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Nonaxisymmetric solutions to time-fractional diffusion-wave equation with a source term in
cylindrical coordinates are obtained for an infinite medium. The solutions are found using the
Laplace transform with respect to time ¢, the Hankel transform with respect to the radial coordinate
7, the finite Fourier transform with respect to the angular coordinate ¢, and the exponential Fourier
transform with respect to the spatial coordinate z. Numerical results are illustrated graphically.

1. Introduction

The time-fractional diffusion-wave equation

o*u
ot«

=alu (1.1)

is a mathematical model of important physical phenomena ranging from amorphous, colloid,
glassy, and porous materials through fractals, percolation clusters, random, and disordered
media to comb structures, dielectrics and semiconductors, polymers, and biological systems
(see [1-10] and references therein).

The fundamental solution for the fractional diffusion-wave equation in one space-
dimension was obtained by Mainardi [11]. Wyss [12] obtained the solutions to the
Cauchy problem in terms of H-functions using the Mellin transform. Schneider and Wyss
[13] converted the diffusion-wave equation with appropriate initial conditions into the
integrodifferential equation and found the corresponding Green functions in terms of Fox
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Figure 1: Dependence of nondimensional fundamental solution G (r, ¢, z, p, ¢, ¢, ) on the radial coordinate
rfor¢g=0,{=0,z=0,9=0,and x = 0.5.

functions. Fujita [14] treated integrodifferential equation which interpolates the diffusion
equation and the wave equation. Hanyga [15] studied Green functions and propagator
functions in one, two, and three dimensions.

Previously, in studies concerning time-fractional diffusion-wave equation in cylindri-
cal coordinates, only one or two spatial coordinates have been considered [16-27]. In this
paper, we investigate solutions to (1.1) in an infinite medium in cylindrical coordinates in the
case of three spatial coordinates 7, ¢, and z.

2. Statement of the Problem

Consider the time-fractional diffusion-wave equation with a source term in cylindrical
coordinates

P 2 2 2
6_u_ <au 10u 10w au>+Q(r,(p,z,t), 0<r<oo,

+ =+ +
ote or2 ror r?2op*> 0z° (2.1)
0<p<2r, -w<z<ow, 0<t<oo, O0<a<g2
The initial conditions are prescribed:
t=0:u=f(r,p,z), 0<a<2,
(2.2)

tzO:%—?zF(r,(p,z), l<a<?2.
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Figure 2: Dependence of nondimensional fundamental solution Gf(r,¢,z,p,$,¢,t) on the angular

coordinate ¢ for ¢ =0, =0,7r=p, z=0,and x = 0.5.

In (2.1), we use the Caputo fractional derivative [28-30]

1 ! n-a-1 dnu(T)
du(t)= F(n—a)fo(t_T) EET dr, n-1<a<n,
dte n

@u(t), a=mn,

(2.3)

where I'(a) is the gamma function. For its Laplace transform rule, the Caputo fractional
derivative requires the knowledge of the initial values of the function u(t) and its integer

derivatives of order k =1,2,...,n—-1:

1{ ra } — s 2ut) - SuO ), 01 <a<n,
k=0

dt=

where s is the transform variable.

(2.4)
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Figure 3: Dependence of nondimensional fundamental solution Gy (r,¢,z,p,$,¢,t) on the angular
coordinate ¢ for $ =0,{=0,7 =0.6p, z=0,and x = 0.5.

The solution to the initial-value problem (2.1)-(2.2) can be written in the following
form:

o 27 A0
u=J‘7 fo fo f(p9.6)Gs(r9.2,p,9,6,t)pdpdgdg
o 27T A0
+f f f F(p,¢,0)Gr(r,9,2,p,¢,6t)pdpdpds (2.5)
-0 /0 0

i JZ r:o J‘jﬂ f: Q(p, ¢, ¢, 7)Go(r 9,2,p, 9,5t —T)pdpdpdgdr.

Now, we investigate the fundamental solutions G¢(r,¢,z,p, ¢,¢,t), Ge(r, 9, z,p,$,6,t), and
Go(r,p,z,p,9,¢,1).

3. Fundamental Solution to the First Cauchy Problem

In the case of the first Cauchy problem, the initial value of a sought-for function is prescribed.
Hence,
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Figure 4: Dependence of nondimensional fundamental solution G¢(r, ¢, z, p, $, ¢, t) on the spatial coordi-
natezfor$p=0,{=0,r=p,p=0,and « =0.5.

6”‘Gf = a<62C}f 1 % 1 62C}f a2Gf> 0<r<owo

ot# oz ror 2 0p? T oz 3.1)
0<¢9p<2r, -ww<z<ow, 0<t<on,
o(r—
t=0: szfo (Tp)ﬁ((p—d))ﬁ(Z—g)/ O<CX52, (32)
0
t=0: %:0, 1<a<?2. (3.3)

The two-dimensional Dirac delta function 6(x) 6(y) after passing to the polar
coordinates takes the form (1/2xr)6.(r), but for the sake of simplicity, we have omitted
the multiplier 2or in the solution (2.5) as well as 1/2r in (3.2). In the initial condition (3.2),
we have introduced the constant multiplier f, to obtain the nondimensional quantity G
(see (3.10)).

The solution is found using the Laplace transform with respect to time ¢, the Hankel
transform with respect to the radial coordinate r, the finite Fourier transform with respect to
the angular coordinate ¢, and the exponential Fourier transform with respect to the spatial
coordinate z. In the transforms domain we get

Safl

s ra@in) (34

Gy = e cosfn(p - )] (p0)
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Figure 5: Dependence of nondimensional fundamental solution Gr(r, ¢, z, p, $, ¢, t) on the radial coordinate
rfor¢g=0,(=0,z2=0,9p=0,and x = 0.5.

where [, (r) is the Bessel function of the first kind of order n, the asterisk indicates the

transforms, s is the Laplace transform variable, ¢ is the Hankel transform variable, 7 is

exponential Fourier transform variable, and the integer # is finite Fourier transform variable.
Inversion of integral transforms gives

Gr(r,0,2,p, ¢, t) = #20, fi J:o E, [—a(gZ + ,12> tu]

x cos[n(p — )] cos[(z - &)n] Ju(pg) Ju(ré)é dg dn,
(3.5)

where the prime denotes that the term corresponding to n = 0 in the sum should be multiplied
by 1/2.1In (3.5), Ex(z) is the Mittag-Leffler function [28-31]

0 1
Ea(Z) —%m, a>0, zeC. (36)

The essential role of the Mittag-Leffler function in fractional calculus results from the
following formula for the inverse Laplace transform [28-30]:

—1{ Su_l } a
2 = Eq(=bt%). (3.7)

s*“+b
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Figure 6: Dependence of nondimensional fundamental solution Gr(r,¢,z,p,¢,¢,t) on the angular
coordinate ¢ for$ =0,{=0,7r=p,z=0,and xk = 0.5.

If the solution does not depend on the coordinate z, then
Gf (r/ (P/P/ 4)/ t) - f aézt“ COS [n((P ¢)]]ﬂ(p§)]n(r§)§ dé (38)

The fundamental solution (3.8) was considered in [25] for0 < a < 1.
In the case when the solution does not also depend on the angular coordinate ¢, we
get [17]

Gy (rp,0) = [ Ea(=at) I (p2) ot dt (39)

Dependence of fundamental solution (3.5) on the coordinates r, ¢, and z is presented
in Figures 1, 2, 3, and 4.
In calculations, we have introduced nondimensional quantities:

a/2
Gf, oo Vare (3.10)

Gr = fo p
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Figure 7: Dependence of nondimensional fundamental solution Gr(r,¢,z,p,¢,¢,t) on the angular
coordinate ¢ for $ =0,{=0,7 =0.6p, z=0,and x = 0.5.

4. Fundamental Solution to the Second Cauchy Problem

In the case of the second Cauchy problem, the initial value of the time derivative of a sought-
for function is prescribed, and for the corresponding fundamental solution we have

a 2 2 2
0"Gr :a<aC’F+1aﬁ+ 1aC’F+aC’F>, 0<r<oo,

ote or2 r or r? 0p>  0z?
0<¢9p<2r, -w<z<ow, 0<t<oo,
4.1)
tZO: GP‘:O, 1<aS2/
5(r —
t=0: %: 0 (rr p)é((p—gb)é(z—g), l<a<2.

In this instance, the fundamental solution is expressed as

Ge(r,p,z,p,¢,8,t) = #2), Jio J:o tEqo [—a<§2 + 712>tu]

x cos[n(p - )] cos[(z = O)n] Ju(pg) Ju(ré)s dé dy,
(4.2)



Advances in Difference Equations 9

2

1.5

0.5

z/p

Figure 8: Dependence of nondimensional fundamental solution Gr(r,¢,z,p,$,(,t) on the spatial
coordinate z for$ =0,{=0,r=p,p =0, and xk = 0.5.
where E, s(z) is the generalized Mittag-Leffler function in two parameters a and f [29-32]:

Enp(z) = Zr(ai+p)’ a>0, >0, ze C. (4.3)

n=0

We have used the following formula for the inverse Laplace transform [29-31]

N ~ N
£ 1{Su +b} = tP 1 E, p(~bt"). (4.4)

It is evident that (3.7) is the particular case of (4.4) corresponding to ff = 1.
If the solution does not depend on the coordinate z, then

Gr(rp o) = LS fo tEap (~agt”) cos[n(p - )] Ju(p2) Jn(r)E . (45)
n=0

In the case of axial symmetry [17],

Gr(rp,1) = [ " tEaa(<a) Topt)Rord)e (46)
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Figure 9: Dependence of nondimensional fundamental solution Gqg(r,¢,z,p,¢,¢,t) on the radial
coordinate r for ¢ =0,{=0,z=0,¢9 =0, and x = 0.5.

Figures 5, 6, 7, and 8 show dependence of fundamental solution (4.2) on coordinates
r, ¢, and z, where

3

p

= ﬁqﬁ (4.7)

Gr

and the nondimensional quantity x is the same as in (3.10).

5. Fundamental Solution to the Source Problem

Consider the time-fractional diffusion-wave equation with a source term under zero initial
conditions:

0"Gg =a<aZc;Q 18Go 1 8Gg azc;Q>

ot* o2 Ty or 2 oyp? T ooz
o(r -
+Qo ( ) p)6(<p—gb)6(z—§)6+(t), 0<r<oo,
0<9p<2r, -w<z<oo, 0<t<oo, (5.1)
t=0:Gop=0, 0<a<2,

G0

t=0: 1 < 2.
0 Y <a<
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Figure 10: Dependence of nondimensional fundamental solution Go(r, ¢, z, p, §, §, t) on the angular coor-
dinate ¢ for¢ =0,{=0,r=p,z=0,and x = 0.5.

The solution is obtained using the integral transform technique and reads

Go(r,p,z,p,¢,4,t) = ﬁél J‘i) f: #*1E, . [—a<§2 + 712> tu]

x cos[n(p = )] cos[(z = O)n] Ju(pg) Ju(ré)é dé dn.
(5.2)

If dependence of solution on the coordinate z is not taken into account, then
Ga(r 9. p. 9.1) = ;2 f: (7 B (~ag’t) cos[n(p ~ $)] Ju(pe) Ju(r)e e (53)
In the case of axial symmetry [17],
Go(rp,) = [ Eun (~a) Tot) ri)é e 54)

Dependence of the solution (5.2) on the coordinates r, ¢, and z is depicted in Figures 9,
10, and 11 with

P
GQ = mqg (5'5)
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Figure 11: Dependence of nondimensional fundamental solution Gg(r,¢,z,p,¢,¢,t) on the spatial
coordinate z for$ =0,{=0,r=p,p =0, and xk = 0.5.

6. Discussion

The solutions to the Cauchy and source problems for time-fractional diffusion-wave equation
have been found in cylindrical coordinates. The considered equation in the case 0 < a < 1
interpolates the Helmholtz and diffusion equation. In the case 1 < a < 2, the time-fractional
diffusion-wave equation interpolates the standard diffusion equation and the classical wave
equation.

For 1 < a < 2, the solutions to the fractional diffusion-wave equation feature
propagating humps, underlining the proximity to the standard wave equation in contrast
to the shape of curves describing the subdiffusion regime (0 < & < 1).

For better understanding of behavior of solutions, it is worthwhile to compare the
obtained results with those for delta pulse applied at the origin investigated in [32]. The
Mittag-Leffler functions arising in (3.5), (4.2), and (5.2) for large values of argument are
represented as

) 1 1
E, [—a<§2 + 112>t ] TT(1-a) a(& + )’

. 1 1
Eu,Z[_a<§2 +712>t ] ~ T@-a) a(@+ P

i 1 1
Eaa [—a<§2 " 712>t ] e [a (22 + qz)t“]z.

(6.1)

Such asymptotic results in singularities of the solution to the first and the second
Cauchy problems at the point of application of the delta pulse, whereas the solution to the
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source problem does not have singularity. Dependence of the solution on the angular coor-
dinate ¢ at some distance from the point of the delta pulse application (r = 0.6p in Figures 3
and 7) features only humps with no singularity.
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