Dynamics of Continuous, Discrete and ]mgulsi'ue Systems
Series A: Mathematical Analysis 20 (2013) 507-522

Copyright (©2013 Watam Press http://www.watam.org

THE GAMMA FUNCTION ON TIME SCALES

Martin Bohner! and Basak Karpuz?

IDepartment of Mathematics and Statistics,
Missouri University of Science and Technology,
Rolla, Missouri 65409-0020, USA.
Corresponding author email: bohner@mst.edu

?Department of Mathematics,
Faculty of Science and Arts, ANS Campus,
Afyon Kocatepe University,

03200 Afyonkarahisar, Turkey.

Abstract. We introduce the generalized Gamma function on time scales and prove some
of its properties, which coincide with the ones well known in the continuous case. We
also define an appropriate factorial function for computing the values of the generalized

Gamma function in some special cases.
Keywords. Gamma function, Time scales.

AMS (MOS) subject classification: Primary 33B15; Secondary 26E70, 39A12.

1 Introduction

The so-called Gamma function, which is defined by the convergent improper
integral

o0
I'(z) ::/ n*te~dn for x € RT, (1)
0

has been a focus of interest almost in every branches of mathematics. It
is shown easily by performing a partial integration to (1) that the Gamma
function satisfies the functional relationship

['(z+1)=al(z) forzeRT. (2)

Therefore, the values of the Gamma function have been tabulated for the
interval (0, 1], and using these values one can evaluate I' on R*. Suppose for
instance that one needs to compute I'(5/2). Using the recursion formula in
(2), we see that I'(5/2) = (3/2)I'(3/2) = (3/2)(1/2)'(1/2). From the table
it is known that I'(1/2) = /=, and thus T'(5/2) = 34/7m/4. Let « € N, then
I'(z + 1) = ! (here ‘! stands for the usual factorial function) since one can
show (or look up in the table) that I'(1) = 1 is valid. On the other hand, it is
not hard to see that the improper integral in (1) diverges for x € Ry, and thus
the definition of the Gamma function makes no sense in this case. However,
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for negative values, the definition of the Gamma function is extended by the
functional recursion formula (2), i.e., I'(z) =I'(z 4+ 1)/ for x €e R™\Z, .

The relation between the Gamma function I' and the Laplace transform
L is given by

L{(I)H}(z)_ L L@ s 2z e R

or particularly
ﬁ{Iw_l}(l) =T(z) forzeR"

(see [6, § 2.1]). Above, we have denoted by I, the identity function on R and
for s,t € RT, (I(t)/s)m_1 means the (z — 1)-st power of (¢/s).

In this paper, motivated by the relation between the Gamma function
and the Laplace transform in the continuous case we give the definition of
the generalized Gamma function for arbitrary time scales, and prove some
of its typical properties on arbitrary time scales which match with the well-
known ones from its continuous counterpart. Our observation shows that the
results are not very “nice” for arbitrary time scales (of course, unbounded
above and including the origin), but for the particular choices of the time
scales, for instance, the set of reals and/or the set of quantum numbers, we
get “nice” results. We also would like to mention here that our results exactly
coincide with the ones obtained in [5, § 21].

To be able to talk more about the main results, we find useful to introduce
the following basic definitions and facilities for a reader not familiar with the
time scale calculus. A time scale, which inherits the standard topology on R,
is a nonempty closed subset of reals. Here, and later throughout this paper, a
time scale will be denoted by the symbol T, and the intervals with a subscript
T are used to denote the intersection of the usual interval with T. For ¢ € T,
the forward jump operator o : T — T is defined by o(t) := inf(¢, co)r while
the backward jump operator p : T — T is defined by p(t) := sup(—o0, t),
and the graininess function p: T — Rar is defined to be pu := o — I, where I
is the identity function on T. A point ¢ € T is called right-dense if o(t) =t
and/or equivalently p(t) = 0 holds; otherwise, it is called right-scattered, and
similarly left-dense and left-scattered points are defined with respect to the
backward jump operator.

For f: T — R and t € T*, the A-derivative f2(t) of f at the point ¢ is
defined to be the number, provided it exists, with the property that, for any
€ > 0, there is a neighborhood U of ¢ such that

I[fo(t) — f(s)] — fA(1)[o(t) — s]| < elo(t) —s| forall s €U,

where T" :=T\{t € T: t = maxT and p(t) < t} and f7 := foo on T. We
shall mean the Hilger derivative of a function when we only say derivative
unless otherwise specified. A function f is called rd-continuous provided that
it is continuous at right-dense points in T, and has finite limit at left-dense
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points, and the set of rd-continuous functions are denoted by C_4(T,R). The
set of functions C};(T,R) is consist of the functions whose derivative is in
C,4(T,R) too. For s,t € T and a function f € C 4(T,R), the A-integral of f
is defined by

/ fm)An=F(t)— F(s) fors,teT,

where F € Cl;(T,R) is an anti-derivative of f, i.e., F& = f on T*. Table 1
gives the explicit forms of the forward jump, delta derivative and the integral
on the well-known time scales reals, integers and quantum set, respectively.

Table 1: The explicit forms of the forward jump, graininess, delta derivative
and the integral on some time scales.

T R hZ, (h > 0) Z, (¢>1)
o(t) t t+h gt
, ft+h)— f(t) flqt) — f(t)
A1) J'(t) — e
" " t/h—1 log, (t)—1
[ rmsn | [ gedn 03 fem @1 Y s
s S n=s/h n=log,(s)

log, located in the last row and the last column of Table 1 stands for the
common logarithm function with the base of q.

A function f € C4(T,R) is called regressive if 1 + fu # 0 on T, and
positively regressive if 1 + fu > 0 on T®. The set of regressive functions
and the set of positively regressive functions are denoted by R(T,R) and
RT(T,R), respectively, and R~ (T, R) is defined similarly.

Let f € R(T,R) and s € T, then the generalized exponential function
es(-,s) on a time scale T is defined to be the unique solution of the initial
value problem

y®=fy onT~
y(s) =1

The exponential function can also be written in the form

ef(t,s) := exp{/ Euln) (f(n))An} for s,t €T,

where the cylinder transformation &, for h € RY is defined by
1
En(z) == liIr}L —Log(1+ zr) for z € C with 1+ zh # 0.
r—h T

Table 2 illustrates the exponential function on some well-known time
scales.
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Table 2: The explicit form of the exponential function on some time scales.

T R hZ, (h > 0) ¢z, (g>1)
: t/h—1 log, (t)—1
ey(t,s) exp{/ f(n)dn} [T+ rmn) IO+ f@)(@—1)g?)
s n=s/h n=log, (s)

It is known that the exponential function ef(-,s) is strictly positive on
[s,00)r provided that f € R*([s,o0)r,R), while ef(,s) alternates in sign
at right-scattered points in [s,00)r provided that f € R~ ([s,o00)r,R). For
h € R(}L, let z,w € Cy, the circle plus and the circle minus are respectively
defined by

z-w
1+ wh

Z2@®pw:=z+w+zwh and z6pw:

It is also known that (R"’(']I‘, R), @u) is a subgroup of (R(']I‘7 R), @#), ie,0¢€
R*(T,R), f,g € R*(T,R) implies f @, g € RT(T,R) and ©,f € RT(T,R),
where ©,f : =00, f on T. If, for h € ]R(T and z,w € C, we define the circle
dot by
1 p
ZOpw = }E}}L ;((1 +wr)* — 1)

then (R"’(T,R), ®u, @u) becomes a real vector space. The readers are re-
ferred to [1, 2] for further details in the time scale theory.

2 Definitions and preliminaries

In this section, we construct the necessary information for the definition of
the generalized Gamma function on time scales.

To this end, we introduce new binary operations as follows. First, we
define the set of functions P(T,R) := {f € C,4(T,R) : f/I € R(T\{0},R)},
and similarly, we define PT(T,R) and P~(T,R). For f,g € P(T,R), we
define the “bozplus” addition and the “boxminus” subtraction operations by

(f =91

1
M,q:= - H,q:= 2 97 T
fBug=f+g+fon and fB.g g \{0}

or implicitly
fBug=[f®ug and fH,g=foug onT\{0}

The proof of the lemma below therefore is straight forward (see [1, Theo-
rem 2.7]).

Lemma 1. (P(T,R),8,) is an Abelian group.
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The following properties directly follow from the properties of ©, and ©,,
(see [1, Exercise 2.28]).

Lemma 2. If f,g € P(T*,R), where T := (0,00)r, then
(i) fBug, fBug € P(T,R),
(i) fB,f =0 onTt,
(iit) Bu(Bpuf) = f on T,
(iv) Bu(f Bug) = gBuf on T,
(v) Bu(f Bug) = (Buf)B,(Bug) on TT.

Now, for @« € R and f € P(T,R), we define the “boxdot” multiplication
by
all, f:==aousf onT\{0}.

Lemma 3. (PT(T\{0},R),H,,0,) is a real vector space.
Lemma 4. If f,g € PT(TT,R) and o, 3 € R, then
(i) aQ, f € PH(TT,R),
(ii) ol (BL,f) = (aB) By f on TF,
(iii) 10, f=f on TT,
(iv) a0, (fBug) = (b, f) Bu(aHyug) on TT,
(v) (a+B) B f = (ab,f)B(BE.f) on TT.
Below, we define the function p, which plays the major role in this paper.

Definition 1. For f € P(T,R), we define
ps(t,s) :==eg/1(t,s) fors,te T,
and ps(0, s) := 0 provided that 0 € T with pu(0) > 0.

Table 3 illustrates the function p on some well-known time scales.

The following properties also follow from the properties of the exponential
function (see [1, Theorem 2.36]), and thus we omit most of the proofs. But
we first would like to present the following lemma.

Lemma 5. If f € PT(TT,R) and o € R, then

B
a®u§ _“ I”f

on T\{0}.
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Table 3: The function p on some time scales. Here, it is assumed that t > s
and z € RY (note that if € Ry, then p,(t,s) is well-defined) and T is the

usual Gamma, function.

Tg = [0,00)T pl’(ta S)a ((E € R+)
=y (L)
T(t/h + )T (s/h)
o, (h>0) T(t/I)T(s/h + )
¢, (q>1) (é)logquﬂ(qil))

Proof. Let t € TT. Then we find by using the definition that

t . 1 t «@ 1 . t r\ o
1, (50 2) -, () )
1

:1 lim 1((1 + f(t)r)a — 1) = (a e f(t))v

t ros D T

t

which completes the proof. O
Lemma 6. If f,g € PT(TT,R), « € R and r,s,t € TT, then

(i) po(t,s) =1 and ps(t,t) =1,

(i) pG(t,s) = (1 + fu/Dps(t, s),

s, t

(t,s)

(iii) ps(s,t) =1/pr(t,s) =pm,s(t, ),
(iv) ps(t,s)ps(s,r) = ps(t,7),

(v) s(t, s)pg(t,s) = pram,q(t:s),

(vi) py(t, s)/pg(t,s) =DsB,q(t:s),
(vii) (ps(t;5)" = Pap,s(t,s)

Proof. We shall only prove the part (vii) since the rest of the items follow by
using similar arguments. Let f € PT(T*,R), « € R and s,t € TT. Then by
[2, Theorem 2.44] and Lemma 5, we have

(pr(t.5))" = (e7/1(t:5)" = €aw, (/0 (t:5) = e(am, /1t 5) = Pam, s (£, 5).
This completes the proof. O

Remark 1. In particular, if f € P(T,R) and s,t € T, then pra,1(t,s) =
e(r-1)/o(t; 8).
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Remark 2. If f € C4(T,R{), then ps(t,s) > 0 for s,t € T+ since f/I €
RT(TH,R) (see [1, Theorem 2.44(i)]).

We need the following properties of the function p in the sequel.

Theorem 1. Let x € R, 0 € T and s € T*. Then the following properties
hold.

(i) lim; .o+ py(t,s) = 0 provided that 1(0) = 0.

(ii) pz(-,8) is of exponential order for any positive number on Tg :=
[0, 00)T provided that sup T = oo, i.e.

tl'ggo(pm(t, s)ea,a(t,0)) =0  for any o € RY. (3)

Proof. (i) We shall first show that the limit exists. Clearly, p2(t,s) =
(z/t)pz(t,s) > 0 for all ¢ € TT, which implies that p,(-,s) is increasing
on TT. Thus, s := lim,_,g+ px(, s) exists and satisfies £; € [0,1)g by Lem-
ma 6 (i). To prove 5 = 0, assume the contrary that ¢; € (0,1)g. Then,
p2(t,s) > aly/t for all t € (0,s]y. We estimate by [3, Theorem 5.1] for all
t € (0, s]t that

S 51
1~ pa(t,s) = / P2 (1, 5) A > at, / L
t t

>l /ts %dn =l ln(g),

which yields a contradiction by letting ¢ — 07 since the right-hand diverges
but the right-hand side is (1 — ¢), which is finite. This contradiction proves
that £, = 0.

(ii) As T is unbounded above, for every fixed o« € RT, we may find r, €
[s,00)T such that 2/t < « for all ¢ € [ry, 00)r. Therefore, we have

0 < pa(t, S) = pz(rm 3)pm(tara) < pa(ra, 8>ea(t7 Ta) (4)

for all ¢ € [ry,00)7. Since py(-,s) € Cq(T+,RY) and limy o+ ps(t,8) = 0
provided that u(0) = 0 by the part (i), we may find M, € RT such that
Pz (t,8) < M, for all ¢t € [0,74]r (see [1, Theorem 1.65]). Therefore, from (4),
we have

0 < pu(t,s) < Koeq(t,0) forallt e T,

where K, := max{Ma,Ps(Ta;5)}es,a(ra,0), and (3) is a consequence of [4,
Lemma 4.4].

Thus, the proof is completed. O

The following property shows that the function p; is a first-order polyno-
mial in the usual sense.
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Lemma 7. Ifs €T, then

era p(t,s) = JJ:EZ)) forallteT

for any f € CL (T, R) with f2/f € R(T,R) provided that f does not vanish
on [s,t)r.

Proof. The proof follows directly by showing that the function y = f/f(s)
solves the initial value problem

N A
y=> = —y on [s,t|}
7 [s, )%
y(s) = 1.
O
Corollary 1. If s € T*, then
t
pi(t,s) = 5 for all t € TT.
Proof. The proof follows by letting f =1 in Lemma 7. O

Below, we show that the derivative and the integral of the function p
satisfy properties which we are familiar from the continuous case.

Theorem 2. If x € RT, then
(i) pzA(t, s) = (x/s)ngul(t, s) for allt € ']I‘g, where s € TT,

(i) péux(t, s) = —(z/s)p] (£, )G, (um,1)(t;8) for all t € T+, where s €
T+7 F F

) fst pzaul(n,r)An = (r/x)(pa(t,r) — Pa(s,7)) for all s,t € T, where
retTT,

(iv) L7 mPG, 1) (1 7)AD = (5/2)(PB,2(s,7) — Pa,a(t1)) for all
s, t e ']Ta', where r € TT.

Proof. (i) Using Definition 1, Lemma 6 (iv) and Theorem 1, for all ¢t € T,
we have

T 1

X xr
pzA(ta S) = ef/l(ta 5) = Epr(t» S) = )pr(t’ S) = gmeu,l(tv 8)'

spit,s
(ii) We can easily compute by using the part (i) of the proof that

<1>A _ o pRhs) oz Pagalts)
Pz (t7 S) Pz (t, S)pg(l‘:7 S) S Pz (t’ S)pg(t7 5)
x 1

S P1 (ta S)pg(t, S)

A
pE,Lm(t? 5) =
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for all t € TT. Applying now Lemma 6 (iii)—(v) and making some arrange-
ments, for all t € T, we get

x pi(tt) z_pi(Lt) x 1

A ) o
p t,s) =—— =—— = —"pI(t,t) ———
Bl = o opg ) st s e )

X
=- gpcf(t, PG, o, 1)t 5)-

(iii) We will use the conclusion of the part (i). For all s,¢ € T, we have

t r t A r n=t
/ Pe8,1(1n,7)An 25/ Pz (1,7)An = —po(1,7)

22 (pgﬂ(t7 r) — pa(s, r))

(iv) The proof of the part (iv) can be given similar to that of the part (iii),
thus we omit it here.

The proof is therefore completed. O

The following lemma plays an important role in proving asymptotic prop-
erties of the Gamma function.

Lemma 8. If s,t € Tt with t > s, then

lim Lc(t’s) =00

T—00 T

Proof. As x — oo, we may suppose that x € R*. For k € N, we define
fmyl(n,s)

An for s,t € T and z € RT.
)

mk(t,s) :=

where m0(¢,s) := 1. Then, as in the proof [4, Theorem 7.1], for k € N, we

have
d* k +
@ez(t, s) =m;(t,s)ey(t,s) >0 forall zeR",
which implies that the functions e.(t,s) and €/(¢,s) are positive increasing
and convex on R* and thus, lim, . e, (¢, s) = oo and lim,_, . €., (t, s) = oco.
Therefore, we see that
ex(t, s)

. . /
lim "~ = lim e, (t,s) = oo,
T—00 €T T—00

where we have applied the usual L’Hopital’s rule in the last step. By Def-
inition 1, we have the inequality p.(t,s) > e,/ (t,s) for all z € R¥, which
completes the proof. O
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3 The Gamma operator

In this section, we give our definitions and lemmas to prove the main results
stated in the sequel. Throughout the paper, we shall assume that 0 € T and
sup T = oo.

As we have mentioned previously, we shall define the generalized Gamma
function by means of the generalized Laplace transform on time scales. The
definition of the Laplace transform of a function f € C 4(Tg,R) is given by

)@ = [ 06,0008 for 2 € (0,00,

where o € R is the exponential order of the function f (see [4, Definition 4.1]).
Now, we are ready to introduce the definition of the generalized Gamma
function.

Definition 2 (The Gamma operator). For f € PH(T{,RT) and s € TT, we
define the generalized Gamma function centered at s by

Ir(f;s) := Lo{psz,a (- 9) 1),
or explicitly .
La(fis) = [ prmaa (), (0.0)A
provided that the improper inteogml exists.

Remark 3. In view of Remark 1, the generalized Gamma function can be
rewritten as

Tr(f;s) :/ e(f-1)/0(n,8)eg 1(n,0)An for f € P(Td,RT),
0

where s € Tt is fixed.

Table 4 illustrates the generalized Gamma function on some well-known
time scales.

Figure 1 shows the plot of graphic of I'r(+;1) on particular cases of the
time scales given in Table 4.

3.1 Convergence of the Gamma function

Out first result is on the convergence of the Gamma function.
Theorem 3. If s € T, then I'r(x;s) converges for any x € RT.
Proof. Using Theorem 1 (i), Theorem 2 (iii) and [1, Theorem 3.87], we get
s
Ir(z;s) =Lr{p.g,1(-5)}(1) = Eﬁnr{pf(',S)}(l)
s
== (Lr{pa (5 9)H1) = lim pa(t,s))
2 (Lo{pa(9)}(1) = lim pa(t,s)

== Lo{pa(-,8)}(1): (5)
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Table 4: The generalized Gamma function on some particular time scales.

T Cr(x;s), (x € RT)
R} fo() e
00 n—1 C+x 1
hNo, (h > 0) hZ(CHS/hC—f—l)(h—i—l)nH
— (q —1)s 1 +(g— 1= )
7*, (¢>1) (14 (g o) W_Z:oo H":_oo (14 (¢g—1)q¢°)

Figure 1: The solid curve belongs to graph of T = R with s = 1, and the
dashed curve belongs to the graph of T = hNy with A = 1,5 = 1, while the
dotted curve belongs to the graph of T = ¢Z with ¢ = 2,5 = 1.

/
/

As ps (-, s) is of exponential for order any positive number, we deduce from [4,
Theorem 5.2] that L1{p (-, s)}(1) is finite (because of 1 > 0). This completes
the proof. O

3.2 Asymptotic properties of the Gamma function

Theorem 4. If s € T, then lim,_ g+ I't(z;8) = co.

Proof. Clearly, eg,1(-,0) is positive and strictly decreasing on Tg. On the
other hand, by Lemma 6 (vi) and Remark 2, we have

pz(t, )
pi(t, s)

Pa,1(t,8) = >0 forallteT].

By using the definition of the Gamma function, Theorem 1 (i) and Theo-
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rem 2 (iii), we get

S

FT(m; S) Z/ Pm5u1(777 5>eaeu1(7770)A77 > 69“1(8,0)/ p:cE“l(na S)Aﬁ
0 0

s s
2566,11(‘9’ O) (pfb(sa 5) - pr(ov 5)) = 566”1(& O)
for all x € RT, which yields the desired result by letting = — 0F. O

Theorem 5. If s € T, then limy_, o I'r(7;5) = oco.

Proof. Let t € T with ¢ > s. For all z € R*, we have

t t
F’H‘(Z‘; S) > / pwE‘Ll(na 3)6‘%“1(77; O)AU > eeul(sa 0)/ pa:Elul(Th S)AU
Using Theorem 2 (iii), we get
s
Dr(x;s) > ;e@ul(s’ 0) (pm(t, s) — 1)

for all z € R*. Now, letting £ — oo and using Lemma 8, we see that the
claim is true. O

3.3 Functional properties of the Gamma function
Theorem 6. If s € Tt, then I'r(1;s) = 1.
Proof. We get

Pe(ti9) = [ pra(ns)eZ, (. 00an = [ 2 (0,0)A
0
0 n—00
Z—eeﬂ(??’o)’ =1,
n=0

where we have applied [4, Theorem 3.4(iii)] in the last step to complete the
proof. O

Next, we give another result emphasizing an important property of the
generalized Gamma function which we are familiar from the continuous case.

Theorem 7. If s € T, then
Ir(z B, 1;s) = %FT(;&; s) forallz € RT.
Proof. Using (5) and Lemma 6 (v),(vi), we get
Pr(e:s) =~ Lo{pa(, 9}V = = Lr{pes, 08,1 (-5} (1)
:EFT(J: H,1;s).

The proof is completed. O
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Remark 4. The conclusion of Theorem 7 can be rearranged to obtain
I‘T<? +1; s) = gI‘qy(gc; s) forallz € RT,
S

where s € T is fixed. Note that for T = R, we have 0 =1, for T = Z, we
have 0 = I+1, and for T = ¢ with ¢ > 1, we have 0 = ¢I. For T = R and
T = ¢%, the quantity /I is a constant, we therefore get a “nice” recursion
formula.

3.4 An inequality related to the Gamma function

The following result can be regarded as the generalization of the well-known
logarithmic convexity of the usual Gamma function.

Theorem 8 (Logarithmic convexity). If s € TT, then

log (FT (CEREACE y)s)) < < log(T's(i5) + 5 1og(Ta ()

for all z,y € R* and all o, 8 € (1,00)r with 1/a+1/8 = 1.

Proof. We can compute that
I'r ((i L, x) B, (% L, y);s>
/OOO P((a~10,2)B, (8-10,y)8,1(1: $)eg ,1(n,0)An
— [ P2, 903 10,0 510,109, 1010 A
- " (0am:9)) " (0 1, 9) YDz, (0, 8)eZ, 1 (7, 0) A
= / " (Da (19062, 1 (1,0)) 7 Dy (151, 1 (1,0)) 2 A,

which yields by an application of the Holder’s inequality [1, Theorem 6.13]
that

Iy <<; O, x) H, (% Gy y);s> < </000 Pe8,1(7, S)egul(momﬁ
g (/ooo Pyg, (1, 8)eZ, 1 (1, O)An>
~(rstez) " (et )

Finally, taking the logarithm of both sides we get the desired inequality. [

1/«

1/8
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3.5 Extension of the Gamma function

Motivated by the definition of the usual Gamma function and the functional
relation proved in Theorem 7, we conclude the section with an extended
definition of the generalized Gamma function.

Definition 3 (Extension of the Gamma function). For x € R and s € TT,
we extend the definition of the generalized Gamma function by setting

Ir(x;s) := zfr(x H,.1;s)

provided that T'r(x B,1;s) is computable.

4 The Bracket numbers and the Factorial op-
erator

In this section, we introduce the factorial operator on time scales.
Definition 4. We define the bracket number operator [t : Ng — C,4(T+,R)
by
0, n=>0
[n]r =
[TL — 1]11‘ E/Ll, n €N,

and the bracket factorial operator [-Jr!: Ny — C_4(TT,R) by

1, n=2>0
=0

[n)z! [Ti*r, neN.
k=1

Table 5 illustrates the bracket number operators on some well-known time
scales.

Table 5: The bracket numbers on some particular time scales. For the con-
tinuous and the quantum cases, the bracket numbers are constant functions.

T [n]r, (n € N) [n]r!, (n € N)
Ry n n!
hNo, (h > 0) 2((?“)”—1) (;)nlﬁ<(?+1)k—1)
7. (a>1) = P | ()
k=1
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Remark 5. It is not hard to see that

[n]r =[n— 1]?% +1 forallm € Non TT.

Table 5 suggests us the conclusion of the following lemma.
Lemma 9. Ifn € N, then
7”nﬂk—1 7”Jk—1
= () et = 32()
k=1 k=1
are alternative forms of the bracket operator [-]y on TT.

Proof. We proceed by mathematical induction to prove the first equality. It
is obvious that the claim is true for n = 1. Suppose now that the claim is
true for some n € N, then we have

(n+ 1] =[n)r B,1 = <é<2)(’1‘)“> /1

3 ()
DRSS N O
)

Il Il
= il3=
7/ N N
o> 3 > 3
N N
— S ~

=
Il
—

S =
+ I
T

S L
S0 (e

(o

on Tt hence the claim is also true when n is replaced by (n + 1). This
completes the proof of the first part. The proof of the latter equality makes
use of mathematical induction and the conclusion of Remark 5, and we omit
it here. O

k

Il
—

Theorem 9. Let n € N, and assume that [k]r is a constant function on T™
for all k € [1,n]y. Then

[n— 1]’]1‘!

r([n]r;s) = Epr——

where s € TT.
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Proof. We will give the proof by using mathematical induction again. The
claim is true for n = 1 since [1jr = 1 and [0]7! is assumed to be 1. We
suppose that the claim is true for some n € N, and then by using Theorem 7
and Definition 4, we get

]

Lr([n+11;s) =Lp([n]r Bu1;s) = TTF’JI‘([TL]T; s)
7@ [TL — 1]']1" _ [’n]jr'

which shows that the claim is true for (n 4 1) too. The proof is therefore
completed. O

Remark 6. As an immediate consequence of Lemma 9, we see that the
assumptions of Theorem 9 hold for T =R and T = ¢% with ¢ > 1.

Acknowledgements

The authors would like to thank all referees for their constructive comments
that led to an improvement of the presentation of our manuscript.

References
[1] M. Bohner and A. Peterson, Dynamic Equations on Time Scales. An Introduction
with Applications, Birkh&user Boston, Inc., Boston, 2001.

[2] M. Bohner and A. Peterson, Advances in Dynamic Equations on Time Scales,
Birkhauser Boston, Inc., Boston, 2003.

[3] M. Bohner and G. Sh. Guseinov, Improper integrals on time scales, Dynam. Systems
Appl. 12 (2003), no. 1-2, 45-65.

[4] M. Bohner, G. Sh. Guseinov, and B. Karpuz, Properties of the Laplace transform on
time scales with arbitrary graininess, Integral Transforms Spec. Funct. 22 (2011),
no. 11, 785-800.

[6] V. Kac and P. Cheung, Quantum Calculus, Universitext, Springer, 2001.

[6] J.L. Schiff. The Laplace Transform. Theory and Applications, Springer-Verlag, New
York, 1999.

Received January 2013; revised May 2013.

http://monotone.uwaterloo.ca/~journal/



