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Abstract: Although many applications of fractional calculus have been reported in literature, mod-
eling the physical world using this technique is still a challenge. One of the main difficulties in
solving this problem is that the long memory property is necessary, whereas the infinite memory
is undesirable. To address this challenge, a new type of nabla fractional calculus with a weight
function is formulated, which combines the benefits of nabla fractional calculus and its tempered
counterpart, making it highly valuable for modeling practical systems. However, many properties
of this calculus are still unclear and need to be discovered. Therefore, this paper gives particular
emphasis to the topic, developing some remarkable properties, i.e., the equivalence relation, the nabla
Taylor formula, and the nabla Laplace transform of such nabla tempered fractional calculus. All the
developed properties greatly enrich the mathematical theory of nabla tempered fractional calculus
and provide high value and potential for further applications.

Keywords: nabla discrete time; tempered fractional calculus; nabla Taylor series; nabla Laplace
transform

1. Introduction

Fractional calculus has become an important tool in various fields of science and
engineering due to its ability to describe and analyze complex systems with the long
memory property [1-3]. However, the long memory property of fractional calculus also
poses many challenges in modeling some special objects because the length of memory
is increasing and unbounded as time goes on. To overcome these difficulties, the concept
of tempered fractional calculus has been introduced in recent decades [4,5]. Tempered
fractional calculus involves an extra weight function, which allows for the control of the
memory length. With special selection of weight function, this has led to new insights,
inspirations, and developments in the field of fractional calculus, as it provides a way
to accurately model complex systems with adjustable memory. These advantages have
motivated many researchers to explore the subject of tempered fractional calculus, leading
to significant progress in the field in recent years [6-8]. Tempered fractional calculus has
become a hot topic in fractional order fields. Its potential applications are vast and expected
to continue growing in the future.

Fernandez et al. performed some detailed analysis of the mathematical underpinnings
of tempered fractional calculus. For example, they demonstrated some special functions
that have an intrinsic connection to tempered fractional calculus and derived the related
Taylor’s theorem, integral inequalities [9]. In a recent work [10], Fernandez et al. considered
an increasing weight function, promoted the conjugation relations, and developed the
Laplace transform. In addition, the tempered fractional calculus with respect to function
was discussed preliminarily. Reference [11] concerned the tempered fractional calculus
with respect to function, dealt with some analytical properties of such calculus, and also
developed some properties for such fractional differential equations involving existence,
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uniqueness, data dependency, and stability. Gu et al. proposed a class of tempered fractional
neural networks and developed the stability conditions involving the attractivity and the
Mittag—Leffler stability [12]. Ortigueira et al. made a brief of substantial, tempered, shifted
fractional derivatives and explored the relationship between these derivatives in a unified
framework [13]. The numerical computation problem of tempered fractional differential
equation was discussed in [14-16].

Compared with the continuous time tempered fractional calculus, the research in
the discrete time case is just in its infancy and only a few studies has been reported.
Abdeljawada et al. introduced definitions of delta tempered fractional calculus, investigated
its memory effect, and applied it to image processing [17]. Fu et al. extended the time scale Z
to hZ, defined both the delta/nabla tempered fractional calculus, and derived the solution of
anonlinear system [18]. Ferreira generalized the exponential weight function to the nonzero
case and discussed its application in entropy analysis [19]. With the developed nabla
tempered fractional calculus, the authors defined the tempered Mittag-Leffler stability and
derived the fractional difference inequality, the comparison principle, and the Lyapunov
criteria [20]. Due to the existence of weight functions in tempered fractional calculus, such
calculus has some essential characteristics different from the classical fractional counterpart,
which are far from clarifying.

Although the study on discrete time tempered fractional calculus is still insufficient,
a proliferation of results reported on discrete time fractional calculus [21-25] could give
us much helpful inspiration. The basic arithmetic and equivalence relations of fractional
difference and fractional sum were discussed in [21-23]. The continuity on the order of
fractional difference was studied in [21,23,26]. However, the Griinwald-Letnikov difference
is not equivalent to the classical integer order case when the order is assumed to be an
integer, which means that the existing results need extra conditions. The nabla Taylor
series was first investigated systematically in [26], although some of the existing results
require quite strict conditions and the nabla Taylor formula expanded at the current time
was not discussed enough. A brief review was made on the nabla Laplace transform [27],
and some interesting properties still could be built with the existing results. Bearing these
in mind, the primary objective of this study is to establish some analytical properties
of nabla tempered fractional calculus. In particular, some similar properties, such as
the semigroup property and the limit property, will be checked under three well-known
definitions. The nabla Taylor series, the nabla Taylor formula, and the Leibniz rule will
be built for nabla tempered fractional calculus. The Laplace transform and its application
on difference transfer property will be discussed for the suggested calculus. However, it
is not easy to complete this task, as the introduction of the weight function brings some
unexpected difficulty and damages some accustomed properties.

The remainder of this paper is summarized as follows. In Section 2, the basic concept
and properties of nabla tempered fractional calculus are presented. In Section 3, many
foundational properties are developed for such fractional calculus. In Section 4, a simulation
study is performed to illustrate the validity of the developed results. In Section 5, some
concluding remarks are provided to end this paper.

2. Preliminaries

In this section, the definitions and properties for nabla tempered fractional calculus
are introduced.

Definition 1. ([22] Definition 2.1) For x : Ny1_,, — R, its nth nabla difference is defined by
Vx(k) == To(=1) () x (k= i), M

wheren €Z+,k€Na+1 = {a+11a+2,...},a€R, (s) = %isthegenemlized

binomial coefficient and T'(-) is the Gamma function.



Fractal Fract. 2023, 7, 330

30f26

Definition 2. ([22] Definition 3.1) For x : N;11 — R, its ath Griinwald—Letnikov difference/sum
is defined by ‘
SVix(k) = T (D () ak i), )

wherea € R, k€ Nyyjanda € R.

When & > 0, $V¥x(k) represents the difference operation. When a < 0, $V¥x(k)
represents the sum operation including the fractional order case and the integer order case.
Specially, $V9x(k) = x(k). Even though « = n € Z, $Vix(k) # V"x(k) for all k € Ny .

Defining the rising function p7 := 1"(1!27;:)11)’ pE€Z4,q€ R, byapplying I'()I'(1—6) =
ﬁ, 6 € R and replace the summing order, it follows that

G k—a—1 i T(ta) i
avfé x(k) = Yico ;o (= )ZW(f:a_i)x(k—l)
= T g ek — )

T(i+1)I(—a)
—a— i —a—1 . (3)
=Yg (4;(11“) x(k —1)
k—i+1)~%1
Z:ic:aJrl ( I’?fl?x) x( )’

which will play a key role in subsequent analysis.

Definition 3. ([22] Definitions 3.4 and 3.5) For x : Nyy1_,, = R, its ath Riemann—Liouville
fractional difference and Caputo fractional difference are defined by

RVEx(k) :== V'SV " x(k), (4)

CVeEx(k) :==$VET"Vx(k), 5)

respectively, where w € (n —1,n),n € Zy, k € Nyyqanda € R.
On this basis, the following properties hold.

Lemmal. [23,28] Foranyx : Ny 1y > R a e (n—1,n), k€ Ny, n € Z,,a € R, one has

RVREVtx(k) = SVESV x (k) = x(k), ©6)
SV RVEx(k) = x(k) — Do ST B (b)), 7)
CVLACVEx(k) = x(K) — 20 S [V (k) ®)

With the well defined fractional difference and fractional sum, the concept of nabla
fractional calculus can be developed by introducing the weight function w : N,1 — R\ {0}.

Definition 4. ([19] Definition 2.4) For x : N,11 — R, its ath Griinwald—Letnikov tempered
difference/sum is defined by

SV Yx(k) = @ (FVEf(k)x(K)], ©)
wherea € R,k € Nyyq,a € Rand w: N, 1 — R\{0}.

Definition 5. ([19] Definition 2.9) The nth nabla tempered difference, the ath Riemann—Liouville
tempered fractional difference, and Caputo tempered fractional difference of x : Nyiq1—, — R can be
defined by

VreE x(k) := w1 (k) V" [w(k)x(k)], (10)
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Ry&©® ¢ (k) 1= w1 (k)RVE [w(k)x(k)], (11)

Cv B (k) = w (k) VEw(k)x(k)), (12)

respectively, wherex € (n —1,n),n € Zy,k € Nyyq,a € Rand w: N, y1 — R\{0}.

On this basis, the following relationships hold

I;VZ,W(k)x(k> _ Vn,w(k)gGvZ*n,ZU(k)x(kL (13)
acvz,w(k)x(k) _ g;vzfn,w(k)vn,w(k)x(k)_ (14)

The equivalent condition of w : N, 1 — R\ {0} is finite nonzero. In this work, when
w(k) = (1 —A)k%, A € R\{1}, the operations V”'w(k)x(k),acv;f’w(k)x(k), Evz’w(k)x(k),
HCV,'f’w(k)x(k) could be abbreviated as v”fo(k),ang'Ax(k), Evz'Ax(k), aCV]"{")‘x(k), respec-
tively. Notably, this special case is still different from the one in [19], i.e., w(k) = (1 — A)X.
The adopted one facilitates the use and analysis. Compared to existing results, the tempered
function w(k) is no longer limited to the exponential function, which makes this work more
general and practical.

By using the linearity, the following lemmas can be derived immediately, which is
simple while useful for understanding such fractional calculus. Therefore, the proof is
omitted here.

Lemma 2. Foranyx : Ny 2= Rne€Zy,a e R, w:Nypp — R\{0},a € (n—1,n),
k € Nyi1, p € R\{0}, one has

Vn,w(k)x(k) vnpw(k (k),
PV ) = SV ),
G W (k) = Gvk‘“’“’ Jx(k),
Ry 2@y (k) = Ry Wy (),
Cvte® (k) = Cv“ W) 2 (k).
Note that Lemma 2 is indeed the scale invariance. When p = —1, the sign of w(k)

is just reversed to pw(k). From this, one is ready to claim that if a property on tempered
calculus holds for w(k) > 0, it also holds for w(k) < 0.

Lemma3. Foranyx:Ny1 , >R ne€Zy,aeRac(n—1n),pc(m—1,m),mecZy,
m<mn w:Ny 3 — R\{0}, k€ N,y1,a€R,onehas

g{vn ﬁ,w(k)acvﬁ,w(k)x(k) — V"/w(k)x(k),
i PRBRG PRy (o) = Gy (),

Lemma 3 gives the semigroup properties for different tempered differences, which
can be adopted to simplify the nabla tempered fractional difference equations.

3. Main Results

In this section, a series of nice properties will be nicely developed on the nabla
tempered fractional calculus.
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3.1. The Basic Relationship

In this part, the relationship between tempered nabla fractional difference/sum will
be discussed.

Theorem 1. Foranyx : Ny, >R ae(n—1,n),n€Zi, k€N, aeR w: Ny —
R\{0}, one has

Roy“ W (k) = $vp W (k), (15)

Ryp Ok = SV (k) + o S Gie® k), (16)

Gy 0 E (k) = wra®Gy oo (g (17)

Proof of Theorem 1. Taking first order difference with regard to k, one has V (l;zéﬁgﬁ =

(k% B € R\Z; and VZ;‘ a1 fU ) = Z —as1 Vf(j, k) + f(k,k — 1), which coin-
cides with [23] (Theorems 3.57 and 3.41). Lettmg z(k) := w(k)x(k) and applying the
aforementioned equations, one has

BV () 2w (R VEz(K)

@ l(k)anvtx k)

2w )V Ty L)

= w (V" 1[2 o VL2 () + G2 (0)]

= w (VT S () + o () G V2 (k)

=0V o VI 22 () + w0 () 1y V22 (k)
+w™ 1(k)g? V” 1z(k)
w0 () X4 %zmw-l( ) i Vi (k)

D evr O + £y rf’ainvi'w(k’x(k)'

which 1mp11es Equation (15) because of (17 =0, 8 € R\Z; and the finite V"*®)x(k),

p)
1—01 1k€Na+1

Taking the first order difference with regard to j, one has V (]((/3 J]r)l) = (k_];(r;))ﬁj,
,8 € R\Z,. By applying the formula of summation by parts in [23] (Theorem 3.39),
e T an V F(1N8G) = [FDZ, = T g1 f(i = 1)V8(), it follows
SV W) € @l (1§ Ez(K)
2w () T S 20)
= —w l(k)Z a+1V Z(])
= w0 (k) 5 2 (a) <k> () + w0 () £y S 2 ())
= —w (), Vi <>+w*1< ) "(l% 2(a) = 0 (K) =gy 2(K)
= () T “r{“iﬂ 2(j) + w7 () Do L [V (6]
—w (k) 2 e Yz ()

i=0 T(i—at+l)

(12) coa,w(k) 1 (k=a)— w(
a Vi (k) + Z?Orzawrl)w(a

_ E?z_ol F(zOIaj-l)vl Jw(k) x(k).

[V (k) Jka
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The result in Equation (16) follows immediately by combining the above two equations.
Utilizing [28] (Theorem 4), one has

£V () 2w (F T (k)
= w 1 (k)V"$V, " z(k)
= w’l(k)V”w(k)w LSV "w(k)x (k)
(10) v w(k)g;karxfn,w(k)x(k)’

which is just (17). The proof is completed. [

Theorem 1 presents the basic relation between different fractional differences. Note
that the finite value assumption on Vi) x(k) is not necessary for Equation (16). When
w(k) = 1, the tempered case in Theorem 1 reduces to the classical case ([28] Theorem 4,
[26] Theorem 3). Equations (15) and (16) develop the relation between three well-known
differences. Equation (17) implies that the tempered Griinwald-Letnikov sum can be
described in the form of the tempered Riemann-Liouville difference. Notably, the condition
of w(k) # 0 is very common, and it can be positive or negative, for example, w(k) =
sin(kt —am + ),k € Nypq.

Theorem 2. Foranya € (n—1,n),n € Zy, w: Ny — R\{0}, k € N, 11, a € R, one has

aGVZ,w(k)anI;a,w(k)x(k) :Evz,w(k)acvl:a,w(k)x(k) _ ﬂcvz,w(k)acvl:a,w(k)x(k) _ x(k), (18)

$v, ORGE B () = x(k) - Dio) S 2 R O (), (19)

§v, OO () = x(k) - D S U VR0 x (k). (20)

Proof of Theorem 2. Using [28] (Corollary 1), one has

FVIET () = 0 (VI fw(k)x(K)]
= w (k) Vi [w(k)x (k)]

w ! (k)w(k)x (k)
= x(k).
From Lemma 1 and [28] (Theorem 2), one has

Evz,w(k)acv];a,w(k)x(k) _ vn,w(k)anafn,w(k)ankflx,w(k)x(k)
= w () V"g Vi "E Y w(k)x (k)]
= w () VgV, " [w(k)x (k)]
= x(k).

Similarly, by using Lemma 1 and [28] (Theorem 4), it follows that

gvz,w(k)acvk—ﬂt,w(k)x(k) _ HGVIU:—",W(HVn,w(k)ﬂGvk—“rw(k)x(k)
w (k) SVETVEV  [w(k)x (k)]
wfi(k)gvgfnacvzw[w(k)x(k)]

w (k) Vi [w(k)x (k)]

x(k).

Combining the two mentioned equations yields Equation (18).
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Assuming z(k) := w(k)x(k), con51der1ng the first order difference with regard to j,
and using T, VF(1)g(j) = [F(Ng ()" — Ty 1 £ — 1)Vg(j), it follows that

Gvk L w(k)Rv“ w(k) (k)

a

~w 1<k>Gvk "Rz (k)
w0 () Ty SR ())

= W () By S VRV 2(j)

= w1 (k) (k J"‘ lezx 1 (])];‘:l;—w 1(k)2 a+1v(kr83 1szx 1 2(j)

=w 1<k>%“RV“ L2(k) — w0 () S (R () e
o (]) Dy A VRV 22()

= w (k)L 01 O TIRYE 2 (k) —w (R ST RV ()],
+o (k) T %RW "2(j)

Yt f)EV“ (k) — pig S S R O (k)

+w 1( )Gvn anzx nz(k)
_p\a—i—1 a—i—1w
= & (S VP2 (k) - zyzg%%wv 0 2 (0) ke

which implies Equation (19).
For the Caputo case, one has

$v, O Px (k) = w (S *CVEz(K)
- w 1(k)GV szva n\yny (k)
= w‘l(k)gvk_”V”z(k)
= w L (k)z(k) — w (O S ViR,
10 — a 1
(19) x(k) — 2?201 ngkg (k—a)i v w(k)x( )]k:a’

which leads to Equation (20). All of these complete the proof. [

Theorem 2 gives the relation between tempered fractional difference and tempered
fractional sum, which can be the generalization of [26] (Corollary 5). These properties can
be adopted to derive the equivalent description of a nabla tempered fractional order system
and calculate the solution.

By recalling Equation (20) and its derivation process, one has

x(k) = T Lol B 0w ®) () g + Ty g LR 20 )
_ Zn 1 (k a) w ;[Vz w(k) (k)]k:ﬂ"_zé'(:wrl (kfjrzi))n— %V"’w(j)x(]'),

which can be regarded as the nabla Taylor expansion of x(k) at k = a with summation
reminder. The summation might be the fractional order case SV; “’w(k)ﬂCVZ’w(k)x(k) or the

integer order case $V, " wk )V”'w(k)x(k).
In the same way, for any m € Zy, m < a, one has

_ _g\i—m . —7 a—m—1 w(j wa,w(k .
v ®x(k) = i G w1V e ket Do SR s V0.

From the definition, one can derive that

my@ki) y(k— i), k< a+n,

nw Lo (CD'(F)
Gy (k)x k) = k) (K + i=k 11( /) w(k)
a Vi x(k) (k) 0 k>atn,
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wheren € Zy, k € N;yq,a € R, and w(k) # 0. In other words, EVZ’w(k)x(k) is not always

identical to V**®) x(k). To explore more details, the limit of the fractional order case will
be discussed.

Theorem 3. For any x : Nyyg — R, a0 > 0,k € Nyyg, a € R, w @ Nypp — R\{0},
aGV,:’X’w(k)x(k) is continuous with respect to a and one has

lim SV, aao(k) x(k) = x(k).

a—0"

Proof of Theorem 3. By using Equations (6) and (9) and the formula of summation by
parts, it follows that

SV W) = w7 (k) T Hyﬁméwmuﬂ
— wir 25 o Vi@ (i)x(7)
)
)

(k . . - k—j)® =k
= %k ]Hﬂfﬁg%vmunon—w1qnﬂggwwxmﬂw
(k 1)« . . k—a)« a
= (k) By S VIRG)x()] + Hiry e x(a),
Since U;{i ﬁf is continuous with respect to a for any j € N ny HGV;“’w(k)x(k) is also

Uf—?iﬁga = 1, taking the limit for both sides of the above

continuous. Due to the fact of lim
a—0

equation, one has

—a,w(k
lim $V, (k) = w71 (k) T g V()x()] + S x(a) = x(k).
The proof is thus done. O

In a similar way, the following corollary can be developed.

Corollary 1. Forany x : Noyg — R, a € (0,1), k € Nyyq, 2 € R, w : Npyg — R\{0},
aGVZ’w(k)x(k) is continuous with respect to a and one has

lim SV&“® x (k) = x(k).

a—0"

Theorem 4. Foranyx : Nyp 1y > R aeR neZi,a € (n—1,n), w: Ny — R\{0},

aCVZ’w(k)x(k) and {,{Vi’w(k)x(k), k € N,iq are continuous with respect to a, and the following
limits hold:

lim VW x(k) = 7o x(k), (21)

Jim GOk + G 9Okl = VW x(h), 22)
lim RV x(k) = ve®x k), (23)

lim 11;v,f'w<")x(k) = V1w (k). (24)

Proof of Theorem 4. Assume z(k) := w(k)x (k). The formula of summation by parts gives
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PV = @ V()
k 1)n—a n—a—1
= w (k)T HJL%%W—v"m
ey T )
(k n—u . k n—a
= wm]aHT%%jV“%m+w (k) o [V 2(K) ey
N h (k—j+1)n—eT ; di f ; k Lk . (k=a)®
ote that Tln—a) is continuous regarding a forany j € N, | k € Ny iq; Tn—atD)

a,w(k) ( )

is also continuous regarding « for any k € N,;. Therefore, aCV is also continuous.

Due to the continuity of % with respecttow, i = 0,1,- —1,Vk € Npy; and

a+1
the fact I;Vi'w( )x(k) = ,ZCVZ“’( x(k) + Yt (k—a)* w(a) [V”w( )x( )= u,avzw( ) x(k) is

zOI‘ztx+1) k)

continuous with respect to a.
Taking the limit for « — #n and using I'(—z) = oo, z € N, one has

. ,w(k . . .
lim SO x(k) = Tim w0 () T S 972 ()
. k n—uo
+ lim w0 (k) {0 (V2 (0) )y

_ k n—a
= w7l (k) Ty lim G g5

+w1mhm%#£%W”(ﬂa

= w05 QHV“1> w0 (k) [V"2 (k)=

I R S
w ()V2(8) = VRO,

For the case of « — n — 1, it follows that

lim SVF“Ox(k) = lim {w (k) T} A L e L v P

a—n—1" x—n—1 I(n—a)

- k . (k—j+1)n—a—T

= w (k) Yi—at1 D‘LUJLWV” z(j)
— W ()T, V()

M)V z(k) —w (k) [V z(K) k=
_ vn—l,w(k)x(k) _ %[vn—l,w(k)x(k)]k:m

which smoothly leads to (23).
For any k € N, 1, the following limit can be obtained:

(k—a)— w
Dlél_r)r,lqzz 0 Fz a+1

(@) (70 (8) x (k) |gmg = LI ekt

e 9) (i) x (k)] g = .

i=0 T(i—n+1)I'(k—a) w(k)

~—
oY

On this basis, one has the following equation for k € N, 1:

lim Rv”‘w( )x(k) — lim Cvf"w() (k) + hm Y 1 (k—a)— w(a) [Vzw(k)x( )k

a—n? a—nt =0 1"1 a+1) w(k)

= vre®) x(k).

Similarly, for any k € N, 1, it follows that
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. ) k . k n—a—1 I’l
lim Evgu“ )x(k): lim w~ ()Z a+1]&17)a)v z(j)

a—n—1 a—n—1
+ lim W™l (k) I ”m) (V20—
= w (k) g1 V2() + 0 (R [V 2(k) k=0

= w (k)V"1z(k)
= V”’Lw(k)x(k).

Equation (24) is proved. 0O

Theorem 4 can be viewed as the generalization of [29] (page 781) and [23] (Theo-
rem 3.63). Note that & € (n — 1, n), the adopted limit is the unilateral limit. When w(k) =1,
Equations (23) and (24) reduce to the traditional nabla case in [23] (Theorem 3.63). Using
Theorem 4, the range of « for aRVZ’w(k)x(k) can be extended as [n — 1, 7], and the range of «

for SV’ (k) x(k) should be (n —1,n].

Theorem 5. For x,x; : Nb | — R, i € Z, if {x;} converges uniformly to x, then for any & > 0,
kbeNy1,aeRw:Nyyp —Ryorw:Nyyp — R_, one has

lim $V, W (k) = 6v, W x (k). (25)

i—+oo

Proof of Theorem 5. Due to the given condition on uniform convergence, one obtains that
for any ¢ > 0, there exists N € Z, such that |x;(k) — x(k)| < ¢, foranyi > N, k € N?
a,w(k)

a+1-

Assuming w : Nyy1 — Ry, x:= m]?xank‘ 1 and € := ex, then for any i > N, one has

—a,w —o,w a1 . .
SV, i) = SV x| = Jwo (k) Ty S () k() — ()]
< w (k)L M% (i) = x(7)]
a1
< ew (k) T,y S —w())
< ek =g,

which implies Equation (25). By applying Lemma 2, it follows that Equation (25) still holds
forw:N;,;1 = R_. O

Theorem 5 is inspired by [30] (Theorem 4), which can be used to find the limit of

SV, a0(k) x;(k) as i — 400 and estimate the value of HGV;“’w(k)x(k). Different from the
previous theorems, w(k) in Theorem 5 is assumed to be finite positive or finite negative.

3.2. Nabla Taylor Formula

In this part, some properties regarding the nabla Taylor formula and the nabla Taylor
series of the nabla tempered fractional difference/sum will be developed. To this end,
a useful lemma is given first.

Lemma 4. ([23] Theorem 3.48) Forany x :N,_ g1 =R, a e R, Ke N, k € Nz, one has

1!

x() = 2K o S (Vi) iy + Ty ERE TR, (26)

which can be regarded as the nabla Taylor formula of x(k) expanded at the initial instant k = a.
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Theorem 6. Foranyx : N, x 1 >R, a e R, KeN,ne€ Zy, K>n w:N; . — R\{0},
k € Ny 1, one has

vre®x(k) = i, S W;[vffw%)x(k)]kza
+Z§c a+l( (K+ L)u %VKHJU(D?C(]')-

Foranyx:N, g 1 >R aeR KeN,a e R\Z;, w: N, — R\{0}, k € Nyyq, one

(27)

has

ST Ix(k) = iy s 1) i) (i),

k i+1 K—ua
+Zk a+1 F(Ié a)+1) w(())vKHw(]) x(j)-

(28)

Foranyx:N, g 1 >R aeR KeNae (n—1,n),necZy w: Ny — R\{0},
k € N,y1, one has

RV W) = £, £ QH)%[WW () k=

k—j+1)" "% w
+2;'(:u+1 (F(Iéftxll) w((i)) VR x(j).

(29)

Foranyx:N,_x 1 2R aeRKeNaen-1n,ne€Zsy K>nw: Ny, —
R\{0}, k € N, 11, one has

a,w(k) k—a) "
ucvk ( ) Ez n lg(l a+1) w%k [ 1w(k)x( )] (30)
k (k—j+1 .
X ngiuc?i—l)w((k)) vK“’w(’)ﬂf(l)-
Proof of Theorem 6. Letting z(k) := w(k)x(k), using Lemma 4, one has
z(k) = Tk (k) + Rk (k),
where T (K) i= T o U520 [Vi2(0)]1mq and Ri(K) 1= £ S5 VAH12() =
anI:(K+1)vK+1 z(k). ~
In the same way, Yf_, 1 Vf()$(7) = [f(Dg(D)1Zy = Lot f (i — 1) Vg()) leads to
V' Tk(k) = £ vn 2 (9200 e
=i ', - [Viz(K) ko
V”RK( ) Vi 1V2k ot MVK'H (])
AR ‘
. v lzk il V(kleKJrl () vnfl[%vKJrlz(])]j:k
K-1 K
— yn- 1Zk . k(1]<+11)) vK+1, (])+%VK+;1 z(k)
k K—n K+n—j
= z;;uﬂ%v“l 2(j) + T ey Vz(K)
k 1)K—n
= T o S VL),
Using the above equations, one has
vl (k) = w ! (k) V"2 (k)
— I 0 (DR
_ 1 K—n
= x, G " (i) x (k) + g ST U Gy ),

which confirms Equation (27).



Fractal Fract. 2023, 7, 330

12 of 26

In a similar way, one has

GO W) = w (k) FVE2(K)
=w 1(k)GV“TK(k> +w L (K)$ VR (k)
= 071 (k) K SVEEY (V2 ()i + 0 L (RS VEEV, KT VR (k)
= w (k) T, {7 i;{‘) [Viz(k)]imq + 0 () SV E wKH 5 (1)
k—a iw k—j+1)*% w(j w(i)
= o ey ST (o + Tl Sy S V200,
R ©x(k) = w (R VEz (k)
— w0 (KT T () + 0 (O VISV R (k)
= @ (V" TR g e (V2 (0 Jema + 0 () VGV IV 2 k)
= 0 (k) T S (V2 (0 + 0 (S VE KT ORHz(k)
k k—i+ 1)K w(j ; .
Tt im) S VOO + D Ty a VO (),
SV Fx(k) = w (k) Viz(k)
=wl(k )Gv"‘ ”V"TK(k)+w—1(k)Gv;—”v"RK(k)
= w RSV 2K, C (Vi) e
K—n
+w  (R)SVET M%VM 2(j)
w (k) LK, $va - L 19z (k)
+w L ()SVEnSy, K gK, (k)
1(k) Yo nr(kl ”f,?+f) [Viz(k)Jkmg + w1 (k)SVE KD wE+1 (k)
e i,w (k K= (i w(i .
= Tt ) [V O ) ea + T r(%gﬁnz((i))VK+l’ Wx(j).

All of these complete the proof. [

Typically, Theorem 6 provides the nabla Taylor formula of the nabla tempered frac-
tional difference/sum expanded at the initial instant, which can be regarded as the gen-
eralization of [26] (Corollary 1). Theorem 6 can be adopted to derive some properties of
nabla tempered fractional calculus and calculate the value for given function. For example,
Theorems 1-4 can be derived accordingly. To discuss the nabla Taylor series expanded at
the initial instant, Z, := {--- ,a—2,a—1,a,a+1,a+2,- - - } is introduced first.

Definition 6. ([23] Definition 3.49) For x : Z, — R, if the following equation holds for k € N,

( ) E l [V x(k)]k:m (31)

then Equation (31) is called the nabla Taylor series of x expanded at k = a.

Theorem 7. If w(k)x(k) can be expanded as a nabla Taylor series at k = a, where x : Z; — R,
w: Zg — R\{0}, then foranyn € Z, k € Npyq, a € R, one has

V() = T S S VO ()] 2

N

Ifw(k)x(k) can be expanded as a nabla Taylor series at k = a, where x : Zg — R, w : Z; — R\{0},
then for any o € R\Z, k € Nyy1,a € R, one has

i—a

4 (Vi) x (k)] g—a- (33)

a,w(k)
fka ( () ZzOl"erc+1) w(k =
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If w(k)x(k) can be expanded as a nabla Taylor series at k = a, where x : Zqg — R, w : Zy —
R\{0}, then foranyx € (n —1,n),n € Zy, k € Nyiq,a € R, one has

1'7

R uc,w( wla
avk () 21 Or +1 w(k

V00 x (k)] (34)

~—
2

If w(k)x (k) can be expanded as a nabla Taylor series at k = a, where x : Zg — R, w : Zy —
R\{0}, then foranya € (n —1,n),n € Zy, k € Nyiq,a € R, one has

SRl = S5 ey i (VO (6 e ©5)

Proof of Theorem 7. Using Definition 6 and a similar method as Theorem 6, the proof can
be completed immediately. [

Sometimes, x is called analytic, as in [30] (Theorem 11, Theorem 12). In this condition,
Klim R (k) =0, as in [23] (Theorem 3.50). When a = 0 in Equation (33), it follows that
— 400

x(k) = Z+oo (kl‘a zgz) [Vzw() x(K)|kear

2

which reduces to Equation (31) when w(k) = 1. To discuss the nabla Taylor formula
expanded at the future instant k = b, a new set is introduced here: NZ = {a,a+1,a+

., b}.

Lemma 5. ([26] Theorem 1) Forany x : N,_ g1 - R,a e R, Ke N, k ¢ Ng, K<b—-—k+1,
one has

x(k) = T o D [0ix(k) iy — £y S K1k ), (36)

which can be regarded as the nabla Taylor formula of x expanded at the future instant k = b.

Theorem 8. Forany x : N, g 1 > R, a e R, Ke N, a € R\Z;, w: N;y; — R\{0},
k € Ny 1, one has

Svr“®xy) = T m"ﬁ—aiw’w(“x()

(i) i k—j+2)=21 (j—i)K
- u+2w VKH Dx(i) j:a+2%(]m) :

(37)

Foranyx:N, x 1 >R aeR KeNaecmn—-1n),necZy w:Ny1 — R\{0},
k € Ny 1, one has

{va’“’(k)x(k)I YK, (8 )Mvzw(k) (k)

F(l vc+1)
(i) (1) ¥ (k=j+2)=*"T (j=i)K
(i) Yicar2 T K

(38)

Zl u+2 w

Foranyx:N, x 1 >R aeRKeNK>nneZy,a€ (n-1n),w: Ny —
R\{0}, k € N,1, one has

£V = o, (1 )—“‘rﬁ ey V()

i k—1i n—a—1 ‘_iﬂ
vl<+1 w(i) 5 x(i) a2 ( 1]:(;22“) <](I<—)n)! )

(39)

Ez a+2 w(k
Proof of Theorem 8. Letting z(k) := w(k)x(k), using Lemma 5, one has

2() = Te() = R (),
here Te (k) = YK U=K iy (k) Re(i) = DN OK+ () kie Nos i< k
where Ty (k) := ¥izo z(k), Rx(j) = i =j+1 " K z(i), k,j € Naja, j < k,
K<k—j+1
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Taking the first order difference with respect to j, one has —V (ﬁ (_Zi _,)L):)“ — (ko ;r(ll:;); !
and then

SVETk(k) = £ M%Tm) ]
Z:101"( a) (k) ]a+1(k ]+1)‘X1(]_ )

Z:l Or( Dé)l (k) ] IZ+1%
1)

i ; I(k
Zz 01"( a)l'vz(k) j= a+1%

(—
l k i—a—1
- <? 2(k) T m%

k 11—
Vi) T VL

i k—a—i)i—« 7)i—a
Vz(k [(Fz a+)1 - rEifsz)}

- <?< TV z(k)
- () ()F(z “+]) vlw(k) ()

Y
o (
(F)
)

PR e .
SVERk(K) = T, 14 %RK@

I(—a)
_ Z;C in (k— ]J(rz)) 25( ; (- l) vK+1, (i)
k i—i)K
= Z =a+2 vtz (l) ] u+2( IJ*J(F,Z,)X) (]Kg>
w(i)

1 w(i : i k—j+2)-a-1
= w(k) w(k) AGREI0) j:a+2%(]ﬁ) :

To sum up, the following equations can be derived as

S (,)%VWU (k)

-\ i k—j+2)—aT1 (j—))K
+Zz a+2wlzc))vK+1 w()x(l) j:u-&-Z%(]K!) .

From Theorem 1, one has }}v,i"“’(")x(k) = aGV;f’w(k)x(k). Therefore, the result in
Equation (38) can be derived for any & € (n —1, n) neZy.

Using Lemma 5, one has V"z(j) = Y&, ‘l Vitiz(k) + ¥ i+ ¢VK+1Z(Z').
In the same way, Equation (37) leads to
Cvi®x(k) = w—l(k) Vi (k)
= w (k) Hl%v"z@
a—)""" Gitnw

= oKk )%V% () x (k) -
N v k—j+2)i=T (j—i)K=n
Zz a+2 w(k VKJrl vl )x(l) j= 11+2( lj"(n—)tx) (](K—)”)!

k—a—itn)~* iy
=y, (% )ﬁv o(k) x (k)

\ i k—j+2)n—T (j—iyKn
Zz a+2 w(k) VKJrl vl )x(l) j:H+2( lj"(nlzx) (](K—)”)! ’

The proof is completed. [

Notably, z(k) is expanded after substituting in the definition of the nabla tempered
difference/sum in Theorem 8, whereas z(k) is expanded before substituting in the definition
of the nabla tempered difference/sum in Theorem 6. The nabla Taylor formula in Theorem 8
is expanded at the current instant k, and the nabla Taylor formula in Theorem 6 is expanded
at the initial instant a.

Similar to Definition 6, the nabla Taylor series expanded at the future instant is
provided here.
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Definition 7. ([26] Definition 5) For x : Z; — R, if the following equation holds for k & NgH

x(k) = e bl [V ' (k)| k=ps (40)

then Equation (40) is called the nabla Taylor series of x at k = b.

Note that when i > b — k, one has (k — b) (— 1)ir(l§b kkfi)l) = 0. Consequently,

Equation (40) can be simplified as x (k) = Zi:o , [ x(k)]x=p. For convenience, it is still
called the nabla Taylor series.

Lemma 6. ([21] Lemma 7.5) For x : Zqs — R, k,j € Ny1, k > j, one has

x(j) = £ R i (). (41)

Proof of Lemma 6. Defining the identity operator I, i.e., Ix(k) = x(k), then one has
x(k—1) = x(k) — Vx(k) = (I — V)x(k). In a similar way, one has

=Zf:é< 1) 1<k, )V

= o (-yeney l*” x<k>
=5 (- 1>:.§((k"+t21)v1 (k)
= Lt ke V'x(®)

= L) Vi (k)

which completes the proof. [

Lemma 6 shows that x : Z, — R can be expanded as a nabla Taylor series at j = k as
in Equation (40) without strict conditions, which makes it more practical.

Theorem 9. Forany x : Z; — R, o € R\Z;, w: N,y1 — R\{0}, k € N1, a € R, one has

Jw(k —a— k
Sv W x(k) = gt (4) ol (), 42)

Foranyx:Z, - R, a € (n—1,n),n € Zy, w: Nypg — R\{0}, k € N1, a € R, one
has

RO W x(k) = it (4) Ul v x k). (43)

Foranyx:Z, - R,a € (n—1,n),n € Z;, w: Nyy g — R\{0}, k € N1, a € R, one
has
,w(k i—
aCV]BéW( )x( k) = Zk a— 1+n(:lx ;)%Vzw(m (k). (44)

Proof of Theorem 9. Letting z(k) := w(k)x(k), Lemma 6 gives

2(j) = oo U iz (k).

Using Z;‘:aﬂ Z;(: Zk a—1 Z] a1 TOT(1—0) = W and the basic definition,
it follows that
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Sve B (k) = wl(k)$VEz(k)
= 0 ()T % Yis - V'a(k)
=wwmﬁ"1ﬁ uzwﬂo—yw]+n
1

—a— 1w —k+1) T'(k—
= Z?:o i (— a)v ( )Z] u+1 r k)l) FEk ]+1;

k—a— ! 1w k
= Z‘41‘:0 ! 1'(1"( )uc)v ( )Z/ a+1 T(1 ]ika))

= S (4)vied <>aaﬂi%%%ii
= D () Ve Tl VLS
= i (5 VieBx(k) [({anai}uu - r(igﬁu]
= Y () S e k),

which is just Equation (42). With the help of EVZ’wU()x(k) = Evz’wwx(k) in Theorem 1,
the result in Equation (43) can be derived forany a € (n —1,n),n € Z,.

From the definition of Caputo tempered fractional difference and the proved result in
Equation (43), it follows that

acvg,w(k)x(k) _ Gvﬂt*”;w(k)vn,w(k)x(k)
k—a—i) o o
_ Zk a— l( )vanw(k)x(k)

= T () S

The proof is complete. [

Using Lemma 6, one has z(k — j) = Z{::o (;Ij) Viz(k). In the same way, one has

vn,w(k)x(k) = w™ (k)vn ( )
w 0

'(j) ]
= wl(k ) Lo (-1 () o, G Viz(k)
= Lio pint x(k) T (1)
= Xy (1) Vi) e, G
= Yo (1) Vi ®x(k) T oy (i)
(k)

j=t * IT-n+1)
n : 1 —n i—n
= Yo (1) VPR x(k [(r(iljﬂl) ~ )
= vk (k),

which means that similar representation in Equation (32) does not hold. The result od
Equation (27) can also be discussed in a similar way. It is the main reason that the expansion
of V@) x(k) is considered in Theorems 6 and 7 while not discussed in Theorems 8 and 9.
Notably, the main value of the nabla Taylor formula and the nabla Taylor series is that
they allow us to approximate the nabla tempered fractional difference/sum using a finite
number of terms. This can be useful in situations where it is difficult or impossible to
calculate the function exactly, but where an approximate value is sufficient. Additionally,
the developed results can be adopted in analytical analysis.

Theorem 10. Forany f,g:Z; — R, n € Zy, w: Ny 1 — R\{0}, k € N, 1, one has

Vel f(k)g(k)} = Yy (1) VO £(k)Vig (k — i). (45)
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Foranya € R\Z;, w: N,y1 — R\{0}, k € Nyyq,a € R, one has

SV g0} = Tg T (1) VIR FRSVE gk — ). (46)

Foranya € (n—1,n),n € Z, w:Nyy1 — R\{0}, k € Ny41,a € R, one has
WL FHgk)} = Tyt (4) Voo Fk)§Vaig(k —i). (47)

Foranya € (n—1,n),n € Z, w:Nyy1 — R\{0}, k € Ny41,a € R, one has

S g} = S5 () VOSREVETRk—) — R, 68)

where R = Y170 0151 () fegy i VO f )V g (k= )iy

Proof of Theorem 10. Using the nabla Leibniz rule in [21] (Theorem 7.1), one has

VO {f(k)g(k)} = w7 (k) V" (k) f(R)g (k )}
= w (k) Do (1) V(b F(R)} V" gk~ i)
= v ()7 ’“< i),

which is just Equation (45).
Using Equations (42) and (45), one has

SO O fgk)} = Tioa (4 )%“—aﬁﬁfvm £ (k)5 (k)
= T () Sl Bl () V0 f Vg (k i),

Applying Zk a—l Z{: =y kot Z;‘;i”’l and (%) (]Jlrl) = (ﬁ?)(“;i),it follows that

Ve {F gy = Tg T (4) (1) VIR £ () Viigk — iy el |
=L o G J(]TI)V”*’ VF () Wig(k — i) Er =

)

)

a— i—a— k—a i)jti-e
_ Zk 1( )V””(kf(k Z;c i 1(04 Z)V]g(k—l)%

—Zﬁ-{:{}l()vlw")f(kacv;‘i‘ gk —1).

Due to the relation between Equations (42) and (43), it is not difficult to derive Equa-
tion (47) as we derived Equation (46).
Using Equation (16), one has

VO f gk} = ROp® {£(R)g(k) ) — i L (i) £ (k) g (K) )],
zk - 1( )V”"mf(k)acvz‘i‘:fg(kfi)
0 (1) s W (Vi) £ (k) ViTg (k= )]img
Zk a— l( )Vzw() (k)GV;f lg(k—i)
SO () e M v ®

FU)V gk = )lk=as

which confirms the correctness of Equation (48). O

Theorem 11. Foranyx Ny 1, >R aec (n—1,n),ne€Z, keNyp,a e Rw: Ny —
R\ {0}, one has

lim RVFx(k) — SV ®x(k)) = 0, (49)

k—+c0
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lim Rv&® (k) — v B () = 0. (50)

a——c0

Proof of Theorem 11. Using the fact that Evz’w(k)x(k) =5V ol ( )+, % zggz;

(Vi) x (k)| j—a, 1iIJ’l’_1 Z—Z = 1 and the boundedness of w(k), [V¥*®) x(k)];_,, it follows
p—+oo
that

lim Z(zfl (kf”)l N ﬂ”;[virw(k)x(k)]k_a =0,

agmooZz 0 rkl aa):la) wE“g (Vi k) x (k)] j—g = O.

On this basis, the desired results in Equations (49) and (50) can be developed. O

Theorem 10 gives the Leibniz rule for nabla tempered fractional calculus. Theorem 11
presents the equivalent relation between the Riemann-Liouville difference and the Caputo
difference. They are the applications of the developed nabla Taylor formula/series. In the
same way, different properties can be built. To keep it simple, the extension will not be
discussed here.

3.3. Nabla Laplace Transform

In this section, the nabla Laplace transform of nabla tempered fractional calculus will
be developed. To achieve it, the basic definition will be provided here.

Definition 8. ([23] Theorem 3.65) For x : N;11 — R, its nabla Laplace transform is defined by
Mfx(k)} =T (1 =) x(j +a), (51)
where s € C.

From the existing results in [23,27], it can be observed that the region of convergence
for the infinite series in Equation (51) is not empty.

Theorem 12. If the nabla Laplace transform of x : N, 1 — R converges for [s — 1| < r,r >0,
then for any & € R\Z, A # 1, one has

M{FVite} = (522)" Adx(K)}, (52)
where |s — 1| < min{r, |1 — A|}.

Proof of Theorem 12. Letting X(s) := .4#;{x(k)}, the nabla Laplace transform of
(1- /\)kfax(k) can be calculated as

A=A T x(0)} = T (1= V(e a)(1-9)"
=(1- )Zk 1x(k+a)[l—(s+)\_)ts)]k71
= (1-M)X(s+A—As),

where the region of convergence satisfies [s — 1| < |1 — A| 717,
Using [27] (Lemma 4, Lemma 6, Theorem 14), one has

AFTRO =V (0]} = a{ Sl (1 - )R]

—«/V{—““ A {(1— 1) x(k)}
(1—M“X@+A As),
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where |s — 1| < min{1, |1 — A|~'r} and the convolution operation f(k) * g(k) := Z;'(:a-&-l

flk+a+1-7)g())
With the help of [27] (Theorem 5), one has

HASVIx (k) = 5 A {SVE(1 - 1) "x(k)]} s
= (%)ax(mﬂ—?\%)
= (553)"X(s),

where |s — 1| < min{r,|1—-A|}. O

Theorem 13. If the nabla Laplace transform of x : N,_, 11 — R converges for [s — 1| < r,r >0,
then forany o € (n —1,n),n € Zy, A # 1, one has

A9 ()} = (31)"Aafx(0)} — i D (20 IV 0, (69)
MV ()} = ()" Aafx(0)) — 2 Ty (20T T VAR, (54)
ARV ()} = (523)" Aafx(0)} — Ly Dt (28 BV T ()], (55)
AV} = (£ A lx 0} - T D ()" IV, 66)
where |s — 1| < min{r, |1 — A|}.
Proof of Theorem 13. Letting X(s) := A;{x(k)}, using [27] (Lemma 10), one has
A {V[(1 = 1) x (k)] | |
= " A { (1= ) x()} — Dy STV = )T (k)]

=5"(1 = A)X(A+s—As) — Ly ' [V (b)),
=s"(1-A)X(A+s—As) =" Ols” VAR (k)] iy

a

Theorem 5 of [27] further leads to

N VAx(K)} = 2 A VA= N2 (0)]} s,

1-A

which could result in Equations (53) and (54) immediately.
Using [27] (Lemma 12, Lemma 13), one has

N RVE[(1 - )k “x(k)]} , ,
= " A { (1= M) x(k)} — ) s RV (1 = AR x (k) k=g
=541 = A)X(A 45— As) — Y/ [RVE A% (k) |y,

g Vi1~ )k ‘ (k)]} o
=s*{(1—- x(k)} =X, 1 ga— ’fl[V’(l — M) x () | g
=s%(1— A)X(/\ +5—As) — Y 2TV (k) kg

From [27] (Theorem 5), one has
ARV ()} = AR VR = D)F (k)] o

=1=

>

7

P

NASVx(K)} = 2 A {SVEQ = A x (k)] .

1—

>

In the same way, Equations (55) and (56) can be obtained. [



Fractal Fract. 2023, 7, 330 20 of 26

Theorems 12 and 13 develop the Laplace transform of the nabla tempered differ-
ence/sum, which could solve some nabla tempered fractional difference equations. The pro-
posed method is easy to apply and yet able to give accurate results. For example, using
variable substitution z(k) := w(k)x(k) and Theorem 13, the following corollary can be
developed.

Corollary 2. Given gvg'w(k)x( ) y x(k) with « € (0,1), finite nonzero w(k), p € R\{1},
x(a) € R, then one has x(k) = w1 (k)Fy1(p,k,a)x(a), k € Nyy1, where Fop(p k,a) =

1y s* P
N =t

For analytic x : Z, — R, using Theorem 7 and [27] (Theorem 5), one has

i—n

NV A (k) = Af Tt S (1= A RV ()], )
—sz{(kl,l (1= )R}V x (k)]

= Z1 n1-A A )11 n+1 [vi,/\ (k)]k a

(=2
- (=D

1/\ (%Ql) +1 [V”\ (k)]k:u
1;) Zn ()1 ﬁ(i}l) +1 [V /\x(k”k:a
= (120"l (0} - X (530" V(0w

which confirms the result in Equation (54).
For analytic x : Z; — R, a € R\Z, it follows that

MAEVE ()} = A {TE 0%<1—A>ﬂ*k[v1ﬂx<k>]k:a}

= T A S (1= )R [V ()
= Zz 01— AW[VM (k)]k a
= ()" LS gy (V7 0l

A
= (£=8) " Aafx(0)},

which coincides with Equation (55).

Due to the equivalent series representation of ,IGVZ’)‘ x(k) and I,}VZ’)‘ x(k), one has
N ARV x(K)} = (5223)" Aa{x(k)}, which implies [RVE (k)] —, = 0.

For analytic x : Z, — R, a € (n —1,n), one has

HASVI 2 ()} = M TS S (1 - )MV ()], )
Zjofl'/‘/{l"kz i(-li-llx)(l_ ﬂ_k} vl'/\x )]k:a

=L AW[VM ()] k=a
= (=) z*"s’%( e [V ()
() 5 1) [v%(k)]k:a
= ()" e} - T (2D IV ()

which coincides with Equation (56).

Theorem 14. Forany o« € R\Z4+, A # 1, x,y : N1 1 — R, a € R, one has

g x(k+a+1-j)SVity() = T SV x(y(k+a+1-).  (57)
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Proof of Theorem 14. Using [27] (Lemma 6), one has

N gy xk+a+1=EVINY ()} = Aa{x(k) + sz"w)}
= %{x(p}ﬂ{cv (k)}
= (53 " Aadx ()} Aufy ()},

AL VI Xy +a+ 1= )} = A{EVE x(k) (k) }

AAGVI ()} Ac{y ()}
= (32)" Aalx (W)} Ay ()}

Using the uniqueness of nabla Laplace transform (see [27], Lemma 2), Equation (57)
follows immediately. [J

Equation (57) can be rewritten as
x(k) + §Vy (k) = Vi (k) y (k)- (58)

Similarly, when & = 0, Equation (57) holds naturally. When « > 0, Equation (57) is
relevant to the Griinwald-Letnikov tempered difference. When a < 0, Equation (57) is
relevant to the Griinwald-Letnikov tempered sum.

Theorem 15. Foranya € (n—1,n),n € Zy, A #1,x,y:N,_, 11 = R, a € R, one has

Lo X(k+a+1= )V y()) | 59)
= T 1 VAx(i)y ket a +1 = )+ TIo) [VAx(k+a — ) V=i 1Ay ()],

Ch g x(k+a+1—j)RVity(j)

. _ i . i ~1j=k
= T VIR (y(k+a+1 =) + T (VAR (k4 a — V()]

(60)

Proof of Theorem 15. Using Theorem 13 and )", Z” i-2 =Y 2” i=2 one has

AL g ¥(k+a+1— )V ()}
= A2 ()} AV (K)}

= MO} (E2)" Aa{y (0} — DL (53) T [Viry ()] b

He{ T V"'Ax<k +a+1-7)y(j)}
= «/V{V“ (k) }Aa{y(k)}

= {(£=3) " Aalx(0)} - T (5%

N T [V (k4 a = f)Vr—TAy <>];z }
= M X5 (V0] VI ()} — A { By VI (k) [V ()], )
fﬂ/{zn 1 va (k)]k:aV”‘f_”y(k} %{ n 1vn i—1,A (k)[Vl'Ay(k)]k:a}
=Y [VZA X (k)= A VI () }

- X JV{V” A (k )}[V”y(k)k

—%{y()}Z ()" V(K]
[

NI ()], YA (R},

=a

=a

k
ey ” S EDTT IRV R,
—Mx( S EDTT VY0,
L E T () TVAK)],_ VY (),
= A{y(k)} (i )" VA (K))

— afx(k }z" (32 A)””Wy(knkzw
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which lead to the result in Equation (59) with the help of the uniqueness of the nabla Laplace trans-
form.
Due to the convolution operation, Equation (59) can be rewritten as

x(k) # VA (k) = Vi x(k) «y(k) + Tiog [Vidx(k +a — ) Vi1 Ay ()]s

j=a’

In a similar manner, reference [27] (Lemma 6) and Equations (55) and (56) lead to

T g Xk +a+1-j)RVity()
—x(k) « Ry (k)
— x(k) * vn,?\gv]tz—n)\ (k)
_vnA () thxfn)\ (k)
+ Y [Virx(k+a—j
=GV VA (k) (k) |
+ L [VPx(k 40 = V= AGTE Ay ()]
= EVx(k) e y(k) + S [Vl a = RV )
Z a+1uV’M x(fy(k+a+1—j)
+21-L& [Vitx(k+a— RV Ay ()2

j=ar

i - ~1j=k
VST ()]

Jj=a

All of these complete the proof. [

Theorems 14 and 15 are inspired by [31] (Theorem 1), which can transfer the difference
or the sum from y(k) to x(k). In the same way, the tempered fractional difference/sum of
system output for nabla tempered fractional systems can be estimated non-asymptotically.
In a similar manner, Equation (60) can be rewritten as

x(k) + RV y (k) = SVEA() #y (k) + X [Vt +a — )RV ()]
Remark 1. Before ending this section, the main contributions and significance of this work lie in
the following aspects. (i) The relationship between the nabla tempered fractional difference/sum
under three different definitions is explored. (ii) The nabla Taylor formula/series representation
of nabla tempered fractional calculus is developed. From this, the Leibniz rules are derived. (iii)
The nabla Laplace transform for the nabla tempered fractional difference/sum is derived and then
the difference/sum transfer criterion is developed. Notably, the developed properties enrich the
mathematical theory of nabla tempered fractional calculus, which are helpful in understanding
such fractional calculus as well as various types of fractional calculus. It should be noted that this
work only makes a preliminary attempt to explore the properties of the nabla tempered fractional
difference/sum. In the same way, many useful and beautiful properties can be developed in this
direction. Although the current work is purely theoretical, it provides high value and potential for
further applications.

4. Simulation Study

Letting x(k) = sin(10k), a = 0, k € N9, w(k) = 0.5~ or w(k) = 0.5~ + 0.01, then

the Griinwald-Letnikov difference/sum GV“ (k) x(k) can be calculated. The simulated
results are shown are Figure 1.

It can be observed from Figure la that GV”‘ ) x(k) diverges as k — +oco. More
specifically, when & > 0, the result tends to +oo When o < 0, the result tends to —

In this case, V" wik) x(k) = Yhot ZH) ) 2/ sin(10k — 10i). Notably, 287471 — tc0 as

k — o0, sin(10k — 10i) = sin(10) < 0 wheni =k—a—1 Ifa € (0,1), % <0

fori € Ng_“_l. Ifa € (—1,0), (l+3l“) > 0fori € N’é‘“‘l. From this, the trend of
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aGVZ’w(k)x(k) as k — oo can be derived. The typical feature of w(k) = 0.5¥7 is that w(k)
declines rapidly and converges to 0 while the tempered function w(k) is assumed to be
nonzero. Consequently, a nonzero number is introduced, namely, w(k) = 0.5k 4+ 0.01.
Then, bounded sz'w(k) x(k) follows in Figure 1b. With the increase of k, 0.01 will play a
greater role than 0.55; anfj'w(")x(k) performs like $ V4 x (k) in the steady stage and the
tempered case degenerates into the classical case.

28
05 p10— . . . . . . . . 4
0 N
O5f o x10% b
— 1r —
2 )
] 5 ]
T -15p P q =
g . )
g e L
oot e e p— S
95 96 97 98 99 100 |- --a=05
a5k a=07
a=-03
3 a=-0.5
.......... a=-07
35 . . . . . . ! ! ! 10 . . . . . . ! ! !
0 10 20 30 40 5 60 70 80 90 100 0 10 2 30 40 50 60 70 80 90 100
step k step k
(a) (b)

Figure 1. Time evolution of $ V2" x(k): (a) w(k) = 0.554; (b) w(k) = 0.5 +0.01.

To show more details, the following four cases are considered.

case 1: w(k) = N

case2: w(k) = —gtk—a,

case 3: w(k) = (71)k—u’

case 4: w(k) = sm(%ﬂ — & %)

In each case, w(k) enjoys unique properties. In case 1, w(k) is positive and monotonically
increasing. In case 2, w(k) is negative and monotonically decreasing. In case 3, w(k) is in
oscillation between —1 and 1. Its positive value and negative value appear alternatively.
In case 4, w(k) is also in oscillation between — 4 and % Two positive values will appear
after two negative values. The obtained results are shown in Figure 2. To clearly show the
difference, setting case 1 as the standard, the error of ,IGV;’:’w(k)x(k) between each case with
the standard is calculated and displayed in Figure 3.

0 10 20 30 40 50 60 70 8 90 100 “0 10 20 30 40 s 60 70 8 90 100
step k step k

(a) (b)
Figure 2. Time evolution of Evz’w(k)x(k): (@) « = 0.5; (b) « = —0.5.

It can be found that, no matter for the fractional difference or the fractional sum,

different w(k) correspond to different aGV,D:’w(k)x(k) in Figure 2. The difference always exists
and cannot be ignored. In the same way, different tempered functions can be constructed
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for different scenarios and satisfy different demands, which could provide great potential
to apply nabla tempered fractional calculus.

15 T T T T T T T T T 2

05

] =
T T
051 H
case 1]
At — = —case 2
ask e case 3
----- case 4
15 . . . . . . . . 2 . . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 920 100
step k step k
(a) (b)

Figure 3. The error of aGVZ’w(k)x(k) in different cases: (a) « = 0.5; (b) « = —0.5.

To further check the value of tempered fractional difference, we select x(k) = sin(10k),
« = 0.5 and the aforementioned four cases. The results are shown in Figure 4.

It can be observed that for each w(k), the difference of the three fractional differences
is small. From the quantitative analysis, one has

case 1: —4.4409 x 10716 < SV Fx () ~ Ry ® (k) < 1.1102 x 10-15;
case 2: —8.8818 x 10716 < SV My () — Ry ® (k) < 33307 x 10-16;
case 3: —1.0131 x 10716 < SV Py () ~ Ry ® (k) < 49960 x 10-16;
case 4 : —2.2204 x 10716 < SV ® (k) — Ry 0 x (k) < 44409 x 10716,

which demonstrates the correctness of Equation (15).

3 3

aw(k
asl —y(k) = $Vi "V (k) 25
- = —y(k) ="V k)
I == y(k) = V3" Ve (k) ’
15 15
i
1 1 1
= 05 = o5
= =
0 0
0.5 0.5
-1 1
15 -15
0 5 10 15 20 25 30 0 5 10 15 20 25 30
(a) (b)
3 3
25 (k) = £V a(k) 25 (k) =V V()|
- —y(k) = aRVZ,“r( )z(k:) Syl = HRV;:.",( )z(k)
2F o(k 2 0! 1
----- y(k) = v Wa(k) === y(k) = SV a(k)

y(k)

20 25 30 i 0 5 10 20 25 30

() (d)

. . . Gorw(k) Rw—,w(k) cwaw(k) . _ k—a
Figure 4. Time evolution of 7V, x(k), ;V,"""Wx(k) and 7V, x(k): (a) w(k) = V2
(b) w(k) = "4 () w(k) = (~1)* % (d) w(k) = sin(}F — F + F).
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5. Conclusions

This paper constructed a formal mathematical analysis of the nabla tempered frac-
tional difference and fractional sum. A series of analytic properties were developed with
rigorous proof including the equivalence relation, the nabla Taylor formula, and the nabla
Laplace transform. The developed equivalence relation connects every operator in the
class back to the Griinwald-Letnikov, Riemann-Liouville, and Caputo fractional calculi via
multiplication and composition. The distinguished results on the nabla Taylor formula give
the equivalent description for the nabla tempered fractional difference/sum, which could
be helpful for analyzing and computing. The results on the nabla Laplace transform bridge
the connection between the time-domain property and the frequency-domain property
of the nabla tempered fractional difference/sum. All these results help to establish a firm
foundation for the theory of nabla tempered fractional calculus. The current work is purely
theoretical, but much remains to be done in the direction of nabla tempered fractional
difference equations and applications. It is believed that this work reveals the relationship
between time domain and frequency domain of nabla tempered fractional calculus and
enriches the knowledge of nabla tempered fractional calculus.

Future work following this paper may include the following interesting topics.

(i) Explore the properties of nabla tempered fractional calculus with respect to functions;

(ii) Discuss the numerical approximation of nonlinear nabla tempered fractional equa-
tions;

(iii) Develop and evaluate the essential inequalities on nabla tempered fractional calculus.
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