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IMPROVING HOLDER’S INEQUALITY

SATYANAD KICHENASSAMY

Communicated by Haim Brezis

ABSTRACT. We show that the remainder in Holder’s inequality may be com-
puted exactly. It satisfies functional equations, and possesses monotonicity
and scaling properties. Improved inequalities follow.

1. INTRODUCTION
For any two measurable functions f(x), g(z) on a measure space (92, 4, ), and
any p € (1,400), Holder’s inequality [8, 5, 7, 4] states that
(11) [ fadn < sl

where ¢ = p/(p — 1), and ||f]l, = ([, [f(2)[? d,u)l/p is the LP norm. It plays in
Nonlinear Analysis the role of the Cauchy-Schwarz inequality. It is a consequence
of the inequality

(1.2) a®b? < aa + Bb,

for a, b, o, f nonnegative, with 0 < o < 1 and § = 1 — . Indeed, it follows from
(1.2) with o = 1/p, a = F and b = G, where

E=[f@P/IF5, G = lg@@)]/llgllg-

Inequality (1.2) may be deduced from the convexity inequality j(at + Os) <
aj(t) + Bj(s) by taking j to be the exponential, ¢t = Ina and s = lnb. However,
this does not give a very precise expression for the difference between the two
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304 S. KICHENASSAMY

sides of the inequality. On the other hand, for « = 8 = 1/2, (1.2) follows from
the identity

Vab= (a+b) - 3 (Va- VB

This suggests the search for identities that imply (1.2). Define the remainder
function R by

(1.3) R(a; a,b) = aa + Bb — a“b®,

where a and b are positive, and § = 1 — a. Thus, for ¢ > 0,
t*=1+a(t—1)—R(a; t,1).

In particular, R(0; a,b) = R(1; a,b) =0 and

(1.4) R(%

The function R extends by continuity to a = 0 if &« > 0, and to b =0 if g > 0.
The convexity of the exponential and the concavity of t yield, for 0 < a < 1,

b= S(Va- VB,

l+alnt<t*<1+at-1),
hence the inequality
(1.5) 0 < R(a;t,1) <at—1-Int).

We are interested in expressing R as a manifestly nonnegative expression that
vanishes for a = b.
In terms of the remainder function, Holder’s inequality follows from the identity

Jolfgldp _
1£1pl191lq

and the positivity of R. Any lower bound on R yields a sharpening of Holder’s
inequality. Such lower bounds will be obtained as a consequence of the following
properties of the remainder, proved in Section 2.

(1.6) 1- /QR(]%; F,G)dy,

e It satisfies scaling, monotonicity and symmetry properties (Theorem 2.1).
These properties are valid also for & > 1, or negative. In particular, it
follows from the symmetry properties that R is nonpositive for a ¢ [0, 1].

e It may be computed for exponents aa’ and « + o if it is known for
exponents a and o (Theorem 2.2).

e It may be computed in closed form for rational « (Theorem 2.3). In
addition, it admits an integral representation (Theorem 2.4).
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It is convenient to relax, in some of the general results, the restriction 0 < o < 1;
due to the symmetry relation (2.3) below, inequalities for 0 < a < 1 imply
counterparts for a > 1, corresponding to 0 < p < 1. Section 3 develops the
consequences of the properties of R:

e A two-sided estimate of R derived from the addition theorem (§ 3.1).

e A sequence of more and more precise estimates of R derived from the
multiplication theorem and the integral representation. The first of these
estimates recovers a result of [1] (§ 3.2).

e Another estimate derived from the multiplication formula, improving an
inequality discussed in [6] (§ 3.3).

e An improvement of Clarkson’s inequality suggested by the exact formulae
for R (§ 3.4).

2. PROPERTIES OF R

In this section, a and b are positive. It is not assumed that « lies between 0
and 1.

2.1. Scaling, symmetry and monotonicity.
Theorem 2.1. The remainder function possesses the scaling property:
(2.1) R(a; Aa, \b) = AR(«; a,b).

if A > 0. It possesses two symmetry properties:

(2.2) R(a; a,b) = R(8; b,a),
and, for a # 0,
(2.3) R(é; a®,b%) = féb*’BR(a; a,b).

Finally, it possesses the monotonicity property:
(2.4) ay'R(ap; a,b) < a 'R(a; a,b)
for a < ag, both nonzero.

Remark. Since R(a; a,b) > 0 for 0 < a < 1, (2.3) implies that R(«; a,b) <0 for
a > 1; this in turn implies, by (2.2), that the same holds for a < 0.

PROOF. Equations (2.1) and (2.2) are readily checked using the definition of R.
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To prove (2.3), let t = a/b and write
1 a° 1 o 1

a’ b’

R(

by the scaling property. Multiplying through by 5, and using scaling once more,
the result follows.

To prove (2.4), consider p(a,t) :== R(a;t,1)/a = (t —1) —a 1 (t* — 1) for
a # 0, extended by continuity to @ = 0, so that ¢(0,t) =t — 1 — Int. We have,
for o # 0,

dp -1 o o
The inequality e* > 1 4 u, with v = —a/lnt, implies that d¢p/da < 0, as desired.
O

2.2. Functional equations.

Theorem 2.2. The remainder satisfies the functional equation

(2.5) R(ad’; a,b) = &' R(a; a,b) + b *R(a’; a®, b).

It also satisfies an addition theorem: writing R, for R(«; a,b), we have

oo’

A (a —b)2

(2.6) Rotor = {1 + a“b_b} Ra + (a/b)*Ryr —

Remark. Since the left-hand side of (2.5) is symmetric with respect to a and o/,
we have the identity

o'R(a; a,b) — aR(e; a,b) = b R(av; a® ,b% ) — b'"*R(a; a®, b).
The addition theorem may be given a form symmetric in a and o', by replacing

(a/b)® = (a®b®)/b by 1+ a(a — b)/b — R, /b; the result is:

aa’

b

—b
R(a+ ' ; a,b) = Ry + Ry —b 'RyRus + aT [@Ry + &' Ry] — (a —b)%

PROOF. Writing t** = (t*)', we obtain
" = 14 (t*—1)— R ; t*,1)
= 1+d[alt—1)— R(a; t,1)] — R(a; t*,1)
14+ ad(t—1)—ad'R(a; t,1) — R(a’; t%,1).
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Therefore,
(2.7) R(ad; t,1) = ' R(a; t,1) + R(a/; t%,1).
Replacing ¢ by a/b and using the scaling property, equation (2.5) follows.
For the addition theorem, one writes, letting R, = R(«;t,1) and Ry =
R(a/; t,1),
1— ot = 14 (=)
14+t*(Roar — 1= 0d/(t = 1))
1+t*Ry —t*(1+d/(t = 1))
1+t*Rer — (I +a(t—1) — R)(1+ ' (t — 1))
= [Ra(14+d(t—1))+t*Ro —ad/(t —1)%] — (a+a/)(t — 1).
Since Royor = 1+ (a+a’)(t—1)—t*+" | the result follows, using again scaling. [J
2.3. Closed-form representations of R. For rational «, we now show that the
remainder may be expressed using polynomials with positive integral coefficients.

k
Theorem 2.3. Let k and n be positive integers, with 1 < k <n, and o = 1
n
We then have
— b)2
2.8 Rlas amt, pm+ty = @ Lk + B
( ) (a,a ) ) n+1 (Oé ,k+ﬁ ,k)7
where
n—1 ) .
Lng = Z (n—j)abn=179
j=k—1

Jn,1 =0 and, for2 <k <n,

k—2
Tk =Y _(j+1alb" 77,

=0

Thus, the remainder is the product of (a—b)?/(n+1) by a polynomial with positive
integral coefficients.

PROOF. By scaling, it suffices to determine (n + 1)R(a; "1 1), with o = HLH
(sothat 3= (n+1—k)/(n+1)). It may be written

B 4 (n4+1—k) — (n4+ Dt*F =k — 1) — (n+ 1)(t* - 1).
Consider first the case k = 1. We have
"t Dt tn=>t—-D{"+t" 4t —n).
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Furthermore,

"t et = (=D 2" 2 (n— 1)t +n).

Since
n—1
Lni=Y (n—jt =t" 142" L p (n— D)t + 0,
§=0
we have
(2.9) " — (n+ Dt = (t—1)*,,.

Since J, 1 = 0, this proves the result for £ = 1.
Assume now 2 < k < n. Equation (2.9), multiplied by k, may be written

n—1
k" = 1) —k(n+ 1)t —1) = (t—1)* ) k(n—j)t’.
j=0
Exchanging the réles of k and n + 1,
k—2 '
n+D)E" 1) -+ Dkt —-1) =t -1)2> (n+1)(k—1-j)t.
j=0
Subtracting, we obtain, since k < n,
E(" —1) — (n+1D)(tF —1) = (t — 1)?
k—2 . n—1 )
X k(n—j)— (n+1)(k—1=H)t + > k(n—j)t’
j=0 j=k—1

Since

k(n—j)—(n+1)(k—-1-j)=Mm+1-k)(G+1)=M®m+1B({H+1) >0,
we have proved (2.8).
For general exponents, we have:

Theorem 2.4. For 0 < a < 1, the remainder admits the general expression
2 1
210 Rlaieb)=(lnF) [ minfa( -7, srlab
0
As a consequence,

(2.11) R(aj; a,b) > %aﬁ min(a, b) (ln %)2.
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PROOF. Let j(t) be twice continuously differentiable for ¢t > 0, and z, y positive.
Consider

u(t) = tj(z) + (1 = 1)j(y) — j(te + (1 = t)y).
We have u(0) = u(1) =0, and
S 1) = (- ) e+ (- 1),
This implies

ult) = / o(t, T)h(r)dr,

where g(t,7) = min[(1 — ¢)7, (1 — 7)¢] is the Green’s function for this problem;
indeed, one checks directly that —9%g(t,7)/0t> = §(t — 7), and that g vanishes
for t =0 or 1. It follows that

1

aj(z) + Bily) — d(ax + By) = (z — y)? / g, 7)" (r + (1 — T)y)dr.

We now let  =Ina, y = Inb, and j(¢) = exp(t) to obtain (2.10). For 0 < 7 < 1,

a™'~7 > min(a,b). Since g is nonnegative, and fol gla,7)dr = }af, (2.11)
follows. O

3. APPLICATIONS

3.1. A consequence of the monotonicity property. Monotonicity, together
with the exact formulae of Theorem 2.3, yields precise estimates of the remainder.
Indeed, if ¢ > 0, and k and n are integers such that 1 <k <n and k/(n+1) <
a<(k+1)/(n+1), (2.4) yields

(n+ 1)04R<

kE+1
One may also obtain an exact formula: write « = k/(n+ 1) +¢, Ry, = R(a; t,1),

and Ry, = R(ni_s_1 ; t,1); the addition theorem (2.6) then yields

(n—|—1)aR k

61 < R(last,1) < X
>_ (,’)_ k (TL+17

n+177

t,1).

ke
n—+1

Ry = [1+e(t—1)]Rpn +tH/DR, — (t—1)2.

Combining with estimate (1.5), we obtain

k
0< Ro—[1+e(t—1)] Ryn + n—fl(t —1)? < eth/ D (1 ng).
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3.2. First consequence of the multiplication theorem. The functional equa-
tion (2.5) may be used in two different ways, depending on whether R, or R, is
known. This section discusses the first.

Since Theorem 2.3 gives the remainder for & = 1/m, with integral m, equation
(2.5), where the pair (o, o) is replaced by (-, ma), yields

(3.1) R(a; t,1) = maR(i 2 t,1) + R(ma; tY/™ ) 1).
m

For example, for m = 2, using (1.4), R(a; t,1) = a(vt —1)? + R(2a; V1, 1), and
(2.11) gives

1
(3.2) R(a; t,1) > a(vt — 1) + Lol —20) min(v/%,1) (Int)?
for 0 < @ < 1/2. This improves the inequality [1]:

R(a; t,1) > a(vVt—1)? for 0 < a <

N =

If 1/2 < a < 1, one may apply this result to R(G; t,1) = R(«; 1,t). More and
more precise expressions may be obtained by iterating the process: thus, applying
the same argument to R(2a; v/%,1), we obtain

Rla: 1) = a(vi— 1?2 + 2a(tY4 — 1) 4 R(4a; 1'/4,1),

Therefore, for 0 < a < %,
1
R(a; t,1) > a(vVt—1)% + 2a(t'/* — 1)% + go(1—4a) min(t/4,1)(Int)2.

3.3. Second consequence of the multiplication theorem. The second way
to take advantage of (2.5) runs as follows. Since R(3; a,b) is known (by (1.4)),
we apply (2.5), where the pair (a, o) is replaced by (ma, %), this yields, instead
of (3.1),

1
(3.3) R(a; t,1) = ER(ma; t,1) + R(—; t™,1).

1
m
Consider now two conjugate exponents p and ¢, and a = 1/¢. Taking m = 2 and
a = 1/q, we obtain in particular

1.2 1
R(=:t,1)==R(Z:t, 1)+ R(=; 7.1
(q??) 2 (q57)+ (2’ 7)7

hence
1.2 1
R(Z5 a,b) = SR(C5 a,b) + 8 7/1R(G; a?/1,5%/%).
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Therefore, for f and g positive, using (2.2) and the relation p/q =p — 1,

1 1
R(=; fP,¢7) = R(=;q%, [P
(3 97 (9% F7)
= ER(Z.gq fp)+fpf(2p/q)R(1.g2 [/
2 q? Y 2’ )
1,2 1 2
—  Ip(Z2.,0 fp — f2-p _ fp—1
R o M)+ 5 P = 7).

For 1 < ¢ < 2, the first term is nonpositive (see the remark following Th. 2.1),
and we recover the inequality [6]
P q
g 1 .5 _
= fg < SfPP(g - Y
P g 2

If ¢ > 2, the inequality is reversed, since R changes sign. More precisely, applying
the symmetry property (2.3) with o = 2/q, we have

2

R(L; g% f20/0) = —gf(Qp/q)’pR AL

2

hence, after substitution and simplification using the scaling property,
1 1 5 2 1 _.gq _
R(=: fP g9 = Zf27P (g — fP~1\" _ ZR(Z. £2-P42 fP).
(i /P =35f (9—f"7) G )

As before, (2.11) leads to sharpened inequalities. For example, for ¢ > 2,

roge _ Lp2, S (g
PR gR(q’gq’fp)+2f2p(g )

3.4. Consequences of the exact expression for R. We now turn to examples
illustrating the identities in Theorem 2.3. They suggest improvements of other
classical inequalities. We begin with the simplest examples. The formulae below
have been obtained by multiplying (2.8) by (n+1), and letting a = f**1 b = g"+i.
For k = 1 = n, we recover 2fg = 2+ g% — (f — 9)%.
For k =1 et n = 2, we obtain

(3.4) 3f9* = 1 +29° — (f — 9)*(f +29).
For k=1 or 2, and n = 4,
5fgt = [P+49° —(f =9’ (fP +2f%g +3f9% + 4¢°),

529 = 2f°+3¢° —(f—9)*(2f° +4f%g+6f9> + 3¢°).
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Therefore, R(%; t,1) = &(t1/3 —1)2(t!/3 +2). Equation (3.4) implies the identity
(f +9)° +3(f —9)° = A(f* + ¢°) — 69(f — 9)*;
it may be compared with Clarkson’s inequality [3, 2]
[f+ 9P +1f =g’ <4(fP +1g®).
More generally, we have the following.
Theorem 3.1. Ifp>2 and f > g > 0,
(f+9)P + @27 =1)(f —g)? <277(f" + g").
PROOF. Let t = f/g. Consider p(t) = [2P7*(tP + 1) — (t+ 1)?] (t — 1)7P, for
t > 1. We obtain

1 d
“(t— 1)P+1£ = -D{E)PT =+ = {22 P+ 1) — (4 1))
p
)Pt —1—t] =227 (t+ )P [t Lt + 1]

= 2[t+1)Pt—2r2(¢P" 1))
Since p—1 > 1, (t +1)P~1 < 2P=2(t?~1 + 1), by Hoélder’s inequality. Therefore,
©(t) is decreasing over (1,-+00), and its infimum is its limit as ¢ — oo, namely
2P~1 — 1. The theorem follows. O
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