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OBTAINING VOIGT FUNCTIONS VIA QUADRATURE FORMULA
FOR THE FRACTIONAL IN TIME DIFFUSION AND WAVE
PROBLEM

HEMANT KUMAR!, M. A. PATHAN?, AND SURYA KANT RAI®

ABSTRACT. In many given physical problems and in the course of dispersion curve
through a spectral line under the influence of the Doppler-effect and in collision
damping, the Voigt functions have been widely utilized. By taking advantage of
the fractional calculus in spectral theory and the Sturm-Liouville problems, in this
paper, we obtain the Voigt functions via the quadrature formulae of one dimensional
fractional in time evolution diffusion and wave problems consisting of different initial
and inhomogeneous boundary conditions.

1. INTRODUCTION

The Voigt functions V, ,(x,y, 2) in generalized form have been studied by many
authors (e.g., [10,19,25] and [26]) for getting various connections with a class of
special functions and the numbers. In astrophysics the fundamental equations of
stellar statistics are of this type. Other remarkable examples are the Voigt functions
which occurs and utilized frequently in the course of the dispersion curve through a
spectral line under the influence of the Doppler-effect and collision damping. The Voigt
functions V; ,(z,y, ) which play an essential role in spectroscopy, neutron physics
and in several diverse field of physics and harmonic analysis are generally investigated
from the viewpoint of integral operators.
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In 1991, Klusch [10] defined the generalized Voigt function of the second kind by
the Hankel integral transform

(L1 Viu(w,y,2) = \/z/ e v (et)dt, x,y,2 € RT, R(y +v) > —1,
0
where J, () is the classical Bessel function (see [1,22] and [24]) defined by

= (-1 (/2

Jo(z) = nz::O T(n+ D0(v+n+1)

|z| < o0.

Again, we note that J,(z) is the defining oscillatory kernel of Hankel’s integral
transform

(@) = [ FO Ity

Furthermore, the relation of the Bessel functions with the trigonometrical functions

is given by
2 1. =1
Ji(z) =4/—=z"2sinz and J_1(z)=4/—27 cosz.
2 T 2 v

To explore new ideas for representing the relation of the Voigt functions (1.1) with
the quadrature formula of the solution of fractional in time diffusion and wave problem,
in our current investigation, we present following fractional in time Sturm-Liouville
type diffusion and wave equation in the form:

(1.2)  9DgY (a,t) :(98:10 lp(x)ai] Y(z,t) —qx)Y(z,t) + f(z,t), 0<a<2,

for all (x,t) € (0,1) x (0,00), for the function defined by f : [0,{] x [0,00) — R,
0,{] C R.

Throughout this paper [ is taken greater than zero, and also subjected to the initial
and inhomogeneous boundary values

(13)  Y(@.0) =) + (T ~1) @0 = 7200,
SV leo=(7 1) 00 = Teal0), (1) € 0,0 {0),

Y(0,2) + ¢1(t)
Y(l,t) + QOQ(t)

:Ov £Y<m7t)|ac0 =1+ }(901(25) - SOQ(t))v (:L‘,t) € {O} X [0,00),
=0

, forall (z,t) € {l} x [0, 00).

Here in (1.2), the Caputo fractional derivative ¢ Dg,, m — 1 < a < m, of function
Y (t) is given by

(1.4) (DS Y)(t) = (I Y ™) (t), for all m € N,
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where Y™ (t) = 42X (t), I™~* being the Riemann-Liouville fractional integral (see,

Diethelm [2, p. 49])

1 t m—a—1
(I"Y)(t) = T(m—a) Jo (t—1) Y(r)dr, t>0,m—-1<a<m,
Y(t),a =m, forallm & N.

In this work, we also use the Laplace transformation of Caputo derivative (1.4), for
LIY(t)] =Y (s), s > 0, (see, Kilbas, Srivastava and Trujillo [8, p. 312]), given by

(L5)  LIEDGY)(1)] =Y (s) — 'Y (0) — 2 2Y D (0) — - - — sy 0 (0),

m—1<a<m.

It may be observed that for o = 1, the equation (1.2) converts into a linear second
order parabolic partial differential equation and a diffusion problem with initial and
boundary conditions given in (1.3). For a = 2, equation (1.2) reduces to a linear
second order elliptic partial differential equation of wave problem with given initial
and inhomogeneous boundary conditions (see Evans [3]). On the other hand, when
0 < a < 1, the above problem becomes identical to the initial-boundary value problem
for the one dimensional time fractional diffusion equation because of the availability
of the vast literature due to the researchers and authors (e.g., [4,9,14,15]) with some
additional boundary conditions. The analytic solutions of the space-time fractional
differential equations with initial and boundary value problems are computed by the
authors ([11,14]). The computation of anomalous diffusion problems in the form of
integral equations can be found in ([5,12] and [13]). For the theory and analysis of
the fractional differential equations, we refer the work of the researchers including
authors (e.g., [2,6-8,18,21] and [23]).

We will focus on the relations of the Voigt functions with the quadrature formula
of the solution of fractional in time diffusion and wave problem. We first convert
this fractional in time problem into the Sturm-Liouville problem and then find out
its solution on using Green function in the form of Mercer formula [20]. The theory
and applications of Sturm-Liouville problems are studied and computed by various
authors (e.g., [5,17,28]).

2. SOLUTION OF THE PROBLEM (1.2)—(1.3)

We solve our problem (1.2)-(1.3) by setting Y'(z,t) = y(x,t)+F (p1(t) —p2(t)) —p1(t)
and to get

0

gipmw&Jy@iy_ﬂ@y@i)+f&Lﬂ, 0<a<?,

for all (z,t) € (0,1) x (0,00), where

(21)  Dgy(xt) =

Aoty = (1) £D80+ 5 D5t + | (1-F) atw) + 42 ot
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+[50) - 22 ) + st

along with initial and homogeneous boundary conditions, given by

(2.2) y(z,0) = g(x), gty(iv,t)h:o =0, forall (z,t) €[0,] x {0},

y(0,t) =0, aaxy(w,tﬂx:g =1, forall (z,t) € {0} x [0, 00),
y(l,t) =0, forall (z,t) € {lI} x [0,00).

Then consider L{y(z,t)} = y(x,s) for s > 0. Now using the result (1.5), and
then taking Laplace transformation of (2.1) and (2.2), we find that in the form of
Sturm-Liouville problem [1]

23) o [P0 ) ato) + )3t 9) = o)
where,
fia.s) ==sHglo) = (1-7) @10) = T0)}

+5 2 {(1- D) G0 + 760 =5 { (1= 7) @als) + Ta(s)]
(=5 a0+ 22 i~ fFatw) - 22 ) - e,

0<a<2forall z € (0,l) and s > 0, along with homogeneous boundary conditions

(2.4) y(0,5) =0, forall (x,s) € {0} x (0,00), s >0,
y(l,s) =0, forall (x,s) € {l} x(0,00), s> 0.

Again, letting £y(z,s) = {Z[p(z)2Z] — q(z)}y(z,s), we may write the problem

(2.3)—(2.4) in the form
(2.5) Ly(z,s) — s°y(x,s) = fi(x,s), 0<a<2,

for all z € (0,1), (0,1) C R, and s > 0, along with the boundary conditions given in
(2.4).

Now, to solve the differential equation (2.5), with boundary conditions (2.4), first we
construct a Green function and consider the normalized eigenfunctions (see, Churchill
(1, p. 291]) W, (x), for all n = 1,2,3,..., where ¥, (z) = UnlE:n) - for g > g, 8p > 0

~ gn(a,sn)ll
for alln =1,2,3,..., and the orthonormalized property, given by

/Oz U, (1), (1)t = {0, N

1, m=n.
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Thus, by differential equation (2.5) with boundary conditions (2.4), we have the
following homogeneous differential equation

(2.6) £V, (z)—soW,(z) =0,9,(0)=0,¥,(I) =0, forallzel0,l],n=123,...

Again then, in (2.5) and (2.6), we introduce two series

(2.7) fi(z,s) = iAn\Ifn(x),g(x, s) = iCn\I/n(x)

forall s > s,, s, >0, A4, #0,n=1,2,3,...
Then on using the relations from (2.5) to (2.7), we find following equations

(2.8) Z SCn\I!n — 5 Z C, \I/ Z AV, (
n=1
and
(2.9) Z L0, ( Z saCp W,
n=1

Therefore, on use of (2.8) and (2.9), we find that

[eS) l o l
(2.10) - 2_:1 (s* — sg)C’n/O U, (2)V,,(z)dx = ;An/o U, ()W, (z)dz.

Now, for obtaining the solution of the problem (1.2)-(1.3), for s > s,, s, > 0, we

use the orthogonal property given in (2.5) and consider that A,[[a]]ss, = (i’;‘; ),
B, # 0, when s — s, for all n > ngy and

A,
Ch=—>r———— a>0,s >s,, s, >0foralln=1,2,3,...,
H(a;s, sn)
where
— 9n S,8n 9 > n > 07
s = [ <
(s —sn)"7, S = Sp, Sp >0,
for all n = 1,2,3,..., a > 0. Here [[a]]ss, = (s + 8™ 25, + ... + 88772 + s 1),
[a] = m, m is the smallest integer greater than or equal to «, then
A > >0
S > Sn, Sn )
Cn =4 5% = 8%7
0, s — sy, forallm=1,2,3,...

Again then, for s > s,, s, > 0 for all n = 1,2,3,..., by (2.7) and (2.10), and the
orthogonal property (2.5), we may write

(211) -3 (o),

n:l
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and further for all s > s,, s, > 0 for all n =1,2,3,..., and by relation (2.7), we get
an equality as

Z/ so‘—sa d§ ZZ — /\Ij

mlnl

Therefore, for all m = n, by using the orthogonal property (2.5), and the relations
given in (2.11), we obtain an identity

I _
(212) ila.s) = [ Gla.&5)filg e,
where the following Green function in form of Mercer formula [20] is obtained as

(2.13) G(z,€,s) = — i W

n=1

Here in (2.12), the value of fi(x, s) is given in (2.3) and the functions ¥,,(z) for all
n=1,2,3,..., are found by the problem (2.6). Thus, by (2.3), (2.12) and (2.13), the
solution of the problem (2.5) with the conditions (2.4) may be computed in the form

(2.14)

, 8> 8p, S, >0foralln=1,23,...

y(x, s)

o) a—1

Un(x, 85)8

n—=1 Hyn T Sn)H (5% — (

o [ 6560~ (1= 5] 100) = Sintonas
N _ Yn(, sn)sa:1<8n>a) /Oz (6, 50) ((1 — ?) 1(0) + f@;(@) d§

el ZACEN G

o~ Ynl@sa) oo AV
* St e (1) 20+ o)

> (80)* G (@, 51) g S _§ 51(s §* S

2 [, s0) 2(s° — (Sn)a)/o Yn(&, sn) ((1 l) P1(s) + S éa )> d¢

?jn(m Sn)(sn)a L _§ p/(g) 5 (s
Y T P ) e (((1 l)q“” l )901”
I3

; (lq@ - pgﬂ) o(s) + fle, s>) de.

Now, to take the inverse Laplace transformation on both of the sides of result (2.14),
we have the following formulae. For 0 < oo < 2, 0] < |s*| and s > s,,, s, > 0 for all
n=1,2,3,..., the inverse Laplace transformation formula of Mittag-Leffler function
E.(z), where E,(2) = Y32, F(ﬁkﬂ) (see Mathai and Haubold [16, p. 80], and Kilbas,
Srivastava and Trujillo [8, p. 313]), is given by

_I_

a—1
(2.15) L—l{ i _9} E.(0%), 0< 0] < |s°|.
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Again, the Laplace transformation formula of the derivative of the Mittag-Leffler
function (see in (2.15)), with the aid of formula (1.5), is found in the form

dt s*—0 s — 6’
so that the relation (2.16) gives us

(2.16) L{dEa(gtoz)}: s _ 0

1 1d
-1 _ e @ a
(2.17) L {80‘—9} = 5 Ba(01), 0 <16 < 5],

Finally, on making an application of the results (2.15)—(2.17), we obtain

(2.18) [ / "B (07
' s*—0f sso—0f  Jo VTN
Thus, on using above results of (2.15)—(2.18) into the result (2.14), we obtain the

solution of the problem (2.3)—(2.4) for all z € (0,1), and t > 0, s > s,,, s, > 0 for all
n=1,2,3,..., in the form

(2.19)  y(=,¢)

; Tt :f ssfm Eal(s0)"t) | n(sol6) - (15 )er(0) = Satonac

> et [ (sear [ e {(1-5) 00+ a0} as
+ZH$§§:\|2/% & sn) {(1—5) 10+ St} de
' Z H;/; ; ssf k J, it S”){ (1 B f) / P10 = 1) 3 Fal(50)*7)dr

+ % [ st = )2 Bl b

= X, Sp l ,
> <Sn>375n<x an J, Wf’%){ ((1 - §) a(6) + pg’i))

n=1

< [ erlt = Eal(s >%a>d7+<§q<s>—p§f)>

<)) *02“‘%617 ol e e+ [ >$Ea<(sn>ara>df}d§.

Finally, putting
y(a,t) = Y (@) = T(o1() = pa(t) + o1 (1)

in solution (2.19), we obtain the solution of the problem (1.2)-(1.3) for all x € (0,{) and
t>0,s,>0, foralln=1,2,3,..., in the form

(2.20) Y(x,1)
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iuynaf ") [ann ( A GHECREDE
szj:;ss:n?/E w7 Lo (1) A0+ o))

+§:n$tjih2/zm“”“{<lf>@“”+§¢“”}%

*zﬁffjw/%ﬁ%{@‘>/¢”‘7 Ba((sn)"r%)d7

+E [ alt = 1)L Ba((sn)rr | de
ki 50) e /Ol yn(§73n){<<1 - §> (&) + péﬁ))

_|_

n=1 (sn)* lyn (@, sn

< [ et = )AL Eul(sn)r)ar
+ Gq(f) - p§§)> /Ot oot =) Bo((s50)*7)

+ [ e Eal(50)*T)dr}ds + T 1(6) = ¢2(6) = 1(0)
Hence, from the study of the results (1.2) to (2.20), we find the following.

Theorem 2.1. Ifl > 0 and f is a function defined by f : [0,1] x [0,00) = R, [0,]] C R,
q(x), p(x), p'(z), p"(x) are continuous real valued functions of x on 0 < x < 1. Then there
exists the normalized eigenfunctions

yn($73n)
Hyn(wasn)n’

by the solution of boundary value problem (2.5) and with boundary conditions (2.4) simulta-
neously give the Green’s function

ZL' 5’ - Z 80‘ _ Sa)g)’

n=1

U, (z) = Sp, >0 for allm € N,

provided that s > $p, $p, >0 for alln € N and 0 < a < 2, for all x,£ € (0,1), (0,1) C R and
s > 0, which gives the solution of the problem (2.3) with boundary values (2.4), in the form

57)

the function fi(x,s) is given in the (2.3).

Finally, its inverse Laplace transformation gives the solution (2.20) of the fractional in
time Sturm-Liouville type diffusion and wave problem (1.2)—(1.3) for all z, 0 <z <, t > 0,
$ > Sn, Sn >0 for all n € N.

_—i/lﬁ(&s)wc&, §> spy 50 >0, foralln=1,2,3...
n=1 0 -
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3. THE VOIGT FUNCTIONS VIA SOLUTION OF THE PROBLEM (1.2)—(1.3) IN VARIOUS
CONDITIONS

In any given physical problem, a numerical, computational or analytical evaluation of the
Voigt functions (or of their variants) is required. We begin our study of Voigt functions and
their relations with quadrature formula of the solution of the fractional in time Sturm-
Liouville type diffusion and wave problem (1.2)—(1.3) in different particular cases and
conditions.

3.1. The Voigt functions via non-homogeneous Bessel type diffusion and wave
problem, when 0 < o < 2.

Theorem 3.1. If we put f =0, q(x) =0, p(x) =z for allz, 0 <ax <1 CR, pi(t) =t,
wot) =12, 0 < a <2, t>0,in the problem (1.2)~(1.3), then our problem becomes Bessel
type fractional in time diffusion-wave problem of the form

o 0 0
(3.1) tCDOJrY(:):,t) p [3:8} Y(z,t), 0<a<2,

for all (x,t) € (0,1) x (0,00), (0,1) C R, subjected to the initial and inhomogeneous boundary
values

(3.2) Y(z,0) =g(z), ;Y(x,t)]to = (SZC - 1) . forall (x,t) €10,1] x {0}, [0,]] C R,

1
Y (0,t) +t =0, %Y(m,tﬂxzo =1+ 7(75 — %),  for all (z,t) € {0} x [0, 00),
Y(I,t) + > =0, for all (z,t) € {I} x [0, 0).
Then, solution of problem (3.1)—(3.2) has the form

(3.3) Y(x,t)

[ee) J ) 9
}Z (j]l \/> E, (_ (/Zzl> tOé) /Ol Jo <_,Un\/§) g(&)d¢

9 X Jo(—ﬂn\/%) t d (Mn)Q . ; \/Z
+l;w/() (t—T)dTEa<— 1 T)dT/O Jo | —pin ; &de

. i Jo(—un\ﬁ)

= (a3 1 (—pm)
t 2 t 2
y V t-n-LE, <_(M:l) ) i [l (‘(’Z}) ) dT}

+(:;_1)t_‘ft27 fOT’CL”unERi,TL:LQ,g,---

Proof. Here, put Y (z,t) = y(z,t) + 7(t — t?) —t, in differential equation (3.1) and boundary
values (3.2), and then make an appeal to the techniques applied for finding out the solution
(2.20) of the problem (1.2)—(1.3) and with the aid of Theorem 2.1, we obtain the solution
(3.3) of the problem (3.1)—(3.2). O
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Corollary 3.1. If Jo(—pn) =0 for allm =1,2,3..., and for all z,y,z € RT, R(y +v) >
—1, then for all p, € R™ under the conditions given in the differential equation (3.1) and
boundary values (3.2), the quadrature formula of the solution (3.3) exists and is given by
the relation

(3.4)

/ we v g, (—unuﬁ) Y (zu?, t)du
0

i Hy (1, pin) + Ha (81, o) + Hs (851, ) }
=1
pn [2\' S T(1+v+2m) z\™ t 2
[V S st (007 g) o] v (- 7)

Mn [T -1/2 xr Hn 1/ Z
() e o) o) fins).

Here in (3.4), we have

2 l
(3.5)  Hi(t;1, pn) :ME(X <— (/ZLZ) ta>/0 Jo <_Mn\/§) g(§)dé,

8l ¢ d 22
ttsbin) =Gy e ()

t d 2
/(t )QdTE <_(,UZZ) Ta) dT:|7 pn € RTym =1,2,3,..,
0

I,(r})(’y, v,0,0) = / u7+y+2m679“7¢“2du, forallmeN, 6,6 € RT,
0

and

(see [10]).

Proof. In both sides of (3.3), replace = by xu? and then multiply by uY e Yu—=? Jl,(—,unru\/%)

and then integrate both the sides with respect to u from 0 to oo, and use (1.1) and (3.5),
to get the relation

(3.6) / we vl g, (—unruﬁ) Y (zu?, t)du
0
= Z Hl(t;l,un)/ u'ye*yufzuz,],, (—pn/uﬁ> Jo (—mﬂtﬁ) du

> —yu—zu? z z
+ Zﬂs(tslaun) /0 wle ¥R, (—un/u\fl) Jo (—unu\fl> du

n=1
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tt? ot [x —1/2 x
o (z - z) (F5V7) Ve (o)
j2% x —1/2 T
_t(_ 2n V l) V'Y”’ <_Mn/\/?’y7z>7 ,un,,un/ER_,n,n’:1,2,3,....

Now in both sides of equation (3.6), replacing n’ by n and then using the following result
given in Rainville [22, p. 121]

o (om0 (cmn7) - C [T )

and the sequence of functions of mathematical physics due to [14], given by

e}
I (v, 0,0,0) = / u7+”+2m6_eu_¢“2du, forallm €N, 0, ¢ € RT,
0
to obtain the result (3.4). O

3.2. The Voigt functions via homogeneous Bessel type diffusion problem, when
0 < o < 1. In a similar manner of the Theorem 3.1, we present and prove the following.
Theorem 3.2. If we put f =0, q(z) =0, p(z) = forallz, 0 <z <ICR, pi(t) =0,
w2(t) =0, 0 < <1, t >0, in the equations (1.2)—(1.3), then we have Bessel type one
dimensional time fractional diffusion problem

0 0
. — |x— <
(3.7) OD8Y (z,t) = o [wax} Y(z,t), 0<a<l,
for all (x,t) € (0,1)x(0,00), (0,1) C R, subjected to the initial and inhomogeneous boundary
values

38)  Y(2.0) = g(x), gtY(ﬂU,t)|t0 — 0, forall (m,£) € [0,1] x {0}, [0,] C R

Y (0,t) =0, aaxY(a:,t)]wo =1, forall (z,t)€ {0} x][0,00),
Y(l,t) =0, forall (z,t) € {I} x[0,00).

Then there exists

(3.9) }i (1 \ﬂ £, <_(/le)27§&> /0 o (—unﬁ> g(€)de,

O<z<l t>0.

Proof. With the aid of Theorem 2.1 and Subsection 3.1, the solution of the problems (3.7)-
(3.8) is found by result (3.9). O

Corollary 3.2. If Jo(—pun) =0 foraliln =1,2,3..., and for all x,y, z € RT, R(y+v) > —1,
then for all p, € R~ under the conditions given in (3.7) and (3.8), the quadrature formula
of the solution (3.9) exists and is given by the relation

(3.10)

/0 u’Ye—y“_ZUQJu <_Mnu\/f) Y (zu®, t)du = Z Hy(t:1 pin) (—?\/?)

n=1
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= I'(1+ v+ 2m) Z2\™
<3 s i )

x I (v,v,y, 2),
where Hy(t;1, py) and If(,p(’y, v,0,¢) are given in (3.5).
4. NUMERICAL EXAMPLE

In this section, we consider more briefly a computational formula starting from Y (z,t),
0<x<I, teR" and using the Theorem 3.2.

If we set g(z) = & for all z, 0 < z <, in (3.9), we find a numerical formula

(4.1) Y (x,t) = i ME (— (“”)Qta> .

2 ) (=)

A fairly immediate consequence of this result is its use for obtaining the approximate
various real values of Y (x,t). According to our formalism we now in (4.1), introduce the
approximate value of E,(—z), given by (see [27])

L+ raig
o _ 0
el = Ty 1
a5 a5
h
where Fl4+a) TA+o)l(1-a)
q* _ 'l—a) T'(1-2a)
T Trl+al(l-a)—1
and

. Tl+a)- g(gl;;g)
NPl +al(l—a) -1
Again from the formula (1.1), it follows that
B o0 (_1)m (x>2m B 00 (_1)m <x)2m+1
@) => T lz) - "@=2 commelz)

m=0 m=0

Now putting the zeros of Jo(z) as p;, ¢ = 1,2,...,n, together with the values of a and [
such that 0 < a < 1 and [ > 0, we can provide several examples with selected values of n
to compute and approximate various real values of Y (z,t), for all z,¢ € RT. We omit them
due to lack of space and left them for further researchers in the field of computer science
and technology.

CONCLUSION

Explicit expressions for the generalized Voigt functions [10,19,25] and [26] of the second
kind defined by the Hankel integral transform (1.1) are given in terms of relatively more
familiar special functions of one and more variables, indeed, each of these representations
will naturally lead to various other needed properties of the Voigt functions. Here, in our
work, we have obtained the relations of the Voigt functions with the quadrature formula of
the solution of fractional in time diffusion and wave problem by first converting it into the
Sturm-Liouville problems and then looked out for its solutions. This concept may provide
the basis of investigations and further extensions for a high voltage technology to compute
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the fractional differential equations, anomalous diffusion problems and fractional in time
and space diffusion and wave problems with the help of Voigt functions.

To explore new ideas for representing the relation of the Voigt functions (1.1) with the
quadrature formula of the solution of fractional in time diffusion and wave problem, in our
current investigation, we have presented fractional in time Sturm-Liouville type diffusion
and wave equation. In the paper of Luchko [14] (see also [15]), some initial-boundary-value
problems with the Dirichlet boundary conditions for the time-fractional diffusion equation
were considered. Of course, the same method can be applied for the initial boundary value
problems with the Neumann, Robin, or mixed boundary conditions.

Besides establishing some interesting integral and series representations of special func-
tions, the results given in [13] and [14] may provide a new way of solution of a space-time
fractional anomalous diffusion problem using the series of bilateral eigenfunctions and se-
ries solution for initial value problems of time fractional generalized anomalous diffusion
equations as on the lines of [11,12] and [13].

Acknowledgements. The authors are highly grateful to the editor and reviewer for their
valuable comments and suggestions to improve the presentation of the paper.
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