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addition, the convergence of ADM series solution and the maximum expected error
will be discussed. Some numerical examples will be solved by using these two method
and a comparison between their solutions will be done. There exist an important appli-
cation to these types of systems, this application is the fractional-order rabies model
and it will be solved here. From the obtained results, it is noticed that the obtained
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results are coincide with the obtained results from the classical fractional derivatives
such as Caputo sense.
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Introduction
Fractional Differential equations have many applications in engineering and science;
some of them are fluid flow [1, 2], electrical networks, control theory [3, 4], electromag-
netic theory, viscoelasticity [5, 6], fractals theory, potential theory [2, 7], biology, chemis-
try [8, 9], optical and neural network systems [10—12]. In this paper, Picard [13-15] and
Adomian decomposition methods [16—20] will be used to solve these type of systems.
These two methods have many advantages; they efficiently work with different types of
linear and nonlinear equations [21-24] in deterministic or stochastic [25-27] fields and
gives an analytic solution for all these types of equations without linearization or discre-
tization [28-30].

The paper will be organized as follows:

In Methods section, Picard and ADM will be introduced as the two used methods to
solve the system under consideration. In Results and discussion section, Existence and
uniqueness of the solution will be proved, convergence of ADM series solution and error
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analysis will be discussed. Finally, an important application to these types of systems will be
solved which is fractional-order rabies model and other numerical examples will be solved
by using these two methods and a comparison between their results will be illustrated.

Methods

In this research, two methods will be used to solve a nonlinear system of fractional differen-
tial equations containing Atangana—Baleanu derivative. The first method is ADM and the
second method is Picard method.

Formulation of the problem
Consider a system of nonlinear FDEs of the form,

ABDLyi(t) + gi()fi(3(0)) = xi(t), a€(m—1Ln), i=12,...,n (1)
Subject to the initial conditions,
yI O =¢, j=12,...,n 2)

Where y = (yl, Yoo ,y,,) and 48D (.) is fractional derivative of Atangana—Baleanu
sense that defined as:

B ¢ —o(t — ¢
Dl = — (_“()x / Eo (Oll(_as)) f(s)ds

Where B(a) > 0, is a normalization function satisfying B(0) = B(1) = 1 and E, is the
Mittag—Leftler function of one variable. The corresponding fractional integral defined by
see [3, 4],

AB o _1l-a o ! a1
I“f(t) = B(a)f(t) + BT @) /Of(s)(t $)* ds, O0<a<l.
And
(421) (“#5 )r &) = £ 0) — f @)

Now applying the integrating operator of order « to the system (1)-(2), this reduces it to
the system of fractional integral equations,

n
yi(£) = 21 r T+ B () + gy ot — D wi(n)dT
=

(3)
_%gi(t)fi o®) - B@T@ f(t)(t — 0 ()i (7(r))dr

Assume that x;(t) bounded Vt € I =[0,T], T € R™, g,'(r)| <M¥V0 <t <T, M are
finite constants and f;(¥) satisfy Lipschitz condition with Lipschitz constants L; such as,

i) —£i@] <Ly |y — 2] (4)
k=1
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The first method: ADM
Applying ADM depends on replacing the nonlinear term with its corresponding Ado-
mian polynomials as follows,

o
[ =) AaGio.yit, - Jit) (5)
k=0
Where,
1 ak >
AaciosYits - Yik) = 7= i | D i (6)
kak '\ &
= J=0

Substitute from Eq. (5) into Eq. (3), we get

n
yil) = 3 w5t + 5B + gt /ot — DY x(myde
i=1
% (7)
B(a)gz(t) Z Ay — mﬁ)(f - T)a_lgi(f) kZ Ay dr
=0

Let yi(¢) = Y po o ik (t) in (7) we get,
n

e e B /t(r— *Lxi(0)d
PO =Tt T B Y T B @ O ®)

Yik(£) = _é(;;;gi(t)Ai(k—l)
_B(oz)aI‘(oz) fg(t - 7-—)()[_lgi(":)Ai(k—l) dfrk > 1.

Finally, the ADM series solution will be,

yit) = yi(®) (10)

k=0

Existence and uniqueness theorem
Let E=((I),R™) be the Banach space of continuous functions defined on the compact
interval I that are valued in R". On R™ is considered the norm ||y|| = Y%, ‘yi‘ where
Y = Ouyn--y) €RMIf yeE and y(t) = (31(8),52(8),...,y(t)) then
Iyl = 32 max|yi()],

Theorem 1 The system (1) and (2) has a unique solution whenever 0 < 8 < 1,
B = B(a)[(l o) + r(a+1)]Whe’"eL S 1 LiwM = max{M, Ma, ..., M,)}.

Proof Equation (3) can written as,

y(t) = Z Fiix) 4 B(a)xl(t) + Wfé(t — ) x(v)dr
B(a)gl(t)fl@(t)) s ot — DGy (e))dT

Where,
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x(t) = (xlix% ce 1xn)/:
g(t) =diag{g1,82 ... 8n} /
FO®) = (A0).LO), ... i)

The mapping R : E — E defined as,

Ry(t) = Z Tyt Ly B(a)x(t) + 3@ [ot — O La(r)de

B(a)g(t)f(y(t)) S Jo — D g(f ((2))dT

LetY,Z € E:

IRY (1) = RZ®)|l = || — 558 (f (5) —f @)
B(a;‘r(a) Jot —0* g()f (x)dr]|

< s le@IF o) —f @

+aara ot = D gD @) —f (@) lldT

= (13&))1\4 > =1 Lm <an=1 ngealxlfm(y) — fm(@)]

+Bet@ Lm—t L | Zimy max|fon ) —fu(2)| ) Lt — 1) ldr
= (13&))1\4 Zm 1Lm an:l n}:‘]’(’yk - Zk’)

+B(O%A1:I(€:1) > =1 Lm <an=1 Téa]x’yk - Zk’)

(1—a)ML MT*L
[ B + B(Z)F(a+1) lly ==l

IA

| /\

B(oz) |:(1 Ol) + l_'(ot+l) ||J’ - Z”
<BlIY = Z|

Under the condition, 0 < 8 < 1, the mapping R is contraction and there exist a unique
solution of the system (1)-(2).

Proof of convergence
Theorem 2 The series solution (10) of the system (1)-(2) using ADM converges
if |yn|<oc and 0<Bp<1,B= B(a)[(l a) + F(a+1)] where L= y_;Li
, M = max{Mi, Mo, ...,M,}.

Proof Define a sequence {Sip} as, Sjy = Zi:o yix (¢) is the sequence of partial sums from
the series solution >, yi (£), we have,

»
fSp) =D Ao yins - -, ¥ip)
k=0

Let Sjy and S, be two arbitrary partial sums such that p > g. Now, we are going to prove
that {S ip} is a Cauchy sequence in this Banach space.
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n
1Sip — Sigll = Z max!skp — Skq

n
= ) max Z Vii ()
k=1 t€/ |j= q+1
n
= kE max| Z [éa:;gk(t)Ai(k—l) + g J ot — D ek (MDA df}
=1 j=q+
_ 1 \p 1—o L A o t a—1 P A d
—k; max|> g1 By (©) 4 Z kG-1) T B@r@ o8k @E =D 3L Akgndt
n
= Z Z B(a)gk(t) Z Ak/ + B(oz)l"(oz) fogk(f)(t -0 ! z Ak]d'[
k=1 e j= q+ j=4
n
Zkzlf? x Z B(a)gk(t)[f(sk(p ) —f (Skg-1)]

+Wfogk(f)(f — O f Skp—1)) _f(Sk(q—l))]dT‘

< 5 é max(|gi (O||f (Skir-1) =/ (Skiq-1)[1

+ 5@ @ k=1 max[f8|gk('f)| & = O M|f (Skp-1)) = (Skig-1)) [d]
< (IBQ)MLmaXZ |Sjo-1) = Sjig-1)|

+B(a)F(cx) ma}x 21:1 ISjp—1) — S/(q—l)‘f(t)(t — )" lde

Ta
< B(O,) [(1 o) + %} 1Sip—1) — Sig-1)l
< BllSipp—1) — Sig-vl

Let p = q + 1then,
ISiig+1) — Sigll < BlSiq — Sicg—)ll < B*ISicg—1) — Sicg— Il < -+ < BLIISi — Sioll
Using the triangle inequality,

ISip — Sigl < 1Sicq+1) — Sigll + ISicg+2) — Sig+ny |l + -+ + ISip — Sip-1) |
< [B1+ BT+ 4 BPTHISi — Sioll

<PUL+B+- -+ B Sa — Sl
—pP—4
= 81| 525" | Iy o)l

Since,0 < B < 1land p > g then, (1 — f#79) < 1. Consequently,

q
1S = Sigll < £5 1y ®)]

< %T&X’yﬂ(tﬂ

If |yi1(¢)| < o0 and as g — oo then, [|Sy — Sigll — 0 and hence, {S;,} is a Cauchy
sequence in this Banach space so, the series Y ¢~ yix (£) converges.

Error analysis

Theorem 3 The maximum absolute truncation error of the series solution (10) to the system
(1)-(2) estimated to be,

max

yilt) — Zylk(t)

q
_L max |y ()
k=0 a
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Proof From Theorem 2 we get that
B4
I1Sip = Sigl = T—gmaxlyu ()
IfS; =Zi:0 yik(t) as p — oo then,S;, — y:(?) so,
B1
I3:(6) = Sigll = T maxlyu (1)

Hence the maximum absolute truncation error in the interval J is,

:Bq
< mr?éaij’il (t)|

q
yi(t) — Zyik(t)

max
te
/ k=0

The second method: Picard method

Applying Picard method to the system (3), the solution is constructed by the

sequence,

n

, - t
yio(t) = Z i je-1 liaxi(t) + m/o(t — ) lxi(v)dr,

~T(@) B(a)

Yik (@) = yio(t) — ﬁgi(t)ﬁ (Vitk—1)(1))
— @@ Jot — O G @i (ik-1) (@) dv,k = 1.

Finally, the Picard solution will be,

yi(6) = lim yy ()
k— o0

Results and discussion
Example 1. Fractional-order rabies model
The fractional-order rabies model,

ABDEy) = —byys,
ABDYys = by y2 — dya,

Subject to the initial conditions,

71(0) =1, y2(0) =2,

(11)

(13)

Was discussed before in [22], it solved by using Adams-type predictor—corrector

method. Now, we will solve it by using ADM.
1- ADM solution:

Using ADM to system (14) leads to the following solution algorithm,

Page 6 of 16



Ziada Journal of Engineering and Applied Science (2024) 71:31

y0=1 41 =—bB1"Ay)),

¥20 =2, yajp1 =BI%(bA1j — dys)), (15)
Where A represent the Adomian polynomials of the nonlinear term y;ys.
Moreover, the final solution will be,

n n
J1= Zyl,z’,yz = Zj’z,i‘
i=0 i=0
2- Picard Solution:
Using Picard method to the system (14), the solution algorithm will be,
y10 =1 yi41 =y10 — BB [y1j30,1, (16)

Y20 =2, Y241 = y20 + BI%[by1jya; — dyay).
Moreover, the final solution will be,
y1 = lim y1,y2 = lim y,.
n—0o0 n—0o0

Figure 1a and b show ADM and Picard solutions of y; and y, where (n=5b=d = 1)
at (@ = 0.8,0.9).

From these two figures, we see that ADM solutions of (y; and y;) are coincide with
Picard solutions at the same values of «.

Example 2. Consider the following nonlinear system of FDEs,

AB'D?'E(AB'D?‘Syl) =1 +y3 _ t6,

ABD?'E(ABID?'S_)/Q) — yl + t, (17)
ABD?'5(ABD?'5)/3) — By%,

Subject to the initial conditions,

y(0) =0, k=1,2,3.

Which has the exact solution y1 (t) = t,y2(¢) = t* and y3(t) = t3.

1- ADM Solution:

Apply 4BI% to the system (17), then using ADM and replace each nonlinear term by

its corresponding Adomian polynomials we obtain,

7
yo=t—5% y =214
2

y20 =15, y2j+1 =811, (18)
y30 =0, y341 =4BI[34)].

Moreover, the final solution will be,

oo o0 e °]
n= Zyl,nryZ = Zyz,n,ys = Zy3,n-
i=0 i=0 i=0

Page 7 of 16
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a ,
0.1 0.2 0.3 0.‘4 0.5 0.€ ‘
——  ADMSol. (2=0.8)
0.8
——  Picard Sol. (2=0.8)
— ADMSol. (2=0.9)
% ——  Picard Sol. (¢=0.9)
0.4
0.2
b

—  ADMSol. (2=0.8)
—  Picard Sol. (=0.8)
—  ADM Sol. (2=0.9)
——  Picard Sol. (¢=0.9)

Fig. 1 a ADM and Picard solution of y; (¢ = 0.8,0.9)- b ADM and Picard solution of y, (o = 0.8,0.9)

2- Picard Solution:
Using Picard method to the system (17), the solution algorithm will be,

7
yo=t—5%, yi1 =10 +B1N02)%,
2
y20 =145, yr41 =20+ B )], (19)
¥30 =0, y3j+1 =30 + B [3(y1,)%].

Moreover, the final solution will be,
= lim ,Y2 = lim ,y3 = lim .
N n—)ooyl'n V2 n—)ooyz'n 3 n—>ooy3’n

Figure 2a-c show Picard and exact solutions of y;,y2 and y3 (n=5). While, Fig. 2d-f
show ADM and exact solutions of y1, y; and y3 (n=35).

Tables 1, 2 and 3 show the relative absolute error between exact solutions, Picard and
ADM solutions of y1,y2 and y3. A comparison between Picard with exact solutions and
ADM with exact solutions are shown from these results that Picard method give more
accurate results than ADM but ADM take less time than Picard (ADM time = 0.235, Pic-
ard time =0.455).

Example 3. Consider the following nonlinear system of FDEs,

Page 8 of 16
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2
0.
Exact Sol o€ Bactsol |

— — Picard Sol. — — Picard Sol

0.8
pZ
0.2
o oe 0.2
/
/i o
4
/ 1 o.¢ —— Exact Sol
Exact Sol

— — ADM Sol
/ — — Picard Sol. o
o.

o . oe oe

0.6

ract o1 0.6 Exact Sol

— — ADM Sol — — ADM Sol
0.4

o
< o . o.c o

Fig. 2 a Picard and exact solution of y,. b Picard and exact solution of y,. ¢ Picard and exact solution of y;.d
ADM and exact sol. of y;. @ ADM and exact solution of y,. f ADM and exact solution of y5

Table 1 Absolute relative error between exact, Picard and ADM solutions of y,

t Absolute relative error between Absolute relative error between
Exact and Picard Solutions of y, Exact and ADM Solutions of y,

0.1 406666 x 10723 206044 x 10~1°

0.2 106605 x 10716 843956 x 10712

0.3 15755 x 1071 1095 x 1077

0.4 279452 x 10712 345681 x 1078

0.5 155117 x 10710 503017 x 107/

0.6 4129 x 1077 448461 x 107°

0.7 6.61776 x 1078 0.0000285108

0.8 731484 x 107~/ 0.0001415

0.9 6.08514 x 107° 0.000581157

1 0.0000404295 0.00205527

ABDey =1 —yy,

iiD?’yz =71 - 3
Diys =y,
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Table 2 Absolute relative error between exact, Picard and ADM solutions of y,

(2024) 71:31

t

Absolute relative error between
Exact and Picard Solutions of y,

Absolute
relative error
between

Exact and ADM
Solutions of y,

0.1 23238 x 107 247608 x 10716
0.2 609171 x 1071? 9.79546 x 10~13
0.3 900286 x 1071° 1.27098 x 10710
0.4 159687 x 10713 201227 x 1077
0.5 886392 x 10712 583804 x 1078
0.6 23595 x 10710 50386 x 10~/
07 378188 x 1077 330691 x 1070
0.8 418068 x 1078 0.0000163978
0.9 347854 x 107/ 0.0000672372
1 231195 x 107 0.000237109
Table 3 Absolute relative error between exact, Picard and ADM solutions of y
t Absolute relative error between Absolute
Exact and Picard Solutions of y; relative error
between
Exact and ADM

Solutions of y;

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

132789 x 10723
348098 x 10718
514449 x 10~1°
9.12499 x 10~13
506509 x 107!
134828 x 1077

216106 x 1078

238892 x 1077

198767 x 107°

0.0000132102

401786 x 1071
164571 x 107"
213521 x 1077
6.74004 x 1078
980474 x 1071
8.73407 x 107°
0.0000554211
0.000273993
0.00111721
0.00390145

Subject to the initial conditions,

ye©) =0, k=1,2,3.

Where0 < o < 1.
1- ADM Solution:

Apply AB ¢

corresponding Adomian polynomials we obtain,

to the systems (20), then using ADM and replace each nonlinear term by its

Page 10 of 16
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—a=1 0 —a=1
0.8 —— =095 —— =095
- —— =09 s ——a=09
—a=085 — =085
o.
0.1
=
oz . )
»
0.08
—a=1
—_—a=1
0.t —— =095
—— =095
0.015 @=09 ——a=09
—— =085 —— =085
0
B s < o 1 D o o )

=1

— a=095

=095
0.018 a=09

@=09

— a=085
=085

(
Fig.3 a ADM solution of y,. b ADM solution of y,. ¢ ADM solution of y;. d Picard solution of y,. e Picard
solution of y,. f Picard Solution of y;

Y10 = ﬁ yij1 = =By,
¥20 =0, w241 =281y — Ajl, (21)
¥30 =0, y3j01 =BI[4)].

Moreover, the final solution will be,

o o o0
F=D V¥ =Y Vawd3 =D e
i=0 i=0

2- PicardiSTglution:
Using Picard method to the systems (20), the solution algorithm will be,

Y10 = #‘jﬁ,{), y1j+1 = y1,0 — By,
¥20 =0, y211 = y20 +BI%[y1; — (02)%], (22)
¥30 =0, y3j+1 =30 +BI"[(32)*].

Moreover, the final solution will be,
¥y = nli>“olo Vi Y2 = nlglgo Yo Y3 = nlggo V3,

Figure 3a-c show ADM solutions of y1,y2 and y3 at different values of «
(¢ =1,0.95,0.9,0.85).
While, Fig. 3d-f show Picard solutions of y1,y2 and y3 at the same values of «.
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Comparing between Fig. 3a-c and d-f, we see that ADM solutions of y;,y2 and y3
coincide with Picard solutions at the same values of «.
Example 4. Consider the following nonlinear system of FDEs,

ABDEy1 =32 + 99,

ABDAyy = 1 + yycosyi, (23)

Subject to the initial conditions,
y(0) =0, k=1,2.

Where « € (0,1).
1- ADM solution:

Using ADM to system (23) leads to the following scheme,

710 =0, yii41 = ABI (A1) +4B1% (),

24
Vo0 = ﬁ, Y241 = AB o (AZ,/‘)y (24)

Where A;; and Ay represent the Adomian polynomials of the nonlinear terms y%
and y; cos y; respectively.
Moreover, the final solution will be,

o0 o0
1= Zyl,n:yZ = Z)’Z,n
i=0 i=0

2- Picard Solution:

Using Picard method to the system (23), the solution algorithm will be,

y1,0 =0, YL+ = Y10+ ABI[(y1,)* + 32,1,

25
Y20 = ﬁ, y2,j+1 = y2,0 + ABI% [ysjcos(y1,)], (25)

Moreover, the final solution will be,

7= Jim s = lim o
Figure 4a and b show ADM solutions of y; and y; at different values of «
(@ = 1,0.95,0.9,0.85,0.8).
While, Fig. 4c and d show Picard solutions of y; and y; at the same values of a.
Figure 4e and f show ADM solution of y; and y; at another different values of «
(¢ =0.25,0¢ = 0.5, = 0.75,« = 1). While, Fig. 4g and h show Picard solutions of y;
and y; at the same values of «.

Example 5. Consider the following nonlinear system of FDEs,

4Dy = 23,
ABDYyy = 1+ tyy, (26)
ABD?J]B =1 +J’2J’3»

Page 12 of 16
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—a=1

=095
=09
=085
— =08

—a=1

— @=095
a=09
=085

— a=08

—a=025
—a=05
@=075

—a=1

—a=025
—a=05
a=075

—a=1

7
7%
7
S
7%
b

—a=1

— a=08

—a=1

— =095
a=09
a=085

— a=08

@=025
a=05
a=075

—a=1

— =025
—a=05
a=075

—a=1

Fig.4 a ADM solution of y, [n=5]. b ADM solution of y, [n=5]. ¢ Picard solution of y, [n=1]. d Picard
solution of y, [n=1]. e ADM solution of y, [n=3]. f ADM solution of y, [n=3]. g Picard solution of y, [n=2]. h

Picard solution of y, [n=2]

Subject to the initial conditions,
yr(0)=0, k=1,23.

Where @ € (0, 1).

1- ADM solution:

Applying ADM to system (26) leads to the following recursive relations,

y10 =0, y141 =2PI"(241)),

Page 13 of 16
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¢ AB
= 7’ 3 = Ia t ' P
¥20 = TS Y2,j+1 (ty1)) (28)
_ t* L =ABra (4, .
Y30 = Y341 = (A2)), (29)

ra+e)

Where A;;and Ay represent the Adomian polynomials of the nonlinear terms y3and

¥2y3 respectively.
Moreover, the final solution will be,

o o o0
F=D TV =Y Vomd3 =D Y
i=0 i=0 i=0

2- Picard Solution:

Using Picard method to the system (26), the solution algorithm will be,

y10=0 y1j41 =10 + ABI[(yy,)%1,
920 = Ty Y21 =220 + 481 11,
Y30 = ﬁ 341 = 3.0 + B [y132],

— =085 /
1

——a=09
o Z

—a=1

=085

=095 7= a=

095

—a=085
—a=09
=095

—_—na=1

a=085
—a=09
=095

—_—a=1

—a=

—a=

—a=

=095

0385
09

—a

—a=
=095

—a=

=085

09

1

Fig. 5 a ADM solution of y, [n=5]. b ADM solution of y, [n=5]. ¢ ADM solution of y; [n=5]. d Picard
solution of y; [n=5]. e Picard solution of y, [n=5]. f Picard solution of y; [n="5]
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Moreover, the final solution will be,
yr=lim y1, 92 = lim y,,,y3 = lim y3,,.

Figure 4a-c show ADM solutions of y;, y, and y3 at different values of «
(e =0.85,0.9,0.95, 1).

While, Fig. 4d-f show Picard solutions of yj, y, and y3 at the same values of «.

We see from the above figures that ADM solutions of (y1, y2 and y3) are coincide with
Picard solutions at the same values of «.

Conclusions

In this research, we use two interesting methods (ADM and Picard methods) to solve a
system of nonlinear fractional differential equations of Atangana—Baleanu sense; these
two methods give analytical solutions, which coincide with each other (see Figs. 1, 2, 3, 4
and 5). In addition, these two methods give good approximate analytical solutions as we
compared them with the exact solution (see Example 2) and from these results, we see
that Picard method give more accurate results than ADM but ADM take less time than
Picard (see Tables 1, 2 and 3).

Abbreviations
ADM  Adomian Decomposition Method
FDEs  Fractional differential equations

Acknowledgements
Not applicable.

Author’s contributions
Iam the only author and | do everything in the paper.

Funding
There is no funding.

Availability of data and materials
Data can be shared.

Declarations

Competing interests
All financial and non-financial competing interests be declared.

Received: 12 April 2023 Accepted: 7 January 2024
Published online: 02 February 2024

References

1. Hammad HA, De la Sen M (2021) Tripled fixed point techniques for solving system of tripled-fractional differential
equations. AIMS Mathem 6(3):2330-2343

2. Daraghmeh A, Qatanani N, Saadeh A (2020) Numerical solution of fractional differential equations. Appl Math
11:1100-1115. https://doi.org/10.4236/am.2020.1111074

3. Syam MI, Al-Refai M (2019) Fractional differential equations with Atangana-Baleanu fractional derivative: analysis
and applications. Chaos Solit Fractals X (2):1-5

4. Fernandez AA (2021) Complex analysis approach to Atangana-Baleanu fractional calculus. Math Meth Appl Sci
44:8070-8087. https://doi.org/10.1002/mma.5754FERNANDEZ8087

5. Khan NA, Razzag OA, Ara A, Riaz F (2016) Numerical solution of system of fractional differential equations in imprecise
environment. https://doi.org/10.5772/64150

6. Atangana A, Alabaraoye E (2013) Solving a system of fractional partial differential equations arising in the model of
HIV infection of CD4+ cells and attractor one-dimensional Keller-Segel equations. Adv Difference Equ 94:1-14

Page 150f 16


https://doi.org/10.4236/am.2020.1111074
https://doi.org/10.1002/mma.5754FERNANDEZ8087
https://doi.org/10.5772/64150

Ziada Journal of Engineering and Applied Science (2024) 71:31

7. Rida Sz, Arafa AAM (2011) New method for solving linear fractional differential equations. Int J Differ Equ 1-8.
https://doi.org/10.1155/2011/814132

8. Miller KS, Ross B (1993) An introduction to the fractional calculus and fractional differential equations. Wiley-Interscience,
New York

9. Podlubny I (1999) Fractional differential equations. Academic, New York

10. Kilbas AA, Srivastava HM, Trujillo JJ (2006) Theory and applications of fractional differential equations. Elsevier,
New York

11. Abd El-Salam ShA, El-Sayed AMA (2007) On the stability of some fractional-order non-autonomous systems.
Electron J Qual Theory Differ Equ 6:1-14

12. El-Sayed AMA, Abd El-Salam ShA (2008) On the stability of a fractional-order differential equation with nonlocal
initial condition. Electron J Qual Theory Differ Equ 29:1-8

13. El-Sayed AMA, Hashem HHG, Ziada EAA (2012) Picard and Adomian Methods for coupled systems of quadratic
integral equations of fractional order. J Nonlinear Anal Optim Theory Appl 3(2):171-183

14. El-Sayed AMA, Hashem HHG, Ziada EAA (2014) Picard and Adomian decomposition methods for a quadratic
integral equation of fractional order. Comput Appl Math 33:95-109

15. El-Sayed AMA, Hashem HHG, Ziada EAA (2010) Picard and Adomian methods for quadratic integral equation.
Comput Appl Math 29:447-463

16. Evans DJ, Raslan KR (2005) The Adomian decomposition method for solving delay differential equation. Int J Comput
Math (UK) 82:49-54

17. Zwillinger D (1997) Handbook of differential equations. Academic, USA

18. El-Sayed AMA, El-Kalla IL, Ziada EAA (2010) Analytical and numerical solutions of multi-term nonlinear fractional
orders differential equations. Appl Numer Math 60(8):788-797

19. Hefferan JM, Corless RM (2006) Solving some delay differential equations with computer algebra. Mathematical
Scientist 31(1):1-22

20. Ziada E (2013) Numerical solution for nonlinear quadratic integral equations. J Fract Calc Appl 7(7):1-12

21. El-Mesiry EM, El-Sayed AMA, El-Saka HAA (2005) Numerical methods for multi-term fractional (arbitrary) orders
differential equations. Appl Math Comput 160(3):683-699

22. Ahmed E, El-Sayed AMA, El-Saka HAA (2007) Equilibrium points, stability and numerical solutions of fractional-order
predator-prey and rabies models. J Math Anal Appl 325(1):542-553

23. El-Sayed AMA (1993) Linear differential equations of fractional orders. J Appl Math Comput 55(1):1-12

24, Adomian G (1994) Solving frontier problems of physics: the decomposition method. Kluwer Academic Publishers,
Boston

25. Adomian G (1983) Stochastic system. Academic Press, New York

26. Adomian G (1986) Nonlinear stochastic operator equations. Academic, San Diego

27. Adomian G (1989) Nonlinear stochastic systems: theory and applications to physics. Kluwer Academic Publishers,
Dordrecht

28. Abbaoui K, Cherruault Y (1994) Convergence of Adomian’s method applied to differential equations. Comput Math
Appl 28:103-109

29. CherruaultY, Adomian G, Abbaoui K, Rach R (1995) Further remarks on convergence of decomposition method. Int
J Bio-Med Comput 38:89-93

30. Shawaghfeh NT (2002) Analytical approximate solution for nonlinear fractional differential equations. J Appl Math
Comput 131:517-529

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 16 of 16


https://doi.org/10.1155/2011/814132

	Picard and Adomian solutions of nonlinear fractional differential equations system containing Atangana – Baleanu derivative
	Abstract 
	Introduction
	Methods
	Formulation of the problem
	The first method: ADM
	Existence and uniqueness theorem
	Proof of convergence
	Error analysis
	The second method: Picard method


	Results and discussion
	Conclusions
	Acknowledgements
	References


