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SOME GENERALIZATIONS OF FENG QI TYPE INTEGRAL
INEQUALITIES ON TIME SCALES

LI YIN AND VALMIR KRASNIQI

ABSTRACT. In this paper, we provide some new generalizations of Feng Qi type
integral inequalities on time scales by using elementary analytic methods.

1. INTRODUCTION

The following problem has been posed by Qi in [17]: under what conditions does

the inequality
b b p—1
/ fP(x)dx > (/ f(x)dx) (1.1)

holds for p > 17 Later, this problem has been of great interest for many mathe-
maticians. M. Akkouchi proved the following results in [1, p. 124, Theorem C].

Theorem 1.1. Let [a,b] be a closed interval of R and p > 1. For any continuous
function f(x) on [a,b] such that f(a) >0, f'(x) > p, we have that

b s 1 b ptl
/a f (x)dw >W </a f(i[])di[]) . (12)

Then, it has been obtained the g-analogue of the previous result in [8, Proposition
3.5] as follows.

Theorem 1.2. Letp > 1 be a real number and f(x) be a function defined on [a,b],,
such that f(a) > 0,Dqf(z) = p for all x € (a,b]q. Then

b 1 b p+1
/ fp+2(3;)dqx >W (/ f(qa:)dqa:> ) (1.3)

Later, V. Krasniqi and A. S. Shabani obtained some more sufficient conditions to
Qi type h-integral inequalities in [13]. M. R. S. Rahmat got some (g, h)-analogues
of integral inequalities on discrete time scales in [18]. L. Yin, Q. M. Luo and F. Qi
obtained some Qi type inequalities on time scales in [21]. For more results, we refer
the reader to the papers ([2]-[7], [9]-[11], [14]-[15], [19]-[20]). Recently, V. Karasniqi
obtained some generalizations of Qi type inequalities in [12]. His main results are
following two theorems.
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Theorem 1.3. If f is a non-negative increasing function on [a,b] and satisfies

f(x) > (t—=2)(x—a)™3 fort >3, then

b b t=1 b
Af%%%(Lf@m> > 1) [ f@ys (1.4)

Theorem 1.4. Let p > 1. If f is a non-negative increasing function on [a,b] and

p—1
satisfies f'(x) > p (i Z) , then

‘/Wzm————wf )M>wwwﬁm$ (1.5)

The main aim of this paper is to generalize the above results on time scales.

2. NOTATIONS AND LEMMAS

2.1. Notations. A time scale T is an arbitrary nonempty closed subset of the real
numbers R. The forward and backward jump operators o, p : T — T are defined by

o(t)=inf{s e T:s>t},

p(t) =sup{seT:s<t},

where the supremum of the empty set is defined to be the infimum of T. A point
t € T is said to be right-scattered if o(¢) > ¢ and right-dense if o(t) = ¢, and t € T
with ¢ > inf T is said to be left-scattered if p(t) < ¢ and left-dense if p(t) = t.
A function g : T — R is said to be rd(ld)-continuous provided g is continuous
at right(left)-dense points and has finite left(right)-sided limits at left(right)-dense
points in T. The graininess function p (v) for a time scale T is defined by u(t) =
o(t)—t(v(t) = t—p(t)), and for every function f : T — R the notation f7(f”) means
the composition foo(fop). We also need below the set T* which is derived from the
time scale T as follows: If T has a left-scattered maximum m, then T" =T — {m}.
Otherwise, T* = T. Throughout this paper, we make the blanket assumption that
a and b are points in T. Often we assume a < b. We then define the interval [a, b]
in T by [a,blr={t€T:a<t<b}.

For a function f : T — R, the delta(nabla) derivative f2(¢)(fV(t)) at t € T is
defined to be the number (if it exists) such that for all € > 0, there is a neighborhood
U of t with

(@ (1) = f(s) = fAO)(0 () = 5)| <elo (t) — s
(f(p(®) = f(s) = fY(E)(p () = 5)| <elp(t) —sl)

for all s € U. If the delta(nabla) derivative f2(¢)(fV (t)) exits for all t € T, then
we say that f is delta(nabla) differentiable on T. We will make use of the following
product and rules for the derivatives of the product fg and the quotient f/g (where
99°(gg?) # 0) of two delta(nabla) differentiable functions f and g,

(f9)® = f2g+ f79% = fg™ + [29°
(f)¥ =Yg+ 79" = fg¥ + V9"

(2.1)

(2.2)
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([)A _ fg—fe®
g 99°

() -5
g 99°

Note that in the case T = R, we have o(t) = p(t) = t, u(t) = v(t) = 0, fA)(fYV (1)) =
f(t). and in the case T = ¢Z, we have o(t) =t + q,p(t) =t — q, u(t) = v(t) = ¢,

ft+q) = f(t)

Ay
o) = . (2.4)
and
v SO - flt—q)
Y = . (2.5)
If T =q% q > 1, we have o(t) = qt, p(t) = é,u(t) = (¢ — 1),
flgt) = f(t)
fA(t)—W,t#O (2.6)
and
fv(t) _ f(t) _f(t/Q)7t?é0 (27)

=D

A continuous function f : T — R is called pre-differentiable with D, provided
D c T%, T#\D is countable and contains no right-scattered elements of T, and
f is differentiable at each ¢t € D. Let f be rd(ld)-continuous. Then there exists
a function F' which is pre-differentiable with region of differentiation D such that
FA(z) = f(t)(FV(z) = f(t)) holds for all t € D. We define the Cauchy integral by

[ toai=re© - Fo)
b

( / FOVe=Flo) - F0))

where F' is a pre-antiderivative of f and b,¢ € T. The existence theorem [3, p.
27, Theorem 1.74] reads as follows: Every rd(ld)-continuous function has an anti-

derivative. In particular if ¢g € T, then F defined by F(t) = ftto f(n)AT (F(t) =

ftto f(r)V7 | is an antiderivative of f.

If f is delta(nabla) differentiable, then f is continuous and rd(ld)-continuous.
We easily know that

o, p; [7(), (f7(2))", [P (@), (f*(x))" p € N

are rd(ld)-continuous by using property of rd(ld)-continuous function. Thus, all
integrals involving main results of this paper are meaningful.
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2.2. Lemmas. The following lemmas are useful and some of them can be found in
the book [3].

Lemma 2.1. [21, p. 423, Lemma 2.5] Let a,b € T and p > 1. Assume g: T — R is
delta differentiable at t € T* and non-negative, increasing function on [a,bly. Then

pg" ! (2)g% () < (9" () < plg” (2))"~ g% (). (2.9)
Lemma 2.2. [3, p. 28, Theorem 1.76] If f2(x) > 0(fV(x) = 0), then f(x) is

nondecreasing.

Lemma 2.3. [3, p. 5, Theorem 1.75] Assume that f : T — R is rd-continuous at
t € T*. Then

o(t)
/t () AT =F(D)u(). (2.10)

Lemma 2.4. Let a,b € T and p > 1. Assume g : T — R is nabla differentiable at
t € T* and non-negative, increasing function on |a,blr. Then

plg” (@)~ g¥ () < (¢°(2))Y < pg”~(2)g" (x). (2.11)
Proof. Using (2.2), we have
v
(¢*) =(g+9")9g".
So, we easily obtain
(9")" = (gp‘l +g7g (gp)”fl) gv.

by mathematical induction. Considering property of the function g, the proof is
completed. (|

For more discussion on time scales, we refer the reader to [3].

3. MAIN RESULTS

Theorem 3.1. Leta,b€ T andt > 3. Assume f,0: T — R be delta differentiable
at t € T". If f is a non-negative, increasing function on [a, bl and satisfies

F2@) A (@) = (- 2)(f7 (2)) (0% (2) — a)t 30 (x) (3.1)

where o%(z) = o(o(x)). Then

/ab fi(x)Az — </abf(:v)A:v> o

b (3.2)
> 120 [f0) = = D) [ fwas
Proof. Define
- o ([ o)
and g(z) = [ f(u)Au. It is easy to see g (z) = f(z). Using Lemma 2.1, it follows
e FA(@) > f(z) — (t— (" (@) 205 (@)
— [@)Fi(@)

where F(z) = £~} (x) — (t — 1)(g” () 2.
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Using Lemma 2.1 again, we have

Ff @) > (= D) 2 @) f2 (@) = (= )= 2)(g7 (@) f7 ()0 ().

Since f is a non-negative and increasing function, then

2 o (z) 2
= [ a7 @) ) (3.3)
Hence,
F2(x)
> (t= DI 2@) A @) — (= 2)(f7 (2) 727 (1) (03 (2) — a)' 20> ()]
> (t= D72 2) fA (@) — (= 2) (7 (2)2(0%(2) — a) 0 (2)]
>0

By Lemma 2.2, we conclude that Fj(x) is an increasing function. Hence,

Fi(z) > Fi(a) = f7%(a)[f(a) = (t = Dp'*(a)]

which means that

F2(x) = f%(a)[f(a) = (t = Du'*(a)lf (2)

by applying Lemma 2.3. It follows that

A
(ﬂm—ﬁ*wuw—@—nm*wmuﬁ >0,
Thus, we have
F(b) — 1*(@)[f(a) — (t — Du~>(a)g(b)

> F(a) = f'72(a)[f(a) - (t = )" "*(a)]g(a)
=0.
This finish the proof. ([

Remark 3.1. If T = R and f(a) # 0 in Theorem 3.1, we deduce Theorem 2.1 in
[12].

Remark 3.2. If T = hZ in Theorem 3.1, Theorem 3.1 generalizes Theorem 3.2 in
[18].

Theorem 3.2. Leta,be T andp > 1. Assume f,0: T — R be delta differentiable
at t € T*. If f is a non-negative, increasing function on |a,blr and satisfies

@) A (@) > @;:%%;:T<f”2@ﬂ>p<02@ﬂ-—a>p10A(x) (3.4)

b 1 b p+1
/a FPH2 () Ar — = (/ f(:v)A:v)

> 00 [110) - @] [ st

Then

(3.5)
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Proof. Define
p+1

6) = [ - o ([ )
and g(z) = [ f(t)At. Using Lemma 2.1, it follows that

1

G (o) = £72(0) = G (0 @)
> 720) - e 0 @) @)
p+1

> f(x) [P (2) -

= f(2)Gi(x)

where Gi (2) = f7*1(2) — 25kt (g7 (2)P.
Using Lemma 2.1 and (3.3), we have

GF ()

(b—a)p—1t (97 ()"

> 0+ 0P - P (@) e

P p—1 '
>0+ )| P60 - =t (@) (P -a) 02 <w>]
=0
Similar to the proof of Theorem 3.1, we have
G2 (2) = f(2)G1(a)
& (G(2) = g(#)G1(a)® > 0
which implies
G(z) — g(z)G1(a) = G(a) — g(a)Gi(a) = 0.
The proof is complete. O

Remark 3.3. If T = R and f(a) # 0 in Theorem 3.2, we deduce Theorem 2.2 in
[12].

Remark 3.4. If T = hZ in Theorem 3.2, Theorem 3.2 generalizes Theorem 3.3 in
[18].

Theorem 3.3. Let a,b € T and p > 3. Assume f,0: T — R be delta differentiable
at t € TF. If f is a non-negative, increasing function on [a,blr and satisfies

p—3

P > - 2) (17 (ar))pg (F@-a) 2@ o)

b b p=1
[ - ( / fpmm)

b
> (f(@)P~?[f(a) = (p - l)u”’z(a)]/ fp(z))Az.

Then

(3.7)
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= /I Pt At — (/m f”(t)At)p

and g(z f fP(t)At. Using Lemma 2.1, it follows that

H%(x) = fP(z) = (6" (2))2
> fP(x) = (p = 1)(97(2))"2g™(x)
2 f(p(x))Hy(x)
where Hy(z) = fP~*(z) — (p — 1)(g7 (z))P 2.

Using Lemma 2.1 and (3.3) again, we have

Proof. Define
-1

p—3
HE(2) > (p— 1" (@) (@) — (0 1)(p — 2) (g* <w>) F(@)(o (@)

p—3 p—3
> (- 0f@)| @2 - -2 @) (P -a) otw] 0
By Lemma 2.2, we conclude that Hj(x) is an increasing function. Hence,

Hy(z) > Hi(a) = f*~"(a) = (p — 1)(97(a))"~
= (f(@)"?[f(a) = (p — D" *(a)]
which means that (H(z) — g(z)H;(a))® = 0. The proof is complete. O

Theorem 3.4. Leta,b€ T and p > 1. Assume f,0: T — R be delta differentiable
at t € T*. If f is a non-negative, increasing function on [a,blr and satisfies

(f7(@)? > po(x), (3-8)

b 1 b pt+1
/ <f”<x>>p+2m—ﬁ( / f”(w)Aw>

> (@ - G ur@mar] [ s

Proof. Define
W) = [ (empar— ( / ) fﬂ(tmt)pl

and g(z f fP(t)At. Using Lemma 2.1, it follows that

W) > (@) - G 0" @) e @)

then

(3.9)

p+1

T @)y

> J7(a) [f’(x»ﬁ“ -
> [(p(a))Wi ()
where W1 (z) = (f7(z))PT! — (bf:)}?fl (97 ()P
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Using Lemma 2.1 again, we have

(@) (@) - gt (o7 (:v)>p_1f(w)(0(:v))A]

Since f is a non-negative and increasing function, then

Wi ()

=>(p+1)

@)= [ " At P @ @) -0 < F@b-a.  (310)
Hence,
W) > (p+1) (f“(z))p (@) : ~plo)? |

By Lemma 2.2, we conclude that Wi () is an increasing function. Hence,

Wi(x) > Wi(a)

= (r@P - e 6 @)
= (@) - G (P @@y
which means that (W (z) — g(x)Wi(a))® > 0. The proof is complete. O

Theorem 3.5. Let a,b € T and p > 3. Assume f,0: T — R be delta differentiable
at t € T*. If f is a non-negative, increasing function on [a,blr and satisfies

(f"(x))A > (- 2) () - a>p3aﬁ<x> (3.11)

b b p—1
/ f"(x))”Ax—< / f”(I)AfE)

> (f7(a))? [f"(a) -- 1)#”(@)} /ab fp(x))A.

Proof. Define
aw) = [“urara- ([ fp(t)At)p_l

and g(z) = [ fP(t)At. Using Lemma 2.1, it follows that

Q% (x) = (f7(x))P — (9" '(x))*
P —(p—1)(g° (2)" g% ()

Then

(3.12)
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Using Lemma 2.1 and (3.10) again, we have
Q1 (@)
> (p— DI(f7@)P 27 (@)™ = (p = 2)(g7 ()P (¢7 (2))*)
p—2 p—3 .
>6-0(rw) [t -e-2(Ae -0 )]
=0

By Lemma 2.2, we conclude that Q1 (z) is an increasing function. Hence,
Qi(x) = Qi(a) = (f7(a)’! = (p — 1)(¢7(a))P
> (@ (£ - 0= 1))

which means that

(@@ - st (@17 - (- 1>up-2<a>>>A > 0.
The proof is complete. 0

Next, we generalized Feng Qi type inequalities related to nabla derivative.

Theorem 3.6. Let a,b € T andt > 3. Assume f: T — R be nabla differentiable
at t € T*. If f is a non-negative, increasing function on [a,blr and satisfies

<f”(af)> @) > (- (@) (e — a) (3.13)

Then

/ab fHx)Ve - (/abf(:v)v:v> 1 > 1 Y(a) /abf(x)Vx. (3.14)

Proof. Define
F(z) = /I FHw)Vu — </:f(u)Vu)

and g(z) = [ f(t)Vt. It is easy to see gV (z) = f(z). Using Lemma 2.4, it follows
that

t—1

FY (x)
> fl2) = (t = 1)(g(2)) 9" (2)
= f(x)Fi(x)

where Fi(z) = f=1(x) — (t — 1)(g(x))""2.
Using Lemma 2.4 again, we have

FY () 2 (t = D(f7(2)) "2 (@)Y (2) = (t = 1)(t = 2)(g())' > f (@)

Since f is a non-negative and increasing function, then

o@) = [ 1OV < f@)e - a) (3.15)



10 L. YIN AND V. KRASNIQI

Hence,
FY ()
> (= 1)|(f7(2) 2V (@) = (t = 2)(f (@) (2 —a)?
>0
By Lemma 2.2, we conclude that Fj(x) is an increasing function. Hence,
Fi(z) = Fi(a)

which means that

It follows that

Thus, we have

F(b) = f*"Ha)g(b) = F(a) — f(a)g(a) = 0.
This finish the proof. O

Theorem 3.7. Let a,b € T and p > 1. Assume f : T — R be nabla differentiable
at t € T". If f is a non-negative, increasing function on [a, bl and satisfies

(F@P 1) > g (@) = ap (3.16)

then

b b pHl b
/ fp*%%—ﬁ( / f(I)Vx> > ) [ f@Te @)

Proof. Define

G(r) = /; Ve - m (/j f(t)Vt>p+1

and g(z) = [ f(t)Vt. Using Lemma 2.4, it follows that

67 (@) = 7*2(a) = G 0 @)
> ) - o (@) @)
P+ — ptl Py
> 1) P40 - o)
= f(z)G1(x)
where G1(z) = fPHi(x) — (bf;r),l),lgp(x).
Using Lemma 2.4 again, we have
GY («)
> 0+ 1) | (P07 @) - Gl P - |

>0
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Similar to the proof of Theorem 3.6, we have

GY () > f(x)G1(a)
& (G(2) - g(2)G1(a)” > 0

which implies
G(z) — g(v)G1(a) = G(a) — g(a)Gi(a) = 0.

The proof is completed. O

Remark 3.5. Similar Theorem 3.4, Theorem 3.5 and Theorem 3.6, we easily obtain
similar Feng Qi type inequalities related to the nabla derivative. We omit the
details for the sake of simplicity.
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