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AN INEQUALITY FOR THE HILBERT
TRANSFORM

RAY REDHEFFER

The purpose of this paper is to give a general inequality
for the Hilbert transform that clearly distinguishes conditions
of global and local integrability., The former conditions are
associated with a certain product [f, g]., the latter with
another product {f, g},. The resulting statement contains, as
corollaries, a number of inequalities for the Hilbert transform
that have not been hitherto noted. Presentation of these is
a second objective here, It turns out that the general theorem
also includes, in sharpened form, several classical inequalities
of Hardy and Littlewood, Babenko, and others. Proof of
these sharpened forms is a third objective.

By means of the theory of Calderon and Zygmund results
similar to those of this paper can be established for Hilbert
transforms in 7 dimensions and for singular integrals of more
general types. However, this is not done here.

1. Definitions and notation. We use f, g, and so on for
complex-valued functions of a real variable, % or x, on the domain

(—OO,O)U(O, OO) .

All functions are assumed locally integrable, that is, integrable in
the sense of Lebesgue over each compact subinterval of the above
domain, and p and ¢ are complementary Lebesgue exponents. Thus,

p =1, l+—1-=1.

D q

The statement fe L” means that f is locally integrable and |f|” is
integrable on (— oo, ), the omitted point 0 being irrelevant here.
Otherwise, our integrals are interpreted whenever possible as Cauchy
principal values near 0,x and +oo. This applies, in particular, to
the Hilbert transform

Fay =" g

o — U

and to the modified Hilbert transform f, introduced below .
We define, as usual, L = L', and

11 = (" 1r@prds)”,  pz1.

Any inequality of form P < @ is considered to be vacuously fulfilled
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if @ =co, and || f]|, = o if f is not in L*.
A well-known theorem of Riesz asserts that

171, < BIFl,,  »>1

where R, is constant. The smallest constant that can appear in this
inequality is called the Riesz constant; for example, R, = w. Since
the Riesz theorem fails for p =1 we assume once for all that the
functions f and ¢ belong locally to L? for some p > 1. However they
need not belong to L? on (— oo, ) for any p. (The same effect can
be achieved by declaring that R, = - for p = 1, which we do, but
perhaps the hypothesis mentioned here is clearer).

Throughout this paper a, b, ¢, A, B, C, «, B, p, 0 denote real con-
stants, which may be different in different contexts, and {z,} denotes
a real sequence satisfying

€, >N T <, e <M< oo

n

where N\ and g are constants such that 1 <A =g It is said,
briefly, that {x,} belongs to (A, ¢£). The values )\, ¢t and the sequence
{x,} are regarded as fixed and are not always carried as explicit
parameters.

We could introduce another sequence {y,} such that {—y,} belongs
to (A, 12) and thus obtain a more general formulation of the results
below. Instead, we refer both f(z) and f(—«) to the same sequence
{x,} for & > 0, placing a higher priority upon simplicity of statement
than upon maximum generality.

To avoid overburdening these introductory remarks, other defini-
tions are presented as needed. The modified Hilbert transform fm,
which forms the subject of this paper, is introduced in the next section,
together with an error term [f].. A functional J,(®) that plays a
role in the formulation of new inequalities is introduced in § 3, and
the products {f, ¢}, and [f, g]. are introduced in §4, to permit the
statement of Theorem 1. These expressions all have the meanings
assigned to them on their first introduction, even when mentioned
later in the paper.

2. A modified Hilbert transform. The Hilbert transform exists
only for a narrow class of functions. We propose to enlarge this
class by allowing f(u) a behavior at — oo, %,, and o that might make
the integral diverge. Clearly u#, = 0 involves no loss of generality
and is assumed henceforward.

Near v = 0 and |u| = « we have, respectively,
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2
1 :ll[l_g_i_}.(l‘_)_'_...],
x— u x x x
2
1 z—l[.:f_—I—(i)_]_-..]’
x — U xLu U
which give suitable approximations when terminated. Without loss

of generality the same terminating exponent, m — 1, is taken for both
series. For m =1, then, let

K,r)y=1+7r+r+ o + ™, lrl <1,
(1) K, (r) +Km(l\)=1 7| >1.
r

The modified Hilbert transform, which allows singular behavior of f
at 0 and at oo, is defined by

(2 A= [ 2 - Lr(Y)]rwan, m=123

—ely —u 2

Near 0 and -+ the integral behaves like

S wmf@)[1 + Ow)] du , S M[l + o(l)]du

Jul<e lui>1/e Y™ w

respectively, hence exists for a larger class {f} than that available
for f Later we shall require absolute convergence of the integrals
above. It is nevertheless appropriate to consider 7, as a Cauchy
principal value, because the earlier terms of the series then exist for
a broader class of functions f than they otherwise would.

The structure of the formula for f, is somewhat clearer when f
exists. In that case

(3) A =F@) - F@). where fo)=2|" fwdu.

X

This reduces to f when f is odd. For m = 2

=g -1 [ () + o0 (2w

x x
+ %SIM;MI[(%) + (%)2 toeee <'j:‘)m_l]f(u) du .

Hence, about half the terms in f, — f can be dropped when f is
even, and about half can be dropped when f is odd.

Equation (2) gives fn..(x) — Fa(@) as an integral with respect to
#. Another form is obtained by writing —u for u, and still a third
is obtained by averaging these. The third expression indicates that



184 RAY REDHEFFER

m’ l-;ilm> | flu) + (;)mf(—u)l du

[ Fun@) = Fa@)] = | min(| 2
] J—e NP
Thus, fn.: — f» depends only on the even part of f if m is even, and
only on the odd part if m is odd. For any function f we define

(4) [f@)]n = Slmin(’%‘”, ‘.;i‘m)mu)mu.

Then | frii(@) — fu(@)| < [f@)]./|%], and a sharper result can be ob-
tained by distinguishing even and odd parts. The expression [f], is
often encountered in the sequel.

To illustrate the generality of f,, it may be mentioned that fm(w)
exists for m =1, 2, 3--- when f(x) = ¢”sin ¢**, though | f(x)| behaves
substantially like ¢* in this case. The theory of this paper is not
applicable, since [ f(2)], = o for all m. However the choice f(x) =
(L + |z|)*sin e* again ensures existence of F» for all m, and here
[fln < o for m >a + 1. It is possible to have singularities at 0
as well as at o; for instance, if f(x) = x* for x > 0, f(x) = 0 elsewhere,
then 7, exists for |a + 1| < m, while 7 does exist when ¢ < —1.
A different generalization of f(x), originating in an idea of Achiezer,
has been considered by Koizumi [16].

We shall find it expedient to choose m large enough to make the
various integrals in our analysis converge, and then deduce results
for smaller m by direct examination of [f(x)];, ¥ < m. The behavior
of f(z) and of [f(x)], is so simple that we regard these functions as
“known’’ in the same sense that f is known. A theorem about fm
is, in essence, a theorem also about f.

Comparison of f and fm is facilitated by a theorem of Hardy,
Littlewood, and Polya [12] which reads as follows: Let

6w =[Jowat, r>1 Gw=[Tewa, r<1,

where g = 0. Then for p > 1,

e = (12 [

Furthermore, the constant on the right is sharp.

For » > 1 this applies to the part of [f], for which the integra-
tion is over |u| < |#|, and for r < 1 it applies to the other part. By
a short calculation we get the following: Let « = a — 1/q satisfy
|a| < m. Then
(5) e L@l < —2— ]| ], -

la]
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It is also true that

(6) le*7@)ll, g%nxﬂﬂmup
provided a < 0. These results can be applied with f replaced by its
even or odd part, as explained above.

3. A survey of results obtained here. The result of this paper
which is most closely connected with well-known theorems is Corollary
6. This asserts that
(1) Nefull, S O(Ry + — 2 lwfll,,  a=a- =,

m — |af q
where | ¢| < m and where C is an absolute constant. In 1936 Hardy
and Littlewood [10] proved for p > 1 that

llef |, < e implies |[a°f], < oo

provided f is even and —2 < a < 0. In 1944 this was refined (for
the circle) by K. Chen [4], who showed that

1271l, < Cla, p) lle*F ],

for some constant C(a, p), —2 < @ < 0. Both follow from (7) with
m = 2. Indeed, since f is even, f, = f,, and hence (7) applies to A
with |a| < 2. In the Hardy-Littlewood case a« < 0 and (6) together
with the above gives

1

llzfll, < C<Rp - m

Jiwfll,,  —2<a<o,
where C is an absolute constant.

In 1948 Babenko [1] obtained Chen’s result without assuming f
even, provided —1 < a < 0. This follows from (7) with m = 1, and
in the more explicit form

1971l = OB, ~ ot )lofls, —1<a<o,
where C is an absolute constant.

In 1958 Flett [8] remarked that it ought to be possible to get
Babenko’s theorem for a larger range of « when f is odd, as had
already been done by Hardy-Littlewood and Chen for f even. Flett
showed, in fact, that the result holds for |a| < 1, on (—m, 7), provided
fis odd, periodic and integrable. A sharpened form of Flett’s theorem
on (—co, o) follows from (7) with m = 1.

Since the integration in (7) involves the region |z| <1 as well
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as |x| > 1, the effect of changing the parameter a is by no means
obvious at first glance. Corollary 7 gives a more general version of
(7), in which 2* on the left is replaced by two different powers, one
for 2| <1 and one for |x| > 1. Similarly, «* on the right is replaced
by two different powers. The resulting inequality reduces to (7) again
in case all exponents are equal.

For example, the choice « = 8=0,0 =0 = —a in Corollary 7
gives the following: Let a satisfy

o+ 1 sm—s
q

where 0 is a positive constant. Then there exists a constant C,,
depending on m alone, such that

[oaEy

1 S

<+ 3l
» < » F o/ll@ + |x])*ll»
The choice m = 1, @ = a/p, where 0 < & < 1, gives a sharpened form
of a theorem of Koizumi [15]. The case a = 1 is also worthy of note,
since we can then take 1/6 = p for m = 2. In particular, m = p = 2
gives .

" LA gy < o] L@ g,

Joe 1 4 2f 1+ 2

—oo

where C is an absolute constant. Thus the transform taking f into
7: belongs to the Wiener class.

Corollary 7 shows a remarkable symmetry in the conditions for
|x] <1 and |x]| > 1. The weight (1 + |x|)~® considered above behaves
like 1 near 0, and like 2|~ near «. We could just as well construct
a weight that behaves like 1 near « and like |#|~* near 0. Indeed,
if the weight (1 + |x|)~ is replaced by

1 a
1+ —
then the same inequality holds, and with the same condition on a.
This follows by taking o = ¢ = 0, = 8 = —a in Corollary 7.
It should perhaps be mentioned that these results can be combined

with the Marcinkiewicz-Zygmund interpolation theorem [20] to get
results of the form

") Wa)ds

Sl?)(fm)w(m)dx < C*”S

for suitable functions @. Since the technique is well known [6], [14],
[15], the details are not repeated here. Our main objectives lie in a
somewhat different direction, as described next.
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Results of the foregoing types fail when p = 1. For instance,
if feL then it does not follow that fe L, or even that Fne L for
any m. However, if f admits a majorant F e L such that 2°F(x) is
monotone for some p, for > 0, and also admits such a majorant for
x < 0, then fleL does follow. This is the content of Corollary 2.
Corollary 2 was in part suggested by, and strongly generalizes, an
unpublished result of Matzayev on even entire functions [19].

The assumption of a monotone majorant is very restrictive. For
example, a function as simple as |log |cos x|| is excluded, through for
many purposes this function behaves like a constant. Here we intro-
duce majorants that are in a certain sense of regular growth, and
yvet have infinities. This is accomplished by use of the functional

i/p

|7 @) de)

n n

Jy(p) = sup (—1—
—e<n<e \ Ly — T
where {x,} is the sequence belonging to (A, #) mentioned in §1. The
majorants have the general form |f| < Fo, where J,(®) < 1 and where
F' has the desired regularity. It can be thought that F' is a smooth
carrier of the singular mass distribution .

Every function f which is locally L? can be written in the form
f = Fo for x > 0, where F is constant on each interval (z,, 2,,,) and
where J,(®) <1. To see this, let

1= (2" r@prar)”

nt+l T n

so that J,(f) =supl,. If I, > 0 we define
F)=1I, ok = I%—Q T, <& < Lyyy

while if I, = 0, the definition FF =0, =1 is used. Then f = Fop
almost everywhere, and J,(p) = 1. We set F(x) = 0 for « < 0.

The particular decomposition mentioned above makes F'= 0 and
minimizes |F'| subject to the constraints: J,(®) <1, F = const on
(%,, Xne1). This is called the minimal decomposition.

For brevity, it is said that G{x) belongs to a if x~*G(x) decreases
and 2°G(x) increases for x > 0. Corollary 8 then reads as follows:
Let [f(x)| + |f(—2x)| have the minimal decomposition F(x)@(x) for
x>0. Let [g(x)| + |9(—2)| = G(x)v(x) where G(x) belongs to some
constant a < m and where J,(v) < 1. Then there exists a constant
C, independent of f and g, such that

| Fuglly < Cl|FG]l, .

The form of C is determined explicitly. In particular, if
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rs14+ L, psa

m

as can be assumed with only slight loss of generality, then

C= CO<R,, + —1—)
m(m — a)
where C, is an absolute constant.

Other corollaries have various monotony properties for F', in the
majorant |f| < Fp, and greater flexibility in the weight g, |g| < Gy-.
The general significance of these results is that the L behavior of Fo
relative to the weight ¢ is largely determined by the L behavior of
FG in these decompositions, and that more regularity in one of the
functions F', G allows less in the other.

A class of functions that is well adapted to majorants of the
above types is the class of periodic functions. If |f(x)| has period
@ >0 let , = w2", so that » = £ =2. Then for n = 0

L= (L 17@ )"

and the function F' in the decomposition f = F'@ is constant. Corollary
10 indicates that

1Faglh = Clol({T1r@P) " mz2,

where ¢ is any weight such that ¢ =0 for v < w, and |g(x)|2° is
monotone for some po. The dependence of C on the relevant para-
meters is also given, and the actual statement is much more general.
These results apply to broad classes of functions f(x) = P[Q(x)] where
P is periodic and @ is sufficiently well behaved. For instance f(z) =
P(log x) makes f(\x) = f(x) for A = ¢, and the choice z, = \" gives
I, = const. again.

4, The main theorem. In this section we state the main
theorem, from which the other results follow as corollaries. The
formulation requires two products, [f, ¢]. and {f, g}, The first of
these correlates f on the whole range (— oo, ) with g on the whole
range (—co, ) and is called the global product. The second cor-
relates f and g only on overlapping intervals (x,_,, #,.,) and is called
the local product.

The global product, [f, g]., is the integral of [f]. |g]| or |f|[g]ln-
Thus,

tm

’

ok =i 2

L) 9@ | duds.
X
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(We integrate with respect to & from —c to = so that [f, g]. will
be symmetric. In most applications g(x) = 0 for « < 0.) Existence
of [f]. in (4) is equivalent to convergence of

| Julifelde and | jul i) du.

Hence, the larger m is, the larger is the class of functions for which

[f, gln < oo
The local product {f, g}, is defined by

n=co z, ’ Up/(2y 1/q
(o= 5 (17" 1r@pdn) (177 19 da)
n=—co Tn—1 Tp—1
and {f, g}, = o if the series diverges or a term is infinite. We could
“avoid the dependence on {x,} by taking the inf over {x,} belonging to
(A, ), but that would not always be convenient.

Thd main theorem of this paper is:

THEOREM 1. Let A, = 2R,, where R, is the Riesz constant, and
let

_ A L ]
B, = ) - 1.
max[)v_1 #2_1(/1 )

Let glx) = 0 for x < 0. Then for all m, p, n and Y
| efu(@g(@) |, < ALS, 29}, + Bulf, 9lu'-

The conclusion could also be written in the form

m

1Fng 1l = AL, 9}, + Bm[f, %] .

The earlier statement is preferred because it allows the roles of f and
g to be interchanged, by virtue of

[f,g]mz[grf]m’ {fyg}pz{g’f}q'

It turns out that the factor « can be transferred from g to f in {f, xg},,
with only trivial modification, while simple examples show that

[f1 xg]m < oo, [ﬂ?f, g]m = oo

are compatible for every value of m. The symmetry is of some
interest because one often has a different hypothesis for f from that
for g. The fact that xfmg and «fg, satisfy substantially the same
inequality is, then, not quite obvious.

The factor x, which can be transferred from g to f in {f, g}, but
not in [f, 9]., is responsible for some subtleties in the following
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analysis, as is the fact that {f, gb}p involves overlapping rather than
disjoint intervals in the sum.

5. Proof of the main theorem. If R and S are positive func-
tions of x let

4+ S
(8) fa RS = | LW
for © > 0, so that
of*@ B, S) = | —L—fwdu, w>0
()
X

By (2), with K = K,, for short,

ofule) = |7 [ — k(L) | s
= (3)

For |r| < 1, equation (1) gives

K(fr):l—rm, 1
1—7r 1—7

— Ko =—"—, (rI<D.

Since K(r) =1 — K(1/r) for |r| > 1 we have also

1—r=" 1 pim
K(r) = , — K(r) = , 1.
=" - K=, (7>

Applying this with » = u/x gives
(9) oful@) — af*@ B, S) = | k(L)f@w)du

where k(r) has the values

1—m

r rm 1—+" 1 -7 pimm
1—7 1—2" »—1" »r—1" 1—7#

on the respective intervals
(—co, —®), (—2, 2 — R), (x— R,2), (x,x+S), (x+ S, ).

The intervals of the variable » = u/x corresponding to these intervals
of the integration variable u are respectively

b (2SR, (£2R0), (1255), (225,),

€ X 1A

To introduce [f, g]. we need a factor |u/x|™ on intervals where
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lw| < 2, and a factor |x/w|™ on intervals where |u| > x. Hence we
set 0 = 1/r and write k(r) in the form
et — 1 r

m _ml—pm m mw____
’Tl——'r’ " 1—,0‘0"0 ﬂr—lﬂr'pl—r

on the above intervals, respectively. In each case the factor multiply-
ing ™ or p™ is monotone, as seen when this factor is written as a
geometric series. Hence, the maximum of this factor occurs at an
end point of the corresponding interval and can be found by inspec-
tion. To estimate these factors we need values for R and S, given
next.

Let {z,} be a sequence belonging to (A, tt) and such that {f, xg},
converges; if there is no such sequence then there is nothing to
prove. We define R and S by

R=x—2,,, S=2,,— @, S = 2,.)
and observe that (x — R)/x = x,_,/x, (x + S)/® = @,.,/x. Hence,

1 w—RS_l_ xngrS

< pE,
2 x A x =#

These results can be used to estimate the coefficients of »™ or o™ in
the above formulas for k(r). The result is that

X)) < i 'l "
(lc(x)’ < Bmmln( " z ,
for © > 0, where B, is the constant of the theorem. Namely, this
holds on 2, <z < #,,, for every n and hence it holds on (0, ).
From (9) it follows that

| @fu(@) — af*@; R, S)| < B,[f(@)].

where [f(x)],, is given by (4). If this is multiplied by |g(x)| and
integrated from 0 to <o the right-hand side is B,[f, 9]., since we
have assumed g(x) = 0 for x < 0.

To get a similar estimate for the integral of |af*(x; R, S)g(x)|
note that

X
w

| 1fe @ B o) de = L gu] agw) | do

LE Tp—1

< B, (|" 1@ dn) (|77 lwo@) o)

where in the last step we used the Schwarz-Holder inequality and
the Riesz theorem for Hilbert transforms of class L. It is well
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known that
1) L@rr¥)S@ErEat b @z0bz0p21)

and hence

Tn+2 i/p Tp+1 1/p Ty to 1/p

(M r@pan)” < (@) + (" o).
JEp—1 Tp—1 / ~%n

This shows that the coefficient of R, above is dominated by the sum

of two adjacent terms in the series defining {f, xg},. Upon multiply-

ing the inequality

|2fu(@)| < @ | ful®) — f*(@; R, S)| + «|f*@; R,S)]

by |g(x)|, integrating from x, to z,.,, and summing on n, we get the
inequality of the theorem.

6. Convergence theorems. Here we give some easy consequences
of Theorem 1 that do not involve detailed estimates. Corollaries 1-5
use Theorem 1 only for m < 2, and in several cases only for p = 1/2.
Proof of Theorem 1 for this case is somewhat simpler, but not enough
simpler to be worth writing out again. For the reader’s convenience
we recall (3), namely, f, = f — f, if 7 exists, where f is the Hilbert
transform and f is twice the average of f(u) sign x on (—|z|, |%]).
In this section the letter S denotes the set of sequences {z,} satisfying

x, >0, inf L1, sup Trt oo,

Ty T,

It is well known Athat the Riesz theorem fails for p = 1, so that
fe L does not imply fe L. However we shall establish the following:

COROLLARY 1. For x>0, suppose |f(x)| admits a majorant
F(x) e L which is constant on each interval (¢,, ®,-,) of some sequence
{x,}eS. Suppose |f(—x)| also admits such a majorant. Then f, € L.

For proof let g(x) = 1/|z| for || >1 and g(x) =1 for |z| < 1.
Then [g(x)], as given by (4) with m = 1 is bounded, and hence fe L

implies [g, f], < eo. This gives [f, gl, < e, since [f, gl. = [g, f]n-
Also we have the following approximate relations for »p = 2, z, > 0:

(7,20}, = 33l | L0 )

Tn—1

= 3w {[F@-)] + [F@)lrh”
= 32| [F#h) + Fa))] .
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Here 2, is any point on (%,, 2,.,). Since F'e L the latter series con-
verges and Corollary 1 follows.

COROLLARY 2. Suppose |f| admits a majorant Fe L such that
x°F(x) 1s monotone for some constant p as x— o, and also such that
|x|° F(x) is monotone for some constant o0 as ¥ — —o. Then fe L.

For proof let > 0 and, to fix ideas, let xz°F(x) be increasing.
Taking z, = 2" we have

2=°F(x,) < F(x) < 2°F(%,4,) @, 2= 2,4) .

The left-hand relation together with F e L gives
i’:; o, F(z,) < oo

and the right-hand relation then gives a majorant of the type needed
in Corollary 1. Discussion of the case in which x°F'(x) is decreasing
and of the case x < 0 is similar.

The choice f(u) = u~(log u)~* for w = 2 shows that 7, cannot be
replaced by f in Corollaries 1 and 2. The same example applies to
several results given below.

COROLLARY 3. Let |f(u)| < F(ul) and |gu)| < G(|u|) where F(x)
and G(x) are 0 for x < 0. Suppose vFGe L, and suppose 2 F(x) and
x°G(x) are increasing for some constant 0 < 2. Then xf,ge€ L.

A calculation similar to that in Corollary 1 gives {f, zg}, < oo
even if it is not assumed that o < 2. The integral for [f, g], can be
found by integrating over the region R where |u| < |x| and over the

complementary region R’. The first integral does not exceed

~

4 er(x)G(m)dx
—p Jo

|, 1w Fui) [ul A 6(apduds <
R |2 2

and hence is finite. By symmetry the same inequality holds for the
integral over R’ and Corollary 3 follows.

The choice f(u) = w72, g(u) = (logu)=® for u = 2 shows that the
condition o < 2 cannot be replaced by o < 2 in Corollary 3. Namely,
Theorem 1 gives xf,g € L under these conditions, but z(f, — f)g is
not in L.

When p < 1 in Corollary 8 then £, can be replaced by 7, through
such replacement is not permitted when p > 1. This is so because if

|f(w) + f(—w) | = F(lu)



194 RAY REDHEFFER
where x°F'(x) is increasing for some constant o < 1, then

(11) | Py = 202D
1—p

It was observed above that in {f, g}, the two functions f and g¢
are compared only locally. We can allow f to be very large on a
given interval (x,, #,.,) if ¢g is correspondingly small on that interval.
The following example is an extreme case:

COROLLARY 4. Let {x,} = X be a given sequence belonging to S.
Suppose the support of f is contained in a set X, of closed intervals

Ty XS By

of X, and suppose the support of g is contained in another such set,
X,, disjoint from X;. If there is a p > 1 such that fe L” and ge L?
locally, then [f, 9], < o = &f,g9¢ L.

The proof is obvious, because {f, gz}, =0 under the stated
conditions.

COROLLARY 5. Let ®(u) have period w > 0 and let ¢ € L* locally
for some p > 1. Define

P = [T pn — 0,122 L{" o,
Jo X7 — Y X @ Jo
where 6, = 1 for a = —1 and 6, = 0 otherwise. Then
S”xaw(m)dx < oo =>S°°[Fa(ac) lw@)ds < o, —l<a<l,

where w(x) is any nonnegative weight such that xz*w(x) is monotone
for some p.

We apply Theorem 1 with f(u) = |u|* @(|u]) for |u| = w, otherwise
f(w) = 0. Also g(x) = w(x)/z for x = w, otherwise g(x) = 0. If z, is
large then, approximately,

T+l 1/ 12 1/p
(I 1o an)” = 2(1 10w du)” = o,
Tn—1 0] 0
where ¢ is constant. Thus, for purposes of convergence,

{f, xg}, = {x°p, w}, = {p, x*w}, = {¢, x*w}, .

Since (x*w)x® is monotone for some o, the hypothesis 2w e L makes
{f, xg}, < = as in the proof of Corollary 1 or 2.
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The behavior of [f, g],. is not satisfactory when m =1 and so

we pick m = 2. Computation of [f(x)], leads to consideration of

%Z-S:u"“ |p(u) | du + ngju“*z |o(u) | du .
Since @ e L on its period it is easily checked that the above expres-
sion has the order of magnitude x°** as x — oo, just as it would if @
were constant. Hence g[f], has the order of magnitude wz* and
therefore [f, 9], < .

Theorem 1 now gives wf,e L. Since f is even, f, = f — f. The
left-hand integral in F,(z) is f(x)/2 and the right-hand expression is
f(x)/2, apart from a term of order x*. This is seen when we write
@ = (p — M)+ M, where M is the mean value of @ over a period.
The term @ — M has a bounded integral, and integration by parts gives
the desired conclusion.

Corollary 5 shows, for example, that the two functions

flu) = sinu ’ Flu) = | sinu ‘
% %

behave differently with respect to convergence. If w(x) = (logz)*
for x = 27 then the first function satisfies fw ¢ L and the second does
not.

7. Properties of the global product. Here we collect some
properties of [f, g]. that are useful for sharpening and generalizing
the previous corollaries, as explained in § 3.

Property 1. Let a +b =1 and let « = a — 1/g = 1/p — b satisfy
la} < m. Then

[, gl = —2"_|laf 1], labg ], -
m° — &

Suppose first that f = g = 0 for x < 0. In this case

1, 0l = || hte, wye 7)1 97 lotw) | dody

s - 23 (2)(2) ]

Since k(xz, y) is homogeneous of degree —1 we can apply Hardy’s
generalization of Hilbert’s inequality [11]. By a short computation

where

| ite, Vade = |, -ty = 2
0 0 mw o
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The Hardy-Hilbert inequality now gives
(12) [, 9l = Clla°f I, [[2°g ]

where C = 2m/(m* — o*), and shows that this result is sharp.
To get the general case, note that the arbitrary functions f and
g can be written

f=n+1, g9=0 + 9

where f, =g, =0 for x < 0 and f, = ¢, = 0 for > 0. By symmetry
(12) applies to each pair f;, g;, that is, it applies in each quadrant.
Therefore

[fy g]m é Z [f'n gJ]m § CZ Hxafillp ”xbgj”q
= C 2 fill) (X 2bg5lle) = AC 2 f |, ll2*g ],
where in the last step we used the inequality on the left in (10).
This completes the proof.

Property 2. Let a,b, A, B be constants such that

+m -9, a+b<s1

—m + 0, A+B=1

r@) =lel*,  s@) =[x (z/=1)

r@) = |z[*,  s@) =lz[® (=/=1).
Then

£, aln = 207 [, sl

We give the proof first for the case in whicha +b=1, 4 + B=1.
In this case

o 2= 25w s
q D
and likewise for A and B. Let

f@) = fil®) + filx),  g(@) = g.(x) + g:(x)

where f, = ¢, =0 for || =1 and f, = ¢, = 0 for |x| < 1. Property L
gives

s 0ida = SHi2AilL 1200,

and similarly for [f, 9.]. with A and B on the right.
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To estimate [f,, 9:].. consider the integral
rx""‘“‘x“ 'fo() (S:u"‘“”u"gl(u)du> dx .
By two uses of the Schwarz-Holder inequalily it is found that

o i) < §<p-”p><q~”q> &4l g, ], -

(The factor 2 arises from the extension to the other quadrants). A
similar result holds for [f), ¢.]. With a and B on the right. Since
p~'?» < 1 these results can be combined as in the proof of Property 1.
This gives the desired conclusion, under the additional condition that
a+b=A+B=1.

To extend the result, let R, be the region of the (a, b) plane in
which the inequality of Property 2 holds for fixed 6. Then if
(a,, by) € R; it is easily seen that (a, b) € R; whenever a < a, and b < b,.
Similar remarks apply to (4, B). This completes the proof of Property
2, as can be seen by a sketch.

If, besides the hypothesis of Property 2, a,b, A, B satisfy the
additional condition

(13) a+b=1-9, A+B>=1+96

it is possible to deduce the conclusion by use of the Schwarz-Holder
inequality, without using Property 1 and without the assumption
0 < m. In fact, the following generalization holds in this case: Let
r and s be even functions such that »(x)z=* and s(x)x= are decreasing
on (0,1), while r(x)x=* and s(x)x=? are increasing on (1, «). Let
a,b, A, B satisfy the hypothesis of Property 2 and let the condition
0 < m be replaced by (18). Then

(14) [fs 0ln = 5oy (1) ) Eswerewerel IKAA IPRIEE | P

In particular, this applies if 6 = 2m, since (13) holds automatically
in that case. Thus Property 2 holds for é = 2m as well as for
0<0=m. If m <6< 2m then Property 2 holds with the constant

m on the right instead of 4.

Property 3. Let f(x) > 0 and g(x) > 0 for « > 0 and let f(x) =
g(x) = 0 for £ < 0. Given a < m, consider the four functions

arefx), »*rg(@), @ (@), @g(@) .

Suppose one of the following conditions holds:
(i) The first and second functions both increase;
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(ii) the first increases, the third decreases;
(iii) the second increases, the fourth decreases;
(iv) the third and fourth decrease.

Then

lf, gl < —2 |2, -
m — a

The proof follows by using the two possible orders of integration
in the region w < z, and the two possible orders in the region u > x;
we omit the routine details.

As the reader will recall, the functions used in the Zygmund-
Marcinkiewicz interpolation theorem satisfy inequalities of the form

[0 o). [2a-o(z)

w pht! !

and similar inequalities on (%, 1) and (0, u); cf. [6], [14], for example.
The monotony conditions of Property 3 could be replaced by more
general conditions of this kind. In particular, in place of cases (ii)
and (iii) one could just assume

@] = alef@)]| or [g)]. < alzg@)]

where « is constant, and

Lf, 91 = allzfoll:

then follows by inspection.

The reader preferring these more general conditions will find that
the following proofs are virtually unchanged. The monotony formu-
lation of Property 3 is used here because it is simpler.

Let »(x) > 0 for x > 0 and »(x) = 0 for < 0. It is said that »
is right-majorized with constant « if

r@) < ar(ta), 1<t=p,
and that » is left majorized with constant « if the above holds with

jp=t=<1.

Property 4. Let » =0 for x < 0,7 > 0 for « > 0, and let C have
the value

2y — —1
c=%t=-1 " c_ag, cCc=pt=1
paA—1 o o Ar—1
according as 7 is right-majorized with constant «, both right and
left majorized with constants «, 8, or left majorized with constant
B- Then
[r®, 9l = Cee[r, 9ladi(P) -
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For proof we compare [r®], with [7],.. Given z, let
L@ = L) = min(| 2], [2]), >0,
wl

By distinguishing the three cases in which the interval (u/g, uy) is
wholly at the left of |«|, or wholly at the right, or contains ||, it
is seen that L(u) is both right and left majorized with the constant
Y, no matter what value ¥ may have. Thus the function

R() = R.(w) = r(w)[Lw)]"

is right-majorized with constant ap™ if » is right-majorized with
constant «. In that case

[l = |7 R [90) | du S e R(@,0)dund ()

n

where d, = ¢, — %,_,. On the other hand

@l = 3 | Rojdu = (200) Bie,)ds
Without loss of generality it can be assumed that J,(@) = 1. Under
this condition we want to choose a constant C so that Cd, ., = (4" @)’d,,.
Since

dn+1 — Lpi1r — Tp < 1- 1/#

is Tpio — Loy A —1

we get C as the first constant in Property 4. With this C,
1,0l = |"_lrollglde = [ 1l 191 do = CIr, gl
Proof of the other two statements is similar.

8. Properties of the local product. The results of this section
pertain to the product {f, g},- We assume throughout that all func-
tions are 0 for x < 0. By the Schwarz-Holder inequalities for integrals
and for series,

(15) 2(foll={f, g =207, 1lgll;-

We wish to get conditions under which the first inequality can be
effectively reversed, so that {f, g}, < C||fg|], for some constant C.

Property 5. Suppose r and s are both right majorized, or are
both left majorized, with the respective constants « for » and B for
s. Suppose also rs = 1. Then
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(@B, 9}, = {rf, sa}, = (@B, 9}, -

If » and s are right-majorized then

r@) < a’r(®,.),  s@) < B°s(®..)

for .., < 2 < x,,, and the desired result follows by inspection of the
general term in the series for {rf, sg},. The case in which they are
left-majorized is similar.

Property 6. Let r be right-majorized with constant « and left-
majorized with constant 8. Then

{re, 9}, = apir, 9},J,(®) .

This follows by comparison of the two integrals

S nHI’rQDI” de rnﬂ’l‘pdﬂc ,
1

Tp— Tp—1

as in the proof of Property 4. Since a more difficult case is considered
later the proof is omitted.

If both r and s satisfy the hypothesis, one can use Property 6
twice and get

(16) {re, sy}, = (@B)r, s}l (@) () -

We shall obtain a similar result when r and s satisfy only one-sided
conditions.

Property 7. Suppose r and s are both right majorized, or are
both left majorized, with the respective constants « for » and g for
s. Then

{ro, sy}, = Clr,s},,  {re, sy}, < aBCllrs|l;
where

C = sl =L 1@, -

For proof let d, = «, — «,_, and suppose (r,s) are right-majorized.
Then (10) gives

([ rorde)” = alditr@an) + dr@)l @) -
Tn—1

We replace d, and d,,, by max (d,, d,,,), and, without loss of genera-
lity, we take J,(®) = J,(y) = 1. The above together with the analogous
relation for sy~ shows that the general term in {ry, sy}, does not
exceed
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17) ap max (d,, d,.)[1(@,s) + 7(@)][8(T011) + s(2,)] -
On the other hand (10) also gives

2% 1/
(1" rmae)"” 2 Lo fditrton) + dizar@]
\ 2a

and hence the general term in C{r, s}, is at least

O min (dy sy Ao [7(@as) + 7@)][8@0rs) + 5(2)] -
dap

It suffices, therefore, to choose C so that

C> dagyr maX (@ du)
> 4(a8) min (du4y @y

Since
(1- %)x =d.=(1- %)x O — D, < dsy < (2 — D,

the numerator is at most (# — 1)z, and the denominator is at least
(v — 1L)xz,. This gives 1/(Ay) times the constant in the statement of
Property 7. The latter results from consideration of the case in which
(r, s) are left-majorized. Here it is required that

C = 4(ap)’ m{?X ()
min (d,, d,_,)
and this produces the extra factor az.
To prove the second part assume again that r» and s are right-
majorized. Since r(x,) < ar(x,.,) and s(z,) < Bs(x,,,) in (17) it suffices
now to majorize

apmax (d,, d,..)(1 + &)1 + B)r(®,.1)s(Xn+1)
by
CS%H de > C
1840 = —— 17 (X0 1)8(Tnsrs) -
ap

Tn+1

Similar considerations apply when (r, s) are left-majorized. The two
together lead to

C = 4(ag)y X ((de o) o> 4(ap) maxéldn, d,.)
n+2 n—1

when we replace (1 + a)(1 + B8) by 4aB. The second condition leads
to the constant in the second inequality of Property 7.

Property 8. Let r(x) be constant on each interval (x,, ,,,). Let
s(x) be both right-majorized and left-majorized with constant a. Then



202 RAY REDHEFFER

{ro, sv}, < 2,12%—11%@)@@) s,

Without loss of generality let J,(®) = J,(¥) =1. To show the
structure of the proof more clearly we assume that s(z) is left-
majorized with constant @ rather than a. Then, as in several cases
above, it is found that the general term of {r®, s¥}, does not exceed

[di2ira + dPr, J][Bd2, + adi]s(x,) -

Here r, is the value of r on (x,, x,,,). Furthermore, if C is any
positive constant,

ng”“mdx > c[dmﬁ +d, r”‘l]s(xn) .
o4 B

Zp—1

We have to choose C so that the coefficients of », and 7,_, in the
latter expression are not smaller than those in the former. This
holds if

Czag+a(L)",  Czag+ (e’

n+1 dn

Thus C must be the larger of the two expressions

ag + a(%%)w . ag+ 32@5 = i x)”q.

The result of Property 8 is obtained by setting 8 = « and considering
the worst case, ¢ = 1. The factor 2 is needed because the intervals
(®,, ®,+,) are covered twice in the summation.

9. Inequalities for the weighted norm. Corollary 1 asserts
that f,e L provided f admits a certain type of majorant Fe L. The
proof actually gives |||, < C||F||, where C is some constant, and a
similar refinement applies to the other corollaries above. Here we
propose to study the dependence of these constants on the other
parameters p, m, \, %, -+-+. The results obtained go farther than
previous results in this direction, yet follow with ease from Theorem 1.

COROLLARY 6. Let o = a — 1/q satisfy |a| < m. Then there
exists an absolute constant C such that

(97l = O(By + )07 -

For proof let a + b =1 and let ¢ be arbitrary. Then

{f, 29}, = {f, a***g}, < p2'{a"f, 2'g},
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where in the last step we used Property 5 with » = 2*, s = ™. Since
la] < m + 1 we get, by (15),

(18) {f, wg}l, = 2pem e [l fl, g |l -

Here f= g = 0 for 2 < 0. A similar result can be obtained for x < 0,
taking f= g = 0 for > 0. Property 1 gives also

8

(19) [f, 9] <
m — ||

lzf ]I, |l gl

and it remains only to apply Theorem 1.

The exponential dependence on m in g™ seems a disaster for the
estimates desired here, but can be made harmless by appropriate choice
of . Indeed, the second term in B, does not exceed m/™, and the

choice

gives B, < 83m. Thus Theorem 1, (19) and (18) together give

lefugll = (B, + T

Jliaf 1l l1a*gl,

where C is an absolute constant. If we set G = 2’9 then the left
side is ||2°f,G|l, and Corollary 6 follows from the converse to the
Schwarz-Holder inequality. It should be stressed that C is independent
of a, m, p; the result with C = C(a, m, p) is more immediate.

It is not difficult to show that the constant of Corollary 6 has an
appropriate form, in that any such constant must tend to « for p—1
and p — - in the same way as does R,, and must also tend to « as
|| — m like (m — |«|)™*. Indeed, let A,, B, and C,, be any constants
such that

leFully < (AuR, + —E2— + Loy,

holds for |a| < m and 1 < p < <o, as in Corollary 6. Then necessarily
Amgly B,z=1, Cmgly (m:1y2v31"')'

For proof, let 6 be a small positive constant and let

a = +m -9, b= —-1—m + 0 + ¢°.

q
Then the function f(x) = 2*, 0 < © < 1; f(x) = 0 elsewhere, satisfies

. B YT i)
”xf(x)||p< ’ |fm+l fm|g 5+52-
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Since ][ac“fm+1|l,, is bounded for small 6 by Corollary 6, letting 6 — 0
shows that B, = 1. Similarly C, =1, and the fact that A, =1
follows from the ordinary Riesz theorem for a = 0. We do not know
whether the numerator m in m/(m — |«a]) in Corollary 6 can be re-
placed by 1. Apart from this, the above example shows that the result
is sharp.

The technique of considering f,., — f. is a powerful method of
constructing examples, and shows that the constants in the following
corollaries are also, in various respects, sharp. (Cf. the discussion
following Corollary 3.)

COROLLARY 7. Let R, be the region of the (£,7) plane defined by

sslim-5, y=¢, vz%—mw

q
where 0 > 0. If (a, B) and (o, o) are two points of R;, let
w) = |zlF, W) =|z|]*, [z[=1;
w@) = |zl°, W)=z, |z]=1.

Then there exists an absolute constant C such that
l0full, < C(R, + 2) 1| WSl

When @ = g8 = p = ¢ this reduces to Corollary 6.

For proof, we can assume 6 < m. This is so because R, = 7,
and hence the term m/d can be incorporated with R, by increasing
C, if m <. Also it suffices to establish the result with (a, 8) and
(0, 0) on the line & = 7. This is seen by considerations similar to
those used in the proof of Property 2. Thus we can assume that
||, |8, |0, |o| are at most m + 1.

We use Property 2 with » = W, s = z/w, and with

a=a, b=1-p3, A=o, B=1-p.

It is easily checked that Property 2 applies with the same ¢ as in
Corollary 7. Hence

lf, 9l < %nrfnp 151l

where C, is an absolute constant. In order to estimate {f, zg},, con-
sider first the terms for which #,_, = 1. In this case A + B = 1 gives

{f’ xg}p é {f’ xA+B}p é #2|A|{fo1 ng}ﬂ

where in the second step we used Property 5 with »(x) = 2. A
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similar result applies to the terms with z,,, <1 and to the single
term with ¢, = 1. Since |A| < m + 1 and |a| < m + 1 can be assumed,
as noted above, we get, essentially,

{f, 2}, = 2 |12 f M, 1591, -

The result is readily extended to negative . Withx = g =1+ 1/m,
Theorem 1 gives an absolute constant C such that

17uzglle < C(By +2) 1127, l1sg

(A similar inequality can be found with more general = and s by
using (14) together with the full force of Property 5.) As before, we
set G = xg and use the converse to the Schwarz-Holder inequality.
The result is Corollary 7.

The discussion following Corollary 6 indicates that some of the
inequalities in the hypothesis of Corollary 7 are appropriate, but gives
no clue concerning the inequality » = £. This is discussed now, under
the hypothesis that the remaining conditions

E—i<m, W—i>—m,
q q

continue to hold. We shall show that the conclusion of Corollary 8
is never true if o« > B, or if p > o0; in other words, the condition
7 = & is really needed both times it is used.

To this end, note that fm can be written in the form

Fnl@) = —l—r L, (l) Flw)du -
X ) x
If f(x) =2 for 0 <2z <1, and f(x) = 0 otherwise, the substitution
u = tx gives
~ 1z
Fow) = xS L.tdt, >0,
0
and so f,(z) ~ c,2* as © — 0+ where ¢, is a certain definite integral.

This integral converges if |a + 1| < m. For present purposes we take
a in such a way that

—1——E<a+1<l—7]
q q

which is always possible if & > 7. The above conditions on & and %
ensure the needed inequality |a + 1| < m. The inequality

| [o1” | fu@ P de = € |2l | 7@ P de + |" W) | f@) P do
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fails for this function f no matter what the weight W may be, since
the integral on the left diverges while both integrals on the right
converge. This shows that a < 8 is necessary in Corollary 7. Similary,
© < o is necessary.

10. Majorants of special forms. Here the results of Corollaries
1-5 are refined and extended. The reason for presenting Corollaries
1-5 separately is that their proofs are very simple, while the exten-
sions obtained now require more attention to detail. If only the
existence of some constant C is required, the considerations of this
section can be simplified after the manner of Corollaries 1-5, and the
rather tedious analysis of §37 and 8 can be, in part, avoided.

In the minimal decomposition f = F'@, F' could be expressed as a
difference of two step functions both of which are monotone. Thus
f for x > 0 can be written as a difference of two expressions Fp in
which J,(®) <1, F is constant on each interval (z,, #,.,), and F' is
increasing.

Often such a majorant F' can be majorized by another in which
27 *F(x) is decreasing for some a. Thus we are led to consider ma-
jorants F'p = |f| in which, instead of being a step function, F has
the property that Fz® increases and Fx—° decreases. Similar remarks
apply to the weight ¢; that is, we consider |g| < GY» where J,(¥) <1
and where G has various regularity properties. As noted above, the
L' behavior of fm relative to the weight ¢ is largely determined by
the L' behavior of F'G in these decompositions.

In this section it is assumed that

(20a) f@)| = F(lzDe(z),  l9@]| = G(z)v(2])

for —co < & < oo, where

(20b) F(x) =G@x) =0 for 2 <0, F(x)>0, Gx)>07fora>0
and where, relative to {x,},

(20¢) Jp =1, J@)=1.

COROLLARY 8. Let (20) hold and suppose further:

(i) Fl(x) vs constant on each interval (x,, ®,.);

(i) 2 °G(x) decreases and x*G{x) increases for some a < m. Then
there exists a constant C, depending on p™ alone, such that

v p—1 r—-1
1 7ol < CK—(R,, + ;L——)IIFGIIL.

-1 —a

Clearly @ = 0 unless g = 0, in which case the theorem is vacuous.
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If pm is bounded—for example, if ¢ < (1 + 1/m)*—then C is an
absolute constant. We can always diminish A\ so as to make x <1 +
1/m, since the inequality z,,,/x, > N\ continues to hold with the new
A. We can then add enough geometric means on each interval
(%, %,+,) so as to make g < N\ for the new sequence. This operation
multiplies J,(®) and J,(¥) by factors which do not exceed, respectively,

(=07 =)

Hence, if A <1 + 1/m, we can replace C by

¢, =1
»_1

where C, is an absolute constant.
In the proof it is convenient to use C, to denote various constants
depending on g™ alone. We also note the relations

@1 J@P=J(p) =1, JW=JH) =1

whice follow from the fact that J,(®) is a monotone function of p.
Furthermore, the assumed monotony of G ensures that G(x) is both
right and left majorized with constant x* < u™.

For the first step of the proof, Property 4 gives

LS, 9/%]. = 2[GV/a, fl. = ClG/z, fl.J.(¥) = ClG/z, fl. -
For the second step, Property 2 gives

4
m— a

(22) [f, G/z]. = 2[F®, Glal, < | FoG |, .

For the third step, since G is right-majorized with constant x,

| 1FpG 42 = 1 Fl)Glo0n) o — @)

Zn

where again we have used J(®) < J, (@) =1. On the other hand
since G is left-majorized with constant p™

™" FGao 2 1" Pe) 6o ) s — ).

T

Hence by addition ||FeG||, < C,||FG|,. These three steps together
give
G
m— a

For the fourth step, Property 8 gives



208 RAY REDHEFFER

©—1
(£, 9), = CE=2IIFG]..

Since B, in Theorem 1 clearly satisfies

Cs

B, =
T oa—1

Theorem 1 gives the desired conclusion in case g(x) = 0 for x < 0.
To get the full result, note that the two relations

Fo@ = 11" Lo(L)swan,  Fu-m) = —L7 (L) A-wdu

imply each other. In other words, f,.(—=) is the modified Hilbert
transform of —f(—wu). Since

(23 | l9@fu@) dz = |7 lg(-0)fu(~2) | do

and since g(—x) and f(—u) satisfy the same hypothesis as g¢(x) and
f(u), the above estimate applies to the integral (23). Addition of the
two estimates gives Corollary 8.

It has already been mentioned that the assumption |f| < F'®, or
even |f|= F@, with F and @ as in Corollary 8, holds for every f
which is locally L*. Sometimes |f| < Hp where H(x) is right or
left majorized with some constant «. In this case we can obtain a
majorant F'(x) by taking F(x) = aH(x,) or aH(x,.,) on (z,, x,.,) and
can apply Corollary 8 (cf. in this connection the deduction of Corollary
2 from Corollary 1). In particular, Corollary 8 applies if a°H(x) is
monotone for some p.

When |f]| has such a majorant, it is often possible to get by with
only a one-sided monotony condition on G. We shall establish:

COROLLARY 9. Let (20) hold and suppose there exists a constant
a < m such that one of the following holds:

(i) 27 °F(x) and x=°G(x) both decrease, or

(i) «"*F(x) and x*G(x) both increase.

Then there exists a constant C, depending on p™ alone, such that

~ n—1 p—1 1 |
IFugll = CL=1(R, S T— )IIFGI..

The proof is similar to the above proof. Two uses of Property
4 followed by one use of Property 2 give

) C, (r—1¥
[Fp, Gylz], < a1 |FG, .
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On the other hand Property 7 gives

(Fp, Gy}, = CL=2(FG|,.
Av—1
Corollary 9 now follows from Theorem 1.

In Corollary 8 the roles of f and ¢ could be reversed, giving a
corresponding inequality in which f is associated with a monotone
majorant and ¢ is associated with a function G constant on each
interval. The new result applies when G is right or left majorized
with some constant b, and is stated as follows:

COROLLARY 10. Let (20) hold and suppose further:

(i) a'°F(x) decreases and x'**F(x) increases for some constant
a < m;

(ii) G(=) 1s right- or left-majorized with some constant b. Then
there exists a constant C, depending on p™ alone, such that

I 7gll = CL=1 (bR, +

|FG, .
A—1

bz
O~ — 1)(m — a))'

Here Property 4 used twice followed by Property 2 gives

[Fp, Gyjal, < Cori=L_1

— FG, .
A—1m—a

Property 7 gives

(Fp, Gy), < chr =1 | Fg|,
A—1
and again the conclusion follows from Theorem 1. The result applies
with b = p'¢! if x°G(x) is monotone for some p. The roles of f and ¢
can be interchanged, giving Corollary 8 again for the case in which
F, instead of being constant, is right or left majorized with some
constant b.

11. Concluding remarks. It should perhaps be mentioned again
that an even majorant as in (20) is not really necessary. If, instead,
we refer f(—x) and g(—x) to another sequence {y,} belonging to (A, &),
the most important change is that [|F'G||, must now be replaced by

I F@)G@) [l + [[F(—2)G(@) |, .

With a more fussy arrangement of details, it is found that an esti-
mate for x > 0 involves the special majorants F', G only for = > 0,
just as {f, g}, is required only for x > 0. Thus we get inequalities
of the general form
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[ 17u@9@) | ds = €| F@)G@)ds + .1 (-0)g@)|da.

As a natural continuation of this sequence of corollaries, one
might consider the case in which both F' and G are constant on the
intervals (z,, ,,,), so that Fo and G+ are both minimal decomposi-
tions. This can be done, but the resulting statement is unappealing
because of the overlapping in {f, g}, That is, values of F on (z,, ®,,)
are correlated with the values of G on (%,.,, ®...), as well as with
those on (x,,2,.,), and no hypothesis on [|[FG||, alone can ensure
convergence of the series. In the special case in which {z,} is a
geometric sequence, so that N = g, the integrals encountered are
essentially of the form

I F@)G@) |,  [F@GO)], .

Formulation of the theorem in this case is left to the reader.

For suitably restricted classes these conditions may be both
necessary and sufficient, in the following sense: If ||FG||, = «, one
can construct functions f = Fop, g = Gy, with J,(¢) =1, J,(v) <1,
and such that ||f.g||, = . This seems tolerably clear from the
proof of Theorem 1, but detailed investigation is reserved for another
occasion. The question of necessary and sufficient conditions is taken
up from a different point of view in [2], [9], [13] and [17], but none
of these results apply to the L' case of interest here.

Another question to which the solution is not presently known is
this: For precisely what classes of function-pairs (f, g) do the two
conditions .

”mfmg[|1<°°y ||xfgmHl<O°

imply each other? A third question is this: To what extent do the
results hold if, instead of belonging to (A, ), the sequence {x,} satisfies
>.(Ya/2,)* = oo only, where y, = x,,, — z,?
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