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ABSTRACT. Inequalities of considerable interest are associated with the names
of Beesack, Benson, Boyd, Calvert, Das, Hardy, Hua, Opial, Wong and Yang.

In this note an elementary method used in a recent paper by Benson will be
further investigated. The resultant new class of inequalities will bring a great number
of inequalities—such as inequalities of Hardy’s and those of Opial’s—under one roof,
so to speak.

CHAPTER 1. INTRODUCTION

Inequalities of considerable interest are associated with the names of Beesack,
Benson, Boyd, Calvert, Das, Hardy, Hua, Opial, Wong and Yang. The present
note is a continuation of the author’s previous papers [27], [28] in that Benson’s
method will be further investigated here. Actually, we are going to combine
Benson’s method with that of Beesack. In a number of papers ([2] —[5]),
Beesack dealt with certain integral inequalities involving a function and its deriva-
tive. One of those results [5, Theorem 3.1.1] is a generalization of Hardy’s in-
equality, and may be stated as follows:

Suppose that the differential equation

an (d/dx) [r¢'P~'] +9P7 =0 (@>1)

has a solution y(x) such that y(x)>0,y'(x) >0 on (a, b),and that
¥'/y=0[(x—a)'] as x —a+.

If rx)=0[(x-aP~'] (or [r(x)]9/? f% r9/Pdt=0(x -a)),and [Pr(u'VPdx <
o, then for every integral u(x) = [fu’ dt (with u' nonnegative), we have

12 I ® uPdx < I ® v .

Here, s(x), r(x), r'(x) are assumed continuous on an interval a < x < b, and
r(x) > 0, s(x) = 0 on this interval, while a or b or both, may be infinite,
and p, q are conjugate exponents for Holder’s inequality.
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300 D. T. SHUM

Basically, the method used in [2] —[5] depends on a relationship between
the solution of certain differential boundary value problems and corresponding
related integral inequalities. For (1.2), for example, the related boundary value
conditions are

@ [iro'pax <= witn y@) = [ yar,
®) lim ) ' @1P =0,

If the solution y of (1.1) satisfies (A), (B), then equality will hold in (1.2) for
the very solution of (1.1), and consequently the inequality (1.2) is sharp (that is,
the unit constant on the right side is the best possible).

Moreover, if f2 r(y")Pdx = oo, then (1.2) is still sharp if either

lim rG)y() D/]P ! <o o lim rG)y@ I <o

(Compare these boundary conditions with those in (A) and (B) above.)

In this way the author in [5] treated, thoroughly and elegantly, the exten-
sions of Hardy’s inequality for integrals [16, pp. 240—-243]: if p > 1,u(x) =
J§u'dt with u'(x) >0, then

fx-Pude<( )f @'Pdx

unless u' =0. The constant is best possible.
Hardy’s inequality is the special case of the quoted theorem having a = 0,
b = oo, y(x) = x®P~1)/P_ (We obtain both Hardy’s inequality and the above
generalization of it as special cases of more general theorems in Chapter 2.)
Now returning to Benson’s method we find that all results in [10] are based
on the elementary algebraic inequality

-2nx +2n—-1>0 forallreal x#1,
=0 for x=1,

where n is any positive integer.(1) (See also [22, pp. 126—129, 226].) Explicit-
ly, Benson’s method consists of the following steps (see also [22, p. 126]):

(1) Start from (1.3) to show that an expression which contains a function
together with its derivative is nonnegative.

(2) To both sides of the inequality add something which is an exact deriva-
tive.

(1.3)

(1) See the comments in Zbl. Math. 146 (1968), 75—76, by P. R. Beesack, related to the
paper of D. C. Benson.
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(3) Integrate both sides of the inequality to obtain the desired inequality.

Here, we unify the above-mentioned two methods (i.e. Beesack’s method in
[5] and Benson’s method in [10]) to produce integral inequalities which were
neither handled in [5], nor in [10]. We bring all these inequalities, including
those in [5] and in [10], under one roof, so to speak.

The reason why these two methods, which in appearance have no connection
with each other, can be combined together, lies in the fact that they both use
certain elementary algebraic inequalities as their starting point. This became more
apparent when Benson’s method was further developed in [27] and [28].

Although the following inequalities (1.4), (1.5), and Lemma 1.1 were already
used in [28], for completeness we shall quote these inequalities and the lemma
(but without proof) here.

Now, instead of (1.3) the elementary algebraic inequalities which we shall
use in the sequel are as follows ([1] or [16, Theorem 41]):

14 PHE-DP-pstP"'>0 (p>1 or p<O);

(1.5) SPH+@E-DP —-pstt~1 <0 0O<p<).

Here,s and ¢ are nonnegative (positive if p <0), and in both cases strict
inequality holds unless s =1¢. (We also note that when p=0 or p =1, the
left sides of both (1.4) and (1.5) become identically zero for all s and ¢.) For
p=2n with n a positive integer and ¢ =1, (1.4) is valid for any real s, since
in this case (1.4) coincides with (1.3).

The associated integral inequalities are stated in the following lemma. The
special case p =2n of (1.6) below gives the basic integral inequality used by
Benson in [10].

LEMMA 1.1. Let v(x) be absolutely continuous on [a, ] with v'(x) =
0 ae. Also, suppose that Q(x) is nonnegative a.e. and measurable on [a, ],
and G(v, x) is continuously differentiable for x € [a, f],and v in the range
of the function v(x), with G,(v, x) = 0.(2) Then, if the integrals exist,

J2 1007 + - 1) @pP/e-Dg @D 4 4G, 1 ax
1.6 = p[G(®), B) — G(a), )] (®>1 or p<0),

f: [Q? +(@-1) (Gv)P/(P-l)Q—l/(P—l) +pG, ] dx
.7 <plGOE), B) - G, )] O <p<1),

(2) We note that in case p =2n with n a positive integer, the restrictions v'(x) >
0 a.e., and Gv(u, x) » 0 may be removed.
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where G, = (3/w)G(, x), G, = (3/0x)G(v, x). Equality in both (1.6) and (1.7)
holds if and only if the differential equation

(1.8) V' = (Gv/Q)‘/("")
is satisfied almost everywhere.

The details of our results will be presented in the next three chapters. In
Chapter 2 we give further extensions of Opial’s inequality. These extensions have
the form

b q b,
19 P, 19 — p+q
19) fa SuPlu'¥dx < p faRluI dx,

where p, ¢ are constants such that either p = 0,42 1,0r p<0,q9 <0, and
the functions R, S are related to the coefficients 7, s in a boundary value
problem involving the differential equation

(1.10) @/dx) () [y’ ()1°/9} = 5 ) p(x)] P/,

The admissible functions « for (1.9) are integrals on [a, b) with u(@) =0, and
SP R PHdx < oo,

The inequality (1.9) and the differential equation (1.10) were discussed by
Boyd and Wong in [11], but with ¢ =1 (p > 0). Moreover, the equation (1.10)
with ¢ =1 was considered as long as ten years ago when Beesack used it, for the
first time, to obtain Hardy type inequalities. Also, inequalities of the form (1.9)
were considered in a later paper [9] by Beesack and Das, but without relating
them to a corresponding boundary value problem. We thus generalize the results
of Boyd and Wong as well as unify some of the main results obtained in 1968
by Beesack and Das [9].

Although our original purpose was to get the generalization of Opial’s original
inequality, the essential part in this chapter is §2.3, in which we discuss the
sharpness concerning the inequalities of the form (1.9) when the solution y of
(1.10) is not admissible, that is, f2?R[y'1P*9dx = o, In this section, as well as
in the last two chapters, Beesack’s method of showing that the constants are best
possible is used. In §2.4, a number of examples are given. One of them is as
follows:

(1.11) f:(x—a)"’lulplu'kix < p—&)""f: W'Ptldx (p>0),

valid for any u such that u(x)= fXu'dt for x € (@, b) and [P W'P*ldx <
oo, where — o <a < b <, Equality holds in (1.11) if and only if u=0.
The constant is best possible.

In the last two chapters we use another differential boundary value problem
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to produce another new class of inequalities having the form

b k/(p+q) q \x/®+a) _,rd X
P, 19 —_— C Slul*dx
(fa Wil lu'| dx) +(p+q> J. sw

1.12
( ) <( q ) k/(p+q) Cc~ fb Rlu"lkdx.
ptaq a

Here either p>0, k>q>21 or p<0, k<q<0 or p>0, k<0<

g <1;R, S are related to the differential coefficients appearing in the boundary
value problem, and W involves an arbitrary nonnegative function, while u is
any one of a suitable class of functions. Some inequalities related to (1.12) are
also obtained. A reversed inequality of (1.12), that is, the inequality (1.12) with
the direction of the inequality sign reversed, is also studied. The inequalities of
Hardy [1, Theorem 330] and those of Opial’s type are connected by (1.12),
which contains, as special cases, both quoted inequalities. Opial’s original in-
equality is obtained from (1.12) by setting p=q¢=1,k=2, W=R=1,S=0,
and a =0 <b <o, Hardy’s inequality turns out to be a very special case of
(1.12) with some modifications. Formally, Hardy’s inequality is the special

case of (1.12) having W=0, a=0, b=, R=x*" S=(r - 1)/k)*x~",
where k > 1,r # 1, although the actual derivation of Hardy’s inequality in
§3.4 does not proceed in this way. Finally, we note that in 1969, Boyd [12]
had previously considered inequalities of the form (1.12) but with the second
term replaced by zero.

CHAPTER 2. FURTHER EXTENSIONS AND
GENERALIZATIONS OF OPIAL’S INEQUALITY

2.1. Introduction. We shall now give some further results related to Opial’s
integral inequality. These results differ from those in [28] in that the latter
provided a general and sharpened form of Opial’s inequality, whereas the
following theorems extend and generalize Opial’s inequality in other directions.
Moreover, in Chapter 3 we shall consider other extensions of Opial’s inequality
in a quite different manner. It will be found that some results in this chapter
are covered by Chapter 3; nevertheless it is worth doing these separately because
the nature of those proofs is quite different. The proof in the present chapter
will be carried out by using Benson’s method together with some Riccati-like
equations whose simple form was used by Boyd and Wong [11]. It may not be
without interest to note that in [11] the authors mentioned that their method
was in turn suggested by a paper of P. R. Beesack [5].

In 1967 Boyd and Wong [11] proved the following type of extension of the
inequality of Z. Opial [24]:
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.1.1) b ' b o+l
fo sluPlu |dx<cfo riu' P+ dx

where b < oo, and the weighting functions » and s are nonnegative in
C'[0, b], satisfying some Riccati-like equation. For r(x)=s(x)=1,and p=
1, (2.2.1) reduces to Opial’s inequality. (See also Olech [23], Beesack [6],
Levinson [19], Mallows [20], and Pederson [25] for successively simpler proofs
of Opial’s inequality; as well as Redheffer [26], Beesack and Das [9], Boyd [12],
[13] for other generalizations of this inequality.)

The purpose of this chapter is to establish inequalities of the following type:
(2.1.2) fb SuP 'l dx <—3— IbRW'P+qu.

a p+qla

valid for all p, ¢ such that either p=>0,421 or p<0,q <O.

The inequality (2.1.1) is a special case of (2.1.2) with g=1,p > 0,a =
0 and b <oo. (See also §2.5.)

2.2. Main results. In this section we shall only prove Theorem 2.1 below.
In order to prove this theorem we suppose that the following boundary value
problem

@ = @Y= b,
®) lim yroPlA-grly=o,
2.2.1) © 111,;,— y Pl —grlay=o,

@ ) O'lyyle (f :r'q/”dt)”/" =0(1) as x —a+,
) f: r()P+)/agy < oo,

has a solution y = [¥y'dt with ' >0 in (g, b)) (@ or b or both may be
infinite), where r is positive in C(g, b) such that [2r4/Pdx <o, and s is
nonnegative in C'(g, b). Here r and s are related to R, S by (2.2.3) below,
and if p =0, we assume that r=s5. After setting A= (y'/y)"/ 2, we see that

h satisfies the Riccati-like equation

(222)  (n) + (p/gyr®P+O/P =§'(x) for xE (g, b) and p #0.

( Equations (2.2.1a) and (2.2.2) with ¢ =1, p > 0 were used by Boyd and Wong
in [11].)

THEOREM 2.1. Let p=0,q =2 1,0r p<0,q <0, and suppose that r, s
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satisfy the conditions listed below (2.2.1). Let y = [ y'dt, having y' >0, be

a solution of the boundary value problem (2.2.1). Let w be a positive, measura-
ble function on (a, b) such that [} wldt <e for x € (a, b), and define

the functions R, S on (a, b) by

R(x) = r(x) [w(x)] @*9) (a=V)/a,
S(x) =s(x) [w(x)]?! ( j‘x w1 dt) p(l—q)/q.

a

(2.2.3)

Finally, let u be any function which is locally absolutely continuous on (a, b)
such that u(x) = [¥u'dt, and for which [P Rlu'P*9dx < eo. Then

2.2.4) I? seupue ax F Zq I7 ReywPaa,

valid for all p, q such that p =0, q = 1. If, in addition, u' does not change
sign on (a, b), then (2.2.4) is still valid for all p, q such that p <0,q <O0.
Equality holds in (2.2.4) for p # 0 if and only if
(2.2.5) u=ky (k, a constant),
w=k,0')"! (k, > 0,a constant) (q # 1),

or u=ky if q=1. If p=0,(2.2.4) reduces to an identity in u.

In order to prove this theorem, we state the following lemma, the proof of
which can be accomplished by using Hulder’s inequality.

LEMMA 2.1. Let p>0,9>0 or p<0,q <0 and suppose that
PRW'P+Idx < o, and r(x)n(x) (% r""/"dt)"/q =0(1) as x —a+, as
stated in the above hypotheses of Theorem 2.1. Then [} w? “'Pdx < oo
for x € (a, b),and

x , ®+a)/q

(2.2.6) lim _[ wa~ '[9 dt r(e)h(x) = 0.
x-*a+ \’4

If, in addition, we assume that [® r~9/P dx < oo, then [®wi~1ju'|ddx < oo,

ProOF OF THEOREM 2.1. First we note that, when p =0, (2.2.4) becomes
an identity in u, so we may assume that p # 0. Now, from (1.6) on replacing

p by (p +q)/q, we have, for (p +q)/g>1,
J2 @)+ + (org) GO+ /PG + (0 + )]G, } dx

(22.7) ,
Z [ +9)a] G, x)| -
By (1.8), on replacing p by (p + q)/q, equality holds in (2.2.7) if and only if
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(22.8) v = (G,/Q)"?, ae.
Now, let z(x)= [} w? ' |9dt which is well defined by Lemma 2.1.
In (2.2.7), set

v =J;X wq—l ‘u"qZp/q dt = [q/(p + q)] z(p"'q)/q

(since (p +q)/g >0), @ =rz PP+a )/"2, G = u(rh), and on using (2.2.2) we
have, for a <a<g<b,

prlu'Ip"'qu +I‘3 s'z(P+D/a gy
(229) ¢ @
> @1 C* @) - [2()] P+ ().
By integrating by parts, (2.2.9) reduces to

J Ru'P*odx + @) @+ erane)
(22.10) > @) P+ GEwmE) + [2(0)] P+9s(a)

Now by letting a — a+, on using (2.2.6), and the fact that s(x) =0 noted
following (2.2.1), we have

[? RUP*9 2 > @] © DB - sO)
@2.11) o

+
+2 qf swa~12P/91' |9 dx.

On noting the definition of A(x), and using the last assertion in Lemma 2.1
and the boundary condition (2.2.1c), together with the fact that »'(x) is
positive and y(x) is increasing on (a, b), we finally get, on letting § — b in
2.2.11),

@212 [ Wi zp/"lutqus[ ] 7 RuP*aax.

Now, using Holder’s inequality with indices ¢ and q' =q/(g — 1), we have

(incase p>0,94>1),
P % 1/ -1/
<(fa|u|dz) (f w4 ' \w "d)
<(f: wi-1p'j9 dt)p/q (f:w_, dt) p(q-l)/q.

julP = |f: u'dt

(2.2.13)

That is,
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(2.2.14) (f:w“ dr)"“"”/" P <zP4.

On noting the definition of S(x), the proof of (2.2.4) is completed by combining
(2.2.12) and (2.2.14).

Equality holds in (2.2.13), and hence in (2.2.14), if and only if ' does not
change sign, and w¥'ju'|? = kgw™! (k, > 0, a constant), or

(2.2.15) u'=kw™! (k aconstant).

If u' does not change sign on (g, b), then the first inequality in (2.2.13) becomes
an equality, and consequently (2.2.13), (2.2.14) and the equality condition (2.2.15)
are still valid for all p, ¢ such that pg >0 and p +q <0. (We also note that
when q =1, (2.2.14) is still true, and equality holds in this case if and only if
u' does not change sign.)

Now, by using (2.2.8), equality holds in (2.2.10) if and only if
Wil [92P/a = palpz0+a)/a or 74z = pa/P = y'fy. Thatis, z' = ¢y', for some
positive constant c¢. Hence by using the definition of z, equality holds in (2.2.10)
if and only if

(2.2.16) '] = (cy")/a w-9)a,

This, together with (2.2.15), means that equality can hold in (2.2.4) only if,
(for g # 1),

u=ky (k, a constant),

2.2.17)
w=k,(')"! (k, >0 a constant).

With u, w so defined by (2.2.17) it is easy to show that w is well defined,
that u is admissible (that is, u satisfies the hypotheses stated in the theorem),
and that equality in (2.2.4) is attained. We only point out that in the course of
these proofs we need (2.2.1a, b, c, e), together with a repeated use of integration
by parts.

For g = 1, equality can hold in (2.2.4) only if ' does not change sign
(by a remark following (2.2.15)), and [u'| = ¢y’ by (2.2.16). Hence, equality
can hold in (2.24) for ¢ =1 only if u=k,;y (k, a constant). As pointed
out in the above paragraph, we can again get equality in (2.2.4) in this case,
proving the theorem.

REMARK 2.1. We note that the assumption (2.2.1¢), which will be removed
in the following section, together with the fact that w = kz(y')'l is well de-
fined, ensures the existence of a nontrivial admissible function, namely the very
solution y of (2.2.1).

REMARK 2.2. Although we only prove Theorem 2.1 here, we may establish
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another theorem with u«(b) = 0, by interchanging the roles of 2 and b in
Theorem 2.1. Actually, in order to obtain the Opial’s original inequality as a
special case, one needs both Theorem 2.1 and the corresponding theorem with
u@)=0.

2.3. Sharpness of the inequalities when y is not admissible. We are now
going to deal with those cases where the inequality (2.2.4) is best possible, but
equality is only attained in the trivial case ¥ =0 (or never in case p <0,q <
0). We first note that when w = (»')"!, (2.2.4) reduces to

fbs(y')l—qyp(l-q)/q uPW'9 dx
a

(2.3.1) q b
L nNe+9)(1-a)/ay, p+a
<p+q ar(y) [u'lP+9 dx.
In order to duscuss the sharpness of (2.3.1), we must now consider separately
the two cases p >0, ¢ =1 and p <0, g <0, as the details differ in the
two cases. The basic ideas in these subsections were adapted from [5].

2.3.1. The case p >0,q = 1. The hypotheses as stated in Theorem 2.1
are unchanged except that instead of (2.2.1) we now assume

@ 2 ) D) =)o,

®) [P -sP/9] = 01) as x — a+,

(232)  (c) »[r'P/1—syP1] = 0(1) as x — b-,

a

@ rex) ¢'1yPl (f xr"’/”dt)p " - 01) as x — a+,

(e) f:r(y')(ﬁq)/q dx = oo,

has a positive solution y(x) =/5y'dt such that »'(x)>0 on (a, b). (We
note that (2.3.2a, c, d) ensure the validity of the inequality (2.3.1) itself as proved
in Theorem 2.1, that (2.3.2b) is weaker than (2.2.1b), and that (2.3.2¢) states
that there exists no nontrivial admissible function for which equality can be
attained in (2.3.1). ) Under these assumptions (2.3.1) is sharp, that is, the
constant q/(p + q) is best possible, although equality holds in (2.3.1) if and
only if u=0. .

To prove this we first note that for any & > 0, by selecting @’ or b,
or perhaps both, appropriately close to @ or b, we have
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(q(p+1)_ q

’ Nl (r'\N12/2 — of ' INY L
» P +q )y(a) {r@)'@)1°/? - s@)y@)]?/}

(2.3.3) +(p iq - "(”p;(;,))y @ )) @) r@H'®H1P/ - s@)[y®")]P/}

8q b’
<— "N(P+a)/a
p+q f a 0) dx.
This follows from (2.3.2b, c, €) and the fact that y(x), with y(a) = 0, is positive
and increasing on (g, b).

Now we take
u'(x)=0, a<x<d,
(234) =3'(x), d <x<b',
=0, b <x<b.
Then u(x) =y(x) —y(@') for a’ <x <b’,and for p >0,
oo+ = prje+s § - 267
(23.5) &) @)
+1 ' '
>pertfi-e 2 s <x<p

This inequality is the special case of (1.4) with p replaced by p + 1, obtained
by setting s=1-y@)[pe)] !, t=1.
Now from (2.3.2a) we have

b' b
2.3.6 wwlay g =[ syetaa
(2.3.6) fa, y[r'yP] dx fa,sy dx.
Integrating by parts reduces (2.3.6) to

fl’" spPlay dx =

,(y "P+a)/a gy
(23.7) ¢ P +" f

A Pl - P |

Using (2.3.5) and (2.3.7), on noting that sy'yP(1-9)/a > 0, and y(x) >
u(x)>0 on (@',b"), we have

f:' sy'yP-D/ayp gy >f::sy[P(l“7)/‘”'ly'up“dx

> f b: s'v?/dx - (p + l)y(a')f b: sp'yP=9/4a gx
(2.3.8)
=1 70+ Ve + T 9711 vl

-+ @), sy'y@-q)/q dx.
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Again, from (2.3.2a) we have

239) [ @00y ax = @) 7/ -1yl |

This and (2.3.8), together with (2.3.3), imply that for any & > 0 there exists
an admissible function # defined by (2.3.4) such that

b
fa s(y')l—qyp(l—Q)/un(u')qu

(2.3.10) @ (P o) .
- —— "(p+q =q)/aq, q
>(1 8)p+qfar(v) @'P+edx.

This proves the sharpness concerning (2.3.1).

23.2. The case p <0,q <0. Since in this case equality in (2.3.1) never
occurs in view of our requirement u’ # 0 in (g, b), we must modify the proce-
dure used in 2.3.1. The hypotheses are the same as those in 2.3.1 except that
we need the following additional stronger assumption,

(2.3.11) lim [r('Y/4 —syP/9] < oo,
x—a+

We note that the limit in (2.3.11) always exist, finite or infinite, and that
(2.3.11), together with y(@) = 0, implies (2.2.1b). To see this, we set f=
r'P/a - syP/4; then
f'=[PRY =y~ gy <o,
by using (2.3.2a). Thus f is monotone decreasing on (a, b) and hence the
existence (finite or infinite) of the limit in (2.3.11) follows.
Now, we set

u'(x) = g(x), a<x<d,

(23.12) =y'(x), & <x<b,
=g(x), b <x<b.

Here @', b’ are to be assigned, and g(x) = 0 is any (fixed) admissible function.
For @' <x <b', we have

y(a)
(2.3.13) ux) f u'dt = y(x)[ RS f dt]

A special case of (1.4) obtained by setting s =1 — y(@")/y(x) + : gdt/y(x),
t =1, gives us, for p <0,

P= » (1 -2@) M P
1? = ) (1 "D Lt )

(2.3.14)

’ :' d
= [y(x)]? (1 -p% +pfy(i)t) for @' <x<b'.
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Now, since sy'yP(1=9)/4 > 0, from (2.3.7), (2.3.9) and (2.3.14) it follows
that (after simplifying)

f” S0P =D/ AP (1) dx > —— f 1)+ 1-D/a(Pp+a gy
a

p + q
. /a -
R
(23.15) -q [y(a') -fZ, gdt] g[syp/q -
- qf ,.(y ne+a) (1-q)/agp+a gx
-5 + p J' r(p) P+ -a)agp+a gy
Hence,
f b syP (1=)/a (") 1-ayP (") gx
(2.3.16) > g.:f.‘)ll f: r@") P+ 1-0)/ag, 'y +a gy,
provided
; +q yIro'Ple - sypla) | - @) ro'P - 979 |
+qf gdt 4®Y'GHP - @) GNP/}
~qf’ gdt @' @N P/ - @)y ?7)
23.17)

+070) (p+q) (1-q)/a p+q
L2 T
+fbl,(y')(p+q)(l-q)/qu+qu}

p +qf ,(y)(p+q)/qu

To establish the fact that fhe inequality (2.3.17) can be satisfied by choosing a’,
b' appropriately near a, b respectively, we only point out that the fourth term
tends to zero, using our new assumption (2.3.11) together with the fact that

f:' gdt — 0 as @' — a+. Thus from (2.3.16) the sharpness of (2.3.1) follows
in this case.
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2.4. Some examples. Although in this section we only consider the case
u(a) = 0, the corresponding results for u(b) =0 may also be obtained. We only
consider the case w = (¥")”!, so the inequalities thus obtained will give the best
constants.

Now, let a<1,and — o <g <b <o, In Theorem 2.1 set r(x) =
O - a)*?/9, s(x) = (1 - &)P/9(® - aP @/, w(x) = (x —a)*. Then (2.2.1)
has a solution y(x)=(1 —a)"'(x —a)'™® such that w=(»")"!. All hypotheses
of Theorem 2.1 are satisfied. Thus, by (2.2.4) we obtain, after some rearrange-
ment,

[? ¢~ a)aD e +arel/ayp '

a

(2.4.1) q (b —a)p(l_a)/q
ptq (1-wf

b
fa(x —a)*PHa=Dy p+a gy,

This inequality is valid for any function # which is absolutely continuous on
[a, b) with u(@) =0, and for all p, q such that either p =>0,g=>1 or p<0,
q <0, if u' does not change sign in the latter case. Equality holds in (2.4.1)
if and only if u =c(x —a)'™®, for some constant c.
ExaAMmpPLE 2.1. Taking a=0 in (2.4.1) we obtain

® (¢ —gpp(1-) ' 4 - "’
@42 [ @-apPt-Olappu ax <7 G- f wptaas,

for any function u which is absolutely continuous on [a, b) with u(a) =0,
and for all p, q such that either p=>0,q=>1 or p<0,q<0,if u' does
not change sign in the latter case. Equality holds in (2.4.2) if and only if u =
¢(x —a). (We note that (2.4.2) is obtained in [9, (19)], but for a slightly broader
range of values of p, g, namely, instead of p =0, q =1, [9, (19)] is also valid
for pg>0 and p+q=>1)

ExAMPLE 2.2. Taking a=p/(p+q) in (2.4.1), we have

f: Pl dx < (;g-i;) ! b - ap/@+)
@43) b P+q-1)/(p+q)y,'\p+q
xfa(x—a)” [u'|PT9dx,

for any absolutely continuous function u on [a, b) having u(a) = 0, and for
all p, q such that either p=>0,q =1 or p<0,q<0,if u' does not change
sign in the latter case. Equality holds in (2.4.3) if and only if u = c(x - a)q/ (p+a),
(This , again, is obtained in [9, (20)]; the same remark as in the previous example
applies here.)

In order to give the next example, we need the following remark.

REMARK 2.3. In (2.2.1) we assumed that [ r9/P dx < o, However, we
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may remove this assumption provided
(2.4.4) Y)Y )17/ = s@x)[yx)]1P/4} >0 for x near b.
(We note that (2.4.4) actually implies that y[r('Y/4 —syP/4] >0 for all
Xx € (@, b), since g= r(y')”/ q - gypla i decreasing on (g, b).) To see this we
note that the condition [ gr"’/ P dx < eo was only used in the last assertion of
Lemma 2.1, which, again, was only used to get (2.2.12) from (2.2.11). However,
(2.4.4) automatically reduces (2.2.11) to (2.2.12). In Theorem 2.1, the other
assumptions are retained; in particular, (2.1.2¢) is still needed in order to get
the cases of equality as asserted.

In §2.3, however, (2.3.2c) may now be replaced by (2.4.4) together with
the following weaker assumption:

(2.4.5) y[ro P/ - P/2] = 0(1) as x — b-.

We note that (2.4.4) ensures the validity of the inequality (2.3.1) itself, whereas
only (2.4.5) is needed in (2.3.3) to assure the sharpness of (2.3.1). It is (2.4.4),
together with (2.4.5), that is practically useful as we shall see in the following
interesting examples.

Now let —0<a <b<eo, In(2.3.2) we take r=((p + q)/p)P+d)/a,
s = (q/p) (x —a)®/4. Then (2.3.2), with (2.3.2¢) replaced by (2.4.4) and (2.4.5),
has a solution y(x) = (x — a)"/ (P+9), The hypotheses at the beginning of subsec-
tion 2.3.1 are satisfied. Hence, by (2.3.1) we have, after simplifying:

b —p b
(2.4.6) f &= P PP dx < (#) pf L x-a) Yu'PP+a dx,

valid for any u such that u(x)= fu'dt for x € (a, b) and

JE(x —a)?" WPt dx < oo, and for all p, q such that p >0,q > 1. Equality
holds in (2.4.6) if and only if u =0. The constant [p/(p +q)]™P is the best
possible.

REMARK 2.4. We note that if «’ is of one sign on (g, b), then the inequa-
lity (2.4.6) is still valid for all p, g, such that p <0, g <O, provided b =
there. To see this we note that when b = oo, the integral appearing in (2.3.2¢)
diverges at b, that is that [% r(y)® +0)/4 gx = 0 forany X € (@, *) in our
example. Now we fix @', and let b’ tend to infinity in (2.3.1); the sharpness
in our case follows from (2.4.5) and the specialized condition (2.3.2¢).

ExAMPLE 2.3. Taking g =1 in (2.4.6) we have, for p > 0,and — <
a<b<oo

(24.7) f G —a)y PP’ dx <(p ) f ' P+ dx,

valid for any u such that u(x)= X u' dt for x € (@, b) and [EW'IP*!dx <
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oo, Equality holds in (2.4.7) if and only if u=0. The constant [p/(p + 1)]7?
is the best possible.

It may be of interest to compare (2.4.7) with @ =0, b = o to the follow-
ing Hardy’s inequality for integrals:

(2.4.3) f:x‘pup dx <(1—J_§-i)pf: @yds (p>1),

unless u' = 0. The constant is the best possible. Here u(x)= [ u'dt with
u' >0. (See also [27].)

Although we shall not give examples here, we finally note that if w #
()71, then (2.2.4) is, in general, not sharp.

2.5. Comparison of results. We first wish to show that the results in this
chapter are direct generalizations of those in [11]. In [11] the boundary value
problem

() @/dx){r)y'x)1?} =) rx)1%,
(25.1) () r@)[Y'®)]1? = rs(d) [y(d)]°,
©) »(©)=0,

was considered. Here b <oo,and r and s are nonnegative in C'[0, b]. The
authors in [11] assumed that (2.5.1) has a solution y for which ' >0 in
[0, b]. Under these assumptions they obtained the inequality

[ s@uP )l ax

Sbwesy (pl+ 5 f Z re )P+ dx,
valid for any u such that u(x)=f% u' dt for x € [0, b], where A, is the
smallest eigenvalue of the boundary value problem (2.5.1). Equality is attained
in (2.5.2) by the eigenfunctions corresponding to A,. (See also the comments
in Zbl. Math. 173 (1969), p. 57, by P. R. Beesack, related to the paper [11].)
We also note that there is only one eigenvalue A of (2.5.1) as pointed out
later by one of the authors. This means that there is no loss of generality in
setting A =1 in (2.5.1),and Ay =1 in (2.5.2).

In the present chapter we have generalized the above result in two aspects:
(1) We considered two parameters p, q rather than one parameter p only.
(Compare (2.5.1), (2.5.2) with (2.2.1) and (2.2.4).) (2) We consider the best
possible constants when the solution of (2.2.1) is not admissible. The second
point is more important and was dealt with in §2.3 by unifying Beesack’s method
with Benson’s approach. The result in this section is not covered in either [11]
or [12], because neither in [11] nor in [12], is it possible to obtain the best

25.2)
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possible constant when the solution of a certain boundary value problem is not
admissible. (This shows the fruitfulness of unifying the above-mentioned two
methods.)

In [9], some inequalities of the form dealt with in §2.2 were obtained by
using Hlder’s inequality, and even with a broader range of values of the param-
eters p, g. That is, inequalities of the type (2.2.4) were obtained in [9] for
all p, g such that pg > 0 and either p +q =1 or p +q <0, instead of
either p 20,9 =210r p<0,q9 <O asin Theorem 2.1. Moreover, in [9],

a reversed inequality of the type (2.2.4) was also obtained in case p <O,
q=21,p+q>1,0r p>0,p+q<0. (We also note that the reversed in-
equality of a certain type was dealt with, for the first time, in [5], where the
author considered the inequalities of the Hardy type, systematically and uniform-
ly.) However, in [9] the inequalities were obtained without reference to any
differential boundary value problem, and most of the inequalities obtained there
were not sharp.

It may be of interest to note that the sharp case of [9, Theorem 1] is in-

cluded in our Theorem 2.1incase p=0,g=1,0r p<0,q <O.

It may also be of interest that the results in Chapter 2 are comparable with
those in [12] in some aspects. In order to state the various inclusion relations
we first note that in [12] the following theorem was proved from a functional
analysis point of view.

THEOREM (D. W. BOYD). Suppose that r,, s, € C'(a, b), that s,(x) >0
ae and r (x)>0 for a <x<b, that k, p, q are real numbers satisfying
p>0,k>1,0<gq <Kk, and that the operator T, defined by

@253) T f6) = Is; @1 21,12 )t

is compact from L" — L' with t = pk/(k — q). (The symbol L" denotes
the set of functions w1th Ilfllk U2 r ik dx }1/* < oo; since k> l L" isa
Banach space.) Then the following eigenvalue problem (P) has solutions (y A)
with y € C*(a, b) and y(x)>0,¥'(x)>0 in (a, b).

() d—i A" Ye "y —@yP ()15, ] +pyP710")s, =0,
® @ lIm y)=0 and Im (RO r, 00 '] =0,
3) W'l =1.

There is a largest value \ such that (P) has a solution and if \* denotes this
value, then for any f€L¥

ry?
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x |P o\ b (p+a)/k
f7o| s e (f., vu*n(x)d:)

Equality holds in (2.5.4) ifand only if f=cy' a.e. where y is a solution of
(P) corresponding to X =\*, and c is any constant.

(2.5.4) fa b

(Perhaps this an appropriate place to emphasize that in the papers [2] —[5],
Beesack, for the first time, made use of the Euler-Lagrange differential equations
associated with some extremal problems to investigate integral inequalities by
integral identities; he found that when the solution of a differential equation is
an admissible function for a certain type of inequality, then equality is actually
attained by this very solution. Moreover, if this solution is not admissible, he
still made use of the differential equation to discuss the sharpness, that is , the
best possible constants of the inequalities. In this chapter we have used his
method for the first time to duscuss the sharpness of Opial type inequalities.)

Now, from (2.5.4) we see that the case k =p + q, of Boyd’s theorem,
is the only one which is comparable with the sharp case of Theorem 2.1 (with
p>0,q =1). Actually , the latter is included in the former, and Theorem
2.1 includes those cases of Boyd’s theorem for which r,, s, are continuous
and strictly positive, on a compact interval [a, b].

Finally, we note that Boyd’s theorem does not include the case p <0,

q <0 of Theorem 2.1, that our methods are quite elementary whereas Boyd’s
are not, and that the §2.3 includes sharp inequalities when the solution y of
the boundary value problem is not admissible (because f2 r@")P+/a gy = o)
whereas (as pointed out in [12, p. 383]) Boyd’s method cannot handle such in-
equalities. On the other hand, in Boyd’s theorem, the existence of a solution
of the boundary value problem is a conclusion of the theorem, rather than a
hypothesis. In the last chapter, §4.5, Boyd’s theorem will be considered again,
when it is compared with the results of Chapters 3 and 4.

CHAPTER 3. ON A CLASS OF NEW INEQUALITIES

3.1. Introduction. In this chapter we are concerned with a systematic
and uniform treatment of some analogues and extensions of Hardy’s inequality
for integrals and of Opial’s inequality.

In 1968, Beesack and Das [9] considered integral inequalities of the form

G.11) ) ? sl 19 dx < k(p, q)f: PP+ dx,

(or with < replaced by =), where r, s are nonnegative measurable functions
on I=(a, b),and u is absolutely continuous on I with either u(@)=0, or
u@®) = 0, or both.



ON A CLASS OF NEW INEQUALITIES 317

The main extensions dealt with here are all integral inequalities of the form:

k/(p+q) k/(p+q) b
( ) ® WP dx) +(p——"—) cf St ax
a +q a

k/(p+q) b
q -1 "k
<< +q) c | Rl ax,

where either u@) =0, or u(d)=0.

One of the most interesting things about the above inequality is that when
the first term on the left side is replaced by zero, it actually includes Theorem
3.1.1 in [5] (see also (1.1) and (1.2)). Since the terms and factors on the left
side of (3.1.2) are all nonnegative, (3.1.2) is an improvement of the results both
in [5] and [9].

We also note that in a recent paper [12], Boyd obtained best constants in a
class of integral inequalities similar to (3.1.2), but with the second term on the
left side of (3.1.2) replaced by zero. (A comparison of our results with those
of Boyd will also be given in §4.5.)

3.12)

3.2. The main results. We consider the following nonlinear differential
boundary value problem.

@) [ro"*-D/a) + gk-a/a =g,

(b) lim r@'y)k-ayk/a =g,
x—+a+
(32.1)

o lim )+ D =c 0<C<),
c

im [ro'/y)*9/a - ] ykla =,
Xx->b—
@ ro/'y)-/a ( f : ra/ """’dt) *-ale O(l)asx —>a +,

® [ : /'Yl dx < oo,

Here, r is positive in C(a, b) (@ or b or both may be infinite), s is nonnega-
tive in C(a, b). We shall assume that (3.2.1) has a solution y such that y =
[Zy'dt with y'(x)>0 on (g, b),and y(b) < in case k/q <O.

By setting & = (5'/y)*~9)/4, from (3.2.1a) we see that & satisfies the
Riccati-like equation

(3.2.2) f.%g rak/(k=a) 4 (rh) =-s(x), x € (@, b).
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We note that, in case (k — g)/g > O, then by (3.2.2) rh is a decreasing function
on (a, b), so that C in (3.2.1c) is finite automatically in this case.

THEOREM 3.1. Suppose that the boundary value problem (3.2.1) has a
solution y(x) such that y(x)=fXy'dt with y'(x)>0 on (a, b) and y() <
o jn case k/q <0. Let w be any positive measurable function on (a, b)
such that % w™! dt < o, and define W,R and S on (a, b) by

Wx) = [w(x)] 91 (f: w! dt>P(!-q)/q’

(3.23) R(x) = r(x) [w(x)] k(q-l)/q,

) = 506) ( J;x - dt) k(1-q)/a .

Finally, let u be any locally absolutely continuous function on (a, b) with
u(x) = fXu'dt such that f° R'|¥ dx <. Then

b
f” WP r'? e ) 7Ot 4 (| et U Sl ax
324 \V® pt+q e
q \Me+d) b, .k
<(p—+q) C_faRW| dx,

valid for p > 0,k > q =1, where C is defined in (3.2.1c). If, in addition,
u' does not change sign on (a, b), then (3.2.4) is still valid for all p, q, k
such that either p<0,k<q<0,0or p>0,k<0<gq <1,iffgw“ dt < oo
and lu(b)l < oo in the latter case.
Equality holds in (3.2.4) if and only if

u=ky (k, a constant),
(32.5) ' ! )

w=k,('Y! (k, > 0,a constant) (g # 1),
or u=ky,if q=1.

In order to prove this theorem, we require the following lemma.

LEMMA 3.1. Let k/q>1 or k<0<qg<1 and suppose that
SR dx < o and (fX r9/®=9) dy*-D/a r(x)n(x) = O(1) as x —> a+.
Then, (X w9 'W'|dt <o for a <x <b, and

(3.2.6) lim ( f : wi | dt)k/ ? reome) = o.

x=>a+

In the case k <0<q <1, wealso have > w3 'W'[%dx <o, if fPw'dx<
o gnd u(b)| < oo,
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PROOF. We note that all hypotheses in the lemma are stated in Theorem
3.1; the proof of this lemma may be completed by using Holder’s inequality.

PrOOF OF THEOREM 3.1. First we note that from (1.6), with p replaced
by k/q, we have for k/g>1 (or k/q <0),and a <a<f<b,

J2106)2 + (@ - aYa)G ) DQ P + (/)G ] ax

327 ' B
( ) = (k/q) G(v, x) o
By (1.8) equality holds in (3.2.7) if and only if the differential equation

(3.2.9) v = (Gv)Q/(k—q)QQ/(q—k)

is satisfied almost everywhere.
Now set

z =f: w9 1u'|9dt (which exists by Lemma 3.1),

k/(p+
p=1(2te K/ o+ J‘x w1 [922/8 gt /o+a =9 ,k/a
k\ ¢ a k

(Note (p +q)/q > 0.) Also, setting Q = rz* @-%)/a? G = y(rh), we obtain
from (3.2.7), for a <a <p<b,

Iz (Rlu'l" + [k'_j_l_‘! rak/(k=a) 4 (rh)] P q)dx
p+q\*/(p+a) X a—1p0a.0/a 1, /PO |8
> —q r(x)n(x) f . wa ' [92°/9 dt |a.

By using (3.2.2) we have, from (3.2.9),
' +q \*/e+D
[ Rukax> 2 [l ax + (’-’;—1) f* D e

% Q" wi-1p'|az0/a dt) */(p+a)
a

= f° wt/a ax +(”———’;" ) ey
% (fﬁ wi— 1’ |azpla dt)k/(p"'q)

- (P + q) k/(p+a) r(a)h(a)(f: Wi’ dt)k/q.

(329)

8

a

(3.2.10)

q
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On noting that s(x) >0 so that the integral [# sz%/9dx exists, we obtain
from (3.2.10) by letting o —> a+, on using (3.2.6),

(p +q )k/(P+¢I) ’(ﬁ)h(ﬁ)(fi wi-1 lu'lqu/q dt)k/(p+q)
(3.2.11) 1

£
k/q 'k
+la' sz¥9dr <[ Ru'Fdx >
Now by letting 8 —> b— we finally get, on noting the first part of (3.2.1c),

b k k
f wa~1u'|92P/ dx) /o+a +(_q ) [+ C'lfb s2*/ dx
a p+q a

(32.12)
q k/(P"‘Q) -1 "k
<(p—+q) c7f R ax.

We note that when p> 0,k <0<g<1,wehave f2w!dx<e and
()] < c°. Hence, by Lemma 3.1 we have f2 w9~ !ju’|? dx < e, which
assures us that the integral f w~! W'192P/9 dx in (3.2.12) exists (finite).
Now for p > 0, by using Holder’s inequality, with indices ¢ and gq/(g — 1),
we have, for ¢ > 1,

(3.2.13) (j : w! dt)p(l—q)/q P <zP/4 (see (2.2.13)).

Hence,

b b
(3214) [ wuPw'eax < [ wi 927/ ax.

We note that if ¢ =1, then (3.2.13) and (3.2.14) are still valid, and that if ' does
not change sign on (g, b), then (3.2.13) is also still valid for p <0,q <0. Thus,
for p <0,k <q<0,(3.2.14) is still valid, if 4’ does not change sign on (g, b).
We also note that if 4’ does not change sign on (g, b) and p>0,0<g <1, then
we have

(3.2.132) (f: w! dt)p(l-q)/q up >z°/4,

b b
(3.2.142) [ WuPW?dx > [ Wil 2P/ g,

Finally we note that the integral [ WjulPlu'|? dx in (3.2.14a) exists (finite), since
in this case (p > 0, k <0 < g < 1) all three conditions: u' is of one sign;
lu(b)| <o°;and S5 w™! dx < oo; are assumed; and one obtains f2 WiulPlu'|? dx <
ng w1 '[9 dx <o by Lemma 3.1.
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Now, from (3.2.13) we have for k/p >0,

(3:2.15) (f: w1 d,)’“l—q)/q'ulk <z
Hence,
b b
k dx < k/q
(32.16) f, sl ax <[ sz ax.

Incase p>0,k<0<g<1,(3.2.15) and hence (3.2.16) are still valid. This
follows from (3.2.13a) and the fact that k/p <O in this case.

Combining (3.2.12), (3.2.14) and (3.2.16), we have thus proved (3.2.4) for
p>0,k>q=21 or p<0,k<q <0 on noting that k/(p +¢)> 0 in these
cases. Similarly, combining (3.2.12), (3.2.14a) and (3.2.16), we obtain (3.2.4)
for p>0,k<0<g <1, on noting that k/(p +4) <O in the present case.

Although the details of proving the equality conditions are quite long, the key
for proving these conditions is similar to that given at the end of the proof of
Theorem 2.1.

Since we shall not establish another theorem with u(b)=0 (see also Remark
2.2), we state the following corollary without proof, which is based on both
u(@)=0 (Theorem 3.1) and the corresponding case with u(b)=0.

CoROLLARY 3.1. Let u be locally absolutely continuous on (a, X] and
[X, b) with u(x)=fZu'dt,a<x<X, u(x)=-f2u'dt, X <x <b, where X
is the unique solution of

(3.2.17) f fr‘q/l’ dt= : rale gt ( ) : ralp gr < oo).

Here, r(x) is positive and measurable on (a, X), (X, b) respectively. Let w
be any positive and measurable function on (a, b) such that [} wldt <o
for x € (@, X), 5wl dt < for x € (X, b), and define W, R on (a, b)
by

) "“(f v df)”““’” " xe@X),
W)=
(32.18) [vco)] "-‘(f > dr)”“"’” " xeq@s),

R() =r(x)[w(x)] @+D@-V/a, x e g, p).
Then, if [2R' P+ dx < oo,

e219) | : Wil ' dx <p—:’31 (f X alp dt)"/ 0 Rwp+aar.

a
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Here, either p>0,q9>1,0r p<0,q<0,if u' is of onesignon (a, X)
and (X, b) respectively in the latter case.
Equality holds in (3.2.19) if and only'if

ALxr‘Q/p dt, x €@, X),
u(x)= »
(3.2.20) B L rale g, xE€(X,b),

wx)=C*[rx)]9?, x€@b) @#1).

Here, A, B, C* are constants. If q =1, w(x) in (3.2.20) is omitted.

REMARK 3.1. In (3.2.19) setting a=0<b <o, W=R=1,and p=
q = 1, we obtain Opial’s original inequality.

3.3. The sharpness of the inequalities when y is not admissible. We are
going to deal with those cases where the inequality (3.2.4) is best possible, but
equality is only attained in the trivial case ¥ =0 (or never in case p <0,
k<q<0 or p>0,k<0,0<gq<1). We first note that when w=(y')"!,
(3.2.3) and (3.2.4) reduce to

W= yp(l-q)/q(y')l—q,
1 (33.0) R=rp")c1-D/a

S:syk(l‘qyﬂ’

(J-byp(l_Q)/q(y')l—q 'ulp lu"q dx)k/(p+q)
a

(332) +@/p + @) OC” R apk gy
<@/ +q))k/(p+q)c-lfb r(y')"("q”qlu'l"dx.

We want to show that the constant (g/(p + q))*/®*+9C! is the best
possible when the left side of (3.3.2) is unchanged. There are three cases
p>0,k>qg>21,and p<0,k<qg<0 and p>0,k<0<g<1.

We first consider p > 0, kK > q = 1. The hypotheses as stated in Theorem 3.1
are mainly unchanged except that instead of (3.2.1) we now assume the follow-
ing nonlinear differential boundary value problem
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@) OH*D/ay +gk-D/a =g,

®) lLm r@'y) kA < o
x—a+

lim r(y:/y)(k—-q)/q =C (0 <C<L °°)a
(333) @ I

lim y(x)=D <o,

x—>b—

@ (f : Fa/(k-a) dt)(k—q)/ ? ro'p)*-D/a=0(1) as x —a+,

@ [0 o ax =,

has a solution y(x) = fX y'dt such that y'(x) >0 on (a, b). (We note
that y(x) = f% y'dt assures us that we can get (3.3.1) from (3.2.3), and that
(3.3.3b) is weaker than (3.2.1b), whereas (3.3.3c) is stronger than (3.2.1¢).
Only (3.3.3a), the first of (3.3.3c), and (3.3.3d) were used to establish the
validity of (3.3.2) for all admissible functions w.) Under these assumptions
(3.3.2) is still sharp, that is, the constant (q/(p + @))*/@+VC™1 is best
possible when the left side of (3.3.2) is unchanged, although equality holds in
(3.3.2) ifand only if u=0.

Now to prove this, we take

=0 a<x<d,
(334 =y, d<x<b,
=0, b <x<bh,

where a', b’ will be determined later. Then u(x) = y(x) — y(@@") for a' <
x<b' and, for k> 1,

= _Y@) e
@@)* = (y(x))"(l y(x))

(3.3.5) '
> (y(x)* (1 - ky—("-)) , @ <x<b'

&)
This inequality is a special case of (1.4) with p replaced by %, obtained by

setting s =1 - @@ )yx), t=1.
Now by using (3.3.1), (3.3.4) and (3.3.5), we have
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(f WP dx)"’ C0 4 @ + MO 7 sl ax
> @ + PO Sueok ax
Gag @ErD [ Sl
= @+ q))"/("+‘7)C“fb, sy (1-Dayk gy
a
> (q/p + q))k/(P+q)c—1(f :: sy"/" dx - ky(@) I:' sy(k—q)/q dx) )
Now by (3.3.3a) we have

[ oM ax =", (o) ax

(3.3.7) , '
=— V=2 [P 1 (2 royela
0" L+,
and
bl bl
*k-a)/q gy = — n(k-a)/ay
[, ot aax =~ | ¢t)*E-/ay ax
(3.3.8) y) o
= — ppy(k—a)/a »
rhy .

On noting (3.3.7), (3.3.8), and the definition of ' in (3.3.4), from (3.3.6) it
follows that

)k/(p+q)

(f WP ax +@/p + ) OC [ Sl ax

b _ f: ,@')k(l-q)/q ' dx)

(33.9) > - @/ + Q@ +Cc-1 (,y(,,')(k—q)/q ’
b'

a

+ (@/(p + @)/ CrOKC Y@y Yk~ D/

Hence, for any 8 > 0 we have

)k/(p+q) + @ + )@+ 0c [ Sl ax

(7 mapwo as
33100 >(1-8) @l +a)/eroc| ® Ri'l* dx

= (1-8) @/ + W OC [y Oy a,
provided
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8@/ + )@+ vyl ax
(33.11) ¢

> (@/lp + )M OC @A) KWV ~ k@) 6 |-

Now, the terms on the right side of (3.3.11) are bounded as 4’ — a+, b’ —
b—, respecitively, by using (3.3.3b) and (3.3.3c) together with the fact that
Y(x) is increasing on (g, b). Hence, by taking b' sufficiently close to b,
and 4’ appropriately close to a, the inequality (3.3.11) follows from (3.3.3¢),
completing the proof of sharpness in this case.

REMARK 3.2. In order to get the first inequality in (3.3.6) the Opial type
term was dropped.

We now consider the case k¥ <0 (that is, the remaining two cases p > 0,
k<0<g<1 and p <0,k <g <0). These cases are characterized by
k <0, and the following proof is suitable for both cases. When k < 0, equality
in (3.2.4) never occurs in view of our requirement u' > 0, and we must modify
the procedure used before. The hypotheses are precisely the same as those in
(3.3.3) except that the condition (3.3.3b) is now replaced by

@312)  lm ) ¢ EpE)E D) * 0 < o,

(We note that (3.3.12) is a stronger requirement than either (3.2.1b), or (3.3.3b).
Also, by (3.3.8) we see that rhy(""”/ 9 is monotone decreasing on (g, b),
and hence the limit in question exists, finite or infinite.)

Now, we set

W'(x)=g(x), a<x<d,
(33.13) =y'(x), a <x<b
=g(x), b ' <x<b.

Here a', b’ are to be determined, and g(x) > 0 is the derivative of any (fixed)
admissible function. The remaining part of the proof is more or less similar to
that in the case k> 1. (See also the last part of §2.3.)

ReEMARK 3.3. We emphasize that in this section we need the condition that
the function s is not identically zero on (g, b); otherwise, all proofs in this
section will fail to be true, leaving the question whether the constant is still best
possible undecided.

3.4. Some examples. Let a<1,0<f<1 with 1-8+#k/g,and — <

a<b<oo, Supposethat p>0,k>q=1,or p<0,k<qg<0,0r p>0,
k<0<g<1. Setting
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r(x) = (x — a)*(*—D)/a+p)-8
s(x) = (1 — )*/9p(x — g)@ D */a+Br-e ang

yx)=(1-o'x-a)e,
we see that y satisfies (3.2.1) on (g, b) with
C=( - a)*D/a@p - g) @D (k~a)/q+8)
in (3.2.1c). Now we set w = (x —a)°, so that w=(»')"!. All hypotheses of
Theorem 3.1 are satisfied. From (3.2.4) we have, after simplification,
(34.0)
(1 - P+ 1/ +a)-1 (fa"(x - @)@ D @@+O-PYa P dx)"/(p“”

q k/(p+q) - b
+(m) (1 - B~ E/a+” ¢ — gD g

< (p i - ) k@+a)p _a)(l-a)«k—q)/qu:(x S R VN
valid for any u such that u= [} u' dt for every x € (a, b),and
J20e = @)D *+@=DBY"\k gx < oo and for any p, q, k such that p >0,
k> q = 1. If, in addition, u' does not change sign on (a, b), then (34.1) is
still valid forany p, q, k such that p <0,k <q <O0. Finally, if the admissible
function u is further restricted to satisfy the condition |u(b)l < e, then (3.4.1)
is also valid for any p, q, k such that p> 0,k <0 <gq <1. Equality holds
in (3.4.1) if and only if u=k,(x —a)'™®.

ExaMpLE 3.1. Taking a=0 in (3.4.1) we have

(fb(x ..a)P(l-q)/q|u|P|u'|¢l dx)k/(p"'”
a

(342) + @/ + q))k/ (P+¢7)B(b - a)((k-Q)/Q)"'ﬁ f: x- a)"'(k'i'ﬁ) Mk dx
<@/ + )OO - a) DD+ —ay B i,

valid forany u stated below (3.4.1) with a=0 there.

Nowif =1 and a<1,with 7, s, ¥, w defined as above we see that y
satisfies (3.3.3) on (g, b) (2 <a<b <) incase p>0,k>q =1, and hence
from (3.3.2) we have
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( fab (x =)@~ D@@+a)-P)/ap e dx)k/(P +q)

+( q )k/(P'HI)(l_a)l+k(q—l)/(P+¢l)
p+q

(343) x (b _a)(l—a)k/qu o _a)(a—l)k-l [ul* dx
a

q \k/(p+q) 1-k(p+1)/(p+q)
| — l-a
(m) (t-a)

b
x (b =a){1= /e[ (x — k=[x,

valid forany u such that u=fZu'dt for x € (a, b),and f5(x—a)**~"|u'* dx <o
and forany p, q, k such that p>0,k>q = 1. Equality holds in (3.4.3) ifand
only if u=0. The constant on the right side of (3.4.3) is the best possible when
the left side of (3.4.3) is unchanged.

ExXAMPLE 3.2. If we now set a=0 in (3.4.3), we have

k/(p+q)

(f:(x - P =D/ P |9 gx

_a \MerD /e (k1)K
(3.4.4) +(p +q) b -a)/ fa (x - a) ul® dx

' q Koo, Ka(® v _ 1y ik
<(p+q) ® -a) ‘IL O —a)y ' |* dx,

valid for any u stated below (3.4.3) with =0 there.

In all previous examples we assumed that the constant C in (3.2.1c) or (3.3.3¢)
was a finite positive number. However, we may get some examples by letting C=
0 and making certain modifications in the analysis of § §3.2 and 3.3. To see this
we note that when C=0, by letting 8 — b— in (3.2.11), instead of (3.2.12)
we now have

b b
(34.5) [ s ax < [ R ax.
a

Now (3.2.16) is still valid for the values of p, g, k set out in Theorem 3.1.
Combining (3.2.16) and (3.4.5) we have

b
(3.4.6) f : Stul dx < Riu'|* dx

By the argument used in Theorem 3.1, equality can hold in (3.4.6) only if (3.2.5)
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is satisfied. By direct substitution into (3.4.6) one can verify that equality is
actually attained in this case with u (and w) defined by (3.2.5), provided (3.2.1c)
is now replaced by the conditions:

1°) c=o0;

@) limx_,b_r(v'/y)(""")/qy kla = q,
(We also note that the second of (3.2.1¢) was only needed to discuss the equality
clause in Theorem 3.1.)

We immediately consider an example of (3.4.6): Suppose that a=0,b = oo,
a>0,8>0,and k/q>1 witheither g =1 or ¢ <O0. Let

= (-0 (1-2)/g
s = [(a + pa*-/a(k - q)/q]x*+B-1—k/a) (1 + xPyK/a,
Then (3.2.1) with C=0 has a solution
y=x%(1 +xF)/8,
Now by setting w=(»')"! in (3.2.3) we have, from (3.4.6),
[ + ¥ (k - q)/q] fo‘” xe+Bak=1(1 4 xBykla@-1)-B1/Ba)y |k gx

<[ HeDA-R( + 2@ DCHD/ GO [ x,
V]
valid for any u such that u=[gu'dt for x € (0, ), and

f:‘ x(@=DA-R)(1 4 3B)k(@-1)(@+B)/(BD ! |F e < oo,

Equality holds in the above inequality if and only if
u=k,x*(1 +xF) /b,

For our next example we set k=p +q with p>0,q=1. Now, instead of
(3.3.3) we consider the following differential boundary value problem:

@ CO'P)Y +97=0,
®) E_m_ 'Y < *,
r(v'/y)" =00<C< ),

(B4 1m ry(y 'Y < oo,
@ ( rifp dt)pr(v'/y)" =0(1) as x —a+,
© fa r/ P+ dx = o,
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We note that in (3.4.7c) we allow C=0. In fact, the first of (3.4.7c) is no
longer a restriction, since by a remark following (3.2.2), the limit concerned
must exist (finite) in our case, that is the case k=p +q with p>0,q=1.
Also, the second of (3.4.7c) will coincide with the second of (3.3.3c) in the
present case only when C > 0; otherwise the second of (3.4.7¢c) is weaker and
is all that is needed to ensure sharpness. (See also (3.3.11).) We also note
that the hypothesis y(x) = % y'dt following (3.3.3) was only needed in the
proof of sharpness in order to ensure that [Xw™!dr = y(x), when w=(')"!;
but when g = 1, this integral is not involved at all, so the restriction on y
can be dropped. However, the hypotheses on r and s are unchanged; also
the hypotheses y(x) > 0,y'(x) >0 on (a, b) are retained.

Under the boundary value problem (3.4.7) with C=0 there, the inequality
(34.6) with k=p +q (p > 0, g = 1) now becomes

b b
+1 "o+1
(3.4.8) fa shuP*! dx < fa riu' P+ dx,

valid for any u such that u(x)= [ u'dt for x € (@, b) and [ErlW'P*!dx <
oo, Fquality holds in (3.4.8) if and only if u = 0. The unit constant on the
right side of (3.4.8) is the best possible. (We note that the condition C=0
does not affect the proof of sharpness of (3.4.8). See also Remark 3.2.)
REMARK 3.4. The inequality (3.4.8) was considered in [5], the proof
being based on a class of identities due to Beesack. See also Beckenbach and
Bellman [1, pp. 179, 180].
EXAMPLE 3.3. Let a>1l,and —»<g<bh=woo, Set
r=(x-gptli-e s= (-oi-—l)p“(x -a)®, y=(x—-ag)e/+D),
p+1
then we see that y is a solution of (3.4.7) with C=0 there. From (3.4.8)
with b = oo, we have, for p > 0,

(3.4.9) f:’ x _a)—a|u|p+l dx <(Z__"_'_II_)P+ lj-:s x _a)p+l-aluvlp+1 dx,

valid for any u such that u(x) = [Xu'dt for x € (a, b) and
J3 e —aP 17/ P+ dx < e, Equality holds in (3.4.9) if and only if u = 0.
The constant ((p + 1)/(@— 1)P*! is the best possible.

EXAMPLE 34. Let a>1,and —o<a<bh<o, Let r,s and y be
as in Example 3.3; then we see that y is a solution of (3.4.7) with C=
((@=1)/(p + 1))P(b—a)'~* there. From (3.3.2) with k=p +q (>0,

q =1) we have, for p >0,
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2
?iaj:—i)— (b - a)l-aj;b lulplu'| dx +Lb (x - a)-alulp"'l dx

(3.4.10)
p_-l-l.p+l b - +1-ayp, 'p+1
<(a_l) J Gmapti-ewptt ax,

valid for any u such that u = [Xu'dt for every x € (a, b), and

S8 —aP ¥ 17 P+1 dx < o Equality holds in (3.4.10) if and only if
u=0. The constant on the right side of (3.4.10) is the best possible when the
left side of (3.4.10) is unchanged.

REMARK 3.5. By setting a =0 in (3.4.9) we get part of Hardy’s inequal-
ity for integrals (see [16, Theorem 330]); the other part of Hardy’s inequality
for integrals may also be discussed by considering the case u(b) =0. (See
remarks before Corollary 3.1.) More recently, a number of extensions and
generalizations of Hardy’s inequality have been considered by Beesack [5],
Boyd [12], Tomaselli [29], and Shum [27]. (See also [8], where more
references are given, for a thorough discussion of certain integral inequalities
including those of Hardy’s.)

REMARK 3.6. The inequality (3.4.10) is a generalization of (2.4.1) with
q=1,and a replaced by (p +1—a)/p.

CHAPTER 4. SOME RELATED AND REVERSED INEQUALITIES

4.1. Introduction. In Chapter 3 in order to obtain the inequality (3.2.4),
our proof required that the set, X, p, q satisfy either p>0,k>q=>1 or
p<0,k<q<0 or p>0,k<0<gq <1. Since both terms on the left
side of (3.2.4) are of interest to us, we shall obtain some related inequalities
in which one of these terms is modified. This will also allow us to enlarge
the range of %, p, q. To be precise, we shall consider inequalities of the
following two types in §4.2:

4.1.1) (f ® Wi~ 1y'|@ dx)"/" +c? Sukax<clf ® R ¥ dx;
a a a
and
K i (b
[ wupwre dx) MO 4 @ + e+ 0C [ st/a ax

4.12)
<@/ + )/eroc! f: R |* dx (z = f: wi™ ' dx) :

These inequalities will be established for appropriate values of k, p, q; see
Theorem 4.1 and Corollaries 4.1, 4.2.
In §4.3, a reversed inequality of the inequality (3.2.4) is obtained for the
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case p>0,0<k <gq <1, while its sharpness (when y is not admissible) is
considered in §4 4.

In the last section 4.5, a comparison of results in this and the previous chap-
ter, with those published in other papers is given.

4.2. Some inequalities related to (3.2.4). In the following Theorem 4.1
we shall deal with some other cases of (3.2.12). We assume that k/g > 1, or
k <0 <gq <1, since this is necessary in order to use (3.2.12). Although the
following theorem and its two corollaries only deal with the case u(z) =0,
analogous results can be proved dealing with the case u(b) = 0.

THEOREM 4.1. Suppose that the boundary value problem (3.2.1) has a
solution y(x) satisfying all the hypotheses listed in Theorem 3.1. Let w, W,
R, S and u be as in Theorem 3.1. Then

b
(fbw""‘lu'lq dx)k/q + C"f Slul® dx
a a

b
<c-! L RI[* dx,

42.1)

valid for all p, q, k such that p<0,k>q>1,p +q> 0, where C is de-
fined in (3.2.1c). If, in addition, u' does not change sign on (a, b), then (4.2.1)
is still valid for all p, q, k such that either p >0,k <q<0,p+q<0 or
P<0,k<0<q<1,p+q>0 (in the latter case the two additional
assumptions— [u(b)| < > and [ g wl dt < oo are assumed).

Also, if p<0,k>q,0<q<1,p+q>0,and u' does not change
sign on (a, b), then

b k/(p + K/(p+ b
(f WiulP lu'1? dx) /e+o +(-——q ) /e Q)C"f sz dx
a p+q a

q k/(e+a) _ b, _(* a1y
<(p———+q) c LRIuI dx z—faw W'l dx).

Equality holds in (4.2.1) or (4.2.2) if and only if (3.2.5) is satisfied, if
qF l,or u=ky,if q=1.

422

PROOF. We first assume k/q > 1; then,if ¢ > 1 (and hence k> q >
1), we have, from (3.2.13) with p replaced by k,

423) s |u|k(fxw—l dt)"“-q)/(
a

Hence,
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bokla e s (P qp, ik
424 fasz dx > fa Slul* dx.

Combining (3.2.12) and (4.2.4) we obtain (4.2.1) with p <0, k>qg=>1,
p+q>0.

If <0 (and hence p >0,k <q <0, p +q <0), then Hlder’s in-
equality gives us, if u' is of one sign,

(4.2.5) s < |u|(f :w"‘ dt)(l-q)/ ?

Since k <0, from (4.2.5) we see that (4.2.3) is still valid, if «' is of one sign.
Thus, repeating the argument used above we see that (4.2.1) is valid in this
case.

Now, if 0 <qg <1 (and hence k>gq, 0 <q < 1), then (4.2.5) is still
valid, if «' is also of one sign. We note that if, in addition, p > 0, then (3.2.12)
cannot be further refined. However, if p <0 (and hence p <0,k > g,
0<qg<1,p+q>0),andif u' is of one sign, then from (4.2.5), on noting
that k/(p + q) > 0, we have
(4.2.6) (f:wq—l [u'|9zp/4 dx) k/(+a) > (fb WulP |u'|9 dx)k/(p"'q).

a

From (3.2.12) and the above inequality we get (4.2.2).

In this way we exhaust all possibilities concerning k/q > 1, in which case
(3.2.12) is always true. We now tum to the case k/q < O0; in this case (3.2.12)
is still valid at least for (k¥ <) 0 <g <1 which is required in order to have
the function z(x) well defined. (See also Lemma 3.1.) Now since 0<q <1,
hence (4.2.5) is still valid if «' is also of one sign. From (4.2.5), on noting
that k£ <0, we have

“4.2.7) /2 > ( fx - dt) K( 1—q)/q.
a

Thus, (4.2.1) is again valid for all k, p, ¢ such that p <0,k <0<¢g <1,
p+q>0,if u' does not change sign.

Finally, we note that the equality conditions follow precisely as in Theorem
3.1

Although we shall not discuss (4.2.1) further, we now consider some
corollaries of (4.2.2) in Theorem 4.1 and (3.2.4) in Theorem 3.1, obtained by
taking ¢ =1 or s=0 in these theorems.

COROLLARY 4.1. Suppose that the boundary value problem (3.2.1) has
a solution y(x) such that y(x)=[Xy'dt with y' >0 on (a, b) (and y(b) <
o jf k<O0). Finally, let u be any locally absolutely continuous function on
(a, b), with u(x)= Y u'dt, such that [Eriu'Fdx<eo (and lu(®)l <o if
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k <0). Then
K,
(fa i Iulplu'ldx) C+D | 1/ + D)/ e+ DE-1 f:slul"dx
428 )
@29 <c'f_1 \Ke+ne-1 f”,lu'lk dx,
p+1 e

valid for p >0,k > 1, where C is defined in (3.2.1c). If , in addition, u'
does not change sign on (a, b), then (4.2.8) is still valid for all p, k such that
either p>0,k<0 or -1<p<0,k>1.

Equality holds in (4.2.8) if and only if u=k,y.

PrROOF. By setting g =1 in (3.2.4) of Theorem 3.1, and (4.2.2) of
Theorem 4.1 respectively, we arrive at this corollary.

COROLLARY 4 .2. Suppose that the boundary value problem (3.2.1) with
$ =0 has a solution y(x) satisfying all the hypotheses listed in Theorem 3.1.
Let w, W,R and u be as in Theorem 3.1. Then

b ' k/(p+q) q \kw+a) _ b 4
(4.29) (fa WiulP lu' |9 dx) <(p +q) c faRlul dx,

valid for all p, q, k such that p> 0,k > q = 1, where C is defined in
(3.2.1c). If, in addition, u' does not change sign on (a, b), then (4.2.9) is
also valid for all p, q, k such that either p <0,k<q<0,0or p<0,k>gq,
0<gq<1l,p+qg>0,0r p>0,k<0<q<1,provided |u®)l <o in the
latter case.

Equality holds in (4.2.9) if and only if

u=k,y (k, a constant),

(4.2.10)
w=k,(')"!  (k, >0, a constant) (q # 1),

or u=ky,if q=1.

PROOF. Setting s =0 in Theorem 3.1 and Theorem 4.1, then (4.2.9)
follows from (3.2.4) and (4.2.2) respectively. Also, (4.2.10) is a direct consequence
of (3.2.5). We note that the assumption y(b) <o incase k<0<g<1 is
retained here, so that y is still admissible in this case.

REMARK 4.1. It is worth noting that (4.2.9) allows pg < 0; this is a con-
sequence of Theorem 4.1. Also, new examples may be obtained from (4.2.8)
and (4.2.9); the latter provides generalizations of the inequalities in (2.4.2) and
(2.4.3). For example, for suitable choices of W, R in (4.2.9) one obtains:
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(f ) ALY dx)"/ ero
a

@42.11) k-alars
<(p 14) P00 - "k ax,
and
(f:lulplu'lq dx)k/(p+q)
q 1—-(kp/(p+q)) k-q)/(p+q)
(42.12) <( ) ¢-o
p+aq

. f:(x - a)P(k—l)/(P+q)|u'|k dx.

The conditions on the admissible functions # and the parameters p, q, K in both
(4.2.11) and (4.2.12) are the same as those stated in Corollary 4.2. Equality holds
in (4.2.11) if and only if u = k,(x — a); while equality holds in (4.2.12) if and
only if u=Fk,(x- a)?/®+9) When k=p +q, (4.2.11) and (4.2.12) reduce to
(2.4.2) and (2.4.3) respectively.

4.3. A reversed inequality (p > 0,0 <k <q <1). We are now going to
deal with inequality (3.2.4) with the inequality sign reversed. We only deal with
the case u(@) =0. The hypotheses at the beginning of §3.2 are unchanged except
that instead of (3.2.1) we use the following differential boundary value problem:

@) ¢O0")k-/ay 4 gyk-a =g

() lim r@/y)*D/apE)k/a =0,
x—a+

43.1) lim O EDyx) =C (0<C< ),
©}tim yx)=D <o,

x—>b—

@ f : sy dx < oo,

THEOREM 4.2. Let p> 0,0 <k <gq < 1, and suppose that the boundary
value problem (4.3.1) has a solution y such that y(x)=[¥y'dt with y'>0
on (a, b). Let w be any positive and measurable function on (a, b) such
that [*w™'drt <o Let W,R and S be defined as in Theorem 3.1. Finally,
let u be any locally absolutely continuous function on (a, b) with u(x)=
S5 u' dt, where u' does not change sign on (a, b), such that [ Slul* dx < oo
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and f® WiulP'|? dx < eo. Then
b b
JORW N ax < [Sul* ax
a a

(43.2) +(p +q ) K/ +q)c(f WP ' dx)k/(pm,
q a

where C is defined in (4.3.1c).
Equality holds in (4.3.2) if and only if

u=ky (k, a constan?),
w=k,()' (k, >0, a constant) (q# 1),

(43.3)

or u=ky if q=1.

ProoF. For p > 0, by using Htlder’s inequality, with indices ¢ and
q/(q — 1) we have, for 0<¢g<1,

x ’
f u dt
a
x plaf rx p(a—-1)/q
> q—1y,,'19 —1
(L w1 dt) (faw dt) ,
that is,

x _, . \p(1-a)/q X i pla
434 (fa”’ dt) Iulp>(faw" |u|"dt) .

(We note that the inequality (4.3.4) is also valid for p > 0, and g = 1, with
equality holding in this case.) Let z(x) = X w9™'lu'| dt, which is well defined
by (4.3.4); then from (4.3.4) we have

o

P =

(4.35) ) ® WP 19 dx >[°wa=tui'1e 2219 ax,
a a
and, for k/p >0,
b b
(4.3.6) _[ Siul* dx >f sz*/a gx,
a a

Now from (1.7), with p replaced by k/q, we have, for 0 <k/q <1, and
a<a<pg<byp,

L @u)e + (& - ava) G-/ EB + k)G, dx
437 .
< k/g)GQ, ) | -

Equality holds in (4.3.7) if and only if (3.2.8) is satisfied.
Now the proof of (4.3.2) can be completed by setting
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v= g_ E_-'-_q. k/(p'Hl) fxuﬂ-l |u'|qu/q dt k/(P"'Q) = (q/k)z"/q,
k q a

0=r*¥@0/a? G =yrh)

in (4.3.7), on noting (4.3.5), (4.3.6), together with (3.2.2) and the first of
(43.1c).
The equality clause follows from (4.3.1b,d), and the second of (4.3.1c). (We
also note that (4.3.1d) and the second of (4.3.1c) assure the admissibility of y.)
EXaMPLE 4.1. Let a<1,and —<g <b <o, and set r(x) =
(x - a)“(k"")/ 9 s=0. We see that (4.3.1) has a solution y(x) =
(1-a)'(x-a)'~* withC=(1 —a)(""’)/"(b —a)(“"”(""')/q in (4.3.1c). Now
we set w(x) =(x —a)®. All hypotheses of Theorem 4.2 are satisfied. Thus, by
(4.3.2) we have

(fb(x - g)@- +a)-p)/a Py’ |9 dx) k/(p+a)
a

4.3.10

(4310 sS4 _\¥e+D , _ a-ak-a)/a

(b-a)
ptq

x (1 — @)=kt +p)/(p+q)fb & = =Dk gx,
a
valid for any u such that u(x) = [ u' dt with u' of one sign on (a, b), and
f b x- a)(q—l)(a(pﬂ)—p)/q [ulP ' dx < s,
a

and for all p, q, k such that p> 0,0 <k <q < 1. Equality holds in (4.3.10)
ifand only if u=k,(x —a)'™.

4.4. The sharpness of the inequality (4.3.2) when y is not admissible. By
setting w=(»')"! in (4.3.2), we have

(f: PU=Dlag)y P dx) Hora

@4.1) + @l + M@+ [Pk -0 aplk g

> @@/p + q)/+ICc! fa ® )= ek g,

We want to state the conditions under which the constant (g/(p +¢))¥/®+9c1
is the best possible when the left side of (4.4.1) is unchanged. Now, instead
of (4.3.1), we consider the following differential boundary value problem
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@) (¢)FD/ay 4 gk-a/a =g
®) lim r(/y) <Dk <o,

x—+a+

(442) lim /&0 =c 0<C<eo),
x—=b-

()
lim y(x)=D <eo,
x->b—

@@ fabsy"/‘? dx = oo,

We assume that (4.4.2) has a solution y(x) = X y'dr with »'(x)>0 on

(a, b). Note that (4.4.2b) is much weaker than the corresponding condition

(4.3.1b), and that (4.4.2d) states that y is not admissible. The proof of

sharpness in this case is omitted, but is similar to that given following (3.3.3).
ExaMPLE4.2. Let > 0,p>0,0<k <g=1,andset r(x)=

(x —a)f~17%e g(x) = o (x —a)"'7**. Then we see that (4.4.2) has a solution

y=(x-a)* on (@ b) (-»<a<b<),with C=a*"1(b-a)™*® in

(4.4.2c). By (4.4.1) we have

b ) k/(p+1) 1 \x/(p+1) b
p <___ " _-1-k
(fa [ufP '] dx) + " 1) a(b - a) °‘fa (x —ay 1Rk gy

(4.4.3) 1 k/(p+1 b
> o /e )al—k(b - a)ka ) (x - a)k—l—kalu'lk dx,

valid for any u such that u(x)= (X u' dt with u' of one sign on (a, b),

b b
fa [ulPlu') dx <o and fa (x —a)y ¢y l* dx < oo,

Equality holds in (4.4.3) if and only if u=0. The constant on the right side
of (4.4.3) is the best possible.

4.5. Comparison of results. The inequalities in the theorems of the
previous chapter and this chapter are new. Special cases of these inequalities
were considered by other authors.

In 2.5, we already compared the results in Chapter 2 with those of Boyd
and Wong [11], Beesack and Das [9], and Boyd [12]. The latter paper was
written from a functional analytic point of view. Since our unifying method
is elementary, it may be of interest to know to what extent the result in
Theorem 3.1 is comparable with that in the main theorem of [12]. The latter
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theorem of Boyd was already quoted in 2.5. It is clear that these theorems
can only be compared when s =0 in Theorem 3.1.

We first note that when s =0 the inequality (3.3.2)—the sharp form of
(3.2.4)—reduces to

(f: L T dx)
45.1)

q k/(p+a) _, (P nk(1—q)/qy, 1k
<(p ) ¢, 10y it ax

k/(p+q)

+q
with equality if and only if u = k,y, where y is a solution of the following
boundary value problem

@ [FoH*D/a) =0,

®) lim ,-(y'/y)(k—q)/qyk/q =0,
x-=>a+

Jim )& =c 0<C<x),
(4.5.2) (c) [,(y /y)(k—q)/q - Cly*/a =

@ ro'ly)*/ "(f /-0 d)"‘""’/ “=001) &8 x—at,

© [ :r(y')"/q dx < oo,
In order to compare (4.5.1) and (4.5.2) with Boyd’s main theorem in [12], we
assume that r is positive and measurable on (a, b) with J2r9/%=2) dx < o,
(In view of the next sentence, we see that this is also a necessary and sufficient
condition for (4.5.2) to have an admissible solution.) From (4.5.2a) we have
y=AfrF ~a/(k=4) gy, for some constant A. Checking through (4.5.2b—e), we
see that y=J% =9/~ gt isa solution of (4.5.2) with C=(/2r %/ (k=a)gx)@-k)a
in (4.5.2c). Now letting p > 0,k > q =1 (this is one of the sets of values of
k, p, q in Theorem 3.1), from (4.5.1) we have

(% ~alt-a) g\ O a -1 -y g )PP
\Ja7 dt lulP 'l d

(4.53) <( z )k/(P+Q)(fbr_q/(k_q) dx)(k-‘l)/q
p+q a

x f" RICSV(CNE
a

with equality if and only if u = k, % r9/(*=9) gy, for any constant k,.
Now for the sake of convenience we write down Boyd’s inequality and
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the boundary value problem (P) as follows (see (2.5.8)):

b k/(p+ k k/(p+ b
@54 ([Ps P ax) 70O < (L) OOt Oy it ax,
a ptgq a
with equality if and only if u = k,y, where y is a solution of the boundary
value problem

(1) N, 0% = gs PO +pspP )T =0,
P )] xlgr; +J’(x) =0, B-IPD— Ner, Yt = gs P71 =0,
3) f:r,(y')" dx =1.

We note that in [12], (4.5.4) was proved to be valid for all p, g, k such that
p>0, 0<q<k k>1.
Now if we set 7, = ra(k=1)/(k=q) anq

s, = (f" ~a/(k=a) d,)"““”/",q(q—n/(k—q),

then one can verify that (P) has a solution

b —1/k rx
= ~q/(k—q) ~q/(k-q)
y(x) (L ¥ dx) f T dt,
with

’

k—-q)/(k
A= (Q/k)(f:r'q/(k-q) dx>(P+q)( q)/( @

and with r,, s, so defined the inequality (4.5.4) is equivalent to (4.5.3). We
note, however, that our hypotheses are slightly weaker than Boyd’s since he re-
quired that both », and s, arein C'(a, b). On the other hand, Boyd’s
theorem gives (4.5.3) for the broader range of values p>0,0<q <k, k> 1
of the parameters p, g, k, compared to our range p > 0,1 <gq <k

Finally let us notice that in this special case, both boundary value problems
(4.5.2) and (P) are trivial in the sense that they can be solved explicitly in terms
of the function r. The inequality so obtained is the same inequality, that is
(4.5.3), which contains Opial’s inequality as a special case, as can be seen by
setting p=q=1,k=2,r=1,a=0 in (4.5.3). Also, the inequality (4.5.3),
with ¢ =1,k =p + 1> 1, was obtained by Calvert in [14, p. 73] ; the latter
inequality generalized a result of Beesack in [6] who had considered the case
p =1, as stated in [14, p. 73].

In [14], some reversed inequalities were also given, but these inequalities
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are quite different from ours in 4.3 and 4.4. In any case, reversed inequalities
of Opial type were handled in [9] systematically; these inequalities are also -
different from ours. They are, in fact, reversed inequalities of those in our
Chapter 2, although the methods used are quite different. We have (so far)
been unable to obtain reversed inequalities of those in Chapter 2 by the methods
used in the last two chapters.

Another theme in the previous chapter is the generalization of Hardy’s
inequality for integrals in 3.4. Neither in [11] nor in [12] were the authors able
to handle those cases where the solution of a certain boundary value problem
fails to be admissible; and this is the case when Hardy’s inequality is concerned.
For an extensive bibliography related to this and similar results see [8]. In
particular, our results are closely related to those in [5], [9], as well as [12].
As pointed out in 3.4, when k=p +q,g=1,and C=0 in (3.2.1c), the
corresponding modified boundary value problem was handled in [5] very
thoroughly. On the other hand, if we set s =0, kK = p + g, the examples so
obtained (see Remark 4.1) were essentially considered in [9]. As we noted be-
fore (in 2.5) the results in [9] were obtained without reference to any differential
boundary value problem.
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