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Abstract: The theoretical development of fractional calculus includes the formulation of different definitions, the
extension of properties from standard calculus, and the application of fractional operators to special functions. In two
recent papers, incomplete versions of classical fractional operators were formulated in connection with special functions.
Here, we develop the theory of incomplete fractional calculus more deeply, investigating further properties of these
operators and answering some fundamental questions about how they work. By considering appropriate function spaces,
we discover that incomplete fractional calculus may be used to analyse a wider class of functions than classical fractional
calculus can consider. By using complex analytic continuation, we formulate definitions for incomplete Riemann—Liouville
fractional derivatives, hence extending the incomplete integrals to a fully-fledged model of fractional calculus. Further
properties proved here include a rule for incomplete differintegrals of products, and composition properties of incomplete

differintegrals with classical calculus operations.
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1. Introduction

The field of fractional calculus has its roots in the question, posed by L’Hopital to Leibniz in the 17th century, of

what would happen to the operation of multiple differentiation g;f{, if the order n were taken to be % . During

the 18th and 19th centuries, this question, and also the broader issue of extending n to any real or complex value,
was answered in a number of different ways. Thus, several competing definitions were created for fractional
differentiation and integration (often referred to together as fractional differintegration). These included what
are now referred to as the Riemann—Liouville and Griinwald—Letnikov models of fractional calculus. For a more
detailed discussion of the history of fractional calculus up to the late 20th century, we refer the reader to [6, 20].

In more recent decades, interest in the field has been increasing rapidly. Partly this is due to the
discovery of practical applications in various areas including fluid dynamics, chaos theory, bioengineering, etc.
[13, 15, 18, 19, 30]. Partly also the expansion is due to the realisation that the classical definitions of fractional
differintegrals are only the tip of the iceberg: dozens of other types can be proposed and analysed, displaying

a variety of different types of behaviours [1, 7, 16, 24, 28|. For discussions of the interaction between the pure
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and applied viewpoints of fractional calculus, we recommend the interested reader to some recent papers such
as [2, 10].

Many of the recently proposed models of fractional calculus have been defined by replacing the power
function kernel in the classical fractional calculus with other types of kernel function. From the applied point
of view, this is useful since different kernel functions can capture different behaviours. From the mathematical
point of view, however, this direction of research is becoming sterile: some new definitions are equivalent or
identical to old definitions [9, 12], and the idea of classifying the operators into general classes [3, 17] means
that, mathematically, there is often little point in investigating individual operators when the results can be
proved in general for a whole class such as the class of operators with general analytic kernels [11] or even more

general classes [23].

Therefore, the time has come to investigate other ways of generalising the standard operators of fractional
calculus. One direction of this type is the study of fractional operators in the abstract mathematical setting
of distributions and generalised integrals [21, 31]. This allows the notion of fractional calculus to be extended
to larger function spaces, which will be useful in defining weak solutions of partial differential equations of
fractional order.

Another, relatively new, idea for generalising fractional calculus is to use incomplete integrals [25, 26]:
instead of integrating over a full interval as classical fractional integrals do, it is possible to integrate over a
variable piece of this interval. This allows for a more general definition of fractional integrals, in which the

singular and nonsingular parts of the integral can be separated into two distinct integrals.

The most frequently used model of fractional calculus is the Riemann-Liouville one, in which fractional
integrals are defined using a power-function kernel and fractional derivatives are defined using standard deriva-

tives of fractional integrals:

PLL () = DL () =

’ _ $)—H—1 e .
o [ @m0 0 Re) <o (11)

PLDAf(a) == O PR f @), = (Re(u)] +1, Re(s) > 0. (12)

Definition (1.1) of Riemann—Liouville (RL) fractional integrals is valid for x € (a,b) and f € L'(a,b), but these
are not necessary conditions: we can if desired replace the L' space by other function spaces such as the space
of absolutely continuous functions [20, 29]. Definition (1.2) of RL fractional derivatives is valid for = € (a,b)

and f € C"(a,b), although again these are not the only viable set of conditions to impose [20, 29].

Fractional calculus has strong well-established connections with the study of special functions. The
classical textbooks such as [20, 22] emphasise how various special functions (hypergeometric functions, Bessel
functions, etc.) have formulae and relations given by using fractional operators, and these connections continue
to be seen in new research such as [4, 5, 24, 27]. Also, many of the newer alternative models of fractional
calculus involve changing the kernel in (1.1) from a power function to some special function, the motivation
being to model a wider spectrum of different fractional behaviours [1, 15].

Some special functions with a particularly strong connection to fractional calculus are the so-called

incomplete gamma and incomplete beta functions, defined as follows. The upper and lower incomplete gamma
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functions are respectively

I(v,z) = /Oo t~le~tdt, Re(v) > 0; (1.3)
y(v,x) = /Ow t~lemtdt, Re(v) > 0. (1.4)

The incomplete beta function is
By(a,b) = /Oy t2= 11 —t)’ L, 0 <y <1,Re(a) > 0,Re(b) > 0. (1.5)

To see the significance of these functions in fractional calculus, let us consider the Riemann—Liouville differ-
integrals of some of the most fundamental elementary functions: namely, exponential functions and power
functions. The following results are proved in [20]:

ate**®

RﬁDg(eaw) = F(_M)’Y(_Mﬂ Oé(.’E - (1)), 1 € (Ca « 7& Oa (16)
RL D (g) = If(a::)B%(—u, a+1),  Re(u) <0,Re(a) > —1. (1.7)

When fractional differintegral operators are applied, some of the most basic functions of calculus become relatives
of the incomplete gamma and beta functions. Thus, these incomplete functions are in fact fundamental to the
field of fractional calculus, and it is worth studying them in more detail to understand the connection between
fractionality and incompleteness.

Recently, a new type of fractional calculus was defined which is called incomplete Riemann—Liouville
fractional calculus [25]. The underlying idea is to consider the same operation of “incompletifying” that leads
us from the integrals defining the gamma and beta functions to those defining the incomplete gamma and
beta functions, and apply this same operation to the integral (1.1) defining the Riemann-Liouville fractional
integral. This gives rise to the following equivalent expressions for the lower incomplete Riemann-Liouville
fractional integral:

BL Dt ()l = — 2 [ (g p—h—1
oDz [f () y] F(—u)/o (z —t)"FLf(t) dt (18)
= m/o (1 —u) ™" f(uz)du (1.9)

SU_My 1 .
p(_u)/o (I —wy) " flywz)dw,  Re(n) <0. (1.10)

And for the upper incomplete Riemann—Liouville fractional integral:

DL} = s [ a0 @) (1.11)
= F(—,u)/y (1 —uw)™ " f(uz)du (1.12)
_ Ty o pHL —v)x)dv e
-5 (A= v)a)dv,  Re(w) <0. (1.13)
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In the seminal work [25], the incomplete Riemann—Liouville fractional integral operators were applied to some
elementary and special functions, as example results to establish their validity. This paper was followed by
another [26] in which variants of Caputo type were defined for these operators. Thus, the field of incomplete
fractional calculus has been opened for investigation. There is still much to be done in this field, ranging from
fundamental properties such as the function spaces on which the operators can be defined, to more advanced
results such as Leibniz’s rule. In the current work, we aim to investigate and establish a number of results
concerning the already defined incomplete Riemann—Liouville fractional integrals, and also to introduce and

analyse some related operators of incomplete fractional type.

2. A rigorous analysis of incomplete Riemann—Liouville fractional calculus
2.1. Function spaces for the fractional integrals

It is known that the standard Riemann-Liouville fractional integral (1.1) is defined for x € [a,b] and f € L'[a,b].
For the incomplete Riemann-Liouville fractional integrals (1.8)—(1.13), we have taken the lower bound to be
a =0, so it can be assumed that x lies in a fixed interval [0, b]. In order to formulate a fully rigorous definition,
we also need to consider the conditions on the function f, and specify a function space for f such that the

incomplete RL fractional integrals of f are well-defined.

Theorem 2.1 If b>0 and 0 <y <1 and p € C with Re(u) > 0, then the wth lower incomplete Riemann—

Liowville fractional integral defines a bounded operator

RED™ 5] - L1[0,yb] — L'[0,0].

Proof Let f be a function defined on [0,b]. We need to prove that the L'[0,b] norm of the function
R%D;“[f(m); y] is uniformly bounded in terms of the L'[0,yb] norm of f. Note that here we are defining u to

be the order of integration, not the order of differentiation, so its sign is reversed from the earlier expressions.

We start from Definition (1.8). For any « € [0,],

1
T (1)

1 aRe(u)-1) [V
SR (S,‘LE](” R )/o 7ol

The value of this supremum depends on the sign of Re(u) — 1. Thus, there are two cases to be considered

R%D;"[f(x);y]‘ < /ym 1F ()] (z — t)Re=1 gt
0

according to the value of u.

Case 1: 0 < Re(p) < 1. Here the supremum occurs at ¢ = yz, so we have

T —yx Re(p)—1 yx
D 1 f(2);0]] < (IyF()u)/o |£(t)] dt

(z — yx)i

(m)—1
oI

L1[0,yb]
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Integrating this inequality over all = € [0,b], we deduce that

b
RL — ( yxr
D41sl ., < L s00)
H 0 £ 9] L1[0,b] _/0 |T( flt L1[0,yb]
¢! — y)Re(m)—1pRe(r) H ‘ 2.1)
IT'(w)[Re(p) LY0,yb] '

The fraction coefficient on the right-hand side depends only on b, y, and u, so we have a bound of the desired
form in this case.
Case 2: Re(p) > 1. Here the supremum over t € [0, yz] of the function (z —t)®e(")=1 occurs at t =0,

so we have

RLD—1f(2); LA L
oD f( ),y]‘< 0] /O |F(t)| dt

pRe(p)—1

< “ear 1@

L1[0,yb]

Integrating this inequality over all = € [0,b], we deduce that

b Re(u)-1
RL y— £
DU = gy 140
H 0 £l L1[0,b] _A [T ()| 1) L1[0,yb]
bRC(u)
. 2.2
|Re H ‘Ll[O,yb] (2:2)

Again, the fraction on the right-hand side depends only on b, y, and p, so we have a bound of the desired
form. O

Theorem 2.2 If b >0 and 0 <y <1 and p € C with Re(u) > 1, then the pth upper incomplete Riemann—

Liowville fractional integral defines a bounded operator
RED™H {5y} - L0,8] — L1[0,8].

Proof Let f be a function defined on [0,b]. We need to prove that the L'[0,b] norm of the function
R%D;“{ f(x);y} is uniformly bounded in terms of the L'[0,b] norm of f. Again p is the order of integration,

not the order of differentiation, so its sign is reversed from the earlier expressions (1.11)—(1.13).

We start from Definition (1.11). For any z € [0, ],

RED;{f ()| < If()l( — )Rl

|F mlJy

1 _pReGo-1) [ d
< T (53,‘3]“ 0 ) JRCCES

Since we assumed Re(p) > 1, the supremum occurs at ¢ = yx. (In this case, if we had 0 < Re(u) < 1, the
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supremum would be infinite due to the blowup at ¢t = z.) So we have

RL 1y , (z — ya)Retw=1 o
(z — ya)Retm =1
()] ol L0y’

Integrating this inequality over all x € [0,b], we deduce that

b (o \Re(u)—1
H RLOD_“{f?y}‘ L1[0,b] < /0 %Hﬂt)‘ L1[0,b]
_ ,\Re(u)—1pRe(y)
- St O Y

The fraction on the right-hand side depends only on b, y, and u, so we have a bound of the desired form. O

Given Theorems 2.1 and 2.2, it is possible to specify a function space as the domain for the lower and

upper incomplete Riemann—Liouville fractional integrals. We state the definitions formally as follows.

Definition 2.3 Let b >0, 0 <y <1, and p € C with Re(n) > 0. For any function [ :[0,b] — C which is
L' on the subinterval [0,yb], the pth lower incomplete Riemann—Liouville fractional integral of f is defined by

the equations

RLrur£(0): :L yxx_ p—1
Sl )] = s [ et

= m/0 (1 —w)# " fluz)du
xhy

" T(n

/ (1 — wy)" f(ywe) du,
0

namely by precisely the existing equations (1.8)—(1.10), with the sign of p inverted so that we are considering

the pth fractional integral instead of the pth fractional derivative.

Definition 2.4 Let b > 0, 0 <y < 1, and u € C with Re(u) > 1. For any function f € L*[0,b], the uth

upper incomplete Riemann—Liouville fractional integral of f is defined by the equations

iz . — 1 ’ p—1
PRI @) = 1 / - )

xt ! 1
= ) /y (I —w)"= " f(ux)du
-2 o T —v)z)dv
= [ e = e

namely by precisely the existing equations (1.8)—(1.10), with the sign of p inverted so that we are considering

the pth fractional integral instead of the pth fractional derivative.
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In order to define the upper incomplete RL fractional integral for 0 < Re(u) < 1, we need a different way
of bounding the integral (1.11). This is provided by Theorem 2.5 below, after which we state another formal

definition to accompany Definition 2.4.

Theorem 2.5 If b>0 and 0 <y <1 and p € C with Re(u) > 0, then the wuth lower incomplete Riemann—

Liowville fractional integral defines a bounded operator
RED=MLsy]  L[0,yb] — L<[0,8],
and the pth upper incomplete Riemann—Liouville fractional integral defines a bounded operator

RED=# Ly} : L[0,b] — L°°[0,b].

Proof Let f be a function defined on [0,b]. We need to prove that the L°°[0,b] norm of the function
REDZ#[f(x);y] is uniformly bounded in terms of the L>[0,yb] norm of f, and that the L>[0,b] norm of the
function ®5D_#{ f(x);y} is uniformly bounded in terms of the L>[0,b] norm of f.

Case 1: lower incomplete. We start from Definition (1.8). For any x € [0, 5],
PEDL ()] < o / @ - o ar
Hf (@) y]] < T —
’ Tl Jo

1 ve
< esssup |f]| / (z — t)Rem =1 q¢
‘F(:U’)| < [0,yx] 0

_ 1 _ \Re(p)
= RG] s I (o — "

t=yx
t=0

pRe(k)

— 7 |1 —(1=)Re)
ReaG] |~ (19" esssuf

pRe(r)

< m {1 - (1= y)Re(M)} HfHLoo[O,yb .

]
Taking the supremum over all x, we deduce that

pRe(n)

|50 1730 i [ 0" ] 4

< -
r=[0,] — Re(p)|T'( L>°[0,yb]

The coefficient accompanying the norm on the right-hand side depends only on b, y, and p, so we have the

desired result for lower incomplete RL integrals.
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Case 2: upper incomplete. We start from Definition (1.11). For any x € [0, b],

RL 1y— , 1 ‘ _ \Re(u)—
1 C (o pRe(u)—
< [Tl (e?s,s;ap'f') [ et
1 t=x

_ « _ e(p)
= g < [ = )]

pRe(p)

t=yx

_ _ . \Re(p) _
ReGa] (L~ 9"~ 0] esssupl |

bRe(#)(l — y)Re(#) Hf”
Re(u)T'(w)] L=[0,0]

(Note that here we have used the assumption that Re(u) > 0.) Taking the supremum over all z, we deduce
that
pRe(w) (1— y)Re(u)

| 60 4r01 (25)

< 170,00
Lo[0,0] Re(1)[T' ()] £=[0,b]

Again, the fraction on the right-hand side depends only on b, y, and u, so we have the desired result for upper
incomplete RL integrals. O

Given the second part of Theorem 2.5, it is possible to specify a function space as the domain for the
upper incomplete Riemann-Liouville fractional integral even in the case 0 < Re(u) < 1. We state the definition

formally as follows, to complement Definition 2.4.

Definition 2.6 Let b >0, 0 <y <1, and p € C with 0 < Re(u) < 1. For any function f € L>°[0,b], the pth
upper incomplete Riemann—Liouville fractional integral of f is defined by the same equations as in Definition

2.4, namely once again by (1.11)—~(1.13) with the sign of u inverted.

Note that the restriction Re(u) < 1 is not required for Definition 2.6 to make sense. We include it only
because the definition in the case Re(u) > 1 is already established, on a larger function space than L°°[0, ],

by the previous Definition 2.4.

Remark 2.7 The nature of the domain of the lower incomplete RL fractional integral, as specified in the above
theorems and definitions, is interesting because these operators allow us to extend the domain of good behaviour
for f.

For example, if we start with a function f :[0,b] — C which is L' only on the subinterval [0,yb], then
after applying the lower incomplete RL fractional integral, we obtain a new function which is L' on the whole
of [0,b]. Similarly with L or indeed, by Hélder’s inequality, any other LP space.

Such extension of domains could be very important in the theory of partial differential equations, in which
a well-behaved forcing function is used to prove regularity results for an unknown solution function [8, 14]. In
the real world, it may be an important breakthrough in modelling to be able to start with a function whose good
behaviour is only on a small domain and then apply an operator which guarantees good behaviour on a larger

domain. By choosing the value of y appropriately, it would be possible to choose an arbitrarily small domain
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for presuming good behaviour and still work on a preferred large domain after applying an incomplete fractional
integral. The nonlocal properties of fractional operators, combined with the domain-morphing properties of

incomplete operators, combine in an interesting way here.

In the case where p is real, the inequalities bounding the operator norms for the incomplete RL integrals

can be written in a more elegant form. We include this result as a corollary.

Corollary 2.8 Let b>0, 0<y <1, p € RT, and let f be a function defined on [0,b].

1. If f € LY0,yb] and 0 < u <1, then

RL ry— (1—y)rto
D 1fid) #6100
H 0 Lf59] oy — T(p+1) ( L1[0,yb]
2. If f € L'[0,yb] and pu > 1, then
RL 1y—
D < T s O
H 0 [f:9] riop — I( u+ 1) 7t L1[0,yb]
3. If f € L'[0,b] and pu > 1, then
RL (1 -y tom
sl 70,10,
H {fiv} Loy — T(p+1) 1) LY[0,yb]
4. If f € L*[0,yb], then
RL y— [1-—(1—yHo"
e Ry ] M
H 0 Lf59] Le[0,0] — T(u+1) Lo°[0,yb]
5. If f € L™[0,b], then
RL (L —y)r b
5D < T
H {Fiv} =0 — D'(u+ Lo°[0,b]
Proof These results are just the inequalities (2.1),(2.2),(2.3),(2.4),(2.5) in the case p € R. O

Remark 2.9 Letting y — 0 in the above inequalities for L' and L™ norms of the lower incomplete RL integral
yields some interesting results.

The inequality (2.1) is

(1 — y)Re(N)_lee(H) H )‘

| 507155310, < FgREGH

LY o,yb]
As y — 0, the right-hand side of this inequality tends to

pRe(n)

Tmegs i 70

L1[0,yb)’
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which equals

bRe() £(0)
(1) [Re(p)
if 0 is a Lebesgue point of f.
The inequality (2.2) is
pRe(w)

H R%D*"[f;y]‘

< gome@ oo
o6 — |T'(w)|Re(p) 1®) L1[0,yb]

As y — 0, the right-hand side of this inequality again tends to

09 £(0)
TR ()

if 0 is a Lebesque point of f.
The inequality (2.4) is

[1 -(1- y)Re(H)] pRe(w)
< 17~
£[0,0] Re(p)[T'(p)] £ [0,yb]

H RﬁD_“[f;y]H
As y — 0, the right-hand side of this inequality tends asymptotically to

Re(p)
[yRe(u] o™ . H fH ’
Re(u)[T(k)] - v=0 " llLe=[0.y0]

which yields the following leading-order linear term:

ybRet) £(0)
Tl

if 0 is a point of continuity of f.

2.2. Definitions for the fractional derivatives

Fractional integrals of incomplete Riemann-Liouville type were proposed in [25] and their conditions carefully
specified in the work above. What about fractional derivatives? Definitions 2.3, 2.4, and 2.6 are specified
to define "5 DE[f(x);y] and ®EDE{f(x);y} only in the case Re(u) < 0, but for a fully developed model of
fractional calculus it should also be possible to define these operators in the case Re(u) > 0.

In the classical Riemann—Liouville model, the fractional derivatives are defined by taking standard integer-

order derivatives of appropriate fractional integrals. Thus, we might be tempted to do the same thing here,

e.g., defining “5DL[f(2);y) = & (6D ?[f(@)s]) and BEDY*{f(@)iy} = & (*hDz P {f(@)sy}). This
also seems like a natural complement to the existing definition for incomplete Caputo fractional derivatives [26].
However, it is not clear whether or not this would be a natural extension of the Definitions 2.3, 2.4, and 2.6.
The obvious question to ask, then, is: what makes the Riemann-Liouville derivatives a ‘natural’ extension
of the definition of Riemann—Liouville integrals? What is the justification for this definition over, say, that of

Caputo derivatives?
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One answer to this question is that the Riemann-Liouville fractional derivative ®%D# f(x), Re(u) > 0,
forms the analytic continuation in g of the Riemann-Liouville fractional integral 2 D# f(x), Re(u) < 0. This
way of thinking is unique to fractional calculus: with p as a continuous variable, it is possible to perform
calculus with respect to p as well as with respect to «.

More specifically, if we define a function F, by

Fy(p) = "CDif(x),  Re(u) <0,
then this function is analytic and satisfies the following functional equation:

d

SR =Fa(u+1),  Re(n) <-1. (2.6)

This can then be used to extend F, to a meromorphic function on the entire complex plane. The functional
equation (2.6) gives us a way of defining Fy(u) for 0 < Re(p) < 1, then for 1 < Re(p) < 2, then for
2 < Re(p) < 3, etc., in such a way that it is analytic on each of these regions. This analytic continuation is
precisely the Riemann—Liouville fractional derivative.

Can we similarly use analytic continuation to define upper and lower incomplete Riemann-Liouville
fractional derivatives? In order to find an analogue of the functional equation (2.6), we must consider the effect
of the differentiation operator on the upper and lower incomplete Riemann-Liouville fractional integrals. To

this end, the following two theorems are established.

Theorem 2.10 The composition of the lower incomplete Riemann—Liouville fractional integral with the standard

operation of differentiation is given by the following identities:

k1
32 (M) = P ) + D)) (2.7
ah—1
FEDZ S (@)sy] = xm (1 =y)* " flay) — £(0)) + "EDL#[f(2); 9], (2.8)

valid for Re(u) > 1 and for f,x,y satisfying the appropriate criteria from Definition 2.5.

Proof To prove (2.7), we start from Definition (1.8) and use the standard method for differentiating with

respect to x an integral expression whose z-dependence is both in the integrand and in the upper bound of

L (#preisr]) = % (F(lm [Fa-ooa)

i (e = v+ [ -G - o)

_y< ) A (20 B Tk N A
- gy, e

integration:

oy =gyt p—1 1—p )
=S C fly) + 5D [ f (2); 9],

as required, where for the final step we used the fact that I'(p) = (u — 1)I'( — 1).
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To prove (2.8), we again start from the definition (1.8) and use integration by parts:

D ] = s [ o= 0 )
= ([e= o s@] 2 [T o2 roar)
= ﬁ ((w —yx)" " f(zy) - :c“‘lf(O)) + ‘Iﬂ(—_ﬂ)l /ny(a: — I3 () dt
= ?(m (1 =) flay) = F(0) + TG (f ()i,
as required, where again we used I'(p) = (¢ — 1)I'(x — 1) in the final step. O

Theorem 2.11 The composition of the upper incomplete Riemann—Liouville fractional integral with the stan-

dard operation of differentiation is given by the following identities:

i(RLol?;“{J”(x);y}) = —y(lr_(jgu

do 2 f(wy) + 6D () ), (2.9)
p—1

REDZH S @)y} = — (1 — y)* " f(ay) + BEDE{f(2); ), (2.10)

[(p)

valid for Re(u) > 1 and for f,x,y satisfying the appropriate criteria from Definitions 2.4 and 2.0.

Proof To prove (2.9), we start from Definition (1.11) and use the standard method for differentiating with

respect to = an integral expression whose z-dependence is in the integrand and in both bounds of integration:

(o) = 1 (g [ @0 roa)
1 p=l —y(z — yx)* L fyx ’ —1)(x — )2
- s ((za—x) F@) — yla — yo) = fly >+/W<u 1) f(t)dt>
_ oy -y et fyr)  p LT
— ) + ) /ym( t) f)de
—y(1 —y)r?

= Tm“_lf(yx) + 85D f(2); 9},

as required, where in the third line we used the assumption that Re(u) > 1.

To prove (2.10), we again start from the definition (1.11) and use integration by parts:

D i) = s | -0 de

C(p) Jys
= ([e= 0]+ [ v -2 ar)
F(:U’) t=yx yz
_L g;_x“_l ) — (x — J)”_l T L_l zx_ pn—2
o ((x =2y f (@) = (@ = g2y~ fla) ) + m /yz< DR (1) dt
a1
=Tg G- @) + D f(2); v},
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as required, where again we used Re(p) > 1 in the third line. O
The above Theorems 2.10 and 2.11 can be used, in the same way as discussed at the start of this section, to
construct analytic continuations of 5 DE[f(x);y] and ®5DH{ f(x);y} which are valid for Re(u) > 0 (fractional
derivatives) as well as for Re(p) < 0 (fractional integrals). The definitions are stated formally in Definitions
2.12 and 2.13.
It is important to note that the existing formulae for "5DH[f(x);y] and BEDH{f(x);y} given by
Definitions 2.3, 2.4, and 2.6 are analytic on the open left half-plane as functions of the complex variable p.

Thus, the concept of analytic continuation outside of this domain makes sense.

Definition 2.12 The uth lower incomplete Riemann—Liouville fractional derivative of a function f is defined

by using the equation (2.7) for each successive region
0<Re(p)<1l , 1<Re(p)<2 , 2<Re(p)<3 , ... (2.11)
In other words, we define

d

PEDEL ()] = (PO p)sa]) - Lo

mx_“f(fy)a (2.12)

for w in each of the regions (2.11) successively, and thence on the entire half-plane Re(u) > 0.

Definition 2.13 The pth upper incomplete Riemann—Liouville fractional derivative of a function f is defined

by using the equation (2.9) for u in each of the regions (2.11) successively. In other words, we define

" . _ d pn—1 . y(l_y)i'u —p
DL @)iv} = g (TSP S @)+ g e ), (2.13)

to get an analytic continuation to the entire half-plane Re(u) > 0.

The above work has established that it is possible to define fractional derivatives as well as fractional
integrals in the incomplete Riemann—Liouville context. However, they would still be difficult to compute when
Re(p) is large, requiring many iterations of the equations (2.12) and (2.13). It is much easier to use the direct

formulae given by the following theorems.

Theorem 2.14 We have the following exact equivalence, valid for all p € C and all functions f such that the

operators are defined:

FEDEL f(2); v} = oDl f (). (2.14)

Proof For Re(u) < 0, this follows immediately from the integral definitions of the operators. Starting from

the formula (1.11), we have:

DL @) =y [ a0 @) de = Dk f o)

Having proved the result for Re(u) < 0, we can now extend it to all ;4 € C by analytic continuation, since both

sides of (2.14) are analytic as functions of . O
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Remark 2.15 Note that the result of Theorem 2.14 does not mean the upper incomplete RL operator is just a
special case of the usual RL operator. The theory is different in the incomplete case, due to the x-dependence
appearing in a new place in the expression. The result is important, but it does not reduce incomplete RL
fractional calculus to merely a subset of RL fractional calculus.

For example, although it is true that

d rr RL

@ ( cDNf(w)) = cDN+1f($)

for any constant c, this result is not true when ¢ is replaced by xy as in (2.14). Instead, we have the
differentiation relation (2.9) which was already proved in Theorem 2.11. Or again, although the operator RLCD“
has a semigroup property in p for any constant c, the operator I?EZLID“ does not. (We explore the semigroup

property for our operators more thoroughly in Section 3 below.)

Remark 2.16 From the viewpoint of applications, Theorem 2.1 may provide a way to take account of dynamic
initial data. Usually, initial value problems are posed using a fixed starting point at which the function or its
derivatives may take certain preassigned values. But in reality, we may be forced to deal with problems in which
the starting point moves around. Here, by considering a new type of fractional integral where the constant of

integration becomes dependent on x, we can capture a new range of possible behaviours.

Theorem 2.17 The formulae (1.8)—(1.10) are valid expressions for R%D;“[f(x);y] for all p € C, not only
for Re(u) > 0.

Proof The restriction Re(u) > 0 was never actually required for these formulae. It is required for the definition
of the usual Riemann—Liouville integral, because the integrand of fow(xft)*’“l f(t)dt has a singularity at t = x.
But when the integral is restricted to [0,yx] instead of [0, z], this singularity is no longer part of the domain.
The same argument holds for each of the integrals in (1.8)—(1.10): respectively, the points ¢t = = in (1.8), u =1

in (1.9), and w = % in (1.10) are excluded from the domain of integration. O

The importance of Theorems 2.14 and 2.17 is that they are easier to use and apply than Definitions 2.12
and 2.13 as expressions for the upper and lower incomplete RL derivatives. For the incomplete RL integrals,
we already have the original formulae (1.8)—(1.10) and (1.11)—(1.13) which can be applied as in the original RL
model; but for the incomplete RL derivatives, it is much easier to use the formulae (1.8)—(1.10) and (2.14) than
iterations of the formulae (2.12) and (2.13).

As examples to illustrate the above theorems, we compute the incomplete fractional derivatives of some

simple functions, and verify that all the formulae considered above are consistent.

Example 2.18 We consider the function f(z) = x*. It is known [25, Theorems 19-20] that the incomplete

fractional integrals of this function are given by

By(>‘ + 17 _:u’)x)\—

REDR2N y] = " Re(\) > —1,Re(p) < 0; 2.15

oDh [z y] ) (\) (1) (2.15)
Bi_y(—p, A+ 1

REDH LAy} = W:&H, Re(\) > —1,Re(u) < 0. (2.16)
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By analytic continuation, we expect that the same expressions (2.15) and (2.16) will be valid for all u € C, i.e.
for fractional derivatives as well as fractional integrals. This can be verified using Definitions 2.12 and 2.13, as
follows.

Firstly, lower incomplete. For 0 < Re(u) < 1, we substitute the known expression (2.15) for R%Dgﬁfl [z 9]

into the identity (2.12) to get:

o . _ d n— . y(]' _y)_N —u
TEDuf )iyl = — (TEDA F @)l ) - Ty )

— i By()‘+1a1*/‘)x/\—p+1 - y(]'iy)i'uzf,u T A
Cda ( L(1—p) ) TR
_ ByA+1L,1—p) ., -y .,
A A vy e V(e
_ ()‘ —p+ 1)By()‘ +1,1— ,U/> — y)\+1(1 — y>_'ux)\—u

a I(1—p) '

The following is a natural property of the incomplete beta function, following from integration by parts applied

to the defining integrals:
A—p+1)ByA+1,1—p) =M1 =)™ = —pB, (A + 1, —p).

This confirms the expression (2.15) for the lower incomplete derivative when 0 < Re(u) < 1.

The same argument works to confirm it for 1 < Re(u) < 2, 2 < Re(u) < 3, etc., since there was no
assumption on the value of p in the above manipulations of incomplete beta functions. Thus, as expected, (2.15)
is valid for all p € C.

Secondly, upper incomplete. For 0 < Re(u) < 1, we substitute the known expression (2.16) for

RLDr=112) g} into the identity (2.13) to get:

“w . _ d n— . y(l_y)_N —u
DL @) v} = g (MO @) + T e )
Cd (Bi,(1—pA+1) y(l—y)™ _,
B Biy(1—p,A+1) ., Y-y —p
AR s e R e R
_ Qe DB, (= p A+ )+ M -y s,
a L(1—p) '

As before, it is a natural property of the incomplete beta function that
A=p+ DBy (1= p A+ 1)+ (1 —y) ™ = —puBi_y(—p, A+ 1).

This confirms the expression (2.16) for the upper incomplete derivative when 0 < Re(u) < 1.
The same argument works to confirm it for 1 < Re(u) < 2, 2 < Re(p) < 3, ete., since there was no
assumption on the value of p in the above manipulations of incomplete beta functions. Thus, as expected, (2.16)

is valid for all p € C.
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Example 2.19 We consider the function f(x) = 2*~Y(1 — 2)~%. The incomplete fractional integrals of this

function can be computed using the definitions (1.9) and (1.12):

DL 1 )] = s [ e () d
_ 9?(__‘:)1 /Oy(l w) ™ () (1 — ur) ™ dug
DL (1~ a) ) = / () ) (1 ) du
_ x;(_“; /yl(1 )P WA — ) du

Using the integral expressions for the incomplete hypergeometric functions, namely [25, Eq. (27)] for lower

incomplete and its analogue for upper incomplete, we can rewrite these as follows:

REDL[ (1 —2) ™% y) = x;(__t; B\, =) o F (0, [\ X = psy); )
— o i A A — gyl (217)
D (L —2) "%y} = m;(_:)lB(A, —p) o F1(a, {0 = sy }i o)
= F(I;(f)mxk—“—l GF1 (o, {N A — sy} ). (2.18)

These identities are valid for Re(n) < 0, Re(A) > 0, Re(a) > 0, and |z| < 1. By analytic continuation, we
expect that the same expressions (2.17) and (2.18) should be valid for all p € C, i.e. for fractional derivatives

as well as fractional integrals. Using Definitions 2.12 and 2.13, we can argue as follows.

Firstly, lower incomplete. For 0 < Re(u) < 1, we substitute the known expression (2.17) for 5 DE—1[zA; 4]
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into the identity (2.12) to get:

" . _ d n— . y(]'iy)ipl —
PR @) 9] = g (TEDET @) — T e )
Y (R GRS ) O e
- @ <]-—‘(>\_/~L+]-)x>\ 2F1(a7 [/\’)‘_M+ 1,y],x)> - F(]. _M) x (xy))‘ (1 .’ij)

'\

_ T e (0 ) b0 L+ LA — 25
+F()\*,U,+].)x ( >2 1(a+ 7[ + ) M+ 72/],33)

A—p+1

A _
Y (1_y) Mx)\—p—l

T e
- F(l;(i)u)x*ﬂl [QFl(a, M=+ Lylz)
+ (/\_M)(O;\)‘_M+1)x2F1(a+1,[/\+1,/\u+2;y];w)+m(1l’y) ¢
- F(i(i)u)x*ﬂl oF1 (e, (A A — iyl ),

where we have used identities from [25, Theorems 12-13] to simplify the expressions involving the incomplete
hypergeometric function. This confirms the expression (2.17) for the lower incomplete derivative when 0 <
Re(p) < 1.

The same argument works to confirm it for 1 < Re(u) < 2, 2 < Re(u) < 3, etc., since there was no
assumption on the value of p in the above manipulations of incomplete hypergeometric functions. Thus, as
expected, (2.17) is valid for all p € C.

For the upper incomplete case, we can deduce (2.18) from (2.17) using the fact that their sum is the usual

Riemnn—Liouville fractional differintegral which is well known [20].

Remark 2.20 Given Examples 2.18 and 2.19, we can immediately verify that the derivative and integral

operators we have defined do not have inverse properties. For instance, applying an incomplete fractional
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integral and then an incomplete fractional derivative to a simple power function yields the following:

By(\+1,
Dz [ FEresyly) = R0 {J(F(Z) “)x”“;y}

_ By(A+1,u) g LA,
_ By(A+1nu) (By(A+/’L+17_M) )\+,u—,u)
— x
I'(p) I(—p)
_BQ+1LwB,A+ptl —p) i
L ()T (—p) ’
Biy (A +1)
RL ) RLyug A, . _ RL ryp 1—y My Ape.
OD:E{ OIZL’{‘T 7y}7y} ODI{ F(u) &€ 7y}
By y(p, A+ 1) g, A
_ ? D/; T -Hb;y
Gy o)
_ Biy(mA+1) (Bly(—u, At p 1)xx+,4u>
I(p) [(—p)
_ By A+ DBy (—p A+ p+1)

L(p)D(—p)

Since neither By(A + 1, u)By(A + p+ 1,—p) nor Bi_y(p, A+ 1)Bi_y(—p, A + p+ 1) are identically equal
to T'(u)T'(—p), we surmise that the incomplete fractional derivatives are not left inverses to the incomplete
fractional integrals. This is one disadvantage of Definitions 2.12 and 2.13, but it is counterbalanced by the

advantages of a unified differintegral formula given by the analytic continuation method.

3. Further properties of incomplete Riemann—Liouville fractional calculus

The previous section established rigorous definitions for incomplete Riemann—Liouville fractional calculus, by
specifying function spaces on which the operators act, and defining fractional derivatives as well as fractional
integrals in this model.

In the current section, we shall investigate further properties and results concerning these operators.
Since the theory of incomplete Riemann—Liouville fractional calculus is still very new, there are many important

properties which have yet to be examined, and useful theorems which have yet to be proved.

One fundamental question in any model of fractional calculus is whether the operators satisfy a semigroup
property. In the standard Riemann-Liouville model, for example, the fractional integrals have a semigroup
property while the fractional derivatives do not [20, 29]. What happens in the incomplete Riemann-Liouville
model?

We have already seen in Remark 2.20 that the incomplete fractional derivatives and integrals lack an
inversion property, which would be a special case of the semigroup property for composition of fractional

differintegral operators. A simple example is enough to verify that the semigroup property is not valid either
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for combinations of fractional integrals or for combinations of fractional derivatives:

I'(v) ’
_ B,(A+1,v)
T
_ B,(A+1,v) <By(/\ +v+ l’ﬂ)a:)‘+“+”)
L) ()
_ By(A+1,v)By(A+v+1,p)
- D(u)T(v)

y By,(A+1,v y
RoIL RLoIz[w*;y];y} =514 [y( L+ y}

RETE ™My

x)\Jr;LJru;

v B,(A+1,—v —
LD [ RE Dy o) y] = D2 {y(r(_y) ) ;y}

_ By(A+1,-v)
- T(-v)
LB (B0 L) )
I'(-v) L(—p)
By(A+1,—v)By(A—v+1,—p)
I(=p)T(=v)

REDE [z 5y

xk—u—y;

” 31, (V,)\+ 1) v
Rﬁfi{ R%Im{ﬁ;y};y} =8I, {yr(y) at ;y}

_ Biy(nA+1) g

- I'(v) °

_ Bi_y(r,A+1) <Bly<ﬂa At+v+1) x)\+u,+u>
I'(v) I'(p)

_ Bi (v, A+ 1)B1_y(p, A +v+1)

- (T ()

1My}

1,)\+p,+l/;

» Bi_y(—v,A+1) ,_,
R%Dﬁ{ RﬁDm{l’A;y};y} = 5D {1 yé(_y) ) > ;y}

 Bi_y(—v,A+1)

==y

_ Bi_y(-v,A+1) (Bl_y(—u, A—v+ 1)x>‘“”>
r(—v) L'(—p)

By (v A+ )B (A v+ D)

B D=0 (=) v

Dy}

And there is no identity such as
B,(A+1,v)By(A+v+1,u) =B,(A+1,p+v)B(u,v)
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By, A+ 1)Bi_y(t, A\ +v+1) =Bi_y(n+v,A+1)B(u,v)

for incomplete beta functions. Thus we surmise that there is no semigroup property for incomplete fractional

differintegrals of either lower or upper type.

Theorem 3.1 Let b>0, 0 <y <1, z €0,b], and f;[0,b] — C.
If f € LY[0,yb], then

where p — 07 denotes convergence of p towards 0 within the right half plane Re(u) > 0.

lim "GI4(f(z);y] =0,

n—0+

If f € LY[0,b] and = is a Lebesgue point of f, then

lim ®GI{f(2);y} = f(a),
u—0+

where p — 07 s as before.

Proof Firstly, we consider the lower incomplete RL integral. Here we are considering the quantity

1
['(=p)

/yx(x — )" A, p— 0T,
0

The gamma reciprocal function ﬁ is entire with a zero at z = 0, while the integrand is a well-behaved

function of t everywhere on the domain [0,yz], so the limit is equal to zero as required. (The reason this

argument does not work for the classical RL integral is due to the singularity at ¢ = x, which is not included

in the domain of the lower incomplete RL integral.)

For the upper incomplete RL integral, we need a more complicated argument. Recall the definition of

Lebesgue points, namely that x is a Lebesgue point of f if

Define

so that

F = [ st / e u)du,

c(t) ::7_f(x):¥/o (flx —u)— f(z)) du > 0ast — 0,
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by the Lebesgue property. Now, starting from (1.11) and using integration by parts, we have

@i = s [ @ 0r () de

N
1 e o L O
*m/o *+f(x—t) t*m/o t (t)dt
= ﬁ [ )], - ‘;(7;)1 / U b ar

0

_ T Ay (A my)e) [ F@)) 1 0
_ - I {w) ( ] o P )
I v A (L S B S
- ) i | )

1 A=y f(z) -y
—7“#71)/0 th 1c(t)dt—7r(uil)/0 th=de

_ iyt (F(l-—yx) p-1 1 e
- ( TR T f(x)>_r(ﬂ—1)/o vlelt)d.

Write X = (1 — y)z, so that

RL u ) _XM F(X)_lu’_l T _ 1 Xﬂ«*lc
bt = o (D = b)) - g [ e (3.1)

We know that c(t) — 0 as ¢ — 0, so for any € > 0, there exists 6 > 0 such that 0 <t < § = |c(t)| < e. We fix

e and argue from (3.1) as follows.

Xr F(X) <u—1 XH
(1

RLL f(2);y) — f(z) = x
G s - 10) = s - (M s +1) f@)

1 ’ p—1 1 * =
F(M—l)/ot C(t)dtw/é tH=Le(t) dt.

As p — 07, we have:

Xt FEX) o
) x U

p—1 X (u—1)X*

W D) Tty

4
ﬁ /0 tHLe(t) dt

1 X
- tH e(t) dt — 0
F(H—l)/a ()

oHe | — 1%
plp=1)  Dlp+1)

< — €

and therefore

tim [ FE14(f(2)s0} — f(@)| < e
u—0+
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But since € > 0 was arbitrary, this means the limit must in fact be 0, which concludes the proof. O

Lemma 3.2 Let b >0, 0 <y <1, u€C, and n € N. For any function f :[0,b] — C in the appropriate

function spaces given by Definitions 2.3, 2.4, or 2.6, we have the following results:

W pelar eyl = 3 () a0 N Rt ) 52)
k=0

"Gt fw) = 3 () M0 D i), (33
k=0

Proof The binomial theorem gives

"= (z—(z—1)" = zn: (Z)ﬂ*(—l)k(m‘ - 1),

k=0

so starting from the definition (1.8) for Re(u) < 0, we have

RL Bl F () — 1 yl’x_ —p—1 S n xnfk_ k.]?— k
DL f(aial = o [ =07 [_(k) (1) t)]dt

This gives the result for lower incomplete fractional integrals (Re(u) < 0), which can easily be extended to all
lower incomplete fractional differintegrals by analytic continuation. The proof for upper incomplete fractional

differintegrals is exactly analogous. O

Theorem 3.3 (Incomplete fractional Leibniz rule) Let b > 0, 0 < y < 1, p € C. For any function
f :[0,0] — C in the appropriate function spaces given by Definitions 2.3, 2.4, or 2.6, and for any analytic
function g : [0,b] — C, we have the following results:

G2 @atarinl = 3 (1) 0E 1wl kgt (3.4)
k=0

"t f@atarn) = (1) 0E @) Dke(o) (35)
k=0

Proof Since g is analytic, we can write

= (_1)k k RL nk
9(t) = glo — (w— 1) = Y (o = ) T Dlg(a),
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where this series is locally uniformly convergent. Substituting this into the integral definition (1.8) for the lower

incomplete fractional integral (Re(u) < 0), we find:

RED(f(e)g@)iyl = —— [ @ r 0 H§Dkg(w)| dt
0 gy r(—m/o L

— (=% rp p yxw_ ptk—1
> S Dk [ @7 g

1) =

oo _ k _
= ( kll) RLoDﬁg(x)WR%D’i_k[f(w);y]-
k=0

(Note that we have used local uniform convergence of the Taylor series for g, in order to swap the order of

summation and integration.) By the reflection formula for the gamma function, we have

I(—p+k) _ msin(—mp)T(1 + p) _ (=DFT(1 + p)
I(—p) msin(rk — )01 + p — k) Fl+p—Fk)’

which gives the desired result for lower incomplete fractional integrals. Once again, we can deduce the result
for lower incomplete fractional derivatives by using analytic continuation, and then prove the result for upper

incomplete fractional differintegrals in an entirely analogous fashion. O

Theorem 3.4 (Incomplete fractional chain rule) Let b > 0, 0 < y < 1, u € C. For any analytic

composite function fog:[0,b] — C, we have the following results:

o) 1_ k—p T k ) J (e \ T3
wotsoei -3 (1) Tl e S e S [T (2)°] 6o

. s (1) A —pEr N~ (9(@) i (Y@
REDE{ f(g(x)); )} = O(k)ka ZW Z [Hrj!(j!)*j<ddz(j)) 1» (3.7)

where the innermost summation in each expression is taken over all (r1,...,71) € (Zar)m such that Zj ri ="

and »>;jrj =k.

Proof We apply Theorem 3.3 to the product of the two functions f o g(x) and 1, where f og is analytic.
This yields the following formulae:

oo k ool

“Goetstotenl = 3 () "ot S,
k=0

R DI (g} = Z() Eput {13y L090),

By Example 2.18, we know that the incomplete fractional differintegrals of the constant function 1 are given
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by:
RL ryurq. _ By(L _:u) —H 1- (1 B y)_ux—p,,
RL . _ Bl*y(_ﬂa 1)$—p — (1 — y>_N T H
oDtk = =) -1

And by the classical Faa di Bruno formula for repeated derivatives of a composite function, we also have

d* £ (g L drf(g()
dl‘k Z dg(x)r Z

k . T
I s (2)”
ril(G1)" dxzi ’

r=1 (r1,..om) Ly=1
where the inner summation is taken over all (r1,...,r;) € (Z$)" such that o= g =k,
Putting all of the above expressions together, we have the desired results. O

4. Conclusion

In this work, we have performed a rigorous study and analysis of the recently defined incomplete fractional
integrals of Riemann—Liouville type. Starting from the operators proposed in [25], we considered appropriate
function spaces for their domain and range, and thence derived precise and rigorous definitions for these
operators. We then considered how they interact with the standard differentiation operator, and deduced
an extension of the definitions to incomplete fractional derivatives as well as integrals.

Consideration of function spaces also yielded an unusual property of the lower incomplete fractional
integral: acting on functions which are well-behaved on a small subinterval, it yields functions with larger
domains of good behaviour. This extension property is a special feature of incomplete fractional calculus which
may be useful in, for example, the theory of partial differential equations. Another interesting property we
discovered is that the upper incomplete fractional integral can be written in the form of a classical Riemann—
Liouville fractional integral with the constant of integration (lower bound of the integral operator) replaced by
a variable quantity. Both of these features may be found useful in modelling and differential equations in the

future.
We also studied several important questions which are natural in any model of fractional calculus. Is a

semigroup property satisfied? Are the fractional derivatives and integrals inverse to each other? How do they
behave as the order of differintegration converges to zero? Is it possible to find fractional differintegrals for the
product or composition of two functions? All of these questions are analysed and answered in the incomplete
Riemann-Liouville fractional calculus, in order to flesh out the fundamentals of the theory.

Many different future directions of research in incomplete fractional calculus are possible, and we list just
a few as follows. Incomplete versions of other fractional operators, beyond Riemann—Liouville and Caputo, can
be defined and studied. The idea of incomplete integration can be extended to other types of integrals, such as
Lebesgue, Henstock—Kurzweil, etc. Ordinary and partial fractional differential equations with these operators
can be posed and solved. The operators can be approximated numerically by various quadrature methods.
Applications can be discovered by considering the special properties of incomplete fractional calculus different
from other types of operators. The operators may be extended to other function spaces as well as L' spaces,

for example in the context of distribution theory or qualitative theory of differential equations.
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