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Abstract

In this paper, an attempt is being made to investigate a class of fractional Fourier
integral operators on classes of function spaces known as ultraBoehmians. We
introduce a convolution product and establish a convolution theorem as a product of
different functions. By employing the convolution theorem and making use of an
appropriate class of approximating identities, we provide necessary axioms and
define function spaces where the fractional Fourier integral operator is an
isomorphism connecting the different spaces. Further, we provide an inversion
formula and obtain various properties of the cited integral in the generalized sense.
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1 Introduction and preliminary

Generalized functions, which are continuous linear functionals over a space of smooth
functions, are useful in making discontinuous functions more likely smooth and describe
physical phenomena as point charges that consequently lead to an extensive use in applied
physics and engineering problems. The space of recent generalized functions known as
the space of Boehmians is defined by an algebraic construction which is similar to that
of field of quotients. When constructions are applied to function spaces and multiplica-
tions are interpreted as convolutions, the constructions yield various spaces of generalized
functions. Approximating identities or delta sequences with shrinking support to the ori-
gin are needful in constructing Boehmian spaces. This, indeed, led among other things
to uniqueness theorems which are interpreted as an uncertainty principle for Boehmian
spaces. However, as Boehmians have an abstract algebraic definition, they allow differ-
ent interpretations of those extended operators to be isomorphisms between the different
spaces of Boehmians; see [1-7] for further details.

The fractional Fourier integral operator is a generalization of the classical Fourier inte-
gral operator into the fractional domains. Although various definitions of the fractional
Fourier integral operator were given in literature, the most intuitive way of defining the
fractional Fourier operator has been given by generalizing the concept of rotations over an
angle /2 in the classical Fourier integral operator. As the classical Fourier integral oper-
ator corresponds to a rotation in the time frequency plane, the fractional Fourier integral
operator corresponds to a rotation over an angle « = an/2,a € R.
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Let K, (¢, w) be defined by

Ko(ow) = { \C/(TQT)T explja(a)((£? + w?) - 2b(a)wt)}, a # n | .
e—/wt/m,a _ %

then the formal and direct definition of the fractional Fourier integral operator with an
angle a of a signal ¥ (¢) is defined by the integral equation [8] (see also Pathak et al. [9] and
Prasad and Kumar [10])

[e.¢]

Fa(ﬁ)(w):/ V(K (8, w) dt, (2)

—00
where a(a) = (cota)/2, b(a) = seca, and c(a) = /1 — cota. The inversion formula has been
recovered from (2) and (1) as follows:

0(t) = Fo (0)(W)K_o (t, w) dw. (3)

1 o0
7= .
However, for certain values of «, the fractional Fourier integral operator satisfies
Fo(9)(w) = 9 (w), Fr (#)(w) = 9(-w), and 7 (2)(w) = F(¢)(w) where F denotes the ordinary
Fourier integral of ¢. The fractional Fourier integral operator has various applications in
literature. Indeed, it has applications in the solution of ordinary differential equations,
quantum optics (Garcia et al. [11]), quantum mechanics (Andez [12]), optical systems
(Narayanana and Prabhu [13]), time filtering (Narayanana and Prabhu [13]), and some
pattern recognitions (see Zayed and Garcia [14]) and Zayed [15, 16]) as well). Various
properties of such a remarkable integral, such as linearity, index additivity Fy, Fy, = Fo; ey
commutativity Fy, Fo, = Fy,Fy,, and associativity (Fy, Fy,)Fu; = Fa, (FoyFas) of the frac-
tional Fourier integral operator, have been obtained in the literature; see Barbu [17] for
some details.

As part of long-term research, the purpose of this article is to give an extension of the
fractional Fourier integral operator into appropriately defined spaces of Boehmians and
define an isomorphism between the different spaces of Boehmians. We divide this article
into four sections. In Sect. 2 we define convolution products and prove a convolution the-
orem. In Sect. 3 we establish a class of approximating identities and derive spaces of ultra-
Boehmians and, further, we extend the fractional integral operator to the defined spaces.

In Sect. 4 we prove linearity and discuss an inversion formula.

2 Convolution product and convolution theorem
To establish a convolution theorem for the fractional Fourier integral operator, we intro-

duce a convolution product as follows:

[ee]

(2 00)(0)= [ 9@0a(e-2v(t.2)d @
—00
where ¥ (¢, z) = e¥2eDal@),

The convolution theorem for the fractional Fourier integral operator can be drawn as
follows; see [7, 15] for similar discussion.
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Theorem 1 Let a(o) = (cotw)/2, b(a) = secw, c(a) = +/1 —cotw, and ** be defined by (4),
then we have

Eu (9 4 90)(w) = ﬁ eXp( 52 2)(1—" 2)(W)(Ea Do) (w). (5)

Proof By aid of (2) and (4), we are led to writing

(19 ** 190 (W)

?Hz)Vo(t — 2) exp <]—t )
t
X exp (jCOTa w2> exp(—j csc wt) exp(j(z —t) cota) dtdz. (6)
The change of variables t — z = v gives

Fo (9 %% %) (w) = (@) / / z)ﬂo(v)exp( (v+z)2>

t
X exp ( % w2> exp —j(w(v + z) csc o) exp(—jzv cot) dz dv. (7)

Hence, by rearranging the products in (7), we obtain

F, (19* 190 = c(a) / / z)exp(]cotaz )exp( coztoz 2)

v2) exp(—jcotawv) dv. (8)

t
x exp(—jwz csca) dzvy(v) exp (j cora

Multiplying (8) by << exp(j<%®w?) yields

\/27:

£ (0 00) S exp (;%w) - (EaD)O0) (Eu o) ).

That is,

Fo (9 90)(w) = J(E exp (—1002”wz)(FaﬁxWxFaﬂo)(w).

c(a)

The proof is finished. d

3 UltraBoehmians
With the help of the convolution theorem, we introduce a generalized convolution product
and generate a class of ultraBoehmians. The spaces under construction generalize those
obtained by Prasad and Kumar [10] and Pathak [9]. Due to Prasad and Kumar [9, (5)] and
Zemanian [18] as well, an infinitely differentiable complex-valued function ¢ is said to be
in Sg (R) if and only if

vs5(0) = sup|tP DP9 (1) < 00 ©)
teR
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for every choice of constants f8, . Alternatively, (9) can often be written as

Jg @) = sup| (1+167%) E DP9 (0)| <00 (m, e N).
teR

The dense subspace of Sg (R) of smooth (C*) functions of compact supports over R is
denoted by D} (R).
The following theorem is very needful in the sequel; see [9].

Theorem 2 The fractional Fourier integral operator is a continuous linear mapping from

SH(R) into S} (R).
Parseval’s identity of Fy is given as

/'ﬁmwaw:/ Bo(E) P ) de,

00 o]

and hence we have
[ Joofa- [ 1pef e,

where iy, O are the fractional Fourier integral operators of Y, and ¥, and r is the con-
jugate of , see Pathak et al. [9, Theorem 3.1, p. 243] for some details.

We state without proof the following two theorems as the proofs are a straightforward
consequence of (4).

Theorem 3 The product ** is commutative in Sg(R), ie., 0 ** 9 =0y %% 0.
Theorem 4 Let ¥, %9, h € Sg(R), then O %% (9 %* h) = (O ** ) ** h.
Now we introduce a class of approximating identities as follows.

Definition 5 Let Aﬁ be the set of sequences (3,,);° of Dg (R) where the following formulas

hold:
f T (0@ dr 21 (YneN), (10)
foo|5n(t){dt<M (MeRneN), (11)
g}g{g!ﬁn(t)\ -0 (12)

as n — 00, V8§ > 0. We claim that Ag with the convolution product x* represents a class of
approximating identities.

We establish the following theorem.

Theorem 6 The class (Aﬁ ,%%) forms a class of approximating identities.
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Proof We show (8, *“ y,) € Ag when (8,,), (y,) € Ag. As the proofs of (11) and (12) are
straightforward, it suffices to show that (10) holds. By (4) we write

/ (5,, *¥ yn)(t)eja(a)ﬂ dt = / / (Sn(Z))/n(t—Z)lﬂ(t, Z)dzej“(a)tz dt

o0

- / man(z) f ” yalt = 20 (8, 2)é” dt d.

Let t = z + w, then the preceding equation gives
/ 54(2) / YaW) Y (2 + w,2)@“OE dy iz = / 5,(2)6"“ dz

oe] oe] —00

X / y,,(w)ej“(“)wz dw.

o0

Hence the following is obtained by simple computations:

/ (8, %% 1) (£ d = 1.

o]

The proof is completely finished. d

Theorem 7 Ify € Dg(R) and 9,0, € Sg (R), 9, — O, as n — 00, then we have
(i) (O +00)** Y =0 Y + 09 Y.
(ii) D, ** ¥ = O x¥ Y as n— oo.
(ili) A2 ** ) = (MO ** ) for some ) € C.

The proof of this theorem can be obtained by easy computations.
Theorem 8 If 9 € S} (R) and 9o € D(R), then 9 +* 9, € SH(R).
Proof Indeed, by (9), we get

Yo, (z? * 190) < sup|t“D’3(19 * ﬁo)(t)‘ < 00, (13)
teR

where * denotes the usual Fourier convolution product. The last inequality follows from
the fact that ¢ * %y € Sg (R) and that || < 1, see Zemanian [18].
The proof is finished. O

Theorem 9 Let (§,) € AB, VRS Sg(R), then ¥ %% 8, — ¥ as n — oo.

Proof By aid of (10), we get

P DP (9 % 8, — 9)(0)| = 'tﬂD‘f (/w P(t) - L‘)(t))én(z) dz

—00

< / M|¢# D (9.(t) - 9(8)) | dz — 0
K

as n — 00, where ¥ (t —z) = ¥,(t), M is a constant, and K is a compact subset of R satisfying
|8,] <M and K 2 suppé,, n € N. The proof is finished. g
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The space B (81 = ﬁl(Sg(R), (Dﬁ(R), *%), %%, Ag)) of Boehmians is defined. (¢,,38,) and
(6, ty) in By are equivalent, (9,,8,) ~ (O, tw), if O %* £, = 6,, x* 8, (Vm, n € N). Indeed,
~ defines an equivalence relation on f;. The equivalence class in 8; containing (,,8,)
is denoted as ((9,)/(8,)) and is called Boehmian. An embedding between Sg (R) and B is
expressed as x — x ** §,/8, (Ym,n € N). If ((9,)/(8,)) € B1 and z € B4, then

((19”)/(5,,)) * 0= (ﬂn *“ Q)/(an)

To define the space of ultraBoehmians, let S, and D,, be the fraction spaces of F, of all
members of Sﬁ (R) and Dﬁ (R), respectively, and, similarly, let A, be the fractional set of F,,
of all sequences in A“. Then, we introduce a product on S, as follows:

(F x G)(w) = *C/g exp(—jcozta w2>F(w)G(w). (14)

Then we have the following theorem.

Theorem 10 Let F,F,,H,G€ S,, F, - Fasn— 0o and V € D, then the following iden-
tities hold:
(i) F+@ xV=FxW¥V+GxW.
(ii) Fy xV—>FxWasF,— Fasn— o0.
(iii) Fx G=G x F.
(iv) Fx(GxH)=(F xG) x H.
V) n(Fx G =(nF x@G),neC.

Proof Proofs of (i) and (ii) are straightforward being similar to the proofs assigned to the
space ;3(52 (R), (Dg (R), %), *‘j‘, Ag).
Proof of (iii) Let ¢, %y € Sg (R) be such that F = F, ¥ and G = F, ¥, then by (14) we have

(F x G)(w) = % exp (-jcozt“ WZ)F(W)G(W)
_ Y2 exp(—jcomW2>(Fal9)(W)(Fal90)(W)
c(a) 2

= Fo (0 %% 99) (W) € Sq.
Since 9 ** ¥y = ¥ ** ¥, it follows from (14) that
(F x G)(W) = Fo (0 +* 9) (W) = (G x F)(w) € S,. (15)

Proof of (iv) is similar to that of (iii), whereas the proof of (v) is straightforward.
The proof is finished. O

Theorem 11 Let (6,), (¢,) € Ay and F € Sy, then (0, X ¢,) € Ay and lim,,_,o F X 6, = F.

Proof Let (8,), (V) € Ag be such that F,8, = 6, and Fy ¥, = ¢, Vi € N. Then by (14) we
have

.cota

(6 X @) (W) = % exp (_] 9

w2>9n(W)<pn(W) = Fo (8 %% W) (w).
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Hence (6, x ¢,) belongs to A, since (8, ** ¥,,) belongs to A*. The proof of the second
part of the theorem can similarly be drawn.
The proof of the theorem is therefore finished. d

The space B3 (B2 = B2(Sy, (Do, X), X, Ay)) of ultraBoehmians is obtained. An ultra-

Boehmian in 8, is written as
(Fa )/ (Fo00),

where (F,9,) € Sy and (F,0,) € A,. For similar concepts of addition, convergence, and
scalar multiplication in ; and B,, we refer to Omari [19, 20].

Definition 12 Let (§,) € Ag and () € Sg (R), then the fractional Fourier operator of a
Boehmian in 8; can be given as

ﬁa((ﬁn)/(an)) = (Fuﬁn)/(Fotan): (16)
which indeed is a member of j,.
4 Characteristics and an inversion formula
To show that £, is well defined, we assume (89,,)/(8,,) = (6,)/(¢,) € B, then the idea of quo-
tients of sequences in 8, suggests to have ¥, x* ¢, = 6,, ** 8, (m,n € N). Hence, applying
F, gives

Fo (90 %% €m) = Fo (O %% 84)  (m,n € N).

Therefore, the convolution theorem reads as follows:

V2r ( cota 2)

exp| —j———w (Fam(Fasm):@exp(—/“’“"W2)(paem)(paan>.
c(a) 2

c(a) 2

This equivalently can be written as
(Fa9n) X (Fu&m) = (FabOm) x (Fuby).

Hence, the idea of quotients and equivalent classes of 8, and the preceding equation
suggest to have

(Fo¥u)/(Fady) = (Fubn)/(Fagn) (m,n €N).
Thus,we obtain that

Fu((00)/(80) = Fa (@)1 () (m,n € N).
The proof is completely finished.

Theorem 13 The integral operator 130, : B1 — B is linear.
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Proof of this theorem follows from the concept of addition of Boehmian spaces. Hence
it has been deleted.

Theorem 14 Let o € B, 0 =0, then E,(0) = 0.
Proof of this theorem is straightforward. Details are, therefore, omitted.

Theorem 15 Let 0y, 0 € B1, then we have

Fulen s 0)00 = G2 exp(J5 ) uteo o),

Proof Let 0o = (84)/(8x), 0 = (64)/(€,) € B1 be given. Then, by employing x*, we get

Ey(00 % 0) = E, (((9) ¥ (60))/((82) % (£1)))-

Hence, the convolution theorem reveals

Fuon 0)n = L exp (1502 ) FleolFs o),

The proof is completely finished. d

Definition 16 Let oy € B3, 00 = (Fy¥,,)/(F,$,), then we introduce the inverse operator of
1:"“ as the mapping (IA-"OK)’1 : B2 — P1 given by

(Fa) ™ (00) = (9)/(84)
for each (8,) € Ag.
Theorem 17 The inverse operator (IA'"D[)‘1 : Bo — B1 is well defined and linear.
Proof Let gg =0 in B,00 = (Fy9,,)/(Fyd,), © = (Fy6,)/(Fyey). Then
F,9, x Fye,, = F,0,, X F,6,
for some (6,), (¢,) in Sg (R). By using the convolution theorem, we obtain
E, (O #* &) = E, (6 %* 8,) (m,m€N).
Therefore, ¥, %% &,,, = 0,,, ** 8,, (m,n € N). Hence, we have
(@1)/(8n) = (6)/(&n)-

To show that (It"o,)‘1 is linear, let 0o = (Fy9,,)/(Fy8,), 0 = (Fy0,)/(Fye,) be members in B,
then by addition of 8, and the convolution theorem, we write

(Fa) (00 + 0) = (Fa) ™ (Fu(9) 5 (£0)) + ((0) % (8)))/ (Far (80 %% £1))-
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Therefore,

(ﬁa)il(QO +0)= ((ﬁn) ** (en) + (0) % (8,,,))/((5”) * (gn))-

Hence addition in 8; finishes the proof of the theorem. d
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