
 

 

 Abstract— Motivated by subdiffusive motion of biomolecules 

observed in living cells, we study the output response of a system 

with memory described by a generalized Langevin equation under the 

impact of an external periodic force. The influence of fluctuations of 

environmental parameters on the dynamics of the system is modeled 

by a multiplicative dichotomous noise and by an internal Mittag-

Leffler noise. The long-time behavior of the output response is 

obtained and the presence of stochastic resonance effects are 

analyzed. In the short memory time limit of Mittag-Leffler noise the 

dynamics of the system corresponds to a fractional oscillator driven 

by an internal noise with a power-law autocorrelation function. 

However, at intermediate and long memory times the dynamics has 

qualitative difference. Particularly, it is established that the critical 

memory exponent which marks a dynamical transition in the behavior 

of the system considered depends strongly on the ratio of the period 

of the external deterministic force to the memory time. The 

phenomena of the resonance versus the memory time as well as 

friction-induced transitions between different stochastic resonance 

regimes are also discussed.  

 

 

Keywords— Generalized Langevin Equation, memory-induced 

resonance, Mittag-Leffler noise, multiplicative noise, stochastic 
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I. INTRODUCTION 

STOCHASTIC, ordinary, or partial differential equations 

are very common tools in far from equilibrium systems in 

natural sciences and engineering where stochastic fluctuations 

are necessary for an appropriate description of the 

phenomenology involved [1]-[3]. Particularly, noise-induced 

phenomena in complex systems present a fascinating subject 

of investigation since, contrary to all intuition, environmental 

randomness may induce more order in the behavior of the 

system and thus generate unexpected effects. Among them we 

can mention the ratchet effect [1], [4], [5], [6], hypersensitive 

response [7], noise-enhanced stability [2], [8], [9], stochastic 

resonance [10], [11], and noise-induced multistability [12], 
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[13]. It is well known that the conventional Brownian motion 

theory cannot account for anomalous diffusion processes, in 

which the mean-square displacement is not proportional to 

time. Examples of such systems are supercooled liquids, 

glasses, colloidal suspensions, polymer solutions [14], [15], 

viscoelastic media [16],[17], and amorphous semiconductors 

[18]. Particulary, diffusion of mRNA-s and ribosomes in the 

cytoplasm of living cells is anomalously slow [19], and large 

proteins behave similarly [20]. Even anomalous diffusive 

dynamics of atoms in biological macromolecules and intrinsic 

conformational dynamics of proteins can be subdiffusive [21]-

[23]. The modeling of such anomalous stochastic diffusion 

processes has mainly been done using the generalized 

Langevin equation (GLE) approach [21], [24], [25], [26]. The 

dynamical equation for such systems is in most cases obtained 

by replacing the usual friction term by a generalized friction 

term with a power-law-type memory [21], [22], [26], [27]. 

Physically such a friction term has, due to the fluctuation-

dissipation theorem, its origin in a non-Ohmic thermal bath 

whose influence on the dynamical system is described with a 

power-law correlated additive noise in the GLE [21], [25]. 

Although a GLE with a power-law-type friction kernel is very 

useful for modeling anomalous diffusion processes, the 

corresponding power-law correlated noises have some 

nonphysical properties, e.g. absence of a characteristic 

memory time and infinite variance. Thus, recently Viñales and 

Despósito have introduced a more general noise with a Mittag-

Leffler correlation function (called Mittag-Leffler noise) in the 

GLE [28]. Notably, for certain values of the parameters that 

characterize this noise one can produce a power-law 

correlation function, a standard Ornstein-Uhlenbeck noise with 

an exponential correlation function, and a white noise. The 

behavior of the GLE with an additive noise has been 

investigated in some detail [24], [26], but it seems that analysis 

of the potential consequences of interplay between a 

multiplicative noise and memory effects is still rather rare in 

literature [29]-[32]. This is quite unjustified in view of the fact 

that the importance of multiplicative fluctuations and 

viscoelasticity for biological systems, e.g. living cells, has 

been well recognized [20], [33]. 

Thus motivated, we consider a GLE with a Mittag-Leffler 

memory kernel subjected to an external periodic force. The 

influence of the fluctuating environment is modeled by a 

multiplicative dichotomous noise and an additive Mittag-

Leffler noise. The main contribution of the paper is as follows. 

We provide exact formulas for analytic treatment of the 

dependence of the mean particle displacement, in the long-
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time limit, ∞→t , on system parameters. On the basis of 

those exact expressions we will show that stochastic resonance 

(SR) is manifested in the dependence of the response of the 

GLE upon both the dichotomous noise amplitude and the 

switching rate. Furthermore, we will show that the output 

signal of the GLE exhibits a resonance-like dependence on the 

characteristic memory time. Moreover, we have found a 

critical memory exponent below which friction-induced 

reentrant transitions appear between different SR regimes of 

the system. To avoid misunderstanding, let us mention that we 

use term the SR in a wide sense, meaning nonmonotonic 

behavior of the output signal or some function of it, e.g., 

moments, in response to noise parameters [11], [34]. 

The structure of the paper is as follows. In Section 2 we 

present the basic model investigated. Exact formulas for the 

mean particle displacement are derived in Section 3. In Section 

4 we analyze the behavior of the output response, and expose 

the main results of this paper. Section 5 contains some brief 

concluding remarks. 

 

 

I. MODEL 

We start from the traditional GLE model in one selected 

direction for a particle of the mass ( 1=m ) in the fluctuating 

harmonic potential 

 

( )( )
2

=),(
2

2 X
tZtXV +ω  (1) 

 

subjected to a linear friction with a memory kernel )(tη , an 

additive periodic force, and an internal random force )(tξ  of 

zero mean: 
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where dtdXtX /)( ≡ɺ , )(tX  is the particle displacement, and 

0A  and Ω  are the amplitude and the frequency of the 

harmonic driving force, respectively. The random force )(tξ  

is Gaussian and fully characterized by its autocorrelation 

function satisfying the fluctuation-dissipation relation 

 

( ) ( ) ( )ttTktt B
′−′    = ηξξ  (3) 

 

which in turn is a consequence of the fluctuation-dissipation 

theorem [35]. In Eq. (3), T is the absolute temperature of the 

heat bath and Bk  is the Boltzmann constant. It is well known 

that if the correlation function (3) is a Dirac delta function, the 

stochastic process X(t) described by Eq. (2) with 

0==)( 0AtZ  is Markovian and its dynamics can be 

straightforwardly obtained [36]. However, in order to describe 

the non-Markovian dynamics of an anomalously diffusing 

particle one must take into account the memory effects 

manifested by a long tail noise. Usually a power-law 

correlation function is employed to model such processes [21], 

[22], [26]. As in Ref. [28], in this paper we assume a more 

general correlation function modeled as  

,
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where τ  acts as the characteristic memory time, γ is a constant 

(called friction constant), and the exponent α  can be taken as 

1<<0 α , which is determined by the dynamical mechanism 

of the physical process considered. The )( yEα  function 

denotes the Mittag-Leffler function [37], which behaves as a 

stretched exponential for short times and as inverse power law 

in the long time regime. Note that if 1=α , the correlation 

function (3) with Eq. (4) reduces to an exponential form which 

describes a standard Orstein-Uhlenbeck process [36]. In the 

limit 0→τ  the proposed correlation function reproduces a 

power-law correlation function 
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where )( yΓ  is the gamma function, which has been previously 

used to model viscoelastic properties of a medium [16], [26]. 

Moreover, taking the limit 1→α  in Eq. (5) we obtain that the 

noise )(tξ  corresponds to white noise and consequently to 

non-retarded friction. Fluctuations of the frequency ω  of the 

binding harmonic field are expressed as a dichotomous noise 

)(tZ . The dichotomous process )(tZ  [38] is a random 

stationary Markovian process that consists of jumps between 

two values a  and a− . The jumps follow in time according to 

a Poisson process, while the values occur with the stationary 

probabilities 1/2=)(=)( aspasp − . The mean value of 

)(tZ  and the correlation function are 

 

,=)()(0,=)( || 2 tteatZtZtZ
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 (6) 

 

where ντ 1/=c  is the correlation time. The probabilities 

)(tW
n

 that )(tZ  is in the state {1,2}∈n , azaz −= ,= 21 , 

at the time t evolve according to the master equation 
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where  
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The transition probabilities )(= ,|, tzttz jiij pT ′+  between 

the states nz  can be represented by means of the transition 

matrix ijT  of the dichotomous process as follows 

 

( ) ,1=  

ij

t

ijij SeT
′−−+ νδ  (9) 

 

where ijδ  is the Kronecker symbol. The dichotomous process 

is a particular case of the Kangaroo process [39]. Note that the 

noise Z(t) is assumed as statistically independent from the 

noise )(tξ . 

 

 

II. EXACT SOLUTION 

To find the first moment of X, we use the Shapiro-Loginov 

procedure [29], [40], which for an exponentially correlated 

noise Z(t) yields 

 

,= Zg
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d
ν−  (10) 

 

where g is an arbitrary function of the noise, )(= Zgg . From 

Eqs. (1)-(6) and (10) we thus obtain an exact linear system of 

first-order integrodifferential equations for four variables, 

〉〈≡ Xx1 , 〉〈≡ Xx ɺ
2

, 〉〈≡ ZXx3 , and 〉〈≡ XZx ɺ
4 : 

 

,= 21 xxɺ  

( ) ( ) ( ), sin    = 0

0

231

2

2 tAtdtxttxxx

t

Ω+′′′−−−− ∫ηωɺ

,= 343 xxx ν−ɺ  

43

2

1

2

4= xxxax νω −−−ɺ  

( ) ( ) .   
0

 

4

 ∫ ′′′−− ′−
t

tt tdetxtte νν η  (11) 

 

The solution of equations (11) can be formally represented in 

the form 
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where the constants of integration (0)kx  are determined by 

initial conditions. The relaxation functions )(tH ik  with the 

initial conditions ikikH δ=(0)  can be obtained by means of 

the Laplace transformation technique. Particularly, we find 

that 
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and )(ˆ sH ik  is the Laplace transform of )(tH ik , i.e., 
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One can check the stability of solution (12), which, according 

to the results of Ref. [41], means that the solution js  of the 

equation 0=)(sD  cannot have roots with a positive real part. 

This requirement is met if the inequality 
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holds. Henceforth in this work we shall assume that condition 

(17) is fulfilled. Thus in the long time limit, ∞→t , the 

memory about the initial conditions will vanish as 
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and the first moment 〉〈 )(tX  of the particle displacement is 

given by 
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From Eq. (19) it follows that the complex susceptibility )( Ωχ  

of the dynamical system (2) is given by  
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Now, Eq. (19) can be written by means of the complex 

susceptibility as 
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with the output amplitude 
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Using Eqs. (13)-(15) we obtain for the amplitude A (the 

response function) of the output signal that 
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Note that the phase shift Θ  can be represented as 
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The analytical expressions (23)-(25) belong to the main results 

of this work. 
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III. RESULTS 

By the use of Eqs. (23) and (24) we can now explicitly 

obtain the behavior of )(τA  for any combination of the system 

parameters α, γ, a, Ω, and ω. Figure 1 depicts the behavior of 

the response A versus the characteristic memory time τ for 

different values of the noise switching rate ν and the memory 

exponent α. In this figure (panels (a) and (b)), one observes 

resonance versus τ, which apparently gets more and more 

pronounced as the memory exponent α decreases or as the 

switching rate ν increases. Thus, as a rule, there exists an 

optimal memory time at which the response of the output 

signal to the external periodic force has a maximal value. 

However, there are certain ranges of system parameters for 

which the behavior of )(τA  can be qualitatively different. A 

plot (Fig. 1(c)) of the output response A vs τ  for different 

values of the driving frequency Ω  shows a strong suppression 

of A at intermediate values of the memory time τ . It is 

remarkable that in the cases of the system parameters applied 

in Fig. 1(c) the resonance peaks are relatively small. 

Our next task is to examine the dependence of the response 

A on the noise amplitude a. In Fig. 2 we depict the behavior 

of )(aA  for various values of the system parameters γ  and 

τ . As is shown in Fig. 2, all curves exhibit a resonance-like 

maximum at some values of a, i.e., a typical SR phenomenon 

appears with increase of a. The existence of such a SR effect 

depends strongly on other system parameters. From Eqs. (23) 

and (24) one can easily find the necessary and sufficient 

conditions for the emergence of SR due to noise amplitude 

variations. Namely, nonmonotonic behavior of )(aA  appears 

 

 

Fig. 2. SR for the response function A vs the multiplicative noise 

amplitude a at 1==0 ωA , 1.8=Ω , 0.1== αν . Panel (a): 

solid line: 1.3=γ , 0.1=τ ; dashed line: 1.5=γ , 0.1=τ ; 

dotted line: 1.8=γ , 1.0=τ . Panel (b): solid line: 1.3=γ , 

1.0=τ ; dashed line: 1.5=γ , 1.0=τ ; dotted line: 1.8=γ , 

1.0=τ . 

 

 
 

Fig. 1. Dependence of the response function 
2A  on the 

characteristic memory time τ at 1==0 ωA , 0.7=γ , 

0.4=
2

a . Panel (a): 1=Ω , 0.1=ν ; solid line: 0.7=α ; 

dashed line: 0.5=α ; dotted line: 0.9=α . Panel (b): 1=Ω , 

0.7=α ; solid line: 0.05=ν ; dashed line: 0.15=ν ; dotted 

line: 0.3=ν . Panel (c): 0.6=α , 0.1=ν ; solid line: 

1.18=Ω ; dashed line: 1.2=Ω ; dotted line 1.28=Ω .  
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in the stability region, craa <<0  (see Eq. (17)), for the 

parameter regime where the following inequalities hold:  

 

.<< 2
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In this case the response A(a) reaches the maximum at  

 

.= 4321
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In Fig. 3 conditions (26) are illustrated for the case of 

adiabatic multiplicative noise (i.e, 0→ν ) in the parameter 

space (γ, α) with four panels. The dark grey shaded domains in 

the figure correspond to those regions of the parameters γ and 

α, where SR versus a is possible. Note that in the light grey 

regions the response A(a) formally also exhibits a resonance-

like maximum, but in those regions the first moment 〉〈 )(tX  is 

unstable at the resonance regime and that renders formula (23) 

physically meaningless. The boundaries )(1,2 αγ  of the regions 

where SR vs a is possible are determined by the inequality 

0>
2

ma  with Eq. (27). From Eqs. (24) and (27) it follows that 
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Two findings can be pointed out. First, if the memory time τ is 

sufficiently small, Ω1/<τ , there exists a critical memory 

exponent crα , which marks a sharp transition in the behavior 

of system dynamics. At crα , one of the boundaries )(1,2 αγ  

between the resonance and no-resonance regions tends to 

infinity. From Eq. (28) it follows that the critical memory 

exponent crα  is determined as a solution of the following 

equation: 

 

( ) ( ) .
1

<0,=1 2
4

sin 2 
Ω




 −−Ω τα
π

τ α
cr
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It is obvious that 1/2≥crα  and its value depends only on the 

product of the driving frequency Ω and the memory time τ.  

1.8=Ω , 0.25=τ , 0.753=crα ; panel (b): 1.8=Ω , 0.8=τ ; 

panel (c): 0.6=Ω , 0.25=τ , 0.636=crα ; panel (d): 0.6=Ω , 

0.8=τ , 0.764=crα .  

 

 
Fig. 3. A plot of the phase diagrams for SR in the αγ −  plane at 

1==0 ωA , 0=ν . In the unshaded region resonance of A s the 

multiplicative noise amplitude a is impossible. In the light grey 

region the function A(a) exhibits a maximum at 
2

> ωma , i.e., at 

ma  the first moment of the particle displacement 〉〈 )(tX  is unstable, 

see Eq. (17). In the dark grey domain (the stability region) a 

stochastic resonance of A vs a occurs. The thin dashed line depicts 

the position of the critical memory exponent crα . Panel (a): 
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Particulary, in the limit Ω→ 1/τ  the critical exponent crα  

tends to 1. Here we emphasize that in the case of Ω1/>τ  

such a transition of system dynamics is absent. The second 

finding is that depending on the driving frequency Ω, two 

different cases can be discerned. (i) For ω<Ω , resonance vs 

a appears in the stability region for all values of γ when 

Ω1/>τ , but if Ω1/<τ , there is by crαα >  an upper border 

)(αγ , which tends to infinity at crα , above which the 

resonance is absent (Fig. 3(c)). (ii) In the case of ω>Ω , the 

interesting peculiarity of the diagrams is that there are two 

disconnected regions (the shaded areas in Figs. 3(a) and 3(b)) 

where the resonance can appear. Thus, in this case a variation 

in the values of the friction parameter γ induces reentrant 

transitions between different dynamical regimes. Namely, an 

increase of γ can induce transitions from a regime where SR vs 

a is possible to a regime where SR is absent, but SR appears 

again through a reentrant transition at higher values of γ. 

Next we consider the general case, 0≠ν  (see Eqs. (24), 

(26), and (27)). In this case the regions in the parameter space 

( αγ − ) where SR versus the noise amplitude a is possible are 

also determined by the inequality 0>
2
ma . Thus the 

boundaries )(1,2 αγ  of the resonance regions are determined 

by the positive solutions of the equation 
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0.25=τ , 0.884= crα ; panel (d): 0.6=Ω , 0.8=τ . In the 

unshaded region SR versus the noise amplitude a is impossible. In 

the light grey region the function A(a) exhibits a maximum at 

crm aa > , see Eq. (17). In the dark grey domain SR vs a occurs 

(in the stability region, crm aa < ). The thin dashed line depicts 

the position of the critical memory exponent crα .  

 

Fig. 4. The phase diagrams for SR vs a in αγ −  plane at 

1==0 ωA  and 1.0=ν . Panel (a): 1.8=Ω , 0.25=τ , 

0.879 =crα ; panel (b): 1.8=Ω , 0.8=τ ; panel (c): 0.6=Ω , 
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It can be seen from Eqs. (24), (30) and (31) that the minimal 

value of a critical memory exponent, 
mincrcr αα ≥ , at which 

one of the boundaries )(1,2 αγ  tends to infinity corresponds to 

the case of vanishing memory time, 0→τ , i.e. (see also [31]) 

 

.

arctan 2

=








 Ω
+

ν
π

π
α

min
cr  (32) 

 

Particularly, in the adiabatic case ( 0→ν ) 0.5=
mincrα  and 

in the fast-noise limit ( ∞→ν ) 
mincrα  tends to 1. One readily 

sees from Eqs. (30) and (31) that a critical exponent crα  

exists if and only if the following inequality holds: 

 

,
45

2
<

22 Ω++
≡

νν
ττ c  (33) 

 

i.e. if the memory time is sufficiently small. 

When the inequality (33) holds, it follows from the analysis 

of Eqs. (30) and (31) that depending on the driving frequency 

Ω, three different regimes of the dynamical system (2) can be 

discerned: (i) for 
22

< ωΩ , SR vs a appears in the stability 

region for all values of γ when crαα < , but if crαα > , there 

is an upper border )(αγ  above which SR is absent (Fig. 4(c)). 

(ii) In the case of 
2222

<< νωω +Ω  for crαα <  the 

resonance exists only if )2(>
22 ωγ −Ω ; in the region 

crαα >  the resonance is absent. (iii) At the driving frequency 

regime 
222

> νω +Ω , if crαα <  there are two 

disconnected regions (Fig. 4(a)), where SR vs a is possible. An 

important observation here is that the region where the 

resonance is not possible grows as the noise switching rate ν 

increases (cf. Figs. 3(a) and 4(a)). 

Note that in the case of a long memory time, cττ > , the 

critical memory exponent 
crα  is absent and the dynamical 

system (2) behaves qualitatively similarly to the case of 

crαα <  (see Figs. 4(b) and 4(d)). 

Finally, the phenomenon of SR is not restricted to 

nonmonotonic dependence of A on the noise amplitude a. 

Figure 5 depicts the behavior of the response A versus the 

noise switching rate ν for different values of the memory 

exponent α and the memory time τ. In this figure, one observes 

resonance versus ν, which apparently gets more and more 

pronounced as the memory exponent α decreases or as the 

memory time τ increases. It is remarkable that in contrast to 

the case A vs a, SR vs ν depends on the exponent α very 

weakly: as α increases from 0 to 1 only a slight deformation of 

the curves )(νA  can be observed. 

 

IV.  CONCLUSION 

In the present work we have studied, in the long-time 

regime, the response function of a GLE with a Mittag-Leffler 

memory kernel for the friction term. The influence of the 

fluctuating medium is modeled by a multiplicative 

dichotomous noise and by an additive Mittag-Leffler noise. 

The Shapiro-Loginov formula [40] with the Laplace 

transformation technique allows us to find an exact expression 

for the long-time behavior of the mean particle displacement. 

As the main result we have established that the output signal 

of the GLE depends crucially on the characteristic memory 

time of the friction-kernel. It is remarkable that the output 

response of the GLE shows a resonance-like dependence on 

the characteristic memory time. Moreover, we have found a 

nonmonotonic dependence of the response function on the 

 

Fig. 5. SR for 
2

A  versus the noise switching rate ν, computed from 

Eqs. (23) and (24) at various values of the memory time τ and the 

memory exponent α. System parameter values: 1==0 ωA , 

0.3=
2

a , 0.8=Ω , and 0.05=γ . Panel (a): 0.1=τ ; solid line: 

0.1=α ; dashed line: 0.5=α ; dotted line: 0.9=α . Panel (b): 

0.3=α ; solid line: 0.1=τ ; dashed line: 1.0=τ ; dotted line: 

10=τ . 
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amplitude a and the switching rate ν of the multiplicative noise 

(i.e. SR). Particularly, we have shown the existence of a band 

gap for the values of the friction coefficient γ between two 

regions of ( αγ − ) phase diagrams where SR vs the 

multiplicative noise amplitude a is possible, the corresponding 

friction-induced reentrant transitions between these different 

dynamical regimes, and a related critical memory exponent 

which marks a dynamical transition in the behavior of the 

system. Finally, to avoid misunderstandings, let us point out a 

qualitative difference between the results on SR vs a in this 

work and in Refs. [29]. Namely, in the case of a power law 

memory kernel considered in [29], at the adiabatic limit of the 

multiplicative noise the critical memory exponent crα  is a 

constant, 1/2=crα , but in the case considered in this work 

crα  depends crucially on the product of the driving frequency 

Ω and the memory time τ, and is absent for Ω1/>τ . We 

believe that the results obtained are of interest also in cell 

biology, where issues of memory and multiplicative colored 

noise can be crucial [20], [21], [33]. A further detailed study 

is, however, necessary – especially an investigation of the 

behavior of second moments [20], [22]. 

 

 

ACKNOWLEDGMENT 

The work was supported by the Estonian Science 

Foundation under Grant No. 7319, by the Ministry of 

Education and Research of Estonia under Grant No. 

SF0132723s06, and by the International Atomic Energy 

Agency under Grant No. 14797. 

 

 

REFERENCES 

[1] P. Reimann, "Brownian Motors: Noisy Transport Far 

from Equilibrium," Phys. Rep., Vol. 361, pp. 57–265, 

2002. 

[2] R. A. Ibrahim, "Excitation-Induced Stability and Phase 

Transition: A Review," J. Vib. Control, Vol. 12, pp. 

1093–1170, 2006. 

[3] J. Garcia-Ojalvo and J. M. Sancho, Noise in Spatially 

Extended Systems, Springer-Verlag, New-York, 1999. 

[4] M. O. Magnasco, "Forced thermal ratchets," Phys. Rev. 

Lett., Vol. 71, pp. 1477–1481, 1993. 

[5] H. Linke (ed), "Special issue on "Rachets and Brownian 

motors: basics, experiments and applications"," Appl. 

Phys. A, Vol. 75, pp. 167–352, 2002. 

[6] R. Tammelo, R. Mankin, and D. Martila, "Three and four 

current reversals versus temperature in correlation 

ratchets with a simple sawtooth potential," Phys. Rev. E, 

Vol. 66, pp. 051101(1)–(5), 2002. 

[7] R. Mankin, A. Haljas, R. Tammelo, and D. Martila, 

"Mechanism of Hypersensitive Transport in Tilted Sharp 

Ratchets," Phys. Rev. E, Vol. 68, pp. 011105(1)–(5), 

2003. 

[8] R. Mankin, E. Soika, A. Sauga, and A. Ainsaar, 

"Thermally Enhanced Stability in Fluctuating Bistable 

Potentials," Phys. Rev. E, Vol. 77, pp. 051113(1)–(9), 

2008. 

[9] R. Mankin, E. Soika, and A. Sauga, "Multiple noise-

enhanced stability versus temperature in asymmetric 

bistable potentials," WSEAS Transactions on Systems, 

Vol. 7, pp. 239–250, 2008. 

[10] L. Gammaitoni, P. Hänggi, P. Jung, and F. Marchesoni, 

"Stochastic Resonance," Rev. Mod. Phys., Vol. 70, pp. 

223–287, 1998. 

[11] R. Mankin, K. Laas, T. Laas, and E. Reiter, "Stochastic 

Multiresonance and Correlation-Time-Controlled 

Stability for a Harmonic Oscillator with Fluctuating 

Frequency," Phys. Rev. E, Vol. 78, pp. 031120(1)–(11), 

2008. 

[12] R. Mankin, T. Laas, E. Soika, and A. Ainsaar, "Noise-

controlled Slow-Fast Oscillations in Predator-Prey 

Models with the Beddington Functional Response," Eur. 

Phys. J. B, Vol. 59, pp. 259–269, 2007. 

[13] R. Mankin, A. Sauga, T. Laas, and E. Soika, 

"Environmental-fluctuations-induced slow-fast cycles in 

ratio-dependent predator-prey systems," WSEAS 

Transactions on Systems, Vol. 6, pp. 934–941, 2007. 

[14] W. Götze, and L. Sjögren, "Relaxation Processes in 

Supercooled Liquids," Rep. Prog. Phys., Vol. 55, pp. 

241–376, 1992. 

[15] T. Carlsson, L. Sjögren, E. Mamontov, and K. Psiuk-

Maksymowicz, "Irreducible Memory Function and Slow 

Dynamics in Disordered Systems," Phys. Rev. E, Vol 75, 

pp. 031109(1)–(8), 2007. 

[16] S. C. Weber, A. J. Spakowitz, and J. Theriot, "Bacterial 

Chromosomal Loci Move Subdiffusively through a 

Viscoelastic Cytoplasm," Phys. Rev. Lett., Vol. 104, pp. 

238102(1)–(4), 2010. 

[17] T. G. Mason and D. A. Weitz, "Optical Measurements of 

Frequency-Dependent Linear Viscoelastic Moduli of 

Complex Fluids," Phys. Rev. Lett., Vol. 74, pp. 1250–

1253, 1995. 

[18] Q. Gu, E. A. Schiff, S. Grebner, F. Wang, and R. 

Schwarz, "Non-Gaussian Transport Measurements and 

the Einstein Relation in Amorphous Silicon," Phys. Rev. 

Lett., Vol. 76, pp. 3196–3199, 1996. 

[19] J. Golding and E. C. Cox, "Physical Nature of Bacterial 

Cytoplasm," Phys. Rev. Lett., Vol. 96, pp. 098102(1)–

(4), 2006. 

[20] I. M. Tolić-Nørrelykke, E.-L. Munteanu, G. Thon, L. 

Oddershede, and K. Berg-Sørensen, "Anomalous 

Diffusion in Living Yeast Cells," Phys. Rev. Lett., Vol. 

93, pp. 078102(1)–(4), 2004. 

[21] S. C. Kou, and X. S. Xie, "Generalized Langevin 

Equation with Fractional Gaussian Noise: Subdiffusion 

within a Single Protein Molecule," Phys. Rev. Lett., Vol. 

93, pp. 180603(1)–(4), 2004. 

[22] W. Min, G. Luo, B. J. Cherayil, S. C. Kou, and X. S. Xie, 

"Observation of a Power-Law Memory Kernel for 

Fluctuations within a Single Protein Molecule," Phys. 

Rev. Lett., Vol. 94, pp. 198302(1)–(4), 2005. 

INTERNATIONAL JOURNAL OF MATHEMATICAL MODELS AND METHODS IN APPLIED SCIENCES

Issue 2, Volume 5, 2011 288



 

 

[23] R. Granek and J. Klafter, "Fractons in Proteins: Can 

They Lead to Anomalously Decaying Time 

Autocorrelations," Phys. Rev. Lett., Vol. 95, pp. 

098106(1)–(4), 2005. 

[24] J. M. Porrà, K.-G. Wang, and J. Masoliver, "Generalized 

Langevin Equations: Anomalous Diffusion and 

Probability Distributions," Phys. Rev. E, Vol. 53, pp. 

5872–5881, 1996. 

[25] E. Lutz, "Fractional Langevin Equation," Phys. Rev. E, 

Vol. 64, pp. 051106(1)–(4), 2001. 

[26] S. Burov, and E. Barkai, "Fractional Langevin Equation: 

Overdamped, Underdamped, and Critical Behaviors," 

Phys. Rev. E, Vol. 78, pp. 031112(1)–(8), 2008. 

[27] A. D. Viñales and M. A. Despósito, "Anomalous 

Diffusion: Exact solution of the generalized Langevin 

equation for harmonically bounded particle," Phys. Rev. 

E, Vol. 73, pp. 016111(1)–(4), 2006. 

[28] A. D. Viñales, and M. A. Despósito, "Anomalous 

Diffusion Induced by a Mittag-Leffler Correlated Noise," 

Phys. Rev. E, Vol. 75, pp. 042102(1)–(4), 2007. 

[29] E. Soika, R. Mankin, and A. Ainsaar, "Resonant 

Behavior of a Fractional Oscillator with Fluctuating 

Frequency," Phys. Rev. E, Vol. 81, pp. 011141(1)–(11), 

2010. 

[30] R. Mankin, and A. Rekker, "Memory-enhanced Energetic 

Stability for a Fractional Oscillator with Fluctuating 

Frequency." Phys. Rev. E, Vol. 81, pp. 041122(1)–(10), 

2010. 

[31] E. Soika and R. Mankin, "Response of a fractional 

oscillator to multiplicative trichotomous noise," WSEAS 

Transaction on Biology and Biomedicine, Vol. 7, pp. 21–

30, 2010. 

[32] A. Sauga, R. Mankin, and A. Ainsaar, "Noisy Fractional 

Oscillator: Temporal Behavior of the Autocorrelation 

Function," WSEAS Transaction on Systems, Vol. 9, pp. 

1019–1028, 2010. 

[33] R. D. Astumian, and M. Bier, "Mechanochemical 

Coupling of the Motion of Molecular Motors to ATP 

Hydrolysis," Biophys. J., Vol. 70, pp. 637–653, 1996. 

[34] M. Gittermann, "Classical harmonic oscillator with 

multiplicative noise," Physica A, Vol. 352, pp. 309–334, 

2005. 

[35] R. Kubo, "The Fluctuation-Dissipation Theorem," Rep. 

Prog. Phys., Vol. 29, pp. 255–284, 1966. 

[36] H. Risken, The Fokker-Planck Equation, Springer-

Verlag, Berlin, 1989. 

[37] I. Podlubny, Fractional Differential Equations, 

Academic Press, New York, 1999. 

[38] W. Horsthemke, and R. Lefever, Noise-Induced 

Transitions, Springer–Verlag, New-York, 1984. 

[39] C. R. Doering, W. Horsthemke, and J. Riordan, 

"Nonequilibrium fluctuation-induced transport," Phys. 

Rev. Lett., Vol. 72, pp. 2984–2987, 1994. 

[40] V. E. Shapiro, and V. M. Loginov, ""Formulae of 

differentiation" and their use for solving stochastic 

equations," Physica A, Vol. 91, pp. 563–574, 1978. 

[41] A. Rekker and R. Mankin, "Stochastic parametric 

resonance of a fractional oscillator," in Recent Advances 

in Applied Mathematics. Proceedings of the 14th WSEAS 

International Conferenc on Applied Mathematics: 

MATH’09, Puerto De La Cruz, Canary Islands, Spain: 

WSEAS, 2009, pp. 93–98. 

 

INTERNATIONAL JOURNAL OF MATHEMATICAL MODELS AND METHODS IN APPLIED SCIENCES

Issue 2, Volume 5, 2011 289




