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A GENERALIZED CEBYSEV FUNCTIONAL
FOR THE RIEMANN-STIELTJES INTEGRAL

S. S. DRAGOMIR

(Communicated by I. Peri¢)

Abstract. Sharp bounds for a generalised CebySev functional for the Riemann-Stieltjes integral
are given.

1. Introduction

For two Lebesgue integrable functions f,g : [a,h] — R, consider the Cebysev func-
tional:

1 b 1 b b
C(f,g):= b_a/a f(t)g(t)dt — (b—a)2/a f(t)dt/a g(t)dr. (1)
In 1935, Griiss [19] showed that
C8)l < 3 (M—m) (N =), @

provided that there exist the real numbers m,M,n,N such that
m< f(t)<M and n<g(t)<N forae.r€[a,b]. 3)

The constant ‘l‘ is best possible in (1) in the sense that it cannot be replaced by a smaller
quantity.

Another, however less known result, even though it was obtained by Cebygev in
1882, [5], states that

1
(.l < 171 1¢]l.. (b -y, “)

provided that f’,¢" exist and are continuous on [a,b] and ||f'|l.. = supcqp [/ ()]
The constant ﬁ cannot be improved in the general case.

The Ceby3ev inequality (4) also holds if f,g : [a,b] — R are assumed to be abso-
lutely continuous and f",g" € L. [a,b] while ||f'||.. = ess sup,ef ) [/ (£)]
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A mixture between Griiss’ result (2) and Ceby§ev’s one (4) is the following in-
equality obtained by Ostrowski in 1970, [25]:

IC(f,8)| < (b a)(M—m)||¢... (5)

provided that f is Lebesgue integrable and satisfies (3) while g is absolutely continuous
and g’ € L. [a,b]. The constant % is best possible in (5).

The case of Euclidean norms of the derivative was considered by A. Lupas in [22]
in which he proved that

C(f.8) 7N llg'll> B =a) (6)

< b

provided that f,g are absolutely continuous and f’,g’ € L, [a,b]. The constant % is
the best possible.
Recently, P. Cerone and S. S. Dragomir [3] have proved the following results:

1 b 1 b
ctral<intle— vy 5 ([ lro- 52, [ roa

Wherep>1and%+$:10rp:1 and ¢ = oo, and

PN
dr), (7)

<inf ||g — .
IC(f,8)l ;gRIIg 7l €SS sup )

t€[ah

ba/f

provided that f € L, [a,b] and g € L, [a,b] (p > 1, Il—,—l—ézl; p=1,g=oor p=co,

qg=1).
Notice that for g = oo, p =1 in (7) we obtain

< ntlle— 5 [ o5 [roala o
1 b 1 b
el s [ 5 [ roras]a
and if g satisfies (3), then
1 b
C(rol<int e~ 5= [ 10— 5= [ r@asjar o)

n+N 1 b 1 b
< |le— . _
\Hg 3 Hw b—a/a b—a/a f(s)ds|dt

<Lovow l/b S /bf(s)dsdt
=2 b—al, b—al,

The inequality between the first and the last term in (10) has been obtained by Cheng
and Sun in [6]. However, the sharpness of the constant 5 , a generalization for the
abstract Lebesgue integral and the discrete version of it have been obtained in [4].
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For other recent results on the Griiss inequality, see [20], [24] and [26] and the
references therein.

Consider the following Cebysev functional for the Riemann-Stieltjes integral [27,
p. 219]

T (f,giu) = / £6)g()du(r) (11)

_m/a fmd“(t)'mzlbg(t)du(t)

where f,g are continuous on [a,b] and u is of bounded variation on [a,b] with u (b) #

u(a).
The following result that provides sharp bounds for the Cebysev functional defined
above was obtained in [12].

THEOREM 1. Let f,g: [a,b] — R be continuous on |a,b] and u : [a,b] — R with
u(a) # u(b). Assume also that there exist the real constants v,T such that

y< f(t)<T foreacht € |a,b]. (12)
a) If u is of bounded variation on [a,b], then we have the inequality

T (f.&:u) (13)
_ b
o | e [ e )| Vo,

< —

"2 |u(b) ~u(a)l
where \/® (u) denotes the total variation of u in [a,b]. The constant L is sharp,
in the sense that it cannot be replaced by a smaller quantity.

b) If u:[a,b] — R is monotonic nondecreasing on [a,b|, then one has the inequal-

ity:
T (f,8:0) (14)
171" 14 ’ S ’ s)du (s

<3 a= u<>/ 2 (1) u(m_u(a)/ag“d (s)

The constant % is sharp.

du(r).

¢) Assume that f,g : [a,b] — R are Riemann integrable functions on [a,b] and f
satisfies the condition (12). If u : [a,b] — R is Lipschitzian with the constant L,
then we have the inequality

T (f gu )I 15)

1
/g Ydu (s

The constant % is best possible in (15).
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We observe that if u (1) =¢, then from (13) we get

\C(f,g)\éé(F 7) Hg——/ g(s

while from (14) and (15) we recapture the inequality between the first and last term in
(10).
For some recent inequalities for Riemann-Stieltjes integral see [8]-[13] and [21].
Motivated by the above results we consider here a more general CebySev func-
tional depending on four functions and defined as

(f,g7h'u) (16)

a0 a0

- /g dult): u(a)/af()h()du(),

provided that all the Riemann-Stieltjes integrals incorporated in (16) exist and u (b) #
u(a). That happens, for instance, when u : [a,b] — C is of bounded variation and
f,&,h : [a,b] — C are continuous on [a,b].

The functional T (f,g,h;u) can be written in a determinant form as

T(f.g.hiu) (a7)
e ST du )t 128 (1) du )

= det
s 2P O R du(e) o [ (1) 8 (1) du (o)
We remark thatif (1) =1(z) =1 forall ¢ € [a,b] thenwe get T (f,g, 1;u) =T (f,g;u).
By (17) we then have the determinant form of T (f,g;u) as
T(f,g:u) (18)
1 e I8 (1) du (1)

=det
b b
s L O du(0) i 12 (08 (0)du(r)
We also observe that if ¢ denotes the identity mapping on [a,b], i.e. e(t) =1, t € [a,b]
then by choosing u = ¢ in (18) we have T (f,g;¢) =C(f,g).
In this paper we establish some sharp bounds for the magnitude of the functional
T (f,g,h;u) under various assumptions for the functions involved.

2. The results

Now, for 7,T € C and [a, b] an interval of real numbers, define the sets of complex-
valued functions

U[mb] (y,T) := {f: [a,b] — C|Re [(F—f(t)) (m—)_/)} >0 foreach 1 € [a7b]}
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and

vr

_ 1
Apap) (1, T) = {f: [a,b] — C| ‘f(t)— 5 < §|F—y\ foreach r € [a,b]}.

The following representation result may be stated.

PROPOSITION 1. For any y,I' € C, v # T, we have that U[a’b] (v,T) and

A_[mb] (v,T) are nonempty, convex and closed sets and

Ulap) (1:T) = Ay (1,T). (19)

For some related ideas, see [7].
On making use of the complex numbers field properties we can also state that:

COROLLARY 1. Forany vy,I' € C, y#T, we have that

Ulap) (v,T) = {f : [a,b] = C| (ReT' —Re f (1)) (Re f (1) ~Rey) (20)
+(ImIT—Imf (r)) (Imf (¢) —Imy) >0 foreacht € [a,b]}.

Now, if we assume that Re (T') > Re (y) and Im (T') > Im (), then we can define
the following set of functions as well:

Stas) (1,T) :={f :[a,b] = C|Re (T) > Ref (1) >Re () @D
and
Im (I') > Im f(¢) > Im (y) for each ¢ € [a,b]}.
One can easily observe that S [a,] (7,T) is closed, convex and
0% Sjap) (v.T) S Upp (1.1). (22)
The following result can be stated.

THEOREM 2. Assume that u : [a,b] — C with u(b) # u(a) and f,g,h: [a,b] —
C are such that the Riemann-Stieltjes integrals in the definition of T (f,g,h;u) exist.
Assume also that there exist the complex numbers y,T", v # T, such that

f €U (1,T). (23)

i) If u is of bounded variation on |a,b], then we have the inequality

1 b 1
T(f,g,hu)|<=|'— u
T (f,g hu)l 2\ Yl\a/( )|M(b)_u(a)|2

g(1) h{(t)
x sup |det

relab) JPg(s)ydu(s) [Ph(s)du(s)

(24)
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b

2
1
<5IP-v [\M/w)] T

X sup
(t,5)%€la,b)?

(=N
aQ
—
1
o
—
~
~—
= —

The constant % is sharp in the first inequality.

ii) If u: [a,b] — R is monotonic nondecreasing on [a,b], then

1
T(f,g,hu)| <z F—y| —— (25)
U] < 510
g(1) h{(1)
x/b det{ ] du(t)
‘ I7g(s)du(s) [7h(s)du(s)
1 1
<5I=
M atar
(t) h(r)
xt/h/%(bt[g ] du(s) du (1)
@ g(s) h(s)
V2 1
<Xir-
2 ) —utar
PlePau) 2 (s0r®) ]\
x | det
12 (s@n (o)) duley — [21h(0)P du(s)
The multiplicative constant % in the first inequality is best possible.
iii) If u is Lipschitzian with the constant L > 0, then we have the inequality
1 L
T(f,g,hu)|<z|l'—y]——— 26
T g < 5 0= Y s 26)
g(7) h(1)
x/bda[ ] dr
‘ JZg@)dut) [7h(t)du(r)
L2

1
<-T—
2| Yl

L

[u(b) —u(a)]?

[gﬁ)h01
det dsdt
g(s) h(s)
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2 L?

V2 rop—

[u(b) —u(a)]

[le@ P f2(g0)h())dr

x | det

12 (s@n)ar— J2Ir@)Par
The constant % in the first inequality is sharp.

REMARK 1. We notice that the above Theorem 2 not only provides a generaliza-
tion of Theorem 1 but also an extension of that result to the complex valued functions.

Perhaps simpler, however coarser bounds for the magnitude of T (f,g,h;u) can
be provided if some connection between the other two functions g and & are known.

COROLLARY 2. Assume that u: [a,b] — C with u(b) #u(a) and f,g,h: [a,b] —
C are such that the Riemann-Stieltjes integrals in the definition of T (f,g,h;u) exist.
Assume also that there exist the complex numbers y,I" such that (23) holds true.

a) Let u:[a,b] — R be monotonic nondecreasing and g,h: [a,b] — C be continuous
on la,b]. If there exist the complex constants @ and ® such that either

e [(@h(t) () (s0) - 9h(0)) | > 0foranyrefap] @7
or, equivalently,

o+ @

- 23200 < Jo- ol pramyiclatl, @)

holds, then we have

T (f 8 hu)| < %\F Y|P - <p\ /lh ) *du(r). (29)

aa) Let u: [a,b] — C be Lipschitzian with the constant L >0 and g,h : [a,b] — C
be continuous on |a,b]. If there exist the complex constants @ and ® such that
either (27) or (28) hold true, then

Tl < o O /|h . GO

For some similar results see [18].

REMARK 2. The above Corollary 2 can be then used to provide simpler bounds
for the functional T (-,-;-) as follows:
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b) Let u:[a,b] — R be monotonic nondecreasing and g, % : [a,b] — C be continuous
on [a,b]. If there exist the complex constants A and A such that either

Re [(A—g(t)) (M—Iﬂ >0 forany f € [a,b] 31)
or, equivalently,
g(t)—l%l\h()‘gém—/lforanyte[mb}, (32)
holds, then we have
_ V2| —y[A—2|
T (f8:u)| < T b —ula) (33)

bb) Let u : [a,b] — C be Lipschitzian with the constant L >0 and g : [a,b] — C
be continuous on [a,b]. If there exist the complex constants A and A such that
either (31) or (32) hold true, then

(] < Y2 T —7lIA- Aﬁ 34
3. Proofs
We observe that the following identity of interest holds:
[ (b) —u(@)]’ T (f,g,h;u) (35)
=/ubhmdu(t)-/ubf<r>g<r>du<r>—/ubg<r>du<t>-Lbf<t>h ) du(t
_ / 1) det €0 " du (1)

Ji 8 (s)du(s) [ h(s)du(s)

foreach n € C.
We notice that (35) is a generalization of Sonin’s identity that holds for u () =1,
€ la,b], see for instance [23, p. 246].
i) It is well known that if the Riemann-Stieltjes integral ff p(t)dv(t) exists, p:
[a,b] — C is bounded and v : [a,h] — C is of bounded variation, then we have the
inequality [2]

b
[r@ao|< s b \\/ (36)
a tela
Taking the modulus in (35) and utilizing (36) we get
ju(b) —u(@)]*|T (f,g,h:u)| (37)
b g () h{(1)
=[O -mae du(1)

J7 8 (s)du(s) [ h(s)du(s)
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g(r) ht)
< sup |(f(r) —n)det
t€a,b] f:g () du(s) fub h(s)du(s)

g(1) ht)
< sup [f (1) —n| sup |det
r€la,b] r€fab] 1P g(s)du(s) [Ph(s)du(s)

Since f € Up,yp (7,T), then

Ty

1
3 < 3 T — | foreachr € [a,b]. (38)

|f<r>

Utilizing (37) for n = &21" and (38) we deduce the first inequality in (24). The rest is
obvious.

We observe that for i (t) =1, t € [a,b] and f areal function bounded below by y
and above by T', we recapture from the first part of (24) the inequality (13) obtained in
[12] whose multiplicative constant % is best possible. This fact implies that the constant

% in the first inequality is also best possible.

ii) It is well known that if the Riemann-Stieltjes integrals ff p(t)dv(t),

/i : |p(t)|dv(t) existand v : [a,b] — R is monotonic nondecreasing, then we have the
inequality

b b
| rwao|< [0l (39)

For instance, when p is continuous and v is monotonic nondecreasing then (39) holds
true.

Taking the modulus in (35) and utilizing (39) we get

(u(b) —u(a))*|T (f.gh;u)| (40)
, 0 ) T
[ O - 0
“ [P g (s)du(s) [2n(s)du(s)
, T g0 ) T
< [ | -mae du (1)
“ | [P g(s)du(s) [2h(s)du(s)
) 2 (1) hr)
~ [1ro-nijdec| ) du(r),
“ [P g(s)du(s) [2n(s)du(s)

which, by (38), produces the first inequality in (25).

The sharpness of this inequality follows from (14) which is a particular case of
(25).
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Further on, observe that

[ 8(t) H g(t) h(r)
det du(s)
JZ g(s)du(s) [7h(s [ g(s) h(s)
[g(1) h(t)]
</b det ’ du(s),
¢ [g(s) h(s) |

which, by integration on [a,b] over the monotonic nondecreasing integrator u, pro-
duces the second part of (25).

Now, on utilizing the Cauchy-Bunyakovsky-Schwarz’s double integral inequality
for the Riemann-Stieltjes integral with monotonic nondecreasing integrators, namely

b b 2
i / h(t,5)m (t,s)du(t)du(s) @41)

</ah/ah\h(t,s)\zdu(t)du(s)/ab/ab|m(t,s)|2du(t)du(s)

where h,m : [a,b]2 — C are continuous, then we have

1 b b
[u(b)—u(a)]z/a /a
g(r) h(r)

) Lu(b)lum)f /ah/ah det[ ]

Since

det du(s)du(t) (42)

and
/ ’ / g O 1 (5) Pl (5) i 1) = / ' / e ()2 I 0) P (5) 1)

= [ 180 Paut) [ moP aut)
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and
[ [ Re [(s0n () GORO] auts)aute
= [ [re [(g@m) (26 W)]dws)du(t)
~Re [ [ (s0i@)auts [ (g<s>®)du<s>]
b L 2
= | [ (¢i®) (o)
then
- {gm h<r>]2
/ / det dut(s) du () 43)
o Ja |7 L g(s) nis)

[ (@) aute

e @Pdut) 2 (s)h(@))dulr)
=2det .

=2 [/ﬂgm2du(r>/ab|h<t>|2du<r>—

T

12 (e @h(0))dutey — J2 ()P dutr)

Making use of (42) and (43) we obtain the last part of (25).

We notice that (43) is a complex Riemann-Stieltjes integral version of Andréief’s
identity for n = 2, see for instance [27, p. 201].

iii) It is well known that if p: [a,b] — C is Riemann integrable and v : [a,b] — C is
Lipschitzian with the constant L > 0, then the Riemann-Stieltjes integral fab p(t)dv(r)
exists and we have the inequality

b b
[ roavo| <t [Cp@]a. (44)
Taking the modulus in (35) and utilizing (44) we get
ju(b) = u(@)]*|T (f.g,h:u)] 45)
b g(t) h(t)
- [ to-mae| ) du((1)
¢ Ja g(s)du(s) [, h(s)du(s)
b [ g (1) h(t) ]
<L |(r@-mdet dr
¢ J2g(s)du(s) [2h(s)du(s)
b [ g(t) h(t) ]
_L/ £ (1) — 7| |det dr.
¢ J2g(s)ydu(s) [2h(s)du(s)
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Utilizing (38) and (45) we deduce the first inequality (26).

The second part follows from a similar argument to the one in the second part of
the statement ii) by choosing u (¢) = ¢ and the details are omitted.

We observe that for 4 (¢) = 1, 7 € [a,b] we recapture from the first inequality in
(26) the inequality (15) which is sharp.

Now, in order to prove the statements a) and aa) we need the following result that
is of interest in its turn.

LEMMA 1. Let u:[a,b] — R be a function of bounded variation and g,h : [a,b] —
C be continuous on [a,b). If there exist the complex constants @ and ® such that

[Pt [“re [@n)~g@) (s - 9h )| au >0, w0
then we have

[ g @Pduty 7 (s()h())du(r)
det (47)

12 (@ (o)) duley — [210(0)P du(s)

< Lo gp [/fh(r)ﬁdu(t)r.

The constant % in (47) is best possible.

Proof. Consider the quantities

kimre{[o /\h )Rau(e) /(gmm)dum}
[/ (¢R@) au) -7 [ o) Fauto H

and

K = / " (o) Pau ) / "Re [(@h (1)~ g () (3G~ @R () | du(r).

We have by simple calculation that

/\h )2 du () Re d)/ )du(t +(p/ (z)]
[ (s0i@) auts

. [ /ahh(t)|2du(t)} Re (07)
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and

K = /\h )2 Re q>/ ) duli +<p/ ]
/|g VP dulr /|h VPdu(r) [/h )P du(r }RedD(p)

which produces the equality of interest

2
K-k = [ gPaut) [ In(o)Pau(r) - |/" (sAW)aut|  ws)
e @Pdut) 2 (s()h(@))dulr)
= det .
12 (s@n @) duey  [21h(0)P du(t)
Since, by (46), we have K, > 0, then it follows from (48) that
(49)

{ 121 () du (1) f:(go)h(t))du(t)]
det
fb

(@) dut) 20O du(r)

<re{o /|h P o)~ [ (ehT) auto)
xl/ (p/ (1) P du(t ]
:Re{<CI)/ \ht|dut—/ gt)W)mm)
x(/ (p/ (1) du (¢ )

On utilizing the elementary inequality for complex numbers

1
Re (uv) < Z|u+v\2,u,v6(C

Re{(d)/bh ()2 du (1) —/b ¢ t)m)du(z))
><</ (p/ (1) Pdu (i )}
< jlo—gf [/ () du<>}

we have
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which together with (49) produces the desired result (47). [J

The following particular case is of interest since it provides a reverse inequality
for the Cauchy-Bunyakovsky-Schwarz’s integral inequality for the Riemann-Stieltjes
integral with monotonic nondecreasing integrators:

COROLLARY 3. Let u:[a,b] — R be monotonic nondecreasing and g,h : [a,b] —
C be continuous on [a,b]. If there exist the complex constants @ and @ such that either

Re [(@h (1) —g(1) (m— oh (t))} >0 forany 1€ [a,b] (50)
or, equivalently,

(O] 1
£ - 25200 < S0 ol )] forany reladl, 5D

holds, then we have

g @Pduy 7 (s()h(@)) dutr)
0 < det (52)

12 (@) dutey — [21h(0)P dus)
2
<jloof | [P a]

The constant % in (52) is best possible.
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