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Abstract

We analyze generalized space-time fractional motions on undirected networks and lattices. The continuous-
time random walk (CTRW) approach of Montroll and Weiss is employed to subordinate a space fractional
walk to a generalization of the time-fractional Poisson renewal process. This process introduces a non-
Markovian walk with long-time memory effects and fat-tailed characteristics in the waiting time density.
We analyze ‘generalized space-time fractional diffusion’ in the infinite d-dimensional integer lattice Z<.
We obtain in the diffusion limit a ‘macroscopic’ space-time fractional diffusion equation. Classical CTRW
models such as with Laskin’s fractional Poisson process and standard Poisson process which occur as spe-
cial cases are also analyzed. The developed generalized space-time fractional CTRW model contains a
four-dimensional parameter space and offers therefore a great flexibility to describe real-world situations in
complex systems.

1 INTRODUCTION

Random walk models are considered to be the most fundamental approaches to describe stochastic processes
in nature. Hence applications of random walks cover a very wide area in fields as various as random search
strategies, the proliferation of plant seeds, the spreading phenomena of pandemics or pollution, chemical
reactions, finance, population dynamics, properties of public transportation networks, anomalous diffusion and
generally such approaches are able to capture empirically observed power-law features in ‘complex systems’
[1,2,3,4,5,6, 7. On the other hand the emergence of “network science”, and especially the study of random
walks on networks has become a major subject for the description of dynamical properties in complex systems
8,9, 10].

In classical random walks in networks, the so-called ‘normal random walks’, the walker in one step can
reach only connected next neighbor sites [11, 12]. To the class of classical Markovian walks refer continuous-
time random walks (CTRWs) where the walker undertakes jumps from one node to another where the waiting
time between successive jumps are exponentially distributed leading to Poisson distributed numbers of jumps.
The classical CTRW models with Poisson renewal process are able to capture normal diffusive properties such
as the linear increase of the variance of a diffusing particle [6]. However, these classical walks are unable to
describe power-law features exhibited by many complex systems such as the sublinear time characteristics
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of the mean-square displacement in anomalous diffusion [5]. It has been demonstrated that such anomalous
diffusive behavior is well described by a random walk subordinated to the fractional generalization of the
Poisson process. This process which was to our knowledge first introduced by Repin and Saichev [13], was
developed and analyzed by Laskin who called this process the ‘fractional Poisson process’ [14, 15]. The Laskin’s
fractional Poisson process was further generalized in order to obtain greater flexibility to adopt real-world
situations [16, 17, 18]. We refer this renewal process to as ‘generalized fractional Poisson process’ (GFPP).
Recently we developed a CTRW model of a normal random walk subordinated to a GFPP [17, 18].

The purpose of the present paper is to explore space fractional random walks that are subordinated to a
GFPP. We analyze such motions in undirected networks and as a special application in the multidimensional
infinite integer lattice Z<.

2 RENEWAL PROCESS AND CONTINUOUS-TIME RANDOM WALK

In the present section, our aim is to give a brief outline of renewal processes (or also referred to as ‘compound
processes’) and closely related to the ‘continuous-time random walk (CTRW)’ approach which was introduced
by Montroll and Weiss [19]. For further outline of renewal theory and related subjects we refer to the references
[2, 4, 19, 20, 21, 22]. It is mention worthy that we deal in this paper with causal generalized functions and
distributions in the sense of Gelfand and Shilov [23].

We consider a sequence of randomly occurring ‘events’. Such events can be for instance the jumps of
a diffusing particle or failure events in technical systems. We assume that the events occur at non-negative
random times 0 < ty7,t2,... 1y, ..., 00 where t = 0 represents the start of the observation. The random times t
when events occur are called ‘arrival times’. The time intervals between successive events Aty = & —tp_; > 0
are called ‘waiting times’ or ‘interarrival times’ [20]. The random event stream is referred to as a renewal
process if the waiting time At between successive events is an ‘independent and identically distributed’ (IID)
random variable which may take any non-negative continuous value. This means in a renewal process the
waiting time At; between successive events is drawn Vk from the same waiting probability density function
(PDF) x(t). This distribution function is called waiting time distribution function (waiting time PDF) or
short waiting time density'. The quantity x(¢)d¢ indicates the probability that an event occurs at time ¢
(within [¢, t + dt]).

We can then write the probability ¥(t) that the waiting time for the first event is At < ¢ or equivalently
that at least one event occurs in the time interval [0, t] as

(t) = /Otx(r)dr, t>0, lim ¥(t)=1-0 (1)

t—o0
with the obvious initial condition ¥ (¢t = 0) = 0. The distribution (1) in the context of lifetime models
often is also called ‘failure probability’ [20]. From this relation follows that the waiting time density x(¢) is a
normalized PDF. In classical renewal theory the waiting time PDF was assumed to be exponential x(¢) = £e~¢¢
(& > 0) which leads as we will see later to Markovian memoryless Poisson type processes.
The waiting time PDF has physical dimension sec™! and the cumulative distribution (1) indicates a

dimensionless probability. Another quantity of interest is the so called ‘survival probability’ #(?)(¢) defined
as

() =1—w(t) = /too x(7)dr (2)

which indicates the (dimensionless) probability that no event has occurred within [0, ¢], i.e. in a random walk
the probability that the walker at time ¢ still is waiting on its departure site. Of further interest is the PDF
of the arrival of n jump events which we denote by x(™(t) (x(™(t)dt being the probability that the nth jump
is performed at time ¢). Since the events are IID we can establish the recursion

A™(t) = / APt —r)dr, X O() = 8(t) (3)
0

'In the context of random walks where the events indicate random jumps we also utilize the notion ‘jump density’ [17].



and with x(!)(¢) = x(t). Thus the PDF for the arrival of the nth event is given by the n — 1 fold convolution
of x(t) with itself, namely

(n) / / X(71) .. x(Tn)d t—ZT] dry...dr,, t>0, n=1,2,.... (4)

In this relation we have assumed that the waiting time PDF is causal, i.e. x(t) is non-zero only for ¢t > 0. For
an outline of causal distributions and some of their properties especially Laplace transforms, see Appendix
A.1. The probability that n events happen within time interval [0, ¢] then can be written as

dM (1) = /t (1=t —7)x"™(r)dr = /t Ot — )™ (r)dr, n=0,1,2,...
t 0 0 (5)
:/ D (t — 7)x(r)dr.
0

This convolution takes into account that the nmth event may happen at a time 7 < t and no further event
is taking place during ¢t — 7 with survival probability #(?)(¢) where 0 < 7 < t. The distribution &™) (¢)
are dimensionless probabilities whereas the PDF's X(")(t) have physical dimension of sec™!. It is especially
instructive to consider all these convolution relations in the Laplace domain. We then obtain with (4) the
convolution relation

/ / (11) eS|t — ZTJ dry...dm, = {/OOO X(t)e—“dt}n 6

= (x(s)", n=0,1,2,...

where Y(?)(s) = 1 indeed recovers x(?)(t) = §(t) for n = 0. This relation also shows that the density of n
events x("(t) is normalized, namely

X" (8)]s=0 = 1 (7)
as a consequence of the normalization of the waiting time PDF x(¢). Now in view of (1) and (2) it is
straightforward to obtain the Laplace transforms

i =10 o= L) -

1= X(s)

(8)

V)

thus the Laplace transform of the probability distribution (5) for n events is given by
)

FM(5) = 30 (s)(i(s))" = LX)

— 6D n=0.1,2,... (9)

For a brief demonstration of further general properties of renewal processes it is convenient to introduce the
following generating function

v) = i o™ (M (1) (10)
n=0

and its Laplace transform?

G(s,v) = L{G(t,v)} = Y v"d"(s). (11)
n=0

2We denote f(s) = L{f(t)} the Laplace transform of f(¢) and by £7*{...} Laplace inversion, see Appendix A.1 for further
details.



Taking into account (9) together with the obvious property |x(s)| < |x(s = 0)| = 1 we get for (11) a geometric
series

_1-X(s) 1

s 1 —vx(s) (12)

6o, ) = L X S ()
n=0

converging for |v(x(s))| < 1, ie. for |[v] < I if s # 0 and |v| < I for s = 0. We directly observe in this
relation the normalization condition

LTG5, 0)|oeg} = L] {i} =G(t, 1) = i M (1) =1, t>0. (13)
n=0

The generating function is often useful for the explicit determination of the Q(”)(t), namely

= (14)

. 1 d"
(M (t) = — 3 G(tv)

where the Laplace transform of this relation recovers by accounting for (12) again the expression (9).
Of further interest is the expected number of events 7(t) that are taking place within the time interval

[0, t]. This quantity can be obtained from the relation
=1 {f@ } . 15
) (1= X(5) 19)

At) = nzo nd™ () = d%G(t, 0)

d -
—_pr—1) =
- =L {dv G(s,v)

2.1 POISSON PROCESS

Before we pass on to non-classical generalizations, it appears instructive to recall some properties of the
classical variant which is the ‘Poisson renewal process’ (compound Poisson process) [24]. In this process the
waiting time PDF has exponential form

xp(t) =& O(t), §>0 (16)

where ¢ is a characteristic constant with physical dimension sec™! where ¢! defines a characteristic time
scale in the process. With the Heaviside ©(t)-function we indicate here that (16) is a causal distribution®.
We see that (16) is a normalized PDF which has the Laplace transform

£
§+s

r(s) = 5/000 e~steEtas = (17)

where xp(s = 0) = 1 reflects normalization of waiting time PDF (16). Then we get straightforwardly the
failure and survival probabilities, respectively

Up(t)=1— et oW (1) =1 — Wp(t) = e . (18)

Also the generating function can be written down directly as

. 1 < (&o)m 1
Gp(s,v) = = R{s} > &, 19
M) = e L o grs e )
thus
Gp(t,v) = e €UV, (20)
By using (14) we obtain then for the probability of n events
My _ 14" e _ ()" e _
d = —— = =0,1 e > 21
P (t) n! dv”e =0 n! € ) n 07 ,2, ) t 0 ( )

3We often skip @(t) when there is no time derivative involved.



which is the Poisson distribution. Therefore the renewal process generated by an IID exponential waiting
time PDF (16) is referred to as Poisson renewal process or also compound Poisson process. This process is
the classical proto-example of renewal process [20, 24] (and see the references therein). We further mention
in view of Eq. (15) that the average number of events n(¢) taking place within [0, ] is obtained as

d d
fiy(t) = — Gp(t,v = — D8 — gy t>0. 22

p() dv P(a )vzl dv w1 €> = ( )
In a Poisson renewal process the expected number of arrivals increases linearly in time. The exponential decay
in the distributions related to the Poisson process make this process memoryless with the Markovian property
17, 20].

3 FRACTIONAL POISSON PROCESS

In anomalous diffusion one has for the average number of arrivals instead of the linear behavior (22) a power
law ~ % with 0 < 8 < 1 [5, 17, 18], among others. To describe such anomalous power-law behavior a
‘fractional generalization’ of the classical Poisson renewal process was introduced and analyzed by Laskin
[14, 15] and others [13, 20, 25]. The fractional Poisson renewal process can be defined by a waiting time PDF
with the Laplace transform

N

The fractional Poisson process introduces long-time memory effects with non-Markovian features. We will
come back to these issues later. The constant ¢ has here physical dimension sec™? defining a characteristic
time scale in the fractional Poisson process. For 8 = I the fractional Poisson process recovers the standard
Poisson process outlined in the previous section. The waiting time density of the fractional Poisson process

is then defined by
_ p—1 £ -5__ - 1
wi =Gt — o e i) (24)

In order to evaluate the inverse Laplace transform it useful to expand (1 4+ £s7%)~! into a geometric series

with respect to €577 which converges for s = ¢ + iw with o = R{s} > £7 for all w. Doing so we obtain

Z m€m+1£ 1{8 m+1)}’ 0<p<1, §R{S}>fé- (25)

Taking into account the inverse Laplace transform* £~ {s7#} = Q(t)% where > 0 (See also Appendix
A.1 for the discussion of some properties). We obtain then for (25) [14, 17, 20]

B—1 (=&thym
=&t ZFBerﬂ 0<B<1, t>0 "
26

= €19 By p(~1%) = (1 By(—€1?))

where in this relation we introduced the generalized Mittag-Leffler function Es(z) and the standard Mittag-
Leffler function Eg(z) defined in the Appendix A.1 by Egs. (99) and (100), respectively. The waiting time
PDF of the fractional Poisson process also is referred to as Mittag-Leffler density and was introduced first by
Hilfer and Anton [26]. It is now straightforward to obtain in the same way the survival probability for the
fractional Poisson process, namely (See also Eq. (8))

(0) 87 B
o) (1) = L {sﬁ 5} Eg(—£tP), 0<B<1 (27)
“In this relation in the sense of generalized functions we can include the value = 0 as as he limit lim,_ o+ —tﬁ(;; = 0(t) [23].
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The generating function (10) is then by accounting for (27) obtained as

sP—1
Gg(t, ’U) = [,71 {5(

HM} = Bg(—£(1 — v)tP), t>0. (28)

For v = 1 this relation takes G(¢,1) = O(t) = 1 (t > 0) and for § = 1 the Poisson exponential (20) is
recovered. The probability for n arrivals within [0, ¢] is then with relation (14) obtained as

1 4"

5 > _gtBym
()= LU gy )| = EE g ()

r'B(m+n)+1)’

0<pB<1. (29

U= m=0
This distribution is called the fractional Poisson distribution and is of utmost importance in fractional dy-
namics, generalizing the Poisson distribution (21) [14, 15]. For § = 1 the fractional Poisson distribution
(29) turns into the classical Poisson distribution (21). We directly confirm the normalization of the fractional
Poisson distribution by the relation

S o=~ -Det’)| = B((—1 + 1)et?) = By(0) = 1. (30)
n=0

— n! dv™ v=0

We notice that for 3 = 1 the Mittag-Leffler function becomes the exponential E;(—&t) = e~¢ thus the
distributions of the standard Poisson process of last section are then reproduced. It is worthy to consider
the distinct behavior of the fractional Poisson process for large observation times. To this end let us expand
Laplace transform (23) for |s| small which governs the asymptotic behavior for large times

B —1 oo 1
Xa(s) = (1 + S) =) (1)t =1 - 57 4L (31)
¢ 2 ¢
which yields as asymptotically for large observation times for 0 < 8 < 1, a > 0 fat-tailed behavior®
1 1
xs(t)m ——t P71 0<B<1, a>0, t— . (32)
’ Er(=p)

The fat-tailed behavior x(t) ~ t=#=1 is a characteristic power-law feature of the fractional Poisson renewal
process reflecting the non-locality in time that produces Laplace transform (31) within the fractional index
range 0 < 8 < 1. As a consequence of the fat-tailed behavior for 0 < 8 < I extremely long waiting times
occur thus the fractional Poisson process is non-Markovian exhibiting long-time memory effects [17, 20].

Further of interest is the power-law tail in the fractional Poisson distribution. We obtain this behavior by
considering the lowest power in their Laplace transform, namely

(teE)B

1
N2t _ 0<fB<1, n=01,..., tEF — oo.
I'(1-p)

1
The fractional Poisson distribution exhibits for large (dimensionless) observation times t£# — oo universal ¢~
power-law behavior independent of the arrival number n. We will come back subsequently to this important
issue.

®Note that —I'(—8) = 87 I'(1 — ) > 0.




4 GENERALIZATION OF THE FRACTIONAL POISSON PROCESS

In this section our aim is to develop a renewal process which is a generalization of the fractional Poisson
process of previous section. The waiting time PDF of this process has the Laplace transform

. £«
This process was first introduced by Cahoy and Polito [16]. We referred the renewal process defined by (34)
to as the generalized fractional Poisson process (GFPP) [17, 18]. The characteristic dimensional constant £ in
(34) has as in the fractional Poisson process physical dimension sec™? and defines a characteristic time scale.
The GFPP contains further two index parameters @ > 0 and 0 < < 1. The advantage of generalizations
such as the GFPP is that they offer a larger parameter space allowing to greater flexibility in adapting to
real-world situations. The GFPP recovers for « = 1, 0 < 8 < 1 the above described fractional Poisson
process and for « = 1, § = 1 the standard Poisson process and for 8 = 1, o > 0 the so called (generalized)
Erlang process where « is allowed to take positive integer or non-integer values [17]. The waiting time density
of the GFPP is then obtained as (See also Ref. [16])

o)

Xgalt) =5 (J)mmwz:nﬁmﬁ‘l{s‘ﬁ(“a)}, t>0, o=R{s}>E7, 0<B<1, a>0
m=0 ’

afBa— S m _gtb’m ayfa— «a
=gty (‘2! F((Bm +)a6) = P ES L 5(—EtP).
m=0

In this expression is introduced a generalization of the Mittag-Lefller function which was first described by
Prabhakar [27] and is defined by

TOESS (W)ﬂm F(a;m+ g Ra}> 0 R(}>0. el (36)

m=0

o

In the Prabhakar-Mittag-Leffler function (36) and in the expansion (35) we introduced the Pochhammer
symbol (¢),, which is defined as [28]

oo De+my ) m=0 37
(e)m I'(c) cle+1)...(c+m—1), m=12,... 0

Despite I'(c) is singular at ¢ = 0 the Pochhammer symbol can be defined also for ¢ = 0 by the limit
(0)p = limeyp4(¢)m = Omp which is also fulfilled by the right-hand side of (37). Then (c¢),, is defined
for all ¢ € C thus we have Egvb(z) = 1. The series (36) converges absolutely in the entire complex z-

plane. The Prabhakar-Mittag-Leffler function (36) and related problems were analyzed by several authors
[28, 29, 30, 31, 32].

In Figure 1(a) is drawn the waiting time PDF of Eq. (35) for a fixed value of &« = 2 and variable
in the admissible range 0 < g < 1. The waiting time PDF exhibits for ¢ small the power-law behavior

XB,a(t) = Ffjﬁ) t*#=1 (corresponding to the zero order in the expansion (35)) with two distinct regimes: For

af < 1 the waiting time PDF becomes singular at ¢ = 0 corresponding to ‘immediate’ arrivals of the first
event. For a8 = I the jump density takes the constant value x,-: o(t = 0) = {* whereas for a8 > 0 the
waiting time density xgo(t = 0) = 0 tends to zero as ¢ — ( where the waiting times become longer the
larger af3.

In Figure 1(b) we depict the behavior of the waiting time PDF for fixed § = 0.5 and 0 < o < 2 thus
af < 1. It can be seen that the smaller a8 the more narrowly the waiting time PDF is concentrated at small
t-values close to ¢t = 0. This behavior can also be identified in view of Laplace transform (34) which takes in
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Figure 1: The waiting time density density x.(t) as a function of ¢. We explore the results for (a) a = 2.0
for different values 0 < < 1 and (b) f = 0.5 for 0 < o < 2 (in each case, the parameters are codified in
the colorbar). Results were obtained numerically using £ = 1 and Egs. (35) and (36). We depict with dashed
lines the case when af = 1.

the limit o — 0 the value lima— Xg,a(s) = 1 thus xg04(t) = L71(1) = lima— F(gaﬁ) t*8=1 = §(t) exhibits
the shape of a Dirac d-distribution peak.

Now our goal is to determine the generalization of the fractional Poisson distribution (29) which is deter-
mined by Eq. (9) with (34), namely

o200 = £ {5 (4806 5 0)) | = £ {5 Ranal®) ~ Xpguenalo) o m=01200 (39)

no

g
(€+sﬂ)na 9
We then obtain for the probability for n arrivals within [0, ¢] the expression

where it is convenient to utilize X3 ,(s) = Xg,na(s) = i.e. to replace & — na in the expression (35).

ng(t) =gregne? (E (napt1)(— ¢tf) — §ataﬁE,én(+nlJ)rJ)aﬁ+1)( 'ftﬁ))- (39)

We refer this distribution to as the ‘generalized fractional Poisson distribution (GFPD)’ [17, 18]. This distri-
bution was also obtained by Cahoy and Polito [16]. For o = 1 and 0 < § < 1 the GFPP (39) recovers the
fractional Poisson distribution (29) and for a« = 1, § = I the standard Poisson distribution (21), and finally
for « > 0 and 8 = 1 the Erlang distribution [17, 18]. For applications in the dynamics in complex systems
the asymptotic properties of the GFPD are of interest. For small (dimensionless) times the GFPD behaves as

ds(n)(t) ~ (£1P8)ne

1
e —0,1,2,... 4
8\ Flag ¥ 1) 20 m=0,1% (40)

representing the lowest non-vanishing order in (39). It follows that the GFPD fulfills the initial condition

® t = (Sn s 41
,B,Oz( ) =0 0 ( )

reflecting that per construction at ¢ = 0 no event has arrived. Further of interest is the asymptotic behavior

for large (dimensionless) times t& é. To this end, let us expand the Laplace transform for small s — 0 in (38)
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Figure 2: Probability <I>(Bn) (t) as a function of ¢ for different n. (a) o = 0.5 and f = 0.5, (a) @ = 2.0 and

(0%
6 = 0.5. In the colorbar we represent n = 1,2,...,5. The values were obtained numerically using £ = 1 with

Eq. (38). The results for ¢ < 1 show the power-law relation @gn;(t) o 178 in Eq. (40).

up to the lowest non-vanishing order in % to arrive at
-B P
o\ (¢ %gﬁfl sP=1 :L(tfé) , téF —>o00, n=20,1,...,00 42
o~ GLHE T = 5 (42)

where this inverse power law holds universally for all « > 0 for 0 < 8 < 1 and is independent of the number
of arrivals n recovering the fractional Poisson distribution for o = 1 of Eq. (33). We notice that for large

1
(dimensionless) observation times an universal (t£7)~? power-law decay occurs which is independent of the
arrival number n where a occurs only as a scaling parameter in relation (42). We interpret this behavior

1
as quasi-ergodicity property, i.e. quasi-equal distribution of all ‘states’ n for t{# large [17]. The fractional
exponent —f further is independent of a thus the power-law is of the same type as in the fractional Poisson
process.

In the Figure 2(a) we have plotted the probabilities @én;(t) of Eq. (39) for fixed a and g for different arrival
(n)

numbers n. One can see that for large times the @B . (t) converge to the same universal behavior independent

of n which reflects the asymptotic power-law relation (42). On the other hand the asymptotic power-law
behavior for small ¢ is shown in Figure 2(b) (See also relation (40)). The decay to zero lim;_,¢ <ﬁ(no)é(t) )

b t:
(£tP)"™ — 0 (n > 0) becomes the more pronounced the larger n. This behavior also can be interpreted that
the higher n, the less likely are n arrivals to happen within a small time interval of observation.

The GFPP and the fractional Poisson process for large observation times exhibit the same power-law
asymptotic feature (See again asymptotic relation (42)). This behavior reflects the ‘asymptotic universality’
of the fractional Poisson dynamics, the latter was demonstrated in Ref. [33]. The inverse power-law decay
occurring for 0 < g < 1 with fat-tailed waiting time PDF indeed is the source of non-Markovian behavior
with long-time memory. In the entire admissible range 0 < 5 < 1 the waiting time PDF x4 ,(t) and survival

probability @ ’ o (t) maintain their good property of being completely monotonic functions, i.e. they fulfill

dn
(—1)"Wf(t)20, n=20,1,2,..., t> 0. (43)

5See Ref. [20] for a discussion of this issue for the fractional Poisson process.



An analysis of various aspects of completely monotonic functions is performed in our recent works [8, 34|, and
see the references therein.

5 CONTINUOUS-TIME RANDOM WALK ON NETWORKS

Having recalled above basic properties of renewal theory’ our goal is now to analyze stochastic motions on
undirected networks and lattices that are governed by the GFPP renewal process. To develop our model we
employ the continuous-time random walk (CTRW) approach by Montroll and Weiss [19] (and see also the
references [2, 21, 22]). In the present section our aim is to develop a CTRW model for undirected networks
in order to apply the theory to infinite d-dimensional integer lattices Z¢.

We consider an undirected connected network with N nodes which we denote with p = 1,..., N. The
topology of the network is described by the positive-semidefinite N x N Laplacian matrix which is defined by
[8, 12, 36, 37, 38, 39, 40]

Lpq = Kpdpq — Apg (44)

where A = (A,,) denotes the adjacency matrix having elements A,, = 1 if a pair pg of nodes is connected
and Ap,, = 0 if a pair pq is disconnected. Further we forbid that nodes are connected with themselves thus
App, = 0. In an undirected network adjacency and Laplacian matrices are symmetric. The diagonal elements
L,, = K, of the Laplacian matrix are referred to as the degrees of the nodes p counting the number of

neighbor nodes of a node p with K, = Zév: ; Apg. In order to relate the network topology with random walk
features we introduce the one-step transition matrix W = (W,,,) which is defined by [8, 12]

1 1

Wpe = prq = 5pq T K
p P

Lipg. (45)
Generally, the transition matrix is non-symmetric for networks with variable degrees K; # K (i # j). The
one-step transition matrix W), defines the conditional probability that a random walker which is on node p

jumps in one step to node ¢ where in one step only neighbor nodes with equal probability I%, can be reached.

We see in definition (45) that the one-step transition matrix Zf]\]: s Wpg =1 and 0 < Wy, < 1 and also the
n-step transition matrices W™ are (row-)stochastic [8].

Now let us assume that each step of the walker from one to another node is associated with a jump event
or arrival in a CTRW with identical transition probability (W,,) for a step from node p to node ¢q. We
assume the random walker performs IID random steps at random times 0 < t;,%2,...%,,...,00 in a renewal
process with IID waiting times At; where the observation starts at ¢ = 0. To this end let us recall some basic
relations holding generally, and then we specify the renewal process to be a GFPP.

Introducing the transition matrix P(¢) = (P;;(¢)) indicating the probability to find the walker at time ¢
on node j under the condition that the walker at ¢ = 0 initially was sitting at node i, we can write [35, 41]

P(t) =P(0) i M (HyW" (46)
n=0

where we assume here a general initial condition P(t)[;=p = P(0) which is fulfilled by accounting for the
initial conditions @™ (t);—g = 8,9. In this series the ¢(")(t) indicate the probabilities of n (jump-) events
in the renewal process, i.e. the probability that the walker performs n steps within [0, t] (See Eq. (5)),
and (W"); indicates the probability that the walker in n jumps moves from the initial node ¢ to node
j. We observe in view of relation (13) together with ZJN: (W™);; = 1 that the normalization condition
ZJN: L Pi(t) =307, (M) (t) = 1 is fulfilled. The convergence of series (46) can be easily proved by using
that W has uniquely eigenvalues |\,,| < 1 and with |x(s)| < 1 [8, 17]. Let us assume that at ¢t = 0 the
walker is sitting on departure node 4 thus the initial condition is given by Py;(0) = (d;), then the Laplace
transform of (46) writes [17]

B(s) = XD 1wy (47)

"For further details on renewal theory, see e.g. [35].
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where P(s) has the eigenvalues [17]
; _ (I =X()) 1
) = T o)

The A, indicate the eigenvalues of the one-step transition matrix W. This expression is the celebrated
Montroll-Weiss formula [19] and occurs in various contexts of physics.

m=1,...,N. (48)

6 GENERALIZED SPACE-TIME FRACTIONAL DIFFUSION IN Z¢

In this section our aim is to develop a CTRW which is a random walk subordinated to a GFPP. For the random
walk on the network we allow long-range jumps which can be described when we replace the Laplacian matrix
by its fractional power in the one-step transition matrix (45). In this way, the walker cannot only jump to
connected neighbor nodes, but also to far distant nodes in the network [5, 6, 8, 34, 36, 37, 38, 39, 42, 43]. The
model to be developed in this section involves both space- and time-fractional calculus. As an example we
consider the infinite d-dimensional integer lattice Z?. The lattice points p = (py, ..., pa) (pj € Zy) represent
the nodes where we assume each node is connected to any of its 2d neighbor nodes. The Z? is an infinite
cubic primitive d-dimensional lattice with lattice-constant one. In this network any node has identical degree
2d. The one-step transition matrix with the elements W) (p — q) has then the canonic representation [8, 38]

W (p—q) = (er)d /: dk;- - /7; dkge™ P~ \(1) (k) (49)
with the eigenvalues
1w .
AW (k) =1 — o (), (k) = 2d - 2 z;cos(kj), 0<pu<2 (50)
j=
where k = (k;,...,kq) denotes the wave-vector with —m < k; < 7. One can show that the fractional index

w is restricted to the interval 0 < pu < 2 as a requirement for stochasticity of the one-step transition matrix
8, 34, 38]. In (50) the constant K(*) can be conceived as a fractional generalization of the degree and is given
by the trace of the fractional power of Laplacian matrix, namely [8, 34]

N
1 » 1 “
K = Ntr(LZ) =N m§1(77m)2 (51)

where 7, denote the eigenvalues of the Laplacian matrix (44) and in an infinite network the sum in (51) has
to be performed in the limit N — oco. In the Z¢ the fractional degree with Eq. (51) is then determined from
[8, 34] , ﬂ _ )
K0 — o [k [ kot (52
(27T>d —T —T

with the eigenvalues given in Eq. (50). It is necessary to account for the fractional degree since it plays the
role of a normalization factor in the one-step transition matrix (See Eq. (45)).

For the present analysis it is sufficient to consider K as a (positive) constant where for 4 = 2 recovers
KW=2) = 24 the degree of any node. The transition matrix (46) is then determined by its Laplace transform
(47) which writes in the Z? as

~ (1 . )Z(S)) 1 T ™ 5 eik'(p—Q)
Pp—a0) = [ b [ kP80 g 9

where P(k, 0) indicates the Fourier transform of the initial condition which has the Fourier representation

1 ™ ™ . B
PW(p—q,t=0)=Py(p—q)= L / dk;- - / dkgeP=D Pk, 0). (54)

—Tr —T
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In order to analyze the diffusive limit of (53), i.e. its long-wave approximation it will be sufficient to account
for the eigenvalues (50) for k — 0 (where k = |k|). Then we have with 5% (k) A~ k¥ the behavior
1

W (k) ~ 7 — iz
A (k) 1 = sk, 0<pu<2 k=0 (55)

These equations hold so far for space-fractional walks for an arbitrary renewal process with waiting time PDF

x(t) = L7H{x(s)}-
Now let us consider a space-fractional walk subordinated to a GFPP with x(s) = X3,a(s) of Eq. (34).

We denote the corresponding transition matrix of this stochastic motion as P/(gu ;(t) which contains three

index parameters 0 < p < 2, 0 < 8 < 1 and a > 0 and one time scale parameter ¢ (of units sec™?).
In order to derive the generalized space-time fractional diffusion equation it is convenient to proceed in the

Fourier-Laplace domain. The Fourier-Laplace transform of the Pé” L(t) is then with Eq. (53) given by the
Montroll-Weiss equation

= (1) 5 (1 - )Z,&oc(s))
s (ky8) = Pl 0) = o m)

~ P(k,0) i k=0 (57)

X ,a(s) kH ’
(1 + o) ;cm)

containing also the Fourier transform P(k, 0) of the initial condition (54). The exact equation (56) can be
rewritten as

o % N N N a _ (B o
S 50 (1, 5) = (57 4 )Pk, ) — €7 PPk, 5) + £ HE

K P(k,0), k€l[-mn]. (58)

S

Transforming back this equation into the causal time domain and by using Eqs. (54) and (53) yields the
generalized time-fractional matrix equation

@ B
SLE P () = DP P ) — R0 + Py {0 - K0, 120 (59)
which we refer to as ‘generalized space-time fractional Kolmogorov-Feller equation” where 0 < p < 2 with
0 < < 1 and a > 0. This equation was obtained and analyzed recently for normal walks (u = 2)
subordinated to a GFPP [17, 18]. Equations of the type (59) generally describe the generalized space-
time fractional diffusion on undirected networks connecting the network topology (contained in Laplacian
matrix L) with the GFPP-governed stochastic motion on the network. We used notation L% which denotes

(1)

the fractional power of Laplacian matrix L, and P(g a)(t) the transition matrix with the initial condition
ng)a)(t = 0) = Py where all these matrices are defined in Z¢. Since the Z? is an infinite network, these are
symmetric and circulant co X oo matrices with elements L (p — q), P((g )a) (p—q,t),Py(p — q), respectively,

where p,q € Z%. In Eq. (59) we have introduced the causal convolution operator ng “ and the causal
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function K 5(0a(t) which were obtained in explicit forms [17, 18]

dlesl
Bapy — p=1 [ (B L eyl _ B.a
D) = £ {7 + )} = T (B(d )
[af] aB]—Ba— oo al &sym
(s :ﬂalﬂ (Q(t)t[ Al=Ba-1 Zm:o (a—m')!m! F(ﬁm&-[o?,@]—ﬂa)) ) CKB ¢ N
d 6%
_ By (1 _ _
L st)+ e , af €N
dtes dt = (a—m)m! I'(mB+ 1)
[aB] oB]—Ba—
e (BP0 IE 5 (fag1-ap) (€1)),  aB¢N
L5 (3(t) + O(t) L Eapa(t?),  aBeN.

(60)
In these expressions we introduced the ceiling function [v] indicating the smallest integer greater or equal to

7y and the function E.,p(2) = E_;(—2) where Ey,(¢) indicating the Prabhakar-Mittag-Leffler function (36).

The operator on ** acts on a causal distribution P(t) such as in Eq. (59) in the following way

5 dleBl  rt B
0Dy -P(t):W ] d”*(t — 7)P(7)dr. (61)

The function K B(Ooz(t) of equation (59) was obtained as

Ot~ *PE, 51_ap(€t?), 0<af<l1
o dleBl—1 o
Kﬁ(@(t) _ o1 {(55 +f) } _ 7{11‘,[0‘51*1 (Q(t)tﬁ!m Ba IEa,ﬂ,([aﬁ]—aﬂ)(‘ft'B)) aB>1, aBf¢N
’ S
d*r~1 d 5
Jop—1 (5(t) + @(t)EEaﬁ,l(ft )) , aB>1¢eN.

(62)
Equation (59) governs the ‘microscopic’ stochastic motions of the space fractional walk subordinated to a
GFPP.

7 DIFFUSION-LIMIT

Our goal now is to determine the ‘diffusion-limit’ of above stochastic motion to obtain a ‘macroscopic picture’
on spatial scales large compared to the lattice constant I of the Z?. To this end it is sufficient to consider
Montroll-Weiss equation (56) for k small. Then Eq. (58) can be rewritten as

ERF = () 8 5 (1) o 51 £ — (s° + )"
R B 5) ~ (57 4 ) P ) — € DY) 4 £ T

Pk, 0), k—0. (63)
In order to derive the ‘diffusive limit’ which corresponds to the space-time representation of this equation, it

appears instructive to consider the long-wave contribution of some kernels such as the fractional power of the
Laplacian matrix in Z?. The fractional Laplacian matrix in Z¢ has the canonic form 8, 38]

1 ™ ™ .
[L2]pq = (Qﬂ)d/ d/fz"'/ dkge™ Pt (k), 0<p<2 (64)

where (k) are the eigenvalues of the Laplacian matrix in Z¢ defined by Eq. (50). Let us consider the
contribution generated by small £ — 0 by integrating over a small d-cube |k;| < k. < 1 around the origin
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(corresponding to very large wave-lengths), namely

L/% 1 /kc dk /kc dk ik-(p—q),. & k)
[ ]P—q (gﬂ)d k 1 “k, € n (

(65)

(’Qﬁ)d —Wh_% —7h™ 2

ha Wh_% B ﬂ‘h_é - o
= / dkl---/ | dkge™PDhp5 (k).
In the second line we have introduced a new wave vector k with k; = k;h < k. with k.(h) = 7h% — 0 small
th_us 0 < |15j] < Th™% = oo (where any exponent 0 < § < 1 could be used with ]IEj| < 7h™% = oo and
hkj < wh!=% — 0). In this way the integral (65) (rescaled h~¢) over small k becomes an integral over the
complete infinite k-space where in this integration k = kh is small. Hence (n(hk))? ~ htkH < Tih% < 1
remains valid in the entire region of integration in (65)s. Introducing the rescaled quasi-continuous very slowly
varying ‘macroscopic’ coordinates (p —q)h =r —1' € hZ® of the nodes we arrive at®
1 a1 * o R ik-(r—r') 7. +d L od /
L' ?]p_q = h* i dk;--- dkge kt = hHTE(—A)20%r —1'). (66)
(2m)% J oo o0

The new macroscopic coordinates r = hp,r’ = hq € R% are non-zero only for very large values of the integer
values p; ~ h=1 > 1, ¢;h~! > 1,i.e. the representation (66) captures the far-field contribution |p —q| > 1.

In Eq. (66) A = Z;l: 1 % denotes the standard Laplacian with respect to the macroscopic coordinates r. The

Fourier integral coincides up to the sign with the kernel of the Riesz fractional derivative —(—A)%é d(r —1')
of the R? (which has the eigenvalues —k~* and also is referred to as fractional Laplacian recovering for u = 2
the standard Laplacian A) [8]. It follows that Eq. (63) can be transformed into the spatial (long-wave-)
representation by

PW(p—q,t) ~h*"PW(h(p - q),1), h—0 (67)

where we denote h(p —q) =r —r' € Z%h — R%. The smooth field P (r — r’, t) introduced in asymptotic

relation (67) indicates the macroscopic transition probability density kernel having physical units cm=¢. By
"

using Eqs. (53)-(56) and A\ (hk) ~ 1 — }":(—’f:) we arrive at

_q 0 0 _ D(hlL
PO )2 dky ... [ dkge™ ) P(hk,0) (68)
(2m)d J_o oo (1 + Mh"k”>
T—Xp.a(s) KW

where the integration limits here can be thought to be generated by a limiting process 4+ limj_,¢ Th™% — +o0

in the same way as in integral (65) thus only small hk < 7h% in the integrand of (68) are relevant. Then let
us rewrite Eq. (63) in the Fourier-Laplace domain in the form

R 5 0 E o ~ SN ] r oy o PRE,0) s\ °
_K(M)PM(M,S)N[(Hg — 1| Pk + = (1) | b0 (69)

We observe that h — 0 makes left-hand side converging to zero (as within the integration limits of integral

(65) k* = hFEF < mth*2 — 0, ie. only small k = hk are captured). In order to maintain the equality
requires on the right-hand side of Eq. (69) £ — oo thus we can expand (1 + %)a ~ 1+ %36 and obtain

hPEF - _ . _ .
CSIRE 500 (e sy~ PP (L s) — Bk, 0)sP . 70
()~ B Ba
a 9 bl

8This picture corresponds to the introduction of a lattice constant h — 0.
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The existence of the diffusive limit requires the left-hand side of this equation to remain finite, i.e. £h* = const
when h — 0. It follows that & then scales as & ~ h™* leading to the new generalized diffusion constant

ght

A= k)

> 0, a>0, 0<u<?2, (71)

having physical dimension cm*sec™?. We obtain hence the universal diffusion-limit in the form of a space-time

fractional diffusion equation of the form

——
I'(1-p)

NS

—A(=4)% P (r 1) =g D - PY)(r, 1) — P(r 0<B<1. (72)

In this equation OD{? -(...) denotes the Riemann-Liouville fractional derivative of order 3 (See Appendix A.1,

Eq. (104)), and — (—A)% indicates the Riesz-fractional derivative convolution operator (fractional Laplacian)
in the d-dimensional infinite space®. The diffusion limit Eq. (72) is coinciding with a space-time fractional
diffusion equation given by several authors [3, 6] in various contexts (among others). This equation is of the
same type as the equation that occurs in the purely fractional Poisson process, i.e. for a = 1. We notice in
view of the diffusion constant (71) that index « appears in Eq. (72) only as a scaling parameter. The universal
space-time fractional behavior of the diffusive limit reflects the asymptotic universality of the Mittag-Lefler
waiting time PDF which was demonstrated by Gorenflo and Mainardi [33]. We emphasize the non-Markovian
characteristics of this time fractional diffusion process in the range 0 < 8 < 1, i.e. when the waiting time
PDF is fat-tailed. The non-markovianity is reflected by the occurrence of the slowly decaying memory term
~Po() =g,

Let us briefly consider the case when the walker at ¢ = 0 is in the origin. The initial condition then is
given by Py(r) = §%(r) and from Eqgs. (70)-(72) follows that

in Eq. (72) exhibiting a long-time memory of the initial condition P”@(r, t=10)= Py(r).

5(0) (1 71
5ok, s) = YT (73)
In view of Eq. (27) we obtain for the causal Fourier-time domain the solution
PY (hk,t) = £ {Sﬁ_l} = O(t)Es(—AKMtP), 0<pB<1 (74)
Byt AkH + sP b ’ -

where E3(z) denotes the Mittag-Leffler function defined in Eq. (100) and for later convenience we included
the Heaviside-step function ©(t). In the space-time domain the transition probability kernel is given by the
Fourier inversion

_é’fa(r, t) = (27(3)0[ / dkz-'-/ Czkdeilz'rEB(_J‘U%Mtﬂ) (75)

where by accounting for Eg(0) = 1 the initial condition Pé“ c)y(r, 0) = 6%(r) is directly confirmed. For 0 <

B < 1 the Mittag-Leffler function exhibits for Ak#t? > 1 inverse power-law behavior, namely
=8

Ir'(1-p5)

In the limit 8 — 1 —0 Eq. (72) with Py(r) = §%(r) takes for 0 < u < 2 the form of a standard space-fractional
Lévy flight diffusion equation®®

PY) (hkyt) m £ {A‘1 fhgh—1 } = A (76)

—A(-4)% P

() = ;P(’“ (r,t) — 6%(r)5(t) (77)

(1,2)

9For explicit representations and evaluations, see e.g. [8].
19See also Laplace transform (73) for 8 = 1 and Appendix A.1.
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where 0 < p < 2 is admissible. This walk is Markovian and hence memoryless due to the immediate
vanishing of the memory term —&(®(r)d(t) for t > 0. For u = 2 this equation recovers Fick’s second
law of normal diffusion. For § = 1 the Mittag-Leffler function in (74) turns into the form of exponential

E;(—AkFt) = e~A¥"t thus the Fourier integral (75) becomes

p(u)

Qt oo _ o _ 1. L. b
GUE () / dkj.'-/ dkge™ e "t 9 < < 2, (78)

(2m)? J oo o0
One directly confirms that (78) solves (77)!! and is indeed the well-known expression for a symmetric Lévy
distribution in R? [5, 6, 8] (and many others). Further mention worthy is the case 3 = 1 and p = 2 for
which Eq. (77) recovers the form of a normal diffusion equation (Fick’s second law) where (78) turns into the
Gaussian distribution )
e_ﬁ

(4mAL)%

which indeed is the well-known causal solution of Fick’s second law in R?.

P (. t) = O(1) (79)

(

8 CONCLUSIONS

We developed a Montroll-Weiss CTRW model for space-fractional walks subordinated to a generalization of
Laskin’s fractional Poisson process, i.e. the fractional (long-range) jumps are performed with waiting time
PDF according to a ‘generalized fractional Poisson process’ (GFPP). We obtained a space-time fractional
diffusion equation by defining a ‘well-scaled’ diffusion limit in the infinite d-dimensional integer lattice Z¢
with a combined rescaling of space- and time-scales. The index v > 0 of the GFPP appears in this space-time
fractional diffusion equation only as a scaling parameter. This diffusion equation is of the same type as for
a = 1 when the GFPP coincides with the pure Laskin’s fractional Poisson process and exhibits for 0 < 5 < 1
non-Markovian features (long-time memory), and for 5 = 1 becomes a Markovian memoryless (Lévy-flight)
diffusion equation of standard Poisson.

The GFPP contains three parameters, two index parameters 0 < 8 < 1 and a > I and parameter £
defining a time scale. In the admissible range 0 < 8 < 1, the waiting time PDF and the survival probability
maintain their good properties of complete monotony. For « = 1 and 0 < 8 < I the equations of Laskin’s
fractional Poisson process and for « = 1, 8 = 1 the classical equations of the standard Poisson process are
recovered, respectively. Some of the discussed results were obtained in recent papers [17, 18]. Generalizations
of fractional diffusion as analyzed in the present paper are interesting models for a better understanding of
the stochastic dynamics in complex systems. Since these models offer more parameters they are susceptible
to be adopted to describe real-world situations.

A APPENDIX

A.1 LAPLACE TRANSFORMS AND FRACTIONAL OPERATORS

Here we derive briefly some basic mathematical apparatus used in the paper in the context of causal func-
tions and distributions involving fractional operators and Heaviside-calculus. All functions and distributions
considered are to be conceived as generalized functions and distributions in the Gelfand-Shilov sense [23]. Let
us first introduce the Heaviside step-function

1 t>0
o(t) = (80)
0, t<0.

""Where we take into account with 6(t) = 24 O(t) that % (O(t)f(t)) = 6(t)f(0)+O(t) L f(t), and further properties are outlined
in the Appendix A.1.
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A function is causal if it has the form ©(¢)f(¢), i.e. is null for ¢ < 0 and non-vanishing only for non-negative
times ¢. We introduce the Laplace transform of ©(¢)f(t) by

F(s) = LU (1)) _/ =L O(1)f ()t _/ f)etdt, 5= o+ iw (81)
—o0 0
with suitably chosen o > 0 in order to guarantee convergence of (81). In view of the fact that (81) can be

read as Fourier transform of the causal function e~ f(¢)©(t) it is straightforward to see that the Laplace
inversion corresponds to the representation of this function as Fourier integral namely

1 oo
e~ (1)O(1) = 2/ e F (o + i) duw (82)
T — 00
which can be rewritten as
F(H)6(t) = W/OO o+ i = [ et F(s)ds (83)
o 277 — 50 g o 271"1/ —ioo ’

Sometimes when there is no time derivative involved we skip the Heaviside ©(t)-function implying that all
expressions are written for ¢ > 0. Then we mention that

6(f()= [ (e~ ne(nrr (51)
and introduce the shift operator e i acting on a function g(t) as e " g(¢) = g(t — ) thus
e TES(t) = 5(t — 7). (85)
Substituting this relation into (84) yields
orn)={ [ ertomsmar} o= e =7 (%) o (56)

where the operator f (%) is related with the Laplace transform (81) by replacing s — %. Eq. (86) is the oper-
ator representation of the causal function ©(t)f(t). A convolution of two causal functions @(t)f(t), g(t)O(t)
then can be represented by

/ - near= | b - e e mndn, 10

( I e—ﬁft@vnf(f)dﬁ) < I e‘”ft@(ﬁ)f(f)dﬁ) (1) 57

—00 —00

= et aeien =7 () a () sw=a(5) 7 (5) o0

where it has been used 8(t —7; —79) = e~ (™! ‘”2)%5(15). We observe that in (86) and (87) the Laplace variable
is replaced s — % in the causal time domain. By considering f(t)O(t) = f(t)©(t)e~* we observe that

F()e(t)e M= {/_Z e—T@%)f(T)@(T)dT} s(ty=f (A + d> 5(t) (88)

dt

where f(s) = L{f(t)}. We are especially dealing with normalized (probability-) distributions
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F(s = 0) ——/@ (39)

A very important consequence of relations (86) and (87) is that they can be used to solve differential equations
and to determine causal Green’s functions. As a simple example consider the trivial algebraic equation in the
Laplace domain

£

(s +¢) G519 =¢, £>0 (90)

takes with £71 {s + &} = dt + ¢ and L™ { Tl = O(t)ée ¢ where on the right-hand side is used that

L71{1} = (¢). In the causal time domain (90) then gives the representation

\ J +

( 2 +£) (¢o(re <) = eo(r), (1)

result which is straightforwardly confirmed, i.e. the normalized causal Green’s function of % + £ is directly

obtained as (4 + ¢)71£6(t) = O(t)éeS" where it is important that the ©(t)-function is taken into account
in the Laplace inversion.

A less trivial example is obtained when considering fractional powers of operators. For instance let us
consider in the Laplace domain the equation

3
(87 +6)

B
{(jt) +5} O(1)95.(t) = €0(1) (98)

where the fractional derivative (%) is determined subsequently. The causal Green’s function ©(t)gge(t) is

obtained from the Laplace inversion

(5" +¢) =, £>0, 0<B<1 (92)

which writes in the time domain

- £
me) = { 5. (94
The inversion is performed directly when taking into account
§ - = n .—B(n 1
g~ e TEL ST o=t o 9

1
where 0 = R{s} > {5 guarantees convergence of this geometric series Vw = J{s}, i.e. for the entire interval
of integration of the corresponding Laplace inversion integral (88). On the other hand we have

—1
sﬂzc{@(t)jf(u)}, L>0, 0>0, (96)

where we use the notation I'(§ + 1) = ¢! for the Gamma-function. We then arrive at

6lt)gnelt) = £ { 5}

&0 tnﬁ+ﬁ71

n+1 —B(n+1) - n+1
Z ettt {s f=oW -0 s

n=0 n=0
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with ,
e B—1 — (=& 1 i
9p.e(t) =&t véoFMﬂ+ﬂ)_gt g p(—€t7). (98)

Here we have introduced the generalized Mittag-Leffler function, e.g. [4, 30, 44]

n

> 2
Eg(2) = ;F(ﬂn—l-’y)’ B,y>0, z€C (99)

It follows that ¢ is a dimensional constant having units sec™ so that (98) has physical dimension of sec™! of
a density. The result (98) also is referred to as Mittag-Leffler density and represents the waiting time density
of Eq. (26) of the fractional Poisson renewal process introduced by Laskin [14]. Generally Mittag-Leffler type
functions play a major role in time fractional dynamics. We further often use the Mittag-Leffler function
which is defined as, e.g. [4, 30, 44]

oo z”

where with (99) we have Eg(z) = Ep ;(2). The Mittag-Leffler function has the important property that for
B =1 it recovers the exponential F;(z) = e*.

Riemann-Liouville fractional integral and derivative

Now let us derive the kernel of the fractional power of time-derivative operator of Eq. (93) where we consider
now exponents v > (. This kernel is then obtained with above introduced methods in the following short way

d\ M1 d\7~ 11
L7y = £ {sIgr=Ty = ¢ot <U+dt> <U+dt> (1), v>0,v¢N
_ ot a " /OO dw ot V=171
=e <O‘ + o N o+ iw) (101)

d\ Ml t1=r—1 dl tl=—1
= ¢! <a + ) e 7t O(t) = Ot)————|.

dt (I =y=D]  dthl L([y] =)
Here we introduced the ceiling function [+] indicating the smallest integer greater or equal to v. In this way
the Fourier integral in the second line is integrable around w = 0 Vo > 0 since v — [y] > —1. We then obtain
for the Laplace inversion
1
I'(y)’

as a fractional generalization of integration operator. This kernel indeed can be identified with the kernel of
the Riemann-Liouville fractional integral operator of order v [45, 46, 47] which recovers for v € N the multiple
integer order integrations.

On the other hand the kernel (101) with explicit representation in (101)3 can be conceived as the ‘fractional

derivative’ operator (4)7. The fractional derivative acts on causal functions O(¢)f(t) as

L7} = 0(1) ¥ >0 (102)

15y .. dlhl oo (t —7)1==1
L7} F()O(t) =0 D/ () = — 7 . Q(t—f)m f(r)O(t)dr,
v >0 (103)

1 all ot

(T =y e J, 6= D7

OD?f(t) =
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We identify in the last line this operator with the Riemann-Liouville fractional derivative [45, 46, 47] which
recovers for v € N integer-order standard derivatives. We emphasize that (101) requires causality, i.e. a
distribution of the form f(¢)©(¢) thus the Laplace transform captures the entire non-zero contributions of
the causal distribution. In the diffusion equation (72) the Riemann-Liouville fractional derivative is of order
0 < B < 1 with [f] = 1. In this case (103) then yields has representation

1 d

t
JDEF(t) = F(I—B)dt/o (t—1)Bf(r)dr,  0<B<1, t>0. (104)
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