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We study the scaling behavior of particle densities for Lévy walks whose transition length r is coupled with the
transition time ¢ as |r| o t* with an exponent o > 0. The transition-time distribution behaves as v (¢) oc t~'=#
with 8 > 0. For 1 < 8 < 2« and o > 1, particle displacements are characterized by a finite transition time and
confinement to |r| < t* while the marginal distribution of transition lengths is heavy tailed. These characteristics
give rise to the existence of two scaling forms for the particle density, one that is valid at particle displacements
[r] <« t* and one at |r| < ¢*. As a consequence, the Lévy walk displays strong anomalous diffusion in the sense
that the average absolute moments (|r|?) scale as t9"@ with v(g) piecewise linear above and below a critical
value g.. We derive explicit expressions for the scaling forms of the particle densities and determine the scaling
of the average absolute moments. We find that (|r|?) o t7%/# for g < g, = B/a and {|r|?) o t'**4=f for g > q..
These results give insight into the possible origins of strong anomalous diffusion and anomalous behaviors in

disordered systems in general.
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I. INTRODUCTION

Lévy walk dynamics of anomalous diffusion have been
observed for transport in disordered systems as diverse as the
transmission of light through optical media [1], dispersion in
fluid turbulence [2], animal foraging behaviors [3], transport
in strongly correlated velocity fields [4], dispersion in het-
erogeneous porous media [5], and dispersion in intermittent
maps [6]; see also the recent review by Zaburdaev et al. [7].
Lévy walks can be seen as coupled continuous-time random
walks (CTRWs) [8,9] characterized by heavy-tailed marginal
distributions of the spatial transition length and transition time.

The coupling between transition length r and time ¢ for
a particle that moves with constant speed v between turning
points is given by the kinematic relationship » = vz. The speed
v may change randomly at the turning points [10,11]. This
linear coupling model between transition length and times has
been intensely studied in the literature [7,10—12] in terms of the
first-passage times and displacement statistics. Recently it was
found [11] that under certain conditions the spatial density is
characterized by two scaling forms. One describes the bulk
density for |r| < vt, while the other characterizes the tail
behavior at vt. These two scaling forms explain the occurrence
of strong anomalous diffusion in the linearly coupled Lévy
walk.

A system can be characterized as exhibiting strong anoma-
lous diffusion if the average absolute moments (|7|?) scale
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as 19°@ with v(2) > 1/2 and v(g) not a linear function of
q [13]. This characteristic precludes the density from having
a single scaling form, as is the case for an uncoupled CTRW
characterized by a heavy-tailed (power-law) transition-time
distribution () [14]. For the linearly coupled Lévy walk,
anomalous diffusion is strong and the exponent v(g) is a
piecewise linear function of g. For ¢ smaller than some critical
value of g, = B, the exponent gv(q) = ¢q /B, while forqg > q.,
it behaves as gv(g) = 1 +q — B [11,14].

Here we consider the Lévy walk characterized by the
nonlinear coupling [15-18]

Ir| =1t* (1)

with @ > 0. Both r and ¢ are understood to be dimensionless.
This coupling model has been studied in terms of the scaling
of the mean-square displacement (r(¢)>) [16]. However, the
scaling forms and scaling function for the spatial densities
have not been known so far [7]. These scaling forms provide
a complete characterization of the average transport behavior.
Specifically, they allow one to determine the behavior of the
average absolute moments (|r(¢)|") and thus characterize the
nature of anomalous diffusion.

In the next section we provide basic relations for the Lévy
walk, which form the starting point for the derivation of
the scaling forms for the particle densities in Sec. III. The
analytical results are corroborated by numerical random-walk
particle-tracking simulations. Section IV uses these results to
determine the scaling of the average absolute moments. A
summary is given and conclusions are made in Sec. V.

©2015 American Physical Society
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II. LEVY WALKS
We consider the (d = 1)-dimensional CTRW

Tni1 :rn+pna Iny1 =1t + Ty (2)

The Lévy walk [15] couples the independent and identically
distributed random space and time increments p, and t,
according to (1). They are characterized by the joint density
function of transition length and times

Y(p,7) = 38(pl — T (1), 3)

where ¥(7) is the distribution density of transition times t,.
The joint density ¥(p,7) and the transition-time density are
distinguished by their arguments without ambiguity. Thus, the
marginal density v, (p) of transition length p, reads

1
Y (p) = 2—|p|1/“*‘w(|p|‘/“>. 4)
(0%

The CTRW (2) determines the particle positions r(¢) at time
t as

r(t) =ry, ne=minnlt, <1), (&)

where the renewal process n; counts the number of steps
needed to arrive at time 7. Note that (5) considers the CTRW (2)
in the waiting-time interpretation; 7, is interpreted as the
waiting time of a particle at a turning point r,,, which is assumed
to be much longer than the time to make a transition to the next
turning point.

Note that in the case @ > 1 in (1) we have

Iral < 1 (6)

as a result of the monotonicity of the norm. Thus, the particle
positions r(¢) < ¢ and, accordingly, the particle densities have
asharp cutoff at#*. For@ < 1, thisis not the case. This property
has an important impact on the nature of diffusion for values
of o above or below 1 and the scaling properties of the particle
densities as studied in detail below.

We consider a heavy-tailed transition-time density that
behaves as

Y(r)oct 7P (7

fort > 1and B8 > 0. This gives for the marginal density ¥, (p)
of transition length the heavy-tailed distribution

y=L ®)
o

Y (p) o [p| 7,

Note that the uncoupled CTRW characterized by ¥ (p,7) =
¥, (p)¥(t) shows Lévy flightlike behavior for 0 < y < 2 in
the sense that the moments (|7(¢)|?) for ¢ > y do not exist (see
also Ref. [7]). Here the coupling of transition length and time,
and the resulting confinement (6) of the particle trajectory
guarantee that all trajectory moments exist. The numerical
random-walk simulations employed below to determine the
particle densities use the explicit transition-time density

Y(r) =Bt Py + B,10), ©)

where y(a,x) is the lower incomplete gamma function [19].
This distribution decreases as the power law (7) for  >> 1 and
goes toward /(1 + B) for T < 1.
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The objective of this paper is to study the spatial aspects
of the Lévy walk. In general, the particle density for the
CTRW (2) is defined in terms of the particle trajectories
r(t) =ry, as

p(rt) = (8(r —ry)). (10)

The evolution of (10) is governed by the system of equa-
tions [9]

p(r,t):/ dt’R(r,t’)/ dty (1), (1D
0 t—t'

R(r,t) =8(t)8(r) + / dr' Rty —r',t —t), (12)

where we set the initial particle positions ro = 0; R(r,?)drdt
denotes the probability that a particle is in [r,r + dr] and
[#,¢ + dt]. This system of equations can be easily solved after
performing a Fourier-Laplace transform. The particle density
then reads [16]

1 — (b 1
A 1 —vk,))’

which is the starting point for the analysis presented in the next
section. The Laplace transform in time is defined in Ref. [19]
and the Laplace variable here is denoted by A. For the Fourier
transform and its inverse, we adopt the definition

plk,2) =

13)

plk,t) = /dr exp(ikr)p(r,t), (14)

dk )
P(r,t)=/—eXp(—lkr)p(k,t), (15)
2

where k is the wave number. Fourier and Laplace transformed
quantities in the following are identified by their arguments.

III. SCALING FORMS

In order to derive scaling forms for the particle density
p(r,t), we start from its Fourier-Laplace transform (13), which
is quantified in terms of the Laplace transform /(1) of the
transition-time density and the Fourier-Laplace transform of
the joined density vr(k,1). The Fourier-Laplace transform
transform of (p,7) given by (3) can be written as

Wk, \) = /OO dt exp(—At) cos([k[t) (). (16)
0

We can write (16) in the form

1/f(k,/\)=w()»)+/(; dt exp(—=At)[cos(|k[t*) — 1]y (7).
7)

Forr < landn — 1 < B8 < n, ¥(A) can be approximated up
to order A® by ¥(1) & ¥, (1) with

n—1
Ya0) =14 (=@l +(—=1)\'agrf,  (18)

i=1
where the coefficients a; and ag are positive constants [20].
Notice that for n > 1, a; = t,, = (1) is equal to the mean
transition time. The approximation (18) of the transition-time
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probability density function (PDF) (9) and the corresponding
coefficients a; and ag are derived in Appendix A 1.

In order to derive scaling forms for the particle densities,
we distinguish the two cases of weak and strong coupling
between the space and time increments. The weak coupling
is characterized by y > 2 in (8), or equivalently 8 > 2«,
which means that the marginal transition length distribution (8)
has finite mean and variance. The strong-coupling case is
characterized by a broad distribution of transition length,
which corresponds to 8 < 2.

A. Weak coupling > 2«

For weak coupling transport is dispersive as discussed
in Ref. [16]. For completeness, we briefly summarize the
behavior of the particle densities in the weakly coupled limit.
For B > 1, the mean transition time t,, = (7) < 0o is finite
and the central limit theorem predicts normal transport.

The range 0 < B < 1 implies that ¢ < 1/2. This means
that particle displacements have an open range. The Laplace
transform of the transition-time density here is given by (18)
as

Va(h) = 1 — aghl. (19)

We consider now the range |r| > t* while # > 1, which
corresponds to kA™* < 1 while A < 1. In this limit, we can
expand (17) as

2a
Yk,r) =1—agr? — %kz 4o (20)

where the dots denote subleading contributions. Notice that
(12%) < oo because B > 2. Thus, in this limit, we obtain for
the Fourier-Laplace transform (13) of the particle density

1 1
(k1) ~ — .
P AT +ay (TP

2y

The inverse Fourier-Laplace transform of this expression can
be written as

© dk [t dr 1 exp(At — ikr)
p(m)%f —/ s —. (@)
00 2T Je—ioo 2WI A1 +ag (T2 k2 )P

Rescaling At — A and kt#/2 — k gives the single scaling form

p(r,t) ~ fﬁ/zfo(t'ﬂ%'z). (23)

The scaling function decreases exponentially fast for |r| >
thI2,

B. Strong coupling 8 < 2«

In the following, we focus on the more interesting case 8 <
2a, which implies that 0 < y < 2 in (8). This means that the
marginal density of transition lengths is heavy tailed. For k <«
1, the Fourier transform of the spatial transition density (8) can
then be approximated as [7]

vty =1—=cylkl” + -+, (24)

where the dots denote subleading contributions. The constant
¢, > 01is a constant determined by the specific shape of the
transition length PDF . (p) (see also Appendix A 2).

PHYSICAL REVIEW E 92, 032128 (2015)

In order to derive scaling forms for the particle density, we
write (17) in the form

V(k,2)
=y + 17! /oo dt exp(—1)[cos(|k|A %) — 1Ty (er™1).
0

(25)

For small A < 1, we approximate ¥ (tA~") ~ agt ' =#1#~!in
order to obtain

Yk, A) & Yra(h) + AP F(IkIA), (26)

where 1/,()) is defined by (18) and ay is a constant that depends
on the specific choice of 1/ (¢); see Appendix A 1 for the explicit
expressions for ¥,()) and the coefficient ag for the transition-
time PDF (9). The function F (k) is defined by

F(k) = ao / oodz exp(—t)[cos(kr®) — 11t7172. (27)
0

All the derivatives of F'(k) with respect to k exist due to the
condition @ > B/2. In the limit k < 1, we have

F(k) = —ck> + - . (28)

The dots denote subleading contributions of order k*.

Note that setting A =0 in y(k,A) gives the Fourier
transform ¥, (k) of the marginal density (8), which can be
approximated by (24). This implies that F(|k|A~%) behaves
for finite k and in the limit A — 0 as

F(lkIA™) ~ —c, k| 27F. (29)

Using (26) for A < 1, the Fourier-Laplace transform of the
spatial density can now be written in the form

1 —4.(A) 1
A L= = A F(kIA)

This expression is the basis for the derivation of the scaling
forms of the spatial density p(r,t) for different ranges of 8 > 0
presented in the following.

We distinguish two cases. First, we consider o > 1, which
corresponds to a compact displacement range because of
|r(¢)] < t* as indicated by (6). Second, we study the case
o < 1 for which the displacement range is open.

plk,2) ~

(30)

1. Compact displacement range a > 1

We distinguish between the 8 ranges0 < 8 < 1and 8 > 2.
In the first case, the mean transition time t,, is not finite. In
the second case t,, < oo. This has an impact on the scaling
behavior as detailed below.

a. Infinite mean transition time 0 < < 1. In this B range
the Laplace transform i (A) of the transition-time density can
be approximated by (19). Inserting (19) into (30), we obtain for
the Fourier-Laplace transform p(k,)) of the particle density

| 1
kA~ — .
pkA) &~ - ag F(kIA)

€1y

As above, we write down the inverse Fourier and Laplace
transforms of this expression as

® dk [t dr 1 exp(it —ikr)
pk,x) ~ 5 Py = —. (32
—00 2r K—i00 2mi A 1- aﬂ F(|k|)\ oz)
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Rescaling .t — X and k* — k gives the single scaling form

p(r,)~ 17 fi (':—J) (33)
with fi(r) a scaling function that is discussed below. Note
that this scaling form is also valid in the case of an open
displacement range for o < 1.

In order to derive explicit expressions for the scaling
function fi(r) we first consider the bulk density at |r| < t“,
which corresponds to |k|A™* > 1. In this limit, we can
approximate (31) as

a - —0\— o
plk.2) ~ LA (kAP (34)
Y
where we used (29) and set y = B/«. The inverse Fourier-

Laplace transform gives for the scaling function fi(r) the
explicit expression

fi(r) o rPle=t, (35)

The density is cut off here at |r| = ¢t* as indicated by (6).
We can identify the form of this cutoff by considering the case
|k|]A~* ~ 1, which corresponds to |r| ~ ¢t*. In this case, we
approximate (31) by

plk.) ~ A" 4 ag A F(kIAT). (36)

The inverse Fourier-Laplace transform of the expression on
the right-hand side of (36) can be performed explicitly by
using (27). This gives for the scaling function f(r) for |[r| > 0

fir) =

ao

(] = Ve —1=p/a —
Zaﬁal"(ﬂ)(l r/Nr H(l —r), 37

with H (r) the Heaviside step function (see also Appendix B).

Figure 1 shows particle densities obtained by numerical
random-walk particle-tracking simulations based on (2). The
densities are rescaled to highlight the general scaling form (33),
which is confirmed for ¢ >> 1. The solid lines illustrate the
explicit expressions (35) and (37) for the scaling function

1010 T T T T T T T T T

108
10°
10*
10
10°
107

10-4 ] ] | | | | ] ] ]
10°10°% 10710102 10% 107 102 107 10°

r/ %

“ p(r, 1)

FIG. 1. Particle densities p(r,t) at times (from top to bottom)
t = 10%, 103, and 10* for « =2 and B = 1/4. The symbols denote
random-walk simulations using 10° particles and the solid lines
denote the scaling forms (solid) (35) and (dashed) (37).
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fi1(r). Note that (37) merely captures the sharp cutoff,
while (35) describes the power-law decrease at large times.

b. Finite mean transition time > 1. In this B range,
¥,(A) is given by (18) for n = [2«], where the upper braces
denote the ceiling function. The particle density then can be
approximated as

T
Tk + Gg(h) — ABF(Jk|A=)’

where we define Gg(A) =1 — ,(A) — Aty F(k) is defined
in (27). Recall that 7,, = (t) is the mean transition time.

Again recall that we consider the case @ > 1, which implies
that |r(¢)] < #%; this means that the density is cut off at 7.
We explore now the behaviors of p(r,t) at |r| < t* and for
distances close to the cutoff |r| < #¢.

In the limit A < 1 and |k|A™% > 1, which corresponds to
|r| <« t* whilet > 1, we use expression (29) in order to obtain
the following approximation for p(k,A):

plk,x) ~ (38)

tl‘ﬂ

kA) R —————. 39
Pl & ot (39)

Its inverse Laplace transform gives
p(k,t) ~ exp(—cy k[t /Ty), (40)

which is the Fourier representation of the symmetric Lévy
stable density with the stability parameter y and the scale
parameter c,, /7,. Thus, we obtain for the bulk density p(r,t)
at |r| <« t* the scaling behavior

prt) ~7VK, <L> (41)

1y

where K, (r) is the symmetric Lévy stable density. Recall that
y =B/

We now consider the scaling of p(r,?) at large times in the
vicinity of the sharp cut off || < #*. This correspondsto A < 1
while |k|1™¢ is of order 1. Thus, we can approximate (38) as

Gp(r A2
_ Gg( )}+

ATy
Note that Gg(A)/A is of order A~ for1 < B < 2 and of order

A for B > 2. The inverse Fourier-Laplace transform of (42)
gives for |r| # O the scaling form

1
pk,A) ~ XI:l F(lk|A™). (42)

m

~ d—a—p Ir|
p(r)~t 12 ) (43)
which can be checked by inspection. Appendix B derives the
following explicit expression for the scaling function f,(r):

)= 21— VY B = 1), (44)
aty,
Note that for r < 1, the scaling function f>(r) displays the
same power-law behavior proportional to »~!'~7 as the Levy
stable density in (41).

Figure 2 illustrates particle densities obtained from random-
walk particle-tracking simulations using (2). The top figure
emphasizes the scaling form (41) by scaling the data according
by ¢%/#. The middle figure shows the same data set rescaled
according to (43) in order to demonstrate the scaling form.
The solid line depicts the scaling function (44). The bottom
figure illustrates the scaling form (43) for different values of S.
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FIG. 2. The top and middle plots show particle densities p(r,t) for
a =2 and B = 5/2 at (from left to right) times r = 10% and 10°. The
symbols denote the data from the random-walk simulations using 107
particles and the lines the scaling forms (dashed) (41) and (solid) (43).
Note that the crossover between the two scaling forms is marked by
r =r.(t) ~ t*?. The bottom panel shows article densities p(r,t) at
time + = 10% for « =2 and (from top to bottom) 8 = 7/2, 5/2,
and 3/2.

The crossover between the two scaling forms (41) and (43) is
marked by the distance |r.| o t!/7, which is the scale on which
the Levy stable density (41) crosses over from the plateau to
the power-law decay r~!77, as illustrated in the top figure in

PHYSICAL REVIEW E 92, 032128 (2015)

Fig. 2. This behavior and the existence of two scaling forms,
one for the bulk density and one for the tails is in line with the
observations in Ref. [11], who considered the linearly coupled
Lévy walk, this means here o = 1.

2. Open displacement range a < 1

Unlike for o > 1, here the density is not sharply cut
off at the maximum absolute displacement |r| =t%. As a
consequence, the particle densities are characterized by a
single scaling form, whose Fourier-Laplace transforms can by
found in Ref. [16]. For completeness we discuss them briefly
in the following.

a. Infinite mean transition time 0 < B < 1. We have seen
in the previous section that for the range 0 < § < 1, the
particle density has the scaling form (33). The scaling function
here is different. For ¢ > 1 and |r| > ¢, which corresponds
to A <1 and kA%, we obtain by using (28) in (31) the
approximation [16]

1 |
k)~ — .
Pk~ 51 +ay ca(kn )

(45)

This means that p(r,t) decreases exponentially fast for
[r] > t*.

b. Finite mean transition time B > 1. In order to derive the
scaling form for the case with finite mean transition time, we
use (28) in (38), which gives for the Fourier-Laplace transform
of the particle density [16]

)\‘—1
14 Ap-2e=1eok2 /g, "

The inverse Fourier-Laplace transform immediately gives the
dispersive scaling form

pk,p) ~

(46)

pr,y=t""f3 <|tr—v|) v=(1+2a-p8)/2. 47)

The scaling function decreases exponentially fast for |r| > tV.

IV. AVERAGE ABSOLUTE MOMENTS

The average absolute moments are defined by

(Ir1) Z/drlrlqp(ht)- (48)

The scaling forms presented in the previous section allow for
the systematic study of the behavior of the average absolute
moments of all orders g.

A. Weak coupling > 2«

For B > 1, this means for t,, < oo that the central limit
theorem implies normal diffusive transport and the average
absolute moments scale as

(Ir(®)]7) oc 1972, (49)

For 0 < B < 1, we obtain, by using the scaling form (23)
in (48), the scaling for the absolute displacement moments

(Ir(®]7) oc 19972, (50)

which is of course the same as for an uncoupled CTRW. For
weak coupling, anomalous diffusion is weak.
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B. Strong coupling 8 < 2«

We found in Sec. III that there is a single scaling form for the
particle density for 0 < 8 < 1. Thus, anomalous diffusion is
also weak and the average absolute moments scale ballistically
as

(Ir@17) oc 2, b

where we used (33) in (48).

For 8 > 1 and an open displacement range, this means
for o < 1, the particle density is characterized by the single
scaling form (47). Using this expression in (48), we obtain the
dispersive scaling

(Ir®17) o192, v = (14 2a — B)/2. (52)

Anomalous diffusion is also weak.

This is very different for a compact displacement range o >
1 and a finite mean transition time 1,, < 00, which means for
B > 1. As discussed in Sec. III, in this case the particle density
is characterized by two scaling forms: one that describes the
bulk density and one that describes the behavior close to the
sharp cutoff at |r| = .

We use now the scaling forms (41) for |r| < r.(¢) and (43)
for |r| > r.(t) in the definition (48) of the average absolute
moments. This yields, after rescaling the integration variables,
the expression

1
(Ir?) = ﬂ/Vz/ drir|1K,(r)
0

+ ¢itaep /oodr|r|qf2(r). (53)
0

This means that for ¢ < 8/« the first term dominates and we
have the scaling
(Ir(@)]7) oc 194/P, (54)

where we used that y = 8/«. For ¢ = y = /o both con-
tributions are equally important such that (|r(¢)|#/*) o t. For

5 T T T T

4 _
normal diffusion

3 (ol ~ 42 7

9 for g < Bro:

2 F {4998 for g > Blor 1
dispersive ) )
strong anomalous diffusion
t(1+2a-[3)q/2
1

dispersive ballistic 7%
(ap2 e
weak anomalous diffusion
0 ] ] ] ]
0 0.5 1 1.5 2 2.5

o

FIG. 3. (Color online) Illustration of the diffusion regimes de-
pending on the coupling exponent « and the exponent S of the
heavy-tailed transition-time distribution.
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q > B/« the second term dominates such that
(@) ocr'*e=F, (55)

Thus, anomalous diffusion is strong according to [13]. Figure 3
illustrates the o and § regions of normal, weak anomalous, and
strong anomalous diffusion.

V. SUMMARY AND CONCLUSIONS

We studied the spatial characteristics of Lévy walks that
are characterized by a general nonlinear coupling between
transition length and time through |r| =¢* with « > 0.
The transition times are characterized by the heavy-tailed
distribution ¥ (¢) o< t~'=# with 8 > 0. We do not consider
the marginal cases of integer 8, which give rise to logarithmic
terms in the average absolute displacements.

The spatial characteristics of anomalous diffusion are
studied in terms of the scaling forms of the particle densities
and average absolute displacements. It has been previously
found [11,14] that the Lévy walk for o = 1, which means
linear coupling, and 1 < B8 < 2 exhibits strong anomalous
diffusion. This property has been traced back to the existence
of two scaling forms of the particle density, one of which
is valid for short displacement and the other one describes
the density for long particle excursions. For low orders g
of the moments (|r|7) of the absolute displacement, the center
of the particle density dominates the dispersion behavior, while
for increasing ¢ weight is shifted towards the tails and the
second scaling form dominates the dispersion behavior.

We determined the scaling forms of the particle density
for general « >0 and 8 > 0. For 0 < 8 <1 and 8 > 2«
transport is dispersive [16], which means that (|r|7) o t7%/2.
In this region, the transition length and time are only weakly
coupled. In fact, the marginal density of transition lengths
is characterized by a finite variance. The particle density is
characterized by a single scaling form, which is of the same
type as the one for an uncoupled CTRW.

In the strongly coupled case (8 < 2«) the marginal density
¥, (r) is heavy tailed and characterized by the exponent
y = B/a < 2. Nevertheless, for 0 < 8 < 1 and for an open
displacement range (o < 1) we obtain a single scaling form
for the particle density. For 0 < 8 < 1, diffusion is dominated
by a long spatial transition characterized by a large transition
time. This gives rise to ballistic behavior and consequently
the particle density is characterized by a single scaling form.
For o < 1 the coupling is not strong enough to confine the
displacements. In both cases anomalous diffusion is weak.

Strong anomalous diffusion is only observed in the param-
eter region 1 < 8 < 2« and a compact displacement range
(o > 1). This means that the Lévy walk here is characterized
by a finite mean transition time 7,, < oo and confinement to
[r(¢)| < t*. These properties give rise to the existence of two
scaling forms for the particle density. The bulk of the density
is characterized by a Lévy stable distribution of order §/«,
which reflects the fact the marginal distribution of transition
lengths is heavy tailed. Atlarge distances, however, the particle
displacements and thus densities are cut off due to the strong
coupling of transition lengths and times. The cutoff behavior
on the characteristic scale ¢* is characterized by the scaling
form p(r,t) ~ t'=*P £,(Jr|/t%). For a > 1 we observe strong
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anomalous diffusion in parameter ranges of § for which both
the mean and variance of the transition time are finite. Even
though a mean transition time and its variance exist, meaning
that the temporal transitions may be characterized by a single
scale, the CTRW cannot be decoupled. These results shed
light on anomalous diffusive behaviors observed in disordered
systems and the possible origins of strong anomalous diffusion.
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APPENDIX A: ASYMPTOTIC EXPANSIONS

1. Transition-time density

We detail here the expansion (18) of the Laplace transform
of (9) for A « 1. First, we notice that (9) can be written as

o —
¥ (0) =/ dxﬂx_l_ﬂw. (A1)
1
The Laplace transform of the latter reads
v(A) = / h dxpx~'7? 1 (A2)
1 1 —+ AX ’

For n — 1 < B <n, we expand the integrand using the
geometric sum as

n—1

Y =1+ (=B /OO dxx/ 1P
1

Jj=1

+(_1)ﬂkﬂﬂ/wdxw. (A3)
1 1 + )\.X
Rescaling Ax — x in the last integral gives
n—1 00
vy =1+ Z(—l)jkjﬁ/l dxxi=1=F
j=1

xnflfﬂ
1+x

where the dots denote subleading contributions. Thus, the
coefficients a; and ag in (18) are given by

+(—1)")\f‘ﬂ/00dx +-- (A4)
0

e’} o IB
- dxx!=17F = A5
aj; ,6/1 XX 5 (A5)

o0 n—1-p
aﬂzﬁfo dxx1+x — BB — B+ —n), (A6)

where B(w,B) is the Beta function [19]. Furthermore, the
constant ag that determines the asymptotic behavior of ¥ (7)
for T > 1 is given by

ap = BU(1 + B). (A7)

2. Transition length density

We detail here the expansion of the Fourier transform of (8)
for the specific transition-time PDF (9). The transition length
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PDF v, (p) is obtained by inserting (9) into (8) as

v (p) = zﬁmr‘—yy(l + B,1p]"*). (A8)
o

For |p| > 1, it can be approximated by

Bra+4p, -
Yr(p) = —————IpI”"7. (A9)
o
The Fourier transform of v, (p) can be approximated by
B [" 1y 1/a
Y, (k) ~ — dr cos(kr)r y(1 4+ B,r'’%)
@ Jo
(1 o0
L Ara+p) / drcos(kr)r™7,  (A10)
o "o

where ro > 1. For 0 < y < 1 partial integration of the second
integral on the right-hand side gives for |k| < 1 in leading
order

Uy (k)~ 1 —T(1 — )T + B)sin [@]W. (Al1)

For 1 <y < 2, two integrations by parts and considering
|k| < 1 gives in leading order

~ F@—y)Pd + p)cos[(2 — y)r/2]
y —1

k|7
(A12)

¥, (k) ~ 1

These expressions define the constant c,,.

APPENDIX B: SCALING FUNCTIONS

The scaling function (37) can be obtained by the inverse
Fourier-Laplace transform of g (k,A) = A~' F(Jk|»~%). Using
the explicit form (27) of F(k), we can write after rescaling the
integration variable

g1k, A) = agr~17P / dt exp(—At)[cos(kt®) — 17t~ 17P.
' (B1)

The inverse Fourier transform gives immediately

g1(rh) =apr~ P /OO dt exp(—An)[18(|r|—t*)—8(r)]e " 7.
' (B2)

We consider the case |r| > 0 and disregard the second term in
square brackets. Performing now the inverse Laplace transform
gives the expression

, (t—1)P
2r1 +pB)

Executing the integral gives the expression

t
gl(r,t):ao/ dt s(Ir| =y~ F. (B3
0

(t = Ir|)’

R e Iy = e
205F(1+ﬂ)|r| H@® —1rD),  (B4)

g1(r,t) = ag

which yields the scaling function (37).
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The derivation of the scaling function (43) is analogous. We
consider the inverse Fourier-Laplace transform of g,(k,A) =
A2 F(|k|A~*). Using (27) and again rescaling the integration
variable gives the expression

g2k, )) = aph ™2 / dt exp(—Ar)[cos(kt®) — 1]t~ 175,
’ (BS)

PHYSICAL REVIEW E 92, 032128 (2015)

Performing the inverse Fourier and Laplace transforms, we
obtain, by using the same steps as above,

ao ! ’ ’ 1oy —1—=8
go(r,t) = > dr'(t —t)Y8(|r| — ")t . (B6)
0
The remaining integration gives
ap o —1-B/a o
gart) = = = [V TTPOHGE = 1D, (BT)

which yields the scaling function (44).
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