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Abstract

This research is devoted to studying a class of implicit fractional order differential equations (FODEs)
under anti-periodic boundary conditions (APBCs). With the help of classical fixed point theory due to
Schauder and Banach, we derive some adequate results about the existence of at least one solution. More-
over, this manuscript discusses the concept of stability results including Ulam-Hyers (HU) stability, general-
ized Hyers-Ulam (GHU) stability, Hyers-Ulam Rassias (HUR) stability, and generalized Hyers-Ulam- Rassias
(GHUR)stability. Finally, we give three examples to illustrate our results.
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1. Introduction

In previous years the area of FODEs has been considered a powerful procedure for
solving practical problems that arise in several fields such as biological science, control
theory, heat conduction, viscoelasticity, chemical physics, economics, ecology, aerodynam-
ics [1, 2, 3, 4, 5, 6], etc. A comprehensive study in the form of a book has been given in
1999 about FODEs and their applications, we provide reference as [7].

In present time, the study of nonlinear differential and integral equations have re-
ceived much attention from mathematicians due to its worldwide applications in several
fields of engineering and technologies. Since using integer order differential operators for
modeling various dynamical systems, the hereditary process and memory description can-
not be well explained in many situations. Therefore researchers brilliantly have applied
the fractional differential operators to describe memory and hereditary precoces in more
accurate way than integer order derivatives. This fact motivated researchers to take inter-
est in FODEs. So far we know considerable amount of work has been done in this area.
The said area has been investigated from different direction including qualitative theory,
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stability theory, optimization and numerical simulations. Abundant of work in this regard
can be founded about existence theory of solutions, we refer some as [8, 9, 10, 11, 12].
On the other hand the area devoted to establish procedure for numerical solutions has
been investigated very well. Therefore for this purposes plenty of research papers have
been formed in literature which address very good investigations, for instance (we give
references as [13, 14, 15, 16, 17, 18]). Since it is necessary for numerical procedure to
be stable to produce good results which are highly acceptable in applications. Therefore
another aspect has been considered which is known as stability analysis. Various kinds of
stability like exponential, Mittag-Leffler and Lyapunov type have been investigated for dif-
ferential equations of integer order. In last few years the mentioned stabilities have been
upgraded for linear and nonlinear FODEs and their systems, see detail as [19, 20, 21].
Establishing these stabilities for nonlinear systems have merits and de-merits in construc-
tions. Some of them need a pre-defined Lyapunov function which often is very difficult
and time consuming to construct on trail basis. on other hand the exponential and Mittag-
Lefller stability involving exponential functions which often create difficulties in treating
during numerical analysis of problems. In this regard another kind stability has been given
proper attention by the mathematicians known as HU stability. Ulam in 1940 was the first
man who pointed this stability during a talk. After that in 1940 Hyers very nicely explained
for functional equations, for detail we refer [22, 23]. Onward the said stability was further
modified to more general form by other researchers for functional equations, ordinary dif-
ferential equations. Some very fruitful results were formed in this regard which can be
traced in [24, 25, 26, 27, 28], etc. In last two decades the said stability theory has been
considered very well for FODEs and their systems, see [29, 30, 31, 32, 33, 34].

Inspired from the above mentioned work, in this research article we are considered
the following class of antiperiodic boundary value problem (ABVP) in implicit nature

{"Déw(t) = h(t,w(t),*Dw(t)), te # 1>0,2<8<3, an

w(0) = —w(7), ‘D'w(0) = —D"w(1), ‘D*w(0) = —“D*w(T),

where0<r<1,1<s<2, 7 =[0,1andh: ¢ x H* — X is continous. We investigate
qualitative theory as well as different kinds of stability including HU, GHU , HUR and
GHUR stability for the considered problem. For qualitative theory we utilize classical
fixed point theorem due to Schauder and Banach while for the stability theory nonlinear
functional analysis is used. In last, this work is strengthened by providing examples and
short conclusion.

2. Preliminaries

The space .# = C3(_¢, %) is a Banach space with respect to the norm defined by

Iwll.r = {Iéa}(ﬂw(t)l ite 7L (2.1

P

Definition 2.1. [35] Integral of a function w € L(_#,# ™) with fractional order 6 > 0 is
defined by

ft-m)t!

TR w(n)dn, (2.2)

Igw(t) = J
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provided that integral on the right exists.

Definition 2.2. [35] The Caputo derivative of w € .# corresponding to fractional order
5 > 0 is expressed as

t

F(Tl—{)) Ja
where n = [8] + 1.

‘DPw(t) = (t—m)" " wi™ (m)dn, (2.3)

Lemma 2.3. [36] For & > 0, the given result holds

I°[DPw(t)] = w(t) —Ewm(o)tl here n = [5] +1
w =W o u , wneren = .

Definition 2.4. [27] The fractional order ABVP (1.1) become HU stable if for any constant
Cn > 0 and for any solution w € .# there exists € > 0 such that for the relation

°DPw(t) — h(t,w(t),* D°w(t))| <, forte 7, (2.4)
there is a unique solution w € .# of the considered problem (1.1), such that
|Ww—wl|.z < Cnre, forte 7.

Definition 2.5. [27] The fractional order ABVP (1.1) becomes GHU stable if there exist
Y e C((0,1),2"), ¥(0) =0, such that for any solution w € .# of the relation (2.4), there
is at most solution w € .# of the considered problem (1.1) such that

W —wll.y < Ch¥(e), withte 7.

Definition 2.6. [27] The fractional order ABVP (1.1) is called HUR stable corresponding
to ¢ € C((0,1),#"), with a constant C, > 0, such that for ¢ > 0 and for any solution
w € .# of the relation

°DPw(t) —h(t, w(t), D?W(t))| < d(t)e,witht € ¢, (2.5)
there exists at most one solution w € .# of problem (1.1), such that
|W—w|.z < Cred(t),forte 7. (2.6)

Definition 2.7. [27] The fractional order ABVP (1.1) is called to be GHUR stable with
respect to ¢ € .#, if the relation

°DW(t) —h(t, w(t)," D°W(t))| < $(t), witht e 7, (2.7)

there is Cr, € #Z™*, such that for any solution w € .# of the relation (2.5) there at most
one solution w € .# of problem (1.1), such that

W —wl|| < Cnop(t), forallt € #. (2.8)
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Remark 2.8. A function w € ./ is a solution of (2.4) if there is a function \(t) € .# such
that

(1) “D°W(t) = h(t, w(t),* D°W(t)) +(t), with te 7;

(il) hp(t)I<e forallte 7.

Remark 2.9. A function w € ./ is a solution of (2.5), if there exists a function P (t) € .#
depend on w only with

(1) °D®w(t) = h(t,w(t),° D°W(t)) + P (t), with t€ ¢Z;
(i) Wp(t) < ed(t), forallte 7.

3. Main work

Theorem 3.1. lety € L(_# ), the solution

‘Diw(t) = y(t), fort € [0,7], andt >0, 2 <5 <3, 3.1
w(0) = —w(1), ‘D"w(0) = —°D"w(1), ‘D*w(0) = —°D*w(T1), '
is given by
t
w(t) = | @(tmyman (3.2)
here 4(t,n) is expressed as
(t—m)® ! —3(t—m)>" T@2- )(r 2t)(t—n)> !
res) ) (5 )1 T
T —4rt+ ((2 —T))t( F(_?;w)(;r n)°- ) n<t,
W= @t r2 - 20 () -2
21 (5) (6 —r)ti—
P2 — 41t + 22 — 1)t T3 —s)(t—n)° 5] -
- 42— (56— / n=z

Proof. Let w be a solution of (3.1). Then by Lemma 2.3, we have

1 t
w(t) =I%y(t) —co —cit —cot? = Gl L (t—m)° ty(m) —co— et —cat?, (3.4)

. 1—r
with real constants ¢, c1, ¢cp. Further we have D"t = EEZ 5 ,CDTt2 = 2(5 and °D"I%y(t) =

12~ Ty(t), we get

S5—r—1
O(t—n) y(n)dn—clr(z_r)—sz_r)

Jt tl—T‘ 2t2—1”

In view of D%t =0 (1 < s < 2) and °Dt?> = rz(t;:;/ we get

cCT)S _ 1 t d—s—1 2t2_s
D W(t)_ir(é—s) L(t—n) y(n)dn—Czr(3_s)-
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Thank to the conditions due to boundary w(0) = —w(t), ‘D™w(0) = —“D"w(1), ‘D3w(0) =
—“D%w(T), one can find that

o = [ yman - 22T [Ny man
b [y,
6= iy | T yan
B e | e tyman,
= gy |, (e Ty,
Plugging the values of o, ¢; and c, in (3.4), one has the following solution
wit) = [ et yiman— s [T m
+ réi@?:;fp JT( —1)®> " ly(m)dn
e ;?;t_t)zlf(zéirs))ti]zi(SB_s) ;(T—n)S“y(n)dn
= J;%(t,n)y(n)dn- (3.5)

O
Corollary 3.2. In light of Theorem 3.1, the proposed problem (1.1) has the following solution

w(t) = J;%(t,n)h(t,w(t),CDf’w(t))dn,

where ¥(t,n) is the same Green’s function given in (3.3).

Lemma 3.3. The Green function ¢(t,n), given in (3.3) satisfies the given relations:
(A1) 9(t,n) >0 forallt,me 7,

(A2) 9(t,m) is continuous over ¢ x Z;

(A3) moreover for the Green’s function one has the given result

max
te s

JTg(tfﬂ)dn < re—nt | r+2)(rE-si

. Fo+1)  2r6—r+1)  22—1F6—s+ 1)’
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Proof. Hypothesis (A1) and (Ay) are obvious.
(A3): We have from the solution (3.5)

N 1 5—1 1L (" 5—1
max | 4(tn)dn=max| — | (t—m)° "dn—=—=— | (t—1m)° "dn
te g

te 7 Jo 7 \T'(8) Jo 21'(8) Jo
N2—rj)(r—2t) JT e
G, T dn
(P2 —4tt +2(2—7)t2N(3—s) [ S—s—1
T 42— —s) LfT_”) dn,
T° r2—r)rd—r+t [rt2 —4tt +2(2 —7)t3T(3 —s)T® 3
< max + —
te g \I'(6+1)  2I(6—r+ 1)l 7 4276 —s+1)12s
o 70 n re—r)td (r+2)(N"3—s)t®
STE+1)  2Ne—1+1)  22—1)T(6—s+1)
Hence this complete the proof. O

Here we note that for convince we use

T° r2-—r)re (r+2)(r(3—s)t®
F6+1)  2M6—1+1)  20—"F6—s+1)

To go ahead we give the assumptions bellow for t € _#

A —

(3.6)

(A4) Jconstants 0 < %, < 1 and %, > 0, with

|h(t/ w, BW) - h(t,w, BW) < %'W_ W| +°§/ﬂh|BW - BW|/ againSt any VV/V_V S %

(As) J oy, 00,3 € C((0,1),Z") with
[h(t, w(t), Bw(t)) < o (t) + ca(t)w(t)] + a5 (t)|Bw(t)], for w, e Z,

with
af =supaq(t), &5 =sup xa(t), o3 =sup az(t) < 1.
tet tet ter

To convert the proposed problem into fixed point problem, we define an operator N :
M — M as

T

N(w)(t) = L 9 (t,m)h(t, w(t), DPw(t))dn, 3.7)

where Bw(t) € ., such that B (t) = h(t, w(t), *D°w(t)).

Theorem 3.4. In light of Hypothesis (As), the operator N : .# — .# defined in (3.7) is
completely continuous.

Proof. The continuity of functions h, ¥(t,n) implies the continuity of operator N. Let
% C 4 be abounded subset. Then for t € # and w € %, we have

Nw(t)] — J 9t m)(t, w(t), Bu())dn

0

< JO % (t, )R, wn), Bw(n))ldn. (3.8)
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By assumption (A3), we have
[Bw (t)] Rt w(t), Bw(t))]

< () + oa(t)w(t)] + as ()| Bw(t)]
< oq + agf|w| 4 o[ Bwll

which gives on simplification
wilz <X 1_ 0(;

Using property (As) of Lemma 3.3 and the relation (3.9)

1—o0g
Which shows that N is uniformly bounded. To derive N is

and consider

(3.9

in the relation (3.8), we obtain.

equicontinuous, lett, > t; € ¢

Nw(tz) —Nw(t)l < J:Wm(n,w(n),ﬁwmman
El (tlagiéllh(n,wm), Bw(m))ldn
b 2 s, win), Bt
- 4TE11(; = :)(fz_fgétz_;t” J;(T—nnh(n,w(n), Bw(n))ldn
. A
< [
_ Ltl (t1 F(?sié_l ot Jrl?!%"”//z an
B R
A e e
< [ft - e e
N 4T ST 142 (2 — 1)) (t —tl)} (oq + oc3‘||wH//l>'

42 —7)2 ST (6 —s+1)

*

Since at t; — t, (3.10) tends to zero in the right hand side. Therefore, operator N is

equicontinuous and hence it is uniformly continuous. Als

o it is easy to show that N(#4) C

4. Hence by Arzela-Ascoli theorem N is completely continuous. O

Theorem 3.5. Under the completely continuity of N and if the hypothesis (A3) — (As) hold,

then the problem (1.1) has at least one solution.
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Proof. We define a set & as
&={we.#:w=pNw), pe(0,1)}

The operator N : & — ./ as defined in (3.7) is completely continuous by Theorem 3.4.
Take w € & then by definition of the set &, one has by using (As)

Wil.e = l[oNW)l|.«

< max j 9 (t, )[R, win), Bw(m)ldn

o+ oo ||lw

< max J 4(t, )|¢dﬂ-
we 7 1—o0g

From which we have

oA

4t 3.11
1— (oG +ogA)  © (3.11)

lwll.r <

Hence the set & is bounded. So the operator N has at least one solution. Consequently
the APBVP (1.1) has at least one solution. O

Theorem 3.6. If the hypothesis (A3, (A4) and the condition 7 f@hA < 1 holds, where A is
already given in (3.6), then the APBVP (1.1) has a unique solution in ./Z .

Proof. Here we shall use Banach contraction principle to prove the required result. Let
W, W € ./, then for t € # consider

j% n)(h( wn), Bu (M) — Rin, W (n),Bw(n))>dn‘

0

(Nw(t) —Nw(t)] =

< L [ (t,n)lhn, wn), Bw(n)) —h(n, wh), Bw(n))ldn.

On taking maximum of both sides and repeating the same fashion as in (3.9), we have

T
Nw —NW < 9(t, d
PYw =Nl < max | 900w ] dn
T A
< — W . .
< oWl (3.12

Since ; é‘ < 1, therefore, the operator N is contraction. Thus by Banach contraction

principle, we get that N has a unique fixed point. Consequently APBVP (1.1) has unique
solution. O

4. Stability Analysis

In this section, we provide stability results for the corresponding problem of previous
section. Here we provide an assumption needed in further analysis.
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Lemma 4.1. For the given APBVP

{CD5w(t) = h(t, w(t), “Dw(t)) + (L), te £, 2<8<3, @)

w(0) = —w(1), ‘D"wW(0) = —°D"w(7), ‘D*w(0) = —°D’w(7),

we have the following inequality

‘W(t) —J:%(t,n)’h(n,wm),°D6W(n))dn‘ <Ae, te 7. (4.2)

Proof. Thank to Corollary 3.2 the solution of perturbed problem (4.1) is given by

T

w(t) = JO %(t,n)h(t,w(t),°D5w(t))dn+L 4 (t,n)(n)dn.

From which one has by using (i) of Remark 2.8

'w(t)— J 9 (t,mh(t, w(t), “DPw( ‘ J (6,1 (m)ldn
0 0
< Ag, te/

O]

Theorem 4.2. Inview of hypothesis (As) and Lemma 4.1, the solution of the APBVP (1.1) is
HU stable and consequently it is GHU stable if the condition £ + Atn < 1, % < 1 hold.

Proof. Let w € .# be unique solution of APBVP (1.1) and w € .# be any solution of the
said problem, then consider witht € ¢

—J ff(t,n)’h(n,w(n),CD&W(n))dn‘

[w—w|r = max w— |
< w—L @ (t,n)h(n, win), “DPwln))dn
T T
+ L %(t,n)h(n,wm),°D5W(n))dn—JO 9 (t,n)h(n, wn), “D°w(n))dn
AW 2% _
< Ae+1_$h||w—wH//,g. 4.3)

Upon simplification (4.3) yields
Al — %)
— (L + AR

Hence the APBVP (1.1) is HU stable. Further if there exist a nondecreasing function
Y:(0,1) = (0,00) such that ¥(e) = € with ¥(0) = 0, then from (4.4) one has

4.4)

lw—w| < Cne, Cr =

[w —wl| < En¥(e). (4.5)

Thus APBVP (1.1) is GHU stable. O
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Lemma 4.3. For the given APBVP (4.1), the following inequality holds.

‘w(t) - E%(t,n)h(n,w(n),CDéw(n))dn' <Ad(tle, te 7. (4.6)

Proof. Thank to Corollary 3.2 the solution of perturbed problem (4.1) is given by

T

w(t) = JO %(t,n)h(t,w(t),CDéw(t))dn+L 4 (t,n)(n)dn.

From which one has by using (i) of Remark 2.9

wit)~ [ @ mnwio, Dowian| < [ e mivmien
' < Aod) Je, te 7.
O
Lemma 4.4. The solution of the perturbed APBVP given in (4.1) satisfies the following prop-
erty

‘W(t) —L %(t,n)’h(n,wm),CD‘SW(n))dn‘ <AP(t), te 7. 4.7)

Proof. For the proof follow Lemma 4.1. O]

Theorem 4.5. If the hypothesis (As) together with the condition £y + An <1, £ < 1
hold. Then the APBVP (1.1) is HUR stable.

Proof. Let w € .# be unique solution of inequality (1.1) and w be the any solution of
problem (1.1), then using Lemma 4.4, one has

w —J 4 (t,n)hn,wn), CDSW(n))dn‘

[w—wl[., = max .
< W‘L (t,n)h(n, w(n), “Dw(n))dn
T JO (t,n)h(n, w(n), *DPw(n))dn — L (t,n)h(n, W(n), “D*w(n))dn
< AbWet+ 2w, 4.8)

1— %
Upon simplification (4.8) gives

Al — %)

1 (2 A 4.9

[w—W|.z < Crd(tle, Crh =

Thus the APBVP (1.1) is HUR stable. O

Theorem 4.6. Under the Hypothesis (As) and if % + A% < 1 holds, then the solution of
(1.1) is GHUR stable.
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Proof. Just like Theorem 4.5, we have

Al —Z)
e = . .10
[w—w|.r < Cnd(t), Cn (% 5 A (4.10)
O
Hence the APBVP (1.1) is GHUR stable.
5. Examples
In this section, we prove suitable examples to illustrate our analysis.
Example 5.1. Consider the APBVP as
1 ‘Diw(t)
‘Diw(t) = — [tcosw(t) —w(t) sin(t)] b te 7 =001,
150 100 + D3 w(t) # (5.1)

w(0) = —w(1), *D2w(0) = —°D2w(1), *D2w(0) = —°D3w(1).

Here one has 6 =

N\U‘l

r=1, s=32, v=1. Continuity of the function

‘D3w(t)

R(t, w(t),° Diw(t)) = 100+ <Diw(t)

1 .
150 [tcosw(t) wi(t) sm(t)] +

is obvious for w € .# = C3[0,1]. Again we have using hypothesis (A;) for any w,w € %
that

R(t, wi(t), DIw(t) — Rt w(t)S DIw(t))] < o5t cosw(t)) — cos(w(t))
1 _
+ ggglsin(tIw(t) —wit)

100[°D3w(t) — D3 w(t)] ‘

+ 5 5
‘ [100 +¢ D2w(t)][100 +¢ Diw(t)]

N

lw —W|+ |lw— wl]

1
150 [
1 1

Hence we have J%, = 7%, L = 100 On computation we have A = 1.26098028. Now
thank to Theorem 3.6, we see that

S A

- -2
—7 1.6982 x 10~ < 1.

Thus the APBVP (5.1) has at most one solution. Further by using Theorem 4.2, we observe
that

L + Aty = 0.0168130 - .01 = 0.0268130704 < 1.
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Hence the solution is HU stable. Further it is also GHU stable. For HUR stability we
thank Theorem 4.5 by taking a nondecreasing function ¢(t) =t for t € (0,1). One has
Gy = % = 1.7103 x 10~2. Hence we see that the results for unique solution

W € . and any solution w € .# the following relation
|w—W|., < 1.7103 x 10 2et, forall t € [0,1]

holds true. Hence the solution of (5.1) is HUR stable. Consequently it is obviously GHUR
stable on using Theorem 4.6.

Example 5.2. Let we have the following APBVP

e*ﬂt

{CDiw(t) = S + g5 (sin(w(t)) +sin(FDIw(1)]),  te0,1]

1 1 3 3 (52)
w(0) = —w(1), ‘D2w(0) = —“D2w(1), ‘D2w(0) = —D2w(1).

Here6=3,r=13,s=3,t=1and

ity w, ) = LT SR (Gin(w(t)) + sin(Diw()).

continuity of h is obvious.
Now for any w, w € .# and t € [0, 1], we have

|h(t,W(t), Bw(t)) - h(t,W(t), BW(t))‘

< Py [| sin [wi(t)| — sin [W(t)]| + | sin| By (t)| — sin usw(tn@
1
< gg| Wi - w01+ But) - Batvl]
Hence h satisfies the Hypothesis (A,) with %, = %, = %. The function h also satisfies
the Hypothesis (A3) with o« (t) = eXp(lgm), on(t) = ogt) = exﬁ)(;tt), where of = &,

— _ 1 ;
o5 = oy = z5- Upon calculation, we get

A L re-1) N (3 +2)(r3-32))
rg+1 2re-1i+1 22-hri-3+1
= 1.26098028.
Thank to Theorem 3.5, we see that u = Hofgiiqm = 0.1336526 < 1 and therefore, the

condition o} + «;A < 1 holds true. Thus the given APBVP (5.2) has at least one solution.
Further using Theorem 3.6, we see that
T A
1-%

—3.23328 x 1072 < 1.

So criteria for unique solution has been followed. Further by using Theorem 4.2, we
observe that
S+ A =5.6524 x 1072 < 1.
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Hence the solution is HU stable. Further it is also GHU stable. For HUR stability we

thank Theorem 4.5 by taking a nondecreasing function ¢(t) =t for t € (0,1). One has

Ch = % = 3.25778 x 10~2. Hence we see that the results for unique solution

w € . and any solution w € .# the following relation
|w—W|., < 1.7103 x 10 2et, forall t € [0,1]

holds true. Hence the solution of (5.1) is HUR stable. Consequently it is obviously GHUR
stable on using Theorem 4.6.

Example 5.3. Consider the APBVP of FODEs as

“Diwl(t) = & + L2 (Vw(t)) + DI (w(1))), t€ 0,2, 59
w(0) = —w(2), CDaw(O) —Diw(2), *D3w(0) = —°D3w( '
Heres=7,r=13,s=3 1=2and
2 9
Rl w(t), Bu(t)) = o+ o) (VWD + D w(1)).
Let for any w,w € % and t € [0, 2], one has
h(t, w(t), Bw(t)) —h(t, W(t), Bw(t))] = ¢ H (\/l )] — /W) + Bwl(t) — Bw(t))\

2
< 90(IW W[+ [Bw(t) — Bw(t)]).

Hence h satisfies the Hypothesis (A,) with %, = %, = %. The function h also satisfies
the Hypothesis (A3) with o (t) = &, o (t) = as(t) = B4, where of = &, 00 = o) = .
Upon computation, we can arrive that o + o) o

Theorem 3.6, the solution of the problem is unique. Moreover 1t t also satisfies the condition
of HU stability and consequently GHU stability by computing .4 + #1A < 1 by using
Theorem 4.2. Taking a nondecreasing function ¢(t) = 1+ t, and using hypothesis (As)

the solution of the consider problem (5.3) is HUR stable and hence GHUR stable upon the
application of Theorem 4.5 and Theorem 4.6 respectively.

6. Concluding remarks

A stability theory of HU type as well as existence theory of solutions has been success-
fully established for a class of nonlinear APBVP. The obtained results have been demon-
strated by proper examples. The aforesaid analysis in future can be carried out for more
general and complicated problem of applied nature.
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