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ABSTRACT. Recently, Tremblay et al. invented a very interesting transforma-
tion formula for fractional derivatives of arbitrary order. Also, the authors
have obtained a new generalized Leibniz rule and a corresponding integral
analogue for the fractional derivatives of the product of two functions. In this
paper, we apply the new transformation formula on the classical generalized
Leibniz rule and the corresponding integral analogue due to Osler and on those
established by the authors. Some special cases are given.

1. INTRODUCTION

The fractional derivative of arbitrary order « (integral, rational, irrational or
complex) is an extension of the familiar nth derivative D;‘(z)F(z) =d"F(z)/(dg(z))"
of the function F'(z) with respect to g(z) to non-integral values of n and denoted by
D;‘( Z)F(z). The concept has been introduced in many ways to generalize classical
results of the nth order derivative to fractional order. For a general survey of the
different approach used to define fractional derivatives the reader should read [29].
Many examples of the use of fractional derivatives appear in the literature : ordi-
nary [12] and partial differential equations [6, 8, 27|, integral equations [7, 8, 11],
differential equations of non-integer order. Many others applications have been
investigated through various field of science and engineering[1, 9, 17, 20, 28, 29].
Particularly, the Leibniz rule has been effective in the summation of infinite series
just as his integral analogue in the evaluation of definite integrals [19, 21, 24, 25].

Studies of a Leibniz rule for derivatives of arbitrary order date back to 1832
when Liouville [16, p.117] gave the case

D2u(z)v(z) = i < @ > D2 "y(z)D(z). (1.1)

n
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Liouville used a fractional derivative based on the fact that D™e%* = a"e, n =
0,1,2, ..., could be generalized for arbitrary a by D%e** = a“e®*. In 1867 and 1868
A K. Grunwald [10, pp.406-468] and A.V. Letnikov [15] found (1.1) by starting with
the well-known Riemann-Liouville integral representation for fractional derivative

ol L[ A0
D) = |, G -2

which is valid for Re(a)) < 0.
Considering a derivative of arbitrary order a € C related with the Cauchy inte-
gral formula [2, 3, 4, 18, 21, 22]

I'(l+a)

2mi

(z+)
DI=Pf(z) = [ ree- 2 (13)
0
where the contour is a single loop beginning at £ = 0 encloses the point £ = z once
in the positive direction and returns to & = 0 without cutting the branch line for
EP(& — z)7*~ 1 Osler [21] obtained a more general form of (1.1)

oo

D 2Pty(2)v(z) = Z ( ’y—olé—n ) DO Py (2) DY T 2%0(2) (1.4)

n=—oo

which yields for a not a negative integer, v an arbitrary complex number, Re(p) >
—1, Re(q) > —1 and Re(p+q) > —1.

Hereafter in 1972, Osler [24] presents a further extension of (1.2) based on the
generalization of the Taylor series for fractional derivatives [23] and the concept of
fractional derivatives with respect to a function g(z). Thereby, he found:

Theorem A. (i) Let u(z) and v(z) be analytic in the simply connected R. (i) Let
g(2) be regular and univalent function for g=*(R) such that g=1(0) is an interior or
a boundary point of R. Then, for 0 < a <1, a € C, a # negative integer, v € C,
Re(p) > —1, Re(q) > —1 and Re(p+q) > —1, the following Leibniz rule holds true

Dgg(2P u()u(z) =a Y ( L )Dg‘(;“”g<z>pu<z>D;(t§“g<z>%<z>.

n=—oo

(1.5)

Letting @ — 07 in (1.5), Osler [25] obtained the integral analogue of the Leibniz
rule, namely:

Theorem B. Assume the hypothesis of Theorem A, then the following integral
analogue holds true

Dyaer o) = [ (5, ) DE ey et ) e
(1.6)

At this point, we need the following definition of fractional derivative in the
complex plane using a Pochhammer’s contour of integration introduced in [14] (see
also [13, 30]).

Definition 1.1. Let f(z) be analytic in a simply connected region R. Let g(z)be
regular and univalent on R and let g~(0) be an interior point of R then if a is
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not a negative integer, p is not an integer, and z is in R — {g~1(0)}, we define the
fractional derivative of order « of g(2)P f(2) with respect to g(z) by

D;(Z)g(z)pf(z)

_emr ) | Q9©°© 1)
4 sin(7p) C(z4,9=1(0)+,2—,9g~1(0)—;F(a),F(a)) (9(&) — g(z))>t1 .
For non-integer a and p, the functions g(€)P and (g(&)—g(z))~*1 in the integrand
have two branch lines which begin respectively at € = z and & = g=*(0), and both
pass through the point & = a without crossing the Pochhammer contour P(a) =
{C1 UCyUC3UCy} at any other point as shown in Figure 1. F(a) denotes the
principal value of the integrand in (1.7) at the beginning and ending point of the

Pochhammer contour P(a) which is closed on Riemann surface of the multiple-
valued function F(£).

Branch line for
exp[-(a+1)in(g(€)-9(2))]

C1
Branch line for
exp[p(In(g(€)]
Cz
g7(0) Re(¢)

FIGURE 1. Pochhammer’s contour

Making use of this less restrictive definition for fractional derivatives Lavoie et
al. in [14] have shown that Re(p) > —1 and Re(g) > —1 are unnecessary condi-
tions in (1.6). Moreover, in the definition used by Osler for fractional derivatives
with respect to an arbitrary function g(z), the function f(z) must be analytic at
¢ = g~1(0). One of the most important advantage of using the Pochhammer’s con-
tour representation for fractional derivatives is the fact that we can allow f(z) to
have an essential singularity at & = g~1(0). For a complete study on the properties
of fractional derivative defined on Pochhammer’s contour the reader should read
[13, 14, 30].

Recently, the authors [31] obtained two new results involving the fractional deriva-
tives of arbitrary order. Explicitly, they established a new generalized Leibniz type
rule for fractional derivatives as well as the corresponding integral analogue. These
two results are stated respectively as Theorem C and Theorem D below.

Theorem C. (i) Let R be a simply connected region containing the origin. (ii)
Let u(z) and v(z) satisfy the conditions of Definition 1.1 for the existence of the
fractional derivative. (iii) Let U C R being the region of analyticity of the function
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u(z) and V C R being the one for the function v(z). (i) Let g(z) be a reqular and
univalent function for z € g~ (R) then for z # g~ 1(0), z €UNV, Re(1 — B) >0
and for 0 < a <1, the following product rule holds
g(2) sin(Bm)T(1 + o)
(@ + B)m)sin((B — o — ) sm(( + 2))
i asin((u +an)m)sin((a+  — pu— an)m)
24+ a+v—an)l'(—v+an)

Dy 9(2)* 7 u(z)o(z) =

. Dga(—iz-)u-l—l—ang(z)aJrﬁfuf17anu(Z)Dg—(2)—1+ang(z)u71+anv(z).

(1.8)

Theorem D. Assuming the hypotheses of Theorem C, the following integral ana-
logue of (1.8) holds
g(2) sin(Bm)I(1 + )
sin((a+ B8)) sin((8 — p — v)m) sin((p + v)m)
= sin((p 4 w)m) sin((a + f — p — w)m)
'/_Oo T2+a+v—wl(—v+w)

Dot (g)at el () Dy () Ly () d,
(1.9)

Dyiy9(2)* P u(z)u(2) =

Moreover, Tremblay et al. [32] found a really interesting transformation formula
for fractional derivatives. Namely, they obtained the following result:

Theorem E. Let f(z) be a function that satisfies the conditions, listed in the
definition (1.1), for the existence of the fractional derivative DS_,(z —b)? f(z) with
g(z) = z—0b and using a Pochhammer contour P(a) = C;UCyU—C1U—Cy laid out
around the points g=*(0) = b and z (see Figure 1). If f(b) #0 and p # —1,-2, ...
then we have

I(1+p)

WDZE’EI(Z—Z))‘C“”J”(IUM—Z) (1.10)

w=z

D (2= 0)"f(2) =

for z € R—{b}. Note that we must have w — z in the right side of (1.10) after the
evaluation of the fractional derivative, the point w must be near the point z inside
of the loop C1.

Or, in a more general form, they found

Theorem F. Let f(z) be a function that satisfies the conditions, listed in the
definition (1.1) for the existence of the fractional derivative Dy, (9(2))? f(z) and
using a Pochhammer contour P(a) = C1 U Cy U —Cy U —Cy laid out around the
points g~1(0) and z (see Figure 1). If f(g7*(0)) # 0 and p # —1,—-2, ... then we
have

o FA+p) —p a1 -

S (8 1() = F D )7 (o7 ) — o)) | (1)
for z € R —{g7*(0)}. Note that we must have w — z in the right side of (1.11)
after the evaluation of the fractional derivative, the point w must be near the point
z inside of the loop Cf.
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In this paper, we apply the new transformation formula (Theorem F) for frac-
tional derivatives to both Leibniz rules for the fractional derivatives of the product
of two functions (Theorem A and Theorem C) as well as their integral analogues.
In section 3, we give some special cases involving special functions of mathematical
physics for each the new formulas obtained.

2. NEW FORMS OF LEIBNIZ RULES AND OF INTEGRAL ANALOGUES

In this section, we use the general transformation formula (Theorem F) for frac-
tional derivatives in order to obtain new expressions for the Leibniz rules (Theorems
A and C) as well as their integral analogues (Theorems B and D). These new ex-
pressions are stated as Theorem 2.1 to Theorem 2.4 below.

Theorem 2.1. Let u(z) and v(z) be functions that satisfy the conditions, listed in
the definition (1.1) for the existence of the fractional derivative D) (g(2)) u(z)v(z),
Dy (9(2))Pu(z) and Dy (g(2))Pv(2) and using a Pochhammer contour P(a) =
C1UCyU—C1U—Cy laid out around the points g~*(0) and z (see Figure 1) Then,
for0<a <1, a€C, a+# negative integer, v € C, Re(p+q) > -1, p# —1,-2, ...,
q# —1,-2,... and the following Leibniz rule holds true
N - o (1 +p)(1+
D)9(2)"u(z)o(2) = a Z ( v+ an ) I(~a JE Y +pc2n)(1“(?¥) an)

n=—oo

(2.1)

.D;(I;)*lg(z)faJerranflu (gil(g(w) . g(z)))

w=z

.Dg_(z)—lg(z)—’y—an—lv (g—1<g(w) — g(z)))

Note that we must have w — z after the evaluation of the fractional derivatives,
the point w must be near the point z inside of the loop C1.

Proof. Applying the transformation formula for fractional derivatives (1.11) on each
operator of fractional derivatives involved in the R.H.S. of the Leibniz rule (1.5),
we obtain (2.1). O

Theorem 2.2. Assume the hypotheses of Theorem 2.1 then the following integral
analogue of the Leibniz rule holds true

@ PHay (N u(z) = ~ @ I'1+p)T(1+4q)
soner = [ (L1 )i torc @2

D0 g (=) ey (g7 (g(w) — g(2)))

w=z

dw.
w=z
Note that we must have w — z after the evaluation of the fractional derivatives,
the point w must be near the point z inside of the loop C1.

.D;(‘i)*lg(z)f’yfwflv (gfl(g(w) . g(z)))

Proof. Applying the transformation formula for fractional derivatives (1.11) on each
operator of fractional derivatives involved in the in the R.H.S. of the integral ana-
logue of the Leibniz rule (1.6), we obtain (2.2). O
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Theorem 2.3. (i) Let R be a simply connected region containing the origin. (ii)
Let u(z) and v(z) satisfy the conditions of Definition 1.1 for the existence of the
fractional derivative. (iii) Let U C R being the region of analyticity of the function
u(z) and V C R being the one for the function v(z). (iv) Let g(z) be a regular and
univalent function for z € g~1(R) then for z # g=1(0), z €U NV, Re(1 — 3) > 0,
a+B—p—an#-1,-2,..., pu+an# —1,-2,... and for 0 < a < 1, the following
product rule holds
9(z) sin(Bm)L(1 + o)

(e + B)m) sin((8 — p — p)m) sm((p + 2))
i asin((,u +an)m)sin((a+ p—p—an)r) T(a+p—p—an)l'(p+an)

I'2+a+v—an)l'(—v+an) I'N—a—v—14+an)I'(v+1—an)

(2.3)

D5y 9(2)* P u(2)o(z) =

n=—oo

D, SR g () mamvmRtany (g7 (g(w) — g(2)))

Dyl g(2)" " (97 (g(w) — g(2)))

w==z
Note that we must have w — z after the evaluation of the fractional derivatives,
the point w must be near the point z inside of the loop C1.

Proof. Applying the transformation formula for fractional derivatives (1.11) on each
operator of fractional derivatives involved in the R.H.S. of the Leibniz rule (1.8),
we obtain (2.3). O

Theorem 2.4. Assume the hypotheses of Theorem 2.3 then the following integral
analogue of the new Leibniz rule (1.8) holds true
_ i I'(l+a)
D¢ a+p-1 _ g(Z) SIH(BTF)
9(:9(%) u(2)v(z) sin((a + B)m) sin((8 — p — v)m) sin((u + v)m)
, /°° sin((p + w)m)sin((a+—p—w)r) Dla+pf—p—w)l(p+w)
. Fr2+a+v—-—wl(-rv+w) MNM—a—-v—-14wl(rv+1-w)

(2.4)

.Dgf(f:)*ﬁ+ﬂ+wg(z)fafuf2+wu (gfl (g(w) _ g(z)))

w=z

dw.
w=z
Note that we must have w — z after the evaluation of the fractional derivatives,
the point w must be near the point z inside of the loop C1.

.D;(l;)*wg(z)ufwv (gfl(g(w) — g(z)))

Proof. Applying the transformation formula for fractional derivatives (1.11) on each
operator of fractional derivatives involved in the R.H.S. of the integral analogue of
the new Leibniz rule (1.9), we obtain (2.4). O

Remark 2.5. Theorem 2.1 to Theorem 2.4 have been obtained by applying the
transformation formula (1.11) on each of the fractional derivative operators ap-
pearing in the R.H.S. of Theorem A to Theorem D. We could also obtain similar
expressions by simply using the transformation formula on just one fractional de-
rivative operator involved in the Theorem A to Theorem D.
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3. SOME SPECIAL CASES

In this section, we examine some interesting special cases which can be obtained
from the main formulas (2.1), (2.2), (2.3) and (2.4) by choosing specific functions
u(z), v(z), g(z) and parameters. These different forms of formulas will imply special
functions of the mathematical physics such those appearing in table 1.

Remark 3.1. In the following examples, the fractional derivatives D;‘(z)g(z)pf(g(z))
encountered can be computed by using the fundamental formula

o »_ Il+p) p—a
g(z)(g(z)) = mg(z)

and by differentiating the power series Y fn(g(2))" term by term. We get

D30IV 1(0(:)) = X s et Fula(2)P

Example 1. Setting u(z) = 1, v(z) = (14 2)* and g(2) = 1 — z in Theorem 2.1
and using the fractional derivatives representation for the Jacobi function (see Table
1), the following hypergeometric representation of Jacobi function ([26, p. 254, eq.

@)

n —p, =B
P}Eaﬁ)(z) — F(1+OZ+M) (Z+1> 2F1 z—1 (31)

z+1
D+l +a) \ 2 .
and the fact that
DMzl 2 pw - 2)Y =
- —y —an;
I'(—y— ’ g
(1 —i—Z))\(l _ Z)q—’y—anr : ( Y an) o F) z;% ,
(1+g—7-an) 1+q¢g—a—an;
(3.2)
we obtain for 0 < a <1
pFraama) ) al(1+p)T(1+¢lA+p+g—a+))
A I'(1+p+aq)
‘ i < o ) F(l —q+v+ an)P)(\*Q+’Y+an,f)\+’Y+an)(Z)
S o\ vtan Fp—a+y+1+an)l(g—v+1—an)l(1+AX—qg+~+an)
(3.3)

Example 2. Putting u(z) = sinz, v(z) = 1 and g(z) = z in Theorem 2.2 and
making use of the elementary trigonometric identity

sin(w — z) = sinw cos z — sin z cos w, (3.4)
we observe that
DP et e gin(w — 2) =

w==z

sinz- D;P 7ot W eog s cosz - DJPT Tt T I Wi o

(3.5)
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and thus, we have

2+p+q, 3+p+q;
o F ? 2 —2%/4 :F(1+P)F(1+Q)F(2+p+q—a)
24ptg—a  3+ptg—a 3/2; I'2+p+q)
2 ) 2 ’ )
*a+2w+wl 1—a;~,+w,
o T(—atytw)sinz ' ’ 2
o ( ¥+ w > zl—‘(1+p’1u+’¥+w) 2F3 |: 14p—atytw 2 p—atytw 12 27 /4 :|
2 K 2 ’ )
~[m T(—at+y+w)l(l+g-7-w) dw

l—atytw 2—atytw,
a C—atyfw)cosz o 2 ’ 2 ’ 2
TETp_atrte) 213 —z"/4
oo ( Y tw ) F+p—atytw) |: 2+p—f;+'y+w ) 3+p—(;+’Y+w 3/2;
— - ’ ’ dw | .
/ﬂo M(—a+v+w)l(l+g—7—w)

(3.6)
Example 3. Ifu(z) =1, v(z) = L,(caerH)(z) and g(z) = z in Theorem 2.3 where
LZ'H’H(Z) are the generalized Laguerre polynomials of degree k [26, p.200, eq.(1) ]
defined by
k-
o 1 ’
L (z) = (2710‘)’6 : (3.7)
’ 14+ o

and employing the following well known addition property for the generalized La-
guerre polynomials [26, p.209, eq. (3)]

k
L](€a+b+1) +y) = ZL (y) , (3.8)
i=0
we have

k
=3 LW )porenzmaen L (—2) (3.9)

we=z =0

Dz—u—anzu—anLl(ca-i-b-i-l) (w o Z)

and then we get, for 0 < a <1,
_k> Oé+ﬁ,
2F2 z
2+4+a+0b, B;

aklTl—a-BTQl+a)l'2—-B+pu+v)I'(—p—v)
2+a+b)I'(1-0)

k —k+1i, 1+v—an;
1 i ) )

> L) S o
(k —1)! 1+ b, 14+p+v;

Z I‘2+a+u—an)F(—u+an)F(1—u—an)l"(l—a—ﬁ—i—u—&—(m)'

z

(3.10)

Example 4. Now, if we set u(z) = By(2), v(z) =1 and g(z) = z in Theorem 2.4.
where By(z) are the Bell polynomials of degree k [5] defined as follow:

k

Bi(z) =Y S(k,i)2' (3.11)

=0
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and S(k,i) are the Stirling number of the second kind [5] defined by

k
S(n, k) = ;Z(—l)k—l( ]: )@" (3.12)
T i=0

Considering the addition property for the Bell polynomials
k

Bua+y) =Y ( " ) Bi(2)Bi_iy) | (3.13)

i=0
we observe that

Dz—a—6+u+anz—a—y—2+aan (w . Z)

i w=z
=2 < i ) Bi(z) D7 o Ftutanmamv 2 an By (—z). (3.14)
1=0
We thus obtain
Zk: S(kyi) (a+B)i 2 _T(A—a—BL(1+a)0(2= B+ p+v)[(—p—v)
P (B)i I'(1-p)
RN s Sk (a—v—1tw);
> (1) me T )

0o = :
./,oo F(2+O‘+V_W)F(_V+W)F(l—u—w)F(l—a—ﬁ+M+w)d‘“' (3.15)

Remark 3.2. [t is important to note that several restrictions are to be imposed on
the parameters involved in each of the preceding examples. So, we have to be careful

when manipulating these last expressions. These are mentioned in the statements
of Theorem 2.1 to Theorem 2.4.

4. CONCLUSION

The usefulness of generalized Leibniz rule and the corresponding integral ana-
logue to obtain new series expansion or definite integrals is a well known fact. We,
thus, have presented here 4 new expressions. We found these new relationships by
applying a new transformation formula for fractional derivatives given recently by
Tremblay et al. [32]. Many examples have also been given in section 3.
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