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Preface

This book is a result of more than 10 years of research in the field of fractional
calculus and its application in stochastic processes and anomalous dynamics. The
aim is to provide an introduction to the theory of fractional calculus and fractional
differential equations, fractional stochastic and kinetic models, related special
functions, and their applications.

The book covers the mathematical foundation of the Mittag-Leffler and Fox H-
functions, fractional integrals and derivatives, and many recent novel definitions of
generalized operators which appear to have many applications nowadays. We pay
special attention to the analysis of the complete monotonicity of the three-parameter
Mittag-Leffler function, which is a very important prerequisite for its application in
modeling different anomalous dynamics processes. We give a number of definitions
and useful properties of different fractional operators, starting with those named as
the Riemann—Liouville fractional derivative and integral and the Caputo fractional
derivative, and then proceeding to more complicated and recently introduced
composite (or so-called Hilfer) derivatives, Prabhakar integral and derivatives,
Hilfer-Prabhakar derivatives, tempered derivatives, generalized distributed order
derivatives, and generalized integral operators with Mittag-Leffler functions in the
kernel. Many useful properties and relations in fractional calculus which have been
used in modeling anomalous diffusion and non-exponential relaxation are presented.

The Cauchy-type problems of fractional differential equations and their solu-
tions, existence and uniqueness theorems, and different methods for solving frac-
tional differential equations are presented in this book. Volterra type integral
equations are analyzed and equivalence with the Cauchy-type problems has been
shown. We also give an exhaustive presentation of applications of the operational
method for solving fractional differential equations where, as solutions, the so-
called multinomial Mittag-Leffler functions are obtained.

The book pays special attention to derivation of the fractional diffusion and
Fokker-Planck equations within the continuous time random walk theory, and to
their solutions and applications. The elegant subordination approach is presented to
connect the solutions of the fractional diffusion equations with the classical one for
Brownian motion. We show that all the well-known fractional diffusion equations
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viii Preface

(mono-fractional, bi-fractional, distributed order, tempered, etc.) in normal (or
Caputo) form and in modified (or Riemann—Liouville) form are special cases of
the generalized diffusion equations in normal and modified form with memory
kernels. The non-negativity of the corresponding solutions is shown by applying
the definitions and properties of the completely monotone and Bernstein functions.
Methods of solving fractional diffusion-wave equations in a finite and in the infinite
domain are also presented in this book. Furthermore, detailed analysis of the non-
negativity of the generalized fractional wave equation with memory kernel by help
of the completely monotone, complete Bernstein and Stieltjes functions is presented
in detail.

At the end of the book, an important class of stochastic processes governed by
the generalized Langevin equations is covered. The role, especially, of the three-
parameter and multinomial Mittag-Leffler functions and Tauberian theorems in
finding solutions of these equations is presented. Various diffusive behaviors, such
as subdiffusion, normal diffusion, superdiffusion, ultraslow diffusion, etc., and the
crossover from one to another diffusive regime are described by these equations.
Many relevant references regarding applications of these models are given.

This book is intended for diverse scientific communities and scholars working
in the field of application of fractional calculus and fractional differential and
integral equations in describing anomalous dynamics in complex systems. Students
and researchers in mathematics, physics, chemistry, biology, and engineering may
benefit from reading the book owing to the systematic presentation of many useful
tools in the fractional calculus theory.

Skopje, Macedonia Trifce Sandev
Skopje, Macedonia Zivorad Tomovski
January 2018
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Chapter 1 )
Introduction: Mittag-Leffler and Other Shethie
Related Functions

The analysis of fractional differential equations, carried out by means of fractional
calculus and integral transforms (Laplace, Fourier), leads to certain special functions
of Mittag-Leffler (M-L) and Wright types. These useful special functions are
investigated systematically as relevant cases of the general class of functions which
are popularly known as Fox H -functions, after Charles Fox, who initiated a detailed
study of these functions as symmetrical Fourier kernels [5]. Definitions, some
properties, relations, asymptotic expansions and Laplace transform formulas for
the M-L type functions and Fox H-function are given in this Chapter. At the
beginning of the twentieth century, Swedish mathematician Gosta Mittag-Leffler
introduced a generalization of the exponential function, today known as the M-
L function [28]. The properties of the M-L function and its generalizations had
been totally ignored by the scientific community for a long time due to their
unknown application in the science. In 1930 Hille and Tamarkin solved the Abel-
Volterra integral equation in terms of the M-L function [19]. The basic properties
and relations of the M-L function appeared in the third volume of the Bateman
project in the Chapter XVIII: Miscellaneous Functions [4]. More detailed analysis
of the M-L function and their generalizations as well as the fractional derivatives
and integrals were published later, and it has been shown that they are of great
interest for modeling anomalous diffusion and relaxation processes. Similarly, Fox
H-function, introduced by Fox [5], is of great importance in solving fractional
differential equations and for analysis of anomalous diffusion processes. The Fox
H-function has been used to express the fundamental solution of the fractional
diffusion equation obtained from a continuous time random walk model. Therefore,
in this Chapter we will give the most important definitions, relations, asymptotic
expansions of these functions which represent a basis for investigation of anomalous
diffusion and non-exponential relaxation in different complex systems.

© Springer Nature Switzerland AG 2019 1
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2 1 Introduction: Mittag-Leffler and Other Related Functions
1.1 Mittag-Leffler Functions

The standard one parameter M-L function, introduced by Mittag-Leffler, is defined
by Mittag-Leffler [28]:

k

> Z
Ey(2) =l; k4 1) (1.1)

where (z € C; RN(x) > 0), and I" is the Gamma function [4]. It generalizes the
exponential, trigonometric, and hyperbolic functions since

o F)F o Ef L
Ei(¥2) =) =) =,
= r'k+1) = k!
A= Lok T Aoy T
k=0 k=0
) k ) k
2y Z _ Z _
Er(z%) = Z rek+1) Z o0 cosh(z).
k=0 k=0
The case with o« = 1/2 yields
00 k
1 (£2)2 1
Ei(£z2) = =et |1l 4erf(£z2)],
2 ( ) kZ:;) r (’5 + 1) [ ( ):I

where

2 T2
erf(z)=\/n A e " dx

is the error function. The one parameter M-L function (1.1) is an entire function of
order p = 1/N(x) and type 1.
Special form of the one parameter M-L function, which has many applications,
is given by (see Fig. 1.1)
eq(t; 1) = Eq(—M%)  (a > 0; 1 € C). (1.2)

Its Laplace transform

ZLF®D1(s) =/0 e f)dt,



1.1 Mittag-Leffler Functions 3

Fig. 1.1 One parameter M-L 1.0F ]
function (1.2) fora = 1/2 r 1
(blue line), 0.8 ]
«a = l—exponential function 0 Gi ]
(red line), o = 3/2 (green T 1
line) < 04l ]

ER
0.2f ]

0.0f
o2 7 \/ 7
o 2 4 & 8 10

t
reads [29]

a—1

L ealt; V)] (s) = ss , (13)

L=

where N(s) > || 1/@ The function (1.2) is an eigenfunction of a fractional boundary
value problem ¢ Dj f f@®) + Af(t) = 0 (see the next section for definition of the

fractional derivative ¢ Dy, ), in comparison with the exponential function e ™ asan

eigenfunction of the ordinary boundary value problem d{;gt) +Af(t) =0.
The two parameter M-L function defined by Agarwal [1], Erdélyi et al. [4],
Kilbas et al. [20], and Podlubny [29]

o k
Z
Eq5(2) =l; Fak 4 5)’ (1.4)

where (z, 8 € C; fi(w) > 0), was introduced and investigated later. This function in
Ref. [4] is called generalized M-L function. Note that

Eq1(2) = Eq(2),

and

k

ad Zk ad Z
Ean(@) = ; Mk~ © k;) Pk +a) = Eea@-
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It relates to some elementary functions, i.e.,

E1(2) i X i Z* et —1
1,2 = = = s
S r(k+2) " k41! z
_ > b _ > b _sinh(y/2)
E22) = ;; rek+2) g Qk+D! - Sz

The two parameter M-L function (1.4) is an entire functions of order p = 1/N(«)
and type 1. The following function

eapt; V) =tPVEy g(—=11%) (o, > 0; 2 € C) (1.5)

plays an important role in the theory of fractional differential equations (see
Fig. 1.2). The Laplace transform of the two parameter M-L function (1.5) reads [29]

4B

2 leapt:FN] )= . (1.6)

o A
where R(s) > |A|1/®. The following integrals

1

00 00
= / e " Ea(xo‘ 7)dx = / e xﬂ_l Ea,ﬂ(xa z)dx,
1—1z 0 0

are fundamental in the evaluation of the Laplace transforms of the functions
Eq(—=Ax%) and Eq g(—Ax®) when o, B > 0 and A € C. Both of these functions
play key rdles in fractional calculus and its application to differential equations.

Fig. 1.2 Two parameter M-L
function (1.5) fora = 1/2,

B =3/4 (blue line), « = 1, b 1
B = 1/2 (red line), 1.01 7
a = B = 3/2 (green line) I ]

ell,[f(t; 1 )
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For the two parameter M-L function the following formula holds true [12, 17]

1
Eyp(2) = 2 Eqo+p(2) + reg) (1.7)
d
Ey p(z) = BEq,p+1(2) +05de Eq p+1(2), (1.8)
d Eq4-1(2) — (B—1DE,
4 = B 1@ = (B = DEas(@) (1.9
Z oz
dn
B—1 _ _B-n—1
gon |7 Eap@z) ] = P Eupn(az). (1.10)
n €N,
as well as
X
/ 1"V Eyy (—at®)(x — )P T Ey g(—b(x — 1)*) dt
0
o bEapayhx) —aapiy (03 piyr (L11)
b—a
from where it follows
X
f 1 VEy o (—at®)(x — )PV Eg p(—b(x —1)%) dr
0
Eq g(—bx®) — Ey g(—ax®
_ Bapbx®) = Eap(=ax®) o1 L), (1.12)

a—>b ’

and

X
/ t“ilEa,a (—ato‘) (x — t)ﬁflEa,,g (—a(x - t)o‘) dr = xO‘Jrﬁ*lEa,,g (—axa) .
0
(1.13)

For more useful relations and properties of these M-L functions, we refer to the
literature [12, 17]. Moreover, the two parameter M-L function with negative first
parameter « has been studied in Ref. [15].

Furthermore, the three parameter M-L (or Prabhakar) function is defined by
Prabhakar [34]:

k

v e ez
Eap@) = k;) Ik + ) k! (1.14)
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where B, y, z € C, R() > 0, (y) is the Pochhammer symbol

'y +k
o=1 W= (Il/(y) ), (0)o := 1.
This function is also an entire function of order p = 1/N(«) and type 1. By
definition, it follows that
E;,ﬁ(z) = Eq p(2),
E, (2) = Eq(2),
as well as
E (@) = ri "EN, (1.15)
0, n=0.
The following function (see Fig. 1.3)
el 41 2) = #1 E] ;(=n%)  (minfa, 8,7} > 0; A €R) (1.16)

is related to the three parameter M-L function. The Laplace transform of the three
parameter M-L function (1.16) reads [20, 34]

ay—pB

5 3y (1.17)

2]l ye: 70| ) =

Fig. 1.3 Three parameter
M-L function (1.16) for
a=3/42,6=1,y=1/2
(blue line), @ = y = 5/4, 1.0
B =3/2 (red line), o = 5/4,
B=1/4,y =1/2 (green
line)

en st

0.0: \/
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where |A/s*| < 1. For the three parameter M-L function the following Laplace
transform formula also holds true (1.14) [45]

sht@=D shla—D—a s(py—2k-+paa—1)—a

o

k
- = —2a = Z(:F)\‘) vk

seEA [(;;:-V)V:I T£2 I:(if’:-v)y] k=0 (7 +v)

o

— o — k

- |:Z(:F)\’)kx2ak+a+ll« na 1EZ,2ak+a+p,—p,a (_vxﬂ):| (s),
k=0

(1.18)

where we apply relation (1.17).
Another formula which is used in solving fractional differential equations is [12]

d\? B d\? o0 Yk akzak+;371
B—1 v oy |
(dz) [Z Eqplaz )] - (dz) 2 Fak+p) K

k=0

_i( I @k - D@k + =)@k + B p)
o = Yk k! I'(an + B)

- (V) (az“)k
= B—p—1 _ ﬂ_p_lEy 3 119
) ;; rek+p—p k - a.p-p(@2); (1.19)

where (B — p) > 0, p € N, 9i(y) > 0,a € C. In a similar way one obtains the
n-th derivative of the three parameter M-L function [6]:

d nEV = 1 HEYV" 1.20
i) Eep@=rvr+ D +n=DE @ (1.20)

from where for y = 1 one obtains the connection between the n-th derivative of the
two parameter M-L function and the three parameter M-L function [20]

d n
(dz> Eop(z) =n'ELG. (), neN. (1.21)

For the three parameter M-L function the following recurrence relations hold true
[30]:

ayz Bl @) = EL 40 — BEL 4., (@), (1.22)

o?y(y + D2 L 5@ = EL () — (@+ 2B+ DEL 4,1 (2)
+@+ B+ DB+ DE] 5., (1.23)
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for all min{e, B8, ¥} > 0, and z > 0.
Here we also give the following relation which appears in the anomalous
diffusion modeling [36]

e < < 124
(—= )_F(1+a1)+r(1+a2)' (1.24)

Ot]El

ar—aq,a1+1
It can be directly obtained from the following general formula [6]

k

E }(x) = Z( 1)"( )F( s By jeN. (1.25)

The infinite series in three parameter M-L functions can be represented in terms
of one and two parameter M-L functions as follows [41]:

XEa,ﬁ (x) — yEa,ﬂ )

Z( XY ERG (x4 y) = i (1.26)
for x # y, and

- d

3 (—x2> El bt 20 = Eap 0+ | Eap (). (1.27)

n=0

In Chap. 7 we demonstrate the application of relations (1.26) and (1.27) in the theory
of fractional generalized Langevin equation.

The asymptotic behavior of the three parameter M-L function for z >> 1 can be
obtained by using the series expansion of the three parameter M-L function around
z = o0 [6] (see also [36])

TV Ty+n ()"

Bl D= Loy L r g —atptmy w7 (129
for 0 < a < 2. Thus, for large z one obtains
v 7
E,p(—2) = F—ay)’ > 1, (1.29)
from where it follows the following asymptotic behavior
E) g(=2%) = < 2> 1, (1.30)

re-—ay)
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for large argument z. Furthermore, in the case z — 0, the three parameter M-L
function has the behavior [36]

o

z ra

o L -l (_
Fap ™= gy T rar ) T re) P\ T rap)”

"‘>, 7K 1.
(1.31)

For the case with 0 < o < 1 this behavior is called stretched exponential since
it is a function whose decay with z is faster than that of the ordinary exponential
function for 0 < z < 1 but slower afterwards [33]. On the contrary, for the case
with 1 < o < 2 this behavior is called compressed exponential since it is a function
whose decay with z is slower than the one of the ordinary exponential function for
0 < z < 1 but faster afterwards [33]. These behaviors of the three parameter M-
L function are used in the description of anomalous diffusion and non-exponential
relaxation processes. Graphical representation of the three parameter M-L function
and its asymptotics is given in Fig. 1.4.

For y — 1, the series (1.28) reduces to the asymptotic expansion of the two
parameter M-L function

e¢]

Eqp(-2) > =) FE;Z_):M) 2> 1, (1.32)

n=1
and for one parameter M-L function it reads
(0.¢]

N (=)™
Eo(—2) —; PO 27 (133)

02 L L L L L L
1074 1073 1072 107" 10° 10
t

Fig. 1.4 Three parameter M-L function (1.14) for « = 3/4, 8 = 1, y = 1/2 (blue line). The
stretched exponential asymptotic (1.31) (red line) and the power-law asymptotic (1.30) (green line)
are plotted for the same values of parameters. Reprinted figure with permission from T. Sandev,
A.V. Chechkin, N. Korabel, H. Kantz, .M. Sokolov and R. Metzler, Phys. Rev. E, 92, 042117
(2015). Copyright (2015) by the American Physical Society
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The four parameter M-L function is defined by Srivastava and Tomovski [42]:

YN = (Y )ien ) Z"
Elf@) —; Fand ) n’ (1.34)

where (z,a, B,y,k € C;N[a] > max{0, R[] — 1}; R[] > 0), (¥)kn is the

Pochhammer symbol. The four parameter M-L function is an entire function of
— 1 — (PN g izati

order p = (k)41 and type o = 0 ([m‘ (’;)]W) ) It is a generalization of the three

parameter M-L function EZ 8 (2),1.e.,

1
E;z/,ﬂ(Z) = EZ,IS(Z)-

As further extensions of the M-L functions, we like to attract the attention to
multinomial M-L functions defined by Hilfer et al. [18]:

oo i+l =k k
Ei,on).p (21522, -+, 2n) = Z Z (ll [ )
s ln

k=011>0,0,>0,...,1,>0

li
y [T i
rg+Xxiaili)

k B k!
[P S R M) A B

are the so-called multinomial coefficients. Luchko and Gorenflo [21] called this
function multivariate, but later it was recalled as multinomial M-L function [18].
The following function

(1.35)

where

€(araz, ). p (1 A1 A2, oy An)
= tﬂ_lE(ozl,ozz,...,an),ﬂ (_Altala —hat®, _)‘ntan) ’ (1.36)

has been shown to have application in description of various anomalous diffusion-
wave models. Its Laplace transform reads [18]

s B

. 1.37
LF 3 s (437

Z [e(al,az,m,a,,),ﬁ (t; FA1, FAo, . .ny :F)\n)] (s) =
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Here we note that for ¢y = @, A1 = A and A, = - - - = A,; = 0 the multinomial M-L
function reduces to the two parameter M-L function (1.16),

s ﬂ

t A = !
e@),p (5 2) |:1+As—“

} =P Ey 5 (—01). (1.38)

Moreover, for A1 # 0, Ay # 0, A3 = - -+ = A, = 0, one obtains that the multinomial
M-L function can give infinite series in three parameter M-L functions, i.e.,

-B

S

A, k) =L

€(ay,a).p ( 15 A2) |:1 + Aps— +)~2Sa2i|

1 5P 1
1+ As™ s702
+ Ars 1 +)L21+)\1s’°‘l

s—(@2—apk+a;—p

o
= —2)"
kZ:;)( ) (591 + Ap)"H!
o0
= Z (—a)¥ t“2k+ﬂ*1E§t;2k+ﬂ (=ae), (1.39)
k=0

where we apply the Laplace transform formula (1.17).

Graphical representation of the multinomial M-L function e «y,a3),8
(t; A1, A2, A3) (1.36) is given in Fig. 1.5. In the short time limit it behaves as
t#=1/r(B) and in the long time limit as 1#~*3~1/I"(8 — «3). The crossover
behavior depends on all parameters. Therefore, by parameters’ tuning one may fit
different crossover behaviors, which makes the multinomial M-L function suitable

0.5F b

e((n ,ng,(73),/j(t;l1 ;A2 ,13)

Fig. 1.5 Multinomial M-L function (1.36) for Ay = Ay = A3 = 1/3, a1 = 1/4, ap = 1/2,
B =7/8 and a3 = 3/4 (blue line), a3 = 5/4, (red line), a3 = 7/4 (green line)
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for description of complex behaviors of the MSD observed in different physical and
biological systems.

1.2 Fox H-Function

The Fox’ H-function (or H-function) is defined with the following Mellin-Barnes
integral [5, 26, 43]

— Hm n |:Z

]_[71 1F(b~—B~s)]_[;'~ W F(1—aj+ Ajs)
l_[q—m+1 —bj+ B;j s)l_[j g T — Ajs)’

(@1, A1), ..., (ap, Ap) }
(b1, B1), ..., (bg, By)

(a[h p) 1 / s
by, By) i| - Q9(s)z ds, (1.40)

where

0(s) =

0<n<pl<m=<gq,a,bj €C, A, Bjc€ Rt,i=1,....,p,j=1,....q.
Contour integration 2 starts at ¢ — 100 and finishes at ¢ 4 100 separating the
poles of the function I'(b; + Bjs), j = 1,...,m with those of the function
'l —a — Ais),i = 1,...,n. It plays an important role in the theory of
fractional differential equations enabling closed form representation of the solutions
of fractional diffusion-wave equations. It is a very general function giving as special
cases many well-known special functions.
Series expansion of the H-function (1.40) is given by Mathai and Saxena [26]

Hm n |:
(blvBl) (bquq)
by+k b4k
Z’": T:l,j;éhF(b — B, )H?:ﬂ(l—aﬂrf\/ B )
o byp+k by+k
h=1 k=0 nq—m+l ( b + B] 1}3} ) 7:}14—1 r (a] - A] hBh )
(=1)kzbatk)/ By
' k!Bj,

(a1, A1), ..., (ap, Ap)i|

(1.41)
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The H -function has the following properties [26]:

Hm,n [ (a11A1)1~-~7(ap1Ap) i|
pa |*
(bla Bl)a MR (bq—la Bq—l)a (ala Al)
— ,A),...,(G,A)
= gl [z (a2, A2 pr2p } 1.42
p_l’q_l (blaBl)a-'-a(bq—lan—l) ( )

wheren > 1,9 > m,

Hm,n |:Z5 (alvAl)s N (aps Ap)i|
pa (bl,Bl),...,(bq,Bq)
1 (a1, A1/8), ..., (ap, Ap/d)
= .H™"|; ’ B i , 86>0, 1.43
§ i [ (b1, B1/8), ..., (by, By/d) (149
Oaa)a(aaA) m+1,n (a,A),(O,C()
grmntl ( p>Ap — (=1 g"tL p>Ap ,
Pt 2| by, By, ey | et 2] ey, . By
(1.44)
(ap, Ap) (ap+0A, Ap)
Lo gmon [Z pr Ap }:Hm,n [Z P P> Ap } (1.45)
b4 (by, By) P4 (by +0 By, By)
(ap, Ap) —1| (1 = by, By)
H™n PPl = grm 77 1.46
pa [Z (bq,Bq)} @’ [Z (1—ap,A,,)} (140

The k-th derivative (k € N) of H-function is given by Srivastava et al. [43]

)
(bg, By)

_ a—k gym,n+1 B (—(X, ﬁ)s (apv Ap)
=z Hp+1,q+1 [(az) ‘ (bg. By), (k — a, B) i| , (1.47)

k

dzk {ZQH;Z’H [(aZ)ﬂ

where B > 0. All these properties and relations have been used for simplification of
the obtained solutions of fractional diffusion and Fokker-Planck equations.
The Laplace transform of the Fox H -function reads [26, 43]

(apv Ap)v (pv G) i|i| — S—pH[nJan I:ZSG

< [t"_lH””” [zt“’
(bg, By)

p+l.q

(apv Ap) i|
(bg. By) |’
(1.48)
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where o > 0, 0i(s) > 0, R (,0~|—amax15j5,, (1;‘/')) > 0, |arg(z)| < 761/2,

61 > 0,01 = 0 — a. The Mellin transform of the Fox H-function yields

o0
/ xE-gmn [ax
0 P-4

where

(alv Al)v R ] (apv Ap)
(blv Bl)v ] (bqs Bq)

} dx = a~%0(=¢), (1.49)

[T7e F @+ B[}y (1 —aj — Ajé)

9 — — .
o [Tt T = b = Bi&) 15,1 @+ AjE)

The Mellin transform will be used to obtain the fractional moments of the
fundamental solutions of fractional diffusion equations. Furthermore, the cosine
Mellin transform of the Fox H-function reads [26, 35, 43]

(@p, Ap) :|dk
(by, By)

(1= by, By), (12"1 ) (1.50)
(p.8). (1 —ap, Ap), ('3°.5

()
p—1 m,n )
/0 k cos(kx)Hp’q [ak

$
_ T Hn—i—l,m X
xP q+1,p+2 a

where it (,o + S minj<j<m (gj_)) >1,x5>0,0 (,o + S maxj<j<p (a’;l)) < g,
- J - J

larg(@)| <76/2,6 > 0,60 =35 1 Aj— > Aj+ 31 B =30, B
The application of these transformation formulas will be demonstrated later in
solving different fractional diffusion and Fokker-Planck equations.

The three parameter M-L function is a special case of the H-function [26]

B b =61
Bup(=0) = g [Z 0. 1), (1=, ) } (2

Thus, by using relations (1.51) and (1.40), the cosine transform (1.50) of the two
parameter M-L function is given in terms of H -function, i.e.

00 2
f cos(kx) Eq.p (—akz) dk =" H2) [x
0 X o

(1, D, (B, ), (1, 1)}

a | (1,2),d, D, d, D
2
_ a0 X (B )
= " H} [a 02 } (1.52)

This relation will be used later to solve the mono-fractional diffusion equation.
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The asymptotic expansion of the H-function Hp,. ;]0 (z) for large z is [26, 40]

HIO(2) = B2079/m exp (—m*cl/’"*zl/’"*) , (1.53)
14 q
= a- Zbk+ (@—p+D, (1.54)
k=1 k=1

q

m =Y Bj—Y Aj>0, (1.55)

j=1 j=1

14 q
Cc=[Tw@o*TTBo", (1.56)

k= =1
= @n)~ "1 -/t I/ZH(A) “k+1/2]_[(3 U2 (157)

k=1 k=1

This asymptotic formula, as we will see in the next chapters, is very important in
the analysis of the asymptotic behaviors of the fundamental solutions of fractional
diffusion and Fokker-Planck equations.

The Fox-Wright function is defined by Mathai and Saxena [26]

00 P . . k

(a1, A1), ..., (ap, Ap); :| _ j=1 @+ Ajk) ¢
»¥y = E o
@ = [(b By), . (bqv By); ¢ ;Izl F(b/—l—Bjk) k!

(1.58)

k=0

where aj, Aj € C, R[A;] > O0,for j =1,...,pib;,Bj € C, R[B;] > 0, for
j=1,...,q9,1 +‘R< = 1 B — Zle Aj) > 0. For a special case of the Wright
function (p =0, q = 1, b1 = B, B1 = a), the following notation is used [26]:

(e.¢]
1 z" 1,0
Biz) = =H.)| = , 1.59
wle fi2) ;F(awmn! 0’2[ - ﬁ,a)} (159
where fi(a) > —1, € C.
It is easily seen from the definition that
(y. D3

E)4(2) = 1% z|. (1.60)

ro B.a);
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The Laplace transform of the four parameter M-L function can be represented in
terms of the Fox-Wright function [42]

—1 V& o _ s (,010)»(7/1/(); w
z[;ﬂ ES (ot )] (s) = F()/)lel[ b sa] (1.61)

The auxiliary functions of the Wright type (used by Mainardi) are defined by
(e.¢]

B 1 ="
My (y) —HZ:;) Fantl—a) m (1.62)

The relation to the Fox H-function is as follows [25]:

(1.63)

I —a,
Mo(y) = HY [y Eo N @ }

The one-sided Lévy stable probability density L, (y) can be represented through
the My (y) as [11]

o 1
Ly(t) = st My (t“) , (1.64)

which has the Laplace transform
Lo(t) = 27! [e—S“] . (1.65)

All these properties and relations are of huge importance in the theory of the
fractional differential equations, and will be applied in the next chapters.

1.3 Some Results Related to the Complete Monotonicity
of the Mittag-Leffler Functions

In this part we analyze the complete monotonicity of the function eg’ p(t:2). In this
respect we recall Prabhakar formula:

sOt)/*,B

1
= (s 4+ )7 (s > |A|a). (1.66)

S AGTIGES)

For simplicity we use A = 1. This convention does not restrict the generality of our
considerations.
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In Ref. [3], the authors treated the case 0 < o, 8,y < 1 with ay < B.
They discussed complete monotonicity of the function e}x/’ 8 by invoking a theorem
given by Gripenberg et al. [14]. This theorem gives conditions for the complete
monotonicity of a function f in terms of properties of its Laplace transform.
Here we use the method of the Bernstein theorem which relates the complete
monotonicity of a function f to the non-negativity of its inverse Laplace transform.
We also note that the complete monotonicity of the M-L functions has been
investigated and discussed in several works [6, 7, 13, 16, 22-24, 27, 32, 39].

We first present that, under certain conditions to be made precise later, the
function

egﬁ(;) = eg’ﬂ(t; 1)

is the Laplace transform of a non-negative function [46]. For this purpose, we will
bend the Bromwich path of the Laplace inversion formula into the Hankel path,
thereby using the Cauchy residue theorem for taking account of the singularities
which we sweep over.

The function s — ¢(s), which has a pole of order n at sp, possesses the residue
at this point given by

n—1

lim
(n — 1)! s—>so ds™—1

Res[¢(s); sol = {e()(s —s50)"}.

1

This last formula gives the coefficient of the power s~  in the Laurent series

expansion of ¢(s) (see [37]).
Lemma 1.1 ([46]) Let

Y(s) = (p.g > 0; neN).

S
(1 + s9)

Then the following assertion holds true:

. 17 (pHq+D n—1 1—
Res [l/f(s); ei’qk] ¢! (=P)n-1 Z ( Pk Ck,
q" (n—1)! (p—n+2)x

k=0
where
ce = (=1 > bh - b% (£ eNp) (1.67)
i+t =4t
(ijla"'ajnfe)
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with the coefficients bjf given by

by =biq)=80j+q 7 (1=80;) | = & o (j € No).

(1.68)

Proof In order to compute Res[y(s); e'g] let us transform s +1 (¢ > 0) as
follows:

1+s57=1+(s — e/ ~|—em/q)q

(0.¢]
-y <Z)ez(n/q>k(s _ ooyt

k=0
o0
—ir Z ( ) z(n/q)k ezn/q)k
k=1
(g+1) —( 4q K
— alglat _ /g —im/q _
=e 'q (s—e );<k+1>(e s—1)". (1.69)

For all p > 0 and n € N, by using (1.69), one has

Ps)(s — 7Y = T @D LZ:;) (ki 1)(e—m/qs - 1)"}

ln;(q-i‘l)p 1 n
:e , s |:1+'“+q(gj_1>(e_ms_1)g+”.i| .

(1.70)

—n

The next step is to invert the power series

00
Zaka,
k=0

where

1
aj = <.q ) Xy=e—s—1).
g\j+1
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By the well-known procedure, it can be found that

o]

—1
o
Za/’X‘é = ijXj,
=0

j=0

where the unknown coefficients b; are given by the following system:

J
q .
> (m L 1) bj-m=qdj.  (j €No).

m=0
Adapting the solution of the general Hessenberg type system considered in Ref. [8]
to the above system in b, Eq. (1.68) is obtained. Indeed, since [8, p. 738, Theorem
3.1]

1 0 0 0
0,6 1 o0 0
SN (U1 ) Bt € B
b;f:(_l)]bjz: q: q: : . ol
0 40 GG g1
0,5 4G oGL) 5@

one has bjj = 1, and the expansion along the first column yields (1.68).
We now look for the power series in X, which is equal to the n-th power of

o .
2_biXq,
j=0
that is,
o0 o n
Sy = (Snx1)"
£=0 j=0

so that

Cyp = Z bjl"“’bjtz

(ijl,--ajnfz)

= > (—Dfrttinnps L bE
it =t
(ijl,--ajnfz)
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Some fairly obvious steps would now give us the asserted form of
c¢. Thus, for instance, one has ¢y = 1, ¢; = 1 —g, and so on. By thi
Eq. (1.70) becomes

1/f(s)(s - elz)” = s’ ZCng;.

£=0

Related Functions

the coefficients
s simplification,

Next, by using the chain rule, one calculates the limit of the derivative as follows:

lim I:llf(s) (s - e’3>"]("71)

1
s—e 4

n—1

=P Y ke (1) R (- phaci
k=0

n—1

= ¢ a7 N (R = e (= phuci—k

k=0
Since
Dntm = (b)y - (b + 1),
upon replacing n by n — 1 and setting m = —k, it is obtained

(=Pn-1—k = (=pp—1 - (=p+n—1)_.

On the other hand, it is easily observed that

(=D
D= (o
Therefore,
g = CD P
S (p—n+2’

which can be used in Eq. (1.71) to get

n—1

) T n (nfl): T (p=ntl) o qvnel .
tim [v(s) (s —¢'7)'] ¢ &) (p>1§b

1
s—e 4

(1.71)

(I —n)
Ck
p—n+2);
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Hence
—  (-nk

'Ed e (p+q+1)(_ )n—l
Res [W(S),e q] = g" (n — 1! kX:(:)(p—n-i-Z)k *

Similarly, one finds

Ly e Py S (=
Res[w(s)e 1] = Y sy,

— 1
-1 =
which completes the proof of the Lemma.

Theorem 1.1 ([46]) Let Bry, denote the integration path

{s=0+11:0 >0y and T € R}

in the upward direction. Then, for allo € (0,1], 8 > 0, y > O and forallt > 0

sO()/*,B 1 ot S(Z)/*ﬂ
— ¢’ — L [K ﬁ]
211 Sy (5 17

Y oy — 71
Cop®) =L [(s"‘ + 17 7
(1.72)

and
s'n|: arctan rt sin(r @) + (B )
roev—>~ myy r¢ cos(ma) + 1 e ey
K} 4(r) = () , (1.73)
T [rz"‘ +2r% cos(mw o) + 1] 2
Moreover, foralla € (1,2], 8 > 0andy =n € N,
an—p _1\yn—1
ey =L"| ° 2T e
' (s¥ + 1)n a (n —1)!
1—
(I—n)ece (1.74)

n—1
x cos[tsin(T) —Z(B—1)] ;(an— —n+2)

where
o n—pB

—1 Sozn—ﬂ 1 st n
L = ¢ ds = L, [Ka ﬂ] :
(s* + 1) 21 JBr, (s + 1) ’

andcy (L €{0,1,2,---,n—1}) and bj = bj(oc) (j € No) are given by (1.67)
and (1.68), respectively.
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Proof By employing Prabhakar’s formula (1.66), one derives eg 8 () as the follow-
ing inverse Laplace transform:

14 (t) 1 / st Say_ﬂ d (0 < 2)
e = e s <«
o.p 2w Jgr  (s¢ 4+ 1)Y -

without detouring on the general theory of the M-L functions in the complex plane.
For transparency reasons, two cases (1) « € (0,1] and (2) @ € (1,2] are
considered separately. For all non-integer values of «, the power s* is given by

s% = |s|*e' ) (arg(s)| < 7),

that is, in the complex s-plane cut along the negative real axis.

The essential step consists of decomposing eg’ ,s(t) into a sum of two terms,
bending the Bromwich path of integration Br into the equivalent Hankel path Ha(p),
a loop which starts from —oo along the lower side of the negative real half-axis,

encircles the circular disk |s| < p« = 1 in the positive sense, and terminates at —oo
along the upper side of the negative real half-axis. Hence

el (1) = f14() + gL 4 (1=0) (1.75)
with

=" / A (1.76)
= (&4 S, .
*p 27t J _Haeey (¥ + 1Y

where the path —Ha(e) has the opposite orientation with respect to Ha(e), with
vanishing ¢ — 0, and

ghg(t) =) e Res[s7 P(s +1)77; 5],
i

where s; are the relevant poles of the integrand in (1.76).
Let y = n. In fact, in this case, the poles of order n turn out to be

sjzexp(l(Zj—i-l)Z) (larg(sj)| < 7).

1. If & € (0, 1], there are no such poles, since (for all integers j) we have

12j + 1|7 > an.
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Consequently, for all # > 0, the function gf; 8 (t) vanishes. So, in view of (1.76),
the display (1.75) becomes

o= [ e o as=n[x,]
e = (& § = ’
a,B 271 —Ha(e) (sa+1)y t o,f

where by the fact that here the values of the integrand below and above the
cut along the negative real half-line are conjugate-complex to each other (or,
alternatively, by the Titchmarsh formula [44]), this gives the stated formula
(1.73):

, | [ rer—b gm@r—p)
Ka,ﬂ(r) =_7-[ S (ra ema_|_1)y

Jay—p sin [n(ay — B) — y arctan (cosz%ﬁ)ﬁa)]

’

T [rzo‘ + 2r® cos(wa) + 1]g

which establishes the first part of theorem.
2. If ¢ € (1, 2], there exist two relevant poles given by

s+ =exp{£1] }

of order n located in the left half-plane for s + s*Y~#(s* + 1)~". Then, by
(1.67) and (1.68), one has

p=«a-n—p and q=a.

One thus concludes that
Y (1) =e* ! Res s + e’ Res s
= O ;S
8a.p (s* + 1" 1 (5% + 1)n 1

n) exp [m (n +1-— ﬂgl)] (—an + B)n—1

o (n—1)!

1

= exp (te

n—

. (I —n)kck
X
= ((@—Dn—28 +2)k

ﬂ) exp [—zrr (n r1- ﬁ(j)] (—an + Bn_

t —1
~|—exp<e @ (n— 1]
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n—1

(I — n)i ck
X]; ((@a—Dn—p+2),
2(_1)n+1 el cos(g)

T wt(n— 1)

cos[rsin(T)—Z(B—1)]

n—

1
(I —n)k cr
X .
= ((a —Dn—-g8 ~|—2)k
Therefore, by using (1.75), one deduces the assertion (1.74) of the theorem.
Remark 1.1 For y = 1 and B8 = y = 1, the expression in (1.73) reduces,

respectively, to the following well-known results:

r®=F r® sin(B) + sin[z (B — )]

el _
Ko p(r) =K,y g(r) = r2¢ 4 2 cos(mar) r® + 1

O<a<p<)

for the two parameter kernel [9, 10], and

a—1

Ko(r) = Ké () = r sin(wa)
’ T

0 <1 1.77
r2 4+ 2cos(ma) re + 1 O<e=<D (177

for the one parameter kernel (see, for example, [9, 10]).
Now, putting § = n = 1 in (1.74), we are led to the following:

Corollary 1.1 Forall @ € (1,2] and t > 0, the following assertion holds true:
o0 2
eq(t) = / e Ko(r)dr + e ) cos[rsin(T)]. (1.78)
0 (04
Moreover, foralla € (1,2], B > 0andt > 0,

> 2 ™
e pt) = /0 e " Ko p(r)dr + . ! 5(a) cog [tsin(T)—Z(B—-1)].

Since lim,_, o+ ey (t) = 1 from (1.72) and (1.78) one concludes:

Corollary 1.2 The following integral holds true:

o0 1, 0 <1
f Ka(ydr=1"  “°%=
0 1— 2,

1<a§2‘

Remark 1.2 Corollary 1.1 deserves a comment on its meaning in applications. In
the earlier works [9, 10], the authors explained and gave illustrative examples for
the formula (1.78). Therein, the first term on the right-hand side is negative and,
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by sign inversion, we get the complete monotonicity. We could call such behavior
completely monotone from below. For ¢ tending to infinity, it goes to zero slowly,
namely, like a power of ¢ with negative exponent. This can be shown by aid of the
well-known Watson’s lemma (see, e.g., [2]). However, the second term oscillates,
but with exponentially decaying amplitude. So, clearly, we have ¢,(07) = 1 and
then a superposition of a negative function tending slowly to zero by a cosine-
like oscillation with rapidly decaying amplitude. As a consequence, ey (¢) has only
finitely many zeros, a special type of oscillation (see the discussions and illustrations
in the aforementioned works [9, 10]).

It is important to note also that, for the function ey g(#), one has the same
qualitative behavior by following the same reasons.

Definition 1.1 ([38]) A given function f : [0,00) — [0, 00) is said to be
completely monotone if f is continuous on [0, co), infinitely differentiable on
(0, 00) and satisfies (—1)" f™(x) > Oforx > 0,n € 0, 1,.... According to the
Bernstein characterization theorem, the completely monotone functions appear as
Laplace transforms of non-negative locally integrable function K (¢), t > 0, which
is called the spectral function, for which f(s) = fooo K(t)e™Stdt.

As it was showed, the function eV Fi) is completely monotone whenever o €
0,1,0 < ay < B < 1 [46], and therefore by the Bernstein theorem [38] the
spectral function K, v B is non-negative for the same range of the parameters.
Furthermore, the followmg results hold true.

Theorem 1.2 ([31]) One has that

/ooKy o !1, ae (1], y >0,
ar)dr = 2(=1)n-! 1 (-
o ¢ a(,,(n) N Yo (nga_'gfl)l, ae(1,2], y=neN.

(1.79)

Proof By letting t — 07, it is obtained

o
1_tglg eal(t) _/O Kg’l(r)dr, ae(0,1], y >0, (1.80)
and
>0 2" A d-nyg

/0 a1) r+a"(n—1)!l§;(n(a—1)+1),’ ac(.2. y=nech
(1.81)

where ¢; are coefficients given by (1.67). From this, the claim easily follows.

The kernel K (r) has been studied in Ref. [10], and the general spectral function
K (i/ 8 (r) has been extensively analyzed in Ref. [24].
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One concludes by emphasizing that, if @ € (0, 1], 0 < ay < 1,r > 0, the kernel

qay—1 sin ()/ arctan (rarc(fsigg’;‘;‘il) + (1l — ay))

, (1.82)
(rz"‘ + 2r® cos(mwar) + l)y/2

Ko)z/,l(r) =

is the density of a probability measure concentrated on the positive real line.
Graphical representation of K Z’l(r) is given in Figs. 1.6 and 1.7. For additional
graphical representations of the function (1.82), we refer to Ref. [31].

0.12j‘
0.10F ]

0.08}

oym ()

0.06F
0.04F

0.02F

000 ‘ ‘

102,

10" -

La(r)

100,
10—1,

10721

10—3 I I I L L I
107 1073 1072 107" 100 10’

(b) r

Fig. 1.6 Graphical representation of the function (1.82) for « = 0.5, and y = 0.2 (blue line),
y = 0.2 (red line), y = 0.2 (green line), y = 0.2 (pink line); (a) linear scale, (b) log-log scale
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Fig. 1.7 Graphical representation of the function (1.82) for y = 2, and « = 0.1 (blue line),
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Chapter 2 )
Generalized Differential and Integral Shethie
Operators

From the time of discovery of calculus by Leibniz, he studied the problem of
fractional differentiations. 30 September 1695, the day when Leibniz sent a letter to
L’Hopital with a reply of the L’Hopital’s question related to the differentiation of a
function of order n = 1/2, became a birthday of the fractional calculus. By using the
Leibniz product rule and the binomial theorem he obtained some paradoxical results.
Euler partially resolved the Leibniz paradox by introducing the gamma function as
1-2-...-n =n! = I(n+ 1). Therefore, the fractional calculus has attracted
attention to a range of celebrated mathematicians and physicists, such as Leibniz,
Euler, Laplace, Lacroix, Fourier, Abel, Liouville, Riemann, Griinwald, Letnikov, to
name but a few.

Fractional derivatives were defined either by extension of fractional integrals
of negative order or by integer order derivatives of fractional integrals. Fractional
integrals were introduced by generalization of multiple integration

t pta— t
(Ierf)(t):/ / l.../lf(tn)dtn...dtzdtl

1

t
= 1)v/ (t — )" f(r)dr, 2.1

where the order of integration n was changed with non-integer order > 0, i.e., by
substitution of (n—1)! by gamma function I" (w). In this way the Riemann—Liouville
(R-L) fractional integral was defined.

Abel in 1823 studied the generalized tautochrone problem and for the first
time applied fractional calculus techniques in a physical problem. Later, Liouville
applied fractional calculus to problems in potential theory. Nowadays fractional cal-
culus receives increasing attention in the scientific community, with a growing num-
ber of applications in physics, chemistry, biophysics, viscoelasticity, biomedicine,
control theory, signal processing, etc. The fractional derivatives and non-local
operators nowadays are applicable to systems with memory and to describe the
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long range interactions. For details of different definitions and applications of
the fractional derivatives and integrals, and different fractional equations and
models that are not a part of this book, we refer to the literature [2—4, 6, 7, 11—
13,24, 29, 35, 39, 40].

2.1 Fractional Integrals and Derivatives

The R-L fractional integral of order © > O with lower limit a is defined by
generalization of the multiple integration formula (2.1) by the following convolution
integral [44]:

t
! F@ dr, t>a, NR(u) >0. 2.2)

Iz _
V) O= gy |y @ 2 opn ™

To complete the definition (2.2), for © = 0 it is used

(18:) 0 = ro.

By definition (2.2) it follows that

o1, = I(;)/:(s = 1§, 1].. (semi-group property) (2.3)
) r 1 )
I(J)/_irtA = F(s(~|s——1i_~|—)y)t&+y’ y>0, s>-1, t>0. (2.4)

The Laplace transform of the R-L fractional integral reads
L1, f®O] =sTHLLf0)]. (2.5)

Lemma 2.1 The R-L fractional integral If 4 of order n € C, W(u) > 0, is bounded
in the space L(a, b), and

I fIl < AllfIh

where

b - a)?“(u)
CORWIr (Wl
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The R-L fractional derivative of order u > 0 with lower limit a is defined by
Prudnikov et al. [44]:

d\" /.. 1 a ! e
(e Dl ) () = (m) (G5 7) O = iy am [a=orr @,
(2.6)

Rw) >0, n=[Mw]+1,

where [ ()] is the integer part of the real number (). By definition it follows

(D8.f) 0 = fa.

Contrary to the case of R-L fractional derivative of a given function, where one
first applies fractional integration to the function and then ordinary differentiation,
the Caputo fractional derivative of order © > 0 with lower limit a is defined by
Prudnikov et al. [44]:

I _ n—u d\” _ 1 ! n—p—1 d"
CDa+f(l)—<1a+ (dt) f) (t)_F(n—M)/a t—o"" dgn ! (4T,
2.7)

where the order of fractional integral and ordinary derivative is exchanged. These
fractional derivatives have been used instead of the ordinary time derivative to
describe anomalous diffusion and non-exponential relaxation processes. In the
next chapters we will demonstrate different applications of these derivatives and
integrals.

The so-called Riesz fractional derivative of order o (0 < o < 2), a&a‘a , 1s given
as a pseudo-differential operator with the Fourier symbol —|k|%, k € R [17, 44]

30(

—_ g1l _ e
amaf(x)—f [—1kI* F (k)] (x), (2.8)

where
Fk)y=Z[f(0)] ) = f et dx (2.9)

is the Fourier transform of the function f (x). Note that the inverse Fourier transform
is given by

o]

f(x)=Z ' [Fx)](x) = 2; / F(ic)e " d. (2.10)

—00



32 2 Generalized Differential and Integral Operators

The Riesz derivative is defined by

¢ _ 1 o0  e—a—l
G ZF(_Q)COSagf x— E17 £ (6) s,

—00

O<a<l, l<a<? 2.11)

Its regularized representation, valid also for « = 1, reads

aaaf(x) =F(1+Q)Sin 5 /00 f(x+§)—2{J(rxa)+f(x_$) .
ol 2L é

0O<a<?2.
(2.12)

The Riesz space fractional derivative has been used to describe, for example,
superdiffusion processes, i.e., the famed Lévy flight process. For further details to
the properties and relations of the Riesz and related fractional derivatives, we refer
to [1, 3, 24, 44, 45].

Here we also define the Riesz—Feller derivative of order « and skewness 6, given
by the following Fourier transform formula [17]

F [ D F )] () = =g ().F [f ()] (), (2.13)

where
(% o : O
Yo (k) = |k|” exp | 1sign(x) ) ) O<a<2, |0 <{a,2—0a}.

Riesz—Feller fractional derivative is a pseudo-differential operator whose symbol
wg («) is a logarithm of the characteristic function of a general Lévy strictly stable
probability density with stability index « and asymmetry parameter 6 (for details,
see Mainardi et al. [38]). For & = 0, one obtains the Riesz derivative (2.8).

2.2 Composite Fractional Derivative

Considering problems of generalized time fractional evolutions, Hilfer further
generalized the R-L and Caputo fractional derivative as a combination of both
fractional derivatives. Therefore, the generalized R-L fractional derivative D(’)ﬂ’r” of
order 0 < p < 1 and type 0 < v < 1 (named as the Hilfer fractional derivative
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[50, 57] or composite fractional derivatives) is defined by Hilfer [29]

(DI f) @) —( Ly ’“‘)cf (Iéi”)“’”f)) ). (2.14)

where 0 < v < 1,0 < pu < 1. Note that in case when v = 0 the generalized
R-L fractional derivative (2.14) would correspond to the classical R-L fractional
derivative

d
(D f) 0 = | (167 F) 0 = /(t—r) hf(r)dr,

( w) dt
(2.15)

and in case when v = 1 it would correspond to the Caputo fractional derivative [9]
(or sometimes named as Liouville fractional derivative [29])

_nd 1 ! _.d
(cDy, f) (1) = (Iéi “)dtf) (1) = r(l—u)/a“_t) v o
(2.16)

We denote by AC"[a, b], n € N, the space of real-valued function f(¢) with
continuous derivatives up to order n — 1 on [a, b] such that £~ belongs to the
space of absolutely continuous functions ACla, b], that is [42]

n—1

(AO)" = {f [a, b] a1 (x) € ACla, b]}

The definition (2.14) for composite fractional derivative is extended by Hilfer,
Luchko, and Tomovski forn — 1 < u < n,n € N [32] as follows:

v V}’l d v)(n—
(D5 f) (t)—( ¢ ‘”dn (1(1 ) ’”f))(t). 2.17)

1f 17707 £ (s) € ACK(0, +00), with ¢ € (n — 1,n] and k € [0, n — 1], then
the Laplace transform formula for the generalized (R-L) derivative operator [58]

Z (D" f) () =s" L1 D1 (5)

— Z [ lim (I(n w(d— V)f) (l‘):| gV u—n)tn—k—1 (2.18)

Lk
kot—)Odl
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is valid for any summable function f € L(0, co). Therefore, the Laplace transform
of the R-L and Caputo fractional derivatives becomes

n—1 k
d
L (kLD f) (5) = LU D) () =Y [hm (e )(t)}
k=0
(2.19)

n—1 k
d
Z (DY f) () =s"L1f D1 () =) [,E‘Bl dtkf(t)}s““, (2.20)

k=0

respectively. From here one observes that the initial values in the case of R-L
fractional derivative are given by R-L fractional integrals, and for the Caputo
fractional derivative they are in a same form as for the ordinary derivatives.

In the space of the functions belonging to AC™[a, b] the following relation
between R-L and Caputo derivatives holds.

Theorem 2.1 For f € AC"[a,b), m = [a], a € RT\N, the Riemann-Liouville
derivative of order a of f exists almost everywhere and it can be written as

)kfa

DY, f(t)=cDe ft)+ Z f(">(a+). 2.21)

I'(k—
The above theorem gives the set of functions where the R-L derivative can be
regularized. Moreover, if f (1) € AC™[a, b], one has
dk
lim I’” “f@)=0, 0<k=<m-—1. (2.22)
t—a+ dtk

Indeed, taking the Laplace transform of both sides of (2.21) the equality holds if
(2.22) is true.

Also, for a given function with zero initial condition the following formula is
satisfied [57]

D (DG 1) 1) = (g f) (0. (223)

In Ref. [29] it was shown that for 0 < p < 1 the Laplace transform of the
composite fractional derivative (2.14) is given by

2[4 1] () =" L 101 5) = 5"V (157707 1) 04,
(2.24)
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where the initial value (Ié_l;v)(l_“)f ) (0+) is evaluated in the limit # — O+ in the
space of summable Lebesgue integrable functions

L(0, 0) = {lelflh =f0 ()] dt <oo}. (225)

The initial values that must be considered are of the form (Iérv)ﬂ*“ ) HO+),
i.e., on the initial value of the fractional integral of order (1 — v)(1 — w). These
initial values do not have a clear physical meaning unless v = 1. In order to obtain
aregularized version of the Hilfer derivative, we must restrict ourselves to the set of
absolutely continuous functions AC'[0, 5] and therefore applying Theorem 2.1 we
obtain, for u € (0, 1),

v v(a—p d —v)(1—

dr
_ vy d _ YRV TR
_ Iv(l ,U-)I(l v)(1—p) ¢ IV(I D) 0t
(w . ol )OI L O
Yo+ T roh=entro+ L FOM
0 g ra—p —Tor ra—p ’

(2.26)

where we used the well-known semi-group property of R-L integrals and where
CDg+ is the Caputo derivative (2.7). From (2.26) it follows that in the space
AC'[0, b] the Hilfer derivative (2.14) coincides with the Riemann-Liouville deriva-
tive of order u, and the regularized Hilfer derivative can be written as

Dy f(t) - )f<0+>, (2.27)

I'l—pu

which coincides with ¢ Dg+ and which in fact does not depend on the parameter v.

Remark 2.1 Note that if we consider proper initial conditions the R-L and Caputo
derivatives are equivalent since

(cDy, f) @) = (reDy, f) @) — 1O (2.28)

ra-

where 0 < u < 1.
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Lemma 2.2 ([S7]) The following fractional derivative formula holds true:

(i [ =) o0 = Fg(f)m (x—ay (2.29)

x>a,0<pu<1,0<v<1,R0) >0).
Theorem 2.2 ([57]) The following relationship holds true:
(ijjr” [(z —aff T EL o - a)“]]) W =G-af " E, o -],
x>a,0<pu<1,0<v=<1,y,0weC, R >0, R(B) >0).
From here one obtains the following relation

DY, [rﬂ £

o, p+1 (_“)ta)] = tﬂ_yEi,ﬂ—yH (_wta) ) (2.30)

a>0,8>0,y >0,8 >0, wis aconstant, as well as

g, [IﬂEg,ﬂH (_‘”ta)] =tV E, gy (Cot”). (2.31)

For more interesting relations with fractional integrals and derivatives, we refer to
[24, 29].

In addition to the space L (a, b), we shall need the weighted L” — space with the
power weight. Such a space, which we denote by x? (a,b) (ceR;1 < p <o0),
consists of those complex-valued Lebesgue integrable functions f on (a, b) for
which ”f”X{? < 00, with

b dr 1/p
IIfIIXg=</ |th(r>|”t) . (1<p<o0).

In particular, when ¢ = 1/p, the space X’ (a, b) coincides with the L? (a, b) —
space: X f /p (a,b) = L? (a, b). We also introduce here a suitable fractional Sobolev
space Wf jrp (a, b) defined, for a closed interval [a, b] in R, by:

WP (Gy={f:feLP(a,b),Dy,felLl(ab), (0<p=<D}.

Alternatively, in the next two theorems, we can make use of a suitable p-variant of
the space LZ . (a, b) which was defined, for i (1) > 0, by Kilbas et al. as follows:

Ly @b ={f:feL(b) and Dy, feL(ab) Mg >0}.
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Theorem 2.3 ([57]) For0 < u < 1,0 < v < 1 the operator D(’fjrv is bounded in
the space W=l (g by and

’ . (b — a)v(lfu)
|2l < 4 foi 4= -
1 v(l =) 'y (1 = pw)]
Proof Using a known result we get
- a)v(l—u)
DM v V(l W) D/H-v /w IH'V /w
[Das el = | as =
Lmvd=w) v —pw)]

The weighted Hardy type inequality for the integral operator /7, is stated as the
following lemma:

Lemma23 If1 < p < ocoand pu > 0, then the operator I(’)L_‘_ is bounded from

L? (0, c0) into Xl/p " (0, 00):

o I/p 2 (1/p/)
up P q
</o (1) ) x) =T u+1/p)

00 1/p 1 1
x(/ If(x)lpdx) et
0 p P

Applying the last two inequalities to the fractional derivative operator D" + one
gets

00 I/p
(5 lotz e o)
0

F(l/p/) * J+v—py P 1/p 1 1 _
SF(v(l—m+1/p></o (P 1) dx) Tyt

(2.32)

Hence we arrive at the following result:

Theorem 2.4 If1 < p <ocoand0 < u < 1,0 < v < 1, then the operator D(’)L_LV is
bounded from WHTV=HY-P ((), 00) into Xl/p (0, 00).
Theorem 2.5 ([46]) Letn —1 <p<nneNO<v<L0<p< 0 ..

qg > 1 IfDﬁrv(n*mf € L9(a, b), then the following inequality holds true:

’ v b +v(n—p) q
/ (D ) ]! de < € f (it ) oo a, (233)
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1 1 _
where » + g = 1, and

1 b — a)q[V(’l—ll«)—l]-i'Z-H

C= .
[F o= ) [ —w) = Dp + 177 (glvn — ) =11+ 9 +1)

Proof Since

v 1 x vin— — vin—
(D7 f) ()] < F(v(n—u))/a (x — y)'r= 1‘(D5f( “)f) (y)‘ dy,

by using the Holder’s inequality for {p, g} one has

X 1/p
|(DI5Y f) (0] < ! (/ (x — y)=m=Dp dy>

RRACICED)
x 1/q
x ( / (e )y o dy)
1 (x — a)”("*l/-)*H»;

= P = 10) [0 — ) — Dp + 17177

x ( f b (a0 p) o' dy)l/q.

Thus, one finds

1 ()C _a)q(v("*l/-)*lﬂ‘;{,

T'wn— ) [(v(in —p) — Dp+119/7

<[ | ) oo o

|(D!5Y ) 0] < [

By integration of the both sides from a to b one finishes the proof of the theorem.
Corollary2.1 Let0 < p < 1,0 < v < 1,0 < p < 171;(117,0’ qg > L
IfD(’ij(l_“)f € Li(a, b), then the following inequality holds true:

b v b +v(1—p) q
f (D ) | dx < € / (Dt p)y ol a, (234)

1 1 _
where » + g = 1, and

. 1 b —a)?vd-mw
I =) [ =) — Dp+ 1197 (gv(l — )’
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For the case with v = 1 one obtains the following results.

Corollary 2.2 ([33]) Letn — 1 < pu <nneN 0 < p < 1—(5—;»’ g > 1.
If f e L4(a, b), then the following inequality holds true:

b b
[ lentinmpar=c [Tro0f a. 235)
a a
1 1 _
where s te = 1, and

1 (b — a)dn—m
[T = 1 [((n = ) = Dp + 1177 (g = )

Corollary2.3 Let0 < pu < 1,0 < p < }V g > LIf f™ e Li(a,b), then the
following inequality holds true:

b b
[ leptin @l ar=c ["[rmm (2:36)

1 1 _
where » + g = 1, and

1 b —a)?d-mw
A=Wl - pwP g1 — W]

Let us comment on the importance of application of the Hilfer-composite
fractional derivative (2.14). It has been argued that time fractional derivatives are
equivalent to infinitesimal generators of generalized time fractional evolutions that
arise in the transition from microscopic to macroscopic time scales [30, 31]. In
contrast to the first order time derivative, which is an infinitesimal generator of
a simple time translation, the fractional derivative of order 0 < o < 1 is an
infinitesimal generator of a macroscopic time evolution, whose kernel is the one-
sided stable probability density with stable index « [30, 31]. This can be explained
by considering time evolution defined as a simple translation

T [f(s)=f(s—1) (2.37)

which acts on the given states f(¢). Thus, the infinitesimal generator of the time
evolution (2.37)

I T f@s)— fs) _ df(s)
1m = —

2.38
t—0 t dt ( )

by definition represents first order time derivative. From the other side, for long time
scales, the macroscopic time evolution instead of simple translation can represent



40 2 Generalized Differential and Integral Operators

fractional time evolution 7, (¢) of form

d
zsw = [ ra-on (7)) (239

t

which acts on a given state f(zp) [25, 26, 28, 29]. In relation (2.39) hy (x) represents
one-sided stable probability density of stability index 0 < o < 1

b ) — 1h x—c 1 10 bl/e
alx; ,C)—bl/a o pl/a Ol()C—C) 1,1 X —c

(apa Ap)
(bg, By)
generator of fractional time evolution [25, 26, 28, 29]

0, D
0, I/e)

} . (2.40)

m,n
where H) [Z

i| is the Fox H-function (1.40). Thus, the infinitesimal

. Ta)f(s) = f(5) _
1m

lim ) —D§, f(5) (2.41)

represents time fractional derivative of order . Operators 7, (t) form a semi-group,
fulfilling the basic semi-group property

Tu(t1) T () = Tu(t1 + 12). (2.42)

Because of this and since Z(t) = 7 (¢), the fractional time evolution .7 (1)
is called fractional translation [30]. Thus, the transition from microscopic to
macroscopic time scale leads to replacement of .7 (¢) with 7, (¢), i.e., replacement
of — w1th Dy, . This transition from first order time derivative to fractional order
time derlvatlve arlses in physical problems as shown by Hilfer [25-29], for example,
in discovery of the non-equilibrium phase transitions [25].

The Hilfer-composite time derivative was used by Hilfer to successfully describe
the dynamics in glass formers over an extremely large frequency window [30, 31].
He investigated composite time evolution or so-called composite fractional transla-
tion by combining the simple translation .7 (¢) and fractional translation .7 (¢) [30]

To (i) = T (1) To (1at) = T (it) T (r161) , (2.43)
where 0 < ¢ = ? < 00 is the ratio of time scales. Hilfer [29] also showed that
T (t) and F,(t) commute, i.e., (7 (1) (Tu(t2) f)) (to) = (Tu(t2) (Z (1) 1)) (t0),

and that .7, represents a semi-group fulfilling the basic semi-group property

Ta(t1) Ta(12) = T (11 + 12). (2.44)
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In this case, the infinitesimal generator of composite fractional evolution is given

by lim;_¢ %(?_1 [30]. By using the composite fractional relaxation equation,

he obtained that the composite fractional susceptibility can be used for fitting
experimental data of glycerol in wide domain. From a practical point of view the
description in terms of composite-fractional operators increases the versatility of the
solution of the dynamic equation in the description of complex data. The fact that
with comparatively few parameters excellent fits are possible, justifies the physical
relevance of this approach.

2.3 Hilfer—Prabhakar Derivatives

We consider here a generalization of the Hilfer derivative by substituting in
Eq. (2.14) the R-L integrals with a more general integral operator with kernel

e o) =1"""E}  (ot’), (2.45)
reR, popoy €C R(p). R > 0,

where Ez, () is the three parameter M-L function (1.14).

Definition 2.1 (Prabhakar Integral [43]) Let f € Ll(a, b),0<a<t<b<=<oo.
The Prabhakar integral is defined as

B war O = (fxel )0

t
- / (t =y LEY, (00 — 1)) ) dy, (2.46)

where p, 1, w, y € C, with R(p), R(u) > 0.
For y = 0, the integral (2.46) coincides with the R-L fractional integral (2.2).

Theorem 2.6 (Hardy-Type Inequality [42]) Let p,g > 1, 1/p + 1/q = 1,
a,B,y,w>0.If f € L1 (a, b), a < b, then the following inequality holds true:

’ E’ f)® Tar<c ’ | ()]9 dr, (2.47)
; ‘( o, B,w,a+ ) ‘ ;
where

C = [efx/’ﬁJrz’w b - a)]q .
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Ifa € (0,1), ay > B — 1, one has

b
/
where K = M (b — a)4/P*!, and the constant M is given by

wo  n=r)r ()

" mawB-D/e[(y) (cos(ra/2)) ~F-D/e

b
(EZ,ﬁ,w,a+f) (f)‘q dr < K f If (O] dt, (2.48)

Proof By applying Holder inequality one finds

‘(Eg,ﬁ,w,ﬁf) (t)‘ S/at eg’ﬂ’w (r — ‘[)‘ |f (7)] dr

t » 1/p t 1/q
S(f p = D) dr) (f @ dr)

b 1/q
Segx/,ﬂ-i-l,a) (t—a) (/ [f )7 dl) . (2.49)

Therefore,

(B poar ) O [ pnot-o] ( / "l dr) , (2.50)

forevery ¢ € [a, b]. Consequently, one obtains
b g b q b
/ ‘(Eg,ﬂ,w,a+f> (t)‘ dr 5/ [eZ,ﬁH,w (1 —a)] dr (/ \f 01 dt)
a a a
b q b
= (/ Copito @) dt) (/ lf @ dt)
a a

Y a [P
= [ea,,s+z,w (b— a)] / If 7 dr. (2.51)

In the last step we made use of formula (5.5.19), page 100, in [24]. The proof of
(2.48) can be shown in a similar way.

Definition 2.2 (Prabhakar Derivative [19]) Let f € Ll[O, b,0 <x < b < o0,

and f % e;f;nfu’w(d e wm! [0, b], m = [u]. The Prabhakar derivative is defined by

ar __
14 14
Dp;ﬂsw,0+f(x) = dxm Ep,mflu’a)’()+f('x)a (252)

where i1, 0, ¥, p € C, H(n), R(p) > 0.
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The R-L integral (2.2) can be expressed through the Prabhakar integral as
follows:

LT f ) = ED i) w0s L (0, (2.53)
and thus
Y d” -y
Dp,,u.,a),()+f(x) = dxm Ep,mflu,,w,()+f(x) (254)
d"m—ur6) p—
= gm0+ p9a)0+f(x)
= D”+9Ep ool f (), 0€C, %REO) >0. (2.55)

For the Prabhakar derivative in the R-L form we also use the notation
RL @Vw 0+ f(x). Here we use the following useful relation:

E o o0r B w0 fO) =BT o (). (2.56)

The inverse operator (2.54) of the Prabhakar integral is a generalization of the R-L
derivative.

As a generalization of the Caputo derivative, one introduces the regularized
Prabhakar derivative, for functions f € AC™[0,5],0 < x < b < o0, as follows
[15,19]

m

d
D) oot FOO=E Lot gom T ®

o
=D) oS = D THET L (0x?) fP04).
(2.57)

Proposition 2.1 ([19]) Letu > O0and f € AC™[0,b],0 <x < b < 00. Then

m—1

k
D o f@ =Dl o |:f(x) -y )/‘d f(k)(o+)]. (2.58)

k=0

We next define the Hilfer-Prabhakar derivative, interpolating (2.57) and (2.54).

Definition 2.3 (Hilfer-Prabhakar Derivative [19]) Let ©# € (0,1), v € [0, 1],
andlet f € L'[a,b],0 <1 < b < oo, fxe, (| " () e AC'[0,b]. The
Hilfer-Prabhakar derivative is defined by

d o-ya-v
80 = (B o g & S wos D) O 259
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where y, w € R, p > 0, and where

E) 000p /() = f(x).
One concludes that (2.59) reduces to the Hilfer derivative for y = 0. Moreover, for
v = 1 and v = 0 it coincides with (2.57) and (2.54), respectively (m = 1).

Lemma 2.4 ([19]1) The Laplace transform of the Hilfer-Prabhakar derivative
(2.59) reads

_ d /_,q-
yv y(1—-v)
Zz [Ep,u(lm,w,OJr d (Ep,(lv)(lu),a),0+f)i| (5)
= sH*[1 —ws PV LI f1s) — s IH[1 — ws PV

—y(1-v)
X I:Ep,ng—vl))(l—ﬂ),g),()_kf(t)] (2.60)

=0+ ’

Proof From the Laplace transformation of the three parameter M-L function it
follows

L[ @) | () =571 — s, (2.61)

where y, w, p, u € C, R(w) > 0, with s € C, N(s) > 0, |ws™| < 1. Therefore,
one has

- d/ —ya-
yv y(1-v)
Z |:Ep,v(lu),w,0+ d (Ep,(lv)(l,tl.),w,0+f>i| ()

- d __,a-
1-pw)—1 (1=v)
:g[tv( w Ep’zflfﬂ)(mp)] (s).f[dt(EprlU;(IM)’w’0+f):| ()

= s VU] Z 5PV & [t(l’”)(““)*lE;}’l(:;()lim (wﬂ’)] (s) ZLf1(s)

—v(1-p) - )
—s VU — ws p]yvI:EP,(1*V)(1*M),wy0+f(t):|t:0+

= sH[1 —ws PV L[ f1s) — s "UM[1 — ws PV

—y(1-v)
< [T w0 S O] (2.62)

=0+

In order to consider Cauchy problems involving initial conditions depending
only on the function and its integer-order derivatives, as in the case of Caputo
fractional derivative, one should use the regularized version of (2.59), that is, for
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f e AC'[0,b],ie.,
@V’V- _ E*Vv Efy(lfv) d
c?y w0+ SO =E, (1) 0.0+ p,(lfv)(lfu),w,0+dtf )

~ d
= Epi-pw.0+ g, [ ) ©- (2.63)

Remark 2.2 We note that, in the regularized version of the Hilfer-Prabhakar
derivative (as well as in the regularized Hilfer derivative, see (2.26)), there is no
dependence on the interpolating parameter v.

Lemma 2.5 The Laplace transform of the operator (2.63) is given by D’ Ovidio and
Polito [15]

LI o F16) = 541 —ws ™) ZIf1(s) = s* 711 — ws ™) f(0+).
(2.64)

Proof The proof is similar to the one in Lemma 2.4.

From Lemmas 2.4 and 2.5 one has that the relation between the two operators
(2.59) and (2.63) is given by

DY yor SO = D)o f(O) —17FE T (1) f(04), (2.65)

observing that, for absolutely continuous functions f € AC 1 [0, b],

—y(1-v)

B w0 f O], =0, (2.66)

and
s [s“_l(l —a)s_p)y] (0) fOF) =t 7HE Y (t”) (0. (2.67)
Theorem 2.7 ([42]) Let o € (0,1), y,0 > O, anday > —1 > 0. Ifp €
L? (a,b), 0 < p < 1, then the integral operator Eg’ﬁ’w’aJr is bounded in L? (a, b)

and
B pare] < Mgl (2.68)

where the constant M, 0 < M < oo, is given by

)
a ’ o
raw’e [eos (F)] e

M= b—a)lr, (2.69)
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where

_ rr)
Bl =i

is the beta function [16].
Proof In order to prove the result it is sufficient to show that

y P b p
[ pavel, =
a

/x (=0 EL g (0lx —1]") (1) dr| dx < oo,

(2.70)

This can be done by recalling the well-known integral inequality

/xf(t)dt

and the uniform bound of the function eZ’ B (1) (see Theorem 3 of [59]). Therefore,
one obtains

et gl = ([
B _ P
F(y—ﬂal>F<ﬂ“1) /b</b|¢(t)l” df>dx

P X
S/ [fO1Pdt, 0<p<TI, (2.71)

14
egyﬂ,w (x—t)‘ lp (1)]P dt) dx

IA

£-1 To V—ﬁil
Tow o I'(y) [cos( 2 )] @
p-1 p-1 P
B ()/ A ) p
<@b-a e 2.72)

raw’« [cos (”2“)]V_ «
This completes the proof of the theorem.

Theorem 2.8 ([42]) Let« € (0,1), y,0o > 0, anday > B —1 > 0. If ¢ €

L? (a,b), p > 1, then the integral operator EZ,ﬂ,w,a+ is bounded in L' (a, b) and
v (b —a)?t! v
)Ea,ﬂ,w,ale =M g+1 el (2.73)

where 1/p+1/qg = 1.
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Proof By Fubini’s theorem and Holder inequality, it follows

b X
‘Eg,ﬂ,w,a#le Z/H /a (x =P E] g (0lx —11%) ¢ () di| dx
b b
5/ lo ()] </ e p X —t)‘ dx) dt
a t
b b
§M/ |(p(t)|</ dx) dr
a t
b 1/p b 1/q
= M(/ lp ()17 dt) (/ (b —1)? dt>
b —ayr+1 "
= M[ g+ } lell, (2.74)

where the constant M is given by (2.69).

Theorem 2.9 ([42]) If f € W™!'(a,b), y,o € R.m = [ul, p > 0,
then regularized Prabhakar derivative is bounded in L' (a, b) and the following
inequality holds true:

|eD) pwarf], <K Hf m) H1 2.75)
where
00 . N k
K=t-ay+y = o (0 = ay"= [
= 1T (ok +m — )| (pk +m — ) k!
(2.76)

Proof Using the L! estimate for the Prabhakar integral operator (see [34]), one finds

D’ =|lEY d”
”C p,u,w,aJrf”1 = pm—jL,w,a+ dt’"f

= 4 H Fm H1 . 2.77)

Theorem 2.10 ([42]) If f € Wl (a,b), y,0 € R, u € (0,1), p > 0, then
the regularized version of the Hilfer-Prabhakar derivative C.@Z”a’i o is bounded in
L' (a, b) and the following inequality holds:

”C‘@/J;;g,d+f”1 =K ” f/i 1 (2.78)
where
00 1—wlk
_ (=¥ (b —a)' =]
K=@®-a! | 2.79
( 9 ,;W(,Ok—i-l—u)l[pk—i-l—u] k! ( )
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Proof Here we use again the L' estimate for the Prabhakar integral operator [34],
to obtain

_ d )
ettt = | (B e )| <K 171 @50

Proposition 2.2 ([42]) The following relationship holds true for any Lebesgue
integrable function ¢ € L' (a, b):

s 85—
(DYEN B 5 s ) = EL ), 2.81)
wherey,8,w € R, p,A >0, u € (0,1),v €[0,1], A > u+ v — pv. In particular,
(DYha B i ) = U ). (2.82)

Proof Using the semi-group property of the Prabhakar integral operator [34], one
obtains

Vo,V ) —yv
T B s O = (B0 e
d (-
y(1-v) s
dr (Ep,(lv)(lM),w,a+(EP,l,w,a+f))> ®
_ (g d (gra-n-+s .
- pv(l—p),w,a+ dr p,(l—v)(l—,u)-i—)n,w,a-i-f ( )

_ (v —y(—v)+s

- (Ep,v(l—p,),w,a+ (Ep,(1—v)(1—ll«)+)~—1,a),a+f)) (0
5_

=&, L par . (2.83)

Proposition 2.3 ([42]) The following composition relationship holds true for any
Lebesgue integrable function ¢ € L' (a, b):

(DY tyasLiv)) = E® ) 9), (2.84)

where y,w € R, p, A >0, e (0,1),ve[0, 1, A>pu+v—puv.

Proof 1t is sufficient to prove the first relation. The proof of the second follows the
same lines. We have

- d /—ya-
YoV ph — yv y(1-v) A
(@p,w,(H»(Ia-i-(/))) 1= <Ep,v(1,u,),a),a+ dt (Ep,(1—u)(1—ﬂ),w,a+la+(/))) ()

_ d /—ya-
_ yv y(1=v)
= (Ep,v(l—,u),w,a-i- dt (Ep,(IV)(IM)H,w,aJr(p)) @)
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_ —yv —y(1—v)
- (Ep,v(l—u),w,mr (Ep,(1—v)(1—lt)+k—1,w,a+(p)) )
= E,} a9 (2.85)

Example 2.1 ([42]) Here we calculate the nonregularized Hilfer-Prabhakar deriva-
tive of the power function tP=1 p > 1, with a = 0. As in Definition 2.3, we
consider u € (0, 1),v € [0, 1], y, w € R, p > 0. We obtain

(@W’” ﬂ’*l) (x)

p,0,0+
_ E_VV d E_}’(l_V) tp*l ( )
- p,v(lf,u.),a),Oert p,(1=v)(1—w),w,0+ X
—ro(E7 d (L a-na-wtp-1 g=ra-v) (")) @)
= WP Fowv-m.o.0t g, P (1= (=) +p \P x
— —yv (1) (1-p)+p—2 =y (1-v)
=TI (p) (Ep,v(lfu),a),(H»t TR (w1 (“’tp)) )
X
=:F<p>[;(x——o““—m—lE;ig_m(w(x-oﬂ)

(1=v) A=) +p—2 =y (1-v) _ —u—1 o=y
x U TWUETTP Ep,(l—v)(l—M)er—l (a)t”) dt = xP™H E, (a)xp).

(2.86)

Example 2.2 ([42]) Next, we calculate the (nonregularized) Hilfer-Prabhakar
derivative of the function eZ,ﬂ,w @) forpw e (0,1),v €[0,1], y,0 € R, p > 0,
B > 1. Thus, one has

Yoy oy
(Z0i5eh 50 ®) )

— (g7 d E—V(l—v) 1%

= Fova-w.0.0+ g 0. (=) (1—),0.04€p. B0 1) ) | (X)

_ d
_ yv (A=) —p)+p—1 pyv
= (Ep,u(lm,w,mr ar (t R E, G—n—p+p (‘”tp))> ()

— (g (=) (=) +p-2 g7V
= (Ep,u(pu),w,o# VA=t L ) (-1 (wtp)) ()
B—u—1
X
= xﬂ_“_lEg’ﬂ_# (a)x") = (2.87)

-’
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Remark 2.3 In our further analysis of the fractional diffusion and generalized
Langevin equations we are particularly interested in the regularized Prabhakar
derivative with 0 < i < 1, so one has

d
Tyl 0 O = (E ar’ ) ®
t 5 d
= /0 t—1)ME"_, (—v(t — 1)) dt/f(/) dr’. (2.88)

From this representation in Ref. [47] it was concluded that the regularized Prabhakar
derivative is a special case of the generalized operator in Caputo form

t

/ d / /
J/(t—t)dt,f(t)dt, (2.89)

(Graf) = [
0
where the kernel y (7) is given by

y () = t‘“E;ﬁ_ﬂ (—vt?). (2.90)

The generalized operator in the Caputo form (2.89) has been investigated in
[36, 37, 54] in detail. Such generalized operator has been used in different contexts.
For example, in [60] an M-L memory kernel has been introduced as a friction term
in the GLE. Later, different M-L memory kernels have also been introduced in
the analysis of the GLE [8, 18, 49, 51, 61], generalized diffusion and Schrédinger
equations [52-54]. Nowadays, many papers deal with such generalized operators
with M-L and more generalized memory kernels. Particularly, the Prabhakar
derivatives have been applied in the fractional diffusion and telegrapher’s equations
[15], in the fractional Poisson [19] and generalized fractional Poisson processes
[41], and have been used for the description of dielectric relaxation phenomena
[20-22], in the fractional Maxwell model of the linear viscoelasticity [10, 23], in
mathematical modeling of fractional differential filtration dynamics [5] and particle
deposition in porous media [62], as well as in the generalized Langevin equation
modeling as a friction term [47]. Furthermore, Prabhakar derivative has been applied
for description of the finite-velocity diffusion on a comb structure [48], diffusion
processes with stochastic resetting [14], and has been obtained within the CTRW
theory [55] for generalized waiting time PDF.

The Prabhakar derivative in the R-L form for 0 < u < 1 is a special case of the
generalized operator in R-L form

t

d
(RLGyi f) (1) = dt/o nt — ) f()dr, 2.91)

where the memory kernel 7(¢) is given by (2.90).
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Remark 2.4 Here we note that in the work by Sandev [47] the so-called tempered
Prabhakar derivatives have been introduced. The tempered version of the regularized
Prabhakar derivative is defined by

- d
TC@;j:liv’(H,f(t) = <TEp’81M’U’0+ dr f) (), (2.92)

where

t
(TEfW’_V’OJFf) ) =/ e b= —t’)“_lEf)’M (—v@ —1)°) f(tHdr,
0
(2.93)

and b > 0. All other parameters are the same as in the regularized Prabhakar
derivative (2.88). From the definition one concludes that this derivative is a special
case of the generalized operator (2.89) for

y(t)=e Pt HET?

S (=vt?). (2.94)

The Laplace transform of the tempered regularized Prabhakar derivative then
reads [47]

Z]re Pyt 0 f O] ) = G+ 5" (14 v(s +5)7)
X [sZ [F O] () = FOH]. (2.95)

Similarly, one can introduce the so-called tempered Prabhakar derivative in the
R-L form, by introducing exponential truncation in the memory kernel [47], i.e.,

3,
TRLD ) —, 04 S (1) =

d ' o, L
dt/O e P =Y HE (e =) F)dr,

(2.96)

which is a special case of the operator (2.91) with memory kernel n(¢) of
form (2.94).

Remark 2.5 In analogy to the distributed order derivative

1
/0 DY, £ dp,
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here we introduce the distributed order regularized Prabhakar derivative defined by

b

/0 cT o FO) A
t 1 s d

— YA ' nbl _ _ P / /

_fo (/0 (t—1") qul_ﬂ( v[t —1'] )du> dt/f(t)dt. (2.97)
It is a special case of the generalized operator (2.89) with

1
y(t) = / tH E;Sl_ﬂ (—vtp) du. (2.98)
o :

The Laplace transform of Eq. (2.97) reads

1
7 [ fo T o F O du} (5)

s—1 1\
<1 + a) [sZ[f(H1s) — fO+H)]. (2.99)
(sT)

- slogs

Remark 2.6 In the analysis of the fractional wave equation we will use the
following regularized Prabhakar derivative with 1 < u < 2,

d2
8, -3
C@p,ﬁv,OJrf(t) = <Ep,2u,v,0+ dr? f) @)

d N]— — /7 d2 / /
Z/O (t—1"H! MEpj;w (—v(t — 1)) dt/zf(t)dt. (2.100)

From here one concludes that this version of the regularized Prabhakar derivative is
a special case of the generalized operator in Caputo form

t d2
(cGnif) () = fo ¢t —1) dt,zf(t’) dr’, (2.101)

where the kernel ¢ (¢) is given by
1- -3
tny=1""E5_, (—vef). (2.102)

Moreover, the R-L version of the generalized operator can be written as

d2 t
(RLGy f) (1) = dtQ/O Ea—1)f)adr. (2.103)
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Remark 2.7 Furthermore, we also introduce the distributed order version of the
fractional derivative (2.100), defined by

2
/1 cT, F@)du

d2
/ (/ (t—1tH'~ “Epz (vl =17°) du> dtzf(/)d/, (2.104)

for which the memory kernel reads

2
{(t):/l - MEp‘Sz ﬂ( i) du. (2.105)

2.4 Generalized Integral Operator

Various operators for fractional integration (involving, for example, kernels with
such general classes of functions as the Fox H -function) were investigated system-
atically by Srivastava and Saxena [56]. Srivastava and Tomovski [57] considered an

integral operator (é”“jrya'(ﬁcp)(t) defined by

t
((f“’ja”ﬁgo)(t) = /a (t — r)ﬂ—lEO{;g (o(t — 1)) p(1) dr, (2.106)

(t,a,B,y,k € C;N[a] > max{0, R[x] — 1}; R[«] > 0)
where E, v B (z) is the four parameter M-L function (1.34). For the case w = 0 the

integral operator (2.106) would correspond to the classical R-L integral operator
(2.2),1e.,

(o) () = 15, 0(0). (2.107)

Another special case of the generalized integral operator is the Prabhakar integral
since

G L)) = B 4, 00O, (2.108)
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Proposition 2.4 The following integral relationship holds true [57]:

X
fo P e = ! Elg (1) EY' (o (x —1)*) dt

Btu—y—38 prx
X
= 509 ) AN L Eg;iﬁ (x® [t + (x — 1)¥]) dt,

(€ C, % (a) > max {0, R (k) — 1}, min{R (B), R(y¥), RG), R (w)} > 0)

where B(y, 8) is the beta function.

Proof By applying the Laplace transform, one has

-8
2 (x" B (@x) ) = 2Lyl[w,oc) (¥.K). w}

r(y) (B, ) o

5P (¥, k) w}
= 7 ; ,

ro’ 0[ — e

(weC, N(w) >max {0, N (k) — 1}, min{RN(B), R(y), RG), R(w}>0).

From the convolution theorem for the Laplace transform, one finds that

& (fx P = EDE (1) EYY, (0 [x — 11%) dt> (s)

0

I 2T I IR RGN OB
ropyre L - s L - e

_ 1

T (yre

= F(]/+8—|—Kn) ! y—1 _ N1k _ \k]n )

x%( al /OT 1-1) [r + (1 'C)] dr
x @'s TP,

By the inverse Laplace transform, from the last result it follows
X
/ P71 (e — 1 ELS (1) B3 (wlx — 11%) dr
0 ’ '

_ b=l & (F(V+5+K”) /1Ty1(l—r)81
royre = n! 0
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ot o xﬂ‘i’,u*l

x [+ (1 = o) dt)xr(an+ﬁ+u)=1“(y)1"(5)

1
X / V(1 = )8!
0

5 (mea)(wsm

> WF @n + B+ 1) [a)x“ (1’" +1 - 1’)")] ) dr

xﬂ+u—1 1

= V*l 1 _ §—1 EV+5,K o K 1 _ p d
B(V78) 0 ’ ( T) o, B+ (COX [T +( T) ]) T

xBtun—y=38 prx

= 5 .5 o 2N R L Egzi'; (a)x‘x*’( [tK + (x — t)K]) dx.

As a direct consequence one may obtain the following relations:

X
/0 P — t)“_lE(’);/3 (w1) EiM (wlx — 1]%) dt = x“+ﬂ_1Eg’Ziﬂ (wx%),

(2.109)

X
/0 P = ES (0l — 117) dt = TR PTIED Ly (0x®).
(2.110)
Therefore [34],

IV g0 ) =E) g 00 f(X). (.111)

Proposition 2.5 ([57]) The integral operator & aw_;?/o’lkﬂ(p is bounded on L(a, b) and

1627 sl < Mgl (2.112)
(z,a,B,y,k € C; N[a] > max{0, R[«] — 1}; R[k] > 0)

where the positive constant M is given by

M= (b—a)® i [V )ien ] 5 lo(b — a)@]
B = (@n + RN (an + B)| al :

(2.113)
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Proof 1t is sufficient to prove that

b

Y,k
1zl = |
a

By Fubini’s theorem one gets

dx < o0.

fx (x — )1 Elf(olx—1") ¢ () dt

b b
sz = [on ([ o= |2 ot - )] ax) o
a 13

b b—t
= / lp(0)] </ Tm(ﬂ)*llEZ’g (0t%) |dt> dr
a 0 ’
b b—a .
f lo(1)] </ z-"(5>*1|E§*g (wr®) |dr> dr
a 0 ’

o0 b—a
|inl ol 2 G
5 Z Kn OB =T g ol =M o),
|'(an + B)| n! Jo

n=0

IA

(2.114)

where R(B) > 0. This completes the proof of the theorem.

Theorem 2.11 ([57]) The following inequality holds true for the integral operator
gﬁf&fﬂ defined by (2.25) witha = 0 :

W V.K  pw8,K w;yY+08,k
(g0+;a,ﬂé00+;a,u(p) (x) = <é00+;a,ﬂ+u¢) x)

(a),a,,B,)/,5,K,/L€R+;(X>K—1;0<KSl)

for any positive Lebesgue integrable function ¢ € L (a, b). The equality holds true
when k = 1.

Proof We have
(Gmssbsite) @
= /Ox (x —u)P! Egg (a) [x — u]o‘)
X (/Ou =P T EN (ou—11%) @ (t) dt) du

= /x [/x =)V ENE (0lx — u]) (w — )t
0 t ’

XEY* (w[u —1]%) du:| @ (1) dr



2.4 Generalized Integral Operator 57

X xX—t
=/ [/ -t -0/ TEN (wlx — 1 —7]%)
0 LJo ’

X Eg’; (wt®) dr]@ (1) d

= ! /x (x — r)ftr—r=s
B(y.8) Jo

x—t
x U (x —t — 1)1 ry—lEg;i’Z (@lx — 1197
A ,

X (r" +x—t— 1:]")) dr:| @ (1) dt

1 X
__ / By
B(y.8) Jo
v
X |:/ (v—1)°! ryflEZ’;‘i; (0" [t 4+ (v —D)]) dti| @ (x —v) dv.

0

Now, by using the following elementary inequality:
™+ - > +v-—10) =0v° (re[0,v],k€(,1]

one obtains

Eﬂ}‘l'; (v [t* + (v — 1)¥]) = Eg,jgi; (v V%) = EZ;‘E;'L (wv®).

Hence
W Y,K w8,k
<é80+;a,;3®@0+;01,,u.(p) )

1 X Vv
+u—y—48 §—1 _y—1 py+d.x
= _B(V,S)/o v [/0 =0 T E g (o) dt}

X @((x—v)dv
_ 1 * ﬂ—i—p,—y—BE)/JrlS,K a b 5—1 y—ld
__B(y,5) A v a’ﬂJm(a)v) A w—1)""1 T
X @(x —v)dv

— B (V, 8) X B /3“1’,“71 y+5,K Y _ CU;)/Jr(S,K
B B (V, 8) ~/O (x t) Eaaﬁ+l»¢ (U) ()C t) )(p (t) dt - (G@O‘HO{,,B‘FM('O) (-x)v

which completes the proof.
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Chapter 3 )
Cauchy Type Problems Shethie

We now analyze Cauchy type problems of differential equations of fractional order
with Hilfer and Hilfer-Prabhakar derivative operators. The existence and uniqueness
theorems for n-term nonlinear fractional differential equations with Hilfer fractional
derivatives of arbitrary orders and types will be proved. Cauchy type problems
for integro-differential equations of Volterra type with generalized Mittag-Leffler
function in the kernel will be considered as well. Using the operational method of
Mikusinski, the solution of a Cauchy type problem for a linear n-term fractional
differential equations with Hilfer fractional derivatives will be obtained. We will
show utility of operational method to solve Cauchy type problems of a wide class
of integro-differential equations with variable coefficients, involving Prabhakar
integral operator and Laguerre derivatives. For this purpose, following some recent
works, we choose the examples which, by means of fractional derivatives, generalize
the well-known ordinary differential equations and partial differential equations,
related to time fractional heat equations, free electronic laser equation, some
evolution and boundary value problems, and finally some Cauchy type problems
for the generalized fractional Poisson process.

3.1 Ordinary Fractional Differential Equations:
Existence and Uniqueness Theorems

An important issue in the theory of ordinary fractional differential equations
is related to the existence and uniqueness of solutions of fractional differential
equations. Several authors have considered a “model” of nonlinear fractional
differential equation with R-L fractional derivative (Dg " y) (x) of order R (u) > 0
on a finite interval [a, b] of the real axis R :

(DE.y) () = flx,y ()] R(w) >0, x>a), (3.1)

© Springer Nature Switzerland AG 2019 61
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with initial values
(Da+ y)(a—l—):bk, bheC (k=1,2,....n)), (3.2)

wheren = N (u) + 1 for u ¢ Nand u = n for u € N. When 0 < R (u) < 1, the
problem takes the form

(Dhyy) @ = fley @], (L") @ =b (be0) (3.3)
and can be rewritten as the weighted Cauchy type problem
(D) ) = fle.y @], lim @—a) "y =b (eC). (4

In this chapter we investigate the above-mentioned problems based on reducing
problem of nonlinear Volterra integral equation of the second kind [39]:

R b o1 /xf[t,y(t)]
y(x)_ZF(M—j+1)(x a) +F(M) (x—t)““dt (x > a).

j=1

(3.5)

Pitcher and Sewell [30] in 1938 first considered the nonlinear fractional differential
equation with 0 < p < 1, provided that f (x, y) is bounded in a special region G
lying in R x R and satisfies the Lipschitz condition with respect to y:

If (x,y1) = f(x, 32| < Alyr — y2l, (3.6)

where constant A does not depend on x. They proved the existence of the continuous
solution y (x) for the corresponding nonlinear integral equation of the form (3.5)
with 0 < 4 < 1, n = 1 and by = 0. The work of Pitcher and Sewel [30] did
contain the idea of reducing the solution of the fractional differential equation to
that of a Volterra integral equation. The existence and uniqueness results without
proof are formulated by Al-Bassam [1] for more general Cauchy type problems for
areal u > 0:

(DY) )= flx.y@®] (m—1<p<nneN), (3.7)
(Da+ y)(a—l—):bk, bkeR (k=1,2,....n). (3.8)

In this regard, see the survey paper by Kilbas and Trujillo [19], Sections 4
and 5. Kilbas and Marzan [18] considered the Cauchy type problem for nonlinear
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fractional differential equations with £ € C (N (i) > 0):

(DLyy) () = £,y ), (DEy) (), (D2 y) (x) 5 ..., (D) (0],
(3.9)

where 0 < M (1) <R (U2) < -+ <R (Um—1) <R (n) and m > 2.
In what follows a general nonlinear model with composite fractional derivative

[39]:

(Dity) @) =flx,y@®] (a—l<p<nneNO0<v<l)  (3.10

d* 0
lim (1(51“)“ ”)y>(x)=ck, G €R (k=0,1,2,....n—1),

x—a+dxk
(3.11)
and particular case of nonlinear model given by:
(Defy) ) =fley®] O<p<L0<v<l) (3.12)
: (1=)(1—v) —
X1_1)r21+ <1a+ y) (x)=c¢, ceR, (3.13)

will be considered.

3.2 Equivalence of Cauchy Type Problem and the Volterra
Integral Equation

Proposition 3.1 ([39]) Let y € L(a,b),n — 1 < u <nne N 0<v <],
Icgrjrf”)(lfv)y € ACK[a, b]. Then the R-L fractional integral Iflﬂr and the generalized
fractional derivative ngrv are connected by the relation:

(I(ﬁﬂrDaJr y) xX)=yx)—yuvx), x>0, (3.14)
where

n-l1 (x — a@)k—r=m1-v)

k
_ (n—p)(1—v)
y“’”(x)_g)l“(k (= 1) (1 — v) + 1) ek (1 y) x)-

(3.15)
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Proof Using the composition properties of the Hilfer derivative one gets

(1 DAY ) ) = (I AL D) (o) = (1 DA o)

n—1 k—(—p)(1—-v)
(x—a)
=y =) Lo
o T k=@m—p)yd=v)+1)
R -
i g (157 0) 0

Proposition 3.2 ([39]) Let G be an open set in R and let f : [a,b] x G — R be
a function such that f (x,y) € L(a,b). Ify € L(a,b),n—1 < u <n,n €N,
0<v<l, I[fi_“)(l_v)y € ACK[a,b], 0 < k <n — 1, then y (x) satisfies a.e. the
relations (3.10) and (3.11) if and only if y (x) satisfies a.e. the integral equation

dr.  (3.17)

n—1 k—(n—p)(1—v) ’
B (x_a) 1 / f[t’y(t)]
y &) —,;Ockr(k— = a=v+D " T ) @t

In particular, if 0 < p < 1, then y (x) satisfies a.e. these relations if and only if
y (x) satisfies a.e. the integral equation

( — @)D= / Flty 0]
= dr. 3.18
YO v T ) e G19

Proof (Necessity) Let y (x) € L (a, b) satisfy a.e. the relations (3.10) and (3.11).
Since f (x,y) € L (a,b), by (3.10) it follows that there exists a.e. on [a, b]
the fractional derivative (D)}"y) (x) € L(a,b). By Lemma 2.1 the integral
I, f [ty ()] € L(a,b) exists a.e. on [a, b]. Applying the integral operator I},
to both sides of (3.10) and using the relation (3.16) Eq. (3.17) is obtained, and hence
the necessity is proved. Now we prove the sufficiency. Let y (x) € L (a, b) satisfy
a.e. Eq. (3.17). Using the relation

(D4 (= )= =00-] (1) = 0
for 0 < k < n—1, and applying the operator ng: to both side of (3.17), one obtains

n—1 v k—(n—p)(1—v)
v B [D) (¢ —a) ] )
(Dai:y) ) ‘l;ck k= (=@ (1 =v)+1)

=[x, yx). (3.19)

+ (D L5 f 1,y (0]) ()
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Next we show that relation (3.11) also holds. By applying the operator Ia('r“ Y1-v)

to both sides of (3.17), one obtains:

n—1 Ia(n_'u)(l_V) (t _ a)k—(n—u)(l—v) (x)
P |
P rece-—m-wd-v)+1)

n—1

Iy ) 0 =3 -0

k=0

+ (1 1y 1) 0. (3.20)

IfO0 <k <n-—1,then

& mma— = ¢ —k
g () @ =30 Y e

j=k

dk n—nv v
+ o (L ey 01) 0

n—1
=2 D G (I ey 1)
=k

n—1
cj
= (x—a)f -k

X
1 fley®]
+ r _ —k _ \l=n4nv—pv+k dr.
(n —nv 4+ py ) (x—1)
a+

(3.21)

Taking in (3.21) a limit x — a+ a.e., the relations in (3.11) are obtained. Thus the
sufficiency is proved, which completes the proof of theorem.

Theorem 3.1 ([39]) Let G be an open set in R and let f : [a,b] Xx G — R be
a function such that f (x,y) € L(a,b) for any y € G and the Lipschitzian-type
condition (3.6) is satisfied. Ifn — 1 < u <n,ne N, 0<v <1, Icgrjrf”)(l*v)y €
AC¥[a,b],0 <k <n — 1, then there exists a unique solution y (x) to the Cauchy
type problem (3.10)—(3.11) in the space LZ: (a, b). In particular, if 0 < p < 1,
then there exists a unique solution y (x) to the Cauchy type problem (3.12)—(3.13)
in the space LZ: (a, b).

Proof In order to prove the existence of the unique solution y (x) € L (a,b),
according to Proposition 3.2, it is sufficient to prove the existence of the unique
solution y (x) € L (a, b) of the nonlinear Volterra integral equation (3.17). From
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the known method for nonlinear Volterra integral equations, the first one proves the
result on a part of the interval [a, b]. Equation (3.17) makes sense in any interval
[a, x1] C [a, b] (a < x1 < b). Choose x such that the inequality

(x1 —a)H

< (3.22)
I'(uw+1)

holds, and then prove the existence of a unique solution y (x) € L (a,x;) to
Eq.(3.17) on the interval [a, x1]. The integral equation (3.17) can be rewritten in
the form y (x) = (Ty) (x), where

fly®l

T = 3.23
(Ty) (x) = yo (x) + r (M)a-i- (x — 1)l-n (3.23)
n—-l k—(n—w)(1-v)
_ (x —a)
yO(x)_kZ:;)CkF(k—(n—u)(l—v)+1) (3.24)

and then one applies the Banach fixed point theorem for the complete metric space
L (a, x1). First, one has to prove the following:

(@ If y(x) € L(a,x1),then (Ty) (x) € L (a,x1).
(i) (Yy1, y2 € L (a, x1)) the following inequality holds:
L a -t

Fit1) (3.25)

ITy1 — Ty2lly <wllyt — y2ll,

Indeed, since yg (x) € L (a, x1), f (x,y) € L (a, x1), the integral in the right-hand
side of (3.23) also belongs to L (a, x1) and hence (Ty) (x) € L (a, x1). Now, we
prove the estimate (3.25). Therefore, one obtains

1Tyt = Tyall gy = a4 £ 10yt O1 = L4 F 18 y2 O] o)
= [ A Ty O1= Iy OB

< AL O = 2O gy,

(x1 —a)*
< Fl(u Y Iy () = y2 )z - (3.26)

In accordance with 0 < w < 1 there exist an unique solution y* (x) € L (a, x1)
to Eq.(3.17) on the interval [a, x1]. The solution y* (x) is obtained as a limit of
convergent sequence (T y;) (x):

Jim (7755 = 5| gy = 0 (3.27)
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where y; (x) € L (a, b). If at least one cx # 0 in the initial values (3.11), we can
take y; (x) = yo (x) with yo (x) defined by (3.24). By (3.23) we define a recursion
formula:

Tm 1 ) (l)]

—t)l ! m=1,2,3,...)

fl
(r"y%) ) = yo(x)+r()/ !

(3.28)

If we denote y;, (x) = (T’" yf')‘) (x), then the last equation takes the following form:

[ Y- 1O 4

F() i t m=1,2,3,...) (3.29)

Ym (x) = yo (x) +

and hence (3.27) can be rewritten as follows:

lim | ym — =0. (3.30)

=00 y*”L(a,xl)

This means that the method of successive approximations is applied to find a unique
solution y* (x) to the integral equation (3.17) on [a, x1]. Next we consider the
interval [x1, x2], where xo = x| + hy, h; > 0 are such that x; < 00. Rewrite
Eq. (3.17) in the form

X1 X
flty @] 1 / FIy@OF g 53
I (n)

1
= d
V@) WQV+FWL[@_01MI+ ol
a 1

Since the function y (¢) is uniquely defined on the interval [a, x1], the last integral
can be considered as a known function, and then

- [ Flty®]
y(x) = yo1 (x) + ron ) @ont» de, (3.32)
X1
where
yor (x) = yo (x) + flty @] (3.33)

rwJ) (x—n*
a+

is the known function. Using the same arguments as above, it follows that there
exists a unique solution y* (x) € L (x, x2) of Eq. (3.17) on the interval [x, x2].
Taking the next interval [x2, x3], where x3 = x + hp, ho > 0, x3 < 00, and
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replacing the process, one concludes that there exists a unique solution y* (x) €
L (a, b) for (3.17). Thus, there exists a unique solution y (x) = y*(x) € L (a, b)
to the Volterra integral equation (3.17) and hence to the Cauchy type problem. To
complete the proof of theorem one must show that such unique solution y (x) €
L (a, b) belongs to the space L (a b). It is sufficient to prove that (Da T y) x) €
L (a, b). By the above proof, the solution y (x) € L (a, b) is a limit of the sequence
Ym (x) € L (a, b):

Jim 1y = ¥l =0, (3.34)
with the choice of certain y,, on each [a, x1], [x1, x2], ..., [xL—1, b]. Since
| DLy = DYy, = 1f Goym) = fF @I < Allym =yl (335)
by (3.34), one obtains
Jim [ DG ym — Dy ||, =0, (3.36)

and hence (D}}"y) (x) € L (a, b). This completes the proof of theorem.

3.3 Generalized Cauchy Type Problems

Here we study a Cauchy type problem for general n-term nonlinear fractional
differential equations with generalized fractional derivatives of arbitrary orders and
types [39]:

(DI y) ) = fx,y ), (DEE" ) 0, (DL y) () ooy (DL y) (0]
(3.37)

with n-initial values:
4 )
Jim (1(1+ " y)(x) —c, €R (k=0,1,2,....n—1).
(3.38)

As special case, we consider fractional differential equation with initial value

lim (Ia(’r“)“‘”) y) (x)=c¢, ceR. (3.39)
xX—>a+

Proposition3.3 ([39]) Ler0 < v < 1,0 <v; < land p,ui € R n -1 <
u<nneNn—1<u <ni=12,....,n—1besuchthat 0 < p; <
Uy < < fUp—1 < U, n > 2. Then let G be an open set in R" and let f :
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(a,b] x G — R be a function such that f (x,y, y1,¥2,..., ¥n—1) € L (a, b) for
any (y,y1,¥2,---»ya—1) € G. If y(x) € L(a,b), 1%y e AC*[a, b),
0 <k <n—1, theny (x) satisfies a.e. the relations (3.37) and (3.38) if and only if,
y (x) satisfies a.e. the integral equation

n—1 k—(n—p)(1-v)
x —a) 1
_ +
¥ @) l;ck[v(k_(n_u)(l—v)-i-l) I ()
[y @ (D) @ (D) @ (D) 0]
X ()C _ t)l*,u. ’
a+

(3.40)

x > a. In particular, if 0 < u < 1, then y (x) satisfies a.e. the relations (3.39) and
(3.40) if and only if y (x) satisfies a.e. the integral equation

(x — a)(r=D0-V) . 1
F(w+v—pv)y I'(w

x / .y @, (Dey™y) @), (DL y) @), .. (D™ y) ()]
a+

yx)=c

1~ de,
(x—n

(3.41)
x> a.

Theorem 3.2 ([39]) Let the conditions of previous theorem be valid, and let
function f (x, ¥, V1, yzs_._,yn_l) satisfy the Lipschitzian type condition:

n
|f(xay,y1,y2,---,yn—l)_f(X,Y,Yl,YZ,---,Yn—1)| 5A2|}’1_Y/|
j=0
(3.42)

forallx € (a,b]land (y, y1,y2, -+, Yu—=1), (Y, Y1, Y2, ..., Yy_1) € G, where A >
0 does not depend on x € (a, b]. Then let

. dk ) (1= ,
Jim (LT @) = b =120, (3.43)

be fixed numbers, where n;j = [ui] + 1 for u; ¢ N and n; = ;i for u; € R. Then
there exists a unique solution y (x) to the Cauchy type problem (3.37)—(3.38) in the
space ngrv (a, b). In particular, if 0 < u < 1 and

lim (151*“““*%) (X)=bi, i=12 ... .n—1,

x—a+
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are fixed numbers, then there exists a unique solution y (x) € ngrv (a, b) to the
Cauchy type problem (3.37)—(3.39).

Proof This theorem can be proved in a way similar to the proof of Theorem 3.1.
By Proposition 3.3 it is sufficient to establish the existence of a unique solution
y (x) € L (a, b) to the integral equation (3.40). We choose x1 € (a, b) such that the
condition

n Y
Ay (x1 —a) <1 (3.44)
j=0 r ('u — Kt 1)

holds and apply the Banach fixed point theorem to prove the existence of a unique

solution y (x) = y* (x) € L (a, x1). We use the space L (a, b) and rewrite Eq. (3.40)
in the form y (x) = (T'y) (x), where

1
(Ty) (x) = yo (x) + r

()
[ F[Ly @, (DAY @), (DY) (1) ..., (D" 1y) ()] N
) (x — )i+ ’
a+
(3.45)
and
n—1 k—(n—p)(1—v)
(x —a)
= 3.46
Yo (x) ];ckr(k_(n_m(l_le) (3.46)

By Lipschitzian condition (3.42), we obtain

{22 [f ey DYy DR )
_f (‘x’ Y2, DZL-},-’VIyZ, ey Dg_';_*lﬁvn—lyz)]} (x)|
< [B 1f oy DIy, D )

_f (x, Y2, D(lﬁ:wyz’ tee Dgiil’vnilyz)u (x)

n—1
<AL DD or =) | @)
j=1

n—1
<A (If;“’

j=1

DL (1= )|) @)
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nj—1 dkj (I(liv.f)(nilu'j)

= (% 01— ) (@)
<A 1“7 (v = yo) (1) — axti A\t
< ; ar o=y (0 ijZI P (s — (1) (n— ) 4 1)

x (1 — ay i~ (=) =) | (x) (3.47)
By the theorem,
dkj I—v;)(n—p; dkj I—v;)(n—p;
kaj <1a(+ )( 1 ) (yl)) (a+) = dxkj (Ia(+ )( 2 ) (yZ)) (a+) ,

and hence, for any x € [a, b],

|{Iaﬂ+ [f (xs Vi, Dg_}_’vlyl, e Dg_r’t_—l,vnqyl)
_f (x, Y2, Dgi’vlyz’ ceey Dii"”jlsl)nflyz)]} (_X')|
n—1
<A (Iaﬂf” Iy — yzl) (x). (3.48)
j=1

Using this relation with x = x| and applying Lemma 2.1 with b = x1, we derive
the estimate:

I1(Ty1) (x) = (Ty2) L,y < @llyr = 2, (3.49)
n—1
(x1 —a)™Hi
=A
N ;[F(M—uﬂrl)}

which yields the existence of a unique solution y* (x) to Eq. (3.40)in L (a, x1). This
solution is obtained as a limit of the convergent sequence (T’”yg‘) (x) = ym (x), for
which the relations

im 7755 = 3"y = O (3.50)
and
im = 3"y = 0 (.51

hold. We can show also that there exists a unique solution y (x) € L (a, b) to the
integral equation (3.40), i.e., to the Cauchy type problem (3.37)—(3.38) such that
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( - y) (x) € L (a, b). Namely,

| D5 ym = Dy |y = [ f (o yme D™ v DT )

_f(x’y*’Dg_Lmy*’“ DM”IV”I *“1

<o|lym =y, > 0. m— oo (3.52)

In particular, if 0 < p < 1, then there exists a unique solution y (x) € L (a b)
to the Cauchy type problem (3.37)—(3.39).

3.4 Equations of Volterra Type

Many authors have applied methods of fractional integro-differentiation to construct
solutions of ordinary differential equations of fractional order, to investigate integro-
differential equations, and to obtain a unified theory of special functions. The
methods and results in these fields are presented by Samko et al. [33], Kiryakova
[21], Kilbas et al. [20], etc. We mention here also the paper by Tuan and Al-Saqabi
[41], where using an operational method they solved a fractional integro-differential
equation of Volterra type of the form

(Dg, f) (x) + /(x -0l dr=g (), (3.53)

a
I (v)
0
R(@) >0,RN(v)>0,aeC,geLl0,b].

Kilbas et al. [20] established an explicit solution of the Cauchy type problem for
the equation

(D213) (0 =2 (E30507) @)+ 1 (), (3.54)
O<x<b,aeCR(@)>0,1y,p,weC)
under the initial values
(Dg;ky) (a+)=bp, breC (k=1,2,....n), (3.55)
where n = N (o) + 1 forv ¢ N and ¢ = n for o € N in terms of the generalized
Mittag-Leffler functions. The homogeneous equation corresponding to the case with
(f (x) =0) is a generalization of the equation which describes the unsaturated

behavior of the free electron laser. In Ref. [37] Srivastava and Tomovski by using
the Laplace transform method gave an explicit solution in the space L (0, b] of the
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following Cauchy type problem witha = 0 and ¢ (x) = 1, x € (0, b]

(Dhy) @ =2 (G751 0+ F @) ©<x=b) (3.56)
(@ By, € C. (@) > max (0,9 (o) — 1}, min (% (B), % () , % K} > 0)
under the initial values
(151;“)““") y) 0+) = c. (3.57)

Here, by using the method of successive approximation (and later by Laplace
transform method), we shall give an explicit solution, in the space L (0, b], of a more
general (nonlinear Cauchy problem) fractional differential equation than (3.56)
which contain the composite fractional derivative operator (2.14). This problem was
proposed as an open problem by Srivastava and Tomovski in Ref. [37].

Theorem 3.3 ([39]) The following fractional integro-differential equation

(D5 ) 0 =2 (&7 @+ f ) O <x=b) (3.58)

o, By, w € C RN(w) > max {0, N (k) — 1}, min{R(B), N (y),R&K)} >0, f €
L [0, b] with the initial values (3.11) witha = 0, andn — 1 < u < n,n € N,
0 < v <1 has its solution in the space L (0, b] given by

m | g7 k ;y,k w;y.k w;y,k
y &)= Z M CotiapinCotiapin - C0tia pruosia iz | )
m—1
m v.k ;YK ;YK B4+p—(n—pw)(1—v)+k
Z A ZC" {6 0+ o ﬂ+u£0+ a, ﬂ+u T é()()-ir:ot,ﬂﬂt [x
m=l k=0 ~ -
m—
v,k
XEq gkt ( ]}

n—1
" Ck k—n—w)(1—v)
+(10+f)(x)+1;1“(k—(n—M)(l—v)+1)x T

(3.59)

[A] < 1/M, where M is a positive constant given by (2.113) with a = 0. In
particular, if 0 < u < 1 under the initial values (3.57), Eq. (3.58) has its solution
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in the space L (0, b] given by

m w' k w; Y,k w; Y,k w; Y,k
y(x) = Z A 0+ 0B rn0tiaprn Cotiapinorapront | )
_ -
m—1
¢ £k w;y.k w;y.k (u—=1)(1—v)
+ A”’ E LLE x'®
r (/’L Ly— Mv) o 0+ o, B+p 0+,a,fj—u 0+,Ol,ﬂ+lj
m—1

(=D (1-v)
. (M < 1/M). (3.60)

"
+(10+f)(x)+crw+v_w)

where c is an arbitrary constant.

Proof To prove this theorem we apply Proposition 3.2, that a solution of the Cauchy
type problem (3.58)—(3.11) with a = 0 is equivalent to a solution of Volterra integral
equation of the second kind. By Proposition 3.1, we get:

y 0 = (e 0) 0+ (1) @)
n—1

€ i—(n—p)(1—v)
+;F(i—(n—u)(l_v)+l)x . (3.61)

By the theory of Volterra integral equations of the second kind, such an integral
equation has a unique solution y (x) € L (0, b]. To find the exact solution we apply
the method of successive approximation. We consider the sequence {y, (x)}>~_,
defined by

n—1

_ Ci i—(n—p)(1-v)
yO(X)_;F(l’—(ﬂ—u)(l—vwrl)x ' ' (3.62)

3 () = 30 (1) + 2 (578 vt ) O+ (1 ) ) m=1,23,...)

(3.63)

Form =1,

31 = 30 @) + 2 (657K 00) @) + (1) (). (3.64)

Here y; (x) is

y2 () = yo 0+ 4 (&K ) @)+ (1 ) @), (3.65)



3.4 Equations of Volterra Type 75

and

n-l k=(n—p)(1-v)
u) y.k CiX
¥2 () =30 () + (Ig +f)<X>H< 0+aﬂ+u2(:) rk—m-mwa —v)+1)>

w; Y,k ‘U y.k
+4 (600+;0¢,/3+u) ()\6004_ a /3+ll.y0> () +2 ( O0-+;a, B+ 0+f> ()
n—1
= yo ) + (I f) @) J”‘Z ( &yakﬁﬂDéi—u)(l—u)xk)
k= 0
2 Pacls k w; 7.k (n—p)(1— v) k L0V k
+A Z (G ol DO )@+ 1 (G0 ) 0
_ s k k
= yo () + (1L, <x>+AZ (-0 )

.k 2 LSOk ;YK Xk
+2 (600+;0¢,/3+2/4f> (x) + A Z k! ( 0+; 0 /S+/4g0+ o, B+pu—(n—p)(1— v) )

(3.66)

Similarly, for m = 3, we have

¥ () = yo 00+ 4 (&8 02) @) + (1 f) @)
= yo )+ (I f (x)+)\z (s i)
k! 0+;a,8+1
w; Y.k
+ A (‘530+ . B+ 0+f> )
2 w y.k w; Y.k
+4 Z ( 0-Csar B+ 040t - (n—p) (1) * ) (x)
2 ( pwiv.k ;YK
+ A <é80+;a,;3+;/.é80+;a,;3+2p.f) (x)

3 a) v,k w; Y.k w;y.k k
+A Zk. 0+aﬂ+ug0+aﬂ+ugo+aﬂ+u - a-n* | )

2

_ CUV’ k
= Yo () + (Ig,. f (X)J”\Z <0+aﬁ+u = (a-»"* )

1 (G508 ) @
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n—1
2 Ck ( pwiy.k w;y.k k
+223 (‘9@0+;a,ﬂ+u50+:a,ﬂ+u—(n—u>(1—v)x )
k=0

2 ( pw;y.k ;y,k
+2 <é00+;a,;3+,41.é00+;a,;3+2,u.f) (x)

n—1
3 Ck w;y,k ; Y.k w;y.k k
S DI I ST iy TR ENE L OB
k=0 """\~ ~ -
2
(3.67)
Continuing this process, we obtain
Y (¥) = yo ) + (I ) ()
m—1 m
j w;y.k w;y,k w;y.k w;y,k j
+ Z A 50+;a,ﬂ+ug0+;a,ﬁ+u T g0+;a,ﬁ+ug0+;a,ﬁ+2uf () + Z A
i—1 - - - i=1
j—1
n—1 ct
w;y.k w; Y,k w; Y,k w; Y,k k
x Z k! (go0+;a,ﬁ+ug0+;a,ﬂ+u T g0+;a,ﬂ+ug0+;a,ﬂ+u—(n—u)(l—v)x ’
=i ~ ~~ -
j—1
(3.68)
forallm € N.
The series
(0.¢]
j w;y.k w; Y.k w; Y.k w; Y.k
DM G an o i ot apen g ion | @)
j—1

for all x € (0, b] and|A| < 1/M is convergent, which can be verified as follows.
From

w;y.k w;y.k ;y,k ;y,k
g0+;oz,ﬂ+ug0+;a,ﬂ+u e ‘50+;oz,ﬂ+u50+;oz,ﬂ+2uf
~ - -

Jj-1 1

w; v,k w;y.k w; v,k w; v,k
<
=M g0+;oz,ﬂ+ug0+;a,ﬂ+u e ‘50+;oz,ﬂ+u50+;oz,ﬂ+2uf
~ - -

ji=2 1
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2 || pw;y.k ;y,K w;y,k w;y.k
= M éaOJr;a,ﬂJr,u.éaOJr;a,ﬂJr,u. gOJr o ﬂ+u6@0+ o ﬁ+2uf —
j_3 1
j— k
<MWt | <ML (3.69)

By applying the Weierstrass M-test we obtain that the series

j cu y.k w; Y.k w; Y.k w; .k
2 :)‘ 0+ o ;3+Mé30+ o, f+u £0+;a,ﬁ+ué30+;a,ﬁ+2uf )
_ -
Jj—1

converges uniformly for all x € (a, b] and |A| < 1\1,[, where M is a constant given by
series (2.113). Analogously, we can verify that the series

Ck w k w;y. K w; v,k w; v,k
j v, Vs v, v, ok
ZA Z o+aﬂ+ugo+;a,ﬂ+u-'-g0+;a,ﬂ+ug0+aﬂ+u (n—p)(1—v) %
j=1 k= 0 -~

j—1

also converges uniformly for all x € (a, b], since the numerical series
0 n—1 c
. k k
J
D oMyl
j=1 k=0

is convergent for all [A| < 1\1,[ Letting m — oo in (3.68) and applying the formula
[37, p. 203, Eq. (2.22)]

w; Y.k k
B0t i pt () (1-0)*
_ B+u—(n—pw)(1—-v)—1 k vk
_/(x—t) e e B iy (@ (x = D)%) dr
0
— Bt+u—( YA—v)+k vk
=T (k+ D e iy (1— ikt (@x9) (3.70)

we obtain the following representation for the solution y (x):

Y () = yo (x) + (Ig; f) ()

il g®r k w;y,k w;y,k w;y.k
+ Z A O+ a ﬂ+ué30+;a,ﬂ+u e ‘£0+;oz,ﬂ+u£0+;oz,ﬂ+2uf ()
- -

j—1
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; v,k ; v,k w; v,k
x £0+;a,ﬂ+ugo+;a,ﬂ+u e éao+;a,;3+u
- —_ —

j—1

== (1-v)+k .k
x [xfrm kgl i @]} @D
In particular, if 0 < u < 1 one has

x(=D(1-v)

. (3.72)
I' (w4+v—puv)

v,k
v @) =4 (008 ) @+ (1 ) @)+ e
We consider sequence yy, (x):

v () =30 )+ 4 (T8 L ymt ) 0+ (1 ) @) m=1,2.3,..)

(3.73)
where
@ x(r=D(1-v)
0(x)=c .
Y I'(w+v—pv)
Following the above process of successive approximations, we obtain:
Vi (0) = yo () + (I, f) ()
m—1
i w; .k w; Y.k w; Y.k w; .k
+ Z A’ ‘?0+;a,;3+u£0+;a,ﬂ+u o ‘£0+;a,ﬁ+ug0+;a,ﬂ+2ﬂf )
i—1 ~ - -
J e
n c
I'(w+v—pv)
m
i w; v,k w;y.k w;y,k (=1 (1—-v)
Xy M G e B XTI (3.74)
j=1 ~ - -

J

Letting m — oo in the last sequence, we obtain the solution (3.60), which completes
the proof of the theorem.
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By applying the integral formula (2.109) we obtain the following theorem (case
k=1):

Theorem 3.4 ([39]) The following fractional integro-differential equation

(D5 y) 0 =2 (6557, 3) @)+ f (), O <x=<b) (3.75)

o, By, 0, € C NR(a),R(B) > 0with the initial values (3.11)andn — 1 < pu <
n,n € N, 0 <v <1 has its solution in the space L (0, b] given by

yx) = Z A" ( (;iyam(ﬁJrM)er,u ) (x) + Z A" ch
m=1

w;y (m—1) B+pu—m—p)(1-v)+k v
x {g()+a(ﬂ+u)(m 1)[ Eq prn—mn—p1-vi+1 (9X )]}

n—1

B Ck k—(n—p) (1—v)
+(10+f)(x)+gr(k—(n—u)(1—V)+1)x ’

(3.76)
ie.,
y(x) = Z A ( 0t gt pmbn ) ()
00 n—1
+3 Y g [x(ﬁ+u)m ok gy e (X )]
m=1 k=0
1 = Ck k—(n—p)(1-v)
+(10+f)(x)+k§F(k—(n—u)(l—v)Jrl)x ’
(Ix < 1/M). (3.77)

In particular, if 0 < u < 1 under the initial value (3.57), Eq. (3.75) has its solution
in the space L (0, b] given by

yx) = Z A" ( Oajryam(ﬂJru)erMf) )

m (B+wm—(1—)(1—v) pym
+CZ)‘ Eg (6t jom—1—uy(1—v)1 (@x%)

xu=h(a=v)

"
+(10+f)(x)+crw+v_w),

(1A < 1/M), (3.78)
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where c is an arbitrary constant and M is a positive constant given by

|l ™"

B
v nzz;) R@n+RBII (an+p)|  n! (3.79)

Ifwe put f (t) = 1€~ Eg o (wt%) in(3.75) and apply the formula (2.109), we get the
following particular case of the solutions (3.77) and (3.78).

Corollary 3.1 ([39]) The following fractional integro-differential equation
(D(’f_;vy) (x) = A (@@S’ig/d’ﬂy) (x) + x“lEg’6 (0x*) (0 <x <b) (3.80)

o B,v,6,0,w,A € C, N(x),N(B),N () > 0 with the initial values (3.11) and
n—1<pu<n,neN,0<v <1 hasits solution in the space L (0, b] given by

]

- +ym+pte—1 pym+o
y(x) - Z)me(ﬂ pmpke Ea,(ﬂ+u)m+u+e (a)xﬂl)
m=1
0 n—1
+ym—(n—p)(1—-v)+k ym
oMY [x(ﬁ e m— (- (1) 41 (‘Uxa)]
m=1 k=0
n—1 i
+ (14 f) 0 + k===,
Us..f) kgor(k—(n—ma—vwl)
(1Al < 1/M). (3.81)

In particular, if 0 < u < 1 under the initial value (3.57), Eq. (3.80) has its solution
in the space L (0, b] given by

00
— +ym+pte—1 pym+o
y ()C) - Z )me(ﬂ omTire Ea,(ﬂ+,u)m+p,+e (wxﬂl)

m=1

o0
m (B+wym—(1—p)(1—v) pym o
DI Eg (g tpom—1—wya—vy1 (%)
m=1

x(H=D(1-v)

Pty )’ (In < 1/M), (3.82)

+ (g /) () +c

where c is an arbitrary constant and M is a positive constant given by (3.79).

If we put f(t) = ¢~ in (3.75) and apply the formula (2.110), we get the
following particular case of the solution (3.77) and (3.78).
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Corollary 3.2 ([39]) The following fractional integro-differential equation
(D 0+y)(x)_)\(0+aﬂy)(x)+xf*1 © < x <b) (3.83)

o, B,v,6,0,w,A € C, R(ax),RN(B),N () > 0 with the initial values (3.11) and
n—1<pu<n,neN,0=<v <1 hasits solution in the space L (0, b] given by

_ +u)m+pte pym
y(x)—ﬂe)Zx’” P B s o et (@x%)

—_

n—

o0
m B+wym—m—p)(1—v)+k pym
+ Z 5 Ck [x EO‘ (B+w)ym—n—p)(1—v)+k+1 ( )]

m=1 k=0
n—1
w Ck k—(n—p)(1=v)
+(10+f)(x)+]§F(k—(n—u)(l—v)—i—l)x ’
(Al < 1/M). (3.84)

In particular, if 0 < u < 1 under the initial value (3.57), Eq. (3.83) has its solution
in the space L (0, b] given by

— Fm e ym
Y(X)—F(G)Z)\m (Primtite g7 (B om+utert (@)

(B+m—(1—w) (1)
+02Amﬁﬂm OB s om——w1-w+1 (@)

m=1

x(r=D-v)

xkm=m U= (o] < 1/M),
I'(w+v—pv)

(3.85)

+ (g, f) ) +c

where c is an arbitrary constant and M is a positive constant given by (3.79).

3.5 Operational Method for Solving Fractional Differential
Equations

In the 1950s, Jan Mikusinski proposed a new approach to develop an operational
calculus for the operator of differentiation [28]. This algebraic approach was based
on the interpretation of the Laplace convolution as a multiplication in the ring
of the continuous functions on the real half-axis. The Mikusinski operational
calculus was successfully used in ordinary differential equations, integral equations,
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partial differential equations and in the theory of the special functions. It is worth
mentioning that the Mikusiriski scheme was extended by several mathematicians
to develop operational calculi for differential operators with variable coefficients
[7, 8, 27]. These operators are all particular cases of the so-called hyper-Bessel
differential operator

- 1 d
(B y)(x) =xﬂ]"[(yi + ﬂxdx) (). (3.86)
i=1

An operational calculus for the operator (3.86) was constructed in [6]. New results
in the field of operational calculus have been presented by Luchko et al. in Refs. [13,
23, 24], where the operational calculi for the R-L, Caputo and for the more general
multiple Erdélyi-Kober fractional derivatives have been constructed and applied for
solution of the fractional differential equations and integral equations of the Abel

type.

3.5.1 Properties of the Generalized Fractional Derivative
with Types

The R-L, Caputo, and the composite fractional derivatives are defined as certain
compositions of the R-L fractional integral and ordinary derivatives. It is clear that
these operators play an important role in the development of the corresponding
operational calculi and there should be some coinciding elements in the operational
calculi for all three fractional derivatives.

We begin by defining the function space Cy,, ¥ € R, which was introduced for the
first time in Ref. [6] devoted to the operational calculus for hyper-Bessel differential
operator.

Definition 3.1 A real or complex-valued function y is said to belong to the space
C,, v € R, if there exists a real number p, p > y, such that

y() =tPyi(t), t>0

with a function y; € C[0, 00).

Clearly, C,, is a vector space and the set of spaces C, is ordered by inclusion
according to

C,CCs&y=3s. (3.87)
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Theorem 3.5 ([25]) The R-L fractional integral 1y, , o > 0, is a linear map of the
space Cy,, y > —1, into itself, that is,

Iy, : Cy — Cqyy C Cy.

For the proof of the theorem, see Ref. [25].
It is well known that the operator /§, , @ > 0 has a convolution representation in
the space Cyy, y > —1:

U, ) () = (ha 0 Y)(x), ha(x) =x*"'/T(@), yeCy. (3.88)

Here
(go f)x) =/0 glx—n)f@®d, x>0

is the Laplace convolution. From the semi-group property (2.3) it follows

oy - Iy ) = Tgn(x), yeCy,y=—1,a>0,neN. (3.89)

n

B

The composite fractional derivative Dg '+ 1s not defined on the whole space C,,. Here

let us introduce a subspace of C,,, which is suitable for dealing with Dgf.

Definition 3.2 ([17]) A function y € C_; is said to be in the space Qfl, u > 0if
Dyfyec forall0<a<p 0<p<L

For B = 0, i.e. for the R-L fractional derivative, the space o | coincides with
the function space introduced in Ref. [25].

Obviously, ot | is a vector space and .{291 = C_;. The space o | contains in
particular all functions z that can be represented in the form z(x) = x¥ y(x) with
y > p and y being an analytical function on the real half-axis.

The following result plays a very important role for the applications of the
operational calculus for D*# to solution of differential equations with these
generalized derivatives.

Theorem 3.6 ([17]) Lety € 2%, n —1 < a < n € N. Then the R-L fractional
integral and the generalized composite fractional derivative are connected by the
relation

U DL ) () = y(x) = yap(x), x > 0, (3.90)



84 3 Cauchy Type Problems

where

n—1 k —n+a—pBa+pn

Zr(k—n*—a—ﬁa-{—ﬂn—l—l)x;&rdx (), x > 0.

Yo, p(X) == k(I(l B)(n—a)

(3.91)

Proof Forn — 1 <a <n € Nand 0 < 8 < 1, the generalized derivative can be
represented as a composition of the R-L fractional integral and the R-L fractional
derivative (2.17), therefore

n—o d n—o n—o o n—«o,
DLy ) = (1“"( ) o o™ >y))(x>=<1£+< R DI ) (),
(3.92)

Using the formula (2.3) one obtains
U8, D5 @) = U 1L re DG P () = AP r DG ) (o).

The formula (3.90) follows now from the known formula for the composition
of the Riemann-Liouville fractional integral and the Riemann-Liouville fractional
derivative (see the formula from Proposition 3.1 with a = 0).

3.5.2 Operational Calculus for Fractional Derivatives
with Types

The formula (3.90) shows that the generalized derivative of order « and type B
always corresponds to the R-L fractional integral of order «. The type g influences
the form of the initial values that should appear while formulating the initial-value
problems for the differential equations. That is why the main part of the operational
calculus for D, f follows the lines of the construction of the operational calculus for
the Riemann-Liouville or for the Liouville-Caputo fractional derivatives presented
in Ref. [13].

As in the case of the Mikusiniski type operational calculus for the Riemann-
Liouville or for the Liouville-Caputo fractional derivatives, we have the following
theorem:

Theorem 3.7 ([17]) The space C_1 with the operations of the Laplace convolution
o and ordinary addition becomes a commutative ring (C_1, o, +) without divisors
of zero.

This ring can be extended to the field .#_; of convolution quotients by following
the lines of the classical Mikusifiski operational calculus [28]:

My = C_1 x (C_1\ {0}/ ~,
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where the equivalence relation (~) is defined, as usual, by

(f.8) ~ (f1.81) & (f o g)(1) = (g o f1)(D).

For the sake of convenience, the elements of the field .#_; can be formally con-
sidered as convolution quotients f/g. The operations of addition and multiplication
are then defined in M_; as usual:

f_l_fl :=f°g1+g°f1 (3.93)
8 81 8081

and

f A _foh

: . (3.94)
8§ 81 8081

Theorem 3.8 ([17]) The space .#—| with the operations of addition (3.93) and
multiplication (3.94) becomes a commutative field (M —1, -, +).

The ring C_; can be embedded into the field .#Z_; by the map (@ > 0):

fis hyof ’

he
with, by (3.88), iy (x) = x*~ 1/ (a).

In the field .#_,, the operation of multiplication Wlth a scalar A from the field
R (or C) can be defined by the relation A I= )‘gf v g € _1. Because the space
C_, is a vector space, the space .Z_1 can be shown to be a vector space, too. Since
the constant function f(x) = A, x > 0 belongs to the space C_;, we have to
distinguish the operation of multiplication with a scalar in the vector space .Z_;
and the operation of multiplication with a constant function in the field .#Z_. In this

last case we get

gy L oMt T gy A (3.95)
4 he & 8

Whereas the space C_; consists of the conventional functions, the majority of
the elements of the field .#_; are not reduced to the functions from the ring C_
and, consequently, can be considered to be the generalized functions or the so-called

hyper-functions. In particular, let us consider the element / = ha of the field .4,
that is the identity of this field with respect to the operation of multlphcatlon

f_hgof _ f
§ heog g’

I-
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The last formula shows that the identity element I of the field .#Z_; plays the role
of the Dirac §-function in the conventional theory of the generalized functions.

Another hyper-function, i.e. an element of the field .#_; that cannot be repre-
sented as a conventional function from the space C_; that will play an important
role in the applications of the operational calculus for the generalized fractional
derivative is given by

Definition 3.3 ([23]) The algebraic inverse of the R-L fractional integral I} i is said
to be the element ,, of the field .#_;, which is reciprocal to the element 4, in the
field .#_1, that is,

S—I— o _ ha (3.96)
“ " hy  hgohy hag '

where (and in what follows) I = Zz denotes the identity element of the field .Z_;
with respect to the operation of multiplication.

The R-L fractional integral I, can be represented as a multiplication (convo-
lution) in the ring C_; (with the function A, see (3.88)). Since the ring C_; is
embedded into the field .#_| of convolution quotients, this fact can be rewritten as
follows:

I
Iy ) (x) = ¢ Y (3.97)

o

As to the generalized fractional derivative D*# there exists no convolution
representation in the ring C_1 for it, but it is reduced to the operator of multiplication
in the field .#Z_;.

Theorem 3.9 ([17]) Let a function y be from the space 2%,, n —1 < a <

n, n € N. Then the generalized fractional derivative Dg’ﬂ y can be represented

+
as multiplication in the field /#_, of convolution quotients:

(DY) @) = Sa -y — Su - Yaups (3.98)
n—1 k—n+a—pBa+pn
X
Yo p¥) _I;)F(k—n+oz—ﬂa+,3n~l—l)
x lim & AP0 ) x> 0. (3.99)
x—04+ dxk 0+

Proof To prove the formula (3.98), we just use the embedding of the ring C_; into
the field .#_1 and then multiply the relation (3.90) with the algebraic inverse of
the Riemann-Liouville fractional integral operator—the element S,. The obtained
relation is exactly the formula (3.98).
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The formula (3.89) means that fora > 0,n € N

hg(x) = ];la ©0...0 h‘f, = hpe(x).

n

This relation can be extended to an arbitrary positive real power exponent:
Rt (x) = hye(x), 1> 0. (3.100)

For any A > 0, the inclusion 4% € C_; holds true and the following relations can
be easily proved (8 > 0, y > 0):

hE o hY, = hap o hay = h(giyra = MY, (3.101)
hE =hl, & a1f =ay. (3.102)

The above relations motivate the following definition of a power function of the
element S, with an arbitrary real power exponent A:

h;)‘, A <0,
st=11ir=0, (3.103)
hlé, A > 0.

For any o, 8 € R, it follows from this definition and the relations (3.101) and
(3.102) that

Sh.sy = sbtr, (3.104)
SE =Sl & aifp=awy. (3.105)

For the application of the operational calculus to solution of the differential
equations with composite fractional derivatives it is important to identify the
hyper-functions from the field .#_;, which can be represented as the conventional
functions, i.e. as the elements of the ring C_.

One useful class of such representations is given by the following theorem (see,
e.g., Refs. [23, 24]):

Theorem 3.10 ([23, 24]) Let the multiple power series

o0
i i
E Qiy,.in?] XX 20 2., 2n €C, ay,.i, €C
ilsm,in:O
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be convergent at a point zo = (210, ..., 2n0) Withall zxo # 0, k = 1,...,n. Then
the hyper-function

o
2(Sy) == S‘;ﬂ Z (S 011)11 Cex (S‘;Oln)in
i1y in=0
with >0, o >0, i =1,...,n can be represented as an element of the ring
C_i:
o0
2(Sq) = Z iy, in B (Btarii+tanin)a (X)),
i1yeein=0

where hy (x) is given by (3.88).

This theorem is the source of a number of the important operational relations,
which will be used in the further discussions (for more operational relations, we
refer to Refs. [13, 25]):

= X" Eqa(px®), (3.106)
Sa_p

where p € R (or p € C) and Ey g(z) is the two parameter M-L function, as can
formally be obtained as a geometric series:

1 1

k k+1
Se — p hIa —p I _ ,Oh Z
0 k (k+1)a—1 |
Ol
= E
E_ Fak+a) — wa(0x%).

The m-fold convolution of the right-hand side of the relation (3.106) gives the
following operational relation:

1

S — oy =X Edmapx). m € N, (3.107)

where E, ) (z) is the three parameter M-L function.
Let,B>0a,>Ot_1 ,n. Then

SO? Ba—1
=X E(aa.....ona). o A1 x®1%, Lo, A x®®) (3.108)
1= Y 08 (.o "

with the multinomial M-L function.
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3.5.3 Fractional Differential Equations with Types

Here, the presented operational calculus is applied for solving linear fractional
differential equations with generalized derivatives and constant coefficients.

First, some simple fractional differential equations are considered. We begin with
the initial value problem (n — 1 <o <n, n e N,0< B <1,A € R) [17]

(Dg‘fy)(x> —hy(x) = g(x),

lim (1(1 =) yy=creR, k=0,...,n—1. (3.109)
x—04+ dxk

The function g is assumed to lie in C_; and the unknown function y is to be
determined in the space £2%,.

Making use of the relation (3.98), the initial value problem (3.109) can be
reduced to the following algebraic equation in the field .Z_; of convolution
quotients:

S¢ Yy — Ay =S4 Yo+ 8,
n—1 k —n+a—pa+pn
Yap(x) = Zkr(k—n+a—ﬁa+,3n+1)

This linear equation can be easily solved in the field M_;:

I
y=Ygtyh= Sa—)\'g—i_Sa—)».
The right-hand side of this relation can be interpreted as a function from the space
Qﬁl, that is, as a classical solution of the initial value problem (3.109).

It follows from the operational relation (3.106) and the embedding of the ring
C_\ into the field .#_;, that the first term of this relation, y, (solution of the
inhomogeneous fractional differential equation (3.109) with zero initial values), can
be represented in the form

OE / (6 = 0" Eaa G =080 dt = (Bl 048) (). (3.110)

As to the second term, yy, it is a solution of the homogeneous fractional differential
equation (3.109) with the given initial values and we have

n—1 Sa xk—n+a—ﬂa+ﬂn
yer) = k;)c"”"(x)’ =g {F(k—n+a — Ba+ pn + 1)}

(3.111)
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Making use of the relation

xk—n+a—Ba+pn
— — LU
Fk—n+a—patpnt+l) Pi=tapoctpn1 () = W a—patpns 1)/ (%)

1

= kvt (3.112)
o

the formula (3.104), and the operational relation (3.108), we get the representation

of the functions uy(x), k = 0,...,n — 1 in terms of the two parameter M-L
function:
Sy xk—n+a—ﬂa+ﬂn
up(x) = :
Se —A | I'k—n+oa—Ba+pBn+1)

Sf(k7n+a7ﬁa+ﬁn+1)/a
_ Pa

_ k=(1=-p)(n—a) o
= I ass! =X Eokt1-(1-p)(n—a)(Ax").

Putting now the two parts of the solution together, we get the final form of the
solution of the initial-value problem (3.109):

y(x) = yg(x) + yn(x)

= /x(x — )" Ega(Mx —1)*)g(t) dt
0

n—1

+ Y xR, 1 gy (Ax®). (3.113)
k=0

The proof of the fact that the solution y belongs to the space 2%, is straightforward
follows the lines of the proof from Ref. [24] and we omit it here.

Whereas the solution of the inhomogeneous fractional differential equa-
tion (3.109) with zero initial values—the function y,—only depends on the order
« of the derivative, the solution of the homogeneous equation—the function y,—
looks different for different values of the type g of the derivative. In particular, the
part y;, of the solution takes the form

n—1

() =Y crup(x), up(x) = x* Egp10x%)
k=0

and

n—1

() =) crup(x), ug(x) = x* " Eg i npo (Ax®)
k=0
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for the Liouville-Caputo fractional derivative (8 = 1) and for the R-L fractional
derivative (8 = 0), respectively.
Next, we consider the linear differential equation [17]

n
Z)\i( glﬂ'y> () =24y (x) = g (x) (3.114)
i=1
with initial values
lim (1(1 0D y) (x) = cx € R (3.115)
x—0+ dxk
wherei = 1,2,...,n5k = 0,....,.n—1,n—1 <o <nneNO =<8 <

1, A, A; € R and the ordering o1 > o > -+ > o, > 0 is assumed without loss of
generality. Then the following algebraic equation in the field .#_; of convolution
quotients is obtained

n
D ki (S%y = S¥ye ) — Ay = g. (3.116)
i=1

This linear equation can be easily solved in the field .#Z_1:

n
Z)\ Sfya]ﬂj
j=1
y=y,+¥Y=, g+,
Z)\,’Sai—)u ZA,-S“i—A
i=1 i=1
1
= n g
Z)\,’So‘i—k

i=1

n . n—1 k—n+a;—Bjai+Bin
S xk—ntoj—pjojth;
+Z)\/n |:ZCkF(k—n+ot‘—,3'a‘+ﬁ‘n+l):|.
j=1 X:)Ll.sozi_)L k=0 J J7J J
i=1

On the other hand, one gets

1 ANt

n n
DSTAiSY — A A4 Y A SHTM — A ST
i=1 =2

1 s
i( )So‘l"‘l—)‘S"‘l

i=2
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A2
Al

_ a;—1 o]—an
=, X E () —ar,a1—a,....c1—an,c1),01 ( X e

Hence,

A2

x —t)% 72
)»1( )

X
1 .
Yg = A /(x - n* 1E(al—azsal—a&---,al—an,al),al <_
0
An o — An
— — ¥ — — )% ) g()dr.
M(x ) , &0 )g()
Applying the relations (3.108) and (3.112) we get
n . n—1 . o .
S9j xk—n+ozj—/3]a]+ﬂ]n
Y=> %, Dk
I'k—n+aj—Bja;+Bjn+1)

j=t 3 hiSY — A Lk=0
i=1

§@; n—1
— )\j ZCksf(k7n+aj7ﬁjaj+ﬂjn+1)

n
J=1 Y AiS% — A \k=0
=1

=

1 2l §—(k—n—Bjaj+a1+Bn+1)
n

i—1 f— Ai - A oo—
Jj=1k=0 I — 2:2(_111) Soi—o1 _ MS oy
=

— )\jckxkfnfﬁjaj+a1+ﬂjn

A2
ap—ar
X E(al—az,al—og,...,al—an,al),(k—n—ﬂjaj—i-al—i-ﬂjn—i-l) <—)\'1 X s

—)L"xo“_“” —)on” .
MM M

If B; =0, j =1,2,...,n the solution coincides with the solution of the linear
n-term differential equation with the R-L fractional derivatives

y=y;+ ¥
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where
1 n n—1
_ . k—n+a
Yo = . ZZAjckx
j=1k=0
2 a—
X E(ozl—ozz,ozl—og ..... o —ay,aq),(k—n+o;+1) <_)\1 x* 0127 ceey
_)\'nxal_an’ _ A )Cal X
MM A
If B; =1, j =1,2,...,n the solution coincides with the solution of the linear

n-term differential equation with the Caputo fractional derivatives

y=ys+h
where
1 n n—1
_ . k4o —a;
Yl—Alsz]Ckx i
Jj=1k=0
A2 o
X E(al—az,al—a3,...,a1—an,al),(k+a1—aj+1) <_A1 x% a2, PN
_)\'n xal_an’ _ A xal i
MM MM
(G fo; =a,i=1,2,...,n, we consider the following special case of the above

linear n-term differential equation with the generalized fractional derivatives:
n
D (Dgf' y) (x) = Ay (x) = g (x) (3.117)
i=1

dk B Y(n—
hl&dxk([&ﬁl)(n Dy)yx)=ck€R, i=12....nk=0,...,n—1;
X—>

n
<O<a<l, 0<Bi <1, 1 i €R, i=1,2,...,n,A=ZAi7éO).
i=1

(3.118)

Hence we get the following algebraic equation in the field .#_; of convolu-
tion quotients:

n
D ki (8% = S%yap) —hy =g
i=1
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This linear equation can be easily solved in the field .Z_;:

I s«
—_— * *_ .
YEYe Y= a8 pse s Z_:)\fy""ﬂf'
Since
I a—1 A a
Ase—p = oY Fae <Ax )
one gets
1 X
_ A
Ve = Af(x—t)"‘ 'Eg o (A(x—t)"‘)g(t) dr.
0
On the other hand,
n n-l k—nta—Bia+pin
Y* = &
AS ;;}’ I'tk—n+a—Bia+ pin+1)

n n- §—(k—n—pia+int1)

1
Z AiCk S )

i=1 k=0

ZS A, S—U—n—piatpintotl)
Ck A o
k=0 A =58

n
i=1 k=

n

1
1 S Bt B A
A 21: kzo)‘ickxk n /Sla+ﬂ1n+aEa,k—n—ﬂi(x+ﬂin+a+1 <Axc{) )
1

(i) Letay = (n—i)a,i =1,2,...,n where 0 < a < 1. Then the solution can be
represented in terms of the three parameter M-L function

1

Ye= » ) ZZ 8

Z)\ng”— j=lm= 1

ny+n+---+np,=n.
Operational relation (3.107) gives us the representation

t

Yg=/ua (r) g (t — 1) dr,

0
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where

14

nj
us (1) =3 3 cjmt ™ Eqm (vjt”)

j=lm=1

3.6 Fractional Equations Involving Laguerre Derivatives

In this section we show the utility of operational methods to solve a wide class
of integro-differential equations involving Prabhakar operators, also with variable
coefficients.

We start from the analysis of the following equation [40]

9 0 o
gl o, f )= (éao+;fx,ﬁ)x fx, 0, (3.119)

where
w;y,1 _ ;Y
G CEm

stands for the Prabhakar integral with respect to x-variable, with w, o, 8,y € RT.
The operator

d d

D, = t
L= 4 dr

is also named in literature as Laguerre derivative. It is well known that the
eigenfunction of the Laguerre derivative is given by the function

00 k
Con =3 (/;)2, (3.120)
k=0

i.e., the zeroth order of the Tricomi functions. This means that

44 o) = 2Co0n)
dr dr ° - AR

We now apply this result to the fractional integro-differential equations with variable
coefficients (3.119).

Theorem 3.11 ([40]) Consider the following initial value problem

Stafen=(&70,,) feo.
f(x,0) =gx),

(3.121)
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in the half plane x > 0, with analytic initial value g(x). The operational solution of
Eq.(3.121) is given by:

fan =Co(t(677,,) ) gt = i (:ﬂ (6047) g0 G122
k=0

The operational solution (3.122) becomes an effective solution when the series
converges, and this depends on the actual form of the initial value g(x). We remark
that this operational approach cannot be applied to the more general operator
561; };Kﬂ The reason is due to the fact that the proof of the validity of the semigroup
property for this operator is an open problem, as it was discussed above. On the
other hand, for 55’1; ); g We have

w;y sy w;y w;y w;ky
(é@owﬂ) = s tap B = By (3.123)
kx

Then we have that

Co( ( o+a,3) )g(x =§) I::{)Z ( OJ;ﬁ) g(x)
= i (/z:{)z (&775) 8. (3.124)

~
Il
o

as claimed.

Example 3.1 As a first concrete example we consider the following initial value
problem [40]

dt dtf(x t)_< O+aﬁ) Sx, 1)

(3.125)
f(x,00=gx) =x"1, §>0 R, RB) > 0.

By application of relation (2.110), i.e.,
é"(ﬁy e 1= F((S)xﬂ""s_lEg:’ﬂ_M(wx“),

one has

H k k
(ggjl—;;/,kﬂ) gx) = ( (ﬁ;/kﬂ) =@ lEozyk/S+5(wxa)’
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whose solution is given by
f(x,1) =) Z (k')zxkﬂ+5_1Ea?/]<ﬂ+5(wx“). (3.126)
k=0 "

We observe that boundary value problems for equations involving Laguerre
spatial derivatives can be studied by operational methods in a similar way, as we
are going to show with the following example.

Example 3.2 Consider the following boundary value problem [40]

Sxd fen= (éﬁ;:@ﬂ)t 1)
£0.0) =171ES (1), 8> 1,%(0), N(e) >0,

in the half plane x > 0. Here we use relation (2.109), i.e.,

do@(;‘f;yﬁ’at‘sflEg’g(wtﬁ) = z“”*lEgjljg(wzﬂ).

Then, the solution is given by
o xk X
[ =T©)) (Wt"“”*lEﬂ?k;‘;B(mﬂ).
k=0 ’

By using similar reasoning, we can also treat in a simple way integro-differential
equations involving both Laguerre derivatives, i.e., with variable coefficients, and
R-L integrals. Indeed, it is well known that R-L integrals satisfy the semigroup

property.
Theorem 3.12 ([40]) Consider the following initial value problem

:aatfaatf(xﬂ D =), fx.0, «>0, (3.127)

f(x,0) =g,

in the half plane x > 0, with analytic initial value g(x). The operational solution of
Eq. (3.127) is given by:

©
Fen = Cole(i5),) e =3 [ (1§7) s, (3.128)
k=0 ~ "

Example 3.3 Consider the following initial value problem

st fen = (18), f&x.0),
fx,00=x", y>0,a>0,
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by applying the previous theorem, its solution is given by

f(.x t):i k((];g)xxyzr(y+l)xy§: (xat)k
’ —  (k)? = (kD2 (ak +y + 1)
=Ty +Dxv ot [(1, DL D, (41, a);xat}

where we used relation (2.4).

Theorem 3.13 ([40]) Let $2, be a linear differential operator with respect to x and
Y (x) an eigenfunction of §2, such that

Q20 0x) = AP Ox), ¥ (0) =1, (3.129)

then the evolution problem

.Qf(xt)_( )f(xt) >0,
SO, =g@),

(3.130)

with an analytic function g(t) as boundary condition, admits an operational solution

faen=v(x(&77,,) ) . (3.131)

This theorem highlights the utility of operational methods to solve, in a simple
way, linear integro-differential equations involving Prabhakar integral operators.

Example 3.4 Let us consider the following boundary value problem [40]

nreen = (&5 ,) fe.
fO,0)=g@) =1 8§>0,

its analytic solution is given by
>, xk
k §—1 ppk
flx.n) = F(S)];) . PRI E ) g s (@), (3.132)

We observe that the convergence of the series (3.126) was proved by Sandev et al.
in [34].



3.7 Applications of Hilfer-Prabhakar Derivatives 99
3.7 Applications of Hilfer-Prabhakar Derivatives

In what follows we give some applications of Hilfer-Prabhakar derivatives in
mathematical physics and probability.

First we consider a generalization of the time fractional heat equation by Hilfer-
Prabhakar derivatives, involving the non-regularized operator @Z” ::(‘)) i

Theorem 3.14 ([11]) The solution to the Cauchy problem

@g:g,’(l);”(x’ 1) = K;sz”(xa 1), >0, x €R,
—y(1-v) .
(B, woru@n) =g, (3.133)

11mx—>:|:oo u(-xa t) = 05

withpu € (0,1),ve[0,1, weR, K,p >0,y >0, is given by

+00 1 0
u(x,t) = / e*lk)Cé(k) Z (_K)n tu(nJrl)fv(ufl)fl
—o0 2
n=0
x EY =) (0t”)k*" dk. (3.134)

p,pu(n+1)—v(u—1)

Proof By Fourier-Laplace transform of (3.133), where we use u(x,s) =
ZLu(x,s)]and u(k, t) = % [u(k, t)], and by using formula (2.60), one has

s — ws P ik, s) — s"PD (1 — s ")V e(k) = —KK a(k,s),  (3.135)

so that
ft(k 9= sv(ufl)(l —ws™PY’Vg(k)
’ sH(1 — ws—P) + Kk?
Ki? -
— g htv=D 1 _ Py vd-M35
=g (1—ws™?) g(k) (1 + sit(l — a)sP)V>
> n
— Z (—Kkz) S*M(n+1)+v(lt*1)(1 _ ws*p)*y(nJrlfV)g,(k)’ (3.136)
n=0
for | Qi K a’f, oyr | < 1. The inverse Laplace transform yields
o
ik,1) =Y (—K)" D=t pratine @R (k). (3.137)

n=0
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Note that, for each k, the inversion term by term of the Laplace transform is always
possible in view of Theorem 30.1 in Ref. [9] provided to choose a sufficiently
large abscissa (dependent of k) for the inverse integral and by recalling that
the generalized M-L function is defined as an absolutely convergent series. The
convergence of (3.137) and in general of series of the same form (see below) can be
proved by using the same technique as in Appendix C of Ref. [34]. Next, by applying
the inverse Fourier transform to (3.137) one finishes the proof of the theorem.

Theorem 3.15 ([11]) The solution to the Cauchy problem

cOVE e ) =K Zu(x,n), >0, x€R,
u(x,0") = g(x), (3.138)
1imx—>:|:00u(-xat) = Oa

withu € (0,1), w e R, K,p >0,y >0, is given by

o]

+o0 1
u(x,t) = /Oo e*"‘xg(k)h Z(—Kt”)" E) (wt”) k" dk. (3.139)
- n=0

Proof Taking the Fourier—Laplace transform of (3.138), by formula (2.64), we have
that

sl — ws PV ik, s) — s (1 — ws™PY (k) = —KKk%i(k, 5), (3.140)

so that
- P — s ) - Kk2 !
uk,s) = =s g1+
S

sh(l — ws—P) + Kk2 1(l — ws=P)Y

i (—Kkz)ns_“”_l(l —ws™P) T E(k), (3.141)

n=0

< 1. The inverse Laplace transform yields

Kk?
for sht(l—ws—P)Y

o]

i,y =Y (=K*)" BV (@12 g (k). (3.142)
n=0

By applying the inverse Fourier transform the proof of the theorem is finished.
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As an additional example we consider the free electron laser integro-differential
equation for the complex amplitude y(x), which is given by Dattoli et al. [5]

{dzgf) =—ing f(f(x — e Dy (n)dt, g, neR, xe(0,1],

y(0) = 1.
(3.143)

Here g is the gain coefficient, and 7 is the detuning parameter. This equation has
been generalized to a fractional free electron laser equation in Ref. [20]. Here
we give an analysis of the free electron laser equation involving Hilfer-Prabhakar
derivative [11]

Dy y@ =2ET oy + f(x), x € (0,00), f(x)e L'[0,00),

Sy(1-v) _
(Ep,ufv)(lfu),w,0+y(x)>x=0+ =5 €z 0,

(3.144)

where © € (0,1),v € [0,1], o, € C, p > 0, y,w > 0. This generalizes the
problem studied in Ref. [20], corresponding to v = y = 0. Here f(x) is a given
function. The original FEL equation is then retrieved for y = 0,v =0, u — 1,
f=0,A=—ing,w=in,p=w =k = 1.

Theorem 3.16 ([11]) The solution to the Cauchy problem (3.144) is given by

o0
k 1— 2uk—1 +k(T+y)—
y(x) =« Z)‘ a2 Ezyv(l?u)iuizvku(wxp)

k=0
> k
+> AkEZL((ijl’;?w’0+ f(x). (3.145)
k=0

Proof By Laplace transform of (3.144) (see (2.60)) one gets

sH(1— ws ) LLy)1(s) — ks "I — ws )Y

= 2ZLIMET (x”)](s) - L1y (0)1(s) + ZLLf (0)](s), (3.146)

from where

Ks*v(lfu)*u(l — wsTPYYVTY
ZLy0ls) = 1 —As724(1 — ws—P)~@ 7

sTHA —ws™P)TY
1 —As™2H(1 — ws—P)~ @7

L))
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o0
=k Z)\ks—V(l—u)—u—Zuk(l _ ws—ﬂ)VV—}’—k(wH/)
k=0

+ Z AksTHCHD (1 — sy TR@EH) 2 F(0)1(s). (3.147)
k=0

By inverse Laplace transform and by using the convolution theorem of the Laplace
transform, follows the claimed result.

Example 3.5 ([11]) Let us consider the Cauchy problem (3.144) with k = O,
flx) = xm-L By using relation (2.110) one has

y+k(@+y) m—1 _ Qk+1)+m—1 Y +k(@+y)
Ep,u(2k+1),w,0+x = I'(m)x* Ep,,u.(2k+1)+m(wxp)’ (3.148)

and, therefore, the solution of the Cauchy problem is given by

o0
_ k
y(x) = L) +m1y :()\xzﬂ)"E;L(gfﬁﬁm(wxp). (3.149)
k=0

Example 3.6 ([11]) Let us consider the Cauchy problem (3.144) with x = 0,
fx) = x"‘*lEg’m(a)xp). From relation (2.110), one has

y+k(w+y) m—1 _  nQk+D)+m—1 pytk(@+y)+o
Ep,u(2k+l),w,0+x EZ,m(wX”) = xt Ep,,u(2k+l)+m (@x?),
(3.150)
thus, the solution is given by
— k
_ o putm—1 2unk pYtk(@+y)+o P
y(x) = xH Z(Ax R ED S ety (@xP). (3.151)

k=0

3.7.1 Fractional Poisson Processes

Here we present a generalization of the homogeneous Poisson process for which the
governing equations contain the regularized Hilfer—Prabhakar differential operator
in time [11]. The considered model generalizes the time-fractional Poisson process.
The state probabilities of the classical Poisson process and its time-fractional
generalization can be found by solving an infinite system of difference-differential
equations. As the zero state probability of a renewal process coincides with
the residual time probability, the process can be characterized by the waiting
distribution. The M-L function appeared as residual waiting time between events
in renewal processes with properly scaled thinning out the sequence of events
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in a power law renewal process [4, 12, 26, 29, 32, 36, 42]. Such a process is a
fractional Poisson process. Gnedenko and Kovalenko did their analysis only in
the Laplace domain, and Balakrishnan [2] also found this Laplace transform as
highly relevant for analysis of time fractional diffusion processes. Later, Hilfer and
Anton [16] were the first who explicitly introduced the M-L waiting-time density
ful®) = —(ft E (—tt) = t“’lEu,M(—t“), 0 < u < 1, into the continuous time
random walk theory. They showed that the waiting time probability density function
that gives the time fractional diffusion equation for the probability density function
has the M-L form. In the next section we will pay special attention of the importance
of M-L functions in the continuous time random walk theory.

In what follows we will demonstrate the importance of the M-L functions related
to the fractional Poisson processes. We consider the following Cauchy problem
involving the regularized operator C@Z: a’f o+

Definition 3.4 (Cauchy Problem for the Generalized Fractional Poisson Process

[11])

c Dyt o PO = =Api(t) + Ape1 (). k=0, 1> 0, 1> 0,

1, k=0, (3.152)
pi(0) =

0, k=1,

wherep >0,y > 0,0 < p <1,0<u <1.Wealsohave 0 < u[yl/y —rp < 1,
Vr=0,...,[y],ify #0.

These ranges for the parameters are needed to ensure non-negativity of the solution.
Multiplying both the terms of (3.152) by v* and adding over all k, we obtain the
fractional Cauchy problem for the probability generating function

G, =y v p(t)

k=0

of the counting number N(¢), ¢t > 0,

c@p o, 0t G, 1) = =21 —v)G(,1), [v] <1, (3.153)
G(,0)=1.
Theorem 3.17 ([11]) The solution of Eq. (3.153) is given by
Gv,t) = Z( AR — vk EY Mk+1( ot?), || < 1. (3.154)

k=0
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Proof In view of Lemma 2.5, we have

sHL+ s~ 1 ZIG1(v, 5) — s*H1 4+ ¢s™P1 = —a(1 — v).Z[G1(v, 5),

(3.155)
so that
—1 — _ -1
261w, =, 0 e (1 e )

SH[1T 4+ ps= PV +A(1 —v) K SH[1 4 ps—PTY
! i r1—v) 7T
s [_sﬂ[l +¢sﬂ]y}
= > (=1 — )k 4 s (3.156)

k=0

where |A(1 — v)/[s*(1 + ¢s~”)7]| < 1. By using (2.61) we can invert the Laplace
transform (3.156) obtaining the claimed result.

Remark 3.1 Observe that for y = 0, we retrieve the classical result obtained, for
example, in [22]. Indeed, from the fact that, see Eq. (1.15),

o]

(=t?) I"(r) 1

0 Py —
Epen (Z010) = ;} ril(pr + pk+DIO) Tk +1) G137
Eq. (3.154) becomes
G, 1) = i (—hyE( =) _ EL (=21 = v)t*)
) - - AN -
0 T(uk+1) "
= E,(—A(1 — v)th), (3.158)

that coincides with equation (23) in Ref. [22].

From the probability generating function (3.154), we are now able to find the
probability distribution at fixed time ¢ of N(¢), t > 0, governed by (3.152). Indeed,
a simple binomial expansion leads to

G.n=Y vy (;) WY EN L (=), (3.159)
k=0 r=k

Therefore,

e¢]

) =Y (-1 * (;) WY EY L (=¢tP), k=0, t>0. (3.160)
r=k
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We observe that, for y = 0,

o0 )\’ N
pr(t) = Z}f—l)’*" (;) F((/jr i b = G B (M)
_(umk

y EN\(=a"), k=0, 120, (3.161)

The first expression of (3.161) coincides with equation (1.4) in Ref. [3]. The third
one is a convenient representation involving the kth derivative of the two parameter
M-L function evaluated at —A¢*. It is immediate to note, from (3.154), by inserting
v = 1, that Z,fozo pr(t) = 1. From (3.152), one can evaluate the mean value of
N (z) by differentiation of Eq. (3.153) with respect to v and to take v = 1. That is,

grt . AN@)) =, t>0,
:c T o (N @) > (3.162
(ND)|,_y =0,
whose solution is given by

(N(@)) = M*EY

o1 (=917, =0, (3.163)

3.7.1.1 Subordination Representation

An alternative representation for the fractional Poisson process N(t), ¢ > 0[11] can
be given as follows. Let us consider the Cauchy problem

Oyl gehx ) = = Jh(x. 0, 1>0, x>0, (3.164)
h(x,0") =8(x).
The Laplace-Laplace transform of % (x, ¢) is given by
~ n=lcq I AY4
h(z,s) = s+ 9570 , §>0,z>0. (3.165)
sE(1 4 ¢ps—P) + 2
Therefore one has
(14 ds PV h(z,5) — s V(1 + ¢s—P) = —zh(z, ), (3.166)

which immediately leads to (3.165). Consider now the stochastic process, given as
a finite sum of subordinated independent subordinators

vyl ,u(ﬂ—rp
%=er¢(z§ . 1>0, (3.167)
r=0
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where [y ] represents the ceiling of y. Furthermore, we considered a sum of [y]
independent stable subordinators of different indices and the random time change
here is defined by

(1) = <”;1)VJ%, >0, (3.168)

v
where V,"” is a further stable subordinator, independent of the others. Note that in
order the above process Uy, t > 0, to be well-defined, the constraint 0 < u[y]/y —
rp < 1 holds foreachr =0, 1, ..., [y]. The next step is to define its hitting time.
This can be done as

¢ =inf{s >0:Ys; >}, >0. (3.169)

Theorem 2.2 of Ref. [10] ensures us that the law Pr{€&; € dx}/dx is the solution
to the Cauchy problem (3.164) and therefore that its Laplace—Laplace transform is
exactly that in (3.165).

Theorem 3.18 ([11]) Let &, t > 0, be the hitting-time process presented in
formula (3.169). Furthermore let N (1), t > 0, be a homogeneous Poisson process
of parameter A > 0, independent of &;. The equality

N@t) =N (&), t=0, (3.170)

holds in distribution.

Proof The result can be proved by writing the probability generating function
related to the time changed process .4 (&) as

o0 00
Z VK Pr( A (&) = k) = / e MY Pr(E, € dy). (3.171)
k=0 0

Therefore, by taking the Laplace transform with respect to time one obtains

00 oo L1+ ps—P)r
—rI=vy=stpye, e dy)dt = g . 3.172
fo fo ¢ H(E € dy) sP(1+¢s=)Y + A(1 —v) ( )

By inverse Laplace transform one finds
(0.¢] o A
Z VK Pr (N (€) = k) = Z(—A(l — v))kt“kEkaM+1(—¢tp), (3.173)
k=0 k=0

which coincides with Eq. (3.154).
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3.7.1.2 Renewal Process

The generalized fractional Poisson process N(f), + > 0, can be constructed as a
renewal process with specific waiting times [11]. Let us consider k i.i.d. random
variables T, j = 1, ..., k, representing the inter-event waiting times and having
probability density function

AGEY 12( MEYEN L (—pt), 120, pe©,1),  (3.174)
r=0

and Laplace transform

(e Tiy =2 ) (=2 s (L4 s P) TV
r=0
. AsTHA + ¢ps™P)TY
L AsTH(L 4 gsP) Y]
)

- B . (3.175)
SE(1 4 ¢s=P)Y +

|—AsH(1+¢s )77 <1

Let 7, = T\ + T> +- - - + T,;, denote the waiting time of the mth renewal event. The
probability distribution Pr(N () = k) can be written making the renewal structure
explicit. By Laplace transform of Eq. (3.160) one finds

ZLIpl(s) = Z( ™ "( ) MM (L 4 s

| - 1\ r+k A T
-’ ;f D( k )(sﬂ(lwsp)y)

> [(—k—1 A r
ok —uk —p\—Vk
=57 AT+ 577 Z( r )(su(l—l—cﬁs—p)y)

r=0

A —k—1
= s Iakgmrk —py—vk
= 5Lk (] 4 gsr) (1+sﬂ(1+¢sp)y)
st 4 ps—P)Y
T s (1L + psP)Y 4 Ak (3.176)
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On the other hand, one has [11]

ZLIpil(s) = f T e BTk < 1) — Pr(Tier < 1)) di
0

oo t t
= / e [/ Pr(9 € dy) —/ Pr(Jy1 € dy)i| dr
0 0 0

o0 o o0 o
/ Pr(9; € dy)/ et dt —/ Pr(Jj41 € dy)/ et dt
0 y 0 y

00 o0
_ ! / e Y Pr( € dy) — / eV Pr(Jiq1 € dy)}
0 0

. B A k A k+1
- (sﬂ(1+¢s—ﬂ>y+x) _<s“(1+¢s—p>y+x> ]

Ly [AELs (L + psTP)Y 4 4] — Ak“}
[s#(1 + ¢s—P)r 4 AJFH!
Aest=1(1 4 ps—PYY

T (1 + s—P)r 4 A (3.177)

which coincides with (3.176). Therefore, considering the renewal structure of the
process, one can find the probability of the residual waiting time as [11]

P(Ty > 1) = po(t) = Y (=M™ EV . (—¢t"). (3.178)
r=0

In order to prove the non-negativity of the probability density function (3.174)
(and therefore of pi(#)) one can use the properties of the completely monotone and
Bernstein functions. Let us consider the case y # 0 (the case y = 0 is studied in
Ref. [22]). From the Bernstein theorem (see e.g. Ref. [35], Theorem 1.4), in order
to show the non-negativity of the probability density function, it is sufficient to find
when its Laplace transform is a completely monotone function (3.175). The function
z — 1/(z + X) is completely monotone for any positive A and that 1/(g(z) + X) is
completely monotone if g(z) is a Bernstein function. Thus, one should prove that
the function

SH(L+ ¢s TP = (sHY + gsilr=P)” (3.179)
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is a Bernstein function. We have

(sH17 4 pst7=P) = [(SM/V + ¢su/yfp)m]y/m

- y/Tv]
_ Z (rﬂ)qsrsury]/ypr . (3.180)
’

r=0

Since the space of Bernstein functions is closed under composition and linear
combinations [35], it follows that (3.180) is a Bernstein function for 0 < u[y1/y —
ro < 1,Yr = 0,...,[y], which coincide with the constraints derived in
Sect.3.7.1.1. The same restrictions will be obtained in the next section, within the
continuous time random walk theory.

3.7.1.3 Fractional Poisson Process Involving Three Parameter M-L
Function

At the end of this chapter we consider a fractional Poisson process introducing a
discrete probability distribution in terms of the three parameter M-L function [31].
The telegraph’s process, which represents a finite-velocity one dimensional random
motion, has been generalized to fractional one. The fractional extensions of the
telegraph process {7, (¢): ¢t > 0}, whose changes of direction are related to the
fractional Poisson process {44 (¢): t > 0} having distribution [3]

)\k tak

P(Ae (@) = k) = Eq(M®) I'(ak + 1)’

keNy:=NU{0}, f>0.

The fractional Poisson process resulting in {45 g(¢): t > 0} defined with two
parameter M-L function Ey g(At*) was studied in [15]. Therefore, the related
distribution is

)»k tak

P(Agp(t) = k) = Eqp(M®) I(ak + )

keNy, t=>0,

for which the related raw moments are obtained in terms of the Bell polynomials
[15].

As a generalization of the previous ones, the more general fractional Poisson
process {f/ig”ﬁ (t): t > 0} defined by the three parameter M-L function E Z /S(M“)
has distribution [31]

Ak ()i 1%

Y _ —
P =k = EY ,0ue) KT (ak + )’

keNy, t>0. (3.181)
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From here one can conclude that there is a correspondence between the non-
homogeneous Poisson process {-4'(¢): t > 0} with intensity function hoer® 1

(rrek

_ =AY
PNV () =k)=e N

AMa >0, keNp,

and the fractional Poisson process {%yﬂ (®):t >0}
Proposition 3.4 ([31]) Lef min{a, 8, y,A} > 0andt > 0. Then

62)7
I(ak + B)

E iy PO =0

P(A(t) =k)

A0 = k) = ke Mo,

where N (t) is a non-homogeneous Poisson process with intensity function hot® 1.

Proof Rewriting (3.181) as

W )t o

!
P =k = TPk
: LI
nso I'(an+B)  n!
one obtains the result in this Proposition.
In what follows for simplicity one gets A = 1. For a non-negative random

variable X on a standard probability space (£2, .%, IP) having a fractional Poisson-
type distribution
()i 1%

14 _ — —
Fop) =PX =h = EY ;@) kI T (k + )’

ke Npg, t >0,

with min{e¢, 8, y} > 0, and for Zkzo ]P’Zqﬂ(k) = 1, the random variable X is well
defined. This correspondence we quote in the sequel X ~ ML(, 8, y).
The factorial moment of the random variable X of order s € N is given by

N

d
Oy =(XX -1 X=s+D)= D" ((-X),) = dss (t%) o

provided the moment generating function Mx (1) = (tX) there exists in some
neighborhood of # = 1 together with all its derivatives up to the order s. By virtue
of the Viete-Girard formulae for expanding X (X — 1) --- (X — s + 1) one obtains

By =) (=) e (X7)
r=1
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where e, is an elementary symmetric polynomials:

e=e - b)= ) by, r=0s-1

1<ly<-<ly<s—1

Theorem 3.19 ([31]) For all min{ea, B8, y} > 0 the s-th raw moment of the random
variable X ~ ML(a, B, y) is given by

‘ ! y S| aj pr+i
X = g (1) > {j}f“f Ey i s, seNg, 1>0. (3182
0{,/5 ]:0
Moreover, the s-th factorial moment is given by
1 i r r
R
Ps = EY (%) Z(_l)r ér Z(V)j {J} 1% E;:,a/j'-l,-ﬂ(ta)s (3.183)
a,B r=1 j=0

where the curly braces denote the Stirling numbers of the second kind.

Proof From the connection between the raw and the factorial moments of a random
variable:

S\ . i]s . § — 1 : j—m J g
(X%) = Z(_l)J {j}((_X)]), {J} = Z(—I)J <m)m ,

Jj=0 m=0
one finds
(X°) =) (1’ {;}“—X)ﬁ =) (-1 {j} D (k) P (k)
j=0 Jj=0

k>0

Ly [Fl g CRj e
—1)/
Ej 5(t%) jz:;)( b {J}Z k! T (ak + B)

k>0

1 ~[5) o T+ k= )+ D
aj
EZ,ﬁ(mr(y);{j}t ,;j.(k—jnr(a(k—j)ij)

1 ST+ {s} o) 7 + Dt
E(’;’ﬁ(t“)jz:;) roy Ll gk!r(ak+aj+ﬂ)’

which is the statement (3.182). The derivation of (3.183) is now straightforward.
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In order to obtain the fractional order moments one needs the so-called extended
Hurwitz-Lerch Zeta (HLZ) function q§§ﬁ l’f;'() (z, s, a) introduced in Refs. [14, 38] as

(p,0,K)
qj)»,u;v

Z ()\)pn (Won "

MW (4@ 189

(z,s,a) =

n>0

where A, u € C,a,v e C\Z;,p,0,6k >0,k —p—0+1>0whens,z € C,
k—p—0o=—lands € Cwhen |z] <8 = p Po k", whilexk —p—0 = —1
and f(s +v — A — p) > 1 when |z| = §. By setting 0 — 0 in (3.184) one obtains
the generalized HLZ function

,0, ,
@70 (2, 5,0) = 000 (2, 5,0).

Theorem 3.20 ([31]) Let X ~ ML(«, B, y). For all min{«, B, y} > 0 and for all
s > 0 one gets

yt* (1,)

YO B ra+ gy Trees

@1 —s,1). (3.185)

Proof By definition, for all s > 0 it follows

o AL
X0 = E 4(t) ;" n! (an + B)’

since the zeroth term vanishes. Therefore,

s—1 an
gz Ly wlon

E) () = (= DI (an + B)
oyt (y + Dp "
EY (1) Z n!'I'(an+ o+ B) (n+ 11—
a,B n>0
yt* (1)

. (taa 1- S, 1)
Eq () Mo+ ) 71t

Beingh=y+l,v=a+p,z=1t%s—1—s,p=1,k =aanda = 1, by
applying the convergence constraints for d?(f.’l'f ) (z, s, a) in (3.184), one finishes the
proof.

Remark 3.2 For the raw integer order moments for the two parameter M-L dis-
tributed random variable in [15] has been found

a1 d\”
Y" = Eup® (t dt) Eqp(1), neNp.
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This case corresponds to Y ~ ML(«, 8, 1) distribution. Indeed, taking s = 1, y =
1, t > t«i in (3.182) we have

2
X)=t E“’“+ﬁ(t).
Ea,ﬁ(t)
On the other hand, since
ntn—l (z)n_ltn—l
Eo () = = = E> 1,
(Eap(®) ;;an+ﬂ) %;m—nuxﬂn—n+a+ﬂ) aatp (V)

one concludes that (X) = (Y). By settings = 1,y = 1, ¢ — t«i, relation (3.185)
becomes

D01 ' > @
EapOT@+B)  Eap®) @+ B) 2 nl(@+Blan’

n>0

Corollary 3.3 ([31]) For all min{«, B, y} > 0 and for all s € Ng we have

Ta+p) < s) o ;

(L) n

Py L p 1= D) = Y1 >_); j 1 Egajrp @), 1>0.
j=0
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Chapter 4 )
Fractional Diffusion and Fokker-Planck Chack for
Equations

In this chapter we pay our attention to the CTRW theory and the related fractional
diffusion and Fokker-Planck equations. In the literature the mostly used fractional
diffusion equations, which are equivalent, have the following forms [64, 83]:

H 92
RLDgJ“f(x’t)_(S(x)F(l—u) :%8x2f(x’t) (4.1a)
82
cDy, f(x,1) :%szf(x’t) (4.1b)

i.e., these are fractional equations in the R-L and Caputo sense, respectively. .7}, is
the generalized diffusion coefficient of physical dimension [JZ,] = m? /s, While
in the R-L formulation the initial condition f(x,r = 04) = &(x) is directly
incorporated in the dynamic equation, the analogous Caputo version appears closer
to the normal diffusion equation for © = 1. Furthermore, the time fractional
diffusion equation can have the following equivalent representation [64]:

B] . 0%
o G0 = AR Dy f ), 4.2)

where the R-L fractional derivative is from the right-hand side of the equation. All
these three equations have the same fundamental solution which in the Fourier-
Laplace space satisfies

skl

F(k,s) = s

4.3)

The inverse Laplace transformation, by using relation (1.3), gives the mode
relaxation of the M-L form

Flk,1) = E, (—%k%ﬂ) , (4.4)
© Springer Nature Switzerland AG 2019 115
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which in the long time limit shows a power-law decay. For u = 1 one recovers the
case of classical diffusion equation with exponential mode relaxation,

Flk,t) = e X¥1 (4.5)

which is different than the slower power-law relaxation in case of time fractional
diffusion equation.

It is also known that the case of finite characteristic waiting time and diverging
jump length variance (Lévy flights) is related with the space fractional diffusion
equation [25, 65]

d 0%
gy T 0D = A S0, (4.6)

where 7, is the generalized diffusion coefficient of physical dimension [7y] =
m?* /s, and « is the Lévy index. We note that the Riesz-Feller operator in the space-
fractional diffusion equation needs modification in the presence of non-natural
boundary conditions, due to the highly non-local nature of Lévy flight processes
(see the discussion in Refs. [22, 53]). The corresponding equation in the Fourier-
Laplace space then becomes

= 1
F(k,s) = . 4.7
k9= 4 Aotk 7
By inverse Laplace transform, it is obtained
F(k,1) = e ek, (4.8)

which represents the characteristic function for the Lévy stable law, see Eq. (4.291).
Here we note that for « = 2 one recovers the result (4.5) for normal diffusion.

Furthermore, one combines the effects of subdiffusion and Lévy flight process,
by analyzing the following space-time fractional diffusion equation [57]:

o

I _
CDY 000 = Ha

f(x,0), 4.9)

for0 < u <1land0 < & < 2, where %, o is the generalized diffusion coefficient
of physical dimension [.%}, o] = m*/s*. This equation in the Fourier-Laplace space
becomes

sl

F(k,s) = :
( S) S”—i‘%,alkla

(4.10)
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which can be obtained also from the CTRW theory. By applying the inverse Laplace
transform, from Eq. (1.3), this equation becomes

F(k, 1) = E, (= ot" k%), 4.11)

which describes the mode relaxation of Eq. (4.9), for a fixed Fourier mode k [66],
and generalizes the exponential mode relaxation. Mainardi et al. [59] represented
the fundamental solution of the Cauchy problem for space-time fractional diffusion
equation in terms of the Fox H-functions, based on their Mellin-Barnes integral
representations. The Cauchy problem for space fractional diffusion equation with
a Fourier symbol (—|k|%) is analyzed by using entropy estimates [12]. Later, this
result was generalized by deriving the maximum principle [28], based on the non-
negativity of the kernel of the corresponding semi-group.

The time fractional Fokker-Planck equation (FFPE) is introduced by Metzler
et al. [68] in order to describe the anomalous subdiffusion behavior of a particle
in presence of external force field close to thermal equilibrium. It represents a
generalization of the classical Fokker-Planck equation [80], which describes an
overdamped Brownian motion in a given external potential, by substitution of the
first time derivative by fractional derivative of R-L or Caputo form. FFPE for the
probability distribution function f (x, ¢) is introduced in the following way [68]:

af (x,1) a3 V() 92
= gD K, , 1), 4.12
ot REZo+ | ax mny + Hox2 foe1) ( )

where 7,, is the generalized frictional constant ([n,,] = s#~2), m is the mass of the
particle, and V (x) is the external potential. Equation (4.12) can be rewritten as

fet) = R Dy Lep f (1, 1), (4.13)
where
Lpz VO 0 (4.14)
= ax mn, Hox2 '

is the so-called Fokker-Planck operator. The time fractional Fokker-Planck equa-
tion (4.12) can also be written in the form of Caputo as follows:

3 V'(x) 92
dx mny Hax2

cDy, flx, 1) = [ i|f(x,t), (4.15)

which for . = 1 reduces to the well-known Fokker-Planck equation [80]

f G,y _[9 V) 52
a [8x mn, +%ax2i| fx,1). (4.16)
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4.1 Continuous Time Random Walk Theory

Brownian motion in one dimension, which is the classical model for normal
diffusion, can be explained within random walk theory according to which the
particle in equal time steps Ar performs steps in random direction (left or right)
to the nearest neighbor site a lattice constant Ax away. The master equation for
such a stochastic process is given by [64]

1 1
Wit + A0 = W = Av.) + W + Ax, 1), 4.17)

and describes the probability distribution function (PDF) to be at position x at time
t + At in dependence of the population of the two adjacent sites x & Ax at time ¢.
The prefactor 1/2 is taken due to the fact that the particle can come at position x
from position x — Ax or x + Ax with the same probability. In the continuum limit
At — 0 and Ax — 0, by Taylor expansion of the PDF in Eq. (4.17) one easily
finds that the PDF to find the particle at position x at time ¢ satisfies the standard
diffusion equation

IW(x, 1) %BZW(x,t)

, 4.18
at ax2 ( )
where # = limax—0 Ar—0 lng is the diffusion coefficient, with physical

dimension [.#] = m?s~!. The corresponding solution is the well-known Gaussian
PDF (see Fig.4.1),

1 2
W(x,1) = \/4;1(/%674% , (4.19)

0.6 1
0.5F ]

0.4F ]

W(x,t)
o
w

0.2} ]

0.1F ]

0-0:‘ P S E—_

Fig. 4.1 Gaussian PDF (4.19) for .# = 1, and t = 0.2 (blue line), t = 0.5 (red line), t = 2 (green
line)
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and the mean squared displacement (MSD) has a linear dependence on time, i.e.,

<x2(t)> = /oo CW(x, 1) dx = 271, (4.20)

—00

Remark 4.1 Here we note that the Green’s function (4.19), the Gaussian PDF, of the
diffusion equation (4.18) has non-zero values for any x at # > 0, which means that
some of the particles move with an arbitrarily large (infinite) velocity. To avoid this,
one introduces the so-called telegrapher’s or Cattaneo equation, or finite-velocity
diffusion equation, given by [17, 18]

2 2
WD) | BWen _ 9WEn

, 4.21
ot at? 9x2 “.21)

where 7 is the time parameter, % is the diffusion coefficient, which relates to a
finite propagation velocity v = \/ J¢ /. In the diffusion limit t — 0 of the infinite-
velocity propagation, it reduces to the diffusion equation (4.18), and in the opposite
limit T — oco—to the wave equation,

2W(x, 1) _ vzazW(x,t)

972 952 (4.22)

which will be considered in the next chapter.

The continuous time random walk model (CTRW) represents a generalization
of the Brownian random walk model. The mathematical theory of CTRW was
developed by Montroll and Weiss [71], and applied first time to physical problems
by Scher and Lax [98]. Nowadays it has become a very popular framework for the
description of anomalous non-Brownian diffusion in complex systems, and after a
50 years’ history the model is still trendy with applications in various fields [54].
Anomalous diffusion is characterized by power-law dependence of MSD on time

<x2(t)> ~ @ (4.23)

i.e., it deviates from the linear Brownian scaling with time. It is known from a
wide range of systems—depending on the magnitude of the anomalous diffusion
exponent ¢ one distinguishes subdiffusion (0 < « < 1) and superdiffusion (o« > 1)
[15, 30, 64, 65, 111, 112]. In Eq. (4.23), we calculate the spatial integral of x2 over
the probability density function W (x, #) to find the test particle at position x at
some given time ¢. Examples for such anomalous diffusion phenomena include
subdiffusive phenomena or charge carrier motion in amorphous semiconductors
[99, 103], tracer chemical dispersion in groundwater studies [100], or the motion
of submicron probes in living biological cells [34, 50] or in dense fluids [35].
Superdiffusion occurs in weakly chaotic systems [106], turbulence [79], diffusion
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in porous structurally inhomogeneous media [27, 119], as well as in active search
processes [8].

Here we briefly review the fundamental results of the CTRW theory. This
stochastic model is based on the fact that individual jumps are separated by random
waiting times. The waiting times between the jumps v (#) and the lengths of the
jumps A(x) are obtained from the jump PDF ¥ (x, ¢), which is the PDF of making a
jump with length x in the time interval ¢ and 7 4 d¢. Thus, one has [51, 52, 64, 114]

() :/OO W (x,1)dx

and
o
Ax) = / ¥ (x,t)dr,
0
For decoupled (or separable) CTRWs one simply uses

U(x,t) = Ax)Y(t).

The Brownian random walk model is the limit case of CTRW when the waiting time
PDF v () is of Poisson form and the jump length PDF A(x) is of Gaussian form. In
the more general case of any finite characteristic waiting time

T:/wti/f(t)dt
0

and any finite jump length variance

o
>? =/ xz)\(x) dx,

—00

the corresponding process in the diffusion limit shows normal diffusive behavior
with Gaussian PDF W (x, ) [41]. The characteristic waiting time 7 and jump
length variance X2 could be either finite or infinite, and depending on this the
corresponding process shows either normal or anomalous diffusion. For example,
it has been shown that the CTRW process with a scale-free waiting time PDF of
power-law form

Y(t) =

with 0 < a < 1, which means infinite characteristic waiting time 7', and finite
>? leads in the continuum limit to the time fractional diffusion equation for
subdiffusion, for which (x?(r)) 2 1% [15, 64]. The case with long tailed jump length
PDF

Ax) = x| TR,
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© < 2, which means infinite jump length variance, leads to superdiffusion [64].
For the PDF W (x, t) the simple algebraic form for the Fourier-Laplace transform
has been obtained [51] (see also [64, 65, 99, 114])

1—9(s)

:1 Wo(k). (4.24)
S 1—Wik,s)

I/%/(k, s) =

Here Wy (x) is the initial condition, 1& (s) is the Laplace transform of the waiting time
PDF (t), and lf/(k, s) is the Fourier-Laplace transform of the jump PDF ¥ (x, ¢).

The case of decoupled CTRW yields U (k,s) = &(S)X(k).

In what follows, for the distribution of jump lengths, we assumed a Gaussian
form with variance o2, whose small k expansion in Fourier space reads A(k) =~
1 — k? [64, 65]. The physical dimensions of the space-conjugated Fourier variable
can be restored by noting that the Fourier transform of the jump length PDF is
Ak) ~ 11— éazk2 for small k, where o2 has the dimension of length. To avoid
dimensions here, we set o2 = 2. Here we note that in this chapter we consider the
long wavelength approximation A(k) ~ 1 — k2, which gives the same result for the
MSD as the one obtained by employing the exact Gaussian jump length PDF. The
differences appear in the short time limit in case of calculation of the higher order
moments. For example, if one uses the next term in the expansion of the Gaussian
jump length PDF, i.e., X(k) ~1- ”52 K2+ ’Zi‘ k*, different behavior than the one in
case of using Ak) ~1— "32 k% for the fourth moment in the short time limit will
be obtained. However, the behavior of the fourth moment observed in the long time
limit is the same in both cases. This has been discussed in detail by Barkai [5] (see
also Ref. [6]).

For a Poissonian waiting time PDF

Y(t) =e ', (4.25)

the characteristic waiting time 7 is finite and equal to unity. With dimensions this
Poissonian waiting time PDF would read

b = e,
T

where 7 is the characteristic waiting time. Relation (4.24) then encodes the PDF for
classical Brownian motion in Fourier-Laplace domain [64, 65],

Wik, s) = Wo k). (4.26)

1
s + Hk?
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where 7] = o2 /(27) is the diffusion coefficient. For W (x, 0) = §(x), by inverse
Fourier-Laplace transform we retrieve the classical Gaussian

W(x,t) = e 4,

For the scale-free waiting time PDF of the power-law form v (r) ~ 7% /¢'** with
0 < a < 1, for which the characteristic waiting time 7 diverges, it can be shown
that the PDF in Fourier-Laplace space is given by the algebraic form [64, 65]

a—1

R Wo (k). (4.27)

Vi/(k, s) =

where %, = 02/(27%) is the generalized diffusion coefficient. Equation (4.27) can
be rewritten as

Wk, 5) — s Wolk) = — k2 Wk, s). (4.28)
By inverse Fourier transform, one finds

BZW(x, s)

SCW(k, s) — s " Wo(x) = A, a2

(4.29)
The inverse Laplace transform, by employing relation (2.20), one obtains the
time fractional diffusion equation (4.1) [64, 65]. Its solution can be obtained
first by inverse Laplace-Fourier transform of Eq. (4.27). Therefore, one finds the
fundamental solution (Wy(x) = §(x), Wo (k)) in terms of the Fox H -function (1.40),
or the Wright function (1.62),

a—1
_ g1 —1 § _ g1 _ 2.«
wan =g et ]| = [ ()]
_ 1H1,0[ |x] (l,a/Z)}
20x| B e | (1, 1)

(1—a/2,a) :|

_ 1 H2’0 X
Var e B2 [ 401 (0, 1), (1/2,1)

1 x|
— M, . 4.30
JaAgre (J%t“) (430

where we apply relations (1.3) and (1.52). The cusp at the origin of the solution
(4.30), which is observed in Fig. 4.2, corresponding to the slowly decaying initial
condition Wy(x) = &(x) is distinct for this process. It appears due to the scale-free
waiting time PDF /(7) with its diverging characteristic time scale. The difference
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0.7F - - - T
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0.5F 1
0.4r 1

W(x,t)

0.3F ]
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Fig. 4.2 PDF (4.30) of the fractional diffusion equation for @ = 1/2, %, = 1, and r = 0.1 (blue
line), t = 1 (red line), and r = 10 (green line). Reprinted figure with permission from T. Sandev,
A.V. Chechkin, N. Korabel, H. Kantz, .M. Sokolov and R. Metzler, Phys. Rev. E, 92, 042117
(2015). Copyright (2015) by the American Physical Society

between the PDF for the time fractional diffusion equation (4.1) and the Gaussian
PDF for the diffusion equation (4.18) is evident.

4.2 Generalized Diffusion Equation in Normal Form

In Ref. [86] the generalized waiting time PDF in the Laplace space of form

N 1
§) = R 4.31
v(s) 1+ 57() (4.31)
was introduced, where y (¢) has the property
lim y(¢) = lim sy (s) = 0. (4.32)
t—00 s—0

To guarantee that this generalized function is a proper PDF its Laplace transform
1/}(s) should be completely monotone [101]. This requirement is fulfilled if the
function 1 + s (s) is a Bernstein function. We note that it can be shown that if
f(s) is a complete Bernstein function then g(s) = 1/f(s) is a completely monotone
function [11] (see Appendix A), which means that sy (s) itself should be a Bernstein
function. The waiting time PDF (4.31) together with a Gaussian jump length PDF
with A(k) =~ 1 — k? yields the Fourier-Laplace form

1=y +sp6] P

MED= A+ 596 T s+

(4.33)
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of the PDF W. Relation (f1.33) is valid for all times, not just in the long time limit,
since the approximation vr(s) >~ 1 — sy (s) was not applied in the derivation of the
PDF (4.33) in Fourier-Laplace space. Rewriting Eq. (4.33) as

7 (s) [sw:/(k, 5) — Wo(k)] — KWk, s), (4.34)

then from inverse Fourier-Laplace transform we obtain the generalized diffusion
equation [86, 97]

t 9 82
/0 vt — t/)aﬂ W(x,t)dt' = a2 W(x,1), (4.35)

with the memory kernel y (). Note that in the generalized diffusion equation (4.35)
the memory kernel appears to the left of the time derivative in the integral such that
for a power-law form of y (¢), the Caputo fractional derivative is recovered.

From (4.33) one concludes that the solution is normalized since

1
Wk, $)]lk=0 = § (4.36)

Furthermore, the MSD can be calculated and is given by [86]

-1
=29 L; (S)} . (4.37)

32
7 [ W (k, )}
k2 |

4.2.1 Subordination Approach and Non-negativity of Solution

Here we present the subordination approach for verification of the positivity (non-
negativity) of the solution of Eq. (4.35). From Eq. (4.33) we have

~ o
Wk, s) =7 s)/ —u(sP )+ gy = f G, s)du,  (4.38)
0
where the function G is given by

~ N 0 1
Gu,s) = p(s)e ™7 = — g o L9, (4.39)

us

where

L(u,s)=e "7,
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Thus, the PDF W (x, ¢t) is given by [62, 63]

2

00 e 4u
W(x, 1) =/0 \/47_[”G(u,t)du. (4.40)

The function G (u, t) is the PDF providing the subordination transformation, from
time scale ¢ (physical time) to time scale u (operational time). Indeed, at first we
note that G (u, t) is normalized with respect to u for any 7. From Eq. (4.39) we find

/w Gu,t)du= 2" [foo P(s)e™ 7 du} = H =1. (441)
0 0 S

In order to prove the positivity of G (u, ) it is sufficient to show that its Laplace
transform G (u, s) is completely monotone on the positive real axis s [101]. For that
we need to show that [93]

(1) the function y (s) is completely monotone, and
(ii) the function sy (s) is a Bernstein function.

If (ii) holds, then the function e ™7 is completely monotone since exponential
function is completely monotone and the composition of a completely monotone
and a Bernstein function is itself completely monotone. Furthermore, G(u, s)
is completely monotone, as the product of two completely monotone functions,
e376) and P (s).

Alternatively, one can check that s7 (s) is a complete Bernstein function, which
is an important subclass of the Bernstein functions [101]. An example is a function
s“ with 0 < a < 1. This condition is enough for complete monotonicity of é(u, s)
due to the property of the complete Bernstein function: if f(s) is complete Bernstein
function, then f(s)/s is completely monotone [101]. By using the properties of the
completely monotone and Bernstein functions we can prove the non-negativity of
the PDF for the special cases of the memory kernel considered in this section.

Remark 4.2 Here we note that, following the procedure in [58] (see also [32, 49,
73]), one can construct a stochastic process x (#) which PDF obeys the generalized
diffusion equation, and can be represented as rescaled Brownian motion %(u)
subordinated by an inverse generalized Lévy-stable subordinator .#(¢), independent
of Z(u). The stochastic process then is represented by

x() = 25, BLI (), (4.42)
where for simplicity we use %), = 1, and the operational time is given by .7 (¢) =
inf{u > 0: .7 (u) > t}, where 7 (u) is an infinite divisible process, i.e., a strictly

increasing Lévy motion for which

<e—s3(u)> _ e—ulI/(s)’
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where ¥ (s) = sy (s) is the Lévy exponent. This stochastic process will be well
defined if the Lévy exponent belongs to the class of Bernstein functions [58, 73]. The
function lf/(s) = s7(s) is a Bernstein function if y(s) is a completely monotone,
which is the same result as the one obtained before by the subordination approach.

Remark 4.3 The Langevin equation approach to the CTRW model is based on the
coupled Langevin equations [23, 31]

d [
4, 0 =),

d
d t(u) = x(u). (4.43)
u

which means that the random walk x (¢) is parameterized in terms of the number of
steps u. The connection to the real time ¢ is given by the total

tu) = /u x () du’
0

of the individual waiting times y for each step. Here ¢ (1) represents white Gaussian
noise with zero mean (¢ (#)) = 0 and correlation

(€)= 28u —u').

The term y (u) represents a generalized stable Lévy noise with a characteristic
function i(k, s), which is a Fourier transform of the PDF i(u, 5) = e usv(s),
The PDF L(u,t) is related to the PDF G(u,t) which provides subordinating

transformation given by (4.40), and which Laplace transform is given by the general
relation (4.39). Thus, it reads [10, 23]

0
Gu,t) = 'y (O —t))), (4.44)

where © (x) is the Heaviside step function. From the Laplace transform and since
the process f (u) is a generalized stable Lévy processes, for the PDF G (u, s) one has

Gu,s) = _aau i </OOO 8t —t(u))e™*" dt>

d 1 ) 0 1.
- <e*”<”>> =— % i), (4.45)
us us
From this result we see that it coincides with the one obtained in the framework of
the subordination approach.
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4.2.2 Specific Examples

In what follows we will consider several specific forms for the memory kernel y (¢).
In the simplest case we use the Dirac delta form y (¢) = §(¢), leading us back to an
exponential (Poissonian) waiting time PDF underlying Brownian motion,

o1 1 o
V() =< [HJ_e , (4.46)

and Eq. (4.35) reduces to the classical diffusion equation

3 9’
Wx,t) = Wix, 1),
9 (x,1) 912 (x,1)
whose solution is represented through the famed Gaussian PDF. The linear depen-
dence of the MSD on time directly follows from relation (4.37).

For a power-law memory kernel y(¢) = t~%/I" (1 — «) one obtains the M-L
waiting time PDF [37, 39, 40]

yn =27 [ =1 Eq.q (—1%). (4.47)

1~|—s0‘i|

In this case Eq. (4.35) reduces to the fractional diffusion equation (4.1), whose MSD
from Eq. (4.37) is given by (xz(t)> =2 F(i:a). Its solution, which is represented
by the Fox H-function, is non-negative since p(s) = s*~! is non-negative and

sy (s) = s* is a Bernstein function for 0 < o < 1.

4.2.2.1 Dirac Delta and Power-Law Memory Kernel

Let us first consider a memory composed of a power-law and a Dirac delta function
[86],
-

Uil — g 280, (4.48)

y()=a

with 0 < « < 1, and where a; and a, are constants. From Laplace transform of
Eq. (4.48) it then follows that

P@s) =ar1s“ ' +a, (4.49)
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from where we can conclude that assumption (4.32) is satisfied. For the waiting time
PDF one finds [86]

1 1 ai
n=x2" =Eqi-a1 (- t,— 7
¥(t) |:1+a1s0‘~|—a2s:| (1,1 a),1< 0" " a )

1 (=D ar |
= > e ME (- i), (4.50)
2n:0 2

az

where E(q;,,),8(21, 22) is the multinomial M-L function (1.35), and Eg’ﬁ(z) is the
three parameter M-L function (1.14). The infinite series in the three parameter M-L
functions of the form (4.50) are convergent [84] (see also Refs. [74, 75]). For the
short time limit we then obtain

g lfiom 1 451
W)‘az( _azr(z—oo)' @0

In the long time limit we find

—a—1

U(t) ~ aja If(l o (4.52)

This CTRW model corresponds to the following equation:
2

0 0
arcDgW(x, 1) +ax o1 W(x,t) = o2 W(x,1). (4.53)

Its solution is given in terms of infinite series in Fox H-functions [87], and is non-
negative since 7 (s) = a1 s*~'+ay is completely monotone and s (s) = a1 s¥+az s
is a Bernstein function for 0 < « < 1.

For this memory kernel, the MSD can then be expressed in terms of the two
parameter M-L function,

—1
(xZ(t)>:2$1[ s }: 2;51,0[,2 <—a1t1°‘>. (4.54)
as

a1 s +axs a

For the short time this implies the normal diffusive behavior

() = azzt, (4.55)

while in the long time limit we find the subdiffusive scaling

2
(xz(t)> T r(+a)

tO[

(4.56)
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As expected, the Dirac delta peak of the memory kernel dominates the short time
regime of normal diffusion. Such a crossover from normal to anomalous diffusion
is a generic physical behavior for systems, in which the test particle is driven by
Gaussian white noise but progressively explores a disordered environment.

4.2.2.2 Two Power-Law Memory Kernels

For a memory function with two power-law terms,

o 17

1) =
YOG ey TR —w)
with 0 < a1 < oy < 1 the waiting time PDF is an infinite series in three parameter
M-L functions [87],

v =27 [ ! }

14 a1 s* 4 ap s*2

-1 o0
=y O e (—‘” taz—“l) . (4.57)

n az—ay,ontan
a a
2 n=0 2

This case corresponds to the distributed order diffusion equation with two fractional
exponents [87] (compare also Refs. [19, 20])

82
achg_'kW(x,t) +ay CDgiW(x,t) = 002 Wi(x,1), (4.58)

which can be obtained if we substitute y(¢) in the generalized diffusion equa-
tion (4.35). Its solution is given in terms of infinite series in Fox H-functions. Note
that if, for instance, we set a; = 0, a» = 1, and op — « in relation (4.57) we arrive
at the waiting time PDF in the mono-fractional case. The case with &1 = oy = «
and a; + ap = 1 gives the same result for the mono-fractional case. The limiting
behavior encoded in expression (4.57) yields in the form

tazfl
1) >~ , 4.59
¥ (@) W () (4.59)
for Z; 1%27% « 1 and
—a1—1
1) >~ 4.60
Y () a1 o, (1 —ap) (4.60)

for Z; t*27% > 1. Thus the smaller exponent dominates the short time limit and the
larger one the long time behavior.
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The solution of Eq.(4.58) is non-negative since y(s) = aj sl gy g2l

is completely monotone and sy (s) = aj s* + ap s*? is a Bernstein function for
O<a;<ap < 1.
The MSD for the double order fractional diffusion equation is given by [22]

_1 >
(x2(1)> =291 [ s :| = tazEaz—ozl,otz+l <—all‘a2_al> .

ap s* + ap s*? a a
(4.61)
The short time limit yields the behavior
) 2 12
2 > ~ , 4.62
( @) a I'(1 +an) ( )
and the long time limit
2 141
2
X2 > ~ , 4.63
( © ay I'(1 +ay) (03

therefore, the particle shows decelerating subdiffusion.

Remark 4.4 Here we give a Langevin description of the corresponding bi-fractional
diffusion equation. Therefore, one may consider the coupled Langevin equations in
which the noise y(u) is a sum of two independent one-sided stable Lévy noises
xi () with Lévy indices 0 < o; < 1, fori =1, 2,1.e., [87]

d —
g, =10,

d d
d tw) = | [+ n@)]=x1@)+ x2(u), (4.64)
u du

where 71(u) represents white Gaussian noise. The PDF G (u, t) is found from its
Laplace transform, where one uses that the process 7 (1) is a sum of two independent
a;-stable Lévy processes,

~ 01 . 014 “
Glu.s) = - <e m(u>><e m(u)> ==, sL"“(”’ )L, (u, s), (4.65)
where

r —ua; s% .
Lo(u,s) =e %", i=1,2.
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4.2.2.3 N Power-Law Memory Kernels

The case of a memory function with N power-law functions

N —a;

y(t) = Zair(tl Ca) (4.66)

i=1

corresponds to a distributed order diffusion equation with N different exponents of
the fractional operator

N 2
. ad
Y ai ¢ DLW (x, DW(x, 1) = 52 WD, (4.67)

i=1

The waiting time PDF is then given in terms of the multinomial M-L function

OlN—l
v =27 [ ! } _!

N .
L+ a;s% an
al ay—o] 612 aN—Qa)
X E(aN—al,aN—(xz,...,aN—OlN,I),aN <_aNt ,_aNt ey
aN—
_ON 1t“N—“N1> . (4.68)
ay
The non-negativity of the solution of Eq. (4.67) follows from the fact that y (s) =
SN a;is%~" is completely monotone and s (s) = Y., a;s% is a Bernstein
functionfor0 < @y <y < --- <ay < 1.

The MSD can also be represented by the help of the multinomial M-L function,
i.e.,

~1
[Po)=227] = 2 g
Yooy ai 8% an

al oN—O a2 oN—O
X E(ay—aj,ay—az,....ay—ay—_1),an+1 <_ rENTEL, _aNt N
aN-—1 _
— (ONTAN=T ) (4.69)
an

Remark 4.5 The Langevin description of the corresponding N-fractional diffusion
equation is a direct consequence of the previous case of the bi-fractional diffusion
equation. Therefore, we consider the coupled Langevin equations in which the noise
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x(u) is a sum of N independent one-sided stable Lévy noises y;(u#) with Lévy
indices0 < «; < 1,fori =1,2,..., N,

d —_—

4, ¥ =0,

d d & N

IO ;” W) = ; xi (), (4.70)

where 1(u) represents white Gaussian noise. The PDF G (u, t) in this case is given
by

a1

ou s
1

1=

N
N o 01 ~
Glu,s) = () == TTLa .o, 4.71)
i=1

1

where

Lo (u,s) =e 45" j=1,2,...N.

4.2.2.4 Distributed Order Memory Kernel

We now turn to the case of a distributed order memory kernel,
-

1
_ A—1 t
y() = /o T P()»)F (1 - da, (4.72)

where p(A) is a weight function with fol p(A)dr = 1. Here we use t = 1. The
Laplace transform of Eq. (4.72) yields

1
p(s) = / p(Ls* 1 da. (4.73)
0

This memory kernel satisfies the assumption (4.32), i.e., lims_¢ fol p(A)s)‘ dr = 0.
Inserting the memory kernel (4.72) into relation (4.35) and exchanging the order of
integration, we recover the distributed order diffusion equation

1 a). 82
/0 pd) 97 W(x,t)dxr =f/"i/ax2 Wix,1t), 4.74)

The waiting time PDF (4.31) thus becomes

N 1

- . 475
Ve 1+ [y pO)s*dr 7
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A special case of memory kernel (4.72) is the uniformly distributed order
memory kernel with p(X) = 1, which implies that

v (s) = . 4.76
ris) = log(s) (4.76)
Thus, the waiting time PDF becomes
1 1
V() =2 | 4.77)
145 ogs)

Its behavior in the short and long time limits follows from Tauberian theorems, see
Appendix B. For the short time limit we find

1
1
1 l(b)g(s)

vt)=27"! [ } ~ 2! [log(s)] ~ log : , (4.78)

while for the long time limit the behavior is [24]

1 1
=z ~ 7!
v [1 sl } 1+ !

log(s) !

log ¢

1 d 1 1

~ 1 ~ _

R LR E T (4.79)
g, g tlog=t

The non-negativity of the solution of distributed order diffusion equation (4.74)
can be shown as follows [93]. The function sy (s) = fol p(M)s* di is a complete

Bernstein function. Indeed, let us consider the function Z P js)‘f' with p; > 0

and 0 < A; < 1. This is a complete Bernstein function since s*i is a complete

Bernstein function for 0 < A; < 1, and a linear combination of complete Bernstein
functions is again a complete Bernstein function. The integral discussed above is

a pointwise limit of the corresponding linear combinations [101]. In a similar way,
y(s) = fol p(W)s*~1dx is completely monotone, since the function > iP js)‘f'_l
with p; > 0and 0 < A; < 1is completely monotone.

For the uniformly distributed order memory kernel by using the Tauberian

theorem (see Appendix B), one finds the MSD of form

<x2(t)> =29} [ - } ~ 2! [ﬁ log(s)] ~2rlog . (4.80)
log(s)
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in the short time limit, and one finds the crossover to the ultraslow diffusive behavior
of the particle in the long time limit [19],

- } ~ 2.1 |:s_110g } ~ 2logt. (4.81)
log(s) $

(xz(t)> — 297! [

One further may consider distributed order memory kernel (4.72) with power-
law weight function of the form p(}) = vA'~! (v > 0) [21], which is relevant in
the theory of ultraslow relaxation and diffusion processes. In the Laplace space it is
given by
vy (v, —log(s))

4.82
s (—log(s))" (352

y(@s) =
where
X
y(v,x):/ et dr
0

is the incomplete gamma function [29]. For s — 0 its behavior is of form
y(s) = vI'(v)/[s (—log())"],

since y (v, x) >~ I'(v), for large x (small s implies large —log(s)). For s — oo it
behaves as

Y (s) =~ v/log(s),

where we use the relation between the incomplete gamma function and the confluent
hypergeometric function [29]. For this memory kernel, the waiting time PDF is
given by

1
() =271 ; , (4.83)
y (v, —log(s))
L4575 o))
so that the short time limit behavior follows
1 1
()~ log , (4.84)
v t
while we find [24]
dIr'v+1) vw+1
Y(t) >~ — = (4.85)

dt log"t  tlog't!s

in the long time limit.
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For this distributed order memory kernel the MSD becomes
2 1
<x2(t)> ~ “tlog (4.86)
v t
in the short time limit, and
2 2 v
(x (t)> ~ log” 1 (4.87)
v
in the long time limit. The case with @« = 4 corresponds to the well-known Sinai
diffusion [15].
4.2.2.5 Double Order Tempered Memory Kernel

We also consider the double order tempered kernel [93],

y(@) =e " | B £ + B 12 (4.88)
' —x) ra—i]l’ '

where b > 0, and 0 < A1 < Ay < 1, i.e. the tempered distributed order diffusion
equation with two fractional exponents,

t W[ —t)™ (¢ —t) ] 9 9*
/ o—ba=1) [( ) + ( ) } W(x,t)dt' = , Wix, ).
) 0x

r'ad—x) I'(1—»xy) ot
(4.89)

The Laplace transform of the kernel (4.88) yields
P(s) = Bi(s + by ' + Ba(s + b)*2 L. (4.90)

The proof of the non-negativity of the solution of Eq. (4.89) can be easily shown by
employing the properties of completely monotone and Bernstein functions [93].
The corresponding MSD shows the scaling form

o\ 2 s72(s + b))l M
(x (t)> =57 [(s+b)kz—h +B1/BJ

2 By
= "B e " 2E i (= M) ), 491
B, 0+ (e Aa—=Ay,A2—1 B, ( )

which in the short time limit becomes

A
(xz(t)> L (4.92)
By 'k + 1)
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and in the long time limit

26! M

20 ~
(x*0) = By (bt + By 3o) (4.93)

At long times the diffusion becomes normal due to exponential truncation of the
memory kernel.

4.2.3 Diffusion Equation with Prabhakar Derivative

At the end we consider the waiting time PDF in Laplace space of form [94]

n 1

s) = , (4.94
V) L+ Ok [+ (st)]” )
where 0 < u, y < 1. Without loss of generality we set t = 1. In order the waiting
time PDF to be non-negative, its Laplace transform v (s) should be completely
monotone function. Thus,

14 s [1 —l—s_p]y = st [1 —l—s_p]y,

should be a Bernstein function. This function is a Bernstein functionif O < p/y < 1
and 0 < u/y — p < 1. By exchanging the waiting time PDF in the general relation
obtained from the CTRW model, one finds

~ _ I —p1Y -1
T Ll C e I 7
S1— (1=K [1+s#[1+s7]"]
s“’l[l—i—s’p]y -
= Wo (k). 4.95
sh[14s=,] +k2 o) (499

After some rearrangements, it follows
sH[14s7P) Wik, s) — s* 1+ 57P) Wolk) = k> Wk, 5). (4.96)
By inverse Fourier-Laplace transform, the following time fractional diffusion

equation is obtained [94]

2

3
I U CRE a2 W0, (4.97)

where v =1, and ¢ 2"

0t is the regularized Prabhakar derivative (2.88).
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The exact form of the corresponding waiting time PDF is given by [94]

0=t | [
L+st[14+s5r] P+ DY 14
i (py =) (n+1) 1 &
_ o1 § _ +u—1 pynty
- [Z(_l)n(sp n 1)y(n+1>] = 2 DR (7).
n=0 n=0
(4.98)
Therefore, for the short time limit # << 1 one finds the behavior
o0 — —
l‘lm+M 1 M 1
1) ~ —1" =" VE, L (=7 ~ , 4.99
v ,;( " run + o (=) () (99
and for the long time limit ¢ >> 1, the behavior
s (u—py)n—py
t
Y(6) = 'Y (1)
e F(w—=pyn+un—=py)
u—py—1 ( " m/) oyt
=th Y E oy u— —t* >~ (u—py) . (4.100)
W=pY =Py yF(l—/L-i—p)/)

Therefore, the parameters p and y do not have influence on the particle behavior in
the short time limit. In the long time limit all the parameters have influence on the
diffusive behavior of the particle.

The non-negativity of the solution of Eq.(4.97) can be proven by using the
subordination approach, where the function G(u,s) is given by [94]

Gu,s) =s""[1+s7] emus" s~ — 0

1.
L(u,s), 4.101)
us

where
L, s) = emws" 14771 (4.102)

The PDF W(x, ) is non-negative if G(u,t) is non-negative, i.e., if G(u,s)
is completely monotone function with respect to s. The function G(u,s) is a
completely monotone if both functions s*~! [1 +s’p]y and " [1+57°1" are
completely monotone. The function emus" 145771 g g completely monotone if
st [1 +57F ]y is a Bernstein function. We showed before that these conditions are
satisfied if 0 < w/y and 0 < pu/y — p < 1. Therefore, under these constraints of
parameters the PDF W (x, t) is non-negative.
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The corresponding MSD is given by [94]

—pu—1
(xz(t)> — 297! [(1isp)y] =2MEY L (1), (4.103)

Therefore, the short time limit yields

(xz(t)> ~y " (4.104)
I'w+1)
and the long time limit
<x2(t)> ~y T (4.105)
'w—=py+1

This means that decelerating subdiffusion exists in the system.

Remark 4.6 Here we note that one may consider a waiting time PDF of form [94]

1

1+ st((s +b)T)*! [1 +((s + b)r)—ﬂ]y ) (4.106)

U(s) =

where b > 0 has a role of truncation parameter, with physical dimension of inverse
time, i.e., [b] = s~!, Therefore, for the PDF it follows

2

0
’I_qu()_;,_W(-xv t) = '%,u

@)’

o,

W(x,1), (4.107)

where 7¢ 9;/’_‘ .0+ is the tempered regularized Prabhakar derivative (2.92), intro-

duced in Ref. [81].
Thus, for the waiting time PDF one finds [94]

1
L+s(s+ b= 14 (s + b)—P]y]

—D(n+D—1
_ 1 i (_1)}1 In+1 efbt t (u—1)(n+1) EV"JFV B t 4
T i+l 0+ T po(u=D)(n+1) - ’

n=0
(4.108)

) =2" [

where [, is the R-L integral. One may conclude that the waiting time PDF has
exponential truncation. For the short time limit same behavior as the waiting time
PDF (4.98) is observed, i.e., (4.99), which appears since the exponential truncation
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is negligible for small 7, and for the long time limit, one obtains the exponential
(Poissonian) waiting time PDF

V() = tl* exp (—1/1%), (4.109)
where
=t 1+ o))

The parameter 7* has a dimension of time [t*] = [t] = s.

4.3 Generalized Diffusion Equation in Modified Form

Here we introduce the generalized waiting time PDF of form [95]
Y(s) = (4.110)

where 7 (¢) has the property

lim Al =0. (4.111)
s=017(s)

In order ¥ (¢) to be non-negative its Laplace transform &(s) should be completely
monotone. Therefore, 1 + 1/7(s) should be a Bernstein function, i.e., 1/7(s) itself
should be a Bernstein function (see Appendix A for details). The waiting time PDF
(4.110) and a Gaussian jump length PDF yield

x 1/[sn(s)]
W, s)= , 4112
©D = sion +#2 @112
i.e.,
SWk, s) — Wo(k) = —k2sA(s)W (K, 5). (4.113)

Thus, the inverse Fourier-Laplace transform gives the generalized diffusion equation
in modified form [93, 95]

AW (x, ¢ a ! W (x,t
.0 _ /n(t—t’) X 1) gy (4.114)
ot ot Jo 0x2

with the generalized kernel 7 ().
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From (4.112) it follows that the solution is normalized since

x 1

W] = . 4115

(W] _ = @.115)
The MSD in general form is given by

<x2(t)> — 247! [rlﬁ(s)] . (4.116)

4.3.1 Non-negativity of Solution

In the same way as previously, by using the subordination approach, one finds that
X o0 2 A
Wik, s) = / e " Gu, s)du,
0

where G (u, s) is given by
A 1 Ses a1
Gu,s)= ., e =_" "Lu,s), 4.117)
s1(s) u s

where
Lu,s)= e /()

The PDF function G (u, ¢t) which provides subordination transformation, from time
scale t to time scale u is normalized since

o0 o l N l
/ Gu,t)du =21 U e/ du:| =z! [ } =1. (4.118)
0 ‘ o sn(s) ’ s

The function G(u, t) is non-negative if its Laplace transform G(u, s) is com-
pletely monotone on the positive real axis s [101]. Therefore, we need to show that
(93]

1. the function 1/[s7(s)] is completely monotone, and
2. the function 1/7(s) is a Bernstein function.

Alternatively, it is enough to show that 1/7(s) is a complete Bernstein function,
from where it follows that 1/[s7(s)] is completely monotone [101].

Remark 4.7 As we showed before for the generalized diffusion equation in the
normal form, one can construct a stochastic process x () whose PDF obeys the
generalized diffusion equation in modified form, represented by [58]

x(t) = \/2%,7 BLID)], (4.119)
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(U4 = 1), where the operational time is given by . (¢) = inf{u > 0: T (u) > t},
for a strictly increasing Lévy motion for which

<e—s3(u)> _ e—ulI/(s)’

where l17(s) = 1/7(s) is the I:évy exponent. This stochastic process will be well
defined if the Lévy exponent ¥ (s) = 1/7(s) is a Bernstein function, which means
1/[s7(s)] is completely monotone function.

4.3.2 Specific Examples

Let us now consider some special cases of the considered generalized CTRW model.
For () = 1, the classical diffusion equation is recovered, and by using (s) = 1/s,
the Poissonian waiting time PDF is obtained

— 1 1
W(t)—f[lﬂ}—e ,

as it should be for the Brownian motion. For a power-law kernel of form n(¢) =
t"‘_l/F (), 0 < o < 1, the M-L waiting time PDF is obtained [37, 39, 40]

) =27" [ } =1""Eyq (—1%). (4.120)

1+ s«
For this kernel one obtains the fractional diffusion equation in a modified form

AW (x, 1) pl-a W (x,1)

- 4.121
ot REZ0+ ax2 @120

which is equivalent with the fractional diffusion equation in a normal form with
Caputo fractional derivative (4.1). For the MSD from Eq. (4.116) one finds

<x2(t)> = zr(lti @)

4.3.2.1 Two Power-Law Memory Kernels

For a memory function with two power-law terms of form

tal—l taz—l

n() =a; I (o) +a2F (@)
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with 0 < @1 < a2 < 1 the waiting time PDF is given by [87],

v =27t : }

14+ aps=* +axs—*2
talfl o

(D" 4 p—t+1) a o,
E t*"E A 4.122
ai bt a;11 ay—aq,an+tag ai ( )

This waiting time PDF yields the distributed order diffusion equation with two
fractional exponents in modified form [87]

2 2

9 W(x,1) = aj gL DT 9 W(x, 1) +as rr. DL 7% 9 W(x, t) (4.123)

Its solution is given in terms of infinite series in Fox H-functions. If we set a; = 0,
ay = 1, and ap — « in relation (4.122), we arrive at the waiting time PDF in the
mono-fractional case. The case with &1 = ap = o and a; + a» = 1 gives the same
result for the mono-fractional case.

The solution of Eq. (4.123) is non-negative since

1 1
sH(s)  aps!= 4 apsl-e

is completely monotone (a1 s' =% + a3 s' 2 is a complete Bernstein function) and

1 1

A(s)  ars~¥ +ars—®

c(s) =

is a complete Bernstein function for 0 < a1 < a2 < 1 since

°(+)

is a complete Bernstein function. This follows from the fact that if c(s) is a complete

= a1 s* +aps*?

Bernstein function, then the function 1/c (1) is also a complete Bernstein function

[101] (see Appendix A for details).
For the MSD one obtains

<x2(t)> =277! [s_l (a15™ + a2 s—az)] — 1 [ s :|

(a1 §TY 4 ap s“"2)_l

2a11"E~! @ jo-ar) Z o " +2 "

= 2a e = Za a .

U Feaat Ty 'ra+a) TP +a)
(4.124)
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Therefore, the short time limit becomes

<x2(t)> ~ 2411”;11 o (4.125)
and the long time limit
o
<x2(t)> =2 s (4.126)

which means that the exists accelerating subdiffusion.

4.3.3 N Power-Law Memory Kernels

We further consider memory kernel of power-law form with N fractional exponents

tolj—l

n(t) = Za, i

O<ar <ar < --- < ay < 1, Z?/=1aj = 1, which gives the N-fractional
diffusion equation

oW(x,t W (x,t
(x, )—ZGJRLDI —aj (x, )

9 932 (4.127)

j=1

By setting

N
A(s)=> ajs
j=1

in Eq. (4.31), the waiting time PDF is given in terms of multinomial M-L functions

N s
vt =27 ; =91 Z’:;,a/s
1+1/Z]=1a]s_0‘/ 1—}—2]:161]5‘_“/

N
= aj 1 By (a1 1, —aat™, . —ant™) . (4.128)
Jj=1
The solution of this equation is non-negative, which can be shown in the same way
as it was done for the bi-fractional diffusion equation in modified form.
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The MSD for the N-fractional diffusion equation is given by

o;

N N
2,0\ 1| -1 R _ L
(x (t)>—2$ s jz_:la]s J —ZjZ_:Ia] F(cxj—l—l)’ 4.129)

from where one observes accelerating subdiffusion as well.

4.3.3.1 Distributed Order Memory Kernel

Let us now consider distributed order kernel
P!

oy da, (4.130)

1
n() = f p(A)
0

where p(A) is a weight function with fol p(A) dr = 1. The Laplace transform of the
kernel is given by

1
n(s) = / p()s™tda. (4.131)
0

The waiting time PDF becomes

U(s) = ! ) (4.132)

1+ [f01 p()»)s_)‘d)\]A

Inserting the kernel (4.130) into relation (4.114) one obtains the distributed order
diffusion equation in modified form

9 1 _— 82
atW(x,t):/o POIRLDY | 5 W, 1) di (4.133)

Next we show the non-negativity of the distributed order diffusion equation in a
modified form [93]. Let us show that the function

-1

1
[sA()]! = [s fo p()s™ dx}

is completely monotone. We consider the function P jsl_)‘f with p; > 0 and

0 < A; < 1. This is a complete Bernstein function, since s'7%i is a complete
Bernstein function for 0 < A; < 1, and a linear combination of complete Bernstein
functions with non-negative weights is again a complete Bernstein function. The
pointwise limit of this linear combination is a complete Bernstein function, so we
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conclude that s7(s) = s fol p()\)s_)‘ dA is a complete Bernstein function too, and

the composite function [sh(H]~ ! = [s fol p()s™ dk] : is completely monotone
since the function 1/x is completely monotone. Therefore the condition (i) is
satisfied. In order to show validity of the condition (ii), we note that the linear
combination ) ip jslf is a Bernstein function, and thus the (auxiliary) function

c(s) = fol p()\)s)‘ dA is a complete Bernstein function as well. Therefore, one
concludes that

! —[/1 (A)sldx}_l— !
i Lh ? (1)

is a complete Bernstein function, with which the proof of the non-negativity of
the solution to the distributed order diffusion equation in the modified form is
completed.

4.3.4 Truncated Distributed Order Kernel

Furthermore, one may consider a double order tempered kernel [93]

=e"|B o B a0 (4.134)
"= 1P ran T ron | '

with B + By = 1 and 0 < A; < Ay < 1. Its Laplace transform is given by
fi(s) = Bi(s +b) ™ + By(s + b) 2. (4.135)
Therefore, the waiting time PDF reads

n 1

(s) = , (4.136)
ve 14+ [B1 (s +b)™ + By(s + b)f)‘2]71

which yields the corresponding generalized tempered diffusion equation of form

P P t , t—1 r—1 t—1 A—1 82
woen = 0 [eroo g0 g W ar

ot at Jo o) roo)  ox
(4.137)

The non-negativity of the solution of Eq. (4.137) can be shown as follows [93].
We consider

11 1 _(s+b» 1
si(s) s Bi(s+b)yM +Ba(s+b)*2 s Bi(s+b}2M 4By
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The function (s + b)*? is a complete Bernstein function, therefore the function (s +
b)*? /s is a completely monotone [101]. The function ¢ (s) = By (s +b)*2~* + By is
a Bernstein function, therefore 1/¢ (s) is completely monotone. Thus, 1/(s7(s)) is
completely monotone as the product of two completely monotone functions, so the
condition (i) is fulfilled. Next we show that 1/7(s) is a complete Bernstein function.
We consider the following function

1 —A1 1 —A2 s A s A2
=B b B b =B B .
c(s) 1<S-I-> + 2<s+> 1<l+bs> + 2<1+bs>

Since 1+-bs is a complete Bernstein function, then s /(1+bs) is a complete Bernstein

!
function too [101], thus (ljbs) "and (p:bs

compositions of complete Bernstein functions [101]. Therefore, c(s) is a complete
Bernstein function, and 1/c(1/s) is a complete Bernstein function too. Therefore

A2
) are complete Bernstein functions as

1 1 1

(1) TR TN A B+ bR As)

is a complete Bernstein function, i.e., we show that condition (ii) is satisfied. With
this we complete the proof of non-negativity of the solution.
The MSD is given by

<x2(t)> —29! [Bls_l(s +b)M 4 Bos~ (s + b)_“]

=2 [Blt)‘l EY o (=bi) + Byt E% +1(—bt)] . (4.138)

The short time limit is given by
2 g
t)) ~2B ,
<x ()> "roa+1)

which crossovers to plateau value at long times

<x2(t)> ~2[b~"1 By + b*2B,] = Const.

4.4 Normal vs. Modified Generalized Diffusion Equation

By comparison of the CTRW models for normal and modified form generalized
diffusion equations one may conclude that the both models are simply connected
by y(s) — 1/[sn(s)] [95]. Therefore, if this connection is fulfilled the solutions
of both generalized diffusion equations in normal and modified form should be the
same.
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For example, in case of n(¢) = 1 (7j(s) = 1/s) we have Poissonian waiting time
PDF and the classical diffusion equation. If we use that y(s) = 1/[s7(s)] = 1,
ie., y(t) = 8(t), from the generalized diffusion equation in normal form and the
corresponding waiting time PDF, we obtain the same results.

For the power-law memory kernel n(¢) = V@), 0 <o < 1,and 7(s) =
s~%, one has the mono-fractional diffusion equation in modified or R-L form,

92W (x, 1)
ax2

3

3 .
8t W(-xa t) = RLD0+a

and M-L waiting time PDF. Therefore, by using 7 (s) = 1/[sfi(s)] = 1/s'7%, i.e.,
y(t) =1t7%/I' (1 — ), the generalized diffusion equation in normal form becomes
the mono-fractional diffusion equation with Caputo fractional derivative from the
left-hand side of the equation,

W (x, 1)

[02 —
CD()J,_W(-xat) - 8)62 )

which is a proof of the previously discussed equivalent formulations of the fractional
diffusion equation by using either R-L or Caputo time fractional derivative.

We also may conclude from the previous analyses that the bi-fractional diffusion
equations in normal and modified form do not give same results for the PDF and
MSD. The first one gives decelerating subdiffusion, and the second one accelerating
subdiffusion. In order to find the equivalent formulation to the bi-fractional diffusion
equation in modified form,

1y 02 W (x, 1)
0+ 3x2

oy 2 W (x, 1)

a
W) =arrLD + a2 re Dy, 952

0

for which (s) = a; s~ ' 4ax 5721 weuse P(s) = 1/[sA(s)] = 1/[s(a; s~ +
azs )], 0 < a1 < ap < 1, from where, by inverse Laplace transform, we find
that y (¢) is given by

1 1 ap
_ -1 _ —a _ ar—ay
v =2 [alsl—“l +a» sl—a2:| o alt Eoy—an,1-an ( alt )
(4.139)

Therefore, the corresponding equation in normal form to the bi-fractional diffusion
equation in modified form is given by

v a st @ o, 07
4 /0 (t =) “Egy—oy1-a <_a1(t_t)a2 m) 8t/W(x’t)dt = aXZW(x,t).
(4.140)



148 4 Fractional Diffusion and Fokker-Planck Equations

Furthermore, for the tempered memory kernel 7(¢) = e brpe—l /T (@),0 <o <
1, b > 0, which gives the tempered fractional diffusion equation in modified form,

B] a ! Nt =1l g2
Wix, 1) = /e—”(’—”( ) Wi(x,t')dr,
at at Jo I(e) 9x2

one has y(s) = 1/[s(s + b) %], (n(s) = (s + b)~%), from where we find that

-1
y(0) = 2! [(s jr b)a} = 1TYE[Y (~b1). (4.141)

Therefore, the corresponding diffusion equation in normal form becomes

t B B 8 32
/O (t =) E;S_, (=bt — 1)) 8I/W(x,t’) dr' = NGO (4.142)

which may be written by the help of the regularized Prabhakar derivative (2.88) as
follows:

82
T W) = | W), (4.143)

In a similar way, let us consider the memory kernel y (¢) = a; ¢t~ /I"(1 — 1) +
axt™2/I'(1 — a2), 0 < a1 < a2 < 1, which gives the bi-fractional diffusion
equation in normal form,

82
a1 DI W, 1)+ ay cDE W 1) = W), (4.144)

From the memory kernel we find that 7(s) = 1/[s7(s)] = [a1 s*' + a2 52217}, i.e.,

1

77(t) = a taz_lE(xz—C{l,(xz <_a1 taz_al> . (4145)

2 az

Therefore, the corresponding equation to the bi-fractional diffusion equation in
normal form is the following in modified form

9 19 (! ai 92
Wi(x,t) = t—tH2 g, _ — (=) Wi(x,t')dr.
9t (X ) a 9t /(; ( ) oy —ay,00 ( az( ) axz (X )

(4.146)
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In case of a tempered memory kernel y () = e ril—w),0 <a <1,
b > 0, the corresponding equation of the tempered fractional diffusion equation in
normal form

1 Y 3 32
b= T T W(x,t)dt = W(x,t 4.147
F(l_a)/o e ( ) ag/ (x,1) 912 (x,1), ( )

is
3 a (! 1 oai a2
5 W n = a;/o =) EY (-b = 1)) asz(x,t’)dt’, (4.148)

since

1 57!
n=x2"" =g = TEY N (—b), 4.149

o [sm} [(s+b)a1} ba (00, (199
which can be expressed by the help of the Prabhakar derivative (2.54) with m = 1
as follows:

2
881‘ W(x, 1) = rL 2| 50" aaxz W(x, 1). (4.150)
All these examples show that many different equations with various memory
kernels considered in the literature are special cases of the generalized diffusion
equations in normal and modified form. Here we note that similar crossover from
one to another diffusive regime is observed in different models tempered generalized
Langevin [56, 70, 81] equation and fractional Brownian motion [70].

4.5 Solving Fractional Diffusion Equations

4.5.1 Time Fractional Diffusion Equation in a Bounded
Domain

In the analysis of diffusion equations different boundary conditions can be consid-
ered [108]. The case of Neumann boundary conditions is used in the electrochemical
processes, for modeling of voltammetry experiment in limiting diffusion space [1].
Voltammetry includes dynamical techniques for investigation of charge transfer in
reversible reactions. In most experiments, the voltammetry experiment is subject to
the action of mass transfer of the electrochemical compounds. In this way, in this
section we will consider the following fractional diffusion equation

9%u(x, 1)

cDfute.t) = A"

+ f(x,1), t>0, O<a<l, O0<x<l
4.151)
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with Neumann boundary conditions [108]

WD e, M0 i, (4.152)
Jx x=0 dx x=I

and an initial condition

u(x, )|r=0+ = go(x), (4.153)

where ¢ D fl is the Caputo fractional derivative (2.16), % is the generalized diffu-

sion coefficient of dimension [.#4] = m? /s%. The general results are summarized
in the following theorem.

Theorem 4.1 ([109]) The time fractional diffusion equation (4.151) with Neumann
boundary conditions (4.152) and an initial condition (4.153) for 0 < a < 1 has a
solution in the space L(0, 0o) with respect to time t given by:

o0
ap niwx 1 ~
uen =+ :an(t)cos( z )+ N0
n=1

+ 3 E ) cos (”71”) +o(x, 1), (4.154)
n=1
where
2
v(x,1) =Xh1(t)+;l [h2(t) — h1 ()], (4.155)

2 1
a =, /o [go(x) — v(x,0+)] dx

2 I 2 I )C2

= ; /0 go(x)dx — J /0 [xh1(0+) + 21 (ha(04) —h1(0+))i| dx
2 ! 21 l

= / [} go(x)dx — 3 hi1(0+) — 3h2(0+)7 (4.156)

an(t) = T\ (04) Ea(—Ant®), (4.157)
Tn(o) (0+) is the Fourier coefficient:

I
TO0+) = ? / [g0() — v(x 0+ os () ax
0

2 ! nmwx 21 "
- /0 gotyeos (") e+ T [0 — (<1204,
(4.158)
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Ay = "2”;% are eigenvalues of the problem in Hilbert space L*[0, 1],
~ 3%v(x, 1) "
fx, ) = f(x,t) + Ky 92 —cDg v(x, 1)
ha(t) — hi(t) x x2
= fon e 0 —x (1= ) eDfhi) = ) Dl (o).
(4.159)
~ 2 [~
So(r) = l/(; fx, 1) dx, (4.160)
~ 2 [~ nmwx
F) = / f(x,t)cos( ) dx. (4.161)
[ Jo l

Proof The theorem can be proved by using:
ulx,t) =U(x, 1) +v(x,1t), (4.162)
where the function v(x, t) is chosen to satisfy the boundary conditions (4.152)

ov(x,t)

_ dv(x, 1)
ax _hl(t)s

= ha(1). (4.163)
x=0 dx

x=l

It can be shown that the function v(x, t) has the form (4.155). Thus, for the function
U (x, t) it is obtained:

AU (x, 1) oU(x, 1)

—0, (4.164)
x=0 dx

x=l

U(x, D=0+ = go(x) — v(x, t)|r=0+

2
= go(x) —xh1(0+) — );l [72(0+) — h1(0H)] = go(x),  (4.165)

ie.,, Ux, 1)]i=0+ = go(x). By using U(x, t) = Uj(x,t) + Uax(x, t) we can obtain
the following differential equations:

2

9
cDg Ui(x, 1) :f%/aa ,Ui(x, 1), (4.166)
X
oU(x,t U (x,t
R B 101 g, (4.167)
dx x=0 dx x=I

Ui (x, D=0+ = go(x), (4.168)
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and
2
cDy Ux(x,1) :f%/aa ,Ua(x, 1), (4.169)
X
dU»(x, t aUs(x,t
20001, 20001 g (4.170)
3x x=0 3x x=I
Ua(x, t)]r=0+ = 0. (4.171)

By the method of separation of variables U; (x, t) = X (x)T (¢), it follows:

CDSJFT(t)-i-)LT(t) =0, 4.172)
d2

Ky 2X(x) + 21X (x) =0, 4.173)
dx

where X is a separation constant. The function X (x) satisfies the following boundary
conditions

dx dX
@, @y, (4.174)
dx x=0 dx x=l
. . n2x2.4,
from where we obtain the spectrum of eigenvalues A, = = °,"* (A1 < A2 < ... <

An < ...)and the set of eigenfunctions X, (x) = cos ('”ZT x) for which, in the Hilbert
space L?[0,1], fé X%(x) dx = é is satisfied. Note that if A = O then X (x) = ax +b,
ie. X'(x) = a. Since X’(0) = a = 0and X'() = a = Othena = 0, and b
is an arbitrary constant. Thus, A = 0 is also an eigenvalue of the problem with
corresponding eigenfunction equal to 1.

By Laplace transform, from relation (2.24), it follows:

a—1
LILo1=TO0+4) & (4.175)
s 4+ Ay
From (1.6) we obtain
Tp(t) = T2 (0+) Eq (—Ant™), (4.176)

where Tn(o) (0+) is given by (4.158). Thus, by Fourier series expansion, for the
solution it is obtained

o0
T
Ui(x. 1) = “20 + 3 TO0-4) Ea(—101%) cos ("lx) , (4.177)

n=1
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where ag is given by (4.156). Since the function U (x, ) satisfies same boundary
conditions as those of the eigenfunctions X, (x) and if we suppose that aU},(;‘”) is
continuous, then series (4.177) converges absolutely and uniformly in the interval
[0, I] to the function Uy (x, t) [108].

The solution of Eq. (4.169) can be obtained by Fourier series expansion of the

function U, (x, t) by using the eigenfunctions X, (x) = cos (’”ZT . ):

Us(x, 1) = ”02(” + 3 un() cos (”71”) (4.178)
n=1

where Uz (x, 1)|;=0+ = 0. This series also converges absolutely and uniformly in the
interval [0, /] to the function Us(x, t) since we suppose that "Ué(;’t) is continuous,
and Uy (x, t) satisfies same boundary conditions with those of the eigenfunctions

X, (x). By series expansion of the function f (x,1):
T n = o + if(r) cos ("”) (4.179)
k] - 2 P n l ’ .

where ﬁ)(t) and f; () are given by (4.160) and (4.161) respectively, it follows

e D& uo(t) — fo(t) =0, (4.180)
[ D& tn () + Anttn (£) — F(1)] cos ("’l”) —o, 4.181)
n=1
i.e.,
c D& uo(t) = folo), (4.182)
e DG un (1) + hnttn (t) — fo(£) =0, (4.183)

for all n € N. From the Laplace transform and the condition u,, (x, t)|;=0+ = 0, we
obtain

a—1

1 ~
L0l =, L1o0] =2 [ t

F(oc)i| L fa@®)], (4.184)

1 ~ ~
Llun()] = 4 L] = L1 Egu(—2t)NZLL fn (0] (4.185)
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From relations (4.184) and (4.185) we can notice that ug(¢) and u, (¢) are convolu-
tions of two functions, i.e.

1 ! ~ ~
w0 = o =0 i ar = 15 o (4.186)

t
un(t) = / (t = D Ega(=dn(t — 1)) fu(r) dr, (4.187)
0

where I} fl is the R-L fractional integral (2.2). For the solution U, (x, ¢) it is obtained

1~ 2T (! ~
U, 1) = , I fo(o) + > [ /0 (t — 1) Eqa(—An(t — r)“)fn(r)dr}
n=1

X COS (mlm) , (4.188)

i.e.,

1~ e e hi L]
Usr.t) = 1§, Jo0) + 3 (Gl B ) cos ("’l”) , (4.189)

n=1

where (é”aw:(;"(ﬁcp)(t) is the generalized integral operator defined by (2.106). Thus,

we prove the theorem.

Example 4.1 ([109]) The solution (4.189) is represented in terms of the generalized
integral operator in case when f(x, t) = 0. From relations (4.159)-(4.161), we can
see that

~ ho(t) — hi(7) X " x?
Py =060 M = (1= 0 ) €D = 7 Dl ha(o).
(4.190)
~ h —h 21
oy =20 MO 2 e 41 @191

l 3

and

~ 2l
Ja(t) = 22 cDgy [m@) = (=D"ha()]. (4.192)
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Thus, for the solution (4.189) we obtain

ha(t) = hi(t) 1

Uz(x, 1) = Iy, [% ; 3 c Doy [hi (1) + hz(t)]:|

+30 o (S et @ — 1o} eos ("),

n=1

(4.193)

which can be different than zero even if f(x,7) = 0 [109].

Example 4.2 ([109]) The time fractional diffusion equation (4.151) in case when
f(x,t) =0, with Neumann boundary conditions

3u(0, 1) 3”8@ D o) =0, (4.194)
X

oy = Mm@ =-—cl@,

and an initial condition go(x) = 0, has a solution of form
cl >, 2cl n2n? nwx
ur.t) = S 104) - ; 2 1O Es (— 5 Kat“> cos ( z )

1 ~ > 11 niwx cx?
+213‘+fo(r)+};(£0+;a,a Ja) @reos () = exry+ 1),

(4.195)
where
~ 2.7y c 2cl
Jo@) = / I(t) + 3 CD(O)‘JFI(t) (4.196)
~ 2cl o
Sa@®) = 22 cDy 1(2). (4.197)

By using the Fourier cosine series expansion

X (1 - ;l) - 21221 n2;2 cos(ml”),
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for « = 1, by integration by parts, the solution (4.195) becomes [109]:

217212 Jf/lt) cos (mlrx )
Hc

+7, /I()dr—i— 10 - 1(0+) ZCIZ zﬂ

cl — 2cl
ue,) = 1O =3 5 10+ exp( -
n=1

2

! nmwx cx
x f exp (—n (7 — 7)) I'(t) dt cos( ) —ex I+ . 1)
0 l 2
i t o 2.2
= llc /0 I(7) |:1 + Z;exp (—"lf JN(t — t)) cos <n7x>:| dr
+2d10)Y) niﬂ cos ("TC) p (1 — ;1) 1()
n=1

Ji?c/ I(t )|: —l—ZZexp( %(I—‘C))COS(VUZTX)} dr
_ e (! x J@t—r1)
=7 /Ol(t)z? (21, 2 )dr, (4.198)

where
ad 2.2
P, t) =142 e cos(2mnx)
n=1

is the Jacobi theta function in two variables [117]. Note that the solution at x = 0 is
given by [1]

t —
u(0, 1) = lfcf 1(1) (o, "%(;2 T)) dr. (4.199)
0

Remark 4.8 ([109]) In case when hi(t) = hy(t) = h(t) # Const, the solution
(4.193) becomes

21
Uz(x,1) = — 3 [ (1) — h(0+)]

00 4] Py 1.1 2n — Dx
—Aan—151, _
+ ; 2n — 1)27'[2 (é()()+;ot,oz [CD(O;_,_/’!(I)]) cos |: ) :| ’

(4.200)
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where the following formula [77]

Iy cDg h(t) = h(t) —h(0+), O0<a <1, (4.201)
was used.
Example 4.3 ([109]) The following fractional diffusion equation:

%u(x, 1)

cDfutet)y ="

t>0, O0<a<l1l, 0<x<l (4.202)

with boundary conditions

du(x,t)
0x

_ du(x,t)

= asin(br), (4.203)
x=0 dx

x=l

where a > 0 and b > 0 are constants, and an initial condition
u(x, =0+ = x( — x), (4.204)

has a solution given by:

u(x, 1) = “20 + ian(t) cos ("’l”)
n=1

2al . 11 TX .
-5 sin(bt) + Z:(é”OJr wa Jn) (D) cos ( ] ) ~+ ax sin(br),

n=1
(4.205)
where A, = "2”;%, ap = %féx(l —x)dx = 132,
2 ! nmwx
an() = ~Eg(—2nt®) | x( —x)cos( ) dx
! 0 !
212 ; o
— 5 [+ (D] Bt (4.206)
T t) = —abxt' ™ Eyn_y (—bzﬂ) , (4.207)
g 2 n 11—« 2.2
fwy == 1 [0 = 1]abt'Ezsq (—b t ) (4.208)
n<mw
B 21 s _
Gt Tow == 3 L (0" =1Jab [ G000 (1 B (—07) ) |

(4.209)
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Here we used DY sin(At) = Al Ero o (—Aztz), 0 < a < 1, which is obtained
from the following formula (for n = 1) [48]:

. 1 )
e Df, sin(k) = = 111" (Evnmat (20) = (<1 E1poart (-130).

(4.210)
n—1l<aoa<nnelN,
Example 4.4 ([109]) The following fractional diffusion equation:
" 3%u(x, 1) o
CDO_,'_u(x,t):,){a 92 —}—aan(—bt), t>0, O<a<l, O0<x<l
4.211)
where a > 0, b > 0 are constants, with boundary conditions
u(x,t du(x,t
wle, 0 _ oubn) 0, (4.212)
dx x=0 dx x=I
and an initial condition
u(xst)|l‘=0+ :-x(l_x)v (4213)
has a solution of form
ap ad niwx al
u(x,t) = ) + Zan(t) cos( / ) + ) Ey (—bt"‘)
n=1
(o)
(=D" —1Ey (—bt%) — Ey (—Apt%) nwx
+2alnz_; nn2 o — b COS( ! )
4.214)

A ay =2 [1x( —x)dx = and a,(7) is given by (4.206).

Indeed, if we substitute f (x,t) = f(x,t) = axEy (—bt¥), we obtain

where A, ="

l
o= o= [ fwncs("7) e

t —_1\r _
= zaEa (—bt“)/ X COS (nnx) dx = 2(=D DalEa (—bt"‘) ,
l 0

l n?r?

(4.215)
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from where it follows

it i =2 Pt [ e B (e B (bt = ) e
_ (_1)71 -1 Ea (_bta) - Eoz (_)\nta)
=2l I : (4.216)

for b # X,. If for a given value n = ny, the equivalence b = A,, is obeyed, then
the solution contains a term that can be obtained by using relation (1.13). From
(4.214) we see that the solution in the long time limit has a power law decay since

Eap(=2) = pgoy?
Example 4.5 ([109]) The following fractional diffusion equation:

%u(x, 1)

952 t>0, 0<a<l1l, 0<x<I1 4.217)
X

CD(O)‘JFM(X, r) =

where %, = 1, with boundary condition

du(x,t)
ax

_ du(x,t)

atP 7 Eq g (—bt*), (4.218)
x=0 3x

x=l

where a > 0, b > 0 are constants, 1 < 8 < 1 + « and an initial condition
u(-xat)lt:0+ =07 (4.219)

has a solution of form

wr 1) = t,g 12 Mn—1Eq g (—Aon—11%) — bEy g (—bt*) cos (2n — Dnx
An—1—b l
2al g @ B-1 @
=5 " Eap (=bt*) 4+ axtP~ Eq p (—b1%) (4.220)
where A, = "2172’2
Note that the boundary condition h(t) = atP~'E,, g (—bt%) is equal to zero for
t — Osince B > 1. It goes to zero for t — oo as well, since h(t) =~ abaf](/;:‘;) -0

forl + o > B.
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4.5.2 Diffusion Equation with Composite Time Fractional
Derivative: Bounded Domain Solutions

In our investigations we consider also the following fractional diffusion equation
[83]:

82
D u(x, 1) = %axzu(x, 1+ f(x,1), t>0, (4.221)

defined in a bounded domain 0 < x </, with boundary conditions
u(-xvt)lx=0 :hl(t)s u(.x,t)lle :h2(t)v (4222)
and an initial condition

(18P, ) 04) = g@). (4.223)

In the equation, u(x, t) represents a field variable, .7}, is the generalized diffusion
coefficient with dimension [J/ﬂ] = m?/s*, f(x,1) is the density of the sources
which transfers the substance into or out of the system as a result of a given reaction
(for example, chemical reaction), D(’)L_LV is the composite fractional derivative (2.14),

and I(S:v)a*“ )is the R-L integral operator (2.2). Note that we chose the simplified
notation with the sole index p, despite the fact that the numerical value of JZ),
depends on the value of v. The independence of the dimensionality of %7}, of the
parameter v can be directly seen from the dimensional analysis of the composite
fractional derivative Dfy}" (2.14).

The solution of this problem describes the transition of the solutions of
Eq. (5.105) in case of the R-L time fractional derivative (v = 0) and the Caputo
time fractional derivative (v = 1). The proposed equation is a generalization of the
classical diffusion equation [108], which can be obtained by using u = v = 1.
Later, we will investigate generalized time fractional diffusion equation as a special
case of a generalized space time fractional diffusion equation in the infinite domain.

Let us formulate the following two lemmas.

Lemmad.l Let0 < < 1,0 < v < 1 and s, , € RT. Then the following
relation holds true:

L [sa-m i
L g, |O7F =B o (hat") (4.224)
n

where E;; 1—(1—p)(1—v) (—Ant?) is the two parameter M-L function (1.4).

Proof Fromrelation (1.6), by usinge = u,¢— 8 = —v(1 —pu) and a = A,, follows
the proof of this lemma.
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Lemmad.2 Let 0 < u < 1 and s, A, € R™. Then the following relation holds
true:

-1 1 7 A o—Amill
A |:s“ v )L,,f [fn(t)] (s):| ) = (do@OJr;M’M fn) 0, (4.225)

1,1 7

where 50_:2“ fu is the integral operator (2.106) and fn (t) is a given function.

Proof From relation (1.6) it follows that

1

waa =% [;H Ep (—Ant“):l (s). (4.226)

By applying the convolution theorem of the Laplace transform one obtains

1 " ‘ )
! |:s“ L [f"(t)] (s)} ) = /0 (t = D" Epy (—hat = D*) fu(e) dr,
4.227)

from which we obtain the proof of this lemma.

Theorem 4.2 ([83]) The time fractional diffusion equation (5.105) with boundary
conditions (5.106) and an initial condition (5.107)for0 < u < 1,0 <v <1 hasa
solution in the space L(0, 0o) with respect to t given by:

.0 =Y an®si (") +;(301f3;},;1ﬁ>(r> sin (7)) + v,

(4.228)
where x € [0,1],
VG ) = @0+ | ) = h @), (4.229)
~ 1 1 I’l27'[2

an (1) =Gt~ TPUE L na) <_% P t") : (4.230)
=2 [ s (") 4 4.231
cn_l/Og(x)sm( | ) x, (4.231)

~ 2 . . /ATTX
Fot) = / .0 sm( )dx, (4.232)

I Jo I

fG, 0= fx,0)— Dy v(x, 1) (4.233)



162 4 Fractional Diffusion and Fokker-Planck Equations
and
3(x) = g(x) — (10(:”“—#)1)@, z)) 0+). (4.234)
Proof Representing the function u(x, ¢) in the following way:
ulx,t) =U(x,t)+v(x,t), (4.235)

and by the help of the function v(x, ¢) to satisfy the boundary conditions (5.106) of
Eq.(5.105)

v(x, D)x=0 = h1(1), v(x,0)lx= = h2(2), (4.236)

it can be easily obtained that v(x, ¢) has the form (4.229). From relations (5.48) and
(5.47) for the function U (x, t) it is obtained:

Ux,Dlx=0=0, Ux,t)|x= =0. (4.237)
From the initial condition (5.107) and relation (5.47) it follows
(Igfw“*WU(x, t)) 04) = g(x) — (1(§1+*”>(1*“>v(x, t)) 0+) = Z).
(4.238)
By using
Ux,t)=Ui(x,t) + Us(x,1) (4.239)

from relations (5.105), (5.47), and (5.51) one obtains:

2

Dy Ui (x, 1) + Ua(x, )] = ) aa [U1(x, 1) + Us(x, D] + f(x, 1),  (4.240)

+ x2

where f(x, 1) is given by (4.233).
The function in relation (5.52) can be separated in the following way:

2

9
Dy U, 1) = Ay, UL D), (4.241)
Ur(x, )lx=0 =0, Ui(x,1)]x=1 =0, (4.242)

(18P0, 0) 04 = (4243)
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and
v 92 -~
Dy Uax, 1) = Ay ) 5 Un(x, D)+ [ (x, 1), (4.244)
Ua(x, )|x=0 =0, Ua(x,1)|x=1 =0, (4.245)
(Iélf”)“_’” Ua(x, t)) 04) = 0. (4.246)

By using the method of separation of variables in Eq.(5.54), i.e. Ui(x,t) =
X (x)T (¢) the following equations are obtained:

DT () + AT (1) =0, (4.247)
d2Xx) A

X (x) =0, 4.248
dx? +% x) ( )

where A is a separation constant, and the function X (x) satisfies the following
boundary conditions:

X()x=0=0, X(x)|x=1=0. (4.249)
The eigenvalues of the Sturm-Liouville problem (5.61) with boundary conditions
(5.62) are given by A, = %”2172’2, (n = 1,2,...) [108]. For the eigenfunctions
X, (x) = sin ( %x) in the Hilbert space L?[0, [] is satisfied:

I
/0 sin (\/;%x) sin (\/%x) dx = ?(Snm, (4.250)

where §,,,, is the is the Kronecker delta.
Equation (5.60) can be solved by using relation (2.24). Thus, we see that

LT O1s) =707 (17717, ) (04 4+ 2 ZUT0)](6) = 0.
(4.251)
ie.

sv=w)

LIT(0](s) = (A= Tn) 0+). (4.252)

SH A Ay (O+

The inverse Laplace transform of relation (5.65) gives:

T,(1) = [(Ié}r—v)(l—u)Tn) (0+)] t_(l_“)(l_V)Eu,1—(1—u)(1—u)(—)~nt“),
(4.253)
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where

( A=v)(1-p) 2 1. An
Iy, Tn> O+) = A g(x) sin X x| dx
n

is the Fourier coefficient in the series expansion of the function g(x). Thus, the

solution of Eq. (5.54) is given by

Ui (x, t)_Zan(t)sm(\/% )

where a, () is defined by (4.230).

(4.254)

Equation (5.57) can be solved by the use of the complete set of eigenfunctions

sin *n Thus
(\/Kl )
Uy(x,t) = E U, (t) sin (\/% )

and

[, t)—an(t)sm <\/J/ )

where f, (1) is given by (4.232).
From relations (5.68), (5.69), (4.232), and (5.57) we obtain:

e¢]

n=1
which is satisfied if
DY un(t) + dpuin(t) — (1) =0, VneN.

By using the Laplace transform method we obtain

S L )5) = s~ (1871w, ) ©+4)

+ M LN (D](s) — L (](s) = 0.

~ A
DH”V n(@) + Aqup(t) — (1) sin \/ " ) =0,
[ 0+ 4 u fa@®] ( %x

(4.255)

(4.256)

(4.257)

(4.258)

(4.259)
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From the condition (5.59) it follows that (I(gi_v)(l_“)un) (04+) = 0, and thus we
find

un(t) = (501’\;7;;;1 f,,) (1). (4.260)

Thus, the solution of Eq. (5.57) is given by

Up(x, 1) = Y (& F) (@) sin ( \/ ;; x) : (4.261)
n=1 H

Finally, from (5.47), (5.51), (5.115), and (5.116) we finish the proof of the theorem.

Corollary 4.1 ([83]) For v = 1 (Caputo time fractional derivative) and h1(t) =
ho(t) = 0, the solution becomes

u(e, ) = 3 an(t) sin ("’l”) + 3 f @) sin (”’1”) L 4262
n=1 n=1

where
an(t) = CnEp(—hnt"), (4.263)

and

2 ! . /nTXx
f,,(t):l/O f(x,t)sm( / )dx, (4.264)

where ¢y, is given by (4.231), in which g(x) = g(x)

Example 4.6 ([83]) The following time fractional diffusion equation

32
Dy ux, 1) = Hyy g ux, 0, t>0, (4.265)
with boundary conditions
u(x,x=0=0, ulx,t)r=1 =0, (4.266)

and an initial condition

(1(§1+*”)(1’”)u(x, t)) 0+) = g(x), (4.267)
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where 0 < < 1,0 <v <1and0 < x </, has a solution of form

o]

uGr, 1) = Y an(t) sin ("’;x) . (4.268)

n=1

Here a, (t) is given by (4.230), where g(x) = g(x). Indeed, if in the theorem we use
f(x,t) =0and hy(t) = ha(t) = 0, relation (4.268) yields.

Remark 4.9 Note that for v = 1, the solution (4.268) has a form

2.2

o0
uGe, ) = 3k, <—%”1’; tu) sin (”71”) , (4.269)
n=1

where ¢, is given by (4.231) for g(x) = g(x). For u = v = 1 the well-known
solution of the classical diffusion equation is obtained [108]:

o0 “ Vl27T2
uGr, 1) =Y e sin (”71”) . (4.270)

n=1
Example 4.7 ([83]) The solution of the time fractional diffusion equation:

2

By _
Dy u(x,t) = 932

u(x, ) +at® VE, 5 (—bt"), t>0, (4.271)
with boundary conditions

u(x,t)|x=0 =0, ulx,t)|x= =0, (4.272)
and an initial condition

(1&‘”)“‘%@, t)) 0+) = g(x). (4.273)

where0 < 4 < 1,0<x <1[,0 <6 < 1,a and b > 0 are constants, is of form

o o
niwx 1
u(x,t) = Zan(z‘) sin( ~|—4at‘3712
— I ) = 2n—rm
2.2
Ejs (—bt") — Eps (— = t“) _ ((Zn — )mx
. sin

(2nfl£)2n2 _b l

) . (4274)
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In this relation

~ (1= (1-v) n’m?
an(t) = cut = Ey1—(-w-v (— t“) (4.275)

and ¢, is given by (4.231) for g(x) = g(x).
The first term of relation (4.274) is obtained directly from Eq. (5.115). From
(4.229), (4.232), and (4.233) it follows that

2 (b . /NTX
fu(t) = ; /0 at® " E, 5 (—bt") sm( ; )dx

_ 201 = (=D

s—1
t°7'E —bt"). 4.276
o a w,8 ( ) ( )

By substitution of f,(#) in (5.116), we obtain the second term of (4.274). If for

2.2
some value n = ng the equivalence b = ”(;’2’ yields, then the solution contains a
term which can be obtained from relation (1.13).

Remark 4.10 ([83]) An extended source term f(x, t) of the complex form occur-
ring in Eq. (4.271) could stem from an anomalously relaxing background (“melt-
ing”). This could occur, for instance, in an aquifer backbone, along which small
channels feed the backbone stream (subsurface hydrology generally meets anoma-
lous diffusion dynamics [99]).

Example 4.8 ([83]) The solution of the time fractional diffusion equation:

82
JTRY _ 5—1
Dy u(x, 1) = 8xzu()c, )+ k", >0, 4.277)

with boundary conditions (4.272) and an initial condition (4.273), where 0 < u < 1,
0<x<I[,0<$6 <1,kisaconstant, has a form

B o . /nmX +8—1 - 1
u(x,t) = ;a"(t) sm( ; ) + 4k (8)t* ,; @n— D

2n — 1)27? 2n —1
Epirs <—( " 12) T t“) sin<( " 1 )”>, (4.278)

where a, (t) is given by (4.275).
Since0 < u < 1and 0 < § < 1, then

B n — 1)2x? 1 _
tll«+5 1Ep,,u+5 <_ 12 t,u ~ (zn_l)zﬂz .t 146
R N C))

for + — o0. The solution (4.278) shows a power law decay.
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Remark 4.11 Note that if f(x,t) = k-
has the following form:

u(x,t) = Zan(t) sin (Vl?;x) + 4ke P ; (2n —1 Dr

n=1

122 _
Epii—p (—(2” i t“)sin((zn D”), (4.279)

F(t[fﬂ) (0 < B < 1), the solution (4.278)

2 l
where a,,(?) is given by (4.275). In the long time limit follows the following behavior

2n — 1)%n? 1
t'u_ﬂEll«,lL+l—/S (_( n 2) b/ t,u) ~ Gn1)t? B
! "R ra—p)

So, the solution (4.279) has a power law decay, as expected.

4.5.3 Space-Time Fractional Diffusion Equation in the Infinite
Domain

As a generalization of the time fractional diffusion equation in a bounded domain
with the Caputo time fractional derivative, here we consider the following gen-
eralized space-time fractional diffusion equation with composite time fractional
derivative [110]:

o

D(‘)‘J’r”u(x, 1 =Hya 3|x|“u(x’ 1), t>0, —00<x <400, (4.280)
with boundary conditions
u(o0,t) =0, t>0 (4.281)
and an initial condition
(1&‘”)“‘%@, t)) 0+) = g(x), —00 <x < 00, (4.282)

where %7}, o is the generalized diffusion coefficient with dimension [}, o] =
m*/s* (the dimension of .%7,, , can be obtained from the definitions (2.14) and (2.8)
by dimensional analysis), 0 < 4 < 1,0 <v < 1and 0 < o < 2. Note that the
numerical value of .7}, , depends as well on v, but we use simplified notation with
indexes w and « due to the independence of [}, o] on v.
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Theorem 4.3 ([110]) The solution of the fractional diffusion equation (4.280) with
boundary conditions (4.281) and an initial condition (4.282) in case when 0 < u <
1,0<v <1,0 < «a <2 has the following form:

1 o } -

u(x,t) = 9ot / ¢ (1—=v)(1 M)Eu,lf(lfv)(lfu) (—%,Q|K|atﬂ) X g(K) Lok d,
—00

(4.283)

where Ey g(2) is the two parameter M-L function, and g(k) is the Fourier transform
of the function g(x).

Proof By applying the Laplace transform with respect to the time variable ¢ and
Fourier transform with respect to the spatial variable x in Eq. (4.280), and from the
initial condition (4.281), we obtain

g—v—p)

Ulk,s) =
(K S) S““l‘l/{la%,a

- g(K), (4.284)

where U(k,s) = Z[U(x,s)], U(x,s) = Z[u(x,t)]. The inverse Laplace
transform of (4.284) yields

Utk,t) =t~ TVU0E G Gsuyamp (= Halk1%17) g (k). (4.285)
Finally, by inverse Fourier transform of relation (4.285) we finish the proof of the

theorem.

Example 4.9 ([110]) The solution of the fractional diffusion equation (4.280) with
boundary conditions (4.281) and initial condition g(x) = &(x) is given by

1~ (A=) A=)
u(x,t) = alx]

k(1) 0—a=va—w ). (1))
()™ [0, (1.0). (1.3)

2,1
X H3’3

’

(4.286)

m,n
where H), [Z

EZ” ’ 2”)) :| is the Fox’ H -function (1.40).
q> Dgq
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Indeed, by using g(k) = Z# [6(x)] = 1, the cosine transform (1.50) and the
properties of H-function, we obtain

u(x,t)

~(1=n)(1-p

T

o0
/ cos(kx)H,") [%,awwtﬂ
A ,

0,1 }
O, D, (T =v)A = w), w
w (L) = a=na—m 8 (1))

¢~ A=) (d—p) )
alx| W (St L), (1, ;) : (1, ;)

(4.287)

Note that for « = 2, by the definition of H -function, it follows [83]

e x| (I-A=-wl-w.5)
u(x,t) = H 12 .
2|x| ’ (%’21‘#) (15 1)
(4.288)
Thus, in case of R-L time fractional derivative (v = 0) the solution (4.286) becomes
[61]
== L)) (1)
un =" H2! ] ( «) () 2) (4.289)
alx ’

LG . (1) (1)

In case of Caputo time fractional derivative (v = 1) the solution (4.286) has the
following form

2,1 x| (1;)(15)(19
M (w0, (11) (1)

Note that solution (4.290), unlike solution (4.289), is normalized (see relation
(4.303)). Only if we consider a proper singular term with matching power, the
solution in the case of an R-L time fractional derivative would be normalized. This
non-conservation of the norm is important in certain cases, as described by the Hilfer
idea of fractional generators of the dynamics (see, for example, Ref. [36]).

Moreover, for v = u = 1 from relation (4.286) one obtains the solution of the
diffusion equation with space fractional derivative, i.e.,

u(x,t) =
olx|

(4.290)

i (600
«%/l,jt)l/a 1,1, (1’ %)2 ’ (4.291)

1 gl
u(x,t)_a|x| ) (
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which is a closed-form representation of a Lévy stable law [64]. If in relation (4.291)
we substitute « = 2, the solution of the classical diffusion equation is obtained
[108], i.e.,

u(x,t) = Uogrof Il L = ! -e_“%i“’ (4.292)
’ 2] M| et | (1, 1) VAT H ot

In this case for 7}, = 1/2 note that

1
u(x,t) = .
\/ 2t
represents probability distribution function of a Wiener process. Solution (4.286)
for different values of parameters is shown in Figs. 4.3, 4.4, 4.5, and 4.6.

Remark 4.12 Let us make few remarks on the fractional diffusion equation (4.280)
with boundary conditions (4.281) and initial value g(x) = §(x), in case when @ = 2
[83]. This equation for v = 1 describes diffusion of Montroll-Weiss type. It is shown
that it can be related to the Montroll-Weiss CTRW, where u is related to the long

0.001

u(x,t)

0.0001

-30
(a) X (b) X

30

0102 05 1 2 5 10 20
(©) X

Fig. 4.3 Graphical representation of solution (4.291) (w = v = 1, space fractional diffusion
equation), %, o = 1,¢ = 10, @ = 2 (solid line), & = 1 (dashed line); (a) Linear plot; (b) log-
linear plot; (¢) log-log plot. Reprinted from Physica A, 391, Z. Tomovski, T. Sandev, R. Metzler and
J.L.A. Dubbeldam, Generalized space-time fractional diffusion equation with composite fractional
time derivative, 2527-2542, Copyright (2012), with permission from Elsevier
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0.1
0.05
o = 0.01
X X 0.005
o} =)
0.001
0.0005
(a) X (b) X
0.1
0.05
= 0.01
X 0.005
=]
0.001
0.0005

(©) x

Fig. 4.4 Graphical representation of solution (4.291) for %), o = 1, (a) (linear plot) r = 10 (solid
line), t = 20 (dashed line); left: « = 1 (the solution is divided by a factor 1(;71 ); right: @ = 2 (the
solution is divided by a factor JJOH ); (b) (log-linear plot) t = 10 (solid line), r = 20 (dashed line);
left: o = 1; right: « = 2; (¢) (log-log plot) + = 10 (solid line), # = 20 (dashed line); « = 1 (blue
line); @ = 2 (black line). Reprinted from Physica A, 391, Z. Tomovski, T. Sandev, R. Metzler and
J.L.A. Dubbeldam, Generalized space-time fractional diffusion equation with composite fractional
time derivative, 2527-2542, Copyright (2012), with permission from Elsevier

0.25

Fig. 4.5 Graphical representation of solution (4.288) (o« = 2, time fractional diffusion equation),
w=1/2,%,4=11t=25v =0 (owerline), v = 1/4, v = 1/2, v = 3/4, v = 1 (upper
line). Reprinted from Physica A, 391, Z. Tomovski, T. Sandev, R. Metzler and J.L.A. Dubbeldam,
Generalized space-time fractional diffusion equation with composite fractional time derivative,
2527-2542, Copyright (2012), with permission from Elsevier
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0.16
0.14
0.12

u(x,t)

0.1 -
0.08f~ /~

0.06

Fig. 4.6 Graphical representation of solution (4.290) (v = 1, « = 1.6, space time fractional
diffusion equation with Caputo time fractional derivative), 7, o = 1,1 = 5 (solid lines), t = 10
(dashed lines), u© = 0.95 (black lines), © = 0.9 (blue lines). Reprinted from Physica A, 391,
Z. Tomovski, T. Sandev, R. Metzler and J.L.A. Dubbeldam, Generalized space-time fractional
diffusion equation with composite fractional time derivative, 2527-2542, Copyright (2012), with
permission from Elsevier

time tail exponent [37]. In this case the solution u(x, t) is a probability density, i.e.,
u(x, t) is normalized (see also Ref. [83]).

The case v = 0, exactly solved by Hilfer [38], is not related to the Montroll-
Weiss CTRW. In this case a nonlocal initial value

(Iglj“u(x, t)) L=0+ = 5(x)

should be considered [37, 38]. Contrary to the case v = 1, the solution u(x, t) for
v = 0 is not normalized, so it does not have probabilistic interpretation [38] (see
also Ref. [83]).

Same situation appears for 0 < u < 1 and 0 < v < 1, where the nonlocal initial
value term of form

1-v)(1—
(I(g+ o “)u(x,t))

=5(x)

=0+

is considered [37, 83]. In this case u(x, t) (4.286) is not normalized and cannot
be related to the Montroll-Weiss CTRW, but it can be used in the description of
anomalous relaxation phenomena in dielectrics and viscoelastic phenomena [39]
(see also the discussion in Ref. [83] and remark (4.14)). The relaxation of the
probability distribution function given by (4.285) is used by Hilfer in the description
of the meta-stable equilibrium state of an atom in glassy materials [37]. Such non-
exponential relaxation is characteristics for the proteins as well. This is due to the
fact that proteins and glassy materials share some similarities. The fundamental
characteristic is that both, proteins and glassy materials, have large number of
close isoenergetic substates due to their disordered (aperiodic) structure. The meta-
stability on a temperature below the glassy temperature (temperature on which the
liquid becomes a glass) is a characteristic of proteins and glassy materials [42].
Their relaxation can be described by M-L type relaxation function [33].
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Fig. 4.7 Graphical representation of solution (4.286) for u = 1/2, %, » = 1, v = 0 (lower line),
v=1/4v =1/2,v = 3/4, v = 1 (upper line); (a) t = 1; (b) + = 10. Republished with
permission of IOP Publishing, LTD, from J. Phys. A: Math. Theor. T. Sandev, R. Metzler and Z.
Tomovski, 44(25), 255203 (2011)
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g 04
=)
0.2
0
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Fig. 4.8 Graphical representation of solution (4.286) for u = 1/2, %, = 1,t = 0.1 (upper
line), t = 1,¢ = 10 (lower line); (a) v = 1 (see [64]); (b) v = 1/2; (¢) v = 0. Republished with
permission of IOP Publishing, LTD, from J. Phys. A: Math. Theor. T. Sandev, R. Metzler and Z.
Tomovski, 44(25), 255203 (2011)

The time evolution of the solution (4.286) for u = 1/2, J£, » = 1, and different
values of v are shown in Figs.4.7 and 4.8. The solution of classical diffusion
equation is represented in Fig.4.9. The plots are made by using series (1.41) in
the program package Mathematica.

Remark 4.13 The fractional diffusion equation (4.280) with boundary conditions
(4.281) and initial condition g(x) = 6(x) for0 <o <2,0 < pu <landv =1
is the governing equation for the infinitesimal generator of the semigroup for the
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0.8

0.6

ux,t)

0.4

0.2

X

Fig. 4.9 Graphical representation of solution of classical diffusion equation (u = 1) %, = 1,
t = 0.1 (upper line), r = 1, r = 10 (lower line). Republished with permission of IOP Publishing,
LTD, from J. Phys. A: Math. Theor. T. Sandev, R. Metzler and Z. Tomovski, 44(25), 255203 (2011)

process Ly (Dg(t)) (a Lévy a-stable process subordinated to the inverse f-stable
subordinator with0 < ¢ <2and0 < 8 < 1).

4.5.3.1 Asymptotic Expansion

By using the series expansion of the H-function (1.41), solution (4.286) can be
represented by the following series [110]

—lja—(1-v)(1—p)—p/a
X, t

ulx,t) = e
o

k/o

14k
OV sin('37) x
= B osin () (1= =0 - = ) (Huar®)
|x|a71t7(17‘))(17ﬂ)7ﬂ
T K
0o (=1)*I" (1 = a(1 + k) sin<[1+2k]°‘n) ok

X , (4.293)
,; P = =) =) == k) (A, qen)

where we employed

r@rd—a) = Sinzm).
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Thus, for o lxtL)l/a < 1, we obtain
K
,[i/“ (=)A= —p/a
u(x,t) >~ ’ .
0= dn(T) T (1= (=1 — ) — )
-1 A=) =) —p
+ [x ]! " (4.294)

2r@cos () F'(l—A—v)(1—p)—pn’

Note that the second sum in (4.293) vanishes in the limit x4 = 1. So it is obtained

%‘1/“F<1) %—3/ar(3)
l,a o ] t*l/a _ |x|2 l,a o ] t73/a

u(x,t) ~
To 2

which for ¢ = 2 yields the Gaussian PDF

x| 1 _ kP
u(x, 1) ~ 1— ~ e Viar,
\/4ﬂ<%/1,2t \/4Ji/1,y \/47'[%,22‘

Graphical representation of the asymptotic solution (4.294) is given in Fig. 4.10.

0.25

0.2
Z 015 %
\3/ >

0.1 _
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@ . ) .

Fig. 4.10 Graphical representation of asymptotic solution (4.294), t = 10, %, s = L, u =v =
1/2; left: @« = 0.75 (blue line), @ = 0.85 (green line), « = 0.95 (red line); right: « = 1.25 (red
line), « = 1.5 (green line), @ = 1.75 (blue line); (a) linear plot; (b) log-log plot, @ < 1 (solid line),
a > 1 (dashed line). Reprinted from Physica A, 391, Z. Tomovski, T. Sandev, R. Metzler and
J.L.A. Dubbeldam, Generalized space-time fractional diffusion equation with composite fractional
time derivative, 2527-2542, Copyright (2012), with permission from Elsevier
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From the other side by using the properties and series expansion of the Fox H-

function, we can find the asymptotic behavior in case when Ixl > 1. Thus,
(Huat™)'®
we obtain
—(1=)(1-p
u(x,t) =
olx|

(rat®) [0, (0.) . (0.3)
k(0. 1) (@ =va—m. 4y (0.4)

Um0 2R (L k) sin (47) (Hat®)*
- malx| (=== +pk) x|

1,2
X H3’3
, (4.295)

from where it follows
I(a)sin (%)

x| gt A=),
(14 p— (1 =v)(1 = p) o

(4.296)

u(x,t) ~

The case with u = 1 yields the well-known result typical for Lévy-distribution
given by [64, 115]

u(x,t) >~ |x|_“_1%,a t.

The asymptotic behavior of solution (4.288) (¢ = 2, i.e. time fractional diffusion

equation) in case when o ‘XIL)I e > 1is given by [83]
o

1 (=) =2v) (=) (1=2v) (=12
u(x,t): ('LL) 2= |x| l%—u .(%’ztﬂ) 2—5
2J/Q2—wm \2
2— w2t 2 )
xexp|— ( 2) x| 2=n (A at™) 2 |, (4.297)

where the asymptotic expansion formula (1.53) for large z of H-function H 11”{‘_) (2) is
applied. We see that the asymptotic behavior (4.297) is of stretched Gaussian-like
form. If v = 1, the result (4.297) is given by [64, 78]

1 y!

2«/(2_ ,U«)j'[ . (M)Z*u . |X|g:/i . (f%/ﬂtl/v)fz(zl,m

2
— H
X exp [—2 ) H (’;)2’“ x| 2 (%t“)zlu] (4.298)

ulx,t) >~
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This result can be obtained from the CTRW theory. Foro =2, v = 1, and u = 1
from (4.297) one obtains the solution of the classical diffusion equation (4.292).

4.5.3.2 Fractional Moments

The fractional moments
o0
(lx(0)IF) =2/ uCx,n)dx, £>0 (4.299)
0

of the considered fractional diffusion equation (4.280) with initial condition g(x) =
8(x) are given by [110]

I'(+§&)sin (57
(k@) = 20000 (g gyl ( 2 ) ‘
o F(l—(1—v)(1—u)+’f)sin(§;’)
(4.300)
The case = 1 yields the following result [64]
&
2 ra+é&r|-
<|x(t)|$> — . (%’at)é/a . ( 0;)
r(=5)r(+%)
I'(1+&)sin (57
= 2 (Hrat) 7) (4.301)
o 1“(1—i—§l)sm<S )
Furthermore, for « = 2 we obtain [83]
—(1=v)(1—w)
(Ix@)[) = I (1 + &) (A ") ! L4302
(1—(1—v)(1 —u)+“§)
From (4.300), for & — 0 it follows
—(1=)(1-p
11m (lx(t)| )= , (4.303)

ra—a0-=vd—mw)
s0, the function u(x, t) is not normalized. Note that if v = 0 it follows

i~

; &\ _
B e @F) =y

and if v = 1, limg_o (|x (1)[§) = 1
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The case £ — 2 and o — 2 yields

p=(1=) (1)

. (4.304)
F'l+p—0=v)(1—p)

lim (lx(OF) = 2.2

If v = 0 it is obtained

: —1+u
li t =2, ,
Slﬁmz(l)c( %) w2 b o
and if v = 1 it is obtained
tH
lim (|x(1)|¢) = %, .
g»z“ OF) 2 A+ )

For u = 1 follows linear dependence of the MSD on time, i.e. (x2(1)) = 2.%] 2.
This fractional moments may be used, for example, in single molecule spectroscopy
[120].

Remark 4.14 Let us give some additional comments on the non-normalization of
the probability density function u(x,?) to those given in remark (4.12). From
relation (4.303) we see that limg_. (|x(#)|*) decays with the time as =17 1=0),
For this interesting result in case when v = 0, ie. limg_o(jx(@)[5) ~ 71,
a physical interpretation by the help of experimental results is given [13, 14].
It is shown that this behavior appears in the decaying of the charge density in
semiconductors with exponential distribution of traps, as well as power law time
decay of the ion-recombination isothermal luminescence in condensed media. Thus,
semiconductors with exponential distribution of traps are considered, the number of
injected free carriers decays in time as a power law, due to the trapping (power
law decay of the photoconductivity) [13, 72]. The total carrier density in the
semiconductor is conserved and can be explained by the CTRW theory [13], or
by the considered fractional diffusion equation in case when v = 1 [83].

Remark 4.15 ([83]) Relation (4.342) yields:

— (=)=

, (4.305)
I'd+np— 0 —=v)(1—pw))

(xz" (t)> = @n)! (A"

where n € N. If we divide both the sides of relation (4.305) by (2n)! and we sum
over n we obtain the following interesting result

i (@) _ t—(l—v)(l—mi (A"
(2n)! o D p+1 =0 =v)d—pw)

_ ti(liv)(liu)E,u,l—(l—v)(l—,u) (j{fﬂt“) . (4.306)
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Note that for v = 1 the well-known result

ngnp

2n _ 1
<x (t)> =ent

is obtained (see [64, 66]).

4.5.4 Cases with a Singular Term

Let us consider also a space time fractional diffusion equation with a singular term:

o —B

t
PRRRICO R

ngrvu(x, 1) =Ky, (1= p)

t>0, —o00<x<+o00,

(4.307)

where 8 > 0, with boundary conditions (4.281) and an initial condition (4.282).

Theorem 4.4 ([110]) The solution of the fractional diffusion equation (4.307) with
boundary conditions (4.281) and an initial condition (4.282) for0 < u < 1,0 <
v <10 <« <2is given by

1o 3 -
u(x, 1) = 271[ I oo (— el |*7) - 8e) - e di
—0oQ

G () a=e-w (1))
S (Hpar) (1,1),(1,(}{),(1, ;)

t_(ﬂ_ll«) 2
+ - H,
olx]| ’

3

(4.308)

where g(k) = F[g(x)] is the Fourier transform of the function g(x).

Proof The Laplace transform with respect to the time variable ¢ and Fourier
transform with respect to the space variable x to Eq. (4.307), taking into account
the initial condition (4.282) and boundary conditions (4.281), give

g—va—mu) sB-1

Uk,s) = - g(Kk) + )
(e, ) SE + K |% A0 8(k) SE + [k |% A

(4.309)
where U(x,s) = Z[U(x,s)], Ulx,s) = Zu(x,)]. The inverse Laplace
transform to relation (4.309) yields

U,t) =t TUWE, _asuyaop (= Halk %) g (k)

+ 17 BTE, g (= Hpalk|®t") (4.310)
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Finally, by inverse Fourier transform to relation (4.310) we prove the theorem.
Example 4.10 The solution of Eq.(4.307) with boundary conditions (4.281) and
initial condition g(x) = §(x) is given by

s~ A=) A=)

u(x,t) = alx]

0w [(ed) 0mamwa-w ) (1))
| Gy 002 (1) 2

W[ (La) =6 —w). (1))
) (1,1, (1, ;) , (1, ;)

t*(ﬁ*l/v) 21
HY
+ alx| 3,3 (

(4.311)

This solution for o = 2 yields [83]

e x| (I—1 =1 —p).}%)
u(x,t) = ox| “Hpy |:\/«/"5/M,atu 1,1
P ol k(=B - h)
oy [\/%,at“ (1, 1) . e

Graphical representation of solution (4.312) for different values of parameters is
given in Fig. 4.11.

4.54.1 Asymptotical Expansion

We analyze the asymptotic behavior of the solution (4.311) as it was done
previously. Thus, solution (4.311) is expressed with the following series [110]:

—lja—(1-v)(1—p)—p/a
X, t

ulx,t) = e
o

% (_1yk sin Itk o k
W3¢ ') (s )[A(k,t)—i-B(k,t)] | e
i k' sin (1::]‘71) (Hpath)

|x|a—1

o kg (1 +kl
+n%’a§)( DFra a(l—i—k))sm( 5 n)

|x|ak

x [Ck, 1) + D(k, )] .
Hial")

(4.313)
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Fig. 4.11 Graphical representation of solution (4.312) for 7, = 1; (@) v = 15 (b) v = 1/2; (¢)
v=0;8=pn=1/2,t =0.1 (upper line), t = 1, = 10 (lower line); (d) t = 10, u = v = 1/2,
B = 0.25 (upper line), B = 0.5, 8 = 0.75, B = 1 (lower line). Republished with permission
of IOP Publishing, LTD, from J. Phys. A: Math. Theor. T. Sandev, R. Metzler and Z. Tomovski,
44(25), 255203 (2011)

where we use notations

=0 -p=4

Ak, t) = ’
r (1 -1 - - - lik“)
B~
B(k,t) = ’
r (1 —(B—w— lik“)
A=) A=) —p
Clk.1) = Frad—0-=vd—pw —p—pk)
=B
D(k,t) =

ra—pg—uk
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Thus, for " lxtL)l/a « 1, one obtains
K
e (=)A= —p/a
w(x, )= T i
asin(T) I'(1—-(0—-v)d—p -5
-1 —(I=v)(1=-p)—p
t
+ |x|a—1 n.a N
2 (@)cos (%) I'(1—(1—v)(1—wp)—p
N %T;/“ . B~/
asin(7) (1= B—m—")
a-l a o 4314
+ |x|7 ’ . . .
1 2 (@)cos (F) I'(1—B) ( )
For o ‘xt‘ﬂ)l o > 1, it is obtained
o
v = TS DRI abysin (F) (Hat)
’ ralx| = (1= (1 =v)(1 = p) + pk) |x |k
. k
=B (= DR (1 + k) sin (“A7) (S att) 4315)
malx| &= T(A—B-w+pk)  |xl*
from where it follows
. am
W ) = I'(a) S1n( 2 ) ) |x|—a—l%atu—(l—v)(1—u.)
all(I=0—=-v)(l —w)+p ’

I' (o) sin (“2”)

B L B (4.316)

As a special case we use ¢ = 2. For |);|M)1/a > 1, from (1.53) one obtains

(fju
the following asymptotic behavior of the solution (4.312),

(1=p)(1-2v)

w0t ()T T gy
22 — ’
2— ! 2 —,!
X exp |:— 2“ (';)2 x| (Aot 2“:|
1 w 2/32*712*1 2B—p—1 _(Bmw+1/2
+ A(5) T e ()
2/ o (2 x| (Hpu2t™)

_ 2
X exp [—2 5 g (’;)27“ |2 (%,zt“)‘zlﬂ] (4.317)
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4.5.4.2 Fractional Moments

The fractional moments (5.5) of the solution of the fractional diffusion equa-
tion (4.307) with the initial condition g(x) = &(x) are given by [110]

== gip (Szn)
r (1 — (=) — )+ ’jf)sin (5;’)
+—(B=1 gin (s;)
r(1=6—w+")sin ()
(4.318)

2 ”
(k@)= I 1+8) (A at)!

2 o
T 0 (Huat")”

Example 4.11 ([110]) The solution of space time fractional diffusion equa-
tion (4.307) with boundary conditions (4.281) and initial condition g(x) = O,
is given by

s Ix] (175)7(1—(5_“)’5)’0’5)

u(x,r) = x| 3.3 (%’atu)l/a (1,1),<1a01()’(1’;)

(4.319)

This result follows directly from the theorem.

Remark 4.16 Note that the solution (4.319) of Eq. (4.307) for 8 = u is equivalent
to the solution (4.290) of Eq.(4.280) for v = 1, which is in fact a proof of the
statement for the equivalent formulations of the problem. For § = u = l and o = 2
the solution of the classical diffusion equation (4.292), which for .7, , = 1/2 is
the same as the probability distribution function for a Wiener process. Furthermore,

if the singular term is of form & (x) F(lt:((i:v:;l(i)/;;fu)’ the solution of Eq. (4.307)
with boundary conditions (4.281) and initial condition g(x) = 0 is the same as
the solution (4.286) of Eq.(4.280) with boundary conditions (4.281) and initial

condition g(x) = &(x).
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4.5.4.3 Asymptotical Expansion

From relations (1.53)—(1.57), the asymptotic behavior of solution (4.312) is given by

u(x’ t) N \/ 1 . (/;) (l—u)z(&:il;fuv) . |x| (l—;ﬁ)j}l—zu) ' (%tﬂ)*(lﬂ))(zl:ﬁ)ﬂ/z
2JQ2 = W
2—p oyt 2 !
x === exp [— ( ) x|z (%t“)z“}
2 2

2p—p—1 - B—pi+1/2

n 1 (M) 2 '|x|2ﬂ2,",1 ! .(%tu)* z‘f,l LB
2J/Q2—wm \2
2 — " 2 _ 1

X exp [_ ) ’ (‘;)2 " lx ]2 () 2#} : (4.320)

If v =1and 8 = u, result (4.320) becomes

n—1
5 -1

—u I
u(x, 1) >~ <]z

1
N (g)

_ M
« (%tu)*z(zlm -exp [_2 ZM (/;)2—# |x|2*2# (%tu)fﬂ]

(4.321)

4.5.5 Numerical Solution

The numerical scheme used for solving generalized space-time fractional diffusion
equation with composite time fractional derivative is developed in [110]. Solving the
space time fractional diffusion equations with a composite fractional time derivative
of order 0 < p < 1 and type O < v < 1 and with Riesz-Feller space fractional
derivative of order 0 < o < 2 numerically is most easily attempted in the Fourier
domain. The Fourier transformed equations should then be solved numerically and
finally a fast Fourier transform can be used to transform the found solution to the
real space domain.

Therefore, one inverts the order of the fractional derivative and Fourier transform.
In the Fourier space, the fractional diffusion equation (4.280) with boundary
conditions (4.281) and initial condition (4.282) can be rewritten as

DY fe, 1) = —|k|* f ke, 1). (4.322)

The initial condition (4.282) for g(x) = §(x) is transformed to

1770 Fe, 0) = 1, (4.323)

and the boundary conditions are f (o0, 1) =0.



186 4 Fractional Diffusion and Fokker-Planck Equations

The next one performs shift to obtain homogeneous initial conditions. For that a
function A (k, 1) is introduced, which is defined as h(k, ) = I(S:v)(lf")f(/c, t)—1.

This relation is inverted by using that RLD(%:“)(FV)I(grv)(lf")ﬁ(/c, 1) = hix,1)
and the fact that the R-L and Caputo fractional derivatives are equivalent because of
the initial condition 4 (x, 04) = 0. Thus one finds

(=)=

, (4.324)
(IT=0=v)—u)

foe.ny= Do, Rt +

where CD(()lJ:“ xl_v)fz(ic, t) is the Caputo fractional derivative.

By substitution of the definition of h (k, t) and its inversion (4.324) in Eq. (4.322),
the following equation for A (k, t) is obtained

—(=)(1=p)

ra-a-va—muw)

=)

(=)

Equation (4.325) can be numerically solved by using the Griinwald-Letnikov
approximation of fractional derivatives. The Griinwald-Letnikov derivative of order
o at time f; = [ At of function h(t), gL Df]‘(h(t), is defined by [77]:

1—v(1— 1-v)(1— =
I:CD()+U( 0 + |K|01CD(()+ v)( M)] h(l(, t) — _|K|Ot

(4.325)

l

GLDfl‘h(t) = (An~“ Z(—l)j <a> h(t — t;), (4.326)
j=0 /
where the binomial coefficient (j) is defined as (‘j) = g JS?&Q D This

derivative can be shown to be equivalent to the R-L derivative for « < 1 if
h(t) is continuous [77]. The Griinwald-Letnikov derivative is commonly used as
a discretization needed for the numerical evaluation of fractional flerivatives.
This discretization gives the following numerical scheme for / at time step #; =

1At

|k |0¢(At)lil'*(1*1))(1*l/v)
I+ |kl* (A (1 = (1 —v)(1 —pw)

i71+v(1*,U-)

T (L k| (ADR) T (1 — )

Sioi (1) (1 B ”(].1 B ’“) Rt — 1))
L+ [kl (An

hc, 1) = —

el (A Y (—1)) ((1 B ”);1 —H ) R —1))

_ L A . @327
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From the Griinwald-Letnikov approximation in relation (4.324) for time step #;, one
finds

e = an 0 e (CTPET ) e jan

j=0
(iAt)—(l—V)(l—u)

. (4.328)
ra-a-vyd—uw)

Finally, by applying the fast Fourier transform we obtain the numerical solution of
the equation.

Example 4.12 ([110]) Here we illustrate the accuracy of the numerical scheme by
first solving Eq.(4.280) numerically for different values of v. Results show that
exact results given in Fig.4.5 and numerical results are in excellent agreement.
Asymptotic results given in Fig.4.10a are in good agreement, as well, with
numerical results for u = v = 1/2 and different values of «.

In Fig.4.12 we give graphical representation of the numerical solution of
Eq. (4.280) for different values of v and u = 1/2, @ = 2. The excellent agreement
of plots in Fig. 4.12a with those in Fig. 4.5 illustrates the accuracy of the presented
numerical scheme with the exact solutions. In Fig. 4.12b it is shown good agreement
of the asymptotic solution given in Fig.4.10 for + = 10 and the numerical solution.

4.6 Generalized Fokker-Planck Equation

Let us now consider the case of a test particle is confined in an external potential
V(x), i.e., the case when an external force acts on the system. In case when a
non-linear external force F(x) = —V/'(x) acts on the system. In such a case, the
probability for the particle to jump left or right depends on its position x. The
corresponding master equation for this process is given by [64]

Wx,t+At) = A(x — Ax)W(x — Ax,t) + B(x + Ax)W(x + Ax, 1),
(4.329)

where A(x — Ax) and B(x + Ax) are the probabilities the particle to jump right or
left, respectively. Since the total probability is one, it is satisfied A(x) 4+ B(x) = 1.
In the continuum limit, one finds that the PDF satisfies the standard Fokker-Planck
equation [64]

aW(x,1) 8 [v’(x)

a
o 9y + %8xi| Wix, 1), (4.330)

mi
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Fig. 4.12 In (a) the numerical solution of Eq. (4.280) for g(x) = &(x) at ¢+ = 5 is represented,
for same values of parameters as those in Fig. 4.5. In (b) we numerically reproduce the asymptotic
solution given in Fig.4.10 at + = 10. Reprinted from Physica A, 391, Z. Tomovski, T. Sandev,
R. Metzler and J.L.A. Dubbeldam, Generalized space-time fractional diffusion equation with
composite fractional time derivative, 2527-2542, Copyright (2012), with permission from Elsevier

where
V'(x) . Ax
= lim [B(x) — A(x)]
mn Ax—0,At—0 At
is the external potential, F(x) = —V’(x) is the external force, m—the mass of the

particle, and 7 is the friction constant with physical dimension [] = s,

Following the procedure from the CTRW theory in case of long tailed waiting

time PDF and in presence of external force field F(x) = — d‘gix) , one can derive the
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Fig. 4.13 Solution of the FFPE (4.12) in presence of constant external force F = 1, for # = 1,
mn, =1, u=1/2and t = 0.1 (blue line), t = 1 (red line), ¢ = 10 (green line)

FFPE of form (4.12) [7]. FFPE is used for modeling of different transport problems
in complex systems, such as molecular motors, anomalous diffusion in external
fields, non-exponential relaxation processes, etc. In absence of external field, FFPE
corresponds to the fractional diffusion equation [64, 65, 102]. Also, FFPE may be
obtained from the CTRW theory [7, 67]. In Ref. [4] the solution of the FFPE is
represented in form of integral transformation. Some authors [115, 118] investigated
the FFPE with space fractional derivative.

Graphical representation of the solution of the FFPE (4.12) in case of constant
external force F is given in Fig.4.13. One can easily observe that the symmetry in
the PDF is broken due to the external field.

We note that from comparison of the stationary solution of the Fokker-Planck
equation, i.e., by setting dW (x, t)/9¢t = 0, we immediately obtain the well-known
Einstein-Stokes relation

kpT
mn

H = (4.331)

Furthermore, one also concludes that the second Einstein relation (linear response)

F
GO = 0 (xz(t)>F:0 (4.332)

is satisfied.
We further consider the following generalized Fokker-Planck (or Fokker-Planck-
Smoluchowski) equation for W (x, t) with memory kernel y (¢),

3 V'(x) 92

! d
t—1t W(x,t)dt = A, W(x,1), 4.333
foy( )at, (x, 1) [ax mn, + yax2i| (x, 1) ( )
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with the initial condition W(x,0) = §(x). We note that here we return to
dimensional quantities, as we derive some physical relations such as the generalized
Einstein-Stokes relation, for which the physical parameters are instructive. We also
note that in this representation the physical dimension of the diffusion and friction
coefficients K, and 1,, depends on the chosen form of the kernel y (¢). For instance,
for the power-law waiting time density () ~ t®/¢'*%, the generalized diffusion
coefficient %, = o2/(2t) has the physical dimension m?/s%, and the dimension
of n, = s*~2. We also note that from comparison of the stationary solution of
the Fokker-Planck equation—i.e., by setting dW(x,r)/dt = O—we obtain the
generalized Einstein-Stokes relation

kpT
Ay =" (4.334)
mny

For the choice y(t) = 4(¢) the generalized Fokker-Planck equation (4.333)
reduces to the Fokker-Planck equation. Furthermore, for the power-law form y (¢) =
t~%/I'(1 — ) it turns to the Fokker-Planck equation [64, 65]

3 V'(x)

82
+ Ky Wix,t). (4.335)
dX mng ax2

cDW(x,1) =[

For the distributed order memory kernel (4.72), Eq. (4.333) becomes the distributed
order Fokker-Planck-Smoluchowski equation [24]

! a* v 32
f o p() S Wk, nda = *) + 7 W(x,t). (4.336)
0 ot 9x mn ax2

Consider a constant restoring force switched on at t = 0,

dv
Fay=-9"" _ ko), (4.337)
dx
i.e., V(x) = —Fx, where ®(¢) is the Heaviside step function. Laplace and Fourier

transforming Eq. (4.333) for this constant force, we find

P ()

V:V(K, 5) = .
sP(s) +1 mf}y/c + K2

(4.338)

For a particular form of the memory kernel one can then find closed forms of
the PDF W by applying inverse Fourier-Laplace transform techniques to relation
(4.338). The inverse Fourier transform can indeed be obtained for general y,

W(x,s) = P(x,s)exp [— (4.339)

zm"y%x} ’
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where

57(s) Fo)
e | T () I

2.7y SJ?(S)+< F )2
Hy 2mny Hy

(4.340)

In the force free case (F = 0) this PDF becomes

. 1 [sp(s) f\/ﬁié”\x\ 19 1 5P (s)
Wix,s) = v = - )
(x,s) 2w\ A, e 2 00| s exp X, X |x|

(4.341)

From the PDF we calculate the moments (x"(¢)) of the process by using that

at =z
(o)=L Wik, s) (4.342)
oK™ =0
For the first moment, the mean particle displacement, we obtain
F 1 571
(xM)p = A R , (4.343)
miy sy (s)
and the second moment is given by
-1 2 -1
F
(o) =227 © |+2 o S| @349
F sy (s) muy s2P2(s)
In the force free case (F = 0), the second moment reduces to
2 o[ s
1)) =24, .
(20, =2 [sﬂw}
Therefore, we obtain the linear response relation (second Einstein relation)
Gy = (Pw) (4.345)
X = X .
E= okpT 0

for any general form of the memory kernel y (¢). This general property follows from
the form (4.333) of the generalized Fokker-Planck equation with its additive drift
term and the generalized Einstein-Stokes relation (4.334).



192 4 Fractional Diffusion and Fokker-Planck Equations
4.6.1 Relaxation of Modes

By the help of the separation ansatz W(x, t) = X (x)7T (¢) the generalized Fokker-
Planck equation (4.333) leads to the two equations

t
/ yi— C T@ydr = AT (). (4.346)
0 dr
J V'(x) 9* B
[ax mn, T Hy aﬂ} X(x) = —AX (x), (4.347)

where A is a separation constant. Therefore, the solution of Eq. (4.333) is given as
the sum

Wk, 1) =Y Xa()T,(0),

where X, (x)T;(n) is the eigenfunction corresponding to the eigenvalue A,,.
From Laplace transform of the temporal eigenequation (4.346) we obtain the
relaxation law

(4.348)

Tn(t)zTn(O)g—l[ 7 }

s7(s) +n

We note that in the long time limit 1 — o0, corresponding to lims_,¢ sy (s) = O,
Eq. (4.348) has the asymptotic behavior

To(t) ~ T,(0).2~" [yf) (1 - WA(S))} ~ T"A(O)y(r)hm. (4.349)

The choice of a Dirac delta memory kernel reduces the general relaxation law
(4.348) to the exponential form

T,(t) = T, (0)e ", (4.350)

For a power-law memory kernel we obtain the known M-L relaxation with power-
law asymptote [64],

T

To(t) = Tp(0) Eq (—Ant®) =~ e F(l—a)’ (4.351)

where E,(z) is the one parameter M-L function. For the distributed order memory
kernel with p(A) = 1 we find the logarithmic decay

T (1) =~ LO) 1 (4.352)

T logt/t
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and for p(X) = vA"~! the behavior is [24]

_TO) I+
ORI (4.353)

Finally, the truncated M-L memory kernel (6.146) yields a power-law relaxation
with exponential cutoff,

T, (0 el
T (1) ~ O ga b

" F - (4.354)

4.6.2 Harmonic Potential

The solution of the spatial eigenequation (4.347) for the physically important case
of an external harmonic potential

1
Vix) = 2ma)2x2,

where w is a frequency, is given in terms of Hermite polynomials H, (z) [29]

Xo ) = Gy | | ma 2 (4.355)
X) = X | X — X .
" nI AN 2T ) TP T2kt )

where the eigenvalue spectrum (of the corresponding Sturm-Liouville problem) is
. 2 . o
given by A, = n;’y forn = 0,1,2,..., and %, is the normalization constant.

From the normalization condition f _oooo X ,% (x) dx = 1 we obtain the solution in the
following form (see Refs. [64, 65] for the case of a power-law memory kernel)

—_— maw? Z 1 u maw? . maw? 5
X, 1) = x |exp| — X
kT 2= 201 "\ 2kpT P\ "2kt

n

7 ()

x ¢! )
o w
sy (s) +n

(4.356)

The term n = 0 provides the Gaussian stationary solution

W(x, 1) = mw? (M 2 (4.357)
=N 2k TP\ T 2kt ) '



194 4 Fractional Diffusion and Fokker-Planck Equations

Itis instructive to derive the first and second moments of the generalized diffusion
process in the presence of the harmonic potential V (x). The first moment follows
the integro-differential equation

2

! Rl w
/ y@—1), (x@))di'+ " (x(®) =0, (4.358)
0 ot Ny

from which by Laplace transform we find the relaxation law for the initial condition
o . .
x0 = [~o, xWo(x)dx, and is given by

P ()

(x(0) =x0 L7 | )
sy(s) + 5

(4.359)

Thus for a Dirac delta memory kernel the mean follows the exponential relaxation
(x (1)) = xoe™ 1/, (4.360)

as it should. In the case of a power-law memory kernel the M-L relaxation pattern
[64, 65]

2
(x(®) = x0Eq (—w t"‘) (4.361)

Ny
emerges, which in the long time limit assumes the power-law scaling

Xony —a

(x(n) = DT (1 — &)

(4.362)

Starting with a general form y (¢) of the memory kernel the asymptotic behavior of
the mean follows in the form

@) =x0 ¥ Ol (4.363)

since limg_.q sy (s) = 0.
The dynamics of the second moment is governed by the integro-differential
equation

! / 0 20, / w2 2 _
/O y—1), <x (t )) dr +2’7y (x (t)> =2K,. (4.364)

Laplace transformation produces

y(s) 4 - 2K,y

<x2(t)> = x(%f*l . 5 . 5
sy(s)+2‘r‘”y sy(s)+2‘r‘”y

, (4.365)
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which can be rewritten as

20\ =22 4 (k2 - x2) 2! 7 , (4.366)
) =i (-2) |0

where xo = x(0) is the initial value of the position, and

kgT
Xt = o (4.367)

is the stationary (thermal) value, which is reached in the long time limit since

-1 Y () My
Zz [s;?(s)+2w2/nyi| o 2a)2)/(t)

— 0.

For the Dirac delta memory kernel the second moment approaches the thermal value
exponentially,

<x2(t)> =2+ (xg - xfh) exp (—2“’2t) , (4.368)

Ny

while for the power-law memory kernel we find the power-law relaxation

(x2(t)> = xtzh + (xg — xtzh) Eq (—2:2 ta)

14
o~ 2 2 2\ Ty
=Yt (xo B xth) 2027 (1 —a)’

t—O(

(4.369)

In the case of the distributed order memory kernel (4.72) with constant p(L) = 1
we have

1
(x2(t)> ~ x2 + (xg - xfh) 2Z)y2r log(t/7)° (4.370)

When the distribution is of power-law form, p() = vA"~! the second moment
assumes the form

r'ov+1
(x2(t)> ~x2 (xg - xﬁh) ZZ)ZT logl:(t/t)' 4.371)
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4.6.3 FFPE with Composite Fractional Derivative

In this section we introduce the following general FFPE with composite fractional
time derivative and in presence of a constant external force F in the infinite domain
—00 < X < 400 [82]:

D(l)‘_;_VP(x, 1 =%, [aaxzz — k:T ai} P(x,t), t >0, (4.372)
with boundary conditions
P(+oo,t) =0, t>0 (4.373)
and an initial value
(Iéfr_”)(l_“)P(x, t)) (04) = 8(x), —00 <x < +00, (4.374)

where P(x,t) is the field variable, D(’)L_LV is the composite fractional derivative,
I(S:v)a*“ ) is the R-L fractional integral, kp is the Boltzmann constant, T is
the absolute temperature of the environment, .%;, is the generalized diffusion
coefficient, §(x) is the Dirac delta. Note that the value of .7}, depends on v as well,
but its dimension [.%, | does not depend on v.

In order to find the solution of Eq. (4.372) we use the Fourier-Laplace transform
method. From the Laplace transform in respect to time variable ¢ and by using the

initial condition (4.374) we obtain

92 F 9

—v(l—p) —
P MSQ)_J%[Mﬁ_kBTax

} P(x,s), (4.375)

where P(x, s) = £ [P(x, t)]. The Fourier transform in respect to space variable x
in Eq. (4.375) and taking into account the boundary conditions (4.373) yields

sHP(k,s) —s VU= = —%sz(l(, §) — vk Pk, s), (4.376)
where it is used that P(x,s) = Z [P(x,s)], Z[6(x)] = 1, v, = f:’;f and the
conditions limy _ 4o E)ax P(x,t) =0.

Thus, in the Fourier-Laplace space (k, s), it follows
s—va-w
Pk,s) = 4.377)

s+ k2 + vk
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From the inverse Fourier transform of (4.377) in respect to k we obtain

-1
A

P(x,s)=s"0-W g1 5
v, v2 M

K+, + 5+
2Ky 42 " A

ezl;lf,ﬁ,lx
_ L g vd=w)—p/2 “h(2), (4.378)
NE?
where
1
h(z) = |, -e PVZ, (4.379)
7z
U2
z=1+ M s7F (4.380)
4.7,
sk/2 438
= |x . 381
p = x| JH ( )

The function %4(z) can be represented in terms of H-function in the following way
[55, 107]

h(z) = pHolf [,ozl/2

1 } . (4.382)

Let us find the Taylor series expansion of /(z) in a neighborhood of z = 1 [55, 107].
From relations (1.47), the k-th derivative of h(z) is

©,1/2) } . (4.383)

RO 2y = po—k gLl 172
@)=z | P2 ), (ko 1g2)

For z = 1 one obtains

A0 (1) = lel”zl [p (0,1/2) }

(_11 1)1 (ks 1/2)
DR o[ e?
U Ho» |: 4

where we applied relations (1.43)—(1.45). Thus, the Taylor series of h(z) in a
neighborhood of z = 1 is given by

0,1),1/24+k,1) } ’ (4.384)

(4.385)

1 - c@=DF ool 0?
h(Z)_wg(_l) N HO’2|:4

0,1),(1/24k,1) }
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Thus, we obtain

et 2 (—l)k U;%,
P(x.s) =
(s \/4;1%,; Ko \4ax,

n

2
<o (4386)

0, 4%S 0, 1), (1/2 +k, 1)]

From the inverse Laplace transform of relation (4.386) and by help of (1.48) we
obtain P(x, t) [82]:

2K 0 (_1)]{ v2
P(x,t) = o kg(:) r (4%”)
(1-q —V)(l—u)—u/2+uk,u)].

2
% t—(l—v)(l—mHllzo X
: O,D,A/2+k, 1)

40, tH

(4.387)

Graphical representation of the solution (4.387) foru =1/2, K, =1, v, = 1 and
different values of v is given in Figs. 4.14 and 4.15.
If the external force is zero (F = 0 = v, = 0), P(x, 1) has the following form

Py = L tewa-w
N AL
2
20| X (I—=0=v)d—=p) —pn/2, 1)
x HZ , 4.388
1.2 [4%@# 0, 1), (1/2,1) ( )
0.1
0.08 0.02
= 0.06 = 0.015
o 0.04 a  0.01
T
0.02 0.005 |
—
0 0
4 ) 0 2 4 -4 -2 0 2 4
(@ X (b) X

Fig. 4.14 Graphical representation of solution (4.387) for u = 1/2, K, = 1, vy, = 1,v =0
(lower line), v =1/4,v =1/2,v = 3/4, v = 1 (upper line); (a) t = 1; (b) t = 10, see Ref. [82]
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0.35

0.4
0.3
0.25 0.3
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£ 015 Foz2
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-4 -2 0 2 4 _4 _2 0 2 4
(a) X (b) X
0.35
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g 02
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0
-4 2 0 2 4

(©) X

Fig. 4.15 Graphical representation of solution (4.387) for u = 1/2, K, = 1, v, = 1,¢t = 0.1
(upper line), = 1, t = 10 (lower line); (a) v = 1; (b) v = 1/2; (¢) v = 0, see Ref. [82]

which by using the properties of H-function, can be represented in form equivalent
to the one obtained for the fractional diffusion equation with composite fractional
time derivative [83].

4.7 Derivation of Fractional Diffusion Equation and FFPE
from Comb Models

A comb model is a particular example of a non-Markovian motion, which takes
place due to its specific geometry realization inside a two dimensional structure.
It consists of a backbone along the structure x axis and fingers along the y
direction, continuously spaced along the x coordinate, shown in Fig.4.16. This
special geometry has been introduced to investigate anomalous diffusion in low-
dimensional percolation clusters [3, 47, 60, 104, 105, 113, 116]. In the last decade
the comb model has been extensively studied to understand different realizations
of non-Markovian random walks, both continuous [2, 9, 26] and discrete [16]. In
particular, comb-like models have been used to describe turbulent hyper-diffusion
due subdiffusive traps [9, 45].
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Fig. 4.16 Comb structure. fingers
Republished with permission
of IOP Publishing, LTD, from
J. Phys. A: Math. Theor. T.
Sandev, A. Tomin and V.
Méndez, 49(35), 355001
(2016) backbone

4.7.1 From Diffusion on a Comb to Fractional Diffusion
Equation

The macroscopic model for the transport along a comb structure is presented by the
following two-dimensional heterogeneous diffusion equation [3, 60, 113, 116]

32 2

d d
g Py, 1) = H 8(y) g2 P YD+ Hy 0y P(x,y,0),  (4.389)

where P(x,y,t) is the probability distribution function (PDF), J#,8(y) and %,
are diffusion coefficients in the x and y directions, respectively, with physical
dimension [#] = m®/s, [§(y)] = m~! and [.#;] = m?/s. The §(y) function
(the Dirac §(y) function) means that diffusion in the x direction occurs only at
y = 0. This form of equations describes diffusion in the backbone (at y = 0), while
the fingers play the role of traps. Diffusion in a continuous comb can be described
within the CTRW theory [64]. For the continuous comb with infinite fingers, the
returning probability scales like 7!/, and the waiting time PDF behaves as /2
[69], resulting in appearance of anomalous subdiffusion along the backbone with
the transport exponent 1/2. There have been investigated different generalization of
comb model by introducing fractal structure of the backbones and fingers, and it
has been shown the transport exponent depends on the fractal dimensions of these
fractal constructions [88, 90, 92].
Let us show this. The Fourier-Laplace transforms of Eq. (4.389) yield

$P ks ky, 8) = Plka,ky, 1 = 0) = =5 K2 P(ky, y = 0,5) — Ay K2P(ku Ky, ),
(4.390)

where

>l

Plky,v,s) = Z [Z[P(x.y.0]] and P(ky.ky.s) = F, [f’(kx, y,s)] .
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Performmg the inverse Fourler transform of P(kx, ky, s) with respect to ky, one

finds P(kx, v, s), from where P(kx, y =0, s) reads

b (k 0,s) ! s (4.391)
P X y = ) §) = k) .
! —1/2 A 12
2/ 1+ s 2/t k2
where we use the initial condition
Plhy ky t =0)=1, ie. P(x.y,1=0)=5x)8().
Substituting Eq. (4.391) in Eq. (4.390), one obtains
z §1/2
Pk, ky,s) = . (4.392)
2 1/2 Hx 12
(s + Ji/yky) (s + 2\/%ka)
Taking ky, = 0 in Eq. (4.392), which eventually leads to the reduced PDF
o0
pi(x, 1) = / P(x,y,t)dy,
—00
one obtains the latter in the form
B =172
pilky,s) = RS k2 (4.393)
2/

where ]:71(kx, s) = Fy [ZL [p1(x, 1)]]. By inverse Fourier-Laplace transforms one
finds the time fractional diffusion equation

2

Hy 0
CDéfpl(x,t) = 2\/;%7 axzpl(x,t), (4.394)
with Caputo time fractional derivative of order 1/2. From the previous analysis
within the CTRW theory we already presented that for such time fractional
diffusion equation the MSD is proportional to /2. With this we show how the
time fractional derivative naturally appear in a physical system under geometric
constraints, namely, the diffusion on a comb structure.

Note that the diffusion along the fingers is normal. Let us show this. From
Eq. (4.392) for k, = 0, which yields the reduced PDF

o0
pa2(y,t) = / P(x,y,t)dx,

—00
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one has

1

plky =0, ky,s) = .
Pk v, 8) S—i-f/"i/ykg

(4.395)

By inverse Fourier-Laplace transform one finds the standard diffusion equation,
describing normal diffusion, i.e.,

2

d 9
) =, ). 4.396
8tpz(y ) yay2p2(y ) ( )

Remark 4.17 Here we note that the time fractional Schrédinger equation can be
obtained if one considers a quantum motion of a particle in a comb structure by the
projection of the two-dimensional (x, y) comb dynamics, in the one-dimensional
configuration space [43, 44]. Same situation appears for the quantum motion on a
three dimensional comb structure [76]. Therefore, by using a dissipative quantum
transport on a comb [96] one could obtain generalized fractional Schrodinger
equations with memory kernel [85, 91]. Contrary to this, the space fractional
derivative can also be introduced in quantum physics by means of the Feynman
propagator for non-relativistic quantum mechanics, where as a result the space frac-
tional Schrédinger equation is obtained. Furthermore, the space-time Schrodinger
equation can be derived by a formal effective description of diffusive wave transport
in complex inhomogeneous media [46].

4.7.1.1 Generalized Comb Model

Here we note that one may consider more generalized comb-like model [89]

t 9 t 82
/ y(t—1) P(x,y,t’)dt’=@x8(y)f n(t—1), P,y t)d
0 at’ 0 0x2
2
+ 9 y? P(x,y,1), (4.397)

where we use dimensionless variables without loss of generality, i.e., 7, = 2, =
1. The memory kernels y (¢) and n(z) are integrable non-negative memory kernels
which approach zero in the long time limit. The memory kernel y (¢) represents the
memory effects of the system, which means that the particles moving along the y
direction, i.e., along the teeth, may also be trapped, thus the diffusion along the y
direction may also be anomalous [89]. The case y(t) = n(t) = 8(t) yields the
standard diffusion equation for a comb (4.389). The memory kernel 7(¢) is called
generalized compensation kernel [89].
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In order to solve Eq. (4.397) we use the Fourier-Laplace transform method. By
Laplace transform we find

R R R 82 R 2 R
PO [P0 = Pyt =0 | 28000 | o PO y.9) 4 Pl 3s),

(4.398)

where P(x, y,t = 0) is the initial condition. By Fourier transform with respect to
both space variables x and y it follows that

~

v () [SP(kx, ky,s) — Pk, ky,t = 0)} = —kZii(s) Pk, y = 0, 5)
— k3P (ke ky. ). (4.399)
Therefore, PDF in the Fourier-Laplace space is given by

gy PO =00k y =0
P(kx,ky,s)zy(s) (kx, ky ) ()P ky,y s).

. 4.400
sP(s) + &3 ( )
By inverse Fourier transform in respect to ky, we find
s 4
1 [sp(s) fi(s)k2 = ;
. s\/syéfs) 7775‘5‘() )x P(kx, y — 0 S)@ \/S}/(S)‘y‘. (4401)
If we substitute y = 0 we obtain
5 \/W(b)
Pky,y=0,5)= , (4.402)
sy(s) 7(s) 1,2
1+ \/ i ok
from where it follows
3 \/w(s) )
Pk, y.s) = ‘ VST, (4.403)
SY() ()
I+ \/ 4 pwk
and
Pl by, s) = sP()Es) a0,

(s;?(s) + k%) (sé(s) + 51@%)’
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where

Ey = \/’;(s). (4.405)

Relation (4.423) for k, = 0 yields

X E(s)
Pky ky =0,5) = , 4.406
( y ) SE(s) + ék% ¢ )

and fork, =0

v (s)

Plky = 0.ky.5) = . ,
(X )S) S]/(S)—i-k%

(4.407)

corresponding to the spatial averages in y and x directions, respectively.
First we analyze p1(x, t) = f fooo P(x, y,t)dy, which Fourier-Laplace transform
reads pi(ky,s) = P(ky, ky =0,5),1ie.,

~

£(s)

prlke,s) = . (4.408)
! SE(s) + ék)%
The normalization condition requires
lim s&(s) = lim £(7) = 0.
s—0 1—00
Thus, the memory kernel (4.405) is of the form that should satisfy
tim V57O g
s=0 1(s)
From Eq. (4.408) it follows that
2 X 1 2 X
EO) [shitkes) = 1] = = Kpitke, ), (4.409)

from where one finds that the PDF pj(x, t) satisfies the following generalized
diffusion equation

2

! / a /7 ! 1 a
A §a—n), plx.)de = p1(x.1). (4.410)
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The MSD therefore is given by

:gl[ ! }:gl[l () }
k=0 s2E(s) S \/sp(s)

(4.411)

9% -
(vw) =2 [— o2 1 ke s)}

For the reduced PDF py(y,t) = [ P(x,y,t)dx, for which py(ky,s) =
P(ky =0, ky, s), one finds

P ()

. 4412
sp(s) + 43 ( )

palky,s) =

The normalization condition requires lim_.¢ sy (s) = lim;— o ¥ (f) = 0 as well. We
rewrite (4.412) as

7(s) [sf;z(ky, 5) — 1] = K2 palky. 5), 4.413)

from where by inverse Fourier-Laplace transform it is obtained that the PDF p» (x, t)
satisfies the following generalized diffusion equation

t 9 32
/0 vy — t/)at/l’z(y,t/) dr’ = 8y2172(y,t)- (4.414)

Thus, the MSD along y direction is given by

pro) =2t |- e |
ym)=<%""1- paky, s)
a2

i.e., the MSD along the y direction depends only on the memory kernel y (¢).

By using different memory kernels one may find various diffusive behaviors
(subdiffusion, normal diffusion, ultraslow diffusion, strong anomaly) along both
directions. The results are summarized in Tables 4.1 and 4.2 [89].

1
=291 [szﬁ(s)} , (4.415)
ky=0

4.7.2 From Diffusion-Advection Equation on a Comb to FFPE

At the end we show how the time fractional Fokker-Planck equation can be derived
from the diffusion-advection process on a comb structure. We consider the following
diffusion-advection equation on a comb

8P( 1) =68(y) | K4 o2 9 P( 1) + A, o2 P( 1)
X,V, = -V X, ¥, X, Y, )
ot Y Y T oax2 ox Y Y 9y2 Y

(4.416)
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Table 4.2 MSD (yz(t)) along y direction

P

e ) -1 e
y(@) (1) r—a) Cira—an T C2r(—ay Jode 1)
<y2(t)> ~1 ~ e ~ 12 Egy—ay,0y+1 (_ 8 taz_al) ~y +logr+'Ei(r)

From [89], reproduced with permission

with initial condition
P(x,y,0) =38x)8(y), (4.417)

and boundary conditions for the probability density function (PDF) P(x,y,t)
and 3‘9 P(x,y,t), q = {x,y} are set to zero at infinity, x = £oo, y = Zo0.
Equation (4.416) describes either diffusion under the influence of an external
constant force or diffusion with an additional velocity field v = Const. In absence
of velocity field v = 0 one obtains the classical comb model.

In order to solve the equation we use the Fourier-Laplace transform method, from
where one finds

A 92 97 4
SP(xvy,S)_P(xvy,tzo)z‘s(}’) ‘%C — v P(xayas)
ax2 dx
3% 4
+ % P(x,y,s), (4.418)
dy?

where P(k,y,t = 0) = §(y) is the initial condition. By Fourier transform with
respect to both space variables x and y it follows that

$P U ky, ) = 1= = (k2 410k ) Pk, y = 0,5) = HkEP (ks iy, 9).
(4.419)

Therefore, PDF in the Fourier-Laplace space is given by

1-— (Ji/xkf + lvkx) f:’(kx, y=20,s)

P(k)(akyas)z S—I—%kz
y

(4.420)
The inverse Fourier transform with respect to ky, we find

Plky.y.s) = 2/1% 17247V [1 - (Jikai n lvkx) Pk, y =0, s)] .
y

(4.421)
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If we substitute y = 0, we obtain

Lo—1/2
X 2/
P(kxs y= 0, s) = 1 _1/'2 5 y (4422)
1+ 2\/%s (l/xkx—l—tvkx)
from where it follows
(ks k. 5) L 172 (4.423)
P (ky, y,8) = ) 1 s .
s + Ak 5172 4 it (K2 + 1vky)
For ky = 0 one finds
- 172
prlky,s) = P(ke,ky =0,5) = ] , (4.424)
s1/2 4 2K, (%Ck% + lvkx)
and fork, =0
- 1
palky,s) = P(ky =0,ky,5) = ot kaﬁl (4.425)

Next we analyze the PDF pi(x,?) = ffooo P(x,y,t)dy along the backbone.
From (4.424) one obtains

X _ 1 <
s12pi(ky, s) — s = 0y (Jikaiﬂvkx) prlky, ), (4.426)
y

from where, by inverse Laplace transform, we find that the PDF pj(x, r) satisfies
the following FFPE

12
D xX,1) = —
cDyy pi(x, 1) [2\/%,8)# 2 B

2
A Voo } pLxL 1), 4.427)

with initial condition p1(x, 0) = §(x), and with Caputo time fractional derivative of
order 1/2. Therefore, one concludes that the FFPE naturally appears if one considers
diffusion-advection process on a comb structure.

For the PDF py(y,t) = f_oooo P(x, y,t)dx, one can easily conclude that it is a
solution of the classical diffusion equation

3 32
1) = 1), 4.428
8tpz(y ) )ayzpz(y ) ( )

with initial condition p2(y,0) = &(y). Thus, the diffusion along the fingers is
normal.
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Chapter 5 )
Fractional Wave Equations Shethie

Time fractional wave equations, where the ordinary second derivative is substituted
by a fractional one of order | < u < 2, have attracted attention especially in
the dynamical theory of linear viscoelasticity, in the description of the propagation
of stress waves in viscoelastic media [8, 14, 16], for analysis of the fractional
diffusive waves in viscoelastic solids which exhibit a power-law creep [15], and
to describe the power-law attenuation with frequency when sound waves travel
through inhomogeneous media [9, 22, 31]. Fractional wave equation is also used
as a model for oscillation of a cable made of special smart materials [11-13].
Thus, in this chapter we further include a friction due to the interaction of the
cable with given complex environment, as well as an external force acting on the
cable. Stochastic solution of the time fractional wave equation has been given
by Meerschaert et al. [19, 20], where the subordination approach has been used.
In the work of Gorenflo, Luchko, and Stojanovic, the possibility for stochastic
representation of a process governed by time fractional and distributed order time
fractional wave equations has been discussed and elaborated as a problem for further
investigation [7]. In this chapter we pay special attention on the analytical treatment
of different fractional (in space and time) wave equations in the infinite and bounded
domain. We give detailed analysis of the non-negativity of the generalized fractional
wave equation with memory kernel by employing the powerful properties of the
completely monotone, Bernstein, and Stieltjes functions. In Ref. [7] the authors
considered a distributed order diffusion-wave equation that would correspond to the
so-called generalized telegrapher’s or Cataneo equation which could be of interest
for further investigation and physical explanation of the corresponding processes. In
this regard, there have been developed persistent random walk models for particular
cases of the generalized diffusion-wave equations [17, 18]. Investigation of the non-
negativity of the time fractional diffusion-wave equations, which is considered in
this chapter, is of current interest nowadays [1-3].
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214 5 Fractional Wave Equations
5.1 Wave Equation with Memory Kernel

First, we start our analysis of the following generalized wave equation, introduced
in Ref. [26], see also Refs. [21, 25],

t , 82 , 82
/o n(t—t)at/zW(x,t)dt = aXZW(x,t), 6.1

with a memory function 7(#). This equation, as we will see later, is a generalization
of the standard wave equation, as well as the time fractional and distributed order
wave equations.

From the Fourier-Laplace transform method, for initial conditions

3
W(x,0)=58(x) and . W(x0) =0,

and zero boundary conditions, one finds

x 1 M)
Wik,s) = . , (5.2)
S M(s) + k2
where
M(s) = s*i(s). (5.3)

By inverse Fourier transform of (5.2) one obtains the PDF in the Laplace space

~ 1 ~ ~
W(x,s) = 2s\'/M(s) exp (—\/M(s)|x|> . 5.4

Therefore, for the g-th moment of the solution of Eq. (5.1), it is obtained the
following general formula

-1
_ ~1 §
(Ix1)=T@+1)Z |:(s2ﬁ(s))q/2:| . (5.5)

From here one concludes that W (x, t) is normalized, i.e.,

(xo(t)> = fjo W(x, ) dx = 1. (5.6)
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Furthermore, the second moment becomes

92 x
20\ ) -1
SRR
-1 -1
=2$1[ 9 } —2.9! [ " } (5.7)
s27i(s) M(s)

The non-negativity of the solutions of the fractional and distributed order wave
equations has been shown in [7] by using the properties of completely monotone,
Bernstein, and Stieltjes functions. Let us now find the constraints for the memory
kernel n(¢) under which the generalized wave equation has a non-negative solution.

The solution (5.4) can be considered as a product of two functions 21S \/ M (s) and
exp (—\/ M (s)|x|). In order to show the non-negativity of the PDF W (x, t) one

should show that its Laplace transform W(x,s)isa completely monotone function,
i.e., that the both functions

s*l\/M(s) and exp(—\/M(s)|x|>

are completely monotone. Thus, one has that [26]:

. \/ 7n(s) should be completely monotone, and
. s\/ 1(s) should be a Bernstein function.

On the other hand, the non-negativity of the solution can be shown if one proves
that [26]

. \/ﬁ(s) is a Stieltjes function, or
. s\/ n(s) is a complete Bernstein function.

5.1.1 Dirac Delta Memory Kernel

For the Dirac delta memory kernel n(t) = §(¢), the classical wave equation is
obtained

2 2

] ]
972 Wx,t) = 952 W(x,t). (5.8)

Its solution can be obtained from (5.2) from where we find the known solution of
d’ Alembert form

Wix,t) =.Z cos(t k)] = ; [6(x4+1)+8(x—1)]. (5.9)
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The non-negativity of the solution of standard wave equation (5.8) is obvious since
\/ 7n(s) = 1 is completely monotone, and s\/ n(s) = s is a Bernstein function.
The second moment then becomes

(xz(t)> =, (5.10)

which is a characteristic for ballistic motion.

5.1.2 Power-Law Memory Kernel

For the power-law memory function

l—p

t
1) = 1 25
n(t) r <p<

Q-

ie., n(s) = s*72 the generalized wave equation becomes the time fractional wave
equation [29]

82
DI W, )= W, 0. (5.11)
0x

The solution of this equation is non-negative since \/ 1(s) = s*/?~1is completely

monotone and s\/ f(s) = s™? is a Bernstein function for 1 < p < 2.
For the case where 0 < & < 1, the corresponding wave-like equation becomes

1 ! 1y 92 a2
t—t) H W(x,t)dt = W(x,1). 5.12
F(Z—M)/()( ) 9772 (x, 1) 952 (x,0) (5.12)

whose solution is non-negative as well.
The solution of these equations in the Fourier-Laplace space is given by

X sh—1
Wik, s) = , 5.13
)= .0 o (5.13)
from where, by inverse Fourier-Laplace transform, one finds
_ 1 Xl | (1, 1/2)
W =7 B, (- | =, HIY ’ , 5.14
(x. 1) AN 20x) B 2| (1, 1) (>.14)
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where Eq g(z) is the two parameter M-L function (1.4), and H,';'(z) is the Fox
H -function (1.40). For u = 1 it is obtained the Gaussian PDF

Ly 1 e
0 i|_\/47”e i (5.15)

I R
BRI P R VA
The second moment for this particular case is given by

tH

2
X > =2 . (5.16
< © '+ uw )
For 0 < p < 1, the transport exponent is in the range 0 < u < 1 (subdiffusion).
For n = 1 it reduces to the classical diffusion equation for a Brownian motion, i.e.,
(xz(t)> = 2t. For the case with 1 < u < 2 the exponentisintherange | < u <2
(superdiffusion), and the case with © = 2 yields the ballistic motion (xz(t)> = 12

[26].

5.1.3 Two Power-Law Memory Kernels

For a memory kernel of form [26]

tlf,U-l tlf,U-Z

n(t) = ay + a2

I'2—py) I'(2— )
with 1 < w1 < w2 <2and oy + ap = 1, we find M(s) = a1s™ 4+ apsH2, and the
corresponding wave equation becomes bi-fractional wave equation

32
othDg_:_W(x,t) + CD(’;iW(x,t) = 92 Wix, 1), (5.17)

where cDg J’r is the Caputo fractional derivative of order 1 < u; < 2. The solution
of this equation is non-negative. Since

F25) = fi(s) = ays™1 72+ apst2 2

is a Stieltjes function for 1 < p; < @2 < 2, as a linear combination of two
Stieltjes functions, then f(s) = +/n(s) is a Stieltjes function as composition of
a complete Bernstein and Stieltjes function [28] (see Appendix A), which means
that the function f(s) = \/ n(s) is Stieltjes function. From here we conclude that
s\/ n(s) is a complete Bernstein function. Therefore the solution of Eq. (5.17) is
non-negative.
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For the case with 0 < w1 < up < 1 the equation is given by

t (l‘ _ t/)lf,u.l 82

W(x,t)dt
I ore—p an D
t N1— 2 2
t—t)y—H 9 o a
Wx,t)dt' = Wi(x,t). 5.18
tar [ o e W = W (5.18)

The second moment, in both cases 0 < ; < 1and 1 < p; < 2, becomes [26]

2 -1 $ Xl pn—
<x (t)>:2$ = M E, g | — T
a1 SH 4 apsh2 o o)

(5.19)

where Ey g(z) is the two parameter M-L function (1.4). Therefore, in the short time
limit it behaves as

<2t>~2 tH2
¥ T M(u+ 1)’

and the long time limit as

2[ N2 tH1
<x ()>_061F(M1+1)'

Thus, there exists a crossover from a power-law dependence of the second moment
on time with greater exponent to the lower one.

5.1.4 N Fractional Exponents

Let us now consider the memory function of form [26]

ALy

n(e) = Z%F

(2- M/

From here we find M (s) = 27:1 aj s*i. The generalized wave equation, for 1 <
j < 2, becomes the N-fractional wave equation

N » 82
> ajeDylWx, 1) = NLCD! (5.20)
j=1
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where CDg J’r is the Caputo fractional derivative of order 1 < u; < 2. For the case
with 0 < ; < 1 one finds the following equation:

N t Nl—p; a2 2
t—t i 0 el
E aj ( ) ” W(x,t')dt' = , W, 1). 5.21)
o o I'2—pj) ot ax
The solution of this equation is non-negativefor 1 < ;1 < pup < --- < uy <2

since
N
FHe) =) =Y s
j=1

is a Stieltjes function, that is f(s) = +/n(s) is a Stieltjes function. Thus, s\/ n(s)
is a complete Bernstein function, with which we complete the proof of the non-
negativity of the solution.

The solution for 0 < w1 < 2 < --+- < uy < 1 is non-negative as well, since

N
s\/ﬁ(s) = Zotjs“/’
j=1

is a Bernstein function for 0 < p1 < p2 < --- < uy < 1 as a composition of two
Bernstein functions, and thus \/ n(s) is completely monotone.
The second moment, in both cases 0 < ; < 1and 1 < pu; < 2, becomes [26]

2 -1 57!
(x (t)> =22 [ij:l ajshi i|

2

1 uy—pm _ON=1un—pun
dN

tH'NE _ _ _
(N =15 N MN—I)’MNJFl( ay ay

(5.22)

where E 4y, ....ay),5(z) is the multinomial M-L function.

.....

5.1.5 Uniformly Distributed Order Memory Kernel

Furthermore, we consider a memory kernel of form [26]

2 4l=a
n(t)=f1 re—m da,
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i.e., the following distributed order wave equation

2 2
9
/ D W, dh= " W(x,1), (5.23)
1 8x2

where CDS , is the Caputo fractional derivative of order 1 < A < 2.
The non-negativity of the solution can be shown as follows [26]. The function

2
F2(s) =hi(s) = /1 p(M)s* 2 da

is a Stieltjes function since the function }_; p js* 2 with p; > Oand 1 < A;
2 is a Stieltjes function, and a pointwise limit of this linear combination 7(s)
fol p(W)s*2drisa Stieltjes function too [28] (see Appendix A). Therefore, f (s)

\/ n(s) is a Stieltjes function as well. Thus, s\/ 7(s) is complete Bernstein function,
which means that the solution of the distributed order wave equation is non-negative.
For the second moment one finds [26]

1A

5 _ 1 logs
<x (t)> -2y [s2(s 8 1)] (5.24)

From here, for the long time limit (s — 0), by applying the Tauberian theorem for
slowly varying functions (see Appendix B for details), one obtains

1
<x2(t)> ~2 7! [s2 log J =21(—1+y +logr) ~2tlogt, (5.25)

where y = 0.577216 is the Euler-Mascheroni constant, and for the short time limit
(s — 00)

<x2(t)> ~2 ¢! [s_3 logs] ~1? log i (5.26)

So, the behavior of the second moment in comparison with the second moment
obtained for the uniformly distributed order diffusion equation has a multiplicative
term ¢ to the logarithm of the time.

5.1.6 Truncated Power-Law Memory Kernel

Next we consider the case of a truncated power-law memory kernel of the form [26]

tl=n

_ ,—bt
n(t) =e re—

(5.27)
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where b > 0,and 1 < u < 2,i.e,n(s) = (s + b)‘“z, which yields the following
equation:

1 bt . 92 92
U= — ¢y TR W(x,t)dt = W(x,t). 5.28
1“@—#)/0 e ( ) 9,2 (x,1) 92 (x,0) (5.28)

The solution of this equation is non-negative for 1 < u < 2 since 7j(s) = (s +bh)H—2
is a Stieltjes function as a composition of Stieltjes function (s*~2, 1 < < 2) and
complete Bernstein function (s + b) [28]. Therefore +/1(s) is a Stieltjes function,
which completes the proof.

The second moment becomes [26]

[—3+n

(xz(t)> — 9 -l [s—3(s 4 b)Z—#] =2 Ig’+ (e—hz P2t

) . (5.29)

where I} i f (@) is the R-L integral (2.2) in respect of ¢. From the Tauberian theorems
(see Appendix B) we can obtain the asymptotic behavior of the second moment.
Thus, we find

200 t“
(x“(1) =2 a4 (5.30)

for the short time limit, and
(x2(1)) ~ b> M2, (5.31)
for the long time limit. This means that the process switches from superdiffusive to

ballistic motion in the case with 1 < u < 2, and from normal diffusion to ballistic
motion in the case with u© = 1.

5.1.7 Truncated Mittag-Leffler Memory Kernel

Here we also consider tempered M-L memory kernel of form [26]
n(t) = e P"tPE) 4 (—vt®), (5.32)

where § < B8 < 1, and Ei ﬂ(z) is the three parameter M-L function. Thus, we
have the following equation:

t 82 32
—1 8
fo (t —tPE) 4 (—v(t — 1)) BI/ZW(x,t’) dr' = asz(x,t). (5.33)
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In order to find the constraints of the kernel parameters, for which the solution
of Eq. (5.33) is non-negative, we notice that 7j(s) is a Stieltjes function (and thus
completely monotone) if both functions (s + b)~ =% and [(s + b)* + v]*‘S are
Stieltjes functions. The first one is a Stieltjes function if 0 < B — a8 < 1 and
the second one if 0 < ad < 1. Therefore, for 0 < ad < B < 1 the solution is
non-negative.

The corresponding second moment becomes [26]

2 1| -3 (s + b)_a8+ﬂ :| 3 —bt .—B—1 =8 o
x*())=2% s =21 e "'t E —vt .
( ( )> [ [(s +b)* +v]° 0+ ( ap )>
(5.34)
From the Tauberian theorems, we find the short time limit behavior of form
way=2 (5.35)
x°(1)) ~ , .
ra-p)
and the long time limit behavior
(x2(0)) = b (b 4 v)° 2, (5.36)

One concludes that the truncation of the M-L kernel causes ballistic motion in the
long time limit, which follows the superdiffusive initial behavior. With no truncation
the second moment becomes (xz(t)> =21>h Ea_g—ﬁ (—vt%), which in the long time

limit behaves as (x(#)) > 12+ =4,

5.1.8 Wave Equation with Regularized Prabhakar Derivative

As a further generalization, we consider the generalized wave equation with
regularized Prabhakar derivative for 1 < p < 2. The generalized wave equation
then becomes [26]

32
T, Wi, 1) = a2 WD, (5.37)

which is a special case of the generalized wave equation with memory kernel
given by

n(t) =t'""*ES

(). (5.38)

The function

£ =) = (s" + vs“EZ*P)s
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is a Stieltjes function if s*~2)/% and s (*=2/4=7 are Stieltjes functions, and 0 < § <
1 (composition of a complete Bernstein and Stieltjes function is a Stieltjes function,
see Appendix A). Therefore, we obtain that 0 < 2 —u < § and u — pé > 2 —§. For
these values of parameters, f(s) = \/ n(s) is a Stieltjes function as well, therefore
we show the non-negativity of the solution.

For the second moment one obtains [26]

-3
2 _ -1 S _ b
(x0) =22 L_mw_z(sp . U)B} —201E . (—vt?). (5.39)
The short time limit for the second moment yields
tH

<x2(t)> =2y

and the long time limit the behavior

) 5 H—p3
<x (t)> T A+ p—ps)

which means decelerating superdiffusion.

5.1.9 Wave Equation with Distributed Order Regularized
Prabhakar Derivative

Furthermore, in Ref. [26] we introduced distributed order M-L memory kernel of
form

2
1—p =8
n () :/l t ”Ep’zfu (—vtp) du. (5.40)
The generalized wave equation becomes distributed order wave equation with
regularized Prabhakar derivative, i.e.,
2

2
B
/cﬁﬁ”in(x,t)du= Wi(x,1). (5.41)
1 T 9x2

For 6 = 0 Eq. (5.41) becomes the uniformly distributed order wave equation (5.23).
From the memory kernel (5.40) we find that

iy =1 (1+ ! )5. (5.42)

slogs sP
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The solution of this wave equation is non-negative for the same restrictions of
parameters as those for the wave equation with regularized Prabhakar derivative.
This conclusion is based on the fact that

2
£2(5) = () = / ("7 405" 0)
1

is a Stieltjes function as a pointwise limit of the linear combinations of Stieltjes
functions,

nj=2 mji=2 8
Z s 5 4vs s TP
J

Then the second moment becomes [26]

(xz(t)>=2.$—1[ logs (1+ ”)5] (5.43)

s2(s — 1) sP

Therefore, the short time limit (s — 00) is given by
1 1
(xz(t)> ~2. 97! [ O%S} =r’log ,
N t

and the long time limit (s — 0) behaves as

2 log1 2 fl-e
2 ~ -1 s —
<x (t)> o v‘sf |:s2—ﬂ5:| W2 - pd) logr.

All the previous results for the MSD of the generalized diffusion-wave equation
with memory kernel we summarize in Table 5.1. These models represent a flexible
tool which can be applied for the description of diverse diffusion phenomena in
complex systems, which demonstrate a non-monoscaling behavior with different
transitions between different diffusion regimes. For example, the decelerating
superdiffusion obtained within these models has been observed in Hamiltonian
systems with long-range interactions [10] and different biological systems [4].

5.2 Time Fractional Wave Equation for a Vibrating String

Next, we consider a time fractional wave equation in a bounded domain for the field
variable u(x, t) of the form [24]

d 0
r(x) cDgulx, 1) = 95 [P(X)axu(x, t)} —q@ulx, 1)+ fx,1), (5.44)
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Table 5.1 Short and long time limit behavior of the MSD obtained from the generalized diffusion-

wave equation (5.1), fé nt—1) 8"[2,2 W(x,t')dt' = ;;2 W (x, t), for different forms of n(¢)

n() o). <1 (2m), t>1
3(1) ~ 12 ~ t2
-n 0 2 ~ th ~ th
re-w> YSHS
[t =12 ~ 2 ~ th1

¥ reeun T2 re-m): ! !
l<pi<pa<2 or O<pp<pup<l

N [17"‘]‘ ~ ~
D=9 r@—u;)’ H i
l<pr<---<uny <2 or
O<pr <---<puy <1
flz 1"[(12?1) dr, 1<i<?2 ~t?log ! ~ tlogt
bt tl7H 2
e [1"(2—#)’ l<u<2, b>0 ~ it ~t
e_b’tﬁ_lEg p(—VtY), O<ad<p<l, ~ 2P ~ 2
v>0, b>0

l—pp—9 — P ~ tH ~ =P8
t EM_M( vtP), t t
l<pu<2, 0<2—-—p<é,
2—8<pu—psi<2 0<p,d<l1

flztl_“Ep_"gzﬂL (—vt?), ~ 12 log i ~t1=P3 1og s

l<pu<2, 0<2—p<é,
2—-8<pu—psi<2 0<p, <l

Republished with permission of IOP Publishing, LTD, from J. Phys. A: Math. Theor. T. Sandev, Z.
Tomovski, J.L.A. Dubbeldam, and A. Chechkin, 52(1), 015201 (2019)

t > 0,0 < x <[, with boundary conditions

= ha(1),
(5.45)

|:b1 9 u(x,r) +a1u(x,t):| = h1(1), [b2 9 u(x,t) +axu(x, t):|
0x 0x

x=0 x=I

and initial conditions
k

atku(x,t)

=gx), k=0,1,....m—1, m—1<a<m. (5.46)
=0+

Here r(x) > 0, p(x) > 0 and g (x) are given continuous functions in [0, ], f(x, ?),
h1(t), ho(¢) and g (x) are given sufficiently well-behaved functions, and ay, az, by
and b are constants. The case with @ = 2 corresponds to the integer order wave
equation for a vibrating string [32].
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For solving Eq. (5.44) with boundary conditions (5.45) and initial conditions
(5.46), we present the function u(x, t) in the form:

ux,t) =Ux,t) +v(x,1). (5.47)

The function v(x, ¢) is chosen to satisfy the boundary conditions (5.45), i.e.,

dv(x,t dv(x,t
[bl YD | e, t)} = (), [bz YD | e, t)} = ha(0).
0x =0 0x =i
(5.48)
From relations (5.48) and (5.47), for the function U (x, t) one obtains:
aU (x,t U (x,t
[bl D L v, t)i| —0, [bz D L U, t)i| = 0.
0x =0 0x =l
(5.49)
From the initial conditions (5.46) and by using relation (5.47) it is obtained
kU (x, 1) v (x, 1) -
= — = 5.50
I R IR (5.50)
fork=0,1,....m—landm — 1 < a < m.
By substitution
Ux,1) =Ui(x,1) + Ua(x, 1), (5.51)
from Eqgs. (5.44), (5.47), and (5.51) it follows:
r(x) c Dy, [U1(x, 1) + Uz (x, 1)]
a 0 ~
= px) —qx) ( [Ui(x, 1) + Ua(x, )] + f(x, 1), (5.52)
0x 0x
where
~ ad dv(x, 1)
f, 0= fx, 1)+ ox [p(X) 9y } —q@)v(x, 1) —r(x)c Dy, v(x, 1).
(5.53)

We separate the functions in Eq. (5.52) in the following way:

d a
r(x) Do Un(x, 1) = 9 [P(X)ax —q(X)}Ul(x,t), (5.54)
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U (x,t U (x,t
Y | R P e Y | B
3x x=0 a.x x=I

(5.55)

kU (x, 1) ~
: = &) (5.56)

ot =0+
fork=0,1,...,.m—1landm — 1 <o < m, and

el 0 ~
r(x) c Dy Ua(x, 1) = |:8x [P(X)ax} - q(X)} Uz(x, 1) + f(x,0), (5.57)

AUy (x. 1 AU (x, t
[m 2%, 1) +a1U2(x,t)} —o, [bz 2(x, 1) +a2U2<x,t>} —o,
3x x=0 a.x x=I
(5.58)
kU (x, t
206, 1) —0 (5.59)
otk 1=0+
fork=0,1,....m—1landm —1 <a < m.

The method of the separation of the variables is used to represent Uy (x, t) as a
product of two functions, U (x, t) = X (x)T (¢). Then, we have:

cDy, T(t)+AT(t) =0, (5.60)

{d(i [P(X)di} - q(X)} X(x) +ar(x)X(x) =0, (5.61)

where A is a separation constant. The function X (x) satisfies the following boundary
conditions:

[dX (x)

N =0. (5.62)

+a1X(x):|

|:dX(x) i|
=0, + ar X (x)
x=0 dx

x=l

Equation (5.61), with the boundary conditions (5.62), represents a Sturm-Liouville
problem which has spectrum of eigenvalues A, and complete set of eigenfunctions
X, (x). Therefore, in the Hilbert space L2[0, [] one has

1
/ r()X2dx = [| X, (0) 18- (5.63)
0

The function r(x), in relation (5.63), is the weight or density function, || X, || is the
norm of the eigenfunction X,, (x), and &,,, is the Kronecker delta. The eigenfunction
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X, (x) is called the n-th fundamental solution satisfying the regular Sturm-Liouville
problem (5.61) and (5.62).

Equation (5.60) can be solved by applying the Laplace transform formula (2.20)
for the Caputo time fractional derivative. Therefore, one finds

m—1
LT 01) = Y TEO4+)s* K 40, ZIT,(0)](s) = 0, (5.64)
k=0

from where it is obtained that
a—1—k

m—1
— (k) §
LIT(0](s) = k;o LEOD) Ly o (5.65)

The solution is represented in terms of the two parameter M-L function (1.4)

m—1
Ta(0) = ) T, O Ea 1 (=2at®). (5.66)
k=0
From the condition (5.58), one finds the constants T,f‘ (04+),fork=0,1,...,m—1
andm — 1 < o < m, in the solution (5.66). The solution of Eq. (5.54) reads
oo [/m—1
Uy(x.t) =) (Z T, <0+)t’<Ea,k+1<—xnt“>) X (x). (5.67)
k=0

By using the complete set of eigenfunctions X,,(x), we will find the solution of
Eq. (5.57),1.e.,

Up(x, 1) = i tn () X (x), (5.68)
n=1
fle, )y =r(x) i T X0 (x), (5.69)
n=1
where
fu@) = X, )”2/ Fx, )X, (x) dx. (5.70)

From Egs. (5.68)—(5.70) and (5.57) one obtains

S (e Dt (6) + it (1) = Fo )] 7(6) X () =0, (5.71)
n=1
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which is satisfied if
D&, un (1) + dnttn (t) — fu(1) = 0. (5.72)

The Laplace transform of Eq. (5.72) yields

m—1
SO Llun 1) = Y uP O+)s* ™ F 4+ L, LIT(01(s) — L2 0)](s) = 0.
k=0
From the conditions (5.59) it follows that o ”"()‘ f o = Ofork=0,1,...,m—1
1=0+

andm — 1 < o < m. Thus, Eq. (5.73) gives
1 ~ ~
Llun(0)](5) = L1 016) = 2 [ Eaa(=201™) | () - Z1L T 0165).
sY 4+ Ay
(5.73)

By inverse Laplace transform of Eq. (5.73) we find that u,(¢) is a convolution
integral, i.e.,

t
un(t) = f (t =D Ega(=2n(t = 1)) fu(r) dr. (5.74)
0

Therefore, the solution of Eq. (5.57) becomes
S t
Us(x,1) = Z [/ (t — 0" Eqa(=n(t — T)%) fu () df} X (x), (5.75)
0
n=1

which can be expressed by the help of the integral operator (2.106) as follows:

e¢]

Uae.0y = D2 (G0 To) 0Xa(@). (5.76)

n=1
Finally, the solution of Eq. (5.44) has the following form:

oo /m—1
(e, )=y (Z T, (O0-4)t* Eg k1 (—Anr")) X, (x)

n=1 \k=0

+y (cso‘fggl ) (1) Xn(x) + v(x, 1) (5.77)

n=1
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5.2.1 Examples

Example 5.1 For by = by = 0 and a; = ap = 1, the conditions (5.48) for the
function v(x, t) yield

v(x, 1) = hi(t) + )lc [h2(1) — h1(D)]. (5.78)

The initial conditions then become

kv X, t X
Ol P04 + [P0+ = 1P 0] (5.79)
ot =0+ !
fork=0,1,...,m—1andm—1 < a < m. Then, from the relation (5.50) follows:
kU (x, 1) X ~
" = a0 = h 0 + 7 [0 - P 0] = Ew
4 1=0+ !
(5.80)
fork=0,1,....m—1landm —1 <a < m.
Example 5.2 The time fractional wave equation
D, u(x, 1) 9%u(x, ) (5.81)
u(x,t) =a , .
cHot 9x2
u(xat)|)€:0=07 u(-xat)lle =07 (582)
du(x,t)
=0, u(x,0+)=gx), (5.83)
dt 1=0+
where 1 <o < 2,0 < x </, b is a constant, has solution
n?rla? . (/NTX
u(x, t)_ch a(— t"‘)sm( ] )
(=D"n n’mnla? . /NTX
2b [ “E t ,
+ 2bm sin HZ:l 22 w,a+1 < 2 sm( / )
(5.84)

where ¢, = %fé g(x)sin (") dx.
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Example 5.3 The time fractional wave equation

%u(x,t
e DS, ulx, 1) = a? ”gi’; ) 4 bsinx, (5.85)
u(xst)|x=0 :07 u(-xvt)lx=l :07 (586)
dulx, 1
u(x, 1) —0, ulx,04) = g(x), (5.87)
dt 1=0+

where a is a constant, 1 <« <2 and 0 < x </ reads [24]:
u@,) =Y [ Y1000 Equsr (-~ o sm( l ) . (5.88)
n=1 Lk=0
Here we use f(x,1) =0,r(x) =1, p(x) = a2, q(x) =0,h1(t) = ha(t) = 0and
v(x, 1) = 0. The boundary conditions (5.86) mean that the ends of the string are
fixed. Conditions (5.87) mean that the initial velocity of the string is equal to zero,

and the initial shape of the string is given by the function g(x), respectively. From
the initial conditions (5.87) one finds

T (04) =0, (5.89)

and

l
r00h = | sesin (") a. (5.90)
0

and therefore, the solution becomes

=[2 ! 2.2 2
=3[} flawsn (T a s (L an (7).
n=1
(5.91)

Notice that for o = 2, the solution (5.91) has the form

u(x,r) = i [? fl g(x)sin <n7ltx> dx} cos (mlmt) sin <n7ltx> . (5.92)
n=1 0
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The case g(x) = 0.03 - x(2 — x) and [ = 2, for Egs. (5.91) and (5.92) yield

00 222
. 1 2n —1 2n —1
W) = 0.96 1)3Ea,1 (_( n—1)n-a t"‘) sin<( n )nx>’

3 2n — 4 2
n=1
(5.93)
0.96 & 1 Qn—Dra \ . {(@2n—Drx
u(x,t) = 23 nz_:l 2n— 1) cos ( ) t> sm( 5 ) , (5.94)
respectively.
Example 5.4 The time fractional equation
DY e,y = a2 D) (5.95)
u(x,t) =a , .
Cc o4+ axz
with
u(-xvt)lx=0 = Osu(-xvt)lx=l :07 (596)
u(x, 04) = gx), 5.97)

where a is a constant, ) < @ < 1 and 0 < x < [, has a solution of the form (5.91).
Equation (5.95) is a time fractional diffusion (or heat conduction) equation. For
o = 1 it is obtained

u(x,t) = Z |:? fl g(x)sin (njl”) dx:| e_nzﬁaz’ sin (ml”) . (5.98)
0

n=1

and by substitution g(x) = 0.03 - x(2 — x) and [ = 2, the solution becomes

00 2.22
. 1 2n —1 2n —1
w(x £) = 0.96 Fol <_( n—1*n“a t"‘) sin(( n )nx)’

3 2n —1)3 4 2
n=1
(5.99)
where 0 < o < 1. For @ = 1 it reads
0.96 1 5127242 2n—1
e, = s T in <( " ””) . (5.100)
m = 2n—1) 2
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Example 5.5 The time fractional wave equation

3%u(x,
e DY u(x, 1) = ”(;(xz D "V Eq, (—bt%), (5.101)
X
u(xst)|x=0 :07 u(-xvt)lx=l :07 (5102)
du(x, t
u(x, 1) =0, u(x,04) =g(x), (5.103)
dt 1=0+

where | <o <2,0<x <1I[,1 <y < 2,band c are constants, has a solution of
the form

> n’m? o\ . (NTX
u(x,t):E cnEq | — 2 t sm( / )
n=1
0o Ey o (—bt%) — Eg o, (=77 12
1 — (=" Fay ay 2 . (nM>
Sin .

2ct7 !
+ec ; nmw n’n?/12 —b l
(5.104)

5.3 Effects of a Fractional Friction on String Vibrations

In this section we investigate a time fractional wave equation for a vibrating string
[33]

ulx, 1) ,3%u(x,1) ! du(x, 1)

= —b t — d , 1), 5.105
e =@ /()y( 0o dek fen, (5.105)

with boundary conditions
u(-xvt)lx=0:h1(t)s u(.x,t)lle :h2(t)v (5106)

and initial conditions
ou(x,t)
u(x, =0+ = ¢(x), =¥ (x), (5.107)
ot t=0+

wheret > 0,0 < o < 1,0 < x <, f(x,t), h1(t), h2(¢), ¢(x) and ¥ (x) are
given sufficiently well-behaved functions, a and b > 0 are constants, with friction
power-law memory kernel y (t) = F(ll_a)t_“. For simplicity we use a = 1. Due to

the power-law memory kernel, the friction term represents Caputo time fractional
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derivative (2.16) of order 0 < o < 1, CD8‘+u(x, t). The wave equation (5.105) then
becomes

Pux, 1) 9u(x,1)

912 ay2 T bcDoule. )+ fx, ). (5.108)

The constant b > 0 is the generalized friction constant, and the function f (x, () is an
external force. For « — 1 the fractional friction turns to the classical one —b "”gf’t),
and for « — 0 the friction term becomes —b[u(x,t) — u(x, 0)]. Therefore, the
solution of Eq. (5.105) describes the behavior of the field variable u(x, ) between
these two limit cases.

We use the method elaborated in Sect.5.1 to solve the time fractional wave
equation (5.108). The following lemmas are of interest to solve this equation.

Lemma 5.1 The inverse Laplace transform of the function

+bs* +w
o(s) = SSZ +2sa L Ghade R, weR) (5.109)
n
An b
0< 52 4 by <1, O0< 2w <1
is given by

L7010 = D BB ()
k=0

(e.¢]
k,2—a)(k+1) pk+1 2
+b Y B T VEG ke (‘Ant )

k=0
o
w ) (b GOk (—xnﬁ) . (5.110)
k=0
Proof Since 0 <, i;;v“ < 1, by using the approach given by Podlubny [23], one
finds S
s7¢ 1
g@) = (s pw). O
sTT*+b 4 K

00 ; g—aG+D+1 g1 g—a(+D
= ,Z:;) (—=An) (et b)/“ +b (2ot b)/“ +w (2 + b)j+1 .
(5.111)
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From the Laplace transform formula (1.17) for the three parameter M-L function,
one finds

LI = Y (=) T ET 5 (b2
j=0

o0
| 20+ D—a i+l -
Y (h) U e (BT
=0

(0.¢]
ot i -
+w Y (=) IEST (b )
j=0
o
— k (2—a)k ph+1 2
=D (=BT PTRESY (_)‘nt )
k=0
(0.¢]
k (2—a)(k+1) prk+1 2
+ b (0 1 OEVETD (‘Ant)
k=0

o0
+w Y (bR gk (—Ant2> , (5.112)
k=0

where we expand the three parameter M-L function in a series (1.14) and exchange
the order of summation. Thus the proof of the lemma is finished.

Lemma 5.2 Lets, b, a, A, € RT. Then the following relation holds true:

f[ﬁ(t)](s)} ()= Y b (05 esad) O,
k=0
(5.113)

-1
[s2 + bs% 4+ A,

A b
0< " <1, 0O0< <1
S2+bsa s2—c{

where éoojr)”'élzgjal)k+2ﬂ is the integral operator (2.106) [30], and f,,(t) is a given

function.
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Proof By the Laplace transform formula (1.17) for the three parameter M-L
function, one obtains

1
52 4+ bs® + A,
s7¢ 1

= : EANAGIHG!
s2=¢ 4+ p 1+s)£ﬁi‘+h [ :IS

2[f0] )

o0 s—(+D)

ORI ] ®

j=0

2| S AE (-o) |02 |70 ®
=0

A D I A any e (—Ant2>:| (5)Z [ f'n(t)] (5).

Lk=0

(5.114)

From the Laplace transformation of a convolution integral, one proves the lemma.

Theorem 5.1 ([33]) The time fractional wave equation (5.108) with boundary
conditions (5.106) and initial conditions (5.107) has a summable solution

ux,t)=Ui(x,t) + Uy(x,t) +v(x,t)

in a bounded domain x € [0, [], and in the space L(0, 0o) with respect to t, with

o0 o0
Ui = YOI (<)

n=1 k=0
o
k,2—a)(k+1) pk+1 2
+b Y (b T IEVENG (_)‘nt )
k=0
s nmwx
tw )y (b gkl (—)\ntz)}r,f0>(o+) sin( l )
k=0
(5.115)
ad nmwTx
Urx.t) =Y (=0t (gojg’g;jj)k ' fn) ) sin( 1 ) (5.116)

k=0
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X
v(x, 1) = hi(r) + ; [h2(t) — h1(D)], (5.117)
~ 2 o . /nTX
@) = fx, 1) sm( ) dx. (5.118)
I Jo l
~ %v(x,t)  9%v(x,1) N
Fan=rorn+" 000 =200 —beng v, (5.119)
where A, = "21727 * are eigenvalues of the corresponding Sturm-Liouville problem,

w =T, 04/ 04),

2 . /ATTX
Tn(o)(O—i-):l/O(p(x)sm( 1 )dx,

2 (e
TD(0+) = / 7 (x) sin (””) dx
I Jo /
are Fourier coefficients, and

dv(x,t)

P(x) = o(x) — v(x, D=0, and Y(x)=PY(x) — o

t=0+.
Example 5.6 Fora = 1/2,b = 1,1 = 1, h1(t) = ha(t) = 0, p(x) = x(1 — x),
Y(x)=0,A, = n’m?,

1— (="

3.3 7

1
Tn(o)(o‘i‘) = 2/0 x(1 —x)sin(nwx)dx =4 S

7" (0+) = 0, w =0, f(x, 1) = 0, the time fractional wave equation

FuCx, 1) ulx, 1)

972 92 Dfu(x,t), (5.120)
with boundary conditions
ux,Hlx=0=0, ulx,t)|x=1=0, (5.121)
and initial conditions
ou(x,t)
u(x, 1)|i=o+ = x(1 —x), =0, (5.122)

ot t=0+
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wheret > 0,0 < x < 1, has a solution of the form [33]

8 <« 1 - k, 2k pk+1 2.2.2
u(x,r) = 3 ; 2 — 1)3 {l;(—b) 12 E2,§k+1 (—(2n — Dt )

o0
+b Z(—b)kﬁ(k“)E’;El(kH)H (—(Zn - 1)2712:2) } sin (n7rx) .
k=0

(5.123)

From the series expansion (1.14) of the three parameter M-L function, for the
asymptotic behavior of the solution (5.123) for t — 0 is given by

8 — 1 Y t*
1) >~ 1 2n — 1 —
u(x, 1) n3Z(2n—1)3 +@n =1 2+F<9)+24
n=1 2
x sin[(2n — 1)7x]. (5.124)
The long time limit ¢ — oo yields
8 < sin[(2n — Dmx]

u(x,t) >~ E 5.125
(1) wiymt = 2n—1)° ( )

where we use asymptotic expansion (1.28).

5.4 Further Generalizations

Example 5.7 Here we considered general space-time fractional wave equation in
presence of an external source @ (x, t) [27]

D u(x, 1) = xDgu(x, 1) + (x, 1), (5.126)
where x € R, t > 0, D(’)L_LV (1 < pu <20 <v < 1)is the Hilfer composite

fractional derivative (2.17), and D5, (1 < o < 2, |#] < min{a, 2 — «}) is the
Riesz-Feller fractional derivative (2.13) [6]. The initial values are of the form

o d / (1omo
(1647 ) . 040) = £ o). (dt (5 ’”u))(x,0+>=g<x>,

(5.127)
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and the boundary conditions are set to zero at infinities,

lim u(x,) = 0. (5.128)

x—+o0

The corresponding solution reads

(~(1=v)@-p) oo . .
wn =" / Epi—(-wom ("0 6)) f)e ™ di
—0Q

A=) oo S
+ / Epo(1-va-w (1" ¥5 () §)e™* di

2w o0
1% [yl 4
+, / (50;’,’;(2)’1@) (1, e ™" d, (5.129)
T J s e

where & (k,t) = F[D(x,1)] (k,t). Many results obtained for fractional wave
equations with Caputo or R-L time fractional derivatives are special cases of (5.129).
For example, for absence of a source, @ (x, t) = 0, the general space-time fractional
wave equation

v
D&_ u(x,t) = yDu(x, 1),
is obtained, which contains a number of limiting cases.
As a further generalization, one considers the following fractional equation in
presence of an external source @ (x, t) [27]

ngrvu(x, 1) = xDyu(x,t) — kzu(x, )+ D(x,1t), (5.130)

wherex e R,t > 0,1 <o <2,|0| <minf{e,2 —a},1 < <2,0<v <1.The
initial values have the form

—))(0— d —)(0—
(I(g_l’_ v)(2 ﬂ)u) x,0+) = f(x), (dt (I(g—li- v)(2 'u)l/l)) (x,04) = g(x)’
(5.131)
and the boundary conditions are set to zero at infinities,

lim u(x,) = 0. (5.132)

x—+o0
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Thus, its solution is given by

—(1-0)@-p) oo . AN 2 o
Ve =" [ Ericacie (< (900 + ) Foe e d
T )
=102

oo
* / Ep2-a-v@-n (—t“ (%9, (k) + kz)) 2(c)e ™" dic
21 oo

1 00 (0 2\.1 A
+ / (goj;":;fff”" “cp) (i, e d, (5.133)

27 J_ o

where @ (k, 1) = F [@(x,1)] (k, t), and contains a number of limiting cases.

Example 5.8 The generalized time fractional diffusion equation with composite
time fractional derivative is given by Tomovski and Sandev [34]

82
Dy u (x, 1) =a23x2u(x,t) + f(x,0), (5.134)

where 1 <A <2,0 <y < 1,and a > 0. The general form of the initial values is
given by

1—-y)(2— d a-ne-
Jmalea t1(§+ DU, 04) = g2(x).  (5.139)

u(x,0+) = gi1(x),

The solution of Eq. (5.134) becomes

1 o -
ue, 0=, / PHVEITE, G- (—azxzt*)gl(x)e—l“dx

]

1o o
¥, / PAYCDNE, o (—a%%") B (k)e1* di
T J—00
1 22
) / o e e die. (5.136)
T J—00

Example 5.9 We further introduce the so-called generalized distributed order wave

equation with composite time fractional derivative in presence of an external force
(source) f(x,t) [34]

1 2 2
d
//pw,v),Dg:u(x,ndudv=a28 LU, )+ f(x,0), (5.137)
0 1 X

where u(x, t) is a field variable, a is a constant, p(u, v) is a non-negative weight

function with fol S 12 p(u, v) dudv = 1. The initial values depend on the form of the

weight function and the boundary conditions are set to zero, ‘ 1‘im W (x,t) =0.
X|—> 00
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‘We consider the case for
p(u, v) = b18(u — pn1)8(v —v1) +b2d( — u2)8(v — v2),

0<vi,m<11<pu <pu <2, b+b =1,and folflzp(,u,v)d,udv =
b1 + by = 1. The corresponding equation has the following form:

82
by Dy u(x, 1) + by DG Pu(x, 1) = a’ axzu(x, 1+ f(x, 1), (5.138)

which represents distributed order wave equation with two composite time fractional
derivatives. The initial values are given by

d q—vyo—p
I8, 04) = g2 (o), i = {1,2),

T e, 04) = i),
(5.139)

and the boundary conditions are equal to zero at infinities. Its solution reads

2t Q—p)-2  poo X s
u(x,t) = / Z(—l)" 1) (H2—pn
2 —00 b2
n=0
2.2
n+1 a“k w\ = —IKX
X Eﬂz (ma—pn+pa+vi C—p)—1 ( by ! 81L1(k)e di
Fv2(2—up)—2 oo X n
n fhat 12— / Z(—l)n <b1> (ua=pn
2w —00 ;70 b2
2.2
n+1 a“k wy\ = —1KX
X a0 - 1< p, [ ) Br2te)e T dk

+v12—p—1 n+l
+l‘M2 viQ2—py / Z( 1),,< ) t(m—m)n

n+1 e 1KX
X E i (a—pn+ a1 Q=) < by )gz 100)e " die

22 C—p2)— 1
+ o ( 1)?!( ) t(ma—pin

n+1 a’c? p —1KX
X Eﬂz (ma—pn+pa+v2(2—p2) ( by )gz,z(lc)e di
_a%? .

b n by intl 7 —1KX
T by /_oo ;(_bz) ot i (ua—pn) 4 Dby | (o D) e

(5.140)
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Remark 5.1 Here we note that the initial value terms

& anyme
[dtk (i ’”u)} O+). k=01,

are for convenience only. The “real” initial values are defined by the behavior of the
function u(x, t). The initial value data determine the type of derivative to be used.

Example 5.10 For g1,1(x) = g1.2(x) = 8(x), g2,1(x) = g2.2(x) = 0, the solution
(5.140) becomes
V1 2—p1)=2 X 1)y
u(x’[):t =D (bl

2|x]| £ n! by

n+1 20
(2 —p1)n ,
) t X Hz,z
=0

(LD, (n+1,1/2)

y x| ((n2 — pn 4+ w2 +v1(2 — 1) — 1, n2/2), (1, 1/2)
ar2/? b}

2t 2-p2)=2 X (=" <b1

!
2|x]| R by

! — 2,0
( ) ’
) ma—pnn o H2,2

(112 — p)n + pa + 122 — o) — 1, 2 /2), (1, 1/2) }

y x|
att2/2/p)/* (LD, (n +1,1/2)

I [ by, i
by —1KX
+ 27h) /700 Z(_bz) gOJr;uz,(urul)(nH)Jrulf(K’ De de.
n=0

(5.141)

Example 5.11 The uniformly distributed order wave equation with weight function
p(u,v) =86(v —y)p(n),0 < y < 1and p(u) = 1 is given by Tomovski and
Sandev [34]

2

axzu (x,1). (5.142)

2
DEu (x, 1) dp = a?
/1 0+u(x Ydu =a 5

For v = 1, Eq. (5.142) turns to the uniformly distributed order wave equation with
Caputo fractional derivative. The initial conditions take the form

d o
tléi VeV 04) = eo(x),  (5.143)

1-v)(2—
Iy VT e o =g,

and the boundary conditions are set to zero at infinities.
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By Fourier-Laplace transformation, one finds

1 Sisl—v 1 1—s—V

X log ~ log s ~

k)=, 0w+ L T &), (5.144)
logs +ak logs +ak

The inverse Fourier transform gives the solution in the Laplace space,

R 1 sUV2(1 =57 00 1 [s(1—=y) , L
iu(x,s) = . exp | — L =X g1(x") dx
2av (1 — )2 1og2 (1) J-oc a\ log
1 s 20 -5
+ e
av (1 _ )12 10g> (A)

o 1 1—
x f exp (=" [* f) Ix —x'| ) g2(x") dx’. (5.145)
— o0 a ]()g s
For g1(x) = 8(x) and g» = 0, the solution (5.145) becomes
. 1 sV2(1 =57 1 [s(1—=ys)
ulx,s) = . exp| — ] x| ], (5.146)
2av - s)1/2 10g2 (}) a log s

and for g1 (x) =0, g2 = §(x),

1 1200 -5 1 1—
i(x,s) = s g N R 1s)|x| . (5.147)
2av (1 —5)1/2log> (1) ay log

From here, by using Tauberian theorems (see Appendix B), one can analyze the
behavior of W (x, t) in the short and long time limit.
From Eq. (5.144), we derive the second moment

2

a2 (5.148)

(x2(t)> — o [ ik, s)}

k=0

Therefore, for g1 (x) = §(x) and g»(x) = 0, we find

2 _ Jd=v
(ﬁ(x)) - 23 7! [s“;(s s_ iy 10gsi|. (5.149)
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The long time limit, by applying the Tauberian theorem (see Appendix B) [6], yields

o2 [ e, 1] 2a* 1Y
<x (t)>_ " |:s e [logt — y(v+ )]
NE (5.150)
v Tw+1) 80 '
where
_I'@
Y(z) = re

is the digamma function [5]. In a similar way, for the short time limit we find

()=

2 2 2
1 3 1
7 [s_3 logs] =4 [log + .- y:| ~ 2 log ,
v t 2 v t

(5.151)

where y = 0.577216 is the Euler-Mascheroni constant. Therefore, the second
moment shows more complicated behavior than logarithmic.

Remark 5.2 Here we note that in a similar way we analyze the behavior of the
second moment for g1 (x) = 0 and g2(x) = &(x). The second moment then becomes

—V

2a? 1-—
(xz(t)>= ‘: s I:sz(s—sl)z logs:|, (5.152)

from where the long time limit yields

2a2 tv+1

2 ~
(x (t)>_ . 23 (5.153)

and the short time limit becomes

) N 2a 1
<x (t)>_ L @ oe (5.154)

2 3

Therefore, the second moment has very complicated behavior which is a combina-
tion of power-law and logarithmic behavior.
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Chapter 6 )
Generalized Langevin Equation Shethie

The Langevin equation is connected to the Brownian motion formulated by Einstein
and Smoluchowski. The Langevin equation for a free particle with mass m is given
by Langevin [35] (for details, see Ref. [11])

mu(t) + yv(t) = £@t), (6.1)
xX(1) = (),

where x(¢) is the particle displacement, v(¢) is its velocity, y is the friction
coefficient, and &(¢) is a Gaussian random noise with zero mean (£(¢)) = 0 (so-
called white noise). Its correlation has the form

(EDEW) =2ykpTs(t' — 1), (6.2)

where kp is the Boltzmann constant, T is the absolute temperature of the envi-
ronment in which the particle is immersed, and 2ykpT is the so-called spectral
density. The notation (-) means ensemble averaging, i.e., statistical averaging over
an ensemble of particles at a given moment of time ¢. Relation (6.2) represents the
second fluctuation-dissipation theorem, which is valid only in case of internal noise
&(t). The Langevin equation (6.1) actually is obtained from the second Newton law
of motion of a particle in presence of viscous dynamic friction force —yx(¢) and
an internal random noise £(¢), which is a residual force due to the interaction of the
surrounding molecules on the particle. For a free particle, the MSD at long times
reads

Wiy = 28T

’
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248 6 Generalized Langevin Equation

which is Einstein relation for the Brownian motion. From the MSD, one concludes
that the Langevin equation (6.1) describes normal diffusion process, with diffusion
coefficient given by

t—oo 2t - y

For the same process, the VACF has exponential decay in respect of time (for details,
see next section)

kpT _v,

w@OvO) =~ em

For a particle in a given potential V (x), the corresponding Langevin equation
becomes

. dV(x())
mo(t) + yv() + d =£(1), (6.3)
x(t) = (),
where
P = AV E@)
dx

is an additional force which acts on the particle due to the potential V(x). For
harmonic potential

Vi) = maw?x?
=,
the Langevin equation (6.3) turns to
mi (1) + y(1) + ma’x(t) = §(0), 6.4)
x(1) = v(1),

where w is the frequency of the oscillator, and m is its mass.
For an internal noise whose correlation is not of the form (6.2), then the Langevin
equation (6.3) becomes a GLE [34],

dV(x())
dx

t
(@) +/ y( —H)x@)dt + =£(1), (6.5)
0

x(t) = v(1),



6.1 Free Particle: Generalized M-L Friction 249

where we set m = 1, and y(¢) is the generalized friction memory kernel. The
internal noise £(¢) is of a zero mean ((£(#)) = 0), whose correlation is given by

EDEC) =C' 1. (6.6)

When the system reaches an equilibrium state, i.e., the noise is internal, the
correlation is related to the friction memory kernel via the second fluctuation-
dissipation theorem [34, 42, 72] in the following way:

C(t) =kpTy), (6.7)

This means that fluctuation and dissipation come from the same source. The friction
memory kernel satisfies [12]

lim y(¢) = limsy(s) =0,
t— 00 s—0

where 7 (s) = L[y (¢)1(s) is the Laplace transform of y (¢). If the fluctuation and
dissipation do not come from the same source (in case of external noise), then
the second fluctuation-dissipation theorem (6.7) is not satisfied, and the system
does not reach a unique equilibrium state. The GLE (6.5) for a free particle
(V(x) = 0) in case of a stationary Gaussian random force £(¢), in case when the
second fluctuation-dissipation theorem holds, describes a stationary, Gaussian, non-
Markovian process [19, 20].

GLE has been used to describe anomalous diffusion processes. In the pioneer
work of Mainardi and Pironi [42], the authors introduced fractional Langevin
equation and showed that it is a special case of a GLE. The M-L function appears
in the analysis of the MSD and VACF for a given GLE. Thus, Mainardi and Pironi
[42] for the first time in the literature represented the velocity and displacement
correlation functions in terms of the M-L functions, and generalized the results for
the standard Brownian motion (see also Ref. [40]).

6.1 Free Particle: Generalized M-L Friction

In this section we consider anomalous diffusion of a free particle with mass m = 1,
driven by stationary random force £(¢) [34, 42, 72]:

t
v(r) + f y(t —tHv(Hdt' = §(1), (6.8)
0
x(t) = v(1),

where the noise £(¢) is internal noise. Therefore, the second fluctuation-dissipation
theorem (6.7) holds.
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The anomalous diffusion process can be modeled by GLE with internal noise,
which correlation is of power-law form [5, 6, 12, 39, 68]

—X

CO=Crpy s

where C), is a proportionality coefficient independent on time and which dependents
on the exponent A (0 < A < lor 1 < A < 2). In some investigations [40, 42] the
friction memory kernel is represented as a superposition of Dirac delta and power-
law function.

Generalization of the power law correlation function is the one parameter M-L
correlation function [7, 66, 67]

C
Ct)y = ) Ex(=(t/0)).

where 7 is the characteristic memory time, 0 < A < 2, and E,(z) is the one
parameter M-L function (1.1). Furthermore, more generalized friction memory
kernel of the form

C
Cty= 1" Exu(=/0)"),

was introduced [8, 16], where E; ,(z) is the two parameter M-L function (1.4).
We have introduced the three parameter M-L friction memory kernel [59]

Cups g_ *
Ct) = ;“fa H#ED <—ta), (6.9)

where 7 is the characteristic memory time, Cy, g s may dependona, 8, and § (o > 0,
B > 0,8 > 0),and Eg ﬁ(z) is the three parameter M-L function (1.14). This noise
(6.9) contains several parameters and a number of limiting cases, which means that
the obtained results can be used for better description and fits of experimental data.
Note that, from relation (1.29), for the generalized M-L noise (6.9) one has

y(t) >~ s . (6.10)
For fulfillment of the condition the friction memory kernel y (¢) goes to zero for
t — oo [12],

lim y () = lim s7(s) = 0, (6.11)
t—00 s—0

where p (s) = Z[y (¢)1(s), one should consider such values of parameters for which
B < 14 & is satisfied.
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The three parameter M-L noise (6.9) is a generalization of the two parameter M-
L noise, which is obtained for § = 1. For § = § = 1 it yields the one parameter
M-L noise. From the asymptotic behavior of three parameter M-L noise (6.9), for
T = 0,8 =68 =1and o # 1, one recovers the power-law correlation function.
Setting « = § = 1, the correlation function corresponds to the one for the standard
Ornstein-Uhlenbeck process

C
cw ="M,
T

which for T — 0 turns to the correlation function for the standard Brownian motion.

6.1.1 Relaxation Functions

In order to find the MSD and VACF we use the Laplace transform method [40, 42],
and the so-called relaxation functions. Thus, from Eq. (6.8) it follows

Zv()] = vo ZIED)]. (6.12)

1
s+ 201 s+ 2yl

From relation (6.12) for the displacement x (¢) and velocity v(f) = x () one obtains

x(r) = (x(0) + /Ot Gt —1)E@)dr, (6.13)
v(r) = (v(D)) + /Ot gt — e dr, (6.14)
where
(x(@) = xo + voG (), (6.15)
(v(1)) = vog(r) (6.16)
and
G{t) = fot g(t)dr'. 6.17)

The function g(¢) represents inverse Laplace transform of g(s),

8(s) = N (6.18)
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where
Ca,ﬂ,& S(xéfﬂ

7;(5') = f[)/(l)](s) = kBTz_ou? (Sa + .L,—crz)‘S

is obtained from Laplace transform formula (1.17) for the three parameter M-L
function. The function

t
1(t) =/ G@dr (6.19)
0

is also of interest in the analysis of the velocity and displacement correlation
functions as we will see later. Therefore,

1

G =s""8) = ) (6.20)
and
i =s6m=, 5 621)
s+ sy (s)

These functions I(¢), G(t), and g(¢) are known as relaxation function, and by
analysis of their behavior one can show the existence of anomalous diffusion.
From relation (6.18) it follows

. s lerﬂfl
g(s) _ s + s — . aa lgﬂ ) (6.22)
Ya,B.8 (S"‘+'L'7°‘)5 N 22 B,é (sa+f at)

ki‘;i‘js. Relaxation function g(f) can be obtained by applying
relation (1.18) with @ — 1;’3, p = Ay = 8 A > —Vaps vV > —T 9

u — 110 (6.22). Thus, we obtain [59]

where vy 5 =

g(t)—Z( DFyE g st TPRER ot (/D)%) (6.23)
k=0

By using relation (1.19) in (6.19) and (6.17), one finds

G(t) — Z(_l)kyoll( 5.5 (1+ﬂ)k+1Eik(1+ﬂ)k+2 ( ([/T)a) , (624)
k=0
1) = Z( Dyl st PR s (/D)%) (6.25)

k=0
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The mean velocity (6.16) and mean particle displacement (6.15) then become

o
(o) =vo Y (—=DFyl st TPRER oy (—/0)%), (6.26)
k=0
[ee)
(x(0) =x0+v0 Y (=D yf 5 st PRFER o (/D)%) (6.27)
k=0

Note that for T — 0, by using relation (1.28), for the relaxation functions we have

C
g(t) = Erypqs [ — P2 p1+h-ed) (6.28)
kT
Coz,ﬂ,& 1+8—ad
G@) =tE11p-as2 | — t , (6.29)
kgT
2 Caps 14p-as
I(t) =t"E14p-as3 | — t , (6.30)
kgT
from where for § = § = 1, which corresponds to the power-law correlation

function, we obtain the well-known results (see, for example, [39])

t — oo. (6.31)

C kpT ¢
1(t) = tzEz_a,y, (— a’1’1t2a> ~ "B

kgT B Co11 I'(1 +a)

Remark 6.1 ([59]) The function g(¢) given by (6.23) is uniformly convergent series
with argument 7/t for all + € R. This can be shown in the following way. The
function g(#) is a double series of form

o o
gty =Y bt "R £ ), (6.32)
k=0 m=0
where by = (_l)k)’olf,/s,a’ and
fk,m(t) =

(8K m (=)™ ("
F'lom+ A+ pBk+1) m! <r> '

To show that the series (6.32) converges uniformly, we have to demonstrate that
both series with respect to columns (keeping k fixed and summing m) and the series
with respect to the rows (summing k for fixed m) lead to uniformly convergent
series. In that case the resulting function g(¢) is continuous within the radius of
convergence and can be integrated within the interval of convergence. As the three
parameter M-L function (1.14) defines an absolutely converging function, which is
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easily demonstrated by a ratio test, we only need to verify the summation over k
with fixed m. Let us use

~ (6K
W=k Pam+ (1 + Bk +1)
By using [31]
'z+a) (a—Db)a+b-1) <1>}
Fatb) =* [1+ . +o( )] (6.33)

(Iz| > oo, |arg(2)| <7 — ¢, |arg(z+a)| <7 —¢,0 <& <)

we find that
a1t ITPEED Ny, 55Tk + 1) +m) (k)T (@m + (14 Bk + 1)1 +F
apt Pk | TSk + D)8k +m)T(am + (1+ B)(k+ 1) + 1)

1+5‘ ‘F(8k+8+m) ‘ ' (8k)
X X

I8k + 8) I8k +m)
‘ I'((1+ Bk +am+ 1)
K+ pPk+am+1+1+p8)

=:‘%Lﬂﬁf

= [t P lam + (14 ok + 1170, (6.34)
which goes to zero if k — oo. Thus we prove that the series is uniformly convergent.

The convergence of series in M-L functions has been extensively studied by Paneva-
Konovska in a series of works [49-51].

6.1.2 Velocity and Displacement Correlation Functions

From the general expressions for the velocity and displacement correlation functions
[12,52]

()0()) = ksTg(lr —1') + (v — ks T) g)g (), (6.352)

(e(@Ox()) =3 + (v — ksT ) GOGE) + Covo (G1) + G (1))

+kpT (1) + 1) —1(lt = 1)), (6.35b)
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we obtain the following exact results for the generalized M-L memory kernel [59]

IGRI)) —kBTD D v st =t DIHPRER oy (e =11/0)%)

k=0
+(U(2’_kBT) Z( D% st P ES it (—@/D)
k=0
o0
< Y (=Dl g st TPIEY (i (DY), (6.36)

(O =g+ (0§ = kpT) Y (=10l g st TR o (— /)7

k=0

o
XZ(—D[VO{, /(Hﬂ)lHEgl(Hﬂ)lJrZ( (/1))

o
+x000 Y (=Yg 55

[ P E g g (—/0)°)

1 k+1
1 PEEN i (<00 |

+kpT Z( 1)k)’a,3 s
k=0

[ tEPERE s (@)

1 k+2
1 PEEN s (<00 |
—kBTZ( Dy g st — /PR

X EQ 1 ipss (=t =7'1/0)%).
(6.37)

For t = ¢’ it eventually leads to

2
( (t)))_kBT~|—( kBT) (Z( Dkyk st UHRES (- (I/T)a)) ’
(6.38)
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00 2
< 2(t)> _ x + ( kBT) <Z(_1)kyclf 6.5 (1+ﬂ)k+1Egk(l+ﬂ)k+2( (I/T)a))
k=0

+2x0”°Z( D v st PR | gk (/D7)
k=0

o
+2kBTZ(—1)ky0]f pat TTPRRER s (—@/D%). (6.39)
k=0

Thus, for the time-dependent diffusion coefficient [42, 53]

1d
D(t) = o (x2(1)), (6.40)

by using relation (1.19) we obtain

D([) — (v(z) _ kBT) |:Z( l)k k t(1+ﬂ)k+1Eik(1+ﬂ)k+2( (I/T)a):|

k=0

x [Z(_l)% (B g (= (f/f)a)}
=0

o0
+xov0 ) (=D v p st PES 1 gyt (—0/D°)

k=0
o0
k. k 1 k+1 -8k
+kpT Y (=D yl g st CTPRVE s (/D)%) (6.41)
k=0
Here we consider thermal initial conditions xo = 0 and v9 = kg7T. From the

general expressions of the velocity and displacement correlation functions (6.35a)
and (6.35b), one finds that the relaxation functions, under the assumption (6.11),
are connected to the MSD, time dependent diffusion coefficient and VACF in the
following way [12, 42, 66], respectively,

<x2(t)> = 2kpTI), (6.42)

1d
D= < 2(t)> = kgTG(0), (6.43)
cviny = OO _ (6.44)

(v2()
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Furthermore, these relaxation functions can be used to find variances [12, 17, 66, 68]

ore = (20) = (x(0)? = ksT [21(0) = G2(1) . (6.452)
oxy = {(v(1) = () (x(1) — (x())))
_ Mo remn - s 6.45b
=5 4 kB 1 —g®], (6.45b)
oo = (02(0)) — (v(1))? = kpT [1 - gz(t):l . (6.45¢)

Therefore, for thermal initial conditions, xo = 0 and v(z) = kpT, for the MSD (6.39),
D(t) (6.41) and VACEF (6.36), we obtain [59]

o0
(X7 (1)) = 2kpT Y _(=DFyl g st WHPRZESR o5 (—(t/T)) = 2kpT 1 (1),
k=0
(6.46)

o
D(t) =kpT Y (—=D)Fyk 5 st HRFER i (—(t/0)%) = kpTG ),

k=0
(6.47)
O o0
Cy() = <U(IZ;UT( ) = Z(—1)kVolf,ﬂ,at(Hﬂ)kEglf(1+,s)k+1 (—@/D)¥) =g,
k=0
(6.48)

respectively. Graphical representation of the MSD (6.46) and VACF (6.48), in case
of thermal initial conditions is given in Figs. 6.1, 6.2 and 6.3.

6.1.3 Anomalous Diffusive Behavior

The anomalous diffusive behavior of the particle can be obtained either from the
exact results by using properties of the three parameter M-L function or by using
the Tauberian theorems [18] (see Appendix B), as it was done by Gorenflo and
Mainardi in Ref. [24]. From relation (1.28) it follows that

ad
Ya,B,8T o o8 +B-1

y(t) > F(B — as)
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Fig. 6.1 Graphical representation of the MSD (6.46) for t = 1, Cyps = 1, kgT = 1; (a)
B =68 =1:a =1 (solid line), « = 1/2 (dashed line), « = 3/2 (dot-dashed line); (b) » = § = 1:
B = 1 (solid line), B = 1/2 (dashed line), 8 = 3/2 (dot-dashed line); (¢) « = 3/2, 8 = 1,
8 = 1/2 (solid line), « = B = 1/2, § = 3/4 (dashed line), « = 3/4, B = 1/2, § = 1 (dot-dashed
line). Reprinted from Physica A, 390, T. Sandev, Z. Tomovski, and J.L.A. Dubbeldam, Generalized
Langevin equation with a three parameter Mittag-Leffler noise, 3627-3636, Copyright (2011), with

permission from Elsevier

for long times («é # B), so from the Tauberian theorems, one obtains [59]

Caps  _as—p

kpT s , s— 0.

P(s) =

From (6.18), (6.17), (6.19), (6.112), and (1.17) it follows

A( ) 1 Sﬂfaé 0

g\s ~ C = c , s —> 0,
aps | cad— 1+8—ad B8

S+ g 80P sttt 4 T

C
g(1) = Erppoas (— 00 11478} 1 oo,
kgT

C
G(t) >~ tE14p—as2 | — whd plap-as) o
kT

C
1(t) ~ t2E1+ﬁ,w§,3 R tlHp-ad , t— o0.
kgT

(6.49)

(6.50)

6.51)

(6.52)

(6.53)
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Fig. 6.2 Graphical representation of the VACF (6.48) for t = 1, Cy 55 = 1, kT = 1; (a)
B =68 =1:a =1 (solid line), « = 1/2 (dashed line), « = 3/2 (dot-dashed line); (b) » = § = 1:
B = 1 (solid line), B = 1/2 (dashed line), 8 = 3/2 (dot-dashed line); (¢) « = 3/2, 8 = 1,
8 = 1/2 (solid line), « = B = 1/2, § = 3/4 (dashed line), « = 3/4, B = 1/2, § = 1 (dot-dashed
line). Reprinted from Physica A, 390, T. Sandev, Z. Tomovski, and J.L.A. Dubbeldam, Generalized
Langevin equation with a three parameter Mittag-Leffler noise, 3627-3636, Copyright (2011), with
permission from Elsevier
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Fig. 6.3 Graphical representation of exact results (6.46) and (6.48), respectively, for t = 10,
Cops =1, kpT = 1,0 = 1/2,and B = § = 1 (solid line), B = 3/4, § = 1 (dashed line),
B =3/4,5 = 1/2 (dot-dashed line); (a) MSD (6.46); (b) VACF (6.48). Reprinted from Physica A,
390, T. Sandev, Z. Tomovski, and J.L.A. Dubbeldam, Generalized Langevin equation with a three
parameter Mittag-Leffler noise, 3627-3636, Copyright (2011), with permission from Elsevier
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From the asymptotic expansion formula (1.28) of the three parameter M-L function,
one finds

kT
g(n) ~ y Bl (6.54)
Co,psl" (@8 — B)
kpT
G(t) ~ B 190 P, (6.55)
Capsl (a6 —B+1)
kpT
1(t) ~ B gd=pFL (6.56)
Cap,sl (b — B +2)
Thus, the time-dependent diffusion coefficient gets the form [59]
(kpT)* ws—p
D(t) ~ . (6.57)

Capsl(@s—B+1)

From (6.57) we conclude that for 8 — 1 < o < B in the long time limit the particle
motion is subdiffusive, and for 8 < ad—superdiffusive [59]. Note that for g = 1
the obtained results are same as those in Ref. [57] (where 8 = 1, o = 0). For
B = & = 1, the results obtained in Refs. [39, 53, 59] are recovered. The case with
o = f =& = 1 corresponds to the one considered in Refs. [42, 53, 59]. For § = 1
one derives the relaxation functions obtained in Ref. [8] (w = 0, = 2, 8 = 1).
Comparison of the asymptotic and exact results for the MSD and VACEF for thermal
initial conditions is given in Fig. 6.4. In Fig. 6.5 comparison with the results for the
Brownian motion is given.

1T
0751 \
A 0.5 \
sl < 025
*IS 3 ! N
v O ~ -
-0.25 ﬁ\/f/
-0.5 NI
0 2 4 6 8 10 12 14 b 0 2 4 6 8 10 12 14
(a) t () t

Fig. 6.4 Graphical representation of asymptotic and exact results fort =1, Cy g5 = 1, kpT =1,
a =1/2, 8 = § = 1; (a) MSD; asymptotic solution (6.56) (solid line), exact solution (6.25)
(dashed line); (b) VACF, asymptotic solution (6.54) (solid line), exact solution (6.23) (dashed
line). Reprinted from Physica A, 390, T. Sandev, Z. Tomovski, and J.L.A. Dubbeldam, Generalized
Langevin equation with a three parameter Mittag-Leffler noise, 3627-3636, Copyright (2011), with
permission from Elsevier
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Fig. 6.5 Graphical representation of MSD and VACEF, respectively, for kg7 = 1; (a) standard
Brownian motion (;C:;’T)) = ¢ (solid line) and exact result (6.25) forae = 8 =6 = 1, 7 = 1,
Cq,p,s = 1 (dashed line); (b) standard Brownian motion Cy (t) = e~! (solid line) and exact
result (6.23) fora = B =6 = 1,7 =1, Cyp5s = 1 (dashed line). Reprinted from Physica A,
390, T. Sandev, Z. Tomovski, and J.L.A. Dubbeldam, Generalized Langevin equation with a three
parameter Mittag-Leffler noise, 3627-3636, Copyright (2011), with permission from Elsevier

In the short time limit, the relaxation functions behave as [59]

1(t) ~ r? Ca,ps th+3 (6.58)
T2 kgTtrd (44’ '
Ca 8,8 tﬂ+2
G(t) ~t— o , 6.59
@) kTt I'(B +3) ( )
C tﬂ+1
gy ~1— ~“F° (6.60)

kpTt® I'(B+2)

These results can be obtained either by using Tauberian theorems or from the exact
results by using the first two terms in the corresponding series. For 8 = 1 the results
from Ref. [57] are obtained (8 = 1, w = 0), and for 6 = 1 those given in Ref. [§8]
(w=0,a=2,8=1).

6.2 Mixture of Internal Noises

6.2.1 Second Fluctuation-Dissipation Theorem

Let us now consider a stationary Gaussian internal noise £(¢) with a zero mean
(£(1)) = 0, represented as a mixture of N independent noises [58]

N
E(1) =) ai&i(1),

i=1
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for which (& (1)€; (1)) = 0 (i # j), each of zero mean (&; (1)) = 0, with correlation
functions of the form

EWE W) =& —0. (6.61)

Thus, for the correlation function C(¢) we have

N
(EDED)) <Z i (1) Za,s] (t >> =Y o EMED)). (6.62)

i=1

Therefore, the second fluctuation-dissipation theorem (6.7) gives

N
> et = kpTy (). (6.63)

i=1

Two (N = 2) distinct independent noises (white noise and an arbitrary noise) were
analyzed in Ref. [65], and various diffusive regimes are observed. Such situations
with two types of noises have been shown to govern the motion of the tracked
particles in several experimental works by Weigel et al. [69], Tabei et al. [64], and
Jeon et al. [27]. Therefore, our investigation of GLE (6.8) for a particle driven by
mixture of noises is justified with such experimental observations.

6.2.2 Relaxation Functions

Here we use the known relations for the relaxation function (6.18), (6.20), and (6.21)
in order to analyze the diffusive behavior of the particle. The Laplace transformation
to relation (6.63) yields

. | A
Ps) = T Eafg(s). (6.64)

In what follows we consider different forms of the noise that are of importance
in the anomalous diffusion theory.

6.2.3 White Noises

First, let us considf:r the motion of a free particle driven by N internal white noises,
i.e., &i(t) = §(¢) (¢i(s) = 1). Relation (6.63) then becomes

1 N
Y
i=1
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The inverse Laplace transform for the relaxation function G(¢) gives

sV, o
. e kT
Gt =%~ v o, )= | N o (6.65)
s+ Z,i;‘To‘f kpT 2oi=1 %
from where the MSD (6.42) and VACF (6.44) read
T}
5 2 (kgT)*t l1—e k7 !
<x (t)> =) kT . (6.66)
i=1 % (le ZN—1 0‘2)
B i=1"
N o2
Cy(t)=e *sT ' (6.67)

From relation (6.66), one concludes that in the long time limit (+ — oc0), the MSD
has a linear dependence on time

2\ 2(kpT)?
<x (t)> B Zz]'V:l O‘iz §

i.e., normal diffusive behavior of the particle, as it was expected, with diffusion
coefficient

_ (kgT)?
= B
Zi:laiz

and exponential relaxation of the VACF. Graphical representation of the MSD and
VACEF for different values of N is given in Fig. 6.6.

D

6.2.4 Power Law Noises

Next we analyze the case of N independent noises with power-law correlation
functions

(1) — —Ai ; - — i1
Cl (t) - 1—,(1 _ )\‘l)t ’ l-e-a Cl (S) =39S ’
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Fig. 6.6 Graphical representation of: (a) MSD (6.66), (b) VACF (6.67) for Oliz = 2, in case of
thermal initial conditions vo = kgT = 1, xy = 0, and a mixture of Dirac delta noises N = 1 (solid
line), N = 2 (dashed line); N = 3 (dot-dashed line); N = 4 (dotted line). Reprinted from Phys.
Lett. A, 378, T. Sandev and Z. Tomovski, Langevin equation for a free particle driven by power
law type of noises, 1-9, Copyright (2014), with permission from Elsevier

i=1,2,...,N,0< X <... <Ay < 1,A; # 1. From relation (6.63) one gets

1N
AN 2 Ai—1
y(s)—kBT Elotis .
1=

Here we note that we can extend the analysis for the case of p(s) with 0 < A; <

. < AN < 2, but in such a case the memory kernel y (¢) is defined only in the
sense of distributions [9, 13, 22, 42, 43, 70]. For the relaxation function G(¢), by
using the approach given in Refs. [26, 37], we obtain

! 1) =2 e )
N . - —A;
s2+ 3 iny Aish =35 (s2fAA-)

i

Ly e
= ki ke ... kn) p

=1k 20,k2>0,....ky =0 (2 +3N 2 ki)

Git)=2""

=1EQ-n1.2-20,.2-2m).2 (-Altz_’\l, —Ay*R —ANtz"\N) ,
(6.68)
2
where A; = k(:iT’
J _ J!
ki k... kn kylko! - - k!
are the so-called multinomial coefficients, and E(4; a,,....an),b (21, 22, - - ., Zn) is the

multinomial M-L function (1.35).
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Let us analyze the case with 0 < A1 < A2 < 2, A1, A2 # 1. From (6.68) we
obtain

G(t) =tEQ-x;,2-1).2 (—Altz_k', —Aztz_kz)

)
— Z(_A1)nt(2—)~1)n+1E;lj—iz’(z_)tl)n_’_z (_Ath—)»z) , (6.69)
n=0

and thus
o
10) = Y (—Ap o2l (—AthZ) . (6.70)
n=0
o
8(1) = Z(_AOnt(zi;\l)nEgi_)}z,(Z—M)rﬁl <_A2t27)\2) ’ (6.71)
n=0

where Eg ﬁ(z) is the three parameter M-L function (1.14) [54].
For the long time limit behavior, from (1.28), we obtain

th2 Ay A=A 1 t
o~ E,_ - ) = ' o7
() A, A—A1,ha+1 ( A, AT (14 X)) ( a)
tha—1 Ay Lot
s~ """ b, (_ th—m) ~ . (6.72b)
Ay i\ T ) AL I" (M)
t),272 Al 1 tlliz
1) =~ Epyoiyjot | =, 17274 ) : 6.72
g(t) A, PRk 1 < Ay ) Ay (=1 (6729
From the MSD

(xz(t)> 1 th
2kpT — A1 T (14 A1)’
we conclude that the particle shows anomalous diffusive behavior with the lower
diffusion exponent A1 (0 < A; < Xy < 2). Therefore, subdiffusion appears for
0 < A1 < 1 and superdiffusion for I < A; < 2. VACF becomes
t).172

CO= Ao -y
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Cv(

Fig. 6.7 Graphical representation of: (a) MSD (6.70), (b) VACF (6.71) for A = A, = 1, in case
of thermal initial conditions vp = kpT = 1, xo = 0, and a mixture of two power law noises, for
A1 = 1/2, Ay = 3/4 (solid line), A; = 1/2, Ap = 3/2 (dashed line); A; = 5/4, 1, = 3/2 (dot-
dashed line). Reprinted from Phys. Lett. A, 378, T. Sandev and Z. Tomovski, Langevin equation
for a free particle driven by power law type of noises, 1-9, Copyright (2014), with permission from
Elsevier

For the short time one finds

12 Ast*2 Arth Al
1y~ | 2 T TG T rioy forie =145, 673
O 673

Al
2 T I5-a) T ra-my foraz>1+%.
Thus, we conclude that the noise with the greater exponent A, has dominant
contribution to the particle behavior in the short time limit. For the variance in the
short time limit we have

o Ayt
a3y 2

2kgT INGEDYIN

Graphical representation of the MSD and VACEF for different values of parame-
ters A1 and X, is given in Fig. 6.7. The anomalous diffusive behavior of the particle
is evident.

6.2.5 Distributed Order Noise

Furthermore, let us instead of mixture of noises consider an internal noise of
distributed order, i.e.,

P
A

1
2
kpTy(t) =« /0 F(l—)\)d'

Such memory kernel was used by Kochubei [33] in the theory of evolution equations
with distributed order derivative, which is a useful tool for modeling ultraslow
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relaxation and diffusion processes. The Laplace transform of the memory kernel
then becomes

a? s—1

7 = kpT slogs’

We note that the assumption (4.32) is satisfied for this memory kernel since

a? s —1

li y(s) = 1 =0.
sg%sy(S) kBT sg% 10gS

Thus, we have
00 non k
A n (=1
G191~ =2 () L (1) geltogy
s? + kBT log K n=0 ksT k=0 kj s IOg §

from where, by inverse Laplace transform, the relaxation function G(¢) becomes

00 2\ n
G(t)=t+z<_k";T) Z(Z)(—l)k,u(t,n—l,n~l—k+l). (6.75)
n=1 k=0
Here

00 toz+r.[ﬁ
u(t,ﬂ,a)=/0 F(ﬁ—i—l)F(a—i—t—i—l)dt’ (6.76)

whose Laplace transform reads

1

Z[M (ta ,3,06)] (S) = got1 IOg'B+1S

R() > —1, R(s) > —1 [14]. For detailed properties and relations of these
and related Volterra functions, we refer to the literature [2-4, 21, 46]. Thus,
the relaxation functions are represented in terms of series in special functions
u (t, B, o), and their representation in a closed form is an open problem. Here we
use Tauberian theorems (see Appendix B and Refs. [24, 41] for details) to find the
asymptotic behavior of the relaxation functions. In the long time limit (t — oo, i.e.,
s — 0 according to the Tauberian theorems) we obtain

-1
ol s 1, [logs logs
IH)~% kaszO;,l (t)_Ai” L_l— i ()
B K

= ; [y +logt — e'Ei(—1)]

1
=, [y +logr+'E1(0], (6.77)
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where A = k‘ZZT, y = 0.577216 is the Euler-Mascheroni (or Euler’s) constant,
o0 efx
Ei(t) = — / dx

is the exponential integral function [14], and

Ei(t) = —Ei(—1) = /Oo i,
;X

From the asymptotic expansion formula

—t n—1

k!
IO D Cie

k=0

for t — oo [41], which has error of order O (n!t_"), for the relaxation function we
obtain I (1) >~ % + /13‘ log t. The MSD has logarithmic dependence on time

o) vy

1
~ logt,
UpT — AT A8

and therefore the particle shows ultraslow diffusive behavior. In the same way, for
the VACEF in the long time limit (# — oc0) we find

1 . 1 . 1
Cy(t) ~ ~ A [14€'tEi(—1n)] = ~ [1—€tEi(n)] ~ ~ a2

Similar relaxation functions were obtained by Mainardi [41] in analysis of fractional
relaxation equation of distributed order. The short time limit (r — 0, i.e., s — 00)
becomes

-1
o s 1 B As — A
It)=% [s2+AH](t)_g [S3 (1 S210g5+As—A>:|(t)

logs

Tt As — A 12
=27 1—s210gs (=" —An(0,3) +Apn,0,4).
(6.78)

In the same way, for the VACF in the short time limit we obtained
Cy(t)~1—Au,0,1)+ Aun(t,0,2).

Here we note that the same result can be obtained directly from the series expression
(6.75).
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A more general distributed order internal noise is of form

—A

1 1
t
kBTy(t)=/ p(x)r( dr, e, kBT;;(s)zf p()s* 1 da,
0 0

1—2)

where p(1) is the weight function. The case with p(1) = o2 yields the already
considered uniformly distributed noise

=

1
2
kpTy(t) =« /0 F(l—)\)d)h

For p(A) = ZlNzl al.Z(S (A — A;), where 8(A) is the Dirac delta, 0 < A; < 1,i =

1,2,..., N, the mixture of N internal power-law noises
N ) 1 —h N ) (—Hi
kgTy(t) = : S (A — A dr = : s
8Ty (1) Z%A G=2) 1y D% —
i=1 i=1

is recovered.

6.2.6 Mixture of White and Power Law Noises

As an addition, we analyze the GLE with mixture of P white noises, and Q power-
law noises, where P + Q = N,

P o
1 5 1 ,
y(t) kT ?:1 a; (1) + ksT ]E:l:ﬂ] I (1 . )»j)’

whose Laplace transform pair is given by

1< 1 2
v (s) = 2 2ghj=1,
7) @T§%+@T;@s

Here we also note that we can extend our analysis to exponents between 1 and 2,
but in such a case the memory kernel is defined only in the sense of distributions
[9, 13, 22, 42, 43, 70]. In the same way as previously described, we obtain

1

Git)y=2""! 1, 6.79
() |:S2 + Zip=1 Ais + Z/Q:l Bjs)‘.f:| () ( )
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o? B;
where A; = kpT and Bj = kBJT' We rewrite relation (6.79) in the following way
Git)y=2"" ! (1) (6.80)
52 + ZIQ:T Cishi ’

where 0 < Xl < ... < XQH < 2. )~L,~ actually have the values of A; and 1. For a
givenvaluer =i € {1,2,..., 0 + 1},

P
C,s*r = ZAis, ie, C,= ZA,-, A= 1.
i=1 [

Note that if 0 < A; < I'thenr = QO+ 1,andif 1 < A; < 2thenr = 1.
Therefore, the relaxation function G(¢) is represented through the multinomial M-L
function (1.35),

_ ol 1

=tE< (—Cltz_il,—Cztz_iz, ...,—CQ.HIZ_XQ“).

2—5»1,2—5\2,...,2—5\Q+1),2
6.81)

Mixture of white and power law noises of the form

= | [25t+2 o }
o=, ol Lol

was considered in Ref. [65], for 0 < A < 1. From (6.81) we obtain

o
G(t) = Z(—B)”t(z_)‘)"“ET(“zl_k)n 2 (ZAD), (6.82)
n=0

where A = k‘zzT and B = ki 2T . This relation yields

o
1(t) = Z(_B)"t<2*“"+2E;’j;_m 3 (—AD), (6.83)
n=0
o0
g(t) = Z(—B)"t(H)"E;’E_W 1 (ZAD). (6.84)

n=0
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By using the asymptotic expansion formula (1.28), in the long time limit we
obtain

In~"E Buay. 1 7 (6.85)
~ _ - ~ , .85a
AT\ T Y BI(1+2)
1 B 1 1
Gt~ Ei |- ')~ , 6.85b
() RS < A ) B G ( )
1 *2
1) ~ . 6.85
g(®) BIo.—1) (6.85¢)

Thus, the MSD becomes

(xz(t)> N 1 t

~ , O0<Ai<l,
2kpT BI'(1+4+A)

which means that the particle shows subdiffusive behavior. From (6.85a) we note
that the power law noise has dominant contribution to the particle behavior in the
long time limit. These results are in agreement with those obtained in Ref. [65]. The
short time limit yields

f~ AT B (6.86a)
~ — — .00a
27 6 G-
Gy =i A B (6.86b)
=T 0 Tra—w '
Bt2f)\
H~1— Al — , 6.86
8 o n (6.860)

from where we conclude that both noises contribute to the particle behavior. The
contribution of the white noise to the particle behavior in the short time limit is
dominant. For variance (6.45a) we recovered the result obtained in Ref. [65],

Oxx NAt3+(3 ) Bt~
2kgT =~ 3 NG

fort — 0. Graphical representation of the MSD and VACF is given in Fig. 6.8.
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Fig. 6.8 Graphical representation of: (a) MSD (6.83), (b) VACF (6.84), in case of thermal initial
conditions vgp = kpT = 1, xo = 0, and a mixture of Dirac delta (A = 2) and power law (B = 1)
noises, for A = 1/4 (solid line), A = 1/2 (dashed line); 1 = 3/4 (dot-dashed line). Reprinted from
Phys. Lett. A, 378, T. Sandev and Z. Tomovski, Langevin equation for a free particle driven by
power law type of noises, 1-9, Copyright (2014), with permission from Elsevier

In the same way, from (6.81), the case 1 < A < 2 yields

o
G =Y (—aymH et (—BtH) , (6.87)
n=0
and thus
o
10 =Y (~ayr2er] (—BtH) : (6.88)
n=0
o
g0 =Y =y EL) (—BT). (6.89)
n=0

From the asymptotic expansion formula we obtain the asymptotic behavior of
relaxation functions

io~" & Ap-ry o 1, (6.90)
— B A—1,A+1 B — A ) .
so the MSD is

(x20)) ~ 1t

2kpT — A

It means that the particle shows normal diffusive behavior. Therefore, the white
noise has dominant contribution to the particle behavior in the long time limit. This
result is obtained by Mainardi et al. [42, 43] in case of friction memory kernel
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Fig. 6.9 Graphical representation of: (a) MSD (6.88), (b) VACF (6.89), in case of thermal initial
conditions vgp = kpT = 1, xop = 0, and a mixture of Dirac delta (A = 2) and power law (B = 1)
noises, for A = 5/4 (solid line), A = 3/2 (dashed line); 1 = 7/4 (dot-dashed line). Reprinted from
Phys. Lett. A, 378, T. Sandev and Z. Tomovski, Langevin equation for a free particle driven by
power law type of noises, 1-9, Copyright (2014), with permission from Elsevier

represented as superposition of white and power law noises. For the short time limit
it follows

2 Br—* Ar3
1o~ L2 T nem e T =32 6.91)
! ! 70 fora > 3/2,

2 7 r-» T ra-2u
so the power-law noise has dominant contribution to the particle behavior in the
short time limit. Here we note that the friction memory kernel, which represents
superposition of white and power law noises in sense of distributions, was consid-
ered by Mainardi et al. [42, 43] for A = 3/2 and it was shown that the VACF behaves
as Cy =~ t~3/2_ This result can be obtained from asymptotic expansion of relation
(6.90),

c Nﬂsz A flE A\ B =
v B, ==, B0 T2 ra o

A = 3/2, and represents a proof of the computer simulations of the VACF observed
by Alder and Wainwright [1]. Graphical representation of the MSD and VACEF is

given in Fig. 6.9.
Let us now consider mixture of three noises, one of which is the white noise,

y(s) = [(xz + ,Blzs)“_l + ‘322skz—1:| ,
where 0 < A; < 1 and 1 < A < 2. From relation (6.81) we obtain

G(t) = tE(Z—Al,l,Z—Az),Z (—Bltzi)‘l, —At, _th2—)\2) s (6.92)
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Fig. 6.10 Graphical representation of: (a) MSD (6.94), (b) VACF g(¢) = G’(¢), in case of thermal
initial conditions vg = kgT = 1, xo = 0, and a mixture of Dirac delta (A = 2) and power law
(By = By = 1) noises, for Ay = 1/4, A, = 5/4 (solid line); A; = 1/2, ., = 5/4 (dashed
line); A = 3/4, Ay = 5/4 (dot-dashed line). Reprinted from Phys. Lett. A, 378, T. Sandev and Z.
Tomovski, Langevin equation for a free particle driven by power law type of noises, 1-9, Copyright
(2014), with permission from Elsevier

ie.,
By
_ +1 1-ADk +1 2—A
60 =3 aret S (1) () A s (52).
n=0
(6.93)
and
By _
10)—Z< A) f”“Z( )( ) A A (—Bﬂz M),
(6.94)
o? B} /32
where A = kpT* B = kpT and By = . The long time limit yields
2 Bl 1™
1(t) >~ E; _ — MM ~ , 6.95
) B, B A],Az+1< B, By I (1+ ) (6.95)

which means that dominant contribution to the particle behavior in the long time
limit has the noise with the exponent 0 < A; < 1. Thus, the particle shows a
subdiffusive behavior. The short time limit, again, yields ballistic motion 7 (¢) >~ z2
Graphical representation of the MSD and VACF is given in Fig. 6.10.

Here we note that combinations of white noise and anomalous diffusion were
studied by Eule and Friedrich [15] and Jeon et al. [29].
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6.2.7 More Generalized Noise

The mixture of white and two parameter M-L noise of form

1 g tH
fML(t)—_L_ﬂt wo \ = )

for which
sHTY

SmL(s) = P

is further generalization of the previous cases of white and power-law noises. For
v = 1 we obtain the one parameter M-L noise, and for t — 0—the power law
noise. The case © = v = 1 gives the exponential noise, and the case © = v = 1
with T — Orecovers the Dirac delta noise. Similar M-L noises have been introduced
in the literature to describe complex data related to anomalous diffusion [7, 12, 55,
57,59, 60]. In case of the Dirac delta and the two parameter M-L noise,

"
y(t) = o8 (1) +ﬁ2:ﬂt”*1Eu,v (—;)}

kgT |:
the relaxation function G (¢) becomes

1
Git)=2""! t
© |:s2 + As + Br—r s :| @)

sh4T—1

) _
_ o sTRTE (sP 4+ TH) ®
147 HsH 4+ As—! + Ar—tg—1-1 4 Br—pg—1-v

Aa),2 (—Clth, el —C4t*4)

.....

+ . EG, .00, 142 (—Cltkl,---,—cﬂk“),
(6.96)
2 2
where A = k(ZT’ B = kiT’ Ci e {t‘“, A, AT™H, Bt‘“}, and A; € {u, 1, u+1,

v + 1}. Same approach can be performed in case of combination of the power-law
and M-L noises,

t*}"

() Ll + B2 L1 o
fd o - )
Y kT | % ra1 =) . w7 o
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since in this case for the relaxation function one finds

1
Git)=<2""! o |
s2 + As" + Bt~ ¥

ShT—H

which can be represented in terms of the multinomial M-L functions (1.35).

6.3 Harmonic Oscillator

In this section we analyze the behavior of a harmonic oscillator driven by general-
ized M-L internal noise (6.9). The corresponding GLE for the harmonic oscillator
with mass m = 1 and frequency w driven by stationary random force £ (¢) is given
by:

t
X(1) +/ y(t — i) dt' + o’x (1) = £(1),
0
X() = (), (6.97)

The GLE describes the particle dynamics bounded in the harmonic potential well
and immersed in complex or viscoelastic media. The internal noise £ (¢) is of a zero
mean ((§(¢)) = 0). Again we apply the second fluctuation-dissipation theorem since
the considered noise is internal.

GLE (6.97) represents a suitable model for description of anomalous dynamics
within proteins. Within given protein, the movements are bounded in small domains,
thus the potential energy can be well approximated by the harmonic potential.
Furthermore, the movements of the proteins are in a given complex liquid environ-
ment and its influence on the particle movement can be described by appropriate
friction memory kernel. The high viscous damping, which is characteristic for
the proteins in a liquid environment, will be described by neglecting the inertial
term in Eq. (6.97). Information for the behavior of the oscillator will be obtained
from the MSD, time dependent diffusion coefficient, and VACF. The normalized
displacement correlation function, which is an experimental measured quantity, will
be analyzed as well.

6.3.1 Harmonic Oscillator Driven by an Arbitrary Noise

Let us formally solve the GLE (6.8). From the initial condition x(0) = x¢ and
x(0) = v(0) = vg, one obtains

s+ 7(s) 1 1 A

X(s) = v F
) x0s2+s37(s)+w2 Os2+s77(t)+a)2 +s2+s77(s)+a)2

(s),

(6.98)
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where ﬁ(s) = ZIEW)](s) and p(s) = L[y ()](s). From Eq. (6.98) for x(¢) and
v(t) = x(t) one finds

t
x() = (x(1)) +/ Gt —tHe()dr, (6.99)

0

t
v(t) = (v(1)) +/ gt — t/)é;'(t/) dt’, (6.100)

0

where

(x (1) = voG (1) + xo[l — @*1(1)], (6.101)
(v()) = vog(t) — x0w*G(1), (6.102)

are the average displacement and average velocity, respectively. The function G (¢)
is the Laplace pair of

1

G(s) = .
) s2 4+ 57(s) + w?

(6.103)

The same relations for the relaxation functions are valid, 7(t) = fé G(t')dt' and
gt) = dit(t), as previously.

The MSD, time dependent diffusion coefficient, and VACF are related with the
relaxation functions as previously, i.e., (xz(t)> = 2kpTI(t), D(t) = kpTG(¢)
and Cy (t) = g(t), respectively [12]. These relations are valid for friction memory
kernels which satisfy the assumption (6.11).

6.3.2 Overdamped Motion

From relation (6.103) we note that for the M-L noise (6.9) very complex expressions
for the relaxation functions are obtained, and exact results are very difficult to be
obtained. For simpler friction memory kernels of the Dirac delta type (standard
Langevin equation), power-law type (fractional Langevin equation), one and two
parameter M-L types the corresponding relaxation functions can be found exactly. In
case of the three parameter M-L noise (6.9) the calculations become very complex,
and thus one analyzes the asymptotic behavior of the oscillator in the short and long
time limit. Therefore, instead of that, we analyze the overdamped motion, which
means that there is high viscous damping, i.e., the inertial term X (¢) vanishes. This
case of high friction leads to same asymptotic behavior in the long time limit as the
one for the GLE, so the overdamped motion can be used to analyze the anomalous
diffusive behavior of the oscillator in the long time limit. This case of high viscous
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damping appears in the analysis of conformational dynamics of proteins, due to the
liquid environment in which the proteins are immersed [10]. Thus, the relaxation
functions g(s), G(s) and I (s) become

G(s) =s"'8(s), 1(s)=s""G(s). (6.104)

By substitution of the friction memory kernel (6.9) in (6.104), by applying the
Laplace transform formula (1.18), for 1 (¢) we obtain [55]

1 sﬂgl_l
In=27" | -
w A1 Ya,B,8 Sm?— 2
s 2405 s
@ (saqr-a)
Vap5\k (5
- Z( wf, ) tBDRER e (— /D)%), (6.105)

For the long time limit (s — 0), one finds the asymptotic behavior

kpT _ kT w? _
I(t) = P s potas—p (— g1Hes=p
Cu,p,5 Cu,8,5

1 kBTa)2 _
= 2 [1 — Eltas—p <— Cops plred ﬂ)} (6.106)
o,p,

Therefore, the MSD reads

2kgT knT 2
(x2(1)) = 2kgTI(t) ~ 32 [1 — Eltas—p (_ sTw t1+°‘5_/3):|
@ Ca,8,5

~ 2T Capa 11070 (6.107)
T ow? kgTw? I'(B — ab) ’
and the VACF becomes
s (1+ a8 — B2+ as — pyr~Utad—p-2
Cvt) = g(t) ~ — ‘”" A p .
w* ' —ad)
(6.108)

At long times t — oo, the MSD reaches the equilibrium value

2k T
(WP =" "
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For a free particle (w = 0) from (6.107) one obtains

1 kgTw? |
I(t) ~ lim 1 — Ejrgs—p | — 1Hed=p
() Jim” [ 1+as—p ( Caps

2
= l1im = s
0—0 d g2 Cops I'2+as—p)

dw
(6.109)

which is identical to (6.56) for the GLE for a free particle. In a similar way, for the
relaxation functions G (¢) and g(¢), which are directly related to the time dependent
diffusion coefficient and VACEF, follow results (6.55) and (6.54), respectively.

Remark 6.2 Previous studies [57] showed that analytical treatment of the GLE with
internal three parameter M-L noise with correlation function of the form

C""ﬂa"s E2 5(—(t/D)%), (6.110)

Cc@) =
where Cy g s does not depend on time, and can depend on o, 8 and §, where o > 0,
B>0,8 >0,0 < ad <2,is very complex. The difficulty of analytical treatment
of the GLE with an internal noise with correlation (6.110) is due to the Laplace
transform of three parameter M-L function, see relation (1.61) for k = 1. Therefore,
we only analyze the asymptotic behavior of relaxation functions by using Tauberian
theorems (see Appendix B). For the Laplace pair of y (¢), from Eq. (1.61), we have

o]

C, -1 (1 4+ak)(S + k) (=D
sy = Cups S Z (I +ak)I"(6+k) (1)

T kgTt® I'(8) (B +ak)k!  (sT)*k’ (6.110)

k=0

For the long time limit (r — oo) the frictional memory kernel has the following
behavior

Ca.ps —as

YO 1 asygr !

’

so the Tauberian theorem yields

P) = yaps- s 50, 6.112)

where

Cap,s I'(1 —ad)

Yabd = 40T (B —ad)’
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Here we use that 8 # o8, B # «é — 1 and a§ # 1. By substitution of (6.112) in the
relaxation function

g1

) =LUOV= 5 oo (6.113)
for 0 < ad < 2, one obtains
R s 1 1 1 Saéfl
I1(s) >~ = — . 6.114
®) Y559 + 0?  @? (S 540 + w2/7/a,,3,5> ( )

From the Laplace transform formula (1.3) for the one parameter M-L function, it
follows [57]

1~ 1o m (= @ )] Lo T e
- ? * Ye,B,8 T »? w? I'(1—ad) :

(6.115)
The MSD and VACEF then read [57]
2 J/O[,,B,(S 1 —C{(S
e - o] 6.116
(x ()> p(oo)[ @ (1 —ad) } (6.116)
5(as + 1
Cr(y ~ — Yeps @@+ D) g5 (6.117)

ot I'(l1 —ad)

respectively. The case with 8 = § = 1 corresponds to the results obtained in [12,
60, 67]. For a free particle (w = 0) we obtain [57]

—1—ad

S
14y = 271 [SM Ny J = 2B (<yapa™ ). 6118)
o,p,

where we apply the Laplace transform formula (1.6). The MSD then becomes

2kpT

2 2 2—ald od

X t>_2k Tt"E,_ (— t ): . 6.119
( ) B 2—wd,3 Ya,B.,8 Va,ﬁ,ér(l 5) ( )

and the time dependent diffusion coefficient and VACF turn to

- kpT 5—1
D(t) = kgTtEr—a52 (—y, ot “5) ~ 1001, (6.120)
« “r Vo557 (@)
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d? -
Cy(n) = dtztzEz—a3,3 (—Va,ﬂ,5t2 015)

1
—Ey (— tz—‘”) ~ 12082 6.121
2-ab | ~Va.p.8 Vap T (@8 — 1) ( )

respectively. Same result can be obtained from the L’Hopital’s rule, i.e., [57]

1 2
1)~ lim [1 — Egs (— @ t“5>:|
w—0 @ )/a,/g,(s

d 2 b

i [ 1= Eea (=0, L

= d = e, (6.122)
w—0 w? Ya,p,6 1 (1 + ad)

Thus, the particle shows anomalous diffusive behavior. The well-known result for
B = 8 = 1 was obtained in Ref. [39, 52]. Fora = 8 = § = 1 one obtains p(t) >~ ¢
and Cy(t) ~ E; (—yl,l,lt) = e "L which in fact is the result for Brownian

motion [42, 52]. The case with «d = 1/2 gives Cy (t) =t~ > , which is theoretically
obtained in Ref. [42] for superposition of the Dirac delta and power-law memory
kernel, and previously confirmed by computer simulations for the VACF [1]. We
can show, as well, that in case of a friction memory kernel which is a sum of the
generalized M-L noise (6.110) and Dirac delta noise, the VACF has a form Cy (¢) =~

17 g0 forad = g and B = 1 again we obtain the same result Cy () >~ t’g [57].

Remark 6.3 Let us now consider the following thermal initial conditions (xé) =
kg T (xovo) = 0, and (£(t)xo) = O for the GLE for a harmonic oscillator. For the

2 9
w
normalized displacement correlation function, which is an experimental measured

quantity, and which is defined by Burov and Barkai [5, 6]

(x(#)x0)
Cx() = ,
(x3)
one obtains
Cx(t) =1—*1(). (6.123)

For the friction memory kernel of form (6.9) in the limit t — 0, for Cx (¢) we find

- N\ ko ket Ca8.5 2—(1+as—p)
Cxy=1-3(=0?) A2 s (- Ay :
k=0
(6.124)

The graphical representation of the normalized displacement correlation function
(6.124) is given in Fig.6.11. Note that for ® = 0.3, Cx(¢) is a decreasing
monotone function and Cx(f) > 0. For o« = 3 and w = 1, Cx(¢) has an
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Fig. 6.11 Graphical 1
representation of Cyx () 0.75
(6.124) for Cy g5 = 1, 05
kpT =1, a0 =1/2,

B=7/16,8 =3/4 » =03 5 05

(solid line), w = 3 (dashed 0

line); w = 1 (dot-dashed -0.25

line); w = 0.74 (dotted line), -0.5 %

see Ref. [55] 0 2 4 6 8

oscillation-like behavior passing the zero line, and goes asymptotically to zero. For
w = 0.74, Cx(t) > 0, but it is a non-monotone function. It approaches the zero
line asymptotically. These results are different than those obtained for the Langevin
equation for a harmonic oscillator, for which the oscillator has only two different
behaviors; either overdamped motion with (x(z)) > O for all # under the condition
(x0) > 0, for which Cx(#) is monotone function, or underdamped motion when
(x(¢)) has oscillation-like behavior passing the zero line [5, 6]. The frequency at
which the oscillator turns from overdamped to underdamped motion is the so-called
critical frequency. For the GLE for a harmonic oscillator there is a need for definition
to additional critical frequencies on which Cx(#) changes its behavior, and their
computation is a non-trivial problem [5, 6]. Such behaviors of Cx (#) were observed
in the molecular dynamic simulations of fluctuation of the donor-acceptor distance
within proteins [38]. Moreover, such oscillation-like behavior and power law decay
of the fluorescein-tyrosine distance within a protein are experimentally observed in
Ref. [47].

6.4 GLE with Prabhakar-Like Friction

As we showed before, the regularized Prabhakar derivative (2.88) is a special
case of the generalized derivative (2.89), therefore we conclude that the GLE with
regularized Prabhakar friction memory kernel of the form

8 t\’
V(O = Vupst “E (— <T> ) . (6.125)

has the form [56]
X() + Yu,p,s c@,‘ii’iwxv) =£(@1), x@) =v(@). (6.126)

Here C@gi’i v.¢ 18 the regularized Prabhakar derivative (2.88),0 < u,8 < 1,0 <
n/é < 1,0 < u/é§—p < 1,v =17#, tis atime parameter, and y, , s is the
generalized friction coefficient. This equation is a generalization of the fractional
Langevin equation considered by Lutz [39], which is recovered by setting § = 0.



6.4 GLE with Prabhakar-Like Friction 283
The Laplace transform of the friction memory kernel (6.125) reads

P(s) = yups s P (5P 47 0) (6.127)
By asymptotic expansion of the three parameter M-L function (1.28) and the
Laplace transform of the friction memory kernel (6.127), we show that the

assumption (4.32) is satisfied for © > p§. We consider that the noise £(¢) is internal,
i.e., the second fluctuation-dissipation theorem of the form [56]

T

NP
(EEW)) = koTyppslt — ' TFE <— ('t t') ) (6.128)

is satisfied.

6.4.1 Free Particle

From the general formulas for the relaxation functions, the MSD, D(¢), and VACF
become [56]

00 p
_ _ t
<x2(t)> = 2kgT E (_Vu,p,a)nl‘(z m"+2Ep,ig—u)n+3 <— (t) ) , (6.129)

n=0

e o
_ _ t
D) =kgT Z(—Vu,p,a)"t(z u)n+1Ep"2;7M)n+2 (— <T) ) , (6.130)
n=0
00 p P
Cv(t) =) (V)" tC G (— (T) ) : (6.131)
n=0
respectively.

The asymptotic expansion of the three parameter M-L function (1.29) for the
long time limit yields
2kgT  tH=P°

v I'+up—pd)’
(6.132)

(PO) = kg T 2Es iz (—7027#400) =

D(t) = kpT tEz—psps (—)71‘2_“'”’5) (6.133)

Cy (1) = Expips (—7177177) (6.134)
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Fig. 6.12 Graphical 4l
representation of the MSD
(6.129) for kpT =1, 3l
Yups=11=1p0p=1/2 N
6 =3/4,and pu = 1/2 (blue =
line), o = 5/8 (red line), see % 2
Ref. [56]
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where 7 = y,.,5.5T "%, Therefore, one concludes that in the system exists

subdiffusion (x2(t)> ~ t“ with anomalous diffusion exponent « = u — pd, where
O<a<dé<l.

Graphical representation of the MSD (6.129) is given in Fig.6.12. From the
figure we see that the MSD shows oscillation-like behavior for intermediate times
which can be explained as a result of the cage effect of the environment represented
by the M-L memory kernel [5].

6.4.2 High Friction

The high viscous damping, corresponding to vanishing of the inertial term ¥ () = 0,
yields [56]

I

2\ 2kgT s 1\’ _ 2ksT rons =0
X (t) = t Eﬂ utrl \ — = tH=pd

Vie.pd ’ ! Vs | cosp(ep—psys 1700

(6.135)
Therefore, we conclude that decelerating subdiffusion exists in the system, since the

anomalous diffusion exponent from p for the short time limit turns to i — o4 in the
long time limit.

6.4.3 Tempered Friction

We further consider the GLE with a friction term represented through the tempered
regularized Prabhakar derivative (2.92), i.e.,

EWO) 4 Yuops e, (0 = E@), 2(1) = v(1), (6.136)
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where b > 0, and all the parameters are the same as in Eq. (6.126). From definition
(2.92) one concludes that the friction memory kernel is given by [56]

t 4
V(t):VM,p,ée htt ﬂEpal u( (_’:) ) (6137)

The second fluctuation-dissipation theorem then reads

T

_ 4\ P
(EOEW)) =k Tyupse e =o' THES ﬂ< ('t t') ) (6.138)

For the MSD, we find [56]

00 P
_ t
<x2(t)>:Z )/,Lpa 1{;13 (e bt (1=pn— 1Ep(i’11 on (_ <T> ))

n=0
(6.139)

where I ', is the R-L integral (2.2). In absence of truncation (b = 0), from (6.139),
by using that [30]

B-1 B—1
1§ (B (o)) =T ED (i),

we recover the result (6.129).
For high viscous damping, X () = 0, the following result for the MSD is obtained

o2 ()
(x (t)>_mp’(3 10+<e 2B L . . (6.140)

Therefore, the short time limit yields subdiffusion

(xz(t)> ~ 2kgT tH ’
Yu,p.,8 I'(l+uw)

and the long time limit normal diffusion (xz(t)) ~ t. This means that accelerating
diffusion—from subdiffusion to normal diffusion—exists in the system. Such
crossover from subdiffusion to normal diffusion has been observed, for example,
in complex viscoelastic systems [28].

Graphical representation of the MSD (6.139) is given in Fig.6.13. From the
figure, one observes the influence of the truncation parameter b on the MSD
behavior. The case with no truncation (b = 0) shows subdiffusive behavior (blue
line), and the case with truncation (red and green lines) normal diffusion in the long
time limit.
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Fig. 6.13 Graphical 12
representation of the MSD
(6.139), for kpT =1,
Yups=L1=1p=1/2,

=1/2,6=3/4,andb =0
(blue line), b = 0.1 (red line)
and b = 0.5 (green line), see
Ref. [56].

<Ct)>

6.4.4 Harmonic Oscillator

We further consider the GLE (6.141) for a harmonic oscillator with tempered
regularized Prabhakar friction [56]

EO + Vs e Z0" 0 x(0) + 0x (1) = E@), £@O) =v(@),  (6.141)

where w is the frequency of the oscillator. From the Laplace transform method we
find exact result for the MSD

2t o0
LD S KRN Gy

bt’ p(1=p)n—1 =3 "\*
—bt’ (1=p)n— n ’
xe E - M)n< (,) )‘”

ee} 1Y
+1 bt (1—p)n—1 p—8 !
Z y/‘p‘s E;n+3 —w?,0+ <e e E,O (rll wn <_<r> >>’

(6.142)

where (Ei ot f) (1) is the Prabhakar integral (2.46). For @ = 0, the Prabhakar
integral corresponds to the R-L integral (2.2), therefore, from (6.142) one finds the
previously obtained result for a free particle (6.129).

We are particularly interested in the normalized displacement correlation func-
tion

(x(Dx0) s+ D)

(xg) 24 5P(s) + @2

Cx(t) = =1-—?1(), (6.143)
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Fig. 6.14 Graphical 1.0 1
representation of the
normalized displacement
correlation function, 0.5+ B
Eq. (6.145), for y, p5 = 1,
t=1Lp=1/5n=1/2, Iy
8 =3/4, and v = 0.25 (blue 0.0 \/ \S
line), w = 0.5 (red line), \/

w = 1.44 (green line), v = 3
(brown line), see Ref. [56] =05} ‘ ‘ ‘ ]

Cx(®

under the conditions x(% = kng, (xovo) = 0, and (£(t)x0) = O [5]. Cx(¢) then
becomes [56]

o]

2 n 1
Cx()=1=0"Y (=vups)" Bty oo,
n=0

P
—bt (1—pyn—1 =8 4
X(e g <—(t> )) (6.144)

and the case with no truncation (b =) yields

o0 p
= 2 npntl 1—pwn—1 =38 t
Cx=1-w Z (_Vﬂﬁﬂﬁ) E;,n+3,—w2,0+ <t( o Ep,(rll—u)n <_ <r> >> )

n=0
(6.145)

Graphical representation of the Cx (¢) (6.145) and (6.144) is given in Figs. 6.14
and 6.15, respectively. In Fig. 6.14 different behaviors of Cx (f) are observed, such
as monotonic or non-monotonic decay without zero crossings (for < 1.44),
critical behavior between the situations with and without zero crossings (at critical
frequency w & 1.44), and oscillation-like behavior with zero crossings (for v >
1.44), which appear due to the cage effect of the environment [5]. The friction,
depending on the memory kernel parameters, forces either diffusion or oscillations.
In Fig.6.15 we note that with increasing of tempering, oscillation behavior with
zero crossings appears. Thus, by tuning the values of friction parameters contained
in the tempered Prabhakar derivative, we increase the versatility to fit complex
experimental data.
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Fig. 6.15 Graphical 1.0 F
representation of the
normalized displacement
correlation function,
Eq.(6.144), for y, »5 = 1,
t=1p=1/2u=1/2, 0.0
§=3/4,w=05andb =0 \7
(blue line), b = 1 (red line),

b = 10 (green line), b = 100 -0.5+
(brown line), see Ref. [56]

0.5+

Cx(®

6.5 Tempered GLE

Here we consider truncated three parameter M-L memory kernel of the form [36]

YV wipeigs [ 1

v = et Ea,,g< ra>’ (6.146)
where y > 0 1is a constant, » > 0,8 > 0, T > 0 is a time parameter, and Ei ﬂ(z)
is the three parameter M-L function (1.14) [54]. Tempered diffusion with memory
kernel of the form (6.146) with § = 1 was obtained within the CTRW theory in
Ref. [61]. Similar kernels were considered in Refs. [48, 62, 63] in the context of
tempered subdiffusion.

The Laplace transform of the kernel is given by

Yy (s+b)F

s (6.147)
T8 ((S +b) + -L-foz)‘S

y(s) =

where we use the shift rule Z[f()e=*] = F(s + a), L[f(1)] = F(s), and
the Laplace transform of the three parameter M-L function. It is obvious that the
tempered memory kernel (6.146) satisfies the assumption (4.32). The tempered
memory kernel is quite general and contains a number of limiting cases. For
example, for 7 — 0 (t~! — o0) it becomes truncated power-law memory kernel

(B—as—1

bt
re-as)’

y)=ye
such that
P(s) =y (s + by PTos,

For§ = 1and § = B = 1, one finds the truncated two parameter and one parameter
M-L kernel, respectively. In absence of truncation (b = 0), it yields the three
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parameter M-L memory kernel [59]

_ Y g 1
)/(l) - ras ! Ea,ﬂ (_ .[ot) ’

which for « = B = 1 corresponds to the Kummer’s confluent hypergeometric
memory function

y (1) = E‘fl( t)= o610,

considered in Ref. [32].

6.5.1 Free Particle: Relaxation Functions

The relaxation functions for the truncated three parameter M-L memory ker-
nel (6.146) becomes

§3

1) =27!
1 + -L-cxé 71

(s+b)xd=F
((s+bye+r)°

=91 i <_ ya )n s~ +3) (5 +Byee=or s
Par (s + by +779)"

i( _[mg)n n+3( ~bt =1 pin ﬂn< t";)) (6.148)

where I, f(1) is the R-L integral (2.2) of order @ > 0. Respectively, the other
relaxation functions read

= Y \" 12 —bt  fn—1 r6n ¢
G =3 (= 1) 17 (e (-0 ))- (6.149)

n=0

o0

Y\ L —bt pn—1 8 1
g(t):Z(_M) it (e b=t gon, <—Ta)). (6.150)

n=0

In absence of truncation (b = 0), one finds the results obtained in Ref. [59]. We
note that the relaxation functions (6.148)—(6.150) can also be written without the
R-L integral in terms of the confluent hypergeometric function | Fi (a; b; z) [14], as
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a(t)

b=0
0 2 4 6 8 10 12 1415

Fig. 6.16 Graphical representation of: (a) relaxation function / () (6.148), (b) relaxation function
g() (6.150), fora = 15,8 =12, =06,7 =1,y = 1, b = 0 (black line), b = 0.2 (blue
line), b = 0.5 (violet line). Reprinted from Physica A, 466, A. Liemert, T. Sandev and H. Kantz,
Generalized Langevin equation with tempered memory kernel, 356-369, Copyright (2017), with
permission from Elsevier

follows [36]

tak+ﬂn+n+2

o0 o0 8
1) =Y Y (—1yrhgeCnth,n ( Z,)k Ik + Bn+n+3)

n=0 k=0
X 1F1(ak + Bn; ak + Bn +n + 3; —bt), (6.151)
o k+pBn+n+1
_ 6n)k ¢
G(1) = -1 n+k_[ a(dn+k) n
) gg( ) V' K r@k+pntn+2)
x 1 F1(ak + Bn; ak + Bn +n +2; —bt), (6.152)
o o0
B 5n)k tak+ﬂn+n
1) = -1 n+k_L, a(én+k) n(
8 Z:(:)kz:(:)( ) V' K F@k+pntn+1)
X 1F1(ak + Bn; ak + Bn +n + 1; —bt). (6.153)

Graphical representation of the relaxation function (6.148) for different values of
parameters is given in Fig. 6.16. From the figure one concludes that in the case
of truncation the relaxation function, which is proportional to the MSD, has a
linear dependence on time in the long time limit. In absence of truncation for the
chosen parameters the MSD shows subdiffusive behavior of the form 7. Due to
the complex form of the memory kernel in the intermediate times the MSD has an
oscillation-like behavior. Such behavior can be explained due to the cage effects [5],
which appear as a result of influence of the environment (represented by the friction
memory kernel) on the particle motion.
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From the exact result for the relaxation functions, we analyze the MSD and
VACEF. For the short time limit one finds

2(; 00 (Bn—1 00 £ (B+Dn+2
VS SICHA BT GO B S CRA
2T — =\ ges) 08 \rgn)) T =) r(g+ n+3)
2 B+3
_ 2 v ﬁ+1> ot y ot
—2F (_ ' ~ _ , 6.154
PN s re) @ r@+4 (6154)
while the VACF becomes

~ Yoo+
Cv(t) ~ Egyy (— ! ) == B4 (6.155)

The long time limit yields normal diffusion

2 00 5—p noong2 as—B
x=(t b t b
( ()>ZZ v :t2E13 _7Y t
2T — =\ 1@ (b + 7)) [(n+3) D208 (b 4 r)d
baﬁfﬂ y baﬁfﬂ
exp(_ );6 o —a 6t>+ ad o —a St_l bﬂ
— T (h +17%) T (Z +17%) ~ (_’:a + b—a)ﬁt’
v pad—p 7/
Tad (ha+.[—a)6
(6.156)

Cvi)~E (-7 S —exp(- 7 N L,
’ T (ba + -L-fa)é T (ba + -L-fa)é
(6.157)

Therefore, characteristic crossover dynamics from ballistic motion to normal diffu-
sion is observed.

6.5.2 High Viscous Damping Regime

Let us now consider high viscous damping, which means that v(#) = 0. The GLE
(6.8) then reads

t
/ vyt —tHvd)dt = @), x@) = (). (6.158)
0
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The relaxation functions become

cw=_ . Gw="" fw="_ (6.159)
g = . )= . s)= . _. .
Y (s) 7(s) Y (s)
For the truncated memory kernel (6.146), we find exact result for the MSD
2 _
<)C (t)) _ o8 Z—l S—2 (s + b) ad+p y
2kpT y ((s + by 4 779)
™ sy —B—1 =8 1
= y Iy, (e t E, 4 (— t“)) . (6.160)

Here we note that the MSD can also be written in terms of the regularized
hypergeometric function [14], i.e.,

2 ol o0 _
O o 3 it O A ak - o,

2Ty — !
(6.161)

where
\Fi(a;b;2) = ZZO (@) 25 /[T (k + b))

For 6 = 1 we obtain the same result as the one obtained in Ref. [61] within the
CTRW theory. Therefore, two different diffusion models which describe different
stochastic processes may give same results for the MSD. For the short time limit
subdiffusive behavior is observed,

<x2(t)> N .L,otS tl—ﬂ
2kgT ~— y T'2—p)

while for the long time limit—normal diffusive behavior

2(t bP
<'x ( )> ~ (_L_C{ _I_b—a)at’
2k3T Y

which is same as (6.156).
The case with b = 0, for the short time limit gives subdiffusive behavior
<x2(t)> N .L,otS tl—ﬂ
2kpT vy T'2=p)
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while for the long time limit diffusive behavior of the form

(x2(t)> _ 1 t1+0£5—/3
2kpT ~— y IT'Q4+as—pB)

Therefore, the MSD has subdiffusive behavior for «6 < B, normal for «é = B,
and superdiffusive for «§ > B. This means that the particle shows accelerating
diffusion, from subdiffusion it turns either to subdiffusion with greater anomalous
diffusion exponent, normal diffusion or superdiffusion. Note that in the long time
limit in both cases, with and without inertial term, same behavior for the MSD is
obtained.

6.5.3 Harmonic Oscillator

For a particle bounded in a harmonic potential we use the previously presented
general expressions for the relaxation functions, see (6.103). For the tempered
memory kernel (6.146) one finds exact result for the relaxation function,

s—1 1

2 ad—p
5=+ a) K (s+Db)
1 + .[aS S‘2+!1)2 ((S‘+h)"‘+1’7"‘)

~ [ oo n—1 (_i_b)(aéfﬂ)n
Zfl Z:( T(xﬁ) ' ’ Bn]

24 02)" (s + D)2 +779)

1) =271

aa / (t t )n+2E£H};i3 ( Z(t _ t/)2> e—ht/t//sn—l
'C

e
x Egznﬁn <— a) dr’
’ T
00 Y \" pntl bt fn1 <
= n —bt ,fn—
B Z <_ ‘C“‘S) B i3 —w204 <e t EY B ( a)) . (6.162)

For the special case B = § = 1, and T — 0, we obtain the result for tempered
—bt t7¢

ri- a),0<a<1

power-law memory kernel y (t) = e

0 (1—a)n—1
HOEDBICDL s 0+< o rt((1 _a)n)>. (6.163)

n=0
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The normalized displacement correlation function is represented through 7 (¢), as
Cx(t) = 1 — @*I(¢). Therefore, we have [55]

a
_ 2 +1 —bt ,pn—1 t
CX(I) l-w Z ( .[aa) E;,n+3,7w2,0+ (e i EC‘ Bn ( @ )) :

(6.164)
For tempered power-law memory kernel y (f) = e~ F(l a), 0 < a < 1, the
normalized displacement correlation function Cx () reduces to
e +1 p 10O
— 1 — AN/ —
Cx(t) =1—w ;( VB s M —aom |- (6.165)

Graphical representation of the normalized displacement correlation function
(6.165) for different values of parameters is given in Fig. 6.17. From the figures
one concludes that the normalized displacement correlation function shows different
behaviors: monotonic decay, non-monotonic decay without zero crossings, critical
behavior which distinguishes the cases with and without zero crossings, and
oscillation-like behavior with zero crossings. These behaviors are based on the
cage effects of the environment as shown by Burov and Barkai [5]. This means
that, depending on the values of the friction memory kernel parameters, the friction
caused by the complex environment may force either diffusion or oscillations. These
effects are observed in the analysis of the relaxation functions as well (Fig. 6.16).
From Fig.6.17 one concludes that the critical frequencies in case of truncated
power-law memory kernel are different than those in case of no truncation. Thus,
for example, for @ = 1/2 the critical frequency in case of no truncation is 1.053 [5],
while in case of truncation b = 1/2 it is equal to 0.903. The truncation decreases
the critical frequency for « = 3/4 from 0.965 [5] to 0.825, while for « = 1/5
from 1.035 [5] to 0.889. Note that in case of classical harmonic oscillator two
types of motion are observed, monotonic decay of Cx (¢) without zero crossings,
and oscillation-like behavior with zero crossings. These two types of motions are
separated at a critical frequency equal to y /2.

6.5.4 Response to an External Periodic Force

It has been shown that the stochastic force either in classical oscillator [23],
fractional oscillator [71], or in the GLE [5, 44, 45] yields some interesting behaviors
in the system, such as stochastic resonance, and the double-peak phenomenon.
Similar phenomena are observed if one considers the GLE with tempered memory
kernel [36]. The external periodic force is of the form Agcos(£2¢), where Ap and
§2 are the amplitude and frequency of the periodic driving force, respectively.
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Fig. 6.17 Graphical representation of the normalized displacement correlation function (6.165)
for truncated power-law memory kernel with b = 1/2 and different frequencies w; (a) « = 1/2,
(b) @ = 3/4, (¢) « = 1/5. Reprinted from Physica A, 466, A. Liemert, T. Sandev and H. Kantz,
Generalized Langevin equation with tempered memory kernel, 356-369, Copyright (2017), with
permission from Elsevier

Therefore, we consider the following GLE

t
X@) + / y(t —t)x(t") di’ + w?x(t) = Agcos(21) + £(1), (6.166)
0
x(t) =v().

By using the Laplace transform method, for the mean displacement one finds

t

t
(x(1)) = xo [1 — a)2/ h(t") dt/:| + v h(t) + Ao/ cos (2(t — 1)) h(t') dr’,
0 0
(6.167)

where

_ -7 _ -1 1
oy =27 )| =« [s2+s;>(s)+w2]'
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From here, for the long time limit (s — 0, # — o0) it follows [5]

t
(x(1)) ~ AO/ cos (2(t — 1)) h(t)di' — (x(1)) = R(£2) cos (21 + 6(£2)),
0
(6.168)

where the response R(§2) and the phase shift (£2) will be defined below. Here we
consider the complex susceptibility

1

Y o(_ (—192+b)*5=F 2_ 02
s 19)((719+b)“+r*1)8 to -
(6.169)

X(2) = x'(2)+1x"(2) = h(—12) =

where
N o0
h(—12) = / e h(r) dr,
0

X' (£2) =R [x ()],
and
x"(82) =3 [x()].

The real and imaginary parts of the complex susceptibility are experimental
measured quantities. From the complex susceptibility, one finds the response

R(£2) = |x(£2)], (6.170)

and the space shift

6.171)

6(§2) = arctan (—X (Q)> .

x'(82)

Particularly, we consider the special case of tempered power-law memory kernel

y(t) = e F’:a) , which for b = 0 corresponds to the case considered in Ref. [5].

Therefore, for the complex susceptibility we find

1

2)=h(—12) = ,
x(2) = h(=242) (1) (12 + b)) 4 0? — 22

(6.172)
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which for b = 0 reduces to [5]

A 1
XD =h )= o g

From Fig. 6.18 one concludes that resonance appears even for a free particle
driven by truncated power-law noise, and that the resonant behavior depends on the
truncation parameter b. We observe that the resonant peak which exists for b = 0
becomes smaller for b = 0.5, and disappear for » = 1.0 and b = 1.5. Here we
note that the response function for the Brownian motion is a monotonic decaying
function and resonance does not appear. In Fig. 6.19 same situation is observed for
the harmonic oscillator driven by truncated power-law noise. The imaginary part of
the complex susceptibility, or the so-called loss, shows double peak phenomenon. In

R(Q)
IS
X"(Q)

A

00 05 10 15 20 00 05 10 15 20
(a) o} (b) Q

Fig. 6.18 Graphical representation of the (a) response R(£2), (b) loss x”(£2), for a free particle
with tempered power-law memory kernel for « = 0.1, y = 1, and different values of b, b = 0 (blue
line), b = 0.5 (brown line), b = 1.0 (green line), b = 1.5 (red line). Reprinted from Physica A,
466, A. Liemert, T. Sandev, and H. Kantz, Generalized Langevin equation with tempered memory
kernel, 356-369, Copyright (2017), with permission from Elsevier

> |

S @ 0.50
o« >
5 0.10
= 0.05
ol L L L L R R R R R
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
@ a ® °

Fig. 6.19 Graphical representation of: (a) response R($2), (b) loss x”(§2), for tempered power-
law memory kernel with o = 0.1, @ = 0.3, y = 1, and different values of b, b = 0 (blue line),
b = 0.2 (brown line), b = 0.4 (green line), b = 0.6 (red line). Reprinted from Physica A, 466, A.
Liemert, T. Sandev and H. Kantz, Generalized Langevin equation with tempered memory kernel,
356-369, Copyright (2017), with permission from Elsevier
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X'(Q)
/,

() Q (b) Q

Fig. 6.20 Graphical representation of: (a) response R($2), (b) loss x” (£2), for tempered Mittag-
Leffler memory kernel witha = 0.1, 8 = 1,8 = 3/4, 7 = 1,y = 1, o = 0.1, and different
values of b, b = 0 (blue line), b = 0.3 (brown line), b = 1 (green line), b = 3 (red line). Reprinted
from Physica A, 466, A. Liemert, T. Sandev and H. Kantz, Generalized Langevin equation with
tempered memory kernel, 356-369, Copyright (2017), with permission from Elsevier
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Fig. 6.21 Graphical representation of: (a) response R($2), (b) loss x”(£2), for the tempered
Mittag-Leffler memory kernel withoe = 0.1, 8 = 1,6 =3/4,t = 1,b = 1/2, w = 0.1, and
different values of y, y = 0.1 (blue line), y = 0.3 (brown line), y = 1 (green line), y = 3
(red line). Reprinted from Physica A, 466, A. Liemert, T. Sandev and H. Kantz, Generalized
Langevin equation with tempered memory kernel, 356-369, Copyright (2017), with permission
from Elsevier

Fig. 6.20 we observe similar behavior for the harmonic oscillator driven by truncated
M-L noise. We find that by increasing the truncation parameter the resonance
frequency is increasing. The dependence of the response and the loss on parameter
y for fixed values of «, B, 8, b is given in Fig.6.21. By increasing parameter
y, the resonant frequency is increasing. One also concludes that by increasing
parameter y, from one peak the loss exhibits double-peak phenomena. Such double-
peak phenomena have been observed in the investigation of relaxation processes in
supercooled liquids [25].
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Chapter 7 )
Fractional Generalized Langevin Shethie
Equation

FGLE:s [5, 6, 8, 9, 12, 13, 17, 19, 24] are generalizations of the GLE where the
integer order derivatives are substituted by fractional derivatives. Recently, some
GLE models for a particle driven by single or multiple fractional Gaussian noise
have been investigated [7] in order to describe generalized diffusion processes, such
as accelerating and retarding diffusion.

In this chapter the possibility to model single file-type diffusion or possible
generalizations by using FGLE for a particle driven by internal and external
noises are investigated. Harmonic oscillator and free particle are considered. Such
equations are analyzed in case of non-local dissipative force [8], and were used
for modeling single file diffusion [5, 12], sometimes defined as a process showing
normal diffusive behavior in the short time limit, (x2(z)) ~ ¢, and anomalous
subdiffusive behavior in the long time limit of the form (x2(t)) ~ tY2. This
type of diffusion has been experimentally observed in the investigation of transport
processes in narrow channels and pores, where the particles cannot pass each other.

We consider the following FGLE for a harmonic oscillator [20]:

t

cDy, () +/ y (@ — (') dr' + o*x (1) = £(1),
0
CD(‘)’+x(t) = (1), (7.1)

where (¢ D}, f) (1) is the Caputo fractional derivative (2.16), 0 < u < 1 and
0 < v < 1, x(¢) is the particle displacement, v(¢) is its velocity, y (¢) is the friction
memory kernel, and £(#) is the noise with zero mean. By substitution of the second
equation in (7.1) into the first one, we find that a term of the form cngvx(t) is
obtained. Thus, Eq. (7.1) will be fractional generalization of the GLE (6.141) for
@+ v > 1[19]. The variables in the FGLE (7.1) represent mesoscopic description
of the stochastic process, where the expectation values of the observables describe
the dynamic behavior after averaging over the disorder of the system. The velocity
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is defined by fractional derivative of the displacement,

cDy x(t) = v(t).

To clarify the meaning of the fractional velocity we apply the R-L fractional
integral (2.2) from the left side, and we obtain [20]

1 ()

1) —xo=I1,v(t) = dr’, 7.2
x0=xo=In = T (7.2)
where x (04+) = xo, (I())/ v f ) (t) is the R-L fractional integral of order y > 0, and we
use

I, c Dy, f(1) = f(0) — f(O+)

for 0 < y < 1. This means that the displacement is defined by the velocity only
in the points within time interval of dimension v, which is the characteristic for
a microscopic motion of a particle on a non-differentiable curve [10]. Thus, some
of the instant velocities and displacements do not contribute to the macroscopic
motion, resulting in appearance of anomalous diffusion [10].

FGLE of form (7.1) with @ = 0 was introduced for modeling single file diffusion
[12]. The case with v = 1 was considered in Ref. [8], and analyzed in Ref. [5]
for free particle (w = 0) and different internal and external noises. In Ref. [19]
we gave general expressions of variances and MSD for FGLE of form (7.1) for
the free particle. Analytical results for variances, MSD, time-dependent diffusion
coefficient in case of the three parameter M-L frictional memory kernel (6.9) are
presented. It is also possible to model generalized diffusion and single file-type
diffusion processes with the same equations. The presented FGLE approach is based
on a direct generalization of the GLE and provides a very flexible model to describe
stochastic processes in complex systems. With only few parameters very different
behaviors of the particle can be generated.

7.1 Relaxation Functions, Variances and MSD

By employing the Laplace transform to Eq. (7.1), we find

X0
s

X(s) = (1 - a)zé(s)) +vos" LG (s) + G(s)E(s), (7.3)

V(s) = vos" LG (s) — wPxps" " G (s) + s"G(5)F(s), (7.4)
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where

LIxO1s) =X (s), L) =V (s), LIy OIs)=7(s), ZLIEMDI(s) = F(s)

are Laplace pairs of x (), v(t), y (t) and &(¢), respectively, and

G(s) = sy 4 s"lﬁ(s) e (7.5)
We introduce the following functions:
) gV
8O =560 = iy L o) 402 (7.6)
f(5) =57 Gis) = . (1.7)

SHTY L5V P (s) + w?’

By inverse Laplace transform of Eqs. (7.4) and (7.3), for the particle displacement
x(¢) and velocity v(¢t) one finds

t
x(1) = (x (1)) + / G(t — e dr, (7.8)
0
t
v(®) = (v(@)) + fo gt =)&) dr, (7.9)
where
(x(1)) = x0 [1 - wchng(t)] +vo- DT @), (7.10)

is the mean particle displacement, and
_ ptv—1 2 v—1
() = v D" G() = wxoc DY G, (7.11)
is the mean particle velocity. Here we note that G(0) = 0. The functions
10 =2"iw]o, 6o=2"[6w]|n. ad g0 =2"[0)]0)

are relaxation functions for the FGLE (7.1), which we use for analysis of the MSD.
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From relations (7.8) and (7.9) we derive the following general expressions of
variances [20]:

t

n
o = (X2(0) — (x(1))* = 2/0 dn G(tl)/o dn G(1)C(n — 1)

Sv—l

t
=2kpT || d§G -
B [/O § (E)F(v)

t

o? /0 d& 1(€)c DY 1(8)
t
—fo dé G(S)CD{)QG(S)] (7.12a)
t t

o0 = (W(0) — (WD) (1) — (K(D)) = /0 diy g(1) /O di2 G()C (01 — 1)

— 1 ! v—1 ! "

—kBT[ o) fo dé g — /0 dé g(§)c DL, G &)

t t
- /0 A& G(&)rL Dy, 8 (€) — /0 dg (62@)+g@)1@))] (7.12b)

t

n
ow = (V2(1)) — (v(1))* =2 /O dr g(t1) /O dt g(1)C (11 — 1)

t t
=—2kBT[ fo dé g(6)rL DY 8(6) + fo déG(s)cD5+G(s)]
(7.12¢)

where we use

(ﬁ(s)ﬁ(s’)> — kT V(sz :[ Z(S )

These general form of the variances are valid for an arbitrary internal noise. For the
special case u = 1,0 < v < 1 we obtain:

%-v—l 1 t
— _GX(1) — o* /0 dSI@)CDSJJ@)]

t
oxy = 2kpT |:/0 dSG(S)F(\)) 2

(7.13a)

t t
Oxv =[ dn g(tl)/ dnG(n)C(t — 1)
0 0

=t [ o) [ e s - 60 -t [ ae (o) |
roy Jo 0 ’
(7.13b)

t
Ovo = kpT [1 -2 — 2w2f de G(é)cD3+G(é):| : (7.13¢)
0
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Note that the case v = 1, 0 < p < 1 yields the results obtained in Ref. [8]:

4 2
Owe = ko T [’(” _/ 4 G()e D, G®) ~ ) Iz(t)}, (7.14a)
0
1 doyy
=, g TkeTGWO [1 — Dy, G(1) — w21(;)] : (7.14b)
t wz
oyy = —2kpT [/O d¢ g(§)rLDjy, 8(8) + 5 Gz(t):| . (7.14¢)

For i = v = 1 the well-known results for the GLE are obtained [4, 23]:

Oux = kpT [21@) —G() - wzlz(z‘)] , (7.15a)
ory = kgTG (1) [1 —e(t) — a)zl(t)] , (7.15b)
oy = kgT [1 — () — a)sz(t)] . (7.15¢)

From variance (7.12a), we find the general expression of the MSD (7.10) [20]

_ _ 2
(x2(1)) = x3 + 2xov0c DI () + 93 [Cng” 11(;)]

— a)zxocDS_T_lI(t) [2)60 — (w2x0 — 2v0) CDS_T_II(t):I

t ‘g’_-vfl t ”
+2kBT[/0 d&G(&)F(U)—fO 4 G(&)c DL, G &)
t
—0)2/0 dgl(é)cD5+I(§)i| . (7.16)

7.2 Presence of Internal Noise

From the general expressions of variances and MSD, one can analyze the behavior
of the oscillator for different forms of the friction memory kernel, such as Dirac
delta, exponential, power-law, M-L memory kernel. Since we consider the case of
internal noise, the second fluctuation-dissipation theorem (6.7) is satisfied.

(a) Dirac delta friction memory kernel y (£) = 2A8(t), A > 0 (p(s) = 21).
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From relations (7.6), (7.5), (7.7), we obtain [20]

o
g(t) = Z(_wZ)nt(MJrv)(nJrl)*vflEzjr(llﬂrv)(wrl)iv (—ZAtM) , (7.17)
n=0
oo
G(t) =y (=)t D=tpnt) ey (<2027, (7.18)
n=0
o
- 2 +0)(nt+D)+v—1 pn+l
[() =) (=) tWetDvtpnt | ity (—234) (7.19)
n=0

where EZ P (z) is the three parameter M-L function (1.14).
From the asymptotic expansion formula (1.28) we find the relaxation functions
for the long time limit t — oo:

0= 'E @) L (7.20)
B =0t T ) T w2 r—yy ‘
Gn="E o) o 22 (7.21)

T " 24 ) T vt r(=)’ '
t2v C02 1 tv—l

16=" Ewnm(=% 1)~ . 7.22

=5 2( 2 ) 02 ' (v) (7.22)

For the short time limit (# — 0), relaxation functions become

gt) = t"VE, , (—20H) ~ ;M(ul)’ (7.23)
G(t) =" Ep g (—2047) ~ e , (7.24)
’ I'(u+v)
I(t) = "2~ 1E Loty
- wonsav (—2ArH) ~ Mt (7.25)

For free particle (w = 0), from (7.17)—(7.19), relaxation functions reduce to

tu—l

_ fort — 0,
gty =1""E,  (-2at) =1 T (7.26)
422 F(—p) fort — oo,
tu+v—l
fort — 0,
G(t) =" E, gy (—20H) ~ A (7.27)
2 I'(v) fort — oo,
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-1

1(0) = " E, oy (—204) ~ ! I(uf2v)

1 tvfl
2 ') fort — oo.

fort — 0,
(7.28)

From (7.10) and (7.17)—(7.19), by using relations (2.31) and (2.30), the average
particle displacement and velocity become

]
(x(1)) = xo [1 — Y (=)D a1 (-mﬂ)]

n=0
[e¢)
+g Y (—@D) I E et (F2001), (7.29a)
n=0
[e¢)
(WD) =0 Y _(—aD)" (Mg (—2t)
n=0
(0.¢]
— wxo Y (=) U i (22007 (7.29b)
n=0

respectively. Their asymptotic behaviors then read

2 Aty v At
*o [1 e F(1+u+v)] t v [r(1+u> - 2)”1"(1+M+V)] forz = 0,
~ 2 _ 2
WOTEN o (<50) R B (< 517)
~ 24 7V tH
=X0.5 r(1—v) T Y0 Py fort — o0,

(7.30a)

th 2 th 12
Vo [1 — 2)‘F(1+u):| — Xow [F(1+u) — 2\ 1‘(1+2u)] fort — 0,

(v(t)) ~ V0 —/L _a)2 v) _ xow? _w2 v
ol FEvi—u | =t 2 Ev(—21
—(utv —v
~ Vo ! ) t
= 2 F—(utv)) — X0 r(1—n) fort — oo,

(7.30b)

where we apply relation (1.7). Same behaviors can be obtained by employing
Tauberian theorems (see Appendix B for details). Therefore, for the mean particle
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displacement (x (7)) in the long time limit # — 0o, we observe

r 2 -1
() =271 (1 - ) T }

s T sHRY 20+ @2 sHHY 4 228V + @?

r 2 n—1
1 [xo ) s
~ ! 1-—
| s ( 2As”+w2>+v02)»s”+a)2i|

B v—1 n—1
—1 s vy S
=Y X0 o2 + oy o2
v v
st sY+ o

a)2 ) 0)2
=xoE,[—_ ¢ t'7HE ul=_ ). 7.31
X0Ly ( 29 ) + 2 v, 14v—p ( 2% ) ( )

Similarly, for the short time limit # — 0, one finds

2 n—1
_ X0 w S
Ny~ ¢! 1 -
o ®) |: s ( sHHY 4 2)».8‘”) * 0 guty 4 2As”:|
= X0 [1 — Q)ZZM+VEM’M+U+1 (—2)\,#}')] + U()IVEM’U+1 (—2)\1#)
n+v v t;H»v
Zxol:l—a)z i|—|—v0|: —2A i|
rd+pup+v) r(1+v) rd+pup+v)
(7.32)

Graphical representation of the mean particle displacement and velocity for xo = 0
and vg = 1, for different values of parameters is given in Fig.7.1.

<v(t)>

Fig. 7.1 Graphical representation of: (a) mean particle displacement (7.29a), (b) mean velocity
(7.29b) for v9p = 1, x9 = 0, and Dirac delta friction memory kernel. Parameters are as follows:
uw=v=3/4 A=1;, 0 = 1/4 (solid line), ® = 1/2 (dashed line); @ = 3/4 (dot-dashed line);
o = 1 (dotted line). Reprinted from T. Sandev, R. Metzler and Z. Tomovski, J. Math. Phys. 55,
023301 (2014), with the permission of AIP publishing
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The force free case (w = 0) yields
(x()) = vot" Epvg1 (—241")
and
() = voE, (—2A1"),
which for © = v = 1 turn to the known results for Brownian motion,

(x(1)) = vot E1 o (—248) = -°

(1 _ e—ZM)
2

and
(1)) = voE| (=2At) = voe 2.

Here we note that the mean velocity does not depend on parameter v in the force
free case. The long time limit yields a power-law behavior
v v

O = ra v —

and

N 1) M
(v(@)) ~ 2 (1 — )

For u = v = « > 1/2, the mean particle displacement becomes

Y1 = By (—209)],

(x(1)) = vo1* Eq 41 (—241%) = ”

which in the long time limit

Vo 1 ¢
o=, [1 Toara —a)i|

approaches the constant value vo/[2A] following a power-law instead of the
exponential decay for the Brownian motion. The mean particle velocity shows
power-law decay to zero instead of the exponential decay for the Brownian motion.
We show these situations in Fig. 7.2. We note that for © = v and @ = 0 we obtain
that ziZXT ~ 12V~ thatis oy >~ forp =v = 1.

(b) Power-law friction memory kernel y (1) = C;, r(t{jx)’
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<x(t)>
<v(t)>

(a) t (b) t

Fig. 7.2 Graphical representation of: (a) mean particle displacement (7.29a), (b) mean velocity
(7.29b) for a free particle in case of v9 = 1, x9 = 0, and Dirac delta friction memory kernel.
Parameters are as follows: A = 1; u = v = 1 (solid line)—normal Brownian motion, u© = 15/16,
v = 3/4 (dashed line); © = v = 7/8 (dot-dashed line); u = 3/4, v = 3/8 (dotted line). Reprinted
from T. Sandev, R. Metzler and Z. Tomovski, J. Math. Phys. 55, 023301 (2014), with the permission
of AIP publishing

Here, again, the friction memory kernel is defined only in the sense of distri-
butions [15, 16], and thus we use y(s) = Cys*~1, where C, is a constant which
depends on A. Here we use that | — v < A < 1 + p, and same analysis can be done
for different conditions for parameters, for example, when A > 1 +porA <1 —wv.
From the Laplace transform one finds y (s) = Cy.s*~ 1. Therefore, the relations (7.6),
(7.5), and (7.7) become

e(t) = i(_wz)ntwﬂ)(nﬂ)_v_lEzt}\+1,(u+u)(n+1)7v (_C/\tu—xﬂ) ’
= (7.33)
00
G(t) = Z(_wz)nt(ﬂ+1})(’l+l)_lEﬁti+l,(u+v)(n+l) (_thu—)&l) ’ (7.34)
n=0
)
1) = Z(_wz)nt(uﬂ)(nﬂ)ﬂqEzthl’(“ﬂ)(nﬂ)ﬂ (_Cﬂufxﬂ) ‘
= (7.35)
Note that for A = 1 + u for (7.33), (7.34), and (7.35) one finds
—1 2
s =, :LCHM Eptou (— | +‘°C1+M tﬂ*”) , (7.36)
uAv—1 w2
G(t) = 14 Cryy Eptvputv (— - th“*“), (7.37)
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tu+2v71

1(t) = E — v,
® 14+ Ciyp vy < 14+ Crip )

andforA=1—v,
8 = 1" B (= (7 + €1 14Y).
GWt) =" E <_ (wz + Cl_”) tﬂﬂ) ’

1(t) = tu+2V_1Ep,+v,u+2v (_ <w2 + Cl—v) tlH-v) )
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(7.38)

(7.39)

(7.40)

(7.41)

From the asymptotic expansion (1.28) of the three parameter M-L function, for

t — 00 we obtain

A2

2 —v—1
t w 1 ¢
t) = Ergveiai |- 2171 ~ ,
8() Cy Atv—ld 1( Cy ) a)2F(—v)

G(1) = ;F:A—Z Ejpqv—1,040-1 (- Cgi tH”_l) ~ ii r (1;:(1(:1)—)’_ )’
HOES tHCz:Z Etvet 4 2v-1 (— ‘gi t”“) ~ 632 ;U(vl)-
On the contrary, the short time limit + — 0 yields
g0 = 1" By (—Cut ) = ;“(:),

For a free particle (w = 0), for the relations (7.33)—(7.35), we have

-l

gt) = t”_lEu—H-l,u (—th“_H—l) = { 1 F(,’Qz
C, I'(A—1)

fort — 0,

fort — oo,

(7.42)

(7.43)

(7.44)

(7.45)

(7.46)

(7.47)

(7.48)
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tu+v—1

_ _ fort — 0,
G(1) = " it () = { T,
C, FOtv—1) fort — oo,
(7.49)
(u2v—1
_ _ fort — 0,
1@) = 2 By (-G ) = { et
Gy FGt2v—1) fort — oo.
(7.50)

The average particle displacement and velocity then we find

o

= ZE: 2\n (utv)(n+l) pntl —+1

(x@®) = xo |:1 - () T T b bt )41 (-th“ )]
n=0

00
_2\n (u+v)ntv pn+l _ u—A+1
+ vo § :( W)t B i uryn vt ( Cat )
n=0

(7.51a)
o
_ 2\n  (u+v)n pn+1 n—a+1
W) =0 Y (@ EEIEL L (—Cu )
n=0
(.¢]
2 2\ ,(u+v)n+u pn+1 n—r+1

—w’x0 ) (—0))"t E ot evntptt (_Clt ) :

n=0

(7.51b)
which yields the following asymptotic behaviors

2 ity 2 t1+2u+v—)»
*0 [1 O r () TG F(2+2M+v7)\):|

v t1+“+”’)‘ 2 tu+2v
+vo [F(l+v) -G T Q+p+v—>r) w F(1+/L+2v):| fort — O,

x(t)) =~ 2 —
( ( )) xOEv+A—1 (_ & tV'H‘ 1
_I_vgt"‘ 1 _E _ ot il
w? r(1—p) vHA—-1,1—p G,

~ v Cy 7O & U L aaar?)
FX0 3 P-4 Tt F-w) T ot F—(utvay) 10T 00

(7.52a)
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tH»Mf)L 2 g tl+2u7)»
vo [1 —G F(2+u—k)] - o [1“(1+u) —G F(2+2u—/\)] , forz =0,

—(pu+v) 2
vot 1 _ _ " v4A—1
? [F(l—(u+V)) Evir—t1-p—v ( oy )]

_ 1 2 B
—xor ™" I:F(lfv) —Evpi-1,1-v <_ gxt‘”ﬂ\ 1)]

~ V0 t*(lld'l’) voC;, tl*(/i+2v+)»)

T 0 T(=(utv)) o TQR—(u42v+1)

_ Vv XOCA tl*(2v+k)
X0 r(1-v) + @2 T'(2—Qv+1)) fort — oo.

(7.52b)

(v(®)) =

Graphical representation of the mean particle displacement and velocity for xg = 0
and vp = 1 is given in Fig. 7.3.
For the force free case w = 0, and for xp = 0 it follows

((0) = 00" Bt (=G 1)
and
(v(®) =voE,—s+1 (—Cxt”7A+l)-

The long time limit then yields

V0 tV—(,u—)»+1)
(x(n) ~
G.I'l+v—(u—2r+1))
and
Vo t*(ﬂ*)ﬂrl)
(v(@)) ~

Gl —(u—=r+1)

1

0.8
0.6
0.4
0.2
0
-0.2
-04

<Xx(t)>
<v(t)>

(a) t (b) t

Fig. 7.3 Graphical representation of: (a) mean particle displacement (7.51a), (b) mean velocity
(7.51b) for vp = 1, x9 = 0, and power-law friction memory kernel. Parameters are as follows:
Cro=1Lu=v=3/4 w=1;x=23/9 (solid line), . = 4/9 (dashed line); . = 5/9 (dot-dashed
line); A = 6/9 (dotted line). Reprinted from T. Sandev, R. Metzler and Z. Tomovski, J. Math. Phys.
55, 023301 (2014), with the permission of AIP publishing
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Fig. 7.4 Graphical representation of: (a) mean particle displacement (7.51a), (b) The mean
velocity (7.51b) for a free particle in case of vyp = 1, x9 = 0, and power-law friction memory
kernel. Parameters are as follows: Cy, = 1; u = 3/4,v = 5/8, A = 1/2 (solid line), u = 1/2,
v = 3/8, . = 3/4 (dashed line), u = 3/8, v = 3/4, A = 3/8 (dot-dashed line); u = 1, v = 7/8,
A = 1/4 (dotted line). Reprinted from T. Sandev, R. Metzler and Z. Tomovski, J. Math. Phys. 55,
023301 (2014), with the permission of AIP publishing

Graphical representation of the force free case is given in Fig. 7.4. For y = v =1
and power-law friction memory kernel we arrive to the results obtained in Ref. [22]
fort — oo,

Cy = voCi U+
[ o -
D21 —n ot (=)

Cosinr) [ T'(V) vy I'(1+ 1)
= 0 ot gm0

(x(n)

) (7.53a)
w b4
v0C). @2+ x0C, 140
ot T'(—=(1+1) w? T'(=A)

C;, sin(Am) I'l1+x) vo I'(2+A)
- 0 14 w2 Pt |

(v(@®) =~ —

5 (7.53b)
w

where

rerd—o= " ie. I'(—a)[(I+a)=— "

sin(amr)’ sin(am)

7.3 Normalized Displacement Correlation Function

We again consider thermal initial conditions

kpT

W2 Xovo) =0, and ({&(t)xo) =0,

2 _
Xy =
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and calculate the normalized displacement correlation function Cx () = <x<(;)2))‘°> .
0

From relation (7.3), we find [20]

R n+v—1 v—1.,

exy= " s T (7.54)

SPEY sV (s) + w?
from where the following general expression
Cx() =1-o’ 1] 1), (7.55)

is obtained. From the FGLE (7.1) and the definition of Cx(¢), one finds the
following fractional differential equation for Cx (t),

cDy, [cDy, Cx ()] + /0 1) [cDy, Cx ()] d' + &’ Cx (1) =0,  (7.56)
for initial conditions
Cx(0+)=1 and ¢Dy, Cx(0+)=0.
For the Dirac delta noise y (#) = 216(¢), Eq. (7.56) becomes
CD(’)‘Jr [CD5+CX(t)] + 2 [CD5+CX(t)] + @*Cx (1) = 0. (7.57)
The normalized displacement correlation function then reads

shtv=l 4 gy gv—l

Cx(s) = Y 4 20 4 @2 (7.58)
The inverse Laplace transform yields
oo
Cx(t) =14 (=) WD ET ity (Z2047)
n=0
o
= Z(_wz)"tWﬂL””Eﬁw tonr (F2627) (7.59)
n=0

which satisfies the initial conditions. For the long time limit one gets

Cx(t) ~ E wztv 2 7V
=5 \"o" )= etra—vy
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Thus, the normalized displacement correlation function Cx (#) does not depend on
parameter 4 in the long time limit. Contrarily, the short time limit yields

ety

Cx(t) ~1—a? )
x(® P4+

Remark 7.1 Note that Eq. (7.57) can be transformed to the following equation

. _ _ u+v—2
Cx(t) + 21 [CD§+MCX(I)] + w? [CDSJ’“‘”)CW) ey 1)} =0,

(7.60)
with initial conditions in usual form,
Cx(0+) =0 and Cx(0+) = 1.
Remark 7.2 Let us now consider the case with u = v = o > é The normalized

displacement correlation function is given by the following infinite series in three
parameter M-L functions (1.14),

[o/0]
Cx(t) =Y (=)' E} sy (—204%). (7.61)
n=0

It can also be derived in the following way

- - -1 51 1 i
Cxls) = s2e=1 4 0y g1 - S (S(E,rl - s‘i—rz) if A # w,
§20¢ 420 5% 4 @2 320;10[_,—_’_2;))‘;0571 = o,
(7.62)
where ryp = —A = V22 — @2 are roots of

§2 4205 + 0? = (s*=r1) (s* —=r2) =0,

and therefore

M= =2VA2 — w2, r =24, rir =l
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From relation (7.62) for Cx (¢) we find

tC{
1-— :11’;2,,2 [Ea,oz+1 (rlta) - Eoz,a+1 (tha)]

_ rEq(rt®)—raEq(r1t*) :
Cx(t) = 5 - nen ifA# o,
E, | (—ot®) + 201" E; || (—0t®)

= Eq (—0t%) + Y Eqq (—0t%)  ifk = o.

(7.63)
From here the following interesting results are obtained
= r1Eq (r2t%) = r2Eq (1)
D ) EL sy (1 12) %) = ~ . (164
=0 rn—nr
i.e.,
c XEq (y) = yEq (1)
> XD El g W) = « (7.65)

x —
n=0 Y

where x = rit%, y = rpt*, and

oo o
D () E gy iy (—201%) = Eq (—0t®) + "Z Eqq (—0t%),  (1.66)
n=0

i.e.,
o0
2\n pn X
D (X ED ppi1 (2%) = Eq (x) = Equ (%), (7.67)
n=0 o
where x = —wt*. Here we note that the relations (7.65) and (7.67) can be obtained

by using (1.26) and (1.27), respectively.

In Fig.7.5 we give graphical representation of Cx (7). From Fig.7.5a—c we
observe different behaviors of the normalized displacement correlation function for
different values of the frequency w, such as monotonic decay of Cx(¢) without
zero crossings, oscillation-like behavior with zero crossings, and non-monotonic
decay approaching the zero line without crossing it. In fractional models, one
defines critical frequency at which the oscillator changes its behavior, for example
the frequency at which the oscillator switches from monotonic to non-monotonic
decay without zero crossings, or the frequency at which zero crossing appears. From
Fig.7.5d one concludes that for different values of u and v and constant frequency
the oscillator may also have different behavior. In the long time limit the normalized
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Fig. 7.5 Graphical representation of normalized displacement correlation function (7.59) in case
of Dirac delta frictional memory kernel; A = 1; (@) u = v = 7/8, w = 1 (solid line), ® = 3/2
(dashed line), @ = 59/32 (dot-dashed line); w = 4 (dotted line), (b) u = v = 7/8, w = 29/16
(solid line), @ = 119/64 (dashed line), @ = 2 (dot-dashed line), (¢c) u = v = 3/4, 0 = 1
(solid line), w = 3/2 (dashed line), @ = 3 (dot-dashed line); w = 4 (dotted line), (d) v = 5/2;
u = v = 7/8 (solid line), u = v = 3/4 (dashed line), u = 3/4, v = 7/8 (dot-dashed line),
w = 17/8, v =3/4 (dotted line). Reprinted from T. Sandev, R. Metzler and Z. Tomovski, J. Math.
Phys. 55, 023301 (2014), with the permission of AIP publishing

displacement correlation function behaves as

Cx(t) ~ E _a)ztv 2
K=" " ) wra—yy

For the power-law friction memory kernel y (t) = Cj, F(’{ jx) , Eq. (7.56) gives

cDly, [cD§, Cx(D)] + Crly* [¢ D, Cx ()] + 0*Cx (1) =0, (7.68)

from where one finds

S/H»vfl 4 C}\sv+)\72

S 4 il (7.69)

Cx(s) =



7.3 Normalized Displacement Correlation Function 319

Thus, the exact form of Cx (¢) becomes

o0
Cx(0) =1+ Z<_w2)n+1t(ﬂ+w(n+l)EZJ:;+1,(M+V)("+1)+1 <_C)\t'u_)t+1)
n=0

o
= 2D IIEL L g (—Cat ). (7.70)
n=0

which satisfies the initial conditions. The long time limit yields power-law decay of
form

2 —(v+r—1)
w _ C)\ t
Cx(t) ~Epppi |- v 1) ~ ,
x (%) v+A1< C. DT — (it h—1))
and the short time limit the behavior

Uty t1+2,u.+v7)»

Cx(t) ~1—a? + Chow .
x(@) FaA+p+v)  * re+2ut+v-mu

For u = v = 1, the normalized displacement correlation function reduces to [2]

Cy >
Cx(t) ~
XO= 5 ra—a
fort — oo and
t2 t47)\
Cx() ~1—o*  +Cro’
2 r'G-2»

forr — 0.

Graphical representation of the normalized displacement correlation function is
given in Fig.7.6. From Fig.7.6a, for Cx(T) we observe monotonic decay, non-
monotonic decay, oscillation-like behavior without and with zero crossings. In
Fig.7.6b we present the results for the fractional Langevin equation (©t = v = 1)
[2]. From Fig.7.6¢c we conclude that by decreasing parameters © and v, for fixed
A and w, the normalized displacement correlation function from behavior with zero
crossings may turn to behavior without zero crossings. Changes in the behavior of
Cx (1), from oscillation-like behavior without zero crossings to non-monotonic and
monotonic decay, for fixed u, v, and w, by increasing parameter A, are shown in
Fig.7.6d.
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Fig. 7.6 Graphical representation of normalized displacement correlation function (7.70) in case
of power-law frictional memory kernel; C, = 1; (@) u = v =7/8, . = 1/2, w = 1/2 (solid line),
w = 7/8 (dashed line), = 11/8 (dot-dashed line); w = 9/4 (dotted line), (b) [2] u = v = 1,
o = 0.3 (solid line), = 1.053 (dashed line), ® = 3 (dot-dashed line), (¢) @ = 9/4, L = 1/2,
u = v = 1 (solid line), w = v = 7/8 (dashed line), u = v = 3/4 (dot-dashed line), u = 3/4,
v = 5/8 (dotted line), (d) o = v = 7/8, w = 1, A = 1/5 (solid line), . = 1/2 (dashed line),
A = 3/4 (dot-dashed line), A = 15/16 (dotted line). Reprinted from T. Sandev, R. Metzler, and Z.
Tomovski, J. Math. Phys. 55, 023301 (2014), with the permission of AIP publishing

Remark 7.3 Note that Eq. (7.68) can be transformed to the equation

. _ _ (ptv=2
Cx(®) +Ci [CD(l)IA MCX(I)] o’ [CDSJF(MV)CXU) v 1)} =0
171

with initial conditions
Cx(0+)=0 and Cx(0+)=1.

The second term represents the memory effects of the environment, and the third
term gives the generalized force which acts on the particle. Therefore, normalized
displacement correlation function can be considered in the same way as in the
classical case, taking into account the memory effect of the complex environment,
and the general form of the potential energy function (different from the harmonic
potential approximation), which gives the confined movement of the particle.
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7.4 External Noise

In case when the second fluctuation-dissipation theorem (6.7) does not hold, we
cannot use the same expressions for variances (7.12a)—(7.12c). In this case the noise
is external. We assume a power-law correlation of the noise

—60

CO=Co Ly _

0<6 <1,

and power-law friction memory kernel, which is defined in a sense of distribution
[15, 16]

—X

YO=Cip

l—v<A<l+4+pu.

In this case, for the variances we obtain [20]
t t
O =2/ dl‘lG(l‘l)/ldl‘zG(fz)C(tl b
0 0
t
=2Cy / dE G 1) "G &), (7.72a)
0
t t
Oxv =/0 dtlg(tl)/o dr G(1)C(t — 1)
t
=Co /O dt (G(&)I&;%(&) +g(§)13;00(5)), (7.72b)
t 1
o =2 /O iy g(n) fo dts g(12)C (11 — 1)

t
= —2Cy /O d& g(&) 1y, " g (&), (7.72¢)

where g(t), G(¢t), and I (¢) are given by (7.33), (7.34), and (7.35), respectively. Thus,
for the fractional integrals of the relaxation functions which appear in the variances
one finds

oo
1-04) = 2y (uAv) (n+1)—v—6 pn+l At
loi"8(0) = Y (=) 1D OB i v-ot (‘Cﬂﬂ )
n=0
(7.73a)
oo
1-6 _ 2\n (u+v)(n+1)—60 pn+l —A+1
L7760 =) (—?) B Dot (a4 1) —0+1 (‘Cﬂﬂ )

n=0
(7.73b)
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Analytical expression of variances is a nontrivial problem, and can be derived by
using formulas for product of two M-L functions, see, for example, Ref. [21]. By
using the asymptotic expansion formula for the three parameter M-L function, in
the long time limit we obtain

tv+)\7179

2 -0
w 1 t
A—=1) o
Ev+k—1,v+k—0 <_ tv+ >
C, A

C T2 r-6)
(7.73¢)

I'G) =

From relations (7.73c) and (7.72a) it follows that oy, ~ ¢! ~VT4+0) for t — co. For
the short time limit, we obtain

tll«"rl)—@

170G =+t E, _ (—C t“‘“l) ~ ,
oy G() p=A+1,ptv—6+1 A PO+ tv—6)

(7.73d)

and therefore one finds o, ~ 2H#+t)=0 for t — 0. Note that the case of a free
particle (w = 0) yields

107780 = 17 it s (—Curt ), (7.73¢)
177G = " By et (—Cat ), (7.73f)
which for v = 1 are equivalent to those obtained in Ref. [8].

From (7.72a) and (7.73f), and by the help of the asymptotic expansion of M-L
functions for + — o0, the following variances are obtained [12]

Oy = tPTOF72 0 05 94 20—2 >0, (7.74)
oxy ~logt, 2L—-6042v—-2=0, (7.75)
Oxx 2 const, 2L —60+4+2v—2 <0. (7.76)

Note that the variances for long times do not depend on parameter w, but only on v.
The case with v = 1 corresponds to the results obtained in Ref. [8]:

O 21270 20 —0>0, (7.77)
oy ~logt, 21 —6=0, (7.78)
oxx > const, 21 —60 < O. (7.79)

The logarithm dependence of the variance on time is a sign of ultraslow diffusion in
the system.
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7.5 High Friction

Let us suppose that the particle which is bounded in a harmonic potential well is
under high friction from the surrounding media (high viscous damping). This is the
case when the inertial term can be neglected, i.e., [20]

1
/ y(t — () dt' + ?x(1) = £(1),
0
Dy x(1) = (). (7.80)

We again analyze Eq. (7.80) by using relaxation functions. By Laplace transforma-
tion we obtain

x(0) = {x(®) + /Ot Go(t —1)E() dr', (7.81)
v(t) = (v(@)) + /Ot go(t — &) dr, (7.82)
where
(x(1)) = xo [1 - wchngo(t)] (7.83)
and
(v(1) = —wxoc Dy ' Go(0). (7.84)

The following relaxation functions are used

_ o1 [A o1 1
Go(t) = & [Go(s)] -7 |:s”)7(s) . wz} , (7.85)
Go(0) =0,
L) =2 [s—“Go(s)] i DYy Io(t) = Go(),
and

g0(t) =c Dy, Go(t).
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Thus, the variances are given by Sandev et al. [20]

Svfl

t
Oxx = 2kBT/ dé Go(%) [F(v)

— a)zlo(é)i| , (7.86a)

v—1
ao=tat | [ [ ae @t~ o2 [ a (630 + won) .

(7.86b)
t
o = (V2 (1) — (v(1))* = —2kpT e’ /O d& Go(&)go (&) (7.86¢)
For the Dirac delta friction memory kernel y(¢) = 2X&(¢), the relaxation
functions become
I ?
H= __t'E - V), 7.87
g() 2 v,O( ” ) (7.87)
Gy = | 1k o (7.88)
T 2h P 2a )7 ’
| ?
1(t) = v1E - ). 7.
(t) 2)\.t v,2v< o3 ) ( 89)

The long time limit of these relaxation functions is equivalent to those obtained
when the inertial term is not neglected (relations (7.20)—(7.22)).

As an addition to these analysis, we threat analytically the overdamped motion
of a harmonic oscillator driven by an internal noise with a three parameter M-L
correlation function (6.9). For the relaxation function G(¢) in this case we obtain
(20]

I o~ Yaps ok 1
Go(t):wZZ( «p, ) A S - ) (7.90)
k=0
where yy g5 = kCTr“5 The long time limit yields
kBTtv+a57;371 kBTa)2 B
Go(t) = Eyias—potas—p | — reh) (7.91)
Ca.p.s Ca.p.s

where v 4+ a8 — B > 0. Therefore, the asymptotic behavior of G(¢) in the long time
limit for a harmonic oscillator when the inertial terms is not neglected is the same
as the behavior of G (?).
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7.6 Validity of the Generalized Einstein Relation

Let us now consider constant external force, F (x) = F6(t), in the FGLE (7.1),

t

cDy, (1) +f y(@ —tH@)d' — F =),
0
cDy x(1) = v(1). (7.92)

For zero initial values xo = 0, vg = 0, from the Laplace transform we find

t
x(1) = (x()F +/ Gt — 1) dr (7.93)
0
where
X)) p = F.L! [s—lé(s)] G(s) = ! (7.94)
’ SHEY sV (s) '
The mean displacement then is given by
t
(x()r = F/O G(§)ds. (7.95)
Contrary to this, the force free case F(x) = 0 yields
2 2 ' g Iz
[2@) = )] = 2ksT /0 dé G (&) [ oy CD0+G(€)} ENCED)

From Eq. (7.27) for the Dirac é-noise and Eq. (7.49) for the power-law noise, in the
long time limit one obtains

Sv—l

rw’ (7.97)

(02 0) = @n?] =257 f d G ()
0

which means that the generalized Einstein relation is not satisfied for the considered
FGLE, i.e.,

F
O

Only the case with v = 1 satisfies the generalized Einstein relation in the long
time limit. The validity of the generalized Einstein relation was shown for the
fractional Langevin equation [14], that is the case with u = v = 1, and y () =
Cyt™"/I'(1 — 1), for 0 < A < 2. Detailed investigation of violation of generalized
Einstein relation and description of its nature for a specific model, describing
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electronic transport in disordered system, is given in Ref. [1]. In the FGLE (7.1)
we view the variables to represent a mesoscopic description of the process, and thus
the expectation values of observables calculated from this theory then describe the
dynamic behavior after averaging over the disorder of the system.

7.7 Free Particle Case

We see that the analytical treatment of the FGLE for a harmonic oscillator with
a friction memory kernel of the three parameter M-L type (6.9) is a very difficult
problem. Therefore, the analysis of the diffusive behavior of the particle, one can
either perform asymptotic analysis for the oscillator in the long time limit, which can
be treated easily, or consider the overdamped motion which gives the same results
as the original problem in the long time limit. Here we study the simpler case of a
free particle (w = 0), which can be treated analytically. The friction memory kernel
taken is of the three parameter M-L type (6.9). From the general expressions for
relaxation functions for a harmonic oscillator, by using formulas (1.17) and (1.18),
we obtain [19]

(0.¢]
k. k k+u—1 8k
gty =Y (=Dfyf st VPRI B e (/D) (7.98)
k=0
(0.¢]
k. k k —1 dk
G(t) =Y (=Dkyl p Wt PRrmv =l B3 by (/D)) (7.99)
k=0
o
k. k k 2v—1 8k
10) = Y (= Dyl p Bttt gl iy (/D). (7.100)
k=0

where yy g5 = ki‘;’i’ia and G(0) =0since u +v > 1.
By applying Eqgs. (1.19) in (7.11) and (7.10), for the mean particle velocity and

mean particle displacement, one obtains

o
(W) =vo Y (=D st " PEL g (/D) (7.101)
k=0

o
(x(0) = x0 +v0 ) (=DFya g st "PER i (F@/D%) . (7.102)
k=0
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The special case & = v = 1 was considered in Sect. 7.6. Moreover, for T — 0, from
relations (1.28) and (7.98)—(7.100) the corresponding relaxation functions become

C
gt =t" " YE s as <— “’ﬂ’aﬂ”ﬂ“a), (7.103)
kpT
c
G(t) =" Eppoas g (— 8 B ) (7.104)
ksT
c
1) = """ VE, g s i (— k“’ﬁT’a t“*ﬂ‘“‘s) , (7.105)
B

where © + 8 — a8 > 0. For § = § = 1, one recovers the results obtained in
Ref. [12], and for v = 8 = § = 1—the results obtained in Ref. [5, 8, 12]. The case
with=d=pu=v=1,7— 0,0 <o <2 (i.e., power-law correlation function;
see, for example, [14, 18]) corresponds to the one considered in Ref. [14]

Ca,1,1 2
HD=FE |- " t7%), 7.106
g() 20¢< kpT ) ( )
Cotllz_
G(t) =tEp_ R S 7.107
() 20{,2( kBT ) ( )
Cozllz_
1) =12Er o3| — 0 1279, 7.108
() 205,3( kBT ) ( )

For the limit r — 0, the mean velocity (7.101) and mean particle displacement
(7.102) reduces to

Co,p,5 _
(1)) = voE 1 8-as (— k‘;ﬂT hHp “5), (7.109)
v Coz,ﬂ,& n+p—ad
(x(@) = x0 +vot" Eptp—as,v+1 | — kol t , (7.110)

respectively, which are generalization of the results for the fractional Langevin
equation introduced in Ref. [14] (0 < ¢ < 2, 8 = 6§ = u = v = 1). Graphical
representation of the mean velocity and mean particle displacement is given in
Figs.7.7,7.8, and 7.9.

The MSD in the long time limit (+ — 00) then becomes [19]

=PV for 2u <ad —B+1,
R GIER R H= p B (7.111)
t for 2u>ad—pB+1 or u=1,
from where we conclude that anomalous diffusion exists in the system. Depending
on the power of r we distinguish cases of subdiffusion, normal diffusion or
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<v(t)>
<X(t)>

(@ t (b)

Fig. 7.7 Graphical representation in case whent =1, Co g5 = 1, kpT = 1,x0 = 0, vo
(a) mean particle velocity (7.101) (@« = B =86 = pn = 1 (solidline);a = =6 = pu = 1/2
(dashed line); « = B8 = § = 1/2, p = 3/4 (dot-dashed line); ¢ = 6§ = u = 1/2, 8 = 1/4
(dotted line)); (b) mean particle displacement (7.102) « = 8 = 6 = u = v = 1 (solid line);
a=8=8=pn=1/2,v=1(dashed line); « = 8 =8 = v = 1/2, u = 3/4 (dot-dashed line);
a=8=pu=1/2,8 =1/4,v=73/4 (dotted line), see Ref. [19]
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Fig. 7.8 Graphical representation in case when 7 — 0, Cy g5 = 1, kpT = 1, x90 = 0, v9 = 1

of: (a) mean particle velocity (7.101) (¢ = 8 =8 = u = 1 (solid line); « = B
(dashed line); « = § = u = 1/2, B = 3/2 (dot-dashed line); ¢ = u = 1/2, 8
(dotted line)); (b) mean particle displacement (7.102) « = B =8 = p = v =
a=B=8§=pu=1/2,v=1(dashed line);a =6 =pu =1/2, 4 =3/2,v =3/
line);o = u=v=1/2,=3/2,8 = 1/4 (dotted line), see Ref. [19]
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Fig. 7.9 Graphical representation in case when Cy g5 = 1,kgT = 1,x9 = 0, vp = 1 of: (a) mean
particle velocity (7.101); (b) mean particle displacement (7.102). « = 6 = pu = 1/2, 8 = 3/2,
v = 3/4; v = 0 (solid line); 7 = 1 (dashed line); 7 = 10 (dot-dashed line), see Ref. [19]
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superdiffusion. In the short time limit (+ — 0), the MSD becomes [19]

12V for 1<2u+84,

2 ~
() = {t2“+2”+ﬂ_1 for 1> 2u+B. (7.112)

From Eqgs. (7.112) and (7.113) one concludes that the anomalous diffusion exponent
in the short time limit can be different with the one in the long time limit. Therefore,
this model can be used to describe generalized diffusive processes, such as single
file-type diffusion, as well as either accelerating or retarding diffusion [7]. Note that
for different initial conditions different behaviors of the particle can be obtained.
For example, for xg # 0, (x2(1)) ~ " in the short time limit 7 — 0.

For v = 1, in the long time limit (+ — o) for the MSD one obtains [19]

2@=BFl=)  for 2u<ad—pB+1,

2
) ~ 7.113
(x=(1)) { (a8 —p+1 for 2u>a8—B+1 or pu=1. ( )

The case with & = 1 yields the results for the GLE considered in Section 6 [18]
(B — 1 < aé < p—subdiffusion; 8 < ad < 1 4 B - superdiffusion). The case with
B =8 = u = 1 corresponds to the well-known result (x*(¢)) ~ % (0 < & < 1—
subdiffusion; | < o < 2—superdiffusion) [14]. In the short time limit (r — 0) the
MSD becomes [19]

12 for 1<2u+8,

2 ~
(x°(2)) = {t2M+ﬁ+1 for 1> 2u+§. (7.114)

Here we note that for v = 1 and § > 0 in the short time limit the MSD has a
power-law dependence on time with an exponent greater than 1. Thus, the particle
in the short time limit shows superdiffusive behavior (when the exponent is greater
than 1), which turns to simple ballistic motion when the exponent is equal to 2.

Graphical representation of (x*(¢)) is given in Fig.7.10. In Figs.7.11 and 7.12
we plot the MSD (x2(¢)) in for 4 = 1 and v = 1, respectively. As an addition, in
Fig.7.13 we give the MSD (7.16) in case of the Dirac delta and power-law friction
memory kernels.

(b) t

Fig. 7.10 Graphical representation of MSD (7.16) (@) Tt =1, (b) 1 = 10. Co g5 = 1, kpT = 1;
a=1,=6§=1/2,u=3/10,v=4/5 (solid line);a = B =86 =1, u = 1/4, v =7/8 (dashed
line);a =5/4,8 =86 =1,u=1/2,v =9/10 (dot-dashed line); « = 1, 8 =8 = 3/2, u = 3/10,
v = 4/5 (dotted), see Ref. [19]
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Fig. 7.11 Graphical representation of (x2(t)) (7.16) in case when v% =kgT =1, x0=0,u=1
and frictional memory kernel of form (6.9); Cy g5 = 1;kpT = ;1 =1, @ a = =3/2,6 =1,
v = 3/4 (solid line), v = 1/2 (dashed line), v = 1/4, (dot-dashed line); (b) v = 1/2; 0 = § = 1;
B = 3/2 (solid line); 8 = 1 (dashed line); 8 = 1/2 (dot-dashed line), see Ref. [19]
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Fig. 7.12 Graphical representation of (x2(¢)) (7.16) in case when v(z) =kgT =1, xg=0,v=1
and frictional memory kernel of form (6.9); Co g5 = 1;kpT = ;1 =1L, @ a = =3/2,6 =1,
w = 3/4 (solid line), u = 1/2 (dashed line), u = 1/4, (dot-dashed line); (b) u = 1/2; 0 =8 = 1;
B = 3/2 (solid line); 8 = 1 (dashed line); 8 = 1/2 (dot-dashed line), see Ref. [19]

Fig. 7.13 Graphical representation of (x2(1)) (7.16) in case when v% = kT =1, xp = 0 and
frictional memory kernel of form: (a) y(t) = 2A8(¢); A = 1; u = v = 3/4 (solid line), u = 5/8,
v = 7/8 (dashed line), © = 3/4, v = 5/8 (dot-dashed line), u = 7/8, v = 1/2 (dotted line); (b)
y(t) = F(t;ja); n=v =3/4 a =1 (solid line); « = 3/4 (dashed line); « = 1/2 (dot-dashed
line); @ = 1/4 (dotted line), see Ref. [19]



7.7 Free Particle Case 331

Remark 7.4 We note that the MSD depends on the initial conditions. As it was
shown (see relation (7.114)), in case of thermal initial conditions, for v = 1 and
B > 0, the anomalous diffusion exponent is greater than 1, i.e., the process is
superdiffusive in the short time limit. If xo # 0 for v = 1 we can show that
(x%(0)) ~ t,t — 0, i.e., the particle shows normal diffusive behavior. It can be
shown that in the long time limit the particle may have anomalous diffusive behavior
of the form (7.113). For example, in the case 8 — «d = é, W > 1/4 the anomalous
diffusion exponent is equal to 1/2. Same anomalous diffusion exponent appears in
thecasewd — B +3/4=p < 1/4.

Remark 7.5 Following the same procedure, we analyze the following FGLE con-
sidered in Ref. [3]:

t
CDg+x(t) —I—/O y(t — t’)CD(‘)’+x(t’) dt’' = £(1), (7.115)
x(1) = v(),

where 1 < u <2 and0 < v < 1. For the variance we obtain [19]
1 t t .
Oxx = 2kBT[ / dg GE)Ev! —/ dé G(&)c Dy, G(S)} . (7.116)
') Jo 0
Thus, the MSD is given by
2 2 pn—l 2 pu—1 2
(r2(1)) = x3 + 2xovoc D 1) + v [CD0+ 1(;)]

1 ! v—1 ! H—=v
+2kBT|:F(v)/0 d§ G(§)§ —/0 d§ G(§)c Dy, G(S)]

(7.117)
where G (0) = 0,

3(s) = y 7.118
8= s o) (7.118)
A 1
G(s) = 99 (s) (7.119)
N s_1
I(s) = (7.120)

st +5"P(s)

From Eqgs. (7.118)—(7.120) one concludes that g(t) = G'(¢r) and G(r) = I'(¢). In
Fig.7.14 we give graphical representation of the MSD (7.117) in case of Dirac delta
and power-law friction memory kernels for different values of parameters.
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Fig. 7.14 Graphical representation of (x%()) (7.117) in case when vg =kpgT =1, xo = 0 and
frictional memory kernel of form: (a) y(t) = 2A8(t); A = 1; u = 3/2, v = 1/4 (solid line);
u =3/2,v = 1/2 (dashed line); u = 7/4, v = 1/2 (dot-dashed line); u = 7/4, v = 3/4 (dotted
line); (b) y (1) = F(t;ja); w=3/2,v=3/4 a = 1/2 (solid line); &« = 3/4 (dashed line); « = 1
(dot-dashed line); « = 5/4 (dotted line), see Ref. [19]

From the analysis in this chapter, we conclude that the variances and MSD for
the FGLE are different than those for the GLE, and if one does it wrong results
about the diffusive behavior of the particle will be derived. Therefore, for FGLE the
general expressions for the variances presented in this chapter must be used.

7.8 Tempered FGLE

At the end of this chapter, we give the corresponding results for the FGLE (7.1)
in the case of truncated memory kernel [11]. We will analyze the influence of the
truncation on the particle behavior.

7.8.1 Free Particle

Let us consider the free particle case (w = 0). Therefore, for the truncated three
parameter M-L memory kernel (6.146), one obtains

s—2v

) =<"
( ) i+ y (s_,,_b)oc&—ﬂ

T ((s4byr47%)]

- Y \" ou4D+20 (bt Bn—1 pon 1
ZZ(_M) 1 gl (<)) (7.121)

n=0
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where I, is the R-L fractional integral (2.2). Again, the above result can be

expanded in terms of the confluent hypergeometric function as

tak+ﬁn+u(n+1)+2v71

- (Sn)k
1) = —1 n+k.cfa(5n+k) n
® 20,;( ) Uk D@k 4 Bn+ pun+1) +2v)

x 1 Fi(ak + Bn; ak + Bn + pn(n + 1) + 2v; —br). (7.122)

For b = 0 we recover the results obtained in the case of no truncation [20].

7.8.2 Harmonic Potential

The corresponding relaxation functions for a harmonic oscillator can be obtained as
well. Thus, for I (¢) one finds

sV 1

s,U-+V + 0)2 y sv (s_;,_b)oz&—ﬂ
1 + zad s#+”+a)2 ((S+b)a+fia)a

- oo vn=1) (o=
e Ly s (s +b)
=2 Z ( ms) (smtv + wz)nﬂ ((s +b)* + T_a)an]

00 yon o
_ _ n+1 —bt fn—1 g-6n _
- Z ( -L-aé) Ep,+v,,un+,u+2v,—a)2,0+ (e ! Ea,ﬁn < -L-a)) ’

(7.123)

1) =271

where (Eg B0t f ) (t) is the Prabhakar integral operator (2.46).
For the normalized displacement correlation function [20]

Cx(t) =1 — g INVI),

by using relation (2.111), we have

o o
_ 2 Y\ pntl —bt Br—1 pon t
Cx@®)=1-w Z <_ -,;aé) Eu+v,un+u+v+1,—w2,0+ (e ! Eavﬁ" (_ T« ’
n=0
(7.124)
Graphical representation of the Cyx(¢) is given in Fig.7.15. From Fig.7.15a

we see the changes of the behavior of Cx(¢) from non-monotonic decay without
zero crossings to oscillation-like behavior with zero crossings, by increasing the
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t)

C

Fig. 7.15 Graphical representation of the normalized displacement correlation function (7.124)
for truncated M-L memory kernel witho = 0.8, 8 =0.7,6 =06, w = 1,7 =1,y = 1; (a)
w =09, v = 0.7, and different values of truncation parameters b, (b) v = 0.9, b = 0.5, and
different values of i, (¢) u = 0.9, b = 1/2, and different values of v. Reprinted from Physica A,
466, A. Liemert, T. Sandev, and H. Kantz, Generalized Langevin equation with tempered memory
kernel, 356-369, Copyright (2017), with permission from Elsevier

truncation parameter b. From Fig. 7.15b one can see the changes of the normalized
displacement correlation function by increasing the fractional parameter u—from
monotonic decay to oscillation-like behavior with zero crossings. Figure 7.15¢
shows the changes of Cx(¢) from monotonic decay through non-monotonic decay
without zero crossings to oscillation-like behavior with zero crossings. All these
different behaviors appears due to the fact that, if we derive the ordinary differential
equation for the normalized displacement correlation function as it was done in
Ref. [20], the fractional exponents p and v have contribution to the memory effects
of the environment and the external force. Let us show this. The function C x ()

s,u+v—l + su—l);(s)

Cx(s) = ,
x(s) SEHY 4 VD (s) + w2

(7.125)
can be rewritten as
(széx(s) - s) + [sl_“)?(s) (séx(s) — 1)]

+o? [(sz_“_”éx(s) - sl_“_”) + sl_“_”] —0.  (7.126)
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The inverse Laplace transform yields

A ! N / / 2 2—p—v tlL+U*2
Ct~|—/ t —1)Cx(t)Hdt + <DC 1)+ >=0,
x (1) 077( )Cx (1) o™ | cD; x (1) Futv—1)

(7.127)
where n(t) = & -1 [sl_“)?(s)], and with initial conditions given by
Cx(04+)=1 and Cx(0+)=0.

Therefore, the fractional parameters p and v appear in the memory kernel and in the
external force.
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Appendix A
Completely Monotone, Bernstein,
and Stieltjes Functions

In this appendix we give the basic definitions and properties of completely
monotone, Bernstein, complete Bernstein and Stieltjes functions, which are used
throughout the book to prove the non-negativity of the corresponding solutions of
the generalized diffusion and wave equations. For further reading we refer to the
monograph by Schilling et al. [2].

A.1 Completely Monotone Functions

The completely monotone functions can be represented as Laplace transforms of
non-negative function p(¢), i.e.,

m(x) = /OO pe ™ dt.
0

They are defined on non-negative half-axis and have a property that
(=1)"m™(x) >0 foralln € Ngandx > 0.

The following properties hold true for the completely monotone functions:

(a) Linear combination ajmi(x) + axma(x) (a1, az > 0) of completely monotone
functions m1(x) and m3(x) is completely monotone function as well;

(b) The product m(x) = mj(x)ma(x) of completely monotone functions m1(x)
and m(x) is again completely monotone function.

An example of completely monotone function is x*, where o < 0.
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A.2 Stieltjes Functions

Functions defined on the positive half-axis which are Laplace transforms of
completely monotone functions are called Stieltjes functions. The Stieltjes functions
are subclass of the completely monotone functions. For the Stieltjes functions the
following property holds true:

(c) Linear combination ays1(x) + azs2(x) (a1, az > 0) of Stieltjes functions s1(x)
and s7(x) is Stieltjes function;

(d) If s(x) is a Stieltjes functions, then the function (1
N

1
X

) is Stieltjes function as

well.

An example of Stieltjes function is x% 1 where 0 <a < 1.

A.3 Bernstein Functions

The Bernstein functions are non-negative functions whose derivative is completely
monotone. They are such that

(=D VpMW(x)y >0 foralln=1,2,...

The Bernstein functions have the following properties:

(e) Linear combination a1bi(x)+axba(x) (a1, az > 0) of Bernstein functions b1 (x)
and by (x) is a Bernstein function;

(f) A composition b1 (ba(s)) of Bernstein functions is a Bernstein function too;

(g) A pointwise limit of a convergent series of Bernstein functions is a Bernstein
function;

(h) A composition m(b(x)) of completely monotone function m(x) and Bernstein
function b(x) is completely monotone function;

(i) If b(x) is a Bernstein function, then the function m(x) =
monotone;

() If b1(x) and by (x) are Bernstein functions, then the function by (x*!)b, (x*?) for
a1, o2 € (0, 1) and o1 + ap < 1 is again a Bernstein function.

b(x)
+’ is completely

From these properties it follows that the function e ~*?®) is completely monotone
for u > 0if b(x) is a Bernstein function. An example of Bernstein function is x%,
where 0 <o < 1.
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A4 Complete Bernstein Functions

The complete Bernstein functions are subclass of Bernstein functions. A function
c(x) on (0, co) is a complete Bernstein function if and only if c(x)/x is a Stieltjes
function.

The class of complete Bernstein functions is closed under the operations above,
ie.,

(k) Linear combination ajci(s) + axca(s) (a;,ax > 0) of complete Bernstein
functions c1(x) and ¢ (x) is a complete Bernstein function;

(1) A composition cj(cz2(x)) of two complete Bernstein functions is a complete
Bernstein function too;

(m) A pointwise limit of a convergent series of complete Bernstein functions is a
complete Bernstein function;

(n) If c(x) is a complete Bernstein function, then the function (11) is also a

¢ X

complete Bernstein function;

(0) A composition s(c(x)) of Stieltjes function s(x) and complete Bernstein
function c(x) is a Stieltjes function;

(p) A composition c(s(x)) of complete Bernstein function c(x) and Stieltjes
function s(x) is a Stieltjes function;

(qQ) A composition s1(s2(x)) of Stieltjes functions s1(x) and s»(x) is a complete
Bernstein function;

(r) If c(x) is a complete Bernstein function, then the function x /c(x) is a complete
Bernstein function;

(s) If c(x) is a complete Bernstein function, then c(x)/x is a Stieltjes function.

An example of complete Bernstein function is x*, where 0 < o < 1.



Appendix B
Tauberian Theorems

The Tauberian theorems are useful tools for analysis of asymptotic behaviors of
a given function r(¢). Theorem states that if the asymptotic behavior of r(¢) for
t — oo is given by

r() >t %, t—>o00, a>0, (B.1)

then the corresponding Laplace pair 7 (s) = .£[r(¢)] has the following behavior for
s —>0

Fis)~T(1—a)s* !, s—0, (B.2)

and vice versa, ensuring that r (¢) is non-negative and monotone function in infinity.

This theorem can be formulated in form of the so-called Hardy-Littlewood
theorem. Theorem states that if the Laplace-Stieltjes transform of a given non-
decreasing function F such that F(0) = 0, defined by Stieltjes integral

w(s) = /OO e TdF (1), (B.3)
0

has asymptotic behavior
w@)>~Cs™", s—>00 (s—0), (B.4)

where r > 0 and C are real numbers, then the function F has asymptotic behavior

C r
F(t) ~ rean’ 17 0 (1 — oo). (B.5)

These Tauberian theorems are widely used in the theory of anomalous diffusion and
non-relaxation theory.
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Tauberian theorem for slowly varying functions has also many applications in
the theory of ultraslow diffusive processes and for analysis of strong anomaly. The
theorem states that if some function r(¢), + > 0, has the Laplace transform 7 (s)
whose asymptotics behaves as

1
f(s):spL< >, s—0, p=>0, (B.6)
s
then

rt) =27 #(s)] ~ F;p) P7IL@), t— . (B.7)

Here L(¢) is a slowly varying function at infinity, i.e.,

L(at)
im =1,
=00 L(1)
for any a > 0. The theorem is also valid if s and ¢ are interchanged, that is s — 00
andr — 0.
For details related to the Tauberian theorems see, for example, the well-known
book of Feller [1].
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mono-fractional, 115, 141
N-fractional, in Caputo form, 131
N-fractional, in Riemann-Liouville
form, 143
tempered, 145
tempered distributed order, 135
Digamma function, 244
Double-peak phenomenon, 294

Eigenfunctions, 152, 163, 164, 192, 227
Eigenvalues, 151, 152, 163, 192, 227, 237
Einstein relation (linear response), 189
Einstein-Stokes relation, 189

generalized, 190
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Fokker-Planck equation
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with composite derivative, 196
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Fourier transform, 31
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Noise
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Second Einstein relation (linear response), 191

Second fluctuation-dissipation theorem, 247,
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Sinai diffusion, 135
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