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Abstract

We analyze time-discrete and continuous ‘fractional’ random walks on undirected regular networks with
special focus on cubic periodic lattices in n = 1,2, 3, .. dimensions. The fractional random walk dynamics is
governed by a master equation involving fractional powers of Laplacian matrices LZ where o = 2 recovers
the normal walk. First we demonstrate that the interval 0 < o < 2 is admissible for the fractional
random walk. We derive analytical expressions for fractional transition matrix and closely related the
average return probabilities. We further obtain the fundamental matrix Z(®), and the mean relaxation
time (Kemeny constant) for the fractional random walk. The representation for the fundamental matrix

Z(®) relates fractional random walks with normal random walks. We show that the fractional transition
matrix elements exihibit for large cubic n-dimensional lattices a power law decay of an n-dimensional infinite
space Riesz fractional derivative type indicating emergence of Lévy flights. As a further footprint of Lévy
flights in the n-dimensional space, the fractional transition matrix and fractional return probabilities are
dominated for large times ¢ by slowly relaxing long-wave modes leading to a characteristic t~&-decay. It can
be concluded that, due to long range moves of fractional random walk, a small world property is emerging
increasing the efficiency to explore the lattice when instead of a normal random walk a fractional random
walk is chosen.

1 Introduction

The study of dynamical processes on networks has become a huge interdisciplinary research area during
the last decade [24]. The characteristic features of many natural systems such as biological, social and
computer systems (the world wide web) [39], and last but not least the molecular structure of materials can
be described as complex networks [25]. There is a huge amount of works addressing the random motions
on networks and many models have been developed to capture the structural features of random motions on
networks [10, 87, [39]. In order to analyze dynamical processes on networks, it has been demonstrated that
random walks are a highly useful concept to describe problems such as of exploration, search, navigation and
propagation of information on networks [3]. Whereas normal random walks with emerging Brownian motions
have been widely used to describe the dynamics on networks, e.g. [25 89, [7], and many others, it has turned
out that many processes associated with long-range jumps on the network, cannot be properly described by
normal random walks allowing in a time-step only moves to connected nodes. Many complex phenomena such
as anomalous transport phenomena with long-range jumps in diffusion processes indeed cannot be described
by Brownian motions. However, their power-law long-range jump characteristics can be described by Lévy
motions [6 4] in the framework of Lévy statistics where such stochastic processes include long-range moves
and are in many cases described by continuous space fractional operators [15] [16]. Further diffusion processes
have been analyzed governed by a time-fractional Fokker Planck equation [2].

The fractional calculus in the continuous space has become a standard tool to describe a large ensemble
of interdisciplinary problems of complex behavior involving effects due to spatial long-range interactions. A
prominent example is for instance the development of fractional quantum mechanics by Laskin [12]. Depending
on the functional spaces where these fractional operators are defined we find various definitions of fractional
operators in the continuous space in the literature [9, [15 32, B3], B34]. Whereas these fractional operators
are obtained as convolutional integrals in a continuous space, the fractional calculus on discrete networks
and lattices is less developed. An approach to define fractional differential operators on lattices is suggested
by Tarasov [36]. Beside the applications on diffusion problems on the lattice, the importance of fractional
lattice models appears also for a description of fractional lattice vibrational phenomena, a generalization of
crystal lattice dynamics. Some initial steps towards such a fractional generalization generalization of nonlinear
classical lattice dynamics has been introduced by Laskin and Zaslavsky [13]. In a lattice dynamics model which
defines by Hamilton’s variational principle the ‘Laplacian matrix’ which contains all constitutive information
of the harmonic interparticle interactions, it is therefore desirable to develop a ‘fractional generalization’ of
the existing lattice dynamics approach [20] 21].

In the context of Markovian processes on networks, the concept of ‘fractional random walk on undirected
networks’ generalizing the ‘normal random walk’ was recently introduced by Riascos and Mateos [27] 28 [29]
30]. In contrast to the normal random walk where the walker can reach in one time-step only connected nodes,
the fractional random walker is allowed to reach in one time-step any node in a connected network introducing
a small world property to the network [28, [29]. It was found for different type of complex networks numerically,
and for the cyclic ring explicitly, that the efficiency to navigate on networks is increased when the fractional



random walk is chosen instead of a normal walk. Moreover, the power law decay of the fractional Laplacian
matrix on sufficiently large 1D cyclic rings (periodic one-dimensional lattices) indicates in the context of
fractional diffusion the emergence of Lévy flights, [28], 29] and see also the analysis in [20].

Inspired by the above findings where the fractional generalization of a network Laplacian matrix intro-
duces a small world property to large world networks, the fractional random walk dynamics opens a huge
new interdisciplinary field which merits further studies. It is now highly desirable to better understand the
mechanism of ‘fast fractional navigation’ in a network. There is a huge potential of applications in interdisci-
plinary research areas as various as search strategies on computer networks such as the world wide web, the
propagation of information in societies, the spread of pandemic diseases, of cancer cells in the body, etc.

The goal of the present paper is to derive a theoretical framework to describe fractional random walk dy-
namics on undirected regular networks with main focus on n-dimensional cubic periodic and infinite lattices.
The advantage of these regular network systems is that they accessible to an explicit spectral analysis as the
eigenspace is terms of Bloch-vectors is explicitly available. In the present paper the fractional random walk
versus normal random walk is analyzed by means of a fractional generalization of master equation. For the
sake of simplicity and analytical accessibility, we confine us in the present paper on rather simple species of
regular undirected networks with constant degree for all nodes with special focus on n-dimensional periodic
cubic lattices. In the n-dimensional cubic lattice we assume only next neighbor node connections, i.e. in any
physical dimension j = 1,..,n each node has two connected neighbor nodes. Thus the degree of all nodes is
identically equal to 2n. Further we assume that the cubic lattice is periodic in any spatial dimension j = 1,..,n
where the spatial dimension n = 1,2,3,4,.. € N. Despite of these restrictions, many derivations of this paper
can be easily generalized to more complex undirected networks.

The present paper is organized as follows. In subsequent section [2] we define a ‘good’, physically admissible
fractional Laplacian matrix for undirected regular and n-dimensional cubic networks. The fractional Laplacian
matrix is generated by a power law matrix function of a ‘simple’ Laplacian matrix involving only next neighbor
node connections. In section [3|we evoke briefly some general basic features of time-discrete and time-continuous
random walks on regular undirected networks in the framework of Markovian process which we will need for
the analysis of fractional random walks.

To define the ‘fractional random walk’ a ‘fractional master equation’ involving a fractional Laplacian
matrix L2 as generator matrix for the time evolution is introduced (section 4). The fractional random walk
contains for & = 2 the normal random walk. We show explicitly (see appendix) that fractional random
walk approach is admissible in the interval 0 < a < 2. We derive expressions for the transition matrix
and average return probabilities. We show that the fractional transition matrix elements exhibit for large
cubic n-dimensional lattices a power law decay of an n-dimensional infinite space Riesz fractional derivative
type indicating emergence of Lévy flights. As a further footprint of Lévy flights in the n-dimensional space,
the fractional transition matrix and fractional return probabilities are dominated for large times ¢ by slowly
relaxing long-wave modes modes leading to a characteristic ¢~ a-decay (sections 4.1 and 4.2). The asymptotic
expressions further recover known results for normal and fractional random walk on the 1D cyclic ring [28],29].

In order to obtain further characteristic information on the fractional random walk we introduce a Green’s
matrix in section 4.3 which yields a convenient representation of the fundamental matrix Z(®, containing the
fractional mean relaxation time (Kemeny constant) for the fractional random walk. The representation for
the fundamental matrix Z(® relates fractional random walks with normal random walks (section 4.3). The
analysis of the mean relaxation time (Kemeny constant) demonstrates for the n-dimensional cubic lattice
the increased efficiency of a fractional random walk strategy. This analytical result supports the numerical
findings of recent works [28, 29].

2 Fractional Laplacian matrix on regular undirected networks and cubic
lattices

For general derivations performed in this paper, we consider undirected regular networks of N nodes. Let
us denote with p = 0,.., N — 1 the nodes of this network. We assume for simplicity that all nodes of the
network have constant degree K, = K. In order to obtain explicit expressions we specify the network to cubic
lattices with only next neighbor node connections. We consider the cubic lattice in n = 1,2, 3, .., dimensions



with periodic boundary conditions in any dimension j = 1,..,n. Topologically such a lattice can be conceived
as n-dimensional hypertorus (‘n-torus’), for instance in 1D this is a cyclic ring, in 2D a conventional torus,
and so forth. We assume the lattice contains N = N; X .. X N, lattice points where each lattice point can
be identified with a node of the network. The lattice is assumed to be Nj-periodic in any spatial dimension
j = 1,..,n. For the cubic lattice the nodes are denoted by the vector p'= (p1,p2,...,pn) (p; = 0,.N; —1).
N x N-matrices M defined on the cubic lattice are denoted by Mz =: M, ., 14, . 4,- In order to define the
lattice (fractional) Laplacian matrices, it is sufficient to confine ourselves to scalar fields uy (one field degree
of freedom) associated to each node of first of all unspecified physical nature.

Before we define fractional Laplacian matrices, let us first define a ‘good’ i.e. physically admissible
Laplacian matrix on a undirected network. To this end we introduce a potential energy in the form of a
positive (semi-) definite quadratic form

N-1
p=0

where on an undirected network the N x N-Laplacian matrix L,, = Ly, is symmetric. Assuming identical

degree K = K, for all nodes, it can be represented as

V=

N | =

N-1
> utLpquy >0 (1)
q=0

qu = K5pq - qu (2)

where Ap, denotes the adjacency matrix with Ay, = 1 (4, = 0) if node p is (not) connected with node ¢

and the degree K, = K = fo;ol Apq counts the number of connections of a node p. We assume further that
App =0Vp=0,.,N — 1. In the approach to be developed it is sufficient to consider a ‘large world network’

Laplacian matrix which we define as % << 1, i.e. the degree (number of connections of a node) is much less

than the total number of N nodes. It follows that translational symmetry Zé\;_ol Ly, = 0 is fulfilled, which
means that the constant vector with the components u, = 1 is eigenvector of the Laplacian matrix with the
only vanishing eigenvalue Ao = 0 [which we denote throughout this paper by Ag]. Further, the requirement
of elastic stability of requires that IV — 1 eigenvalues of the Laplacian matrix \p > 0/ =1,..N — 1 are
positive. The sign convention of the Laplacian matrix is chosen here such that the Laplacian matrix is the

matrix-analogue to —j—;, namely as a positive semi-definite operator. For a discussion we refer to [18], 21]

The Laplacian matrix of a cubic lattice with only next neighbor node connections is defined as the form
L= <2ni - An> 3)

where 1 denotes the N x N unity matrix. The components of the Laplacian matrix can be represented as
Lz = 2nd5q — Apq- (4)

This representation needs to be read by introducing the notations ;7 = H?Zl dp,q; for the components of the

unity matrix on the cubic lattice with p’'= (p1,..,pn), = (¢1, .., gn) Where J;; denotes the Kronecker symbol.
The adjacency matrix for the cubic lattice with only next neighbor node connections can be represented by

n

Agz = >_[Dj + DIy, (5)
j=1

where D; and DJT- = Dj_1 denote the (on the periodic and infinite lattice unitary) next neighbor shift op-
erators in the j = 1,..,n-directions defined by Djup, p; . p, = Upy, p;+1,.p, and its adjoint (inverse) shift
D;r‘“pl,..pj,..,pn = Upy,.pj—1,.pn- On the periodic and infinite lattices the shift operators are unitary [2I]. D;
shifts the field associated to lattice point p'= (..,pj,..) to the field associated with the adjacent lattice point
in the positive j-direction (..,pj+1,..). The inverse (adjoint) shift operator DJT- = Dj_1 shifts to the adjacent

!Contrarily to the convention in these works where the Laplacian matrix is defined negative semi-definite matrix-analogue to
2
the Laplacian operator dd?.



lattice point in the negative j-direction (..,p;j—1,..). For the n-dimensional cubic lattice the components of
the shift operators can be represented by

n n
[Dj]ﬁti = 5pj+1qj H 5pSQS7 [D;]ﬁq* - 6Pj—1‘1j H 5psqs (6)
s#£j s#£]
and with (@, the components of the Laplacian of the cubic lattice with next neighbor node connections

are
n

n
Lovpnlarean = 20 1] Opya; = 2 ( pi+ia; T Op; 1%) H Opsgs- (7)
j=1

J=1 577

The Laplacian matrix has a spectral representation of the form

N-1
L= MO (8)
=0

where we employed Dirac’s bra-ket notation for the representation of the eigenvectors. The eigenvector |0)
refers to the vanishing eigenvalue A\g = 0 and has constant components [|0)], = ﬁVp reflecting translational

symmetry. Due to the symmetry (self-adjointness) of the Laplacian matrix L,; = Ly, we have always
the property of ortho-normality of the eigenvectors ﬂ With these preliminary comments we can define the
fractional Laplacian matrix by its spectral representation as a power matrix function

%:Z)\ZM a>0 (9)

having the same good properties as the Laplacian . So we introduce the ‘fractional potential’ as

N—1N— .
Z Z Lz ]pqup 2 0 (10)

l\DM—l

which is as well a positive semi-definite quadratic form. For the periodic cubic lattice the field u; fulfills the
periodicity conditions

Upy,.pj+Nj,..on = Up1,..pj,..0n> J=1..n (11)
which are also fulfilled by the shift operator matrices @ This allows cyclic index convention 0 < p; <

N —1Vj=1,.,n [18]. As a consequence the spectral representation of the fractional Laplacian matrix L3
on the cubic lattice can be expressed by Bloch vectors as

£5]55=[L%]5q = Zemz(i’ %g Ap=2n -2 cos(ky) |, a>0 (12)
7 j=1

where we have introduced the more compact notation Z[(..) ZZ ! 01 . N” 01(..) and where the sum is

performed over the entire set of N = J[7_; N; Bloch-vectors &y = (k¢ .- Iign) having the components ry, =
]2\[—7;@- (and ¢; =0,..,N; — 1, with j = 1,..,n). We see again that only the eigenvalue which corresponds to the

zero wave vector with £ = (0,..,0) is vanishing whereas all other N — 1 eigenvalues )\g are positive. For a = 2
(12) recovers the spectral representation of the Laplacian matrix with next neighbor node connections .

Loe. (£]j) = dg; and 1 =30 04



3 Some general remarks on random walks on regular undirected networks

Let us define the notion of a random walk on the network in the framework of Marvovian process. Let Py (t)
be the probability that the random walker occupies node ¢ = 0,..,N — 1 at a time ¢t. The normalization
condition Z(]]V:_Ol P,(t) =1 indicates that the random walker is at time ¢ for sure somewhere on the network.
As we deal with probabilities we have 0 < P,(t) < 1 and the normalization condition is fulfilled at any time

0 <t < oo. It is further convenient to introduce the probability vector P(t) = [Py(t), .Py(t),..Pn_1(t)] having
the occupation probabilities P, () as components.

The random walk is now defined by the time evolution of the occupation probabilities P (t) of the nodes g.
We assume the random walker is allowed to undertake one discrete move from one node to another connected
node during a given time increment 6¢ (time-discrete random walk). We consider each move of the random
walk to be a Markovian process which means, when we decompose the time evolution of the occupation
probabilities into discrete steps dt, that the probabilities at a time ¢ + dt depend only on the probabilities at
t. Assuming a linear dependence, this time evolution can be expressed by a discrete master equation, namely
[where we employ alternatively both, index and matrix notations]

Py(t 4 t) = Nf W (58) Py (1), P(t+6t) = W(8t) - P(t) (13)
q=0

—

where the N x N matrix W (ét) is referred to as transition matrix connecting the probabilities P(t + §t)
with ﬁ(t) Since we are considering Markovian processes, transition matrix W (dt) in depends only on
the time increment 0t but not on (previous times) t. The matrix elements W),(dt) indicate the conditional
probability that the random walker that occupies node g at time ¢ has moved to node p when the time has
increased by an increment ¢ 4 6¢. It follows from the normalization of the F,(t) that Wy, (ét) has to fulfill

the normalization condition Zév:_ol Wpq(0t) = 1, and since we deal with probabilities all matrix elements are
within 0 < W), (6t) < 1. Further we see that the transition matrix after m time-steps is obtained by

W (t = mét) = W™(6t), m e N W(0) = Wo(st) = 1. (14)

The W (t = mdt) = W (4t) denotes the transition matrix connecting the probability vector at time ¢ = mdt
(after m time steps) P(t = mdt) = W (t = mét) - P(0) with an initial probability vector P(0). We emphasize
that normalization and positiveness of the matrix elements of the transition matrix W(t = mdt) ¥Ym € N
remain conserved for all times ¢ = mdt

]Vil Wiq(t) =1, 0 < Wp(t) <1. (15)
p=0

Note that the normalization condition is equivalent to the fact that the stationary (equal-) distribution
P, = %Vp is an eigenvector referring to the (largest) eigenvalue 1 of transition matrix W (t). It is further
clear that in order to maintain for all times for m — oo time increments, that all other NV — 1 eigenvalues
of the transition matrix must be positive and inferior to 1 with exponentially evanescent contributions for

increasing number m of time steps. It follows that limy_,oo Py(t) = 4 with limy e Wpe(t) = Wpye(oo) = &

Vp,q =0,..,N —1, i.e. all matrix elements of the stationary transition matrix take the value % reflecting the
Markov chain convergence theorem [I4]. Let is now specify the transition matrix W (dt) and link it with the
properties of the network. We can do so by assuming W (dt) to be generated for a small (in the limiting case
infinitesimal) time-step dt as

Wiq(0t) = 0pq — 6t Lipg- (16)
The infinitesimal time-step relation accounts for the fact that for (infinitesimally) small time-steps dt
the occupation probabilities change only infinitesimally by dP(6t) = —dtL - P(t) being of order dt. The

Laplacian matrix L contains the information on the topological structure of the network, and acts as the
generator matrix of the continuous-time random walk when d¢ — 0. For undirected networks the Laplacian
matrix is symmetric L,y = Lgp, a transition matrix defined by the generating transformation (16) maintains



symmetry at all times Wy, (t) = Wep(t). In view of the structure of the Laplacian matrix (2)) we observe that
W (0t) = 6pg(1 — 0tK) + 6tA,,.

The adjacency matrix A,, determines the probability transition received by node p from a node ¢ in a
time-step 0t, and dtL,, = Kot is the amount of probability emitted by a node p to all connected nodes during
one-time step 6t. We see that only connected nodes p, ¢ (with A,; = 1) can exchange information during one
time-step dt. We will see subsequently how this limitation of large world networks K << N changes when
instead a fractional power L2 of the large world network Laplacian matrix L is chosen.

From follows the interpretation of the Laplacian matrix elements, namely L,, indicates the probability
rate that a node p receives information from node ¢ during a tile-step 6t and due to L,, = L, in our model this
holds vice versa. It is important to chose 6¢ small enough [41] that (i) W, (6t) = 1—06tLy, > 0 where Ly, = K
meets the requirements to be positive. A further requirement is that all non-vanishing non-diagonal elements
of the Laplacian matrix are negative (ii) Ly = —A,q < 0,p # ¢ so that the elements of the transition
matrix are non-negative 0 < W,, < 1Vp # ¢ having interpretation as probabilities. It follows then from (i)
with Lpp = =322 Lpg = >-pzq Apg that the non-diagonal elements additionally fulfill Wy, = —dtLp, < 1
(p # q). We see that the Laplacian of type is meeting this requirement. We come back to this issue in the
context of the fractional random walk, as it defines a restriction of admissible range for the exponent «.

For networks where the random walk does not allow the walker to remain at a node p as time increases by
an increment 0t = 1, the Laplacian in 1) has to be renormalized as L, = %Wqu where the diagonal element

is the degree of the network L,, = K, |For networks with variable degrees K, this leads to non-symmetric
transition matrices which is not considered in the present paper]. (For further discussions see e.g. [39, 25]
and others). As we confine ourselves in the present paper to regular networks K = K, this re-normalization

of the Laplacian matrix does not change the dynamics as it only rescales the time (§t = % in )

— —

The time evolution due to is then determined by P(t = mdt) = W™(6t)P(t = 0) =: W (t)P(0).
The matrix element [W™(0t)],q = [W(t = modt)|,, indicates the probability that the walker starting at
node ¢ reaches after m steps the node p. Let now 6t — 0 where t = mdt is kept finite then we get 4t
limpy, 0o W™ = (1 — LL)™ = e~ = W (t). The transition matrix W (t) describes hence the time evolution
for the time-continuous random walk

N-1
Pp(t) = Z qu(t)Pq(t - O), qu(t) - [eiLt]pq- (17)
q=0

The matrix element W), is the probability of the walker who occupied at ¢ = 0 node ¢ to reach at time ¢ node
p. As outlined above the transition matrix of is symmetric Wy, (t) = Wy,(t) for all times 0 < t < oo.
The transition matrix of the time continuous random walk fulfills hence the evolution equation

dw dPp, =
=L -W(t —P __ L,,P,. 18
i (t), dt qz;) pgtq (18)
Employing Dirac’s bra-ket notation the transition matrix has the spectral representation
N-1
W(t) = e =0)(0] + D e [0y (19)
/=1

where the initial condition W(t =0) =1 = Zl]ial |¢) (¢| and the stationary distribution (statistic equilibrium)
W (o0) = [0)(0] with Wpe(co) = %V, p, ¢ is rapidly taken.

We refer as ‘normal random walks’ to the random walks described by a Laplacian of the form , in order
to distinguish them from ’fractional random walks’ which is the subject of the subsequent analysis.

4 Fractional random walks on regular undirected networks and cubic
lattices

We define the random walk in the same way as in the previous section by performing the transition from time-
discrete to time continuous walk. The only modification is that a fractional power of the network Laplacian



occurs as generator matrix for the dynamics. Denoting W(®) (t) the corresponding ’fractional’ transition
matrix, the time evolution for the fractional continuous random walk is defined by

%w*%w:—L%WW®@, 0<a<?2 (20)
where L indicates a Laplacian matrix of type (2). Now we come back to the crucial conditions (i) and (ii)
raised in the previous section on the sign of the fractional Laplacian matrix. It is shown in the appendix
that the fractional Laplacian matrix in the interval 0 < o < 2 has negative non-diagonal elements leading to
non-negative non-diagonal elements of the fractional transition matrix. Hence 0 < « < 2 is the admissible
choice for fractional Laplacian matrix L% to describe random walk dynamics . This statement on the sign
of fractional Laplacian matrix elements is in agreement with previous explicit results for the periodic chain
[18]. So we restrict ourselves on the admissible interval 0 < a < 2 for fractional random walks throughout
our analysis. The fractional transition matrix defined by is then again obtained as an exponential having
the spectral representation

N-1

W (1) = e L% = |0)(0] + e_>‘ fey(e 0<a<2 (21)
=1

where for o = 2 the normal random walk transition matrix is recovered. The transition matrix has
the same stationary transition matrix independent of o, namely the equal distribution W(®)(co0) = |0)(0| with

Wig) (00) = LV
pq (00) = N VP4
Now let us focus on cubic lattices. The fractional transition matrix (21) can be written as

(@) 1 iR —)\2
Walat) = 5 + Ng(:)e r(P=De (22)

For large cubic lattices where all V; — ocoVj = 1, .., n the fractional transition matrix takes the representationlﬂ

s ™ . n — n —COS @4 2
Wga)—»(t) _ 1 l dg01 [ dSOn 6125:1 ®s(Ps—as) e t(? Z]=1(1 Q"J)) (23)

Where the initial condition W(®(t = 0) = 1 is fulfilled by (2 , namely W( )(t =0) = 057 = [[j—1 6

pjiq; -
we introduced @ = (1, .., ¢p,) which denotes the quasi-continuous Bloch vector of the infinite lattlce llmlt

[gpgs = ]2\77:53 — s and dps ~ {= as Ny — 0o where —m < ¢ < 7 can be chosen for the integration limits].

To characterize fractional random walks an interesting question is how the transition matrix behaves
asymptotically for large lattices. Let us first consider the behavior for large times ¢ >> 1. From and
we can see that for large times the dynamics is dominated by the ensemble of ‘slowly relaxing’ diffusional

mode Wt >> 1) ~ 2o{0.(6)} |€5)(€s|e_t)‘l2s for which t)\z is still not large. It is clear that, the more
time ¢ increases, the smaller the set {¢(t)} becomes with non-vanishing ‘surviving modes’ corresponding to
sufficiently ‘small’ eigenvalues )‘é%; << 1. For the cubic lattice the small eigenvalues of the fractional Laplacian
are obtained from as A2 (B) = ¢ for sufficiently small ¢ = |@| << 1. For increasingly large times the
‘surviving modes’ are located within an n-dimensional sphere in the - wave- -vector space (around the orlgln)
where the radius R of this wave-space sphere is developing in time as t)\Q < R% ~ 1,i.e. Ry(t) ~t~a. The
number D, ,(t) of slowly relaxing modes within this n-dimensional sphere ‘selected to have survived at time
t” is measured by the volume of this sphere as Dy 4(t) ~ RZ(t) = t~ . This means in the large time limit the
decay of the fractional transition matrix should behave as W];fzi(t) ~ t~a. We will confirm this argumentation
by the subsequent derivation of asymptotic expressions for the fractional transition matrix (23)).

3In the limiting case N; — oo the contribution of the stationary limit Wéf)q.(oo) = % = l_l+ — 0 can be neglected.
=1 N
4The contribution of ‘fast relaxing modes’ is rapidly surpressed.



4.1 Asymptotic behavior of Fractional transition matrix: Emergence of Lévy flights

Let us consider transition matrix for large (3°0_;(ps — qS)Q)% = |p— q] >> 1 on large lattices and finite

times. We then can evaluate by introducing the vector k with the components k;j = ¢;|p'— | where the
integration limits can be put oo to obtain the leading asymptotic contribution

(1) ~ (27r\p " / dky. / e O =) (24)

pP—q

[N])

Let us consider now this integral for large | — ¢]® >> t where asymptotically this integral is dominated by

n ki \\2 _ k>
(2 =1 ( — cos (ﬂ>) e to arrive at the asymptotic expression

o 1 00 00 (5 —tIE
WRL(t) ~ W/_Oodkl../_oodkne’“(p D=tk (25)

This asymptotic representation for the fractional transition matrix is within the admissible interval 0 < o < 2,
the well known Fourier representation of an a-stable Lévy distribution in the n-dimensional infinite space,
e.g. [5]. The cases @ = 1 and o = 2 indicate Cauchy- and normal distributions, respectively.

Having arrived at the asymptotic relation for the fractional transition matrix, it is straight-forward
to obtain the representation P’| [22], and see also [15]

W ()~ 2 (ﬁ_‘ﬂa) (26)

P—q t
where function W depends only on the ratio lp=a ‘ﬂ and fulfills

WIS = 0) = iy [d"ge®"

. - (27)
F _ 1 2x2 oofgan1 _ gF§
W(0) = @ rigy Jo~ e €816 = Grm A
and finally, the asymptotic expression for W(a) ( ) for large lattices and t > 1 is given by:
o 2 201(2) _a
W) ~ )z (28)

pP—q

(2vm)" al(3)

The result in equation establishes the probabilities of transition at time ¢ from the stating position ¢
to the final location determined by p for a random walker following the fractional dynamics determined by
equation ; this result is discussed in the following part in the context of probabilities of return.

On the other hand, the transition probabilities at each step are given by the transition matrix:
(@) {(F-4) o~ |kt
WD~ G / dk.. / dky, ¢ (29)

and a similar approach allows to obtain for |p'— ¢|* >> tCy :

W(a tCq n

)
p— q |p q n+o (30)

20— 1ar(a+")
A5r(1-2)
[sec™!]). The result in Eq. . for n-dimensional lattices emerges from the fractional Laplacian £2. This

SPut in k= f_f&.

where the constant C,, = is given in the literature [22), 23] (having here physical dimension




power-law decay |p'— ¢~ for the transition probabilities of a random walker is the footprint of a dynamics
with Lévy flights in n-dimensions defined within admissible interval 0 < o < 2.

The time derivative of yields

d o (0) gy

CC!?’L

)

0 g

1 (-1) /°° /°° T P=D -
== dk;.. dk,, " Tl | k|
]p —q n+a (27T)n . 1 - | |

1o]Q

bS]

(31)
= <_1)/ dkl../ dk, ¢F -0 ||
(277)n —00 —00
SWELt=0) % —(-80)35" (- )
dt' 74

The last relation is nothing but the fractional diffusion equation of a Lévy flyer in the n-dimensional continuous
space where the fractional Laplacian matrix takes the representation of a Riesz fractional derivative kernel
(continuous fractional Laplacian kernel) [22] 31].

4.2 Fractional return probabilities

Now closely connected with the derivations of the previous paragraph, let us analyze the return probability
of the fractional random walk which is defined as the probability that a walker starting at ¢ = 0 at a node
p returns at this node after time ¢. The return probability is obtained by the uniform value of the diagonal
elements of the transition matrix W(®(t), namely

1 1 1 s
1) =0 = Sirey - L a
=1

having identical values for all nodes p, decaying rapidly to the stationary equal distribution p(co) = % and

obeying the initial condition p,(t = 0) = 1. Since all diagonal elements of the transition matrix have the same
value, the return probability for any node p coincides with the global average return probability.

Let us now consider large cubic lattices N; — oo, Vj = 1,..,n. Then the return probability is obtained by
the diagonal elements of as [where p,(00) = + — 0 can be set to zero]

R

Palt) = pa(00) = (WiV(t) - é“)<°°>)=<2i>n /d¢ /_’:Td%e—t(i?l“—wwﬂ) e

The return probability of the normal random walk is recovered by for a = 2 and yields pa(t) = e 2" [}(2t)

in accordance with the well known expression of the literature e ~*§ () which is recovered [28] when instead of

the Laplacian matrix L,,, the modified Laplacian matrix % = %qu is employed. The large time asymptotics
of the return probability can be obtained from expression by setting |p'— ¢] = 0 in the asymptotic relation

and accounting for we arrive at

polt) = pa(o0) ~ G S (3)

The fractional return probability decays for large cubic lattices in n-dimensions also with a characteristic
t‘g—power law. We have to interpret this power law decay in the same way as for the fractional transition
matrix, namely as a collective effect of such normal modes with Bloch-wave vectors K located on a in the
limit infinitesimal small sphere around the origin £ = 0 where in this region A; — 0. The large time power
law behavior emerges only in sufficiently large lattices, i.e. when the infinitesimal small K-sphere is densely
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populated with normal modes. The collective effect of these long wave diffusional modes act like a Lévy flyer
in the continuous space where the discrete structure of the lattice is ignored. For the cyclic ring n = 1 the

Pa(t) — pa(00) ~ ta given in [28] is recovered as well as the pa(t) — pa(o0) ~ ¢t~ 2 for normal random walks
(o = 2) on the n-dimensional cubic lattice. We notice that in range 0 < o < 2, the relaxation of the fractional
random walk pe (t) — pa(00) ~ t~a is faster than those of the normal random walk v = 2 in the same lattice.
In the extreme limit of vanishing (infinitesimally positive) o — 0, it can be seen that the return probability

Pa(t) starting at po(t = 0) = 1 is instantaneously collapsing as ¢t~ a versus the equilibrium value Pa(00) = %
From this observation follows that the fractional walk on the n-dimensional becomes the faster, the smaller

Q.

4.3 Derivation of the fractional fundamental matrix

The goal of this paragraph is to obtain further characteristic features of the fractional random walk such as for
instance mean relaxation times which also is referred to as ‘global time’ [28] and closely related the Kemeny
constant. We demonstrate that this information is contained in the fractional Green’s matrix to be deduced
in this paragraph, and closely related, the fractional fundamental matrix. To this end we note that L% due
to its eigenvalue \g = 0 is not invertible in the N-dimensional space of all N eigenvectors |¢). However it is
invertible within the N — 1-dimensional subspace of eigenvectors |¢) of positive eigenvalues, i.e. the basis of
this subspace does not contain the eigenvector |0) with L|0) = 0. Denoting the representation of the Laplacian

matrix in this subspace as L then we have

W@ () — W) (00) = e L2t S A tey(e (35)

[e3

where the spectral sum contains only relaxing terms where Lz is invertible in this N —1-dimensional subspace

[with unity 1(N Dx(N—1) = InNuN — 10)(0] = |€><£”

. - N-1
5= / WO @) — W (o))t = 3 A,
0 =1

£)(¢] (36)

We refer to as the fractional Green’s matrix. We see that the set of eigenvalues of the (fractional) Green’s

o

matrix (36) is the set of relaxation times 7;* = /\e_§ occuring in . To link the Green’s matrix with some
common notions in the literature, let us evoke the definition of the so called ‘fundamental matrix’ Z which is
defined in in the literature for time-discrete random walks as [11], [39)

Z = ot fj W (6t) — W (00)]™ = 6t[1 — (W(5t) — W (c0))] " (37)

m=0

where W (dt = 1) is the transition matrix corresponding to one time-step which is converging since all

N — 1 eigenvalues (1 — 6tA, ?) of [W(dt) — W(oo)] are inferior to 1. In contrast to [39] where the time-step
is chosen ¢t = 1, we introduce here the transition matrix with a multiplyer of the time increment ¢, so that
Z has physical dimension of time. In this way we can account for time-discrete, and in the limit 6t — 0, for
time-continuous random walks.
For the time-discrete fractional random walk, we employ in W@ (5t) =W (00) = 1—]0)(0| —dtL2 =
In_1xn—1 — 6tL2 which is just the relaxing part having spectral representation W@ (5t) — W@ (00) =
N _11 |€)(€|(1 — 8tA? ). Now in order to evaluate the geometrical series we have to pay attention on the
zero order [W(8t) — W(00)]? = 1yxn = [0)(0] + i(N—l)x(N—l) being the complete N x N-unity matrix which
containing 0)(0| which is not in the N — 1-dimensional subspace of relaxing modes, whereas all orders m > 0
have only contributions within in the N — 1-dimensional subspace. We can hence write for the expansion of

11



the fractional fundamental matrix]

Z@) = st i (W (6t) = W (00)™ = 8t[1 — (W@ (5t) — W (00))]

m=0

N-1 00 o
AQNH <|0><0\ + >0 > - 50\5)]’”) (38)
/=1 m=0

N-1 “ -
Z@) = 5t|0)(0] + > |0)(¢IA, 2 = 5t[0)(0] + L.
(=1

We see that the fractional fundamental matrix Z(®) for a discrete time walk is related to our above introduced
fractional Green’s function for the time-continuous walk and coinciding in the limit 6t — 0. It is clear
that this reasoning remains true for any transition from time-discrete to time-continuous random walks,
independent of the choice of Laplacian matrix. Relation is consistent with spectral representations given
in the literature for discrete time random walks [39] [where there 6t = 1]. Indeed the fractional fundamental
matrix Z(® contains the entire statistical information needed to characterize the ‘efficiency’ of fractional
random walk.

Before we exploit this information more closely for the cubic lattice, let us derive some important analytical
relations between Z(® and normal random walk transition matrix W) . To this end account first for the
following integral relation holding for scalar A > 0 and « > 0 [where we confine our analysis nevertheless as
emphasized above to the admissible range 0 < a < 2]

AT = / e M2 1dt, 39
I'(3) Jo (39)

By using this relation and the spectral representation we can represent Z(®) for the time-continuous walk
b,
' Z@ —f-5 - L /OO eIt 51t =
I'(3) Jo

[e.e]
/ (W@ (£) — WO (00))¢5~dt
I'(3) Jo
(40)
0o o o)
= / e Pt = / (W@ (1) = W (c0))dt.
0 0
The relations , hold in the entire admissible range 0 < o < 2 where W) (t) = e~ is the transition
matrix of the normal random walk. The representation (40| is especially useful when the normal walk
transition matrix is explicitly known. As we will see, this is the case for normal walks on cubic n-dimensional
lattices. Let us now evaluate to obtain the fractional fundamental matrix of cubic n-dimensional infinite
lattice where all N; — oo. Then in view of the spectral sums take integral representations % ) —

ﬁ JZ )T (- )der..dey. The transition matrix for the normal walk which is obtained from for oo =2
and yields

2 1 ™ ™ —t(2>°" (A—cosp;) ) = o _ n

Wé,)(j(t) = (2m)" [ d‘Pl--/ dene ( = ’ )62@ VP = 2 H Lip,—q;1(28) (41)
™ - 7=1

where I,(7) = L [ e75% cos (pp)dep denotes the modified Bessel function of the first kind of integer orders

p [1]. Using (40) we can determine the fractional fundamental matrix for infinite cubic lattices as

7 L /OO —2nty 5 -1 ]n| I (2t)dt o /oo §lg=T ]n| I <T> dt
4 L = e o = - T2 'e =
P1—4q1,--,P5—qj,-;Pn—Aqn F(%) 0 et |p3 QJ‘ (271,)51—‘(%) 0 ol |pJ qJ| n

42)

—

SAs |[(1 — 50‘@%)‘ < 1 this is a converging geometrical series » > [(1 — 5t)\é% N =1-01- 6t)\£% N = (5071,
[(1—6tAZ) <1Ve=1,.. N—1.

R

as
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containing the normal random walk transition matrix elements

@) N\t - o - .
Wl gy 5o —an (25) = e T IIj=1 {|p,—q;| () (in rescaled time), in accordance with the known expression

e T1,_q (1) for n =1 [26].

4.4 Fractional mean relaxation time

Having arrived at the representation (42| for the fractional fundamental matrix of the cubic lattice, it is now

not a big deal to determine the fractional mean relaxation time 7, = %trace(Z (@) = % Zé\f: 3! A, 2 (for a
further discussion see [7), 28 29, [39]). The smaller mean relaxation time, the faster the stationary stationary
distribution is reached, and the higher the efficiency for the walker to explore the network.

From the above considerations follows that the fractional global time 7, is determined by the trace of the
fractional fundamental matrix , and for the infinite cubic lattice by . The fractional mean relaxation
time of the cubic lattice is then the uniform value of the diagonal elements of

_ a 1 o0 2 2 a_
To= 25 = Nl /O (W (1) — Wi (00)) 15 dt
1 ot n,e_1
_ nt(Ip(2t))" 5 Ldt
ra o D) 43)

B <zn>%1r<§> [T (w(r)) e
1

Interesting is the limiting case when @ — 0+ infinitesimally positive, then since NE) JoTe T 2 ldr=1isa
2

normalized integral which is for &« — 0+ concentrated arround 7 = 0, we can write for (43]) in this limiting
case

1 > a
= _ 1 = n -7 51 —
Tot = alg& Ta = (10(0)) 02 /0 e "r2 dr=1 (44)

since Ip(0) = 1. The limiting value 7,0+ is in accordance with the observation that yields the limit of the

diagonal element of 1) namely To—04+ = lima—0 % Zévz _11 /\25 = % — 1 for large lattices.

=3
2

Fig. 1: Representation of the fractional characteristic time (mean relaxation time) 7, = % Zé\;l )‘z_ as function

of a for the cubic lattice with N = 50" nodes. We depict the results obtained for n = 1,2, 3.
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Figure 1 shows the mean relaxation time 7, = & Z e 1" A, 2 for the cubic lattice with N = 50" nodes for
dimensions n = 1, 2, 3, respectively. We see that the mean relaxation time in the fractional range 0 < o < 2
is in the one—dimensional case n = 1 reduced compared with the normal walk o = 2. For one-dimensional
cyclic chains the relaxation to the stationary distribution is faster for the fractional walk as for the normal
walk. We demonstrate in the subsequent subsection that a fractional random walk dynamics governed by
a renormalized fractional Laplacian matrix enhances the speed of fractional random walk. In the following
paragraph we compare the efficiency of fractional random walks as a function of . The appropriate measure
to do so is to consider the Kemeny constants of these walks. This is outlined in the subsequent part.

4.5 Efficiency of fractional random walk

In order to compare efficiency of fractional random walks for different « let us consider again the time-discrete
fractional random walk which is generated by (where we put here without loss of generality ot = 1)

1

POt 4+1)=1—- L) P = &

Al P(t), (45)

In order to compare the dynamics for different o we need to consider fractional random walks for different «
on the same time-scale. This is achieved when we normalize the fractional Laplacian matrices in such that

Ala) _

they all have the same diagonal elements £’ = 1 in the order of magnitude of the time step, i.e. mdependent
of a. Hence we employ in the master equation . ) the re-normalized fractional Laplacian matrix

Ao 1 3 7 1 o

where k(@) = L = %trace(L%) ~ ZN ! Aj 2 denotes the fractional degree and A( ) the fractional adjacency
matrix which is constructed by the negative non-diagonal elements of the fractlonal Laplacian matrix L% of

the type (i.e. AZ(;,%) = 0 and A,(,?;) = —L§q for p # ¢q) [28, 29]. In the appendix we have shown that

0 < a < 2 is the admissible interval where the fractional Laplacian has required good properties that the

fractional connectivity matrix has positive non-vanishing elements Ap,” > 0. In view of (45) the quantities

ﬁA( @) denote the probabilities that the walker located at node ¢ moves to node p where because of AI(Dp) =

the walker must move to another node as time increases by a time-step dt = 1. This is reflected by the fact

the normalization condition SV~ Aéq) =1and by 0 < A;(o?;) < 1 within the admissible range 0 < a < 2.

p= 0 k(a)

For the time-discrete fractional random walk characterized by (45)), the eigenvalues of £(®) take the form k(j)
[where )\, denote as above the eigenvalues of ([2))].
4.5.1 Fractional Kemeny constant
The Kemeny constant for this type of random walk is with determined by [I 1]|Z|
is -1 N-1
K@ = trace <k;(a)> = k) ; A2 (47)

-1

where denotes the modified fractional Green’s function occuring in the fractional fundamental matrix

Lz
k()
when the renormalized fractional Laplacian is employed. In the study of discrete time random walks,
the Kemeny constant is a global time that, for regular networks, gives the average of the times needed by
the random walker to reach any site of the structure; this value can be calculated in terms of the Laplacian
eigenvalues [29]. [For further derivations and definitions of Kemeny constant we refer to [7, II]]. For the

"where in the literature the definition of Kemeny constant often differs by the constant 1.
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fractional dynamics on n-dimensional lattices, the Kemeny K(® constant is given by:

( ) 1 Nl /2 Nl 701/2
ICO‘E<NZ)\%><;)\Z ) (48)

m=1

The value k(® = % M A2 = %trace(LO‘/ %) is the fractional degree. For n-dimensional lattices with

N> 1is k@ ~ (2n)a/ 2. The Kemeny constant for lattices in n = 1,2, 3 dimensions is depicted in Figure 2.
We see how this characteristic time, in the fractional range 0 < o < 2 is reduced, compared with the normal
random walk o = 2. The relaxation to the stationary distribution is faster for the fractional walk as for the
normal walk. A fractional random walk search strategy to explore the lattice has thus due to long range
moves and emerging a small-world property increasing the capacity of the random walker to reach any site of
the lattice in comparison with the normal strategy. These results confirm the recent findings in [28] [29].

8
o
7
....... o
6 - n=
Z s
S 4
N
3
2
-l = ‘""'\-l'\-l'\-l'\.l.""“""“""‘
0.0 0.5

Fig. 2: Representation of the Kemeny constant K(®) as function of « for the cubic lattice with N = 50" nodes.
We depict the results obtained for n = 1,2, 3.

In Figure 2 we plot K@) = % ZWN@;% A3, Zé\f: _11 A, 2 for the infinite cubic lattice for spatial dimensions
n = 1,2,3. This figure shows that the random walk governed by is always faster the smaller ain 0 < a < 2
for a fractional random walk, as compared to a normal random walk o = 2. A fractional random walk search
strategy to explore the lattice has thus due to long range moves and emerging small world property increased
efficiency compared to a normal walk strategy. These results confirm the recent findings in [28] [29].

5 Conclusion

We analyzed time-discrete and time-continuous ‘fractional’ random walks on undirected regular networks with
special emphasis on cubic lattices in n = 1,2, 3, .. dimensions. The random walk of our model is described by
a master equation involving fractional powers of Laplacian matrices L%. The fractional network Laplacian
matrix represents the matrix analogue to the continuous fractional Laplacian (Riesz fractional derivative).
We demonstrated that the fractional random walk is admissible in the same range 0 < a < 2 of power law
index as Lévy flights.

We derived analytical expressions for the fractional transition matrix, fractional fundamental matrix
(Green’s matrix) and obtained representations for the return probabilities, the mean relaxation time and
closely related the Kemeny constant. We show for the cubic lattice explicitly the emergence of Lévy flights
for sufficiently large lattices. For the return probabilities we obtain characteristic t~a power law decay for
fractional walks in n-dimensional cubic lattices. This scaling is the same as one obtains for fractional diffusion
(Lévy flights) in the continuous n-dimensional space [22]. The fractional random walk model can be conceived
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as a model for anomalous diffusion on regular networks such as cubic lattices. It can be concluded that, due
to long range moves, the efficiency to explore the lattice is increased when instead of a normal random walk
a fractional random walk is chosen.

The fractional random walk approach derived in this paper can be generalized for an analysis of anomalous
transport phenomena on more complex undirected networks. The subject of fractional random walks on
regular undirected networks deserves further investigation. For instance with the present framework further
characteristic quantities such as the MPFT (mean first passage time) for regular undirected networks can be
derived.

6 Appendix

In this appendix we demonstrate that 0 < o < 2 is an admissible interval for fractional random walks. To
this end let us consider the transition matrix

W(st) = 1— 6tL (49)

which requires non-negative matrix elements 0 < W,, <1 together with the normalization condition
Z;V:_Ol Whpq(6t) = 1. This property is fulfilled if L is a ‘good’ Laplacian matrix where

(i) its non-diagonal elements must be non-positive L,; = —A,, < 0 (p # ¢q) and as a consequence of transla-
tional symmetry

(ii) its diagonal elements L,, = K = Zf]\[:_ol Apg > 0 must be be positive indicating the degree of the
network. .

Now the goal is to determine for which a-range the fractional Laplacian matrix L2 has also the required
good properties (i) and (ii) when the Laplacian matrix L has those good properties.

Let us first consider (i): (a) Assume W(dt) is such a good transition matrix, then also all its powers
W™ (5t) = W(mdt) and hence also the exponential W(t) = e Xt = lim;,oo(1 — LL)™ is a good transi-
tion matrix, especially with W, (8t) = —Lp,0t = Apgdt > 0 (p # q). It follows that the elements of transition
matrix [e~ %], are all positive and normalization remains conserved in tim

(b) Consider now for A > 0 the integral

o0
/ t72 e M — 1)dt = A\2C,, 0<a<?2 (50)
0
which exists for 0 < o < 2 with a negative constant C,, < 0, occuring since the integrand for A > 0 is identi-
cally negative as e~ —1 < 0. It can be seen by simple partial integration that C,, = —2I'(1-%) =T'(-%) < 0
(0<a<?2).

(c) The fractional Laplacian matrix can then be represented by
[e] S (e} ~
CuLs = / 51k~ T)de (51)
0
which can be verified by employing the spectral representation of L and . The non-diagonal elements of

the matrix have the same sign as the non-vanishing elements of e~ = W (), namely +1, and remaining
positive by the integration. We can conclude that the sign of (non-vanishing) non-diagonal elements of the

fractional Laplacian matrix L% is determined by the (negative) sign of the constant C,,, namely

sign([L2]pg) = sign(Co)sign(fe pg) = (-1) x 1=—=1, p#q, 0<a<2 (52)

. N— N— N— . N—
8Slnce % Zq:Ol qu(t) = — 25201 Zp:Ol LpsVVs(l =0 Only if Zp:()l Lps =0.
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Let us now analyze property (ii) for the fractional Laplacran matrix. The p051tlveness of the in our case

idential diagonal elements Lpp can be directly seen from Lpp =4 trace(Lz) =Lyt )\e > (0. This further
can be confirmed by employing ., namely

o 1 0 a ]. Nl
Lﬁ:ETA t21<N(XXe”“40du 0<a<? (53)
o =0

and it follows again because of e —1 < 0 and C,, < 0 that L3, > 0 in the interval of existence 0 < o < 2
of (53).

The positive in general non-integer number L2, = k(@ of the identical diagonal elements of the fractional
Laplacian matrix can be conceived as the fractional degree in this interval. This interpretation was already
suggested earlier [28] 29].

In conclusion it follows that the non-diagonal matrix elements of the fractional Laplacian matrix holds
equally as for L the good property [L%]pq < 0 for p # g and L, > 0 in the interval 0 < o < 2 where o = 2
recovers the good properties of L . The fractional Laplacian thus can be represented 0 < a < 2

L2 = k@] — 4@ 0<a<? (54)
as suggested in [28], 29] generalizing normal random walks to fractional random walks. The fractional degree
k(® = [LZ%],, and fractional analogue of adjacency matrix A,(,?;) > 0 was introduced there with k(@) =

D gp AI()Z‘), having the same good properties for the fractional case as for the normal walk case Where a=2.

In the context of discrete fractional random walk problem the non-negative quantities k<a) have the
interpretations of transition probabilities. This interpretation holds when 0 < Apq showed to

be fulfilled in the interval 0 < o < 2. For a > 2 it has been shown earlier for the infinite cyclic chain, that
alternating signs occur with oscillatoric behavior of the non-diagonal elements as a function of « [I§].

It follows that the fractional Laplacian matrix approach yields a good fractional transition matrix W () (t) =

e L2t only within the range 0 < a < 2. We emphasize that this is the same a-interval of existence of Lévy

flights and a-stable Lévy distributions.
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