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Abstract

The study of fractional g-calculus in this paper serves as a bridge between the fractional
g-calculus in the literature and the fractional g-calculus on a time scale Ty, = {t : ¢ =
tog™,n a nonnegative integer } U {0}, where tp € R and 0 < ¢ < 1. By use of time
scale calculus notation, we find the proof of many results more straight forward. We
shall develop some properties of fractional g-calculus, we shall develop some properties
of a ¢g-Laplace transform, and then we shall employ the ¢-Laplace transform to solve
fractional g-difference equations.

1 Introduction

In this article, we shall study fractional calculus on the specific time scale, Ty, = {t : t =
tog",n a nonnegative integer } U {0}, where tg € R and 0 < ¢ < 1. In general, a time scale
is a closed subset of the reals [8].

The purpose of the article is two-fold. First, we shall develop a ¢-transform method
on T. We shall then define some ¢-fractional difference equations on T and apply the
g-transform method to obtain solutions. The application of a g-transform method to g-
fractional difference equations is new. Second, throughout this article, we shall apply the
time scales calculus notation [8]. We shall illustrate calculations using time scales calculus
notation with the implication that the time scales calculus notation will make the theory
and calculations more transparent. In addition to providing more transparent arguments,
we do produce new properties, e.g., a useful power rule, through this application on time
scales.

Much is already known about g-calculus. Early developments for g-fractional calculus can
be found in the work of Al-Salam and co-authors [3], [4], or [5]. A ¢-Laplace transform
method has been developed by Abdi ([14]) and applied to g-difference equations ([1], [2]).
Moreover, there is currently much activity to reexamine and further develop the ¢-special
functions. Notable early work includes the work of Jackson ([15], [16], [17], [18], [19]) and
Hahn ([13], [14]). We also refer the reader to more recent articles by De Sole and Kac
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[10], McAnally ([22], [23]), Ernst [12], and Koornwinder [20], [21] and books by Andrews,
Askey, Verma [6] and Carlson [9] for current and excellent accounts of g-special functions.
For further reading on the fractional calculus on a time scale T = R the books by Miller
and Ross [24] and by Podlubny [25] are excellent sources.

We intend that the article be self-contained; we shall introduce sufficient notation from
the calculus on time scales so the reader does not need previous familiarity; an excellent
account of the calculus on time scales is found in the monograph of Bohner and Peterson
[8].

In Sections 2 and 3, we shall present the introductory definitions. We shall employ both the
traditional notation employed in the references cited above and the time scales notation.
Definitions will include the g-factorial function, the g-fractional integral, a version of the
g-exponential function, and a ¢-Gamma function. Of note, we shall then obtain an integral
representation of the ¢-Gamma function and obtain a power rule for fractional derivatives.
In Section 4, we shall illustrate the Laplace transform method and define and solve several
families of linear fractional g-difference equations with constant coefficients. Sections 3 and
4 are modelled after a recent development [7] for the fractional calculus of finite difference
equations on Z.

2 ¢-Gamma and the ¢g-exponential functions
Let tg € R and define
Ty, = {t : t = toq",n a nonnegative integer } U {0}, 0<gq<1.

If there is no confusion concerning to we shall denote Ty, by T. For a function f: T — R,
the nabla g-derivative of f is

flgt) = f(t)

v‘]f(t) = (q _ 1)t

(2.1)

t o
for all t € T \ {0}. The nabla g-integral of f is / f(s)Vs = (1 — q)thZf(tqZ). The
0 i=0
fundamental theorem of calculus applies to the nabla g-derivative and nabla g-integral; in
particular,

Y, /O F(5)Vs = 1),

and if f is continuous at 0, then

/O (Vo ()Vs = £(t) — £(0).

Change of variables is valid in times scales integration ([8, 11]). In the following theorem,
we state a special case as it applies in the article. In each application throughout this
article, g(t) = at for some positive constant a. Thus, V,g(t) = a.
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Theorem 1. Let T ,T;, denote two time scales. Let f : Ty, — R be continuous, let
g : Ty, — T, be nabla g—differentiable, strictly increasing, and ¢(0) = 0. Then for
beTy,,

b g(b)
/ F(6)Va9()VE = / (fog~)(s)Vs.
0 0

Definition 1. The g-factorial function is defined in the following way. If n is a positive
integer, then

(t =)™ = (t = 8)(t — gs)(t — ¢%s)-..(t — ¢"s).
If v is not a positive integer, then

_ n

(t —s)W = ﬁ —
n=0

| ®»

q
qVJrn ’

| »

We shall state several properties of the g-factorial function; each property is verified using
the definition and a straightforward calculation.

Theorem 2. (i) (t — s)Z5) = (¢ — )B) (¢ — ¢P5))
(1) (at — as)@ =aP(t - 3)@
(7i1) The nabla g-derivative of the g-factorial function with respect to ¢ is

(t — )2

where 3,7 € R.

Definition 2. The g-exponential function is defined as

eq(t) = H(l —q"t), eq(0) =1.
n=0
Note that e4(1) = 0 and
_ eqlat)
Vieq(0) = A2 (22

We are now in a position to give the integral representation of the g-gamma function. Let
a € R\{...,,—2,—1,0}. Define the ¢-Gamma function by

1
o) = = [ (oo tefan v (23)
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Remark 2.1. Make the change of variable (1 — ¢)s = ¢ in the above definition and apply
the change of variable theorem, Theorem 1. It is clear that the definition of the ¢-Gamma
function given by (2.3) is equivalent to the form defined in [20] and employed in [10]:

ry(e) = [T ey a1 = )s) 9

L«
qq Ly(a); Ty(1) =1, where o € RT.

1
Lemma 1. T'j(a+1) = 1

Proof. Integration by parts is a valid tool in time scales calculus [8, page 332], and it
follows from the product rule for differentiation:

For any positive integer k,

(1-"-¢"" 1-¢)1-9
(I-¢q) (1-¢q¢) " (1-q) (1-9q)

This observation allows us to see k! on g™

1-¢") 1-¢)(1-0q -
k]!l = =114+qg9)(1+¢+4q2)..(1+qg+qg2+...4¢q .
L R (R () B - )
The notation [k]! has been used in [4] previously.

Remark 2.2. In [4], Al-Salam defined the ¢-Gamma function in the following way:

Lo(k+1) =

* _ eq(Q) a 1 9 _
Fq(o‘)_u—q)a—leq(qa)’ £0,-1,-2,-3,.... (2.4)

To see that I'y(a) = I'; («), we use the following formula given by Hahn in [13]:

1 1 O 1— qi-i-l
/o s*leg(qs)Vs = (1—g) [ ] [y
i=0

Hence the ¢-Gamma function satisfies the functional equation in Lemma 1 for any « other
than negative integers.
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3  Fractional g-integral

The fractional ¢ derivative and the fractional g-integral have been defined in earlier work
[3, 4, 5]. We shall employ the following definition of the fractional g- integral:

Vv, U (f(1) = F%) /0 (t - 45)* "D f(5)Vs. (3.1)

The first elementary property we derive is a power rule. We shall employ the ¢- beta
function

1
By(t, s) :/0 xt_l(l — qx)(s_l)Vx,

recently defined in [10].

Lemma 2.
FCI(IU’ + 1) tu—i—u.

V= —
! Po(p+v+1)

Proof. Begin with the left hand side of the equality

t
Vo Vit = / (t — qs)=stVs.
! Lq(v) Jo )
Set tr = s and apply Theorem 1. Then

1 1
Vovth = —— / (t — qtr) =V (tr) V7.
! Lq(v) Jo
Apply Theorem 2 (ii) and

1 1
V Vit = —t”‘”‘/ ri(1 — qr)—(”_l)Vr
I Fq(”) ) 0
S Y 5] 1,v).
Fq(l/)t Q(M+ 71/)

Ly(p+ DIy

Employ the identity B,(p + 1,v) = T(itvtl)
g\ TV

proved in [10], and the power rule

follows.
O

Lemma 3. If f(¢) is defined and finite, then for 0 < v < 1
VU(t) =V, Ve TR
qf( ) qVvq f( ))

where t € [¢%,¢%] C T with a,b € Ny, b < a.

Proof. The following equality [8, page 333] is crucial for the proof:

Vil [ 59951 = [ V(706,95 + Flat.0)
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(=v=1)

Using this identity and Remark 2.2 and since (¢ — ¢s)~—~— is continuous as a function of

t on [¢%, ¢°], we have

vV (1) = vq[% /0 (t — qs) =2 ()Vs

Fq(l—l/
_ 1 "1-q¢” () )
_rq(1—y)/0 = a9 S f(5) Vs + (gt — ) ()
1

- Ty(-v)
Remark 3.1. If 4 > 0 and m — 1 < pu < m for a positive integer m, we extend the idea
of the proof of Lemma 3 and write

Vi f(t) = VR () = V(9 ()
on [¢% ¢"] and treat the operator V,™ as an iterated higher order g-difference as defined
by (2.1).
4  The ¢-Laplace transform

We shall employ the g-Laplace transform defined by W. Hahn in 1949 [14].

L) = 1 [ s

Lemma 4. For any o« € R\ {...,—2,—1,0},

o1 Fq(a)
W}(S) = .

Proof. We again illustrate the integration methods of time scale calculus.

Lq{

SOC

a—1 é a—1
Lyl s} (s) = : /O(t eq(gst)Vt.

(1-q) l—gq g1
Set r = st.
ot 1 ! ro-t Vr Fq(a)
Ll =g = 125 |, Gy =

0

We now turn our attention to a shift theorem for the ¢-Laplace transform. First note the

following identity.
1
-1 -1
Vqle, (1) = 1% (t).
Lemma 5. Let a be any real number. Then

1

s—a

Lyfeg ' (at)}(s) =
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Let n denote a positive integer. Then

Ly{t"e; (at)}(s) = - ! 11 ;:q‘f@ N Q);[’ﬂ;. (1)
j=1 (s —a)

Proof. Note that

Vole; (at)eg(st) = *—

So for n =0,

Lo{eg ' (at)}(s) =

The proof proceeds by induction. Let n > 1 be an integer. Note that

s—a

Vo(t"e, (at)eq(st)) = t"e;  (at)Vaeq(st) + Vq(t"e, ' (at))eq(gst)

n n
- -1
= Sq _qlatnegl(at)eq(qst) + qutnileqfl(at)eq(qst),
Integrate this identity from 0 to % The left hand side vanishes and the right hand side
yields

n

- I—¢q 1 -
L{t"e; (@)} (s) = s Lyt e (@)} o).
O

Remarkably, Hahn [14] obtained a convolution theorem for specific classes of functions. In
particular, set F(t) = t* and set Fy(t) = t*~1. Define Fy[t] = (¢t — qrt)“=L). Define the

convolution

1 1
(Fy x Fy)(t) = L/ E[t|Fy(rt)Vr = _t (t— qrt)@Fl(rt)Vr,
1-qJ/, 1—-qJo
where v € R\ {..., —2,—1,0}.
We can obtain Hahn’s [14] result directly as an application of the power rule and Lemma
4. Note that with the change of variable s = rt,

t 1 o
(F1 % Fy)(t) = 1—q (t— qrt)QFl(rt)Vr
- 0

=

CTyv) 1 t o T,
=5 ), ¢ e RO = TS )

Hence, we calculate Fy * Fy for Fy(t) = t* and Fy(t) = t*~!. By the power rule,
FQ(V)FQ(M + 1) tquV.
(1 =gly(p+v+1)

Now simply apply Lemma 4 to each of Fy, Fo, F} *x F5 and obtain a conolution theorem,

Lo{(F1 * F2)(1)}(5) = Le{F1(1) }(s) Lq {F2 (1) } (s).

(F1 * Fg)(t) =
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Note then, as Hahn [14] noted, that the convolution theorem will be valid for functions
F representing linear sums of functions of the form t#. Clearly, p is not necessarily an
integer. We do not state a general theorem, but we do state a corollary which will be

applied in Example 3.

Corollary 1. Let F} be an analytic function and let Fy(t) = #*~! on T\ {0}. Then

Lo{(Fy+ F2)(8)}(s) = La{F1 (1) }(5) Lo { F2(1) }(5)-

We now obtain some of the standard properties for the L,-transform.

Lemma 6. Assume f = F} is of the type such that (4.2) is valid. Then

L9, F03s) = S L ) s).

SV

Proof. First note that .
1
Vi) = o |- 0997
0

(V)
_ 1 1 rt) =D f(p r
-0 ) (¢t
_ ! — grt) =D () Wy
—qu)/ou art) =L f(rt)V

—q
“T,0) (f = F2)(t),
where Fy(t) = t¥~!. Thus,
L%, 10N = E2 LA « B)OH

— L)L AR

(1 B q) v— Fq(’/)
= Wfq{f(t)}(s)(l -q) 18—V
R oy}

For the next set of properties, first note that

Vleq(st)f(t) = (Vaeq(st)) f(t) + (VoS (t))eq(gst).

Thus,

Ly{Vaf()}(s) =

(sLg{f(8)}(s) = f(0)).

It follows by induction that if m denotes a positive integer, then

1
1—g¢q

m—1 11—
s™m gm 1—1

Lo{Vy" f)}(s) = WLq{f(t)}(S) oy

(4.2)

(4.3)
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Lemma 7. If f is analytic function on T \ {0}, then we have

gMm+v gm—1—i )
L TNt = ——FL t - ——VVI(f(1)]=
AVa' Vel O}6s) = G mm Lt (D) 2o gt VaValf (O)l=o
Proof. The proof easily follows from the equality (4.3) and Lemma 6. O

By Vi Vi (f(t)le=o0 we mean lim, o+ Vi Vi (f(1)).

Example 1. Consider the following fractional g-difference equations:
a) Vo/2y(t) = 0 for T \ {0}.
b) qucl/zy(t) =0 for T\ {0}. Assume that Vcl/zy(O) is defined and finite.

c) ngq_lﬂy(t) =0 for T\ {0}. Assume that V;l/Qy(O) is defined and finite.

Note that the operators on the left side of each equation (i.e Vgﬂ, qucl/2 and ngq_lﬂ)
are equivalent on [¢% ¢*] C T. Since our method requires knowledge of the fractional
derivatives of the solution defined at zero as well, the equations given in each of (a), (b),
and (c) are not equivalent.

We search for analytic solution(s) on T \ {0} for each equation by use of ¢-Laplace trans-
form.

For part (a), if we take the L,-transform of the each side of the equation, then by use of
Lemma 6 we have y(t) = 0.

For part (b), we take the L,-transform of the each side of the equation then we use the
properties of the L, transform and obtain

_\1/2
Lty = LS00 0o

By use of Lemma 4 we have the solution

Vo' y()i=o
WO="FGm) b

For part (c), we take the Lg-transform of the each side of the equation then we use the
properties of the L, transform and obtain
I _ 1 —1/2 (1 —Q)1/2 —1/2
qyt)} = qu y(t)|e=0 + quvq y(t)|t=0-

By use of Lemma 4 we have the solution

-1

2 —-1/2
Vo Pyl 1/, VoVa PuBli=0 172

Iy(1/2) [4(3/2)

y(t) =

Example 2. Consider the problem VqV;2/3y(t) = t+ for T\ {0}.
Applying L,-transform for the each side of the given equation, we have

(L= g Ly (1) — (1~ @)V Py (O)emg = LY,

Loty — Yoyl | (=Tt )
Y\ = SH3(1 — q)2/3 Sh+4/3 :
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—2/3
Vo PyOlizo, a5, Lot D) s
Ty(1/3) Ty(+4/3)

The above calculation makes clear that if f(t) is a linear sum of terms of the form ¢#i,
f(t) = >, au,tt, then a solution of V, V_2/3 y(t) = f(t) for t € T\ {0} has the form

Then the solution is y(t) =

Vo Py()io, oy Ly(pi +1)
t) = 723 13 "q,, it/
=TT ) PO o vy

where p; € R\ ({...,—2, -1} U{...,—2 —4/3,—-1 —4/3,—4/3}).

Example 3. Consider the problem VgV;l/g (t)+aV,Vyq 1/3 y(t) = t*e;(q(q — 1)at) for
T\ {0}.

Applying L,-transform to each side of the equation, we have
/3
Lo{y(t)} = VY By ()=
q{y( )} (1 . q)1/3(8 + (1 - q)a) q y( )‘t 0
1

(1- )2

(VoVi PyOlmotavy Py(t)imo)+

+32/3(1 —q) (s + (1 - q)a) s2/3(s + (1 — q)a)&)

As a result of Corollary 1 and Lemma 5, we have the solution of the fractional g-difference
equation

y = q)V(ql YO0 114 1)) 5 443

Fq(=1/3)
av, /3 =
L1=a)(V, Ve yéi)(l;/;;r vy Pyt _0)6(1_1(((] ety 108
(1—q) _ _
tararorem e (@ Do)«

We close by illustrating a second form of solution in Example 3. As a corollary, we exhibit
a method to calculate V_ (e, (t)).

Lemma 8. [2,14] (i) If L,{f(t)} = F(s), then L {f(at)} = 2F(2)

(8-1)
.. B—1 a (). 4B8- = (1—q) !
(i) Lo{t? a1 (g, 0;¢% )} S (1= Ly

> (1-a)) . ) .
where 21 (a,0;b;t) = - —1" is g-hypergeometric function.
; (1= (1 -

Remark 4.1. One can easily verify the following using Corollary 1 and Lemma 8 (ii) for
the case a = 1:

LAV, (e (1) = Ilﬂ Lt () = s
and

The umquenebb of g-Laplace transform [14] implies that

1 — g
= ((1_7;7))(1,)75”2801((1,0; gt t)).
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After observing all these nice relations, we have another way to write the solution of the
Example 3:

B ~1/3

o =" (;])_qu)(—?f/(;)'tzo (¢ = 1)t)"2p1(4,0:4%%; (¢ — Dart)

(1 - q)(VqVa Py(®)lim0 + aVg Py (t)]1=0)
(1-qe2

(t3eg (g — L)at)) x t/3,

+

((g — D)1)*201(q,0:¢°%; (¢ — 1at)

(1-q)
i at Or,e/3)
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