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Abstract—The special nonlinear stochastic differential equa-
tions generating power-law distributed signals and 1/f noise are
considered. The models involve the generalized Constant Elasticity
of Variance (CEV) process, the Bessel process, the Squared Bessel
process, and the Cox-Ingersoll-Ross (CIR) process, which are
applied for modeling the financial markets, as well. In the paper,
1/f” behavior of the power spectral density is derived directly
from the nonlinear stochastic differential equations and the exact
solutions for the particular CEV process are presented.

I. INTRODUCTION

The phrases “1/f noise”, “1/f fluctuations”, and “flicker
noise” refer to the phenomenon, having the power spec-
tral density at low frequencies f of signals of the form
S(f) ~ £, with 8 being a system-dependent parameter.
1/f? signals with 0.5 < 8 < 1.5 are found widely in nature,
occurring in physics, electronics, astrophysics, geophysics,
economics, biology, psychology, language and even music [1]-
[4] (see also references in recent paper [5]). The case of
B = 1, or “pink noise”, is the one of the most interesting.
The widespread occurrence of processes exhibiting 1/ f noise
suggests that a generic, at least mathematical explanation of
such phenomena might exist.

Here we model 1/f noise using the nonlinear stochastic
differential equations (SDEs). Nonlinear SDE with the linear
noise and nonlinear drift was considered in Ref. [6]. Recently
the nonlinear SDE, generating signals with 1/f noise was
obtained in Refs. [7], [8] (see also recent paper [5]), starting
from the point process model of 1/f noise [9]-[16]. In this
paper, 1/ f? behavior of the power spectral density is derived
from the nonlinear SDE, using the eigenfunction expansion of
the associated Fokker-Planck equations. The exact solutions
for the special Constant Elasticity of Variance (CEV) process
are presented, as well.

II. STOCHASTIC DIFFERENTIAL EQUATION GENERATING
SIGNAL WITH f‘ﬁ NOISE

The fluctuations of the intensity of the signals, currents,
flows, etc, consisting of discrete objects (electrons, photons,
packets, vehicles, pulses, events, etc), are primarily and ba-
sically defined in terms of fluctuations of the (average) in-
terevent, interpulse, interarrival, recurrence, or waiting time.
For the process consisting of the discrete objects the intensity
of the signal fluctuates due to the fluctuations of rate, i.e.,
density of the objects in the time axis, which is a consequence
of fluctuations of the interarrival or interevent time.

We start from the point process x(t) = a)_, 0(t — tx),
representing the signal, current or flow, z(t), as a sequence
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of correlated pulses or series of events. Here §(t) is the Dirac
d-function and «a is an average contribution to the signal x(t)
of one pulse at the time moment ¢;. Our model is based on
the generic multiplicative process for the interevent time 75, =
tht1 — ks

2pu—1

Th+1 = Tk + VT3 +o-7)er, (D

generating the power-law distributed Py (7%) ~ 74, with o =
2v/0? — 2y, sequence of the interevent times 7, and f~°,
with 8 =1+ a/(3—2u), power spectral density of the signal
[11]-[16]. Some motivations for equation (1) were given in
papers [5], [9]-[19].

Therefore, in our model the (average) interevent time 7y
fluctuates due to the random perturbations by a sequence of
uncorrelated normally distributed random variables {e;} with
the zero expectation and unit variance; o, is standard deviation
of the white noise and 7 < 1 is a coefficient of the nonlinear
damping. Transition from the occurrence number k to the
actual time ¢ in (1) according to the relation dt = 7 dk yields
the Itd SDE for the variable 7(¢) as a function of the actual
time,

dr = 772“72dt + 077“71/2dW , 2)

where W is a standard Wiener process. Equation (2) generates
the stochastic variable 7, power-law distributed, P;(7) ~
7%+t in the actual time t. The power-law distribution of the
interevent, recurrence, or waiting time is observed in different
systems from physics and seismology to the Internet and
financial markets (see, e.g., [11]-[16], [20]-[23]).

The Itd transformation in (2) of the variable from 7 to
the intensity (averaged over the time interval 7) of the signal
x(t) = a/7(t) [7], [8] yields the class of Itd SDE generating
signals with f~# power spectral density:

dr = o?(n —v/2)2*"tdt + ox"dW . (3)

Here the new parameters n = 5/2 — u, v =3+ a and 0 =
o, /a®/?>~* have been introduced. The exponent (3 of the power
spectral density S(f) ~ f~” in the new parameters is

v—3
p=1+3 e
The nonlinear SDE (3) has the simplest form of the multiplica-
tive noise term, oz dW . Multiplicative equations with the drift
coefficient proportional to the Stratonovich drift correction
for transformation from the Stratonovich to the It6 stochastic
equation [24] generate signals with the power-law distributions
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[5]. Equation (3) is of such a type and has the stationary
probability distribution of the power-law form, Py(z) ~ z~".

Nonlinear SDE, corresponding to a particular case of (3)
with n = 0, i.e., with linear noise and non-linear drift, was
considered in Ref. [6]. It has been found that if the damping

nonlinear SDE has long correlation time.

Because of the divergence of the power-law distribution and
the requirement of the stationarity of the process, the SDE (3)
should be analyzed together with the appropriate restrictions
of the diffusion in some finite interval. The simplest choice is
the reflective boundary conditions at z = x,;, and & = Tyax-
However, other forms of restrictions are possible. For example,
the exponential restriction of diffusion can be obtained by
introducing the additional terms in (3),

o2 (p Y @(xmm)m_@ O\ Len-1y
dr =0 <77 2—|—2 - 2(£Emax) )x d

+ ox"dW . 5)

Here m is a parameter. Modified SDE

dx = o?(n — v/2)(x + x0)*"Ldt + o(x 4 20)"dW  (6)

with the reflective boundary condition at z = 0 was considered
in [5]. The associated Fokker-Planck equation gives distribu-
tion density Po(z) ~ exp;iq,,(—vx/x0), where exp,(-) is
the g-exponential function defined as

exp,(z) = (1+ (1~ q)x)l%q . (7

The probability distributions containing g-exponential are
important in the framework of the nonextensive statistical
mechanics [25]-[28].

Stochastic differential equation, analyzed in [29]-[31]

de = o(n—v/2)(z® + 22)" tedt + o (2 + 22)"2dW, (8)

in contrast to all other equations allows negative values of
x. The associated Fokker-Planck equation gives the steady-
state distribution density Py(z) ~ exp; o, (—va?/223). The
addition of parameter xo in (6), (8) restricts the divergence
of the power-law distribution of = at + — 0. For small
|| < 1z equations (6), (8) represent the linear additive
stochastic processes generating the Brownian motion with the
steady drift, while for z >> x they reduce to the multiplicative
equation (3).

A. Special cases

For some choices of parameters, SDE (3) or its variant
(5) takes the form of the well-known SDEs considered in
econopysics and finance.

In case when the exponent of multiplicative noise 7 = 0 and
o =1, (3) takes the form of the SDE for the Bessel process

[32],
6—11
dx = ———dt + dW, )
2 =z

of dimension § = 1 — v, while n = 1/2, o = 2 corresponds
to the squared Bessel process [32],

dx = §dt + 2/xdW, (10)

of dimension 6 = 2(1 — v).
SDE with exponential restriction (5) for n = 1/2, Zyin =0
and m = 1 gives the Cox-Ingersoll-Ross (CIR) process [32],

dr = k(0 — z)dt + o/zdW, (11)

where k = 02 /2T max, 0 = Tmax(1 — V).

When v = 29, .x = 00 and m = 2n — 2 then (5) takes
the form of the Constant Elasticity of Variance (CEV) process
[32],
dr = pxdt + ox"dW,
1)x2(-7' -1,

min

(12)
where p = o?(n —

III. CONNECTION OF f~# BEHAVIOR WITH EIGENVALUES
OF THE FOKKER-PLANCK EQUATION

According to Wiener-Khintchine relations, the power spec-
tral density is

f)= 2/_00 C(t)e™'dt = 4/000 C(t) cos(wt)dt, (13)

where w = 2xf. C(t) is the autocorrelation function. For
the stationary process the autocorrelation function can be
expressed as an average over the realizations of the stochastic
process, i.e., C(t) = (x(t')x(t’ + t)). This average can be

written as
/ dx / dz' xx PO

where Py(x) is the steady-state probability distribution func-
tion and P, (a’,t|x,0) is the transition probability (the condi-
tional probability that at time ¢ the signal has value x’ with the
condition that at time ¢ = 0 the signal has the value x). The
transition probability can be obtained from the solution of the
associated Fokker-Planck equation with the initial condition
P.(2',0|z,0) = 0(z' — x).

The solutions of the Fokker-Planck equation of the form
P(z,t) = Py(z)e** determine the eigenvalues A\ and cor-
responding eigenfunctions Py (x). It should be noted that the
restriction of diffusion of the variable x by X, and Tyax
ensures that the eigenvalue spectrum is discrete. Expansion of
the transition probability density in a series of the eigenfunc-
tions has the form [33]

=2 P

where ®(x) is the potential, associated with the Fokker-Planck
equation, ®(x) = —In Py(x). Substituting (15) into (14) we
obtain the autocorrelation function

P.(«,t|z,0),  (14)

P, (2, t|z,0) e®@ Py (x)e ™, (15)

C(t) = Z e MX2, (16)
A
Here .
X :/ x Py (x)dx 17

is the first moment of the stochastic variable x evaluated
with the A-th eigenfunction Py(z). Such an expression for
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the autocorrelation function has been obtained in Ref. [34].
From (13) and (16) we obtain the power spectral density

A
S =42 oy
A

This expression for the power spectral density resembles
the models of 1/f noise using the sum of the Lorentzian
spectra [13], [35]-[40]. Here we see that the Lorentzians can
arise from the single nonlinear SDE. Replacing in (18) the
summation by the integration we obtain the power spectral
density as

(18)

A

S(f) ~ 4/ mfo(A)dA. (19)
Here D()) is the density of eigenvalues. Equation, similar to
(19) has been obtained in Ref. [41] by considering a relaxing
linear system driven by the white noise. Similar equation has
been obtained also in Ref. [42] where the reversible Markov
chains on finite state spaces were considered. In both Ref. [41]
and Ref. [42], the power spectral density is expressed as a
sum or an integral over the eigenvalues of a matrix describing
transitions in the system.

In Ref. [43] it has been shown that the largest contribution
to the sum in (18) makes the terms corresponding to the
eigenvalues A obeying the condition Apin <€ A < Apaxs
where

2.2(n-1)

Amin =022207 D 0 N = 0222070 0 > 1, (20)
)\min :szifg;l) ) )\max == 0255121517]11_1) 5 n <1. (21)

One of the reasons for the appearance of the 1/f? spectrum
is the scaling property of the SDE (3): changing the stochastic
variable from z to ' = ax changes the time-scale of the
equation to ¢’ = a>(1="¢ | leaving the form of the equation
invariant. From this property it follows that it is possible
to eliminate A in the eigenvalue equation by changing the
variable from z to z = \/2(="z The dependence of the
eigenfunction on the eigenvalue A then enters only via the
boundary conditions. Such scaling properties were used in [43]
estimating the expression X2 D(\) being proportional to A~”,
with 8 given by (4). Thus the power spectral density of SDE
(3) can be approximated as [43]

st~ | [ S )
N e A

min

(22)

When Apin <€ w < Amax, the leading term in the expansion of
the approximate expression (22) for the power spectral density
in the power series of w is

S(f)~w™, B<2. (23)

The second term in the expansion is proportional to w™2. In

the case of 8 < 2, the term with w™ B becomes larger than the
term with w~2 when Ay, < w.

Therefore, we obtain 1/f# spectrum in the frequency inter-
val 022207 « <« o220 if > 1 and the frequency

interval o22mel ™" < w < 022207 §f n <1

min

Equation (19) shows that the shape of the power spectrum
depends on the behavior of the eigenfunctions and eigenvalues
in terms of function X?D()A). The SDE (3) considered in
this article gives the density of eigenvalues D(\) proportional
to 1/v/X. One obtains 1/f# behavior of the power spectrum
when the function X2D()) is proportional to A~# for a wide
range of eigenvalues )\, as is the case for SDE (3). Similar
condition has been obtained in Ref. [42].

IV. ANALYTICALLY SOLVABLE CASE

As an example we present the analytically solvable model,
i.e., the particular CEV process. The choice of parameters n =

%, v =3 and x,x = o0 in (5) leads to the equation

dz = padt + ox?dW. (24)

Here p = 02T min /2. The analytical expression for the transi-
tion probability P, (2, t|x,0) of the CEV process (24) is [32]

/ __ Tmm @
Pm(m7t|xa0)_(1ie,#t) 1_15
« 1 " Lmin 1 + 1 —ut
ex - - | — —€
Pg# (I—e )\ =

Tmin 1
x| —————— ] . 25
! (sinh (%,ut) Vx:c’) (25)
Here I,, is the modified Bessel function with index n. The
steady-state probability distribution has the form

Po(z) = 22, 273 exp(—2min/T). (26)

The average of the signal is (z) = [J #Py(2)dx = Tmin.
From (14) using (25) we obtain the autocorrelation function

C(t) = —22;,e"1n (1—e ). 27)
When put < 1 we get
C(t) ~ —afy In(ut). (28)

Similar expansions have been obtained for the autocorrelation
function in the case of 1/f spectrum [5], [43]. From the
Wiener-Khintchine relation (13), using (27) for the autocorre-
lation function, we get the following expression for the power

spectral density
—r-v(in) e (is)

W+ iw w—iw

» (29)

where v ~ 0.577216 is the Euler’s constant and (z) =
I"(2)/T'(z) is the digamma function. When w > p then the
power spectral density is

S(f) ~ x?nin/f'

We compare the analytical expressions for the steady-state
probability distribution (26) and power spectral density (29)
with those obtained from the numerical solution of (24). For
the numerical solution we use the Euler-Marujama approxi-
mation, transforming differential equations to the difference

(30)
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Probability distribution function P(z) (left) and power spectral density S(f) (right) for the stochastic process defined by the SDE (24). Dashed

green lines are analytical expressions (26) and (29) for the steady-state distribution function Py(x) and power spectral density S(f), respectively. Parameters

used are 0 = 1 and zpjn = 1.

equations. The equation was solved using a variable step
of integration, Aty = I€2/xk, with k¥ < 1 being a small
parameter. The comparison of the analytical expressions with
the numerical calculations is presented in Fig. 1. We see
an excellent agreement between the analytical and numerical
results.

Note, that in Ref. [44] asymptotic expansions of option
prices for another CEV model, using the perturbation theory
for the partial differential equations, are presented.

V. CONCLUSIONS

We considered a class of nonlinear SDEs, giving the power-
law behavior of the power spectral density in any desirably
wide range of frequency. The equations, as special cases,
contain the well-known SDEs in economics and finance. The
analysis reveals that the power spectrum may be represented as
a sum of the Lorentzian spectra and provides further insights
into the origin of 1/f noise.

REFERENCES

[11 L. M. Ward and P. E. Greenwood, “1/f noise,” Scholarpedia, vol. 2,
no. 12, p. 1537, 2007.

[2] M. B. Weissman, Rev. Mod. Phys., vol. 60, p. 537, 1988.

[3] E. Milotti, 2002, http://arxiv.org/abs/physics/0204033.

[4] H. Wong, Microelectron. Reliab., vol. 43, p. 585, 2003.

[5] B. Kaulakys and M. Alaburda, J. Stat. Mech., vol. 2009, p. P02051,
2009.

[6] Y. V. Mamontov and M. Willander, Nonlinear Dyn., vol. 12, p. 399,
1997.

[7]
[8]

[9]
[10]
[11]
[12]
[13]

[14]

B. Kaulakys and J. Ruseckas, Phys. Rev. E, vol. 70, p. 020101(R), 2004.
B. Kaulakys, J. Ruseckas, V. Gontis, and M. Alaburda, Physica A, vol.
365, p. 217, 2006.

B. Kaulakys and T. Meskauskas, Phys. Rev. E, vol. 58, p. 7013, 1998.
B. Kaulakys, Phys. Lett. A, vol. 257, p. 37, 1999.

V. Gontis and B. Kaulakys, Physica A, vol. 343, p. 505, 2004.

——, Physica A, vol. 344, p. 128, 2004.

B. Kaulakys, V. Gontis, and M. Alaburda, Phys. Rev. E, vol. 71, p.
051105, 2005.

V. Gontis and B. Kaulakys, J. Stat. Mech., p. P10016, 2006.

[15]
[16]

[17]
(18]
[19]
[20]
[21]
[22]
(23]
[24]
[25]
[26]
(27]
[28]
[29]
[30]
(31]
(32]
[33]
[34]
[35]
(36]
[37]
(38]
[39]
[40]
[41]
[42]

[43]
[44]

195

, Physica A, vol. 382, p. 114, 2007.

V. Gontis, B. Kaulakys, and J. Ruseckas, Physica A, vol. 387, p. 3891,
2008.

B. Kaulakys, Microel. Reliab., vol. 40, p. 1787, 2000.

——, Lithuanian J. Phys., vol. 40, p. 281, 2000.

B. Kaulakys, M. Alaburda, V. Gontis, and J. Ruseckas, Braz. J. Phys.,
vol. 39, p. 453, 2009.

S. B. Lowen and M. C. Teich, Fractal-Based Point Processes.
Jersey: Wiley, 2005.

S. Thurner, S. B. Lowen, M. C. Feurstein, C. Heneghan, H. G. Fe-
ichtinger, and M. C. Teich, Fractals, vol. 5, p. 565, 1997.

T. Schwalger and L. Schimansky-Geier, Phys. Rev. E, vol. 77, p. 031914,
2008.

J. Perello, J. Masoliver, A. Kasprzak, and R. Kutner, Phys. Rev. E,
vol. 78, p. 036108, 2008.

P. Arnold, Phys. Rev. E, vol. 61, p. 6091, 2000.

C. Tsallis, J. Stat. Phys., vol. 52, p. 479, 1988.

C. Tsallis, A. R. Plastino, and R. S. Mendes, Physica A, vol. 261, p.
534, 1998.

D. Prato and C. Tsallis, Phys. Rev. E, vol. 60, p. 2398, 1999.

C. Tsallis, Braz. J. Phys., vol. 29, p. 1, 1999.

B. Kaulakys, M. Alaburda, and V. Gontis, AIP Conf. Proc., vol. 1129,
p- 13, 2009.

V. Gontis, B. Kaulakys, and J. Ruseckas, AIP Conf. Proc., vol. 1129, p.
563, 2009.

V. Gontis, J. Ruseckas, and A. Kononovicius, Physica A, vol. 389, p.
100, 2010.

M. Jeanblanc, M. Yor, and M. Chesney, Mathematical Methods for
Financial Markets. London: Springer, 2009.

H. Risken, The Fokker-Planck Equation: Methods of Solution and
Applications. Berlin: Springer-Verlag, 1989.

A. Schenzle and H. Brand, Phys. Rev. A, vol. 20, p. 1628, 1979.

J. Bernamont, Ann. Phys. (Leipzig), vol. 7, p. 71, 1937.

M. Surdin, J. Phys. Radium, vol. 10, p. 188, 1939.

F. K. du Pré, Phys. Rev., vol. 78, p. 615, 1950.

A. V. der Ziel, Physica (Amsterdam), vol. 16, p. 359, 1950.

A. L. McWhorter, in Semiconductor Surface Physics, R. H. Kingston,
Ed. Philadelphia: University of Pensylvania Press, 1957, p. 207.

B. Kaulakys, M. Alaburda, and J. Ruseckas, AIP Conf. Proc., vol. 922,
p- 439, 2007.

E. Milotti, Phys. Rev. E, vol. 51, p. 3087, 1995.

S. Erland and P. E. Greenwood, Phys. Rev. E, vol. 76, p. 031114, 2007.
J. Ruseckas and B. Kaulakys, Phys. Rev. E, vol. 81, p. 031105, 2010.
S.-H. Park and J.-H. Kim, J. Math. Anal. Appl., vol. 375, p. 490, 2011.

New



