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Abstract

In this article, we have studied the convergence properties of double Sumudu transformation, and we presented the results
in the form of theorems on convergence, absolute convergence, and uniform convergence of Double Sumudu transformation.
The Double Sumudu transform of double Integral has also been discussed for integral evaluation. Finally, we have solved a
Volterra integro-partial differential equation by using Double Sumudu transformation.
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1. Introduction

Integral transforms are valuable for the simplification that they bring about, most often in dealing with
differential equation subject to particular boundary conditions. The proper choice of class of transforma-
tion usually makes it possible to convert not only the derivatives in an intractable differential equation
but also the boundary values into terms of an algebraic equation that can be easily solved. The solution
obtained is, of course, the transform of the solution of the original differential equation, and it is necessary
to invert this transform to complete the operation [1, 7, 8, 13].

Integral transform, is a mathematical operator that produces a new function f(y) by integrating the
product of an existing function F(x) and a so-called kernel function K(x,y) between suitable limits. The
process, which is called transformation, is symbolized by the equation f(y) = [K(x,y)F(x)dx. Several
transforms are commonly named for the mathematicians who introduced them. In the Laplace transform,
the kernel is e™*Y and the limits of integration are zero and plus infinity, in the Fourier transform, the
kernel is (27()_1/ 2 =Y and the limits are minus and plus infinity. In [15], The Laplace transform of f is

F(s)=L(f(t)) = Joo e S (t) dt = lim r e SUf () dt,

0 n—oo 0
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whenever the limit exists (as a finite number). When it does, the above integral is said to converge. If
the limit does not exist, the integral is said to diverge and there is no Laplace transform defined for f.
The notation L(f) will also be used to denote the Laplace transform of f, and the integral is the ordinary
Riemann (improper) integral. The parameter s belongs to some domain on the real line or in the complex
plane.

In [8, 17] a new integral transform, called the Sumudu transform defined for functions of exponential
order. We consider functions in the set A, defined by

A ={f(t)|3M, 1y, and /or T, >0, such that|f(t)| < MeT, ifte (—1) x[0,00)}

For a given function in the set A, the constant M must be finite, while 71 and T, need not simultane-
ously exist, and each may be infinite. Instead of being used as a power to the exponential as in the case
of the Laplace transform, the variable u in the Sumudu transform is used to factor the variable t in the
argument of the function f. Specifically, for f (t) in A, the Sumudu transform is defined by

B [ f e tdt, 0<u<my,
Gu) =slf(t)]= { jg e~ tdt, —t <u<D0.

Belgacem presented the fundamental properties, analytical investigation of the Sumudu transform and
applications to integral equations. In [3, 7] Belgacem generalizes all existing Sumudu shifting theorems
and recurrence results, also presented applications to convolution type integral equations with focus on
production problems and inverse Sumudu transform of a singular function that satisfies the Tauberian
theorem, where the Dirac delta function fails.

In [2, 4], Laplace transform definition is implemented without resorting to Adomian decomposition
nor Homotopy perturbation methods. Authors also applied the natural transform to Maxwell’s equations
and obtained the transient electric and magnetic field solution. In [10], the Sumudu transform is applied
to arbitrary powers Dumont bimodular Jacobi elliptic functions for arbitrary powers. Belgacem [5] applied
the Sumudu transform to Bessel’s functions and equations. In [9], the Sumudu transform integral equation
is solved by continuous integration by parts, to obtain its definition for trigonometric functions.

In [6], Belgacem proposed ideas towards the mathematical investigations of the environmental fit-
ness effects on populations dispersal and persistence. In [12], Belgacem gives a sufficient condition to
guarantee the solution of the constant coefficient fractional differential equations by Sumudu transform.

Laplace and Sumudu transforms are convenient mathematical tools for solving differential equations.
Sumudu transform is defined by the following formula

S [f(t);V] :irof(t) e vdt ve (-1, ).
0

The variable v in this transform is used to factorize the variable t in the argument of the function f. The
purpose of this study is to show the applicability of Sumudu transform and its efficiency in solving some
convergence theorems.

2. Convergence theorem of double Sumudu integral

In this section, we prove the convergence theorem of double Sumudu integral.

Lemma 2.1. If the integral
1 oo
J e s d(x,t)dt

s Jo

converges at s = s, then the integral converges for s < s.
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Proof. Consider the set

1t u

o (x,t) = J e o p(x,u)du , (o<t< o).
So Jo

Clearly, o (x,0) = 0 and lim{_, «(x,t) exists because %fgo e s ¢(x,t)dt converges at s = s,.

By fundamental theorem of Calculus we have o (x,t) = Sl—oe_ 0 é (x,1).
If we choose €1 and Ry such that (0 < €; < Rj), then

1R 1R e
J e H d)(X,t)dt = J e 5 So Xt (X;t) 6% dt = SOJ 67( o )t Xt (Xlt) dt.

S Je; SJe; S Jeg

By using integration by parts

:SO{ ‘e_(%)t o (x,t)

S

L[ e s (22 )

_ %o [e_(ss‘)sos)Rl o, Ry) —e (55 o ep )+ (SO_S> JRI o (x,t) e_(ssos"s)tdt] '

€1

Now let €; — 0. Both terms on the right which depend on €; approach a limit and

Rl s — R1 so—s
1J e F b (xt)dt =2 [e(ssom R o (x, Ry) + (SO S>J a(x,t) e (5 )tdt] .

S Jo S SSo 0

Now let Ry — oo. If s < s, the first term on the right approaches zero and

1 _« _ [So—s
SJO e Sq)(x,t)dt —( 2 )

The given theorem is proved if the integral on the right converges.
Now by using the “Limit test” for convergence (see [18]), for this we have

o0 so—s
J ei( sso )t O((X,t)dt, fOI‘ S < So.
0

2

So—s

So—S

t—o0 6( sSo

t—o0 t—o0 t—o0

Therefore, the integral on right hand side of (2.1) converges for s < s,.
Hence the given integral 1 [(°e~ s ¢ (x,t)dt converges for s < so.

Lemma 2.2. If integral

converges for s < s, and integral

1(* x
J e v h (x,s)dx
P Jo

converges at p = po, then the integral (2.2) converges for p < po.
Proof. Let

1 1* u
B(x,s):J e v h (u,s)du, 0<x< oo
Po Jo

Therefore 3 (0,s) = 0 and limy_. B (x, s) exists because % fgo e v h (x,s) dt converges at p =p,.

lim tze_(T)toc(x,t) = | lim L Iim a(x,t)| = 0 % | lim o (x,t)| = 0 = finite.
)t

2.1)

(2.2)

(2.3)
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By using fundamental theorem of Calculus, equation (2.3) can be written as f« (x,s)= pioefvio h (x,s).
Choose €, and Ry and so that 0 < ex<Ry,

1 R2 Rz o—
J e »h (x,s)dx:poj e_(%)xﬁx (x,s) dx
p €2 p €2

_(PO—P Po—P

Rz
52 IR2g (Ry, 5) —e ()2 (e, s)+<p°‘p)j e (2% (x, 5)d]

:7[ e
PPo

Now let €5, —0.

1 Rz x o —
J e 3 h (x,5)dx = 22 | e (5t )R2p Ry, 5) + <p°p>
P Jo p PPo

JRZ e_(p;pj)x[i (x,s)dx] .

0

Now let Ry—o0. If s < s, , the first term on the right approaches zero,

1 (> x —
J e ?h (x,s)dx:<p°2p>
P Jo p

The given theorem is proved if the integral on the right converges. Now by using the Limit test for
convergence (see [18]), we consider

J e*(p;p;p)x[f) (x,s)dx, for p < po-
0

_ 2
X11_r>ro1o xze_(%)xﬁ (x,t) = [Xh_{r(}o e_(:%g)x} [Er_r}\o[z (x,t)} =0x [Xh_{rgo B (x,t)} = 0 = finite.

Therefore, the integral on right hand side of (2.2) converges for p < po.
Hence the given integral % Jo e P ho(x,s)dx converges for < p,. O

Theorem 2.3. Let ¢(x,t) be a function of two variables continuous in the positive quadrant of the xt-plane. If the
integral

|+

1 Joo J T d(x, t)dxdt (2.4)

PsJo Jo
converges at p = Po, S = So, then integral converges for p < po, s < So.

Proof.

o ®

1 (o0} (o0} t 1 o0 x 1 (o0} N 1 o0 x
J J e v s d(x,t)dxdt = J e v {J e s ¢(x,t)dtjdx = J e vhix,t)dx, (2.5)
PsJo Jo P Jo s Jo P Jo

where h(x,s) = 1 fo s (x, 1) dt By Lemma 2.1, integral 1 fo d) (x,t) dt converges for s < s,.

Also by Lemma 2.2, 1ntegral 11) Jo e P ho(x,s)dx converges for p < p,. Therefore, the integral in RHS of
(2.5) converges for p < po, s < so.

Hence the integral % fgo Io e vk ¢ (x,t) dxdt converges for p < po,s < So. This completes the
proof of the Theorem 2.3. O

Corollary 2.4. If the integral é fo [ e P b (x, t)dxdt diverges at p = po and s = s, then the integral
diverges at p < Po, 8 < So.

Corollary 2.5. The region of the convergence of the zntegml = oI5 e _§ (%, t)dxdt is the positive quadrant
of the xt-plane.

Now we prove absolute convergence of integral.
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Theorem 2.6. If the integral (2.4) converges absolutely at p = po, s = So, then integral (2.4) converges absolutely
forp <po,s<so

Proof. We know that e™ Po S0 | &(x,t) [ < e 575 for (p <po <0, s <so < 00). Therefore

1 o0 o0 1 o0 o0 x t
J J e o %o \ ¢(X't)|dth<mJ J e v s | ¢(xt)|dtdx.

SoPo Jo Jo 0 Jo

Form given hypothe51s, s fo fo | & (x,t) | dtdx converges. Hence, we have

1 00 (0O N .
J J e P s | b (xt) |dtdx

SoPo Jo Jo

converges for (p < po s < 8o). Therefore the integral (2.4) converges absolutely for (p < po s <so). O

3. Uniform convergence
In this section we prove the uniform convergence of double Sumudu transform.

Lemma 3.1. If g(x,t) = fo s f f(x,v)dv is bounded on [0, co), then the Sumudu transform of f with
respect to s converges uniformly on [s,00) if s < s,.

Proof. 1f 0 < r < 11, then consider,

1 ™ t 1 T So—s
J e s f(x,t)dt = J e_(sso)te_stof(x,t)dt:SOJ
s ), s ), s

So—s

e (55t gt (x,t) dt.

Using integration by parts

— Sio |:e(ssosos)rlg (X/TI) — ei(ssosios)rg (X,T) + <SO — s) Jrl ei(%)t g (X/t) dt:|

sso /) Jr

Therefore, if | g(x, t) | < M, then

1 T t so—s — ™ so—s
J esf(xlt)dt‘ gM{e_( S$So ) 1+e ( S$So )T+<SO S)J e_( sso )tdt}

S Jr $So T
:M{e ( sso ) 1_|_e (%)r_ei( sso ) 1+e (ssos;S)T}

—oMe () for s < So-

By Cauchy criterion for uniform convergence (see [16]), 1 f lem s f (x,t) dt converges uniformly on [s,00)
if s < so. Hence, Sumudu transform of f with respect tos converges uniformly on [s,00) if s < s,. O

Lemma 3. 2 Ifthe integral g (x,s) = 1 [" e f (x, t) dt converges uniformly on [s,00) if s < so and & (x,s) =
fo B (u, s) du is bounded on [O 00), then the Sumudu transform of f with respect to s converges uniformly
on Ip, 00 1f P < Po-

Proof. Proof is similar to Lemma 3.1. O

Theorem 3.3. If f(x, t) is continuous on [0, co) x [0, c0) and

x rt
H (x,t) = J J e o sof(u,v)dudv

PoSo Jo Jo

is bounded on [0,00) x[0,00), then the double of Sumudu transform of f converges uniformly on [p,oc0) x[s,00) if
P <Po, 8 < So.
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Proof.

1 x rt “ v

H (x,t) = J J e Po Sof(u,v)dudv
PoSo Jo Jo
1 _ w 1 1 ™ _ w
=— | e Po e so f(u,v)dvpdu=—| e Pog(ut)duy,

Po So Jo Po Jo

where g (u, t) fo o f (u,v) dv is bounded on [0,00).

By Lemma 3 1 Sumudu transform of f with respect to s converges uniformly on [s, c0) if s < s,. Also
by Lemma 3.2, Sumudu transform of g with respect to p converges uniformly on [p, o) if p < p, . Hence
double Sumudu transform of f converges uniformly on [p,c0) X [s,00) if p < po, s < So. O

We now prove the differentiability of double Sumudu transform.

Lemma 3.4. If g(x, t) f o€ so f (x,v) Av is bounded on [ 0,00), then the Sumudu transform of f is infinitely
differentiable with respect to's on [s,00) if s < s with

on 1(* _«

asinf (X S) (_1)T1 g JO e s thf (X, t) dt. (31)

Proof. First of all, we will prove that the integrals

1([*® t
I. (x,8)=(-1" s,[ e s t"f(x,t)dt, n=0,1,2,3,....

all converge uniformly on [s,00) if s < s, and if 0 < r < 1y, then

1 k! ™ So—s
SJ e s " (x,t) dt = SSOJ e (555 )tt“gt (x,t) dt
T T
= So e (383)m (25" e Tl ) g d
—?e sso JIri"g (x,11) —e Usso JTrtg(x, 1) — {ae sso JE 1T} g (x, t) dtl.
T

Therefore, if |g(x, t)| <M < oo on [0,00), then

1 rl So—S So—S So So—S
J e s t"f(x,t) dt‘ < M{e_( s50 )”T{‘—i—e_( S e () it e —(% )rr“},
S Jr

” e+

1M
J e_t“f(x,t)d‘ 2Me— (55" ) rpm for 0 <r<.

» |+

S Jr

By Cauchy criterion for uniform convergence, see [16], I, (x,s) converges uniformly on [s,00) if s <
so. Now, using [16] and induction proof, we have (3.1). That is Sumudu transform of f is infinitely
differentiable with respect to s on [s,00) if s < s,. O

Lemma 3. 5 If the integml B(x,s) = L[ e s ™ (x,t) dt converges uniformly on [s,00) if s < s, and

h(x IO ~ o () (x,s) dx is bounded on [0,00), then the Sumudu transform of O is infinitely differentiable
wzth respect o p on (p,o0) if p < po, with

ﬂ@ (x,8) = (—1)mlJC>0 e st™p (x,s) dx.
os™ s Jo

Proof. Proof is similar to Lemma 3.4. O

Theorem 3.6. If f(x,t) is continuous on [0,00) x[0,00) and

1 x rt w v
H (x,t) = J J e vo  sof(u,v)dudv
PoSo Jo Jo

is bounded on [0,00) x[0,00), then the double Sumudu transform of f is infinitely differentiable with respect to p
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and s on [p,00) x [s,00) if p < Po, s < So, With

am—l—n_ man 1 (®[>® s & S
Wf (p,S): (—1) ITS o Jo e P s x t f(x,t)dx dt.
Proof.
1 x rt u v
H (x,t) = J J e Po sof(u,v)dudv
PoSo Jo Jo
1 > w 1 [t v 1 (* u
:J evo{J eSof(u,v)dv}du:J e 7o g(u,t)duy,
Po Jo So Jo Po Jo
where g (u, t) fo ~ %o f (u,v) dv is bounded on [0,00).

By Lemma 3 4 Sumudu transform of f is infinitely differentiable with respect to s on [s, o) if s < s,.
Also by Lemma 3.5, Sumudu transform of g is infinitely differentiable with respect to p on [p,c0) if p < po.
Hence double Sumudu transform of f is infinitely differentiable with respect to p and s on [p,00) x[s,00)
if s <$80,P < Po- O

4. Double Sumudu transform of double integral

We now find the double Sumudu transform of double integral.
Theorem 4.1. If S\ S¢{f (x,t)} = f(p,s) and

g(x,t)= J: E f(u,v) dvdu, 4.1)

then -
S« St {J J f (u,v) dvdu } =psf(p,s).

0 Jo
Proof. If we denote h (x,t) fo x,Vv) dv, by using fundamental theorem of calculus
he (x,t) = f(x,t). 4.2)

Since
h(x,0) =0.

Taking double Sumudu transform of equation (4.2), we get
h (p,s)=sf(p,s). (4.3)
From (4.1), g (x,t) = [ h(
gx (x,t) =h(x1), g(0,t)=0, §(p,s)=p h(p,s).

Now by using (4.3) and (4.1), we obtain

x rt
Sy St {J J f (u,v) dvdu } =psf(p,s). O

0 Jo

5. Application of double Sumudu transform in Volterra integro-partial differential equation

We use the double Sumudu transform to solve the problem which is already solved in [14] using
differential transform method.
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Example 5.1. Consider the following Volterra integro partial differential equation,

Xy
du(x,y) n Sulx,y) _ —1+e*+eY4e*ty +J J u(r,t) drdt, (5.1)
ox dy 0 Jo
subject to the initial conditions as:
u(x,0)=e* and u(0,y) =eY. (5.2)

Applying double Sumudu transform of equation (5.1), we get

1 1 1 1 1 1 1
—1Uu — —1U —1U — —1 :—1 u . .
pu(p,s) pu(O,s)+Su(p,s) Su(p,O) +1_p+1_s+(1_8)(1_p)+psu(p,s) (5.3)

The single Sumudu transforms of equation (5.2) are

1
(p,0) = —— and u(0,s) = . 5.4
(p,0) A=) (0,s) iy (54)
Substituting (5.4) in (5.3) and simplifying, we obtain
1ﬁ( s)—il —i—lﬁ( s)—il =—1+ L + L + L + psu(p,s)
p P T =) TSP sy T—s 1-p ({1-s)d-p) P

Sot(p,s) = m. Now by using double inverse Sumudu transform, we obtain solution of (5.1) as

u(x,y) =e*Y.

6. Conclusion

In this paper, we presented convergence, absolute convergence and uniform convergence of double
Sumudu transform. Besides these, we obtained double Sumudu transform of double integral and use it
to solve Volterra integro-partial differential equation.
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