A NOTE ON ORTHOGONAL SYSTEMS

I. I. HIRSCHMAN, JR.

1. Let w,(x), n=1,2, ---, 0<2x<1, be an orthonormal set of
functions which are uniformly bounded,

(1) l(’)n(m)lgM (n=1)2""5 ngﬁl).

If 3 la,| < o, and if Sllg(x)ldx<oo we may define
1 0

(2) f@)=Sao@, b= d@o.e)ds,

The following inequalities were established by R. E. A. C. Paley [1]:
(@] < ata] Stodn= " @<q< )
Sl ] < 4w | lo@rde [ 1<p=<2)

( 8 ) It Up Ll 1p
|, r@rade | < 4) 1.l ] 1<p=2);
Sha] "= a0 | lo@ et s | @=<q<e).

In the present paper we shall establish some related results which are
however a great deal simpler. We shall prove that

0 [ @] <A@ St 0=a<i;
@) [Ewre] 4@ [ w@rea]" 0<a<ap.

As Paley pointed out, the inequalities (8) include the inequalities of
F. Riesz which assert that

| i@ | "< Bw)] Sie] ",
(5)

[Swar] <8 v@ra]” o<z yprre-.
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(The best values of the constants B(p) cannot be obtained by this argu-
ment however). The inequalities (4’) and (4’/) also include (5) (again
not with the best values for B(p)). The demonstration of Riesz’s theo-
rem which one obtains in this way is unusually simple.

2. We now proceed to the demonstration of the inequalities 1(4). We
assert that A,(a)=A.(«) and thus that either of the inequalities implies
the other. Suppose that the inequality 1(4’) holds. We define

Fo(@)= S bnw,().

By assumption

Sl |F (@) 2~ do <. Ai(e) 3 [byn~2=m — Ai(a)Z 1ba"n .
0 n=1

n=1

We have

Ib Pn = S FN(x)g(x)dx<U: |Fy(2) 2 d :IIIZH; | g(x) sz“"“”dx:r“

n=1

<[40 2 ln [T @],

[ Sl ] < a@| [ lo@radn ]

Allowing N to increase without limit we see that A, («a) < A4, (a). Sup-
pose now that 1(4’’) holds. Set

[ r@aa,@as.
By assumption
S, by P S x| f @ Parrda—Ax@) | (@) Foda.
n=1 0 0

We have

[, r@pk e do={| St [r@a-ede= 0. F@ao.@an

- g‘ by < [Z la,|*n* ] abs Ibnlzn_w]uz

n=1

ivh

<[ 4t 1r@pa=do|

S la e
Pyt n ’

[ r@rads " < ] Siaue]"

and thus 4,(a) < 4,(«). Since A (a)=A,(x) we may write A(«a) for 4,(a)
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and 4,(«).
It is evidently sufficient to prove either 1(4’) or 1(4’’). We shall
There are four cases: (i) a=0, (ii) 0 <a <1/4, (iii) a=

prove 1(4’).
1/4 and (iv) 1/4 <a <1/2.
The desired conclusion follows from Bessel’s inequality

Case (i).
To demonstrate the remaining cases we set
Q. (x)= Za w(@), W.= Z la, [*n*
P

Pt

S: 10,(2)0,(@)| z-da .

We further define
IS,’B—SE [ Q. (2)Q(x)] 2 *%dz [Sf}=§ [Qu(2)Q ()] 2~ **dx

We begin by proving two inequalities we shall use repeatedly

Pt

§u§b 1Qu(x)| < M Z |a,|
T

<M[zla e

(1)
)IJ’_
S; A W}LI22~a#+u/2;

[ 10ras]” [ Far]”

(2)
< AW,
Here and later A will be any constant depending only on M and «

Suppose that v=>p. We have

Case (ii).
b g[lo.;.g b. 0,(2) ‘}Uo xdx]ll:g 10,(x)]? dw]llz
< AR Y Y 2wl
and
12 <[ ab.o [ (0@ | ] 10.@pae]

A 9wW1/2W1/22 ap—-ay



50 1. I. HIRSCHMAN, JR.
Setting ¢e=2-* we find that (for all ¢ and »)
L, < AWIEWp2-2v=r

Since f(x)=37.,Q.(x) we have

S |f @) de < ZI g_Ai W W2g-aiv-r

V=0 V=0

oo oo L/2[7 oo o 1/2
—ajv-pl —w|v—pl
saswmge ] Sw gzl
We have
iz—MV—MgA
=1

from which it follows that
[ lr@rerde <A S .
n=1
Case (iii): «a=1/4. Suppose that v>p. We have

Iggg[ldgég. [QM(:v)q{l w.b. IQV(x)[]S o dy

(U= 233

g A€1l2 WLIZ WL/22(IJ'+V)/4 ;

(1 2
[+ 10 @ dz

b <U [0(a)de| 1"

IA

H v(w)l"’dxw2_]ub [Qﬂ(x)[‘l U:x‘l lQp(m)ldx:l‘”

L esx=1

U [0, (0)rda | 1T Lu.b. IQ,L(x)l] H IQM(w)lzdw:lelx“"dx]w
é —1/£WII‘L/Z W;/ZZ—VH .

A

Choosing e=2-*/-2* we obtain (for all # and »)
Iv‘u. é_AW’lLﬂW;NZ—IV—}LIIB s
and the proof may be completed as before.

Case (iv): 1/4<a<1/2. We again suppose v=>pu. We have

19 <[Lub. |0, (xn][lo.g.lo. |gv(x)|]§:x—wdx

(=24

g Ael—zm W,l,!z Wi/zz-mp.—wv‘m/z-w/z ;

1< 10b. 12,0 | [ avda] | [ 10 @)ras [
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gAellz—zw W;LIQ W}l]/zz—wu-wv-pp.lz .
Choosing ¢=2"" we find that (for all # and »)
I, < AW PWPR0r-0m-r

The proof of the inequality 1(4) is now complete.

It is evident that 1(4’) remains valid if the condition 37 |a, | <o
is abandoned, provided that f(x) is interpreted as limit in the mean.

Let a,, a,, --- be a sequence of complex constants which approach
0 as n approaches «. We denote by af, af, --- the sequence |a, ]|,
|a,|, -+« arranged in non-increasing order. Let f(x) be a complex
valued measurable function defined on [0,1]. We denote by [f*(x) the
function equimeasurable with |f(x)| and non-increasing. A simple and
well-known argument, see [2; pp. 207-211], enables us to restate our
inequalities in the stronger form,

(3) |, L @tedo < A@3F [axTn (0 <a<1/2);
(37) Spasn- <A@ [ @Tade.  (0<a<1[2).

3. We now deduce the first of Riesz’s inequalities. Let &, b, «--
be given such that B=(i [b,]7)"* is finite where 1<p<2. We may
write B?— S'=[bt]". 1 '

Since b} is non-increasing n[b}]* < B? or b} <n~'*B. It follows that

Z[bz‘]zn(?—m/p __§__ B-? i [b;!;]p.___Bz i

n=1

By 2(3') we have, if f(z)= 3 b (x),

n=1

Sl [(F*(x) =@ Pirde < l:A( 2—p >:rBz .
0 2p
Let Fr——H1 | f(z) |dx " where p~'+¢q~*=1. We have F"=y[f*(x)]qu.
0 0
Since f*(x) is non-increasing af f*(x)]* < F? or f*(x) <z 'F. It
follows that

Fr—p( [*@de < | [ @Pe-ende

Since (¢—2)/¢g=(2—D)/p we obtain
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| r@rae " < Bo)| S|,

where B(p) may be taken as [A(J‘iz—_p—ﬂ A similar argument serves
D
to establish the other Riesz inequality.

4. It is natural to conjecture the existence of a general inequality
which includes Paley’s inequalities 1(3) and the inequalities 1(4). We
shall prove that

( 1 ) S:‘f(x)lrx—w dxéA;’(T’ T)ﬂg lanl7.n7._2+rv (2 <r < o, 07 < 1/7') i
(2) Sl a0 | f@le e @<r<e, 057 <1,
(3) S: | F(@)|" 2" dae < Ay (r, T7) Zj“ la, ' 1<r<2,0<r<1-1/r),

(4) Slalw= <A@, 1) S F@)amde (1< r<2,0<r<1—1/r).
Let us prove (1). Choose g, 2<r<qg. We have

[ @] < @] S ape] ",

n=1

[ @l < 4@ £ jalm=]".
We write (formally)
lg(@)"M(@)=|f @)z, |g@)|*M(z)=|r ().
These relations suggest that we define g(x) and M(x) by
o) = F@=> M) ==,
Similarly from the (formal) relations
Ba )= la, 0, 1B, ') = a, =,
we are lead to the definitions
b,=a,n' @ | gp(n)=np>-ar2i@=n

The mapping 7'{b,}=g(x) is a linear transformation, and we have

|| 9@ M(o) do < A@) 5 b, mtr)

|, lota) M@tz < A'tq) £ 10, 1'm).
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By the Riesz interpolation theorem,

(5) | lo@rm@ " < o, v o 5 nrme |
Now

S: lg(x)|" M(x) do= S: | f () |rap2er!@-2g-2aal -2, |

St balrm(n)= 21 la, |7 m 2T/ Dp2te—asDia-2)
=

n=

If 7 is defined by the equation

(6) ry—— 20(r—q)
qg—2

then (5) can be rewritten as
| f@Irarde < c@ r, 9 F lam=r.
0 =

It is evident from (6) that, by properly choosing « and ¢, y can assume
any value in the range 0<7<(1l/r. Thus we have established (1).
The relations (2), (8) and (4) can be dealt with similarly. For the
special case of Fourier series these 1nequaht1es have been established
by H. R. Pltt [3].

The ““*”’ forms of these inequalities are also true.

5. In the present section we shall prove a result which is a slight
variant of the Riesz-Thorin convexity theorem. While this is probably
known I have not been able to find a reference for it.

Let [T},] ¢=1, «+-, m;j=1, ---, m) be a complex matrix, and let

a’i=n2Tijbj (i=1, --+, m).

Let s, o, be positive for i=1, ---, m and v, r, be positive for j=1,
-e,n. For 1<p, ¢g< o let

(1) A, py=1u.[ Slarura ],

where the least upper bound is extended over all sets (b, ---, b,) such
that

(2) [z 1B,1% srj] ~1.

We assert that log A(«, ) is convex for — oo <a, f< o ; that is, if



54 I. I. HIRSCHMAN, JR.

(3) a=1-0a +0a,, [f=1-0)p+058 (0<I<1),
then
(4) A, ) < Alay, B) Ay, £)°.

To prove this let (b, ---, b,) be fixed, such that (2) is satisfied and let
(¢, +++, ¢,) be such that

m 1/p”

(5) [z [cilv',lgv'wai] "1, Up+1/p —1.
iz1

Consider

m n
f(w): ZI:Z Tijbiu?—Bl+w(Bl—Bz)]ci#i—w+wl+w(—a:1+wz)o,i .

i=1_J=1

The function f(w) is entire and is bounded in every vertical strip. Let
us set

bj(’Z,U) =bJV?—BL+ w(ﬁl“ﬁz), Cz‘,(w)zciyi_a*—wl-* w(—wl+w2),

a,(w) = ;: T, by(w),

so that
flw)= Lg{ a;(w)e,(w)o; .
We have
n ila
| Sy, | =1,
=1
and thus
[ Stao)iare ] < A, )
i=1
further

| St o, | 1.
Avpplying Holder’s inequality we obtain
| f(iv) | < A(ay, ) -
We may similarly show that
(1 +) | < A, B) -

By the three lines theorem
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If(O)| < Ay, B) Az, Bo)°

which is equivalent to the inequality

SA(ay, ) A, By

;a%ciai
Since this holds for all (e, ¢, ---, ¢,) satisfying (5) this implies that
m 1/13
[ Salraro|” < A, gy, £,

thus verifying our assertion. We have tacitly assumed above that p,
g< . The case where p or ¢ or both are o cae be dealt with by
passing to the limit.
We shall now apply this to show that if A(«a) is defined as in §2
then log A(a) is convex. Let
jln

TU=S w(x)dx (t=1, <+, m; =1, «++, m)

J-Djn

and let f(x) be a step function taking the value b; for (j—1)/n <z <
jn. If ai-——gl f (@), (x)dz then

Let

1/2

Am,n(a)=1.u.b. [i !aii%—za,]
=1

the least upper bound being taken over all b, ---, b, such that

| S lenim ] =1

For every m and n, 4, , is a logarithmically convex function of «.
We have

lim 4, (a)=A(«x)

m, n—>oo0

and from this if follows that A(«) is logarithmically convex.
Because of this fact it is sufficient in §2 to deal only with cases
(i) and (iv), since (ii) and (iii) then follow by interpolation.
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