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mation concerned is applicable to solve many classes of partial differential equations with
derivatives of order and integrals. Consequently, the fractional Delay Differential Equations
(DDESs) which we are going to study in this work. The resulting numerical proofs show that
the method converges favorably towards the analytical solution.

1. Introduction

Many physical problems can be described by mathematical models that involve ordinary or partial differential equations. A mathematical
model is a simplified description of physical reality expressed in mathematical terms. Thus, the investigation of the exact or approximation
solution helps us to understand the means of these mathematical models. Several numerical methods were developed for solving ordinary or
partial differential equations. the Aboodh transform method is used to solve the linear and nonlinear fractional delay differential equations
(FDDESs). New integral transform Aboodh transform is particularly useful for finding solutions for fractional delay differential equation.
Aboodh transform is a useful technique for solving these equations but this transform is totally incapable of handling nonlinear equations
because of the difficulties that are caused by the nonlinear terms. [1,3-7]. Fractional delay differential equations (FDDEs) are a very recent
topic. Although it seems natural to model certain processes and systems in engineering and other science (with memory and heritage
properties) with this kind of equations, only in the last few years has the attention of the scientific community been devoted to them. The
purpose of this work is to find the approximate solution of delay differential equations of fractional order using aboodh transform and
adomian decomposition methods [9].

This work consists of three sections, as well as, this introduction. In Section 2, definition and properties of the Aboodh transform and method
of solution is presented. Section 3, basic concepts of delay differential equations and fractional calculus are given. Finally, the application of
the Aboodh transform method for solving delay differential equations of fractional order, with illustrative examples have been given.

2. The Aboodh Transform
The Aboodh transform is a new integral transform similar to the Laplace transform and other integral transforms that are defined in the time

domain ¢ > 0, such as the Sumudu transform, the Natural transform and the Elzaki transform, respectively [4].
An Aboodh transform is defined for functions of exponential order. We consider functions in the set F' defined by:

F={f(t): |f(t)] <Me™, if t €[0s00[, M, ky,ky > 0;k; <v <k }.

For a given function in the set F, the constant M must be finite number and &, k; may be infinite or finite with variable v define as k; <v < k.
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Table 1: Aboodh transform of some functions

Then, the Aboodh integral transform denoted by the operator A(:) is defined by the integral equation:

T(v)=A[f(t)] = % /f(l)e’”’dt., t>0,k <v<k. @2.1)

0
Standard Aboodh transform for some special functions found are given below in Table 1.

Theorem 2.1. Aboodh transform of some partial derivatives :

()AL )] =7 () 2,

v

i) - Al 0] =T -7 ),

n—1 (k)
(i)~ T" (v) =A[f (1)] =T (1)~ ¥ { 0 22
k=0

Remark 2.2. The Aboodh transform is linear, i.e., if & and B are any constants and f(t) and g(t) are functions defined over the set F above,
then :

Alof(1)] +Bg(r)] = aA[f(1)] £ BA[g(r)].
2.1. Aboodh transform method

Let us consider the general nonlinear ordinary differential equation (ODE) of the form [8]:

d"y(t
dyﬂg)+P(y)+Q(H):g(z),n=1,2,3, ..... 2.3)
with initial condition:
yH¥(0) =»k, 24)

n
where % is the derivative of y of order ., P is the linear bounded operator , Q is a nonlinear bounded operator and g(¢) is a given continuous
function, and y = y(¢).
Inspired by Wu [4] method, if we take Abooth transform on both sides of Eqs((2.3)-(2.4)), the linear part with constant coefficients is then
transferred into an algebraic one, so that we can identify the Lagrange multiplier in a more straightforward way. Now, we extend this idea
to find the unknown Lagrange multiplier. Taking the above Aboodh transform to both sides of eq(2.3),and (2.2), then the linear part is
transformed into an algebraic equation as follows:
Applying the Aboodh transform , we obtain

A0

20 atPO) +ATR (0] =ALg() 3

But

d'y(t)] _ E
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n—1
where E = Y, g®)(0),
k=0

E _ - _
AN®) = o — VARG —vTAIQ (= )] v A g (1) @.7)
The standard Aboodh decomposition method defines the solution y(r) by the series:
()= Y o), 2.8)
n=0

the nonlinear operator is decomposed as:

Q(t—1)=) B, 2.9
n=0
where B, is the a domain polynomial of yg,y1, y2, -...... ,Ynthat are given by:

1 d" .
anam |:Q<nzbA )’n>:|a

then the Adomian series reads :

By = f (o)
By =yif" ()

i
By =y2f' (o) + 531 f" (lyo) (2.10)
By =y3f' (vo) +y1y2f” (vo) + ﬁy?f’” (vo)

Applying (2.8) and (2.9) into (2.7), we obtain

o E - o B o B
A <Zyn> = v A |:P(Zyn):| —v"A {ZBH +v A g(1)], 2.11)
n=0 n=0 n=0
comparing both side of (2.11):
E —-n

Alyo] = ety A (8], (2.12)

Aly] = —v "A[Pyo] —v "A[Bo], (2.13)

Alys] = —v"A[Py]| v "A[By]. (2.14)
In general the recursive relation is given by:

Alyn] = —v"A[Py, 1] —vT"A[By1], n>1 (2.15)

By the Aboodh transformed inverse method to(2.12)-(2.15), we get :
yo =K(t)

yp=—A"" [vf"A [Pyn,l]] —A! [vf”A [B,,,l]} , n>1.

where K(¢) is a function that satisfies the initial conditions.
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2.2. Illustrative examples

Example 2.3. Consider the following nonlinear delay differential equation (NDDE) of first order:
Y()=1+42%(5) ,0<:<1, (2.16)
with the initial condition y(0) = 0. The exact solution of the problem is :
y(t) = sinh(t).
Applying the Aboodh transform on both sides, we have:
A @] =am+24[?(3)].

By definition (ii) in theorem (2.1), we have :

ro SO 1 2 (1
AV @] =) =52 = S +24[2(5)]-
So, we have :
1 2 1,5/t
T(v)=AQ()) = A [y (5)] (2.17)
Applying the Aboodh inverse operator, A~' on both sides of (2.17), we obtain:
1 1 t
_ 41| 2 -1]2 20°0
y(1) =A L3}+2A LA [y (Z)H. 2.18)

Using the Table 1, we have: Al [i] =t, hence:

V3

i =4 5] =

SO0,

—A {Bn}} , (2.19)

For n =0, the equation (2.19), become :

v P ] o 3]
So,
3

t I
n(3) -5
For n =1, the equation (2.19), become :
* r

=20 [Sint] <20 [Pa o () (] =20 [1a 2] -

(5) =30
72\2) 7 3840°
For n =2, the equation (2.19), become:

=27 [Jalal| =24 [[a 20 ()0 (5) 02 ()]

1 10 10 1] 6! 6! !
=24 ZAl— 4+ ||=2at |2 | - _.
L {3840+2304” [v {3840v8+2304v8H 7!

Therefore the approximate solution is given as:

3 5 7

t t t .
y(t) =yo(t) +y1(t) +y2(t) +.... =1+ 3 + 5 + TR = sinh(t).

So,
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Example 2.4. Consider the following linear delay differential equation (NDDE) of first order:
Y () =ey(5)+yr) ,0<r<1

with the initial condition y(0) = 1.
The exact solution of the problem is :
y(t) = €.
Applying the Aboodh transform on both sides, we have :
t
A @] =4ley(3) H0)].

By definition (ii) in theorem (2.1), we have :

VA [y(t)] — @ =A [e’y (%) +y(t)] :

Ap(@)]= v% + %A [e’y (%) +y(t)] : (2.20)

Applying the Aboodh inverse operator, A~ on both sides of (2.20), we obtain :
O=a"| L]l sa1|1a [ef <5>+ (z)] 2.21)
W= V2 v M\2) ™ ’ ’
By the Aboodh transform method, equation (2.21), can be written as :

yo(t) =1
Ypp1(x) =471 {%A [e'yn (%) —O—yn(t)ﬂ ,n>0. "

Forn =0, we have :

|1 t 1|1
yi(t)=A"" {;A [e’yo (§> +y0(t)H =A"! {; [Ale] +A[1H}. (2.22)
But,
a1 1 1 1 1 1 1 1 1 1
v

Hence, equation (2.22), can be written as:

we obtain the following approximation forn > 1:

(t)73t2+513+11t4

=T T
(t)_g+1514+259z5

=58 T 1920

Thus the approximate becomes :

y(t) =yo(t) +y1(8) +y2(6) +y3(1) + ...

83 161t
_ 2 _
=1+2t+2¢ —‘,——3! —0——4! F ot =e".

3. Fractional Delay Differential Equation

In this section we apply the Aboodh decomposition method to solve linear and nonlinear fractional delay differential equation.

Definition 3.1. The Aboodh transform of the Caputo fractional derivative is defined as follows [2]:

i) —A[D*f(1)] =v*A[f(1)] —Zg)v“**k fR©), n-1<a<n

I'(a+1)

ih) ~A(%) = =20
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3.1. Analysis of the method
Let us consider the general nonlinear ordinary differential equation of the form:
D% () +P(y)+Q0(t—1)=g(t), T€R, t<1, n—l<a<n. 3.1

With initial condition:

where D%y(r) is the term of the fractional order derivative , P is the linear bounded operator , Q is a nonlinear bounded operator and g(¢) is a
given continuous function, and y = y(t).
The Aboodh decomposition method consists of applying the Aboodh transform first on both side of(3.1), to give:

AP0+ AP +A[0( — )] = Alg(0)],
by definition (3.1)
AG)) = g —v “ALPO)] —v A )] +v A lg(0)].. (32)
where E = nilg(k) (0).
k=0

The standardiAboodh decomposition method defines the solution y(r) by the series:

y(t) = )ioyn(t)” (3.3)

the nonlinear operator is decomposed as:

o

Q(t—1)=) B (3.4

n=0

Where B,, as in (2.9). The first a domain polynomials are given as in (2.10). Apply (3.3) and (3.4) in (3.2), we have:

o E - o - oo -
A {Zyn(t)} =—zV %A |:P2yn(t)} —v %A {ZB,[ +v %Alg(1)]. 3.5)
n=0 v n=0 n=0
Comparing both side of (3.5):
E -

Alyo] = Tty A [(t)], (3.6)

Ay] = —v *A[Pyo] —v *A[By],

Aly] = —v %A[Py]| —v %A[B].. 3.7)
In general the recursive relation is given by:

Al =—v" APy, 1] =V " A[By], 21, (38)
applying inverse Aboodh transform to(3.6)-(3.8), then:

yo = K(1),

yn=—A"" [V APy, 1] AT [V “A[B,1]], n>1, (3.9)

where K(¢) is a function that satisfies the initial conditions.

Example 3.2. Consider the nonlinear delay differential equation of first order:
t
D”‘y(z):1+2y2<§>, 0<r<1l, O0<a<l.

with initial condition:

apply Aboodh transform to both side of equation(3.9), we obtain :

A%y ()] =A[1+27 (%)]
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by using definition (3.1) and initial condition(3.10), we get :

VA [y(2)] = v]—z +a[2?(5)].

ADO)] = g + A [22 (5)].

Applying the inverse Aboodh transform to (3.11), we obtain :

HORYS [vzla} A [VlaA > (%)H |

Yo(t)=A"" [vm} :r(;iil)‘

So, we have :

t 1

0 (3) == ser@ri
And,
a0 =a"" | ARs]).
From equation (2.10), we have:
B =3 (3)
Br=2n(3)n (3)
()b

For n =0, the equation (3.12), become

)=t | ealomol| =41 | a2 ()]

= [ [ ertern) ]| = ot [t )]

1 I'a+1) _ T'Qa+1) o 1
y3o+2 220—112 (Ot-l—]) T 2a-112 (OC—I—]) p30+2

_ -1

__T@a+y 3
T 220012 (1) T T(Ba+ 1)’

r2a+1)

we choose C = m

, so, we have :

and,

3a
t t
1 (E) =S Ga 1)’

3.11)

(3.12)
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for n =0, the equation (3.12), become :

yo(t) =A~" L%A [231]] =4 L%A [4y0<%>y1 (%)H
- {V%A [4(2ar(t;+1)) (CZMFI(S;;‘“)) H

=A"! {VL"‘A {C(24a72r(afi)r(3a+l))n

ol CI(4a+1) _ CI(40+1) [
B V322402 (o + NT Ba+1) |~ 242 2T (a+ 1) T Ba+1) poot2

- CI(4a+1) y %
C24e 2T (0 + )T (Ba+1) " Ta+1)

The series solution is given by:

y(t) = yo(t) +y1(t) +y2() +y3(t) + ...

In particular case o = 1, then we obtain:

yo(t): l—*(z) =1
. TQa+1) A Y €) eo_r
yi(t) = 22012 (g1 1) T(at+1) 212(2) L@ 3!
Sa 5 3
0 CL (4ot 1) i 55 N C) BV

T2 (a+ DI (Ga+1)  T(atl)  20(2)r@) L) 5
Recall that,

I'(n+1)=n!, VneN,

The exact solution when o = 1 is given by :

3 5

t t .
y(;):;+§+§+...:smh(t).

Example 3.3. Consider the nonlinear delay differential equation of first order(n = 2)
t

(] 192
D%y(t)=1-2y (2

)7 0<r<1, 1<a<2. (3.13)

with initial condition

y(0)=1, Yy (0)=0.

Apply Aboodh transform to both side of (3.13), we get :
t
A[D% (1)) = A {1 —2)? (5)] .

Using definition (3.1) and initial condition :

VEA (O] = vy (0) v Y (0) = 5 24 2 (iﬂ

A1) = viﬁﬁ 2y % [@(%)] (3.14)

Applying the inverse Aboodh transform to(3.14), we get :
1 1 t
_7—1 -1 -1 |, 2
= ot e -2 freal2 (3)]]
1 1 1%
N=a"5|+a"! =1
w0 =7 [ e =1

(i),HL
Y82) T T e (et 1)
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Yus1 = —247" [VTA[B,]], (3.15)

from equation (2.10), we have :

2 (! t* g 1 2
B — (Do (1) =
0=/ (o) yo(z) ( +2(x1"(a+1)) e Tt 1) T 292 (a4 1)

By =y1f' (o) =20 (%) M <%>

o (£) () b7

For n =0, the equation (3.15), become:

IOC [2(1
=241 [y®A[By]| = =24~ |v %A |1
% reatbol] A sty e )
Py I N 1 r2a+1)
pot2 20—1,2042 220y30+212 (Ot + 1)
—2t% 12 3T 200+ 1)

C(a+1) 292TQa+1) 22012 (a+ )T (Ba+1)

The series solution is given by :

Y(t) = yo(t) +y1(t) +y2(6) +y3(1) + ...

* 2% 12 3T 200+ 1)

-1 _ _ _
TTlatr) T(atl) 207T2at1l) 2292 (a+ DT (Ba+1)

In particular case o, = 2, then we obtain :

12 2 2
H=l4+—~-=14+—-=1+—
O =T+pg =1ty =1+3
(1) = 2% 2 B 3T 200+ 1)
M= Tla+l) 20T 2a+1) 2212 (a+ )L (3a+1)
S A & N O N A o
21 201(5) 232(3)r'(7) 4! 4xe6!
The exact solution when o =2 is given by :
o
y(l):yo(l)+y1(t)+..,:I—E—I—E—...:cos(t)‘

4. Conclusion

This study aims to propose an efficient algorithm for the solution of nonlinear fractional equations. The adomian decomposition method has
been recognized as a powerful technique to solve many nonlinear differential equations. In this work, a combined method which groups
together the transform (2.1) and the adomian decomposition are discussed to find an explicit approximate solution for fractional Delay
Differential Equations (DDEs).
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