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Abstract

In this paper, we are concerned with a class of fractional integral inequalities of Gronwall type. New
integral results with some generalizations are proved. Then, some applications on hybrid differential
equations with Hadamard derivative are established.
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1. Introduction

Gronwall inequality, or Gronwall-Bellman inequality as it is named in different works, is an in-
equality that has been used in studying differential and integral equations. Some types of these
inequalities have been used for showing that a small perturbation in the order of differential equa-
tions causes only a small perturbation in their solutions, some others have been used to prove the
uniqueness of solutions of systems of differential equations. Also, we find applications of these type
of inequalities in finding approximations to solutions of differential equations. For more information,
we refer the reader to [4] 10, 14, [17].

Hybrid differential equations of fractional order have attracted the interest of many mathemati-
cians, like for instance [2, [3| [8 [IT], 18]. They are the result of some perturbation techniques applied
to a certain type of nonlinear differential equation that was hard to solve as it is.

In this paper, we are concerned with a class of nonlinear inequalities of Gronwall-Bellman type.
The proposed main results generalize some interesting results in the papers [5] and [15]. Our results
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have some relationship with the good paper [16]. Also, our proposed integral results can be used
as an effective tool to study linear and/or nonlinear fractional differential equations and fractional
integro-differential equations. So in this sense, some applications on hybrid fractional differential
equations are also discussed in this paper.

2. Preliminaries

The integral version of the famous Gronwall-Belman inequality states that if a function z for
t € [to,T), T < oo satisfies

z(t) < h(t) —|—/ k(s)xz(s)ds, (2.1)

to
for any continuous function h on [ty,T'), and any positive function k on the same interval, then
we have:

Lemma 2.1. [6] If the above assumptions on are valid, then, we have

2(t) < h(t) + / t h(s)k(s)exp[ / tk(u)du} ds, telt,T). (2.2)

to s

The following Jensen Lemma is needed in this work.
Lemma 2.2. [T)] Let n € N, and let ay, ..., a,, be nonnegative real numbers. Then, for r > 1,
(Z ai) <n! Z a; (2.3)
i=1 i=1
We are also concerned with the following interesting results:
Lemma 2.3. [15] Let I = [ty,T) € R, k,b,p € C(I,R"), T < 00). Suppose that u € C(I,RT), and
t t
u(t) < k(t) —I—/ b(s)u(s)ds +/ p(s)u’(s)ds, t €1, (2.4)

to to

where 0 < v < 1. Then, fort € I, we have

< [0+ (=) e (-0 [ 000100 ) o1 o ([10s) - 23)

where A(t) = max k(t).

to<s<t

Theorem 2.4. [5] Let u,a,b, h;, (i = 1,...,n) be real valued nonnegative continuous functions and
there exists a series of positive real numbers py, ps, ..., pp, and u(t) that satisfies the integral inequality

uP(t) < a(t) +b(t) | Y hi(s)uP(s)ds, (2.6)

fort e RT.
Then

ult) < { )+ b(t / ( (s)—l—z%)xaxp(/:b(cr)zn;%hi(a))ds}l/p (2.7)

for p > p* = maxp;,i = 1,...,
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3. Main Results

We propose the following main result that generalizes Theorem 4 of [15]. We have

801

Theorem 3.1. Let I = [ty,T], to > 1, « > 0,0 <y <1 and a,b,p € C(I,R"). Ifu e C(I,R") and

t

ut) < alt)+ [ Gog(H) bs)uls)s s+ [ (Gog(2) pls)ur(s)s ds,

to to
then, the following two cases are valid:
(i) If a > 1/2, then

ut) < [AI70)+ 1 -G

! s 1
X/ exp ((’Y - 1)G1/ bQ(O’)UIdo) p2(s)337*4)d3] 20-7
to

to

t
xt3/2 exp <(G1/2)/ b2(s)3_1d3) : tel,

to
where Ay (t) = tlréaict?)s*:gaz(s), and G; =T (2 — 1) /9> 1,
058>
(ii) Suppose that o € (0,1/2], ¢ = (1 + )/, and p =1+ . Then, we have
u(t) < [A77() 4+ (1—9)Gs

X /tpq(S)Sq(”(pPl)z) exp ((7 ~1)G, / bQ(J)gq(”pl)dJ) ds} T

to to

xt" exp ((Gg/q) / t bq(a)aq(p;l)da> :

to

where Ay(t) = max 3‘1_15_‘1(%)(1'1(3)7 and Gy = 3971 (M) P

to<s<t (p+1)plo=t+1

Proof . Let t € I. We have:

(1og ()" pls)s 5™ (s)ds

u(t) < a(t)—i—/(log(é))a_lb(s)3_2su(s)ds+/

to to

(i) Applying Cauchy-Schwartz inequality, we get:
t t 1/2 t 1/2
u(t) < a(t)+ </ (log(—))Q(o‘_l)Sst> (/ b2(s)3_4u2(s)ds>
to S to
t

+( / t(zogé))?@—”sms)” o / P ()ds)

to to

alt) + <_3t3F(204 - 1)>1/2</t b2(s)s—4u2(3)ds>l/2

«
9 to

+<_3t3F(2a _ 1))1/2(/tp2(3)s—4u2v(5))d8) 1/2

(8]
9 to

IN

(3.1)

(3.2)

(3.4)

(3.5)
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where o > 1/2.
Using Lemma 2.2 for r = 2, the above inequality becomes

W) < 3a2(1) + (%) ( /t:bz(s)s_‘luQ(s)ds)

# (PR DY ( /t:p%s)s—‘*u%(s»ds)

Let us introduce the function w(t) := [u*(¢t)t~3]. Then, (3.6)) gives:

w) < 40+G (| t s suts)ds) + 6 ([ tp2<s>s3“w7<s>>ds) (3.7)

to to

(3.6)

Since A;(t) is nondecreasing, then by Lemma 2.3, it yields that:

wit) < A7+ (1 -6

X /t: p*s* T4 (s) exp ((7 - 1)Gy /S 52(0)01d0> dS} e (3.8)

to
¢
X exp (Gl/ b2(s)slds) ,
to

Replacing w by its quantity, we get (3.2)).
(ii) Taking « € (0,1/2], ¢ = (1 + a)/a, and p = 1 + a , then we get (1/p) + (1/q) = 1.
Thanks to Holder inequality, we obtain

e a<t)+</t: (logé)p(al)s”ds)é( /t:b%s)u%s)s%dsf

(3.9)
1 1
t ¢ pla—1) P t 7
+ / (lag—) sPds (/ pq(s)uq7(5)5_2qu) :
to S to
Consequently,
! % ' q q —2q %
u(t) < a(t)+ ((p—i— 1)p(a_1)+lf‘(p(a -1+ 1)) </to b(s)u?(s)s ds)
(3.10)
1 5/t ) i
_ T\ TV (&) =24
+ ((p—i— 1)p(a_1)+1F(p(oz 1)+ 1)> </t0 pl(s)u?(s)s ds)
Using Lemma 2.2 with r = ¢, we can write
. . 1 m
Wi(t) < 30Na9(t) 4 3° ((p - 1)p(a71)+11—‘(p(a — 1)+ 1))
(3.11)

x ( / t b(s)u?(s)s~2ds + / t pq(s)uq7(s)8_2qu) .

to to
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Considering the function w(t) := (u(t)t~P+HD/P)e it yields that

w(t) < As(t) + Go / tbQ(s)s*q(”%)w(s)dHGQ / th(s)wv(@sq(v(%)*)ds. (3.12)

to to

Thanks to Lemma 2.3, we observe that

w(t) < [A77(E) + (1 —7)Gs

" /tpcI(S)S‘K’Y(’T)—?) exp ((7 —1)G, /t bQ(a)a‘q(p;I)ch;) ds] o (3.13)

to to
X exp (GQ ftto bq(a)cr*q(pr%l)da> .

By replacing w with its value, we get the inequality . The proof is thus achieved. [J
Example:
Let to =1, T = e, and a(t) = exp(t), b(t) = v/3t72, p(t) = t=". It is obvious that a,b, and p are
in C(I,R"). So, for v = % and o = %, we have:

u(t) < explt) + /1 t(zog(@)f\/ﬁs?u(s)sldw /1 t(zog(é))isfu%(s)slds, (3.14)

Since, v > 1/2 and thanks to (3.2]), we get:

3 2v/3 3
xt%/2 exp (—ﬁ(t‘?’ — 1)>

u(t) < [(31&‘3 exp(2t))Y/? + lexp <—ﬁ(t_3 — 1)) - l} B (3.15)

We propose this second main result that generalizes Theorem 2.3 of [3].

Theorem 3.2. Let u,a, k; real nonnegative functions defined on t € [to, T| where to > 1, 6; < 1 for
1=1,...n. If

u(t) < alt) + / t (log é) " z:f ki(s)u® (s)s~Ads, (3.16)

to

then, we have the following results:
(i) If a > 1/2, then

u(t) < {2&2(75) + Z%F(Qa —1) / an‘iz(s)s_4 (6:2a°(s) + 1 —6;)
=1 (3.17)

t 3 n 1/2
X erp (/ 69%F(204 - 1) Zn@kf(a)(a)‘%a) ds}
5 i=1
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(ii) Suppose that o € (0,1/2], ¢ = (1 + a)/a, and p =1+ «. Then, we have

e
P+ 1)p(a71)+1

s / Stk (s)s7 (527 a%(s) + (1 — 5,))

to j=1

t ) P+l q/p n ) , 1/q
X erp /S 217 ((p n 1)p(a_1)+1F(p(a -1+ 1)) an’ dikl(o)o™1 | ds

- (3.18)

q/p
ult) < {2q-1aq<t>+2q-1(< r<p<a—1>+1>)

Proof . For t € [ty,T], we have

u(t) < alt) + / t (log é) T i ks(s)u® (s)s~2ds. (3.19)

to

(i) Using Cauchy-Shwartz inequality and Lemma 2.2, we can write:

u(t) < a(t) + ( /t : (log é)Q(H) 52ds> " ( /t t %nkf(s)u25i(s)s4ds) " : (3.20)

0 =1

Which becomes

0 4=1

u(t) < a(t) + (z—fr(m — 1)) (/tt inkj? —4ds> " (3.21)

where o > 1/2.
Thanks to the inequality (3.21)) and Lemma 2.2, we get:

u?(t) < 2a%(t) + (Z—fr(m —1 > (/t“ink? s~ ( )ds> (3.22)

0 =1
Now, if we put p = = 20;, hi(t) = nk2(t)t~, a(t) = 2a%(t), b(t) = %@F@a — 1), the inequality
becomes: ‘
t t=n
uP(t) < a(t) + b(t) ( / > hi(s)uﬁi(s)ds> (3.23)
o =1

which, thanks to Theorem 2.4, gives

" n 1/2
u(t) < { / a(s) +1—6;) xexp (/ B(U)Z&;Bi(a)do) ds} . (3.24)

from which we conclude (3.17)).
(ii) Let a« € (0,1/2], g = (1 + ) /v, and p = 1 + « , then we get (1/p) + (1/q) = 1.
Using Holder inequality and Lemma 2.2, the inequality (3.19)) becomes
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u(t) < alt) + ( /t : (log §>p(a_l) spds> " ( /t: Zj nqlkf(s)uq‘si(s)smds) " (3.25)

So we get

1 1/p t i=n 1/a
u(t) < a(t) + ((p " f):(al)ﬂf(p(a —1)+ 1)) </t Z nq—lkg(s)uqt%(s)s_zqu) (3.26)

Thanks to (3.26) and using Lemma 2.2, we obtain

p+1 a/p t i=n
uq<t>s2q1aq<t>+2“( : r<p<a—1>+1>) ( / an@q(s)uq&(s)smds)

(p + 1)pla=1)+1 =
R /P A
If we put p = g pi = b, a(t) = 27a1(t), b(t) = 2" (G Lo = )+ 1) ht) =
nd= k1 (t)t724, then,
t i=n
W) < at) + b(t) ( / S hi(s)uﬁi(s)ds> | (3.29)

to =1

According to Theorem 2.4, we have

t n t n 1/q

u(t) < {a@) + ) / S hals) (as) + (1= 85)) % eap < / (o) Zdihi(a)) ds} (3.29)
0 =1 s i=1

Therefore, we have (3.18)) which completes the proof. [J

4. Applications

In this section, we are concerned with the following hybrid differential problem:

of_2() _
uD (m) = g(t,z(t)) +ht)x(t), 1<t<T, 0<a<l,

al' ()= = n,

(4.1)

where y D* is the Hadamard fractional derivative, f € C([1,T] x R,R\{0}), g € C([1,T] xR, R),
h € C([1,T],R), gI'~* is the Hadamard fractional integral, and n € R.

It is to note that in the case where h is identically zero, the associated problem has been discussed
by B. Ahmed et al., see [1].

The following definitions and lemmas are important for better understanding Hadamard fractional
operators.

Definition 4.1. [J] Let t € RY, and R(«a) > 0. The Hadamard fractional integral of order «,
applied to the function y € LPla,b], 1 <p < 400, 0 <a <b< oo, fort € [a,b], is defined as

dr

T

w0 = s [ og Dy y(r) (1.2

(@)
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Definition 4.2. [9] Let § = t%, R(a) > 0, and n = [a] + 1, where [a] is the integer part of a. The
Hadamard fractional derivative of order a applied to the function y € AC{la,b], 0 < a <b < oo, is

defined as

WD(0) = s )" [ QgD e ) T =3t ) (4.3

where
ACPa,b) = {y : t € [a,b] — R such that (6" 'y) € AC|a,b]}. (4.4)

Corollary 4.3. [9] Let R(«) > 0, n = [R(a)]+1, and 0 < a < b < 00. The equality (g D*y)(x) =0
15 valid if, and only if,

n

T, .
y(x) =) _cj(log=)"~ (4.5)
j=1
and the following formula holds:
n .
W (D () = y(w) + 3 ey (log )"
j=1

wherec; €R, 7 =1,2,...,n, andn—1<a <n.

Thanks to [1], the integral equation that is equivalent to (4.1]) is given by:

Ui a—1 1 ! 3 a—1 dS
s togty ™+ s [ (1ot o(s.a(s) + he)e(9) D), € LT (4o)
Introducing the following two hypotheses,
(H.1) For t € [1,T], there exist a positive constant F, such that |f(¢,z(t))| < F
()(|7-[(2))| For b(t),p(t) € C([1,T],R"), 0 < v < 1, we have |h(t)x(t) + g(t,x(t )| < b(t)|x(t)] +
p(t)|x(t)|”,

we prove the following theorem.

2(t) = f(t2(0)(

Theorem 4.4. Suppose that (H.1) and (H.2) are valid. If x(t) is a solution of {L.1)), then the
following estimations hold:
(1) Suppose that o > 1/2. Then

20 < AW+ 1-7)

X texp (v=1) G;F : SbQ(U)a_lda p?(s)si’w—‘ldsﬁ (4.7)
frew (0= (5) [ o)

2 ¢
xt%2 exp ((?;(F)) / b2(s)51d3> : tel
« 1

where A (t) = max33_3fﬁ’%(logs)2<o‘_1), and Gy =T (2a — 1) /9> 1,

1<s<t
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(11) Suppose that « € (0,1/2], g = (1 + «a)/c, and p =1+ . Then

o < |45+ (=) py
x /1 p1(s)s7 () e ((’y _ 1) (fq 2(2 q>> /1 5 bq(a)aqU)da) ds} T )

it exp((qizg))/ltbq(a)a_q<p;1>da)

- 4 _ q/p
where Ay(t) = g?éSq_lsfq(pTl) |}7L(§)q (logs)1@=Y  and Gy = 3971 <m—iﬁﬂ> :

Proof .
For t € [1,T], we have:

] < 120 (I (logt) | +

< [ toghy Ba(0) + g(s,2(6))1%) (9

Thanks to hypothesis (H.1) and (H.2), we get:

z(t) < F]|

77 . F

(logt)* [ + ==

F(a) tg I(a) ) .
></1 (logg)a—lb(8)|x(8)|—|—p(t)|x(t)|v?

Using Theorem 3.1, we get the desired results. [
Now, let’s consider the following equation:

NARIONA R < W N
b (f(t,w(t))> ;gzﬁ’ ) tsrst0<ast (4.11)

a0 (t)|i= =,

where g D® is the Hadamard fractional derivative, f € C([1,7] x R,R\{0}), ¢; € C([1,T] x R, R)
(i=1,...,n), gI'7® is the Hadamard fractional integral, and € R.
The equivalent integral representation of (4.11)) can be given by:

() = f(t,x(t))(%(logt)“_l%—ﬁ /1 (logé)o‘_li gi(s,x(s))%), te 1,7,  (4.12)

Introducing the following hypothesis,
(H.3) For i =1,..n, k;(t) € C([1,T],RT), 0 < &; < 1, we have |g;(t, z(t)| < k;(t)]x(¢)
we present to the reader the following main result.

05

Y
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Theorem 4.5. Suppose that (H.1) and (H.3) are satisfied.
Then, the following two cases are valid:
(1) If a« > 1/2, we have

P 63 F2T( 2a —1) ~
< 2 2 s (5.242 Y
2(t)] < {ZA 0+ 5 / § :nk (512,4 (s) + 1 52)
1/2
603 F2T( 2a —1) 9 )
X exp (/S 9T (a g no;k; ( do | ds ,

where, A(t) = (F%](logtﬂo‘_l).

(4.13)

(ii) Suppose that o« € (0,1/2], ¢ = (1 + )/, and p =1+ . Then, we have

z(t)] < {2‘11Aq(t)+2q1 (rF >q<tp+1r(p(a__1)+1))q/p

@) \ "+ e

x /1 t gnqlkg(s)s% (51-2%121%3) +(1- 52-))
o ([ () () S aston ) )

(4.14)

Proof . Let t € [1,T]. Then,

[(a)

Thanks to (#.1) and (H.3), we can write:

0] < 1) (ool + s [ ool S latsa(DIS) a9

o0 < (PAjaognf + o [ oo alzw et 2) @

Thanks to Theorem 3.2, we achieve the proof of this theorem. [J

5. Conclusion

In this paper, we have proved some integral results to certain types of inequalities of Gronwall-
Bellman. Some results on the papers [5], [I5] have been generalized to expand their usefulness so
they can accommodate the cases with Hadamard derivative. We have also provided some hybrid
fractional differential equations with Hadamard derivative to show the applicability of our integral
results. We think that these kinds of results can be very useful in resolving fractional differential
equations with the numerical approach and that is another kind of research to be pursued.
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