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Abstract. In this paper, we formulate the conformable Fourier
transform on time scales, drawing motivation from the structure
of the conformable bilateral Laplace transform. Some of the
elementary properties are proved, including shifting, transform
of derivative, conjugation, transform of Hilger delta function, and
transform of integral.
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1 Introduction

Since Hilger’s pioneering work [14], the study of time scales and measure
chains has drawn considerable attention. Significant progress has been made
by researchers, particularly in exploring dynamic equations on time scales,
which unify concepts from both differential and difference equations (see, for
example, [4]).

In the study of dynamic equations on time scales, the development of the
integral transform method is a key focus for solving initial value problems.
Thus far, various integral transforms have been generalized on time scales;
we refer to [6,9)/11},/12,17-24] among the others.

The classical Fourier transform is a mathematical technique that converts
a signal from the time domain to the frequency domain, revealing the differ-
ent frequency components present and their magnitudes. During the initial
development of time scale theory, Hilger [15] began exploring Fourier analy-
sis on time scales. The Fourier transform defined by Hilger combines various
forms of Fourier analysis into a unified framework. It offers a closed-form
expression representing both the Fourier integral and Fourier series, through
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a simple integral defined on a time scale. Later, he explored Fourier trans-
forms on specific subclasses of time scales that also have a group structure,
as discussed in [16]. The concept of discrete Fourier transform was intro-
duced in [7], extending Fourier analysis to discrete time scales. Furthermore,
a “generalized Fourier transform” with kernel as a classical exponential func-
tion is defined on a time scale.

Researchers have extended the conformable fractional calculus to arbi-
trary time scales by applying the principles of classical fractional calculus
(see, for example, [1-3,126]). In [25], we introduced conformable Laplace
transform on time scales as follows:

L {F(D}(z) = / e (0(t), to) (1) A,

to

Subsequently, in [13], the conformable bilateral Laplace transform was de-
fined on time scales, where the region of integration is the entire time scales,

as follows:

L) = [ B0 )
—00
Motivated by the bilateral Laplace transform given by equation , in the
present work, we develop conformable Fourier transform on time scales.
This paper is organized as follows. The foundational concepts and no-
tations of conformable fractional calculus are presented in Section 2. In
Section 3, we introduce the conformable Fourier transform on time scales.
Some of its basic properties, including transform of conformable fractional
derivative, and conformable a-fractional integral, are given. At last, in Sec-
tion 4, we solve a conformable dynamic equation using conformable Fourier
transform.

2 Preliminaries

Assuming a foundational understanding of time scale calculus as elaborated
in [4,5]8,/10,126], we present the essential definitions and theorems for our
discussion. Throughout this paper, we consider a time scale T that is un-
bounded both above and below. For ¢ € T, the forward jump operator
0:T — T is defined as

o(t)=inf{r e T:7 > t},

and the forward graininess function p : T — [0, 00) is defined as
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For a given time scale T, the non-maximal set T" is given by

T — T\ p(supT,supT] for supT < oo,
T for supT = oc.

Definition 1 A function f : T — R is called regressive if 1+ u(t)f(t) #0
for all t € T", and a positively regressive if 1+ p(t)f(t) > 0 for all t € T*".
The set of regressive and positively regressive functions are denoted as R
and R, respectively.

Let A~ > 0. The Hilger complex numbers and the Hilger real axis are
defined as

Ch = C\{%} and R, = (C, QR)\{%}

respectively. If h = 0, we have Cy := C and Ry = R. Further, Z, is a strip

Zh::{zeC:%<Im(z)§%},

and for h = 0, we have Zy = C.
For z € C,,, the Hilger real part of z is is given by

_|hz 1 -1
e

For k > 0, the cylindrical transformation & : Cy— Zj, is defined as

Rey(2) -

Eulz) = %log(l b 2h),

where log is the principal logarithm function.

Definition 2 Let g : T — R, t € T", and « € (0,1]. Suppose there is a
number g\ (t) such that for e > 0, there exists a neighbourhood U C T of t
such that

(9(a (1)) = g())It* = g V() (o (t) = 5)| < elo(t) — 5|

for all s € U. Then g'®)(t) is called the conformable fractional derivative of
g of order « at t.

If g is a regulated function, its conformable a-fractional integral is given by

[owact= [owierar
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Definition 3 A function f : T — R is said to be rd-continuous if f is
continuous at right-dense points in T and has a finite limit at the left-dense
points in T. We denote the set of all rd-continuous functions by Cq(T,R).

Definition 4 A function f : T — R is said to be ‘a-regressive’ if
L+ u)fOE*#0  forallteTr,

and is said to be ‘a-positively regressive’ provided
1L+ u()f))E*" >0, for allt € T".

We denote the set of all a-regressive and rd-continuous (a-positively regres-
sive and rd-continuous) functions by R*(R*T).

For a set R®, ‘a-circle plus’ addition @, is a binary operation defined as

(f1 ®a f2)(E) = f1(t) + f2(t) + (@) f1(E) f2(0)[t]*  for all £ € T
The set R* forms an abelian group under ®,. For f € R“, the inverse of f
is given as

—f(?)

O= e T

Further, R%, ‘a-circle minus’ substraction &, is defined as

R OR 0
Oy AOIIT,

For f € R*, the generalized exponential function is defined by

(f1 ©a f2)(1) teT"

Ef(t,s) = exp (/t Eu(r) (f(T)|T|a_1)AT> for all t,s € T. (2)

Applying the concept of the cylindrical transformation [4, Definition 2.21],
equation (2)) can be written as

Ef(t,s) = exp (/ u(lT) Log(1 + M(T)f(T)|T|a_1)AT>, t,s € T.

Some important properties of the generalized exponential function are
given in the following theorem.

Theorem 1 If g1, 90 € R®, then for all s,t,r € T,
(1) Eo(t,s) =1 and Ey, (¢, 1) = 1;

(2) Egl (t’ S>]Egl (87 T) = Egl (t’ T)’
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(3) Egl <t7 S) = = E@am (8, t);

Ey, (s,t)
(4) Eg1 (t7 S)]Egz (ta S) = Eg1®a92 (t, S)?

E,, (t,s)
5) 2= =E t,s);
() EQQ(t,S) 919a92< 75)7

(6) By, (0(t),5) = (L + p(t)gr (£)[t]*~")Eq, (£, 5);

_ EGagl (ta 5) .
L+ p(t)gu(t)[t]e=t

(8) By (t,s) = g1()Eg, (£, 5)[t]*;

(7) E@agl (U(t)7 3)

(‘9) Eé?) (t? 5) =0 (t)Em <t7 5)'

Definition 5 Let s € T, € R*"([s,00)), v € R**((—o0,s]). We say that
(s,B,7) is an admissible triple if

Cspy = {z € C: Rey-(5)(2) <7, Rey,5(2) > B, 1+ﬁ(s)Reﬁ(s)(2) + O} # .

Definition 6 Let f : T — R be requlated. Then for s € T, the conformable
bilateral Laplace transform of f is defined by

L= [ " H(OES,.(t 5)A%

for z € C such that 1 + u(t)z[t|*™' # 0 for any t € T* and the improper
integral exists.

Next theorems give the conditions for the absolute and uniform conver-
gence for the conformable bilateral Laplace transform.

Theorem 2 [15] Let (s,[3,7) is an admissible triple and f € C.q(T) is
of conformable double exponential order (3,7). Then LP(f)(-,s) exists on
Cs.5,4 and converges absolutely.

Theorem 3 [13] Let (s,[,7) is an admissible triple and f € C.q(T) is
of conformable double exponential order (8,7). Then L°(f)(-,s) converges
uniformly in C, g .
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3 The conformable Fourier transform
Suppose that T is a time scale with forward jump operator ¢ and delta

differentiation operator A. Also, let inf T = —oo, supT = oo and s € T.
Denote

pe(s) = inf p(t), p'(s)= sup p(t), 7(s)= _inf u(t),

te(s,00) t€(—00,s] te(—o0,s]

and for z € R, put

=l

(S _ {,u*(s) if Reﬁ(s)(x) S 0,
i(s) if Reg(x) > 0.

Definition 7 Suppose that f : T — R s requlated. Then the Fourier trans-
form of the function f is defined by

(z,s) / FOEZ, . (t,5)A%

for x € R such that 1 + izp(t)[t|*t # 0 for any t € T® and the improper
integral exists.

Definition 8 Let f € R ([s,00)), 7 € Rt ((—o0, s]). We say that (s,[3,7)
s a real admissible triple if

Rspq = {f" € R: Reys)(iz) <, Rey,(s)(iz) > B,

1+ 7i(s) Reg(s) (i) # 0} # 0.

If f € Chq(T), then triple (s, 3,7) is a real admissible triple and f is of
double exponential order (3,7). By Theorem [2] and Theorem [3] it follows
that F(f)(-, s) exists on Ry 5, and converges absolutely and uniformly there.
Below we present some of the properties of the Fourier transform.

Theorem 4 Let f,g: T — R, A\;, Ay € C. Then
FALS 4 Aag)(w, s) = MF(f)(x,8) + A F(g)(, 5)

for those x € R for which 1+ixpu(t)[t|]*t # 0, t € T, and the corresponding
integrals exist.
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Proof. Indeed,

FOuS+0a0)(e5) = [ Ouf 4 ag)(0EL, 1,507

[ OB A+ [ 0B, ulh )

—00

= MF(N)(@,5) + X F(g)(2, 5).
U

Theorem 5 Let f: T — R. Then

F(E7y(,8)f() (x,8) = F(f)(z9),

where z = x + iy /1 + p|t|*™, and x,y € R are such that 1+ u(t)|t|* 1y # 0
for any t € T, and the corresponding integrals exist.

Proof. Note that

. . 4y T 41y
=1 a—1 = a—1
1+ plt|ety i(1+ plt|*ty)

and
12 o T
. - i(14plt1y)
@ 12 = = —
@ ; a—1 a— THy
L apltl™z 1 = plt] ™ g ey,
B T+
i aplt| Tty — plt]ete —dpltlety
B r+iy  i(r+iy)
i pftleTte —1—apftferte
B Y — iz _ i
T Tt VO
Hence,

F(E7y(8)f() (x,8) = /_OO B2 i (b, 8)Ey” (¢, 5) f (1) A

(e 9]

- [ Esrwa

[e.9]

= f(f)(za S)‘
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Theorem 6 Let f: T — R. For any k € N, we have
F (1) (@) = (i) F(f)(w 5)
for those x € R for which 1 + izu(t)|t|]*"! # 0, t € T", the corresponding

integrals exist, and

lim fO)(H)Ee,i(t,s) =0, 1€{0,... k—1}.

t—+oo

Proof. We will use the principle of mathematical induction. For k = 1, we
have

F(f@) (2,5) = /m FOBES, (1, 5) A%

= }g& f(t)Eeail‘(tv 5) - tLiIfnoo f(t)Eeaia:
—/oo(Gai:v)f( VEe,ie(t, $)AYt

= zx/ JOEZ, ;. (t,5)A%

= xF(f)(z,s).
Further, if
F(£) @,5) = (i) F(f)(w,5)

for some k € N, then

F (£ (@,5) = iaF (£9) (w,5) = ()" F(f)(x,5).
This completes the proof. [J
Theorem 7 Let f: T — R. Then

F()(z,s) = F(f) (=, s)
for those x € R for which 1+izu(t)|t|* " # 0, t € T*, and the corresponding
integrals exist.

Proof. Let t € T" and x € R be such that 1 + izu(t)[t|*! # 0. Then we
have
1
1+ iut)|t| 1z
(1 = ip(lt"e)
(1 +ip(t)[t]o ) (1 = p(t) [t )
ix + p(t)[t]* e
T+ GO P

(Caliz)) (t) =
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L+ p(®) [t (Saliz)) (8) = 1

L+ (u(t))?Jt~2a2 -

ip)[t* '

i+ pl)l e
L (u(0) PP

— (p(®))*t[**22?

— u(®)fe*

L ()Pl

1 —ip@)[t)* '
L+ (p(t))?[t [ 22

1
\/1 ))2[t[2e—242
L - ummal )
I ORI L (P
and
(Ealil—a))) (1) = !
i I+ () 2[tPo 222
( ! 2ol )_
VI G2 | P
Let
1 1
r(t) = N T cosf(t) = Wi oA
Then |
L+ p(@)[t* (Saliz)) (t) = r(t)e P
and
1+ p()]t* 7 (Sali(=2))) (£) = r(t)e®.
Also,

log (14 u(t)[t]*" (Saliz)) (1))

log (1 + pu()[t]*~" (Sali(—2))) (1))

In(r(t)) — i (0 + 2kn),

In(r(t)) +i (0 +2km), keZ.

From here and from the definition of the Fourier transform, we have

F(h)(z,s)

—00

/ FOEZ, iz (L, 5) A%

/ I e e (1ulr e (Sa(i@)() A% f(r)Ar

* o) 1 (Inr(r)—i(0(r 7)) AYT
/ I T ()i 2hm)AT ¢y oy
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and

— o oW 1 (npr(r)—i(0(r 7)) AXT
F@s) = / I T (O RENAT ¢y A oy

o

° oM 1 (Inpr(r)—i(0(r T)) AT

[e.9]

> o) ___ 1 nr(r)—i(0(T T T

[e.o]

o o) 1 nr(r)—i(0(r u T
— / efs M(T)‘ﬂa—l (1 ( ) (0( )+2k ))A f(t)Aat

o0

o o) __1___ nr(r)—i(0(r T xr
_ / oI T ()i ZRm)AT £y noy

o

> oM 1 (Inpr(r)+i(0(r T T

[e.9]

_ / T I e (1l Ea ) D)AT g na

= / f<t>]Ega(l(—a?)) (t, S)Aat

= ./T"(f)(—il?, 3)'

Theorem 8 Let f: T — R be requlated and

t
F(t) = [ st tem,
for some fixred a € T. Then

F(F)(x.5) = —~F(f)(x.5)

T

for those x € R, x # 0, for which

lim F(t)Eo,i(t,s) = 0.

t—+o0
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Proof. Let x € R satisfy the conditions of the theorem. Then

FE)ws) = [ FOE(to)a%

o0

- / TR (14 O (Sali2))(1)) Boyult, s) A

ee 1
- F(t Eein(t, ) A%
| PO B9
1 [ —1
= —— [ F Y E.(t s)A%

iv Jooo LA ap(t)ftr e

- ! / " () (Cuiz)(E)Eo,(t, 5) A%

o0

/ FES), (1, 5)A%

8| .

_ 1 (lim F()Eg,ix(t,s) — tEr_noo F(t)Eg,i(t, 3))

t—o00

8=

— [ 1R aac

= —LF()ws)
U

4 Applications

In this section, we will give some applications of the conformable Fourier
transform. Consider the equation

we™ + alu(anfl) + ... an_lu(a) + a,u = f(t)a teT,

where a;, 7 € {1,...,n}, are given constants, and f : T — R is given function
such that F(f)(z,s) exists. Applying the conformable Fourier transform of
both sides of the considered equation, we get

F(f)(z,s) = Fu)(z,s)+arF (u(an_l)) (x,8)+ ...
+a, 1 F (u(o‘)) (z,s) + apF(u)(zx,s)
= (iz)"F(u)(z,s) + (iz)" " ay F(u)(x,8) + . ..
+iza, 1 F(u)(x,s) + a, F(x,s)
= ((i2)" + (iz)" a1 + - - +izan_1 + a,) F(u)(z, s),

11
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whereupon

F(f)(z,5)
(iz)" + ()" tay + - - + ixap_1 + an

F(u)(x,s) =

Taking the inverse conformable Fourier transform for the solution u of the
considered equation, we obtain

- F(f) (.o
u(t) =F ((Z:L‘)" + (ix)”—lal + ... 20,1+ ay,

)(t), teT.

For example let us consider the equation
u® —u=f(t), teT,

where

() = {Ei(t, s) for t>s,

o for t < s.
We will search a solution of this equation in the form

{v(t) for t>s

0 for t < s.

Applying the conformable Fourier transform of both sides of the consid-
ered equation, we get

L F(Nes) = F (o) (2,5) — Flo)(a, s)

T —1

=i F(v)(z,s) — F(v)(z,s) = (i — 1)F(v)(z, s)

= i(x+ 1) F(v)(z,s),
whereupon
? i

R e P ARk

Now, taking the inverse conformable Fourier transform, we find

1
2 +1

(t) = —z’f”( )(t) = —isina(t,s), t>s.

Consequently,

—ising o(t, for ¢ > s,
ult) = ising o(t, s) or t>s
0 for t < s,

is a solution of the considered equation.
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