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In this dissertation, we study the generalized incomplete gamma function and investigate
its properties and connections with the other special functions. We provide a generalization
of the well known Euler’s reflection formula in terms of the generalized incomplete gamma
function. As a result of this generalization, various relations between the generalized in-
complete gamma function and other special functions (including the complementary error,
the integral exponential, and the Macdonald’s functions) has been obtained.

We introduced the generalized error functions and studied their properties using the
relationship between the generalized incomplete gamma functions and the complementary
error functions. Furthermore, the iterated integrals of the generalized complementary error
function has been studied. We also established their integral and series representations,
recurrence relation and partial differential equation and deduce the classical result of the
iterated integrals of the complementary error function as special cases of our study.

Finally, we solve analytically a class of heat conduction problems via Laplace transform
where the special functions play an important role in finding the closed form solutions.

Some numerical and graphical representations of the constructed solutions are given.
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Introduction

Modern engineering and physics applications demand a more thorough knowledge of ap-
plied mathematics than ever before. In particular, it is important to have a good understand-
ing of the basic properties of special functions. These functions commonly arise in such
areas of application as heat conduction, communication system, nonlinear wave propaga-
tion, electromagnetic theory, quantum mechanics, approximation theory, probability theory,
and electric circuit theory, among others. The subject of special functions is quite rich and
expanding continuously with the emergence of new problems in areas of applications in
engineering and applied mathematics. The development of computational techniques and
the advent of computers have increased the importance of the special functions and their
formulas. However, it has been noticed that there are several problems in heat conduction
and astrophysics where even these most general classes of special functions are not suffi-
cient to accommodate their solutions. This leads to development of the well known special
functions. Chaudhry and Zubair [10] introduce a class of special functions found useful in
the analytic study of several heat conduction problems. The purpose of this theses is to give
a closed study of the generalized incomplete gamma function and investigate new properties
and relations of this function and study some heat conduction problems.

Chapter 1 deals with the generalized gamma function.In the first section, we give some
historical background of the gamma function. For completeness, we present the basic def-
initions and properties of the Euler gamma function in Sections 2 and 3. In Section 4 we

introduce the digamma function. The definition and properties of the incomplete gamma



functions are given in Section 5.

Chapter 2 presents the incomplete generalized gamma functions introduced by [10].
In Section 1 we introduce the definitions of the generalized gamma functions. Then we
study the properties of the generalized gamma functions in Section 2. In the Section 3
we presented the generalized digamma function with its properties. The definition of the
generalized incomplete gamma function and their properties are presented in Section 4.
The connection between the generalized incomplete gamma functions with other special
functions are presented in Section 5.

Chapter 3 presents a generalization of the well known Euler’r reflection identity in terms
of the generalized incomplete gamma function. Some useful identities and relations that
connect the generalized incomplete gamma function and other special functions are also
given.

Chapter 4 discusses the iterated integrals of the generalized complementary error func-
tion. In Section 1 we introduce the definition of the generalized error functions in terms of
the generalized incomplete gamma function. The properties of the generalized error func-
tions are presented in Section 2. We define the iterated integrals of the generalized comple-
mentary error function and study its properties in Section 3. Numerical computations and
graphical representations are provided in Section 4.

Chapter 5 present the problem of heating two layer systems using Laplace integral trans-
form method. This system is composed of a thin film of thickness; for example, d deposited
on a thick substrate. In Section 1 we give some literature review for the use of laser in heat
conduction problems. The mathematical formulation of the problem will be presented in
Section 2. In Section 3 the closed form solution for the temperature profile in the thin film
and the substrate region is presented. In Section 4 we present the surface temperature as
well as the temperature profiles for two different materials with different laser flux densities

in graphical form. In Section 5 some remarks about this new formulation are given.



In Chapter 6 we discuss the solution of a heat conduction in a semi-infinite solid when
subjected to an instantaneous laser source. In this chapter we give a brief introduction of the
functions E(x,7) and F(x,t). These two functions were introduce by Chaudhry and Zubair
[10]. The solution of the heat conduction problem will be given in terms of these special
functions. Finally, we discuss some limiting cases of our solution and give some graphical

representations of the temperature profile and heat flux for different time levels.



Chapter 1

The Generalized Gamma Function

In this chapter we introduce the gamma function and its basic properties. In the first sec-
tion we give some historical background about the gamma function. The definitions of
the gamma and beta functions are introduced in the second section. In the third section, we
present some basic properties of the gamma function. For the seek of completeness, we give
the complete proof of these properties. In the fourth section, we introduce the diagamma
function and some of its properties. In the last section we give a study of the incomplete

gamma function.

1.1 The Historical Background of the Gamma Function

The problem of extending the definition of x! was the starting point that lead to the gamma
function. Wallis worked on the development of the gamma function. Euler is given credit
for the creation of the gamma function. He mention it in a letter to Goldback in 1729 and
then in 1730 in one of his papers. Legendre, in the 19th Century, called the gamma function
Eulerian integral and gave it the symbol of Greek letter gamma. Weierstrass expressed the

gamma function as an infinite product and Gauss further established the role of the gamma



function in complex analysis, starting from an infinite product representation. Gauss also
proved the multiplication theorem of the gamma function and investigated the connection
between the gamma function and elliptic integrals. This function was given a mathematical

definition by Goldbach (1690-1764) for more details we refer to [10] and [13].

1.2 The Gamma and Beta Function

There are different representations for the gamma function. We present the gamma function

by its integral representation in the following definition.

Definition 1.2.1. The gamma function is defined by
T(0) = / % letdr (Re(ar) > 0). (1.1)
0

The notation I'(¢t) and the name gamma function were introduced by Legendre (1752-
1833). One important functional relation for the gamma function is given in the following

theorem.

Theorem 1.2.2.
INa+1)=al(a) (Re(a) > 0). (1.2)

Proof. By using integration by parts we find that

o)

C(a+1) = /0 t%eldt = —e 't

+/ at® e tdt
0 0

- a/wtale’dt:ar(a) (Re(at) > 0).
0



From the definition of the gamma function we have

)

=1. (1.3)
0

I'(1) :/ etdt=—e!
0

The functional relation (1.2) and equation (1.3) give the following relation between gamma

function and factorial that is;

['(n+1)=n!, (n=0,1,2,...),

and this shows why the gamma function can be seen as an extension of the factorial function.
The functional relation given by Theorem (1.2.2) can be used to find an analytic continu-
ation of the gamma function for Re(ct) <0.Let —1 < Re(a) <0, then we have Re(o+1) >

0. Hence, I'(a + 1) is defined by the integral representation (1.1). Now we define

() = w (—1 < Re(a) <0, o #0),

Then the gamma function I'(¢) is analytic for Re(a) > —1 except a = 0. For a = 0 we
have

lim aT(a) = lim D(o+1) =T(1) = 1.

a—0 a—0

This implies that I'(¢t) has a simple pole at o = 0 with residue 1. This process can be
repeated for —2 < Re(a) < —1, —3 < Re(at) < —2, etcetera. Then the gamma function
turns out to be an analytic function on the whole complex plane C except for single poles at

oa=0,—1,-2,.... The residue at @ = —n equals



T(ot+ 1
lim (a4nl(@) = fim (@) 2D
——n ——n
11 1T 1
—  lim (a+n)— (atntl)
a——n oo+l a+n—1 a-+n
— 0 _ =" (n=0,1,2,...)

(—n)(—n+1)...(-1) n!
Definition 1.2.3. The beta function is defined by
1
B(a,B) ::/0 @Y1 —Bldr (Re(at) > 0 Re(B) > 0). (1.4)

From the definition we easily obtain the symmetry

B(a,B) = B(B, )

Since we have by using the substitution t =1—s

B(a,ﬁ):/olta_l(l—t)ﬁ_ldt _ —/0(1 §)@ 1 P14y

:/ﬁl $)% 1 ds

= B(B, ).

The connection between the beta function and the gamma function is given by the fol-

lowing theorem [10]:

Theorem 1.2.4.

B(a,B) = =) (Re(a) > 0, Re(B) > 0). (1.5)



Proof. First, we make the substitution # = x% in (1.1), we find
:2/()Ooe_x2x2a_ldx (Re(a) > 0). (1.6)
Multiplying two such integrals together, we find
4/ / ~(@0%) 201 28-1 g gy (Re(r) > 0, Re(B) >0).  (1.7)

If we transfer to polar coordinates in the double integral, we then find

/ /2 r@FB) =1 (o5 0)2* 1 (sin0)2P 146 dr

( p2(a+B)—- 1dr) (/Oz(cos 9)2a_1(sin9)2ﬁ_1d9> . (1.3)

From (1.6) and (1.8), we find

SE

/O (cos0)>* ! (sin@)*P~1 4o = % (Re(a) >0, Re(B) > 0). (1.9)

Substituting x = cos? 0 in (1.9), we obtain

b e Y B I'(a)I(B)
/Ox (1) Ny = PR (Re(@) >0, Re(B)>0). (110)
Note that the left hand side is B(a, ) as desired O

We note that the substitution ¢ = 1= in (1.10) give another representation of the beta



function that is;

B(a,B) ::/O (e (Re(@) > O.Re() >0) (1.11)

1.3 Properties of the Gamma Function

In this section we present some properties of the gamma function that are related to our
work. For other properties we refer to [10], [26] and [37].
One important property of the gamma function is called Legendre’s duplication formula.

This formula is presented in the following theorem:

Theorem 1.3.1. (Duplication Formula)

()T (a + %) =2172/aT2a)  (Re(at) > 0). (1.12)

Proof. First, we note that from equation (1.9) we have
B(a,B) :2/2(0059)20‘1(sin9)2ﬁld9 (1.13)
0

Now, if wesetx =8 = % and use Theorem (1.2.2) we get [F (%)] ®— 7. Hence | (%) =/

Also, if we set o = B in equation(1.13) and make the substitution r = 26, we get
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B(a,a) = 2/2(cos9)20‘—1(sm9)2°‘—1d9
0
_ pol2 / * (sin 26)2%1 49
0
T
= 21—2“/ (sin?)?*~ 1 dr
0

— 2l-%a -2/2(sint)20‘_1dt
0

1
— 272 — .
(@3)

Now we apply Theorem (1.2.2) to obtain

Finally, by substituting I (%) = /7, we find

(o) (a + 1) =272 /7T2a)  (Re(a) >0).

2
(I
Note that if ¢ is an integer n, then the duplication formula is written as:
1 V7(2n)!

Legendre’s duplication formula can be generalized to Gauss’s multiplication formula:

n—1

F<O‘)HF<O‘+§) — 0 " Tha) (n=1,2,3,...). (115
k=1
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The case n =1 is trivial and the case n = 2 is Legendre’s duplication formula.
Another important property of the gamma function is the Euler’s reflection formula.

This property is presented in the following theorem:

Theorem 1.3.2. (Reflection Formula)

[(a)I(1—a) = Sm(’:w) (o #0,£1,£2,...). (1.16)

Proof. This can be shown by using contour integration. First we restrict to real values of

o, say o0 = x with 0 <x < 1. By using (1.9) and (1.10) we

o x—1

')l —x)=B(x,1—x)= / dt (1.17)

o 1+t

In order to compute this integral we consider the Contour integral

fol
[Zla
cl—z
where the contour C consists of two circles about the origin of radii R and € respectively,
which are joined along the negative real axis from —R to —&. Move a long the outer circle

with radius R in positive (counter clockwise) direction and along the inner circle with radius

€ in the negative (clockwise) direction. By the residue theorem we have

-1
/Zx—dz: _omi
cl—z

where z*~! has its principal value. This implies that

-1 -1 -1 -1
—Zni:/ Zx—dz+ Zx—dz+ Zx—dz+ Zx—dz,
al—z 6 l—z G l—z c1—z

where C; denotes the outer circle with radius R,C; denote the line segment from —R to
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—¢&,C3 denotes the inner circle with radius € and C4 denotes the line segment from —& to
—R.

Then we have by writing z = Re'® for the outer circle

/ Zx—l :/ R 1 (x 1)6 16 16— /71: iR*e tx9
C l—Z - 1— €l9 71:1— 619

For the line segment from —R to —& we have by writing z = —t = te'”

o 1 l)C 1) ) gtx—l inx
—/ mm:/ © ar
Czl_z 1+t R 1+t

In the same way we have by writing z = —t = te™

— th—l —iTTx
/ = _/ e
C41_Z Fol 1+t

Since 0 < x < 1 we have

' T R eixe . T jeX eix@
lim ———— dOB =0 and lim

de =0
R—o)_gz1—Re® e—0Jx 1+¢

Hence we have

Otx—l ixm oot.x—l —IixXT
—2mz/ ¢ dt+/ T ¢ ",
o 14t 0 141¢

o tx—l

. P (X IXT
2mi (e e )/0 l_Hdt,

or

which gives

/°° ~ ldt— 21 =
o L+t X —e T  sinmx’

This proves the theorem for real values of o, say o = x with 0 < x < 1. The full result
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follows by analytic continuation. That is, if the result holds for each values of o with
0 < a < 1, then it holds for all complex o with 0 < Re(ot) < 1 by analyticity. Then it also
holds for Re(a) = 0 with & # 0 by continuity. Finally, the full result follows for o shifted
by integers using (1.2) and sin(a@ + 7) = —sina.

Note that (1.14) holds for all complex values of o with (& # 0,—1,—2,...). Instead of

(1.14) we may write

= : (1.18)

which holds for all C.
Another important property of the gamma function is the asymptotic formula which is

due to Stirling.

Theorem 1.3.3. (Asymptotic Behavior for Large x)
Cx+ 1)~ e™V2m,  (x— o). (1.19)

Here x denotes a real variable.

Proof. This can be proved as follows. Consider

(o)

C(x+1) :/0 e ldt,

where x € R. Then we obtain by using the transformation ¢t = x(1 + u)

Fx+1) = /m eI (1 4 u)xdu
-1
= x"“e_x/w e (14 u)*du
-1

_ xx-i—l e—x/o0 ex(—u-i—ln(l—i—u)) du.
“1

The function f(u) = —u+1In(1+ u) equals to zero for u = 0. For other values of u we have
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f(u) < 0. This implies that the integrand of the last integral equals 1 at # = 0 and that this
integrand becomes very small for large values of x at other values of u. So for large values
of x at other values of u. We only have to deal with the integrand near u = 0. Note that we

have

fu)=—u+In(1+u) = —%u2+O(u3) for (u—0).

This implies

/oo ex(—u-l—ln(l-l—u))du ~ /°° €_¢ du for (_x — oo)
—1 —oo

If we set u = t\/g we have

Hence we have

One can find a generalization of this formula. For complex variable [10] and [31]. We

conclude this section by the following theorem that gives the Log-convexity of the gamma

function.
Theorem 1.3.4. (Log-Convex Property)
For 1 <p<ooand%—|—é: 1 we have

F(}—)Jr)é) < ()7 (TODT,  (r>0,y>0). (1.20)

Proof. by using the definition (1.1) of the gamma function we have
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X oy = —t x—1 . -t y—1 g
r(—+= :/ t P )4 dt <0,y>0
<P Cl) 0 (e ) (e ) x Y )

Now by using Holder inequality, we obtain

r<f+2)§(/ e_ttx_ldt)p(/ e_’ty_ldt)q, (1.21)
P g 0 0

or
Xy 1 1
Ll —+= ) <T&)rTy))e, (1.22)
P q
which shows that the gamma function is Log-convex. O

1.4 The Digamma Function y/(z).

In this section we introduce another function that is related to the gamma function called

the digamma function or Psi function. This function is denoted by y/(z).

Definition 1.4.1. The digamma function y(z) is defined by

w@yzgﬁmr@}zr (123)

Other definitions of this function can be found in literature in terms of limits and series
representations [10, p. 20].
Now we present two properties of the digamma function and List other properties with

some references where someone can find the proof of these properties.

Theorem 1.4.2. (Functional Equation)

w@+u:w@+§ (124)
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Proof. by using (1.2) we have

d d d d 1
y(z+1)=—InT(z+1) = —In(z'(z)) = —Inz+ —InI'(z) = - + y(2).
dz dz Z

dz dz
(I
Note that iteration of (1.22) leads to
n=1
y(z+n) =y(@)+) —, (n=123,..) (1.25)
=0/ Tz
Another property of the digamma function is given by
Theorem 1.4.3. (Reflection Formula)
W) -yl —2) =" (z#0,£1,42,...). (1.26)

tanmz

Proof. The proof of this theorem is based on the reflection formula of the gamma function

(1.16). We have

V@ -w(l-9) = LhrE+Lhri-2)
= d%ln(F(z) I'(1-2))
B in T _sinﬂ:z'—ﬂ:zcosﬂz
dz  sinmz T (sin7z)?
B n
~ tanmz

We now list some properties of the digamma function for sake of completeness. The
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digamma function has several integral representations [10] and [26]. These are a few:

1 1 —¢¢
y(z+1):= —y—l—/o —; dt (Rez> —1) (1.27)
R B
v(z) .—/O (e (1+t)z> ; (Rez>0) (1.28)
%) e*t e*ZZ
v (z) ::/O (T — l—e—’) dt (Rez > 0). (1.29)
where
Y := lim Zn: (% —ln(n)) =0.57721566..., (1.30)
=1

1s known as Euler’s constant.

The digamma function satisfies several functional relations, including the following [26]

and [37] .
: = 1 + Ttan7m (1.31)
y ;7= v ;T2 anrmz, .
1+ 14—|—Zn: 2 (n=0,1,2,...) (1.32)
~+n|=—-y—In — n= .
w 2 /y j:1 2] . 1 b b}
1 n—1 J
l//(nz)zln(nH—;ZlV(Z—F;) (n=2,3,4,...) (1.33)
j=0
The asymptotic expansion of the digamma function, valid for large values of x, is given
by
1 = By, 1 1 1 1
~lInx——— =Inx——— — e oo
Vi~ o= 2 T g T e T aoe  2sae (x =),

where B,, is a Bernoulli number.
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1.5 The Incomplete Gamma Function

The closed-form solution to a considerable number of problems in applied mathematics,
astrophysics, nuclear and molecular Physics, Statistics and Engineering problems can be

expressed in terms of incomplete gamma function:

y(a,x) = /0 “9 et g (Re(w) >0, larg(a)| < ), (1.34)
[a,x):= /oo “ e dr (larg(a)| < m). (1.35)

These functions were first investigated for real x by Legendre. The functional behavior

of these functions and the decomposition formula
Y(e,x) +T(a,x) = (),

was studied by Prym [39], [47] in 1977. The older theory of incomplete gamma functions
and reference to literature are given by Nielsen and Bohmer [3], [7], [13], [22], [23] and
[47]. Gautsehi [23] has summarized some of the recent developments and gave an extensive
list of references to the current literature on the incomplete gamma functions.

The function y(o,x) has the inconvenience of not only having poles at the nonpositive
integers o = 0,—1,—2,..., but also it is a multivalued function of the complex parameter
x, owing to the fractional power in the integrand. These inconveniences can be avoided by

introducing, as Tricomi does in [48] and Bohmer before him in [7], the function

y(o,x), (1.36)

which is an entire function in & as well as in x and real valued for real o and real x. The

following theorem gives the recurrence formula for y*(a, x).
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Theorem 1.5.1.

Y (a,x) e

(0 + 1,x) = -
(@+1,%) x xT(a+1)

(x#£0). (1.37)

Proof. The result follows from the definition of y*(ct,x) and y(ct,x) and by using integra-

tion by parts. Indeed,

x—a-1 o1 X .
1 - - Ix)=— | 1%
Vet = fop ety F((Hl)/ot et di

! o | T al

= t“e +a/t e dt
INo+1) 0 0
xf(xfl o

= Tlat 1) [—x e —1—067(06)}

B axf(xfl (a)_ e X

T Tlarn " T T )

B x—a (a)_ e—x

NG A CED,
7*(a,x) et

The connection between ¥*(¢t,x) and the complementary error function is given in the

following theorem.

Theorem 1.5.2.
Yt (l,x) L erf(v/x). (1.38)

Proof.
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The substitution, t = u?> = dt = 2udu, in the integral gives

1 [Vaie

VI
%/0 e " du:%cerf(\/)_c).

l= 5l

The following theorem gives the connection between the incomplete gamma functions

and the error functions.

Theorem 1.5.3.
) 7(31) = VEert D) (139)

ii) T (%x) = JTerfe(V/5) (1.40)

Proof. We prove only (1.40) since the proof of (1.39) follow similarly.

1 ® 1,
r 0% =/ t"2e ' dt. (1.41)

The substitution 7 = u2 in (1.41) yields

r (Lx) = /w le_"2(2u)du = 2/00 e du = VT erfe (Vx).
2 NeRY v

It is noted that some important special cases of (1.34) and (1.35) are obtained when

o = 1 £ n is an integer. These cases are summarized in the following theorem.



Theorem 1.5.4. For n >0,

where the function

and

en(x)

Proof.

i) by using the definition of ¥(1+ n,x) and repeated integration by parts we get,

Y(1+n,x)

D) Y(l+nx) = n! [1 —e_xen(x)},
i)[(14+n,x) = n!le ¥ e,(x)],

i T(1—n,x) = x'""E,(x),

2

x"
2!+"'+ﬂ (n=0,1,2,...).

=1+x+

X
= / el dt
0

X
= —t”e’]’(§+/ nt" lede
0

X
= —x”e_x—l—n/ "ot dt
0

X
= —x"e"+n {—t"let%—f—/ (n—1)""2e " dt
0

= e X—px" e~ —nle ¥ +n!

= nl[l—e¥e,(x)].

21

(1.42)
(1.43)

(1.44)

(1.45)

(1.46)
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i1) by substituting @ = 1 4 n in (1.35) and use integration by parts we have

I'(l+nx) = /t"e_tdt

X
— et

+/ nt" le dt
X X

= Xe 4" e +n(n—1)e X" 2+, +nle

x" ¥
= nle" | —4+—+...+x+1
n! (n—1)!
= nle “ey(x).
iii) By substituting ¢ = 1 —n in (1.35) we get
F(l—n,x)z/ t™"e dt. (1.47)
X

Making the substitution ¢ = ux in (1.47) yields

I'l—n,x) = /(ux)_"e_”xxdu
1

= xl_”/ e u " du = x'""E,(x).
1

These functions have several identities that are useful in operational calculus [10, p. 41].

One of these identities is given in the following theorem

Theorem 1.5.5.

% (x"*T(a,x)) = (=1)"x"*"T(a+n,x). (1.48)



23

Proof. The result is shown by using mathematical induction. Indeed, for n = 1 we have

d , _ a1 )

a(x T(a,x)) = —ax *"'T(a,x)+x O‘E(F(a,x))
= —ax " 'T(o,x) +x % (—x*te™)
= —x *“al(a,x)+x%e ]

= (—x *'T(a+1,x).

So, (1.48) is true for n = 1. Assume (1.48) is true for n = k. We need to show that (1.48) is

true for n = k+ 1. Indeed, by using induction hypothesis we have

This implies
dk+l ' i1
T () = (1) (o= T (et k)
+(_1)kx—a—k (_xa+k—le—x>
(_l)k—i-lx—a—(k—H) (oc+k)l“(oc+k,x)+x“+ke‘x}
= (=DM DD k+1,x).
As desired O

We conclude this section by the following series expansion of y(a,x). Series expansions

for I'( e, x) follows from the decomposition formula for the incomplete gamma functions.

Theorem 1.5.6.

o+n

Sl _1\n xOH—n
'}/((X,)C) :e—xz ( 1)

1.49
= (A1 S n! a+n (1.49)

Proof. The first series arises after we make the transformation t = x(1 — ) in (1.34). This
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1
y(a,x) :x“ex/ (1—u)* e du. (1.50)
0

Expanding the exponential function, and using the definition of the beta function (1.4), and

using the relation between the gamma function and the beta function (1.5) we get

y(a,x)

o 1 n
x(x efx Z / (1 . u)otfl (ux) du
n=070

n!

n+o

(a)n—H .

(1.51)

e ™ i
n=0

Where the last series in 1.51 is obtained from the relation between the Pochhammer symbol

and the gamma function that is given by

I'(o —|—n)‘

(), = @) (1.52)

The second series representation is obtained by expanding the function e’ in the integral

of (1.34). Indeed,



y(a,x)
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(1.53)




Chapter 2

The Generalized Incomplete Gamma Functions

In this chapter we summarize the properties of the generalize gamma function. The defi-
nition of the generalized gamma function will be given in the first section. In the second
section we study the properties of the generalized gamma function and deduce the prop-
erties of the Euler gamma function as special cases. The generalized Psi function with its
properties will be presented in the third section. The fourth section will introduce the defini-
tion of the generalized incomplete gamma functions and study their basic properties. In the
last section, we study the connection between the incomplete gamma functions and other

special functions.

2.1 Definition of the Generalized Gamma Function

It is possible to extend the classical gamma function in infinitely many ways. Some of these
extensions could be useful in certain types of problems. However, it is desirable to find an
extension of the gamma function that meets the requirement that the previous results for the
function are naturally and simply extended.

It is also required that the results for the extension should be no less elegant than those

26
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for the original function. Recently, Chaudhry and Zubair gave a generalization of the Euler

gamma function. This generalization is given by:

Definition 2.1.1. The generalized gamma function is defined by
() :/ 1% Vel dr  (Re(b) > 0;b=0, Re(ct) > 0). 2.1)
0

The factor e~/ in the integral (2.1) plays the role of a regularizer. For Re(b) > 0, T';(o)
is defined in the complex plane and for b = 0, the function I', () coincides with the classical
gamma function. The integral in (2.1) can be simplified in terms of the Macdonald function
to give

Iy(a) =2b7Kq(2vb) (Re(b) >0, larg(V/b)| < 7). (2.2)

2.2 Properties of the Generalized Gamma Function

Several properties of the generalized gamma function can be proved by using the represen-
tation (2.2) together with the properties of the Macdonald function. However, these proofs

are cumbersome and hence do not reflect the spirit of the generalization.

Theorem 2.2.1. (The Difference Formula)

Ip(oo+1) =olp(o)+bTp(0—1). (2.3)

Proof. Let M be the Mellin transform operator as defined by

M{f(e);0} := (e f (1)) = /O S (e r. (24)
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Then, I',(t) is simply the Mellin transform of f(¢) = e~ “'in o. That s,
Ty(0) =M {e—’—bfl : a} . 2.5)
Recalling the relationship,
M{f'(t);0} = —(a—1) M{f(t);a—1} (2.6)

between the Mellin transform of a function and its derivative, we find
(1) rb(a—l):M{(—lerfZ) e*f*b"l;a}, 2.7)
which simplifies to give
—(aa—1DIp(a—1)=-Tp(a)+bTp(ax—2). (2.8)

Replacing a by o + 1 in (2.8) we get the proof of (2.3). O

We note that if we put b = 0 in (2.3) we recover the functional relation for the classical

gamma function given by (1.2).

Theorem 1.3.4 gives the Log-convex property of the classical gamma function. The

following theorem shows that the generalized gamma function is also Log-convex.

Theorem 2.2.2. (Log-convex property). Let 1 < p < oo and <117> + (é) =1,
then

L, (;+§) <@ CODE (6> 0,x>0,y>0) 2.9)
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Proof. Taking a = —1—5 in (2.1) and noting that 1174— é =1 we find

X
p

Fb(f-l-)—}) = / i e
P 4 0

oo 1 1
b b
= / (tx‘le"‘?>”(ty‘le"?>th.
0

Using the Holder inequality, we find

1 1
I, (£+X) < (/ tx‘le""fdt)p (/ ty"e‘t‘?dty,
P 4 0 0

as desired. O

We note that Theorem 1.3.4 is recovered from Theorem 2.2.2 by setting b = 0 in (2.9).
Moreover, some interesting special cases can be gained from (2.9). For example, setting
p =¢q =2 1n (2.9) and using the fact that the arithmetic mean of two positive numbers is
greater than or equal to their geometric mean, we find

rb()%)s D000 < 5 D@ AT0)  (1>0,y>0,6>0).  (2.10)

The following result follows from Theorem 2.2.2 and the definition of the generalized

gamma function given by (2.2).

Corollary 2.2.3. For 1 < p < oo and (%) + (é) =1, then

_ =

K

05 () < (Ka()7 (Kg(1))?  (a>0,8>0,t>0). @.11)

+

Q[

Proof. Replacing the generalized gamma functions in (2.9) by their representations in (2.2)
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we find

<=
Q=

Ke,p(2VB) < (Ka(2Vh)

. (Kﬁ<2¢5) (@>0,8>0,b>0). (212

The substitution ¢ = 21/b in (2.12) yield the proof of (2.11). O

Another important property of the generalized gamma function is the following reflec-

tion formula:

Theorem 2.2.4. (The Reflection Formula)
boTy(—a) =Tp(a) (Re(b) > 0) (2.13)

Proof. The substitutions ¢ = bu~" and dt = —bu=?du,(Re(b) > 0), in (2.1) yield

oo

(o) :b“/ w e gy,
0

which is exactly (2.13). O

In Theorem 1.2.4 it has been shown that the product of two Euler gamma functions leads
to the relation between the gamma function and the beta function. It would be interesting to
investigate whether this is the case when two generalized gamma functions are multiplied
by each other. The next theorem discuss this multiplication from which Theorem 1.2.4 will

be deduced as a special case.

Theorem 2.2.5. (Product Formula)

Dy(@Ty(B) =2 [ PP exp(~r)8 (a,ﬁ; f—z) dr (2.14)
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where

B(a,B,b) = /1 (1 —1)Pexp (t —b )dt, (2.15)

0

is the extended beta function.

Proof. The transformation ¢ = x% in (2.1) yields

Ty() = 2/ 2010 g (Re(b) > 0:b = 0, Re(at) > 0). (2.16)
0

Multiplying I';,(o¢)[',(B) by using (2.16), we find

o oo 2., .2
Fb(a)l"b(ﬁ):4/0/0xza_]yzﬁ_lexp{—(xz—i-yz)—b(%)}dxdy. (2.17)

If we transfer (2.17) to polar coordinates, we find

Lyp(a)T5(B)
5 /"" 2(a+p)—1 ,—r {2 / 7(005 0)%* ! (sin0)*P L exp <_—‘2”’ csc 29> d@}dr. (2.18)
0 0 r

However, the inner integral in (2.17) is expressible in terms of the extended beta function to
give
B (a,ﬁ; %) - Z/g(cos 6)2 ! exp (—%cscze) a6. (2.19)
r 0 r
From (2.19) and (2.18), we get the proof of (2.14). O
As a result of Theorem 2.2.5, we have the following corollary.

Corollary 2.2.6.

T(a)T(B)

Tratp) ~P@B)  (Re(@)>0,Re(B)>0). (2.20)

Proof. This result follows from Theorem 2.2.5 by setting b = 0 in (2.14). a
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The generalized gamma function satisfies a second-order partial differential equation.

This result is given in the following theorem.

Theorem 2.2.7. (Differential Equation) The generalized gamma function Ty() satisfies

the second-order partial differential equation

2
b%Jr(l—a)w—Fb(a):o (Re(b) > 0). 2.21)

Proof. First, we not that forn =0,1,2,3,...

an
35 Up(@)} = (=1)"Tp(a—n)  (Re(b) >0). (2.22)
Replacing o by o — 1 in the difference equation (2.3) of the generalized gamma function,

we get

bTp(a—2)—(1—a)p(a—1)—TH(ax) =0.
This implies by using (2.22)

9°Iy(t)

b tl-a)—

as desired O

The Mellin transform of the generalized gamma function is studied in the following

Theorem.

Theorem 2.2.8. (Melllin transform representation)

M{Ty(o);s} =T(s)(a+s) (Re(s) >0, Re(ar+s) > 0). (2.23)
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Proof. According to the definition of the Mellin transform of I',(¢) in S, we find
M{Ty(a);s}:= (b, Tp(ax)) (2.24)
Replacing the generalized gamma function by its representation (2.5) we find
M{Ty(a):s} = (B, (8 e ). 2.25)
An application of Fubini theorem [10, p. 458] yields
1

M{Ty(a);s} = (&1 e (b7t e ). (2.26)

However, according to (1.1) it can be easily shown that

B e ™Y =XT(s)  (Res>0). (2.27)
Therefore,
ML (@); 5} = T(s) (%1 e™) = D)@+ )
(Res(s) >0, Re(ot+s) > 0),
as desired. a

We conclude this section by the following theorem that gives the asymptotic represen-

tation of the generalized gamma function.



34

Theorem 2.2.9. (Asymptotic Behavior for small b)

- =" . ey =",
Fb(oc)Nngbl“(a—n)Tb +b n;)r(—a—n) py b
(b— 0%, 0<Re(a)<1). (2.28)

Proof. Taking the inverse Mellin transform of both sides in (2.23) we find

c+ico
anﬁzial#wr@ﬂ1a+ﬂb”ds (O<c<l). (2.29)

The integrand in (2.29) has simple poles at —n and —n— o (n=0,—1,—2,...). The residues

of these poles are, respectively,

(_ 1>n n
Res{f,—n} = — (o —n)b",
n!
(_ 1)n n+o
Res{f,—n—a} = —(—n—a)b""™.
n!
Summing over all these residues yields the asymptotic representation (2.28). a

Another asymptotic representation can be obtained from (2.2) that come directly from
the asymptotic representations of K (z) that are well studied in the literature [34], [35], [36]

and [47]. This representation is given by

1 1 = (o,m) 3n
Iy(0) ~ = /b 4 2Vb —(b—m b —) 2.
o)~ g Vb e Y Narg(VB) <), (230)
where
1
(a,m) Hatmty) 2.31)

is the Hankel symbole [51].
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2.3 Generalization of the Psi (Digamma) Function

In the first section of this chapter, we introduced the generalized gamma function. The
generalized gamma function has been found to be a simple and natural generalization of the
Euler gamma function. This generalization leads to a generalization of the Psi (digamma)
function. Analogous to the definition of the diagamma function, the generalized diagamma
function is defined as the logarithmic derivative of the generalized gamma function. In this
section we shall prove some of the properties of the generalized diagamma function and
establish different integral representations of this function. The classical representations of

the diagamma function will be deduced as special cases.

Definition 2.3.1. The generalized digamma function is defined by

1 d

yp(o) := % {In(Tp(a))} = T, () E{Fb(a)}. (2.32)

From the integral representation (2.1) of the generalized gamma function we have

1
Iy(a)

wy(00) = /O T e dr (Re(b) > 0sb = 0,Re(a) > 0).  (2.33)

The reflection formula and recurrence relation of the generalized digamma function are

presented in following theorems.

Theorem 2.3.2. (Reflection Formula)

Yp(—0t) =Inb— yp() (Re(b) > 0). (2.34)
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Proof. Replacing a by —o in (2.33), we find

P 1 = a1 —t—bt!
i a)—rb(_a)/o =% Inr)e ' dr. (2.35)

Making the substitutions t = bx~!, dt = —bx~%dx in (2.35) yield

b—a
[p(—a)

vy (—a) = / w(lnb —Inx)x® e b gy, (2.36)
0

Using the reflection formula (2.13) for the generalized gamma function, we get

1 o .
Y(—o) = W/O (lnb—lnx)xa_le_x_bxldx,

= Inb—yp(a).

O
Theorem 2.3.3. (Recurrence Relation)
(%) Vp(a+1)—b (%) Vp(a—1) = é + yp(a)
(Re(b) > 0,Re(x) > 0). (2.37)
Proof. According to ([9], [26]) we have
/O It (1% — ' = b2 e dr = 265 ko (2VB)  (Re(D) > 0), (2.38)

which is simplified in terms of the generalized gamma and digamma functions by using

(2.2) and (2.33) to give

Lh(a+Dyy(a+1)—aly(o)yy (o) —bTp(o— 1) yp(a—1) =T(a). (2.39)
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Dividing both sides of (2.39) by aI', () and rearranging the terms we get (2.37). a

The recurrence relation (1.24) is a special case of (2.37) when we set b = 0. Now we give
integral representations of the generalized digamma function and deduce the representations

(1.28) and (1.29) of the digamma function as special cases

Theorem 2.3.4.

oo r X
wb(oc):/o {e—X—(1+x)—“b(Fj+§)a)}d7 (Re(b) > 0;b = 0,Re() > 0). (2.40)

Proof. Consider the double integral

o0 oo —t—x _ ,—1(1+x)
1:/ / (01" {e ¢ }dtdx. (2.41)
0 0 X

If we integrate the double integral with respect to r we have

— /oo{e_x/oo ta—le—t—btldt_/oo ta—le—t(1+x)—bt1dt} @ (242)
0 0 0 X

The inner integrals are the standard form of the generalized gamma function (2.1). Thus,

we find

” d
I= /0 {e7Tp(x) = (1 =x) ¥ Ty(14x () } ;x (2.43)

However, if we integrate the double integral (2.41) with respect to x, we get

oo o ,—X __ ,—IXx
_ / P { / et —e dx} gt (2.44)
0 0 X

The inner integral in (2.44) is the integral representation of /nt [3]. Thus we have

I= /0 ta_l(lnt)e_’_btldt:% ( /0 r“—le—f—”“dr) :% (Tp()).  (2.45)
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From (2.43) and (2.45), we find

(@) = [ e T@) - (140 Tyg(@)} 5 (2.46)

Dividing both sides of (2.46) by I';,(c) we get the proof of (2.43). O

Note that integral representation (1.28) of the classical digamma function can be recov-

ered by setting b = 0 in (2.40).

Theorem 2.3.5.

~

wio)= [ (- a

(Re(b) > 0;b=0,Re(cx) > 0). (2.47)
Proof. From (2.40), we get
L © e ¥ © (14x)"% T4 (@)
vil(o0) = lim [/8 de—/a : et (2.48)

The transformation x = ¢’ — 1 in the second integral of the right-hand side of (2.48) yields

© (14x)% D14 () /°° e (o) 7'
— dx = dt. 2.49
/o X L) 7 Juaes) Thla) T—e 4

From (2.48) and (2.49), we get

In(1+6) ot oo et I, t(a) el
= li —dt / — == dt
¥b(2) 50+ [/5 t * In(1+8) { t Iy(a) 1—e"}

_ / ” (C R CON ) dr. (2.50)
0

t Fb(OC) 1—et

Since

In(146) ,—t
/ Sy
5

</6 1dt—ln(L) 0asd — 0"
t | " Jmars) t - \Un(1+86) '
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This completes the proof of (2.47). a

Also we note that the integral representation (1.29) of the digamma function is gained

when we put b = 0 in (2.47).

2.4 Generalized Incomplete Gamma Functions

The generalization of the gamma functions leads to a generalization of the incomplete
gamma functions. Recently, Chaudhry and Zubair have shown that the closed-form so-
lutions to several problems in heat conduction can be expressed in terms of the generalized
incomplete gamma functions [10, pp. 357-440].

In this section we give the definition and state some relations of these functions.

Definition 2.4.1. The generalized Incomplete gamma functions are defined by
X
y(a,x;b) ::/ 1“ LYexp(—t—btY)dt, (2.51)
0

I(a,x;b) := / 1 Lexp (—t — bt ) dt, (2.52)
X

where «, x are complex parameters and b is a complex variable. When the argument b
vanishes, the functions (2.51) and (2.52) reduces the ordinary incomplete gamma functions
(1.34) and (1.35).

Like incomplete gamma functions, the generalized incomplete gamma functions satisfy
several relations found useful in applications. We state these relations in the following

theorems.

Theorem 2.4.2. (Decomposition Theorem)

y(o,x;0) + (e, x;0) =Tp(at) (Re(b) > 0). (2.53)
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Proof. This follows when we add the incomplete integrals (2.51) and (2.52) to get the
complete integral (2.1) which is the right-hand side of (2.53). O
Theorem 2.4.3. (Recurrence relation)

1

L(a+1,xb) = al(o,x;b)+bT(a—1,x;b) +x%e 2 (2.54)
Proof. Put
f(t):=H({t—x)exp(—t—bt™1). (2.55)

Where H () is the Heaviside function defined by

1 if +>0
H(t) = ) (2.56)
0 if r<O

A “formal” differentiation of f(¢) with respect to ¢ yields
ft)=8(t—x)exp(—t—bt )+ H({t—x){~1+bt >} exp (—t—bt7").  (2.57)

However, the generalized incomplete gamma function has the Mellin transform representa-
tion

[(o,x;b) :=M{f(t);a}, (2.58)

that yields
—(a—1)C(o—1,x;0) = M{f'(t); a}. (2.59)

From (2.57) and (2.59), we get

—(a—1D(a—1,xb) =x* Lexp(—x—bx~ ') = T(a,x;0) + bT (0t —2,x;b).  (2.60)
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Rearranging the terms of (2.60) gives

L(a,x;b) = (ot — 1)T(at— 1,x;0) + bT(a — 2,x;0) +x* Lexp (—x—bx~1).  (2.61)

Finally replacing ot by @ + 1 in (2.61) we get (2.54) a
Corollary 2.4.4.

T+ 1,x) =al(o,x) +x%e " (2.62)
Proof. This follows directly from (2.54) when we put b = 0. a

One important representation of the generalized incomplete gamma function is its Mellin

transform representation. This representation is given in the following theorem.

Theorem 2.4.5.

1 c+ioo
M(@b) = 5 /c_i T(s)T(0t+5,x)b°ds (Re(b)>0,0<c<1).  (2.63)

Proof. Multiplying both side in (2.52) by »*~! and then integrating it with respect to b

from b =0to b = oo, we get

/bs—lr(a,x;b)dbz/ 1%t (/ bs—le—’idb> dr. (2.64)
0 X 0

The inner integral in (2.64) is I'(s)7® for Re(s) > 0.
Hence,

/ BT (o, x;b) db = T(s) / 1S gt gy (2.65)
0 X

which gives

/0 ) b0 (a,x;b)db =T(s)T(at +5,x). (2.66)
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Taking the inverse Mellin transform of both sides in (2.66). We get (2.63). O

The next theorem gives the series representation of the generalized incomplete gamma

function in terms of the incomplete gamma function.

Theorem 2.4.6.
T(o,x;b) =Y (=1)"T(0t—n,x) —. (2.67)

= n!
Proof. First, we note that a formal differentiation of (2.52) with respect to the parameter b

yields

n

ab"

{T(a,x;b)} = (—1)"T'(&t — n,x;b) (n=0,1,2,...) (2.68)

Now, if we let

L(a,x:b) =) b, (2.69)
n=0

by the Maclurin series of I'(¢,x;b). Then

Cp = %{F(a,x;O)}/n!. (2.70)
From (2.68) and (2.70), we get

cn=(—1)"T'(a—n,x)/n!. (2.71)
Finally, substituting (2.71) in (2.69) we get (2.67). O

2.5 Connection with other special Functions

It is important to find out possible relations of a given special function with other special
functions. This is helpful to classify the function and to find the solution of the related

applied problems under different conditions in terms of the tabulated special functions. In
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this section we give the relations of the generalized incomplete gamma function with other

functions.
Theorem 2.5.1.
LN\ VT —2vb Vb 2Vb Vb
F(E,x,b)— 5 [e erfc | v/x NG +e~VPlerfc \/}—i—\/)_c . (2.72)

Proof. The generalized incomplete gamma function I'(a, x;b) can be represented as

oo _ _@ 2
r(a,x;b):e—m/ % e (vi-3%) dr, (2.73)
X
and
oo o ﬁ 2
T(a,x;b) = VP / 1 (VER) gy (2.74)
X

Replacing o by o + % in (2.73) and (2.74) and rearranging the terms, we get

1 B 00 1 Vb ( ,,@)2
(0 + =, x;b) = N’;/ L I Vi) d
( +2x ) ¢ X \/;+t t ¢

—Vb / 193 ot gy (2.75)

and

Vb / 195 g0 gy (2.76)
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Adding (2.75) and (2.76), we get

oo _ _i 2
ZF(OC—I-l,x;b):e_z‘/E/ t* (L—I—ﬁ)e <‘/; \/li?) dt

2 Vi Wt
oo \f 2
eV / L VB (i), 2.77)
X \/l_‘ l\/l_‘
Making the substitutions
b b
u:\/f—%andv:\/h—% (2.78)

in (2.77) and taking o = 0, we get

1 *© 2 *° 2
I'f=-,x;b)= ez\/E/ e du+ VP eV dv, 2.79
(2 ) N Vi &7
which directly gives (2.72). 0

In Theorem 1.5.3, we gave the relation between the incomplete gamma function with
the complementary error function. This result can be recovered from Theorem 2.5.1 by

putting b = 0 in (2.72).

Corollary 2.5.2.
r (%,x) = /7 erfc (Vx). (2.80)

Corollary 2.5.3.
r (—%;x;b) = % [e‘z\/l; erfc <\/)_c— %) — VP erfe (\/)_c—l— %)] (2.81)

Proof. (2.81) can be obtained directly from (2.72) by differentiating both sides of (2.72)

with respect to the parameter b. a
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We note that the function I (%,x; b) and I (—%,x,b) can further be expressed in terms
of the incomplete gamma and confluent hypergeometric functions. For more details one can

refer to [10].



Chapter 3

A Generalization of the Euler’s Reflection Formula

In this chapter we prove a generalization of the well known and important Euler’s reflection
identity (1.16) in terms of the generalized incomplete gamma function (2.52). From this
generalization we will deduce some other generalizations that are known in the literature
as special cases. Also, we discuss a class of integral representations involving incomplete
gamma function, generalized incomplete gamma function, error functions, exponential in-

tegral function and Macdonald’s function.

3.1 Introduction

The classical gamma function defined by
[(s) := / e dr (s:=0+i1,0 < 0 < ), (3.1)
0

plays an important basic role in the subject of Special Functions. The properties and histor-
ical background of the function is given in the first Chapter. One of the classical identities

useful in several applications of ”Operational Calculus”, and Engineering applications is

46
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the closed form representation,

7r oo tS—l
sints  Jo 1+t

L1 —s)= dt (0<o<1). (3.2)

The representation

s—1

(1+1)e

B(s,a—s) = T(s)T(a—s)/T(a) = /O ) i (0<o<a), (33

of the beta function extend the above identity (3.2) in a natural way as one can recover it by
taking a = 1. It may be noted that there are several generalizations of the classical identity
(3.2) available in literature ( [4], [29] and [47] ). One of these generalizations of (3.2) is the

representation [22, p. 355]

oo ts—le—(l—i-l)x

r@ru—”@zé e 0<o<1,0<x<o),  (34)

that involves the incomplete gamma function. The above identity can be further generalized

to

o ¢5—1
F@W@—&@:/‘t Dlax(140) 4 (0co<a0<x<w), (3.5)

0 (1+1)e
which is useful in finding the asymptotic representations of the incomplete gamma function

[47]. Putting a = 1 +n in (3.5) and using I'(1 +n,z) = nle %e,(z) we find that

dt

o ps—log=x(I41) g (x
T(s)T(1+n—s,x)/n! = /0 ! (1+t)n<+ (1+1)

0<o<1,x>0,n=0,1,2,3,...). (3.6)
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The identity (3.4) is recovered from (3.6) when n = 0. Chaudhry and Zubair[10] introduced

the generalized incomplete gamma functions defined by
[(s,x;b) := / #le b gy (b>0,0<x< o), (3.7)
X

x —
Y(s,x:b) = / $lem b gy (b>0,0 < x < oo), (3.8)
0

where they defined the generalized gamma function as

Ty(s) = T(s,0:b) = / #le o s = 202K, (2V)

0
(0<b< oo, —00<0<o0;b=0,0< 0 <o0). (3.9)

These functions are found useful in several engineering applications ( [10], [54], [55]) [56]).

The asymptotic expansion of the function K;(b) is well known [4, p. 223]

[T
Ks(b)’\’ 2—b€ b

where (s,n) is defined by

(o)

4L G

n=1 (

] (b — o), (3.10)

D248, WT(1/2—5) [T(1/2+s5+n)
(s,) = (1/2—5)n =(=1) T(1/2+s) [F(l/Z—s—l—n)} G.1D)
In particular, we have
K (b) ~ \/%e_b (b — o). (3.12)
Similarly [47, p. 234]
Ks(2b)~%1“(s)(b)_s (6 — e0,b > 0). (3.13)
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We prove a generalization of the classical identity (3.2) in Section 3.2 that involves the gen-
eralized incomplete gamma function. Our result extends naturally the known identity (3.5)
as it can be recovered from the result by substituting b = 0.

Some special cases of the main result that involves complementary error functions are dis-
cussed in Section 3.3. The results may be found useful in the analytic study of temperature
distribution in a variety of heat conduction problem [10, pp. 385 — 413]. One of the im-
portant features of the main result is that, as the generalized incomplete gamma function
reduces to Macdonald’s function when x = 0, we find a useful identities involving the Mac-

donald’s function.

3.2 The Generalized Identity

In this section we present the main theorem that generalize the classical reflection identity

in terms of the generalized incomplete gamma function defined by (2.52).

Theorem 3.2.1. Let I'(s,x;b) be the generalized incomplete gamma function. Then

© 570 (a,x(141); (1 +1)b)

dt
(141)e

['(s)['(a—s,x;0) = /0

(s=0+i1,0< 0 <a,x>0,b>0). (3.14)

Proof. First we note that for b = 0 the Mellin transform integral (3.14) reduces to (3.5).

Hence, we assume that 0 < b < co. Using the asymptotic representation [10, p. 6]
T
T(s)| = v2ale|7 2exp (=S¢ ) (1+0(1/7))

(|T] — 00, —0 <A < 0 < B < ), (3.15)
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of the gamma function , we find that for all b > 0,
ID(s)C(a— s,x,b)| < C|z|e! ™

(—0 <A< O <B<o0,0<x< oo |T| —00). (3.16)

Hence, the inverse Mellin transform (IMT)integral

1 Cc+ioco
I(t,x;b) := 3l /C_i [(s)['(a—s,x;D)t *ds

(0<c<a,0<x<o0,0<t <o), (3.17)

is uniformly convergent for all # (0 < fo <t <t < o). Moreover, for 0 < ¢ < 1 the asymptotic
relation (3.16) shows that the integral is absolutely convergent and, it can be evaluated by
Cauchy’s residue theorem. The integrand has simple poles at s = —n(n = 0,1,2,3,...)
leading to the series representation

= [(a+n,x;b)(—1)"
n!

0<t<1,0<x<o,0<b<c). (3.18)

Replacing the generalized incomplete gamma function in (3.18) by its integral representa-

tion, we find

L,(t,x;b) = i(_t>n ety
a\*»s - I’l' . y e i y

n=0
_ = a—1 —y—% - (_ty)n
= /x Yy e ) (Z o dy
n=0
_ /oo ya_1ef(1+z)yf§dy
X
1

_ (1+t>ar(a,(1+t)x;(l+t)b)

(0<x<o0,0<b< oo), (3.19)
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It is to be remarked that despite the fact that the requirement 0 < ¢ < 1 is necessary for
the convergence of the series (3.18), the representation (3.19) remains well defined for all

t > 0. Hence (3.19) is an analytic continuation of (3.18). From (3.17) and (3.19), we find

1 Cc+ioo 1
— I'(s)I'(a—s,x;b)t *ds = Ila,(14+8)x;(1+1)b
s, T s,5) s = (sl (a (140 (1)
(0<c<a,0<x<o0,0<t<o0). (3.20)
Inverting the relation (3.20), we arrive at (3.14). O

3.3 Special Cases of the Generalized Identity

We discuss special cases of the general result in this section. First, putting » = 0 in (3.14),

we arrive at (3.5). However, if we set x =0, in (3.14), we find

I
L(s)[p(a—s) :/ Mts_ldt (0<o<a,b>0). (3.21)

0 (1+41)

Replacing the generalized gamma function in (3.21) by its representation (3.9) in terms of

Macdonald’s function, we get

Nb) K, (2/(T+1)b)

571 dr
(1+1)e

20 (5) b2 Ko y(2VD) = 2 /O -

(0< o <a,b>0). (3.22)

Letting x = 2+/b in (3.22) and simplifying we get the following useful identity



X\$ © Ky (xv/T+1)
Kams(x) (5) F(ls)/o K((l—i—tl):zi—t)t ',

(0<0<a,0<x<oo).

Now if we put b =0 in ( 3.14), we find

s—1

(1+1)e

dt (0<o<a),

I(s)T(a—s) = () /O )

that can be rewritten in terms of the beta function as

s—1

B(s,a—s) = T(s)(a—s)/T(a) = Awmdt (0< o <a),

which is a generalization of the well known identity

B(s,1—s) = T(s)[(1 —s) = —~ /OM oy 0<o<)

sinzs (1+1)

Now, if we let b =0,a = 1+nin (3.14) we get

[(s)[(1—n—s,x) _ /°° s~ le U4 e, (x(1+1))
0

(1_|_t)n+l dt

n!
0<0<1,0<x<eo,n=0,1,2,3...),
which is (3.6). Also, if weset b =0,a=1—n1in (3.14) we get

L)1 —n—s,x)

xn—l

_ /Ooots_lEn(x(l—i—t))dt

0<o<1,x>0,n=0,1,2,3...),
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(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

where Ey,(x) := [{" e ™t "dt, [10, p. 40] is the exponential integral function. Another
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special case of (3.14) that involves the complementary error function can be obtained by

letting s = a — %,a > % and using relation [10, p. 51(2.120)]. This gives

/°° I'(a,x(1+1);(1+1)b) ja=3/2 4,
0

(1+1)a
— %\/Ef(a— %) [e‘z\/gerfc <\/)_c— %) +e2VPerfe (\/)_c+ \/TE)] :
(0§b<oo,0<x<oo,%<a<oo). (3.29)

For b = 0 in (3.29) we find a useful identity

*a,x(1+1)) ,_ B 1
/OWI 3/2dt_\/EF(a—§)erfc(\/J_c),

1
(0<x<oo,§ <a<eoo). (3.30)
that does not seems to have been realized in the literature. Putting a = % in (3.30), we find

/mwdl‘:ﬁerfb (\/)_c) (0<x<<>0>. (3.31)
0 (141)2

The substitution u = x(1+¢) in (3.31) leads to

/m i;”)du =/ /xerfc (v/x) (0 < x < o). (3.32)

uz2

The integrand in (3.32) can be simplified in terms of the complementary error function [10,

p. 45] to get

3
uz

The formula (3.33) is important in the sense as the integral in the left hand side can be
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rewritten as the difference of the integral of the complementary error function and the ex-
ponential integral function [10, p. 43]. This leads to the formula

% arfl 2 2
= ;—3(/@ du=_E(-x)+ erfe(vx)  (0<x<w), (334

which is useful in finding the solution of problems of heat conduction in materials with
cylindrical symmetry [8, p. 261].
Remark: We note that our technique in proving the main result leads to another useful

relation for the Macdonal’s function. Indeed, if we set x = 0 in (4.24) and (4.25) we have

[(a,0: (1 +1)p) = Y, Hetm0b)(=0)”
n=0

(1+1)e n!

(0<t<1,0<b< o). (3.35)

Replacing the generalized gamma function in (3.35) by its representation (3.9) in terms of

Macdonald’s function, we get

(e (o) - § 2 e )

|
n—0 n.

(141)e
(0<r<1,0<b < ). (3.36)

Letting x = 2v/b in (3.36) and simplifying we get the following useful identity

Ko (x/(T50) ) = (140)/2 20 () Korale) (1)

(0<1<1,0<x< o). (3.37)
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3.4 Concluding Remarks

Operational calculus has found applications in several areas of mathematics and engineer-
ing sciences. The most notable applications are found in electrical engineering problems
for the calculation of transients in linear circuits. From the development of the subject by

Gottfried Leibnitz and Euler to Olver Heaviside and Jan Mikusinski the gamma function

I'(s) and the basic identity I'(s)["(1 —s) = I have played an important role in the devel-
opment of the subject. A generalization of the basic identity is expected to play as well an
important role. We have noticed that the generalization proved in this note leads to a class

of integral representations involving incomplete gamma, generalized incomplete gamma,

error functions and Macdonald’s function.



Chapter 4

Iterated Integrals of the Generalized Complementary

Error Function

In Section 4.1 of this chapter we give a generalization of the classical error functions based
on the generalized incomplete gamma functions defined by (2.51) and (2.52). The prop-
erties of the generalized error functions will be studied in Section 4.2. In Section 4.3, we
study the iterated integrals of the generalized error functions and deduce the classical results
as special cases. In Section 4.4 we present some numerical computations and graphical rep-

resentations of these new functions that may help in some application problems.

4.1 Introduction

The error functions defined by

erf(x) == %/xexp(—tz)da (4.1)
0
erfc(x) := %/w exp (—t?)dt, (4.2)

56
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satisfy the decomposition formula

erf(x) +erfe(x) = 1. 4.3)

These functions were originally introduced by Kramp [30]. However, they also called Gauss
error functions or probability integrals. These functions occur in probability, statistics and

partial differential equations. For example, the solution to the heat conduction problem

aT 2T

E = o W ()C >0,t > O),
T(x,0) = 0
T0,r) = Ty, 4.4)
is given by
X
T (x,t) = Tyerfc . 4.5

The error functions are expressible in terms of the incomplete gamma functions as

erf(x) = % Y (%,xz) , (4.6)
1 I,
erfc(x) = ﬁ I (57)( ) . (47)

Moreover, the inverse error function has the closed form representation

VT o5 It s 1270 )’ 48)

1 (x) = 2=
erf " (x) 5 (x—l—lzx +480x +20m0* T

which is useful in solving inverse problems in applied sciences and engineering.

Chaudhry and Zubair [10] introduced the generalized incomplete gamma functions de-
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fined by
C(o,x;b) = / 1% e 11 gy (b>0,x>0), (4.9)
X
X
¥(ot,x:b) :/ et dr (b>0,x>0). (4.10)
0

It is to be noted that these function can naturally extend the classical error functions as

follows:
erf(x; b) ! L2 (4.11)
tf(x;0) := —=7y | =, x7:b ), .
; n?’ >
fc(x; b) Lir(len (4.12)
erfc(x;) == —=T" | =,x%3b | . .
Vroo\2
For b =0, we find
erf(x;0) = erf(x), (4.13)
erfc(x;0) = erfc(x). (4.14)

Replacing the GIGF in (4.11) and (4.12) by their integral representation, we find

I b\ d
erf(x; ) := ﬁ/o exp (—t — ;) 7;, (4.15)
erfc(x;b) 1= %/j exp (—t - l;) % (4.16)

The transformation 7 = 72 in (4.15) and (4.16) yields

2 X
erf(x;b) = N / exp (=12 —b1 %) dr, (4.17)
0
2 o
erfc(x;b) = NG / exp (—t*—b1 %) dr. (4.18)

From the decomposition formula of the generalized incomplete gamma functions (2.53), we



59

can see that the extended error functions satisfy the decomposition formula
erf(x;b) + erfe(x;b) = e VP, (4.19)

Other properties of these functions will be investigated in following section.

4.2 Properties of The Generalized Error Functions

In this section, we investigate some properties of the generalized error functions and present

a heat conduction problem whose solution is written in terms of these functions.

Theorem 4.2.1. (Connection with error functions I)

erfc (x;b) = 3 [ “2Vberfe (x— g) +e2VPerfe (x-i— g)] . (4.20)

Proof. Using the identity between the GIGF and the complementary error functions given

by [10], we have

F(%,x;b) = % [ “2Vb orfie (ﬁ %) +e*Vberfe <\/_+ %)]

This implies

REYARCTA IR RN _ Vb | e Vb
ﬁF<2,x,b)—2[e erfc | x P berfc | x+ P

and this directly gives

erfe (x;b) :% [fzﬁerfc (X— @> + VP erfe (x—k@)] .
x x



60

Theorem 4.2.2. (Connection with error function II)

\/_ {erfc(x b)} = 3 [ 2Vb erfe (x—l— \f) — e 2Vl erfe (x—\/—z>] . (4.21)

X

Proof. Differentiating (4.18) with respect to b, we find

d -1 1,
—{erfc (x; =—I(—=,x%b|. 4.22
8b{er c(x;b)} NG ( 5% ,b> (4.22)
Since
1 N Vb Vb
I'——=,xb|=—x=]|e erfc X—— Vb erfe +— 4.23
(~3) m[ Vi ViR 4
we replace the GIGF in (4.22) by its representation in (4.23), arrive at (4.21). O
Corollary 4.2.3.
ﬁi+1mmmmwmx+@. (4.24)
db X
Proof. (4.24) is obtained by adding (4.20) and (4.21). O
Corollary 4.2.4.
d b
Vb= —1 | {erfc(x;b)} = —erfc | x— \/—_ . (4.25)
db X
Proof. (4.25) is obtained by subtracting (4.20) from (4.21). O

Applications to heat conduction problem.

The heat conduction equation

oT  JT
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subject to conditions

T(x,00=0 and T(0,t)=F(r)

governs the variation of the temperature of a semi-infinite solid, initially at temperature

zero, with the plane face at temperature F(¢). The solution to the problem is given by [27]

\/— ( i ﬁz)GXP(—ﬁz)dﬁ- 4.27)

In particular, when F(t) = Typexp (At), we find

Ax2
T =TyeMerfe [ ——: 2% ) 428
0e erc(m 4a) ( )

4.3 Iterated Integral of the Generalized Complementary
Error Function

Hartree [26] investigated the iterated integrals

iLerfc (x) := =2 exp (—xz)

NG

¥ erfe (x) == erfc (x),

i" erfc (x) ::/ " Lerfc(r)dt.

Some properties of the iterated integrals of the complementary error function are presented

in ( [25], [31],[37], [44]). One important property is the integral representation

exp (—1%)dt. (4.29)

i" erfc (x \/_ /



The general recurrence relation is

— 1
i"erfc (x) = 7)6 " Lerfc (x) + n "2 erfe(x).

These functions are infinitely differentiable and their derivative is given by

d
- (erfe (x)) = —i"lerfc(x)  (n=0,1,2,...).

The series representation is found to be

" erfc (x) i (-1 (n=0,1,2,...)
i X)= n=0,1,2,...).
& 27k T (14 255
This can directly give for x =0
i"erfc(O):; (n=0,1,2,...).
22T (1+%)

It is to be noted that these functions satisfy the following differential equation:

(D* +2xD —2n) {{"erfc(x)} =0  (n=0,1,2,...).

The asymptotic expansions are

D=

e—%xz —x(2n)

i"erfc (x) = ZnF(eT%,) [1 +0 (ni%)}

(x bounded, n — ),
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(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)
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2 e & (=1)"(2m+n)!

M orf ~
rer C(X) \/E (zx)n—H mZO n!m! (zx)Zm

3n
<x—> oo, |arg x| < T) :

The generalized error function provides a closed form solution to some heat conduction

(4.36)

problem as shown in (4.28). The iterated integrals of the CEF are also useful in finding the
closed form solutions of a variety of partial differential equations. For example, the solution

to the heat conduction boundary value problem

’u 19du A
— — — 4- 7
2 a8t+k 0 (x>0,1r>0), (4.37)

with zero initial and surface temperature such that the heat is produced at a constant rate A
per unit time per unit volume for ¢ > 0 in the region a < x < b , is discussed in [8, p. 79].

The temperature gradient at the surface is given by

u= 1% vaot {ierfo ( (4.38)

i) (i)

We refer to [8, pp. 79 — 80] for several other cases of the above problem. One does not find
the iterated integrals of the GCEF in the literature. It is expected that the repeated integrals
of the GCEF will also be found useful in scientific and engineering applications. In this
part, we define and explore the properties of the iterated integrals of the GCEF. In analogy
to the iterated integrals of the complementary error functions, one can define the iterated

integrals of the GCEF as follows:

-2 b
iterfc(x;b) := NG exp (—x2 - ;) , (4.39)

iVerfc (x;b) == erfc (x;b), (4.40)
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i"erfc (x;b) 1= / " Lerfc (1;b)dt. (4.41)
X

The classical iterated integrals of the complementary error function i"erfc(x) satisfy the
important integral representation given by (4.29). One would like to know if the iterated
integrals of the GCEF have an integral representation which reduces to the classical one as

a special case.

Theorem 4.3.1. (Integral Representation)

i"erfc (x;b) = % /x Ut exp (—z2 — t%) dt. (4.42)

n!

Proof. We show the result using mathematical induction. For n =1,

ilerfc (x;b) = / erfc(s;D)ds
X
2 oo oo
= ﬁ/x /s exp (—tz—tg) dt ds
A , b
= — exp| —t"— = ) ds dt
\/E/x /x ( tZ)

2 =0t , b

Now, we assume (4.42) is true for n = k. This gives

2 e —-x)k oo
ikerfc(x;b):ﬁ/x ( ka> e T dr

and so
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lerfc(x,b) =

Theorem 4.3.1 can be used to get the following differentiation formula which reduces

to (4.31) if we put b = 0.

Theorem 4.3.2. (Differentiation Formula)

% ("erfc (x;b)) = —i"terfc(x;b)  (n=0,1,2,...). (4.43)

Proof. Using Theorem 4.3.1, we have

2 (Perte(vb) = o (% | = exp (—tz—g) dt)
Sl (e ()
— —%/xm%exp (—tz—t%) dr

= —i" erfc(x;b),

where the interchange between the derivative and integral is allowed since the integral is

absolutely convergent and the integrand vanishes at r = x. O

The following result gives a general series representation for the iterated integrals of

GCEF which gives (4.32) and (4.33) as special cases.
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Theorem 4.3.3. (Series Representation)

B %(n_k)vb)

4.44
n—k) +1) ’ ( )

. Cw (=0f oF (=3
lnerfc(x,b)—kzb H i (3

where oF) (—,m,b) is the hypergeometric series defined by

[ee]

oF1 (- =) k'

k=0

k=0

Proof. Let " erfc(x,b Z ckxk , and the task is to determine c;. Now the coefficients of
the Maclaurin series are given by

1 ok

— n
Cip = Ew {l erfC} (O,b),

which implies

e 2_b
co = i"erfc (0,b) = / "e "2 dt.
\/_n'

Letr? =y, thent = V/yand dt = ﬁ dy. This gives

1 Sl I b 1 1 1
= 2ty gy = 4.45
€0 ﬁn!/() y e~ rdy ( ) (4.45)

where, I'; (@) is the generalized gamma function. We claim

n+1)

1F1 1 1 oF lnb
Ja v \2""2) T e i\ )
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To establish the claim, we use the identity

(o) = i (_kl,)

k=0

)kF(a—k),

[10, page 47 (2.91)] with & = 1n+ 1. This gives

Iy (3n+3) _ 3 (=b)* T(3n+35-k)
VT n! = k! V7n! '

Now, using the formula see [10, page 6 (1.51)]
Na—k) =

with ¢ = %n + %, we have

This implies
C(gntz-k) _ (=D* T(n+jy)
V7n! _(%—%n)k Van!

Now, by the duplication formula,

C(zn+3) 1
VT on! _Z”F(%n—kl)’
we find
Cntz—k) (=D 1
VEnl o (5—gn), 2T (gn+1)

This implies
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Now, using (3.37)

0
— (i"erfc (x,b)) = —i" lerfc(x,b) (n=0,1,2,...),

dx

we get,

ok

Ik ("erfc (x,b)) = (— k" *erfe (x,b).

X
This gives
(—Dki"kerfc (0,b)
Ci = .
k!

Hence,

o _ (ED R (5 —5(n—k).b)
TR (Y- +1)

Y
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Corollary 4.3.4.
. o (_1)kxk
i"erfc (x) = n=0,1,2,...).
) kzozn—kk!r(w%—") ( )
Proof. Take b = 0 in (4.44) and note that oF; (—, 5 — 3(n—k),0) = 1. O
Corollary 4.3.5.
F (=3 =1tnb
i”erfc(O;b):0 (=5 = omb) (n=0,1,2,...).
2'T (144
Proof. Take x =0in (4.44). O
Corollary 4.3.6.
i"erfc(0,0):; (n=0,1,2,...).
22T (1+1%)
Proof. Take x =0 and b =0 in (4.44). O

The recurrence relation given in (4.30) for the iterated integrals of the complementary

error function is extended for the GCEF in the following result.

Theorem 4.3.7. (Recurrence Relation)

02

Let

be the differential operator. Then

2nAi"erfc (x;b) = —2Axi" Lerfc (x;b) + "> erfc (x;b). (4.46)



70

Proof. By replacing " erfc (x;b) with its integral representation given by Theorem 4.29,

we have

where

LHS. = 2nAi"erfc(x;D)

2 2n 2 b
e \/ﬁ n' ( ab2>/ ne lzdt

/ma-)@—xwuf”‘ﬁdt

2 2 92
VT (n—1)! <1_b8b
2
Nz

2 2 a2\ = 1 b
In:ﬁmo_bW)/x t(t—x)"te " 2 dt.

To complete the proof, we need to show that I, = i"~>erfc (x;b). Indeed, applying the dif-

ferential operator to the integral and then using integration by parts, we have

2 1 oo _p2_b *2b —2-b
— 2(t—x)""te ! ﬂdt—/ S—x)"te " T2 dr
¢EM—JN{A (1—x)" e [ R

2 1 ° 2b\ _p_b el

) 1 = > P2k
— — n—1)(t—x)""2e" rzdt]
N [ =ni-

(I’l— 1)' t=x

T/ TR

" Zerfc (x;b).
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One would like to find a differential equation whose solution can be expressed in terms
of the iterated integrals of the GCEF. This will enhance the applications of these functions
in the areas where such type of differential equations may arise. We prove in the following
theorem that these functions satisfy a partial differential equation. Moreover, from the new
partial differential equation, we prove that for b = 0, the classical differential equation is

recovered.

Theorem 4.3.8. (Differential Equation)

2 a2 82 -
D~ +2xD l—bm —2n l—bm i"erfc (x;0) = 0. (4.47)

Proof. In order to show (3.16), it suffices to show that

2 2
[DZ +2xD (1 — b%)} i"erfc (x;b) = 2n (1 — b%) i"erfc (x;b). (4.48)

Note that by using Theorem 4.3.2, we have
D?("erfe (x;b)) = " 2erfc (x;b), (4.49)

and

D(i"erfc (x;b)) = —i" lerfc (x;b). (4.50)

Now by substituting (4.49) and (4.50) in the left hand side of (4.48), the result follows

directly from Theorem 4.35. a

Remark 4.3.9. One of the important features of the above theorem is that, as expected, we
recover the classical differential equation satisfied by the iterated integrals of the comple-

mentary error function. This is achieved from Theorem 4.3.8 when we set b = 0.
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4.4 Numerical Computations and Graphical Representa-
tions

In this section, we present some graphical and tabular representations of the generalized
error function, GCEF, and the iterated integrals of GCEF for scientific and engineering

applications.

Numerical Computation
In order to compute the GCEF and its iterated integrals, we use their integral representations
given by (4.29) and (3.36), respectively. To compute the generalized error function we use

(4.19). In order to evaluate the infinite integral,

2 oo
erfe(x; b :—/ exp (=12 —bt~2) d1, 4.51
(ub)=—= | e ( ) (4.51)
we decompose the integral
| ew(--br?)ar (4.52)
X

into

20 o0
/ exp (—t2 — bt_z) dt +/ exp (—t2 — bt_z) dt. (4.53)
X 20

To compute the integral fxzo exp (—t2 — bt‘z) dt, we use 100-points Gauss Quadrature rule

with 100 nodes [14, 365]. That is, we approximate
20
/ exp(—2 —br2) di (4.54)
X

100
Z wiexp (—t2 — btfz) (4.55)
i=1
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where w; and ¢; are the weights and the nodes, respectively. It is to be noted that w; and ;

can be determined by solving the following system of equations:

20 100
/ t"dt =Y wit" (4.56)
X i—1

1

form=0, 1,..., 199. However, a simple manipulation shows that
/ exp (—t*—bt %) dt <107® (4.57)
20

and

/ =) (—ﬂ = —2) dt <107, (4.58)
20 t

Remark: The r-points Gauss Quadrature is exact for all polynomials of degree < 2r — 1.

We use the same procedure to evaluate the integral:

i"erfc (x;b) = % /:, (r=x)" exp (—r2 — t%) dt. (4.59)

n!

From Figure 4.3— Figure 4.7 of the iterated integrals of the GCEF we note that, for each fixed
x, the function is decreasing as b increases. Moreover, all graphs of the iterated integrals
of the GCEF approaching zero for sufficiently large x . It is also observed that the rate of
decaying increases as b decreases and n increases. For example, for » = 0 and x = 0.5, if
x increases by 10 % the decay rate of ierfc(x;0) is 11.5%. However, for the same value of
x = 0.5 the decay rate of ierfc(x;0.25) reduces to 10%. It is important to note that for n > 1
the decay rate becomes faster. For instance, when n = 2 at x = 0.5, an increase of 10% in
the value of x leads to 13.4% decay in the value of izerfc(x;O) and 12.7% for the function

ierfc(x;0.25).



Table 4.1: Some representative values of erfc (x, b)

x\b

0.00

0.25

0.5

0.75

1.00

1.25

1.50

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00

1.0000
0.9887
0.9774
0.9662
0.9549
0.9436
0.9324
0.9211
0.9099
0.8987
0.8875
0.8320
0.7773
0.7237
0.6714
0.6206
0.5716
0.5245
0.4795
0.4367
0.3961
0.3580
0.3222
0.2888
0.2579
0.2293
0.2031
0.1791
0.1573
0.0339
0.0047
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000

0.3679
0.3679
0.3679
0.3679
0.3679
0.3679
0.3679
0.3679
0.3679
0.3679
0.3679
0.3679
0.3679
0.3674
0.3654
0.3607
0.3524
0.3406
0.3257
0.3085
0.2895
0.2694
0.2487
0.2280
0.2076
0.1878
0.1689
0.1510
0.1343
0.0311
0.0044
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000

0.2431
0.2431
0.2431
0.2431
0.2431
0.2431
0.2431
0.2431
0.2431
0.2431
0.2431
0.2431
0.2431
0.2431
0.2430
0.2426
0.2411
0.2382
0.2332
0.2263
0.2173
0.2067
0.1948
0.1820
0.1685
0.1548
0.1412
0.1278
0.1149
0.0286
0.0042
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000

0.1769
0.1769
0.1769
0.1769
0.1769
0.1769
0.1769
0.1769
0.1769
0.1769
0.1769
0.1769
0.1769
0.1769
0.1769
0.1769
0.1766
0.1759
0.1742
0.1714
0.1672
0.1616
0.1547
0.1467
0.1379
0.1284
0.1185
0.1086
0.0987
0.0263
0.0040
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000

0.1353
0.1353
0.1353
0.1353
0.1353
0.1353
0.1353
0.1353
0.1353
0.1353
0.1353
0.1353
0.1353
0.1353
0.1353
0.1353
0.1353
0.1351
0.1345
0.1334
0.1314
0.1285
0.1245
0.1195
0.1137
0.1071
0.1000
0.0926
0.0849
0.0242
0.0038
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000

0.1069
0.1069
0.1069
0.1069
0.1069
0.1069
0.1069
0.1069
0.1069
0.1069
0.1069
0.1069
0.1069
0.1069
0.1069
0.1069
0.1069
0.1068
0.1066
0.1062
0.1052
0.1037
0.1014
0.0983
0.0944
0.0899
0.0848
0.0792
0.0733
0.0223
0.0036
0.0003
0.0000
0.0000
0.0000
0.0000
0.0000

0.0863
0.0863
0.0863
0.0863
0.0863
0.0863
0.0863
0.0863
0.0863
0.0863
0.0863
0.0863
0.0863
0.0863
0.0863
0.0863
0.0863
0.0863
0.0863
0.0861
0.0856
0.0848
0.0835
0.0815
0.0790
0.0759
0.0722
0.0680
0.0635
0.0205
0.0034
0.0003
0.0000
0.0000
0.0000
0.0000
0.0000
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Table 4.2: Some representative values of erf (x, b)

x\b

0.00

0.25

0.5

0.75

1.00

1.25

1.50

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00

0.0000
0.0113
0.0226
0.0338
0.0451
0.0564
0.0676
0.0789
0.0901
0.1013
0.1125
0.1680
0.2227
0.2763
0.3286
0.3794
0.4284
0.4755
0.5205
0.5633
0.6039
0.6420
0.6778
0.7112
0.7421
0.7707
0.7969
0.8209
0.8427
0.9661
0.9953
0.9996
1.0000
1.0000
1.0000
1.0000
1.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0005
0.0024
0.0072
0.0155
0.0273
0.0421
0.0594
0.0784
0.0985
0.1191
0.1399
0.1603
0.1800
0.1990
0.2169
0.2336
0.3367
0.3634
0.3675
0.3679
0.3679
0.3679
0.3679
0.3679

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0006
0.0020
0.0050
0.0099
0.0168
0.0258
0.0364
0.0483
0.0612
0.0746
0.0883
0.1019
0.1153
0.1282
0.2145
0.2389
0.2427
0.2431
0.2431
0.2431
0.2431
0.2431

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0003
0.0011
0.0027
0.0055
0.0097
0.0153
0.0222
0.0302
0.0391
0.0485
0.0584
0.0684
0.0783
0.1506
0.1729
0.1766
0.1769
0.1769
0.1769
0.1769
0.1769

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0002
0.0008
0.0019
0.0039
0.0069
0.0108
0.0158
0.0217
0.0282
0.0353
0.0428
0.0504
0.1111
0.1315
0.135
0.1353
0.1353
0.1353
0.1353
0.1353

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0002
0.0007
0.0016
0.0032
0.0055
0.0086
0.0125
0.0170
0.0221
0.0277
0.0335
0.0846
0.1033
0.1065
0.1069
0.1069
0.1069
0.1069
0.1069

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0003
0.0007
0.0015
0.0029
0.0048
0.0073
0.0105
0.0142
0.0183
0.0228
0.0658
0.0829
0.0860
0.0863
0.0863
0.0863
0.0863
0.0863
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Table 4.3: Some representative values of i lerfe (x, b)

x\b

0.00

0.25

0.5

0.75

1.00

1.25

1.50

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00

0.5642
0.5542
0.5444
0.5347
0.5251
0.5156
0.5062
0.4970
0.4878
0.4788
0.4698
0.4268
0.3866
0.3491
0.3142
0.2819
0.2521
0.2247
0.1996
0.1767
0.1559
0.1371
0.1201
0.1048
0.0912
0.0790
0.0682
0.0587
0.0503
0.0086
0.0010
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000

0.3396
0.3359
0.3322
0.3286
0.3249
0.3212
0.3175
0.3138
0.3102
0.3065
0.3028
0.2844
0.2660
0.2476
0.2293
0.2111
0.1933
0.1760
0.1593
0.1434
0.1285
0.1145
0.1015
0.0896
0.0787
0.0688
0.0599
0.0519
0.0448
0.0081
0.0009
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000

0.2507
0.2483
0.2458
0.2434
0.2410
0.2385
0.2361
0.2337
0.2312
0.2288
0.2264
0.2142
0.2021
0.1899
0.1778
0.1656
0.1535
0.1415
0.1297
0.1182
0.1071
0.0965
0.0865
0.0771
0.0683
0.0602
0.0528
0.0461
0.0400
0.0075
0.0009
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000

0.1958
0.1940
0.1922
0.1905
0.1887
0.1869
0.1852
0.1834
0.1816
0.1798
0.1781
0.1692
0.1604
0.1515
0.1427
0.1339
0.1250
0.1162
0.1074
0.0988
0.0903
0.0821
0.0742
0.0666
0.0595
0.0529
0.0467
0.0410
0.0358
0.0070
0.0009
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000

0.1578
0.1565
0.1551
0.1538
0.1524
0.1511
0.1497
0.1483
0.1470
0.1456
0.1443
0.1375
0.1308
0.1240
0.1172
0.1105
0.1037
0.0969
0.0902
0.0835
0.0769
0.0704
0.0640
0.0579
0.0521
0.0466
0.0414
0.0366
0.0321
0.0066
0.0008
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000

0.1300
0.1289
0.1278
0.1268
0.1257
0.1246
0.1236
0.1225
0.1214
0.1204
0.1193
0.1139
0.1086
0.1033
0.0979
0.0926
0.0872
0.0819
0.0766
0.0712
0.0659
0.0607
0.0556
0.0506
0.0458
0.0412
0.0368
0.0327
0.0289
0.0061
0.0008
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000

0.1088
0.1079
0.1070
0.1062
0.1053
0.1044
0.1036
0.1027
0.1018
0.1010
0.1001
0.0958
0.0915
0.0872
0.0829
0.0785
0.0742
0.0699
0.0656
0.0613
0.0570
0.0527
0.0485
0.0444
0.0404
0.0365
0.0328
0.0293
0.0260
0.0057
0.0007
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
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Table 4.4: Some representative values of i2erfc (x, b)

x\b

0.00

0.25

0.5

0.75

1.00

1.25

1.50

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.88
0.90
0.95
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00

0.2500
0.2444
0.2389
0.2335
0.2282
0.2230
0.2179
0.2129
0.2080
0.2031
0.1984
0.1760
0.1557
0.1373
0.1207
0.1058
0.0925
0.0806
0.0700
0.0606
0.0523
0.0449
0.0385
0.0329
0.0280
0.0238
0.0201
0.0169
0.0142
0.0020
0.0002
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.1839
0.1806
0.1772
0.1739
0.1707
0.1674
0.1642
0.1611
0.1579
0.1549
0.1518
0.1371
0.1234
0.1105
0.0986
0.0876
0.0775
0.0683
0.0599
0.0523
0.0455
0.0395
0.0341
0.0293
0.0251
0.0214
0.0182
0.0154
0.0130
0.0019
0.0002
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.1467
0.1442
0.1418
0.1393
0.1369
0.1345
0.1321
0.1298
0.1275
0.1252
0.1229
0.1119
0.1015
0.0917
0.0825
0.0739
0.0659
0.0585
0.0517
0.0455
0.0399
0.0348
0.0303
0.0262
0.0225
0.0193
0.0165
0.0140
0.0119
0.0018
0.0002
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.1208
0.1189
0.1170
0.1150
0.1132
0.1113
0.1094
0.1076
0.1057
0.1039
0.1021
0.0935
0.0852
0.0774
0.0701
0.0632
0.0567
0.0507
0.0451
0.0399
0.0352
0.0309
0.0270
0.0234
0.0203
0.0175
0.0150
0.0128
0.0109
0.0017
0.0002
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.1015
0.0999
0.0984
0.0968
0.0953
0.0938
0.0923
0.0908
0.0893
0.0878
0.0864
0.0794
0.0726
0.0663
0.0602
0.0546
0.0492
0.0442
0.0395
0.0352
0.0312
0.0275
0.0241
0.0211
0.0183
0.0159
0.0137
0.0117
0.0100
0.0016
0.0002
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0865
0.0852
0.0839
0.0826
0.0814
0.0801
0.0789
0.0776
0.0764
0.0752
0.0740
0.0682
0.0626
0.0573
0.0523
0.0475
0.0430
0.0388
0.0348
0.0311
0.0277
0.0245
0.0216
0.0190
0.0166
0.0144
0.0125
0.0107
0.0092
0.0015
0.0002
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0745
0.0734
0.0723
0.0712
0.0702
0.0691
0.0681
0.0671
0.0660
0.0650
0.0640
0.0591
0.0544
0.0500
0.0457
0.0417
0.0379
0.0343
0.0309
0.0277
0.0247
0.0220
0.0195
0.0171
0.0150
0.0131
0.0114
0.0098
0.0084
0.0014
0.0002
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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Table 4.5: Some representative values of Perfe (x, b)

x\b

0.00

0.25

0.5

0.75

1.00

1.25

1.50

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00

0.0940
0.0916
0.0891
0.0868
0.0845
0.0822
0.0800
0.0779
0.0758
0.0737
0.0717
0.0623
0.0541
0.0467
0.0403
0.0346
0.0297
0.0254
0.0216
0.0184
0.0155
0.0131
0.0110
0.0092
0.0077
0.0064
0.0053
0.0044
0.0036
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0764
0.0746
0.0728
0.0710
0.0693
0.0676
0.0660
0.0643
0.0627
0.0612
0.0596
0.0524
0.0459
0.0401
0.0348
0.0302
0.0261
0.0224
0.0192
0.0164
0.0140
0.0119
0.0100
0.0084
0.0071
0.0059
0.0049
0.0041
0.0034
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0643
0.0628
0.0614
0.0600
0.0586
0.0572
0.0559
0.0546
0.0533
0.0520
0.0508
0.0449
0.0396
0.0348
0.0304
0.0265
0.0230
0.0199
0.0172
0.0147
0.0126
0.0107
0.0091
0.0077
0.0065
0.0055
0.0046
0.0038
0.0031
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0550
0.0538
0.0527
0.0515
0.0504
0.0492
0.0481
0.0471
0.0460
0.0449
0.0439
0.0390
0.0346
0.0305
0.0268
0.0235
0.0205
0.0178
0.0154
0.0133
0.0114
0.0098
0.0083
0.0071
0.0060
0.0050
0.0042
0.0035
0.0029
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0477
0.0467
0.0457
0.0447
0.0438
0.0428
0.0419
0.0410
0.0401
0.0392
0.0383
0.0342
0.0304
0.0269
0.0238
0.0209
0.0183
0.0160
0.0139
0.0120
0.0104
0.0089
0.0076
0.0065
0.0055
0.0046
0.0039
0.0033
0.0027
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0418
0.0409
0.0401
0.0392
0.0384
0.0376
0.0368
0.0360
0.0352
0.0345
0.0337
0.0302
0.0269
0.0239
0.0212
0.0187
0.0164
0.0144
0.0125
0.0109
0.0094
0.0081
0.0070
0.0060
0.0051
0.0043
0.0036
0.0030
0.0025
0.0003
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0368
0.0361
0.0353
0.0346
0.0339
0.0332
0.0325
0.0318
0.0312
0.0305
0.0299
0.0268
0.0240
0.0214
0.0190
0.0168
0.0148
0.0130
0.0114
0.0099
0.0086
0.0074
0.0064
0.0055
0.0047
0.0040
0.0034
0.0028
0.0024
0.0003
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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Table 4.6: Some representative values of i*erfc (x, b)

x\b

0.00

0.25

0.5

0.75

1.00

1.25

1.50

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00

0.0312
0.0303
0.0294
0.0285
0.0277
0.0268
0.0260
0.0252
0.0245
0.0237
0.0230
0.0197
0.0168
0.0142
0.0121
0.0102
0.0086
0.0072
0.0060
0.0050
0.0042
0.0035
0.0029
0.0024
0.0020
0.0016
0.0013
0.0011
0.0009
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0268
0.0261
0.0253
0.0246
0.0239
0.0232
0.0226
0.0219
0.0213
0.0207
0.0200
0.0173
0.0148
0.0126
0.0108
0.0092
0.0078
0.0065
0.0055
0.0046
0.0039
0.0032
0.0027
0.0022
0.0018
0.0015
0.0012
0.0010
0.0008
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0234
0.0228
0.0222
0.0215
0.0210
0.0204
0.0198
0.0193
0.0187
0.0182
0.0177
0.0153
0.0132
0.0113
0.0097
0.0083
0.0070
0.0060
0.0050
0.0042
0.0035
0.0030
0.0025
0.0020
0.0017
0.0014
0.0011
0.0009
0.0008
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0206
0.0201
0.0196
0.0190
0.0185
0.0180
0.0175
0.0171
0.0166
0.0161
0.0157
0.0136
0.0118
0.0102
0.0087
0.0075
0.0064
0.0054
0.0046
0.0039
0.0033
0.0027
0.0023
0.0019
0.0016
0.0013
0.0011
0.0009
0.0007
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0183
0.0179
0.0174
0.0169
0.0165
0.0161
0.0156
0.0152
0.0148
0.0144
0.0140
0.0122
0.0106
0.0092
0.0079
0.0068
0.0058
0.0050
0.0042
0.0036
0.0030
0.0025
0.0021
0.0018
0.0015
0.0012
0.0010
0.0008
0.0007
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0164
0.0160
0.0156
0.0152
0.0148
0.0144
0.0140
0.0137
0.0133
0.0130
0.0126
0.0110
0.0096
0.0083
0.0072
0.0062
0.0053
0.0045
0.0039
0.0033
0.0028
0.0023
0.0020
0.0016
0.0014
0.0011
0.0009
0.0008
0.0006
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0147
0.0143
0.0140
0.0136
0.0133
0.0130
0.0126
0.0123
0.0120
0.0117
0.0114
0.0100
0.0087
0.0076
0.0066
0.0057
0.0049
0.0042
0.0036
0.0030
0.0026
0.0022
0.0018
0.0015
0.0013
0.0011
0.0009
0.0007
0.0006
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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Table 4.7: Some representative values of Perfe (x, b)

x\b

0.00

0.25

0.5

0.75

1.00

1.25

1.50

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00

0.0094
0.0091
0.0088
0.0085
0.0082
0.0080
0.0077
0.0074
0.0072
0.0069
0.0067
0.0056
0.0047
0.0040
0.0033
0.0028
0.0023
0.0019
0.0016
0.0013
0.0010
0.0009
0.0007
0.0006
0.0005
0.0004
0.0003
0.0002
0.0002
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0083
0.0081
0.0078
0.0076
0.0073
0.0071
0.0069
0.0066
0.0064
0.0062
0.0060
0.0051
0.0043
0.0036
0.0030
0.0025
0.0021
0.0017
0.0014
0.0012
0.0010
0.0008
0.0007
0.0005
0.0004
0.0003
0.0003
0.0002
0.0002
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0075
0.0072
0.0070
0.0068
0.0066
0.0064
0.0062
0.0060
0.0058
0.0056
0.0054
0.0046
0.0039
0.0033
0.0028
0.0023
0.0019
0.0016
0.0013
0.0011
0.0009
0.0007
0.0006
0.0005
0.0004
0.0003
0.0003
0.0002
0.0002
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0067
0.0065
0.0063
0.0061
0.0059
0.0058
0.0056
0.0054
0.0052
0.0051
0.0049
0.0042
0.0036
0.0030
0.0025
0.0021
0.0018
0.0015
0.0012
0.0010
0.0008
0.0007
0.0006
0.0005
0.0004
0.0003
0.0003
0.0002
0.0002
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0061
0.0059
0.0057
0.0056
0.0054
0.0052
0.0051
0.0049
0.0048
0.0046
0.0045
0.0038
0.0033
0.0028
0.0023
0.0020
0.0016
0.0014
0.0012
0.0010
0.0008
0.0007
0.0005
0.0004
0.0004
0.0003
0.0002
0.0002
0.0002
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0055
0.0054
0.0052
0.0051
0.0049
0.0048
0.0046
0.0045
0.0043
0.0042
0.0041
0.0035
0.0030
0.0025
0.0021
0.0018
0.0015
0.0013
0.0011
0.0009
0.0007
0.0006
0.0005
0.0004
0.0003
0.0003
0.0002
0.0002
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0050
0.0049
0.0048
0.0046
0.0045
0.0043
0.0042
0.0041
0.0040
0.0039
0.0037
0.0032
0.0027
0.0023
0.0020
0.0017
0.0014
0.0012
0.0010
0.0008
0.0007
0.0006
0.0005
0.0004
0.0003
0.0003
0.0002
0.0002
0.0001
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
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——b=0
——b=0.25
——b=0.5
~———b=0.75 |4
—b=1.0
b=1.25
——b=1.5

Figure 4.1: The graphical representation of the generalized error function for different val-

ues of b

Figure 4.2: The graphical representation of the generalized complementary error function

for different values of b
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Figure 4.3: The graphical representation of the i'erfc (x, b)function for different values of b

0.25

b=0
b=0.25
b=0.5
b=0.75
b=1.0
b=1.25
b=1.5

0.2

0.15

i2erc(x, b) -

0.1

0.05

Figure 4.4: The graphical representation of the i%erfc (x, b) function for different values of

b
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b

Figure 4.6: The graphical representation of the i*erfc (x, b) function for different values of

b
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0.008
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0.004

0.002
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Figure 4.7: The graphical representation of the i°erfc (x, b) function for different values of

b



Chapter 5

Heat Conduction of a two-Layer System Due to Laser

Source

In this chapter we present an analytical solution to the problem of heating two layer system
using Laplace integral transform method. In Section 5.1, we give some literature review for
the use of laser in heat conduction problem. In Section 5.2, we discuss the mathematical
formulation of the problem. In Section 5.3, we present the closed form solution for the
temperature profile in the thin film and the substrate region. The surface temperature as
well as the temperature profiles for two different materials with different pulse shape and
different laser flux densities are presented in a graphical form in Section 5.4. In Section 5.5,

we give some remarks about this new formulation of the problem.

5.1 Introduction

Lasers have been widely used in the material processing industry for the heat treatment of
metals and semiconductors [1] and [41]. An advantage of laser heating is that the incident

energy can be carefully controlled to limit the heating to a small, localized area with a tem-

85
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perature increase as much as 100 K/s for a few nanoseconds to hundreds of milliseconds
[1]. Laser—material interaction has a considerable interest for many investigator [1], [6],
[11], [12], [33], [50], [52], [53], [54] and [55] for a variety of applications. The problem
has different industrial applications such as laser drilling, machining, and heat treatment
[2], [24], [28], [32], [43] and [49].

Different models and techniques are used to obtain solutions for laser heating of materials
under different boundary conditions. In particular, several authors presented the closed-
form solutions to one dimensional heat conduction in a semi-infinite solid subjected to laser
heating. Each study considered laser source as a definite function of time and position. For
instance, Chaudhry and Zubair [11] considered an instantaneous laser source; however, the
initial temperature profile is an exponentially decaying. They also considered a time depen-
dent source in [54], [55]. Yilbas [52] considered an exponentially varying time dependent
laser source. Laser heating mechanism including evaporation process during laser drilling
of metallic substrates was also investigated analytically by Yilbas et al. [53]. They found
the closed form solution for the temperature rise due to a step input intensity pulse and
determined the drilling efficiency. Also, heat conduction in a moving semi-infinite solid
subjected to a pulse laser irradiation was studied analytically by Modest and Abakians [33].
They obtained a closed form solution for the temperature distribution inside the substrate
material.

The problem of heating a homogenous slab of material subjected to time-dependent laser
irradiance, i.e. go = go(t) was also studied be El-Adawi et al. [17]. They obtained an exact
solution for the temperature distribution of slab by using Fourier series expansion technique.
The rate of melting of a solid slab induced by constant laser irradiance for time interval less
than or equal to the transit time was studied by El-Adawi [16] However, El-Adawi et al.
[18] considered the problem of melting a solid but for time interval greater than or equal to

the transit time. They also investigated the laser heating and melting of a thin film with two
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different time intervals in [19] and [20].

Laser heating of a two-layer system was formulated by El-Adawi et al. [21] using Laplace
transform method where they computed the time required for the melting of the films situ-
ated on a glass substance. In their study they assumed that the laser source is continuously
operating and has a constant value. However, in certain applications of material processing
it is important to expose the materials only for certain time intervals. The objective of our
study is to present an analytical solution for a two-layer system when subjected desired to
have a laser source applied in a time interval [a, b]. This improved formulation enables
us to study the temperature profile of the thin film and substrate under different operating

conditions.

5.2 Mathematical Formulation

In setting up the problem, it is assumed that the incident laser irradiance for a finite time
interval is applied on the front surface of the two-layer system. This system is composed of
a thin film of thickness d on a thick substrate such as glass. The two layers are in perfect
thermal contact. The laser source can be modeled in terms of the Heaviside function, H ()
such as,

qo[H (t —a) —H(t —b)]. (5.1)

It is important to note that with the introduction of the Heaviside function, one can easily
control the incident radiation in a time interval [a, b]. In actual application some part of
this radiation is absorbed, while the other part is reflected. The absorbed energy flux at the

surface can be simply be written as,

qoAs[H (1 —a) — H(t - b)], (5.2)
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Where Ay is the absorptance of the thin film, which is normally a temperature independent.
One x— axis normal to the free surface of the considered system , along the direction of
the free surface of the considered system is used to described the problem. In this regard
the boundary x = O represents the front surface of the thin film, while x = d represents
the interface between the two layers. For a one dimensional heat flow in the direction of
incident radiation, the heat diffusion equations for both the thin film and substrate can be

written, respectively, as

AT (x,1)  *Ty(x,1)
5 =0y ECR t>0, 0<x<d; (5.3)

IT,(x,t)  Ty(x1)
= < < o0 .
L — gy A d<x<e, (5.4)

where 7 is the excess temperature with respect to the ambient temperature 7o, o is the
normal diffusivity in terms of the thermal conductivity A, and the heat capacity per unit
volume (pc,). In the present formulation, the physical parameters of the thin film and the
substrate are assumed to be temperature independent.

For the case of no plasma formation at the front surface for the considered values of the
incident laser flux and a negligible energy loss due to radiation and multi-reflections within
the considered system, the system of equations (5.3) and (5.4) is subjected to the following
initial and boundary conditions:

Tf(x, 0)=0 (5.5)
Tp(x,0) =0 (5.6)
The condition at the free surface x = 0 can be written as,

ot = qoAf[H(t —a) — H(t — b)]. (5.7)

Mo
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The condition at the interface between the thin film and substrate x = d is

Ts(d,t) =Ty(d,1), (5.8)
dT¢(d,1) B dT,(0,1)

For the substrate one more condition is given as follows:

T, (o0,1) = 0. (5.10)

If we take the Laplace transform with respect to the time variable for both equations

(5.3) and (5.4) and applying the boundary conditions (5.5) and (5.6), this results in,

*Tr(x,s) s —
—axz —a—fo(x,s) —0, (511)
*T,(x,s) s —

&xz —a—pr(x,s) =0 (512)

where Tf(x,s) and T,(x,s), denote the Laplace transform of 7 in the film and substrate
region, respectively. Taking the Laplace transform of the boundary conditions (5.7), (5.8),

(5.9) and (5.10), gives

ITy(0,5) _ qoAy

—As o p [exp(—as) — exp(—bs)] (5.13)
T/(d,s) = T,(0,5) (5.14)

dTs(d,s) dT,(0,s)
_)Lf—ax = _Ap—ax (5.15)

T, (o0, 5) = 0. (5.16)
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The solutions of equations (5.11) and (5.12) can be written in the form

T ¢(x,5) = c1exp <\/57afx> +crexp (—\/Tafx> (5.17)
Tp(x,s) = c3exp (\/%x) + cqexp (—Mx) . (5.18)

Condition (5.16) gives c3 = 0; therefore, the substrate temperature distribution is written

Tp(x,s) = caexp (—\ /s/apx) : (5.19)

The boundary conditions (5.13), (5.14), and (5.15), when used in equations (5.17), and

as,

(5.19), respectively, result in the following equations:

Ay (1) = D% fexp(—as) — exp(~bs)] (5.20)

C4 = CREXP (—m d) +crexp (\/% d) ., (5.21)
if \/\/z/E +crexp (—m d> —c1exp (\/% d) . (5.22)

Solving the above algebraic equations, we get the constants, c¢1,c2 and ¢4 in the following

form:
_ BgoAyexp (—2+/s/as d)[exp(—as) —exp(—bs)] (5.23)
B Agsy/s/ag[1—Bexp(—2+/s/os d)] .
_ qoAy[exp(—as) —exp(—bs)]
0= (5.24)
Arsy/sfay[1—Bexp (=2./s/a d)]
_ 290 Ay [exp (= /s/ay d) [exp(—as) —exp(—bs)] (5.25)

Arsy/s/og (14+€) [1—Bexp(—2y/s/asd)]
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Where
e Mo VIO Ay VO (5.26)
As \V/s/of A /%
and
1—¢
B = Tre (5.27)

Thus the temperature distribution can be written in the form:

T (ns) = qo Arlexp(—as) —exp(—bs)] y
Fi& QLfS\/S/OCf [1—Bexp (—2 S/Olf d)}

{Bexp [~ \/s/ap2d—x)| +exp (—\/s/as x) } (5.28)

and
T (rs) = 2q0 Arexp [—+/s/as (x\/ar/a,+d)] [exp(—as) —exp(—bs)] (5.29)
P Aps/s/as(1+€)[1—Bexp(—2+/s/ay d)] '
Using the well known geometric series identity [40]
! i "lal <1 (5.30)
= a a .
1 —a n:() ) b

we can write

1 — Bexp (—12\/W d) B ) [B”exp (_2’1\/% d)]

n=0

(|Bexp(—24/s/opd)| < 1) (5.31)
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Substituting equation (5.31) into equations (5.28) and (5.29), we get

T 5, S i)

= Apsy/s/ oy
{B"+lexp (—\/57%[2(11—1— 1)d —x]) + B"exp [— M(an—f—x)} } ) (5.32)

and
Tp(x,s) =
2qo Ay[exp(—as) —exp(=bs)] & _,
e VT8 n;)B exp (—w/s/af [(1+2n)d+x,/af/a,,]). (5.33)
If we let

F(s) = - sl/af exp (—m x)., (5.34)

then the inverse Laplace transform of F(s) is given by [12]

[ot —x?
L YF(s)} =2 %exp (F);t) —xerfc ( 4xaft> x>0,0r>0 (5.35)

Substituting equation (5.35) into equations (5.32) and using the well known formula

:

L{f(t—a)H(t —a)} = exp(—as)F (s), (5.36)

we get after some manipulation,
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90Af pni1 4oy (r —a)
0= (e
—[2d(1+4n) —x]erfc <2d (1+n)— ))

4OCfl‘ a

()Af " 4(Xf(l - a) (2l’ld +x)2
B (e [

(—2nd +x) erfc (QL“)) ) H(t - a)

4OCf(l‘—a

[2d(1+n)—
40£fl‘ a

qoAr 4o (t — b) [2d(14n) —x]?
L% BH( e (EUN

2d(1+n) —x
—[2d(1+n) —x]erfc (W)) H(t—Db)

0Ar 4 —-b 2nd +x)?
-y s fB< ot >exp[_( +>]

n=0 4af(t_b)

(2nd +x)
—(2nd + x) erfc (W) ) H(t—Db) (5.37)

Similarly, substituting equation (5.35) into equation (5.33), results in
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2(]()Af B" 4OCf(l‘—a) — [x OCf/(Xp—}—(l—le’l)d}z
Z;, l+¢ T xp 4o (t —a)

n

— [x, [og /o, +(1 +2n)d] erfc { X af/f;;(_t(_l :)2n)d} }) H(t—a)

ZZquf B" ( 40tf(l‘—b)exp{—[x OCf/OCp—I—(l—le’l)d]z}

‘' l1+e T dos(t —D)

n=

[x\/ar/a,+ (14 2n)d)
- [x,/af/oc,,+(1+2n)d] erfc{ f 4;f(t_b) })H(t—b). (5.38)

By substituting x = d into equation (5.37) and equation (5.38) one can easily confirm that

condition (5.8) is satisfied.
It is interesting to examine the time-dependent temperature distribution of the front sur-

face by substituting x = 0 in equation (5.37). This result in,

—a n 2
ZquanH< farli=a) {_[zd<1+ ) }

=0 4OCf(l‘ — a)

2d(1+n)
—[2d(1+n) —x]erfc (m>>H(t—a)

qQoAs 406f(l—a)ex _ (2na)?
+nzo B( " p{ 4af<r—a>}

—(2nd)erfc ( )) H(t
(xf I—a
o0 _ )2
-y ‘IOAan+1 /4O‘f (t exp{ [2d(1+n)] }
n=0 lf

4OCf
2d(1+n)
—[2d(1 +n)]erfc (W)) H(t—D)
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n=0 2'f _4af(t _b)

> qoAs [ [4ap(t—b 2nd)?
_Zq_f3< ot >exp[ (2nd) }

(2nd)
— (2nd) erfc (m) > H(—b). (5.39)

We note that if we take a = 0 and letting b — oo, this implies a continuously operating laser
source. If we substitute these values in equations (5.37) and (5.38), the present solution

exactly reduces to the temperature distribution for the film and substrate given by El-Adawi

et al. [21].

5.3 Results and Discussion

In this section, as illustrative examples, we give some computations for the following two-
layer systems (that are studied by E-Adawi [21] for a continuously operating constant heat
source) by controlling the time interval of the source. In this regard, we have considered
the following examples: aluminum—glass, copper—glass for a = 0 and different values time
b. Each system is subjected to a laser flux of densities 10'3 and 10'>Wm ™2 and the metal
thickness is taken to be Su in all the cases. The thermo-physical properties for the chosen

material are tabulated in Table 5.1.

Table 5.1: Thermo-physical properties of the substrate and thin film [15] and [45]

Element P A o cp Ay T
(Kgm™) | Wm 'Kk~ | (m’s7!) | (JKg 'K") (K)
Aluminum | 2700 238 8.410 x 107> 896 0.056 | 633
Copper 8954 386 11.25 x 1073 383 0.001 | 1056
Glass 2707 0.76 0.035x 107 800

The temperature response for the thin film, T¢(x,) and the substrate for different bound-
ary conditions are presented in the following paragraphs.

Figure 5.2 presents a typical surface temperature response for a thin Aluminum film
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when subjected to continuously operating constant laser source (b — o). As expected, we
see that surface temperature of the thin film increases with time. The temperature reaches
the melting temperature of Aluminum in 67.26 x 10~!! seconds for an exposed laser source
of 1083W m~2. By controlling the laser exposure up to b = 40 x 10~!! seconds, Figure 5.3
shows that the surface temperature of thin film, never exceeded the melting temperature. It
first increases logarithmically up to the cutoff point of the source and then decreases expo-
nentially. Thus, clearly indicating that the desired surface temperature can be controlled by
adjusting the cutoff time of the source.

Figure 5.4 shows the temperature distribution of thin film as a function of the distance
from the surface for the situation when the time reaches the melting time, ¢,, = 67.26 X
10~ seconds for various values of exposure time b. We find that temperature in the film
decreases exponentially with distance for almost all exposure times. These plots for surface
temperature, temperature distribution in the thin film and substrate are also presented in
Figs. 5.5 - 5.8 for the reduced laser source. It is important to note that for large exposure
time in the case of reduced laser source of 1012Wm =2 , there is a temperature distribution
in the substrate; that is for x > 5 x 10~® m; however for less exposure time (refer to Figure
5.4), there is no heat penetration in the substrate region.

Figures 5.8-5.13 show the temperature distribution in the thin film and substrate in the
case of copper-glass combination for laser flux of 10'3 and 10> W m~?2 respectively. These
figures (refer to Figs. 5.10 and 5.13) clearly demonstrate that there is a heat penetration in
the substrate (copper) because of large exposure time when compared to Aluminum sub-
strate. In addition, energy storage effect is clearly visible in Figure 5.13 because of large

value of volumetric heat capacity of copper as well as large exposure time.
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Figure 5.1: The two-layer system consist of a thin film of thickness d and a glass substrate
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Figure 5.2: The front surface temperature 7y(0,7) against the exposure time t for the two-

layer system aluminum on glass where f,, = 67.26 x 10~!'! [s] and gg = 103Wm—2.



98

500

400

300

200

Temperature, 'I} (0, 1) [K]

[ b=40x10"[g]|
0 1 2 3 4 5 6 7
Time, t x 1010 [s]

Figure 5.3: The front surface temperature 7y(0,7) against the exposure time t for the two-

layer system aluminum on glass where f,, = 67.26 x 10~ [s] and qo = 10B3Wm=2.
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Figure 5.4: Temperature profile within a two-layer system aluminum on glass for different

cutoff points b, where #,, = 67.26 X 10~ [s] and qo = 10B3Wm=2.
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Figure 5.5: The front surface temperature 7y(0,7) against the exposure time t for the two-

layer system aluminum on glass where #,, = 67.26 ns and gy = 10"2Wm 2.
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Figure 5.6: The front surface temperature 7y(0,7) against the exposure time t for the two-

layer system aluminum on glass where #,, = 67.26 ns and gy = 10"2Wm 2.



100

700
—_—Dh_ oo
——b =0.5726 ns
——b =0.4726 ns ||
b =0.3726 ns
b =0.2726 ns
3
5 |
=
©
—
[ i
o
IS
(5]
— i
0 2 4 6 8 10

Distance, x x 10° [m]

Figure 5.7: Temperature profile within a two-layer system aluminum on glass for different

cutoff points b, where t,, = 67.26 ns and gg = 102Wm=2.
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Figure 5.8: The front surface temperature 7y(0,7) against the exposure time t for the two-

layer system copper on glass where #,, = 1.85 s and go = 1013Wm 2.
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Figure 5.9: The front surface temperature 7y(0,t) against the exposure time t for the two-

layer system copper on glass where #,, = 1.85 s and go = 1013Wm—2.
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Figure 5.10: Temperature profile within a two-layer system copper on glass for different

cutoff points b, where #,, = 1.85 s and go = 10Wm 2.
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Figure 5.11: The front surface temperature 77(0,¢) against the exposure time t for the two-

layer system copper on glass where #,, = 23.04 s and go = 10"?Wm 2.
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Figure 5.12: The front surface temperature 77(0,7) against the exposure time t for the two-

layer system copper on glass where f,,, = 23.04 is and go = 10"2Wm 2.
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Figure 5.13: Temperature profile within a two-layer system copper on glass for different

cutoff points b, where t,, = 23.04 ius and go = 10?Wm 2.

5.4 Concluding Remarks

The analytical solution of a two-layer material problem subjected to a laser source is fur-
ther extended by controlling the exposure time of the laser source. It is demonstrated that
through mathematical analysis and graphical results that Heaviside function seems to be
very useful to control the exposure time. In the graphical results for Aluminum-glass and
Copper-glass combination, we find that laser exposure time and strength can help us con-
trol the heat penetration in the glass if needed. It is expected that the analytical benchmark
solutions presented in this paper will be very useful for further numerical studies of such
problems, in which the temperature dependency of the material properties is an important

issue.



Chapter 6

Heat Conduction in an infinite Solid when Subjected to an

Instantaneous Laser Source

In this chapter we study another heat conduction problem. The problem of heating a semi—
infinite solid is introduced in Section 6.1. The closed form solution of the problem is given
in terms of two special functions E(x,z) and F(x,t). These functions are introduced in
Section 6.2. The mathematical formulation of the problem is given in Section 6.3. In section
6.4 we discussed some special cases of practical interest. The graphical representation of
the temperature profile and heat flux distribution are provided in Section 6.5 for different

time-levels.

6.1 Introduction

The change of state problems that occurs during the emission or absorption of heat are
classified as one of the most important groups of problems. Zubair and Chaudhry [56] study
the problem of heating a semi—infinite region x > 0 initially at a constant temperature with

mixed boundary conditions. They provide an analytical solution to the problem in terms of

104
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E(x,t) and F(x,t) special functions. Moreover, they investigate the temperature and heat
flux profiles for a semi—infinite solid when subjected to spatially decaying, instantaneous
laser source in [54]. In the present work we study the problem of heat conduction in a
semi—infinite solid when subjected to spatially decaying instantaneous laser source applied
at different n—time levels. We provide an analytical solution of the temperature and heat flux
profiles. The present work clearly extend the solution provided by Zubair and Chaudhry in

[54].

6.2 The Functions E(x,7) and F(x,t)

A considerable number of change of state problem were solved explicitly in terms of E(x, 1)

and F(x,t) functions [56], [10]. These functions are defined by:

Definition 6.2.1.

- 2 1
E(x,1) := exp (x+x°1) erfc <2\/;+x\/f) , 6.1)
Flx1) = erfc (2#\/2)  E(x1) 62)

Several properties of these functions follow from that of the complementary error func-

tion. Some of these properties [10] are as follows:

E(x,t)+ F(x,1) —erfc< 1t> (6.3)
E(x,00) + F (x,00) = (6.4)
(E (6.5)

F(0,¢) =0, (6.6)

F(x,1) = E(0,1) — F(x,1). 6.7)
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Some useful differentiation formulas involving these functions include:

X SO R T S R
% {F (b, ?-j) b= —bE (bx, Z—D , (6.9)
2
G {E (e )y = e ()4 (S vear) @2 ()|
(6.10)

) | e (-2 ) - (m5)]. e

These functions have the useful inverse Laplace transform representation [8, p. 495]

exp (—x\/s/a
E(bx,z—zt)zrl \/§(<\/§+b\/(;));t’ 6.12)

and

F(bx,f—;) :L_l{(i—ﬁ> exp (—x\/s/_oc>;t} x>0).  (6.13)

It is to be noted that £ (bx, f—{) and F <bx7 %) are solutions to the heat equation

9*T 10T

oo (6.14)
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6.3 Mathematical Formulation

The heat conduction equation describing the temperature distribution in a semi-infinite,

homogeneous and isotropic body with an energy source term is given by [8], [5]

or , d°T
Cp—=A—+4". 6.15
p p ot xz + q ( )
We assume that at instants t =0, 1,2...,n— 1, there is a sudden exposure of laser radiation
which is absorbed partially in the surface layers followed by an exponential decay with
position in the material itself. This is typically true for organic materials [42], in which the

absorption coefficients is considerably smaller and the energy is deposited over a greater

thickness. So, the energy source term in Equation 6.15 may be modeled as

n—1
q" (x,t) = Ipu(1 —R)e ™ ™* [Z o(t —d,-)] : (6.16)

Where [ is the radiation intensity at the surface, R is the surface reflectance, u is the ma-
terial absorption coefficient, and this model assumes no spatial variation of Iy in the plane

normal to the beam and d; =i,i =0, 1,...,n— 1 are the n—time levels.

T (x,0) =T, 6.17)
aT(0,1)
A = h|[T.. —T(0,1)] (6.18)
AT (oo,1)

P 0 (6.19)
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Defining 0 as the temperature rise above the initial temperature 0 = (T — T) and substitut-

ing in the above equations, result in

00 9’60 (1—R) |
E—amﬁ— pCp I()(t),ue ZS(f—d,)

i=0
20(0,t) h B
o (T =)~ 6(0,0)] =0
00 (c0,1)

ox

(6.20)

6.21)

(6.22)

Taking the Laplace transforms of Equations 6.20, 6.21 and 6.22 with respect to ¢ and rear-

ranging the terms we get

dx?

20 X, S S\ = — _ n—1
M _ (_) G(x,s) — (1 R)Io(s),ue’”x [Z ed,‘s] 7

d6(0,s) h[(Tu—T,) - -
dx +I[ s _O(O’S)] =0,
dO(eo,s) B
dx =0.

The general solution of Equation 6.23 can be expressed as

0(x,s) = Crexp (—x (2)) Lo exp(—px) [X1 g e %]

s—b?

Where
(1—=R)ul

and b* = auz
pCp

C3 =
To determine Cj, we use the transformed boundary condition

d6(0,s)
dx

(7% —T5)

-6(0 =0
- 5(0,5)

L
A

(6.23)

(6.24)

(6.25)

(6.26)



n—1 ,—d;s _ n—l g—dis
:>_C1\/E_“C3 [Zi—oze ] L [(Too Ts)_Cl_C3 (Eioe }] _0
o s—b A s s

s h] h[(Ta—T) | [BE]
:'Cl{—\/g—ﬂﬁ{ s ]—@ et | =0
s h]  h[(T.—Ty) = —dix 'u+)ﬁu
:>C1 [—\/g—z} I p :|_C3 igoe S—b2
h T—T;) r._ ,LH-%
l|: n—l —d: b2
=C = = —C3 Ze ,s] Ss
Vil L& [[ w%}]
Too_’z—:s‘ h\/a n_l —d ul‘i'h A«\/a
C= C i
— ( s )QL\/E+h\/§ 3 ,.Zoe ]A(s—bz)l\/ﬂ—h\/a
If we let
a:M,AI:M(TN—TS)andAz:—Qﬁ u+ﬁ .
A A A
We get,

n—1

e—d,-s
P
Cs(Vs+a) (5= (Vs+a)

Gy

This result in,

n—1

n—1
. Asexp(—x/2) Y e Czexp(—ux) Y e
_ _ Alexp(—x\/g) N \/; ;’) Z

i=0
80s) = =S5+ T O R "
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(6.27)
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Now, using the identity

1
(x+a)(x+b)(x+c)

= (b—a)l(c—a) LC-il-a _xj—c} - (b—a)l(b—c) Lc—il-b _xj-c} !

the second term in (6.27) can be simplified. Indeed,

1 1
(s—b%) (V5+a)  (Vs—b)(vs+b)(Vs+a)

1 { 1 1 ] 1 { 1 ]
2b(b+1) [\s—b fs+a]| 2b(b—a) |[Vs+b +s+a
1 | 1 |
- b(b+1)\/&\/§—\/ia+2b(b—a)\/§\/§+\%

| 1 | 1
Va [Zb(b+a)+2b(b—a)] Ve

Letting

Ay = A4 = A2 Agy = A2
T Ve P T e+ )val TP 2byalb—a)
—Aj 1 1

a b
= — d b = —.
Ja |2+ wp-a)] T @™ TG
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So 6(x,s) can be written in the following form:

=  Anexp(—x/3) AZIGXP(—X\/E)’ge—diS
i) (Vi-h)
Azzexp(—x\/g ) r:i‘; o dis
(Va+b)
AzgeXp(—x\/g)rfedis cgexp(_“x)'fed,-s

" T = (6.28)

(\/§+a1) s—b?

Taking the inverse Laplace Transform of (6.28), we get

A
0(x,t) = a—lll [erfc (ZL\/(X_J —exp (a1x + aaft) erfc (ZL\/Et +a1\/a)1

<—7t(tzd[) ) exXp (Wxidl) + abiexp (—bix+ abi(t — d;))

n—1
+A2 Z H(t—d)
=0 xerfc (; —biy/o(t— di))
2\/a(t=dj)
_2
n—1 <ﬂ(lgdi)>eXp < ali— d)> —abexp (b1X+ (xb%(t_dl.))
+A» Z H(—d)
i=0

xerfc (Z\/le) +byy/a(t— di)>

( o 2 i .
(7o) e (sazoay) — carexp (v + oac — )

+A23’:_Z; xerfc(m \/T) H(t—d;).

+Csexp (—px+b2(t — d;))

(6.29)
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Substituting the constants A11,A21,A22,A23,a1,b1 and b we get

0(x,t) = (T — Ty) {erfc (L> —ex (lz—i—@) erfc (L—i——)
AR war) P\ TR a4

1 (n+4 .
+{§<“_%>exp(#x+a.u( d))erfc(2 at—di)+u\/a7>}
h 2
2 b O, erfe [ ——~ h
_{‘u_%exp<l+ 1 (t d,)) f (2 a(t—di)+ >}
+exp (—px+ op’(t d))]H

Substituting for C3 and rewriting 0 (x,) in terms of E(x,¢) function, we get

(- tt) R s c8)-

H(t—d) . (6.30)

n—1

. 2
=0 (ﬁ) E <hx, —a(tx;d")) —exp (—pux+ ap’(t —d;)

A

Using the following formulas for differentiation,

d 2 2
a[erfe(x)] = ﬁexp( x“)
and
d at at 1 —x?
e {E(bx), 2 } bE <b X, x2> — 7 eXp (4_062‘) .
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We can calculate the Heat flux at any x that is;

oT me at\  Iou(1—R)
nmo_ 494 _ . ax o al - Lol — i~
Dx1 = A ox Mt = T5)E ( A ’xz) 2pCp %
_ a(t—d;) (k+1) a(t—d;)
Y 2(f)g y < d>)+ A H(t—d). (631)
=0 | —_\2 he ONT—di) ) — 2(t —
u(uﬁ)E(’“ = ) 2exp (—px+ap®(r —dy)

The temperature distribution and the heat flux may be simplified by introducing dimension-

less variables 01,01, F;, Bi, By and X. To get

0, = erfc ( ) —E(Bi,Fy)

1
2VFo
(X + Bi)

n—1 i
— By ;) {E(—X,F,-) “X_B) E(X,F)+ (XZBB.) E(Bi,F,)

— Dl

—2exp(—X +X°F) }H(E). (6.32)

and
. XB()n ! (X —|—Bl)
— & E(Bi,F;) —2exp(—X + F,X?) tH(F), (6.33)
X(X Bl) b ' 7 ’
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where
0 — O(x,t)  T(x,t)—T;
1 — T..— T, - T —T, ’
t—d;
E — a( 5 l)adi:l7
X
hx
Bi = 77
g, — _Jon(1-R)
0o — ’
2pCy(To — Ty)
X = ux,
and
" oT
0= G _ A

WTo—T,)  h(Tw—Ty)

6.4 Special Cases

The dimensionless wall temperature and heat flux can be determined by evaluating (6.32)

1
and (6.33) at 7 =0,Bi = 0and X = 0. However, the products

Bi = VFX = \/u?a(t —d;),

ni:\/EBi:M;
A
X uA
6_Bi_ h

remain finite, because the geometric distance has been suppressed. For this reason, the
dimensionless temperature and heat flux at the wall are given by the following simplified

equations
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011 = 1 —exp (n}) erfc(ny)

n=1 | exp (B?)erfc(—p) — <%> exp (B2) erfe (B;)

B Y H(F), (634)
i=0 + (é) exp (n?) erfe(mn;) — 2exp (B2)
and
Oin=1-—exp (7712) erfc(m)
n— exp (B2) erfc(—pB; S exp (B2) erfe :
_Boéz,] PUBE) et BH(H) p () erfe (B H(F). (6.35)

i=0 — (ﬁ) exp (1) erfe(mn;) — 2exp (B2)

We note that if o(r — d;) is sufficiently small, the diffusion effects are not important. In

particular as A — 0, we have 1); — oo and f5; — 0. This gives

0111 =0.

For sufficiently small time or large value of "X” the dimensionless temperature and heat
flux distribution in a semi-infinite solid can be determined by evaluating (6.32) and (6.33)

as F; — 0. This results in

912 = 21’130 exp(—X),

ZI’ZXB()

O = i exp(—X).
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We note that for the case of no heat generation in the solid, the reduced temperature and

heat flux can be determined by evaluating (6.32) and (6.33) at X = 0, By = 0 this gives

1
0,3 = erfc (2—\/?1) —E(Bi,Fy),

and

Q13 = E(Bi,F).

Another important solution can be recovered from the present analysis for the case of con-

stant surface temperature, that is, substituting }l =0and T, = T; in (6.30) and (6.31). This

gives
n—1
0 =Y {-E(-X,F,—E(X,F)+2exp (—X+FX?)}H(F) (6.36)
i=0
and
n—1
;=Y {-E(-X,F+EX,F)+2exp (-X+FX*)} H(F). (6.37)
i=0
where
. 2pCp0(x,t)  2pCp(T(x,1) —Ty)
' hu(1-R) hu(l-R)
and
" 19
o PG G (-2%)
' _

T hWA(1-R)  IwA(1-R)
The graphical representation of equations (6.32), (6.33), (6.34), (6.35), (6.36) and (6.37) is

shown in the next section for different time levels.
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6.5 Graphical Representations

The graphical representations of equations (6.32) and (6.33) are shown in Figures 6.1-
6.2 for different time levels. In these figures reduced temperature and heat flux solutions
are presented as a function of dimensionless time parameter Fy, for various values of the
dimensionless distance X. All the curves shown in these figures are drawn for dimensionless
energy absorption By = 100.0, and the Biot number Bi = 1.0. We note that the reduced
temperature plots ( refer to Fig. 6.1) are represented by characteristic Gaussian-type curves.
On the other hand, the reduced heat flux plots (refer to Fig. 6.2) illustrate that there is a
minimum value of the heat flux at Fy ~ 1.5 for n = 1. However, if n is increased we observe
that the minimum value occurs at Fy that approaches 1.

Figures 6.3 and 6.4 represent the dimensionless temperature and heat flux at the wall in
terms of dimensionless parameter & and 7, for By = 100.0 and 8 = 1.00. We note that for
the case of n = 1 the reduced temperature and heat flux plots indicate that at n ~ 1 the effect
of dimensionless parameter £ has been suppressed. However, 7 is getting smaller than one
as the number of pulses is increased. Also it can be seen from these figures that maximum
reduced temperatures occur as 1 approaches zero, but the reduced heat flux increases as n
increases.

Figures 6.4 and 6.5 give the graphical representations of equations (6.36) and (6.37). In
these figures, the reduced temperature and heat flux are presented in terms of Fy and X. We
note that the temperature plots shown in Fig.6.5 are also represented by the characteristic
Gaussian-type curves, and both the temperature and heat flux decreases (in proportional to
n) with the increase in the dimensionless time parameter Fy, Moreover, we notice that the

initial temperature increases as we increase the number of pulses.
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Figure 6.1: Reduced temperature as a function of reduced time and distance for By = 100

and Bi = 1.00
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Figure 6.2: Reduced heat flux as a function of reduced time and distance for By = 100 and

Bi=1.00
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Figure 6.3: Reduced wall temperature as a function of dimensionless parameter 1 and ¢ for

B =1.00
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1.00
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Figure 6.5: Reduced temperature as a function of reduced time and distance for the case of

constant surface temperature
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Figure 6.6: Reduced heat flux as a function of reduced time and distance for the case of

constant surface temperature



Chapter 7

Table of Indices

Table 7.1: Subscripts for Chapters 5 and 6

f film layer

P substrate layer

11 at the wall

111 | at the wall when diffusion effects are not important
12 sufficiently small time

13

no heat generation case

124




Table 7.2: Nomenclature for Chapters 5 and 6

Af absorption coefficient

a thermal diffusivity [m*s~]

B dimensionless parameter

€ dimensionless parameter

Cp specific heat [Jkg 'K ']

A thermal conductivity [Wm ™ K]

d thickness of thin film [m]

A wavelength [microns]

q0 laser flux [wm~?]

P density [kgm ]

) Laplace transform variable

T excess temperature [K]

t time variable [s]

tm critical time required to initiate melting |s]
X spatial variable [m]

Bi Biot number

By dimensionless energy absorption

Fy Fourier number

h convective heat transfer coefficient [W /m? K]
I energy released by laser source [J/m?]
O dimensionless heat flux

gl heat flux [W /m?]

g/ | rate of energy generation per unit volume [W /m?]
R surface reflectance

X dimensionless distance

0 dimensionless temperature
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