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We establish a class of new nonlinear retarded weakly singular integral inequality. Under several practical assumptions, the
inequality is solved by adopting novel analysis techniques, and explicit bounds for the unknown functions are given clearly. An
application of our result to the fractional differential equations with delay is shown at the end of the paper.

1. Introduction

Integral inequalities play increasingly important roles in the
study of existence, uniqueness, boundedness, oscillation, sta-
bility, invariant manifolds, and other qualitative properties of
solutions of ordinary differential equations and integral equa-
tions. One of the best known and widely used inequalities
in the study of nonlinear differential equations is Gronwall-
Bellman inequality [1, 2], which can be stated as follows. If
uand f are nonnegative continuous functions on an interval

[a, b] satisfying u(t) < c+ J{: f(S)u(s)ds,t € [a,b], thenu(t) <

cexp(ﬂ f(s)ds), t € [a,b]. Many papers are devoted to dif-
ferent generalizations of Bellman-Gronwall inequality. Very
well-known generalization of Bellman-Gronwall inequality
to the nonlinear case is the Bihari inequality [3]. In 1956,
Bihari [3] discussed the integral inequality

u(t)ga+th(s)w(u(s))ds, t>0, (1)
0

where a > 0 is a constant. In recent years, many researchers
have devoted much effort to investigating weakly singular
integral inequalities. For example, Henry [4] proposed a
linear integral inequality with singular kernel to investigate

some qualitative properties for a parabolic differential equa-
tion, and Sano and Kunimatsu [5] gave a modified version
of Henry type inequality. However, such results are expressed
by a complicated power series which are sometimes incon-
venient for their applications. To avoid the shortcomings of
these results, Medved’ [6] presented a new method to discuss
nonlinear singular integral inequalities of Henry type and
their Bihari version is as follows:

u(t)<a(t)+ Jt (t - s)ﬁ_lf () w(u(s))ds, 2)
0

and the estimates of solutions are given. From then on, more
attention has been paid to such inequalities with singular
kernel; see [7-24] and the references cited therein. Ye and Gao
[20] considered the integral inequality of Henry-Gronwall
type with delay

u(t) sa(t)+r (b u(s)+c(s)u(s—r)]ds,

telt,T), 3)

u(t) <@t), telty-rt,)
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and Henry-Gronwall type retarded integral inequality with
singular kernel

u (t) sa(t)+Jt (t—s)ﬁ*1 [b(s)u(s)+c(s)u(s—r)]ds,

te(t,T),

u(t) <¢(t), telty—rty).

(4)

In this paper, motivated by [6, 20], we discuss the nonlinear
integral inequality of Henry-Gronwall type with delay

t

u(t)<a(t)+ J [bs)wm(s) +c(s)w(u(s—r))]ds,

to
te(t,T),

u(t) <¢(t), telty—rt,)

©)

and Henry-Gronwall type nonlinear retarded integral
inequality with singular kernel

u(t)

<a(t)+ Jt (t - s)ﬂ_1 B)ww(s)+c(s)wm(s—r))]ds,

0

te(t,T),

u(t) <¢(t), telty—rty).

(6)

2. Main Results

Throughout this paper, R denotes the set of real numbers,
R, = [0,+00). For convenience, before giving our main
results, we cite some useful lemmas and definitions in the
discussion of our proof as follows.

Definition 1 (see [6]). Letq > 0 be areal numberand 0 < T <
00. We say that a functionw : R, — R, satisfies a condition

(q), if

eMww)?<ROw(e®u?), YueR,, te[0,T), (7)

where R(f) is a continuous, nonnegative function.

Lemma 2 (discrete Jensen inequality [25]). Let A}, A,,...,
A, be nonnegative real numbers, | > 1 is real numbers, and n
is a natural number. Then

(A1+A2+-~-+An)lSnl_l(All+A12+---+Al). (8)

n

Lemma 3 (see [6]). (1) Let 3 > 1/2; then

t g 2 2t
L (t - 5)#2e¥ds < :—ﬁr(zﬁ— 1), tpteR,, (9)

0

where IT(8) := IOOO e dr is the gamma function.

Journal of Applied Mathematics
(2) Let B €(0,1/2], p =1+ f3; then

Jt P(B=1) gp e (1+p(B-1))
(t = )PP Vel ds < —TI(1+p(B-1)),
to ptrPFY 10)

te-t € R,.

Proof. (1) Using a change of variables T = t — sand & = 27
successively, we have the estimate

t t—t,
J (t - s)zﬁfzezsds _ J' pA222T g
t 0

2 [T 2p0
=e J P2 gr
0

(11)
22t [2t-2t 22 -
= — e d
4P J-o ; ;
zezt
< Fr (2-1).

Since $>1/2,28-1>0andI'(2B-1) e R,.
(2) Using a change of variables 7 = t —sand & = pr
successively, we have the estimate

t t—=t,
J (t — s)PPVePsgs = J PPV PPt g
t 0

tt,
=eth PPV P gy
0
pt pt—pt 12)
e R 1) -
- |, €
plrr 0
et

< Wr(lﬂ?(ﬁ—l))-

Since0 < B <1/2,p < 1/(1-p), 1+ p(B-1) > 0,and
F(1+p(B-1)) €R,. O

Theorem 4. Suppose that a,b,c are nonnegative continuous
functions on [t,, T), ¢ is a nonnegative continuous function on
[ty — 1. ty), alty) = ¢(ty), andty > 0, r > 0, T > 0 are
constants. Suppose that the function w satisfies the following
conditions:

(1) (g) condition, that is, w satisfies inequality (7);

(2) subadditivity, that is, for allt,s € R, w(t+s) < w(t) +
w(s).
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If u satisfies (5), then

u)y<a@)+w! [W(Jt G(s) ds> + Jt b(s)ds] ,
to to
te[tyty+r),

u)<a@®)+w

y {w [W*l (w (LW Gs) ds) + LW b(s) ds)
+ j H(s) ds] + j (b(s) +c(s) ds} ,

telty+r.T),
(13)

where

W (t) := Jti, t € (0,00), ¢ >0, W(0co) =00, (14)
c w(s)

teltypty+r),
(15)

GO =bBw@a®)+cEw(pt-r),

Hf)=bHw@t)+c®wa(t-r), telt,+rT).

(16)

Proof. Define a function z(t) by the right side of (5), that is,

z(t) = Jt [bs)ww(s) +c(s)wu(s—r)lds,
ty 17)

telt,T).
Then z(t,) = 0, u(t) < a(t) + z(t), and z(¢) is a nonneg-
ative, nondecreasing, and continuous function with Z'(@t) =
b(t)w(u(t)) + c()w(u(t —r)), t € [ty T).

Fort € [t,,t, + 1), by the subadditivity satisfied by w, we
conclude

Z)<sb@w@t)+z@®)+c®)w(pt-r)

<bOw@@®)+c@w(dE-r)+b)w(z ().
(18)

Letting s = ¢ in (18) and integrating both sides of inequality
(18) from ¢, to t, we obtain

z(t) < L b )w(a(s) +cs)w(p(s—r))]ds

+ J-t b(s)w(z(s))ds

E (19)
< j [b(s)w(@(s) +c () w(@p(s—r)]ds

+th(s)w(z(s))d5, to <t <,
t

0

where t, < & <t +ris chosen arbitrarily.

Define a function z, () by the right side of (19), that is,

4
z, (t) = L [b(s)w(a(s) +c(s)w(p(s—r))]ds
' (20)
t
+J b(s)w(z(s)ds, ty<t<i.
to

Then, the function z; is a nonnegative, nondecreasing, and
continuous function with

4
z, (ty) = L [b(s)w(a(s)) +c(s)w(p(s—r))]ds,

(21
z(t) <z (1), ty<t<i.
Differentiating z;, we have
Zi(t) <sb®w(z (), ty<st<i (22)
From (22), we obtain
%sb(t)dt, fo<t <& (23)

Using (21), from (23) we obtain

Wz ) < W (& (1) + [ b)ds

< W(JgG(s)ds> + jt b(s)ds, ty<t<i,

t t "
where W, G are defined by (14) and (15), respectively. From
(24), we observe
2 () < W [W(JEG(s)ds) " r b(s)ds]  t<t<E

) ) (25)
Let t = & in (25); we have

| g g
7 (§) <W [W<J G(s)d5)+L b(s)ds]. (26)

tU
Since & is chosen arbitrarily, from (26), we have the estimation

z(t) <z (t)
<! [w (J: Gs) ds) . J: b(s) ds] . @)

te[typty+r).

For t € [t, + r,T), using the subadditivity of w and
monotony of w, z, from (17) we have

ZW)<b®wals)+zE)+c®)wlalt-r) +z(t-r)
<b@Ow@®)+c@wla(t-r)+bHw(z @)
+c(w(z(t-r))
<bOw(a®) +cwla(t-r)+ b)) +c(h)

xw(z(t)).
(28)



Letting s = t in (28) and integrating both sides of inequality
(28) from ¢, to t and using (27) we obtain
t

z(t)Sz(t0+r)+J

to+r

H (s)ds

" r (b(s)+c(s)w(z(s))ds

<w! [W (LW G (s) ds) " J:W b(s) ds]

+r H(s)d5+r

to+r tot+r

(b(s) +c(s)w(z(s)ds,

telty+r.€],
(29)
where t, + r < & < T, £ is seen as a constant, and H(s) is

defined by (16).
Define a function z, by the right side of (29), that is,

2, () =W [w (LH G (s) ds) . fw b(s) ds]

0

t

+r H(s)ds+j

to+r to+r

(b(s) +c(s)w(z(s))ds,

tety+nEl.
(30)
Obviously, z, is a nonnegative, nondecreasing, and continu-

ous function with
to+r

2ty +7) =W [W (L G(s) ds) " LW b(s) ds]

+ f [b(s)w(a (s)) + ¢ (s)w(als — )] ds
(31)
z(t) <z, (1), ty+r<t<é (32)
Differentiating z,, we have
5 <O®)+c)w(z 1),

From (33), we have

%g(b(t)+c(ﬂ)dt> tp+r<t<i (34)

Using (31), from (34), we have

tp+r<t<&  (33)

W (z, (£) W (2, (tg + 1)) + L (b(s) +c(s)ds

<w {W_l [w (J:WG (s) ds) ; J:W b(s) ds]

13 t
+ J H (s) ds} + J (b(s) +c(s))ds,

telty+r&].
(35)
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It follows that
() <W

v {w {wl [w (JWG (s) ds) ; JW b(s) ds]
& t
+J H(s)ds]» + J b (s) +c(s))ds} ,
to+r to+r
telty+1.¢].
(36)
In (36), let t = &, and then we have
z, (§)

<w™! {W [W‘l (W (Lw G (s) ds) + LW b (s) ds)

4 4
+J H(s)ds] +J (b(s)+c(s))ds}.
0 0 (37)

Since & is chosen arbitrarily, from (32) and (37), we obtain the
estimation

2t < W {W [W‘l <W <Lt°+r G(s) ds> + J:W b(s) ds)

0 0

t
+ Jt H(s)ds

otr

t
+ J b (s) +c(s))ds]» R
t

otr

telty+rT).

(38)
Noting that u(t) < a(t) + z(t), from (27) and (38), we obtain
our required estimations (13). O

Remark 5. When w(u(t)) = wu(t). The estimations (13) in
Theorem 4 are reduced to the corresponding estimations in
[20].

Theorem 6. Suppose that a,b,c,u,w,p,r satisfy the corre-
sponding conditions in Theorem 4; [3 is a constant. If u satisfies

(6), then the following assertions hold.
(1) Suppose 3 > 1/2. Then

zO) <A@ +W! [W(J: I(s) ds) + J: B(s) ds] )

te[tpty+r),

z) <A +W!
X {W [W“ (W (J:w 1(s) ds> + LW B(s) ds)
+ J:H J (s) ds] + J:H (B(s) +C(s)) ds} ,

telty+rT),
(39)
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where W is defined by (14) in Theorem 4,

I(s)=Bt)wA®)+CHw(@®(t-7)), te[typty+r),

(40)

JO)=BO)wA®)+CHw(A{-r1)), tel[ty+rT),
(41)

A (t) == max {3, ezr} [et"a(t)]z, te(t,T), (42)

B(t) = %r(z[s— 1)b* () R(t), tet,T), (43)
C(t) := 4%r(2/3— e ()R(E-71), telt,T),

(44)

@ (t) = max {3,¢”} [eit"qb(t)]z, €[t T),  (45)

and R(t) is defined in (7) in Definition 1.
(2) Suppose that B € (0,1/2], p = 1 + . Then

2 <D+ W [w(jt K(s)ds) N Jt E(s)ds],
t o

te[tpty+71),

z®)<D(@)+ W

{W [w*l (w (JtU+TK(S) ds) N JWE (s) ds)
+ Jt L(s) ds] + Jt (E(s) + F (s)) ds} ,

tety+r,T),

(46)
where
K(s)=EQwD@®)+FHw¥-r)),
te[tpty+r), )
Li#t)=E®wD@®)+FH)w(D(E-r),
(48)
telty+r.T),
D) = plha®)]’, telt,T), (49)
E(1):= 3[1%”1 +p(B- 1))r b () R(), 50)
€ [ty T),
1 a/p
E(t) :=3[WF(1+p(ﬁ—1))] -
xe Tcl(t)R(t-1), te][ty,T),
¥ (1) = ple )], telteT). (52)

andq=1+1/p.

Proof. First we will prove assertion (1). Suppose that § > 1/2.
Using Cauchy-Schwarz inequality, we obtain from (6) that

u(t) <al(t)+ Jt (t - )P e'b (s) ew (u(s)) ds
to
+ Jt (t—s)F e c(s) e w(u(s—r))ds

; 1/2
<a(t)+ [j (t - s)zﬁ_zezsds]

1/2
X [ bz(s)e_2sw2(u(s))ds] (53)

1/2
N [ 5282 2sds]
12
x [J e () e F W (u(s—71)) ds] ,
Lo
€ [ty T).

Since w satisfies (q) condition, using (7) in Definition 1 and
(9) in Lemma 3, from (53) we derive that

2t

) 1/2
u(t)<a(t)+ [ ° (Zﬁ—l)]

-t 12
x J b (s)R(s)w (uz (s) e_zs) ds]
LJs,

[ 2¢* 12
+ -4—ﬁl“(2[3 — 1)]

r ot 1/2
x J e (s)R(s—-rw (u (s—-1r)e 2”27) ds] ,
o (54)

for all t € [t,, T). Using discrete Jensen inequality (8) with
n = 3,1 =2, from (54) we obtain

2t
W (1) < 3a () + 3246—ﬁr(2/3 -1)

X “t b (s)R(s)w (uz (s) e_zs) ds
to

+ Jt e ()R(s—-rw (uz (s—71) e_25+27) ds] ,

te(t,T).
(55)



6
Let v(t) = [eitu(l‘)]2 and A = max{3, e?'}. From (55) we have
v < A[eva )] + %r(zﬁ _1)

% “t b* (s)R(s)w (v(s)) ds

(56)
+ J.t e RGs-Nw(s- r))ds] ,
te[ty,T).
We observe that
vt)= ¢ 0] <[ g 1)
(57)

< /\[e_t"(p(t)]z =O(), te[ty-rty),

®(t) is defined by (45). By the definitions of A(t), B(t), and
C(t) in (42), (43), and (44), from (56) we see

v(t) < A(t) + Jt B(s)w (v(s))ds

+ Jt CE)ww(s—r)ds, tet,T); (58)
to

V() SD(t), te[ty—1.tp).

We observe that (58) have the same form as (5) and
A(t), B(t),C(t) satisfy the corresponding conditions in
Theorem 4. Applying Theorem 4 to (58), we obtain our
required estimations (39).

(2) Now let us prove assertion (2). Suppose 3 €
(0,1/2],p = 1+ . Letq = 1+ 1/B;then 1/p + 1/q = 1.
Using Holder inequality, from (6) we obtain

u(t)<a(t)+ Jt t - )P e'b (s) e “w (u(s)) ds
t

0

+ Jt (t-s)P e c(s) e w(u(s —r))ds
t

t 1/p
<al(t)+ “ (t - s)Pﬁ*Pepsds]
t,

0

i 1g
x r bq(s)e_qswq(u(s))ds] (59)
t,

- 0

oot 1/p
+ J (t - s)Pﬁ*pepsds]
L Jt,

— 1/q
X J e T (s)e T wl (u(s-r)) ds] ,
L s,

te[t,T).
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Since w satisfies (q) condition, using (7) and (10), from (59)
we derive
pt

e 1/P
u(t)<a(t)+ Wr(l +p(B- 1))]

r oot 1/q
X J bI(s)R(s)w (ul(s)e ™) ds]

0

pt

T e 1/p
+ mr(l +p(B- 1))]

— 1/q
x J e Tcl(s)R(s—r)wWl(s—r)e ™) ds] ,
t

(60)

forall t € [t,, T). Using Jensen inequality (8), from (60) we
have

Pt q/p
ul(t) <3a’(t) + 3[mr(1 +p(B- 1))]

t
x [J b1 (s)R(s)w (ul (s)e *)ds
t

+ Jt e Tcl(S)R(s—r)wul(s—r)e ™) ds] ,
t

telt,T).

(61)

Let v(t) = [eu(t)]? and p = max{3,e?}. Then, we obtain
from (61) that

. q 1 alp
V(t) < P[e Oa(t)] +3[WF(1 +p(ﬂ— 1)):|

X Ut B9 () R(s) w (u? (s) %) ds

0

+ Jt eTA(S)R(s—rw(ul(s—r)e ™) ds] ,
ty

te[ty,T).
(62)
We observe that
v(t) = [e'p )] < eTle g (1)
(63)

<ple o] =¥ @), telty-rty).

where W(¢) is defined by (52). Using definitions of D(¢), E(t)
and F(t) in (49), (50), and (51), from (62) we have

v(t) < D(t) + Jt E(s)w(v(s))ds
+ r F(S)w(v(s—r))ds, te]t,T), (64)

v(E) <Y (), telty—1.tp).
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We observe that (64) have the same form as (5) and D(t),
E(t), F(t) satisfy the corresponding conditions in Theorem 4.
Applying Theorem 4 to (64), we obtain our required estima-
tions (46). O

3. Application to Fractional Differential
Equations (FDEs) with Delay

In this section, we apply our result to the following fractional
differential equations (FDEs) with delay (see [20]):
Dfx(t)= f(tLx(t),x(t-1), te[tyT),

(65)
x(t)=¢ ), te[ty-rty),

where DP represents the Caputo fractional derivative of order
B (B>0), feC([t, T)xRxR,R), and ¢ is as in Theorem 6.

Theorem 7. Suppose that

If (x| <sb@®w(x) +c@®w(y),  (66)

where b(t), c(t), w are as in Theorem 6. Let M = maX,cp; _ry,)
[o(). If x(t) is any solution of IVP (65), then the following
estimates hold.

(1) Suppose 1/2 < B < 1. Then

zO) <A@ +W! [W(J: I(s) ds) + f B(s) ds] ,

te[tpty+r),

zO) <A@ +W! {W [W‘l <W (L I(s) ds>

to+r

0

+ LW B(s) ds) (67)

+ f T(s) ds]

0+

+ J: (B(s)+C(9) ds} )

otr

telty+rT),
where W is defined by (14) in Theorem 4,
I(s)=BOw(A®)+CHw(@(t-1)),
te[tpty+r),
T =BOw(A®)+CHw(A-1),
te [to +7, T),

A (t) := max {3,6”} [et"M]z, te[ty,T), (68)
~ . 6T2B-1)b* ()R(1)
B(t) = @ () , tet,T),

~ . _6T(2B-1)e¥ ()R(t-71)

C(t):= @ (5) , te[t,T),

and R(t), © are defined by (7) and (45), respectively.

(2) Suppose that 3 € (0,1/2], p = 1+ 3. Then

zt) < D)+ W™ [w (f K (s) ds) + J: E(s) ds] ,

0
te[tyty+71),

z(t) < D(t)
Fwo {W [W‘l (W (J:WK(S) ds)
+ J:OH E(s) ds> + J:H L(s) ds]

+ f (E()+F(s)) ds} :

otr

telty+rT),
(69)

where
K(s)=E@w(D®0)+F@Ow(¥(-1),
teltepty+r),
Lty=E®w(D®)+FOw(DE-r),
tety+r,T),

D(t) := p[et"M]q, te[t,T),

_ 1 alp
E@) ::3[WF(1+p(ﬁ— 1))] (70)

q
x(%) R(t), teltyT),

_ 1 alp
F(t) = 3[mr(1 +p(B- 1))]

q
X (&%) eTR(t-r), telt,T),

and q =1+ 1/5; Y(t) is defined by (52).

Proof. The solution x(¢) of FDEs (65) can be written as (see
[24])

n-1

) =S % )y L
(t) kz:(:)k'(t tO) +F(ﬁ)

x Jt (t—s)ﬁ_lf(s,x(s),x(s—r))ds, te(t,T),

xt)=¢ ), te[ty-rty).

(71)



When 0 < 8 < 1, from (71) we obtain
| (£)]

1
<M+ ——=

r(p)
t
X L t =) b w(xE)) +c(wlx(s - Dl ds,

te(t,T),
lx ()] <M, tel[ty—rtg).
(72)

Applying Theorem 6 to (72), we obtain our required estima-
tions (67) and (69). O]

Remark 8. When 8> 1. Let D(t) = M + Y1~} (b /k)(t — t,);
we can obtain the estimations similar to (67) in Theorem 7.
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