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1. Introduction. The systems of ortho-normal functions introduced by
Rademacher and Walsh have many remarkable properties. Especially Fine [2]
has pointed out that the Walsh functions are characters of the dyadic group
and hence it is naturally expected that a series of the Walsh functions has
very similar properties to a trigonometric series. Many authors pursued this
analogy and discussed it in detail. Some of them intended to generalize the
Walsh functions. It may be said that the most efforts of them have done from
the viewpoint of group character influenced by Fine’s paper (see Lévy [4],
Chrestenson [1] and Watari [6]).

Originally the Rademacher functions are closely related with probabilistic
considerations. A connection between the Rademacher functions and the game
of heads or tails are shown in below. The independent tosses of a coin give
the simplest example of the binomial distribution (7 = 1). In this paper we
construct a multiplicatively orthogonal system of functions using the next simple
binomial distribution (7z = 2). These functions are real valued and so they are
more convenient than the functions given by Lévy or others. We show the
fundamental inequality of the Walsh functions given by Paley [5] remains true
for our functions. That is to say, we know the abelian group character property
of the Walsh functions is not essential for this inequality. Our viewpoint is very
similar to that of Wiener [7] about Brownian motions. In fact, employing the
normal distribution instead of binomial distributions we may arrive at the theory
of Wiener integral. Analogous considerations are possible for general binomial
distributions and for some another distributions but, since the calculations become
considerably troublesome we want to reserve them with some allied topics for
another occasion.

In this paper by f-space we mean the set of positive integers 1,2,.-. Let
x(t) be a discrete time series taking value 1 or —1 with probabilities 1/2 for
each £ = 1,2,.«-. Then every time series satisfying these conditions may be
identified with a point of the unit interval [0, 1]. Let us call this unit interval
a-space. At first we divide the all time series into two classes according to
x(1) =1 or —1 and we make each class correspond to the semi-closed interval

[O, —%)and [% , 1> of a-space respectively. Next divide the set of time series
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into four classes according to (1) =1, ¥2)=1 x) =1, %2 =—1; x(1)
=—1,%2)=1and x(1)=—1,%(2) =— 1and associate them {O,—}) [%,
1 1 3 3 . .. .

> ) o, 4 and R 1) respectively. Continuing this process, to every
interval [m/2", (m + 1)/2") (m is an integer such that 0 =m < 2" — 1) of
a-space we get a set of time series taking a specific value 1 or —1 at each
time ¢=1,2,+«+,n. Then we know ultimately every point a of a-space,
except a set of enumerable points, shows a time series. Hence we denote this
time series by (¢, a). We put ¢, (a) = x(n, &). Then we know, by the construc-
tion of correspondence between time series and a-space, @.(@) (n =1,2,+++)
are nothing but the Rademacher functions. In the next section we consider

time series taking values ==./2 or O instead of =1 and get a system of
multiplicatively orthogonal functions analogous to the Rademacher functions.

2. Time series x(¢,a). Let n be a fixed positive integer and let x.(¢) be
a discrete time series defined for ¢ = 1,2,3,++ . and taking values

n— 2k

@ 1) Sva—s (B=0,1,2+++ n)
with probabilities
2. 2) "g:— (k=0,1,2,+++ n)

respectively for each time . We assume always x,(0) = 0.
Putting #» = 1, we obtain a time series of random signs 1 and —1. This is
just the case stated in introduction. For n = 2, x,(¢) has three possibilities, i.e.

x:(£) =o/2 ,=0 and = —/2 with probabilities 1/4, 1/2 and 1/4 respectively.
In the following we shall use only the time series x,(¢) and we may write x(#)

instead of x,(2).
We begin to map the set of all time series x(¢) on the a-space [0,1]. Since

the probabilities of x(1) having the values/2, 0 and —+/2 are 1/4, 1/ 2. and
1/4 respectively, we divide the a-space into three parts [0, 1/4),[4/1,3/4) and [3/4,
1). The length of these intervals are equal to the probabilities of having (1)

=4/2, 0 and —A/2 respectively. We make the interval [0,1/4) correspond to

the subset of time series such that x(1) =+/2. Similarly the interval [1/4,3/4)
corresponds to the time series such that x(1) =0 and [3/4,1) corresponds to

the series such that (1) = — 4/2.
Next we consider the class of time series which takes values
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2 — 2k 2—-2
1 = = and L) = ;
x(1) = =75 X@) = 5

where £ =0,1 or 2, [ = 0,1 or 2. The probability Pk, [) that x(¢) should have
these values at £ = 1 and ¢# = 2 is given by (,C,/4)(;C,/4). That is

P0,0) = 1/16, P0,1) = 2/16, P0,2) = 1/16
P(1,0) = 2/16, P(1,1) = 4/16, P(1,2) = 2/16
P(2,0) = 1/16, P(2,1) = 2/16, P2,2) = 1/16;

P0,0) + P(0,1) + P(0,2) = 1/4
P(1,0) + P(1,1) + P(1,2) = 2/4
P2,0) + P(2,1) + P(2,2) = 1/4.

Observing this relations, we divide each a-intervals [0, 1/4), [1/4,3/4) and [3/4,
1) into three sub-intervals having the ratio of length 1:2:1 respectively, i.e.

og)=low) vl 16)v [ 1)
) ) vl ae)v s r)
3

4
13 13 15 15
[ ’1> LZ“E}U{Eﬁ’T€>U[16J>

Then we can map the classes of time series satisfying the above conditions to
the finer a-subintervals than the first step preserving their probabilities.
Continuing this process for £ = 3,4,---, we get finer and finer sub-intervals
of a-space. Thus ultimately we are possible to assign for every point a of
a-space (except for a set of measure zero) a time series, which we write x(¢,&).
Now let us consider the function (1, «)defined on a-space for a fixed n.
x(1, @) is given as follows;

rL
4

J— r 1
sz, aclo,)
2. 3) x(La) =/ ¢ aell,%>
-
-7, ae:ZJ>

We denote the mtevrals{ 4 > [ i 2 >and [—?—1-, 1> by I(1,1), I(1,2) and

I(1, 3) respectively. Similarly we have
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. 1 4 6\ 12 13
v 2, “6[0’16>U[16’T€>U_'1f’ﬂ§>
2. 4) x(2, ) = {;17 3 {i lQ) (13 15
0, “6.1’16> 1616 U_16’16>

. 3 14 10 12\ [ 15
V2, “6[16’16>U[1€’T6>U_E’1>'

. 1 1 3 3 4 15
We also denote the intervals (O, ﬁ)’ [TG’ —ig) [ﬁ’ T6>’ ceeeen, [_fé’ 1 >
by 1(2,1), I(2,2),I(2,3),++++++,1(2,3%, respectively. We can define the functions
X3, ), x(4,a),++++++ and intervals I(3,1), c e« I(3,3%); I(4,1), ¢+, I(4,
3*);+ « « « analogously.
As is easily seen, the functions X(7n, &) are normal and mutually orthogonal
for different n: 1. e.

(2. 5) f 1 xom, @) x (n, &) dat = 8y

where 8, means Kronecker’s delta. It is also easy to see that the system of
functions is not complete, since for every n

) X, @) (1, @) x(2, @) dat = 0.

Analogous to the Rademacher functions, we can generate a system of multi-
plicatively orthogonal functions from these {x(n, a)}, but the system obtained is
not complete. This fact will be seen in the next section in detail.

3. Construction of ortho-normal functions. Let L%(¢#) and L*«a) be real
Hilbert spaces of real functions defined on #-space and a-space respectively.

That is, f(¢) € L) if and only if > [f(¢)|? < oo and g(a) € L*a) if and only

t=1
1

if f | g(@)|*da < oo. Now using the time series x(¢, ) stated in the preceding
0

section, we can map L¥t) linearly and isometrically into L*(a).
Let e,(¢) be a characteristic function of a point 7 in #-space; that is,

o1 for t = n,
3. 1) et) =
for ¢t # n,

where n is a fixed positive integer. It is easy to see that the system {e.(#)}
(n=1,2,+++-+) forms a complete orthonormal system in L3(2), i.e.
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3. 2) i g@) en(®) =0 for all m

implies ¢(¢) = 0 and

(3. 3) i en(t) e,(t) = dpn.

t=1

Let f(¢#) and g(¢#) be normalized orthogonal functions in L) having the
following forms:

[ = 2 crenlt), g(t) = Z doen().

By the assumption they satisfy

X f000) = X cudu =0,

ifz@:z_:%ﬁ:l’ Zgﬂ<t)=§dn2=1.

Define the transform of f(¢) by >_ f(£)x(t, @), that is

S font ) = [ e | 1t @

t=0 n=1

= CIX(l’ a) + (:2X(27 a) e+ CNX(M Cl)

This is a function in L*«a). Then we have

fol [i Sx(t, a)J [i 9(Dx (@, a)] dat

f chx(n Q) [z dix (n, a)Jda - chd —0

by (2.5) and similarly

[ [Z sttt ] da =

0

li
lI

fo )3 LONE a)} dat i

This proves the proposition.
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Now we define on z-space homogeneous functions of zero degree, of first
degree, of second degree etc. as follows. K, is a function of zero degree if it
is a constant. K,(#) is homogeneous of the first degree if it is given by

3. 4) K @) = AZ e, ().

n=1

A homogeneous function of the second degree is given as

(3 5) Kz(tla tz) = i MZ amnem(tl)eﬂ(tZ)

m=1 n=1

(where @nn, = aum). This function K,(¢,,%,) is clearly symmetric with respect to
t,, t;. Similarly a homogeneous function of the third degree is given by

3. 6) Ks(tu Ly, ts) = Z LZ Z almnel(tl)em(tZ)en(tS)

=1 m=1 n=

where Qumn = Qinm = Anin = Amny = Amim = dum. In general a homogeneous func-
tion of the n-th degree is given by the same manner. A linear combination of
such homogeneous functions

(3. 7) Kn(tb t2, b ',tn) + Kn—l(tl, t27 A tn—l) + A + Kl(tl) + KO

is called a function of n-th degree. We show every function of an arbitrary
degree can be transformed to a function belonging to L*a). By a function of
the zero degree we mean the same constant. For a function of the first degree
we take the transformation stated at the beginning of this section. For a function
of the second degree

M

M
K2(t17 tz): Z Z amnem(tl)en(tz)a

m=1 n=1

we put

>

1=1 tﬁ

Ms

Kults, thlt, ax(tn @) = 3 3 [ £ 5 amen(tdentts) | xttn alxtes, o)

t1=1 tg=1 ~m=1n=1

o~
Il
—-

M &

= Z amnX(m, a)X(n, d)

1

3
i

In general, we define the transform of a homogeneous functions of n-th degree
Kn(tlyt‘b' A 9tﬂ) as

69 E3 e

=1 m=

Mh

Ay XL, )x(m, @) « « ox(n, ).

1

-
3
Il

By extending linearly, we can define the transforms of non-homogeneous
functions of arbitrary degrees.
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We may select up a complete system of normalized orthogonal functions
from these transformed functions. Let us start with a zero degree function K,.
The normalization

1
(3. 9) f Kpda =1

implies K, =1 or — 1. By the =zero-th species of functions we mean the
constant 1. Let us consider the first degree functions in a-space:

(3.10) i K (H)x(t, a) + K,.

Then, to be orthogonal to constants C,

1

f {i K @)X a) + K, { Cda

t=0
1

- f fax(L, @) + anx(2, &) + - + avx(N, @) + Ko} C da
1]

:K()C:O

implies K, = 0. Thus we get a homogeneous first degree function of «. Now
we normalize the first degree functions. It is easy to see that

f: [g Rt a)T doe = fol [2; a.x(n, a)]zda

1 N N
= [ 2 ax(n,a)da =3 a,’.
n=1

0 n=1

Thus

*i K.(6)x@, a)= Z anx(n, &)
(3.11) 1““ i

AW
2 a’ =1
n=1

gives a normalized function of first degree which is orthogonal to zero degree
functions. Especially if we take

(3.12) Ki\(t) = ex(t),

then we get the function x(n, ). Since {e,(¢)} (» =1,2,---) are normal and
mutually orthogonal in L*(#), we obtain a system {x(n, )} (n = 1,2, - ++), which
are normal and orthogonal to constants and to each other in L*«a). We call
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them the first species of functions.
Now we consider a second degree function in L* @) such that

(3.13) Z Z‘ Ky(t1, t2)x(81, ) (2, @) + Z K,(x(t, a) + K,
= Z Z AmnX(m, )y (n, &) + Z ax(n,a) + K,.

We want (3.13) to be orthogonal to every constant C, so we have

[[= > Kultu Xt x(ts @) + 3 K(Ox(t, ) + K, C d

0 =1 t3=

B f [ Z AnnX(m, Q)X (n, &) + Z aux(n, @) + Ko] Cda

m=1 n=1 n=1

= [Z Amm +K0JC=
m=1
Thus we have

M
D> amm + K, = 0.

m=1
M

(3,14) K,=— > ann
m=1
We also want to make (3.13) orthogonal to any first degree function

(3.15) > Kion(e @) + Ki = 5 atxim ) + K&,

t=1 n=1

Since, when (3. 14) is satisfied, the second degree function (3.13) is orthogonal
to any constant K¢, it is enough to consider > K¥(#)x(¢,a) only. Then by
(2.5) and the fact that

1

[ X, cyxm, @x(t, cyda = o,
we have

[[2 £ Kt tortes ameae) + 5 Koonet, )~ > au |

ti=1 fa= m=1

X LZ_; K¥t)x(t, a)]da
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_ fo lti anx(n, a)} [i arx(n, a)} da = i anat = 0.

Since K}(¢) is arbitrary, we must have a, =0 for n=1,2,- - N, that is,
K, (t) = 0. Therefore we know the expression which is orthogonal to every
zero degree and first degree function is given by

¥ M M
(3 16) Z Z mnx(m’ a)X(n, a) - Z Amm (amn = anm)-
1=1 n=1 m=1

Thus we have obtained a category of second degree functions which are
orthogonal to lower degree functions. We have to normalize them.

2

0 -m=1n=1 k=1 l=1 ’
M M M 2
—92 (Z amm) (Z LZ AmaX(m, a)x(n a)) (Z amm) ]
m=1 m=1 =1
M M M M M
B.17) =23 Aunare + 22 Aun’ + 2 D Amn’ + Z Z Ann®
m=;]g(=1 m=1 7n.=1i;771L n= }L#Tn 1
M 2 M 2
-2 (Z amm) + (Z amm)
m=1 m=1
b’} M M
=233 Aua® + 2 Aun® =1
m=1 n=1 m=1
maxn

Here we notice the following relations which will be easily seen from the
graphs of x(n, @).

[ m, @, ek, aiyt, @da =,

0

[ xom, @x(om, ek, eyt ey = 0,

0

(3.18) f X(m, ayx(m, ayx(k, ayx(k, Q)yde = 1,

f x(m, cy(m, cy(m, ay(k, d)det = 0,
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1

f x(m, Qyx(m, ayx(m, Ayx(m, @)da = 2,

(we promise hereafter that different letters m,n, %, [ mean different integers
respectively).

Putting a,, = @, = 1/2 for specific m,n and a,, = 0 for other indices, we
get x(m, a) x(n, a). Also putting a,, = 1 for a fixed m and a,, = 0 for other
indices, we get x*(m, a) — 1. We call the family

(3.19) {x(m, a)x(n, @), x*(m,a) — 1}
(m=mn, m= 1,2+ n=12-- )

the second species of functions. It is easily seen that the functions of this
species are mutually orthogonal.
Now we are in position to consider the third degree functions,

(3.20) 2= 22 2 aumnX(, x(m, ayx(n, @) + 3° 3~ anax(m, a)x(n, ct)

l=1 m=1n=1 m=1n=1

n
+ > ax(n,a) + K,,

n=1
where Qimn = Amni = Caim = Ainm = Anmi = Amin ANA Apn = Apme

Elementary computations show that (3.20) is orthogonal to any functions
of 0-th, 1st and 2nd degree when the following conditions are satisfied:

M
(3.21) 2 amm + K, =0,
m=1
L
(8.22) 3> auk — apex + axr =0 for every &%,
=1
(3.23) Amn = 0 for all m,n.

Thus we have a category of third degree functions having the following form :

L {

(3.24) 220 2 @maX, a)x(m, )x(n, @) — 3

=1 m=1n=1 n=1 (

L
3 Z a”n - annn)X(n, a).
=1

Since (3.24) is orthogonal to every function of first degree, we have

da [Z D057 @imaX, a)x(m, a)x(n, o) — > (3 D Aun — a,m,,)x(n, a)]

J
= fl da [Z 53" @umaX, )x(m, )x(n, @) — > (3 > @un — annn)x(n, a) ]
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%[22 % apxtp e, et )|

Hence by elementary but somewhat complicated computation, the condition of
normalization is given as

[3' Z Z Z * al"mz + 32 Z Z Z * allmamnn
+ 2% 3 aum + 2% 35S andimnt+ 45 al,,ﬂ

Ixm Ixm

I I I
B [3 ZZ oor (3 z Qur — Qrrr ) + 2 Z Appp (3 Z Ayp — amop)} =1,
=1 p=1 =1

p=r

where >~ >" > * means the summation without I = m, m =n, n =1L

Putting a;m, = 1/6 or a,, =1/3 we get third degree functions x(l,&)
X x(m, a)yx(n, a) and x*(/, a)x(n, @) — x(n, @) = {x*(, @) — 1}x(n, ). We call the
family of third degree functions

(3.26) X, ayx(m, )x(n, @) ; [x*(1, &) — 1]x(n, )}

the third specices of functions. They are normalized and orthogonal to each
other and to lower degree functions.

We should like to continue this processes for fourth degree functions and
so on. In those cases the computations will become more and more complicated
and so we confine ourselves to state that we get the family

{x(k, @)x(l, )X(m, a)x(n, av);
(3.27) [x*(, @) — 1]x(m, a)x(n, a);
[x*(, ) — 1][x*(m, ) — 11}

as the fourth species of functions. Conversely we show that the total family of
functions of the n-th species constitute a complete orthonormal system in L*().
That is to say, we get

THEOREM 1. Put

(3.28) @ ola) = x(n, @), @, ,(a) = x(n,a) — 1
(n - 1, 2,. . )

and @, (a) = 1. Then the set of finite products of these functions
(3.29) (@, ()pn. () - @, .(2)} [>m>-+++>n=0

forms a complete orthonormal system in L*(a). (See Fig. 1).
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PROOF. Let
(3. 30) P15 ()@, () @y, (@)
and
(3.31) @p.. (@)@, () + ;. ()

be any two functions of the system. They are mutually orthogonal. We may
suppose to be [ = p. In case of [ > p

[) E 9;«
6
| i [ | fo
| — 1 f
vz
] N .

L
L

%Jg 0

(3.32) f @1 ()P (Q) + @ (Q) + @y.. (W)@a,. (@) + @, (@) da = 0

because @, . (), *, @n. (@), @,.(@),* * -, @,.(a) are constant on every interval
Il — 1,%) and

(3.33) f@,. (@) da = 0 (1=Fk=3"")

I(l—-1,k)
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If [ = p, we may divide into four cases: 1) @, . (@) = @, ,(Q), @, (@) = @, (a);
2) @,- () = @,(Q), Py, (@) = Py0(@); 3) @r,. (@) = @,o(@), Py, (A) = @p0(2); 4)
@, () = @, o), @, () =@, (). In case 1), @,; = @,,; and we may omit the
terms @,. and @,. in (3.32) since @i ,(a) = 1. Then it is enough to compare
the next terms of (3.30) and (3.31), and we may proceed the arguments that
we are now discussing. In cases 2) and 3), @,. =@,1, @p,. = Ppo OF @1 = @y,
@y =@, and (3.32) is also evident since @, (a)-@, (@) = @, (®). In case
4), @i0= @p.o and @, .(Q) # @,. (). It is enough to consider the case m # q.
We may suppose m > q. Then

3m-1

(3.34) f@mmmwm—z P .. () det = 0

k=1 JI(m~1,k)

and the other functions of integrand in (3.32) are constants on every intervals
I(m — 1, k). Thus (3.32) is proved.

The function (3.29) is normalized, because @} .(@) =1 for every k& and

1 v
—2-> and = 0 elsewhere.

We show the completeness of this system. For this purpose it is sufficient
to show that any characteristic function on an interval with dyadic rational
end points can be approximated by a sum of the functions of this system. First

we show

Pmioe * @A) = 2 at a point set of measure(

fila) =1 for a € [0,1/4), = 0 elsewhere,
(3.35) g(a) =1 for a € [3/4,0), = 0 elsewhere,
k(a) =1 for a € [1/4,3/4), = 0 elsewhere

are expressed by sums of functions of this system. That is,
1
fl(a) 22 ¢0 1(a) + 2~/2 ¢1 O(a) + -7 22 ¢1,1(a>
1
1(“) 22 Po, 1(“) 2\/24 ¢1,0(a) + E{ ¢1,1(a),

k(@) = 3 (@) — 5 p1.1(@).

Similarly we put
1
f (d) 22 Po, 1(&) + 2}\/2 P, O(a) + o 22 Pn, l(a)’
1 1
(3-36) .9'n(a) = ? ‘Po,l(a)_ W— ‘pn,o(a) + o2 q’n,l(“)»

kn(a) = % ¢0,1(a> - % ¢n,1(a)
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then we have

Fal@) = max e [pn (), 0]

gn(at) = max «/% [— @n,o(a), 0]
and

Then the characteristic function

1, 2n . 1 2n+1 _ 1
a € < 2n+1 > 2n+2 )

ha) =

0, elsewhere

can be represented as

(3.37) Wa) = k(a)ks(a) -« k(a)f nii(@).
Consequently
(3.39) 5 B(@k(@) - k@ pi(@)

=3 gt (= @)L= (@) -+ (L= g, @)

1 1 1
X <7 + 5 Prar o) + 5 Prein (06))
represents a characteristic function of [—}1— , %) Thus we have succeded in
expressing the characteristic functions of [0,%), [—}1— , —%), [—i— , —?() and

[—%— , 1) by the desired forms.

This method tells us that if we change the combination of terms of (3.38)
we can obtain the characteristic function of an arbitrary interval with dyadic
rational end points. For example, if we replace k,(a) by fi(a) in (3.38) we get

.. . 1 2
the characteristic function of ]'TG‘ , E)

4. Fundamental inequality. At first we rearrange the complete ortho-
normal system by the number of partitions of a-space, not by the degree of
functions. In Theorem 1, we put

¢m,o<a) = x(m, &)
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Pna(@) = x*(m, @) — 1 (m=1,2,3:+).

Here we expand each positive integer n triadically :

4. 1) no=3%2™ 4 3Jm2"™ 4 ... 4 3% 2™
where n, > ny,>+++>n,=0, m,, my,»--,m =0 or 1. Then we put
(4.2) Yo(a) = 1

V() = @pyi1,m(X) * ¢na+1,7na(a)' . '¢’nu+l,mv(a)'

That is,
Yi(@) = @y,0(a), Yo(@) = @y,1(@), Vy(@) = @, o(@),
(4. 3)  Yu(a) = @y, o(@)py, (), Y5(@) = @y, 0(@)p1, (), Vo(@) = @,.1(@)
V(@) = @y, (@)py, (@), Yo(@) = @s,1(@)p1, (@), Yo(@) = @s,0()

etc. As is easily seen, the system {Yr,(a)} is nothing but the rearrangement of
the complete ortho-normal system obtained in Theorem 1. By this numbering,
the functions yr,(a) (0 =m =< 3" — 1) are all constant on the common intervals

In,v) (v =1,2,---,3".

We show this value by {r.(I(n,v)). We know that the intervals on which ¥,
(a) takes constants Vr,(I(n, v)) become narrower as m increases. We shall give
here an alternative proof of Theorem 1, that is, the completess of {Yrn(a)}.
Suppose that fla) € L*a) and

(4. 4) flf(a)«]rm(a) da =0 for 0=m=3"—-1.

Then we have

(4. 5) I fanpda = Z [ feyda-vudn )| =o.

I(n,v)
Let us consider the determinant of 3"-th degree
(4. 6) [Yrm(I(n, v))] O=m=3"-1,1=»=3".

This determinant (4.6) does not vanish, because by the orthogonality condition

f l Yl (@) da = 8,
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we know that

|¥u(I(n, v))|*

is non-zero. Thus 3" vectors in 3"-dimensional space

(\Pm(l(n’ 1))7 \I'M(I(n’ 2))?' * % 1Pm(1(n7 3n))) 0=m=3"-1

are linearly independent and we have by (4.5)

Fla)de =0 =123

I(n,v)

The set of terminating points of all the intervals I(n,v) (n = 1,2,-+-) forms a
dense set of points in a-space. Now let us suppose (4. 4) holds for every n, then
the continuous function defined by

Fa) = f “Roydre

must be a constant. It follows that f(«) is equivalent to zero. This proves the
completeness of the system.
Let fla) € L(a) and write

oo

4.7 Aa)~ 2~ cwpala),

n=0

where ¢, is given by

(4. 8) e = [ fl) v@a
The n-th partial sum of (4.7) is
(4. 9) Su(a) = z clr(ct).

The 3*-th partial sum S:(a) is then given as

(10) 5u) = 3 [ [ 7888 | vite)

= [ A8 X veie) | a8 = [ fiB)Duas) B,

where
1

D)= T 4B @)
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Since Yrn(a) is defined as a finite product of @, (@) or @, ,(a), we know
immediately

(4.11) Dy(a,8) = IL 11 + @, ()9,,(8) + @, (@)@, (B)].
r=1
Thus we have
1
73~y for a € I(n, k) and B € I(n, k)
(412)  Dn(a,g) = { k)
0 elsewhere,
where |I(n, k)| shows the length of the interval I(n, k). (See Fig.2).
g
/ P /6]
o ' ®
/6
(Fig.2) 2 g
4
&
%« /é
8 o
/6 = o
o /

Z%(a(,p) and Dsz(ot,/?)

By (4.10) and (4.12) we get
THEOREM 2. (Kaczmarz) Sp(a) > fla) a.e. as n — co.

PROOF. By (4.10) and (4.12), we have

(4.13) Sy(ar) = m f f(B)dB
’ I(n, k)

whenever a € I(n, k). Since |I(n, k)|— 0 as n — oo, we have the theorem.

For fla) € L*(a), we define the coefficient ¢, by

Cn = f L@ n(c)det
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then by the completeness of {Yr,(a)} we obtain Parseval’s equality
1 oo

(4.14) f fa)Pda =3 ca’.
0 n=0

Here we assume ¢, = 0, then

s gl

[ |f(@)|*da = mzl Cn® = ni:o 1cm2 = i ‘[)1 AYa)da = fol {,% A?,(a)}da

= m=3" n=0

where

3mi—]

(4.15) A (a) = Z cnPrm(Q).

m=3"

We generalize this equality for fla) € L*(a) (1 <k << o). This result was
originally obtained for the Walsh functions by Paley [5].

THEOREM 3. (Paley). Let f(a) have the {yrn(Q)}-expansion

fla) ~ 5 eapula)

Let A (a) denote the partial sum:

3n+i—1

A) = 3 cnfrm(@) (n=0,1,2,++°).

m=3"

For simplicity let ¢, = 0. Then, for 1 <k < oo,

k/2

2dac_<__fl Ifl@)|*da < B, f {i A?,(a)} da®

k/

1 oo
416) B[ {Z Ai(a)}
0 n=0
whenever either member exists.

We divide the proof into several steps.

LEMMA 1. Let n(a) be an integer which varies arbitrarily with a. Then

f | Syrcer (@) | “det = B, f A da (k> 1)

(4.18) f | Syier (@) | dat = B f |fla)|log* | A@)|de + B;

*) We denote By with an index 2 a constant which depends only on % and need not be
the same in different contexts.
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| Spr(a)| = ess. sup. |fla)l,
provided that the right hand side exists.

PROOF. These are results deduced from Hardy-Littlewood’s maximal theorem
[8; vol. 1, p.29.] and (4.13).

LEMMA 2. Let m, > max (m,, m,,» - -, my), then

(4.19) f 1 B (@)D (Q)r + *B () dt = 0.

PROOF. We expand each of A,(a), A, (@), A, Q) into a series of

{(Ym(a@)} by (4.15). By (4.2) each Y, () is a finite product of @, (@) or @, (a),
but since

my > max(my, My, + +mq)
none of terms V() in these series contains @, (@) or @, (a) (I = m,). Hence
each of A, (a), -, Amq(a) is constant on the interval I(m, — 1, k). On the other

hand, by(3. 33)

f P (@) dat = 0.
I(my—1,k)
Thus we have the lemma.
LEMMA 3. For ¢ = 2,
o 1 \ 1/q 1 1/a
(4.20) (Z [ lAn(a)\qda)) = B, (f [ fla)|da )

n=0 "0

PROOF. In virtue of Parseval’s equality we have (4.20) for ¢ = 2. It holds
for g = oo also, because

Aa) = f F B @ner, o @) Pns1 oB) + Prvs (@pni11(B))

% TLIL + s @pro(8) + @ri(@@r (B)] dB

T=1

- [ ® {II _ H} [+ @ri@pralB) + @r (s (B)]dB

and (4.12) shows
(4.21) sup |A(a)] = ess. sup 2|f(@)].

To prove (4.20) for general ¢=2, we have only to use the well known
convexity theorem of M. Riesz [8, vol. 1L p. 95].
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LEMMA 4. The conclusion of Theorem 3 is true when k = 2v is an even
intger.

PROOF. Put

S(a) = ni_ An(a).

Then we have

f 8.1(er) — 8(a)}dex

1)

- f {kA,,(a)S" a) + AN () + « - + M) | dat

_ f {k(k—z—___)_ ANa)SEa) + - - - —|—A£(a)§daf

by Lemma 2. By Holder’s inequality and an inequality
Iyt =x+y (x=0,y=0,1>¢>0)

we have, for SSMSk——l

](k—#)/(k—2)

A"(a)S" Ha)da | =

f A%@)8E () det

:l(lt 2)/(k—2)

. [ f Ala) da

1 1
= f A2 (Q)%@) dt + [ AXQ) da.
0 0
Hence

b ala) — a)} da

1 1
< B, [ f AN@)Er) da + f AXa) da}

Summing up from n =0 to n = N, by the first inequality of Lemma 1 and
Holder’s inequality we have

f $.(c) da < B, [ {Z A (a)]max (%)l daw + By f Z AQ) da

0 n=0

(k-2)/k

< B, [ f §2 Az(a)} da} [ f max{b",i(ac)}da:'

+ Bx Z AYa)da

0 n=0
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_o/k

=B, [ f 1 {i A‘:‘,(a)}kgaJ { f lafm(a)da}

k=0

(k-2)/k k/2

+ B, f {i A%(a)} da.

Therefore we may deduce that

k/2

f 8 (cda = B f 1 {i As,(a)} dat.

The same argument will show that, if N <M,

f 1 {Bﬂ(a) _ BN(a)} ‘da=B, f 1 1% A:(a)}m da,

N+1

and thus 3y(a) tends strongly to fla) as N — oo, because the limit has the same
coefficients {c,} defined by (4.8) with f(«).
Thus we have

/2

f 1f"(a)a?at =B f 1 {i A?,(a)}k da.

The proof of the opposite inequality is quite the same as that of Paley’s.
We shall show it for the sake of completeness. Consider the integral

(422) [ ss@ariar -3, (@i

where v=F%k/2and N—1=n,>n,> -+ >n,_,.

M) = [ an@)] =[ 80 + = Anle)]

= &(a) + 2 NZ—I An(a)(a) + NZ_,I Al(a) + 23 > An(a)A ).

Hence by Lemma 2,

0=42) = [ M@l 83, (@)
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+ NZ—I 1A%,(a)A,%,(at)- _()AL(@) da.

m=n Jo

It follows that

> f AL()AL ) - A% (a)AL(a) da

m=n

= f AL @A) -8 (@h() da.

0

Summing over all possible combinations of the numbers 7,, 7, - - -, #,_, for which
max (7, Ny, *+ »7,-1) = N — 1, we get, the sum being taken over the combina-
tions (n,, ny, + + -, n,_1,m) for which max (n, 7y, - -, n,_1,m) =N — 1,

PIREEDIND f Aia) - A}, (@A) da

ny—-1 m

(423) =5 DT [ 4@ Ah (@) da

(k—2)/2

= f &(c) [NZ_I M) | dat
By Lemma 3,

-1

Z { f Ax(a) da}< By f &(a) da.

n=0

Put S the summation on the left-hand side of (4.23), then a little consideration
shows that

1 _N-1 N1

f LZE(:)A(a)} da Bk[5+ fA,k,(a)daJ

n=0 Yo

A

1 N-1 (k—2)/2 1
=B, [ f 8% () {Z Ai(a)} det + f s';v(a)da}
gBk“ f (@) daT/k [ f { Zo A (a)} ﬂda}(kf/k @) da},
and thus
1 _N-1 k/2

f [Z 2(a)} da = By f 8%() dat = By f fH4a) dar,

n=0



56 K. TAKEDA AND Z.TAKEDA

from which the desired result follows.

PROOF OF THE THEOREM. The assertion (4. 16) is equivalent to following
statement which is convenient for interpolaticn ; let &, &,,* « + be a set of arbitrary
unit factors. Let

(4.24) A¥@) = 3 6,A0(a).
Then
(4.25) B[ 1av@lda = [ 1f@]'da =B, [ |a%@)da

(1< k< o)

whenever either side exists.

That (4. 25) follows from (4. 16) is immediate because of & = 1 for n = 0,
1,2,+.. For the opposite result is a consequence of Kintchine’s inequality
[3; p. 131].

Now let

N-1
M) = > &A(a).
n=0
Then, if £ is an even integer, we have

1/k 1/k 1/k

(4.26) [ f 5@ kda] = B, [ fo I5s(@)| "da]

We may use the Riesz’s convexity theorem to interpolate between two consequ-
tive even integer. Hence we have (4.26) for all £2=2. Thus 3}(«a) tends
strongly, with index %, to a limit function A*(a), whose {Y.(@)}-Fourier series

=5 [ | fie) |t

is obtained by expanding ) &,A,(«), and

[ 18%@)*da = B, f A da.

Since f(a) is obtained from A*(«) in the same way as A*(a) is obtained from
fla), we have also

[ f@l*da = B, [ |a%@)| da.

Thus we proved the Theorem for £ = 2.
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The case 1<<p=2 is reduced to the case p=2 by the conjugacy
argument. Let £ be the conjugate exponent of %, i.e.

1 1
T—l——kjﬁ—l.

Then for fla) € L¥(a) and g(a) € L¥(a), by Holder’s inequality and (4. 26)
f ANy () da = f A @)f(d)da

1/k’ 1 1/k

(427) =[[ |av@lvdal [ [ )]
1/k’ 1 L 1/k

=8.[[ lg@i*aa] [ [ 1Al da)

where A**(a) is a function formed from g(a) in the same way as A¥*(a) is
obtained from f(a). (4.27) is satisfied for every ¢ € L¥. Thus we have

1 1
f lA;‘;(a)l"da§ka \f(@)| det
0 0
and then arguing as before we have

f1A*(a>|kda§3kf|f<a>lkda 1<k=2).

5. A modification. In the preceding sections our discussions are founded

on a time series having the values /2, 0 and —a/ 2. In this section we shall
consider more general time series having three different values.

Let x(¢, @) be a time series having the values \/ %C— , 0 and —\/ 2% with

probabilities ¢ (¢ is a fixed number such that 0 < ¢ = 1/2), 1 — 2c and c respectively.
Repeating the same argument as in paragraphs 2 and 3 we have

\/— a € [0,c)

(6. 1) P10(@) = } ac<cl—oc)
__\/%’ a€[l—c¢1),

6. 2) i@ = N1 i) — 1
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\/1‘2626, ac[0,0)ull—cl

- o

and
P1,0 (% a) a < [0, C)
1

6. 9 pro@ = P gy @—9)  acll-o

\%,o(f— @-1+09)  acll-cl
and
6. 4 £0.:(@) = N 1 Eg [pi0let) — 1]
and so on.

Put
Pola) =1

and

Vo= Pr1,m, (A) Prys1,m(@)* * @ 1., ()
corresponding to the triadic expansion of the positive integer n,
n = 3"2™ 4 3"2™ + «.0 4 W2,
where
n>n,>eee>n=0
My, My, s = o,m, = 0 or 1.
Then the systems {yr,(a)} are shown to be a complete orthonormal system. The

proof is quite similar to the before.

Putting c= —;— we have the Rademacher system {@, (@)} and Walsh system

{Y.(a)}. The system {@, (@)} degenerates to zero in this case. Qur discussions

. . . . 1 . .
in the preceding sections are just the case ¢ = e In this case every function

Yr.(a) have at most three values but in the other cases ,(a) generally takes

more than three values. The case taking ¢ = % may be especially noteworthy

because every interval I(n,v) for each » has the equal length 37" regularly.
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