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Abstract

We study analytically a generalized fractional Langevin equation. Gen-
eral formulas for calculation of variances and the mean square displacement
are derived. Cases with a three parameter Mittag-Leffler frictional mem-
ory kernel are considered. Exact results in terms of the Mittag-Leffler type
functions for the relaxation functions, average velocity and average particle
displacement are obtained. The mean square displacement and variances
are investigated analytically. Asymptotic behaviors of the particle in the
short and long time limit are found. The model considered in this paper
may be used for modeling anomalous diffusive processes in complex media
including phenomena similar to single file diffusion or possible generaliza-
tions thereof. We show the importance of the initial conditions on the
anomalous diffusive behavior of the particle.
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1. Introduction

Anomalous diffusion has been found in various physical and biological
systems [22] 23], 26], 50, 17,57, 25]. The mean square displacement (MSD) of
the particle shows a power law dependence on time (x2(t)) ~ t¥, becoming
subdiffusion in case 0 < a < 1 and superdiffusion for 1 < « [35], and
normal classical diffusion for @ = 1. Several approaches to anomalous
diffusion exist. Starting from the generalized Langevin equation (GLE) [1]
20, 29, 39, 20, 2], introduced by Kubo [27], the fractional diffusion equation
[34] (see also Refs. [41] and [52]), fractional Fokker-Planck equation [34] [35]
37], generalized Chapman-Kolmogorov equation [33], fractional generalized
Langevin equation (FGLE) [12], 28, [I5]. To analyze these equations the
properties of different Mittag-Leffler (M-L) type functions [40], [48], [44] 22|
38, 7, 51, 19] are of great importance. Thus, Mainardi and Pironi [30]
introduced a fractional Langevin equation as a particular case of a GLE,
and for the first time represented the velocity and displacement correlation
functions in terms of the M-L functions (see also Ref. [31]).

The continuous time random walk (CTRW) [46], which has a finite
variance (6x2) of jumps lengths and broad distribution of waiting times
7 of the form (7) ~ (7*)*/7'7®, with 0 < a < 1 also represents an-
other pathway to anomalous diffusion. It can be shown that the CTRW
in the diffusion limit is equivalent to the fractional diffusion equation [35],
and that there appears an inequivalence of time versus ensemble averages
[21, B3, [4]. There have been proposed different CTRW models that gener-
ates interesting behaviors in short, intermediate and long times (see Ref.
[16] and references therein). CTRW also describes superdiffusion in the
spatiotemporally coupled Lévy walk case, and Lévy flights [35] 37, 18].

Fractional Brownian motion (FBM), introduced by Kolmogorov, can be
used to model anomalous diffusive processes. It represents a random process
driven by a Gaussian noise ¢ with correlations (£(0)£(t)) ~ a(a — 1)t*~2,
and is of great interest due to its wide application [11), 32, 29, [36]. In
contrast to the GLE, FBM is not subject to the fluctuation-dissipation
theorem, see below.

The anomalous diffusion of a particle of mass m = 1 driven by a sta-
tionary random force £(t) can be explained by analyzing the GLE [27, [30]:

o(t) + /0 At — t)o(t)dt! = €(t),
() = v(t), (1.1)

where v(t) is the velocity of the particle at time ¢ > 0, z(t) is the par-
ticle displacement and 7(¢) is the frictional memory kernel. The internal
noise £(t) is of a zero-mean ({£(t)) = 0), and with an arbitrary correlation
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function

(E@E)) =C(t' — ). (1.2)
The correlation function C(t) may be dependent on the frictional mem-
ory kernel via the second fluctuation-dissipation theorem [27, [30] in the
following way:

C(t) = kpT(), (1.3)
where kp is the Boltzmann constant and T is the absolute temperature
of the environment. This is a case of internal noise, when the fluctuation
and dissipation come from same source, and the system will reach the
equilibrium state. From the other side, the fluctuation and dissipation may
come from different sources, so the fluctuation-dissipation theorem (L.2))
does not hold, and the system will not reach a unique equilibrium state
[56], 53] [47]. Note that in case of internal white Gaussian noise £(t), the
GLE (1)) would correspond to the classical Langevin equation [30]. The
FBM and GLE motion are ergodic (time and ensemble averages are same
[3, @, 24]).

In this paper the anomalous diffusion is investigated by analyzing FGLE
with a three parameter Mittag-LefHler frictional memory kernel. It is a
generalization of the GLE (L)) in which the integer order derivatives are
substituted by fractional order derivatives, for example, of the Caputo form
[B]:

1 ARG
dr ifm—1
F(m—'y)/o (t—T)’H'l_m T 1II'm < v <m,

cD3+f(t) = (1-4)
d™ f(2)
dem

where m € N. In the work of Fa [I5] a FGLE with nonlocal dissipative

force is investigated. Such FGLEs are recently used by Lim and Teo [2§],

Eab and Lim [I2] to model a single file diffusion, which means that in the

short time limit it behaves as normal diffusion ((z%(¢)) ~ O (¢)) and as
anomalous diffusion ((x2(t)) ~ O (tl/ %)) in the long time limit.

It has been mentioned that in the case of internal white Gaussian noise,

the GLE (LI corresponds to the classical Langevin equation. In many

papers the GLE with an internal noise with a power law correlation func-

if v =m,

tions of form C(t) = C) F(t;jA), where I'(+) is the Euler-gamma function,
C) is a proportionality coefficient independent of time and which can de-
pends on the exponent A (0 < A < 1 or 1 < A < 2), has been used
for modeling anomalous diffusion [29] 2], 56|, 53], [47) 10} 30, BI]. One pa-
rameter M-L correlation function C(t) = f§ E\(—(t/7)}) of an internal

noise also is used [54], 55, 5], where 7 is the characteristic memory time,
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C'\ is a proportionality coefficient independent of time (0 < A < 2) and
E\() is the one parameter M-L function (£I). Camargo et al. [6] in-
troduced a fractional GLE with a two parameter M-L correlation func-
tion C(t) = t"~1E)\ (= (t/7)"), where E) ,(-) is the two parameter M-L
function (4.2)). In Ref. [42] we have introduced a three parameter M-L
correlation function C(t) = “24° ES 5 (—L.), where E 4(-) is the three

Fas Lo
parameter M-L function ([£4]), C, s is a proportionality coefficient inde-
pendent of time (o > 0, >0, >0, 0 < ad < 2), and we have studied
the asymptotic behavior of a harmonic oscillator and a free particle. In our
recent paper [43] we have studied the GLE with a three parameter M-L

correlation function

C(t) = Co"ﬁ"stﬁ_lEgﬁ <—t > , (1.5)

Ta5 To

where 7 is the characteristic memory time, Cy, gs is a proportionality co-
efficient independent of time (o > 0, 8 > 0, § > 0). Note that, by us-
ing relations (A7) and (4.8)), the noise term (L) satisfies the assumption
limy_, o0 Y(t) = limg_o s9(s) = 0 [43], where §(s) = L[vy(t)](s) is the Laplace
transform of ~(t), for 5 < 1+ «d. We have shown that for different val-
ues of a, # and § the anomalous diffusion (subdiffusion or superdiffusion)
occurs. In this paper we consider FGLE with an internal noise with three
parameter M-L correlation function of form (L3]).

The three parameter M-L noise (IL3]) for § = 1 yields the two parameter
M-L noise introduced in Ref. [6]. For § = ¢ =1 it corresponds to the one-
parameter M-L noise [54] 55, 5]. In the limit 7 — 0 for § = § = 1 and
«a # 1 the power law correlation function is obtained. Fora= =90 =1 it
is obtained a correlation function of form C(t) = CI’TM e~ /7, which in the
limit 7 — 0 it corresponds to a white Gaussian noise (a standard Brownian
motion).

This paper is organized as follows. In Section [2] general expressions
for the relaxation functions, average velocity and average particle displace-
ment, variances and MSD are derived. The case with an internal noise with
a three parameter M-L correlation function is investigated. The asymp-
totic behaviors in the short and long time limits of the MSD are analyzed.
The appearance of anomalous diffusion (subdiffusion and superdiffusion)
is found. Cases for modeling single file-type diffusion are discussed. A
Summary of the paper is provided in Section [Bl In Appendices (Section
M), some properties and formulas for the M-L functions, and for fractional
derivatives and integrals are presented.
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2. Extended FGLE

Here we consider the following extended FGLE for a particle of mass
m = 1 with a three parameter M-L memory kernel (L5]) and the Caputo
time fractional derivatives:

cDE, () +/0 y(t —to()dt = (1), (2.1)

cDgyx(t) = v(t),

where CDg . and ¢Dy, are the Caputo time fractional derivatives (.13,
0<pu<1l,0<v<1, p+v>1, and the memory kernel is of form (L5I).
If we substitute the second equation of (2.1I]) into first equation of (2.1]) it
is obtained a term of form cDgiyzr(t). So, in order equation (2] to be
a fractional generalization of equation (I.T), it is obtained that p+ v > 1.
From the other side, since 0 < g < 1 and 0 < v < 1, it follows that
w+v <2

Equation of form (2.1 is introduced by Lim and Teo [28] to model a
single file diffusion. They considered cases of internal and external noises
with correlations of white Gaussian and power law forms. The case v = 1
with Dirac delta, exponential and power law correlation functions, and
their combination is investigated in Refs.[I2] 28] [15] in detail. The case
@ = v =1 with an internal noise with a three parameter M-L correlation
function of form (L.H) is considered in Ref.[43]. Here we note that, Eab and
Lim [I3] recently introduced fractional Langevin equation of distributed
order and discussed its possible application for modeling single file diffusion
and ultraslow diffusion.

2.1. Relaxation functions, variances and MSD

We use the Laplace transform method to analyze the FGLE. Thus,

relations (Z1) and (£I7) yield

1% s L op 2.2
(S) - UO S“ + ’3/(8) + S“ + ’S/(S) (8)7 ( . )
R 1 S,u—u—l sV R

X =20 4000 505y F o145 (2:3)

where V(s) = L(®)](s), X(s) = Lzn)(s), 4(s) = LIy®)](s), Fls) =
L[£(t)](s). Here we introduce the following functions
1

9(s) = . . A(s)’ (2.4)

(2.5)
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R S—2V
I(s) = .
)= o1 20s)
By applying inverse Laplace transform to relations (2.2)) and (2.3]), for the

displacement x(t) and velocity v(t) = ¢ Df x(t) it follows:

(2.6)

o0 = o) + [ ot~ tyeerar, 1)
z(t) = (z(1)) + /0 t G(t —t)¢(t)at, (2.8)
with G(0) = 0, where
(w(t)) =vo - c DT TIG(L), (2.9)
(z(t)) = mo +vo - DY (1), (2.10)

and g(t) = £71[3(s)] (1), G(t) = L7 |G(s)| (1), 1(t) = £71[1(s)] (1) are
known as relaxation functions. From relations (24]), (2.35]), (26 and (@I7)
it follows that ¢ Dy, G(t) = g(t) and ¢ Dy, I(t) = G(t).
From relations (2.7), (2.8]) and (I3]), in case of an internal noise, follow
the following general expressions of variances
t

e = (22(0) — (w(t)? = 2 /O A4 G (1) /O " A0aGt2)Cltr — t)

~owsr | [ascioe - [ acoent G
(2.11)
o = (1) — (1)) (2(t) — 2(0))))
_ / dtrg(t) / At (t2)C(t — t2)
0 0
| [ aca@et = [agaoog, o0
-/ t dgG(»s)RLDag(»s)} , (2.12)
o = PO~ el =2 [ “atg(ty) / " dtag(t2) Ot — 1)

t
= —QkBT/(; dfg({)RLDg+g(§), (2.13)
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where it is used the symmetry of the correlation function C(¢; — t2). For
p=1and 0 < v <1itis obtained

9 t
Ope  =kgT /d&G&g”_l—G2t], 2.14
oo, [ ase () (2.14)

I 1
Ozo = kT /d{gf{”_ —tht], 2.15
0| oy | d€©8 - st (2.15)
ow = kT [1—g*(1)] . (2.16)
The case v =1 and 0 < p < 1 yields the following results [15 [12]

t
oex = 2T 100 - [ asG©1c04, G6)|. (217

0
Opp = ;dgf = kgTG(t) [1— Dy G(t)], (2.18)

t
7 = ~2kaT [ degl€)niDf5(6). (219)
0
Furthermore, for = v = 1 we obtained the well known expressions [56} 53]
oze = kpT [21(t) — G*(1)] (2.20)
oz = kpTG(t)[1— g(t)], (2.21)
ow = kT [1 - ¢*(1)] . (2.22)
From relation (2.I1]) for the MSD we obtain
2
(%)) = a2+ 2$OUOCD6L:V_II(t) + vl [CD(’)T”_II(t)]
t v—1 t
s2kat (66O - 2haT [ dEGOCDEGIE)
0 I'(v) 0

(2.23)

from where it follows

1 d v v— v
D(t) =, (@) = zovocDET () + vhe Dy (1o D)
v—1
+kBTG(t); )~ FTGWCDE, (1), (2.24)

For =1 and 0 < v < 1 it follows
tu—l

_ (2.25)

D(t) = zovoG'(t) + (v§ — ksT) G(t)G'(t) + ksTG(t)
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The case v = 1 and 0 < p < 1 yields the time-dependent diffusion coefficient
[39, 130, [31]

D(t) = =zovocDf G(t) + vicDly, I(t)cDl, G(t) + kT G(t)
—kpTG(t)c D, G(t), (2.26)
and for u = v = 1 we obtain [39, 30} 31}, [43]
D(t) = zovog(t) + (v§ — ksT) G(t)g(t) + kpTG(2), (2.27)

which in case of thermal initial conditions (xo = 0, v3 = kpT') turns to the
well known results [10]

D(t) = kgTG(t), (2.28)
and
(x%(t)) = 2kpTI(t). (2.29)

2.2. Explicit forms

In case of a frictional memory kernel of the M-L type (L3, by using
relation (A5 it follows [43]

- (s) Cap,s 590

s) = : .
7 kpTTe0 (g0 4 7—a)°
From relations (2.4]), (25]), (Z:6) and (£6]) for the relaxation functions we
obtain

(2.30)

g(t) = > (=) s 5 gt TRHTERE L (= (/7)) (2.31)
k=0
G(t) = Z(_1)k7§,ﬁ,5t(‘u+ﬂ)k+#+y_1Eﬁf(p—i—ﬂ)k—',—u—i—y (_(t/T)a) ) (232)
k=0
I(t) = ) (=19l g gt B ko (Z(E/T)%) . (2:33)
k=0
where v, 85 = ki‘ff’f_;f&, and G(0) = 0 since pu + v > 1. The convergence of

series (Z31)), (Z32) and (Z33]) may be proved following the procedure in
Ref. [43].

Employing relation (£I5]) to (2.9) and ([2.10)), the average velocity and
average particle displacement become, respectively,

(W(t)) =vo Y (—1)Fk 5 st HOREE ey (/7)) (2.34)
k=0
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(@(t)) = 20 +vo Yy (=1 st TFVER Ly s (< (/7)) (2:35)
k=0

Note that if u = v = 1 the results in Ref.[43] are recovered. Furthermore,

if 7 — 0, by using (&7, relations (2.31]), [2:32]) and ([233]) yield

- Ca7 76 —
9(t) =t" B s asu (— ka[, s 5), (2.36)
v— Ca 0 —a
G(t) =" By g ab (— kB?F s 5), (2.37)
v— Ca,8,6 —a
I(t) = t"" 7 By g aspsan <— kar o 5>, (2.38)

where u+ 5 — ad > 0. Note that for 5 = § = 1 the results in Ref. [2§]
are obtained. Substitution of v = = d = 1 yields the results from Refs.
[15, 12, 28]. The case f=d=pu=v=1,7— 0,0 < a < 2 (i.e. in case of
a power law correlation function; see for example Refs. [29] [43]) yields the
known result

Call 2
)= Ey = @bl2-e) 2.
g(t) 2 < kpT (2.39)
Cat,1 ,9-
1By o — Ll 9.4
G(t) = tEy ,2< k:BTt > (2.40)
Cat,1 ,9-
I(t) =t?FEy_gs | — 0 27 ). 2.41
(t) =1"E; ,3< kpT > (2.41)

From relations (2.34]) and (2:35]), for the average velocity and average
particle displacement in case when 7 — 0 we obtain

CaB,s _
(0(1)) = 10 By 50 (- s aé), (2.42)
CaB,s _
(#(0) =20+ ot Bpea-asus (= (0000 ) (23

which are generalizations of the mean velocity and mean particle displace-
ment for the fractional Langevin equation, considered in Ref. [29] (0 < a <
2, =0 = p=v =1). Graphical representation of the mean velocity and
mean particle displacement is given in Figures [ 2 and [3
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FIGURE 1. Graphical representation in case when 7 = 1,
Cops =1, kT =1, 9 =0, vop = 1 of: (a) Mean particle
velocity (The following parameters are used: o = = 6 =
w =1 (solid line); a = f = 6 = p = 1/2 (dashed line); o =
B=09=1/2, p=3/4 (dot-dashed line); o« = 0 = p = 1/2,
B = 1/4 (dotted line)); (b) Mean particle displacement (The
following parameters are used:a = =0 = p = v =1 (solid
line); a = =6 =p=1/2, v =1 (dashed line); a = g =
0 =v =1/2, p = 3/4 (dot-dashed line); « = § = p =1/2,
B =1/4, v =3/4 (dotted line)).

<x(t)>

BN O N B oY

t (b) t

FIGURE 2. Graphical representation in case when 7 — 0,
Cops =1, kT =1, 9 =0, vop = 1 of: (a) Mean particle
velocity (The following parameters are used: o« = = 6 =
w =1 (solid line); @« = =6 = p = 1/2 (dashed line);
a =40 =3/4, =3/2, p = 1/2 (dot-dashed line); o =
d=3/4, 5 =3/2, p = 3/4 (dotted line)); (b) Mean particle
displacement (The following parameters are used: a = 3 =
d=p=v=1(solid line); a ==06=p=1/2, v=1
(dashed line); « = 6 = v = 3/4, 8 = 3/2, p = 1/2 (dot-
dashed line); a = § = p = 3/4, 8 = 3/2, v = 1/2 (dotted
line)).
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FIGURE 3. Graphical representation in case when Cy g5 =
1, kT =1, zg = 0, v9p = 1 of: (a) Mean particle velocity;
(b) Mean particle displacement. The following parameters
are used: a =9 =p=1/2, 3 =3/2, v=3/4; 7 =0 (solid
line); 7 = 1 (dashed line); 7 = 10 (dot-dashed line).

Relation (2.24)) in the case of the three parameter M-L frictional mem-
ory kernel (L5 becomes

D(t) = Z(—1)k7§75,at(“+ﬁ)k+y_lEilf(p+ﬁ)k+y (=(/m)%)
k=0

o
X |To + o Z(_1)k’}/g,676t(u+6)k+VEi]f(u+ﬁ)k+u+1 (=(t/7)%)
k=0

e e} [e.e]
—kpT Y 3 (1) R Gt 8 o)t 202

k=0 1=0
XEgc]f(quﬁ)kww (—(t/7)%) Egl,(wﬁ)zw (= (/7))
—I—kBTP(lV) k_o(_1)k%liﬂ75t(u+ﬁ)k+u+2u—2Eizj;(wﬁ)kwﬂ (—(t/7)").
: (2.44)
In case of thermal initial conditions (zg = 0, v} = kpT) it follows
D(t) = kpT [S1(t) — Sa(t) + S3(t)] (2.45)

where

Si(t) =30 S ()RR e 2

Efylf(wﬁ)kw (=(@/7)%) Eil,(u+5)z+u+1 (—=(@/7)%), (2.46)
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So(t) :ZZ 1)+ k+l e
k=0 [=0

Eék(u—i—ﬁ)k—i—u—i—u ( (t/T)a) E((il,(u—i-ﬁ)l—i—z/ (_(t/T)a) ’ (247)

e e}

k 2v—2 ok «a
F I/ 2 : tOH_ﬁ) THE E (u—l—ﬁ)k—i—;ﬁ—y( (t/T) )7
k=0

(2.48)

where 7 # 0. From relation (2.25]), note that if yp = 1, S1(¢) and Sa(t)
vanishes, so D(t) = kgT'S3(t). We note that the analysis for the short and
long time behavior of the MSD given bellow may be done in a same way
also for the limit 7 — 0.
By using relation (A7) in the long time limit (f — oo) we obtain the
following asymptotic behaviors:
( Caﬁét/ﬁ-ﬁ 0«5) 00 ( Caﬁcstu-i-ﬁ aé)

2v—1
= Z (p+ 6 —ad)k+v) ;F (u+pB—ad)l+v+1)

Ca, Ca
=t E/H—ﬁ—oz&u < k‘BT th pa > E}H-ﬁ—oeé,l/—i-l < ks T tH f—a >

—~0 (t2”—1—2(“+5—a5)) . t— 00, (2.49)

( Caﬂétu—i-ﬁ a6) . ( Caﬁétu—i-ﬁ a(S)
tu+2u 2
Z (p+p0—ad)k+v) ;F (p+0—ad)l+p+v)

C C
__ 4202 ,3,0 L+ é E ,B,0 ,u+ S
=t Eu+ﬁ—a&”< kpT e a> u+ﬁ—aé,u+”< kpT e a>

=0 (tu+2u—2—2(u+ﬁ—a6)> .t — oo, (2.50)

Ca,8,5 thtB—as

Ss(t) = ,u+2z/ 22 ( kpT >

(p+pB—ad)k+p+v)

tu+2zx 2 Caﬁé N p
= F(l/) Eﬂ+6-0¢5,ﬂ+u< k‘ T t# B— a>

=0 (t2”—2+0‘5—5) , t— oo, (2.51)
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Thus, the MSD in the long time limit (¢ — co) becomes

O (t2(a6—5+V—M)) if 2u < ad — B +1,

2
(1)) ~ { 0] (ta5—ﬁ+2”_1) if2u>ad—0F+1lorpu=1, (2.52)

from where we conclude appearance of anomalous diffusive behavior. De-
pending on the power of ¢ in the MSD we distinguish cases of subdiffusion,
superdiffusion or normal diffusion. Note that this behavior may change if
for some combination of parameters «, 3, §, u and v the first term from
some of the asymptotic expansions of S1(t), So(t) and S5(¢) vanish. In that
cases, the second terms from the asymptotic expansion formulas (£.9) and
([47) should be used.

From relations (2.46]), (2.47)) and (248) in the short time limit (¢ — 0)
we obtain
O (%) if 1 <2u+p
2 = )
(z=(1)) { O (£20F240-1Y i 1 > 90+ 3, (2.53)

From relations ([2.53]) and (2Z.54]) can be seen that the anomalous diffusion
exponent in the short and long time limit is different. We can conclude
that this model may be used for describing single file-type diffusion or pos-
sible generalizations thereof, such as accelerating and retarding anomalous
diffusion [14]. For example, in the short time limit the anomalous diffusion
exponent may be greater than the one in the long time limit. Note that
for different initial conditions (z¢ # 0) different anomalous behavior may
be obtained, for example, (z%(t)) ~ O (tV), for t — 0.

For v =1 in the long time limit (t — oo) the MSD is given by

2 [ O (tTFHIY if 9 < ad — B+ 1,
(@) { O (t>0=PH1)  if2u>ad—B+1lor p=1

Note that for 4 = 1 we can obtain the results from Ref.[43] (6—1 < ad < 3
- subdiffusion; f < ad < 1+ 3 - superdiffusion). The case =5 =pu =1
corresponds to the well known result (z2(t)) ~ t* (0 < a < 1 - subdiffusion;
1 < a < 2 - superdiffusion) [29]. In the short time limit (¢ — 0) for the
MSD follows

(2.54)

O (t? if 1 <2 ,
@)~ o @ity H1SmTh (255)

We note that for v = 1 and 8 > 0 in the short time limit the MSD has
a power law dependence on time with an exponent greater than 1. The
particle, in the short time limit, shows a super diffusive behavior (when the
exponent is greater than 1) which turns to simple ballistic motion when the
exponent is equal to 2.
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FIGURE 4. Graphical representation of MSD for (a) 7 =1,
(b) 7 = 10. The following parameters are used: Co 55 = 1,
kT =1, a=1,=0 =1/2, p = 3/10, v = 4/5 (solid
line); «a = =0 =1, p = 1/4, v = 7/8 (dashed line);
a=5/4, =06=1,u=1/2, v =9/10 (dot-dashed line);
a=1,=0=3/2, u=3/10, v = 4/5 (dotted line).

FIGURE 5. Graphical representation of (a) D(t) and (b)
MSD, in case of thermal initial conditions (v3 = kgT = 1,
g = 0) and 7 — 0 (solid line); 7 = 1 (dashed line);
7 = 10 (dot-dashed line). The following parameters are
used: Cops=1,kpT =1, 0=3/4,=1/2,0=p=v =
1.

In Figures M, B and [6] graphical representation of D(t) and MSD is
given. In Figures [l and 8 we represent MSD in case when p = 1 and
v = 1, respectively. As an addition, in Figure @ the MSD (2Z23)) in case of
Dirac delta and power law frictional memory kernels for different values of
parameters is presented.

REMARK 2.1. We note that the MSD depends on the initial conditions.
As it was shown (see relation (2.55])), in case of thermal initial conditions,
for v =1 and 8 > 0, the anomalous diffusion exponent is greater than 1.
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FIGURE 6. Graphical representation of (a) D(t), (b) MSD,
in case of thermal initial conditions (v3 = kgT = 1, zg = 0)
and 7 — 0. The following parameters are used: C, 55 = 1,
kT =1, a = =0 =v =1/2, p = 3/4 (solid line);
a=0=v=1/2, 8=1/4, p = 3/4 (dashed line); « = 6 =
uw=v =1, 3 =3/2 (dot-dashed line). The dot-dashed line
in (b) is obtained when MSD is divided by 4.
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FIGURE 7. Graphical representation of MSD (2.23)) in case
of thermal initial conditions (v = kpT =1, 29 = 0), p =
1 and frictional memory kernel of form (LAl); Cops = 1;
kT =1, 7=1;(a) a = =3/2,0 =1, v = 3/4 (solid
line), v = 1/2 (dashed line), v = 1/4, (dot-dashed line); (b)
v=1/2; a =0 =1; f = 3/2 (solid line); § = 1 (dashed
line); = 1/2 (dot-dashed line).

This means that there is no appearance of normal diffusion in the short
time limit. But, if 29 # 0 for ¥ = 1 one can show that (z2(t)) ~ O (1),
t — 0, i.e. the particle has normal diffusive behavior. It can be shown that
in the long time limit the particle may have anomalous diffusive behavior
of form (2.54). Thus, for example, in the case § — ad = ;, w > 1/4 the
anomalous diffusion exponent is equal to 1/2. Same anomalous diffusion
exponent appears in the case ad — 3+ 3/4 = u < 1/4.
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FIGURE 8. Graphical representation of MSD (2.23)) in case
of thermal initial conditions (v = kgT =1, 79 = 0), v =
1 and frictional memory kernel of form (L&l); Cops = 1;
kT =1;,7=1;(a) a=08=3/2,5 =1, u = 3/4 (solid
line), u = 1/2 (dashed line), u = 1/4, (dot-dashed line); (b)
w=1/2; a =§ =1; f = 3/2 (solid line); § = 1 (dashed
line); B = 1/2 (dot-dashed line).

1.5

0.75

FIGURE 9. Graphical representation of MSD (2.23)) in case
of thermal initial conditions (v = kpT = 1, 29 = 0) and
frictional memory kernel of form: (a) y(t) = 2A0(t); A = 1;
uw = v = 3/4 (solid line), u = 5/8, v = 7/8 (dashed line),
uw = 3/4, v = 5/8 (dot-dashed line), p = 7/8, v = 1/2
(dotted line); (b) ~(t) = F(t;_aa); w=v=23/4 a=3/4
(solid line); o = 1/2 (dashed line); o = 1/4 (dot-dashed
line).

REMARK 2.2. Following same procedure as previous, one can inves-
tigate anomalous diffusion for the following recently introduced FGLE by
Camargo et al. [5]:

oD x(t) + /0 Yt —t')e Dy x(t)dt’ = &(t), (2.56)

(t) = o(t),
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FIGURE 10. Graphical representation of MSD (2.58]) in case
of thermal initial conditions (v = kT = 1, 29 = 0) and
frictional memory kernel of form: (a) y(t) = 2A0(t); A = 1;
w=3/2, v =1/4 (solid line); p = 3/2, v = 1/2 (dashed
line); u = 7/4, v = 1/2 (dot-dashed line); (b) ~(t) = F(t;ja);
w=3/2, v=23/4; a = 1/4 (solid line); o = 1/2 (dashed
line); o = 3/4 (dot-dashed line).

where 1 < p <2 and 0 < v < 1. For the variance one can obtain

1 ! v—1 _ ! %
roy | aec@e = [ascioeng:

Thus, the MSD is given by

g = 2kpT [ G(g)} . (257)

(@) =3+ 2movoe DLy () +uf [ D (1) ’
rakt | [acooet - [Lascoent o)
(2.58)
with G(0) = 0, where

g(s) = s+ 54 (s)’ (2.59)

A 1

G(s) = s+ 54 (s)’ (2.60)

= % (2.61)

st + svy(s)
From relations (2.59), (2.60) and (Z.61)) follows that g(¢t) = G'(¢) and G(t) =
I'(t).

In Figure [0 the MSD (258)) in case of Dirac delta and power law
frictional memory kernels for different values of parameters is presented.
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3. Conclusions

In this paper we derive general formulas for calculation of variances and
MSD for a FGLE with two time fractional derivatives. Exact expressions
for the relaxation functions, mean velocity and mean particle displacement,
variances and MSD in case of a three parameter M-L frictional memory ker-
nel are obtained. Many previously obtained results are recovered. Asymp-
totic behaviors of the MSD in the short and long time limit are analyzed.
It is shown that anomalous diffusion occurs. Cases for modeling single
file-type diffusion or possible generalizations thereof are discussed.

The presented FGLE approach is based on a direct generalization of the
GLE and provides a very flexible model to describe stochastic processes in
complex systems with only few parameters.

4. Appendices
4.1. Appendix I: The Mittag-Leffer functions

The standard M-L function, introduced by Mittag-Lefler, is defined by
[38]:

oo
Zk

Bo(2) =) T(ak+1) (41)

k=0
where (z € C;R(a) > 0). The two-parameter M-L function, which is
introduced and investigated later, is given by [38]:

e
zk:

Eyp(2) = , 4.2
where (2,0 € C;R(a) > 0). The M-L functions (A1) and (£2]) are en-
tire functions of order p = 1/R(«) and type 1. Note that E,;(z) =
E,(z). These functions are generalization of the exponential, hyperbolic
and trigonometric functions since FEj1(z) = €, Ey1(2%) = cosh(z),
Es1(—2%) = cos(z) and Eza(—2?%) = sin(2)/z.

The Laplace transform of the two-parameter M-L function is [3§]:
1 st 57
E#‘&Aﬂﬁﬂ@:é B (= L (03)
where R(s) > |a|Y/®.
Prabhakar [40] introduced the following three-parameter M-L function:

— (O 2

T(ak+8) k!’ (44)

Eg,ﬁ(z) =
k=0
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where (5,0,z € C;R(a) > 0), (0) is the Pochhammer symbol ((6)g =
1,(0) =T(0+ k)/T'(9)). It is an entire function of order p = 1/R(a) and
type 1. Note that Eé’ﬂ(z) = E, 3(z) (see also [48][7]). Capelas et al [7] dis-
cussed the complete monotonicity of these M-L functions and have showed
that they are suitable models for non-Debye relaxation phenomena in di-
electrics. Moreover, Stanislavsky and Weron [49] recently gave numerical
approximation of the three parameter M-L function, based on the Dirichlet
average of the two parameter M-L function.

The Laplace transform of the three-parameter M-L type function is
given by [48], 40, [7]:

Saé—ﬁ

CE

where |w/s*| < 1. Also, the following Laplace transform formula is true for
the three parameter M-L function (£4) [51]:

c [tﬂ—lEgﬁ(wta)} (s) = (4.5)

¢(e—1) 0
$ _ k_.20k-+o+¢—Co—1 17k P
50 )\[ sPr—e } =L [Z)‘ r Ep72gk+g+c—ég( vaP)| (s)-
- (SPJ,-]/)’Y k=0

(4.6)
The asymptotic behavior of the three parameter M-L function can be
obtained from [44]

5 ()7~ T(+n)  (—z)
Eas®) = "ps) nz:%l“(ﬁ—a(d—i—n)) N e

Thus, for large z one obtains
B} 4(z) ~ O (|z|—5) e > 1. (4.8)

When § — 1 series (A7) reduces to the asymptotic expansion for the regular
generalized M-L function ([@.2]), and by resummation the index n goes from
1 to infinity, i.e.

—n

Eop(2) = FE;Z_) an)’ 2| > 1. (4.9)

n=1

4.2. Appendix II: Fractional derivatives and integrals

The R-L fractional integral of order > 0 is defined by [22]:

(1M f) () = r(lu)/ (t_fgj;)l_“dt’, t>a, R(p) >0. (4.10)
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For p = 0, this is the identity operator, (IJ, f) (t) = f(t). For the R-L
integral (AI0) the following formula is true [45]:

(15; [tﬁ_lEgﬁ (wto‘)]) (@) = 2P g (wa) . (4.11)

There are different types of fractional derivatives. The most used are
the R-L fractional derivative of order p defined by [22]:

d" /(=
(R D) 0 = 3 (B77) ) (4.12)
and the Caputo fractional derivative [8]:
n—p) d
(e8.0) 0 = (157 4.7) 0 (113)

where n = [R(a)] + 1 is the smallest integer larger than «. R-L fractional
derivative is a left inverse of R-L fractional integral, i.e. rp D/ RLI o f(t) =
f(t). Note that if we consider proper initial conditions the R- L and Caputo
fractional derivatives are equivalent since [22]

. n—1 t . CL k I (k)
(reDly f) (t) = (cD ) + Z (a+).  (4.14)

For the three parameter M-L functlon (IE) the following formula is
true [40} 45] (see relation (4.11])):

rrDj, [zﬁ_lEgﬁ(azo‘)] (z) = zP=1 1E‘S _ulaz®), (4.15)

where R[5 — u] >0, p >0, R[6] >0,a € C.
The Laplace transform of the R-L and Caputo fractional derivatives are
given by, respectively, [22], 38]:

L[ D f(0)] (5) = s"L1S Z(RLD“ ) [USECRT)
k=0
n—1
LDl F(0)] (5) = s“L[FO] () = S FB00)sh 17k, (4.17)
k=0
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