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Abstract. In this paper, integral transforms of the error function were used to evalu-
ate improper integrals. We will use the complex Emad-Elaf (complex EE transform) and
demonstrate its ability to evaluate improper integrals containing error functions. The results
obtained are much simpler than those obtained using previous transforms and techniques, as
they are illustrated via multiple examples within the work. Some properties of the complex
EE transform that were needed in our work and were not previously proven for the complex

EE transform have been demonstrated and proven within the body of the work.

1. INTRODUCTION

The importance of diffusion processes and probability theory, as well as their
relationship to the error function errf(x) and the complementary error func-
tion errfc(x) [19, 20], makes these functions immensely significant in various
scientific fields, including physics [8], thermodynamics, and materials science.
The error function is outstanding in finding the exact analytical solution of
partial differential equations, particularly in the heat conduction (or diffusion)
equation that involves temperature distribution, heat flow, or mass transfer
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within semi-infinite mediums over time [1]. For those reasons, error and com-
plementary error functions have become such a rich field for mathematicians to
develop methods and techniques, including novel integral transforms [2, 7, 9,
16, 18], to simplify the process of solving the complex differential and integral
equations [12, 13, 14, 15, 17] that govern these applied science models.

Based on the above, many researchers have proposed integral transforms
that result from modifications of Laplace and Fourier transforms to enhance
real-world applications with more precise results and easier, faster methods
than previous ones. Examples of these transforms include SEE, Complex
SEE, Rangaig, AL-Tememe, Emad-Falih, and many others [1, 2, 5-18].

The proposition of the complex EE transform in solving the error function
is considered a better solving technique than other most common integral
transforms, such as the Laplace transform [3], due to its generalization that
came from its kernel, which represents a more general than Laplace, where
the Laplace kernel is a special case of the complex EE transform; if and s
is a negative real parameter then complex EE transform became the Laplace
transform. However, the Fourier transform is considered more general than
the complex EE transform from the perspective of the period of the transform,
but in relation to the kernel, the complex EE transform is more general than
the Fourier transform [4].

2. SOME USEFUL PROPERTIES OF THE COMPLEX EE TRANSFORM
TECHNIQUE

The complex EE technique is defined as:
ES{f(t)} = F°(is" / f(t)e " tat,

where s is a complex parameter, Im(s%) <0, « € Z and i € C (i® = —1).

2.1 Linearity Property [5]. The complex F'E technique of two functions
f1(t) and fo(t) is
EAB(t) £vfa(0)} = BEL{f1(1)} =vEL f2(8)},

where § and v are any constants.

2.2 Change of Scale Property [5]. If the complex E'E transform of function
f(t) is:

EELO) = Flis™) = [ fa).e e,
So, the complex EE technique of function f(At) is given by

ES{f(M))} = /0 FODei="tdt,
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Now, put N = At, then t = & and Adt = dN and dt = &Y,

PO} = 5 [ e tan

and .
18%

Eatron =5+ (%)
Thus, if ES{f(t)} = F<(is®), then
Eatron =57 (%)
2.3 Shifting Property [5].
B @) = [ e e ar

- / F(t)e Pty
0
= F°(if + s%).

Theorem 2.1. ([5]) The Complex EE Technique of The Derivatives
of The Function of f(t): The Complex EE Technique of The Derivatives of
The Function of f(t) are the followings:

(i) ES{Sf' ()} = —f(0) +is*F<(is®).
(ii) B{S ()} = —f'(0) —is*f(0) — s**F(is®).
(i) ES{F" (1)} = —£(0) — is® ' (0) — (i5®)2£(0) + (is®)2 F*(is°).
In general
(7™ () = (s F(is®) — /D (0) - is® ™2 (0)
— (is®)2f03(0) — - = (i) 2 f(0)
— (is*) "V £(0),

where m is a positive integer number.

Theorem 2.2. The Complex EE Technique of Integral of a function
f(t): If the complex EE transform technique of function f(t) is ES{f(t)} =
Fe(s®), then

Eg, {/Otf(f) dT} = isiaFC(isa) = S_—OfFC(is“).
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Proof. Assume that G(t) = fot f(r)dr so G'(t) = f(t) and G(0) = 0. From the
applying the complex EE technique property of the derivative of a function,
we obtain

ES{G/ (1) = /O TG (et = i Fe(is®) — G(0)

= s B {G())
and .
G0} = - G (0) = - BL{f ()} = o Fo(is) = —— F(is”).
Then,

B {/Otf(T) dT} - S_—jFC(isa).

Theorem 2.3. The Complex EE Technique (tf(t)): If the complex EE
technique of function f(t) is

ES (1)} = Fo(is®) = / " f(te it

g

Then,

1 d
ias®—1 ds

! iF(isa) .

as®1ds

E{es) = - | Flis®)| =
Proof. By applying the EE technique, we obtain
BLLF0} = [ e = Feise),

0

implies that

(%Fc(isa) = dii [/000 f(t)eisatdt}

_ > d —is%t
_ /0 PO et
_ / F)e= = (it - s )t
0
= —z'ozsa_l/ tf(t)e " dt
0

= —ias“ LEC{tf(t)}.
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Then,
—d .
—2Fc(is®) 1 d
E¢ _ ds — _ — F°(is®
oAtF )} iaso—1 ios®~ 1 ds (%)
i d
- < Fe(is®).
as*1ds (%)

g

Theorem 2.4. ([5]) Convolution Property for Complex EE Trans-
form: If ES{fi1(t)} = F{(is®) and ES{fa2(t)} = F5(is®), then
E{Nh@) = f2(t)} = ES{ A1)} + Eg{f2(t)}
= Fy(is®) - F5(is®).

3. THE cOMPLEX EE INTEGRAL TECHNIQUE FOR ELEMENTARY FUNCTIONS

We can see the followings [5].
(1) ES{k} = =% where k is any constant.

s

(2) E{t"} = (23)(’%1)& , n is a +ive integer.

r 1
ES{t"} = W , n> —1, wher I'(+) is a gamma function.
3 Eg{eﬂt} = - B?fSQQ + iBQiO;QQ 7/8 eR.

3)

(4) BS{sin(Bt)} = lgm, BER.
(5) Eg{cos(Bt)} = 7%, B € R.
(6) BS{sinh(Bt)} = zig, B ER.
(7)

7) ES{cosh(Bt)} = 752?322 ,B €R.

4. SEVERAL ESSENTIAL PARTICULARS OF ERROR AND COMPLEMENTARY
ERROR FUNCTIONS

We define error and Complementary error functions as follows ([19],[20]).

2 [t

errf(t) = ﬁ/o e Vdx. (4.1)
2 (% _,

errfo(t) = ﬁ/t e “dx. (4.2)

The following properties are presented to several essential particulars of both
the error and complementary error functions ([19],[20]).
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(1) The Sum of Error and Complementary Error Function is Unity

errf(t) +errfe(t) =1

(2) Error function is an odd function

errf(—t) = —errf(t).

(3) The value of the error function at ¢t = 0 is equal to 0, that is err f(0) =
0.

(4) The value of the complementary error function at ¢ = 0 is equal to 1,
that is errf.(0) = 1.

(5) The domain of error function and complementary function is the open
interval (—oo, 00).

(6) errf(t) — 1 when t — oo.

(7) errf.(t) — 0 when t — oo.

5. THE cOMPLEX EE TECHNIQUE OF ERROR FUNCTION

By equation (4.1), and = > 0, we have

errf (xl) = errf(Va \F/

/ -l- - + t8 dt
\f 21 3l )
After integrating each term of the series e’ , we get

2 BB T ve
= |t= — — .. .
\/7?[ 511 5.2 7.3 9.4 ]0
By employing the complex FE technique on both sides of above equation, we
get

3 5 7 9
) 5 5 ; 0
ES{err f(\/T)} = —=E¢ {xé—;? TRLLEN S xz,—u-}, (5.2)

(5.1)

NG 1 T52 T 73 o4l
where T (3) = /7.

After substituting the functions with equivalents for this transform of the
above equation and performing simple algebraic calculations and the use of
expansion formulas, we obtain

1

ES {errf (wé>} = Ei{errf(Vx)} = g,agia“ . (5.3)
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6. THE cOMPLEX EE TECHNIQUE FOR COMPLEMENTARY ERROR FUNCTION

We have,
exrf(v/) + errfo(V/E) = 1,

errf.(v/z) =1 — erf(\/z).

Using E'E technique on both sides of above equation, we get:

Eeferrfe(va)} = Eg{1} — Egferrf(vVr)},

that is,

it implies that

Bofertfo (Vi) =~ =

7+7
Sa SO{ /8a+1 Sa Sa Sa+1

N E S N S Y
s/ 1 se(ysO 1)

Then,

_ 1—12v/s54+4+1

B {emfu)} = O

7. APPLICATIONS

(6.1)

(6.2)

(6.3)

In this section of paper, we introduce some important applications to explain
the effect of the complex EE transform technique on error func-tion to calculate

the improper integral, which contain error function.

Application 7.1. Calculate the improper integral for

I= /tOO e terrf(V/t)dt .

=0
We have ~
E¢{errf(V1)} :/0 err f(Vt)e "t
with
B {erf(Vi)} = (‘1+1)

(7.1)

Taking s* = 1 in the equation (7.1), using the complex E'E technique, we get

—_

/OO errf(vVt)e dt = — .
0

>

Then,

= —itg, L
/0 errf(V/t)e dt = 7
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Application 7.2. Calculate the improper integral for

I:/ te Herrf(V/t)dt .
t=0
We have

Ei{t errf(V1)} = / e (Vie (7.2)
0
it implies that

Bitt enf (Vi) = - |

as® 1 ds

1 dFe(is?)] i dFe(is)
ias® 1l ds

and

—1

Eg{erff(ﬁ)} = W\/Tﬁ :

Hence we have

Eé{terrf(\/i)}:[ i d} 1

as®1ds Vs + 1
i 1 d
asel ogay/sa 1 1ds

_Cid L
a |dss2elysa 1|
After some simple calculations, we get

) -1 as® (2a — 1)
Eo‘{t errf(\/z)} - E [2(82a)(8a + 1)% * SQQ\/W

From Eq. (7.2) and Eq. (7.3), we obtain

o0 s -1 as® (2a —1)
terrf\/fe”tdt:,— +
/,;ZO ( ) 1 [2(820()(8(1 + 1)% 5204 /s +1

(7.3)

—s . (2a-1)

[2i(82a)(8a + 1)% ias?y/s + 1

Now, if s* = 2 is taking in the above equation, we get
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* -2 (20— 1)

/t:oterrf(\[t)e T mernl 4ia\/§]
[ -1 (2a-1)

4i(3)F 4W§]

[ +i(2a — 1)} '

112V/3 4v/3ax

Application 7.3. Find the improper integral for

_ /OOO et [/Ot errf(\/i)dx} dt.

We have,
E¢ {/Ot errf(ﬁ)dw} = /000 e i {/Ot errf(ﬂ)dx] dt (7.4)
. Blenf (Vi) = oo

By applying the property of E technique of integral of a function, we obtain
—i -1

g { [ emsvman) = _F<> )
_ m (7.5)

Now, Via equations (7.4) and (7.5), we have

o —i8%t ! :| _ i
/t:Oe [/0 errf(v/x)dx| dt = P T

Taking s“ = 1, in the above equation, we get:

Application 7.4. Calculate the following improper integral:

> d
I :/ e 2t [errf(%/i)} dt.
=0 dt
We have )

ES{errf(Vt)} = el
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By changing the property of EE technique of derivative, we get

ES{errf(2V1)} = a\/g»ﬂ+4

By applying the property of derivative of FE technique, we get

m{ eV = 3 s

From the definition of the complex FFE technlque, we get

E¢ {;errf(zx/i)} = /0 T st (C‘Zterrf@\/%)) dt

)
n 259/s% + 4

Now taking s* = 2 in the above equation, we obtain:

© o Td —1
e st [errf 2Vt ] dt = ——.
/0 dt @vD) 46

Application 7.5. Find the following improper integral

I :/ e Sterrf(Vt) * errf(v/t)]dt.
t=0
Using the convolution property of the complex EE technique, we get
E¢{errf(v/t) x errf(v/t)} = F¢(is%)

—1 -1 1
* = :
s /s + 1 s%/s*+1  s2(s*+1)

Now, from the definition of complex F'E integral transforma, we get

and

Fe(is*) =

1
If s¢ =5, then[-m_f0

8. CONCLUSIONS

The importance of the error function errf(x) leads to the suggestion of many
solutions. This work applied the complex EE integral transfor-mation as a
valued tool in solving the error function included in the im-proper integrals
in which their solution is quite complicated and prone to errors; however, the
application of the complex EE transform, which is proven in many applications
in this work on improper error integrals, proves its efficiency in finding the
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exact solution to these applications without the lengthy, full-scale calculations
that can be associated with the more classical methods of solution.
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