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Abstract. Strong anomalous diffusion is a recurring phenomenon in many fields, ranging from
the spreading of cold atoms in optical lattices to transport processes in living cells. For such
processes the scaling of the moments follows (|z(t)|?) ~ t7(9 and is characterized by a bi-
linear spectrum of the scaling exponents, qv(q). Here we analyze Lévy walks, with power law
distributed times of flight ¢ (7) ~ 7~ (%) demonstrating sharp bi-linear scaling. Previously
we showed that for a > 1 the asymptotic behavior is characterized by two complementary
densities corresponding to the bi-scaling of the moments of z(¢). The first density is the expected
generalized central limit theorem which is responsible for the low-order moments 0 < ¢ < a.
The second one, a non-normalizable density (also called infinite density) is formed by rare
fluctuations and determines the time evolution of higher-order moments. Here we use the Faa
di Bruno formalism to derive the moments of sub-ballistic super-diffusive Lévy walks and then
apply the Mellin transform technique to derive exact expressions for their infinite densities. We
find a uniform approximation for the density of particles using Lévy distribution for typical
fluctuations and the infinite density for the rare ones. For ballistic Lévy walks 0 < o < 1 we
obtain mono-scaling behavior which is quantified.
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1. Introduction

Many theories have been devised and experiments done on particle diffusion in a medium, when all
particles start from the same origin. Typically, the corresponding dispersal process is characterized by
the time evolution of the mean square displacement (MSD) (22?) ~ ¢, where for £ > 1 it is termed
super-diffusion, and for £ < 1, sub-diffusion. It is well known by now that the MSD gives only partial
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characterization of the underlying stochastic process, though of-course Gaussian processes with no-drift,
encountered frequently in the laboratory, e.g., Brownian motion, are an exception. For such processes a
knowledge of the MSD fully determines the spatial density of particles P(x,t), which also represents a
normalized probability density in the framework of probability theory.

A more sophisticated way to analyze a diffusive processes is to study the time evolution of a continuous
set of its moments, (|x|?(t)), ¢ > 0. The moments grow in time, and this growth can be characterized by
a spectrum of exponents,

(Je|?(8)) ~ M, 1@, (L1)

where ¢ > 0. For the normal Brownian motion v(q) = 1/2. When v(q) is not a constant, the process is
said to exhibit strong anomalous diffusion [15,41,42]. A nonlinear spectrum of exponents, gv(q), is an
indication that the asymptotic density of particles is not determined by a unique scaling exponent.

Pt # o (2), (12)
in the sense that mono-scaling predicts a constant v(g). Thus if one finds (for example in an experiment)
a nonlinear spectrum, then certain popular fractional diffusion equations [37], the fractional Brownian
motion [35], and the central limit theorem, which are all mono-scaling theories, are either invalid or
insufficient to handle the long-time moment evolution. It therefore becomes clear that one should go
beyond the central limit theorem in order to understand the origin of the bi-scaling phenomena.

A particular type of strong anomalous diffusion, which has been detected in many natural dispersive
phenomena, is characterized by the piecewise linear exponent spectrum [15]

_ diq q < e,
qu(q) = {d2q+ ds q > .. (1.3)

The function qu(g) is continuous and increasing with ¢, and there is a breaking point ¢., the solution of
the linear equation dyq. = dag. + ds, d1,ds > 0. For example, d; = 1/2,dy = 1,d3 = —1 and ¢. = 2. In
this example the low moments ¢ < g. exhibit normal scaling, similar to Brownian motion, while the fact
that dy = 1 indicates that high order moments exhibit ballistic scaling x ~ t. d3 acts to maintain the
continuity of the spectrum, though the derivative of qv(g) is not continuous. For a particular Lévy walk
model the spectrum qv(q) is shown in Fig. 1.

Phenomena with a spectrum Eq. (1.3) are sometimes called bi-scaling or bi-fractal processes. They
are widely observed in a broad range of systems, for example Lagrangian motion in time-dependent
incompressible velocity fields [15], intermittent maps and other nonlinear systems [1,30], Lorentz gas
with an infinite horizon [10,44], sand pile models [14], systems with quenched disorder used to mimic
diffusion of light in a Lévy glass [3,11,12] and statistics of occupation times in renewal theory [25].
Piecewise bi-scaling behavior of qv(g) was found in experiments of particles diffusing in a live cell, the
strong anomalous diffusion being related to the active (i.e. non-thermal and non-Brownian) motion in the
cell [24]. Strong anomalous diffusion was very recently found in super-diffusion of membrane targeting
C2A domains on a lipid bilayer, and the relation to the Lévy walk model demonstrated experimentally
[31] (see also [13]). Lately, similar phenomena were also observed in models of diffusion of cold atoms
in optical lattices [28], in flows in porous media [18] and in the fluctuations around equilibrium laws in
continuous time random walks [45].

The bi-scaling of the moments implies (roughly speaking) bi-scaling of the packet of particles [41,42].
This dual nature means, as we will show, a density profile describing diffusive bulk fluctuations, while
a quasi-ballistic scaling describes the tails of the cloud of spreading particles. In this paper we analyze
this behavior using a stochastic framework. Using the Lévy walk model [54] we show that the well
known piecewise bi-scaling is related to two spatial densities. The low order moments ¢ < ¢, originate
from the Gauss-Lévy central limit theorem. The higher order moments g > g. are related to an infinite
density (ID), meaning, it is an unnormalized density. None the less, we show that this mathematical
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FIGURE 1. Bilinear spectrum of scaling exponents qv(q) versus ¢ for a sub-ballistic super-
diffusive Lévy walk. Crosses present numerical simulation results for the two state model
with the waiting-time PDF given by Eq. (2.2), a = 3/2 and for time ¢ = 10°. Dashed
lines correspond to linear dependencies qv(q) = ¢/ and quv(q) = ¢+ 1 — . The two
lines intersect at the point g. = «, see equation (1.3).

object describes a large class of observables, i.e., observables that are integrable with respect to that
non-normalized density. Further more, the infinite density describes the packet of particles when scaled
properly, and hence it describes physical reality. The infinite density is thus a complementary tool to the
central limit theorem. We finally give a uniform approximation, based both on the central limit theorem
and the infinite density. The former describes the short scales of the problem and the latter the large
scales. Since ¢, < 2 (for super-diffusion see below) even the second moment, traditionally considered as
the defining moment of symmetric fluctuations, is an observable integrable with respect to the infinite
density, so not surprisingly for a system with power law statistics, characterization of the tail must be
made precise.

The Lévy walk model has gained recent new interest in the dynamics of cold atoms in optical lattices
[6,28], and the spreading of heat in nonlinear lattices [20,52,53]. New work emerged on its stochastic
formalism in particular on the non-linear coupling between jump size and waiting times [2,19]. Lévy
walks have a wide range of applications, at-least for a first approximation of a stochastic phenomenon.
This includes blinking quantum dots [36,47], diffusion of tracer particles in turbulent flows [46], among
other examples (see review [54]). Here we use stochastic tools based on the renewal assumption without
attempting to justify the concept of infinite densities from a microscopical point of view. Considerable
mathematical work was devoted for the classification of Lévy walks and related processes, for example
the limit theorems and governing equations were investigated in [5,8,21,27,34,48]. However as far as we
know the concept of infinite densities was not promoted in the Lévy walk context within the mathematical
literature.

The density of particles, P(z,t), is normalized to unity for any fixed time, i.e., ffooo Pz, t)dz = 1.
This is merely the reflection of conservation of matter, i.e., particles are not created neither annihilated in
our system. Since normalization is conserved, one tends to believe that a non-normalized density cannot
turn to a useful concept [43]. Maybe that is the reason why the statistics of the Lévy walk model were
not completely worked out so far (though much is known of-course). One of our aims is to remove the
mystery from the concept of infinite densities, at least within the context of the Lévy walk model. Infinite
invariant densities are used in infinite ergodic theory, though their application into statistical physics is
only recent, see, for example [28].
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Non-normalized densities for Lévy walks were introduced in our recent publications [41,42]. Here
we provide a new method of calculating the infinite density using the Mellin transform technique, and
provide a detailed derivation of the moments of the process, needed for the full characterisation of the
anomalous statistics.

Bilinear scaling is not observed in the ballistic phase of the motion, namely, when the average flight
time diverges. For that case qv(q) = ¢ and then a mono-scaling theory is valid. Here we provide an
expression for the density of of particles based on an integral representation. While this was the subject
of a recent research presented in Ref. [23], here we address some additional cases not considered so far;
for example, the cases of non-symmetric and biased ballistic walks.

2. The models

In this section we describe the Lévy walk models while observing the position of a particle, (), at time
t. Two models will be presented: the wvelocity and the jump models. These two models are treated using
the tools of renewal theory [25]. In order to distinguish between the models, we use -+ notation to mark
observables and functions for the jump model. Therefore, for example, x(t) refers to the velocity model
while Z(t) relates to the jump model.

2.1. The wvelocity model

A vparticle, traveling with constant velocity, undergoes renewal events which alter its velocity. These
events, e.g., collisions, take place in the time interval (0,¢). Between collisions, the particle travels
ballistically with velocity v;_; for the duration of the sojourn time, 7;. The {v;};=01,.. and {7;};=12, .
are identically and independently distributed (iid) random variables with probability density functions
(PDF) F(v) and 9 (7) respectively. We assume that F'(v) is symmetric around v = 0, so all odd moments
are zero and all of its even moments finite. For example, the two state model

Frs(v) =[0(v—ve) + (v + ve)] /2, (2.1)
where v, > 0. Most importantly, the PDF of the waiting time is given in the long time limit by
A
U1 RN —— (2.2)
[I'(—a)|

with A > 0 and « > 0. For the case 0 < a < 1 the mean waiting time diverges, where as for 1 < a < 2
there exists a finite mean, (1) = [ 7¢(7) d7, yet the second moment diverges. We will treat the case of
0 < a <1 in Sec. 8 while now we focus on the latter. For applications in the next subsections, note the
expansion of the one sided Laplace transform in the small « limit for the 1 < o < 2 case [7,25,29,37,55]
which is

P(u) = / eV p(T)dr ~ 1 — (T)u + Au® . ... (2.3)
0
We define x(t), the position of the particle at time ¢ as
x(t) = Zvj_lrj + U To, (2.4)
j=1

where n is a random non-negative integer referring to the number of renewal events during (0,t) (see
Fig. 2). Each event can be explained as a collision, such that the nth collision event occurs at time
t, = 2?21 7j and 7, =t — t,, is the backward recurrence time [25].

The PDF, P(x,t), of the particle’s position x at time ¢ describes the system. We present simpler and
known expressions in the (k,u) space, with (k,z) as the Fourier conjugate pair and (u,t) as the Laplace
conjugate pair. The Fourier-Laplace transform is defined as

P(k,u) = / dt / dz e~ Pz, ). (2.5)
0 —00
79
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In what follows we use the convention of indicating the space we are working in by the function’s variables
in the parenthesis.
The Montroll-Weiss equation [7,29,55], describing the process in the (k,u) space, is given by

/L —4(u— ikv) 1
P(k,u) = < P > T B ike)) (2.6)

Here () indicates averaging with respect to v only. The full derivation is given in App. A.

2.2. The jump model

In the jump model the particle jumps only at the epoch of the next event, holding still during the sojourn
time (see Fig. 2). Mostly static, the jth jump is proportional to the sojourn time 7; multiplied by a
factor v;_1 with velocity units. The position, Z(t), differs from Eq. (2.4) by the omission of the backward
recurrence movement,

.i‘(t) = Zvj_lrj. (27)

With no movement in the backward recurrence time, one of our goals is to examine its effect on the
P(x,t), i.e., the differences between the two models. Clearly in normal processes this is negligible in the
long time limit. For a power law 1 (7) the effects of movement during the backward recurrence time are
macroscopically noticeable [7,23].

The Fourier-Laplace transform of the PDF, P(x, t), is derived in App. B, termed the Montroll-Weiss
equation for the jump model,

Pk, u) = . (2.8)

3. Integer moments for 1 < a < 2

In this section, we investigate the long time limit of the moments of the process for 1 < o < 2 using the
Montroll-Weiss equation. These moments will later be used to derive the infinite density.

3.1. The moments of the velocity model

The long time limit is investigated with the standard [37] small Laplace variable u behavior of Eq. (2.3)
inserted into Eq. (2.6)
1— A {[u — ikv]*~1)

Plk,w) ~ = = ko

(3.1)

where A, = A/{T).
The moments (z™(u)) are given by the general Leibniz rule of derivation:

(= L

~ S m ﬂ _ U —1 ,Uafl aJ 1
o ;() aarym Al = k) e = A = ko)

k=0

gm—i Gl 1

o 1 m : a—1
e () s = 0" e = 2=

(k)™ u — Ay {[u — ikv]®)

k:O.
(3.2)
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FIGURE 2. (color online) A sketch of trajectories for two Lévy walk models. For the two
state velocity model the particle’s velocity attains values +1 with equal probabilities.
Hence for the velocity model (dotted line), the value of 2(t) either increases or decreases
continuously in time, in the course of ballistic motion events. In the jump model (solid
line), Z(t) is discontinuous and it is updated at the end of each waiting event. The
sequence of the collision times t1,ts, ... is the same for both models.

The exact expression for the derivative of the denominator is given by the Faa di Bruno formula [33]

07 1
O(ik)T u — Ar([u — ikv]®)

k=0

J
—1)%2!
( ) B47'7Z(917 927 R 9,j—z+1)7 (33)

(u— Ayue)+l

z=1

where B, .(61,02,...60;_.41) is the partial Bell polynomial [17]

B;. (61,6 0. )_Zj—' 01\" (0 TQ... O N (3.4)
32\ V20 e Vj—atl) = 7“1!T2!...T’j_z+1! 1! 2! (‘772+1)' .

and the summation is taken over all the sequences of integers 71,72, ... > 0 such that:
rL+Tret . Tl = 2, (3 5)
7’1—|—27'2—|—...(j—z+1)1"j_z+1:j. ’

The {6,}.=12.. in Eq. (3.3) are given by

| =A (—a)(v¥)u** even z,
0. = { 0 odd 2, (3.6)

with (a), = a(a+1) - (a+2z—1), the Pochhammer polynomial. Non-zero valued partial Bell polynomials
are obtained by setting vy = r3 = ... = 0, meaning j must be even.
Using a partial Bell polynomials identity derived from Egs. (3.4) and (3.5) we find

B;.(09Fb, gat2  getU—=by — gratibp. (11..). (3.7)
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We simplify the partial Bell polynomial in Eq (3.3) using 9, = (—a), (v*),
Bjyz(ﬁl, 92, .. ) = (—1)2Aiuw_ij,z(0, 192, 0, 194, .. ) (38)

We now find the long time behavior of the moments, Eq. (3.2), which corresponds to the small u limit

<xm(u)> ~ ul+tm—j(a—1) - u2tm—o w2t+m—a—z(a—1) ’

Jj=1 Jj=1

L ALGIB,, (0,99, ..) (™) (1 - a)mA,; ( > L (0 (1 — )y jAZHL2B; (0,0, .. )
> ()%t

(3.9)
It is clear from symmetry that for odd mth moments (z™(t)) = 0. For even m, the leading term of
Eq. (3.9), in the small u limit, is =™ 2t% We perform the inverse Laplace transform, u
tm*T1=/(m + 2 — a), and find in the long time limit

a—m—2 o

xm ~ m<vm> m+1l—«
(™ (1)) B(m_a)(m_a+1)t : (3.10)
with m = 2,4,6,8,... and
B=A/[()|I'(1=a)]. (3.11)

Eq. (3.10) relates the moments of (x™(t)) with the velocity moments of F'(v) and with A/(r) and «, the
asymptotic parameters of (7), Eq. (2.3). For m = 2 we find super-diffusion (z%(¢)) ~ 3= which is well
known. So far we did not detect strong anomalous diffusion, this is merely due the fact that as we show
below the critical moment q. = o < 2, while here we have considered integer moments m = 2, ....

3.2. The moments of the jump model

For the jump model we insert the expansion 1/3(u), Eq. (2.3), to the Montroll-Weiss equation, Eq. (2.8),
yielding

1—Auet
u— A ([u —ikv]®)’

P(k,u) ~ (3.12)

We now turn to calculate the asymptotic moments (Z™(u)). The nominator’s independence of k in Eq.
(3.12) simplifies the calculations. Using Eqgs. (3.2) and (3.3) we find

) oM P(k,u) o™ 1 “ Ij1B, (0,0, ...
m =——_" ~ (1-A,u” (1-A, ol 4
@ W) = —5amm - =A™ ) SRy = A (fa = ko) - u ;1 u—A o)t
(3.13)
Using Eq. (3.8), the expression is further simplified in the small u limit yielding
. N AL By, (0,89, ..)  Ar Bpa(0,92,...,9,,) 1
(@™ () ~ Z ul+m—jla—1) = u2tm—a +0 uBtm—2a | (3.14)
j=1
where B, 1(Y1,...,0y) = O, with r,, = 1 and its predecessors are zero according to Egs. (3.4) and
(3.5). Applying the inverse Laplace transform, we find for even values of m,
(E™(t)) ~ B o{™) gmHl-a (3.15)

(m—a)(m—a+1)

Notice that for every m the moments of the velocity and jump models uphold (z™(t)) > (z"™(t)). This
occurs since the velocity model includes the distance traveled during the backward recurrence time 7y,
where as in the jump model the particle is grounded up until ¢,,11, the end of the nth event (see Fig. 2).
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4. The infinite density

In the last section we obtained two asymptotic expressions for the even moments. Using heuristics and
the inverse Mellin transform we plan to derive a matching density and examine its traits. As we shall
see, the density so derived is an infinite density (ID).

4.1. The inverse Mellin transform approach

The Mellin transform is related to the Laplace and Fourier transforms [38]. It maps a function B(v) on
the positive real axis v > 0, to a function M (¢) defined on the complex plane, g,

M(q) = /OOO VI B(v)dv. (4.1)

M(q) is the Mellin transform of B(v) and is defined on the strip of definition, S, for every q € S, for
which convergence of M (q) is guarantied [16,38]. Clearly, if B(v) is a PDF with all its moments finite
then the strip of definition will include 1 < Re(q) and M (q) = (v9~1). The inverse Mellin transform [38]
is given by
1 c+ioco dq
B(v) = — M(q)— 4.2
0 =5m [ M@ (42)
where ¢ € S. These definitions are easily extended to the case of a symmetric PDF over v # 0 with
M(q+1)=(v|?)/2 . In our case, since F(v) is symmetric so we can simply use Eq. (4.2) to write it in
terms of the inverse Mellin transform (|v|?)/2,

1o et (Jof7)
ﬂw:@ﬁ[ i da (4.3)

—100

where Re(q) = ¢ > 0 is included in the strip of definition [38], i.e., the domain for which (|v|?) is analytic.
In practice, we obtain (|v|?) for Re(g) > 0 and now continue this function in the whole complex plane.
This procedure gives {g;};—1...n, as the poles of (|v|?) which are located at Re(q) < 0 (see details below).
A complementary example is the case where F(v) is composed of only Dirac delta functions such that
for the two state velocity model, where v = +v, with equal probability, (|v|?) = |v.|? has no poles.

We intend to use the inverse Mellin transform to extract from the moments (|z(t)|?) a density, Z4(z/t),
which will turn out to be the ID. The inverse Mellin transform is suited to extract a generic form of the
infinite density since it operates directly on the moments, unlike the inverse Fourier based method [42],
which includes two steps: a Taylor series summation of the integer moments and an inverse Fourier
integral applied to it. In order to continue we acknowledge that Eq. (3.10) can be analytically continued
as absolute value moments, i.e., Eq. (3.10), can be used to calculate the long time dependence of (|z(t)|?)
for ¢ > a,

a\ q<|,U|q> q+l—«
((t)%) ~ B ST srioe, (4.4)
The analytic continuation assumption is validated later by theoretical arguments (e.g. the matching the
density tail and bulk solutions, see below) and simulations. The choice of ¢ > « is inferred from the
strip of definition of {|v]?), Eq. (4.3) and the two poles: ¢ = a — 1 and ¢ = «, since we must have valid
moments from some critical order value and on.
We first define

g ~ [ Za(ode, (45)
where .
@:§:%A“@“ (4.6)
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the time-averaged velocity. Note that in Eq. (4.5) we have exploited the symmetry of the problem,
writing the integral from 0 to oo, the factor 1/2 on its left hand side stems from that same symmetry.
The inverse Mellin transform is given by

L)~ o | o (4.7)

iri prti—a [plat1’

—100

Inserting (|z(¢)|?), Eq. (4.4), results in

cti00 q
L) - 4 [ ’ (W 4 (48)

T4 )i (g—@)(g—a+ 1) [o]eF!

In both cases the strip of definition is ¢ > « due to the verified analytic property of (Jv|?), Eq. (4.3), in
that region and the poles at ¢ = o — 1 and «.

We demonstrate the use of Eq. (4.8) to calculate Zyq(v). We solve the inverse Mellin transform integral
using the calculus of residues [4] for a specific case, the two state velocity model, Eq. (2.1). The ID,

ITS(T})viS
B c+too q |Uc|q
I1s(v) = — d 4.9
0= 5 [ G e e )

with ¢ > a. For || < v one notices that in order to solve the integral using the residues theorem,
we should use the closed contour plotted in Fig. 3A, since the other sections: the horizontal sections,
Im(q) — £oo, and Re(q) — —oo do not contribute,

ol (1 Ca-—1
a
(4.10)

For || > v, the vertical branch at Re(q) — —oo gives a nonzero contribution and thus we change
contours to the one plotted in Fig. 3B. Without any residues inside the contour the result is Zpg(v) = 0.
The two state model is the simplest case one can analyze. A general symmetric velocity PDF, F(v), which
yields poles on the left hand side of the plane, Re(q) < 0, allows retaining the same contour presented in
Fig. 3A for all values of ¥ # 0. Also, notice for further use the archetype function

B q |ve|? B q
s =5 lg=ar )| T2 oo e

v

(%S

Ve

. 20,

v

vl } ‘ aB

ITS(D) = Ve ITS(UC D), (411)

where v is unit-less.
Using Eq. (4.8) and assuming that ¢ = @ — 1 and ¢ = « are 1st order poles and F(v) is not composed
of Dirac delta functions, we calculate the general case infinite density over the extended closed contour

plotted in Fig. 3A,
— [e% v|® a—1 v|¥ 1 —
Ta(0) = B (\ll )1 (] (a=1) <|<\‘v|”)> |U|)

2 o
(4.12)
B o [ gRes({[v]%).q;) | 1—q;—
+3 2550 {m\vl I 1],
where Res((Jv|?), ¢;) is given by
1
Res(([v]?), ¢;) = 7]{ ([o]#7%) dz, (4.13)
2mi Jro

and R, the radius of the circle which encircles the pole ¢;. We identify in the general expression, Eq.
(4.12) three parts: (i) the |5|71~% term, (ii) the |5|~ term and (iii) a polynomial of |o]. The first two,
which stem from the poles a — 1 and «. In Sec. 4.3 we give an asymptotic integral expression replacing
the polynomial for large |7].

84



A. Rebenshtok, S. Denisov, P. Hinggi, E. Barkai Bi-scaling in Lévy walks

Imlg] Imlq]
R ., S , , -—
| 1
| 1
| [
| 1
| 1
| |
—— > - P
0l e—1 & Felg 0] -1 = Feld

e e e e e

F1curRE 3. Contours for the calculation of the infinite density (ID) Z1g(v), Eq. (4.9),
of the two-state model, for |7| < v. (left panel) and |0| > v. (right panel). The poles
g =a—1and ¢ = « are found on Re(q) > 0 since @ > 1. For general F(v) the contour
on the LHS panel may contain poles to the left of the Re(q) = 0 axis (if they exist).

For the two state model we obtain Eq. (4.10), where F(v) does not have any residues. This can
be extended to include a general discrete valued PDF F(v) = Zjvzl [0(v —vej) + 0(v + vej)|pj/2, where
{p;}j=1,...n are probabilities, Zj-vzlpj =1land v,; >0for j =1,...,N. Using Egs. (4.8,4.9,4.11) one
finds the general form

ﬁ:fzﬁg ( Cj). (4.14)

Now we find the ID for a Gaussian test-case, Zg(v), using Eq. (4.12). The velocity PDF is

1 s’
r _ 2\va) | 4.15
G(U) \/%VGe ( )
with
(V2Va)? (144
1) = r . 4.1
() = “2Er (5 (1.16)
Inserting the above to the upper left parenthesis of Eq. (4.12) we find
(a=D(pl*Y) _ (a=1273(0/2) _ 220(a/2) )
a(|v]®) al'(1/2+ a/2)Ve ol (a—1]/2)Ve '

We now turn to calculate the last term on the right hand side of Eq. (4.12). The residues of (Jv|?) are
determined by I'[(1 + ¢)/2] [see Eq. (4.16)]. They are located at g; = —2j — 1 for j =0,1..., which give
the familiar singularities of the Gamma function. The residue value, for this single pole [4], is well known
and easily evaluated by
2(-1)
Res({|v|?),q;) = —. 4.18
(017 ) = = S BT (118)
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Inserting this expression into the polynomial term in Eq. (4.12) yields

B oo a;Res((|v]"),q5) |-1—q,;—1 _ BN (2j+1) (V2Ve) 271 2(=1)7 | 125
2 EJ':O (qjj—a)(qj—aﬁgl) Gl Gy=—2j-1 2 27‘:0 (2j+140)(2j+a) ?/? I'(1+3) [0
___ B oo (4+1/2) @2 J
T 2V2nVg ZJ'ZO (G +[1+a]/2)(G+e/2) T (1+7) [ 2(‘1/c)2} (4.19)

B yoo  _LGHYILGHIta)IGra/) 1 [ 52 J
2V2n Vg “~j=0 I'(j+1/2)T (j+[3+a]/2) T (j+1+a/2) I'(1+5) 2(Va)?

Recalling the definition of the Pochhammer symbol [4]

_ n
72

B I'(3/2)I([1+a]/2)I"(a/2) S (3/2)n([1+0]/2)n(a/2)n 1

T 2v2rve TA/2T(B+a)/2) I (T+a/2) £«n=0 (1/2),(B+a]/2)n(1+a/2)n n! | 2(Va)?
(4.20)
B 3 a o, a 3+a. 2
:_ﬁmiifé (57%757%714_5’%7_2(‘/7)2)7
where 3F3(-) is a Hypergeometric function [4]. Combining Eqs. (4.17) and (4.20) yields
Tom) = ST (5B Ve (| 220(5) Jel\ 1 B (3 alta, adtal 1
SR 2/ e\ el (50 Vo ) Varala+ Ve P \2720 2 T2 2 722
(4.21)

The same result was found in [41] using a characteristic function method and plotted there.

As noted in [41,42], the infinite density is non-normalizable and yields in the long time limit the
correct moments of order larger than « in accordance with its strip of definition. One may ask what is
the relation with the PDF P(x,t) which yields these moments exactly at all times. The answer is found
in Eq. (4.7). The right hand side of this equation is exactly ¢t*P(z,t). Thus we find

7, (?) ~ 1P(z, 1), (4.22)

for t — 0o and x # 0. Obtaining the density P(x,t) as a measured result from an experiment allows the
extraction of the ID. The latter a physical reality containing information on the particles’ position and
the moments. Eq. (4.22) also makes it clear why the ID is non-normalizable at ¢t — oo.

4.2. The Mellin convolution approach

The inverse Mellin form of the ID, Eq. (4.8), and the three components of Eq. (4.12), are complicated to
calculate. The first requires to perform complex integrals and the latter’s exact form requires calculating
all the residues. We present a more familiar and intuitive convolution form. The Mellin convolution is a
multiplicative convolution [38], also known in statistics as a method of calculating the PDF of a product
of two independent random variables.

We define for o > 0 the functions B;(7) and By (v) with the following Mellin transforms M;(¢) and
Ms(q) respectively. The strips of definitions are given by ¢ € S; and ¢ € S;. The multiplicative

convolution is defined as - Ny
o)
Bconv(@) :/ Bl(y)BQ <) 7y7 (423)
0 vy, y

an associative operation [38]. One can show that the Mellin transform of the convolution is
/ 09 Beony (V)dv = Mi(q + 1) Ma(q + 1), (4.24)
0

with the strip of definition q € S1NSy. Specifically, we set Beony (V) = Zq(v) and (|z(¢)[?)/(2t4=*+1), Eq.
(4.5), as the convolution’s product of Eq. (4.24). Expressing the latter as Eq. (4.4), we multiply and
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divide the by (v.)9, where v, is an arbitrary velocity constant. The resulting function can be partitioned
into two components

_B
Mi(q+1) = 5 =aye=ar (ve) s

)

) = Zrs . (0) which by using Eq. (4.9) can also be

(4.25)

My(g+1) = <
(v

The inverse Mellin transform of Mj(q + 1) is By
written as

Bi(t) = ~Trs (“) (4.26)

C C

and for Ms(q+1)
Bs(y) = 20 (vey) (4.27)

where y is a unit-less variable. Notice that Zg 1(-) is a unit-less function with a unit-less input variable.
Changing y to v = yv. and inserting both functions to Eq. (4.23) results in

5 —2/ F(v ITS )d” (4.28)

This can be written with the aid of Eq. (4.10)

7,0) = 5 | ell) - Lm0l 2

where 00
Fo(?) = v F(v) dv. 4.30
(0) /w| (v) (4:30)

Eq. (4.29) for the ID Z4(v) is simpler than the expression in the previous section, merely including two
simple integrals, the integrand is a product of F(v) and v® or v®~ 1.

In [42] Eq. (4.29) was derived based on entirely different approach, and it was used to calculate the
ID for the Gaussian Fg(v), Eq. (4.15).

B l+a 1 \fVG a 1 fVG
I(;(’U)—m (2 > —(a—l)F (2 5% ) . (4.31)

where I'(a, y) = f;o e~'t*~1dt is the incomplete Gamma function. This expression is equivalent to Eq.
(4.21). ‘

The Z4(v), Eq. (4.28), can be attributed a statistical meaning as a product distribution [22]. Inter-
preting it probabilistically we find that Z7s(7) is the distribution of v = (T — T-)/t, where Ty is the
total time the particle moved in the 4 direction respectively. To see this simply note that in the two
state model with v, = 1 the time-averaged velocity is exactly (T — T_)/t. For a general process, the
velocity PDF F(v) must be taken into account yielding that o = v (T} — T-)/t, which describes the
extreme excursions of this regime’s ballistic nature.

4.3. The infinite density tail

The infinite density describes the density packet extremities at x ~ t. We now show that in the limit of
large v
1—Q(|v])

Ta(v) ~ B o (4.32)
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where Q(v) = ffoo F(v) dv is the velocity cumulative distribution function (CDF). To demonstrate Eq.
(4.32) we integrate Eq. (4.30) by parts yielding

oo

Falo) = [0l [1- Qo] +a [ 0" - Q) do, (4.33

o]

We use L’Hopital’s rule to show that the first element in the RHS is the dominant one.

im0 1= Q) g Q@I FE@) L oF@) (4.34)
000 o [oasl [l — Q(v)] v Pee av*—1[1 — Q(v)] a 00 1 — Q(D)
Applying L’Hopital’s rule a second time,
Lo 2Oy T AEO) (4.35)

a =00l —Q(0)  o—oc F(v) do

Here we used the fact that all the positive ordered moments of F'(v) are finite, meaning, limy_, o, ¢ F(v) —
0 for ¢ > 0. Acknowledging that F,(7) ~ |5|*[1 — Q(|9])] for large |v| and applying to Eq. (4.29) we
find Eq. (4.32).

Calculating moments of order ¢ > a we can use Eq. (4.32) since the far tail’s contribution is more
dominant. Putting that to the test by inserting Eq. (4.32) into Eq. (4.5) one finds after integration by

parts
1-Q(v)

(Jz(@)]7) ~ 2th+1*“/ 79 do = Bédvl%tqﬂﬂ. (4.36)

0 el
This is the same as Eq. (4.4) in the limit ¢ > «
4.4. The relation between the velocity and jump models

The ID for the jump model can be derived using the same methods of Sec. (4.1) and (2™ (t)), Eq. (3.15).
Probably the simplest way, though, is to notice the relation between Egs. (3.10) and (3.15) in the long
time limit,

(@™ (0) ~ = (@& (1), (4.37)

for even m = 2,4,.... We assumed in Sec. 4.1 that (2™ (¢)) can be analytically continued as (|z(t)|?),
Eq. (4.4), for ¢ > a. The same goes for the jump model as we extend the validation of Eq. (3.15) to the
absolute value moments of any order ¢ > «,

74 ~ a([v]?) at+l-a
()] ~ B e, (4.38)

The relation between the two models is summarized as

()7 ~ L(aes), (4.39)

(07

Dividing by #9t1=% and inserting into Eq. (4.7) we find a relation between the IDs of the jump and the

velocity models
L) = -+ 4 [@i (@)} (4.40)
AT T d ' '

Clearly Z4(?) is the corresponding ID of the jump model analyzed with the velocity PDF, F(v). Inte-

grating from |7| to oo we find

~ o o0

Za(

]|
S~—

=/, Ta(v) dv. (4.41)
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For the jump model we apply Eq. (4.41) to Eq. (4.8),

T4(v) = B/C+m - (ol 4. (4.42)

Ami Jooioo (@ —a)(qg—a+1) [p]at!

The counterpart of Eq. (4.12) is given by

2a0) = % (1 - Lifrtiol)

(4.43)
aB Res((|v|"7),q —q;—1
Z {(qua)(quaj»l |U‘ v :|
Finally, the counterpart of Eq. (4.29) is found by inserting it into Eq. (4.41),
~ Fa (’17) .7:(1_1(17)
Z4(v) = aBB L’UHO‘ e (4.44)

The simplest example is the two state process for the jump model, Eq. (4.10)

gf a+1 1
v

for 0 < || < 1 otherwise Z1g(7) = 0. As discussed earlier, the particle is static during the sojourn times
causing the ID to be zero at |v]/v. = 1 (unlike the two state velocity model).

~ aB
Irs(v) = CY

v

Ve

> : (4.45)

5. The uniform approximation of P(x,t)

Our goal in this section is give an adequate approximation describing the Lévy walk propagator P(x,t).
Let us first discuss the typical fluctuations based on the central limit theorem arguments and Lévy
statistics following [42]. The center of the packet is known to be described by the Lévy stable distribution
function [41,42]. The predominating phenomenon is weakly correlated small jumps at short scales of
more precisely when x ~ t'/¢ which is smaller than the ballistic scaling z ~ t. The result is the known
Lévy central limit result [10,32], which takes effect in both the velocity and jump models. As we showed
in [42]
1

u+ Ko lk|®

This limit is found for the Montroll-Weiss equation assuming both k and w are both small and the ratio
k® /u is fixed. Tt thus describes = scaling like '/ which is out side the domain of the ballistic scaling of
the tails. Inverse transforming the above in Fourier and Laplace yields

Peon(k,u) ~ (5.1)

1 T
Pcen(xvt) — [Kat]% La ([Kat]i> 5 (52)

where K, is the anomalous diffusion coefficient [42] (see below). L, (-) is the symmetric Lévy stable PDF
defined through Eq. (5.1).
For large |z|, Peen(x,t) is approximated by

Peon(z,t) ~ Kocot|z| 1%, (5.3)

where we used L, (7) ~ co|z|717% and ¢, = I'(1 + ) sin (7 /2) /7. We compare Peey(,t) for large =
with the IDs, Eqs. (4.12) and (4.43) at v — 0,

Ta(0) ~ Ty (v) ~ Mm‘l“’. (5.4)
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Using Eq. (4.22), we compare between Eqgs. (5.3,5.4) and find an alternative form to Eq. (3.11),

2K ,cq
B = ol (5.5)
a(fv]*)
Thus K, can be expressed as [42]
A (e}
K, = {o]®) ‘cosE (5.6)

(r) 2 1
This matching between Peey, (,t) and t~*Z4(x/t), the center and outer regions of the PDF, in the region
te < |z] < t indicates that the two suffice to describe the process at the long time limit. See Fig. 4.

In [42] we established that the Lévy distribution, Eq. (5.2) and the infinite density Eq. (4.22) com-
plement each other in the long time limit. The first is the sole contributor to moments of order less
than o and the latter is used for calculation of those of order larger than «. Both must be used to
describe the particle density P(x,t). Using the fact that the power law form, Eq. (5.3), is shared by both
densities in the intermediate range we determine the uniform approximation of P(x,t), combining the
center, intermediate and outer regions. The approximation must be normalizable and gives the correct
moments at t — oo. Using Eqgs. (4.22), (5.2) and (5.3) we find

1 x —a x
(Kat)l/aL(’((Kat)l/a> t Id<7)
Kocotlz|—1-«

P(z,t) ~

(5.7)

1 o

T cat®

La (W) L (%)

App. C deals with the moment calculation. For a numerical example see Fig. 5. From Eqs. (4.4, 5.2) it
follows that for 1 < a < 2

T
(Kat)t/e

- q/a for q < a,
qV(q>_{q+1—ozforq>oz, (5-8)

a behavior demonstrated with simulations in Fig. 1.

6. Diffusive regimes: o > 2

How general is the description of the packet of particles in terms of the infinite density? Is this non-
normalised density related to the Lévy density as shown in previous section, or can it be found also for
models where the bulk PDFs are Gaussian? Above we addressed the sub-ballistic super diffusive regime
case, 1 < o < 2, meaning that the flight time 7 has a finite mean (r) but a diverging variance. We are
now going to consider the Lévy walk when with the distribution ¢ (7) with « > 2, for which the variance
is finite. Looking for its effect on Peey,(,t) and the infinite density, we follow the steps made in Secs. 2.1
and 3.1.

6.1. The generating function P(k, u)

As mentioned, the flight time PDF #(7), Eq. (2.2), has a power law tail and for @ > 2 we have finite
first and second moments. This indicates an expected relation between P(x,t) and the Gaussian central
limit theorem. Let r = |« and r > 2. According to a Tauberian theorem [51], the Laplace transform of
¢ (u) has an asymptotic form in accordance with Eq. (2.3),

() ~ 1+Z(;1!)j<rﬂ'>uﬂ' + (=) Au> (6.1)

with A > 0. Inserting this into the Montroll-Weiss equation, Eq. (2.6), and simplifying
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10” =

10
X100
&

3 — Lévy distribution, Eq. (5.2)
o - --- infinite density, Eq. (4.45)
— PDF fort =2+10"
-10: 1 ||||||| 1 1 ||||||I 1 1 ||||||I
10
10° 10° 10*
X

FIGURE 4. Two complementary densities of the jump model. For the central part of
the density, |x| < t1/®, the Lévy distribution (solid red line), Eq. (5.2), is a good
approximation. The infinite density (dashed blue line), Eq. (4.45), nicely matches the
tails of the packet of particles. The PDF of the process (thin black line) is barely visible
due to the perfect agreement with theoretical predictions. The Lévy distribution and
the ID curves overlap at the central region near z ~ 4000. The PDF was sampled with
10'° realizations and measurement time was 2 * 10,

T EDT ) iy ikl — (=1 AL (i — ko]
P(k,u)Nijl FICo) (l kv =1y — (=1)7 A ([ ko1

S S (e — k) — (<) A (fu — ko))

(6.2)

with A, = A/(r). For future purposes we classify the nominator and the denominator of Eq. (6.2) as
N (k,u) and D(k, u) respectively. To investigate P(x,t) in the bulk region |z| o t*/? and in the long time
limit, we expand Eq. (6.2) for |u| < |kv| < 1 using the symmetry of F'(v). We find the Fourier-Laplace
transform of P(z,t) describing the center part of the packet of particles

1
Peen(kyu) ~ ———y———. (6.3)
u+ % (v?)k?
Its inverse Fourier-Laplace transform is a Gaussian PDF with zero mean and a variance
t
(@?) = (*)(r?) = (6.4)
(1)

The rest of the positive integer moments are derived in the following Section.

6.2. Derivation of the integer moments

We present the derivation of the moments for r = |«], » > 2. The derivation is in accordance with the
one presented in Sec. 2.1 for the velocity model. For the final result turn to Eq. (6.18). The derivatives
of the nominator, N'(k, ), and denominator, D(k,u), are given for later use:
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FIGURE 5. (color online) Uniform approximations (lines), Eq. (5.7), of the PDF for Lévy
walks versus the numerically sampled PDFs for ¢t = 2.5 - 10° (symbols). We use the two
state velocity model (solid red line) and the jump (dashed-dotted blue line) model, Eq.
(2.1), with v, = 1. The parameters are « = 1.5, A = |[I'(1—a)|. The PDFs were sampled
over 108 realizations.

k U |k 0= Z] L (= 1)_ (r >< m> 1 wi—m—1 _ (_1)m+TAT<vm> I'(a) ua—m—l)

8(Zk)m J (1) I(j—m) I'(a—m)
m r j—m (17 m” j— m-r m I -
it Db )] = X5y (S G 0 iyl = (ST A () e

The moments (x™(u)) are given by the general Leibniz rule of derivation:

i m gm—J o7 1
kozo(j>a<ik>m-jN k) oy Dl |y OY

(™ (u)) = o Pk, u)

The exact expression for the derivative of the denominator is given by the Faa di Bruno formula [33]

o 1 4
, B (w1, w2, ..., Wi s11), 6.7
o(ik)? D(k,u) |y 222 Dk = 0 et D (W ) (6.7)
where B; . (w1,ws,...,w;j—.41) is the partial Bell polynomial, Eq. (3.4), and the summation is taken over
all the sequences of integers r1,73,... > 0 such that :
ro+7rs+ ... =2,
{ Uy +dry... = . (6.8)

The odd indices are 7; = 0 due to the symmetry of velocity PDF, F'(v). Thus j must be even, meaning

ro+7rs+... =2,
{r2+2r4...—j/2, (6.9)
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where the maximum possible value which z and 7o attain is j/2. In the small u limit, the inputs
{wz}zzl,g’m Of Bj,z(-) are
0 odd z

Wy ~ _W<UZ> z<r (6.10)

—A(—a), (vHur* < 2

We now find the long time behavior of the moments, Eq. (6.6), corresponding to the small w limit.
For m, an even order of the moment, we differentiate between m < « and a < m for convenience. The
first case is 0 < m < « :

o1
O(’?(zk)- D(k,u)

m _ O™ N (k,u)
(™) = pawy “BaR

m m\ o™ IN (ku)
. + 2 ( j) a(ik) ™7

— — k=0

Ly pm r+m T (&3 a—1—r
~ L[5 m < 1) + (<17 AL (o) 01,

z=1
(6.11)
where I(---) = 1 if the statement in the parenthesis is true and zero otherwise while §,,, =1 if r =m
otherwise it is 0. Since j < m < r then Eq. (6.10) yields B, . a constant independent of u. Hence the
minimum exponent of u~!7#B; . in the last term in Eq. (6.14) is given for ro = z = j/2, where

m m Tty . rdm—1q mn I'(«a a—1—1r j —1)%2!
+Zj:1< J') [Wﬂmﬂ <) (FD)H A gt T b | L S

B j/2(0,ws,0,...) = (j‘;;)! (%)E (6.12)

In the long time limit the asymptotic form of the moment is given by

WH{EH\ 2 m! I'la) A (07
m ~ m m: 1
(2" () ( 2(1) ults + INa—r)urt2—a " (6.13)
Performing the inverse Laplace transform on the latter we find for the dominant order
I(m+1) [ (v?){r?) )2
m(t)) ~ t 6.14
) r<?+1>< 2(r) (010

These are the moments of the Gaussian distribution in accordance with Peey(k, u), Eq. (6.3).
Turning our attention to even moments of order m > «, they are expressed by

* m m\ omIN(kwu) §i 1
i + [22:1 +Zj):r*+1:| < j) aGk)m—7  B(ik)7 D(k,a)

m _ O™ N (k,u)
(@™ (W) = By o

k=0

rim my T a—l—m * m m Fm—itLy ym—j . )74
~ L)AL (o) s ue +Zj—1["']+2j—r*+1( ><><U) 1 B,

j (M) (m—j+1) z=1

(6.15)
where r* is large enough such that m — r* < r and the leading order of the nominator’s derivative is a
constant u®. After careful analysis one finds that the dominant contributions are brought by the first
term from the left and the sum, Z}n:r* 41 The latter contains the denominator’s derivative whose leading
term varies between

0 . . .
I (—1)72! L if 2 is large as j/2
> 7 Biz(wn. ) = L (6.16)
==l Y if z is small as 1
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Performing the calculations we find the leading contributions corresponding to j = m with z = 1 and j/2.

CRIGIARI! I'(0) Fla+1) ] (=D)""A, ")

m ~m)! — . 6.17
(@™ (W) ~m ( 2(t) wztl * I'a—m) I'(a+1-—m) ymt2-a (6.17)
Using the inverse Laplace transform and Gamma function identities [4] we find the expression for moments
of even order m > «

mo L Dm+1) (@23 \ % m{v™) o
(™(t)) ~ —— ( 20y t) +B(m—a)(m—a+1)t e (6.18)

Thus we find two terms the first grows like /2 and it describes Gaussian statistics, i.e. moments of the
normal distribution, and a second term proportional to t™ 1= which originates from the tail of P(z,1).
Importantly the latter is similar to the expression in Eq. (3.10) for 1 < a < 2. This means that the
ID for o > 2 is the same as that found for 1 < a < 2, since the ID must generate the moments of the
process. To see this notice that the second term in Eq. (6.18) is larger than the first, in the long time
limit, when m > 2(av — 1). So the ¢ moments larger than the critical value 2(« — 1) behave as for the
super-diffusive phase 1 < a < 2 and the ID description of the tails of the PDF is valid for a > 1. Thus
the critical value of ¢ after which the infinite density dominates is

«@ if 1<a<?2,

ge(@) = (6.19)
2(a—1) if 2<a.

We note that it is difficult to either measure or simulate the rare events for 2 < « if compared with the
case a ~ 3/2.

There is a difference between the Gaussian 2 < a and Lévy 1 < a < 2 phases specified next. The Lévy
density and the ID match for intermediate x as we have shown in the previous section. In contrast the
Gaussian cannot be matched to the ID for intermediate values of z. To make the matching, one needs
to find the correction to the central limit theorem, for example using the fractional Edgeworth expansion
[26]. This could yield a power law correction term to the Gaussian which could in principle match the ID.
This non universal correction leads to a non-universal behavior of the moments when o < m < 2(av — 1)
namely moments are not determined exclusively by either the Gaussian central limit theorem or the ID.
We leave these issues to future rigorous work. The ¢ — o phase diagram of the Lévy walk model is
summarised in Fig. 6. It contains in it a stripe of non-universal features which is beyond the scope of
this paper.

The above principles are true for the jump model as well. The infinite density is derived through the
moments in the same manner as in Sec. 4, yielding the same results, Egs.(4.8) and (4.42). All the former
expressions found for the ID for 1 < o < 2 are valid for o > 2 such as Eqgs. (4.10,4.12,4.28).

7. Biased dynamics

We mentioned in the Sec. 2 that the velocity PDF, F(v) is symmetric and assumed (v) = 0. We will
now introduce bias by shifting the distribution

Fiuy(v) = F(v— (v)). (7.1)

This ensures that the moments ([v — (v)]?) = 0 for odd ¢. We introduce the PDF, P (k,u), for the
velocity model with the velocity PDF, Fy,(v), while for the unbiased case the PDF P(k,u) was given by
Eq. (2.6), the Montroll-Weiss equation. By inserting Eq. (7.1) to the latter and changing the variables
we find

Py (k,u) = P(k,u — ik(v)). (7.2)
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Arcsine-Lamperti regime

-“

qth order of the moment {|x(#)|?)

|
LévyilGauss central limit regime
0 | L | L
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&

FIGURE 6. (color online) Phase diagram of the Lévy walk process on the parameter
space (¢, a). For 0 < a < 1 we find mono-scaling and ballistic transport, Eq. (8.3). For
ge(@) < q, Eq. (6.19), the statistics is described by the infinite density (the region above
the dot dashed line). Region 1 < « and ¢ < « is governed by the Lévy-Gauss central
limit theorem. The fourth region, marked grey, is not yet fully explored, since it requires
non-trivial matching conditions between the ID and the Gauss central limit theorem.

This relation suits the jump model as well. We first perform the inverse Laplace transform and then
inverse Fourier transform which yield

Py (@,t) = Pz — ()t 1), (7.3)

When a velocity bias is present in the system, one should measure (x) = (v)t. Then, one can use the
same tools discussed earlier including the infinite density after transforming to the rest frame, § — (v).
Then the relation between the biased case ID and the unbiased one is

La, () (0) = Za(v = (v)). (7.4)

In Sec. 5, Peen(2,t) was found to be a Lévy stable distribution for the case of (v) = 0. In the general
case, the whole packet shifts to & ~ (v)t where the weakly correlated small jumps at relatively short
times are dominant. Applying Eq. (7.2) to Eq. (5.1), followed by Fourier-Laplace transformation for
1 < ao < 2 produces,

Pan.8) = = Lo (22101, (75)

[Kat]=

8. Ballistic regime: 0 < a < 1

For 0 < a < 1 the motion becomes ballistic, namely, « ~ t. The propagators for the symmetric case
were considered in Ref. [23] using methods from Refs. [25] and [39,40]. Below we obtain the PDF of the
scaled variable z/t. We call this regime the ballistic Arcsine-Lamperti regime since as we show below the
limit theorems describing the packet of particles are related to the work of Lamperti and the Arcsine law
found by P. Lévy in the context of occupation times of Brownian motion (see Fig. 6). The problem at
hand is related to the problem of ergodicity. To see this note that x = fot v(t) dt and hence the scaling
variable x/t is the time-average of the velocity. Since 0 < o < 1 the problem is related to weak ergodicity
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breaking [39,40]. To start the analysis we recall the Laplace transform of the flight times PDF in the
small u limit

P(u) ~1—Au®. ... (8.1)
8.1. The ballistic PDF

For the remaining of the section we relax our constraints on F(v), the velocity PDF, and allow any general
form with all of its integer moments finite. For the wvelocity model we approximate the Montroll-Weiss
equation, Eq. (2.6), in the small k£ and u limits such that k/u is finite using Eq. (8.1),

(1= %01
(1~ Sv))
Seeking P(x,t) in the long time limit we apply the tools discussed in [40], which refers to a Fourier-
Laplace transform. The entire process is ballistic and dependent on the time-averaged velocity, v, Eq.

(4.6) [23]

P(k,u) -~ <(’LL _ i]f’U)a71> _ %

((u— ko)) ®.2)

P(0) = limy_o0 tP(z, 1)

_ 1y I > dvF(v)(T—v+ie)* ™ ! (83>
= T Mleso MM [2, dvF(v)(v—v+tie)> *
Using the identities lim._o(7 — v 4 i€)® = |7 — v|e’*?(*) and ¢(v) = 7(v < v) we define
HS(v) = / dvF(v)|o — v|® (8.4)

and .
5) = / doF()[5 — v]”. (8.5)
Inserting these into Eq. (8.3) gives the main result of this subsection,
sin (ra) HS (0)HZ (v) + HS (0)H (V)
T [HF(0)] + [HZ (0)]? + 2cos (ma) Hg (0) H (v)

For the jump model, we apply the long time limit approximation, Eq. (8.1), to the Montroll-Weiss
equation, Eq. (2.8),

Pa(v) = (8.6)

- w1 1 1
R T R (=) 0

Similarly, using [40] and the methods depicted above we find

. |’|°Y_1 ) I(v>0) —e™ (v < 0)
P(@) = lgglo tP(z,1) = T elgr(l) tm 75 dvF(v)(0 — v+ ie)®’ (8:8)
or the second key function of this subsection,
5(g) = SR (Ta) 0 HE (0)I(v>0) + HZ (v)I(v <0)
PO = M @P + [z () + 2cos (o) Hz (0)Hg (2] (59

P(7) and P(7), the PDFs of the Lévy walk system for 0 < a < 1, are presented in their general form.
The two PDFs also show some similarities. As o — 1, both equate and give a Dirac delta function (see
appendix of [25]),

o] —1

lim P(7) = lim P(7) = ! liH(l) Im {/ dvF(v)(0 — v + ie) =6(v — (v)). (8.10)
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In the opposite limit, v — 0, the particle is stuck in one state most of the time since the sojourn time
has a very fat tail. For the jump model, the particle is stranded for almost the entire measurement time
causing x(t)/t — 0 in the long time limit. Indeed applying inverse Laplace and Fourier transforms on
Eq. (8.7) and inserting to Eq. (8.8) we find

lim P(0) = 6(5). (.11)
In the welocity model, and in the @ — 0 limit, the particle travels most the observation time with a
constant velocity v whose value is drawn from F(v). By applying the same inverse transforms on Eq.
(8.2) as above and inserting into Eq. (8.3) we find
lim P(v) = F(v). (8.12)
a—0
The two PDFs, Egs. (8.6) and (8.9), have a striking difference at the origin, where the jump model PDF
diverges. For a special case of a symmetric PDF F(v) = F(—v), notice that H(0) = HZ (0) = (|v]|¥)/2
and HS (0) = HZ ,(0) = {Jv|*"1)/2 ,which we assume exists. The PDF P(t = 0) is calculated in the

leading order, using Eq. (8.6),
tan (53*) (Jv[*~)

Po=0)= , (8.13)
™ (ol*)
where 0 < o < 1. For the jump model we use Eq. (8.9) to find
. tan (%) 1
P(v) ~ —2= ot 8.14
(7) ~ S (3.14)

We now turn to the statistical mean and the variance. They are calculated by applying the method of
[40] to Egs. (8.2) and (8.7). We define { = —ik/u and

(29) (7;!) i q&ff_?: ) |§ o velocity model,
St T | (8.15)
Tﬁmkﬂ Jump model.
The first cumulant is calculated
1= { afit oy ot 15

The second cumulant, i.e., the variance, is

(1 —a) [(v?) — (v)?] t* wvelocity model,
(@?) = (2)* = (8.17)

a(l —a) <U;> 2 jump model.

The abrupt displacement events of the jump model affect the mean and the variance due to the particle’s
stickiness in contrast to the velocity model. This is especially noticeable near o« = 0.

8.2. Numerical examples
Some example cases will now be discussed. The first case is the symmetric two state model given by the
velocity PDF Frg(v), Eq. (2.1). Using Eqs. (8.4) and (8.5) in (8.6) we find Lamperti’s PDF [40]

. 2 [ (22 a-—1
sin Srﬂ'oé) — UC@[ 2a( Uc) ] — for |’D| < e,
,PTS({/): [1+E] +[17E] +2cos(7ra)[lf(ﬁ) (818)

0 for |B] > ve,
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FIGURE 7. (color online) Simulations (symbols) versus theory (lines) for the two state
model with @ = 0.4. The velocity attains values £1 with equal probability. Simulation
results are given for the wvelocity (+) and jump (o) models are compared with the the-
oretical results (8.18,8.19) respectively. Numerically obtained PDFs found by sampling
over 10° realizations.

and by Eq. (8.9)

sin (7o) ks ail[l_ e ] for o] < v
Prs() = T P12 2 c0s (ra) [1- (2 = e (8.19)
0 for |B| > v.
The second case is a system with a biased two state PDF
R
F(’U) = mé(@ + UC) + 75(1} — 'UC), (820)

1+ R
where R > 0 is the asymmetry parameter. Specifically, in the previous example we set R = 1. Straight-

forward calculations yield
g1—1
2R |1 _ (@)
sin (ra) Ve { Ve

Phias Ts(T) = . %o T oa L 2] (8.21)
[1 i %} + R2 {1 _ i] + 2R cos (Ta) {1 - (ﬁ) ]
and a—1 o
) . L+ | o 1— |2 [1+(R-1)I(v>0)
PbiasTS(’D) = sim 7(T7TOé) c ° |: - :| _ (822)

Ve

[l—I— ﬂra + R? {1 - %}20[—1—2}%008 (ra) [1 - (U“)QTC
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FIGURE 8. (color online) Simulations (symbols) and theory (lines) for the two state
system with a = 0.4 and v, = 1. The velocity attains values v = 1 and v = —1 with
probability 0.7 and 0.3, respectively [i.e. R = 7/3 in Eq. (8.20)]. Simulation results
are presented for the velocity (4+) and jump (o) models. The lines are the theoretical
PDFs, Egs. (8.21) and (8.22), respectively. The velocity model exhibits ballistic peaks
diverging on v = +wv. while for the jump model, divergence is found at the origin v = 0.
Numerically obtained PDFs found by sampling over 10° realizations.

Egs. (8.18) and (8.21) are the Lamperti distribution [9,25,40].
The third case is a system with an exponential PDF

Fexp(v) = exp (_\/iwl/UC)/[‘/iUCL (8:23)

where v, > 0. A straight forward calculation of Eqgs. (8.4) and (8.5) for © > 0 yields

Ha,exp(v) = W[‘(l + Oé), (824)
and
c ae— 5t 20 V20 4 dma 20 _ V2% _ima
Hiexp(ﬂ):% F<1+a, fv)eﬁ 5 7<1+a,\f“> e 1 , (8.25)
' 2 c Ve

where I'(av,z) = [% dye ¥y®~! and y(a,2) = I'(o) — I'(a, x) are the incomplete gamma functions [4].
Using the symmetric properties of the exponential PDF we can calculate PP (v) and 75‘3"1[’(17) on the
RHS using Egs. (8.6) and (8.9). The asymptotic expressions of the PDF's is obtained via approximations.
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v Po(3)

Uk RLR Y,

FIGURE 9. (color online) Simulations (symbols) and theory (lines) for the model with
the symmetrical exponential velocity PDF, Eq. (8.23) with o = 0.4. Simulation results
are presented for the velocity (4) and jump (o) models. The lines are the theoretical
PDFs. Numerically obtained PDFs found by sampling over 10° realizations.

Using integration by parts one proves that leading terms are I'(a, 2)|,s1 ~ 2% te™® + O(z®

Yo, =) |ps1 ~ €Tz Le?. The auxiliary function, Eq. (8.25), is expressed by
|a

H(iexp(|6|)|\17|>>1 = |1_)

for © > 0. Thus

. _ Va2l
x| sin (o) I'(a)(ve)* ™ e e
P (|’U|)|\’T1|>>U0 ~ QCVTH |@|a ’
and
. _ V3ol
B g sin (a) (o + 1)(ee)” ¢
P (|v|)‘|6|>>vo ~ 1+ ~loa+1
™ 21+2 il

~2) and

(8.26)

(8.27)

(8.28)

The fourth case is a system with a constant velocity v.. Its PDF is F'(v) = §(v — v.), vc > 0. In the
velocity model the particle moves constantly with that velocity, turning the time averaged velocity to a

constant independent of . The PDF, Eq. (8.3) is simplified using Eq. (8.10)

1
Py (0) = —;lg% Im (0 — ve +i€) ™' = 6(0 — ve).

(8.29)

In the jump model the particle jumps only at the end of each event, causing the position is proportional

to the sum of the waiting times, z(t) = vty for n events. The PDF, Eq. (8.8) for positive v is

5 ~ |6|o¢—1 ) B N
Py (0) = — lim Im (0 — v, + €)™,

e e—0
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where the zero order in € is

e~ " for v < v,

= AT N o
Im (0 — ve + i€) |o — vl Im{ 1 for o> v,

=7 = ve|¥sin (rar) for U < ve,
a { 0 for v > v,. (8.31)
yielding
~ sin (o _ _—
Pu.(v) = %ITJI“ Hoe — 9], (8.32)

for 0 < ¥ < v otherwise P(7) = 0. This Beta distribution function corresponds to the statistics of the
backward recurrence time in [25] since ¥ o t,, /1.

9. Summary

We have analyzed two complementary densities of the Lévy walk. When the average flight time is finite
a > 1 we find dual scaling. In the super diffusive phase, 1 < a < 2, the bulk fluctuations are described
by Lévy’s central limit theorem. Naively, this implies the blow up of the mean square displacement
(x?) = 00, since the variance of the Lévy distribution is infinite. This is clearly unphysical for any model
with a typical finite velocity. The infinite density is complementary to the Lévy central limit theorem and
it exhibits ballistic scaling. This non-normalised density correctly describes moments, or more generally
observables, which are integrable. For example |z|? with ¢ > « is integrable (non-integrable) with respect
to the infinite (Lévy) density respectively. Hence the moments {|x|?) with ¢ > a (or 0 < ¢ < «) are
obtained from the infinite (Lévy) density, respectively. In that sense the infinite and Lévy densities
are complementary. Both of them together yield the description of the packet of particles, and the
phenomenon of strong anomalous diffusion.

The Mellin transform technique, developed in this article, yields an explicit equation for the infinite
density. In many applications the analysis of rare fluctuations is made with the theory of large deviations,
however that theory does not apply in our case [49,50]. The technique developed here, was used to analyse
two models. In the velocity model the particle moves with a constant velocity between collision events,
while in the jump model the particle is static most of the time, performing sudden jumps at renewal
events. Both models yield an infinite density indicating that the Mellin transform approach is general.

We have found three behaviors corresponding to the three phases of the Lévy walk model:

(i) For 0 < a < 1 we have mono-scaling and the density is described by tools borrowed from the theory of
weak ergodicity breaking. The limit theorems for the density are related to the arcsine law and Lamperti’s
distribution.

(ii) For 1 < a < 2 the Lévy density describes the central part of the packet of particle and it matches the
infinite density describing the tail of the density. Here we get a uniform approximation describing both
the rare and typical fluctuations.

(iii) When 2 < « the diffusion is normal in the mean square displacement sense. The central part of the
density is described by the Gaussian central limit theorem, while the outer part by the infinite density.
The two solutions do not match in the central region. Hence as suggested in the text, further work is
needed to obtain a uniform approximation.

The perspective ways for further research are many even with a stochastic framework. For example,
we have considered a process that started at time ¢t = 0. If the process has been initiated at time t = —o0,
the system reaches a steady state at time ¢ = 0 when the observation begins. Such an equilibrium state is
found only when « > 1. What is the infinite density in that case? (if it exists). Another interesting case
is to investigate a model where the increments of displacement grows like time to the power of 8 # 1. A
partial answer to this case can be found in Ref. [19].
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A. The Montroll-Weiss equation for the wvelocity model

The Montroll-Weiss equation describes the CTRW in the (k,u) space. We wish to calculate the PDF,
P(x,t). To do so, we work in the Fourier-Laplace space, where the expression is easier to determine. The
PDF of z(t) is composed of mutually exclusive cases of different number of events, n ,[25]

oo

Pla,t) =Y (I(ty <t < tn1)d[z — (1)), (A.1)
n=0

where I(-) = 1 if the argument in the parenthesis is true or 0 if it is false, §(-) is the Dirac delta and
() represents statistical averaging over the sojourn times and the velocities. In what follows we use a
convention of indicating the space we are working in by the function’s variables in the parenthesis, where
(k,x) is the Fourier conjugate pair and (u,t) is the Laplace conjugate pair.

As a first step, we determine the characteristic function, P(k, u), using Egs. (A.1) and (2.5),

) [e'e] [e'e] ) o0 trnt1 )
P(k,u) = (e*rut) = / dt e*“t/ dze** P(z,t) = Z </ dt e“”(t)“t>. (A.2)
0 tn

- n=0

Inserting Eq. (2.4) we perform the integral on the RHS of Eq. (A.2) using 41 — tn, = Tht1
Pk,u) = Y20, <%e— S (u_uwj,lm> _
The iid trait and the definition vfz(u) = (e~"7) enable transforming Eq. (A.3) to

n=0 n=0

(A.3)

This geometric series sum is convergent and yields the known Montroll-Weiss equation [7,29,55] and
(-) indicates here averaging with respect to {v;};=0,1,... only.
An alternate form is derived by recalling the Laplace transform identity found using integration by

parts, «
/(WW/dW@JJ@l (A.5)
0 T

u

which expresses the probability to stay in a state until time ¢. Inserting this identity into Eq. (2.6) yields

fooo dr ffooo dv e~ (W= B (y) fTOO dy ¥ (y)

PO = = ar T o e 0 Fytr)

(A.6)
a more cominon form.

B. The Montroll-Weiss equation for the jump model

The jump model is simpler than the wvelocity model. The dynamics takes place at discrete times
{tn}n:u,_,;, i.e., the transition times between the renewal events (see Fig. 2). Following Sec. 2.1
we derive P(x,t), the PDF of z at time ¢,

oo

Pla,t) =Y Ity <t < tni1)d[z — (1)), (B.1)
n=0
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FIGURE 10. Asymptotic moment amplitudes, Eq. (C.4), for the two-state model (dashed
lines) are compared with the results of the statistical sampling for t = 10° (squares).
Theory predicts a singularity at the point ¢ = «, corresponding to a first order pole.
The parameters of the model are & = 1.5, A = [I'(1 — a)|, v = £1. The number of
realizations is 106.

where Z(t) is taken from Eq. (2.7). The Fourier-Laplace transform of P(m, t) is
P(kj, u) = ZZO:O <71767W"+1 e 2= (“_ikvjfl)7j>

u

(B.2)

as in Eq. (2.8).

C. The complementing densities

Up to now we were focusing on the long time limit, and thus concentrating on the characteristic function
P(k,u), Eq. (3.1). This is not enough to attain a comprehensive analytical expression for the full PDF in
the (z,t) phase space. Later, we delved into long time limit solutions and partitioned the PDF to a central
region function, Peey(2,1), a Lévy stable distribution, Eq. (5.2), and an outer region function, t~*Z4(z/t),
which approximates P(x,t) in the exterior region |z| ~ ¢. The results indicate that in the large ¢ limit
Peen(z,t) depends on ([v*|) and the asymptotic form of ¥ (7), while the external region depends on the
latter and the entire velocity PDF, F(v). Both densities are independent of initial conditions in the long
time limit as expected. Between the central and the outer distributions there is a power law dependence,
Eq. (5.3), which is the tail of the Lévy function and the near-origin divergence of the infinite density.
This matching indicates that the two distributions complement each other in extracting the statistical
properties of the PDF, P(z,t). We will show how the two distributions are mutually exclusive in the
following cases of moment calculations.

The behavior of the P(x,t) in the long time limit can be divided to three from the center, x ~ 0,
outward: (i) Peen(z,t), (ii) the matched intermediate power law region and (iii) t~“Z4(x/t). We can
establish two crossover velocities which delimit the matched power law region, vt < |z] < veat. We will
calculate half the moments value for the sake of simplicity (owing to the symmetry of the system)

oo Vet Veat x4dx e’}
/ 2IP(z,t)dx = / 29 Peen (2, t)dx + Kacat/ .t / 274 (x/t)dx . (C.1)
0 0 vt L Veat
center region intermediate region ballistic outer region
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The crossover velocities v.; and v.o can be estimated. The key issue is their time dependence which
indicates which region dominantly dictates the moment calculation. The first, v.;, is the shift from in-
ner Lévy distribution to asymptotic power law, was approximated in [41] as the intersection between
Peonter(® = 0,1) = Lo(0)/[Kut]/® = (1 + a~1)/[Kut]'/* and the intermediate power law region
t_“Kacavc_ll_a, meaning veit ~ (Kat)l/a. The second crossover velocity, veo, is the end of the near-
origin divergence of the ID. It is derived by equating the first two terms in the expansion of the series,
Eq. (4.12), which yields vea ~ (|[v]*)/(|jv|*~!). Inserting our estimations yields

ol®)

1/ X

Iy~ aP(x, t)dx O(K"“t) 29 Peon (2, t)dx + Kycat f(;'( ‘t)lii e 4o f(|<“a‘i 29T (x/t)dx
o (C.2)

’Ua t
= (Kat)q/a fol CqLa(g)dC + K Catf(;‘( ‘t)licx wffg + atize f <\"uI”)1 Uqu(T})d’U,
(wle=1)
where ¢ = (K,t)~Y/%z. The intermediate power law region can be written in two ways:

(vl (v|*)  41-1/a ol

(Jole=0) " zldx /o | ja—1 ¢9dc¢ _ (lvle=T)  99dv

o q/« Ko/ 7 (|| ) o g+l—o v av
Kacat/(Kat)l/a e = Ca(Kat) /1 e = Kcat /Kml/al T (C.3)

In the long time, the moment’s order ¢ determines both the time dependence of the moment and the
integral’s limits. At ¢t — oo the integral’s limits become (1, 00) for ¢ < a with a time dependence of tale
meaning the Lévy phase determines the moment’s calculation. For ¢ > « the limits are (0, {|v|*)/(|v|*71))
with a t7t1= dependence. Thus, in the latter case the infinite density determines alone the moment’s
calculation. At ¢ = «, we have a critical value, where the intermediate region integral converges to one
form. This integrand is the matching curve, Eq. (5.3), of both the central limit theorem and the ID. It
contributes to either distributions as a fat tail or a power law divergence at the origin (see Fig. 4). The
moment amplitudes are defined using Eqs. (4.4) and a calculation using the Lévy PDF, Eq. (5.2),

_ (290 | (Ko)&I(1—g/a)
Ma< = T qa/a Y I'(1—q) cos (Trqq/Q) for 0 < g<a

(C.4)
> _ (@) 2Kaco g (o™
Mg = 31— ~ Gl ) a—atT)

for a < ¢

Notice that both amplitudes have a 1st order pole at ¢ = « (see Fig. 10). Only the moments of order
q > « reflect uniquely the velocity PDF, F(v). For ¢ < «, the central limit theorem obscures F(v)
as it only contains partial information, K, o (Jv|*). Now we can assign values characterizing strong
anomalous diffusion to Eq. (1.3) with dy =1/, da =1, d3 =1 — a and ¢. = « [See Fig. 1].
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