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Abstract. In this paper we consider a continuous time random walk (CTRW)
model with a decoupled jump pdf. Further, we consider an approximate jump
length pdf; for the waiting time pdf we do not use any approximation and we
employ a function which depends on multiple characteristic times given by a sum
of exponential functions. This waiting time pdf can reproduce power-law behavior
for intermediate times. Using this specific waiting time probability density, we
analyze the behavior of the second moment generated by the CTRW model. It
is known that the waiting time pdf given by an exponential function generates a
normal diffusion process, but for our waiting time pdf the second moment can give
an anomalous diffusion process for intermediate times, and the normal diffusion
process is maintained for the long-time limit. We note that systems which present
subdiffusive behavior for intermediate times but reach normal diffusion at large
times have been observed in biology.
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1. Introduction

Diffusion is a ubiquitous phenomenon, and it is one of the fundamental mechanisms for
transport of materials in physical, chemical and biological systems. The most well-known
example of a diffusion process is Brownian motion. Diffusion processes can be classified
according to their mean square displacements

(22()) ~ t*. (1)

Anomalous diffusion has a mean square displacement that deviates from linear time
dependence. The process is called subdiffusive when 0 < o < 1 and superdiffusive
when a > 1. Nowadays, there are several approaches for describing anomalous diffusion
processes, and they can be applied to many situations of natural systems [1]-[9]. One of
the most interesting features incorporated into these approaches is the memory effect. In
particular, the memory effect incorporated into the Langevin approach, referred to as the
generalized Langevin equation (GLE) [4], can be associated with the retardation of friction
and fractal media [10, 11]. Moreover, according to the fluctuation-dissipation theorem [1],
the internal friction is directly related to the correlation function of the random force.

In many situations, a finite correlated noise is necessary for describing the real systems
in equilibrium states. However, in order to describe anomalous diffusion, a nonlocal
friction should be employed, satisfying the fluctuation-dissipation theorem. For instance,
anomalous diffusion processes have been observed in a variety of systems such as bacterial
cytoplasm motion [12], conformational fluctuations within a single protein molecule [13]
and fluorescence intermittency in single enzymes [14]. These processes have been described
using the GLE, and a memory effect has also been shown using generalized Fokker—Planck
equations (GFPE) [4]. It should be noted that other models may also be considered for
describing these systems.

In particular, the continuous time random walk (CTRW) [15] can also be employed to
describe anomalous diffusion [16]-[22]. Further, the CTRW with a power-law waiting time
probability density function (pdf) [23,24] was linked to the following fractional Fokker—
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Planck equation [5]:

Ip(z,t 0 07
E?t ) - ODt1 Ka@p(xat)a (2)
where
_ 1 o [ plz,ty)
Dl « - _- P\l

is the Riemann—Liouville fractional derivative and I'(2) is the Gamma function. p(z,t)dz
is the probability for finding a particle in a position between z and x + dx at time t. It
should be noted that the memory effect in the GLE approach appears on the level of the
stochastic equation but leads to time-dependent coefficients on the noise-averaged level.
In contrast to the GLE approach, the subdiffusive CTRW model has a memory kernel on
the noise-averaged level.

The CTRW model may be described using a set of Langevin equations [5, 25, 26] or an
appropriate generalized master equation [19,27,28]. The pdf p(x,t) obeys the following
equation in Fourier-Laplace space [5]:

plk5) = ==X (@)

where po(k) is the Fourier transform of the initial condition py(z), ¥(z,t) is the jump pdf
and ¢(t) is the waiting time pdf defined by

o(t) = / " (e, t) de. (5)

Moreover, from the jump pdf we also have the jump length pdf defined by
o) = [ vt ()
0

In many cases, the CTRW model can be simplified through the decoupled jump pdf
Y(k,s) = ¢(k)g(s). In particular, we consider a finite jump length variance. In this case
we can take, for instance, a Gaussian jump length pdf, and its lowest order in Fourier
space is given by [5]

(k) ~ 1 — DE* + O(K*). (7)

In fact, any jump length pdf with finite variance leads to this small & behavior, and in
the continuum limit only the lowest order enters into the CTRW theory. In this situation,
different kinds of CTRW models are specified through specifying the waiting time pdf. The
CTRW model is also connected to a class of Fokker—Planck equations [5,29]. Furthermore,
in the CTRW model, solutions for p(z,t) under the condition of a long-tailed waiting time
pdf can be found in [30]-[32].
Substituting equation (7) into (4), we have
_L1—g(s) po(k)

P $) = =TT - Didgls)” (®)
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It should be noted that the CTRW model can be classified according to the characteristic
waiting time 7" and the jump length variance ¥? defined by

- /0 gt dt, ()

and

oo
32 :/ 2?¢(z) d. (10)
— 0o
For finite 7" and %2, the long-time limit corresponds to Brownian motion [5]. Although
equation (8) is valid for a finite jump length variance, anomalous diffusion can be produced
by equation (8) with appropriate choices of waiting time pdf. With this perspective, we
propose to investigate some interesting aspects of anomalous diffusion processes related
to the CTRW model. Moreover, anomalous diffusion is a subject of great current interest.
The aim of this work is to investigate the behavior of a particle’s diffusion with
a specified waiting time pdf given by a sum of N exponential functions. We should
note an interesting aspect of this waiting time pdf; it can describe power-law behavior
for intermediate times and exponential behavior for the long-time limit. Moreover, the
greater the value of N, the greater the range for the power-law behavior. For this case the
particle spends more time in a specified site for intermediate times, and it can describe
anomalous behaviors. However, in the long-time limit the system recovers the usual
diffusive process due to the exponential behavior of the waiting time pdf which gives a
finite characteristic waiting time. We note that this kind of regime has been observed
in biological systems [33]-[35]. This paper is organized as follows. In section 2 we study
the CTRW model through the second moment using a waiting time pdf with multiple
characteristic times. In section 3, we show the exact solutions for the pdf p(z,t). Finally,
conclusions are presented in section 4.

2. The continuous time random walk model and the second moment for multiple
characteristic times

Equation (8) was already employed for studying diffusion behavior when the form of
the waiting time pdf ¢(t) was first specified, e.g., as a power-law function in the long-
time limit [5]. In this case, the corresponding fractional differential equation is given by
equation (2). For a = 1, equation (2) gives the well-known ordinary diffusion equation.
For a generic form of g(¢) the corresponding integro-differential equation for CTRW can
be described via the following equation [36]:

dp(z,1) /t ple,ty) . 0 /t Ppla,tr)

We note that equation (11) has a different form to the ones described in [27,37]. In order
to obtain equation (11) we first apply the inverse Fourier transform to equation (8) and
we obtain

ol )~ Sp(,0) — g()ola5) + ~g(s)p(x.0) = Dg(s) TAZD (1)
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Now we apply the inverse Laplace transform to equation (12); we have

plat) = pfa.0) = [t = 1ot ) s+ p(a0) [ ()

! a2p (ZL’ ) tl)

=D ; g(t t1> 02
Applying the operator 0/0t to equation (13), one can obtain the integro-differential
equation (11).

For the case of g(t) = t*~!/T'(«), the integrals of equation (11) become the Caputo
or the Riemann-Liouville fractional derivatives. The difference between them is that
the Caputo fractional derivative requires the integrability of the derivative and contains
the initial value of the function. Therefore the Caputo fractional derivative is more
restrictive than the Riemann-Liouville fractional derivative. However, if the initial values
are properly taken into account, the two formulations are equivalent. It should be pointed
out that the use of these operators may lead to different behaviors including unphysical
behavior in different systems [38, 39]. Equation (11) is derived from a well-defined physical
process, and no ambiguities and unphysical behaviors are expected. The left side of
equation (11) shows the variation of p(z,t) with respect to time, which depends not
only on the ordinary derivative operator but also on the difference between ordinary and
nonlocal integral operators.

Equation (11) can be used for obtaining the second moment. We note that

d(@?) _ [ 50p(,1)
T —/ x de. (14)

dty. (13)

—00

Substituting equation (11) into (14) ylelds

d(z?) t d(z?
F:/o g(t —t1) i

After integrating the second term of the right side of equation (15) by parts twice, we

have
d<.’L’2> - t d<.’L’2> o t o)
& —/Og(t—tl) & dt1+2D§/Og(t—t1)/ p(x,t)dxdty, (16)

00 2
gt —t,) / xQdedtl. (15)

(e o]

oo

where we also consider that lim, ... p(x,t) and it decreases faster than 1/x. The
normalization of the pdf p(x,t) requires that ffooo p(x,t)dx = 1. Finally, equation (16)
can be rewritten as

d<dx:> z/otg(t—tl) C<1 >dt1+2Da / (t —t1) dty. (17)

Employing the Laplace transform in equation (17) we obtain

(*)o  2Dg(s)
s s[l—g(s)]

in Laplace space. We have shown that for equation (11), even for a generic waiting time
pdf, the second moment of displacement can be directly obtained from equation (18).

(%), =

(18)

doi:10.1088/1742-5468,/2010,/04/P04001 5
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Thus, different diffusion behaviors can be found when substituting different waiting time
pdfs into equation (18).

Considering that the waiting time pdf must be positive and normalizable; there exist
only a few simple functions that can be used as waiting time pdfs. Now we propose a
more complicated form of waiting time pdf and investigate diffusion behaviors generated
with it. Our proposal is made up of a sum of exponential functions, which is given by

N
g(t) = Ay > ce ™, (19)
=0

where ¢; and \; are constants, and Ay is a normalization constant given by

1
Zﬁ\;o Cz‘/)‘z‘.

We also consider A; > 0. A multiexponential model can be found for excited-state
decay systems, for instance for a system of emitting residues, with the assumption of
noninteracting resonance transitions [40]. Moreover, many positive functions can be well
approximated by a finite sum of exponential function indicating that the waiting time
pdf can contain several characteristic times. In particular, we should note an interesting
aspect of the waiting time pdf (19); for an appropriate choice of ¢; and A; the function g(t)
can describe power-law behavior with logarithmic oscillations for intermediate times and
exponential behavior for the long-time limit. Moreover, the greater the value of N, the
greater the range for the power-law behavior. In contrast to the pure power-law function,
which is not normalizable, the waiting time pdf (19) is normalizable and its characteristic
waiting time is also finite, T = Ay Zﬁ\;o c;/A\?, for N finite; then, the long-time limit
corresponds to the normal diffusion.
The Laplace transform of ¢(t) is given by

Ay = (20)

N,
gls) = Aw 3 o @1

Substituting equation (21) into (18) we have

(2?), 1 1 PNyy1+ PNys+ PNy_18%>+ -+ PN;sV + PNysV+! (22)

2D~ s ' s? KNy+ KNy 15+ KNy ps?+ -+ KNisV 15V

where the coefficients PN; and K N; correspond to the expansions of (A\g+ ) -+ (Ay + s)
and (Ao +8)---( Ay +58) — Ax[coA +8) - (Av+8) +c1( Ao+ s) Ao+ 8)---(Ay +5)+
co(Mo+s) (A +5)(As+s) - (Av+s)+en(Ao+5) - (Av_1+5)], respectively. The second
moment is given by

(%) _ = RNy S8 [FE Nyt T S [ KN ™
ﬁ__l—i_z Z mN_1! Z

2

=0 I (Zgzl (22) ) —|—] + 1)
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for N > 1. We note that one can write equation (23) in terms of the generalized Mittag-
Leffler function as follows. First, we rewrite equation (23) as

( = KNNtN =\ [~ K Nyt?|™
AV Z Z —
my=0 mo=0
vl (S ma ) RN
< |3 [PNe S - (24)
=0 mi1=0 ml'F (ZiQ:l (22) ) —|—] + 1)

The summation inside the parenthesis can be written in terms of the generalized Mittag-
Leffler function

( B = KNNtN 2 [~ K Nyt?™
Ml Z Z i
my=0 mo=0
N+1 (Z )
J il= 1m11+1
ZPNt E; SN )mml( KNlt)] , (25)

where £, ,(y) is defined by [41, 42]

Bul) =3 S P (26)
and
d" = (m +n)ly™
B, (y) = Z (27)

I'(v+p(m+n))

m=0
Equation (25) has the following asymptotic behavior (£ > 1):

(x_2> ~—1+ PNy . PNy KNy i PNy
2D KNy (KNy)? KNy

t, (28)

and it describes normal diffusive behavior.

In order to show some interesting aspects of the CTRW model with the waiting time
pdf (19) we consider specific choices of ¢; and A;. For the first case, we consider N = 1,
Ao = b1, Ay = by and A; = 1. In particular, this model can reproduce the mean square
displacement of the Langevin equation for Brownian motion of a particle with an inertial
term. The normalization of g(t) implies that

o =b (1 - Z—;) . (29)

doi:10.1088/1742-5468,/2010,/04/P04001 7
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Substituting equation (29) into (18) we obtain

2d
((x = 20)*) = Z5[=(Ba — E1E)(1 — ™) + By Eit], (30)
3
where
by
Ey =0+ 1—5 C1, (31)
E2 - blbg (32)
and

b
E3 = b2 — (]_ - —1) Cy. (33)
by

Now we can compare the result (30) with that of the Langevin equation for Brownian
motion [3]. This system is described by the following equation:

do(t

L0 4 qute) = 000, 39
dt

where O(?) is the Langevin force with zero mean, (O(t)) = 0, and the correlation function

given by (O(t1)O(t2)) = qd(t1 —t2), and 4(t) is the Dirac delta function. The mean square

displacement of the Brownian motion of a particle is given by

o (2 a\(1-e)? g —t q
and the diffusion constant K given by K = q/(27?).
In order to reproduce the result (35) from equation (30) we first consider the initial
velocity distribution for the stationary state given by (v3) = ¢/(2y). Then, from
equation (35) we have

(& — 20)?) = _%(1 ey %t, (36)

and from equations (30) to (33) we have

q 1 v 2q>
by = : by=—(14+,/1— =), ¢ =—c, 37
DR x1-(¢DP) 2< V' Dy T D

_ 4
2D~

These results give the Langevin approach and CTRW model as closely related to each
other. In fact, in the Langevin equation (34) the parameters v and ¢ are related to the
macroscopic and microscopic characteristic times, respectively. In the CTRW model these
quantities are related to the parameters b; and by of the waiting time pdf. Notice that
the mean square displacement (36) has ballistic diffusion for short time and eventually
reaches normal diffusion.

E1 = 0, EQ and E3 =7. (38)

doi:10.1088/1742-5468,/2010,/04/P04001 8
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N=2

10.01 0.1 1 10 100 1000
N=4

0.01 0.1 1 10 100 1000 10000
t

Figure 1. Plots of g(t) for different values of a and b. The solid lines correspond
to a = 2/15 and b = 0.7. The dotted lines correspond to a = 3/15 and b = 0.7,
and the dashed lines correspond to a = 5/15 and b = 0.7.

For the second case, we take ¢; = (a/b)" > 0 and \; = @', and we obtain

Ay = —t (39)

o 1/
In figure 1 we show ¢(t) for N = 2 and 4. We note that ¢(¢) can approximately describe
power-law behavior for intermediate times and it decays exponentially in the long-time
limit. Moreover, the greater the value of N, the greater the range for the power-law
behavior. We also note that in addition to this power-law main trend, there occur
subdominant logarithmic oscillations [43,44] (as can be identified in figure 1). If g(t)
is not a discrete sum of exponentials but a sum in the continuum limit (given by an
integral), then logarithmic oscillations could not occur [45]. This kind of self-similar
structure (N — 00) was initially considered in the economic context [46] and subsequently
in other systems such as physical, chemical and biological systems (see [43]-[45], [47] and
references therein). These facts reinforce our belief that the diffusive process based on the
above waiting time pdf may be useful in the discussion of systems with many timescales.
Now we consider N = 2. From equation (23) we obtain

—K2 t — [-K2,¢™ ! 3
<_:_1+Z 2 Z[ 1™ (my + my) a
ml! F(ng +my + 4)
mo=0 m1=0
(1+a+a2)t2 (1+a+a)t 1 (40)
F(ng +mq + 3) P(ng +mq + 2) P(ng +mq + 1) '
where the term (2?)(/s has been omitted, and
9 a a\?
K2, =1+a+a®— A, Hg*(g) (41)

doi:10.1088/1742-5468,/2010,/04/P04001 9
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<X >

t

Figure 2. Plots of (22) for different values of a and b with N = 2. The
upper and lower figures correspond to a = 2/15,5/15 and b = 0.7, respectively.
The solid lines are obtained from equation (40) and the dashed lines are the
asymptotic curves obtained from equation (43). The dotted lines correspond to
linear functions given by 0.54¢ (for the upper figure) and 0.75¢ (for the lower
figure).

and
K2, =a(l+a+a?) — Ay (a—i—a2 + %(1 +a?) + (%)2 1+ a)> L (42)

The asymptotic limit of equation (40) is given by

2 3K2 1 2 3
@) oK dltard) o, (43)
2D (K2)? K2, K2,

In figure 2 we show the behavior of (2?) for different values of @ and b. It deviates from the
normal diffusion for intermediate times and the normal diffusion behavior is maintained
in the long-time limit. We see that the beginning and the end of the subdiffusive behavior
coincide with the power-law behavior of figure 1.

For N = 4 we have

( K44t [ K45t SN [~ K 4at?])me
A
w;o mgz=0 m! mQZ=0 m!
y i K41 m1 + mo + m3 + m4) |: a10t5
=0 m1! F(4m4 + 3m3 + 2m2 +mq + 6)
P4t PA4st3

+

F(4m4 + 3m3 + 2m2 +mq + 5) F(4m4 + 3m3 + 2m2 +mq + 4)
doi:10.1088/1742-5468,/2010,/04/P04001 10
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Figure 3. Plots of (22) for different values of a and b with N = 4. The upper
and lower figures correspond to a = 2/15,5/15 and b = 0.7, respectively. The
solid lines are obtained from equation (44). The dotted lines correspond to linear
functions given by 0.187¢ (for the upper figure) and 0.32¢ (for the lower figure).

PA4yt? N Paqt
F(4m4 + 3m3 + 2m2 +mq + 3) F(4m4 + 3m3 + 2m2 +mq + 2)
1
+ .
F(4m4 + 3m3 + 2m2 +mq + 1)

+

(44)

The asymptotic limit of equation (44) is given by

(2?) P4y  a'®K45 '
— ~ —1 — t. 45
2D TR T w4 TR (45)

In figure 3 we show the behavior of (2?) for different values of a and b. We see that the
behavior of (2?) deviates from the normal diffusion for intermediate times. The normal
diffusion behavior is maintained in the long-time limit (45).

3. The exact solution for the probability density

Generally speaking, using equation (4) one can calculate the pdf in the framework of
the CTRW model. However, it is hard to obtain the exact pdf from equation (4). In
particular, we can obtain the exact solution for p(z,t) in the case of the waiting time pdf
given in section 2. In the following, we consider the initial condition as po(k) = 1. After
we take the Fourier inverse for p(k, s) in equation (8), we have

_Ll-gls) [~ et
o) = gt | T s B (46)

We note that the denominator can have three different poles: 1—g(s) = 0 gives the trivial
result, (1—g(s))/g(s) < 0 gives the poles on the real axis and (1—g(s))/g(s) > 0 gives the

doi:10.1088/1742-5468,/2010,/04/P04001 11
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poles on the imaginary axis. For the waiting time pdf given in section 2 we can restrict
to the case of the poles on the imaginary axis. Thus, the solution for p(z, s) is given by

0 iy (e [1me)
Ps) = 5 ms\ 9l p( o\ 9 ) 47)

Before obtaining the exact solutions to p(x,t) we can calculate the second moment in
Laplace space which yields

n 2D9(3)
= S g

This result is similar to (18), except for the term of the initial value (x?),.

For the waiting time pdf (19) the solution for py(x,t) can be obtained from
equation (47) and it is given in the appendix.

The asymptotic expansion of py(z,t) (for finite x and ¢ > 1) is given by

(48)

KNy
D <H;\;0 /\l> t

pn (@, 1) ~ ! (49)

It is worth mentioning that the pdf py(z,t) shows the same power-law decay 1/+/f of the
normal diffusion for all N, and it is also independent of the spatial coordinate x. This
result is not a surprise because the waiting time pdf (19) has a finite characteristic waiting
time.

As examples, we now present the solutions for the cases discussed in the previous
section with N = 1 and 2. For the case of N = 1 (see equation (29)) the solution for
p(x,t) is given by

1 [ 1 2
pi(z,t) = —/ dw @1 (w) cos (uﬂf -z + — arccos (_w_/)
0 2 2 r

™ 1

/ 1 2
- M sin (— arccos (_w_/))) dw, (50)
vV Dbiby 2 51
where
r 4 2 211/2
= [w +w (bl + bg) } (51)
and

™ |z|/7} 1 w?
or(w) = — Y (VI (L ICANT )
1(w) SN exp ( Di b cos | 5 arccos o (52)

For N = 2 the solution for p(x,t) is given by

1 [ 1 A
pa(x,t) = —/ dw P(w) cos (wt — g + 5 arccos (ﬁ)
0

m T2

_ Jalv sin (1 arccos (@))) dw, (53)
VD Ay 2 T2

doi:10.1088/1742-5468,/2010,/04/P04001 12
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where

ro = [A3) + AR, (54)

Asr = {AoA1 + Aoda + Ado — Ag[co(Ar 4+ A2) + c1(Xo + A2) + c2(Ao + A1)] — w?}
X [)\0/\1/\2 + AQ(CO +c + Cg)wz]u) + AQ[CQ(/\l + /\2) -+ Cl(/\() + /\2)
-+ CQ()\O -+ )\1)”)\0 —+ )\1 + )\2 — AQ(CO -+ C1 -+ 02)]w3, (55)

Agg = { Ao + Aodz + Aidg — Agfeo(Ar + Az) + (Ao + A2) + ca(Ao + A1)] — wz}
X [Co()\l + )\2) + Cl()\o + )\2) + 62()\0 + )\1)]142(4}2
— [)\0 + /\1 + /\2 — AQ(CO + C1 + CQ)][)\OAlAQ + AQ(CO + (&1 + Cg)u)2]u)2, (56)

Aoz = {DoMda + As(co + ¢ + )] 4 [co(A1 4 A2) + c1(Ao + Xa) + ca(Xo + M)]?
x A2/ (57)

and

0= Lo (T o (e (22))).

4. Conclusion

In this work we have proposed and investigated the waiting time pdf described as a sum
of exponential functions (19) in the framework of the CTRW model with a decoupled
jump pdf. This kind of waiting time pdf can be used to describe power-law behavior
for intermediate times; the greater the value of N, the greater the range for the power-
law behavior (figure 1). This suggests that the waiting time pdf (19) may be used as
an alternative for describing power-law behavior, using multiple characteristic times.
As a consequence, subdiffusive behavior can be generated at the intermediate times;
figures 2 and 3 show this behavior clearly. Moreover, we have presented exact solutions
for the second moment and the probability density for a generic N. In particular, we
have shown a very interesting result for N = 1 which can reproduce the mean square
displacement of the Langevin equation for Brownian motion of a particle with an inertial
term. The two characteristic times present in the Langevin approach have counterparts in
the framework of the CTRW given by the parameters b; and by; this result shows that the
multiexponential waiting time pdf may be a useful tool for describing physical systems.

Finally, we hope that the waiting time pdf (19) may also be useful for describing
chemical and biological systems.
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Appendix. The solution for p(x,t)

For the waiting time pdf (19) the solution for p(x,t) can be described as follows. In the
case of N being an even number, the solution is given by

1 [ 1 A
pn(z,t) = —/ dw Oy (w) cos(wt - g + 5 arceos (ﬂ>
0

m TN

lelV/iN (_ . (@))) dw, (A1)

\/_AN3 N
where
N/2 N/2-1 N
Avi =D (=1 KNy | 3 (1) (PNy 1o — KNy_1oa)® 0 + T N
=0 1=0 1=0
N/2—1 N/2-1
— Z (—1)1+jKNN_1_2jw2(1+j) Z (—]_)l (PNN_Ql — KNN_gl)wHQl s
j=0 =0
(A.2)
N/2-1
Aya = Y (-1)"ENy_y_gw* )
=0
N/2-1 N
x| D (=)™ (PNy-1a = KNy_y o)™ + TN
1=0 1=0
N/2 N/2-1
+ Y (1 KNy g™ | 3 (=1)"(PNy_oy — KNy_at)w'™ |, (A.3)
j 1=0
N/2-1 2
s = {h_[/\lJr > (1M (PNy_1—or — KNy-1-21) Q(HD}
1=0
N/2-1 2y 1/2
+ {Z (=) (PNy_y —KNNQZ)w”?l] } : (A.4)
1=0
V/ V/ A
Oy (w) = VN exp ( il L (— arccos (ﬂ))) (A.5)
2\/514]\[3&) \/_AN3 N
and

ry = \/ A2, + A2, (A.6)

In the case of N being an odd number, the solution is given by

1 [ 1 A
pn(x,t) = —/ dw Oy (w) cos(wt — Z 4 ~arccos (ﬂ)
T Jo 2 2

N

B (L (22)) A
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where
(N-1)/2
Ayi= > (=1 KNy g0t
=0
(N=3)/2 N
X Z (—1)1+l (PNn_1-21 — KNn_1_9) w2+ 1 H Al
1=0 1=0
(N—1)/2
_ Z (—1)HjKNN,1,2jw2(Hj)
=0
(N-1)/2
x| Y (D) (PNy-oy — KNy_g) "] (A.8)
1=0
(N—1)/2
Ayy = Z (—1)1+jKNN_1_2jw2(1+j)
=0
(N=3)/2 N
X Z (~)"™ (PNy_1 9 — KNy _1_o) 0?0 H Al
1=0 1=0
(N—1)/2 (N—1)/2
+ Y (“1PKNy_gw™ | 3" (1) (PNy_s — KNy_y) ' |,
=0 1=0
(A.9)
N (N-3)/2 2
Ans = HH N+ Y (D) (PNy_yy — KNNmz)w?(””}
1=0 1=0
(N-1)/2 25 1/2
+ { (=1)" (PNy_2 — KNn_2) w”ﬂ} } : (A.10)
1=0
Oy (w) = _ VIV exp (—M cos (l arccos (—@))) (A.11)
2V D Apsw VDA 2 N
and

We note that KNy = 1 for both cases.

References

[1] Kubo R, Toda M and Hashitsume N, 1985 Statistical Physics II: Nonequilibrium Statistical Mechanics
(Berlin: Springer)

[2] Bouchaud J P and Georges A, 1990 Phys. Rep. 195 127

[3] Risken H, 1996 The Fokker—Planck Equation (Berlin: Springer)

[4] Wang K G and Tokuyama M, 1999 Physica A 265 341

doi:10.1088/1742-5468,/2010,/04/P04001 15


http://dx.doi.org/10.1016/0370-1573(90)90099-N
http://dx.doi.org/10.1016/S0378-4371(98)00644-X
http://dx.doi.org/10.1088/1742-5468/2010/04/P04001

A continuous time random walk model with multiple characteristic times

[5] Metzler R and Klafter J, 2000 Phys. Rep. 339 1
[6] Zaslavsky G M, 2002 Phys. Rep. 371 461
[7] Balucani U, Lee M H and Tognetti V, 2003 Phys. Rep. 373 409
[8] Metzler R and Klafter J, 2004 J. Phys. A: Math. Gen. 37 R161
[9] West B J, Geneston E L and Grigolini P, 2008 Phys. Rep. 468 1
10] West B J and Picozzi S, 2002 Phys. Rev. E 65 037106
1] Picozzi S and West B J, 2002 Phys. Rev. E 66 046118
2] Golding I and Cox E C, 2006 Phys. Rev. Lett. 96 098102
] Kou S C and Xie X S, 2004 Phys. Rev. Lett. 93 180603
Min W, Luo G, Cherayil B J, Kou S C and Xie X S, 2005 Phys. Rev. Lett. 94 198302
| Chaudhury S, Kou S C and Cherayil B J, 2007 J. Phys. Chem. B 111 2377
] Montroll E W and Weiss G H, 1965 J. Math. Phys. 6 167
| Scher H and Lax M, 1973 Phys. Rev. B 7 4502
] Shlesinger M F, 1974 J. Stat. Phys. 10 421
| Scher H and Montroll E, 1975 Phys. Rev. B 12 2455
| Klafter J and Silbey R, 1980 Phys. Rev. Lett. 44 55
| Kotulski M, 1995 J. Stat. Phys. 81 777
| Barkai E and Klafter J, 1997 Phys. Rev. Lett. 79 2245
] Coffey W T, Crothers D S F, Holland D and Titov S V, 2004 J. Mol. Lig. 114 165
| Balakrishnan V, 1985 Physica A 132 569
| Barkai E, Metzler R and Klafter J, 2000 Phys. Rev. E 61 132
| Fogedby H C, 1994 Phys. Rev. Lett. 73 2517
| Fogedby H C, 1994 Phys. Rev. E 50 1657
] Klafter J, Blumen A and Shlesinger M F, 1987 Phys. Rev. A 35 3081
] Berkowitz B, Cortis A, Dentz M and Scher H, 2006 Rev. Geophys. 44 RG2003
| Baule A and Friedrich R, 2007 Europhys. Lett. 77 10002
| Wang K G and Lung C W, 1991 Phys. Lett. A 153 423
] Weissman H, Weiss G H and Havlin S, 1989 J. Stat. Phys. 57 301
| Havlin S and Weiss G H, 1990 J. Stat. Phys. 58 1267
| Barbi M, Place C, Popkov V and Salermo M, 2004 Phys. Rev. E 70 041901
] Barbi M, Place C, Popkov V and Salermo M, 2004 J. Biol. Phys. 30 203
| Saxton M J, 2007 Biophys. J. 92 1178
| Fa K S and Wang K G, 2010 Phys. Rev. E 81 011126
] Hilfer R and Anton L, 1995 Phys. Rev. E 51 R848
Balescu R, 1997 Statistical Dynamics: Matter out of Equilibrium (Singapore: Imperial College Press)
| Fa K S, 2007 Eur. Phys. J. E 24 139
] Ryabov Y E, 2003 Phys. Rev. E 68 030102(R)
0] Wlodarczyk J and Kierdaszuk B, 2003 Biophys. J. 85 589
] Carpinteri A and Mainardi F, 1997 Fractals and Fractional Calculus in Continuum Mechanics
(Wien: Springer) pp 223-76
[42] Erdelyi A, Magnus W, Oberhettinger F and Tricomi F G, 1955 Higher Transcendental Functions vol III
(New York: McGraw-Hill)
] Metzler R, Klafter J and Jortner J, 1999 Proc. Nat. Acad. Sci. 96 11085
] Vallejos R O, Mendes R S, da Silva L R and Tsallis C, 1998 Phys. Rev. E 58 1346
5] Glockle W G and Nonnenmacher T F, 1995 Biophys. J. 68 46
| Montroll E W and Shlesinger M F, 1982 Proc. Nat. Acad. Sci. 79 3380
] Albuquerque E L and Cottam M G, 2004 Polaritons in Periodic and Quasiperiodic Structures
(Amsterdam: Elsevier)

doi:10.1088/1742-5468,/2010,/04/P04001 16


http://dx.doi.org/10.1016/S0370-1573(00)00070-3
http://dx.doi.org/10.1016/S0370-1573(02)00331-9
http://dx.doi.org/10.1016/S0370-1573(02)00430-1
http://dx.doi.org/10.1088/0305-4470/37/31/R01
http://dx.doi.org/10.1016/j.physrep.2008.06.003
http://dx.doi.org/10.1103/PhysRevE.65.037106
http://dx.doi.org/10.1103/PhysRevE.66.046118
http://dx.doi.org/10.1103/PhysRevLett.96.098102
http://dx.doi.org/10.1103/PhysRevLett.93.180603
http://dx.doi.org/10.1103/PhysRevLett.94.198302
http://dx.doi.org/10.1021/jp065737a
http://dx.doi.org/10.1063/1.1704269
http://dx.doi.org/10.1103/PhysRevB.7.4502
http://dx.doi.org/10.1007/BF01008803
http://dx.doi.org/10.1103/PhysRevB.12.2455
http://dx.doi.org/10.1103/PhysRevLett.44.55
http://dx.doi.org/10.1007/BF02179257
http://dx.doi.org/10.1103/PhysRevLett.79.2245
http://dx.doi.org/10.1016/j.molliq.2004.02.015
http://dx.doi.org/10.1016/0378-4371(85)90028-7
http://dx.doi.org/10.1103/PhysRevE.61.132
http://dx.doi.org/10.1103/PhysRevLett.73.2517
http://dx.doi.org/10.1103/PhysRevE.50.1657
http://dx.doi.org/10.1103/PhysRevA.35.3081
http://dx.doi.org/10.1029/2005RG000178
http://dx.doi.org/10.1209/0295-5075/77/10002
http://dx.doi.org/10.1016/0375-9601(91)90690-A
http://dx.doi.org/10.1007/BF01023645
http://dx.doi.org/10.1007/BF01026577
http://dx.doi.org/10.1103/PhysRevE.70.041901
http://dx.doi.org/10.1023/B:JOBP.0000046728.51620.14
http://dx.doi.org/10.1529/biophysj.106.092619
http://dx.doi.org/10.1103/PhysRevE.81.011126
http://dx.doi.org/10.1103/PhysRevE.51.R848
http://dx.doi.org/10.1140/epje/i2007-10224-2
http://dx.doi.org/10.1103/PhysRevE.68.030102
http://dx.doi.org/10.1016/S0006-3495(03)74503-2
http://dx.doi.org/10.1073/pnas.96.20.11085
http://dx.doi.org/10.1103/PhysRevE.58.1346
http://dx.doi.org/10.1016/S0006-3495(95)80157-8
http://dx.doi.org/10.1073/pnas.79.10.3380
http://dx.doi.org/10.1088/1742-5468/2010/04/P04001

	1. Introduction
	2. The continuous time random walk model and the second moment for multiple characteristic times
	3. The exact solution for the probability density
	4. Conclusion
	Acknowledgments
	Appendix. The solution for ρ (x,t) 
	References

