Chapter 6 ®
Generalized Langevin Equation Qs

The Langevin equation is connected to the Brownian motion formulated by Einstein
and Smoluchowski. The Langevin equation for a free particle with mass m is given
by Langevin [35] (for details, see Ref. [11])

mo(t) + yv(t) = &), (6.1
x(t) = v(1),

where x(¢) is the particle displacement, v(¢) is its velocity, y is the friction
coefficient, and £(¢) is a Gaussian random noise with zero mean (£(¢)) = 0 (so-
called white noise). Its correlation has the form

(EDEMN) = 27kpT8(t' — 1), (6.2)

where kp is the Boltzmann constant, T is the absolute temperature of the envi-
ronment in which the particle is immersed, and 2ykpT is the so-called spectral
density. The notation (-) means ensemble averaging, i.e., statistical averaging over
an ensemble of particles at a given moment of time ¢. Relation (6.2) represents the
second fluctuation-dissipation theorem, which is valid only in case of internal noise
&(t). The Langevin equation (6.1) actually is obtained from the second Newton law
of motion of a particle in presence of viscous dynamic friction force —yx(¢) and
an internal random noise &(¢), which is a residual force due to the interaction of the
surrounding molecules on the particle. For a free particle, the MSD at long times
reads

(20 = kBT

[
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248 6 Generalized Langevin Equation

which is Einstein relation for the Brownian motion. From the MSD, one concludes
that the Langevin equation (6.1) describes normal diffusion process, with diffusion
coefficient given by

(x>0)) _ kpT

D = lim

t—oo 2t y

For the same process, the VACF has exponential decay in respect of time (for details,
see next section)

kpT _v
() (0)) = %e—aﬁ

For a particle in a given potential V (x), the corresponding Langevin equation
becomes

mv(t) + yv(t) + w =£(1), (6.3)
x() =v(@),
where
Py = -V G0)

is an additional force which acts on the particle due to the potential V (x). For
harmonic potential

V) maw*x?
x) = ,
2
the Langevin equation (6.3) turns to
mi(t) + y&(t) + mo’x(t) = £(1), (6.4)
x() =v(),

where o is the frequency of the oscillator, and m is its mass.
For an internal noise whose correlation is not of the form (6.2), then the Langevin
equation (6.3) becomes a GLE [34],

t
$() + / vt — iydr + ED e 6.5)
0 dx

x(@) =v(@),
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where we set m = 1, and y(¢) is the generalized friction memory kernel. The
internal noise £(¢) is of a zero mean ((£(#)) = 0), whose correlation is given by

(EMEE) =C@" —1). (6.6)

When the system reaches an equilibrium state, i.e., the noise is internal, the
correlation is related to the friction memory kernel via the second fluctuation-
dissipation theorem [34, 42, 72] in the following way:

C() =kpTy(), (6.7)

This means that fluctuation and dissipation come from the same source. The friction
memory kernel satisfies [12]

lim y(¢) = lim sy (s) =0,
t—00 s—0

where p (s) = Z[y(¢)](s) is the Laplace transform of y (¢). If the fluctuation and
dissipation do not come from the same source (in case of external noise), then
the second fluctuation-dissipation theorem (6.7) is not satisfied, and the system
does not reach a unique equilibrium state. The GLE (6.5) for a free particle
(V(x) = 0) in case of a stationary Gaussian random force &(¢), in case when the
second fluctuation-dissipation theorem holds, describes a stationary, Gaussian, non-
Markovian process [19, 20].

GLE has been used to describe anomalous diffusion processes. In the pioneer
work of Mainardi and Pironi [42], the authors introduced fractional Langevin
equation and showed that it is a special case of a GLE. The M-L function appears
in the analysis of the MSD and VACF for a given GLE. Thus, Mainardi and Pironi
[42] for the first time in the literature represented the velocity and displacement
correlation functions in terms of the M-L functions, and generalized the results for
the standard Brownian motion (see also Ref. [40]).

6.1 Free Particle: Generalized M-L Friction

In this section we consider anomalous diffusion of a free particle with mass m = 1,
driven by stationary random force £(¢) [34, 42, 72]:

t
0(t) + / y( —t)u@d' = &), (6.8)
0
x(t) =v(),

where the noise £(¢) is internal noise. Therefore, the second fluctuation-dissipation
theorem (6.7) holds.
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The anomalous diffusion process can be modeled by GLE with internal noise,
which correlation is of power-law form [5, 6, 12, 39, 68]

—A

C) = CAF(l )
where C), is a proportionality coefficient independent on time and which dependents
on the exponent A (0 < A < 1 or 1 < A < 2). In some investigations [40, 42] the
friction memory kernel is represented as a superposition of Dirac delta and power-
law function.

Generalization of the power law correlation function is the one parameter M-L
correlation function [7, 66, 67]

C
) = T—QEA(—(r/r)h,

where 7 is the characteristic memory time, 0 < A < 2, and E;(z) is the one
parameter M-L function (1.1). Furthermore, more generalized friction memory
kernel of the form

Ci o
Cw = 1" By u(=(t/1)),
was introduced [8, 16], where E, ,(z) is the two parameter M-L function (1.4).
We have introduced the three parameter M-L friction memory kernel [59]

Cu s g_ t*
C(z)z%;ﬂ 1E2’ﬁ< ) (6.9)

_.E_a

where 7 is the characteristic memory time, Cy, g s may depend ona, B, and § (o > 0,
B > 0,6 > 0),and Eg ﬂ(z) is the three parameter M-L function (1.14). This noise
(6.9) contains several parameters and a number of limiting cases, which means that
the obtained results can be used for better description and fits of experimental data.
Note that, from relation (1.29), for the generalized M-L noise (6.9) one has

y(r) ~ 791 o (6.10)
For fulfillment of the condition the friction memory kernel y (¢) goes to zero for
t — oo [12],

lim y(¢) = lim sy (s) =0, (6.11)
t—00 s—0

where p (s) = Z[y ()1(s), one should consider such values of parameters for which
B < 1+ «f is satisfied.
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The three parameter M-L noise (6.9) is a generalization of the two parameter M-
L noise, which is obtained for § = 1. For 8 = § = 1 it yields the one parameter
M-L noise. From the asymptotic behavior of three parameter M-L noise (6.9), for
T - 0,8 =68 =1and o # 1, one recovers the power-law correlation function.
Setting « = 6§ = 1, the correlation function corresponds to the one for the standard
Ornstein-Uhlenbeck process

C
Cly = —=2e')7,
T

which for T — 0 turns to the correlation function for the standard Brownian motion.

6.1.1 Relaxation Functions

In order to find the MSD and VACF we use the Laplace transform method [40, 42],
and the so-called relaxation functions. Thus, from Eq. (6.8) it follows

Zv()] = vy ZIED]. (6.12)

1
S+ 2001 s+ 20l

From relation (6.12) for the displacement x(¢) and velocity v(¢) = x(¢) one obtains

x(t) = (x(1)) + /0[ Gt —1hE()dr, (6.13)
v(r) = (v(r)) + /Ot gt — e dr', (6.14)
where
(x(®)) = x0 +voG(1), (6.15)
(v()) = vog(r) (6.16)
and
G({t) = /Otg(t/) dr’. 6.17)

The function g(¢) represents inverse Laplace transform of g(s),

8(s) = ————, (6.18)
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where

C(x,ﬁ,S Soquﬂ

ICBTTO“S (sa + f—a)‘s

y(s) = ZlyO)(s) =

is obtained from Laplace transform formula (1.17) for the three parameter M-L
function. The function

t
I(t) = / G(t'ydr (6.19)
0

is also of interest in the analysis of the velocity and displacement correlation
functions as we will see later. Therefore,

G(s) =s5718(s) = m 6.20)
and
i) =57"1G(s) = # (6.21)
s+ sy (s)

These functions /(¢), G(t), and g(¢) are known as relaxation function, and by
analysis of their behavior one can show the existence of anomalous diffusion.
From relation (6.18) it follows

B
n 1 §2
g(s) = " = T (6.22)
s 4 s
Vb Gareey st yaps i
where yy 5 = kiTr"‘“ Relaxation function g(¢#) can be obtained by applying

relation (1.18) with o — 1;’5, p = oy = 8 A > —Vups V> —T 9

u — 1to(6.22). Thus, we obtain [59]
() = Z( Dkyk t(1+ﬁ)kEak(l+ﬁ)k+l (=/D)%). (6.23)
k=0

By using relation (1.19) in (6.19) and (6.17), one finds

o0
G(t) — Z(_l)kyo]lc .5 (1+/S)k+1E2k(l+’6)k+2 ( (t/f)a) , (624)

I(t)—Z( Dfyk st PR s (/D)%) (6.25)
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The mean velocity (6.16) and mean particle displacement (6.15) then become

o
(W) =vo Y _(=Dryg st TPREN g (/D)%) (6.26)
k=0
o0
(x(®) =x0+v0 Y (=D yf 5 st EPHER s (/D). 6.27)
k=0

Note that for T — 0, by using relation (1.28), for the relaxation functions we have

C
g(1) = Erppas [ ——=L2f+F=ed) (6.28)
kT
Cops 14p-as
G@t) =tEi1p-as2| ———+ 1 , (6.29)
’ kgT
C
1(t) = Er4pas 3 (—L“r1+ﬂ—°‘3) : (6.30)
kgT
from where for § = § = 1, which corresponds to the power-law correlation

function, we obtain the well-known results (see, for example, [39])

t—o0o.  (631)

C kpT ¢
1(t) = I2E2_a,3 (_Ll’ltz—a) ~ Bf

kgT T Coia ' +a)
Remark 6.1 ([59]) The function g(¢) given by (6.23) is uniformly convergent series

with argument 7/t for all #+ € R. This can be shown in the following way. The
function g(t) is a double series of form

gty =Y bt "R £ ), (6.32)
k=0 m=0

where by = (—l)kyoll"ﬁ’s, and

£ = (5k)m (_1)m t o
Jem® = o A+ P+ D) (?) '

To show that the series (6.32) converges uniformly, we have to demonstrate that
both series with respect to columns (keeping k fixed and summing m) and the series
with respect to the rows (summing k for fixed m) lead to uniformly convergent
series. In that case the resulting function g(¢) is continuous within the radius of
convergence and can be integrated within the interval of convergence. As the three
parameter M-L function (1.14) defines an absolutely converging function, which is
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easily demonstrated by a ratio test, we only need to verify the summation over k
with fixed m. Let us use

~ (8K
U= T am+ A+ pk+ 1)
By using [31]
rz+a) ., (a—bla+b-1) <l>]
e e e T E 3]} (6.33)

(2] — oo, |arg(2)| < 7 — &, |arg(z +a)| <7 —£,0 < & < 7)

we find that
apy 1t TPED Ny g5k + 1) +m) T (k)T (@m + (14 Bk + 1)i'+F
apt+Ak 11 TSk 4+ 1) 8k +m) T (am + (1 + B)(k+1) 4+ 1)

1 'r(3k+a +m) ' 5k
+ﬁ‘ X X

Tk +9) Tk + m)
‘ r'((1+ Bk +am+1)
r(l+pgk+am+1+0+p))

= ‘Va,ﬁ,&t

= [yt P lem + (14 Bk + 1170 (6.34)
which goes to zero if kK — oo. Thus we prove that the series is uniformly convergent.

The convergence of series in M-L functions has been extensively studied by Paneva-
Konovska in a series of works [49-51].

6.1.2 Velocity and Displacement Correlation Functions

From the general expressions for the velocity and displacement correlation functions
[12,52]

(o) = kaTg(it = ')+ (v — kaT) g5, (6.350)

(x(Ox () = 22 + (v(% — kg T) GGt + Covo (G(1) + G(1))

+kpT (1) + 1) — 1(r —1']), (6.35b)
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we obtain the following exact results for the generalized M-L memory kernel [59]

() —kBTZ( D v st =t DIPRER ey (e =21/0)%)
k=0

+(vg_k3T) Z( Dy st P EL 1 gt (—(0/D°)
k=0

o
X D (D' p st NEY gy (= (/D)) (6.36)

(x(t)) = x2 + (v(% - kBT> 3 (= DEyk gt PORLESR o (~ /D)%)

k=0

o
X Z(—l)ll’oﬁ, /(l+ﬁ)l+1Eil(1+ﬂ)t+z( ('/0)%)

o
+x000 Y (=D vk 45
k_
1+B)k+1 6k
x [{PIH RS i (—0)%)

+t/(1+/3)k+1 Egk(l_;’_ﬁ)k_’_z ( (t//_’:)a):l

x
+kpT Z(—l)k)/(f,ﬂ,a

k=0
1+B)k+2 -8k
o [(PEN s (<))
1+B)k+2 8k
+ P s (= (f//f)a)]

—kBTZ( Dy g st — 1/ HIFHORE

X EQ 1 (=t = 1'1/0)%).
(6.37)

For t = ¢ it eventually leads to

2
(v (t)))_kBT+( kBT) (Z( Dbyl st IFRESR (- (t/r)a)) ’
(6.38)
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2

o

(1) = x¢ + (v% - kBT) (Z(—l)"yﬁ,ﬁ,aﬂ“ﬂ”‘“Ei’f<1+,g)k+2 (—(r/r)“))
k=0

oo
+ 25000 3 (=D yg 5.5t P B 1 (/7))
k=0

o
+2kpT Z(—l)ky(f,ﬁ’atm'ﬁ)kﬂEi{‘(Hﬁ)kH (/D)%) (6.39)
k=0

Thus, for the time-dependent diffusion coefficient [42, 53]

1d
D(t) = 55(#(;)), (6.40)

by using relation (1.19) we obtain

o0

D(r) = (U(z) - kBT) [Z(_l)k)’o]f,ﬁ,af(lJrﬁ)kJrlEg],((1+ﬂ)k+2 (—(t/T)a)}
k=0

o0
1.1 1 | 61
X [Z(_l) Vapot " PES gy (—(f/f)a)}
=0

o0
+ xovo Z(—l)k)’o]f,,s,aI(Hﬂ)kEg]f(Hﬁ)kﬂ (—=@/)*)

k=0
o0
k. k 14+B)k+1 -8k
+kpT Y (=D yl g st TPRUE s (/D)%) (6.41)
k=0
Here we consider thermal initial conditions xo = 0 and v9 = kg7T. From the

general expressions of the velocity and displacement correlation functions (6.35a)
and (6.35b), one finds that the relaxation functions, under the assumption (6.11),
are connected to the MSD, time dependent diffusion coefficient and VACF in the
following way [12, 42, 66], respectively,

<x2(t)> = 2pTI(0), (6.42)

1d g,
D) = 5 (x (r)> = kgTG (1), (6.43)
Cyviny = 2OvO) oy (6.44)

(v2(0)
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Furthermore, these relaxation functions can be used to find variances [12, 17, 66, 68]

oex = (x2(0)) — (x())? = kT [21(0 - G2(t)] , (6.452)
Gen = (0(1) — (WON () — (x(1))))
_ Mdow 1o 6.45b
= 3 = kTG [1 = g0, (6.45b)
ow = (1) = W) =ksT [1 - g)]. (6.45¢)

Therefore, for thermal initial conditions, xg = 0 and vg = kpT, for the MSD (6.39),
D(t) (6.41) and VACF (6.36), we obtain [59]

o0
x2(t)) = 2kgT Z(—1)"y(f,ﬂ’at(l+5)k+2Ei{‘(l+ﬂ)k+3 (—(t/0)%) = 2kpT1 (1),
k=0
(6.46)

o0
D) =kpT Y _(—=DMyy p st "TPHER L g in (/D) = ks TG (1),

k=0
(6.47)
O o
Cy () = “’(2;—”;” =D D v pst P ES g (—/D)%) = 80,
k=0
(6.48)

respectively. Graphical representation of the MSD (6.46) and VACF (6.48), in case
of thermal initial conditions is given in Figs. 6.1, 6.2 and 6.3.

6.1.3 Anomalous Diffusive Behavior

The anomalous diffusive behavior of the particle can be obtained either from the
exact results by using properties of the three parameter M-L function or by using
the Tauberian theorems [18] (see Appendix B), as it was done by Gorenflo and
Mainardi in Ref. [24]. From relation (1.28) it follows that

od
Ya,8,8T o8 +B-1

y(t):F(ﬁ—a(S)
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Fig. 6.1 Graphical representation of the MSD (6.46) for t = 1, Cyps = 1, kgT = 1; (a)
B =68 =1:a =1 (solid line), » = 1/2 (dashed line), @ = 3/2 (dot-dashed line); (b) x = § = 1:
B = 1 (solid line), B = 1/2 (dashed line), 8 = 3/2 (dot-dashed line); (¢) « = 3/2, 8 = 1,
8 = 1/2 (solid line), « = B = 1/2, § = 3/4 (dashed line), « = 3/4, B = 1/2, 5§ = 1 (dot-dashed
line). Reprinted from Physica A, 390, T. Sandev, Z. Tomovski, and J.L.A. Dubbeldam, Generalized
Langevin equation with a three parameter Mittag-Leffler noise, 3627-3636, Copyright (2011), with

permission from Elsevier

for long times («é # B), so from the Tauberian theorems, one obtains [59]

C
ORI
kpT

, §s— 0.

From (6.18), (6.17), (6.19), (6.112), and (1.17) it follows

1 sﬁ—(xé

g(s) ~ s — 0,

Capd . as—p  <14p—as 4 Caps’
e 7y o L -

C
g(t) = E11p—as =P8 e ) s o,
kgT

C
G(t) ~ tE1+/3_a5’2 _ bl -l‘H_'B_O“S , | — 00,
kpT

C
I(t) ~ t2E1+}3_a5’3 _Zwpd plHp—ad , I — o0.
kgT

(6.49)

(6.50)

(6.51)

(6.52)

(6.53)
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Fig. 6.2 Graphical representation of the VACF (6.48) for t = 1, Cq g5 = 1, kgT = 1; (a)

B =368 =1:a =1 (solid line), « = 1/2 (dashed line), @ = 3/2 (dot-dashed line); (b) x = § = 1:
B = 1 (solid line), B = 1/2 (dashed line), B = 3/2 (dot-dashed line); (¢) o 3/2, 8 = 1,
8 = 1/2 (solid line), « = B = 1/2, § = 3/4 (dashed line), « = 3/4, B = 1/2, 5§ = 1 (dot-dashed
line). Reprinted from Physica A, 390, T. Sandev, Z. Tomovski, and J.L.A. Dubbeldam, Generalized
Langevin equation with a three parameter Mittag-Leffler noise, 3627-3636, Copyright (2011), with
permission from Elsevier
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Fig. 6.3 Graphical representation of exact results (6.46) and (6.48), respectively, for t = 10,
Cops =1, kpT =1, = 1/2,and B = § = 1 (solid line), B = 3/4, § = 1 (dashed line),
B =3/4,85 = 1/2 (dot-dashed line); (a) MSD (6.46); (b) VACF (6.48). Reprinted from Physica A,
390, T. Sandev, Z. Tomovski, and J.L.A. Dubbeldam, Generalized Langevin equation with a three
parameter Mittag-Leffler noise, 3627-3636, Copyright (2011), with permission from Elsevier
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From the asymptotic expansion formula (1.28) of the three parameter M-L function,
one finds

kT
O —_ (6.54)
Copsl (@d —B)
kT
G(t) ~ B f00=F, (6.55)
Copsl (@ —B+1)
kpT
1(t) ~ B S =pFL (6.56)
Copsl(ad—pB+2)
Thus, the time-dependent diffusion coefficient gets the form [59]
(kpT)* w_p
D(t) >~ . (6.57)

Capsl (@ —B+1)

From (6.57) we conclude that for 8 — 1 < @ < B in the long time limit the particle
motion is subdiffusive, and for 8 < ad—superdiffusive [59]. Note that for 8 = 1
the obtained results are same as those in Ref. [57] (where 8 = 1, w = 0). For
B = § = 1, the results obtained in Refs. [39, 53, 59] are recovered. The case with
a = B = & = 1 corresponds to the one considered in Refs. [42, 53, 59]. For § = 1
one derives the relaxation functions obtained in Ref. [8] (w = 0, = 2, 8 = 1).
Comparison of the asymptotic and exact results for the MSD and VACF for thermal
initial conditions is given in Fig. 6.4. In Fig. 6.5 comparison with the results for the
Brownian motion is given.

1
075} \
A 051 \
2| e
Ny icn 3 0.25 \ N
v 0 ) S S—
-0.25 ﬁ\/f/
-0.5 N
@ 0 2 4 6 t8 10 12 14 (b) 0 2 4 6 t8 10 12 14

Fig. 6.4 Graphical representation of asymptotic and exact results fort =1, Co g5 = 1, kpT =1,
a = 1/2, B = § = 1; (a) MSD; asymptotic solution (6.56) (solid line), exact solution (6.25)
(dashed line); (b) VACEFE, asymptotic solution (6.54) (solid line), exact solution (6.23) (dashed
line). Reprinted from Physica A, 390, T. Sandev, Z. Tomovski, and J.L.A. Dubbeldam, Generalized
Langevin equation with a three parameter Mittag-Leffler noise, 3627-3636, Copyright (2011), with
permission from Elsevier
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Fig. 6.5 Graphical representation of MSD and VACEF, respectively, for kg7 = 1; (a) standard
Brownian motion %kz;’%) = t (solid line) and exact result (6.25) forao = g =6 = 1, = 1,
Cq,p,s = 1 (dashed line); (b) standard Brownian motion Cy (t) = e~ (solid line) and exact
result (6.23) fora = B =8 = 1,7 = 1, Cyg,s = 1 (dashed line). Reprinted from Physica A,
390, T. Sandev, Z. Tomovski, and J.L.A. Dubbeldam, Generalized Langevin equation with a three
parameter Mittag-Leffler noise, 3627-3636, Copyright (2011), with permission from Elsevier

In the short time limit, the relaxation functions behave as [59]

1) ~ £ Caps 0 (6.58)
=2 IgTt T B+ 4’ '
Cops P2
G(t) >~t— = , 6.59
® ksT7% T (B +3) (6.59)
C tﬂ+1
gty ~1— —2f2 (6.60)

kgTt* I'(B+2)

These results can be obtained either by using Tauberian theorems or from the exact
results by using the first two terms in the corresponding series. For § = 1 the results
from Ref. [57] are obtained (8 = 1, w = 0), and for § = 1 those given in Ref. [8]
(w=0,a=2,=1).

6.2 Mixture of Internal Noises

6.2.1 Second Fluctuation-Dissipation Theorem

Let us now consider a stationary Gaussian internal noise £(¢) with a zero mean
(&(t)) = 0, represented as a mixture of N independent noises [58]

N
E() =) ai&i(t),

i=1
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for which (g,- ®)§; (t/)> =0 (@i # j), each of zero mean (§;(¢)) = 0, with correlation
functions of the form

(ENEE)) =& —1). 6.61)

Thus, for the correlation function C (¢) we have

N
(EMEWR)) = <Za,s, () Za,é‘,(t >> =Y o EMED)). (6.62)

i=1

Therefore, the second fluctuation-dissipation theorem (6.7) gives

N
D it = ksTy (). (6.63)

i=1

Two (N = 2) distinct independent noises (white noise and an arbitrary noise) were
analyzed in Ref. [65], and various diffusive regimes are observed. Such situations
with two types of noises have been shown to govern the motion of the tracked
particles in several experimental works by Weigel et al. [69], Tabei et al. [64], and
Jeon et al. [27]. Therefore, our investigation of GLE (6.8) for a particle driven by
mixture of noises is justified with such experimental observations.

6.2.2 Relaxation Functions

Here we use the known relations for the relaxation function (6.18), (6.20), and (6.21)
in order to analyze the diffusive behavior of the particle. The Laplace transformation
to relation (6.63) yields

1 N
P(s) = —Tg Zi(s). (6.64)

In what follows we consider different forms of the noise that are of importance
in the anomalous diffusion theory.

6.2.3 White Noises

First, let us consider the motion of a free particle driven by N internal white noises,
i.e., &i(t) = 8(¢) (&i(s) = 1). Relation (6.63) then becomes

1 N
P(s) = —TZ :
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The inverse Laplace transform for the relaxation function G(¢) gives

s @2
Gty=2"" ! =12 o (6.65)
1) = N 3 1) = 1 I 7 .
52 + s—z,;;'T"‘f T 2i=1
from where the MSD (6.42) and VACF (6.44) read
ZiN—l 0‘1'2
2(kgT)*t l—e FgT !
(x*0) = CAZEVAAY T L (6.66)
. " N
i=1% (kBLT din “:’2)
sV a2
Cy(t)=e Bl ' (6.67)

From relation (6.66), one concludes that in the long time limit (# — o0), the MSD
has a linear dependence on time

2\ 2(kpT)?
<x (t)> B ZzNzlaz‘Z §

i.e., normal diffusive behavior of the particle, as it was expected, with diffusion
coefficient

_ (kgT)?
ZzN=1 O‘iz

and exponential relaxation of the VACF. Graphical representation of the MSD and
VACEF for different values of N is given in Fig. 6.6.

D

6.2.4 Power Law Noises

Next we analyze the case of N independent noises with power-law correlation
functions

_Ai

. 2 ri—1
e — 1 , €., . — i ,
A ie Ci(s) =s

i) =
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Fig. 6.6 Graphical representation of: (a) MSD (6.66), (b) VACF (6.67) for Oliz = 2, in case of
thermal initial conditions vo = kgT = 1, x9 = 0, and a mixture of Dirac delta noises N = 1 (solid
line), N = 2 (dashed line); N = 3 (dot-dashed line); N = 4 (dotted line). Reprinted from Phys.
Lett. A, 378, T. Sandev and Z. Tomovski, Langevin equation for a free particle driven by power
law type of noises, 1-9, Copyright (2014), with permission from Elsevier

i=1,2,...,N,0< X <... <Ay < 1,A; # 1. From relation (6.63) one gets

1N
A 2 hi—1
y(s) = kB_T ' a;is .
i=1
Here we note that we can extend the analysis for the case of p(s) with 0 < A; <
. < AN < 2, but in such a case the memory kernel y (¢) is defined only in the
sense of distributions [9, 13, 22, 42, 43, 70]. For the relaxation function G(¢), by

using the approach given in Refs. [26, 37], we obtain

1 52
=S| ———— =" | —
o [ Y A] o [1 v iz"x?] o

oo kitkot..Aky=j . N 2 \ki
—; E : 2 : J [Tz (-Ai*™)
- k] k2 A kN N
J=1k120,k220,... k=0 r (2 +2im1 =) ki)

=tEQ_3,2-2,...2=3),2 (—A1t2_k‘, —Ay* R —ANtZ_AN> ,
(6.68)
2
where A; = I;_iT’
J _ J!
ki ky ... kpn kilko!---ky!
are the so-called multinomial coefficients, and E(4; 4,,....an),b (21, 22, - . ., Zn) is the

multinomial M-L function (1.35).
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Let us analyze the case with 0 < A1 < Ay < 2, A1, Ap # 1. From (6.68) we
obtain

G@t) =tEQ-j2-2)2 (—A1l2_k', —Aztz_“)

00
ey N GV ST
n=0

and thus
o0
1) = Y (—AyCm2gsl (—AthZ) , (6.70)
n=0
o
g) =Y (AL o (maa ) 6T
n=0

where E g 8 (z) is the three parameter M-L function (1.14) [54].
For the long time limit behavior, from (1.28), we obtain

1~k Ao L (6.72a)
~ —Ej,- -— e 72a
A2 A —A,A+1 A2 A] T (l +)\,1)
Ar—1 r—1
4 Al s 1t
G(t) ~ Eyp,—x (——t 27M ) (6.72b)
2 R Ay Ay I' (A1)
P22 Ay, 1 M2
1) >~ E, _ R L7 Lo i [ e S — 6.72
g( ) 5 M—Ap,A—1 < A2 ) A] F()\,] — 1) ( C)
From the MSD

(x*() 1 t*
2kpT — A T (1+Ap)

we conclude that the particle shows anomalous diffusive behavior with the lower
diffusion exponent A1 (0 < A; < Ay < 2). Therefore, subdiffusion appears for
0 < A1 < 1 and superdiffusion for 1 < A; < 2. VACF becomes

tk1—2

1
O =T
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Cv(t

Fig. 6.7 Graphical representation of: (a) MSD (6.70), (b) VACF (6.71) for A = A, = 1, in case
of thermal initial conditions vo = kT = 1, xo = 0, and a mixture of two power law noises, for
A = 1/2, Ap = 3/4 (solid line), A1 = 1/2, Ay = 3/2 (dashed line); A1 = 5/4, 1o = 3/2 (dot-
dashed line). Reprinted from Phys. Lett. A, 378, T. Sandev and Z. Tomovski, Langevin equation
for a free particle driven by power law type of noises, 1-9, Copyright (2014), with permission from
Elsevier

For the short time one finds

ﬁ _ A2t47)~2 _ Alt47)\1 < )‘_l
I~ 77T T TEa foras < 1+, 673
() ~ 2 A2 Agzb—ﬂz (6.73)

Al
7~ To-y T oy forda > 14+ 5.
Thus, we conclude that the noise with the greater exponent A, has dominant
contribution to the particle behavior in the short time limit. For the variance in the
short time limit we have

Oxx A2t4_)‘2

~ (o)
2kgT ( 2)1*(5—12)

Graphical representation of the MSD and VACF for different values of parame-
ters A1 and X, is given in Fig. 6.7. The anomalous diffusive behavior of the particle
is evident.

6.2.5 Distributed Order Noise

Furthermore, let us instead of mixture of noises consider an internal noise of
distributed order, i.e.,

—
A

1
2
kpTy(t) =« /0 —F(l—k)d'

Such memory kernel was used by Kochubei [33] in the theory of evolution equations
with distributed order derivative, which is a useful tool for modeling ultraslow
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relaxation and diffusion processes. The Laplace transform of the memory kernel
then becomes

5(5) a? s—1
§) = —— .
v kpT slogs

We note that the assumption (4.32) is satisfied for this memory kernel since

a? s —1

—— lim =0.
kpT s—0 logs

li v(s) =
lim sy (s)
Thus, we have

R 1 00 o non " (_1)k

G(S) = _2 o2 sﬁ-] = Z <__kBT> kZO (k> Sn+k+2 log” s ’ (674)

from where, by inverse Laplace transform, the relaxation function G (¢) becomes

n n

00 2
G(t)=t+Z<—k(;—T> Z(Z)(—l)ku(t,n—l,n+k+l). (6.75)
n=l1 k=0
Here
00 tot+r.[/3 q 6.76
“(t’ﬂ’“)_/o FG+Dlatr+D " (6.76)

whose Laplace transform reads

1
L@, B, )] (s) = e loghH s
N(e) > —1, N(s) > —1 [14]. For detailed properties and relations of these
and related Volterra functions, we refer to the literature [2-4, 21, 46]. Thus,
the relaxation functions are represented in terms of series in special functions
u(t, B, o), and their representation in a closed form is an open problem. Here we
use Tauberian theorems (see Appendix B and Refs. [24, 41] for details) to find the
asymptotic behavior of the relaxation functions. In the long time limit (t — oo, i.e.,
s — 0 according to the Tauberian theorems) we obtain

-1
o1 s 1 _,_y|logs logs
16) =% e =12 L_l——s 0)

B K}

[y +1logt — e'Ei(—1)]

[y +logt + €'Ei(1)], (6.77)
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where A = k‘j‘g—zT, y = 0.577216 is the Euler-Mascheroni (or Euler’s) constant,

o0 e—x
Ei(t) = — / dx

—t X

is the exponential integral function [14], and

e—)(

dx.

Ey(1) = —Ei(=) = / ”
t

From the asymptotic expansion formula

—t n—1

e k!
B ~—) (D",

k=0

for t — oo [41], which has error of order O (n!t‘”), for the relaxation function we
obtain /(f) >~ 4 + % log . The MSD has logarithmic dependence on time

2
(x*m) y 1

~ — 4+ —logt,
kel AT A8

and therefore the particle shows ultraslow diffusive behavior. In the same way, for
the VACF in the long time limit (+ — oco) we find

1
Cy(t) ~ —

1
- [1—€tEi(t)] ~ —

. 1
[1 +ettE1(—t)] = — P

At

Similar relaxation functions were obtained by Mainardi [41] in analysis of fractional
relaxation equation of distributed order. The short time limit (r — 0, i.e., s — 00)
becomes

—1
o s o i B As — A
I(t)=% [—SZ+AS_1](z)—$ [S3 (1 S210g5+As—A>:|(t)

logs

a1 As — A ?
~ P = l_szlogs (t):?—A/L(I,O,3)+A/L(t»0’4)-
(6.78)

In the same way, for the VACF in the short time limit we obtained
Cy(®) ~1—Apu@0,1)+Aun(,0,2).

Here we note that the same result can be obtained directly from the series expression
(6.75).
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A more general distributed order internal noise is of form
1 — 1 i
kpTy(t) = / p(A)—=———dr, ie., kpTy(s) = / pR)s™da,
0 ra—-» 0

where p(X) is the weight function. The case with p(A) = o yields the already
considered uniformly distributed noise

) 1 =
kBT)/(t):a /(; md)&
For p(A) = Y, a?8 (. — A;), where 8(2.) is the Dirac delta, 0 < A; < 1,i =
1,2,..., N, the mixture of N internal power-law noises
N —)u
kBTya):Za%fom A sz_M

i=1

is recovered.

6.2.6 Mixture of White and Power Law Noises

As an addition, we analyze the GLE with mixture of P white noises, and Q power-
law noises, where P + Q = N,

P

y(n=— Z 6(:)+—Zﬁjr 1—x)

whose Laplace transform pair is given by

1 < 12
N 2 21
y(s) = _TZ ?;ﬂjsj :

Here we also note that we can extend our analysis to exponents between 1 and 2,
but in such a case the memory kernel is defined only in the sense of distributions
[9, 13, 22, 42, 43, 70]. In the same way as previously described, we obtain

G = 2! ! o), 6.79)
2430 A+ Z?:l Bjsti
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2 2
where A; = ]:;—"T and B; = ki_/T' We rewrite relation (6.79) in the following way

_ 1
Git)=2"" [W} 1), (6.80)

where 0 < A; < ... < XQH < 2. A; actually have the values of Aj and 1. For a
givenvaluer =i € {1,2,..., 0 + 1},

} P P
C,s)‘" = ZAis, ie., Z =
i=1 i=1

Note that if 0 < A; < lthenr = Q+ 1,andif 1 < A; < 2thenr = L.
Therefore, the relaxation function G (¢) is represented through the multinomial M-L
function (1.35),

_ 1
G(t) =Z 1 |: 2+ZQ+1 sii} (t)

=tFE

(2—11 2=,

Mixture of white and power law noises of the form

= — a2 + B2 ™
0= for |30+ 5 |

was considered in Ref. [65], for 0 < A < 1. From (6.81) we obtain

o0
G(t) =Y (=B)y"t® It o (ZAD, (6.82)
n=0
where A = k‘;—zT and B = ki_zr This relation yields
o
1(t) = Z(—B)” N LI CY. R (6.83)
n=0
o0
gty =Y (=B)"t*ETT L (—AD). (6.84)

n=0
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By using the asymptotic expansion formula (1.28), in the long time limit we
obtain

I1(t) ~ Lg B i) o 1_ (6.85a)
AT T BT(+x) '
1 B, 1 !
G(t)~ —E{_ ——t ~—— 6.85b
(1) 1 E1 ( I ) BT ( )
=L 17 (6.85¢)
=8BT0 —1 ¢

Thus, the MSD becomes

o) 1

~ — , O0<A<l,
2kgT BIr{d+Ax)

which means that the particle shows subdiffusive behavior. From (6.85a) we note
that the power law noise has dominant contribution to the particle behavior in the
long time limit. These results are in agreement with those obtained in Ref. [65]. The
short time limit yields

2 A Bt

G(t) >t Ar? B 6.86b
Bt2—)»
g(t) ~1—Ar— m, (686C)

from where we conclude that both noises contribute to the particle behavior. The
contribution of the white noise to the particle behavior in the short time limit is
dominant. For variance (6.45a) we recovered the result obtained in Ref. [65],

Ar3 Bt~
O LA 3oy —
2kpT 3 r'5—21)

for t — 0. Graphical representation of the MSD and VACEF is given in Fig. 6.8.
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Fig. 6.8 Graphical representation of: (a) MSD (6.83), (b) VACF (6.84), in case of thermal initial
conditions vg = kgT = 1, xg = 0, and a mixture of Dirac delta (A = 2) and power law (B = 1)
noises, for A = 1/4 (solid line), A = 1/2 (dashed line); 1 = 3/4 (dot-dashed line). Reprinted from
Phys. Lett. A, 378, T. Sandev and Z. Tomovski, Langevin equation for a free particle driven by
power law type of noises, 1-9, Copyright (2014), with permission from Elsevier

In the same way, from (6.81), the case 1 < A < 2 yields

o0
Gy =Y (~ar e (B, 6.87)
n=0
and thus
o0
10 =Y (—aye2er! (—BzH) : (6.88)
n=0
o0
g =Y (=AY B, (—Bi). (6.89)

n=0

From the asymptotic expansion formula we obtain the asymptotic behavior of
relaxation functions

o~ tE Ap-1y L, (6.90)
~ gErran B ~ 4t .
so the MSD is

(xz(t)> N lt

T A

It means that the particle shows normal diffusive behavior. Therefore, the white
noise has dominant contribution to the particle behavior in the long time limit. This
result is obtained by Mainardi et al. [42, 43] in case of friction memory kernel
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Cv(t

(b) t

Fig. 6.9 Graphical representation of: (a) MSD (6.88), (b) VACF (6.89), in case of thermal initial
conditions vg = kgT = 1, xg = 0, and a mixture of Dirac delta (A = 2) and power law (B = 1)
noises, for A = 5/4 (solid line), A = 3/2 (dashed line); > = 7/4 (dot-dashed line). Reprinted from
Phys. Lett. A, 378, T. Sandev and Z. Tomovski, Langevin equation for a free particle driven by
power law type of noises, 1-9, Copyright (2014), with permission from Elsevier

represented as superposition of white and power law noises. For the short time limit
it follows

12 B4+ A3
5 — Fe— — =— forA <3/2,
I6)~] ,2 TGD 6

! Bt~ B216-2+
7T Teo-n T T for . >3/2,

6.91)

so the power-law noise has dominant contribution to the particle behavior in the
short time limit. Here we note that the friction memory kernel, which represents
superposition of white and power law noises in sense of distributions, was consid-
ered by Mainardi et al. [42, 43] for . = 3/2 and it was shown that the VACF behaves
as Cy =~ t~3/2. This result can be obtained from asymptotic expansion of relation
(6.90),

c Nt**ZE At f‘E Ay~ B =
vV — B A—1,A—1 B = A A—1,0 - a2 1_,(1 — )\)9

A = 3/2, and represents a proof of the computer simulations of the VACF observed
by Alder and Wainwright [1]. Graphical representation of the MSD and VACEF is
given in Fig. 6.9.

Let us now consider mixture of three noises, one of which is the white noise,

P = o o+ AT 4 g,

where 0 < A1 < land 1 < Ay < 2. From relation (6.81) we obtain

G() = fE(Z—Al,l,Z—Az),Z <—Blt2_)hl, —At, —thz_)Q) s (6.92)
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Cv(®
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Fig. 6.10 Graphical representation of: (a) MSD (6.94), (b) VACF g(¢) = G’(¢), in case of thermal
initial conditions vo = kT = 1, x9p = 0, and a mixture of Dirac delta (A = 2) and power law
(B1 = By = 1) noises, for Ay = 1/4, A, = 5/4 (solid line); A; = 1/2, ., = 5/4 (dashed
line); A1 = 3/4, »o = 5/4 (dot-dashed line). Reprinted from Phys. Lett. A, 378, T. Sandev and Z.
Tomovski, Langevin equation for a free particle driven by power law type of noises, 1-9, Copyright
(2014), with permission from Elsevier

ie.,
> " n\ (B
_ +1 1=Ak pu+l 2-1
G0 =yt Y (1) () L e (-8,
n=0 k=0
(6.93)
and
00 n B k
_ +2 n 1—ADk pn+1 2—A
0= 3?3 (1) () B i (8 7).
n=0 k=0
(6.94)
o2 B2 82 . o
where A = LT B = kB_lT and By = kB_ZT' The long time limit yields
2 By 5, _s 1 !
I(t) ~ —E;,_ —— MM )y — 6.95
Q) B, 0 kl,A2+1< B B T+ (6.95)

which means that dominant contribution to the particle behavior in the long time
limit has the noise with the exponent 0 < A; < 1. Thus, the particle shows a
subdiffusive behavior. The short time limit, again, yields ballistic motion 7 (¢) =~ %
Graphical representation of the MSD and VACF is given in Fig. 6.10.

Here we note that combinations of white noise and anomalous diffusion were
studied by Eule and Friedrich [15] and Jeon et al. [29].
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6.2.7 More Generalized Noise

The mixture of white and two parameter M-L noise of form

1, tH
§ML(I)=—MI E,y —i )

T

for which

A I s¢v
ML(S) = — —————

Eme(s) THsH 4 T7H
is further generalization of the previous cases of white and power-law noises. For
v = 1 we obtain the one parameter M-L noise, and for t — 0—the power law
noise. The case © = v = 1 gives the exponential noise, and the case © = v = 1
with T — O recovers the Dirac delta noise. Similar M-L noises have been introduced
in the literature to describe complex data related to anomalous diffusion [7, 12, 55,
57,59, 60]. In case of the Dirac delta and the two parameter M-L noise,

1 ) 21 th
1= 8(t tv E v\, s
)= [a O+t Ey, ( —

the relaxation function G(¢) becomes

1
Git)=¢"" t
© |:s2 + As + Br—rsitl :| @)

sh4T—H

) _
_ o SRR (sE 4 TH) ®
14+ 7 Hs=H 4 As—! + Ag—#g—1-1 4 Br—ng—l-v

w2 (Gt L —Cat™)

.....

+r_ﬂE(A1 ,,,,, 14),u+2(—C1IM,.~-,—C4tk4),

(6.96)

2 2
where A = k‘)’;—T, B = ki_T’ C; € {r_“, A, At™H, Br‘”}, and A; € {u, 1, u+1,
v + 1}. Same approach can be performed in case of combination of the power-law

and M-L noises,

LI R o
= o — - ,
Y kT | TA =1 o wv \ T Tn
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since in this case for the relaxation function one finds

1
G(t) = g_l [ 5 . _ x“_v+l } ’
s+ As" + Bt H =

which can be represented in terms of the multinomial M-L functions (1.35).

6.3 Harmonic Oscillator

In this section we analyze the behavior of a harmonic oscillator driven by general-
ized M-L internal noise (6.9). The corresponding GLE for the harmonic oscillator
with mass m = 1 and frequency w driven by stationary random force £(¢) is given
by:

t
X(@) +/ y(t —t)x() dr’ + 0*x (1) = £(1),
0
x(t) =v(), (6.97)

The GLE describes the particle dynamics bounded in the harmonic potential well
and immersed in complex or viscoelastic media. The internal noise £(¢) is of a zero
mean ((£(¢)) = 0). Again we apply the second fluctuation-dissipation theorem since
the considered noise is internal.

GLE (6.97) represents a suitable model for description of anomalous dynamics
within proteins. Within given protein, the movements are bounded in small domains,
thus the potential energy can be well approximated by the harmonic potential.
Furthermore, the movements of the proteins are in a given complex liquid environ-
ment and its influence on the particle movement can be described by appropriate
friction memory kernel. The high viscous damping, which is characteristic for
the proteins in a liquid environment, will be described by neglecting the inertial
term in Eq. (6.97). Information for the behavior of the oscillator will be obtained
from the MSD, time dependent diffusion coefficient, and VACF. The normalized
displacement correlation function, which is an experimental measured quantity, will
be analyzed as well.

6.3.1 Harmonic Oscillator Driven by an Arbitrary Noise

Let us formally solve the GLE (6.8). From the initial condition x(0) = x¢ and
x(0) = v(0) = vg, one obtains

s+ y(s) 1 1 A

X(s) = —~ V) —~ + —~ F
() xosz—i—sy(s)—i—a)z 0s2+sy(t)+w2 s2 4+ 57(s) + w?

(5),

(6.98)
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where F(s) = ZLIEM](s) and p(s) = Z[y(@)](s). From Eq. (6.98) for x(¢) and
v(t) = x(¢) one finds

t
x(t) = (x(1)) +f G(t —tHE()dr, (6.99)

0

t
v(t) = (v(t)) —l—/ gt — t/)g(t/) dr’, (6.100)

0

where

(x (1)) = v0G (1) + xo[1 — &*1 ()], (6.101)
(v(®)) = vog(t) — xosz(t), (6.102)

are the average displacement and average velocity, respectively. The function G(z)
is the Laplace pair of

1

G(s) = —Fr—.
) s2 4+ 57(s) + w?

(6.103)

The same relations for the relaxation functions are valid, I (t) = fé G(t")dt’ and
gt) = %, as previously.

The MSD, time dependent diffusion coefficient, and VACF are related with the
relaxation functions as previously, i.e., <x2(t)> = 2kpTI(t), D(t) = kpTG(t)
and Cy (t) = g(¢), respectively [12]. These relations are valid for friction memory
kernels which satisfy the assumption (6.11).

6.3.2 Overdamped Motion

From relation (6.103) we note that for the M-L noise (6.9) very complex expressions
for the relaxation functions are obtained, and exact results are very difficult to be
obtained. For simpler friction memory kernels of the Dirac delta type (standard
Langevin equation), power-law type (fractional Langevin equation), one and two
parameter M-L types the corresponding relaxation functions can be found exactly. In
case of the three parameter M-L noise (6.9) the calculations become very complex,
and thus one analyzes the asymptotic behavior of the oscillator in the short and long
time limit. Therefore, instead of that, we analyze the overdamped motion, which
means that there is high viscous damping, i.e., the inertial term X (¢) vanishes. This
case of high friction leads to same asymptotic behavior in the long time limit as the
one for the GLE, so the overdamped motion can be used to analyze the anomalous
diffusive behavior of the oscillator in the long time limit. This case of high viscous
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damping appears in the analysis of conformational dynamics of proteins, due to the
liquid environment in which the proteins are immersed [10]. Thus, the relaxation

functions g(s), G(s) and 1 (s) become

G(s) =s"'8@s), 1(s)=s5"'G(s). (6.104)

By substitution of the friction memory kernel (6.9) in (6.104), by applying the
Laplace transform formula (1.18), for 7(¢) we obtain [55]

1 s%_l
IH=2"|—= _
wz =1 aé—%
s T 4 Ywbd s .
©7 (s94T79)
| ¢ Va,B,8
W2 Z( e ) t(ﬁil)kEli]f(ﬂ—l)k+1 (—@/0)®). (6.105)
k=0

For the long time limit (s — 0), one finds the asymptotic behavior

kgT B kpT w? _
1) = ——t""PE | o5_grras—p (——IH“‘S p
Co.ps Co.p.6

1 kpTw?
= [1 — Elyas_p <—g—ﬂat1+°‘5_ﬁ>:| . (6.106)
o,p,

Therefore, the MSD reads

2kgT knT 2
(xz(t)) =2kpTI(t) ~ 32 |:1 — Elyas_p (_ Bl ® tl+o{8—f}>i|
@ Ca,p,8

~ 2T Capas 11077 (6.107)
T w? kgTw? I'(B — ab) '
and the VACF becomes
1 +ad—B)Q2+as — p)r~Utas=p—2
Colt) = g(t) ~ — aﬁa( +ad—pB)2+as—p) ‘
w* ' —ad)
(6.108)

At long times t — o0, the MSD reaches the equilibrium value

2k T
(1)) oo af;
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For a free particle (w = 0) from (6.107) one obtains

1 kgTw? |
I(t)~ lim — |1 — Ejigs—p [ ——1t' TP
) Jim' = [ 1+as ﬁ( Cops

2
i % [1 — Ej1as-8 (——kCBZ;; tl+a6_ﬂ>] kgT tlHad—p
= o0 4,2 T Cops TQ+as—p)

do®
(6.109)

which is identical to (6.56) for the GLE for a free particle. In a similar way, for the
relaxation functions G (¢) and g(¢), which are directly related to the time dependent
diffusion coefficient and VACEF, follow results (6.55) and (6.54), respectively.

Remark 6.2 Previous studies [57] showed that analytical treatment of the GLE with
internal three parameter M-L noise with correlation function of the form

S g1 o (—1/r)"), (6.110)

C@) =
where Cy, g s does not depend on time, and can depend on o, 8 and §, where o > 0,
B>0,6 >0,0 <ad < 2,is very complex. The difficulty of analytical treatment
of the GLE with an internal noise with correlation (6.110) is due to the Laplace
transform of three parameter M-L function, see relation (1.61) for x = 1. Therefore,
we only analyze the asymptotic behavior of relaxation functions by using Tauberian
theorems (see Appendix B). For the Laplace pair of y (¢), from Eq. (1.61), we have

0]

Caps s~ Z I'(1+ak)S +k) (=D

kpTt*® I'(8) TF(B+ak)k!  (sT)ok @11

y(s) =
k=0

For the long time limit (r — oo) the frictional memory kernel has the following
behavior

Ca,ﬂ,& —ad

YO = F G aeigT !

’

so the Tauberian theorem yields

) = yups - s@ s =0, (6.112)

where

Cops I'(1 —ad)
kgT T'(B—ad)

Ya,8,6 =
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Here we use that 8 # o8, B # aé — 1 and ad # 1. By substitution of (6.112) in the
relaxation function

S_l

) =211 = ————, 6.113
()= LU = G (6.113)
for 0 < aé < 2, one obtains
R S_l 1 1 Saé—l
sy~ ——— — (- —— . 6.114
) Ya,55% + 0?  @? (S Sa8+a)2/ya,ﬁ,8> ( )

From the Laplace transform formula (1.3) for the one parameter M-L function, it
follows [57]

1 w? 1 Y. 8.8 1 _
0= g 1= B (5200) | = 5 [1 - e
(& Yo, 8.8 1) 1) (I —ad)

6.115)
The MSD and VACF then read [57]
2 Vet .8 1 —as
~ |- — , 6.116
E0) p(oo)[ a5 } (6.116)
S(as +1
Cr() ~ _Yupd W@+ D g5 (6.117)

ot T(1—ad)

respectively. The case with B = § = 1 corresponds to the results obtained in [12,
66, 67]. For a free particle (w = 0) we obtain [57]

—1—ad

_ s -
10 =2 | = s (™). 0119
o, P,

where we apply the Laplace transform formula (1.6). The MSD then becomes

2kpT

2 2 2—ald od

X t)_Zk Tt Er_ (—y t ):—t . 6.119
( ( ) B 2—wd,3 o, B, a,ﬁ,&r(l 8) ( )

and the time dependent diffusion coefficient and VACF turn to

— kpT 5—1
D(t) = kpT1Er—gs (—y ot “3) ~ BT el (6.120)
“ “F Vap.s T (@3)
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d? _
Cv(t) = @lez—am (—Va,ﬁ,alz a(S)

1
=FE,_ (— t2—a3) ~ —t“a_z, 6.121
2—a8 | —Va,p.8 veps (@ —1) ( )

respectively. Same result can be obtained from the L’Hopital’s rule, i.e., [57]

1 2
1) =~ lim — [1 — Egs (— @ r“ﬁﬂ
w—0 @ Ya.B,8

i [ = oo (—5255)

d ad o 1

= lim =2 . 2“” = 1 (6.122)
w—0 @ Ya,p,6 " (1 + ad)

Thus, the particle shows anomalous diffusive behavior. The well-known result for
B = 8 = 1 was obtained in Ref. [39, 52]. Fora = 8 = § = 1 one obtains p(t) >~ ¢
and Cy(t) ~ E; (—yl,l,lt) = e ".1.11 which in fact is the result for Brownian

motion [42, 52]. The case with «d = 1/2 gives Cy (t) =~ t_%, which is theoretically
obtained in Ref. [42] for superposition of the Dirac delta and power-law memory
kernel, and previously confirmed by computer simulations for the VACF [1]. We
can show, as well, that in case of a friction memory kernel which is a sum of the
generalized M-L noise (6.110) and Dirac delta noise, the VACF has a form Cy (¢) =~

7% g0 forad = % and B = 1 again we obtain the same result Cy (f) >~ t_% [57].

Remark 6.3 Let us now consider the following thermal initial conditions <x§) =
]‘S—ZT, (xovg) = 0, and (£(t)xg) = O for the GLE for a harmonic oscillator. For the
normalized displacement correlation function, which is an experimental measured
quantity, and which is defined by Burov and Barkai [5, 6]

(x(#)x0)
Cx(@) = ,
(x3)
one obtains
Cx(t) =1—?1(1). (6.123)

For the friction memory kernel of form (6.9) in the limit ¢ — 0, for Cx (¢) we find

ad k+1 Cu.p.s
_ 2 2Ue42 k41 B8 2—(1+as—
Cx(n=1-) (—w ) P ES  (1vas—p) 243 (_ T | (e ﬁ)>‘
k=0
(6.124)

The graphical representation of the normalized displacement correlation function
(6.124) is given in Fig.6.11. Note that for @ = 0.3, Cx(¢) is a decreasing
monotone function and Cx(t) > 0. For o« = 3 and o = 1, Cx(¢t) has an
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Fig. 6.11 Graphical 1

representation of Cyx () 0.75

(6.124) for Co 55 = 1, 05

kpT =1, a0 =1/2, S 025

B=7/16,6 =3/4;0=0.3 &

(solid line), @ = 3 (dashed 0

line); w = 1 (dot-dashed -0.25

line); w = 0.74 (dotted line), -0.5 .

see Ref. [55] 0 2 4 6 8

oscillation-like behavior passing the zero line, and goes asymptotically to zero. For
w = 0.74, Cx(t) > 0, but it is a non-monotone function. It approaches the zero
line asymptotically. These results are different than those obtained for the Langevin
equation for a harmonic oscillator, for which the oscillator has only two different
behaviors; either overdamped motion with (x(z)) > O for all # under the condition
(x0) > 0, for which Cx(¢) is monotone function, or underdamped motion when
(x(¢)) has oscillation-like behavior passing the zero line [5, 6]. The frequency at
which the oscillator turns from overdamped to underdamped motion is the so-called
critical frequency. For the GLE for a harmonic oscillator there is a need for definition
to additional critical frequencies on which Cx(#) changes its behavior, and their
computation is a non-trivial problem [5, 6]. Such behaviors of Cx (¢) were observed
in the molecular dynamic simulations of fluctuation of the donor-acceptor distance
within proteins [38]. Moreover, such oscillation-like behavior and power law decay
of the fluorescein-tyrosine distance within a protein are experimentally observed in
Ref. [47].

6.4 GLE with Prabhakar-Like Friction

As we showed before, the regularized Prabhakar derivative (2.88) is a special
case of the generalized derivative (2.89), therefore we conclude that the GLE with
regularized Prabhakar friction memory kernel of the form

P
YO = Vipst "ES, (— <£) ) : (6.125)

has the form [56]
X))+ Vup,s c@g’,’iu,,x(t) =£(@1), x@) =v(@). (6.126)

Here C@i:’i vt is the regularized Prabhakar derivative (2.88),0 < u,8 < 1,0 <
n/é < 1,0 < u/é6—p < 1,v =17 tis atime parameter, and y, , s is the
generalized friction coefficient. This equation is a generalization of the fractional
Langevin equation considered by Lutz [39], which is recovered by setting § = O.
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The Laplace transform of the friction memory kernel (6.125) reads
P(s) = Yupss P (5P 4 7P) (6.127)

By asymptotic expansion of the three parameter M-L function (1.28) and the
Laplace transform of the friction memory kernel (6.127), we show that the
assumption (4.32) is satisfied for u > 8. We consider that the noise £(¢) is internal,
i.e., the second fluctuation-dissipation theorem of the form [56]

I\ P
(EOEW) =kpTyupslt —1'1TE S, (— ('t t') ) (6.128)

T

is satisfied.

6.4.1 Free Particle

From the general formulas for the relaxation functions, the MSD, D(t), and VACF
become [56]

o0 p
_ _ t
<x2(;)> = g TSy <— (;> ) . (6.129)
n=0

e p
_ _ t
D(t) = kgT Z(_Vu,p,a)"l(z M)”HEpig—u)nH (— (;) ) , (6.130)
n=0
o0 t 0
Cy(t) = Z(—m,p,a)"t(z"””E;f?ﬁfmnﬂ (— (;) ) , (6.131)
n=0
respectively.

The asymptotic expansion of the three parameter M-L function (1.29) for the
long time limit yields
2kgT  th=P°

y I'A+up—pd)’
(6.132)

<x2(t)> ~ 2kBTt2E2,M+p8’3 (_);IZ—;L+,06> ~

D(t) = kpT tEz—pspsa (—;7;2—/”/’5) (6.133)

Cy () = Exepips (—71777%) (6.134)
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Fig. 6.12 Graphical 4l
representation of the MSD
(6.129) for kpT =1, 3l
Yu,p,8 = Lt=1,p=1/2, A
8 =3/4,and u = 1/2 (blue =
line), 1 = 5/8 (red line), see % 2
Ref. [56]
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where y = vy, p,,gt’p‘s. Therefore, one concludes that in the system exists

subdiffusion (x*(r)) ~ ¢ with anomalous diffusion exponent @ =  — p8, where
O<a<d<l.

Graphical representation of the MSD (6.129) is given in Fig.6.12. From the
figure we see that the MSD shows oscillation-like behavior for intermediate times
which can be explained as a result of the cage effect of the environment represented
by the M-L memory kernel [5].

6.4.2 High Friction

The high viscous damping, corresponding to vanishing of the inertial term ¥ (¢#) = 0,
yields [56]

i
200\ — 28T s t\"\ _ 2T o 0
X (t) = —1 pn+1\ —\ = = - tH=pd
Y 8 T Yu.p,d | = rao—5 t — o0.

s TP (I+p—pé)°
(6.135)

Therefore, we conclude that decelerating subdiffusion exists in the system, since the
anomalous diffusion exponent from u for the short time limit turns to & — p4d in the
long time limit.

6.4.3 Tempered Friction

We further consider the GLE with a friction term represented through the tempered
regularized Prabhakar derivative (2.92), i.e.,

EWO 4 Vups re oM, x(0) = @), (1) = v(1), (6.136)
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where b > 0, and all the parameters are the same as in Eq. (6.126). From definition
(2.92) one concludes that the friction memory kernel is given by [56]

bt —pp r\’
y(t) =yupse "THE (— (—) ) (6.137)

T

The second fluctuation-dissipation theorem then reads

T

e o [t —t1\"
(EOEE) =k Tyupse™™ e —t'|THE (—( ) . (6.138)
For the MSD, we find [56]

2 . n o3 (bt (1—pyn—1 —n AN
bt —n—1 e
<x (t)> = Z (_V;L,,O,(S) IO+ (e A E,o,(l—/j,)n (_ <;) )) ’
n=0
(6.139)

where I(‘))‘Jr is the R-L integral (2.2). In absence of truncation (b = 0), from (6.139),

by using that [30]

I, (tﬂflEg’ﬂ (—vt"‘)) =B L (%),

we recover the result (6.129).
For high viscous damping, X (¢) = 0, the following result for the MSD is obtained

2kpT t\"
<x2(t)>= B I <e_b’t“_2Ef)’M_1 <— (-) )) (6.140)
Yi.p,8 T

Therefore, the short time limit yields subdiffusion

2 2kgT tH
)= 29T
Yu,p,s T'(1+ )

and the long time limit normal diffusion (xz(t)) ~ t. This means that accelerating
diffusion—from subdiffusion to normal diffusion—exists in the system. Such
crossover from subdiffusion to normal diffusion has been observed, for example,
in complex viscoelastic systems [28].

Graphical representation of the MSD (6.139) is given in Fig.6.13. From the
figure, one observes the influence of the truncation parameter b on the MSD
behavior. The case with no truncation (b = 0) shows subdiffusive behavior (blue
line), and the case with truncation (red and green lines) normal diffusion in the long
time limit.
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Fig. 6.13 Graphical 12
representation of the MSD
(6.139), for kpT =1,
Yu,p,8 = Lt=1,p=1/2,
=1/2,6=3/4,andb =0
(blue line), » = 0.1 (red line)
and b = 0.5 (green line), see
Ref. [56].

<x2(t)>

6.4.4 Harmonic Oscillator

We further consider the GLE (6.141) for a harmonic oscillator with tempered
regularized Prabhakar friction [56]

(1) + Yu.p.o Tc@,ﬁj’iv,,X(l) +o’x(t) =E@), @) =v(), (6.141)

where w is the frequency of the oscillator. From the Laplace transform method we
find exact result for the MSD

xz(t) > n ! nn n ’
(2kBT) = Z (~Vip.s) /0 (t =ty PESTL (—a)Z(t —t )2)

"\’
_bt /(1 nyn— lE 12111 ) (_ (_) )dl‘/
p,(1—)n T

00 4
n+1 —bt ,(1—pw)n—1 —dn _ L
= (~Vup) B s —eros (e f Epli- u)n( <,> ))

n=0
(6.142)

where (Ei B 0+ f ) (t) is the Prabhakar integral (2.46). For @ = 0, the Prabhakar

integral corresponds to the R-L integral (2.2), therefore, from (6.142) one finds the
previously obtained result for a free particle (6.129).

We are particularly interested in the normalized displacement correlation func-
tion

(x(Dx0) s+ D)

1.2
(2 PHsP@+e? I=o™1®, (6.143)

Cx() =
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Fig. 6.14 Graphical 1.0 ‘ ‘ ‘ g
representation of the
normalized displacement
correlation function, 0.5¢ B
Eq. (6.145), for y, p 5 = 1,
t=1p=1/5u=1/2, /\
8 =3/4, and w = 0.25 (blue 0.0 \/ \/
line), w = 0.5 (red line), \/

w = 1.44 (green line), w = 3

Cx(®

(brown line), see Ref. [56] 0.5} ‘ ‘ ‘ N
0 5 10 15 20
t
under the conditions xg = kg—zT, (xovg) = 0, and (£(t)x0) = O [5]. Cx(¢) then
becomes [56]
o0
2 n rn+l
Cx® =103 (=Viups) Bahs _ur o
n=0

P
—bt (I—p)n—1 p—8 !
x(e -t g <_ <;) )) (6.144)

and the case with no truncation (b =) yields

00 o
t
. ZZ n o+l (=)n—1 —8
Cxy=l-o (_y"’p"g) Eg,n+3,—w2,0+ (t . EP,(I}—M)" (_ <;> )) .

n=0
(6.145)

Graphical representation of the Cx (¢) (6.145) and (6.144) is given in Figs. 6.14
and 6.15, respectively. In Fig. 6.14 different behaviors of Cx (¢) are observed, such
as monotonic or non-monotonic decay without zero crossings (for @ < 1.44),
critical behavior between the situations with and without zero crossings (at critical
frequency w & 1.44), and oscillation-like behavior with zero crossings (for @ >
1.44), which appear due to the cage effect of the environment [5]. The friction,
depending on the memory kernel parameters, forces either diffusion or oscillations.
In Fig.6.15 we note that with increasing of tempering, oscillation behavior with
zero crossings appears. Thus, by tuning the values of friction parameters contained
in the tempered Prabhakar derivative, we increase the versatility to fit complex
experimental data.
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Fig. 6.15 Graphical 1.0 F2
representation of the
normalized displacement
correlation function,
Eq.(6.144), for y, 5 = 1,
t=1p=12u=1/2, 0.0
§=3/4,0=05andb =0 \7
(blue line), b = 1 (red line),

b = 10 (green line), b = 100 -0.5r
(brown line), see Ref. [56]
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6.5 Tempered GLE

Here we consider truncated three parameter M-L memory kernel of the form [36]
()= L bt p-1ps (L (6.146)
i) = s L ’ :

where y > O is aconstant,» > 0,5 > 0, T > 0 is a time parameter, and Eg’ﬁ(z)
is the three parameter M-L function (1.14) [54]. Tempered diffusion with memory
kernel of the form (6.146) with § = 1 was obtained within the CTRW theory in
Ref. [61]. Similar kernels were considered in Refs. [48, 62, 63] in the context of
tempered subdiffusion.

The Laplace transform of the kernel is given by

y o (s+b)h

— , (6.147)
A ((S +b) + -L-fot)‘S

y(s) =

where we use the shift rule . [f(t)e_‘”] = ﬁ(s +a), Zf@)] = ﬁ(s), and
the Laplace transform of the three parameter M-L function. It is obvious that the
tempered memory kernel (6.146) satisfies the assumption (4.32). The tempered
memory kernel is quite general and contains a number of limiting cases. For
example, for 7 — 0 (t~! — 00) it becomes truncated power-law memory kernel

(B—ab—1

bt
rep-ad)’

yt)=vyve
such that
P(s) =y (s + by PTe,

For § = 1and § = B = 1, one finds the truncated two parameter and one parameter
M-L kernel, respectively. In absence of truncation (b = 0), it yields the three
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parameter M-L memory kernel [59]

_ Y o pips t
)/(f)—ml E, g (_I_O‘>

which for « = B = 1 corresponds to the Kummer’s confluent hypergeometric
memory function

t

Y 14
]/(f) = 'L'_‘S E?,l <_;> = ;Q&((S, 1’ —I/T) s

considered in Ref. [32].

6.5.1 Free Particle: Relaxation Functions

The relaxation functions for the truncated three parameter M-L memory ker-
nel (6.146) becomes

g3

1) =271
() ]+ LS*I (s+b)°“5*f3

%0 ((s+b)2+7—2)°

AR (s + by + 1)

=2 _i <_L>n R Gl by =Pn }

- Y N\ pn+3 ( —bt fu—1 *
n —bt —
=5 (_W) 1 <e Pl gon, <_r_a)>’ (6.148)

n=0

where I ', f(7) is the R-L integral (2.2) of order & > 0. Respectively, the other

relaxation functions read

> Y \" n—+2 —bt ,Bn—1 r6n 1
G(t):Z(—TW) 157 (e Y (- ) ) (6.149)

n=0

o0

([) _ Z _L)n In"rl —bltﬁn—1E5n _ﬁ (6 150)
sl) = rad 0+ \¢ a,pn o ) ’

n=0

In absence of truncation (b = 0), one finds the results obtained in Ref. [59]. We
note that the relaxation functions (6.148)—(6.150) can also be written without the
R-L integral in terms of the confluent hypergeometric function | Fy (a; b; z) [14], as
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g(t)

6L
0 2 4 6 8 10 12 1415

Fig. 6.16 Graphical representation of: (a) relaxation function 7 (¢) (6.148), (b) relaxation function
g(t) (6.150), fora = 1.5, =12, =06, =1,y = 1, b = 0 (black line), b = 0.2 (blue
line), b = 0.5 (violet line). Reprinted from Physica A, 466, A. Liemert, T. Sandev and H. Kantz,
Generalized Langevin equation with tempered memory kernel, 356-369, Copyright (2017), with
permission from Elsevier

follows [36]

tak+,6n+n+2

I~ (6n)k
(1) = —1 n+k_—a@dn+k) . ,n
=3 ) (= VTR Tk + pn+n+3)

n=0 k=0
x 1 Fi(ak + Bn; ak + Bn +n + 3; —bt), (6.151)
00 00 k+pBn+n+1
_ 6n) ¢
G(t) = -1 n+kr a(én+k),,n
® ;g( ) V'l Tk +Bntn+2)
x 1Fi(ak + Bn; ak + Bn +n + 2; —bt), (6.152)
o0 o0
B (Sn)k totk+ﬂn+n
£ = -1 n+kT a(dn+k) . n
8() 2:(:”;)( ) V'l Tk +Bntnt )
X 1 Fi(ak + Bn; ak + Bn +n + 1; —bt). (6.153)

Graphical representation of the relaxation function (6.148) for different values of
parameters is given in Fig.6.16. From the figure one concludes that in the case
of truncation the relaxation function, which is proportional to the MSD, has a
linear dependence on time in the long time limit. In absence of truncation for the
chosen parameters the MSD shows subdiffusive behavior of the form 7. Due to
the complex form of the memory kernel in the intermediate times the MSD has an
oscillation-like behavior. Such behavior can be explained due to the cage effects [5],
which appear as a result of influence of the environment (represented by the friction
memory kernel) on the particle motion.



6.5 Tempered GLE 291

From the exact result for the relaxation functions, we analyze the MSD and
VACEF. For the short time limit one finds

(xz(t)> N > Y \" na3 -1 _ s Y \" t(B+Dn+2
2kpT ‘,;(_W) I (F(ﬂn))_nz_o(_ﬁ) B+ n +3)

= PEgi15 (- 1) = co 6.154
T AT e IG) S TrE+4) (159

while the VACF becomes
Iﬁ+l

14

4 ﬁ+1)
~FE (—— ~]l - .
Cv) = Epy (— o5t 3 T BT 2)

(6.155)

The long time limit yields normal diffusion

2 00 5—B n n+2 ad—p
(1)) y b° ! 2 y b
~ =tF —_— 1
2kBT Z( 7:ouS (b“ + .L.—oc)S F(n + 3) 1,3 Taa (bo‘ + T—a)a

v bp b
— eXp( w0 (bt “)‘”) e ey ﬁ(r”‘ + b7t
7/ b

v _bh )P
th (bl)t+t—d)5

(6.156)

Cy(t) > E1q _r —baa_ﬁ t) =exp _r —baa_ﬂ t]— 0.
’ Tod (bot + r—a)é Tod (bot + -L-—ot)é
(6.157)

Therefore, characteristic crossover dynamics from ballistic motion to normal diffu-
sion is observed.

6.5.2 High Viscous Damping Regime

Let us now consider high viscous damping, which means that v(#) = 0. The GLE
(6.8) then reads

t
/ vy —tHo@)d! =£@), x@) =v@). (6.158)
0
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The relaxation functions become

i = - o= = (6.159)
g§) = < ) §) = <> §) = < —. .
Y (s) 7(s) y(s)
For the truncated memory kernel (6.146), we find exact result for the MSD
2 _
(x (t)> = T_msg—l §2 (s +b)" P -
2kpT y ((s + by + .,:—a)
™, bt —f—1 p—8 *
= 7 Iy, (e t E, "4 <_r_°‘)) . (6.160)

Here we note that the MSD can also be written in terms of the regularized
hypergeometric function [14], i.e.,

2 ol oo _ i
<;k;t;> = TTe_bttl_ﬁ 3 (/o ]j)" VF1 (252 + ak — B bi),
k=0 :

(6.161)

where
VFiasbi2) =y (@ /KT + b))

For 6 = 1 we obtain the same result as the one obtained in Ref. [61] within the
CTRW theory. Therefore, two different diffusion models which describe different
stochastic processes may give same results for the MSD. For the short time limit
subdiffusive behavior is observed,

(20) @ 1P

~

2%ksT — y T'Q—=B)

while for the long time limit—normal diffusive behavior

(o) v,
~ b—a St,
% , (t“ + )

which is same as (6.156).
The case with b = 0, for the short time limit gives subdiffusive behavior

<x2(t)) .[()(5 tl—ﬁ

~

2%T ~ y TQ2—B)
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while for the long time limit diffusive behavior of the form

(Xz(l)> ~ 1 tl+0!8—ﬂ
2kpT ~— vy IT'Q4+as—pB)’

Therefore, the MSD has subdiffusive behavior for «§ < B, normal for a6 = 8,
and superdiffusive for «§ > S. This means that the particle shows accelerating
diffusion, from subdiffusion it turns either to subdiffusion with greater anomalous
diffusion exponent, normal diffusion or superdiffusion. Note that in the long time
limit in both cases, with and without inertial term, same behavior for the MSD is
obtained.

6.5.3 Harmonic Oscillator

For a particle bounded in a harmonic potential we use the previously presented
general expressions for the relaxation functions, see (6.103). For the tempered
memory kernel (6.146) one finds exact result for the relaxation function,

51 1
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— n —bt n— n
= Z (‘m) B i3 —e?0r <e P EY <_r_°‘)) . (6.162)

For the special case B = § = 1, and T — 0, we obtain the result for tempered

power-law memory kernel y (1) = ¢ ' =-—, 0 < & < 1,

-
T—a)’

s _— o men—l
IO=) "B Lo, (e ”’m>. (6.163)

n=0
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The normalized displacement correlation function is represented through 7 (), as
Cx(t) = 1 — @*1(t). Therefore, we have [55]

o0 o
_ 2 Y \" patl —bt Bn—1 pén !
Gx=1-o Z(—m) K w20+ (e o Eapn \— 2 ) )
n=0
(6.164)
For tempered power-law memory kernel y (1) = e‘b’%, 0 < a < 1, the

normalized displacement correlation function Cy () reduces to

o +1 p 17O

_ nypn —bt

Cx)=1—w EO (=y) EZ,n+3,—w2,O+ e —F((l o ) (6.165)
n=

Graphical representation of the normalized displacement correlation function
(6.165) for different values of parameters is given in Fig.6.17. From the figures
one concludes that the normalized displacement correlation function shows different
behaviors: monotonic decay, non-monotonic decay without zero crossings, critical
behavior which distinguishes the cases with and without zero crossings, and
oscillation-like behavior with zero crossings. These behaviors are based on the
cage effects of the environment as shown by Burov and Barkai [5]. This means
that, depending on the values of the friction memory kernel parameters, the friction
caused by the complex environment may force either diffusion or oscillations. These
effects are observed in the analysis of the relaxation functions as well (Fig. 6.16).
From Fig.6.17 one concludes that the critical frequencies in case of truncated
power-law memory kernel are different than those in case of no truncation. Thus,
for example, for « = 1/2 the critical frequency in case of no truncation is 1.053 [5],
while in case of truncation b = 1/2 it is equal to 0.903. The truncation decreases
the critical frequency for « = 3/4 from 0.965 [5] to 0.825, while for ¢ = 1/5
from 1.035 [5] to 0.889. Note that in case of classical harmonic oscillator two
types of motion are observed, monotonic decay of Cx(t) without zero crossings,
and oscillation-like behavior with zero crossings. These two types of motions are
separated at a critical frequency equal to y /2.

6.5.4 Response to an External Periodic Force

It has been shown that the stochastic force either in classical oscillator [23],
fractional oscillator [71], or in the GLE [5, 44, 45] yields some interesting behaviors
in the system, such as stochastic resonance, and the double-peak phenomenon.
Similar phenomena are observed if one considers the GLE with tempered memory
kernel [36]. The external periodic force is of the form A cos(£2t), where Ay and
£2 are the amplitude and frequency of the periodic driving force, respectively.
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Fig. 6.17 Graphical representation of the normalized displacement correlation function (6.165)
for truncated power-law memory kernel with b = 1/2 and different frequencies w; (a) « = 1/2,
(b) @ = 3/4, (¢) « = 1/5. Reprinted from Physica A, 466, A. Liemert, T. Sandev and H. Kantz,
Generalized Langevin equation with tempered memory kernel, 356-369, Copyright (2017), with
permission from Elsevier

Therefore, we consider the following GLE

t
X(@) + / y(t —H)x@)dt' + 0?x(t) = Agcos(21) + £(1), (6.166)
0
x(t) = v(t).

By using the Laplace transform method, for the mean displacement one finds

t t
(x (1)) = xg [1 - a)Z/ h(t) dt/} +voh(t) + Ao/ cos (2(t — 1)) h(t') dr’,
0 0
(6.167)

where

_ 117 _ —1 1
oy =27 )| = [—s2+s;>(s)+w2]
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From here, for the long time limit (s — 0, # — o00) it follows [5]

t
(x (1)) :AO/ cos (2(t — 1)) h(t')dt’ — (x(1)) = R(£2) cos (21 + 0(£2)),
0
(6.168)

where the response R(§2) and the phase shift (£2) will be defined below. Here we
consider the complex susceptibility

N 1
X(2) = x'(2) +1x"(2) = h(=12) =

v (—12+b)*0—F ’
7 (—162) ((71.(12+b)a+r_])5 +o? -2
(6.169)
where
R oo
h(—182) = / e h(r) dt,
0
x'(£2) =R [x(2)],
and

x"(2) =3 [x(£2)].

The real and imaginary parts of the complex susceptibility are experimental
measured quantities. From the complex susceptibility, one finds the response

R(£2) = |x(£2)], (6.170)

and the space shift

(6.171)

6($2) = arctan (—X (Q)> .

x'(82)

Particularly, we consider the special case of tempered power-law memory kernel

y(t) =e %, which for b = 0 corresponds to the case considered in Ref. [5].

Therefore, for the complex susceptibility we find

1

2)=h(—12) = ,
x($2) = h(=182) T (12 (—12 + b+ w? — 22

(6.172)
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which for b = 0 reduces to [5]

1
y (—182)* + w? — 22

X(2) =h(—12) =

From Fig.6.18 one concludes that resonance appears even for a free particle
driven by truncated power-law noise, and that the resonant behavior depends on the
truncation parameter b. We observe that the resonant peak which exists for b = 0
becomes smaller for » = 0.5, and disappear for » = 1.0 and b = 1.5. Here we
note that the response function for the Brownian motion is a monotonic decaying
function and resonance does not appear. In Fig. 6.19 same situation is observed for
the harmonic oscillator driven by truncated power-law noise. The imaginary part of
the complex susceptibility, or the so-called loss, shows double peak phenomenon. In

X'(Q

00 05 10 15 20 00 05 10 15 20
(a) Q (b) Q

Fig. 6.18 Graphical representation of the (a) response R(£2), (b) loss x”(£2), for a free particle
with tempered power-law memory kernel for = 0.1, y = 1, and different values of b, b = 0 (blue
line), b = 0.5 (brown line), b = 1.0 (green line), b = 1.5 (red line). Reprinted from Physica A,

466, A. Liemert, T. Sandev, and H. Kantz, Generalized Langevin equation with tempered memory
kernel, 356-369, Copyright (2017), with permission from Elsevier
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Fig. 6.19 Graphical representation of: (a) response R(£2), (b) loss x”(£2), for tempered power-
law memory kernel with « = 0.1, @ = 0.3, y = 1, and different values of b, b = 0 (blue line),
b = 0.2 (brown line), b = 0.4 (green line), b = 0.6 (red line). Reprinted from Physica A, 466, A.
Liemert, T. Sandev and H. Kantz, Generalized Langevin equation with tempered memory kernel,
356-369, Copyright (2017), with permission from Elsevier
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Fig. 6.20 Graphical representation of: (a) response R(£2), (b) loss x” (§2), for tempered Mittag-
Leffler memory kernel with = 0.1, 8 = 1,8 = 3/4, 7t = 1,y = 1, o = 0.1, and different
values of b, b = 0 (blue line), b = 0.3 (brown line), b = 1 (green line), b = 3 (red line). Reprinted
from Physica A, 466, A. Liemert, T. Sandev and H. Kantz, Generalized Langevin equation with
tempered memory kernel, 356-369, Copyright (2017), with permission from Elsevier
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Fig. 6.21 Graphical representation of: (a) response R(£2), (b) loss x”(£2), for the tempered
Mittag-Leffler memory kernel witho = 0.1, 8 = 1,6 =3/4,t = 1,b = 1/2, w = 0.1, and
different values of y, y = 0.1 (blue line), y = 0.3 (brown line), y = 1 (green line), y = 3
(red line). Reprinted from Physica A, 466, A. Liemert, T. Sandev and H. Kantz, Generalized
Langevin equation with tempered memory kernel, 356-369, Copyright (2017), with permission
from Elsevier

Fig. 6.20 we observe similar behavior for the harmonic oscillator driven by truncated
M-L noise. We find that by increasing the truncation parameter the resonance
frequency is increasing. The dependence of the response and the loss on parameter
y for fixed values of «, §, 8, b is given in Fig.6.21. By increasing parameter
y, the resonant frequency is increasing. One also concludes that by increasing
parameter y, from one peak the loss exhibits double-peak phenomena. Such double-
peak phenomena have been observed in the investigation of relaxation processes in
supercooled liquids [25].



References 299

References

AW =

AN

11.

12.

13.
14.

15.
16.
. Fa, K.S.: Langevin and Fokker-Planck Equations and Their Generalizations: Descriptions and

17

18.

19.
20.
. Garrappa, R., Mainardi, F.: Analysis 36, 89 (2016)
22.
23.

21

24.
25.
26.
27.

28.
29.
30.
. Kilbas, A.A., Srivastava, H.M., Trujillo, J.J.: Theory and Applications of Fractional Dif-

31

32.
33.
34,
. Langevin, P.: CR Acad. Sci. Paris 146, 530 (1908)

. Liemert, A., Sandev, T., Kantz, H.: Physica A 466, 356 (2017)

35

. Alder, B.J., Wainwright, T.E.: Phys. Rev. A 1, 18 (1970)

. Apelblat, A.: IMA J. Appl. Math. 34, 173 (1985)

. Apelblat, A.: Volterra Functions. Nova Science Publ. Inc., New York (2008)

. Apelblat, A.: Integral Transforms and Volterra Functions. Nova Science Publ. Inc., New York

(2010)

. Burov, S., Barkai, E.: Phys. Rev. E 78, 031112 (2008)
. Burov, S., Barkai, E.: Phys. Rev. Lett. 100, 070601 (2008)
. Camargo, R.F., Chiacchio, A.O., Charnet, R., de Oliveira, E.C.: J. Math. Phys. 50, 063507

(2009)

. Camargo, R.F, de Oliveira, E.C., Vaz, J.: J. Math. Phys. 50, 123518 (2009)
. Case, K.M.: Phys. Fluids 14, 2091 (1971)
. Chaudhury, S., Cherayil, B.J.: J. Chem. Phys. 127, 105103 (2007); Chaudhury, S., Cherayil,

B.J.: J. Chem. Phys. 125, 024904 (2006); Chaudhury, S., Cherayil, B.J.: J. Chem. Phys. 125,
114106 (2006); Chaudhury, S., Cherayil, B.J.: J. Chem. Phys. 125, 184505 (2006); Chatterjee,
D., Cherayil, B.J.: J. Chem. Phys. 132, 025103 (2010)

Coffey, W.T., Kalmykov, Y.P.. The Langevin Equation: With Applications to Stochastic
Problems in Physics, Chemistry and Electrical Engineering. World Scientific, New Jersey
(2012)

Desp6sito, M.A., Vifiales, A.D.: Phys. Rev. E 77, 031123 (2008); Phys. Rev. E 80, 021111
(2009)

Dufty, J.W.: Phys. Fluids 17, 328 (1974)

Erdélyi, A., Magnus, W., Oberhettinger, F., Tricomi, F.G.: Higher Transcendental Functions,
vol. 3. McGraw-Hill Book Company, New York (1955)

Eule, S., Friedrich, R.: Phys. Rev. E 87, 032162 (2013)

Fa, K.S.: J. Math. Phys. 50, 083301 (2009)

Solutions. World Scientific, Singapore (2018)

Feller, W.: An Introduction to Probability Theory and Its Applications, vol. II. Wiley, New
York (1968)

Fox, R.F.: J. Math. Phys. 18, 2331 (1977)

Fox, R.F.: Phys. Rep. 48, 179 (1978)

Gel’fand, I.M., Shilov, G.E.: Generalized Functions, vol. 1. Academic, New York (1964)
Gitterman, M.: Physica A 352, 309 (2005); Gitterman, M.: Physica A 391, 3033 (2012);
Gitterman, M.: Physica A 391, 5343 (2012)

Gorenflo, R., Mainardi, E.: J. Phys.: Conf. Ser. 7, 1 (2005)

Gotze, W., Sjogren, L.: Rep. Prog. Phys. 55, 241 (1992)

Hilfer, R., Luchko, Y., Tomovski, Z.: Fract. Calc. Appl. Anal. 12, 299 (2009)

Jeon, J.-H., Tejedor, V., Burov, S., Barkai, E., Selhuber-Unkel, C., Berg-Sgrensen, K.,
Oddershede, L., Metzler, R.: Phys. Rev. Lett. 106, 048103 (2011)

Jeon, J.-H., Monne, H.M.-S., Javanainen, M., Metzler, R.: Phys. Rev. Lett. 109, 188103 (2012)
Jeon, J.-H., Barkai, E., Metzler, R.: J. Chem. Phys. 139, 121916 (2013)

Kilbas, A.A., Saigo, M., Saxena, R.K.: Integral Transform. Spec. Funct. 15, 31 (2004)

ferential Equations. North-Holland Mathematical Studies, vol. 204. North-Holland Science
Publishers, Amsterdam (2006)

Kneller, G.R.: J. Chem. Phys. 134, 224106 (2011)

Kochubei, A.N.: Integr. Equ. Oper. Theory 71, 583 (2011)

Kubo, R.: Rep. Prog. Phys. 29, 255 (1966)



300

37.
38.

39

4.
43.
44,

45.
46.

47

51.
52.
. Pottier, N., Mauger, A.: Physica A 282, 77 (2000)
54.
55.
56.
57.
58.

53

59

65.
66.
67.
68.
69.

70.
71.

72.

6 Generalized Langevin Equation

Luchko, Y., Gorenflo, R.: Fract. Calc. Appl. Anal. 1, 63 (1998)
Luo, G, et al.: J. Phys. Chem. B 110, 9363 (2006)

. Lutz, E.: Phys. Rev. E 64, 051106 (2001)
40.
41.

Mainardi, F.: Integr. Transform. Spec. Func. 15, 477 (2004)

Mainardi, F.: Fractional Calculus and Waves in Linear Viscoelasticity: An Introduction to
Mathematical Models. Imperial College Press, London (2010)

Mainardi, E., Pironi, P.: Extr. Math. 10, 140 (1996)

Mainardi, F., Mura, A., Tampieri, F.: Mod. Prob. Stat. Phys. 8, 3 (2009)

Mankin, R., Rekker, A.: Phys. Rev. E 81, 041122 (2010); Mankin, R., Laas, K., Sauga, A.:
Phys. Rev. E 83, 061131 (2011); Mankin, R., Laas, K., Rekker, A.: Phys. Rev. E 90, 042127
(2014)

Mankin, R., Laas, K., Laas, T., Reiter, E.: Phys. Rev. E 78, 031120 (2008)

Mehrez, K., Sitnik, S.M.: Appl. Math. Comput. 347, 578 (2019)

. Min, W., et al.: Phys. Rev. Lett. 94, 198302 (2005)
48.
49.
50.

Orzel, S., Wylomanska, A.: J. Stat. Phys. 143, 447 (2011)

Paneva-Konovska, J.: Math. Slovaca 64, 73 (2014)

Paneva-Konovska, J.: From Bessel to Multi-Index Mittag-Leffler Functions: Enumerable
Families, Series in Them and Convergence. World Scientific, Hackensack (2016)
Paneva-Konovska, J.: Fract. Calc. Appl. Anal. 20, 506 (2017)

Pottier, N.: Physica A 317, 371 (2003)

Prabhakar, T.R.: Yokohama Math. J. 19, 7 (1971)
Sandev, T.: Phys. Macedonica 61, 59 (2012)

Sandev, T.: Mathematics 5, 66 (2017)

Sandev, T., Tomovski, Z.: Phys. Scr. 82, 065001 (2010)
Sandev, T., Tomovski, Z.: Phys. Lett. A 378, 1 (2014)

. Sandev, T., Tomovski, Z., Dubbeldam, J.L.A.: Physica A 390, 3627 (2011)

. Sandev, T., Metzler, R., Tomovski, Z.: Fract. Calc. Appl. Anal. 15, 426 (2012)
61.
62.
63.
64.

Sandev, T., Chechkin, A., Kantz, H., Metzler, R.: Fract. Calc. Appl. Anal. 18, 1006 (2015)
Stanislavsky, A., Weron, K., Weron, A.: Phys. Rev. E 78, 051106 (2008)

Stanislavsky, A., Weron, K., Weron, A.: J. Chem. Phys. 140, 054113 (2014)

Tabei, S.M.A., Burov, S., Kim, H.Y., Kuznetsov, A., Huynh, T., Jureller, J., Philipson, L.H.,
Dinner, A.R., Scherer, N.E.: Proc. Natl. Acad. Sci. USA 110, 4911 (2013)

Tateishi, A.A., Lenzi, E.K., da Silva, L.R., Ribeiro, H.V., Picoli Jr., S., Mendes, R.S.: Phys.
Rev. E 85, 011147 (2012)

Vinales, A.D., Despésito, M.A.: Phys. Rev. E 75, 042102 (2007)

Vinales, A.D., Wang, K.G., Despésito, M.A.: Phys. Rev. E 80, 011101 (2009)

Wang, K.G.: Phys. Rev. A 45, 833 (1992); Wang, K.G., Tokuyama, M.: Physica A 265, 341
(1999)

Weigel, A.V., Simon, B., Tamkun, M.M., Krapf, D.: Proc. Natl. Acad. Sci. USA 108, 6438
(2011)

Zemanian, A.H.: Distribution Theory and Transform Analysis. McGraw-Hill, New York (1965)
Zhong, S., Wei, K., Gao, S., Ma, H.: J. Stat. Phys. 159, 195 (2015); Zhong, S., Ma, H., Peng,
H., Zhang, L.: Nonlinear Dyn. 82, 535 (2015)

Zwanzig, R.: Nonequilibrium Statistical Mechanics. Oxford University Press, New York
(2001)



	6 Generalized Langevin Equation
	6.1 Free Particle: Generalized M-L Friction
	6.1.1 Relaxation Functions
	6.1.2 Velocity and Displacement Correlation Functions
	6.1.3 Anomalous Diffusive Behavior

	6.2 Mixture of Internal Noises
	6.2.1 Second Fluctuation-Dissipation Theorem
	6.2.2 Relaxation Functions
	6.2.3 White Noises
	6.2.4 Power Law Noises
	6.2.5 Distributed Order Noise
	6.2.6 Mixture of White and Power Law Noises
	6.2.7 More Generalized Noise

	6.3 Harmonic Oscillator
	6.3.1 Harmonic Oscillator Driven by an Arbitrary Noise
	6.3.2 Overdamped Motion

	6.4 GLE with Prabhakar-Like Friction
	6.4.1 Free Particle
	6.4.2 High Friction
	6.4.3 Tempered Friction
	6.4.4 Harmonic Oscillator

	6.5 Tempered GLE
	6.5.1 Free Particle: Relaxation Functions
	6.5.2 High Viscous Damping Regime
	6.5.3 Harmonic Oscillator
	6.5.4 Response to an External Periodic Force

	References


