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FEJER-TYPE INEQUALITIES (II)

K.-L. TSENG, SHIOW-RU HWANG, AND S.S. DRAGOMIR

ABSTRACT. In this paper, we establish some Fejér-type inequalities for convex
functions. They complement the results from the previous recent paper [12].

1. INTRODUCTION

Throughout this paper, let f : [a,b] — R be convex, ¢ : [a,b] — [0,00) be
integrable and symmetric to ‘ZT“’ and define the following functions on [0,1] :

G0 =3 [r(tra-05)4s (e a-n2)):

b
H(t):ﬁ f<tx+(1t)az+b)dx;

a+b

Hg(t)/abf<tx+(1t) )g(x)dm;

1 b
L(t)w_a)/a I (ba+ (1 —t)2) + f (tb+ (1 — t) 2)] da
and ,
Lg(t):%/a [f (ta+ (1= t)2) + f (th+ (1 — 1) 2)] g (2) d.
If f is defined as above, then
(1.1) f<a;b> sbia/abf(mdxsw

is known as the Hermite-Hadamard inequality [1].

For some results which generalize, improve, and extend this famous integral
inequality see [2] — [17].

In [2], Dragomir established the following theorem which refines the first inequal-
ity of (1.1).

Theorem A. Let f, H be defined as above. Then H is convez, increasing on [0, 1],
and for all t € [0,1], we have

a b
wy () -rosnosnw- [ @

In [7], Dragomir, MiloSevi¢ and Séndor established the following inequalities
related to (1.1):
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Theorem B. Let f, H be defined as above. Then:
(1) The following inequality holds

a+3b

(1.3) f(a;b)<bza/%;f(x)dx
1
g/o H (¢) dt
Sé[f(a;b)+bia[lbf(x)dx]-

(2) If f is differentiable on [a,b], then, for allt € [0, 1], we have the inequalities

(1.4) x)dx — H (t)
b
<(1-1 [““) SO f(:c)dx]
and
(1.5 0 LW D) ) @) b —a)

- 2
Theorem C. Let f, H, G be defined as above. Then:

(1) G is convex and increasing on [0,1].

4

(2) We have
. a+b
nt 60 =60 =7 (25"
and
sup G(t) =G (1) = LWESO)
t€[0,1] 2
(3) The following inequality holds for all t € [0,1]:
(1.6) H(t)<G(t).
(4) The following inequality holds:
2 [ 1], (3a+b a+3b
00 L s () <o (5F)
1
d
< /O G (t) dt
1 a+b fla)+ f(b)
(e o]

(5) If f is differentiable on [a,b], then, for allt € [0,1], we have the inequality
(1) osu0-f(5) s -#w,

Theorem D. Let f, H,G, L be defined as above. Then:

(1) L is convex on [0,1].
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(2) We have the inequality:

(1L9) G <Lt _;:t/f Vx4t f()+f()§f(a)+f(b)

for allt €10,1] and

sup L (1) = LD ELO)
t€[0,1] 2

(3) For allt €10,1], we have the inequalities:

H(t)+H(1-t) <L),

H(1-t)<L(t) and 5 <

In [8], Fejér established the following weighted generalization of the Hermite-
Hadamard inequality (1.1).

Theorem E. Let f,g be defined as above. Then

(1.10) f(““’)/ dx</ f(z dx<f(a)+f(b)/abg(x)dx

2
is known as Fejér inequality.

In [14], Yang and Tseng established the following theorem which refines the first
inequality of (1.10) and generalizes Theorem A.

Theorem F. Let f,g,H, be defined as above. Then H, is convex, increasing on
[0,1], and for all t € [0, 1], we have

b b
iy 1 (550 [e@ae =m0 <m0 < 1,0 = [ f@e

In this paper, we establish some Fejér-type inequalities related to the functions
G,H,H,, L, L, and generalize Theorems B — D. They complement the results from
the recent paper [12].

2. MAIN RESULTS

In order to prove our main results, we need the following lemma:

Lemma 1 (see [9]). Let f : [a,b] — R be a convex function and let a < A < C <
D <B<bwithA+ B=C+ D, then

f@O)+fD)<f(A)+f(B).
Now, we are ready to state and prove our results.

Theorem 2. Let f,g,H, be defined as above. Then we have the following Fejér-
type inequalities:
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(1) The following inequality holds:

a+3b

(2.1) f<a;rb>/abg(x)da:§2/h;’ f(x)g(?x—a;rb)dx

315 [ [ rernea]

(2) If f is differentiable on [a,b] and g is bounded on [a,b], then, for all t €
[0,1], we have the inequality

0</f ) dx — H, (t)

a b
(2.2 <1 [f”‘;f(b) o-a- [ f(w)dm] lole.
where ||gll, = sup |g(z)|.
z€la,b]

(3) If f is differentiable on [a,b], then, for allt € [0,1], we have the inequality

b
o< L LE [y o - 1, 1)

L= 1 (@) b-a) /b )0

(2.3) .

Proof. (1) Using simple techniques of integration and the hypothesis of g, we have
the following identities:

(2.4) f(‘”b)/ da:_4/ / (a+b)g(x)dtdx;

=2 GT/OE {f(§+azb>+f<3(a4+b) —;)]g(x)dtd:ﬂ;

“;err(l—t)w) +f(m+(1_t)a;b)]g(x)dtdx

(
+/+/0 {f(t(a+b—x)+(1—t)a;b)

+f(ta—;b—&—(l—t)(a—l—b—x))]g(a:)dtdat;
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2) ;[f(“‘;b) /abg(x>dx+[lbf<x>g(w>dm]
=/aa;b/é [f<m>+f(“+b)}g<x>dtdx
/ /{(a+b>+f(a+bx)]g(:c)dtd:c.

By Lemma 1, the following inequalities hold for all ¢t € [O f] and x € [ “H’}.

(2.8) 4f<“+b>§2{f<;+“+b)+f(wg)}

holds when A = 2—&-““’ C=D= —andB 3(a:b)—%in Lemma 1.
b b b
(2.9) 2f<§+“1 )gf(ta;r +(1—t)x)+f(tx+(1—t)a; )

holds when A = ¢4 + (1—t)z, C =D =2+ and B=tz+ (1—-t) %L in
Lemma 1.

o (20

Sf( (a+b—2)+ (1t)a;b)+f< ath (lt)(aerx))

holds when A =t(a+b—z)+ (1—t) %, C =D = 3(“:b)—%andB:t“T+b+
(1-t)(a+b—2)in Lemma 1.

(2.11) f<t;rb+(1—t)x)+f<tx+(1—t)a;b) < f(z )+f(“+b>

holds WhenA:1'7O:t%rb-ﬁ-(l—t)x,D:tx—k(l—t)agb and B — aTer o
Lemma 1.

(2.12) f(t(a—kb—x)—k(l—t)a;b)—i—f( atd (1—t)(a+b—x)>

+b
gf<“2 ) +fla+b—a)
holds for A = 422, C=t(a+b—az)+(1—-t) 22, D=t + (1 —t) (a+b—x)
and B = a + b — 2 in Lemma 1. Multiplying the inequalities (2.8) — (2.12) by
g () and integrating them over ¢ on [0, %] , over z on [a, “—H’] and using identities

(2.4) — (2.7), we derive (2.1).
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(2) By integration by parts, we have

(2.13) /+ <“;b—x> [f' (a+b—z)— f (2)] do
:/ab(a:—a;_b)f'(a:)dx
_ @i, /f

Using substitution rules for integration and the hypothesis of g, we have the fol-
lowing identities

a+b

(2.14) /f dx—/ T @)+ f(a+b—2) g (x)de

and

a+b

(2.15) Hg(t):/ [f(tx+(1—t)a;b)

a

o (a0 ra-0"5) s

Now, using the convexity of f and the hypothesis of g, the inequality

@ s (tmra-0"50) s

+ [f(a—f—b—x)—f(t(a—kb—m)—k(l—t)a;b)]g(x)

<a-0(o- 50 @

+(1-1) <a;rb—x)f’(a+b—x)g(x)

-0 (5 o) b0 - 7 @la (o)

<0 (5 -a) s o) - 7 @)l
a+b

holds for all ¢t € [0,1] and z € [a, 7} Integrating the above inequalities over x

on [a, %2] and using (2.13) — (2.15) and (1.11), we derive (2.2).
(3) Using the convexity of f, we have

fla)—f(%2) 1 a+b\, . a—b
sy (o) rw=1

f'(a)

and

— f(atb a —a
f<b>2f(2)<§<b— ;b) £ =0

and taking their sum we obtain

f(a) + f(b) a+b\ _ (f'(b)—f'(a)(b—a)
2 f( 2 )S 4 '
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Thus,
(2.16) f(a);f(b)/bg(x)dx—f(a;b> /abg(x)dx

’ / — ' (a —a b
O S @e )/ag(”d”“‘

Finally, (2.3) follows from (1.10), (1.11) and (2.16). This completes the proof. I

Remark 3. Let g(z) = = (v € [a,b]) in Theorem 2. Then Hy(t) = H (t)
(t € [0,1]) and Theorem 2 reduces to Theorem B.

In the following theorems, we point out some inequalities for the functions
H,Hy,G, Ly, Q considered above:

Theorem 4. Let f,g,G, Hy be defined as above. Then we have the following Fejér-
type inequalities:
(1) The following inequality holds for all t € [0, 1]:
b

(2.17) H, (t) <G (t) / g (x)dz.

(2) The following inequality holds:

a+3b
4

2/3%% f(x)g(%—a;rl)) do < % {f(ga:l)) +f(a23bﬂ /abg(x)dx

< (b—a)/OlG(t)g((l—t)a+tb)dt
(2.18) S;{f(a;rb>+f(a);rf(b)]/abg(x)dx.

(3) If f is differentiable on [a,b] and g is bounded on [a,b], then, for all t €
[0,1], we have the inequality
a+b b
219)  0<a,0 -7 (5 [e@ar<o-060 - HO).

where [|gll, = sup |g ()]

z€la,b

Proof. (1) Using simple techniques of integration and the hypothesis of g, we have
that the following identity holds on [0, 1]:

e

4 f(thr(lt)a;b)}g(x)dx.

. . . a+bl.
By Lemma 1, the following inequality holds for all x € [a, %]

(2.20) G(1) /abg (x)dx = /a

(2.21) f(taH—(l—t)a;—b)+f<t(a+b_x)+(1_t)a;—b)

gf(ta—l—(l—t)a;b)—i—f(tb—i—(l—t)a;—b).
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It holds when
b b
A:m+(1—t)a"2F , C:tac—&—(l—t)a; :

b b
0 and B:tb—i—(l—t)a;—
in Lemma 1. Multiplying the inequality (2.21) by g (z), integrating both sides over

z on [a, “t?] and using identities (2.15) and (2.20), we derive (2.17).

(2) As for (1), we have the following identities:

D=t(a+b—z)+(1—1)

a+3b
4

(2.22) 2/ f(@)g <2z _ ; b) dz

; :/GT [f<§+a1b)+f(3(a4+b);)}g(x)dx;

(2.23) ;[f (Sa:b)w(az%ﬂ/:g(x)dx

[T () o
(b—a)/olG(t)g((l—t)a+tb)dt

b—a
2

/llf(ta+(1—t)a;—b)g(twr(l—t)b)dt

+/O;f<ta+(1—t)

1

+/02f(tb—l—(l—t)a+b)g((1—t)a+tb)dt

+/llf(tb+(1—t)a+b>9(ta+(1—t)b)dt]

+b

IS

)g((l—t)a+tb)dt

[\]

[\)

1 2
_/;[f (z;a) +f(2a+2bx>
(2.24) + f(b;x> +f<“+22b_”“°)] g (@) dz:

and

(2.25) ;[f (a;b)+f(a);rf(b)}/abg(x)dx

:/ {Jc(a;tb)+f(a);rf(b)}g(x)dx_

By Lemma 1, the following inequalities hold for all z € [a, GT'H’]

(2.26) f(;+a1b>+f<3(a4+b) ;) §f<3a4+b>+f(a+43b)
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holdswhenA:?’“T'H’,C:%—&—aT'H’,D:W—%andB:%%inLemmal.

(2.27) f (3a: b) < % {f (x;a> +/ (2a+2b—a:ﬂ

holds when A = #£¢ O = D = 32t0 and B = 20E0=2 ip Lemma 1.

(2.28) f (az%) < % {f (b;x> +/ (%Léb_zﬂ

holds when 4 = %% C = D = %43 and B = “+2=% i Lemma 1.

(2:29) P50+ (570 <@ (5
holds when A = a, C = £§% D = 2¢40=2 apd B = %t in Lemma 1.
(2.30) f(b;x)+f(a+22bx>§f(a;b)+f(b)

holds when A = %*b, C = I’J“T””, D = ‘”éﬂ and B = b in Lemma 1. Multiplying

the inequalities (2.26) — (2.30) by g (z), integrating both sides over = on [a, %$?]
and using identities (2.22) — (2.25), we derive (2.18).

(3) By integration by parts, we have
a«gb b b
t/ K:’:a; )f’<tx+(1t)a; )

+ (a;b—x)f’ (t(a—l—b—m)—&-(l—t)a;b)}dx

:t/b(m—a;_b>f' (tm—l—(l—t)a;_b)dx

(2.31) =(b—a)[G(t) - H ().

Now, using the convexity of f and the hypothesis of g, the inequality
a+b a+b
f(era-02) -1 (550 |o@
b b
+ [f (t(a+b—x)+(1—t)‘“2r ) —f<‘“2r >}g(m)
<t<x— a;rb> i (tx+(1—t)a;rb>g(m)

+t<“;bx) f <t(a+bx)+(1t)a+b>g(x)

2
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:t<a;b—x> {f’(t(a—kb—w)—k(l—t)a;b)

f'<t:c+ (1-1) a;b)]g

gt(a;b—x” ((a—i—b— )+(1—t)a+b>
- (ot a-9 ) | lale

holds for all t € [0,1] and z € [ “H’] Integrating the above inequality over z on
[a, “+2] and using (2.31) and (1.11), we derive (2.17). This completes the proof. |

Remark 5. Let g(z) = = (v € [a,b]) in Theorem 4. Then Hy(t) = H ()
(t € [0,1]) and Theorem 4 reduces to Theorem C.

Theorem 6. Let f,g,G,Hy, Ly be defined as above. Then we have the following
results:

(1) Ly is convex on [0,1].
(2) The following inequalities hold for all t € [0,1]:
b
232) GO [ gl@)de<L, (0

b
l—t/f x)dr+t- M/ g (z)dx

WICE0 L oty

and
(2.33) Hy(1-1) < Ly (8);
H H,(1-
(2.34) o (t)+ = =0 1 ).
(3) The following bound is true:

b

(2.35) sup Ly (t) = M/ g (x)dx.
te0,1] 2 a

Proof. (1) It is easily observed from the convexity of f that L, is convex on [0,1].
(2) As for (1) in Theorem 4, we have that the following identity holds on [0, 1]:

a+b
1

(2.36) Lg(t):§/ T fltat (- t)a)+ f(tat(1—1) (atb—a))
+f+A—-t)x)+fb+(1—-t)(a+b—2x))]g(x)dz.

By Lemma 1, the following inequalities hold for all x € [a7 ‘LT“’]

a+b

(2.37) 2f (ta+(1t) > <fla+(A—-t)z)+fta+(1—1t)(a+b—2x))
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holds when A = ta+(1 —t)2,C = D = ta+(1 —t) L2 and B =ta+(1 —t) (a + b — )
in Lemma 1.

(2.38) 2f (tb +(1-1)

“;Lb> < Ftb+ (1=t a)+ f{tb+(1—8)(a+b—u))

holds when A = tb+(1 —t) 2, C = D = tb+(1 — t) “2 and B = th+(1 — t) (a + b — z)
in Lemma 1. Multiplying the inequalities (2.37) — (2.38) by ¢ (x), integrating them
over z on [a, “t?] and using identities (2.20) and (2.36), we derive the first inequal-
ity of (2.32). Using the convexity of f and the inequality (1.10), the last part of

(2.32) holds. Again from the convexity of f, we get
a+b

(2.39) Hg(l—t):/abf<(1—t)a:+t )g(m)daz

b a —1)x —1)x
:/af<t+(12 t) +tb+(12 t) )g(x)dx
< Ly (t)

and (2.33) is proved. From (2.17), (2.32) and (2.33), we get (2.34).
(3) Using (2.32), the inequality (2.35) holds. This completes the proof. I

Remark 7. Let g(x) = — (x € [a,b]) in Theorem 6. Then H,(t) = H (t)
(t€[0,1]), Ly (t) = L(t) ( [ 1]) and Theorem 6 reduces to Theorem D.
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