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ON ALMOST EVERYWHERE CONVERGENCE OF FOURIER SERIES
ON UNBOUNDED VILENKIN GROUPS

GYORGY GAT

ABSTRACT. In 1973 Gosselin [9] proved that if we have a bounded Vilenkin system, then the
Vilenkin-Fourier series of a function in the Lebesgue class L? for 1 < p converges a.e. to the
function. It is the most celebrated problem in the harmonic analysis on unbounded Vilenkin
groups to give function classes for the elements of which the Fourier series converges almost
everywhere. No positive answer is known even for continuous functions in the Lipschitz class.
In this paper we give a discretized version of the theorem of Carleson and Hunt, and apply
it in order to prove the following theorem with respect to unbounded Vilenkin systems.
Let f € L*(Gp), and Y5, A? Zﬁfj\}rl |f(k)|? < co. Then we have the a.e. relation
Snf — f. This immediately implies the a.e. convergence S, f — f for all f € Lip(a,2)
(> 0).

1. THE DISCRETE FOURIER SERIES

In the first part of this paper we pass from the statement of Carleson and Hunt [6, 10|
on Fourier series, as a statement about Fourier series on the real line, to a statement about
Fourier series for groups Z,,. Namely, the integers mod m. We note that this kind of
observation, a transference result, has several antecedents in the literature. For instance the
paper by Maté [12] transfers the Carleson [6] theorem to the integers. The paper by Billard
[3] discusses the Carleson theorem in the context of Walsh systems. The papers by Thiele
[19] discuss several different proofs of Carleson theorem in the Walsh setting. Campbell and
Petersen [5| transfer the Carleson theorem to the integers (unaware of Maté) and then to
dynamical systems. Auscher and Carro [2| discuss general transference between the three
Euclidean groups R, T, and Z.

The second part of the paper concerns a positive result on the convergence of Fourier series
for unbounded Vilenkin groups and certain square integrable functions on such groups.

Denote by e : R — C and e,, : R — C the following functions:
e(r) = exp(2mz), en(x) =e(z/m).

The jth partial sum of the Vilenkin-Fourier series of the function g : Z,, — C is:

—

j_

Sig(k) = ) 9(i)em(ik),
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where

m—
1
:—E n)ém(in)
m
n=0

is the ith Fourier coefficient. The maximal function of the partial sums of the Fourier series
of g is

S*g := sup |Sg].
]E m

The aim of this section is to prove that this maximal operator is of type (L, LP) that is to
prove:

Theorem 1.1.

—Z|S* |p<0 Zw

where 1 < p < oo, and the constant C' depends only on p.

Proof. For the basic idea of the proof of this theorem see 5.3 Lemma 3, 6.4 Theorem 12,
and 5.5 Theorem 16 in the book of Schipp, Wade and Simon [16]. Also see Theorem 7.5 in
chapter X in the book of Zygmund [22]. For a positive integer n let K, be the nth classical
trigonometric Fejér kernel function and for an integrable function f € L'[0,1] define the
function V' f : Z,, — C in the following way:

Vi) = [ (28 (5 =) = o (5 -0)) S0t (€ 7).

m m
It is clear that if g : Z,, — C and G := 37" §(i)e!, then for every j € Z,, we have

Sig=V (Zg ) (5;G),

where s;G denotes the jth partial sum of the trigonometric Fourier series of G. That is, for
every x € Z,, we have

sup [S;g(z)]

= sup
0<j<m

/01 <2K2m (% - t> ~ K, (% _ t)) st(t)dt‘
= o2 /01 2060 (37 =1) SjG(t)dt’ T oSh /01 Ko (1 1) SjG(t)dt‘

0<j<m
! x ! x
< - . - — .
_2/0 2K, (m t> sup |s]G(t)|dt+/0 K, (m t> sup |s;G(t)|dt

0<j<m 0<j<m

= 200, ( sup |st|) () + o < sup |st|> (2),

0<j<m 0<j<m

where o h(z) 1= fl Ky (£ —t) h(t)dt (h € L'0,1],¢ =1,2,...). Since

0 m
! X
K, |— — t =
/0 (= t)d‘uhuoo (e

= <
loghlle = max|ogh(z)| < max
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and besides,

loghlls =m™ 3 logh(D)] < / m!
=0

then for every 1 < p < 400 we get by the help of the interpolation theorem of Marczinkiewicz
the operators o, are uniformly of type (L?, L?). Consequently, the theorem of Carleson and
Hunt [6, 10] gives

m—1

> 6, (= ¢ Ina =l

=0

sup |59

0<j<m

<Gy | sup |[s;G]

0<j<m

< GGl = GlIVigll, < Gllglly,

p p

where V* denotes the adjoint operator of V. This completes the proof of the theorem. [

2. THE VILENKIN SYSTEMS

First we give a brief introduction to the theory of Vilenkin systems. These orthonormal
systems were introduced by N. Ja. Vilenkin in 1947 (see e.g. |20, 1]) as follows.

Let m := (my,k € N) (N := {0,1,...}) be a sequence of integers each of them not
less than 2. Let Z,,, denote the discrete cyclic group of order my. That is, Z,,, can be
represented by the set {0, 1,...,m; — 1}, with the group operation mod my addition. Since
the groups is discrete, then every subset is open. The normalized Haar measure on Z,,, , 1

is defined by ur({j}) :=1/my (j € {0,1,...,my — 1}). Let

(o]
G = X Ly,
k=0

Then every = € G,, can be represented by a sequence x = (z;,i € N) | where x; € Z,,,, (i €
N). The group operation on G,, (denoted by +) is the coordinate-wise addition (the inverse
operation is denoted by —), the measure (denoted by u), which is the normalized Haar
measure, and the topology are the product measure and topology. Consequently, G, is a
compact Abelian group. If sup,.ym, < 0o, then we call G,, a bounded Vilenkin group. If
the generating sequence m is not bounded, then G,, is said to be an unbounded Vilenkin
group. The Vilenkin group metrizable in the following way:

— |zi —yi
d(z,y) = Z |M—j| (x,y € Gp).
i=0 !

The topology induced by this metric, the product topology, and the topology given by below
are the same. A base for the neighborhoods of G, can be given by the intervals:

In(x) := G, IL(z):={y=(yi,i €N) € G, :y; =ux;fori <n}
for z € Gp,n € P:= N\ {0}. Let 0 = (0,7 € N) € G,, denote the nullelement of G,,, I,, :=
I,(0) (n € N).

Furthermore, let LP(G,,) (1 < p < 00) denote the usual Lebesgue spaces (||.||, the corre-
sponding norms) on G,,, A, the o algebra generated by the sets I,,(x) (r € G,,), and E,, the
conditional expectation operator with respect to A, (n € N) (E_1f :=0(f € L')).
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Let My := 1, M1 := m,M, (n € N) be the so-called generalized powers. Then each
natural number n can be uniquely expressed as

o0
i=0
where only a finite number of n; ’s differ from zero. We introduce the following notations:

n® = ZniMi, (n,k € N) |n|:=max{k € N:n;#0} (1<neN).
i=k
The generalized Rademacher functions are defined as

T‘n(l’) = eXp(Qsz—n) (ac S G,mn c N’Z t= 4 /_1)'
m

0, ifaz, #£0,

€ Gp,neN).
my, ,ifxn:()(x " )

It is known that 37"~ 7 (z) = {

The n'" Vilenkin function is

o0

Py = Hr;”j (n € N).

J=0

The system ¢ := (¢, : n € N) is called a Vilenkin system. Each 1, is a character of G,
and all the characters of GG,,, are of this form.

Define the Fourier coefficients, the partial sums of the Fourier series, the Dirichlet kernels,
and the Fejér (or (C, 1)) means with respect to the Vilenkin system ¢ as follows

f) = [ fudp,
Gm

Suf ==Y F(k)t,
k=0

n—1

Du(y, @) = Duly — ) := Y t(y)de(2),

k=0
ouf = S,
k=1
(n€P, y,x € G, f(0):= [, fdu, Sof = Dy=0, f € L'(Gy)). It is well-known that
Snf(y) = ; f(@)Dn(y — z)dp(x)

(neP,yeG,, felLYG,)) Itis also well-known that

(M, itz e L0
Da, (z) = {0 if = ¢ 1,(0)

S, f(x) = M, ( )fd,u =E,f(x) (feL'G,),neN).
In(x

Moreover, [1] for n € N
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[e's) mp—1 [e's) nip—1
(1) Dn == ¢n E DMk E T’]Zg == E wn(k-‘—l)DMk E Tllg.
k=0 i:mk—nk k=0 =0

If 1 <p < oo and k is any nonnegative integer, then the integrated modulus of continuity
of order k for f € LP(G,,) is

wp(f, k) =sup {7y f = fllp -y € I},

where 7, f(z) = f(z +y). Onneweer [13, p. 680| defined Lip(a, p) to be the space of all f in
LP(G,,) such that wy,(f, k) = O(M_“) [4, 14].

The almost everywhere convergence of the full partial sums for L?(G,,),p > 1, is known in
the bounded case [9] but not in the unbounded case. There is no known result with respect
to the a.e. convergence of the partial sums S, f even for continuous functions in Lipschitz
classes.

On the other hand, mean convergence of the full partial sums for LP,p > 1, is known for
the unbounded case. Namely, in 1999 the author |7] proved that if f € L?(G,,), where p > 1,
then o,f — f almost everywhere. This was the very first “positive” result with respect to
the a.e. convergence of the Fejér means of functions on unbounded Vilenkin groups. With
respect to norm convergence that is, the fact that the partial sums S, f converges to f in
LP-norm for all f € LP(G,,), and 1 < p < 0o one can see the papers (written independently
at the same time) of Young [21], Schipp [15] and Simon [18, 17]. On the other hand, much
is unknown for unbounded Vilenkin systems. We mention for instance the convergence of
(C, ) means with negative . For the Walsh-Paley system this means is investigated by
Goginava [8], but for unbounded Vilenkin systems, nothing can be said.

In this paper we prove the following

Theorem 2.1. Let G,,, be any Vilenkin group (bounded or not), and f € L*(G,,) such that

) Mpgy1—-1
Sa S <o
A=0 k=M,

Then we have the a.e. relation lim,_,., S,f = f.

We could say that with respect to bounded Vilenkin systems since log(M4) ~ A, then
Theorem 2.1 is nothing else but the well known Rademacher-Menshov theorem for general
orthonormal systems. But, in this paper we are talking about unbounded ones, and for
this reason log(M,)/A can converge to +oo arbitrary fast. Consequently, for these Vilenkin
groups Theorem 2.1 is much stronger than the Rademacher-Menshov theorem. The same can
be said with respect to the theorem of Kolmogorov, Seliverstov, Plessner and Kaczmarz (see
e.g. |11]) which states for bounded Vilenkin groups that the inequality > -, (k)2 log k <
oo implies the almost everywhere convergence of the partial sum of the Fourier series. We
emphasize once again that in this paper we are talking about of Vilenkin groups of any kind.
That is, the sequence m can grow "very fast”.

Proof. Introduce the operators Ty, ;. : L'(G,,) — L°(G,,) (n, k € N):

Torfy) = 3 (i > (M / ( f(t)wnmwdu(t)) wnw(y)fi(yk(s))) ),

j=0 my s=0 Yk (5))
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where y, yx(s) = (Yo, .-, Yk-1,5,0,0,...) € Gp,. In other words,

TLk—l

(2) Torf = Z By, (Bt (f o0 ) Ypeesn L) 7.
=0

(1) and (2) imply that
||

Suf = Turf.
k=0

Fix (for a moment) n**1 and y and let the function g be defined as

9Wor- - Y1, 8) = M / FOBarn (Odu(t) (s € Zon,).

Tky1(yx(s))

Then we have

ne—1 mi—1

1 » :
T W=D o= D 900wt )T ()2 (v) |-
7=0 s=0
By Theorem 1.1 we have
1 mk—l
— > sup |Touf (y)
mg — Nk
yr=0

1
S Cm_k ; |g(y07 S 7@/167175)’2

= CEy (‘Ek+1(f@n<k+l>)}2> (y)
Apply the conditional Holder inequality for Ejy1(fv,x+1 ). Then We get

(4) ‘Ek+1(f1/_fn<k+1>)‘2 < B (IfP).

Consequently, by (3) and (4) we have the following inequality

mip—1

Yy aup [T, f
Y, =0
< CEW(Eps(|f17))
< CE(|f]?).
This inequality immediately gives
(5) Isup Toi Iz < ClSII2

for any k£ € N.

For k < A = |n| we have T, ,f = T, x(Eas1f), and T, x(Esf) = 0. Consequently in this
case we get

|sup [T i fIN15 = || sup [Tk (Easif — Eaf)|l3 < CllEasif — Eaflls-
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Next, we discuss the case k = A. More exactly, the question is that: What can be said about
SUP 4 SUD|y =g [Tnaf|? Tt is easy to have that T, af = T, aEa1f, and T, aEAf = Eaf.
Thus,

Isup sup [TflI3 = 50> o [T a(Eaia] = Eaf) + Eafll3

<C| Sup sup T a(Eaif = Eaf)lll5 + O sup |Eaflll3 =1 + da.
n|=A

By (5) for i; we have

i1 < CZ | sup [Toa(Easrf — Eaf)lll3 < CZ IEar1f — Eafllz < C|If]I3-

A=0 [n|=A A=0
On the other hand, for i, we get the same bound, that is, is < C||f]|3. (We recall that the
maximal function sup 4 |Faf| is of type (L%, L?)). Finally, the equality S, f = ZLn:lo Toxf =
T |n|f+z|n‘ n,kf gives

A-1
| sup 1S, f1115 < ClFIS + 2l Sljp|s‘up S ITur Sl < CUFIS + CZA2 |Easif — Eafll3.
n=A% o A=0
Since
MA+171
[Easif — EAfH% = Z |f(k)|2
k=M,
and
0 fe'e) Mag1—-1
LFI3 =D IFGP < 1FO)P+ > (A+1)7 Y [f(R)P
=0 A=0 k=Ma

then we have

(6) Hsup\SanI@SC(\f(O)!2+Z(A+1)2 > If(k')\2>-
" A=0

k=M 4
Let
0o May1—1
L3(Gm) =4 f € LP(Go) < If I = o[ IFOR+D (A+1)2 > [f(R) < 400
A=0 k=M 4

It is clear that [|.||; is a norm and by (6) the maximal operator L?(Gy,) 3 f — sup, |S,f| €
L*(G,,) is bounded.

Since the set of Vilenkin polynomials is dense in L?(G.,) and lim, .o, S, f = f holds trivially
for all Vilenkin polynomials f, we have by standard argument the a.e. relation lim,, ., S, f =
f for every L?(Gm). The proof of Theorem 2.1 is complete. U

Corollary 2.2. Let f € Lip(«,2) for some a > 0. Then S,f — [ a.e.

Proof. S50 1 (R)P < 302, [F(R)P = I = Bafll3 < (wa(f, 4) < CM;* < ca
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