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1 Preliminaries

Due to various applications of the Dirac delta distribution and its usual implementation in
physics, engineering, and partial differential equations, various distribution spaces have
been considered in literature. Distributions or generalized functions are objects that gen-
eralize the classical notion of functions. They are widely used in geometry, mathematical
physics, stochastic analysis, harmonic analysis, and the theory of linear and nonlinear par-
tial differential equations as it is much easier to establish a distributional solution than a
classical one. The space of Boehmians is a space of generalized functions constructed in an
algebraic way similar to the construction of the field of quotients. When a multiplication is
interpreted as a convolution, the construction of a space of Boehmians, applied to a differ-
ent function space, yields a different space of Boehmians. Boehmians also allow different
identifications of integral operators to be isomorphisms. Therefore, several integral op-
erators have been applied to various spaces of Boehmians in various papers in the recent
past. For example, the Stieltjes integral operator was extended to a space of Boehmians
of Fox’s H-function type (see, e.g., [1]), the Hartley integral operator was extended to a
space of strong Boehmians (see, e.g., [2]), the Hilbert integral operator was extended to a
space of Boehmians (see, e.g., [3]), the Mellin integral operator was extended to a space
of Boehmians of quaternion type (see, e.g., [4]), the short-time Fourier integral operator
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was extended to a space of H-Boehmians (see, e.g., [5]), the fractional Fourier integral was
extended to a space of Boehmians (see, e.g., [6]), the quaternion Fourier integral was ex-
tended to a quaternionic set of Boehmians (see, e.g., [7]) and many others, to mention but a
few. However, further extensions of integral operators to Boehmian spaces were obtained
in [1-10] (see also citations therein).

The Gabor integral transform operator, among other integral transform operators, was
proposed as a time-frequency integral operator to perform simultaneous time-frequency
analysis of signals. This frequently was used for feature extraction, non-stationary signal
processing, radar systems, sonar systems, communications, and space sciences (see, e.g.,
[11]). For a given window function g and coordinates in the space and the frequency do-
mains g and g, the Gabor integral operator of a signal ¢ is given as follows (see, e.g., [12]):

Gep(9,7) = fR o (x)g (=) expl(i2qn) dx, W

when the integral exists. If g is a given window function satisfying the integral equation

/ ’g(x)’zdx =1,
R

then the signal function ¢ can be recovered from the Gabor spectrum integral Gg¢ as
follows:

o(x) - /R /R Goola 8)(s - Soxp(Bmam) dq i 2)

The Gabor integral operator of an image has much lower entropy than the pixel represen-
tation of the image, and the expansions of the Gabor, for every low bit rates, can provide
better signal compression than the discrete cosine integral operator can (see, e.g., [8, 10—
18]). If § and B are real numbers, when 8 is fixed, then the collection gf, ; of functions is
defined by

2igx — qq -
o) = ew(%)gf (x-q), 3)

where gf is a family of Gaussian window functions defined by

iBx? — 284> ) @

gf(x):rsiexp( 5

With respect to the family gf of window functions, the §-8-Gabor integral operator of a
signal ¢ is defined by (see, e.g., [13, Eq. (4)])

Glola) = [ ehewt)ds )

The §-B-Gabor integral operator is the §-8-extension of the Gabor integral operator when
8 =1and B =0. It is closely related to the Wigner—Ville integral operator

2
25+,3 x2_i$2+§xg>’

W (g))(x &) = Cexp(— % %
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and they are related by (see, e.g., [13])

1GYo(q,d)]” = W(gl)aW (p),

where { is the convolution product of the Fourier convolution type (see, e.g., [19])

mw@»iéqu@—nﬂ, ©)

and C is some constant. However, the §-8-Gabor integral of a signal may look much bet-
ter than the Gabor integral operator since the choice of § and 8, which brings out features
best, will depend on the time-frequency content of the signal itself. It, therefore, becomes
natural to adapt the choice of parameters § and 8 to the phase point (g, g). However, this
article firstly aims to discuss convolution products and convolution theorems for the §-8-
Gabor integral operator. It then generates two sets of Boehmians and gives some charac-
teristics of the extended §-B-Gabor integral operator. For the convenience of the reader,
we distribute our results into four sections. In Sect. 2, we introduce convolution products
and prove a convolution theorem. In Sect. 3, we generate the §-8-Gabor sets of Boehmi-
ans. In Sect. 4, we discuss the §-B-Gabor integral on the set of Boehmians and obtain an
inversion formula as well as radical properties of the generalized integral.

2 Convolutions and convolution theorem
In mathematics, the convolution is a mathematical operation on two functions, producing
a third function that is typically viewed as a modified version of one of the original func-
tions, giving the area overlap between the two functions as one of the original functions
is translated. Convolutions have applications including probability, statistics, computer
vision, image and signal processing, electrical engineering, and differential equations. At
any rate, the purpose of this section is to devise the convolution product and derive the
convolution theorem for the §-8-Gabor integral operator for arbitrary real numbers §
and S.

The analysis of the Gabor integral operator successfully brings light to a very beneficial
convolution product that works in with the Fourier convolution product. The compatible
convolution product is defined as follows.

Definition 1 Let ¢ € L'(R) and F € L'(R?). Then, for ¢ and F, we define an integral equa-
tion * as follows:

2igx — gx

o Fad- [ :

R

o(x) exp( )F(q,?] —x)dx, (7)

provided the right-hand side integral exists for all coordinates g and 4.

To establish the §-8-Gabor convolution theorem, we firstly derive the following prelim-

inary result.

Theorem 2 Let gﬁ ’; and gf be defined as in Eq. (3) and Eq. (4), respectively. Then, for real
numbers z and x, we have

2igx — gx 2igz —q(q — t)
g{’;’;(z +x) = exp(%) exp(%)gf(z).
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Proof By using Eq. (3) and employing the change of variables w = z + x — g, the above
equation routinely becomes

2i(g +2) —qq
g,ﬁ’;(z+x)=exp<7q 5 qq)gf(w).

Hence, by taking into account the definition of a family of the Gaussian window functions
gf , we get

. 2 2
gﬁ (z+x) _eXp(lq(Z"'x)) eXp( q2q>8 eXp(M).

This can alternatively be written as

2ipz—q(g—x)—gx\ 1 iBw? — 28w?
gqq (z +x) = exp(ipx) exp 7 5% exp — )

Therefore, by using a simple computation and making a rearrangement on the above ex-

ponents yield
2iq — 2iqz — q(q — iBw? — 26w?
gs";(z +x) = exp( 1612 qx> exp(W)Bi exp(m}%).
Indeed, the definition of gf gives
5 2igx — qx 2igz — q(q — x)
gfﬁ (z+x)= exp(# exp — - gf(z).
This finishes the proof of the theorem. O

Now, as we are implementing the Fourier convolution product # in our next investiga-
tion, we have to be very familiar with the convolution properties on the set of integrable
functions that we recall (see, e.g., [6]):

piy =ytp and @E(¥10) = (Vip)ao.

On the basis of the above definitions, the convolution theorem of the Gabor integral Gf
can be derived as follows.

Theorem 3 Let ¢ and Vr be arbitrarily given in L'(R), and let q and G be the coordinates
in the space and frequency domains, then we have

G (pt¥) (0. @) = (Gho +1 ) (4, ).

Proof Let ¢ and v be arbitrarily given. Then, by considering the integral relation pre-

sented in Eq. (7), we write

Gllosv)ad) = [ o) [ it 0 dsa ®)
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Hence, the substitution x = z + ¢, consequently, changes Eq. (8) into the integral relation

Gllosnad) = [ v [ &t opte)dedr ©)

Thus, with the aid of Theorem 2, Eq. (9) can be nicely expressed as

Sl - [ voe( 2 )( [ i eterds) ae

Therefore, by employing Eq. (5), the Gabor integral of the convolution can be given as
follows:

Gl - [ voen( 21 )l wiga- o
R

Hence, by using Eq. (7) we complete the proof of the theorem. d

Indeed, analogous to many magnificent research works related to various integral op-
erators, this convolution theorem still lacks the elegance and simplicity of the Euclidean
Fourier integral operator, which states that the Fourier integral operator of a convolu-
tion of two functions is the product of their respective Fourier transforms. Although the
convolution product and the convolution theorem of the §-8-Gabor integral operator are
not so accessible as the Euclidean Fourier convolution product and convolution theorem,
they will serve us nicely to present a simple though rigorous approach to the generalized
8-B-Gabor spaces of Boehmians. It also serves to derive a linear bijection between the
Boehmian spaces.

3 §-P-Gabor spaces of Boehmians

Denote by D(R) the space of smooth functions of compact supports over R and, at the

1
loc

A the set of delta sequences {§,} from (D(R), ff) satisfying A; — A3, where

same time, denote by L] (IR?) the space of locally integrable functions over R?. Denote by

A1:/8n:1f0ralln€N.
R

Ay |8, < M,MeR,0<M,neN.

A3z :suppdy S (=Vus Yu)s ¥n — 0 as n — oo.

With L}

loc

(R2), D(R), A, the product #, and the product *Z, we generate a space B(R?) of
Boehmians which works in as a range space of the generalized §-8-Gabor integral opera-

tor. Therefore, we start with the proof of the following fundamental result.

Lemma4 LetFell

loc

(R?) and @,y € D(R). Then we have
F+l (pttv)(q,9) = (F 1 9) x1yr(q,q) in L, (R),

where (q,q) € R2.
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Proof By employing the definitions of the convolution products *Z and 1, we respectively

obtain
P - [ Fag-sen( 2" )z ds
- [ Faa-wes( 252 [o-pwordyas
R R

Hence, with the aid of Fubini’s theorem, we simplify the above equation to write

. B - 2igx — gx
P = [ v0) [ Faa-sex( 25 Yoty sy (10)
R R
Therefore, a proper change in the variables changes Eq. (10) into the standard form

F+ (o) (q,9)
=/ I/f(y)eXP(ziqu_qy)/F(q(é—y)—Z)GXP<WT_WC)¢(Z)dzdy
R R

2igy - .
- [ voren( 2222 F g o)aa-n

Hence, we have reached the conclusion that F *Z (pyr) = (F *Z ®) *Z Y. To complete the
proof of this lemma, we have to show

F*Z RS L}OC(RZ) (11)

for every F € L} (R?) and ¢ € D(R). Let K be a compact subset of R?, then we have

loc
~ 2igx — gx
RF(q: q-x)px)exp| ———— |dx

- d(g,3)

x1 ,q)| d(q,q) =
/1<|(F 19)(¢,9)|d(q,9) /

K

< [ low| [ |Fa.a-]dt.a ds
R K
< A/ |o(x)| dx,
R
where A is a certain positive constant such that
/|F(q,2]—x)|d(q,2]) <A asFeL}aC(Rz). (12)
K
Also, as ¢ € D(R) and ¢ is a smooth function of compact support, we have
[Jotw)]ax <5
R

for some B € R. Hence, we have obtained F*Z(p eL! R?»)forallFeL! (R?) and¢ € D(R).

loc loc

The proof of the theorem is, therefore, finished. O

Each of the identities of the following lemma has a routine verification and, hence, the
proof is left to the reader. Details are, therefore, omitted.
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Lemma 5 Let F,{F,} €L} (R?) and ¢,v € D(R) and a € C. Then we have F*Z (p+y)=

loc

F*Z¢+F*th, (aF) x2 ¢ = a(F %} ¢) and
F,,*Z(p—>F*Z<p asn— ooasF, — Fasn— 0.

Lemma 6 For{8,} € A and F € L} (R?), we have

loc
F#l8,—F inLj,(R*) asn— oo. (13)

Proof Let K € R? be compact. Then, by using the concept of A;, we have

JG@%—HW@M@@

= | (Fx18,)(q,9)-F(q,q) | 8.(x)d
/K‘( 184)(0q) (qq)/]R (x) dx

<L

Yn
§/K<f_ \F(q,q—x)—F(q,q)||8n(x)ldx)d(q,q)

Vn

d(q, )

~ 2igx — gx 5
F(%‘Z-@“P(%) - F(q,9)

|8, (x)] dx) d(q,q)

Yn
SM/K/_VH |F(q,3 - x) - F(q,q)| dxd(q, ).

The last inequality follows from A, and the fact that {3,,} € D(R). Hence, as F € L} (R?),

loc

by pursuing simple computations, we write

/K|(F *1 8, — F)(q,9)| d(q, ) < MAWEK) ),

where u(K) is the Lebesgue measure of K and A is some positive constant. Hence, by As,

we have
|E *g 8y —F| < MAW(K)(2y,) — 0
as n — 00. This finishes the proof of the theorem. d

The Boehmian space B(R?) with the sets (L} (R?), *Z), (D(R), 1), A(R) is defined.

loc
The sum of the Boehmians ¢, /5, and g,/¢, in B(R?) is given as

(pn/an +gn/8n = (@n *Z 871 + gn *Z Sn)/(gnngn)’
whereas a multiplication of a Boehmian ¢,/8,in B(R?) by a complex number y € C is

defined as y (¢,/8,) = (y ¢./8,). On the other hand, the extension of *Z and D to B(R?) is

introduced as follows:

(@u/Sn) %8 (@ulen) = (¢n %7 gn)/(Outien) and  D*(¢al8,) = (D*@uldy), ot € R.
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Moreover, an extension of *Z to B(R?) *Z L, .(R?), where (¢,/8,) is in B(R?) and  in
L; (R?), is given as

(©n/84) *Z W= ((pn *Z a))/(Sn.

Definition 7 Let B, 8 € B(R?) for n=1,2,3,.... Then the sequence {8,} is §-convergent
to B, denoted by 8 —lim,,_, B, = B(Bx 2 B), provided there can be found a delta sequence
{8,,} such that

(a) (B, 1 8x) and (B *1 &) € L. (R?) for all n,k € N,
(b) limy,_ o0 B *Z Sc=P *Z 8k in L}, (R?) for every k € N.
Or, equivalently, § —lim,_, 8, = B if and only if there are ¢, 1, g € L}, .(R?) and {§;} € A

such that (i) B, = @ui/8k, B = @r/8k (ii) limy— 00 @k = @i € L}, (R?) to every k € N.

Definition 8 Let 8,, 8 € B(R?) for n=1,2,3,.... Then the sequence {8,} is A-convergent
to B, denoted by A-lim,, o B, = B(Bx Y B), provided there can be found a delta sequence
{8,,} such that

@) (By— B) *1 8, € LL (R?) (Vr € N) (i) lim,,, oo (B — B) %2 8, = 0 in LL (R2).

loc loc

Defining the space H with the sets (Lllo (R), 1), (D(R), 1), and A(R) is quite similar to the
construction of the space of L”- Boehmians; for details, we refer to [9]. In H, addition of

¢ul8, and g,/e, in H and { is, respectively, defined as

Onld + gulen = (@ntibn +gnﬁ8n)/(8nﬁ5n)

and

(¢n/8n)ﬁ(gn/8n) = (QDnﬁgn)/(anﬁEn)'

Multiplication of ¢,/8, in H by a complex number y € C is defined as

Y (@n/81) = (¥ @ulbn).

D of ,/8, in H is introduced as D*(¢,/8,) = D*,/8,, & € R. For every ¢,/8,, in H and «
in L}, (R), # can be extended to HiL] () by (¢,,/8,) 8k = (@ufix)/8,.
Definition 9 Let §8,,8 € H for n=1,2,3,.... Then the sequence {8,} is §-convergent to
B, denoted by § — lim,,—, o B, = B(Bu 5N B), provided there can be found a delta sequence
{6,.} such that

(i) B8k and Bty € LL (R) for all n,k € N,

loc

(ii) lim,— 00 Bufdk = Bidk in L], (R) for every k € N.

Or, equivalently,

8 —lim,, o B, = B if and only if there are ¢, x, Yk € L}OC(R)and {8x} € A such that

(i) Br = ui/ Sk B = il bk

(ii) to every k € N, we have lim,,_, oc @k = ¢k in L}, (R).
Definition 10 Let 8,,8 € H forn=1,2,3,.... Then the sequence {8,} is A-convergent to
B, denoted by A-lim,,_, B, = B(B 4 B), provided there can be found a delta sequence

{8,,} such that
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(i) (Bx — B)Edn € Ly, (R) (Y EN),
(11) llmnﬁoo(/gn ﬂ)ﬂgn =0in L}OC(R)'

4 The Xf and Sf integrals
With the aid of the previous investigation, we estimate the Gabor Xf integral and its in-
version Sf on the respective spaces H(R) and B(R?) as follows.

Definition11 Letg,/§, € H(R), then the estimated §-8-Gabor integral of ¢, /3, is defined

as
B _ B
Xa (@nldy) = Ga ©nldy, (14)
which lies in the space B(R?).

We recite some properties of the extension Xf of Gf with the help of the following
theorems.

Theorem 12 (i) Xf : H(R) — B(R?) is well defined.
(ii) Xf : H(R) — B(R?) is linear, one-to-one, and onto.
(i) Xf : H(R) — B(R?) is continuous with respect to § and A-convergence.
(iv) Xf : H(R) — B(R?) is consistent with the operator Gf .
) X5 (@l 8.)8(gnl €0)) = X5 (0l 84) %3 X5 (gulen).

Proof (i) Let ¢,/8, € H(R). Then ¢,5,, gmﬁ(S for all m, n e N. But then, by Theorem 3,
we have Gs (i) = GgS (gmt8,). Therefore, Gy <pn *q S = 5gm *q 8.
Hence, we have

Gl 9,15, € B(R?).

Now, we show that Xﬁ is independent of the representative. Let (pn/Sn = g,,/s,, in H (]R)
then (p,,jjsm = g, 16, for all m,n € N. Applymg Theorem 3 gives G?(p,, *q Em = Ga 8 *e 8y
Hence, Ga Ouldy = ngn/an. Thus, Ga (9nld,) = G5 (gn/en)-

Proof (ii) Linearity of X‘3 follows from linearity of G’S Let ¢n/8n, gn/e, € HR) be such
that X (©n/8,) X (g./€n) € B(Rz) Then by Eq. (14) we get G5 Ouldy = Gggn/s,, This
means that G?(p,, *q Em = Gagm q 75, for all m,n € N. Hence Theorem 3 gives G (puiem) =
G(’? (gnlts,). As Gf : LY(R) — LY(R?) is one-to-one, we have @,fie,, = g8, for all m,n € N.
This in turn yields ¢,/8, = g,/¢, € H(R). The onto condition is clear.

We prove Part (iv) as similar proofs for Part (iii) and the convolution theorem in Part
(v) may be followed in [9, 12]. Let p € L, (R?), then (o%8,)/8, is the representative of p in
H(R), {6,} € A (Vn € N). Clearly, for all n € N, {§,} is independent of the representative.
Hence, by the convolution theorem, we get

X5 ((028:)/8,) = G (058,)18, = (G} p %2 8,) /8, = G} p %1 (8,18,).

Thus, (Gf,o *Z 8,)/8, is the representative of G p in the space Lloc(]Rz).
The proof is therefore finished. O

We introduce the inverse operator of X ff as follows.
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Definition 13 Let Gf ©nl8, € B(R?). We define the inverse Xf integral of a Boehmian
Gf ©,/8, in B(R?) as follows:

Sf (Gsﬂgpn/sn) = §0n/8n
for each {§,} € A.

Theorem 14 Let G. ¢,/5, € BIR) and ¢ € L} (R?) be given. We have

loc
S} (G @uldn) %1 @) = (puld)de  and X[ ((ul8,)20) = (G5 @ulds) +1 0.

Proof Assume Gf ©ul8, € B(R?). For every ¢ € L} (R?), by using the convolution theorem

loc
and Definition 11, we have

SY (G nldn) %2 @) = S5 ((GF @ *2 0)184)
= S5 (GS (9ut9)) /8,
= (‘/)nﬁw)/an

= (‘/’n/5n)ﬁfp

As the proof of the second part is similar, we omit the details. This completely finishes the
proof of the theorem. d
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