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1 | INTRODUCTION

In the eventual times, the field of fractional differential equations (FDEs) has allured increasing interest according to their com-
prehensive implementations in mechanics electrical circuits and time-delay systems stability analysis. FDEs are differential
equations with derivatives of arbitrary fractional order. This field is a generalization of classical differential equations that has
allured increasing interest owing to their applications for plenty of issues in engineering and science at the same time the mathe-
matical theory and foundations can be found in lots of books dedicated to fractional calculus and fractional differential equations
the use of fractional-order derivatives in return for integer-order derivatives permits for modeling more diverse behaviors.

There exists also a mathematical theory called pseudo-analysis, which in its own way is a generalization of classical analysis.
In exchange for real numbers, this theory relies on semiconductors appointed by pseudo-addition and pseudo-multiplication in
the real range. This is a curious topic for numerous explorers from different fields of knowledge such as functionality analysis,
functional equations, and variational calculus. In eventual times, many scholars have worked on new formulations of inequalities
involving fractional integrals, investigating in this context the properties of pseudo-fractional operators; in particular, they have
presented the definition of the Riemann-Liouville pseudo-fractional derivative of another function.

Generally, the existence and uniqueness problems of the fractional differential equation with constant delay and stability of
the solution have an essential role in Fractional differential equations. In thisfield, a lot of scientists engaged in these problems
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like Khusainov, Shuklin, Mahmudov, Huseynov, Hal L. Smith, R. D. Driver, Wang JR, Zhang Y, D.S.Oliveira, J.Vanterler da
C.Sousa and so on.

For instance: J. Vanterler da C. Sousa, Rubens F. Camargo, E. Capelas de Oliveira GastAjo S. F. Frederico have looked
following pseudo-Hilfer-type FDE([2]).

{H;’gmm = Ay() ® f(t,y1),1 € J,

(D
GBOt +y(t)

where H %ﬁolt” + () is the pseudo-fractional y-Hilfer derivative with order 0 < a < landtype 0 < f < 1,7 = a — (1 — ),
n X nmatrix A and f : [t5,4+00) X R" X R" — R" be a continuous function. In that research paper, they explore the presence
and uniqueness of the solution of the equation.

Furthermore, in 2020 Sousa et.al.[35] researched the existence and uniqueness of global solution of the initial issue associated

with data (¢, y,) any solution (I := [a, b], y) is given by

2
Y(to) =)o

with ¢, € I. Afterwards, in 2020, Sosa et al. [36],discussed the reachability of linear and non-linear systems in the sense of the
w-Hilfer pseudo-fractional derivative in g-calculus by means of the Mittag-Leffler functions with the form

{ L y() = Ft, y(1),

{Hé;”é;m) = Ay(0) @ Bu(D,1 € 1y, 1,1, ®)
ea [0] 0+ (to)
and
{ é%y(r) = Ay(t) @ Bu(t) © £ (1, y(), u(0), 1 € [tg,1,], @)
1€B 0.0+ YT0) =

where Hg)ﬁo"(’) L) is the pseudo-fractional y-Hilfer derivative with order 0 < @ < l andtype 0 < f < 1,y = a — (1 — ),

I'- B0 0+( ) is the Riemann-Liouvile pseudo-fractional integral with respect to another function 1 — y, the state vector y € R" the
control vector # € R™ and A and B are the constant matrices of dimension n X n and n X m accordingly and the non-linear
function f : J X R" X R™ — R" is continuous, accordingly.

But in this research work, we explore the following pseudo-Hilfer-type fractional delay differential equation.
Heaoo+ YO)=A0yt)®BOyt—1)® f(t),t € (0;T],z >0,
157 0,90 = ().t € [-7,0].

wherem—1<a<m O0L<p<l,y=F-1m—-a)+k+1,k=0,...m—1.

Our main target is to find an analytical solution of the pseudo-Hilfer-type fractional differential equation (1.5) with a constant
delay imposing classical methods. For this, first of all, we get the solution of the homogeneous pseudo-Hilfer-type fractional
delay equations (1.6).

®

{H@mjm—AGﬂOQBON—ﬂtewlqT>0 "

Iy 60,0 = (1), 1 € [-7,0].
wherem—1<a<m O0<f<lL,y=F—-D(m—-a)+k+1,k=0,..,m— 1. Next, we guess the explicit solution formula for
linear inhomogeneous differential equations of the pseudo-Hilfer kind with fractional time delay and invariable coefficients by
imposing the well-known ideas to obtain the solution of (1.5). To do this, we look at equation (1.7)

{ YD =AY ®BOY -1 ® f(1),1 € (0;T],7>0,
Ig7 v =0,1€[-7,0].

wherem -1 <a<m 0L p<1l,y=F—-Dm—-a)+k+1,k=0,...m— 1. Using the solution of equation (1.7) that is a
particular solution to equation (1.5), we receive the analytic solution of equation (1.5). On the other hand, we demonstrated the
presence and uniqueness of the solution in this article. In addition, we discuss the stability of the pseudo-Hilfer-type DDE(1.5)
in the Ulam-Hyers sense on [0, T'].

@)
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2 | PRELIMINARIES

In this part, we mention that important information which it deals with pseudo-analysis, the elements of the fractional analysis
and some necessary lemmas which will use the proof of the theorem.

e Gamma function: ©

I'(a) = / % le7"dr, a>0.
0

e Beta function: |

B(t,s)=/z’_'(1—z)s_'dz, t,s > 0.

0
Letg : J — R, be a monotone and continuous function, where J = [a, b] and R, = [0, +oo]. Then we will defined

Mittag-Leffler function as follow.

e The tree parametr Mittag-Leffler function:

B =y O GO § @ @@y

Cas+p) s! ~ “T(as+p) s!

s=0 s=0

e Delayed analogue of Mittag-Leffler type function generated by A, B € R of three parameters:

<n + q> (g(A))"(g(B))*

(t — no)"* P71 H(t — nr)
q JT(na+qp+y)

E, (g(A),gB):n =) Y

n=0 g=0
e Exponentially bounded f : [0, 00) — R holds an inequality of the form
fOI < Le™, t>T,

for the real constants o, L > QO and T > 0.

e Laplace transform R { f(#)} (s) :

o

F(s)=2{/D}(s) = / e f(ndt, seC,
0
where f : [0, 00) — R is measurable and exponentially bounded on [0, c0), then the appointed by exists and is an analytic
function of s for Re(s) > 0.

e Time shift feature of the Laplace transform:

{ft-a)H(t - a)} (s) = e “F(s).

e Convolution feature of Laplace transform:

LS =D} =2{fO} (HLR{A@D)} (9),

where f,h : [0,00) — R are exponetially bounded functions.

e Riemann-Liouville fractional integral:

1

I::Jrf(x) = m

/ (x = f()dt.

e Hilfer fractional derivative Let m — 1 < @ < m, with m € N. The right-sided Hilfer fractional derivatives, denoted by
H Djf(-) of a function f of order @ and kind 0 < f < 1, are appointed by

a m—a dm - m—a
ML f o) = 1" 1T f (). )
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Taking the limit # — 0 in Eq.(8)), we have the Rieman-Liouville derivative, given by:

RLDE f) = L f(x)

dma+

Taking the limit # — 1 in Eq.(8), we have the Caputo derivative, given by:
o m—a d
DG, ) = 1T f ().

e For any linear and bounded operator Q appointed on a Banach space with ||Q]|| < 1, the operator (I — Q)~! is linear and
bounded with property

I-@7'=) Q" ©)
k=0

Lemma 1. Let g : J — R, be a monotone and continious function , where J = [a, b] and R, = [0, +oco].Then, for a > 0,4 €
R,ne Ny;=0,1,2,...,, we have

_1 1 - n+gq gartar-1 (n+Da—1 pn+l @
e 10" ;o( e sy = B A et 0.

Proof. Using the expansion

1 - n+gq
—_— = M, |t <1,
(1=t z( q > il

q=0
for [#| = |%| < 1, we find that

1 1 1 _ n+q\ (AN _x (n+q) @A)
(Sa _g(A))n+l - sa(n+l) X >n+l - sa(n+l) Z( ) < s > - 2 < q )sqa+a(n+l)

(1 Iy (C) 4=0
Sll

Taking inverse-Laplace transform of the above, we obtain that

Gaf 0 N g ) v (nta) &) o (ntq
: {(SO'—g(z‘l))"Jr]}(t)_53 {;( q )Sqa+a(n+l)}(t)_q§0< q >(g(A))q

~ [ + q (g(A))qta(n+q+])—l Dol ot .
Xﬂl{—} " B iy ) A)%).
sqata(n+1) ( ) qzo q F(a(n +q+ 1)) a (n+1)a(g( ) )

O

Lemma2. Letg : J — R, beamonotone and continuous function, where J = [a, b] and R, = [0, +co].Then, fora > 0,a > 7,

we ()btain.
8 1 { } — El .

Proof. According to the well-known Neumann series,

st . . .
————— can be written through a series expansion as below:
s%—g(A)—g(B)e*"

s7 __ s 1 _ Z (g(B))"e™*™" Z (g(B))"e*""s
s*—g(A) —g(B)e™r  s*—g(A)] — fﬁ’f)Te(;;; - g(A) (s* = g(A)" 5 (s — g(A))”+1

Then imposing Lemma 2.2 to the final consideration we get:

s’ oy (gB)ye @B s < (n+q) [(gA))
s® — g(A) — g(B)e—s7 g(A))n_H ;0 ga(n+1) Z < q >< 5@ )

=0 sa(n+l)(1 =0

Z Z n+q\ g(A)(g(B))"e™""
- sa(n+D+qga—y

n=0 g=0

From the time delay feature of the Laplace integral transform (2.6), we have

L{gt— D)} ()H{ —7) =" {g(} ()
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Then, by taking the Inverse Laplace transform of the aforementioned function, we get

_ 57 B n+q\ gAY (g(B))"e ™"
© { 5 — g(A) — g(B)e™*" } “= {Z Z < > sam+Dtqa—y } ®

n=0 ¢g=0

) (n . q>(g(A>>"(g(B))" (e ) ©

n=0 ¢g=0

© n+q n(t _ nT)a(n+l)+qa—y—]H(t _ nr)
Z; [,z:‘) < >(g(A) Y(e(B) Tan+1)+qa—7y) E, oo, (8(A), 8(B);1).

We need additional conditions on s, namely: s* > |A| and |s* — g(A)| > |Ble™*" for convergence of the series. But, these
conditions can be removed at the end of the evaluation with analytical continuation, to obtain the desired conclusion for all
s € C with Re(s) > 0. O

2.1 | PSEUDO-ANALYSIS

Assume g : [a, f] = [0, o] be monotone and continuous function. We will define pseudo operators as follow.

e Pseudo operators:
a®f=g " (ga)+gP) and a0 p=g ' (g@)gph),

«0p=g(ga)-gP) and a@p=g" <@>
<)

Suppose that f : [c,d] — [a, b] is measurable function.

e g-integral:
® d

/ fodx= g‘1</g(f(X))dX>-
[e.d] ¢
e g-Laplace transform:

LY ()} () =g (L{e(f N} ().

Suppose that g is the additive generator of the strict pseudo-addition @ on [a, b] so that g is continuously differentiable on
(a, b).The corresponding pseudo-multiplication @ is appointed as x © y = g~!(g(x)g(»)). If a function f is differentiable
on (¢, d) and has the same monotonicity as the function g, then the g-derivative of f at the point x € (c, d) is appointed by:

@
4/ _ g‘1<dig(f(x))>.
X

e g-derivative:

dx

e n'"-g-derivative:

dx
Now we will give some essential information about Hilfer operator and Hilfer-type fractional derivative .

d(")@ n
i LSO g <%g(f (x))).

e Riemann-Liouville pseudo-fractional integral.

Suppose that a generator g : [a, b] — [0, +00] of the pseudo-addition @ and the pseudo-multiplication © be an increasing
function. The right-sided and left-sided Riemann-Liouville pseudo-fractional integrals of order @ > 0 of a measurable
function f : [a, b] — [a, b] are appointed by

i ( )t
a - —-n*
Ig 0 S (X) = <Ia+g(f(x))> = / [g 1<XFT> Gf(f)] O dt
[a,x]
and
®

« -1 a 1 (X—I)a_l
18, =g (17 s = / (5225 ) o sw| oar

[x.b]
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e Hilfer pseudo-fractional derivatives. Assume that a generator g : [a,b] — [0, oo] of the pseudo-addition @ and the
pseudo-multiplication ® be an increasing function. The right-sided and left-sided Hilfer pseudo-fractional derivatives of
order m — 1 < @ < mand type 0 < f < 1 of a measurable function f : [a, b] — [a, b] are appointed by

HY f(x) = <HDng(f(x)>>—If§;"af>g‘l< dd:m> L1 r

and
Hglo, S =g <H DZ;”g<f<x>>> =15 ((%) © Iy g, £
Note that
HYY  f(x)= < Z+“RLD’+g(f(x))> =155 DL L f)
and
Hy o f(x) = <IZZ“RLDZ_g(f(x))> =Ig0, "Dy ()

where y = a + f(m — a).
For extra information about pseudo-analysis, see [29, 39,40, 41].
In the following, we will first discuss the derivation of the formulas of the pseudo-Mittag-Leffler functions and their

definitions based on these calculations.

e The one parameter pseudo-Mittag-Leffler function::

(o]

; 2w @) o () N[ ; .
E®(z) =g ‘(Eag(z)> =g ‘(;%) =§|?g 1<F(is—z+1)> =§|=?[g (@) @g (Tas+1)]

T'(6+s)

Where (6), is the famous Pochhammer symbol denoting ——— G

e The two parameter pseudo-Mittag-Leffler function:
E® (=o' E — ol (g(z)* '\ _ i _(8(2)° Y _ [ -1 s —l(r ]
®()=g < a,,;g(z)) g (ZO s a7 @g s+ 7 GQ ¢ (@) @ (s +p)
e The three parameter pseudo-Mittag-Leffler function:

50 p (v B, @)y T 8), (g(2))°
E; (Z) <Ea’ﬂg(z)>—g <§F(as+ﬂ) s! > @g (F(as+ﬁ) s! >

§=

AN o @) L @) N T O) L @)
_gz?g l‘g<g <F(as+ﬂ)>>g<g < 5! ))]‘@lg <F(as+ﬂ)>®g ( 5! >]

-0 (s @0 @8 Tas+m) o (g (@) @8 ()]

e The pseudo-bivariate Mittag-Leffler function:

_ < T s (g(@) (b))
E,p(ab) =g 1( E; (8@, g”’”) g <l§;szr(1a+s+ﬁ+y) 115! >

CAMD | O @@e® | AR O L1 [ (8@)' (80
_®€Bg lF(la+sﬂ+y) 15! DD | Tla+sp+n) ©° 115!

1=0 s=0
(e8]

[(g—l((&,ﬂ) @ g7 (CUa+sp+ y))) o <(g—1<(g(a>>’(g(b)>f>) @ (g7u!x s!)))]
0

~
Il
o
A
Il

( () @87 (T + 5P+ y))) < ¢ (@) o (k) o (g o g*(s!)))]

1:0 5=
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e Delayed analogue of pseudo-Mittag-Leffler type function generated by A, B € R of three parameters:

E;® (A Bin =g (L, (s(A).g(B):g() )

a.fy
_ (Y (nta) A EBY ~
—¢ <r§)q§0< q )F(na+qﬂ+y)(g(t no)) T H gl m))>
N[ (n+a ] n(g(t—nr))"mﬂ“—'H(g(z—nr))>
= A B
G%g]?g << . )(g( ))Y'(¢(B)) ATy

= @ ié lg‘l < <” Z q>> og! ((g(A))") og! <(g(3))q>

og™! ((g(t - nr))"mf”y‘l) og™! <H<g<t - m))> g <F(na +qp+ y))]

where H(-) : R — R is the Heaviside function appointed as follows

1, ift>0
H(t) =
0, ifr<O0.

Theorem 1. ([1], p.254, theorem 27.)

Assume that g is the additive generator of the strict-pseudo-addition @ on [a,b], so that g is continiously differentiable on(a,b),
O<m—-1<a<m O0<£pf<1ands € R Then, the g-Laplace transform of the pseudo-Hilfer pseudo-fractional derivative
of order « is given by:

—_

m—

2o {3l 1)} =g () 02 (f()] & D et o 1Pt o) (10)

Il
o

3 | EXPLICIT SOLUTIONS OF HOMOGENEOUS PSEUDO-HILFER-TYPE FRACTIONAL
DIFERENTIONAL EQUATION

In this part, we have proved the explicit solution given by following (3.1) pseudo-Hilfer-type fractional differential equation
system.

$,0,0+
1=y B
I@,O,O+y(t) = ¢(1),t € [-7,0].
wherem—1<a<mO0<p<l,y=F-Dm—-a)+k+1,k=0,..,m—1.

{H”’ﬂ W) =A0y)®BO Wt —1),t€(0;T],7>0, an

Theorem 2. A unique analytical solution y € C"([—z, T], R) of the initial problem (3.1) has as shown below:

m=2
B {B=Dm=ayk o ©
= A®B E> A, Bt —
Yo @<g <r((ﬁ—1>(m_a>+k+1) SUBBIO L, p-nm-arari b BT =T) | Oy

k=0
@
7.0 . (m—1) ) .
®Ea,a,a(A’B’t)®¢0 ®BO / Ea,a,a(A’B’t_T_S)®¢(S)®ds
[—7,min(r—7,0)]

Proof. Suppose that T = co. Assume that (1.5) has a unique m times continuously differentiable solution y and f are continuous
and exponentially bounded, and H gﬂ@ 0+ 18 exponentially bounded on [0, o), then Laplace transforms of them exist. And we are
going to receive an integral representation of the solution to the linear homogeneous pseudo-Hilfer-type fractional differential

equation.



s | Javad A. Asadzade, Nazim I. Mahmudov

First of all, we are imposing Laplace integral transform to both sides of (3.1) with the help of theorem (2.1).

2 {HE! 0} () =g lﬂ {g(Hggo+y(r>> } <s>] =g ls {"D5ls00 ]

m—1
=" [s“ﬂ (OO} () = 3 5™t (17 “’”’“>"‘g<y))<0>]
k=0

m—1

=57 0 L0} () © @) [ ("I © 10 T y(0)
k=0
m—1

:g—l(sa) 0] Y(S) e @ [g—l(sm(l—ﬂ)+aﬂ—k—1) o ¢/6:|

k=0

m—1

SEHZY | y0)(s) =g (D0 Y ()0 @ [¢7 (") o ¢ (12)
k=0
where, 28 {y(1)} (s) = Y (s)
LAY ®BOYI-1)}(s) =g <53 {g(A0 Y1) ® BO y(t — 1)} >

=g~ (ﬁ {g(A)g(y@®) + g(B)g(y(t — 1))} ) = A0 2%(1) ® BO (- 1))

=AQY(s)® BO L2t —1))
we get
LAY B®BOYI—1)}()=AOY(s)® BO L%t —1)) (13)

LE(t — 1))(s) = g7 (8(g(t — 1))(s))

and by using substitution of t — 7 = 0, we receive that

S{g(t—f)}(S)=/g(l—7)e_”df=/g(y(t‘)))e_s(”e)d@=e_”/g(y(9))e_s(9)d9
0 -T -7
0 S 0
=€_”[ / g(y(0))e~*Vdo + / g(y(9))€_‘(‘9)d9] = / g((0)e a0
Zr 0 -7

T

+e T R(g((O))(s) = / gyt — )e”"dt + e R(g(1())(5))

0

On the other hand, due to the integral property of the pseudo-Riemann-Liouville-fraction, we obtain the following results.
Let’s also note that the initial condition of the issue we are reviewing is manifested in the following case.

Ig 60,71 = y(1) = (1) = ¢p(1),1 € [-7,0]
in there ¢(-) : R — R is the unit-step function,which it has defined as bellow:

 few if-r<i<0
¢(t)_{o ifr>0
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Therefore we get following relations:

T (e

L{gt-} ()= /g(y(t —17))edt + 7T {g(1(0)} (5) = /g(tﬁ(t —1)e”"dt + e {g(¥(0)} (5)
0 0
L - 1)) = g7 () O Y(s) @ L3((r — 7))(s) (14)

By using formula (3.2), (3.3), (3.4) we get the following results.

m—1
gleeYme@ ¢ ol | =10 YW@ Bo [g—l(e—”) OY(s)® L% {§( - 1)} ()
k=0

Afterward, we write the above relation in the following explicit form

m—1
[g‘l(s“) ©A6BO g*(f”)] oY) =@ g7 ("I 0 ¢f| © B 2% {d(t — 1)} (5) (15)

k=0
Then, we solve (3.5) with respect to Y(s),
m—1

Y(s) = lGB (7' 0 4 ) @ B 22 {d( - 0} (9| @ [g-l(s“> ©ABBO g‘%e*’)]

k=0
[ D lsma-Pralkelg ()] 4 g(B)g(RD((t — 7))(s))
- s* = g(A) - g(B)e

m—=2 sm(l—ﬁ)+aﬂ—k—1g(¢(k)) —mp+ap (B) _
—ol 0 M (m—1) g Q _
) ( = st —8(A) —g(B)er e s @t ) T — g me e @t -}
—sT m=2  m(1-p)+af—k—1 (¢(k)) (B)
() EA +eBe ) s 8@, g 2 Lol — ]
¢ [( Y s e B)) 2 g g B T g —gBe 00 )

In accordance with relation (9), we have
-1

-1
[s“ e g(B)e—”] = (5" - g(4)"! [1 (5o g(A))_lg(B)e‘”]
=" =gy 3, [(s“ - g(A»-"(g(B»"e-s"f]
n=0
-1 )
[Sa —g(A) - g(B)e—ST] - Z [(sa _ g(A))—(nH)(g(B))ne—snr] (16)

n=0
If we replace the expression (3.6) in the Y(s) formula obtained above, we get the following results.

m=2 m=2
Y(s) =g ( ( 3 ik g3 0) 4 (g(4) + g(Bye) Y, 1D "“lg(‘f’ék)))

k=0 k=0

XD [(s“ - g(A))_,,(g(B)),,e_m] +g(y" s Y [(s“ - g(A»-("*“(g(B»"e-”’]
n=0 n=0

+g(B)% {g(d;[t - T])} (s) Z [(Sa — g(A))_(”‘H)(g(B))ne—snr] >
n=0
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Imposing the inverse g-Laplace transform to the above result, we get:

m—2 m—=2
=g (2-1 l D "D g () + (g(A) + g(B)e™) Y sl Tk g

k=0 k=0
XY [(s" — g(A)"(&(B)Y"e | + gl s Y [(s“ — g(A) "D (g(B)Y'e ™
n=0 n=0

+g(B) Z [(S" - g(A))_("H)(g(B))"e_S"T] L{g(@lt — 7]} (S)] (t)>
n=0

Taking inverse Laplace transform of the statement above and by using Lemma2.1, Lemma 2.2 and time shift and convolution
property of the Laplace transform, we gain an explict representation of solution for a initial issue (3.1)

m—2
y(t) =g ! <2—1 lz m(l—ﬂ)+aﬂ—k—lg(¢2)k))

A=p)(m-m)—1

sa(nt+q+1)

9 (g(A)** (g(BY)" S

+
Mg
Mg

3

Il

f=)

)

I

o
/\/\/\/—3\/—\/—\

&
< +

e " g(ebo)

S
Il
=]

=
Il
=]

(1-p(m—a)—1 e~

9 (g(A)(g(B)™ L

+
Ms
Ms

=
< +

Sa(n+q+l) g(¢0) ot

n=0 g=0
© © _
+ 1-p)(m—a)—m+1e™"" (m=2)
+ Z Z q Sa(n+q+]) g(¢ )
O X n+ S( ﬂ)(m—a)—m+1e—sm' 2
+ ) . ) @) B (@)
n=0 g=0
©
n+q\ (g(A)I(g(B))"e™™ (1)
+ Z Z q sa(n+g+1)—pla—m) g((’bo )

=
Il
o
)
Il
o

q\ (&(A)!(g(B))"* e~
sa(n+q+1)

n

+
Ms
Ms

q )(g(A))"“(g(B))"S

< +

L(g(Plr - r]))(s>l (z))

=
Il
=]
)
Il
=]

y) =g

VR

8_1 lz m(l—ﬂ)+aﬂ—k—lg(¢g€))

OV (n+q) @A) (g(B) e
+Z Z < q >S“("+q+1) (1-p)(m— at)+1 g(d)o)
n=0 ¢g=0
0o n+gq (g(A))q(g(B))"+1 —snt
+ZZ< q > sa(n+g+1)—(1=F)(m—a)+1 (¢o)+ st
n=0 g=0
S S (144 EAYH B
+Z Z( q >Sa(n+q+1) (1—p)(m—a)+m—1 (d’( 2))
n=0 g=0
* Z0 2O <n -:1- q> (g(A))q(g(B))n+l 0’("+q+1)—e(‘1_—sr;:(m—a)+m—l g(d)(Om_z))
n=0 g=
0o 00 n+q (g(A))q(g(B))" —Snt (m—1)
+ZZ< q > A C )
n=0 g=0
© A))? B n+l1 e~snT .
+ Z Z <n ; ¢1> EA) s(§§+q)+)1) L{g@lt -]} (s)] (t)>

3
Il
o

=
Il
=
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Then we get following result.

We get

m—2
4 =P (m—a)—k ®)
=g <ZF((1—ﬂ)(m—a)—k+1)g(¢° .

k=0
> 1)p)ara+D=(1-pim-—a)
2 n;q><g(A)>q“(g(B))" -t Do)

Flain+g+ 1) -0 -pHm—a)+1)
q . ntl (t _ (}’l + 1)T)a(n+q+l)—(l—ﬂ)(m—a) B
AN B o s s H = (4 D)+

(t (n+ I)T)a(n+q+1) (1-p)(m—a)+m—2

Flam+q+1D) -0 -pm—a)+m-1)

+
Ms

H(t - (n+ D7)g(y)

3
Il
=]
£~}
Il
=]

n+

Mg

+
Mg

3
Il
o

£~
Il
o

H(t — (n+ Do)g(e)" ™)

Ms

+
Ms

=
Il
o

)
Il
o

(t _ (n + I)T)a(n+q+1)—(1—ﬂ)(m—a)
IlNam+q+ 1) -1 =-pH(m—-a)+ 1)

( _ nT)a(n+q+ 1)—p(a—m)—1

T4 (g(A)(g(B))"!

H(t = (n+ Do)g(@)" ™)

+
Ms
Ms

3
Il
<]

£~}
Il
=]

(

(3)

<” q)(g(A»q“(g(B))"
(7)

(73°)

+

q
n+ _

. 1 H(t - nt)g(¢"™")

Mg

8(A))(g(B))"

+
Mg

I'a(n+qg+1)— p(a —m))

3
Il
o

£~
Il
=]

( nr — S)a(n+q+l) 1

I'a(n+q+1))

+
=
=
—
i
DM e

<n >(g(A))q(g(B))" H(t — nt — 5)g((s — r))ds)

£
Il
o

n? (=P =)~k N &
NOE (Z O pm—a kT T EW +e®)

k=

0
O © 1)g)enta+D=(1=p)m—a)+k
X22<n q)(g(A»q(g(B»" v U >g<¢f{‘>>

INan+g+ 1) —-A-pHm—a)+k+1)

nr)a(n+q+1)—ﬂ(a—m)—l

T9) (g (g(B)" H(t - no)g(df"™")

F( (n+q+1) = pla—m)

=0
t—
oo o0 nt n(t _ (I’l+ ])T _ s)a(n+q+1)—1 »
+g(B) / ZZ( . >(g(A))"(g(B)> SCCEEST) H(z—<n+1)r—s>g(¢(s))ds>

. m=2 =P m—a)—k A B)E® A B); &
B (Z& F((l—ﬁ)(m—a)—k+1)+(g( )+ 8BNE, o gsp-tym-arir1 (8(A) 8(B): 1 = T)h, >

min(t—7,0)

+E7, (3(A). g(B): D¢ + g(B) / EL, (8(A), g(B);t — 7 — 5)g(d(s))d >

=T

m=2
B " t(ﬂ D(m—a)+k @ (A @ B) o) ET@ (A B: _l(t _ T)) 0] d)(k)
"\ A\ TG -Dm-w+j+ D el 0
®

oo, a,a,a

OE® (A, B;g”'(0)0¢; ' @ BO / E™® (A,Bg't—1-5)0¢(s)Ods

[—7,min(r—7,0)]
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m—2
_ B {(P=D(m—a)+k . o ®)
v =P <g 1<r((ﬁ “Dm—a +tk+t 1)> @UBBIOE L 1y uyiarir (A Bs 87 1 T») © & a7

k=0
(7]
QE® (A, Bg”' 1) 0d)" " ®BO / EX® (A Big”\(t— 7~ 5) © ¢(s) © ds. (18)
[—7,min(r—7,0)]
If we take t > 7 then,
[$) (53]
E;® (A, Big (1 —7-5)Od(s) Ods = / EX® (A, B;g (1 —7—5) O p(s) Ods (19)
[—7,t—7] [—7,0)]
If we take t < 7 then,
[52) [52)
E® (A, B; glt—-1-5)0d(s)0ds = / EZ® (A, B; g t—1-5) O P(s)Ods (20)
[—7,t—7] [—7,t—7]
By using (3.8) and (3.9) we will get following result.
[$] ®
E;:j?a(A, Big7't—1-5)0d(s)Ods = / E;;’fa(A, Big7't—1—-15) O ¢(s) O ds 3))
[—7,t—7] [—7,min(r—7,0)]

4 | INTEGRAL REPRESENTATION OF SOLLUTION TO LINEAR INHOMOGENEOUS
PSEUDO-HILFER-TYPE FRACTIONAL TIME DELAY DIFFERENTIAL EQUATIONS

In this part, by imposing the classical manners to solve (1.5), we will obtain the explicit formula for the solutions of linear
inhomogeneous fractional pseudo-Hilfer-type differential equations with invariable coefficients and time delay.
Let us examine the following two pseudo-Hilfer-type FDDEs with constant coefficients:

{Héémﬂt) =AY ®BOYt—-1)® f(1),t € (0;T], >0, -
Iei;é,my(t) =0,7 € [-7,0].
and
{Héﬁ?ﬂﬂ(f) =A0yN®BOyIt-1).1€(0:T].7>0, (23)
Ielejé,oﬂ(’) = ¢(),t € [-7,0].

wherem—1<a<m O0Lp<l,y=F-1(m—-a)+k+1,k=0,...m—1.
The following lemma plays an important role in the proof of the subsequent theorem, which can be obtained from classical
ways about the solution of the system (1.5).

Lemma 3. If y, and y, are the solutions systems (4.1) and (4.2),respectively, then y(¢#) = y, @ y, is the general solution of
system (1.5).

Mention that the solution y, of (4.2) is investigated in paragraph 3. In other words, to reach our goal, we need to find y; which
is a particular solution of (1.5).

Lemma 4. Assumem —1 <a <m,0 < f <1 for m > 2. Then, we have the following relation:
t
/(t _ S)(]—ﬂ)(m—a)—l(s —Ilr— T’l)la+pa+a_lds - (t —lr— r,)m—ﬂ(m—a)+la+plx—2B((1 _ ﬁ)(m _ a)’ (l + l)a + pa>
n+lt

Proof. To prove the lemma, we use the definition of Beta function and substitution of u = —=

P Consequently, we obtain
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t
/(I — s)(l—ﬂ)(m—a)—l(s —lr— n)la+pa+a—1ds

n+lt

1
=(t —Ir— ’,I)m—ﬂ(m—a)+1a+pa—2 / u(l—ﬂ)(m—a)—l(l _ u)la+a—ldu
0

—=(t— I — ;1)’"‘/’(’""’)+”’+1""2B((1 — BYm—a),( + Da + pa)

We denote the following theorem for the particular solution of equation (1.5).

Theorem 3. A solution j € C™([0, T, R) of (1.5) holding zero initial conditions j(t) = 0,¢ € [—7,0), 7¥(0) = 0,0 < k < m—1

has the following form:
@

¥t = / E;?a(A Big't—s) O f(s)0ds, t>0 (24)
[0.7]

Proof. Using the method of variation of constants, any solution j of the inhomogeneous system must be provided in the following
shape:

@
y(t) = / E;S’a(A B;g l(t—5)Oh(s)Ods, t>0 (25)
[0,2]
where h(s), 0 < s <t is a sought vector function and j(0) =
@ t
NOES /Ejf,,(fl Big '(t—5)Oh(s)@ds =g~ </ E; ,.(8(A),g(B);t - S)g(h(S))dS>

(0]

HY 30 = g ("Dl e(50) = g7 (" Dy / EF, (8(A). g(B):t — $)g(h(s))ds))
" D3P e(5()) = " Dy / E?, (8(A).g(B):t — 5)g(h(s))ds)

=1 ”('"“’)%I “‘ﬂ)('"“”( / E;, (8(A),g(B); t—S)g(h(S))dS>

0
s

t
— yBm-a) 4" 1 _ (=pm—a)-1 _
=I T <F((1 Y p—— /(t s) 0/ E; . (8(A), g(B);s n)g(h(n))dnds>

=zﬂ<m—a><r( T / / (1 — s)i-Pm—a- 1E;a,,(g(A),g(B);s—n)g(h(n))dndS>
=1ﬂ<’"‘"‘)<r((1 —ﬂ;(m—a)) o / /(t R 1E‘,’,a,,(g(A),g(B);s—f7)g(h(f1))alr1dS>

0 n+it
=17 ‘”(F((l = ﬂi(m_a)) am / (h(n))< / (r = )1 =Pm=e= 1E;”<g(A>,g(B);s—n>ds>am>

n+lt
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_ 7h(m—a) 1 ﬂ Pt © o ntq )
- <F((1—/3)(m—a)) drm 0/ g("(’”)< / (t =) ZZ( . )(g(A))‘I(g(B))

n+nt n=0 ¢=0

(s —nt —n)H(s — nt — 1) T 1 &S (g )
[(ga + na + a) ds)dn) =1 <F((1 —B)(m—a) Z 2 ( q >(g(A))q(g(B))

n=0 g=0
(t —nt — )m—ﬂ(m—a)+na+qa—2H([ —nr — ’7) A 4 B( | |
o / S CESirEy™ g(h)dnB((1 = Hm— ). (n+ Da + ga )

_ 7B(m—a) < n+gq nﬂ / (t—nt— n)m—ﬂ(m—a)+na+qa—2H(t —nt—n)
=1 < ZO qza ( . >(g(A))q(g(B)) o o o=@ T s e S

On the other hand, I /’(m‘“)i—mm f@) = CDgi“m) f() and according to formula between Riemann-Luovile and Caputo
fractional derivative, we have

m—1

m k—p(a+m)
Iﬂ(m—a)j?f(t) — CDg:—a-l-m)f(t) - RLDg_('_a+m)f(t) _ Z t

———f®0), >0
= Tk = pla+ m))f ©
With the help of following binomial identity.

<n+q> _ <n+q—1>+<n+q—1>7 .
q q qg-1

and imposing Leibniz rule for higher-order derivatives (Ismail T.Huseynov et al

HDaﬂg(y(t)) = [Pm— u) dm <Z Z <I’l ':1‘ q> (g(A)(g(B))"

n=0 g=0

., 2021)(see Theorem 3.2), we achieve

t
(I —nr — n)m—ﬂ(m—a)+na+qa—2H(t —nr — ’1)

T(m — f(m — a) + na + qa — 1) g(h("))d”>

t

—  Cppla—m)+m < % n+gq " (t —nt — n)m—ﬁ(m—a)+na+pa—2H(t —nt—1n)

= °p ( ;) ;) ( . )(g(A))‘i(g(B)) iy T S ——— LT
0

(t — )" PO H (1 — 1)
d p Tn = pom—a)— 1) g(h(m)dn
0

< . — Il —p)" B(m—a)+na+qa— 2H
N Z Z <n e >(g(A))‘1(g(B))" (t lz(m . B(m — a) + na + q(otc 1) = g(h(m)dn

© © n+gq-— . (t nr — ;,I)m—ﬂ(m—a)+na+qa—2H(t —nr — ”I)
+ g g ( >(g(A))4(g(B)) ¥ / Ton— B Tma g ga— St

_ _ \af+nat+qa-2 _ _
—g(h(t>)+ - N (g g8y R T " o (h(n)dn
I'(af + na+qa—1)
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< . - : — — aﬂ+mx+qa—2H _ _
22 <" e 1)(g(A))‘f(g(B))" / e Dt
0

n=0 g=1

t

~ o o0 n+q ol (l —nr— ’,l)aﬂ+nll+qa—2H(t _ (I’l + l)T _ 7’])

=g(h(D) + Z:,) qz_:,) ( . )(g(A))%g(B)) / Teh+ it DotaaD g(h(m)dn
T 0

© n+q g+l " (t—nt — n)aﬁ+na+(q+1)a—2H(t —nt —1)
) <q ¥ 1)(g(A)) ey [ S
0

=g(h(®)) + g(A) / E; o apra1(&(A), g(B):t —meg(h(m)dn + g(B) / E; apra1(&(A).g(B);t — 7 —m)g(h(n)dn
0 0

Hgl 30 =g ' (" Dgle(31) = g7 <g(h(t>) +g(A) / E o apra—1(8(A), &(B);1 = me(h(n)dn
0

+8(B) / E, apra1(8(A).8(B)it — 7 — U)g(h(n))dr/> =ASIJOS Byt -—1)Dh(t)=AD y(1) ® Byt —7)® f(1)
0

Therefore, we obtain that hA(t) = f(¢) fort € [0,T]. O]
Eventually, we obtain the next theorem for the unique analytical solution of the Cauchy problem (1.5).

Theorem 4. A unique analytical solution y € C™"([—7,T], R) of the initial issue (1.1) has the following form:

m—=2
1 {(B=D(m—a)+k o 1 ®)
= AD®B)OE" A, B; -
¥(0) k@%(g <F((ﬁ—1)(m—a)+k+1) S®USBOES | i ABg (-1) ) 0¢

52}
SE™® (A, B:ig ') o ¢ " ®BO / E™® (A,B;g”'(t— 7 —5)) O ¢(5) O ds

a,a,a a,o,a

[=7,min(t—7,0)]
@

EB/E"@ (A.B:g™\(t =) © f(s) @ds, 1>0.

a0

[0.1]

Proof. The proof of the theorem is immediate. Therefore, we pass above it. O

S | EXISTENCE AND UNIQUNESS PROBLEM FOR NONLINIEAR TIME RETARDED
PSEUDO-HILFER-TYPE FRACTIONAL DIFFERENTIONAL EQUATIONS

In the following section, we will look the initial issue for a nonlinear pseudo-Hilfer-type fractional differential equation with
constant delay.
{H;-go+y<z> =AQ Y@ BO I —1)® f(t.y(1).1 € (0:T],7 >0, 06)
Igh .y = ¢(0),1 € [7,0].
Wherem —1 <a <m 0< f<1,y-) €R, f(-,¥(-)) : [0,00) X R = R is a nonlinear perturbation and also a continuous
function. And we will also suppose that (r — f(#,0)) € C([0, ), R). Then, according to Theorem 4.2, we obtain the solution
of the nonlinear Hilfer-type FDE (5.1) as follows:

m—2
_ - A~ Dm—a)+k @ o1y, *
o= ﬂ% <g (F((ﬂ “Dm—w+k+n )2 AOBO L, ap-nm-wiarcn 4 B8 =0) | © &y
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a,a,a a,o,a

SE™® (A, B:g ' )0 ¢ " ®BO / E™® (A,B;g7'(t— 7 —5)) © ¢(s) O ds

[—7,min(t—7,0)]

a,a,a

2}
® / ET® (A, B;g7'(t =) O f(s.y(s) ©ds, 1> 0.
[0,1]
First of all, we denote following lemmas and notes: For x(-) : [a, b] = R, , we will define the norm of the function as a follow:

X0l = g~ (lgx@ON])
Lemma 5. ([3], page 12, lemma 5.1) The following estimation satisfies true:
|E} s (A BiD] < 177 exp(| Al + | Bl ) @7)
fork=0,1,...,m—1

Corollary 1. ([3], page 12, corollary 5.1)
For m > 2, the following conclusion satisfies:

|E,

a,a—f,m

(A, Bin)| < 1" Vexp(|Alr* + | B|r*). (28)
Analogously, we will get the following results for pseudo-Mittag-Leffler functions.

Lemma 6. Assume a generator g : [a,b] — [0,0] and A, B € R. For following delayed pseudo-Mittag-Leffler function
estimation holds true:

|E;S ) ii(ABig ™ )], < g7' ) @ g7 (exp(|Al“ + | BJ1*F)) (29)
fork=0,1,..., m—1

Proof.
|EZ® A B )], =g <g ( |E;2 ) i (A Bs g-1<t)>|> )

=g (lE;,a_,;,M(g(A), g(B); t)|> <g’! <t“+"“ exp(|g(A)|r" + |g(B>|z"-/’>>

<g” '@ @ g7 (exp(|Alt* + | B|t*F))

O
Then, we can denote analogously following corollary.
Corollary 2. Let a generator g : [a, b] — [0, 0] and A, B € R. For m > 2, the following inequality holds:
IE;’f_ﬂm(A, Big ')l <g”! (t’"_1> © g_l<eXp(|A|t“ + IBII“_ﬂ)>- (30)
Theorem 5. Assume that the following hypothesises are true:
(H)f :[0,T]IXR— R be a continious function :
(H,)there exisit C >0 such that f holds the Lipschitz condition :
/(6.3 © f(t.0)l, <COIySol, Y(t.y).(t.0) €[0.TIXR; 31

Then, the problem (5.1) has a unique global continuous solution on [0, T'].
Proof. Assume that a ball be appointed as By :=y € C([0,T], R) : ||y||, £ R, w > 0 where R > 0 with

R>|WolpYl,@g' T Hosolp! ", @S0 @) o |Blolldll,®D| 0 @ esog T(@)oedl)
32)
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where

m=2
B B e =1 p(p-D(m-a)ta+k
W—®(g <F((ﬂ—1)(m—a)+k+1)>®(|AI®|B|)®g (T )OS

k=0
D = max {1/(.0), @ exp(wt)} ;.S = exp <(Ig(A)I + Ig(B)I)T“>
Now, we set an integral operator F on By as below:
F:C(0.T],R) > By 3y~ F(y) :=( = (Fy)®) € C([0,T], R),

through the following formula

m—2
B _ {(P=D)(m—a)+k .. o k)
(Fy =P (g ‘(F(( S 1)) SABBOES | n(ABg - r))) © ¢!

k=0
[57]
O, 2, (A Big ) od " ®BO / ET® (A, Big™(1 = 7 ) © (s) © ds
[—z.min(t—7,0)]
[5>]
® [ B8, A By (=)0 fey) @ds. 10T

[0.1]

It is obvious that F is well-defined according to (H;).Thus, the availability of a solution to the Initial issue (5.1) is equivalent to
the fact that the integral operator F has a fixed point on B.To prove that F has a unique fixed point, we will impose the contraction
mapping principle. On the other hand, we will not use the maximum norm C([0, T'], R). Because choosing the maximum norm
only brings us to the local solution appointed in the subinterval [0,T]. Let C([0,T],R) be fitted with the weighted maximum norm
[l - 1], with respect to the exponential function, where it is appointed as:

11, = max {Iy0l, @ exp@n}, ¥y € C(0.T1, R).

Since two norms || - ||, and || - ||, are equivalent, C([0,T], R, || - ||,,) is also a Banach space. The proof is separated into two
parts.
step 1: We prove that F(By) C By. in this part, we look following estimation.

L (EPYDOI\ L (1(Pg()O)
[((Fy)(D)], @ exp(wt) =g (—g(exp(w 0 ) 2(exp(@n) (33)
First of all, we denote the following notes for use in process of proof.
m-2 ((P=Dm—a)+k ] ©
(Fg)(®) = ;) (F(( D= ke T EWFEBE, o in-agrarin (8(A)- 8(B): 1~ T)>g(¢o )

min(t—7,0)

+E, (8(A), g(B); Dg(¢)" ") + g(B) / E’, (2(A).g(B):t — 7 — 5)g(p(s))ds

-7
t

+/E§,a,a(g(z4), g(B);t —5)g(f (s, y(s))ds,t € [0,T]
0

Then, we will get.

|Fg)O) e (B Dm—a)+k w0, 18]+ 1gB)]
2(exp(@D) ~ glexp(an) ,Z:; TG - Dm—a+ £+ 000 = exptny
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m=2

T 1 ‘['
+ Z ES o 5 tymarrasicrs @A), 8B 1 = Dl g(@()] + |E

—_— . (m=1)
glexp(wt)) % (8(A), g(B);llg(p, I

_leB)|

* elexpen) / |7, (s(A).g(B);1 — 7 — )| |g(h(s)|

/I E} . 2(8(A),g(B);t — 9)|1g(f (s, ¥(5))) — g(f (s.0)| + 1g(f (s, 0)lds
(eXP(wt))

m=2

(- (m—a)+k
’ g6y + (1g(A)] + 1g(B)]) Z ES o 5 tmay s s @A) €(B): 1 = Dl g ()]

SI;‘)F((ﬂ—l)(m a)+k+1)

L g |g(B)I

. (m=1) e
+g(exp(wt)) E; , .(8(A), g(B);1)lg(d, )|+g(exp(wt))/| E} , (8(A),g(B);t — 7 — 5)||g(¢p(s)|ds
—/I E; . .(8(A), g(B);t — 9)||g(f (s, ¥(5))) — &(f (s.0)| + |8(f(s,0))|ds
g(exp(wr))

m—2
gy + (A + 1B D 1EL 5 1ymarrasices @A 8B 1 = D)l 12(8 )]
k=0

0

t(ﬂ—l)(m—a)+k

SI;‘)F((ﬂ—l)(m—o:)+k+l)

1 E° . (m—1) |g(B)| . e g(exp(ws))
+oniany Eeaal8A)- B DNE@) )1+ espion / L8, g(Bit = 7 = 9)l ool ds
—_— /I (g(A), g(B);t — 9)||g(f (s, y(5))) —g(f(S-O))IMds
g(eXP(cot)) waa g(exp(ws))
v . g(exp(ws))
+ Ian(g(A), g(B);t — $)|g(f(s,0)| =————=ds
) “ g(exp(ws))
By using from this formula and (5.8) we obtain
m—2
B (=D m—a)tk W
|(Fy)()], @ exp(er) < @g (F«ﬂ e 1)> o 1o,
m—2
DAl |B|)o@| O oy arin (A Big =)l © 18],
BIEZ® (A, B; g-1<t>>| o l¢y" V|, @ exp(er)
(&3]
®|B| @ exp(wr) © / |EZ® (A, B;g™'(t — 7 = 9))|, © exp(ws) © |¢(s)|, @ exp(ws) © ds
[=7.0]
&
/ |EZ® (A, B;g7'(t = )|, © |/ (5, %(5) © f(5.0)], © exp(ws) @ exp(ws) ® d's @ exp(wr)

[0.1]
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69/ |EZ® (A, B; g7\ (1 = 5))|, © | f(5,0)|, @ exp(ws) © exp(ws) © d's

a,a,a

(0]

Now take V¢ € [0,T] and Vy € By. By using (H,) by means of Lemma 5.2, we receive:

) o ey,

{(B=D(m—a)+k
r-H(m—-a)+k+1)

m—2
I(F»(®), @ exp(ot) < P g™ (
k=0

m=2
i8N0 Ps (= o-vmeret ) © g1 (exp(l Al + B - D9 © 4,

®g (1" ')og-‘«expum + 1B © [¢0" "], @ exp(wi)
@

®|B| @ exp(wr) © / g‘l((I—T—S)“‘1>Og‘l((eXp(lAI+IBI)(t—T—S)“)®eXp(wS)O|¢>(S)Ig®eXp(wS)®ds

[-7.0]
53]

@/g—1<(t—s)“—‘)og—'((exp(lAl+|B|)(t—s)"’)®CoIy(s)lg@exp(ws)®e><p(ws)®ds®exp(w’)

® / ¢! (= 9"") © &7 (exp(I Al + Bt = ) © |£(5.0); @ exp(@s) O exp(ws) © ds
[0.1]

Using the substitution r — s = u and Lipschitz condition (H,), we get
m=2

(EPWl, @ explon < gz% € (F((ﬂ - tl(l)}(_r:(i_:)t kT 1)> O I¢g I
elAl@1B)© még“ (1m0t ) © g1 (Gexp(lAl + 1B @ 1),
@z '¢* Ho g“k((ZXp(IAI +1BD") @ 9" "], @ exp(or)
@
®|B| @ exp(wt) © / g ((t -7- s)a—1> O |p(s)l, @ exp(ws) © exp(ws) © ds © g~ ((exp(|A| + | B)(1)%)
[G—BT.O]

@Coewn© [ & (1= 5") 0 155, 0 exp(ws) @ explws) @ ds 0 &” (xp(l Al + BY(O)
[0.1]

g (-5 1 O |f(s,0)|, @ exp(ws) © exp(ws) © ds © g~ ((exp(|A| + | B)(1)") @ exp(wr)

D
\,ea

3
=

m—2

T (B=D)(m-a)+k > ®) ~1( p(p-D(m-a)ta+k
g < o l¢gl, @ (Al @ B o P g TV
N T((f— D(m—a)+k+1) 0 g:% ( )

Og™' (exp(|A] +BNT*) © |41, ® g~ (T*™) © g™ ((exp(| Al + [BNT™) © by,

@E

C
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@
®|B| @ exp(wr) © / g7 (0=9"") @ exp@(s =) © ds © max {I$(1)l, @ exp(@n} © g™ (xp(IAl + [ BI(T)")
[0.7]

®

@Coewno [ & (=5 @ exp@s) © ds© max {0, @exp@n} © &~ (explAl + BT

[0.1]
&

® / g7 (0= 9"") O exp(@s) 0 ds © max {1/(5.0)l, @ exp(@)} © g™ (exp(IAl + [BI(T)") @ expl@)
[0,1]

m—2 m—2
TB=D(m—a)+k
F < -1 (k) A B =1 (B=D(m—a)+a+k
I y)<t>|g@exp(wt>_§9g (mﬁ_1)(m_0[)+k+1)>o|¢>0 ,® (A @ | |>o§l=%g ( )

®
oS0 lp)l, @ T HoSsolp) ", ®BloSexpw)o / g (=9 ) 0 exps) 0 ds @ gl

[0.1]
®

®C O S @ exp(wt) O / g! <(t - s)“_1> O exp(ws) ©ds O ||yll,

[0]
52}

@D 0O S @ exp(wt) / g ! <(t - s)"_l) O exp(ws) O ds
[0,¢]

m—2
- L =1 p(B-D(m—a)+a+k (k)
@kz()(g <F<(ﬂ—1)<m—a)+k+1) ® (141 ®18) 0 5 ( Jos ol

5]

@ (T 05014, ® B0 S @ exp) © / g7 (u") @ exp(@n © exp(-on) © du © ll4ll,,

[0.1]
&

®C O S @ exp(wt) © / g (u"‘l) O exp(wt) © exp(—wu) © du O ||y,

[0.7]
53]

@D O S Q@ exp(wt) / g! <u"_1) O exp(wt) © exp(—wu) © du

[0.]
52}

W olpl |, @ T oSl ", &1BloSo / ¢! (1) @ exp(-aw) © du o gl
[0,¢]

® ®
®COSO / g ! <u"‘_') oexp(—ou)0duo |y, DO S / g ! (u“_l> O exp(—wu) © du
[0.1] [0.4]

(&)
—wolpl),@g' T HoSsolg" ", @IBloSog @)0 / ¢! (") o exp-v) 0 dv o [,

[0,0t]
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® ®
BCOSQg (0o / g ! (U“‘l> Qexp(—v)Odvo |y, ®DO S g (@) / g ! (U”_l> O exp(—v) @ dv
[0,wt] [0,wt]
&b
=wolgl, @' T Hosols ", @50 @) / ¢! (") oexp-v) 0 dv
[0,01]

o<|B| o l¢ll, & C o Iy, eap)

53}
WwolpPl, @' T Hosolp! ™", ®S0s @ / g“(v"—l) © exp(-v) © dv

[0,00]

o<|B| ollgll, ®Collyll, eaD) =wolpl,®g' T Hosolp!",

55 T(@) @ g (@™ © ('B' e lill, ® € o livl, & D>

wolpll,@g' T Hosolpl ", ® S @) g™ (@) o (|B| olél, ®COR® D)
Taking the maximum over [0, T'] and using inequality (5.6), we obtain the following relation:
IFyll, < R

For this reason, F : By — Bp. In other words, F is well-defined on By.
Step 2.In this step, we will represent that F is a contractive mapping. We should demonstrate that F is a contraction over By.
To see this, let Vy, 0 € By. Mention that

82}
(Fy)®) © (Fo)t) = / EZ® (A, B;g7' (1 =) O (f(5,9(5) © f(s,0(s) @ds, 1>0. (34)

[0,7]
Thus, for any ¢ € [0, T'], from lemma 5.2 and (H,)-Lipschitz condition, it follows that
|(Fg(y)(®) — (Fg(o))®)| >
g(exp(wr))

[(Fy)®) © (Fo)(t)|, @ exp(wt) = g™ <

t
<g™! <; / |E; .. (8(A), g(B);t — 9)||g(f (s, ¥(5))) — g(f(s,U(S)))ldS>
g(exp()) /

(&)
_ 1 - -
=g ‘(g(ex—p(wt)) o / |ES® (A, B;g™ (1 = ), © 1/ (5, 1()) © f(5,0(s)], O ds
[0,¢]
<(C © exp((|A] + | B)I) @ exp(ei) © / g ((z - s)“-‘> O 15(5) © 6(5)|, @ exp(ws) © exp(ws) © ds
[0,¢]

<(C @ exp((IA] + [B)I*) @ exp(@i) © / g ((r - s)“-1> © exp(s) © ds © max {1¥(1) = o(1)l @ exp(@n}
[0.7]

=(C @ exp((|A| + | B])t")) @ exp(wt) ® / g ! ((r - s)“*) O exp(ws) @ ds © ||y — oll,,
[0,¢]
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53]

=(C @ exp((|A| + | B])t*)) @ exp(wt) @ / g (u“‘1> O exp(wt) @ exp(—ou) @ du @ ||y - oll,,
[0,7]

=C @ exp((|A| + |B|>z")@/g—l<u"—‘> O exp(—wu) @ du © ||y — o,
[0,1]

=(C @ exp((|A| + |BD) @ g (@") © / g‘1<v"‘l>OeXp(—v)OdUOIIy—GIIw
[0,wt]

<(C o exp((|A| + |B)t") @ g (@™) © / g <v“"> Qexp(-v) @ dv @ ||y —oll,
[0,00]
=exp((JA| + BN @ Co g T(@) @ g (@) o lly —oll,
<exp((JA| + BT 0 C0o g 'T@)@g (@)@ ly-0l, :=S0C0o0g ' T@) og @) oly-oal,

Then, we get.

|(Fy)(t) © (Fo)(®)|, @ exp(wt) < SO CO g (@) @g (@)@ lly—oll,

Taking maximum on [0, T], we will get the following conclusion:
IFm) e FOll,<S0Cog T@og (@) oly-aoll, (35)

If we choose @ > (SO C O g~ (T(a)) ® g‘l(w”))i, then F is a contraction. Thus, by Banach’s fixed point theorem, there exists
a unique fixed point of F which is just the unique global continuous solution of (5.1). O

Remark 1. If the assumptions (H) and (H,) are satisfied for all # € [0, c0), then the claim of this theorem holds on the half-real
line R, i.e. for any (m — 1)-times continuously differentiable initial data ¢ : [—7,0] — R, the non-linear pseudo-Hilfer equation
type equation of fractional order with a constant delay (5.1) has a unique global continuous solution on [0, c0).

6 | ULAM-HYERS STABILITY ANALYSIS ON PSEUDO-HILFER TYPE FRACTIONAL
DIFFERENTIONAL EQUATION WITH A CONSTANT DELAY

In the following part, we debate the stability of the pseudo-Hilfer-type DDE (5.1) in the Ulam-Hyers sense on [0, T'].
Suppose that € > 0. Let us imagine the pseudo-Hilfer type fractional delay differential equation (5.1) and the Initial issue for
the following inequality:

|Hg! 0,000 © A0 () ©BOs(—7)O f(t,6@)l, <€, for t€[0,T] (36)

Definition 1. Equation (6.1) is Ulam-Hyers stable if there is § > 0 such that for every ¢ > 0 and for every solution ¢ €
C([0,T], R) of inequality (6.1), there is a solution y € C([0, T'], R) of equation (5.1) that holds the inequality due to a weighted
norm:

lyeol,<e0d, 1e[0,T] (37

Remark 2. A function ¢ € C([0,T1], R) is a solution of the inequality (6.1) if and only if there is a function f € C([0,T], R)
which fulfills the following conditions:
DIfOl, <e;

2) Hy! 60O AQc()© BOs(t—1)O f(t,0() := f(1),1 €[0,T].
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Due to the Remark 6.1, the solution of following equation:
H%’gma(t) OAQc(t)©BOo(t—1)= f(t,o(t)® f(?),t €[0,T]. (38)

can be demonstrate by

m=2
B 1 (P~ Dim-aytk ~® | *
"0 =D <g <F((ﬂ “Dm—w+k+ 1 ) EAED O L (A B80T J O g

k=0
@
BE™® (A.B;ig”' ) o ¢ "@®@BO / E™® (A, B;g™'(t— 7~ 5) © (s) © ds
[—7,min(—7,0)]
@ 521
® / E;® (A, B;g7'(t=5) O f(5,0(s) O ds & / E;® (A,Big7'(1=5) 0 f(s) O ds
[0,1] [0,7]
@
=(F(0)1N) & / E;® (A,Big ' (1-5) 0 f(s)©ds, 1€[0,T].

[0,7]
To use Lemma 5.2, the difference () © (F(z))(#) can be evaluated as follows:

a,0,a a,o,a

@ [$)
l6(1) © (F(e)(®), = | / EX® (A,Big ' (t—5) 0 f(s) Odsl, < / |E?® (A, B;g™'(t — )|, © |/ (5)], @ ds

[0,7] [0,7]
2}

<e0g ' ") o g (exp(|A]l + |B") © / ds<e0g (T*) @ g '(exp((|A| + |BNT?) =0 g (T O S. (39)
(0.1

Finally, with constant delay, we are ready to assert and prove the Ulam-Hyers stability result for pseudo-Hilfer FDE.

Theorem 6. Suppose that (H, and H,) are satisfied. Then the equation (5.1) is Ulam-Hyers stable on [0, T'].

Proof. Assume that ¢ € C[0,T], R is a solution of the inequality (6.1). Let y be a unique solution of the Cauchy problem for
pseudo-Hilfer type fractional-order DDE(S.1), that is

m—2
_ t(ﬂ—l)(m—a)+k . B
) = @ <g 1( > DU B OE T iyrarion (A B8 (1= T))> oy’

Ir'p-Hm—-—a)y+k+1)

k=0
5]
BE™® (A.B:ig”' (1) o¢ "@®BO / E*® (A B;g™\(t—7-15)) @ ¢(s) © ds
[—7,min(t—z,0)]
®
) / E;:EG(A, B;g7 i (t = 9) O f(5,0(5) ©ds := (Fy)t), te€[0,T] (40)
[0,1]
By using estimation (5.9) and (6.5), we obtain
®
Iy(1) © 0(1)], @ exp(wr) = [(Fy)(1) © (Fo)() © / E;® (A, B;g (1= 5)) © f(5) © ds|, @ exp(r)

[0,7]
®
<I(Fy)() © (Fo)(1)], @ exp(wr) & / |E"® (A, B;g™ ' (t = )|, @ 1/ (5)], © ds

[0.]
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<Cog ' T(@) @ exp((|Al + |BNT) @ g (@) @ |ly —oll, ® e © g (T*) @ g ' (exp((|A| + |B)T*))
=S0Cog 'T@)og ' w)oly-ol,®e0g ' (THOS

We take maximum on [0, T'], then we obtain
ly-oll,<S0Log ' T@og ' @)olly-oll,®c0g THOS
that gives that
ly-ol,<e0E'TH0H@165S0C0g T(0) g (@)

1

By choosing > <g(S 0Co g-l(r(a))))"’ which implies that

ly—oll,<e08 (41)
where

0:=E'TH0SH16S0Cog (1) g (")
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