)g>1 and (sin 2wngz)g>1 exhibit many
properties which are typical for sequences of independent random variables.
This similarity includes the analogs of the Kolmogorov three-series theorem
(Kolmogorov, 1924), the central limit theorem (Salem-Zygmund, 1947), the
law of the iterated logarithm (Erdés-Gal, 1955), all of which hold if (ng)x>1
satisfies the Hadamard gap condition

(1.1) Ml S 051, k>
ng

Similar results hold if the simple functions cos 27 and sin 27- are replaced
by more general 1-periodic functions, satisfying some regularity conditions.
Philipp [22] proved that even an analog of the Chung—Smirnov law of the
iterated logarithm holds: for any sequence (ng)r>1 satisfying (1.1) we have

L imsup NDy((nmz), ..., (nyx))
47 Nooo v N loglog N

Here (-) stands for the fractional part of a real number, and

<y for almost all z.

N
Dy(y1,--.,yn) = sup i Y o (ye) —a
0<a<1 k=1
denotes the so-called star-discrepancy of a set y1, ..., yn of points from the
unit interval. In probabilistic terminology, the star-discrepancy is a version
of the Kolmogorov—Smirnov statistic, adjusted to the uniform distribution
on [0, 1], and usually applied to deterministic sequences. The notion of the
star-discrepancy is closely related to the theory of uniform distribution
modulo one, which is a branch of number theory that originated in the
work of Borel, Weyl and others in the early 20th century. Classical survey
papers on lacunary trigonometric series and their almost-independent be-
havior are for example [16, 19, 20]; more recent survey papers are [1, 6]. An
introduction to uniform distribution modulo one and discrepancy theory
can be found for example in the monographs [10, 21].

In some cases the gap condition (1.1) may be slightly weakened, but
in general the almost-independent behavior of (f(nrx))r>1 for 1-periodic
[ breaks down without a strong growth condition on (nj)x>;. However,
this is only one part of the truth: while the probabilistic limit theorems
fail to hold for all sequences (ny)r>1 without strong growth conditions,
these limit theorems still remain true for some slowly growing sequences
(ng)k>1, or actually for all “typical” slowly growing sequences in a suitable
probabilistic model. Of fundamental importance is a paper of Salem and
Zygmund [24]. Amongst other things, they proved the following: Let (&)x>1
be a sequence of independent, fair {—1, 1}-valued random variables. Then
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the systems (&, cos 2mkx)>1 and (& sin 2mkx),>; satisfy the CLT and LIL
for almost all realizations of (§)x>1. Since for almost all z we have

N N
(1.2) Z cos2rkx = O(1) and Z sin2rkz = O(1) as N — oo,
k=1 k=1

the same conclusion holds if we assume that the &;’s are {0, 1}-valued in-
stead of {—1, 1}-valued. Then we can define a (random) sequence (ng)r>1
as the sequence containing all the numbers {k > 1: & = 1}, and con-
clude that the CLT and LIL for (cos2mngx)i>1 and (sin27mngx)k>; hold
for almost all sequences (ng)g>1.

Note that a sequence (ny)g>1 constructed in this randomized way typ-
ically grows very slowly; by the strong law of large numbers we have
ng/k — 2 almost surely, which means linear growth (in contrast to (1.1),
which implies exponential growth). However, linear growth does not nec-
essarily imply that the gaps mgyi1 — ng are small for all k. Actually, by
the Erdds-Rényi “pure heads” theorem a random sequence (ny)g>1 con-
structed in the described manner has infinitely many gaps ngi1 — ng of
size roughly log k, almost surely. Berkes [5] proved that slower growth is
possible: for any function h(k) — oo there exists a sequence (ny)y>; for
which 1 < ngyq —ng < h(k) such that (cos2mngz);>1 satisfies the CLT. In
a sense, Berkes’ theorem is optimal: by a result of Bobkov and Gétze [8],
for (ny)r>1 having bounded gaps, that is, satisfying 1 < nj41 —ny < K for
some constant K, the CLT for (cos2mnx)r>1 may hold, but due to a “loss
of mass” phenomenon only with a limiting variance smaller than 1/2 (which
would be the “correct” variance, corresponding to the independent case).
For any variance less than 1/2 there actually exist appropriate sequences
having bounded gaps and satisfying the CLT}; see [14, 15].

One could suspect that a similar “loss of mass” phenomenon should also
appear in case of the LIL; namely, that for any sequence (ng),>; satisfying
1 < ngy1 —ng < K for some K the limsup in the LIL

}Z{f:l cos 27rnkx‘
lim sup

Nooo V2N loglog N

should be less than 1/v/2 for almost all x (which would be the “cor-
rect” value for independent random variables). However, surprisingly, the
contrary is true. In a previous paper we proved the existence of a se-
quence (ny)i>1 satisfying the strongest possible “‘bounded gap” condition
ng+1 — ng € {1,2}, k > 1, such that

. ‘fo:l cos 27mk:c’
(1.3) lim sup =00 for almost all x.

Nooo VN loglog N
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Berkes asked! whether any prescribed value for the limsup in the LIL is
possible for sequences with bounded gaps, and if such results can be gener-
alized to a larger class of 1-periodic functions f and to the discrepancy D}, .
In both cases the answer is affirmative, as we want to show in the present
paper.

Throughout this paper, || - || denotes the L2(0, 1) norm, and |||/ denotes
the L> norm. As already mentioned, (-) denotes the fractional part of a
real number. We will write p for the Lebesgue measure. Furthermore, we
will write 14 for the indicator function of an interval A C [0,1], and I4 for
the indicator function of A, centered and extended with period one; that is,

(1.4) Li(z) = 1a((z)) — p(A).

Theorem 1.1. For any given real number A > 0 and any function f
satisfying

1
(1.5) flx+1) = f(x), /0 f(z) de =0, Varp 1) f < oo
there exists a sequence of positive integers (ny)i>1 satisfying
Ngy1 — Nk € {1,2}
such that we have
iy f (i)
(1.6) li]{[nj;lop ‘Nllogl(ﬁg]\f’ = A f|l for almost all x.

If F is a countable class of functions satisfying (1.5), then there is a se-
quence (ng)g>1 such that (1.6) holds for all functions f in F.

Note that Theorem 1.1 can be in particular applied to the functions
cos 2mx and sin 27z, and shows that any prescribed limsup behavior in the
LIL is possible for these functions. In this sense Theorem 1.1 is a comple-
mentary result to (1.3).

Theorem 1.2 shows that any prescribed LIL behavior is also possible for
the discrepancy D7y;.

Theorem 1.2. For any given real number A > 0 there exists a sequence of
positive integers (ng)g>1 satisfying

ner1 —ng € {1,2}, k>1,
such that we have

lim sup NDN(<n1x>7 ) <an>)

N—soco v/ N loglog N

LAt the 8th World Congress on Probability and Statistics in Istanbul, July 2012.

=A for almost all x.
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It is easily seen that Theorem 1.2 remains true if the star-discrepancy
D3 is replaced by the extremal discrepancy Dy, in which the supremum
is taken over all intervals [a,b] C [0,1] instead of all anchored intervals
[0,a] C [0, 1]. For the sake of shortness we have confined ourselves to giving
proofs only for D};.

We want to make some more remarks, before turning to the proofs of
Theorem 1.1 and Theorem 1.2. Both of them are proved using a probabilis-
tic construction, which is a typical feature of results about slowly grow-
ing sequences satisfying probabilistic limit theorems. As far as we know,
no explicit example of a (in some sense) slowly growing sequence (ny)g>1
for which (f(ngx))r>1 for some appropriate f satisfies the CLT or LIL is
known.

Our probabilistic construction is similar to the one introduced by Salem—
Zygmund, in the sense that for any k we decide independently with a certain
probability whether & should be contained in our sequence (nj)k>1 or not
(actually, in our proof we form blocks of finitely many integers and always
either take or discard the full block, but the general philosophy is the same).
An other randomized way of generating slowly growing sequences (ng)r>1
which are supposed to satisfy some probabilistic limit theorems is to let
(ng)k>1 be generated by a random walk; results for this model can be
found for example in [8, 25, 27].

Theorem 1.2 has an interesting deterministic, number-theoretic counter-
part. It is well-known that when taking ni = k, k > 1, then the discrepancy
of ({ngx))k>1 tends to zero almost as fast as N~1, and in particular much
faster than the speed of convergence specified by the Chung—Smirnov LIL
(see Lemma 3.2 below for details). This is due to the close connection
between the discrepancy of such a sequence and the continued fractions
expansion of x, which was first observed by Ostrowski around 1920. Thus
for almost all x we have

 NDY((2),(2a),... (N2))
(7 lmnsup == g Tog

On the other hand, Arnol'd [3] constructed numbers z for which the discrep-
ancy Dy ((x), (2x), ..., (Nz)) is large; his proof could be easily modified in
order to obtain, for any given A, a number x such that the limsup in (1.7)
is at least A. We do not know if there also exists a construction of a real
number z for which the value of the limsup in (1.7) is precisely A. Such an
example would be quite interesting, particularly for A = 1/4/2, since in this
case the discrepancy of ((kz))x>1 would show exactly the same behavior as
the discrepancy of a random sequence.

Another interesting question is the following. Koksma’s inequality (see
Lemma 3.4 below) implies that for the sequence (ny)x>1 satisfying (1.3) we

=0.
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have

=00 for almost all z.

ND? ..
sy N D (012). . ()
N—oo v N loglog N

Now it is a natural question to ask what for a sequence (nj)r>1 having
bounded gaps the slowest possible order of decay of D} ((n1z), ..., (nnz))
for almost all z is, and whether this order of decay can be significantly
slower that /loglog N/ V/N. A closely related question is the following: for
any strictly increasing sequence (ny)r>1 (not necessarily having bounded
gaps), what is the slowest possible order of decay of Dy ((n1x),. .., (nyx))
for almost all x in terms of the largest frequency ny? It is known that for
any strictly increasing (ny)r>1 we have

NDj({ma)....., (nna)) = O (VW (o N)/2+)

for almost all = (Baker [4]), and that there exists a sequence (ng)x>; for

which
ND}((niz), ..., (nNx))

lim sup = 00

N—oco v Nlog N

for almost all x (Berkes-Philipp [7]). However, the sequence (nj)x>1 in the

Berkes—Philipp theorem grows very quickly (almost as fast as e*/E), and
it would be very interesting to know if a similarly large discrepancy (for
almost all x) is also possible for slowly growing (nj)>1. These problems
are related to Carleson’s theorem on the almost everywhere convergence of
Fourier series, and also have a relation to certain sums involving greatest
common divisors (see [2]).

Finally, we want to mention the relation between our results and some
problems in analysis. A Littlewood polynomial is a polynomial all of whose
coefficients are either 1 or —1; that is, it is of the form

N
p(x) = z apz®, where ar € {-1,1}, 0 <k < N.
k=0

It is a classical problem of analysis to study the possible size of p(z) with
respect to LP norms on the complex unit circle, in terms of N (see for
example [12] for a survey, and [9] for such polynomials in the context of
random trigonometric series). The proof of Theorem 1.1, together with (1.2)
and (1.3), yields the following result, which can be seen as a result on the
real parts of a sequence of Littlewood polynomials.

Corollary 1.3. For any A € [0,00] there exists a sequence (ap)g>1 €
{—1,1}N such that

‘Z]kvzl aj, cos 27rkm‘
lim sup

N—oo v/ N loglog N

=A for almost all x.
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A similar result holds if cos2w- is replaced by sin27-. Similar to the
aforementioned problems concerning the discrepancy of ((ngz))r>1 (and
actually closely related to those problems), it would be interesting to know
what the largest possible order of growth of

N
Z ay, cos 2wkx |, ar € {-1,1}, k> 1,

k=1

for almost all x is. By Carleson’s theorem this sum is of order
O (\/N(log N)1/2+5)

for almost all x; there is a gap between this upper bound and the lower
bound contained in Corollary 1.3, which remains open.

2. The probabilistic model

Let a real number p € (0,1) and a positive integer A be given. Let
(Q, A, P) be a probability space, on which we can define a sequence £, o, . . .
of independent, identically distributed (i.i.d.) random variables, such that
P& =1) =pand P(§ = 0) = 1 —p for each k > 1. We are going to assign
to each k > 1 a set Sy, of A positive integers. Then the sequence (my)g>1 will
be defined in such a way that it consists of all elements of Sy for those k for
which £, = 1, sorted in increasing order. Clearly a sequence (my,);>1 defined
in this way is random, in the sense that it depends on an w € . Finally,
to obtain the sequence (nj)r>1 satisfying the conclusion of Theorem 1.1
and Theorem 1.2, we choose the parameters p and A appropriately and
take a sequence which consists of all odd numbers and all numbers of the
form 2my, for a “typical” realization of a random sequence (my)r>1. This
construction ensures that the difference between two consecutive elements
of (ng)k>1 is always either 1 or 2.

More precisely, we define positive integers ¢ (r), r > 1, satisfying the
recursive relation

V(L) +202) + - +r(p(r) = 1) < " < (1) +20(2) + -+ rY(r).
Then we also have
Y1) +2¢02) + -+ (r=Dy(r — 1)
>(r—1)1
>Y1) +2(2) + -+ (r = D((r—1) = 1),
and consequently

r((r)—1) < " —(r-1""1 < rp(r)+r—1
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and
B rT—(r—1)r1

r

P(r) <1

This implies that
Y(r) ~rt as r — oo.
We set
U(r)=¢(1) +2¢(2) + - - + r(r).

Then since by construction ¥(r) —r < r" < U(r), we have
U(r)~r" as r — oo.

Now let any k& > 1 be given. Then there exists a number r = r(k) such
that k € (¥(r — 1), ¥(r)]. We can write k in the form

(2.1) k=W(r—1)+vr+p

for some numbers v = v(k) € {0,1,...,¢¥(r)—1} and p = p(k) € {1,...,r}.

For each k we define a set Si, which consists of the numbers
Sk={\NV(r—1)+Xr+p+jr: j=0,1,...,A—1}.

Thus for k € (U(r—1), ¥(r)], the elements of the set S form an arithmetic
progression of A elements, with step size r. More specifically, we have

S‘l/(rfl)+1

={AN¥(r—1)4+1, AX(r—1)+r+1, ..., \XO(r—1)+AN—=1)r+1},
S‘l/(rfl)+2

={ANV(r—1)42, AX(r—1)+7r+2, ..., \XO(r—1)+AN—=1)r+2},
S‘I/(r—l)—‘r’r

={AU(r—1)+7r, AXU(r—1)+2r ..., XU(r—1)4+N=1r+r7}.

=\

This means that the sets Sy(,—1)41 - - - s Sw(r—1)4, are interlaced in such a
way that they form a partition of the set {\W(r—1)+1,..., AU(r—1)+Ar}.
In a similar way, the sets Sy(—1)4r41,- -+ Sw(r—1)42- form a partition of

the set {A\U(r — 1)+ X+ 1,...,AU(r — 1) + 2\r}, etc. Together, all the
sets (Sk)w(r—1)<k<w(r) form a partition of {AW(r —1) +1,...,A¥(r)}.
Saying it in a oversimplified way, the sets S are constructed in such a
way that the sum of the variances of the random variables &, 3"y, f(£7)
over k € (U(r — 1), ¥(r)] is roughly equal to 2| f||>(¥(r) — ¥(r — 1))V
whenever z is an element of a set A, (which consists of all numbers which are
close to a rational number with denominator 7). The number of indices for
which z is contained in such a set A, will have positive relative frequencys;
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consequently, the LIL will hold with right-hand side /2| f||?V¢ for the
sums

N
(2.2) D&Y ).

k=1 LeSk

Now the random sequence (my)g>1 is defined such that it contains the
elements of S, if and only if §; = 1; then the LIL for (2.2) can be rewritten
into an LIL for chvzl f(mgz). Finally, we will choose the parameters p and
A in an appropriate way and define a sequence (ny)x>1 which consists of all
odd numbers, plus of all the numbers (2my)x>1 for a “typical” realization
of a random sequence (my)x>1. This sequence (ng)r>1 will then have the
desired properties.

The following Section 3 contains several auxiliary results. In Section 4
we will prove several properties of sums involving &1, &2, ..., which hold
almost surely on (€,.4,P). Subsequently in Section 5 we will show how
these results concerning sequences of random variables can be interpreted
as results concerning random sequences (my,)i>1 of integers, and what they
imply for (ng)r>1. Finally, in Section 6 we will prove Theorem 1.1 and 1.2.

3. Preliminaries

The following lemmas are classical results from number theory, or, more
precisely, from the theory of uniform distribution modulo one and discrep-
ancy theory. They can be found for example in [10, 21].

Lemma 3.1 (Equidistribution theorem). For any irrational real number x
and any interval A C [0,1] we have

1
Mm};mkx» = u(A).

Lemma 3.2. For any € > 0 we have

(3.1) D% ((a), (22),...,(Nz)) = O <1°gN(1°%\£°gN)l+E> as N = o0

for almost all real numbers x.

By changing the argument from x to 2z, it is easily seen that the dis-
crepancy estimate (3.1) implies that we also have

log N (log log N)1+e
o8 (OgNog ) ) as N — oo

DX ((22), (42), ..., (2Nz)) = O (

for almost all z; that is, the conclusion of Lemma 3.2 remains valid if
we replace the sequence (k)i>1 of all positive integers by the sequence
(2k)k>1 of even positive integers. Since N can be partitioned into even and
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odd numbers, a similar result must also hold for (2k — 1)>;. This is the
statement of the following lemma.

Lemma 3.3. For any € > 0 we have

log N (loglog N)'*¢
N

D}"V(<a:>,<3x>,...,<(2N—1)x>)—O( > as N — oo

for almost all real numbers x.

Lemma 3.4 (Koksma’s inequality). Let f be a function which has bounded
variation on the unit interval. Let yi,...,yn be points in [0,1]. Then

< (Val"[o,l]f) Dy(y1,-- - yn).

1 & 1
¥ 2 )= [ 1) d

For the proof of Lemma 4.1 we will need the following simple fact. For a
proof, see for example [23, Theorem 2].

Lemma 3.5. Let (cx)i>1 be a non-increasing sequence of non-negative real
numbers. Let N denote a subset of N which has positive lower asymptotic
density. Then

o0
Z Cp = 00 implies that Z Cp = 00.
k=1 keN

4. Sequences of random variables

In this section we prove several auxiliary results concerning sums which
involve the random variables &1, &, ... defined in Section 2. We first state
all results, and give proofs afterward.

Lemma 4.1. For any trigonometric polynomial without constant term g(x)
we have, P-almost surely, that

il &k Yres, 9(fx)
h]{[nj;lop ‘ i 1N10gleogkN ‘ =1/2p(1 —p) Alg]l for almost all x.

Lemma 4.2. For any function h(x) satisfying (1.5) we have, P-almost
surely, that

o 6 e, b
lim sup < —= ||A]
N—o0 v/ Nloglog N V2

The functions I appearing in the next lemma were defined in (1.4).

for almost all x.
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Lemma 4.3. For any fired L > 1 we have, P-almost surely, that

. ‘Z]kvzl &k ZKGS;C I[SZ*L,SQ*L—HL} (&E)’
lim sup max sup

N—oo 5=0,...,2L—1 0<a<2-L \/Nlog IOgN

< 5AI/2V2L
for almost all x.

Proof of Lemma 4.1. Let g(x) be a trigonometric polynomial without con-
stant term. We may assume that g # 0, since otherwise the Lemma is
trivial. For simplicity of writing we assume that g is an even function (in
other words, that it consists only of cosine-terms); the proof in the general
case is exactly the same. We write

d
g(x) = Z a;j cos 2wy,
j=1
and define
(4.1) Gi(x) = ) g(lx)
LeSy,
and
Xy, = Xgp(w, 7) = &(w)Gr(z).
Note that for every fixed = the sequence X1, Xo,... is a sequence of inde-
pendent random variables on (€2, A4,P). We clearly have
EXy = pG(z)
and

VX, = p(1 — p)Gr(z)?.
For n > 1 we have
2
€ [0,1): |sinA <n7?) = €[0,1] : |si <n?) <=,
,u(:n [0,1] : |sin A\mnx| <n ) ,u(ac [0,1] : |sin7x| <n ) <
where p denotes the Lebesgue measure. The term on the right-hand side

of this inequality is summable in n. Consequently by the Borel-Cantelli
lemma we have

|sin Arnz| > n"2  eventually, for almost all x € [0, 1].

In other words, there exists a positive function s(z) such that for almost
all x we have
s(z)

| sin Amnx| > —5~ for all n > 1.
n

Thus for almost all x we also have

. 2 2
(sm )\ﬂ'nx) > (sin Arna)? > s(x)

nt

(4.2) , for all n > 1.

sin Tnx
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Using the classical formula for a sum of trigonometric functions having
frequencies along an arithmetic progression, for k € (¥(r — 1), U(r)] for
some 7 we obtain the identity

A
Gr( ; ]% cos (2A¥(r — 1) + 2 \vr +2p+ (A = 1)r) mjx),

where v = v(k) and p = p(k) are as in (2.1). Furthermore, also for ¥(r—1) <
k < U(r) for some r, we have

4 a2 /sin iz 2
AT
j=1

sinmrjx

where, writing cosg[m] = cos (2AU(r — 1) + 2 vr +2p + (A — 1)r) mmaz),
the function C(z) is defined as

Qi G, [(sin A\wrjix sin Amrijox . .
Culo) = 3 e (ST (SO oy

L<fi u<d 2 sinmrjix sin mrjox
“n#i
i, @i, (SINATrj1T sin Amrjox ) )
+ . iz ( A ) ( o )cosml + jal.
\<frTo<d 2 sinmrjix sin mrjox
Note that we have
sin Amrja\ 2
(4.3) (M> < \2, forallr >1and 1 <j<d.
sinwrjx

Let € > 0 be fixed. Using the orthogonality of the trigonometric system it
is easy to show that for any fixed j; # jo the sum

N
Z cos (2A¥(r — 1) + 2 \vr +2p+ (A — 1)) w(j1 — j2)x)
k=1

is of order O(N'/2+¢) for almost all z as N — oo (note that all frequencies
in this sum are different, for different values of k). The same conclusion
holds if (j; — j2) is replaced by (ji + j2), where the condition j; # j2 is not
necessary. Consequently, we also have that for almost all x

Z Ci(z) = O(NV/#) as N — oc.
Consequently, by (4.3), for any (fixed) € > 0 we have for almost all  that

N
(4.4) Z < (L+e)X°p(1 = p)lgl*N
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for sufficiently large N. Furthermore, writing
W(r)
(4.5) Vi= > VXp@)?,  r>1,
k=0 (r—1)+1

for almost all z we have

4 a2 sin Arrjaz\ 2
(4.6) Vp = (U(r)=¥(r-1))p(1-p) 3 & (snmmsv> +O((w(r))/*+)
j=1

as 7 — 0o. Remember that U(r) ~ r". Thus by (4.2) for almost all = we
have

s(x)?
dird

for all sufficiently large r, which implies that for almost all x

(4.7) Ve > (1= e)p(1 = p)llgll*(¥(r) — ¥(r - 1))

v(r)
(4.8) Z V(X)) = o0 as r— 0.
k=1

Now (4.8), together with the fact that the random variables X}, are uni-
formly bounded (we have |X%| < A||g|/~), implies that by Kolmogorov’s
law of the iterated logarithm for almost all x we have

i ’Zl]cV:l(Xk - EX]C)’
Nosoo V2(V(X1) + -+ V(Xn)) loglog (V(X1) + - + V(Xn))

almost surely. By (4.4) we can conclude that for almost all x

(4.9)

=1

_ZiL - EXy)|
lim sup
N—oo Nloglog N
This establishes the upper bound in the LIL.
Next we want to apply the Berry—Esseen theorem to get the lower bound
in the LIL in Lemma 4.1. We have
E(| Xy — EX3|*) < |Gi(2)® E(I& — E&[”)
~—_——
<1
< MgllooGr(2)?,

< \/2(1 +e)p(1 —p)A|g|| almost surely.

which together with (4.3) and (4.6) implies that for almost all  we have

(r)
(4.10) > E(Xk—EXif)=0(U(r) - ¥(r—1)) asr— oc.
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By the Berry—Esseen theorem there exist an absolute constant c,ps such
that for all y € R we have

u(r)
411y P Y (X —EX) <yVV | -2y
k=0 (r—1)+1
(r
ki\I)l(rfl)Jrl E(|Xk — EXi[°)
< Cabs 3/2 ’
Vi

where ® denotes the standard normal distribution and V, was defined
n (4.5). By (4.7) and (4.10) the expression on the right-hand side of (4.11)
is for almost all = of order

76

(4.12) @ <(\II(7‘) U0 1))1/2> = 0 (7«—7’/2—1—6) as r — oo.

For some fixed € > 0 we set, for r > 1,

W(r)
pr =P >/2(1 - &)V, logr | |

> (Xk—EXy)
and we write g, for the probability of the set

k=W (r—1)+1

Then by (4.11) and (4.12) for almost all z we have

v(r)

> (Xx—EXy)
k=W(r—1)+1

> \/2(1 —)?||lgl[PA*¥(r)p(1 — p) loglog \I’(r)) -

(4.13) pr=2-—20 < 2(1—¢) logr) + O(T‘_Tﬂ%) as r — 0o,

=:Dr
which by standard estimates for the tail probabilities of the normal distri-
bution implies

o0
(4.14) Zﬁr =
r=1
Now we define sets A C [0,1] and A, C [0,1], » > 1, in the following way:
We set
e zd: ?<sm)\7rjx> >l ||2)\2(1 )
'€ = 2 \sinmjz ) — g (e

and, for any r > 1,
A, ={z€]0,1]: (rx) € A}.
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Note that A is the union of finitely many intervals. Thus by Lemma 3.1 we
have

1
4.15) — 1(x € A,
(415) Y 1e e A
1 R
=5 Z 14((rxz)) — u(A), for almost all z, as R — oo,
r=1

where again u denotes the Lebesgue measure. Consequently, for almost all
x the set {r > 1: x € A,} has positive asymptotic density. By (4.6) and
using the facts that U(r—1) = o(¥(r)) and ¥(r) ~ r" as r — oo, for almost
all z we have

(416)  Vilogr > [[glPA2(1 — )W (r)p(1 — p) log log ¥ (r)
whenever x € A,., for all sufficiently large r. Thus for almost all  we have

(4.17) Gr = Pr - ]lAr(m)

for sufficiently large r. Note that (p,),>1 is a non-increasing sequence of
non-negative real numbers. Thus (4.14), (4.15) and Lemma 3.5 imply that
for almost all = we have

o0
Zﬁr'ﬂAr(x) = Z Pr = 00.
r=1

r>1: r€A,

By (4.13) this implies that for almost all = we also have

Z Dr = 00,

r>1: reA,

and consequently by (4.17), also for almost all x, we have

00
Z qr = 0.
r=1

The sets used for the definition of ¢, are obviously independent for different
values of r. Consequently for almost all z, by the second Borel-Cantelli
lemma, P-almost surely infinitely many events

v(r)

> (Xk—EXp)| > \/2(1 —€)222||g||*¥(r)p(1 — p) loglog ¥(r)
k=T (r—1)+1
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occur. We clearly have
O Ehen-Ex| SRR - EX)|
lim sup > lim sup
Nooo  V2Nloglog N r—oo /2¥(r)loglog ¥(r)
U(r)
. ’zk:\Il(rfl)+1(Xk B EXk‘)‘
> lim sup
r—00 V29 (r)loglog ¥ (r)
i \Zfi’?”(Xk - EXk)‘
— im su .
pl V29 (r) loglog ¥ (r)

=0 a.s. for a.e. z by (4.9), since ¥(r—1) = o(¥(r)).

Thus we have for almost all x
ELX - EX)|
lim sup

N—soo v N loglog N

Since ¢ > 0 was arbitrary, together with (4.9) we have shown that for
almost all z we have

o1 (Xx — EXp)
lijgnjélop ‘ ]1\710g e N ‘ =1/2p(1 — p)A||g]] P-almost surely.

By Fubini’s theorem this means that P-almost surely we have

(418) 1 ’25:1()% - EXk)‘
’ NP T N Toglog N

This is almost the conclusion of the lemma, except that in (4.18) we have
X, — EXj, instead of Xy. Clearly EXy = p)cs, 9(fx). By construction
the sets (Sk)r>1 are interlaced in such a way that we have the following
fact: for given N > 1 and for r such that N € (¥(r — 1), U(r)], we have

> \/2(1 —e)3p(1 —p)A|gll P-almost surely

=4/2p(1 —p)A|lg|| for almost all .

N

(4.19) #{<U Sk> A {1,...,>\N}} < r = o(log(N)),
k=1

where A denotes the symmetric difference. Thus we have

o SEx] p[Nika)|

lim sup ————=- = limsup —————
N—ooo VINloglog N Nooo VNloglog N

by Lemma 3.2 and Lemma 3.4. Together with (4.18) this proves Lemma 4.1.

O

Proof of Lemma 4.2. We begin with the proof of Lemma 4.2 similar to that
of Lemma 4.1, with the function g replaced by h. For k > 1 we set

Gr(z) = Z h(lx)

LeSy,

=0 for almost all z,
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and
Xk = Xp(w, z) = & (w)Gr(x).
Using Holder’s inequality we get

2SN h(lx)?

LeSk
which implies that
(4.20) VX < A > h(tx)?
LeSK
Using (4.19) we have
N AN
(4.21) Z Z h(lx)? = Z h(kz)? 4+ O(log N) as N — oo.

k=1 EGS]C k=1

Since by assumption h has bounded variation on [0, 1], the same is true for
h? (by the well-known fact that the product of two functions of bounded
variation is also of bounded variation). By Lemma 3.2 and Lemma 3.4 we

have
h(k)
fi 2=t P(h)” L z) /h 12 da = |||

N—o0

for almost all x. Together with (4.20) and (4.21) this implies that

N 2
(4.22) lim sup Lk=1 VX < A—HhHQ.
N—o0 N
for almost all z. In the sequel we write
N
By=)Y VX;, N>1
k=1

If for a certain value of x we have limy_,o, By < oo, then for this = we
clearly have

. ‘ZkNﬂ(Xk - EXk))
lgrvnj;lop v N loglog N

On the other hand, if for a certain x we have By — oo, then by Kol-
mogorov’s law of the iterated logarithm for uniformly bounded, indepen-
dent random variables we have

‘Z]kV:l(Xk - EXk))
lim sup =1 a.s.
N—o V2Bnloglog By

=0 a.s.
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Together with (4.22) and applying Fubini’s theorem this implies that P-
almost surely we have

N > 10 e 2.0l ol
1m su =
N%oop v N loglog N V2

As in the proof of Lemma 4.1 we can show that for almost all x

for almost all z.

' )Eivzl EXk:‘
limsup ——— =
N—oo VN loglog N
This proves Lemma 4.2. O

Proof of Lemma 4.3. We use an argument similar to the one in [13, Lemma
4]. First we note that for any fixed j € {0,...,2F — 1} we have

N
sup | > (& —E&) > Ijo-r jo-rya)(fx)
0<a<2-L |y LeSy,
N
(4.23) < sup D (& —E&) Y Lo jo-ryq((Lx))
0<a<2-L k=1 eS8
N

(4.24) sup Z & — E&)

0<a<2 L k=1

To estimate (4.23), let j € {0,...,2% — 1} be fixed. For simplicity of
writing, we will assume that j = 0; the proof in the other cases is exactly
the same. Let J € {1,..., A} be a fixed number, and write 5/,(C ) for the J-th
element of Sy. Assume that N > 1 is given. We set

Ay = max_  sup Zn:(fk —E&)1p,q (<5](€J)x>> )

1<n<N
n 0<a<2-L

Let M denote the cardinality of the set of all those numbers from the
sequence (<s,(c‘])a;>)1§k§ ~ which are contained in the interval [0,271]. We
assume that x is irrational. Then we can define indices k1 < --- < kjps such

that

{5k sm} = {k <N (s7) € [0,a]}

() < - < (sf)z).

and

Furthermore, we define

Tmm ={J <m:kj <n} and A, , = Z (& — E&).
keTm,’rL
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Then we have

Ay = max max A,,..
N T IZhEN 1<mem "

Let y > 1 be a real number, to be determined later. We define random
variables n and m by

n=min<n: max A,, > , m=min{m: Ann>y}.
{  max Ann y} { ma > Y}
Then, writing Cy,,, for the sets {n = n, m = m} we have a disjoint
decomposition

{AN > y} = U Cm,n.

1<n<N, 1<m<M
The set C,,, belongs to the o-field generated by &i,...,&,, and as a
consequence it is independent of A,, n — A, which only depends on
Ently---,ENn. Tt is known that the median of a random variable X hav-
ing binomial distribution B(n,p) must always be one of numbers |np| and
[np], which implies that P(X > np — 1) > 1/2 (see [18]). Applying this to
our situation we get P(A,, v — Am n > —1) > 1/2. Consequently we have

]P)(Cm,n) < 2P (Cm,n) P(AmvN - Am,n = _1)
< 2P (Coun N {Am,n >y — 1})

< 2P <Cm,n N {%%(AMV >y — 1}) )

Summing over m and n we obtain

P(Ay >y) <2P (AN >y, Hi%@[(AT’N >y — 1)

=2P A -1
(s A >v-1)

(4.25) = 2P (m%g 1021 ((s8)) (6 ~ B&) > v - 1) .

By the maximal version of Bernstein’s inequality (see for example [11,

Lemma 2.2]), for any independent, zero-mean random variables Z1, ..., Zys
having variances o2 each and satisfying |Z;x| < 1, k > 1, we have
I8 —t2
. < _—— .
(4.26) P 12&;}}(\/[;Zk>t < exp 202N 1 31/3 ) for any ¢ > 0

By (4.19) we have s,(j) < Mk + o(logk) as k — oo. Consequently, by
Lemma 3.1, for almost all = for sufficiently large N we have
AN+log N

N
Stpar ((s572) < D pgpn((ka)) < 27N,
k=1

k=1
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Combining this fact with (4.26) we obtain the upper bound

2 exp —(y—1)?
9-LT2\N + 2y/3

for the term in (4.25). Using this estimate for N = 2™ and for

y= \/2/\2”2—L+2 loglog 2™ + 1,

we get

Z P (Agn > \/8/\2”2_Llog log 2”) < 00.

n=1

Consequently, by the Borel-Cantelli lemma, for almost all  we have

) St ((s£72)) (€ — Eé)
11m su su
N—>oop OSaSIQ)*L N log log N

almost surely. Repeating the same argument with negative signs, we obtain

y S 10 ((s72)) (6 — B
Fra JNToglog N

almost surely. This result holds independent of the choice of J. Since

<4va2-L

<4va2-L

N

A N
> (& —E&) 3 T ((f) = >0 > (& —E&)Toq (<Sl($])>) ’

k=1 (eS), J=1k=1

this implies that for almost all =

; (S0 (6 — Er) Ypes, Lna) (2))]
11m su su
N_>oop OSCLSI;*L vV NlOg 10gN

almost surely. For the term in (4.24), by the LIL for i.i.d. random variables
we have

< 4)\3/2\/o-L

; Ao R (6 — BG)|
1m su su
Nﬁoop OSGSE_L v N loglog N
gt (B B[ o
11m su
- N_mop VNloglogN ~— /2

where we used V¢, < 1/4. This proves that for almost all = we have

) S0 (6~ E) Yres, Toa (£2))]
11m su su
N_>00p OSaSI;L v N loglog N

almost surely,

< B5A3/2¢/9-L
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almost surely. As in the proof of Lemma 4.1 and Lemma 4.2 we can use
Lemma 3.2 to show that for almost all z we have

) (S0 B i, Toa ((62))
imsup  sup
N—oo (0<a<2-L VN loglog N

Thus for almost all x we have

(4.27) li ‘Zk]\;l &k 2res;, To,q] (<€x>)‘
. im su su
Nﬁoop ogagg—L Nloglog N

almost surely. Again by Fubini’s theorem we can conclude that P-almost
surely the asymptotic result (4.27) holds for almost all z. The same re-
sult holds with the intervals [0, a] replaced by [j27,727F + a] for some
j€{l,...,2 —1}. This proves the lemma. O

=0.

< 5A3/2\/o-L

5. Random sequences

As already mentioned in §2, we can use the random variables &1, &o, . ..
and the sets Si, k > 1, to define a (random) sequence (my,)x>1 of positive
integers in the following way: for w € ) we require that the sequence
(mg)k>1 = (mg(w))k>1 consists of all the numbers which are contained in
the sets Si for which £, = 1, sorted in increasing order.

Note that a typical realization of a sequence (my)r>1 does not satisfy
the assumptions of Theorem 1.1 and 1.2, since by the Erdés—Rényi “pure
heads” theorem with probability one such a sequence will have gaps for
mg+1 — my of order roughly log k, infinitely often (see for example [17, 26]).
Thus we define a second sequence (ng)r>1 = (nk(w))r>1 which for a given
w and corresponding random sequence (my)>1 contains all the number

2k —1, k> 1, and 2my, k> 1,

sorted in increasing order. Thus independent of w the sequence (ng)i>1
always contains all odd numbers, which implies that ng11 — ng < 2 for
all w.

For any N > 1 we define a random variable K(N) by

N
K(N) =3 &.
k=1

Then by the strong law of large numbers we have

K(N
(5.1) lim K(N) =Dp, P-almost surely.

N—oo

Furthermore, by (4.19) we have
(5.2) #{{k: mp < N}A {1,...,K(|[N/\])}} = o(log N)
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and
(5.3) #{{mk: mr < N} A { U Sk}}zo(logN)
k<N/X: =1
as N — oo. By (5.3) for any function f satisfying (1.5) we have
. ’Zk: m<N f(mkfv)‘ . ’ZkSN/)\ §k D es, f(ffﬂ)‘
(5.4)  limsup = lim sup .
N—oo v N loglog N N—oo v/ N loglog N

For any given N > 1 we have

(5.5) {ng: g < N}={2k—1: 2k—1< N}U{2my: 2m; < N}.

Thus for any trigonometric polynomial g without constant term we have,
P-almost surely, that

lim sup i nngg(nkl‘)‘
VS N Toglos N
— Jimsup ‘Zl[:ﬁ{ﬂ 9((2k = 1)@) + g omy<n g(2mkx)‘
N—oo VNloglog N

(5.6) _ 1 ‘Zk: 2m <N Q(kax)‘
' B 111\}1_§;1c>p /Nloglog N

(5.7) = /p(1 = p)VA|lgll for almost all x,

where we used (5.4) and Lemma 4.1 to calculate (5.6), and Lemma 3.3 and
Lemma 3.4 to show that

S g2k — 1)
I
IJI\]/H_?;lop v N loglog N

By (5.1), (5.2) and (5.5) we have, P-almost surely, that

=0 for almost all z.

Wik nng}N];[+K(LN/(2/\)J)~N(;+2p)\> as N — oo,

=(A+p)/(2X)

Consequently by (5.7) we have, P-almost surely, that

S gtonn)|

o o2 pe

IJI\?_?BOP NloglogN \F\/)\—i- Il
_ AV2p(1—p)

Nyra-

(5.8) lall for almost all x.
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In a similar way we can modify Lemma 4.2 and Lemma 4.3, and reformu-
late them in terms of (n)r>1. Instead of Lemma 4.2 we get the following:
for any function h(z) satisfying (1.5) we have,P-almost surely, that

(59 S|
: imsu

N VNloglog N~ vV2yA T p
Instead of Lemma 4.3 we get the following: for any fixed L > 1 we have,

P-almost surely, that
(5.10)

1Al for almost all x.

N Lo 3/2

limsup  max sup ‘Zk:ll[ﬂ e LM}(nkm)‘ < 5xY VoL

N—ooo §=0,...,2L—1 0<a<2-L \/NIOgIOgN VA +p
for almost all x.

Note that every function f satisfying (1.5) can be split into a sum g+ h
of a trigonometric polynomial g (without constant term) and a remain-
der function h, where ||h|| can be made arbitrarily small. Combining (5.8)
and (5.9) and letting ||h|| — 0 we obtain the following lemma.

Lemma 5.1. For any function f(z) satisfying (1.5) we have, P-almost
surely, that

; \Ejﬁllf(nkxﬂ A2p(T =
imsu
Nﬂoop Nloglog N VA+Dp

For the following calculations, we have to introduce the modified dis-

Hf|| for almost all x.

-L —L
crepancies D](V22 ) and DEVSZ ), which only consider “large” and “small”
intervals, respectively. More precisely, for any integer L. > 1 and points
Y1, .-, YN, We set

>9—L
DF* (yr,....yx) = max  sup E:IB2L s2-Lta)(Yr)
=0,..,2F -1 0<a<2-L k=1
and
(<27h)
DN (yl,.--,yN max ZI[OSQ L] yk;

0<s<2L

Note that any subinterval of [0, 1] which has one vertex at the origin can be
written as the disjoint union of (at most) one interval of the form [0, s27 1]
for some appropriate s and (at most) one interval of the form [32_L, s2 L4

a] for appropriate s and a; consequently, for any points y1, . .., yn we always
have
(>2-1) *
DN (y177yN)§DN(y177yN)
(>2-L <2-I)

(5.11) <D yr,.yn) + DS s )
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. . (>2-5) .
By Lemma 5.1, and since for the discrepancy D only finitely many
indicator functions are considered, we have, P-almost surely, that
_ NDET (), ..., (va))  A2p(A—p)
lim sup = max [T g0zl

N—so0 v/ Nloglog N VA+Pp  o0<s<2L

=1/2

(5.12) _Avp(l—p)
VEXTp

Clearly L can be made arbitrarily large. Thus by (5.10), (5.11) and (5.12)
we obtain the following lemma.

for almost all z.

Lemma 5.2. For P-almost all sequences (ny)r>1 we have

lim sup ND)].(V(<n1$>) R <nN:C>) _ )‘\/p(l _p)
N—o0 v Nloglog N V2 X+ p

6. Proof of the theorems

for almost all x.

Theorem 1.1 follows from Lemma 5.1. In fact, assume that a real number
A > 0 is given. If A = 0, then we may choose ny = k, k > 1. By Lemma 3.2
this sequence satisfies the conclusion of Theorem 1.1. If A > 0, then we
choose a positive integer A and a real number p € (0, 1) such that

AV2p(1 —p)
Vi+p

For these values of A and p, we can use the probabilistic construction from
Section 2 to construct a class of random sequences (ny)r>1 as described in
the previous sections, each of them satisfying the growth condition ngy1 —
n € {1,2}. By Lemma 5.1 for P-almost all such sequences (ny)r>1 we have,
for any fixed function f satisfying (1.5), that

S fou)
(6.1) lim sup —————"

N—ooo VN loglog N
This proves Theorem 1.1. Theorem 1.2 can be deduced from Lemma 5.2
in a similar way. subset with respect to the L?-norm (namely the set of
all trigonometric polynomials with rational coefficients). Then P-almost
surely (6.1) holds for all functions from this countable subset, and from (5.9)
we can deduce that actually P-almost surely (6.1) holds for all functions
satisfying (1.5). Thus we can choose a realization (nj)r>; for which the
conclusion of Theorem 1.1 holds simultaneously for all functions f satis-
fying (1.5). This proves Theorem 1.1. Theorem 1.2 can be deduced from
Lemma 5.2 in a similar way.

= Al fll for almost all .
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