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Abstract

The powerful mathematical equations known as nonlinear ordinary differential equations are
used in both theoretical and practical applications. Since they are used to simulate problems
in the actual world, their answers are quite significant. However, not all of them can be ana-
lyzed to find the precise solution. To acquire and approximative solution, researchers rely on
several alternative methodologies. However, there are several methods that can be utilized to
guarantee the circumstances in which a precise and singular answer exists. To ensure existence
and uniqueness, one of them involves defining a sequence that converges toward a solution and
combining this with the fixed-point theory. In recent decades, names like Picard, Tonelli, and
numerous more have been proposed. We have successfully proposed an iteration that converges
more quickly than the Picard iteration in this study. We demonstrate that the analysis of this
iteration of the ordinary differential equation uses the conventional Caputo-Fabrizio derivative
and one or more orders. We found precise solutions to a few linear and nonlinear equations.

Keywords: Existence and uniqueness; nonlinear differential equations; New iteration, Picard
iteration, convergence.

1 Introduction

The study of nonlinear ordinary differential equations spans both theoretical and practical areas of
engineering, physics, and pure mathematics. The characteristics of differential equations of different
sorts are a topic that is addressed by all these professions. While applied mathematics emphasizes
the thorough explanation of the methods for approximating solutions, pure mathematics emphasizes
the existence and uniqueness of solutions. Virtually every physical, technological, or biological



process ranging from celestial motion to bridge construction to interactions between neurons can
be modeled using nonlinear ordinary differential equations. It’s possible that nonlinear ordinary
differential equations employed to address real-world issues are not always immediately solvable
or may not have closed form solutions. Numerical techniques can be used to approximate the
solutions instead. Differential equations are not solved in the same way as algebraic equations.
Their answers are frequently ambiguous, but whether they are unique or even exist at all is a major
subject of inquiry. The Peano existence theorem[1] provides one set of conditions under which a
solution exists for first order initial value problems. An ordinary differential equation’s condition of
existence and uniqueness can be determined using a variety of methods. One method is to design a
sequence and demonstrate that it converges to a solution. In addition, the Lipschitz condition and
boundness are utilized. In particular, the Picard-Lindelf theorem in differential equations provides
a set of circumstances in which an initial value problem has a singular solution[2]. The existence
and uniqueness theorem, Cauchy-Lipschitz theorem, and Picard’s existence theorem are some other
names for it[[3]-[6]]. This iteration has been employed with great success for the past ten years, but
several other iterations have been proposed and found to be more suitable for supplying a condition
of existence and uniqueness, such as the Tonelli sequence[7], which has been employed even within
the context of fractional calculus. In this study, we propose a Picard-like iteration and use it to
demonstrate that a particular Cauchy problem with a classical Caputo-Fabrizio derivative has a
unique solution[8]. The study is organized as follows: in section 1, we offer some analysis and then
compare the suggested sequence to the Picard version. We solve several fundamental linear and
nonlinear ordinary differential equations in section two, compare our findings to those of Picard and
even Taylor series[9], and note that the comparisons are based on iterations. In Section 3, we focus
on sequence analysis using the growth linear property. In the final section, we offer an analysis for
the situation of Cauchy problems with the Caputo-Fabrizio derivative. The first four sections will
be devoted to Cauchy problems with high orders.

2 Derivation of the iteration and comparison with Picard

We consider the following Cauchy problem

{ywszmm. 0

y (to) = Yo

Here f : I x R — R is assumed to be Lipschitz and bounded. We wish to prove that the
differential equation (1) has a unique solution. One of the most used iterative methods is from
Picard who suggested that, the equivalent of equation (1)

t
v =ylto)+ [ Flsw()ds )
to
could be used to obtain the following sequence.

Yn () = f (t,yn—1 (1)) (3)



or equivalently
t

yn () =y (to) + | f(s,yn-1(s))ds. (4)
to
It is clear that by imposing this, we use the previous functions to calculate the next. While this
iteration has gained interest in many fields due to its accuracy, it is alleged that in the definition
some terms may be making the iteration less accurate as could be. In this paper, we suggest an
iterative or sequence and compare it with the Picard version. To construct the sequence, we start
with

ay

w = Ty, ni(to) =y, (5)
o = Fl), o) =

Indeed, this is a bit complex owing the fact that y,, (¢) is not known. Therefore, we replace y,, (¢)
on the right hand side by 7,, (t) to have

dyy, (t)
dt

=f (.7, (). (6)
7,, (t) will be defined using the terms of the past, here, we borrow the Picard

dy,, (1)
— = =f(tyn-1 (). (7)
dt
Indeed, the key part of this process is to show that, the suggested iteration converges and may be
accurate than the Picard version. To differentiate between the Picard iteration and the suggested

one, we put y? (t) for Picard and y? (t) for the suggested one. Then, we write

uF (t) = y (o) + / £ (5, yns (5)) ds, (8)

and

yA (8) =y (to) + / £ (5,7, () ds. (9)

We now evaluate

v () —w, (B)] = / (f (s,yn-1(s)) = f (5,7, (s))) ds (10)

to
t

|f (8, yn—1(3)) — [ (5,7, (s))| ds.

to

IN



Using the Lipschitz condition of f, we get

v (1) — o (1)] < / [T (5) — Y (5)] ds

= L\/t /fSy” 1())d8—yn1()
t

= ; [Un () — Yn—1(s)| ds
t

: / { |(F (L yn—1) = F (L yn- 2))|}dl ds

< /fo/to " |y1—yo|d)\ ds

< L”M%

Thus7 we get )
k(1) =yl (1)] < L?LM%.

If f is a contraction, then
lim [y, (t) =y, ()] = 0.

n—o0

Moreover,

Sl () —vE @) < MZ t—to

n=0
< Mexp (L(t— to))-
Now, an analysis of 3 (¢) is presented. We shall present the well-defined
Yn (t ):y +ft0 8,9 (5)) ds
o () =90 (8) + [ f (5,51 (5))ds

or

{ Ly, (t) = £ (t,7, (1))
d N

ds

(11)



Then, we have

t

i (5,7, (5)) ds

t |f (5,9, (s))|ds
M (t = to)
Mé<e

[yn (£) = %ol

IN

<
<

where
1 ¢

J—mln{M,M}.

We now evaluate the difference of two consecutive terms

Ca(8) = Y (8) = ynr (8)
%Cn (t) = %yn (t) - %y”_l (t)

= f (tﬂyn (t)) - f (uynfl (t)) :
We now evaluate
d
460 = 175 0) - F @50 0)
L |yn - yn—l’
L |Cn71|
LHn—l

IN N CIA

where

II,, = ).
to—ériltagxtoﬂ 1< (1)

Here indeed |¢,, (to)| = 0, then Vt € (¢9 — d,to + d) , we have

3

‘Cn (t)| < L6H7L—1~
Indeed from the definition of ¢,, () the maximal value |,, (¢)| satisfies
Hn < LJHn—l-

If we choose § < ﬁ, thus Lé < % and then



We note that >y, (t) converges, the sequence (,, (¢) also converges because

G0 (O] < T (1) < (1) . (25)

We have that

ZK \<iﬂ < 3 <;>n15_2€ (26)

n=1 n=1 n=1

which is achieved via geometric series. Since the series >~ |IL,| converges by the property of
absolutely convergence Y - 1II,, also converges. Therefore

y () = lim g (t) = yo ( +ZC (27)

n—oo

exists, the sequence of y, (t) converges.

l=n+1
We evaluate
[e) [e’s} 1 -1 1 n—1
pO-mol=| S uol<| X (5) =(3) ° (20)
l=n+1 l=n+1
Then, we write
t
lim y, () = wo(t)+ lim [ f(s,yn(s))ds (30)
n—oo n—oo t
. 0
= 1 (t)+/ lim f(s,yn, (s))ds
tO n—oo

t

2.1 Application of the iteration for solving some ODE

We shall solve some ordinary differential equations with the suggested iteration and the Picard
version.

Example 1 We consider a simple decay equation

ST @



We recall that the Picard iteration and suggested one are given as

Y (1) =y (to) + ) [ (s,yn—1(s)) ds,

and .
{ yn (1) =y (to) + [, f (5,7, (5)) ds,
Un (s) =y
We use the initial condition as initial guess

yl (to) =y (to) = 1.

Then, we write

y7 (8) = (0) + / £ (5,30 (5)) ds
0
=1—-\t.

Howewver, we write

vt = y(0)+ / £ (5,57 (5)) ds
0

A2
_ H(t_g)

\2¢2
= 11—+
T3

Next iteration can be done as

yE (1) = 1+/0 f (5,9 (5)) ds

A\2¢2
=1+
T3

and
t
B0 = v+ [ f(sf @)ds
0
M2 N2
= 1-A[t-Z 42
(-5 + %)
A2 233

= 1-AN+——-—.
+ 2 6



Using the iterations ¥Yn > 1, we have the following:

N g
v 0= =P (39)
=0 7
while . A
n yq\J
vt =Y S (40)
=0 7
Therefore
(=At)" !

(41)

[y () = vt ) =‘ .

The Cauchy sequence comparison test between Picard and our iteration is presented in Figure 1 and
2.

3000 i ' ' ' ) ®  Quriteration
boe ®  Picard iteration
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Figure 1. Cauchy sequence comparison test for Picard and our sequences.
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Figure 2. Cauchy sequence comparison test for Picard and our sequences.
The red dot in the above figures shows that the suggested ietration converges than the Picard.

Example 2 We consider the following equation

{ y' () =1+y(t)
y(0) = yo

For y(0) = 1, the exact solution is
y(t) = 2" — 1.

The initial guess is as follows:
Y (t0) =y (to) = 1.

We get iterations
o () =y )+ [ 1 (50 (9)ds
=y(0)+/0 (1+ 3o (5)) ds

t
:1—1—/ 2ds =1+ 2t.
0



while

vt = y(0)+ / £ (5,57 (5)) ds
0

For next step, we have

and

= 1+/0 (14 y1 (s))ds

t
= 1+/ (1+2t+1)ds
0

2

2t
= 142+
+2t+

() = y<0>+/0 (1447 (s)) ds

2t2
= 14—2t+'75’

) = y(0)+ / £ (5.9 (5)) ds
0

For ¥n > 1, we have the following:

yh

while

A
Yn

It can be easily seen that

and

Therefore

(t):1+2;;:22t,—1.
p

t
= 1+/ (2—|—2$—|—32)ds
0
22 243
= 14+2t4+ — + —.
+ 2t + 5 + 5

=142y G2y Do
j=1j' j:OJ'

n+1l 4 n+1 j

|
=0’

lim y” (t) = 2¢" — 1

n—oo

lim y2 (t) = 2e! — 1.

n—o0

2t
(n+ 1)

v (1) = ()] =

10

(46)

(47)



Example 3 We consider the following equation

{y%ﬂ=1+yﬂﬂ
y(l):yo

By choosing y (1) = 0, we have the exact solution

y(t)=tan(t—1).

We write
t
yi 1) =0+ [ [f(s,55(s))ds
1
=t—1
while
t
2
0 = 0+ [ 1(sF ))ds
0
t
= / <1+(5—1)2)ds
1
B, 4
= — 242,
3 + 3
Note that 5 s
(t-1) t 2
t—1 =——1 2t — —.
( )+ 3 3 + 3
Therefore
t—1)°
o= 0-n+ Y
Then, we have
(t—1)°

<
Ny
—~
~+
~—
I
—~
~
I
—_
~—
+

or ¥n > 1, we have the following:

N (1) 2% (2% — 1) By (- 1)

11

m
t—-1 < =
?| | 2



where Boj is Bernoulli number. For suggested one, we can have the following:

n+1 i=1 925 (92j 2j—1
) (-1 2 (2% 1) Byy (e~ 1) r
N t—1 < =. 2
vt (2) ; 2)! oty .
Therefore, we get
2n+1
A P (t—1)
o y -1 63
|2 (8) =9 (¢)] 1.35..(2n+ 1) (03)

on! (t —1)>"H!
(n—1) (2"7‘1)!
In the next example, we shall compare Taylor’ series method, Picard and our iteration.

Example 4 We now consider the following problem

("0 o

Taylor series formula is achieved as

y = -y, y(0)=-1
y// — 2t _ yl7 yl/ (0) — 1
yl// — 2 _ y/l7 y/// (0) — 1
yiv — _y///’ yiv (0) -1
y'u — _yw’ yw (0) =1

Then, we have
Nl 4 U A A
yO =1t =5

By choosing y (1) = 0, we have the exact solution

y()=tan(t—1). (65)
We write
o (=04 [ £ (.08 (5)) ds (66)
1
=t—1.

12



while

vt = 0 [ (sl 0)) ds
= /t<1+(31)2)d5
1
3
= %—t2+2t—f.
Note that ( 1)3 ;
t— t
(t=1+"— =§—t2+2t—§.
Therefore ,
=1+ Y
Then, we have
3
o = e-n+
B t—17°% 2@¢-1"
v 1) = (E-1+-— R

or ¥n > 1, we have the following:

THOEDY

n(—1) 2% (2% 1) By, (- 1)

7|t_1|<z

J=1

(24

) 2

where Boj is Bernoulli number. For suggested one, we can have the following:

_l)j—l 927 (22j _ 1) BZj (t _ 1)2j—1

" B n+1 (
i=1

Therefore, we get

(25)!

In the next example, we shall compare Taylor’

13

m
,\t—1|<§.

(t _ 1)2’!L+1
1.35...(2n+ 1)
2n! (t —1)*"H!

(n—1) (2"51)!'

series method, Picard and our iteration.

(72)

(73)



Example 5 We now consider the following problem

y' ()=t —y(t)
. 74
Ve ()
By choosing y (0) = 1, we have the exact solution
y(t)=t> -2t +2—e " (75)
Taylor series formula is achieved as
y = -y, y(0)=-1
y// — 2t _ y/, y// (O) — 1
y/// — 2 _ y// y/// (0) — 1
yiv _ _y/// yiv (0) ——
y' =y, Y (0) =1L
Then, we have
2 4P
Using Picard and our iteration, we write
t
W O=1+ [ (=) ds (1)
0
t3
=1—t+—.
+ 3
while
t
i) = 1+ [ (sl @) ds (78)
0
t 3
0
2 !
= 1—t4—+———.
+ 2 * 3 12
Then, we have
2 3t
) = 1—t+——+———
"0 o+t 2 (79)
23 tt P
y(t) = l—t+—+—— -+ —



and

R B S B A
1—t4+—4+ = — — 4+ —

+2+6 12+60’

A B L B o 16
1—t4+ —4+ = — — 4+ — — .

+2+6 24+60 360

<
“hy
—~
o~
~—
|

<
w
—~
~~
~
|

(80)

3 Investigation of Picard and our iteration under linear growth

condition

In this section, we examine the convergence of Picard iteration and the suggested iteration. the If
the function f(¢,y (t)) satisfies the linear growth condition that is V¢ € [tg,T], then, by recursive,

we have

With Picard iteration, we have equivalently

2

mOF = ]y<to>+ [ s
‘ 2
f(s,90(8))ds

to

IN

21y (to)[” + 2

IN

2y (to)[® + 2 / 1F (5,90 () ds.

Using the linear growth condition of f yields

ly1 (1)]

We now evaluate yo

t
2 2Pz [ K (L)) ds
to

IN

t
2|y (to) 2 + 26 (¢ — to) + 2K / ly (to) 2 ds
to

IN

[21y (to)” + 2K (¢ — to) + 2K (¢ — to) |y (to) ]

[ 2yl (1+ 2K (t — to)) ]
(14 2K (t— ty))

IN

2

() = ‘y(t0)+ [ £

IN

2|y(to)\2+2/t (5,31 ()] ds.

15

(81)

(82)

(83)



Using the linear growth condition of f yields

t
@F < 2y +2 [ K (140 @)F)ds
to
t 2
2 [yol” (1 + 2K (t — o))
< 2y (to)* +2K (t—t +2K/[ ds
‘y( 0)| ( 0) " +(1+2K(t7t0))
21y (to)|* + 2K (t — to)
2 (t—to)? _ 2
oK K(t —to) + 2K%)]
3 [ 2 |yol? (1+2K(t—t0)+4K2%)
- +(1+2K(t7t0)+4K2%)

We next evaluate y3

' 2
s (O = ]y<to>+ 7 (52 (s)) ds

to

IN

2y (to)> + 2 / 1 (5,0 ()7 ds.

Using the linear growth condition of f yields

lys (1)1

IN

2yt +2 [ K (14l o)) ds

IN

t
2|y (to) 2 + 26 (¢ — to) + 2K / o () ds
to

IN

21y (to)|? + 2K (t — to) + 2K
k)] =t to +(1+2K(t—t0)+4K2%)

2 (142K (t - to) + 4K =100
2 |y0| K3 (t—to)®
< TR

12
+< 1+2K (t—to)(t+t4)[3(2(t 2to) )
3 (t—
8K

When we proceed for n, we can get the following

16

t| 2yl (1+2K(t—t0)+4K2%)

(85)

(86)

(83)

ds



IN

i ®F < 2P +2 [ K (L4l 9F) ds (59)

to

IN

t
2y (t0)? + 2 (& — to) + 2 / s () ds
to

IN

[2|y(t0)2+2K(t—to)+2K ynl(s)|2ds}

to

IN

[2 ly (to)]? + 2K (t — to) + 4K? /tt Y1 (5)[° ds]

After arranging, we can get

PRUIEREITIS PR R USRS SR (90)
m=0 ’ m=0 ’

exp {QK (t —to) W] lyol®

+exp [2K (¢ — to) U2t

AN

Taking the limit n — oo, we have

exp [ZK (t —to) W} |Zl/0|2

2
v O < +exp [QK (t —to) %{W} o
< exp (2K (t — to)) + exp (2K (t — to)) [yol”
< exp (2K (¢ —t0)) (1+ luol’) -
If yo = 0, then
[y (DI < exp (2K (¢ — t0)) . (92)

We analyze the suggested sequence holds the linear growth condition. If the function f (¢, y (¢))
satisfies the linear growth condition that is V¢ € [to, T], then, by recursive, we have

y (1) = f (ty ()
{ y(t)=v0 (93)

or equivalently
2

() = ‘y(to)Jr [ £

2

f (5,91 (s))ds

to

t
2y (to)” + 2 t If (5,7, ()] ds.

IN

21y (to)|* + 2

IN

17



Using the linear growth condition of f yields

O < 2P +2 [ K (17 oF)
< 2\y<to>|2+2K<t—to>+2K/ <|y(to)+/:|f(layo(l))dl> ds
<

2|y (to)|? +2K(t7t0)+4Kft to))” ds
+2K [ 2 [ [f (Lo (1)) dlds
2y (to)|* + 2K (t — to) + 4K (t — to) [y (t)]?
K [} [ K (1 + yo (5)\2) dids

< [ 2|y0‘2+2K(t—t0)+4(t_tO)K|y0‘2
- +4K2(1+|y|>w
< 2|y0‘ +2K(t7t0)+4(t7to)K|y0‘2
B 42 =t to) + 4K |yo|? &
< 2|y0|2 (1+2K(t—t0)+4K2@)
o 2

|+ (12K (- 1) + AR )
< i |y0|2 (1+2K(t7t0)+4K2W)
a I +(1+2K(t—t0)+4K2%)

We now evaluate yo

() = ‘y(to)‘F [ rsmas

IN

t
2y (to)|” +2 t If (5,7, ()| ds.

Using the linear growth condition of f yields

OF < 2P 2 [ K(1+mF)d

to

IN

IN

t s 2
21y (1) + 2K (1 — to) + 2K (y<t0>+ [ 1 (l))dl> ds

to to

2|y (to)[” + 2K (t — to) + 2K [} 2[y (to)]* ds
+2K fp 2 (f7 F Wy dz) ds

18
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2|y (to)|* + 2K (t — to) + 4K (t — to) |y (to)|”
= AR [P K (14 [yol? (1 + 2K (¢ — to) + 4K2U=10%)) dids
to Jto Yo 0 )
[ { 2|Z/(to)2|2+2K(t—to) ) }
< +2K7 (t - tog +4K ( —;50) [y (to)] \
i LAK? [|y0‘2 ((t—zto) +2K(t—éo) L AK? (t_f’) )]

48K3 (t—to)” tO) + 16K+ =to)” (t— to)
1+ 2K (t — to) +4K2%
+8K3 (t—éo)3 + 16K* (t—i0)4

| |2< 142K (t—to)+4K2<t*t°>2
0
<

We next evaluate ys3

s (O = \y<to>+ [ £ as (98)

IN

2y (to)? +2 / F (5.7 (5)) ds.

Using the linear growth condition of f yields

lys (1))

IN

2y () +2 [ K (147, (") ds (99)
t s 2
21y (to)|? + 26 (t — to) + 2K (y )+ [ F Ly m)dZ) ds

to

IN

2y (to)[” + 2K (t — to) + 4K [} [y (o)) ds
2
t
125 fp 2 (f2 f e () dl) " ds

2y (to)]” + 2K (t — to) + 4K (t — to) [y (to)]”

(t—t0)?
ot s o[ 1+2K (t—tg) +4K?
+AK [, [, (1 + |yol 8K (t7t0)3 16K (tj’of

IN

) dlds

| 2 1+2K(t—to)+4K2(t t0)? | g3 t=to)® to)
‘ | 16K4(t to) _|_32K5(t t[]) +64K6(t to)
n 1+2K(t—t0)+4K2%+8K3%

4 5 6

I +1604 U0 4 3o s (i) | gy g6 (ito)

IA

19



When we proceed for n, we can get the following

OF < 2l +2 [ K (15 m0F)
< 2y (ko) + 2K (£ — to) +2K/( t0)+/tsf(l,yn1(l))dl>2ds

2|y (to))* + 2K (t — to) +4Kft to)]” ds
+2K fp 2 (J £ Wy ))dl) ds

2y (to)|? + 2K (t — to) + 4K (t — to) [y (to)]’
+4K? fttg ftz (1 + |[Yn—1 (s)|2) dlds

After arranging, we can get

lyn (8)]

IA

2n m m 2n m m
2 (2K)™ (t —to) (2K)™ (t —to)

m=0 m=0

exp {ZK (t —to) 4“2”—1&(123,5_(; fo) } |?JO|

+exp [2K (t — o) 2ntl 260 t@)}

Taking the limit n — oo, we have
exp (21 (£ —to) D220y

+exp [2K (t — to) L<2n;égﬁ<lt)—to>>]

lyn (1)

IA

oxp (2K (t — to)) + exp (2K (t = to)) [yol”

4 High order ordinary differential equations

In this section, we examine the case of high order ODE. We consider the following IVP

{ y™ (t) = f (t,y (1))
v (

(to) = 43,0 <j<n—1.

The above equation using the fundamental theorem of calculus is equivalent to

y(t) = X520 v (to) S5+ [ S 0 [T f (P (7)) dTedy
¥ (to) = 53,0 <j<n-—1
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Assuming that f satisfies the condition under Cauchy formula of repeated integral, the above yields

{ y(t) =75y (tO),(tEiO)'i + ot iy =" oy () dr (105)
V() =0 < <1

Let o (t) = Z;L:_Ol Y (to) (Fjﬂ Thus, we have

y(t) =50 (8) + gty Ji, (6= 7)1 (roy () dr (106)
Yy (to) =93, 0<j<n—1. '
To start our iterative method, we choose
Yo () = 9o (1), (107)
Ym (£) = o () + 52y Jy, 6= 7)" 7 F (7T (7)) dr,
T (1) = B0 (0) + Gty Sy (0= 7)" 7" f (7, gnn () dr (108)

v (to) =43,0<j<n—1.

We shall prove that (y., (t)) is well-defined. However for simplicity, we show the proof when ¢ €
[to, to + a]

)~ ) = 1 tt n-l 7 d 109
lym (6) — B0 ()] = W[ﬂ(—7> f (7 (7)) dr (109)
1 ¢ e _
< (n_l)!/tgu—r) NF (T (7)) dr
Providing that f is bounded
- M t e
lym (6) — T (8)] < mm/to“‘” Ldr (110)
M
< m(t_T)n |€0
< Dlt—to)" < ra”
_M o, (! B
< Ha < ,a_(M> .
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We shall show that (y., (¢)) is uniformly bounded.

i O = | O+ o=y | €= T () (111)

n—1"J,

ﬁ / (t— )" f (7T (7)) dr

1 (t—ty)"
(n=1! =n

< yo (t)] +

< go (B)| +

IN

~ M
9o (0] + PV
Indeed yp (t) is continuously differentiable

()= v o) 0L (112)

=0

then we apply absolute value on both sides

G ()] = D4 (to) =t (113)

IN
L[]
<
S
—~
~
(=]
=
2| ]

A
=
"
BN
<
&
]
> | R

IA
s
"
<
<.
=
S
-~
)
s}

Replacing all above together yields
4 M
e O] < max |y (t0)] e+ ya”

(114)

IN
§)

S]
—
=
o
"
<

<.
I~
2
+
~—
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Therefore, (y, (t)) is uniformly bounded. We now show that (y,, (¢)) is equicontinuous.

write the following such that t; > t2 € [to, to + a]

S350y (t) 51 = S5y (1) (251
|ym (tl) —Ym (t2)| = +(n_l)l f tl - T) a (T Ym (T))
ﬁ r (2= 1) [ (T, ym (7)) dT
[t t—t) ty —to)?
< j;o y(a) (to) (jIO) _ jgo y(J) (to) (j!O)
. f2 (t1 - T)”*l F (7, ym (7)) dr
D) ft LT Y (7)) dT
+ft V' (7 ym (7)) dT

)J Zy tzjto)

7=0

(=" = (2 =) 1F (7, m (7)) dr

IN
gD
:d/\

=

<>/

e R R )

_— } .
j (tr —to)”  (t2 —to)’
J —
0<jen—1 v (to)’{ J! j

+ dr

IN

4!

(t1 — to)" B (t1 —t2)" B (b2 —to)"
n n n

R
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Noting that the function (¢ — to)j is differentiable, therefore, by the Mean vallue theorem, we can
find ¢ S [tl - to,tQ — to] such that j (C - to)j_l (tl — tQ) = (tl — to)J — (tz — to)j . Therefore

IN

()~ ()] < |3, max [y (1) {ﬂto) - tQ)}

AN
8
o
"
<
<
—
-~
S
=
—
—
o
|
~~
S
— | —
=| 7
-
—
~~
=
|
-~
o
S~—
——

IN

}"'(C_W(tl—h)M%-(tl;;h)nM.

J (c—to) _
{ogTﬁf_l |y (to)| e (ty —t2)

If tl — to S ]., then

o (12) = i (12)| < ({mx P e e e T ?f,) (h—t) << (116)

implies
5 < < . (117)

. c— n—1
({maxosm—l [y (to)| (et} + Ltls— AT + %>

If t1 —t5 > 1, then

[Ym (t1) = ym (t2)] < ({ng;lgaf_l |y (to)] e(c_t°)} + (c(;to)l)!_M + f,) (t1 —t2)" <&, (118)

implies
1/n

5 < c . (119)

. c—to)—1
(*{maxosmfl [y (to)] e(c—t0)} 4 LM + %)
Under the above condition, uniform continuity holds. By the Arzela-Ascoli theorem, some subse-
quence (Ym, (t)) of ym, (t) converges uniformly to y [[10],[11]]. The function f (-,y(-)) is uniformly
limit of f (-, ym, (-)) on the [to,to + a]. Let € > 0, since f is continuous on the compact set, we
conclude that it is also uniformly continuous. Thus, by taking d; > 0 such that

[f (7o91) = F (7 92)| < e if fyr —yaf <. (120)
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But we have that (y,, (t)) converges uniformly to y, there exists My € M such that
‘ymk (T) - y(T)| < 517VT S [thtO +a] ;k Z M1~

Thus if £ > M, then
Y (T) =y (T)] <e.
Since is uniformly continuous, we have k > M

(t— 7')n_1
(n—1)!

(t—7)"""

f (T ymi) CE=

- f(Tay)

<e.

(121)

(122)

(123)

We now fix t € [tg,to + a] . For t = tg, we obtain the exact solution. If ¢ > to,Vk large enough

Ym,, (8) =¥ (to) + ﬁ /to1 t—7)""" (7, Ym, (1)) dr.

Taking limit
. ~ . 1 h n—1
kh_)rgo Ym,, (8) =7 (to) + klglgo [CE)] /to t=7)"" f(7,Ym, (1)) dr
and then

ym () =Y (to) + ﬁ /t (t=7)""" Wm f (7, ym, (7)) dr.

By uniform convergence theorem and uniform of f (-, ¥, (-)) the integral converges to

ﬁ/t (=" (g () dr
Therefore ,
Ym (t) = g(to) + ﬁ /t (t _ T)n—l f (T,ym (T)) r.

Therefore the solution exists. We shall next show the uniqueness.

Example 6 We next consider the following problem

{ y)/' () = —dy

The exact solution is
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(127)

(128)
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Using Cauchy formula yields

i (6) = Y050y (t) “ 4 [t —7) f (7,7 (7)) dr
=2t+f0t(t—7') — 87dr
=2t — 44 : (131)

{ 7 (t) =y (0) + 2t + [y (t —7)0dr
=2t

yo () =2t —4 [1(t —7) (27 — &%) dr
:2t—%t3—|—%t5

Ty (t) =To (t) + [y (t = 7) f (1.7, (1)) dr - (132)
=2t + [i (t—7)(~87)dr
=2t— 3t

yg(t):2t74fg(t77)(277%T3+1i57'5)d7
— 413 | 445 _ 8t7
—2p— 443 4 g5 S

~ 315
T () =00 (&) + [y t—7) f (7.7, (7)) dr - (133)
:2t—4fg(t—7') (21 — 37%) dr

_ 443 | 445
=2t — 43 + Lt
For our iteration, we can have the following:
ntl (_1)j 92j+142j+1

Yn (t) = Z Tax) (134)

It can be easily seen that
lim y, (t) =sin(2t). (135)

The Cauchy sequence comparison test between Picard and our iteration is performed in Figure 8 and

4.
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Figure 3. Cauchy sequence comparison test between Picard and our iteration.
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Figure 4. Cauchy sequence comparison test between Picard and our iteration.
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5 Initial value problems with Caputo-Fabrizio derivative

In this section, we extend the proposed sequence to the Cauchy problem with the Caputo-Fabrizio
fractional derivative. We consider the following nonlinear ordinary differential equation

6 Dy () = f(ty(1),t>0
{ ’ y(0) =yo,t =0 ' (136)
Integrating above yields
y()=y(0)+(1—a) f(ty®) +afyf(ry(r)drt>0
{ y(0) = yort =0 ' (137)

We create the following iteration

{ Yn (t) =Y (0) + (1 - a)g(((%y;l ;i),)tt%fo f (T,yn (T)) dr,t >0 ] (138)
To avoid explicit case,we replace for the right hand side y,, (t) by 7,, (¢) to obtain
yn (8) =y (0) + (1= ) f (1,7, (1) + [5 f (7.7, () dr,t > 0
{ Aol - aw
Here .
5 (0 =90+ (1= 0)f (s () + 0 [ [ (ronor (7). (140)

Therefore, the iteration is given as

un () =y (0) + (1 =) f (£, (1)) + o [ f gf,?n (7))dr,t >0
T ) =y 0)+ (1 =) f(t,yn1 (1) +a [y f(T,yn1 (7)) dr - (141)
y(0) =90, =0

We should present few step to reach the existence and uniqueness of the equation.

Theorem 7 (Cauchy-Peano): Let us assume that f : [to — c,to + ¢] X B (a, 3) — R is continuous
and bounded by M > 0 then the Cauchy problem with Caputo-Fabrizio derivative has a solution.

Proof. Without loss of generality, we consider the analysis within [to, ¢y + A]. For each n € N,
we want to show that (y,) converges toward (y) which is the solution of our equation. For a fixed
neN,

IN

(1= [f &, ()] +04/0 |f (7.7, (7)) dr (142)
(1—a) M+ aMt

(1—a)M+aMa

MI(1-a)+ ad]

M1+ aqd.

[yn (1) =y (0)]

VAN VAN VAN VA
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Then, we get

[yn (t1) —yn (t2)] < (L—a)[f (t1,yn (t1)) — f (L2, yn (t2))] (143)
val [ s enar = [ sy ar
< (1= a)Llya (b) —yn (t2)| + a/ F (7o () dr
< (I=a)Llya(t1) — yn (t2)| + M (t1 — t2) .
Arranging above leads to
(14 (@ = 1) L) [y (t2) = g (t2)] < aM (12 — ). (144)

Therefore, we write

(1) =3, ()] < i (=) < (143)
PRNET S 1]

Here, we needed f to be bounded and Lipschitz with Lipschitz constant L. Therefore, the sequence
is uniform equicontinuous. By the Arzela-Ascoli theorem, there exists some sequence (yn,) of (yn)
that converges uniformly to g (¢) on [to,to + A]. Indeed, the function f (-, y, (+)) is the uniform limit
of f(-,yn, (-)). Let fix [to, to + A]. VI sufficiently large

Yot (1) = 5 (0) + (1= ) f (£, (V) + @ / (T, (7)) d (146)
Applying the limit on both sides
Jim g, (1) =y (0) + (1 - ) Jim F (3, (1)) +a / lim f (7.4, (7)) dr. (147)
Then we get .
() =y(0)+(1—a) f(ty®) +a / £ (ry (7)) dr. (148)

For uniqueness, we define the following norm
Il = sup {e~ 0= o ()]} £ € to — At + A (149)

Let A be the set of continuous function from [ty — A, o + A] to B (a, 3) . The above norm is equivalent
to the common supremum norm ||-||  on C [[to — A, to + A]] since

My el < llellg < Mz @]l - (150)
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Q is therefore equipped with
d(y1,y2) = [y1 — v2llg (151)

is complete metric space. We next define the following mapping

(M) (1) =y (0) + (1 - ) F (1,y (1) +a / £ (ry (7)) dr. (152)

Indeed if y € A then (II;y) is valid. Since y € A, then obviously (IIyy) is continuous V¢ €
[to — A to + A

|(Mhy) () =y (0)] = (A—a)|f(ty()) +a/0 |f (1,y (7))l dr (153)
< (l-a)M+aMX<p,
A< aiMJra;l.

Therefore, with the above condition (I1y) (t) € B (a, 3), therefore (II1y) (t) € A. Let y1,y2 € A

C o d I = @) (F (o (1) = £ (32 (1)
Iy Tl = s p{ FafE{f (rogn (7)) — £ (7,90 (7))} dr } (154
e~ (1 —a) Ly — gl
= s { tae= b (L f (ru (1) = f (1,92 (7))} dr }
< (=)Ll —allg +ae "L / v — vallq -7 dr
< (IT=a) Ly —y2llg +allyr — v2llg (1 - e_Lt)
< (I—a)Lllyr —v2llg + allyr — y2llq
< (=) L+a)lyr —vellq-

To have a contraction, we can write
(1-—a)L+a)<l=L<1l (155)

Therefore, our equation has a unique solution y (t). m

Notice that all the presented proof presented above, the formula of y,, (t) on the right hand side
was not considered. In the next section, we present the proof by taking into account the definition
of y, (t) on the right hand side. However, note that this will effect mostly equicontinuity of the
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defined sequence

) (T () — f (2T (£2))

o) =m el = | G e e (150
< (=) (t1.Tn (1) — f (2T (tz))|+0¢/t2|f(ﬂ§n ()] dr
< (I—a)L|y, (t1) =7, (t2)| + &M [t; — ta]
< (1-a)L ; 1 f(ryyn—_1 (7)) dr — ; ’ F (T yn—1 (7)) dr| + aM |t — ta|
< (1—04)L/t2\f(7,yn71 ()ldr +a [t — b
< <1—a>L/t2\f<mym ()ldr +aM |t — bo]
< (1—05)LM|t1—t2‘—‘rOéM
< Jti—t| (1—a) LM + aM) < e.

Then
f< " (157)

M(L+a)

6 Application of the linear growth condition for Picard and
our iteration

In this section, we examine the convergence of Picard iteration and the suggested iteration. the If
the function f (¢,y (t)) satisfies the linear growth condition that is V¢ € [tg,T], then, by recursive,

e e CF Dey (1) = £ (ty (1)
Dyy(t) = f(ty(t
. 158
{ y(to) = o (158)
or equivalently

2
i (D7 = |yt) + (T —a)f(tyo @)+ | f(s,y0(s))ds

to

2 ‘ ' (159)

IN

Bly (to)l* +3(1 =) £ (t,0 ()" + 3042/t |f (5,0 (5))[ ds.
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Using the linear growth condition of f yields

3w&wf+30—afK(1+WMﬂF)+&f/¢K(1+WM®V)% (160)

to

1 ()]

IN

IA

t
3ly (to)]* +3(1— )’ K (1 + 9o (t)|2) +3aK (t—to) + 3a2K/ ly (to)|” ds
to

IN

Bly (to)l* +3(1 =) K (1+ lyo (1)) + 30K (¢~ to) + 3a°K (¢~ to) |y (to)/"
; [ ly (t0)]? (1+ (1 —a)2K+a2K(t—t0)) ]
+1(1 - )’ K + a?K (t — to)
3|y (to)|? (1 +3(1— )’ K + 302K (t to))
+ (14301 -0 K +30°K (t— o))

{ 31y (to)|* (B1 + B (t — to)) }
+(B1 + By (t — to))

IA

IA

where By = max {1 +3(1-a)K, 3a2K}. We now evaluate o

2

b (O = @aw+qu@mu»+aA}@wm@Ms (161)
< 3waw2+3u—wmﬂfwymwn?+&ft]fwwlwnfw.
Using the linear growth condition for the function f (s, (s)) yields
|mw2sswwﬁma—wK0+mwﬂ+w%£@+mﬂw (162)

IN

3|y(t0)|2+3(1—a)2K(1+ [

t 2 70[2 0[2 -
+3a2K/ (1+[3|y(t0)| (1+3(1 2) K + 302K (t to)> ])ds
o +(1+3K(1—a) +3a2K(t—t0))

3|y (to)[? (1 +3(1-a) K + 302K (t — to)>
+ (1 +3K (1—a)® + 302K (t - to))
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31y (to)* (14+3(1— ) K + 302K (¢ 10)
+ (1 +3K (1—a)® + 302K (t — to))

IN

3y (to)*+3(1—-a)’K+3(1—a)*K

Bly(to)l” ((1+3(1— )’ K) (¢ — to) + 302K L=J2°
+ ((1 +3(1- o) K) (t —to) +3a2K%)

(t —to)?
2

(t —to)°

< B <1+(tto)+2> +3Ba |y (to)|? <1+(tto)+(t2t0)2>

+30°K (t — tg) + 30°K

IA

By + B (t — to) + Ba + 31y (to)|?

2
t—t
BQ+BQ (t—t0)+32(20)‘|

where By = {1 +6(1—a)+9(1—a)' K,302K (1 +3(1—a) K) ,9044K2} When we proceed for

n, we can get the following

t
lyn (0F < 3ly (o) +3(1— )’ | (t,yn—1 (1) + 307 t 1f (8, yn—1 (5))| ds (163)
’ t
< Bly(ta )P 430 - )’ K (14 lyas (9)) +307K [ (14 fyns (9)]7) ds
to
< 3ly(tn1))> +3(1 =)’ K + 30K (t — to)

t
+3(1= ) Klyn-1 () +36°K | (|par (5)") ds

to

After arranging, we can get

IN

lyn (t)]?

(t —to)
3 |yol* Z By =t Z By L) ° 1 (164)
< 3Bg.k €Xp [K (t — to)] lyol® + Ba.x exp [K (t — to)].
where B, g is the maximum value of the coefficients. Taking the limit n — oo, we have
[y (O < 3Bax exp K (t — to)] lyol” + Ba,x exp [K (t —to)]. (165)

We can verify convergence for our sequence. If the function f (¢,y (t)) satisfies the linear growth
condition that is V¢ € [to, T, then, by recursive, we have

“ID(t) = f(ty (b))
{ y (to) = Yo ' (166)
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or equivalently

2

(O = ‘y(to)Jr(la)f(t,yo(t))Jra F (5,7 () ds (167)

to

IN

3y (o) +3 (1= @) K (1417, () +30% | 1f (5,3 () ds.

Using the linear growth condition of f yields

IA

m@F < 3l +30-a’K (14 OF) +30° [ K (L+[7, () ds (168)

to

IN

31y (to)® +3(1— ) K + (3(1 _ oK (|y<to> +/: 1 o <z>>d1) )

w3k (- t0) + 3K [ (WGl + [ 17 @) at) ds
3(1-a)’ K + (3a2K +6(1—a)? K) (t—to) + 3y (to)|?

+6 (1 — a)” K [y (to)[* + 6 (1 — ) K (t — to) [y (to)|”
(t —to)?
2

IN

(t —to)?
2

+60%K |y (to)|* (t — to) + 60° K> + 602K |yo (t)]?

IN

3 <1+2(1 —a)’ K+ (2a2K+2(1 —oz)QK) (t—t0)+2a2K2(t_2t0)2>
+3Jy (to) " (1 +2(1- ) K+ (202K +2(1-a)* K) (¢t~ to) + 2042K2(t_2to)> .

We next proceed for n

2

IA

lyn ()] 31y (to)]” +3 (1 — )’ |f (£.Fn_y ()] + 30 / If (8501 ()" ds (169)

IN

t
Bly (ba0) +3 (1= ) K (14 |7, (9)]°) + 3a2K/ (14 [Fas (9)[*) s
to
3y (tn_1)> +3(1 — @)* K + 302K (t — to)

t
+3(1—a)® K |yp_1 (s)|2+3a2K/ (|y7z_1(s)|2) ds
to

IN
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After arranging, we can get

n+1 'rn, n+1 t— t
[Un (t)‘z < |3 |y0| Z B, K + Z B, K 0 (170)

A

< 3Ba,k exp [K (t — to)] [yo|* + Ba,x exp [K (t —to)] .

7 Conclusion

The class with a classical derivative and the class with a fractional derivative based on the Caputo-
Fabrizio derivative were the two types of initial value issues for ordinary nonlinear differential equa-
tions that were taken into consideration. We offered an iterative approach for resolving nonlinear
differential equations. For both situations, we have demonstrated that, under some circumstances,
the sequence converges toward a solution. By resolving a few linear and nonlinear equations, we
were able to compare our findings to those of Picard. The comparison’s findings demonstrated that
the recommended iteration converges more quickly than the Picard iteration.
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