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Abstract: This paper investigates the composition structures of certain fractional integral operators
whose kernels are certain types of generalized hypergeometric functions. It is shown how composi-
tion formulas of these operators can be closely related to the various Erdélyi-type hypergeometric
integrals. We also derive a derivative formula for the fractional integral operator and some appli-
cations of the operator are considered for a certain Volterra-type integral equation, which provide
two generalizations to Khudozhnikov’s integral equation (see below). Some specific relationships,
examples, and some future research problems are also discussed.

Keywords: composition operators; Erdélyi-type integral; fractional integral operator; generalized
hypergeometric function
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1. Introduction

In 1978, Saigo [1] introduced his widely used fractional integral operators I*#/1 and
JuP (see Equations (16) and (17) below). Saigo’s operators involve the Gauss hypergeo-
metric functions , F; as kernels and possess many properties (see, for example, Refs. [1-5]).
Over the past few decades, Saigo’s operators have been applied in various branches of
mathematics, especially in the Geometric Function Theory (see Refs. [6-8]). The symmetry of
parameters of various hypergeometric functions injects more choice and flexibility into the
theory of Generalized Fractional Calculus.

A natural question that arises is: Can an operator involving a generalized hypergeometric
function ,F; as kernel have such properties as Saigo’s operators? In this direction, some efforts
have been made by some authors to find particular forms of operators. In 1987, Goyal
and Jain [9] introduced two fractional integral operators I,i‘ and Kg, which involve the
generalized hypergeometric functions ,F; as kernels. Later, Goyal et al. [10,11] introduced
two more general fractional integral operators involving the generalized hypergeometric
function ,F; and Srivastava’s polynomial S;.

Although very general in form, the properties of the operators I/ and Ké‘ introduced
by Goyal et al. are far less succinct than those of Saigo’s operators. For Saigo’s operators
1A/ and J%P1, we have the following useful properties (see Refs. [12,13]):

TMIT(A=B+1y+1)

I‘J‘r,B/U x/\ =
TA—B+1I(A+aty+1)

P 1)

(R(x) >0, R(A) >max{0,R(B—7n)} —1)
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and
Ia,ﬁ,qx)\ _ F(‘B — /\)F(U — )\) x)\fﬁ
F(—/\)r(ac+,3+17 —A)

(R(a) >0, R(A) < max{R(B), R(1)}).

Under certain conditions, we also have the following composition properties (see
Ref. [1], p. 140, Equations (2.22) and (2.23), see also Ref. [3]):

2

TP 080 f= JianZ ! f, @)
B [7/5/’7*.5*7*5f — Iﬂc+'y,ﬁ+5,177'yf§f/ @)
JrOact j B f= JetvBEom f ®)
and
]%5,17*57%5 ]tx,lﬂ/n f= ]06+7,/5+6,177775 1l ©)

However, it seems rather difficult to find properties for the operators I/ and K% similar
to those given above by (1)-(6). Moreover, it is still unknown whether the corresponding
generalized fractional derivatives of the forms (see Ref. [3], Equations (3.2) and (3.4))

n 4’

n
I:x,/S,r]f _ %Iwrn,ﬁfn,qfnf and ]a,ﬁ,r]f _ (_1) e

]D(Jrn,ﬁ*?’l,ﬂ*nf 7)
can be defined for the operators I/ and K7}.

Very recently, the authors [14] introduced two fractional integral operators Z and J
(see below Equations (12) and (13)) whose kernels involve a very special class of generalized
hypergeometric function. The authors have to some extent overcome the limitations of the
operators Lff and Kig and obtained results similar to (1) and (2). Subsequently, some further
results and applications related to Z and 7 were discovered in the papers [15,16].

The aim of the present paper is to first establish for the operators Z and 7 some results
relating to the composition structures of the defined operators analogous to
Formulas (3)—(7). We also consider defining the corresponding fractional derivative opera-
tors of these operators Z and J. Finally, we shall consider some connections of our work
with Khudozhnikov’s work [17] on Volterra-type integral equations.

2. Preliminaries

In this paper, the symbols N, R, and C denote the set of natural, positive real, and
complex numbers, respectively. The Pochhammer symbol (a), is defined by

T(a+k) 1 (k=0;a e C\{0})
ala+1)---(a+k—-1) (keN;aeC).

In addition, we shall use the convention of writing the finite sequence of parameters
ai,--- ,ap by (ap) and the product of p Pochhammer symbols by ((a,))r = (a1)k - - - (ap)k,
where an empty product p = 0 is treated as unity.

We are particularly interested in the generalized hypergeometric function 4 F4 of
the form (@) .

(ap), (fr+m) o ((@p))k ((fr +mr))x 2
F P ;z| = —, 8
Fale) @) TR G G R ©

where my, - - - ,m, € N. The conditions of convergence of (8) follow easily from the usual
definition of the generalized hypergeometric function; see Ref. [18], p. 62 and Ref. [19],
p- 30. Several recent results concerning this particular type of generalized hypergeometric
function have been obtained in Ref. [20] (see also Ref. [21]).

For convenience, we put

m:=mq+---+m, 9)
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and let 0j (0 < j < m) be determined by the generating relation

r m .
LI+ %)m = Y 0¥ (10)
j=1 j=0
Obviously, 0;’s depend only on f; (1 < j < r). Additionally, we define Ay (0 < k < m)
by

m

Ax = 2{,{}%—1/ Ao = (f)m - (f)my Am=1, (11)

j=k

where the notation { }( } denotes the Stirling number of the second kind.

Definition 1 ([14], p. 423, Definition 1.1). Let x,h,v € Ry, 6,a,b,f1,---,fr € C and
my,---,my € N. Also, let R(pt) > 0 and ¢ be a suitable complex-valued function defined
on R.. Then the fractional integral of the first kind of a function ¢ is defined by

(Zg)(x) = (Thos V7 @) (x)
yx—0—v(p+h)

e el MG Lee [ub T } p(s)s" v ds, (12)

and the fractional integral of the second kind of a function ¢(x) is defined by
sa,b: (fr r
(T@)(x) = (T} ) o) (x)

vh+v—1 (oo _ ,b, "+ m, v sy
= er(‘u) /x (SU - xl/)]/l lr+2Fr+1 [a‘u, (f (fr;n );1 - f;,} (P(S)S 0 (erh)dS' (13)

When r = 0, we obtain

—6—v(p+h) rx v
piab — in/ v_ gvyp-l a,b, _5 vhtv—1
(Ih;v,zi (P) (x) = T(u) 0 (x" =s")"" R { " ;1 e ¢(s)s ds (14)

and

. yxVhtv=1  reo ) o a,b XV i
(jZ;'s,'Z‘P) (x) = Ty)/x (s" —2")F le{V 1 — Sl,](p(s)s I=vlpthgs,  (15)

Some properties of the operators (12) and (13) have been presented in Refs. [14,16].
wa,b
hv, 0

(@) Forh=0,v=1andd = 0in (14) and (15), we obtain

Further, the operators 7 %Z and J have the following special cases:

(Zhree) () =21, (a.b)p(x) and (Zhiee)(x) =l (a,b)p(x),

where , I} 4 (a,b) and 41 " (a,b) are two of the four operators introduced by Grinko and
Kilbas [22].

(b) Whenh=0,v=1,6=8,puy=naa=a+pand b = —y in (14) and (15), then we
obtain Saigo’s fractional integral operators

(1#19) () = (2505 ") ()
x P

= D /Ox(x —s)*L,F {06 + i, - i] @(s)ds (R(x) >0) (16)

and



Symmetry 2022, 14, 1845 4o
(I“'ﬁlngo)(x) - (jaa(;rlﬁﬁ 174’)( )
1 e . - L
= m/x (s —x) 12F1 [‘X +§ ’7;1 — :} @(s)s B-ads (R(x) > 0). (17)

() Whena = b = 0, it is not difficult to observe that 7" b and J}; 1 ”b contain the
Erdélyi—Kober operators (see Ref. [19], p. 105 and Ref. [23], p 322)

(1) 6 = (T420 ) ()
v~ v(uth)

= P s e as

b

= /01(1 — )" (VY uldu (R(p) >0, v,heRy)  (18)

(1) £ = (7 12000 f) ()

vh  poo
- 7;3(:1) /x (sV — x")F 1 f(s)sV(IH=M1gs
1

=100 /100(u — D () du (R(p) >0, v,h € Ry) (19)

as special cases. The operators obtained by letting v = 1 in (18) and (19) are usually
denoted by I « and K, respectively (see Ref. [19], p. 106).

The operators defined above by (12) and (13) were previously studied in Refs. [14,16]
in the space X! (c € R, 1 < p < o) of those complex-valued Lebesgue measurable
functions ¢ on Ry for which [|¢||y» < oo, where

00 d 1/p
ol = ([ o) (20)

It follows at once that X} /p = LP(R.). For convenience, we define

t t
cq(t):=1+h+ " and () =1 (0 —-1) — "
The following lemma gives some useful properties of the operators Z and J relating
to the norm defined in (20).

Lemma 1. Let ¢ € X!.
(i) IfR(u) > 0and ¢;(—c) +min{0, R(y —a — b —m)} > 0, then the operator T is bounded
from XY into Xeiw(5), and
< .
IZollxr ,, <Cillel

(ii) If R(u) > 0and R(cx(—c)) + min{0,R(y —a—b—m)} > 0, then the operator J is
bounded from X! into X, +R(s), and

<C .
170l ,, < Callolyy

(iii) If R(p) > 0and c1(—c) + min{0, R(y —a —b)} > 0, then the operator I%’Z is bounded
from XY into X¥, and
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;a,b
1T )l < Cillglly-

(iv) If R(p) > 0and R(c2(—c)) + min{0, R(xp —a —b)} > 0, then the operator j”’“’b '
bounded from XY into X¥, and

) ;a,b %
15" T s @l xe < Call@ll e
() IfR(u) > 0and ¢i(—c) > 0, then the operator I'  , is bounded from X{ into X!, and

1 ol < Cilloll -

(vi) IfR(u) > 0and vh+ c > 0, then the operator I, is bounded from X! into X!, and

1 ol < G5 ol

Proof. The results (i) and (ii) are established in Ref. [14], p. 437, Theorem 3.1.

On the other hand, the results (iii) and (iv) are the corollaries of (i) and (ii) (see also
Ref. [16], p. 614).

Finally, the results (v) and (vi) follow immediately from (iii) and (iv). These results
are consistent with the classical ones. It may be noted that if we set c = 1/p in (v) and (vi),
then the operator I” ., is bounded in L, (R+.) provided that ®(x) > 0Oand h > —1+1/pv,

and the operator I” ., is bounded in L, (R4 ) provided that R(y) > Oand h > —1/pv
(see Ref. [19], p. 107, Lemma228 and Ref. [23], p. 323). O

It should be particularly emphasized here that the operators Z and 7 are quite different
from the multiple Erdélyi—Kober fractional integral operators (see Ref. [4], p. 11, see also
Refs. [24,25]), though some special cases of Z and J when r = 0 (e.g., Saigo’s operators)
can be expressed as multiple Erdélyi—Kober fractional integral operators. The cases that
r = 0 are very special because Meijer’s G-function G35 [¢] and »F; [1 — ¢] have the following
relationship (see [4], p. 18, Equation (1.1.18)) '

61+0—1
20 )
G2,2 |:0'

Mt to] _o(0-c rtha-mdg (1)
7,72 I(6,+0,) 21! 81+ 6,

for ¢ < 1. However, there is 10 such relationship between G5 [¢] and ;42 F,1[1 — ¢]. A
slightly more general case than (21) will lead us to the Marichev—Saigo—Maeda fractional
integral operators (see Refs. [26,27]), which are also very different from our operators Z and
J. In addition, the operators Z and J cannot be regarded as special cases of G-transform
studied in Ref. [28]. Since the kernels of Z and J are not of Sonine’s type, they cannot be
included in the theory developed very recently by Luchko (see Ref. [29]).

3. The Main Results
3.1. Composition Formulas

Theorem 1. Assume that ¢ € X!. Let
M=A—a—m, M=A—-b—m and ppy=A—a—b—m, (22)

where m is given by (9). Let (8,,) be the nonvanishing zeros of the parametric polynomial Qy, (t)
defined by

Qu(t) = :20 (—1) A (A (D@ + Ky (b + K, ¢
k—m,k+t, —pm_l

a+kb+k 77 (23)

3B
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where Ay (0 < k < m) is defined in (11). Then for R(y) > 0, R(u) >1/p >0,
h+min{0,R(y+u—a—-b—m)} > R(y+pm+(p—c)/v)
and h+1+ min{0, R(x — A —pm)} > R((c+p)/v), we have

Hr')\ Azt (fr"!‘mr) “Y}*Pm,/\*]l _ 'Y+}4}11,b3 (19m+1>
(Z h;iﬁfz (fr) (Ih*W*Pm*P/V;V/P q)))(x) a (Ihfvfpmfp/v;vrﬂp: (Om) (P) (¥) @4

where IZ% (f ’(J}r’;") and T Zﬁg are defined by (12) and (14), respectively.

Proof. Denote the left-hand side of (24) by ®(x). Then by interchanging the order of
integration, we obtain

—5—V(H+h) X v
el e Y e

rw) S AT
—v(h—pm) s _ B v
. {VSI‘(')/)/ (SV — tV)’Yflel l: pm/r;\ ‘u,'l o :;v] q)(t)tV(h,Ypm)p+V1dt}dS
0
25 —0—v(uth)  rx
=TGR PO e @
where

X
A1(t) = / Svh+v—1—vh+vpm (xv _ SV),u—l (SV . tv)7_1

Jt
v _ _ v
Ay, (fr ) g s LH[ pmlyA y;l‘;v}ds' )

...»F ;11—
r42 r+1[ 1" (fr) XV

We shall tackle Equation (24) and leave the verification of the validity of interchanging
the order of integration in (25) at the end of the proof.
Letting s = x¥ — u(x¥ — ") in (26), we have

1 o1 Yo -1 t’ P
Ap(t) = =x"Pm(x¥ — tV)ITT /0 w1 —u)” (1 — <1 — xV>u>

v
A Ay, (frtmy) (o F —Pm, A — U, (1—u)(1—t”/x”)]
'r+2Fr+l |: 1" (fr) ’ (1 XV)M:| 2Fl [ v . u(l — tV/xV) d (27)

The right-hand side of (27) can be evaluated by using an Erdélyi-type integral estab-
lished by Luo and Raina [21]. For R(y) > R(¢) > 0and z € C\ [1,0), Luo and Raina
proved that (Ref. [21], p. 482, Theorem 3.2)

ab, (Om+1) ] _ T(y) Lo
} m/o #H =T - 2)P

F ;
m+2Em+1 { v, (ﬁm) Z
A1, A2, (fr + mr) :| |:_pm/)\ —Hu (1 - t)Z
. F ;zt|oF ; dt, 28
r+2 r+1|: I, £) zt|2Fy Y - (28)

where A1, A and p,, are given by (22) and (9, ) are the nonvanishing zeros of the parametric
polynomial defined in (23). We note that the parametric polynomial is independent of
parameter -, and thus we may replace y by  + p (without changing the values of A1, A,
pm and Q,, (1)) in (28) to get

ab, (On+1) } I'(
F ; =
m+2tm+41 |:’)’+"l/l, (19711) Z

. Al/)LZ/ (fr+mr) _pm/A_V, (1—t)Z
r+2Fr+1[ I f,) ;zt|oFy S s dat,  (29)

YHu) [N -1 m
_ F(y)l"(’y)/o Pl — )71 - t2)P
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where min{R(y), R(u)} > 0.
Using the Erdélyi-type integral (29) in (27), we obtain

a/b/ (ﬁm‘f'l) tl/

r(.u)r(')/) i+y—1
A _ VPm V _ gV\HTY — — .
1(”) (x t ) m+2Fm+1 Y+, (l9m) / XV

CETR (30)

Finally, substituting (30) into (25), we get

vx 0P x
- *V(H+7+(h*7fpmfp/v))/ v el
D(x) 1,(74_H)x A (x" — 1)

‘ a,b, (On+1) _ﬁ v(h—y—pm—p/v)+v—1
*”HF’"”LH, (8) 71w | PO «

_ Yy+u;a,b: (Om+1)
= (Ihf'yfpmfp/v;v,twp: (Om) (P) (x),

which is the desired right-hand side of (24).
Now, we validate the interchanging of the integration. It is sufficient to show that

I:/x v _ v\ R(u)-1
NEEED
where
da(s) = (=) R0
0

— lsvh*%‘t(vpmp) /1(1 _ u)éﬁ(v)*l
v 0

/\112\2/ (fr + mr)l _ Sv:| Sl/+§R(VPm)*1A2(S)dS < 00

F, ;
2 r+l[ 22 (fr) xv

_pH’I/)\_V tV:|
F ;1 — —
[
F ;1—u
21[ v

uh*%(VJFPm?LP/V)*ldu.

Jo(sut)

Note that (see Ref. [18], p. 63, Theorem 2.1.3 and [30], p. 387)

0), R(c—a—Db) >0;
O (R(e—a-b)) Rc—a—>b) <0
2F1 |:£l, b; 1-— Z:| = ( ) ( ) (31)
¢ O(logz), a+b=g¢;

O(z%(c_“_b)> +0(1), R(c—a—-b)=0,c#a+b
as z — 01, so for each s, we have

Ag(s) < Dy - sh—R(varto) /1(1 )R-
JO

-yt RO pmte/v)+min{0R(y+pm—A+p) }-1 ’(p(sul/v) du,

where Dj is a positive number. In view of the definition of the Erdélyi-Kober operator (18),

we have
Mo(s) < Dy s/ RUPntIE(s),

where D; := D1T'(R(7y)) (R(y) > 0) and
— (RO
F(S) T (I+;1/,h7§R(’y+pm+p/v)+min{0,§]%('y+pmf/\+;t)}71|(P|) (S)
From Lemma 1, we have F € X, since Q< X and

h4min{0, R(y + pm — A+ p)} > R(y +pwm + (0 — ) /v).
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For the generalized hypergeometric function 1 F,[z], we have (see, for example Ref.
[31], p. 149)
o(1), R(pp) > 0;
peahy (Tt 2] = L0(20), Ry <o )
O(logz), ¢, =0,

asz — 07, where Pp = 25:1 by — 25;1 ay. Therefore, for each x € R, we find that
I S Dzsz—vmin{O,%(y—/\l—/\z)—m}

. /x(xv . SV)?R(H)*lsvmin{O,SR(y—)\l—Az)—m}-&-vh—l—v—%(p)F(s)%
0

S
< D2D3x7vmin{0,§R(y7/\17/\2)7m} HFHXP
- c

1/p'
. ( / “(a — svy'%(u)—p'sp’vmm{o,w—m—Az)—m}+p'v<h+1>—p'%(p)—p/c—lds) ’
0
< DZDBU—l/p/xuéR(y—p/v)-&-vh—c”FHXf
l / / / . / / / l/p/
. ( / (1= 10)P RO =P " min{OR (=11 ~A) =}/ (1) = R(p) v—p c/v—lds>
0
< oo,
where Dj is a positive number, 1/p+1/p' =1, p’R(u) —p’ +1 > 0 and
min{0, R(y — A —A2) —m}+h+1>R((c+p)/v).
Thus, Fubini’s theorem is applicable and the proof is complete. [

Remark 1. Whenr =0, wecanseth=0v=1, y=a,d=A—b—aandp=a+b—A—7
in (24) to get

(Zommt (Tt ee) ) = (Tgh s (Tah o) ) ()
- (z oLt (p) (x). (33)

By comparing it with (16), we find that (33) is equivalent to the identity
(Iac,)\fhﬂx,af)x (I'y,u+bfAf’y,ﬂc7/\cp) ) (x) = (Iwa,ﬂ*'r*%*bqo) (x). (34)

If we let furthera = p+y+d6+wa,b=7v+6—nand A = B—1+ v+ +«, then (34)
reduces to (4).

Theorem 2. Assume that ¢ € X!. Let Ay, Ay, and py, be defined in (22). Let (0y,) be the
nonvanishing zeros of the parametric polynomial Q,(t) defined in (23). Then for R(y) > 0,
R(u) >1/p>0,

h+1+R((p+06)/v—pm—7) +min{0,R(y +pm—A+u)} +(c—1)/v >0
and1+h+ (1+c¢)/v+min{0,R(pt —A —pw)} + R((p+J)/v) > 0, we have
MMz (frtmy) = PmA— _ +uwab:  (Fm+1)
(‘7 yh;11/,5:2 (fyl? (j h*Z*meLo./g;V,P q)))(X) - (jhfpz,,fy'y{;lv,5+p: (Om) (P) (x)’ (35)

where J Zﬁg (f VJ:;”) and J Zﬁg are defined by (13) and (15), respectively.
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Proof. Denote the left-hand side of (35) by ¥ (s). Then, following a similar procedure as
described in the proof of Theorem 1, we have

vh+v—1  rco v
¥(s) = / (8" —x" ) aF [M'Az' (frtmr).q x} g—o—v(pth)
X

I'(p) 1, (fr) 7 &

1/Svh-&-v—l o © B _ A— sV
L) - 'y+pm)+(5/ )T 1 E [ Pm, ]4,1_}
{ I A

. (P(t)tPV(hPm)5dt}ds

2 vh+v—1

veXx o0 o _ _
= W/x p(t)PV=Pm)=o A5 (1) dt, (36)
where
t
A3(t) _ / Svflfv(;4+'y+pm)(sv o xl/)]/l*l(tl/ . SV)'yfl
X
Al/AZI (fr+mr> xv —pm,)\—‘u sV
“r2h) ;1 |oF ;11— |ds.
r+2 7+1|: ‘u, (fr) 7 SV 211 ,)/ 7 tV dS
Letting
s — tx
(7 + (xv — 7)u)Y
so that
1 By P (s = s")
ds = ;tx(t’/ _ xv)(tv + (xV — tV)u) du and u = m c (0,1),
we have
1 v pm
A3(t) = %(tv N xv>ﬂ+771t7vyx7v('y+pm) / uyfl(l . u)fy—l (1 . (1 _ 3;/)1/[>
0

. Al,Az,<fr+mr>.< _x”) } {—pm,/\—y, <1—u><1—xV/tv>}
e A e e A e A N

The use of Erdélyi-type integral (29) gives

Ag(t) _ 1 r(ﬂ)r('y) (tv . XV);t-l-'y—lt—vyx—v(v-i-pm)

1 ab, (Om+1) x”}
vI(y+p) '

L _ -
m+24m+1 |:')/+]/l/ (19111) ’ v

and thus (36) becomes

UxV(h—’Y—Pnt)+V_1 © 1 ab (19 + 1) xv
¥(s) = / L N [ 0 (Um ;1—]
(S) I‘*(V + ,)/) x ( X ) m—+2Lm+-1 ,)/ + ,ll, (ﬁm) tV

gty vty —pn) gy

— Y+u;a,b: (Om—+1)
B (Jh_Pm—'Y;V,5+p: (Om) 4’)(35),

where (9,,) are the nonvanishing zeros of the parametric polynomial (23).
As in the proof of Theorem 1, we verify the validity of interchanging the order of
integration by checking the finiteness of the integral

I = /xoo(sv N xV)ﬁR(y)fl

Svfl79%(1/pt+v'y+vpm)A4 (s)ds,

)\1//\2/ (fr+mr) xV:|
F, ;11— —
r+24r4+1 l: i“ (fr) oV
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where
o _ o v
A4(S) _ / (tv . SV)§R('}’)*1 oF { pl’H/,;\ V;l _ iv] ‘|(P(t)|t§)?(p+§vpm)vhdt
S
oF, [_pm'A_ M- 1}

— lsl—v—%(wr«f—w—vpm)—vh /w(u - 1)%(7)_1
v 1 Y u

g (s |ul/v 1R/ v ) gy
Using (31) gives
Aa(s) < Dy - s1=vRlpHo—vy—vom) —vh /100(14 _ )R-
: ’q)(sul/”)

where D; is a positive number. Thus we have

1y~ RO =hAR()+1/v=1-R(p/v+8/v—pm) —min{O,R(y+pm—A+p)} du,

A4(S) <Dy- Slfvf§R(p+z57v'yfvpm)ﬂ/hG(S)’
where D5 := DyT'(R(7y)) (R(y) > 0) and

R(7) p
G(S) T (If;v,hfl/v+1+§R(p/v+5/v7pm77)+min{0,§}?('y+pmf)\+y)}|q)|)<s) € Xc.

Then from (32) we have

1< D5D6xvmm{0,§ﬁ(y7)\17/\2)fm}

. /OO(SV _ xV)%(H)*lsfvmin{O,%(yf/\l7A2)7m}7vh7%(p+§+vy)flG(S)ﬁ
x

S
< D5D6xvmm{°'§ﬁ(ﬂ‘)‘1‘A2)‘m}||G||Xf
OO 'R !y mi ' ' T vy
. (/ (s" — x1/)p ()= g=p'vmin{0R(p—A1—A2)—m}—p'vh—p' R(p+o+vp)—p'—p c—lds>
x
v Vh—R(p+6)—1—c—1/p'
< Dy Dt MR- G
e / / ros ’ ’ / vy
. (/ (u—1)° R(w)=p',,—p' min{OR(p—2A1=A2) —m}—p'h—p'R((p+0) /v+p)—p (1+C)/v1ds)
1
< 00,

This completes the proof. [

Remark 2. Whenr =0, wecanseth =0,v=1,0=yv+A—a—bandp=a+b—A—7
in (35) to get

(7 o5, (=22 ) ) (x) = (a3 5 @) (), (37)
Letting further a = y + vy in (37), we have
(mAmn=birsu=d(prasb=da-dg) ) (x) = (7 TS 0) (x)
= (1775,09) () = (K@) (1) (38)

Additionally, by putting b = B+ A — u in (38) and then letting A = p — 1 in the resulting
equation we get the following clearer form

(Iuﬁﬁ,wn (Iv/ﬁ,nq)))(x) — ( %W(p) (x),
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which is a special case of (5) when 6 = —pB. It does not seem possible to deduce (5) by merely
specializing the parameters in (35). Therefore, it should be interesting to find a composition formula
from (35) which may include (5) or (6) as particular cases.

As depicted in Theorems 1 and 2, the study of the composition structure of the opera-
tors Z and J rests heavily on the existence of a suitable Erdélyi-type integral, because we
derive (24) and (35) from the Erdélyi-type integral (29). However, there may possibly be an
alternative approach by which the Erdelyi-type integral may be obtained from a known
composition structure [1] (see also Refs. [22,32]). Such an approach may be of special
interest since our operators involve the generalized hypergeometric function ,»F,;1 and
the methodology may lead to some new results.

3.2. Derivative Formula

In this section we derive a derivative formula involving the fractional integral opera-
tor (12).

We introduce here some notations describing necessary concepts that would be used
in the sequel. Let () be the nonvanishing zeros of the parametric polynomial Q,(¢) of
degree m defined by

m j o
Qn(t) = Y-y L L} Ol = b= 0, 9)
j=0 k=0

where the 0; (0 < j < m) are determined by the generating relation (10). We define the
parametric polynomial Q, (t) by

m jo(
Q) = Yy Yo L= b= et m = D, (0)
j=0 k=0
where 7; (0 < j < m) are determined by the generating relation
m m .
[T +x) =Y uj. (41)
j=1 j=0

Theorem 3. For R(u) > n (n € N), we have

% {xm(uw) (z s (fr(;g» cp) (x)}

—n— —ma,b—n: (17,41
— HyOtv(u—n—a+h) (IH Z}z,& n (77(17:;) ) (P) (x), (42)
where (17, ) are the nonvanishing zeros of the parametric polynomial Q,, (t) given by (40).

Proof. Using the Euler-type transformation due to Miller and Paris [20], p. 305, Theorem 3

r+2Fr+1 [a;f’ (fr(‘}'r;/lr);x:| = (1 - x)_am+2Fm+1 [ﬂ, K _;: - (gzngn‘i‘)l)l X i 1:| 4 (43)

we have

v(u— sa,b: (fr r
(OFv(p—ath) (IZ;S,(S: (f(j;r”; )(P) (x)

v * v v — a, _b_m/ m+1 xV vin—a v—
= TP‘)/O (x¥ —s")* 1m+2Fm+1{ ¥ 1, (g(ém) );1— S,/}QD(S)S (h=a)tv=1gs,

where () are the nonvanishing zeros of the parametric polynomial Q, (t) defined by (39).
By making use of the Leibniz integral rule, we obtain
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aax{ S+v(p—a+h) (I%Z (fr(;:;u) q,) (x)}

v o [* _ , +1 X
_ r(y)g/o (xv_SV)ﬂ lm+2Fm+l |:‘1 H—= h (‘:m -1 V] v(h—a)+v—14g4

v X 9 _ a,u—b— (é‘m—l—l s
_ 9 v__ \p—1 M °
i o e =) e[ 1o

. (P(S)Sv(h—a)—l—v—lds‘

Taking into account the formula [33], p. 442, Equation (51)

o [ ,_ (ap) _ . (a,) .
azn{z 'pFy [(bq_f),yz] } = (c—n)uz" "L,E {(bq_l),po’ 3 n,z], (44)
we have

J KOFv(p—ath) wab: (fetmy) — v? * v _ y(p=1)-1
ax{ (Ihws (f) "’)(x)} - 1"(;4—1)/0 (<" =%

a,u—b—m,(m+1) XV} v(h—a)+v—1
) F, ;11— =|o(s)s ds.
m+2Em+-1 I: u— 1, (gm) SV 99( )

Next, differentiating n times, we obtain

a" (Sv(p—a+h) (7 wab: (frtmr) _ it Yoov | wu—n—1
W{ (Thoe "G @) @)} = I( /0 (" =s7)

p—n)
a,y—b—m, (§m+1), x’ v(h—a)+v—

By applying the Euler-type transformation (43) again, we get

i { S+v(p—a+h) (Iwh (fretmy) <p)(x)}

ox" v,é: (fr)
e SR PR a,b—mn, (im+1) s” vhtv—1
_W/O (x —s") m+2Fm+1[ w—n, () '1_361/}4)(5)5 ds
= v (g e ) (), 4

where the sequence of parameters (7,,) are the nonvanishing zeros of the parametric
polynomial Q,,(t) of degree m given by (40). This completes the proof of (42). [

Before proceeding further, we consider here a simple example.

Example1. Whenr =1andm =my =1, f1 = f and 51 = 1 in (42), we get
o 6 —a+h sab: f+1 ) —a+h —mab—n: n+1
rra SR Ca R (O] B CA M) IO

where 1 is the nonvanishing zero of the parametric polynomial
B 1 j ]
Q)= Ly LA L pn—b = Dt 1=m =0y

0
_ 1{8 (b—i—l—n—t)—i—ao{ }(b+1—n—t)+5’0{1}(;4—b—1)t
=01 (b+1—n)+[0o(p—b—1) -]t
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Therefore, 11 can be expressed as

(7’1(b+1—1’l)
o1 —op(u—b-1)

It follows from (41) that &9 = 1 and &1 = ¢, where ¢ is the nonvanishing zero of the

parametric polynomial

Qu(t) = o1(p — b) + [opb — o ]t.
From (10), we have 0y = 1 and oy = f and thus ¢ can be written as § = f(u —b)/(f — b).

Hence,

_ fu-b)(b+1-n)
f+b(p—b-1) '

wherein we note that 1 depends on n.

It may be observed that the Euler-type transformation (43) is used twice, so we need

to be careful while finding special cases of Theorem 3.

@)

(i)

By letting b = n (n € N) in (42) and noting that ;42 Fy,41-function in (42) reduces to 1,
we get

a% {xmwmm (z s (ﬂ(ﬁ» (p> (x)}

V1+nx7va

X
_ r(y — n) /O (XV _ Sv)y_n_lq)(S)SVh+V71dS

=yt ([0 0 (x), (47)

where I i}"h denotes the Erdélyi-Kober type fractional integral defined by (18).

In fact, letting b = n changes the parametric polynomials Qy, (t) and Q, (t) defined
by (39) and (40), respectively. However, if the new polynomials, say Qj,(t) and
Q;,(t), also have nonvanishing zeros, denoted by (¢},) and (7;;,) respectively, then
(47) holds true. To illustrate here, let us set b = n in Example 1, then Q(t) becomes
Qi(t) = f(p—n)+ (n— fitwith " = f(u —n)/(f — n) its nonvanishing zero and
Q1 (t) becomes Q% (t) = &* + (u — n — 1 — ¢*)t. The nonvanishing zero of Qj (t) is

* f(}l_n)
fn(p—n-1)

Therefore, we obtain from (46) that

U (f #0, u #n).

a" 5 — san: f+1 —n— —m;a,0: ¥ 41
W{xoﬁ-v(y a+h) (Z %;5,:5[: f'}‘ (P) (x)} — " ydtv(u—n—a+h) (I}‘h;‘;: ’7171‘ gD) (x)

— yiyv(u—n—a+h) (Ii;nh90> (x).

We also observe that the subsitution b = n may always reduce the right-hand side
of (42) to a Erdélyi-Kober type integral.
When r = 0, then in view of (14) and (42), we simply obtain

0" _ . o o
R G (A 10) B ] Ca ) [N

Further,if h =0,v=1,6 =B, a=a+B,b=—y+nand y = a 4+ n in (48), we then

have -
Tole () - )0

In addition, in view of (16) and the relation
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x" (I

a+mu+p,—n+n

x b px - a+pB,—n+n S

= (15" ") (),

we note the following interesting and remarkable relation:

e (527277 9) ) = (15279) (),

which serves as the definition of Saigo’s generalized fractional derivative (see Ref. [3],
p. 8, Equation (3.2)).

4. Relationship with Khudozhnikov’s Work

In a very short paper, Khudozhnikov [17] considered in a certain class of integrable
functions the following Volterra-type integral equation

x _)r 1

where 0 < () <1,m € Nand 0 < a < x < b < 400. By using some known formulas
from Ref. [33], Khudozhnikov obtained the following result [17], p. 79, Equation (2).

Theorem 4 (Khudozhnikov). The Volterra-type integral Equation (49) can be reduced to the
following system of differential and integral equations:

kgo (7;:) my (m=K) () = g(x)x4+B~7,

F
T(y+m) ="

! ?fn; P j P g (s)ds = y(x),

with initial conditions y(a) = y'(a) = --- =y~ (a) = 0.

In Ref. [17], Khudozhnikov briefly mentioned that the result can be generalized
to those equations involving the generalized hypergeometric functions ,1F,, ,F, and
p—1Fp. However, he did not give possible forms of the generalizations or the formulas to
be used. In fact, the most likely generalization requires use of a generalized Euler-type
transformation, which is not included in Ref. [33]. Therefore, we think that the question of
finding a generalization of Theorem 4 is still open.

In this section, we first propose a generalization of Theorem 4. We then consider a
Volterra-type integral equation generated by the operator Z defined by (12) and obtain an
analogue of Khudozhnikov’s theorem.

4.1. A Generalization of Khudozhnikov’s Theorem

Let us consider the Volterra-type integral equation

X . -1
/ OCF(fY);,HFrH B 2 pls)ds = g (), 50)

where 0 < R(y) <1,m € Nand 0 < a < x < b < +oc0. Obviously, (50) reduces to (49)
whenr =1, f{ = eand m; = m.

By using a lemma due to Miller and Paris [20], p. 298, Lemma 4, and the classical
Euler transformation [18], p. 68, Equation (2.2.7), we can express the , > F,1-function as a
finite sum of , F;-functions given by



Symmetry 2022, 14, 1845 15 of 20

‘X/ﬁ/ (fr"’mr)‘ o - ﬂ(“)k(ﬁ)k D‘+k/:8+k. k
HZFYH{'Y/ (fr) /x]_k—oAO (V) 2F1[ vtk ,x]x

_ g AL @B L [y —ay—B. x \F

Then (50) can be written as

=) & B, (frtm)  _x
g(x) —/ﬂ r(,y)r—&-ZFrJrl{ v, (fr) i1— S} (P(S)ds
= i (( k(B Pl anton ﬁ/ 7::( 121?1 ['Y"‘ij ﬁ, S]s“+r3—7gp(s)ds. (52)
=0 A x

Let

T(y+m) Y4+m s

In view of the derivative Formula (44), we have

"k [ Ty -y =B x| @) Iy —p x
ax“{ oA | I s ] B

y(x) = /Hx Gos)7 S)Hm_lzﬂ [7 —ere ﬁ‘l - x} s“TP7g(s)ds

y+m ' s

')’+k I Sl

and therefore
s ) y+k—1

y(mfk)(x) _ /ax (Xr—(ry—,_k) oF [’)’ 0C+'Yk B. 21— S] a+p— 790()

and y(’”_k)(a) =0fork=1,---,m—1. Now (52) can be expressed as

L A R ) =t (),

The above steps concerning the integral Equation (50) therefore yield the
following theorem.

Theorem 5. The Volterra-type integral Equation (50) can be reduced to the following system of
differential and integral equations:

io izwy 018 (x) = g(x)x* P77,

—x)
Ca—s)Tt Ty —ay =B x| aipe
S F PTTP S s B p(s)ds = y(x),
/a T(y + m) 2h ot ok @(s)ds = y(x)
with initial conditions y(a) = y'(a) = --- = y"=V(a) = 0, where A (0 < k < m) is defined

in (11).

To show that Theorem 5 contains Khudozhnikov’s result as a special case, we only

need to prove that
A <m) 1
Lk _ . 53
Ao k) (e 9

Our calculations require some basics on the theory of combinatorics.
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Whenr =1, fj = eand m; = m, we get

m o
Ay = () and Ay = Zk{l]c}a’”] (54)
]:
where 0, is generated by
m
(e+X)m =Y O ]x] (55)
=0

We need in fact to find an explicit expression for 6;, ;. By using the Chu-Vandermonde
identity [18], p. 70, we have

e 9m =3 (} ) ©n-sloh 56)

Recall that
k ki
Z sk, j)xf = 2[} X/, (57)
j=0 j=0 J

where s(k, j) is the Stirling number of the first kind and the symbol [H is usually used to

denote the unsigned Stirling number of the first kind (see Ref. [34], p. 239). Substituting (57)
into (56) and then interchanging the order of summation, we obtain

e+ om=3 (7 mszxf ):2( ) @i 68)
k=0 =0k=
Comparing (58) with (55), it follows that
. 4 k
oni =L () O], 59)
k= ]
and combining (54) with (59) and taking into account the index factorization
k<j<mlj<t<m]=[k<j<t<m]=[k<{<mlk<j</],

we obtain

- (1) () @ = 2 o () (55 @mretic

(=0

l
) j_ok <m ¢ k> Emoielk)e = (@ ((Ee)fﬁ (60)

where we have used the familiar convoluation identity (see, for example Ref. [34], p. 240)

- O3 een

j=k

Evidently, (60) is equivalent to (53).
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4.2. A Variant of Khudozhnikov’s Theorem

A comparison of the fractional integral operator Z with Equations (49) and (50) inspire
us to consider the following integral equation

X v v \p—1 v
I it PR SR TG

where 0 < R(py) <land 0 < p <s < x < oco.
Using the Euler-type transformation (43), then Equation (61) can be converted into

o {a#—b—m (Em +1) x”} )4~
F, ’ ’ P v(h—a)+v 14
~/p F(H) m+2 +1 ]/l, (gm) sV GD(S)S s

= x—vug(x), (62)
where (&) are nonvanishing zeros of the parametric polynomial Q,,(t) of degree m given
by (39).

By using the same lemma of Miller and Paris [20], p. 298, Lemma 4 and the Euler
transformation [18], p. 68, Equation (2.2.7) or else using Equation (51), we can express (as
in the proof of Theorem 5) the ,,, 12 F;,;+1-function as a finite sum of , F;-functions given by

7 —b— 7 m
m+2Fm+1 |:ﬂ # 1" " (C:,((gn—l;)l)’x:|
B Ag at+ku—b—m+k, |
a ;0(7 { ptk, ’x}x
o onbatm v Ak p—ab+m, x \F
== kzmkzpl{ e () ©)
where .
A= (O g‘ ™) Z{ }amj (64)

and 0; (0 < j < m) are generated by (41). With the help of (63), the integral Equation (62)
can then be written as

o Ay X (x¥— sV)IH-k—l |:V —a,b+m, xl/:| (h—bem) b1
F 1 - v m v
k;o (—x“)k/p Ttk 2' pu+k 7w ¢(s)s ds

_ va(b+m)

g(x).  (65)

By making use of (44), we obtain

om—k _ —a,b+m (1) _ —a,b+m
pAm—1 H—a ) _ \Wm _ptk-1 p—a .
oz F {Z 2h { ptm ’Z] } wi” 2 [ etk ’Z}’

and thus

m—k v _ gV \pt+m—1 _ v
) {(x (s) zpl[y a,b—l—m_l_x]}

dxm—k I'(p+m) pt+m v
ok s T bm XY
-V T+ 20wk T (66)

Substituting (66) into (65), we get
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m Akl/k

= (_xv)k

J

x gm—k XV — gv)#tm=1 Cabim, o N .
axmk{( F(ulm) i {# et m, ;1—9] p(s)s' (b

_ me—v(b-&-m)g(x)'

Finally, using the Leibniz integral rule and simplifying the resulting formula by the
Pfaff transformation [18], p. 68, Equation (2.2.6), we obtain

f: .Aka am—k xV(a—V) /x (XV - Sv)}l+m—12Fl w—ap— br.l B i
p T(u+m) ptm, T x

qo(s)sv(thyham)Jrvlds} _ mefv(bntm)g(x).

If

v vp+m—1 v
_ Lv(a—p) /x (x —Ss ) H—ap— b/, 5 v(h+pu—b—a—m)+v—1
yx) == A S e R T ds,

then the above details concerning the integral equation (61) may be put in the
following theorem.

Theorem 6. The Volerra-type integral Equation (61) can be reduced to the following system of
differential and integral equations:

m k
Y Ay (1) =y g (),
=0 (—=x¥)
v U \Htm—1 _ —b v
v(a—u) /x u F p—ap 1 — i v(h+y—b—u—m)+v—ld _
x ; s)s s =y(x),
o Ttm) 2N uam, o | 90 y)
with initial conditions y(p) = y'(p) = --- = y" =V (p) = 0, where A, (0 < k < m) is given

by (64).

5. Conclusions

In this paper, some composition formulas of Z and J defined by (12) and (13) are ob-
tained by making use of a Erdélyi-type integral. We find a derivative formula, which in the
future may enable us to define a new fractional derivative operator. Finally, we generalize
Khudozhnikov’s work on Volterra-type integral equation and find its relationship with our
operator Z.

Considering the obtained properties of the operators Z and J, we briefly mention
here some problems that deserve further study.

(i) Since only two composition formulas for Z and 7 are found in the present work, which
is still a very small number compared to the number of the composition formulas
of Saigo’s operators I*#/ and J*#, it may be worthwhile if additional composition
structures can be discovered for the operators Z and J. The exploration in this
direction may also lead us to new discoveries related to the Erdélyi-type integrals;

(ii) The present work together with our previous papers [14,16] have established many
fundamental properties of Z and J. For further possible work, some new properties
and problems may be worthy of attention in view of the classical books [4,23] on
the subject and some recent review articles contained, for example, in Ref. [35].
In particular, it may be worthwhile to first focus on the problem of finding a reasonable
analogue of the well known limit case formula, viz. }gr}) (I, ¢)(x) = ¢(x) concerning

the Riemann-Liouville fractional integral operator (see Ref. [23], p. 51, Theorem 2.7).
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