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143. On Almost Everywhere Convergence
of Walsh-Fourier Series®

By Jun TATEOKA
(Comm. by Kinjird KUNUGI, M. J. A., Sept. 12, 1968)

1. Introduction. L. Carleson [2] proved that the Fourier series
of functions belonging to the class L*(—r, 7) converge almost every-
where.

Combining the method of Carleson and the theory of interpola-
tion of operators, R. A. Hunt [3] extended the result to the Fourier
series of functions f e L?(—r, n), p>1. In fact he proved three maxi-
mal theorems about partial sum of Fourier series. On the other
hand P. Billard [1] applied the method of Carleson to Walsh-Fourier
series of functions f e L%0, 1).

In the present paper, the author applies the Carleson-Hunt-
Billard method to Walsh-Fourier series, and proves the analogues to
Hunt’s result.

Let S, (f) be the n-th partial sum of Walsh-Fourier series of inte-
grable and periodic function f(¢) (0<t<1).

Let
then the theorems of this paper are;

Theorem 1. If 1<p< oo, then || Mf|l,<C,l|f]l,-

Theorem 2. || M fIIISCS: | f@®) | (og| £ | dt+C.

Theorem 3. For any y>0,
mite (0,1); Mf()>y}<C exp{—Cy/||f]l.}

It is well known that these results imply the almost everywhere
convergence of S,(f) to f(t) for f in the respective function spaces.

2. Notation. Let (1, 7y, 70, -+ +) and (wy, Wy, + -+, W,, - - -) be
the classical system of Rademacher and Walsh functions. For a posi-
tive integer n we define N, by 2¥"<n<2"*-* and write
(2-1) n=CO+C121+ e +CNn2Nn(Cj=O’ 1; .7=0’ 1, 2, -, Nn; Canl)'
The Dirichlet kernel of Walsh system is defined by
(2.2) W.@®)=w@)+w, (D) + - - - +w,_,(D).

% This work was done during the author’s stay at Mathematical Institute,
Tohoku University. The author thanks Professors G. Sunouchi, C. Watari, and S.
Igari for guidance and encouragement. Professor Sunouchi says that the analogous
theorems have been established also by Hunt-Taiblesson from a letter of Hunt.
But this work was done independently, and completed before the end of March, 1968.
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We assume Cy, == =,,=1 N, >n> - >n,>0) in (2.1).
Then (2.2) becomes

Ny n1
o= 1A+ 4y T 1O+ b7 41

xﬁ(lJrr,(t)),

where j'f’il(1+rj(t))=1 for n,=0.
Furthermore we can write
(2.3) W.®)=w, B0k + 05 + - - - + 0.5,
27 for 0<t<<2-9-1,
where 51*(t)={ —27 for 27/1<t<277(j=0,1,2,...),
0 otherwise.
Observe

2f+1 2J-1
@4 )= zjlw,(t)=rj+1 2;0wp<t)=rj+1(t>1jl(1+r,(t».
We put ”
0.(D=0xF D)+ 05+ - - - +0.5().
Let us write

S(f)’“éocnwn(t)’ (anS:f(t)wn(t)dty n"_—o, 1, 2, v ‘),

and put
LO=4F 3 D="5 cav,d), *=0,1,2, .- .),
A O=4B=cp

Then we get

2.5) S() ~ki A0,

For each integer vy>0 we divide (—2, 2) into 4-2* equal intervals
of length 2-*. The resulting intervals are from left to right denoted
Wy, j=—2-2,--.,2.22—1. If we are not interested in subindex j or
j-v, we may write o, or » instead of w,.,.

For each integer n>0 we define n[w,] by the greatest integer less
than or equal 27*n.

We consider the modification of usual (0, 1) which is the set
0, 1)* of points t=(£,, &, -+, &,y - +) (§;=0, 1) and make it totally
disconnected compact abelian group. Let w, be the set of points
t=(§‘}, LA Eg» $v+1? ce) in which 5(1)’ Sg’ ) 53 are fixed and $y+1, v
vary independently. We transpose the structure of w, to (0, 1)* by
the function ¢, : 0,—(0, 1)* defined by ¢,[(§%, &3, -+, &% &oury -+ )]
=&,y 5002 +++). Then the n-th Walsh function on w, (v>0) is
w,(o,; )=w,le, (®]. Inthe same way we define the analogous func-
tion 0*(w, ; t) and d,(w,; t). P. Billard [1] verifies that

W) =0W,p, 1(w, ; ) (t € ®,), where = +1 does not depend on ¢,
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and writing
S,((0, 1)*; x)=:2"cjwj(x)=Slﬂt)wn(x—t)an(x—t)dt
=1 0
considers the modified partial sum of S,((0, 1)*; x);

SHO, D*; )= 7w 03, bydt.
He observes
[ SE0, 1)*; @) | = | S0, *; 2) .

3. Sketch of the proof. From the reduction of Hunt’s theorem
the following result implies the theorems.

Fix measurable set Fc (0, 1)* and consider the periodic function
f@)=Xz(x), e (0, 1)*, and the number 1<p<co and y>0. For any
fixed number N >0 we will show that for |n| <4272 (0<4<1is an
absolute constant) and z € (0, 1)* we have |S¥(x; Xz)| <Const. Ly ex-
cept for z in an exceptional set E, where mE <Const. y~?mF', L=L(p)
<Const. p*(p—1)-2.

We will study some of elements which are used in the proof of
our result.

The following lemma is proved by C. Watari [4].

Lemma (3.1). Let f(t) be function of L? class and its Walsh-
Fourier series be formed (2.5). Then the series

I md®  Gu=0,10r —1)

1s Walsh-Fourier series of g(t) of L? class and there exists a constant
A, such that

19D, <ALl f D], Where A,<Const. p*(p—1)7, 1<p<oo.

We consider a suitable partition 2={w;}, v;=w,, of (0, D*. If
z e w,=wix), we write
3.2  S¥O, 1)*; 2

zamgmz(x) f(t)wn[ml(x)](wl(x) H t)an[ml(w)](wl(x) ;e—1t)dt
+ R, (2)+ H,(2),
where 0=+1, §,=0, S,=8S¢=0

Ro@)= | Eu®3,-scuornpia— 0,
3.3) H,(0)= E[ FEW ) — B8, sgoycora (& — DL,

1
W&W) J@yw,w)du, t e 0,@).

From (2.1), (2.8), and (2.4) R,(x) is the finite sum of
Ny
3.4 jZ=;0 CjAj(En H)]
at the point z.
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Lemma (3.5). If f(t) is integrable and T7(t)=Sup| 3" 4,(f; )],
n J=-1

then
TSI, <B,llf(®)||,, where B,<Const. p(p—1)*, 1<p<Loo.
According to Lemmas (3.1) and (3.5) we have
[|Bn(2)| |, <D,||E(2)]],, where D,<Const. p’(p—1)72, 1<p<co.
Then the extrapolation the theorem yields
(3.6) m{Xew;R,(r)>y}<Const. exp{—Const. y/||E,(@)|.}®|
Basing ourselves on (3.6) and a slight modification of Hunt-Billard’s
result we can prove theorems.
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