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Summary

Today there is still much debate regarding the definition of a complex system and
complexity. We limit ourselves to two-state systems which jump randomly from
one state to another and thus give rise to a dichotomous stochastic process. Our
definition of a complex system is based on two properties: power-law statistics and
renewal. The former implies that the waiting time distribution for both states is an
inverse-power law with a finite exponent. The latter is a property whereby the time
of permanence in one state is completely independent from the time of permanence
in the other. If the system obeys power-law statistics with an exponent smaller than
2, then it is not ergodic. If, on the other hand, the exponent is greater than 2, but
smaller than 3, then and equilibrium condition exists, but the system can reside for
a very long period of time in an out-of-equilibrium condition. Recently, it has been
shown that the linear response of a complex system to a coherent perturbation van-
ishes in the long-time limit. This result, together with the hypothesis that complex
systems can be excited only by other complex systems, is the key motivation for
the work presented in this thesis. It is part of an ongoing search for a theory of
complexity matching, a theory showing that complex systems respond only if they
are excited by other complex systems and that otherwise the response is attenuated.

In the first part of the thesis we explore the possibility of coupling two Poisson
processes. Our approach is based on the experience obtained in the field of stochastic
resonance. We try to perturb a system that obeys ordinary Poisson statistics using
Poissonian signals with different rates. To this end, we adopt a simple model that

reproduces aperiodic stochastic resonance and we show that such a phenomenon is
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not present in the more general case in which the rate is not necessarily induced
by some kind of noise. Furthermore, we adopt the concept of events and use it
to study the interaction of Poisson systems. We discover that, when the system
produces events at a lower rate with respect to the perturbation, the events of the
perturbation become attractors of the system events and vice versa. We use the
term rate matching to identify the condition when the two rates of event production
are the same.

The second part of the thesis deals with signals produced by complex systems. In
order to present the full theory of complexity matching, a new fluctuation-dissipation
theorem must be introduced, but this goes beyond the scope of the work presented
here. However, the understanding of the non-ergodic nature of complex systems is
fundamental to the application of the new fluctuation dissipation theorem. There-
fore, here we study the power spectrum of complex signals and show that 1/ f-noise
is produced by systems that lie on the border that separates ergodic systems from
non-ergodic ones. We do this by generalising the Wiener-Khinchin theorem and ex-
tending it to non-stationary non-ergodic processes. We distinguish between two dif-
ferent types of truncation effects: the physical truncation, where we use a truncated
waiting time distribution, and an observation-induced effect, which is a consequence
of finite acquisition times. It is the finite observation time that allows us to apply
the generalised Wiener-Khinchin theorem in the non-ergodic case. Our final results
show that the power spectrum is related to the frequency via an inverse power law
and that, in the non-ergodic condition, the power spectrum also depends on the

observation time.



CHAPTER 1

Introduction

We investigate systems that jump randomly between two well-defined states. The
rate at which the jumps occur may depend on the absolute time. We assume that
all the jumps are completely independent of one another so that each jump resets to
zero the systems memory. We call this property renewal. Such systems produce a
time series, £(t), of some physical property that fluctuates between two values. For
simplicity we shall assume that the two states are symmetric and that the sojourn
times in each state are governed by a waiting time distribution (7). The form of
such a distribution determines the nature of the system and the corresponding time

series. There are two forms in particular that interest us:

(1) = gexp(—gT) (1.1)
and
T
(1) = (n— 1)ma (1.2)

where g, i and T" are constant parameters that characterise the distributions. The
first distribution is responsible for Poissonian processes and the parameter g deter-
mines the rate at which events occur [8]. The second distribution generates power-

law statistics. Any system with renewal and a waiting time distribution equal to



the one in Eq. (1.2) will be considered complex. Our goal is to study the interaction
of these complex systems. We are searching for a matching condition under which
there is a maximal exchange of information between these systems. We call such a
condition complexity matching. Nevertheless, research is still in progress and there-
fore only some aspects shall be presented in this thesis. Before considering complex
systems, we studied the effects of coupling two Poisson systems. These systems are
stationary and therefore much easier to deal with. The results are shown in the first
part of the thesis. They have also been published recently in the journal ”Physics
Letters A” [9].

Chapter 2 is dedicated to the study of Poisson systems and their interaction.
We start by presenting the phenomenon of stochastic resonance whereby a two-state
system is perturbed by a sinusoidal signal. The important work done by McNamara
and Wiesenfeld [11] makes it possible to understand the essence of the phenomenon,
by essentially replacing the double-well system with a dichotomous Poisson process
£(t). We extend this idea by substituting the deterministic signal with a stochastic
one, Poissonian, to be precise. The stochastic nature of the perturbation, {p(t),
forces us to use the Gibbs ensemble approach whereby many realisations of the
same process are used. Here we present our first important result, the rate matching
condition. We discover that, when the system produces events at a lower rate with
respect to the perturbation, the events of the perturbation become attractors of the

system events and vice versa.

In chapter 3 we analyse the power spectra of stochastic processes that obey
power-law statistics. The main theme of this, second, part of the thesis is the fact
that systems characterised by o = 2 reside on the border that separates ergodic from
non-ergodic systems. We show that the power spectrum produced by such systems
has the form 1/f and that more generally, for 1 < pu < 3, the power spectrum is
given by

1
0

We generalise the Wiener-Khinchin theorem and use it to calculate the power spectra

S(f) o (1.3)

of finite non-ergodic processes. We consider this result important because there is a
lot of empirical evidence that shows that there is communication between 1/ f noise
systems. For example, Mutch [2] proved that a ventilator tuned to the 1/f nature

of the breathing process is much more efficient than ordinary ventilators. There is
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experimental evidence that a 1/f noise system is more sensitive to 1/f noise than
to white noise: The brain is proven to be sensitive to 1/f noise much more than to
white noise [3]. The work of Buiatti et al. [5] proves that the brain, as well as music
and painting, is a source of 1/f noise, in accordance with [6]. The brain generates
1/ f noise and so do the psycho-physiological processes under the brains control [7].
Finally, we show that in the non-ergodic case, the power spectrum depends also on
the duration, L, of the process. For a fixed frequency, fy, we have that

S(fo, L) o (1.4)

Lrw



CHAPTER 2

Rate Matching

2.1 Stochastic Resonance

The well-known phenomenon of stochastic resonance [12] rests on the apparently
non-intuitive notion that an increase in noise intensity improves the transition of a
signal. We are not going to discuss stochastic resonance in detail; we just want to
present the essentials that will be useful for studying the interaction of two Poisso-
nian systems.

Originally, the phenomenon was studied using systems composed of a particle
in a bistable double-well potential. We start by analysing such a system when it
is subjected to thermal noise and perturbed by a periodic signal. The equation of

motion is given by the Langevin equation

=

. ov
0= o + £(t) + € cos(wot)

(2.1)

Here £(t) denotes a Gaussian white noise with zero average and autocorrelation func-
tion (£(¢)E(t')) = 2vkpTo(t —t'). For simplicity, we consider a symmetric potential,
V(z) (see Fig. (2.1)), and a particle with mass, m = 1. In the absence of periodic
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forcing, the noise causes the particle to jump randomly over the potential barrier
from one well into the other. We assume that the signal amplitude, €, is small
enough so that in the absence of any noise, it is insufficient to force the particle over

the potential barrier.

For very large values of v (overdamped approximation), o = 0 and

_lov N £(t) N gcos(wot)

- . 2.2
v Oz Y y 22)

T =

The position of the particle z(t) is considered to be the output of the system. In
the absence of modulation (¢ = 0), z(¢) fluctuates around its local stable states
(x = +a) with a statistical variance proportional to the noise intensity vkgT. In
the overdamped approximation, the inter-well transition rate is given by the Kramers

rate [10, 22]

WaWm Vo
_ _ 2.
=S eXp( kBT> (2.3)

where w? = V"(a) is the squared angular frequency of the potential in the potential

minima at +a, and w?, = |V”(0)| the squared angular frequency at the top of the
barrier, located in x = 0. We can now say that in the overdamped approximation,
¥ > Wy,. Originally, Kramers considered a Brownian particle caught in a potential
well. He calculated the escape rate of the particle over the potential barrier, and
used his result in the theory of the velocity of chemical reactions [10]. Because the
expression for the Kramers transition rate depends only on the potential barrier
height, Vj, and the curvature of the potential at the maximum and minima, it is
not necessary that we know the exact form of the potential, V(x). The height of
the barrier has to be much greater than the mean (thermal) energy of the particle
otherwise it would diffuse more or less freely from one well to the other. Also,
if it were of comparable height, the time scales for equilibrium and escape would
not be clearly separated. The perturbative force e cos(wpt) modifies the double-well

potential producing

Vel (x,t) = V(x) + ex cos(wot). (2.4)
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In that case, the barrier height changes too,
AV () = Vi + ea cos(wot) (2.5)

and the perturbed Kramers rate is given by

t) Walm Vo £ ea cos(wyt) ca
== eXx — - eX
qs oy 5P T 1o ( Fr

cos(wot)) . (26)

The Kramers rate formula is derived under the assumption that the probability

Vix)

+ +
—a 0 a X

Figure 2.1: This is an example of a typical double well potential. Depending on the amount of
kinetic energy possessed by the particle, it may be able to jump over the barrier, from one well to
the other.

density within a well is roughly at equilibrium, a Gaussian distribution centred
about the minimum. Thus, in order to use Eq.(2.6), the signal frequency must be
much slower than the characteristic rate for probability to equilibrate within a well.
This rate is the curvature of the well minimum and therefore the adiabatic limit is
valid only for wy < w,. On assuming that the modulation amplitude is small, i.e.
ca < kgT, we can use the following expansion in the small parameter ca/(kgT),

a
qr =q | 1F —=cos(wot) + ... ) >~ q (1 F ncos(wpt)). (2.7)
kT

Before we procede with the calculation of the expectation value of z(t), we introduce
the concept of events. It is not an essential part of stochastic resonance but will be
very useful in the next chapter.

Whenever the particle reaches the top of the potential barrier we shall say that an
event has occurred. Nevertheless, this does not mean that the system has changed

its state. When the particle reaches the top of the barrier it can either fall back to
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the bottom of the well from which it started or it can continue and jump into the
other well. We shall assume that these to scenarios have the same probability of
occurring. Since the particle has the same probability of falling back or continuing
into the other well, we can interpret the outcome as the result of a coin toss. If
the particle manages to jump into the other well after it has reached to top of the
barrier, we shall say that a collision has occurred. In other words, a collision causes
the system to change its state. Note that many events can occur before a single
collision. The particle may reach the top several times before it actually manages
to advance into the other well, and thus convert the final event into a collision. The

probability that a collision occurs after n events is given by (1/2)"™!

. In this case,
the (n + 1) event is converted into a collision. It is the same as saying that the
particle moves randomly in a single well, reaching the top n times before actually
making the jump into the other well at the (n + 1)"* attempt. If we use the new

rate,

9= 2q, (2.8)

together with the coin-tossing procedure, then the correlation function of the cor-
responding process will be equal to the correlation function related to the Kramers

rate, g. The proof of this statement shall postponed until subsection 3.2.2.

In the presence of a moderate amount of random forcing and heavy damping,
the particle will spend most of its time at the bottom of the wells, near z = +a,
making occasional transitions over the barrier. We have already mentioned that the
exact shape of the potential is not important for the study of the dynamics of the
system. Following McNamara and Wiesenfeld [I1], we substitute the double-well
with an arbitrary two-state system and maintain the Kramers transition rate shown
in Eq. (2.3). We assume that the particle can occupy only two discrete states. For
example, we shall assume that the particle occasionally jumps from the position
r = a to x = —a and vice versa. In order to calculate the expectation value of z(t),
we can procede by using the following master equation (the system has two states

and hence the master equation proves to be an effective tool). P, and P, are the
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probabilities of finding the particle in the position x = a and x = —a respectively.
d 9+ (1) 9-(t)
—P =- P, P.
e p 1T
d 9-(t) 9+(t)
—Py=—->"—"=P Pr.
dt y 2T
(2.9)

The factor 1/2 present in the master equation reflects the fact that ¢ is the rate
at which the particle reaches the top of the potential barrier and not the rate at
which it overcomes it. When it is at the top of the barrier, the particle may either
overcome it or it may return to its original position. Both cases are equally likely
and that is why we need the factor 1/2. In order to resolve the master equation we

introduce the variable
1(t) = Pu(t) - By(t) (2.10)
and substitute it into (2.9). After some simplifications we obtain

fi() = -9y 4 = 9% (2.11)

Substituting (2.7) into (2.11)
I1(t) = —gII(t) — gn cos(wpt). (2.12)

We can find the solution of the master equation by using exp(gt) as the integrating

factor in the first order differential equation. We get
t !
I(t) = —gn/ e~9E) cos(wot')dt’ + T1(0)e 9%, (2.13)
0
From the definition for the expectation value over a Gibbs ensemble, we have that

(x(t)) = all(t), (2.14)

(o) = &O) (2.15)
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We shall assume that the system starts from equilibrium, in which case I1(0) = 0.
This means that before we apply the perturbation, the expectation value of the
output is zero for every ¢t. The expectation value of x(t) is obtained by calculating
the integral in (2.13).

t t iwot! —iwot!
' 1€ +e€
/ eI cos(wot!)dt’ = e‘gt/ edt fdt'
0 0

e~ 9t ( elgtivo)t _ q elg—iwo)t _ 1
2 { g+ iwp g — iwy }

(2.16)

Since the Poisson system needs time to adapt, we study the limit where ¢t > 1/g

and consequently exp(—gt) — 0, the system . In that case,

6iUJ0t efiWOt
(t) = —g 2 l 4 }
g + two g — Wy

=———— (g9 — iwp)(cos(wot) + isin(wot)) + (g + iwp)(cos(wpt) — @ sin(wpt))]
= —gﬁm(g cos(wot) + wo sin(wot))
T ng {\/ g% + W2 sin ¢ cos(wot) + 1/ g2 + wi cos ¢ sin(wot)}

1
—gn——= cos(wpt + ¢). (2.17)
V9 +

In conclusion, when the system adapts itself to the perturbation,

(x(t)) = —aC cos(wot — @), (2.18)
where

C = I0 and tan¢ = g, (2.19)

Note that when we switch off the perturbation (¢ = 0) the expectation value is zero,

just as we mentioned earlier. Since (see Eq.(2.3))

Waldm, Vo
=2 =2 _ d = — 2.20
g 4 21y exp( k;BT) anc.m kT’ ( )
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we have that

om-sion () i e ()] e

where A = wywy,/(277y). The graph of Eq. (2.21) is displayed in Fig. (2.2). Notice

that the function has a maximum value. This maximum response of the system to

N|=

the external perturbation is know as stochastic resonance. Sometimes it is useful to

0.07

0.06

0.05

0.04

Clkgn

0.03

0.02

0.01 |

Noise, kgl

Figure 2.2: This graph is a plot of Eq. (2.21) with € = 0.1 and with Vp, a, A, wp all equal to
unity. It shows that for a particular temperature, and consequently, for a certain amount of noise,
the intensity of the output signal is maximum.

define stochastic resonance in terms of the signal-to-noise ration (SNR). Following

Gammaitoni et al. [12], we present the following definition:
2 wo+Aw
SNR = lim / S(w dw} , 2.22
SN(WO) |:Aw~>0 wo—Aw ( ) ( )

where S(w) is the power spectral density (power spectrum from now on) of z(t).
The periodic component of x(t) contributes to S(w) with a series of delta spikes
centred at w = (2n + 1)wy with n = 0,41, £2,.... Therefore, Sy(w) is the total
power spectrum minus the delta spikes; it is the background power spectrum. For

small forcing amplitudes, ae < Vp, the Sy(w) is not very different from the power
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spectrum of the unperturbed system. In that case

Sn(w) ~= 2 /OOO<:L'N(t)xN (t + 7)) cos(wT)dr = 2a* /000 e 97 cos(wT)dr

o2 9
= 2a —92 L
(2.23)
where z, (t) is the output produced in the absence of the periodic signal.
S(w) = g(fc? [6(w — wo) + 6(w + wo)] + Sx(w). (2.24)

The signal-to-noise ratio is given by (in first approximation),

2 2
T ( ca B €a Vo

Fig. (2.3) shows that the signal-to-noise ratio has a maximum similar to the one

seen in the case of the amplitude. However, note that the noise intensity at which
SNR assumes its maximum does not coincide with the value kg7 that maximises

the response amplitude C.

2.2 Rate Matching

We have seen that stochastic resonance is the result of statistical synchronisation,
which takes place when the average waiting time, 1/g, between two interwell tran-
sitions is comparable with half the period of the periodic forcing. This yields the

time-scale matching condition for stochastic resonance,

Lot s 1)
Stochastic resonance involves a Poisson system that is perturbed by a periodic sig-
nal. However, Eq. (2.6), and all the subsequent approximations, can be used even
when the forcing signal (perturbation) is not a deterministic function of time. We
are now going to adopt the approach introduced by McNamara and Wiesenfeld [11].
We consider a two-state system that jumps randomly from one state to the other,

without paying attention to the physical details, just the essential properties: Pois-
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Figure 2.3: This figure shows the plot of Eq. (2.25) with ¢ = 0.1 and Vg, a, A all equal to unity.
There is also a maximum when we consider the signal-to-noise ratio. However, the value of T for
which the maximum occurs does not coincide with the temperature that produces the maximum
in Fig. (2.2).

son waiting time distribution and the hopping rate gs. Generalising even further,
we shall assume that gg is an arbitrary rate, not the noise-induced Kramers rate of
Eq. (2.3). As for the perturbation, we consider a dichotomous signal with random
fluctuations that obey Poisson statistics with rate gp. So, we have a situation where
a stochastic signal {p(t) with rate gp is used to perturb a two-state system, which,
in the absence of the perturbation, jumps randomly form one state to the other at a
rate gg. For simplicity, we assume that the two states are |[+) = +1 and |—) = —1.
Since we are not going to involve the Kramers rate, we have to generalise Eq. (2.6),
in which the perturbation intensity n depends on the thermal noise. From now on,
we are going to use ¢ as the perturbation intensity with the assumption that it is ar-

bitrary and dimensionless. Hence, the generalised interaction will mediated through

g+(t) = gs(1 £e&p(1)). (2.27)

When the system is in state |+), the transition rate is g, (t) = gs(1 + ££p(t)) and
similarly for the state |—). The output, £g(¢), will also be a dichotomous function

of time. The perturbation, {p(t), modifies only the rate gg of the system and not
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its two states so that the output, £s(t) will still fluctuate between the two values
+1 and —1. The output can be calculated using the master equation in Eq. (2.9)
together with the rate in (2.27). By following the steps seen in the previous section,
we find that

t
I(t) = 955/ e IS e (¢t (2.28)
0

It is obvious that if we use £p(t), the mean response, I1(t) = ({5(t)) is a stochastic
function of time. In order to make analytical predictions we have to move from
the single realisation of {p(t) to the realisation of infinitely many £p(t) that share
the same initial value. Thus, we assume that every realisation of the perturbation
satisfies the condition £p(0) = 1. Otherwise, we would have ({p(¢)) = 0. Using Eq.

(2.28), we obtain the two-fold expectation value

t
(I(#)p = ((&s(t))s)p = 958/ e s Ep(t)) pdt'. (2.29)
0
The condition {p(0) = 1 shared by all realisations of {p(t), yields
(€"))p = exp(—gpt). (2.30)
By substituting (3.1) into (2.28) we have
¢ / /
(les(®hs)r = gae [ erst-Oeart ay 231)
0

and after some straightforward algebra

_ gs€
gs — gp

({€s(t))s)p

lexp(—gpt) — exp(—gst)] . (2.32)

A particular case of the function (II(¢))p is shown in Fig. (2.4). The fact that
(I1(t)) p decays can mean two things: Either the single output means (£s(t))s decay
themselves or they fluctuate in such a way that when we sum them up, the resultant
decays. We shall now show that the latter case is true. We take a closer look at Eq.

(2.32) and consider the two limits, gg < gp and gs > gp. In the first case we have

((t))p = ;’—P exp(—gst), (2.33)
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Figure 2.4: This figure shows a plot of Eq. (2.32) with gg = 0.07, gp = 0.02 and € = 0.1.

and in the second case
(TI(t)) p = € exp(—gpt). (2.34)

Before proceeding, we have to remind ourselves that in the absence of perturbation
(IL(t))p = 0. Therefore, the fact that (II(¢))p is different from zero implies that
the perturbation has some effect on the system, regardless of the limit considered.
By observing Eqgs. (2.33) and (2.34) we can conclude that the perturbation is more
effective when gg > gp. It is enough to look at the coefficients; the factor egs/gp
in Eq. (2.33) is much smaller than the coefficient € in Eq. (2.34). Moreover, when
gs > gp, (I1(t)) p decays exponentially with the factor gp, leading us to believe that
in this case the system is able to reproduce the signal fairly well. Similarly, it is
plausible that for gg < gp, the system is not able to reproduce the signal since the
decay factor is gg, therefore the output remains almost unchanged. We must not
forget that an ensemble of Poisson processes with rate g decays exponentially with a
factor g when we use the coin-tossing method. These deductions can be consolidated

by considering the crosscorrelation between the perturbation and the system.
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Following the authors of Ref. [15], we use the crosscorrelation function

C(t) = (€p(t)8s(t))sp (2.35)

In order to get an analytical expression, we procede as before. We consider all the
cases where the experiment was done with the same £p(t) and we make the average
on all the resulting £s(¢). Then we average over all the perturbation realisations.

Thus, we write

C(t) = (Ep(t)Es(t))sp = ((§s(t))sEp(t)) p- (2.36)
We can now use Eq. (2.28) and by substituting it into the crosscorrelation function
we get

C(t) =as | expl=gs(t = ) {En(E)ep(0) (237)

By noting that

(&p(t)Ep(t))p = exp(—gp(t — 1)), (2.38)
we obtain
¢
C(t) = e e—(gs-i-gp)t/ elas+gp)t’ qut _&9s 1 — e~ (9st+gp)t] 2.39
() 95 0 gs +gp [ ] ( )

We consider the asymptotic limit of the crosscorrelation function so that

. €9s
x = lim C(t) = .
t=o0 ) gs +9gp

(2.40)

From Eq. (2.40) we can conclude that the maximum correlation (y = €) occurs when
gs > gp. The correlation parameter, y, increases monotonically from 0 to £ and
at gs = gp no deviation from this monotonic behaviour appears. With the help of
Eq. (2.40) we can conclude that the system reproduces the perturbation reasonably
well in the case where gs > gp and t — oco. In other words, ({5(t))s ~ €£p(t). On
the other hand, when gs < gp, the correlation is very poor or even absent. This
tells us that the system is not able to reproduce the perturbation £p. Nevertheless,

the system does respond (very weakly, but it does respond) to a perturbation when
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gs is very small. The response is due to the short sojourn times produced by the
system. Such times are very rare because the rate is very low, however, they are

present. The fact that they are rare explains the weak response.

By deriving (II(¢)) p and equating the result to zero we get

—gpexp(—gpt) + gs exp(—gst) = 0. (2.41)
Therefore, the maximum occurs at

tyy = 10lop) = In(gs) (2.42)
gp — gs

Substituting (2.42) into (2.32) yields the maximum:

= 2 o (218, (el )]

gs — gp gp — 9s gp — gs
_ gse <g_p)_gpgpgs B (g_P>_gpgsgs
g5 —gp | \gs 9s
= gs€ [A—gp _ A—gs] :
gs — gp
(2.43)
where
1
A= (g—P) R (2.44)
gs

If we fix the perturbation rate gp and vary the system rate, (II(t)/))p remains
a monotonous function of gg (see Fig. (2.5)). In conclusion, neither the cross-
correlation C'(t) nor the maximum value of the output (II(¢y/))p produces a reso-
nance effect. All calculations show that the amplitude and quality of the output
increase monotonically as we increase the system rate gg. In section 2.1 we consid-
ered the interaction between a Poisson system and a deterministic signal (cos(wot)).
We saw that for a particular rate of the system, the output intensity had a maxi-
mum. However, it should be noted that the maximum is obtained as a consequence
of the fact that the rate ¢ is a non-linear function of kgT. In fact, if we substi-

tute the noise-induced Kramers rate with an arbitrary one and use a dimensionless
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Figure 2.5: This figure shows a plot of Eq. (2.43) with gp = 0.05 and € = 0.1. It shows that
(II(tpr)) p tends to € as gg increases.

perturbation intensity €, we are left with the monotonous function in Eq. (2.19)

€
Clg) = ——L2— . (2.45)
V9 +w
Stochastic resonance is present only if the rate is controlled in a specific way by

some other physical quantity, such as the temperature.

2.2.1 Single Realisation

Let us now move from the Gibbs ensemble perspective to the observation of a single
realisation of the perturbation-response process. We start by creating two different
realisations of a set of laminar regions (representing the time distance between two
consecutive events) that obey the Poisson distribution. Therefore each of the two
realisations is characterised by a single, constant parameter, namely, the rate of
events g. The realisation may possess different rates. One realisation is considered
to be the perturbation, P, with a rate gp and the other is considered to be the
system, S, with a rate gg. It has to be pointed out that the definition of an event

used here is the same as the one given in section 2.1. In other words, an event
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corresponds to the system reaching the barrier top. The experiment is realised as
follows: We perturb S using P and we repeat the process by changing either gg
or gp while the other rate is kept constant. We want to see whether there is some
kind of an effect when we set the matching condition gp = gg. In order to establish
which is the effect produced by rate matching, if any exists, we have to define a
marker, R, which will reveal it. The simplest marker is realised using what we call
the time difference method. We adopt the idea of the authors of Ref. [13], but
without the entropic method. Instead, we use a simplified version adapted for our
needs. The unperturbed system, S, is confronted with the perturbation and the
time differences, t,,, are measured as shown in Fig. 2.6. We decide which of the two
realisations will be the reference one and apply the following rule: for each event of
the reference realisation we measure the time that it takes for the next event of the
other realisation to occur. Let us say that we are considering the n'* event, E"¢/,
of the reference realisation; then we have to start measuring the time from E"¢f
and wait until an event of the other realisation occurs; we consider only the first
neighbour. If no such event occurs before E:;jrfl then the event E"¢/ is disregarded.
The time interval measured in this way is the time difference that we are talking
about and we shall denote it by the symbol ¢,,. All the time differences measured in

this way are summed up so that we have

Lo=) tn, (2.46)

where, N is the final event of the reference realisation and ¢ is always zero because
both realisations are prepared in such a way that at time ¢ = 0 they both have an
event. The next thing to do is to repeat the above procedure. This time we apply
the same procedure by switching on the interaction between S and P, namely by
assigning a non-vanishing value to € in Eq. (2.27). In this case, we denote the time

differences t, n = 0,1,..., N and we have

N
Lp=> t). (2.47)
n=0
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Finally, we define the marker

L NP
Role - Yot (2.48)
Lo ano tn

Besides defining a ”"good” marker, it is important to select an appropriate reference
realisation. We have done some investigations relative to this case and the results
obtained are shown in Fig. 2.7. In one case the perturbation is kept constant while

the system varies and in other case the system is kept constant.

Figure 2.6: In this figure two realisations are shown. The full line represents the reference
realisation. The intervals indicated by t1, to, t3 and t4 are the time differences. Each dot
represents an event. The time intervals between two consecutive events are laminar regions
which are extracted from a Poisson distribution.

The result of Fig. 2.7 shows that there exists an influence of the P events on
the occurrence times of the S events. In the absence of this influence, we would
expect R = 1, the neutral condition. The condition R < 1 indicates that the time
of occurrence of S events is closer to that of the P events than in the absence of
coupling. This suggests that the P events attract the S events. The condition
R > 1 indicates the opposite repulsion effect. If we keep gg fixed and we increase
gp from values smaller to values larger than gs (broken line in Fig. 2.7), we see
the following: For gp < gg, R > 1 (repulsion condition). In the close proximity
of g¢ = gp, R gets the values of 1, in the course of an almost abrupt transition to
Ry < 1, the attraction condition. The systems assumes this minimum value at
gs = gp, and it maintains it in the whole region gp > gg. Analogously, if we keep
gp fixed, and we decrease gg from values larger than gp to values smaller (full line
in Fig. 2.7), the parameter R moves from the condition R > 1, repulsion condition,
to the neutral condition R = 1, in the close proximity of gp = gg, where it assumes
the value R, which is then maintained in the whole region gp < gs. A somewhat
simplified description of all this is as follows. The rate matching condition gs = gp

is the border between the regime where the S events are attracted by the P events,
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Figure 2.7: This figure shows the two cases that we examined: one in which gg is kept
constant (broken line) and the other where gp is kept constant (full line). The broken-line
curve reppresents the case where gg = 0.04 is kept constant and the perturbation is taken
as the reference realisation. The full-line curve reppresents the case where gp = 0.04 is
kept constant and the perturbation is taken as the reference realisation. In both cases the
value of the perturbation strength is € = 0.5.

gs < gp, and the regime where the S events are repelled by the P events, gs > gp.



CHAPTER 3

Non-Poisson Systems

3.1 Background

In section 2.2 we dealt with a two-state system generating a stochastic processes
with renewal. The evolution of such a process was reppresented by a two-state time
series with events occurring at times ¢; and separated by time intervals randomly
selected from an exponential distribution. Each process was characterised by just
one parameter, namely, the rate g at which the system switched between the two
available states. We shall now consider a similar processes with the only difference
that the time intervals are selected from an inverse-power probability distribution
density. Such processes maintain the renewal property but are no longer Poissonian.
Our goal is to study the power spectrum of non-Poisson processes generated from a

waiting time distribution density of the form

T

(1) = (p— 1)m,

(3.1)
where 1 < p < o0, keeping in mind that p = 2 is a special case in such a class.
A theoretical study of such power spectra has already been done by the authors
of Refs. [14, 36]. However, they do not emphasise on the case where y = 2. The

function in Eq.(3.1) is a normalised probability density function. A closer inspection
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shows that for p > 2, the first moment is given by

/ /
(r) = /0 PN = (3.2)
On the other hand, when p < 2, the function 7¢(7) is not integrable and hence
the average time interval does not exist. Stochastic processes with a waiting time
distribution of the form shown in Eq.(3.1) can be divide into two groups: those with
a finite first moment (px > 2) and those with no definite time scale (u < 2). The
former are ergodic whilst the latter are not. Furthermore, the process with p > 2
are further divided into those with a finite second momentum, i.e. when p > 3 and
those without one, i.e. when 2 < p < 3. Right from the beginning we shall neglect
processes with p > 3 since they all obey the central limit theorem and thus become

Gaussian in the asymptotic limit.

Our decision to study a non-ergodic dichotomous processes with an inverse-
power waiting time distribution was inspired by the results obtained in the study of
colloidal nanocrystals or quantum dots. Under the right circumstances, such systems
emit light intermittently, switching irregularly between bright and dark states [24].
Furthermore, the durations of these bright and dark periods follow an inverse-power

distribution of the form

1
v(r) o . (33)
with p < 2 [25, 26]. This unexpected behaviour has also been observed in the fluores-
cence of single organic molecules [27, 28, 29, 30]. We used the power-law in the form

shown in Eq.(3.1) purely out of practical reasons. The inclusion of the variable T,
the time scale for which a power-law regime is reached, avoids problems at the origin
(7 = 0) when integrating. In the case of semiconductor nanocrystals the hypothesis
was made that the time of sojourn in a given state, either “on” or “off”, does not
have any correlation with the other sojourn times [31]. This property, referred to

as the renewal condition, has been confirmed by the careful statistical analysis of

real data made by the authors of Ref. [32]. The renewal and the inverse power law
condition with p < 2 generate perennial aging [31] and consequently a conflict with
the ergodic assumption of statistical physics [35], thereby posing a challenge to the

adoption of the prescriptions of ordinary statistical physics. Ergodicity breakdown

has been recently observed also with the spectroscopy of single organic molecules
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[37]. In the case of fluorescence blinking in nanocrystal quantum dots, the authors
of Ref. [23, 38] found that these fluctuations have the spectral form of 1/f (flicker)
noise. The phenomenon of flicker noise has been known for 82 years [39]. It describes

the deviation of the noise spectral density from the flat condition, through the form

P(f) o (3.4)

Ik
where f is the frequency and n ranges from 1 = 0.5 to n = 1.5. The authors of Refs.
[23] and [38] found n = 1.3 and n = 1.1, respectively. In the literature of 1/f noise
no attention has been devoted so far to the fact that, although n < 1 is compatible
with the ergodic assumption, n > 1 [23, 38] may imply ergodicity breakdown, in
spite of the fact that n > 1 is frequently found in the literature. In addition to
n > 1 of Refs. [23, 38], see, for instance the flicker noise emerging from the scanning

tunnelling microscopy [40] with n &~ 1.08.

The fact that the ergodic assumption is valid for n < 1 can be seen by adopting

a very simple model made up of a collection of infinitely many independent linear

oscillators [12]. The model shows that by assuming that the process in exam is

ergodic we end up with a power spectrum having n < 1. The equation of motion of

a single, one-dimensional harmonic oscillator with angular frequency w is given by
v(0)

z(t) = x(0) cos(wt) + — sin(wt), (3.5)

where z(0) is the initial speed and v(0) is the initial velocity. Alternatively, we can

write

2(t) = Acos(wt — ), (3.6)
where

Acos(t — ) = (0) cos(ewt) + " sinfut), (3.7)
so that

A=/2200) + “iff) and  tang — 5;?3) (3.9)
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Consider now a very large amount of identical oscillators, all with the same angular
frequency omega. A pair of initial conditions z;(0) and v;(0) is chosen randomly and
assigned to each oscillator of the system. If they are allowed to interact, the system
will reach an equilibrium state after some time if left on its own in the absence
of external forces. An example of a large number of one-dimensional interacting
oscillators is a very long chain of identical springs with identical masses attached
to them. Imagine now that we somehow ”freeze” the system together with all
the oscillators in it. We can randomly extract a single oscillator and determine
its displacement from the equilibrium position and the velocity it had just before
being frozen. We can consider these quantities as being the initial conditions of the
oscillator when we replace it and unfreeze the system. The probability, p(z,v)dzdv,
that the randomly selected (frozen) oscillator has displacement = + dx and velocity
v £ dv is given by Boltzmann’s theory. We consider the selected oscillator to be the
system; all the others are part of the heat reservoir. In that case the probability

density function is given by

wm m
ex —
27TI€BT P QkBT

p(z,v) = (v* +w?2?) |, (3.9)
where T' is the temperature of the system. Therefore, we conclude that the initial
conditions of all the oscillators placed together form a distribution equal to (3.9).
In other words, the initial conditions of the oscillators are picked randomly from
the distribution in (3.9). Consequently, the phase ¢, and amplitude A in Eq. (3.6)
are also random values. This random phase assumption is the key ingredient of
the approach to 1/f noise proposed by Voss and Clarke [33]. According to the

equipartition theorem, the mean energy of a single oscillator is given by

1 1 1

—mv® 4+ —mw?a® ) = 22kpT = kpT. (3.10)
2 2 2

So far we have only considered oscillators with the same angular frequency, w. Hence-

forth, we are going to explore a system composed of many oscillators with different

frequencies. We follow Weiss [12] and assume that the frequency distribution is

given by

6+1

¢j=clw;) =w; 2 . (3.11)

(2
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This is an attractive way of going beyond ordinary statistical mechanics, or, using
the terminology of Ref. [12], beyond the ohmic condition where § = 1. As we shall
see bellow, it enables us to construct a stochastic process with a power spectrum
that obeys the inverse power law. We create a fluctuation £(¢) by summing up the

coordinates z;(t) of infinitely many linear harmonic oscillators:

M Nji1
() = Z Z {xz(O) cos(w;t) + @ sin(w;t) | , (3.12)
j=0 i=N; J
where
Nj+1 — Nj = c(wj) and C(Ldj) >1 A ] (313)

We can also write Eq. (3.12) in the following form:

smziqh@mwwﬁfhmw, (3.14)
§=0
where
1 Nj+1
7;(0) = N =N, Z; zi(0),
R
50 = 5y > ui(0).

The correlation function of the stochastic process £(t) is given by

(e =3 [@on costest) costnt) + L sniytysintst)] (3.)

w .
=0 ’

We have omitted the mixed terms because the velocities and displacements are

independent from one another and therefore

(2;(0)v;(0)) = (2;(0)) - {v;(0)) = 0. (3.16)
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Since the oscillators are independent, we also have that
(;(0)z£(0)) =0 and (vj(0)v,(0)) =0 when j # k. (3.17)

Again, according to the equipartition theorem, we have that

(v)) = (@) = — (3.18)
Consequently
(EWEW) = 225" S cos(ws(t — 1), (3.19)

By substituting (3.11) into (3.19), the normalised correlation function of £(t) be-

comes

€DE))  Sitgwd teos(wi(t — 1) 2wl cos(w;T)

Pe(t,t') = = Y- = S a—— , (3.20)
(€(1) Sitgw) ! Yimow
where 7 =t — t’. We have that
. 1
rlggo Qe (1) x m for 0<d<l, (3.21)
and
. 1
rhjgo Qe (7) x % for l<éd<2 (3.22)

Furthermore, ®; depends only on the time difference therefore it is a wide-sense
stationary process. Consequently, it is enough to calculate the Fourier transform of

®, in order to obtain the power spectrum, S(w) (Wiener-Khinchin theorem).

o0
—0o0

Pe(w) = S(w) = A_l/ > Wi cos(wi)eTdr = A7 Zw?_l/ cos(w;T)e™T dr,
o0 j

(3.23)
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where A =3 w?_l is a constant. Now,
1 W4T —w;T 1
F [cos(w;T)] = 5]—‘ [T + e 7] = 5 276 (w + w;) + 276 (w —wj)] . (3.24)

Before we precede with the evaluation of (3.23) we have to make a few assumptions.
If we consider a reasonably large range of angular frequencies, w;, we can approxi-
mate the sum in (3.23) with an integral. Furthermore, there must be a lower and

upper limit, so we write:

M WM
Z — / do, (3.25)
j=0 wo

where wy > wy and wy > 0. In that case

wM
S(w) = Alﬂ/ OO (w + Q) + 0w — &)] d. (3.26)
wo
Since the integration is performed over a positive set of values, the first term under

the integral vanishes. Therefore,

S(w) i, w € [wo,wm], (3.27)

wn

where 7 = 1 — §. The case § > 1 does not yield 1/f noise so it is of no interest.
Therefore, we only consider the case 0 < ¢ < 1 which corresponds to 0 < 7 < 1.
Note that 6 = 1 corresponds to white noise. In conclusion, the random phase model
used by Voss and Clarke is adequate in explaining the 1/f behaviour of noise only
in the case where n < 1. The adoption of a random phase resulted in a stationary
correlation function. In the next section, we are going to study non-ergodic systems
and in section 3.3 we will present a model that is compatible with both cases, n < 1

and n > 2. We shall see that the case n > 1 corresponds to the non-ergodic condition.

3.2 Theoretical Preliminaries

3.2.1 Non-Poisson Process

In the previous section, two important experimental results were mentioned: The

fact that blinking quantum dots produce a time series that displays power-law statis-
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tics with p < 2 and a power spectrum of the form 1/f". Having these results in
mind, we procede to uncover the entire picture by finding a relationship between u
and 7).

We start by writing down the procedure for creating a single realisation or time
series, £(t), of a stochastic process that displays power-law statistics. Since we are
considering only two-state systems, the time series will fluctuate between two values
that are, in one way or another, related to the states of the system. The first thing to
do is determine the length, L of the realisation. The next step is to identify the times
at which the events of the stochastic process occur. We have already introduced the
concept of events and collisions in section 2.1. In the case of blinking quantum dots
there is no physical equivalent for events. Nevertheless, we shall use this concept
because it is the only way we can directly link the waiting time distribution ¥ (7) to
the autocorrelation function of the stochastic process [11]. What we actually see in
the time series are the collisions and not the events. A collision is when there is a
change of state, i.e. when the crystal either starts emitting light or ceases to do so.
We always assume that an event occurs at time ¢ = 0 and by doing so, we create
what we call a prepared system. So, every time we start a realisation with an event,
we intend that the system has been prepared. Having placed the first event at time
t = 0, we randomly select a time interval 7 from the distribution in Eq.(3.1) and
place an event at time t = 7. We shall refer to the selected time intervals also as
laminar regions. We then select another time interval, 75, randomly from 1 (7) and
place the second event at time ¢ = 7 + 5. We continue in this way until we reach
the end of the realisation, i.e. when t = L. Clearly, the final event will very rarely
fall on the point t = L so the interval between the last event and ¢ = L will not be
equivalent to a time interval selected randomly from (7). The fact that we select
a time interval (or laminar region), 7, randomly from a probability density function
such as 9 (7) creates renewal in the process. Renewal simply means that the time
intervals are randomly selected from a distribution. The reason why we insist on
using renewal events will be explained in subsection 3.2.2. As we have mentioned
earlier, the stochastic process under study, £(¢), is related to a two-state system.
We call the two states |+) and |—) and we assign the value +1 or —1 to £(¢) when
the system is in the state |[+) or |—) respectively. The final step is to assign one
of the two possible values of £(¢) to each laminar region of the realisation. We do
this by tossing a fair coin so that the values 1 and —1 are obtained with the same

probability. For example, if we want to know what value to assign to the function
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&(t) in the interval between the first and second event, we simply have to toss a
coin; if we get heads, we assign the value 1, if we get tails, we assign the value —1.
In this way, we construct the collisions of the process. A collision coincides with an
event that separates two neighbouring laminar regions with different values. Note
that two or more consecutive laminar regions may share the same value. In the
end, we obtain a time series characterised by the parameter p from the waiting time
distribution ¢ (7) in Eq.(3.1).

In the Poisson case, each stochastic process, and therefore system, was charac-
terised by the rate, g, of event production. The difference between the £(t) presented
in this section and the £(¢) used in chapter 2 is that the laminar regions in the former

case are extracted from

T

(1) = (p— 1)m

1<p<3, (3.28)
whilst the laminar regions in the later case are extracted from

(1) = gexp(—g7). (3.29)

3.2.2 Aging

As we have already mentioned, the absence of a characteristic time scale in systems
with ¢ < 2 makes them non-ergodic, or following Bouchaud, weakly non-ergodic (see
[35]). In the case of weak non-ergodicity, the system does visit all of its phase space
but the fraction of time of occupation of a given volume in phase space is not equal
to the fraction of phase space volume occupied by it. The specific systems that we
are treating can only occupy one of two states at a time. Weakly non-ergodic means
that globally, considering the total duration of the process, the system will spend
more time in one state than it will in the other. If L is the total duration of the

stochastic process, we would have

lim /L E(t)dt # 0. (3.30)

L—oo

We have seen in section 3.1 that systems with p > 2 have a characteristic time scale.
Their mean sojourn time is given by the first moment of the waiting time distribution

»(7) (see Eq. (3.2)). Therefore, we can find an intermediate time interval such that
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the time average and the ensemble average coincide. The fact is that all processes
with renewal, governed by the inverse-power law in Eq.(3.1), undergo perennial aging
(aging from now on). Processes with p > 2 become stationary and when they are
infinitely aged. So, what is aging? Let us consider an ensemble of the realisations
of £(t), created in subsection 3.2.1 with the help of the waiting time distribution
in Eq. (3.1). We shall assume that the realisations are infinitely long and, more
importantly, that they are prepared at the origin, £ = 0. At the moment, we shall
not give importance to whether the first laminar regions are positive or negative.
What is important is that there is an event at ¢ = 0. If we set out to create a
histogram using only the lengths of the first laminar regions of the realisations in
the ensemble, it si obvious that we will end up with the waiting time distribution
in (3.1),

Tt

(1) = (1 — 1)m-

(3.31)
After all, it is the waiting time distribution that we used to create each realisation.
We shall refer to (3.31) as the infinitely young waiting time distribution. Now, we
select a single realisation from the ensemble and move from the origin to an arbitrary
position, t = t,. It is possible that at t = t, there is an event. It is not important
in which laminar region we find ourselves in or whether it is positive or negative.
What is important is the absolute time, ¢t = ¢,. We move continuously from the
position ¢ = t, until we reach an event, say at some point t = t*. We shall indicate
with 7,.; the distance between t, and t*, i.e. 7., = t* — t,. Of course, if at time
t = t, there is an event, then 7,., = 0. We calculate the residual time, 7., present
in each realisation of the ensemble. Note that t, is the same for each realisation.
It is t* that changes. If we plot a histogram with the residual times, we do not get
the waiting time distribution in (3.31). What we get is a waiting time distribution
of age t, and we shall indicate it with v;,. The continuous change of the waiting
time distribution from the time of preparation is an effect of aging. The analytical

expression for the aged function is

Vi (Tres) = 3 / ) — dr =S / ()bt + Tres — ) dE, (3.32)
n=0 0 n=0 0
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where 1),,(t') is the probability that the n'® event occurs in the time interval [/, +
dt']. The function 9y, (t) is the probability of observing an event in the time interval
[t,t + dt] under the condition that the observation starts at t = t,. When we start
observing at t = t, we cannot know how many events had occurred. Since we are
considering an ensemble, we have to include all the possibilities, from the case where
no events occurred, to the case where infinite events occurred before t = t,. This
explains the presence of a sum in Eq. (3.32). The product ¢, (') (t* —t') is the
probability density that n events occurred before we started the observation and
that that the first event after ¢ = t, occurs at ¢t = t*. Although it is easy to explain
Eq. (3.32) qualitatively, it is difficult to find an analytical expression if we substitute
a waiting time distribution of the form shown in (3.31). The difficulty lies in finding

an analytical expression for the event rate

P(t) =) (t), (3.33)

where
t
0nlt) = [ dua(r)ute = )i (339
0
Note that,
i(t) = () and  yo(t) = (). (3.35)
According to the authors of Ref. [18], a good approximation is to assume that P(t)

is constant when considering systems with a p close to 2. They show that in the

asymptotic limit ¢ — oo,

1 11
P(t) = f 1 2 _
Q 02— p)(p—1)Trt2w’ or < p< (3.36)
and
p—2 T2 1
Pl ==~ {1 Ty for  2<p<3. (3.37)

We shall not provide a proof for the above statements since it is only a matter

of mathematics. Details can be found in Ref. [19]. The infinitely young waiting
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distribution that is used to create all the sequences in the ensemble is given by Eq.
(3.31). We start from ¢t = 0 and we let the ensemble evolve in time. After an amount

of time t,, the waiting time distribution becomes

wMU%:AaP@Wﬁa+T—®ﬁ. (3.38)

We assume that P(t) is constant, thus

o) = i [ttt = o [ty 4 (3.39)

where A(t,) is the normalisation constant to be determined and y = t, — t. The

normalisation is given by

o= [ vwne [ s [ o
/dy/ = [ (m) w

T
=

(T +t,)> =T+

The aged waiting time distribution is therefore

(T+T) = (T +T +t,)

V(7)== W) (3.40)

In the ergodic case (2 < p < 3), we see that for t, — oo, the distribution v, (7)

approaches a limiting value:

T2

W. (3.41)

Jim 1, (7) = cl7) = (1 =2
For 2 < pu < 3, the process evolves towards a stationary condition, where the
survival probability is given by (3.41). For 1 < p < 2, there is no limiting function,
so the process does not tend to a stationary condition; the limit cannot be applied.
Nevertheless, Eq. (3.40) is valid in the non-ergodic case (1 < p < 2) if we always

consider finite values of t,. In the limit for which ¢, — 0, and 2 < u < 3, we obtain
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the infinitely young distribution, ¢ (7):

1 1 1
v (r) = (n =2 e B[ D
Tr=2  Tw=2(1+t,/T)r2

1 1 t,
OO o e G ),

1 1 o
Tw2  Tu-2 <1 —7lke- 2))

- 42
= (- 1)m‘ (3.42)
Similarly, when 1 < p < 2, we have for ¢, — 0,
1 1 lq
SN Gt e (1-6-v537)
taAT) AT T21(1 + (2 — p)ta/T) — T2n
-1 .
=(p—1)——. .
=D (3.49)

Another important aspect of aging is the so-called rejuvenation effect. We con-
sider Eq. (3.40) without considering the limit for which ¢, — oco. Instead, we insist
on the fact that the waiting time distribution is of the finite age t,. We shall now
study the two conditions: 7 < t, and 7 > t,. We shall first consider the case where
p > 2. When 7 < t,, we rewrite Eq. (3.40) in the following form:

6 = @) | - e [T 1]_1

(T+ T+ (T+ T+t )] [(T+t,)+—2 Tr2

[EE AR el
o L+ TPt (o + Tt + )

= -2 1 1 1
Th=2  (h=2 (1 + T /t,)r2
~ (n— 2)%
=2
= (- Z)W (3.44)

This result coincides with Eq. (3.41), even though we have kept ¢, finite. Observing

only short sojourn times with respect to the age of the system makes it look much
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older than it is. Under the other condition, 7 > t,, therefore

1 1 1
i (r) = (u =2 (T e D
T2 (T + t,)r2
1 1 lq
 (p oy D Ty )
N 1/Tr=2

— (:u B 2)ta Tuil

T (u— 1)m (3.45)

This time, v, (7) is proportional to the infinitely young distribution, (7). This
effect is called rejuvenation. The condition 7 > t, produces the opposite effect with
respect to the condition 7 < t,. Notice how the power index changes from p — 1
(infinitely aged condition) to p (infinitely young condition). Aging implies that ¢, is
so large so as to make it impossible for us to observe sojourn times with a duration
longer than ¢,. In that case we are confined to 7 < ¢,. This is when we observe aging.
Ift, < oo, both 7 <« t, and 7 > t, are possible. The latter condition corresponds to
rejuvenation. The former case corresponds to the infinitely aged state. If ¢, = oo,
only the infinitely aged condition is possible. For u < 2, the results are very similar;
the numerators in (3.44) and (3.45) remain the same. When 7 < t,, then
1/(r+T)» ! N (2—p) 1 1

~——.  (3.46)

~ (2 — ~
Yﬂm (7') ( :u) (T + ta)2_“ — T2 tz—u (7. + T)H—l Th—1

On the other hand, when 7 > t,,

Vi, (1) = (2= p)(p — 1) (T _T_at/a(;—z i);zu

it (p =T

=Ty
= (2~ g ()
x (7). (3.47)

We have very often stressed that the events used to create the realisations &(t),
must obey renewal. The reason for this is because a system, without the renewal

property is not compatible with the aging theory presented above. Such systems
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usually do not even experience aging, but when they do, the effect is only partial. For
example, a stochastic process that is modulated by a deterministic prescription does
not obey renewal. The authors of Ref. [20] found that under certain conditions, such
systems experience aging, but only partially. This explains why we are interested in

processes with renewal; they experience the aging process completely.

We now want to show that a process that is characterised by Poisson-statistics
does not experience aging. We use the dichotomous realisations £(t) introduced in

section 2.2. In that case, we have that the waiting time distribution is given by

(1) = gexp(—gT), (3.48)

where ¢ is the rate of the events in the Poisson process. All we have to do is
substitute (3.48) into Eq. (3.32). Before we continue, we have to calculate P(t).
The simplest method is to use the Laplace-transform of 1), (t) (we use the tilde to

indicate the Laplace transform):

5al0) = )t =[] = () (3.49)

Anti-transforming, we obtain

ge 9

(n—1)I

We can now calculate the aged waiting time distribution in the Poisson case:
Y, (t) = +Z/ U )0(t — t)dt’
gt/ / / /
= gexp(—gt) + g Z exp( gt") exp(—g(t —t'))dt

gt’
= gexp(—gt) + g” exp( gt/ Z

Ya(t) = (gt)" (3.50)

= gexp(—gt) + ¢” exp(— gt)/ exp(gt’)dt’
0

= gexp[—g(t —ta)]. (3.51)
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In the Poisson case

Vio (Tres) = U1, (1) = V(t — ta) = V(Tres)- (3.52)

The waiting time distribution remains the same. Aging has been studied extensively
in the literature. See, for example, Refs. [16, 17, 21] for more details. We have
introduced the concept of aging because we shall need it shortly, when we investigate
the autocorrelation functions of non-ergodic processes. What we have said so far

regarding aging should be enough for such a task.

&(H)

200 250 300 350 400

Figure 3.1: A typical time series or realisation. The function £(¢) fluctuates between the two
values +1 and —1.

3.2.3 Autocorrelation

By definition, the autocorrelation function of a stochastic process £(t) is

De(731) = (€& + 7)), (3.53)

where (...) denotes an ensemble average. This definition is applicable to both,
stationary and non-Stationary-stationary processes. If the process is stationary,
then ® is independent of the time ¢. An ensemble average means that we have to
use an infinite number of realisations of the stochastic process &(t).

Let us consider a Gibbs ensemble of prepared sequences, £(t), with an arbitrary
1. All the sequences are prepared so that at t = 0 there is an event and all of them
begin with a positive laminar region, i.e. {(t) = +1 for 0 < t < 7y. By definition,
the Gibbs average of £(t) is given by

1
(1) = lim = > &(1), (3.54)
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where &,(t) is the n'* realisation of the ensemble. By construction, we have that
(€(0)) = 1. We now argue that the function (£(¢)) will decay in the same way in

which its corresponding survival probability decays. In other words

(€)= U(t) = / e (3.55)

A more rigorous demonstration can be found in Ref. [17]. A sequence chosen ran-
domly from the ensemble will have the first laminar region positive. Let us imagine
that its second laminar region is also positive and that the first laminar region is of
length 7 and the second 75. Since there is an infinite number of realisations, there
are surely others whose first two laminar regions are also of length 7 and 7. More-
over, we are using the coin tossing method to decide the value of £ in every laminar
region apart from the first. Therefore half of the second laminar regions of length
will be positive and half will be negative. When we sum up these realisations, the
second laminar regions will cancel each other out. This argument can be applied to
all the other sequences. If we sum all the realisations present in the ensemble and
normalise, we end up with the ensemble average of £(t). It is obvious that (£(t))
is a decaying function of time, after all, the first laminar region is always positive.
What is less obvious is that (£(¢)) decays as the survival probability, ¥(7),

U(r) = / (bt (3.56)

This is because all the first laminar regions survive after the summation and the
second laminar regions cancel each other out. The surviving laminar regions are
distributed according to the waiting time distribution and therefore add up to form
the survival probability function. We can now use Eq. (3.53) to calculate the

autocorrelation function for t = 0. We have

Pe(r;t = 0) = (£(0)&(7))- (3.57)

But, we know that at t = 0, the realisation is always positive, therefore

De(7;0) = (7)) = ¥(7). (3.58)

Note that the method we used to derive the autocorrelation function rests on the
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assumption that the events in £(¢) are generated with the renewal property.

Stochastic processes with 1 < 2 are always non-stationary and therefore their
correlation functions change with time. The correlation function changes due to the
aging process [17]. We can use an argument similar to the one above and calculate
the correlation function at any time ¢t = t,. We prepare the ensemble in such a way
that at ¢ = 0 half of the realisations are positive and half are negative. This produces
a vanishing mean at the origin, ({(t = 0)) = 0. Nevertheless, at ¢t = 0, the ensemble
is non-stationary and it is not . Then, we let the ensemble evolve up to time t = t,.
At this time we select all the sequences characterised by £(t,) = 1. The sum over
all these realisations corresponds to a macroscopic out-of-equilibrium fluctuation
whose value is M, with M ~ N/2 and N is the total number of realisations. In
this case, (£(t,)) = 1 and the Gibbs average regresses slowly to zero. We again
evoke the property of the coin-tossing procedure and the fact that the ensemble was
prepared at t = 0 in order to determine the autocorrelation function. The fact that
we prepared the ensemble implies that the residues 7,., = t* — t, are distributed
according to the aged waiting time distribution vy, (7,.s). The fact that we used the
coin-tossing method implies that the laminar regions that start at ¢ = ¢* will vanish
during the summation process. Consequently, if we move the origin to t = t, and

forget about what happend before this time, we can conclude that

() = o, (t) / ot (3.59)

By construction, £(t,) = 1, therefore we can easily determine the autocorrelation

function. In fact,

Pe(T3ta) = (§(ta)(ta + 7)) = (E(ta + 7)) = (£(7)) = Wy, (7). (3.60)

According to the results obtained above, a process with p > 2 that is stationary will

have the correlation function,
D(7) = Voo(7). (3.61)

This is because a prepared sequence, having u > 2, becomes stationary only after
it has evolved for an infinite time. In that case, t, = oo and the autocorrelation

function is equal to the infinitely aged survival probability. In a way, W, (7) is
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the limiting autocorrelation function. At ¢t = 0, ®¢(7) = ¥(7). As time passes the
autocorrelation evolves and tends towards the limit U, (7). When p < 2, the process
never approaches a stationary condition, so the autocorrelation keeps on changing,
without approaching a limiting function. In conclusion, we have found shown that
the use of the coin-tossing procedure generates an autocorrelation function that is
related to the waiting time distribution through Eqs. (3.59) and (3.60). This is
the reason why in section 2.1 (see Eq. (2.8)) we decided to use the rate g = 2¢
instead of just the Kramers rate, ¢q. If we apply the results of this section, then the
autocorrelation function of a Poisson process with a rate g, using the coin-tossing

procedure, is given by

De(r) = U(r) = / " gexp(—g7) = exp(—gr). (3.62)

On the other hand, the autocorrelation function of a Poisson process with the

Kramers rate ¢, without the coin-tossing procedure, is given by
Ce(T) = exp(—2¢r). (3.63)

Since the two methods have to produce the same realisation £(t), then comparing
Ce(7) with We(7) we conclude that g = 2¢g. We now give a proof for the statement
in Eq. (3.63). A Poisson process is characterised by a waiting time distribution of

the form

(1) = qexp(—qr). (3.64)

The rate of events is given by P(t) in Eq. (3.33), whose Laplace transform is

Plu) = /0 " exp(—ut) P(t)dt = S G =" (qz(u))" - %M (3.65)
Since

b(u) = OoeX —ut) exp(— _atu

B = [ exp(ut)exp(—qnyit = L2, (3.66)
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we have that the anti-transform of P(u) gives
P(t) =24(t) + q. (3.67)

Therefore in the Poisson case, the rate is constant apart from the singularity in
zero. If we consider a two-state system with a waiting time distribution given by
Eq. (3.64), then the rate at which the system switches between states is ¢. Let us
assume that the two states are |+) and |—). As the system evolves in time, it will
produce an output signal £(¢) which is related to the state occupied by the system
at time ¢. When the system is in the state |+) the output signal () will have the
value +1 and when it is in |—), £ will have the value —1. The evolution of such a

process can be described by the master equation,

o (1) = —qP 4 (t) + qP (1)

—P_y(t) = —qP_(t) + qP (1),

(3.68)

where Py is the probability of finding the system in the state |+). We introduce

the variable

(@) =1(t) = Ay (1) — A (1).
Substituting into (3.68), yields

I1(t) = —2qI1(t). (3.69)
Integrating, we get

I1(t) = I1(0) exp(—2qt). (3.70)

If consider an ensemble of systems, and place all of them in the state |[+) at ¢t = 0,

then P(0) = 1 and the mean value becomes

(§(t)) = exp(—2q1). (3.71)

Since the rate is constant, we have a stationary process and the autocorrelation
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function is given by

Ce(t) = (€t + 7)E(1)) = (€(7)) = exp(—2qT). (3.72)

3.2.4 Power Spectrum of a Stationary Process

In the previous subsection we saw that processes with p > 2 are stationary if they
are not prepared. The advantage of dealing with stationary processes is that we can
apply the Wiener-Khinchin theorem in order to obtain the power spectrum. To do
so, we first have to find the corresponding autocorrelation function. In the previous
subsection we used a Gibbs ensemble of realisations and found that the correlation
function of an infinitely long realisation with p > 2 is equal to its infinitely aged
survival probability function (see for example Ref. [17] for details). In other words,

if ¢(7) is the waiting time distribution, then the correlation function is

Be(7) = Voo (1) = / (). (3.73)

We are going to show that the same result can be obtained by using only one
realisation of £(t). Let us assume that we are given a single realisation of &(t),

infinite in length. Then, by definition, the correlation function is

e(7) = lim ~ /0 et + )t (3.74)

Eq. (3.74) obtained by moving a window of length 7 along the entire realisation

&(t). If we adopt the coin-tossing method described earlier we can use the following

expression (see Ref. [15]):
De(7) = <71> / ) dT’(T/T;,T)T’w(T’), (3.75)

where 9(t) is the waiting time distribution density used to create the process &(t)
and (7) is the mean laminar region. We still use the method whereby a window of
length 7 is moved along the entire realisation. Since the realisation was prepared
by the coin-tossing procedure, the only situations that contribute to the correlation
function are those in which the window falls entirely within a laminar region. In

that case the contribution is always positive, no matter what sign was attributed
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to the laminar region. If the window has its two ends in different laminar regions,
then it will either give a positive contribution or a negative one. Since the process
is stationary, for every positive contribution to the correlation function, there will

be a negative one, thereby providing a vanishing average contribution.

In order to explain Eq. (3.75) let us assume that we have a realisation of length
L, with N laminar regions, both N and L being very large numbers. The realisation
will on average accommodate N)(7’)d7r’ laminar regions that have a length between
7" and 7’ + d7’. The same laminar regions will therefore occupy a time space equal
to 7/« Noo(7")d7’ which is only a fraction of the total time L, the length of the entire
realisation. So, the fraction of the realisation occupied by laminar regions of length

7/ is given by
N
—7'(r)dr'. 3.76
L

However, (3.76) is also the probability that the starting point of the window falls into
a laminar region of length 7. If we take the limit for which L — oo, consequently
N — oo and we have that N/L — 1/(7). The term (7' —7) /7’ is just the probability

that the other end of the window remains in the same laminar region.

We procede by simplifying (3.75),

be(r) = 7 [ a7 = ()
- | e - [Care - nee)

T

- {m . /0 " — T)w(f)]
15 % /0 i (7 — 7)),

(3.77)
When we derive both sides of Eq. (3.77), we get
B(r) =~ + o [ v (3.78)
T)=—"—+4— '(r'). :
¢ () (1) Jo
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Deriving a second time produces
DY) = = 2(7). (3.79)

The infinitely aged case of the waiting time distribution ¢(7) is given by [10]
¢wﬁy=éslm¢WMﬁ (3.80)
where
(r) = /0 " rg(n)dr (3.81)

Furthermore, the survival probability that corresponds to 1. (7) is

U (r) = / T ()t = / h dt’% /t A (3.82)

From Eq. (3.79) we see that i(7) = (r)®{. By substituting this value into the

above equation, we see that [17]
Voo (7) = Pe(T). (3.83)

For p > 2 we have that the survival probability of the infinitely aged waiting time

distribution is equal to the correlation function (see Eq.(3.41)):

o :/Toowoo(t)dt:(u—Z) /Too (T“—th:( a >H. (3.84)

t4T)rt T+

At this point we can use the Wiener-Khinchin theorem together with the correla-
tion function in Eq. (3.84) in order to calculate the power spectrum of a stationary

process with p > 2. Accordingly, we have

S(w) =2 /0 h ( Ti T)H cos(w)dr = 2T+ /0 OO(T+¢)2—“ cos(wt)dr. (3.85)

Using the substitution z =T + 7,

S(w) = 2742 /T " 2 coslw(a — T))d. (3.86)
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Another substitution, y = wx gives

— QT2 - Y o — @
S(w) = 2T /w ) (%) costy —w) ™
OTH—2 %0 00
= — [cos(wT)/ Y2 cos(y)dy+sin(wT)/ Y2 sin(y)dy]
w wT wT

(3.87)

Since we are interested in very low frequencies, we assume that w1 < 1. Conse-

quently cos(wT') =~ 1 and sin(wT') ~ wT and

2TH2

w3k

S(w) { /w ) y* " cos(y)dy +wT / ) y Sin(y)dy} : (3.88)

T wT

For frequencies below 1/7, it is the first term that dominates and hence the second
term can be neglected. We compare the frequencies to 1/T because the value of T'
corresponds to the time it takes for the process to enter the regime of power-law
statistics. Times the are shorter than 7' do not obey the 1/7# power-law. This is

why we are only interested in frequencies below w = 1/T. Finally, we have

2TH—2 1 1
S(w) = i A(p,w) ~ i E, (3.89)
where
Alp,w) = / y* " cos(y)dy (3.90)
wT

is a very slow function of w. As expected, Eq.(3.89) is in accordance with the
experimental result shown in Eq.(3.4); it is enough to link the two equations using
the equality n = 3 — u, where u 2 2. Alternatively, if we neglect T, then (3.85)

becomes
S(w) = 2/ 727 cos(wT)dr. (3.91)
0

Neglecting T" means that the process immediately acquires power-law statistics. For
2 < p < 3, the integral in (3.91) can be solved without introducing any truncations in

order to avoid problems at the origin. In fact the standard Fourier cosine transform
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tables (see [13]) show that

™

2/ 72 cos(wT)dr = — T sec [
0 2

Fa—D (1 — 2)] W3, (3.92)

for w > 0 and 2 < p < 3. In the next section we shall investigate the power-spectra

of non-stationary processes.

3.3 Power-Spectrum of Non-Poisson Systems

Our main purpose in this section is to study the properties of power-spectra pro-
duced by the non-Poisson two-state systems introduced previously. Each system,
therefore, produces a finite dichotomous time series £(t), characterised by the pa-
rameter p (1 < p < 3). The choice of using a finite time series brings us closer to the
real experimental conditions, allowing us to compare our numerical results with ex-
perimental results obtained by other authors. The power spectra of the non-ergodic
case (1 < p < 2) have already been studied by Zumofen and Klafter [11]. However,
they considered a truncated waiting time distribution. This means that the distance
between two consecutive events in the time series cannot be greater then some pre-
determined maximum value, T},,,. Truncating the waiting time distribution renders
it integrable and consequently introduces a well defined time scale, or first moment.
In such cases, ergodicity is maintained and the aging process is altered. The waiting
time distribution tends to a limiting function just like in the ergodic case, where
i > 2. Under such conditions, they were able to develop a theory for y < 2 by using
the arguments that we presented in subsection 3.2.4. We, on the other hand consider
the entire waiting time distribution (7,,,, = 00) and use a generalised form of the
Wiener-Khinchin theorem, compatible with the ergodicity breaking condition. Such
a generalisation has been attempted by Margolin and Barkai [36]. These authors
proposed a generalisation of the Wiener-Khinchin theorem that does not require
the adoption of averages over the Gibbs ensemble. We provide a slightly different
theoretical approach, placing our results in the context of 1/ f-noise. The ideal 1/f
condition is a singularity corresponding to p = 2, the boarder between ergodicity
(1 > 2) and non-ergodicity (u < 2). Furthermore, we use autocorrelation functions
obtained by adopting a Gibbs ensemble, subsection 3.2.3. We shall first present
the numerical results and then, in a separate subsection, interpret them using the

theoretical tools discussed in section 3.2.
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We define the power spectrum, S(w), of the time series in the usual way (see

[141]) but without considering the limit L — oo:

S(w) = TEWE W) = TP, (399)

Sl

where L is the duration of the time series and &(w) is the Fourier-transform of £(t);

to be precise,

Iy
—~
&
N
I
7~
—
~
P
If

/ h E(t)e™'dt. (3.94)

Since we are dealing with stochastic processes, the events observed in the time series
occur randomly and therefore it is not possible to calculate the Fourier-transform of
&(t) analytically. At some point we have to make use of the computer. Fortunately,
€(t) has a very simple form, so the integral in Eq.(3.94) can be broken down into

SuIns:

N

) =Y / " et tat, (3.95)

n=0"Y1n

where t,, is the time of occurrence of the n'" event and £(¢) alternates between 1 and

—1. Each integral in the sum is very easy to solve explicitly. The general case is

[eiwb - eiwa]

b
Ia,b] = / e“tdt = —

- 5 [cos(wb) + i sin(wb) — cos(wa) — i sin(wa)]

[—i cos(wb) + sin(wb) + i cos(wa) — sin(wa)]

[sin(wb) — sin(wa) + i{cos(wa) — cos(wb)}]

| & —8& ]~

sin(wa) + sin(wb) N Z.cos(u)a) — cos(wb)

Y

w W

where a and b are two random numbers and a < b. Eq.(3.95) can be rewritten in

the form:

N

Ew) = (F)nd [tn, ts1], (3.96)

n=0
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where (£),, is the value of () in the time interval [t,,%,41]. The time series is
dichotomous and we assume that () can either be +1 or —1. Consequently, (%), is
a random variable whose outcome can be either +1 or —1, with the same probability.
This is true for every n apart from n = 0. We prepare the realisation so that
(+)o = 1 always. Given that the time series is of length L, the explicit expression

for the Fourier-transform of £(t) is

f(w) = é (£)n [ sin(wt,,) + sin(wt,1)] + (i% [—sin(wty) + sin(wl)]
—l—z’i i(i)” [cos(wty,) — cos(wtpi1)]+i (E)w [cos(wty) — cos(wL)].

(3.97)

We use a computer to generate the random time intervals (laminar regions), 7,11 =

tnt1 — tn, of £(t). Each laminar region is extracted randomly from the waiting time

distribution
Tr1
Note that
th=T1+To+...+7h =th_1+ T, (3.99)

where ty = 0. The computer therefore generates the random time intervals and
uses (3.99) to calculate the sum in Eq. (3.97). &(¢) is a real function and it is not

symmetric, therefore its Fourier-transform will be a complex number,

~ ~

(w) = d(w) +if(w). (3.100)
The final step is for the computer to determine the value of

S(w) = FEW)IP = + 8% (W) + P (w)| - (3.101)
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3.3.1 Numerical Results

Fig.(3.2) is our first important numerical result. It shows that the power spectrum
does indeed obey the inverse-power law expressed in Eq.(3.4) for a range of values
of p close to 2. It confirms the numerical and theoretical results of Margolin and
Barkai [35], although, they considered only the case where 1 < p < 2. As we have
said earlier, the value of 7" in the waiting time distribution (Eq.(3.1)) gives us an
indication of how long it takes for the system to enter into the regime of power-law
statistics. We are therefore interested only in time scales larger than 7. This is
the reason why we shall study the power spectra for w < 1/T'. Following Pelton et
al. [23], we compare the power spectrum of an ensemble of realisations to that of a
single realisation. Fig.(3.3) shows that the inverse-power law is maintained even at
the level of a single realisation, thus confirming the experimental results obtained
by the authors of [23]. The adoption of an ensemble merely reduces the noise and
this can be seen in Fig.(3.5) where 1000 realisations were employed. Figs. (3.4)
and (3.5) show the effect that the length of the realisation has on systems with
@ > 2 and p < 2 respectively. In both cases, we are dealing with non-stationary
systems with the difference that those with © > 2 become stationary as L — oo
whilst those with © < 2 always remain non-stationary. When p > 2 the power
spectrum does not depend significantly on the length of the realisation even though
the process is non-stationary for small values of L. On the other hand, when p < 2,
there is a strict dependence on the realisation length; the power spectrum decreases
in intensity as the length is increased. The exact dependence on L is shown in
Fig.(3.8). Introducing a cutoff in the waiting time distribution, ¢ (7), so that time
intervals greater than some upper limit 7},,, are never present in the realisation
produces notable effects on the power spectrum. First of all, a plateau is created
for frequencies under 1/7,,,,, and this can be seen in Fig.(3.6). Secondly, the power
spectrum becomes independent of L when the realisation is greater than T),,.; see
Figs. (3.7) and (3.8). Zumofen and Klafter studied the power spectra of systems
characterised by a truncated waiting time distribution in their 1993 paper, [11]. We,
on the other hand, are going to present an argument that explains the behaviour of

power spectra of systems with 7T,,,,, = 00.

For completeness, we calculated the power spectrum also for large values of w.
By large values, we intend w > 1/T. Fig. (3.9) shows the power spectrum for a very

large range of frequencies. We can see that there is a change in regime somewhere
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Figure 3.2: COMPARISON OF POWER SPECTRA OF SYSTEMS WITH DIFFERENT .
Each curve was obtained by using an ensemble of 100 realisations of length L = 108 time units.
The curves reppresent the power-spectra of processes with p = 2.3 (dotted curve), p = 2.0 (dashed
curve) and g = 1.7 (full curve). The straight lines are the corresponding fits: 1.15w~%7, 0.23w™1!,
0.0155w =13,

around w = 1/T. The curve that fits the power spectrum for large frequencies is a

function of the form

1
w> —. (3.102)

SW)~ T

Note that in the figure we see a line and not a curve as the best fit since the scale is
logarithmic. We shall not discuss this result in detail since it is not related to power-
law statistics. We limit ourselves by saying that in the time region ¢ < T', the waiting
times 7 have the same probability of occurring. The waiting time distribution in
(3.31) is practically constant for t < T. Thanks to the coin-tossing prescription for
the sign selection, the fluctuation £(¢) in this time region is virtually equivalent to
the velocity fluctuations of the Langevin equation dv/dt = —yv(t) + f(t), with f(¢)
denoting white noise and vy &~ 1/T" , thereby yielding [33], 1/w?.

3.3.2 Interpretation of the Numerical Results

In order to reproduce the numerical results theoretically, we have to consider reali-
sations with a finite length, L. Nevertheless, before we do so, we shall first develop a

theoretical treatment for infinite realisations. In subsection 3.2.4 we calculated the



3.3 Power-Spectrum of Non-Poisson Systems 53

1le+06
100000
10000 =~
1000
100
10

1

0.1
0.01
0.001

le-04 : :
1le-06 1le-05 le-04 0.001

w

S(w)

Figure 3.3: SINGLE REALIZATION. We used p = 1.5 < 2 for the two curves. The upper curve
reppresents the power spectrum of a single realisation of length L = 1 x 107 units. Increasing the
length of the realisation to L = 1 x 10° units makes the entire power spectrum drop to lower values.
This is shown by the lower curve. The function that fits the upper curve is 0.00057w~!'-> and the
one that fits the lower curve is 1.5 x 1072w ™!®. This figure shows that the power spectrum of a
single realisation is the same as the power spectrum of an ensemble of realisations.
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Figure 3.4: POWER-SPECTRUM - p > 2. We used p = 2.2 for all three curves in this figure.
To each curve there corresponds a different realisation length L. Each curve was obtained by using
an ensemble of 100 realisations. The full curve corresponds to an ensemble of realisations of length
L = 10* units. The other two correspond to lengths L = 10° units and L = 10% units. The
straight line is the function w™%8. The power-spectrum does not depend on the length, L, of the
realisations.
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Figure 3.5: POWER-SPECTRUM - u < 2. We used pu = 1.5 for all five curves in this figure
- we are dealing with a non-stationary condition. To each curve there corresponds a different
realisation length L. Each curve was obtained by using an ensemble of 1000 realisations. The
topmost curve was realised using a realisation of length 10° units. The one immediately below
corresponds to L = 107 units. As we move further below, the lengths of the realisations used were
108, 10° and 10*° units. The straight lines are functions of the form Kw~1-3, where K is a constant
factor that dipends on the length, L of the sequence used (see Fig. 3.8). From top to bottom,
K=17x10"3, 53x107% 1.6x107% 5x107°, 1.1 x107°.

(O

1le-05 le-04 0.001 0.01

Figure 3.6: EFFECT OF TRUNCATING THE WAITING TIME DISTRIBUTION. We used
@ = 1.7 for this figure and an ensemble of 100 realisations for the curves. The waiting time
distribution (1) was truncated at 7 = 10%. In that case T, = 10*. The figure shows the power
spectrum before and after truncation. The curve with the plateau corresponds to the truncated
waiting time distribution. The straight line in the middle is 0.011w~!-3. Both curves were obtained
using realizations of length L = 10°.
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Figure 3.7: EFFECT OF TRUNCATING THE WAITING TIME DISTRIBUTION AND
CHANGING L. Each curve in this figure is a result of averaging over 100 realizations. We
used p = 1.5 < 2 for all the curves in these two figures. Figure on the left: we can see the effect
of truncating the waiting time distribution ¢ (t). The topmost curve is the one created using the
shortest realization length, L. As the length is increased, the curves drop. From top to bottom,
the length of the realisations used is L = 104, 10°, 10°, 107, 10® units. We can see that they cease
to do so after a certain limit (in fig. 3.8 this limiting value can be measured). Unlike in fig. 3.6,
here we do not see a plateau because ¥(7) was truncated at 7 = 107 > 1/10~*. Figure on the
right: it shows the result that is obtained under the same conditions as those used in the figure
on the left, but without truncating the waiting time distribution.
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Figure 3.8: AMPLITUDE AS A FUNCTION OF REALIZATION LENGTH AT A CONSTANT
FREQUENCY. Both figures: We used 1000 realisations. We fixed the angular frequency at
wo = 107* and calculated the corresponding amplitude (S(wy = 107%)) for different realisation
lengths L. The dashed curve is the result obtained when the waiting time distribution, (1)
is truncated at 7 = 107. We see that after about L = 107 units, the power spectrum stops
dropping as the realisation length increases. The full curve is the result obtained in the absence
of truncation. Figure on the left: ;4 = 1.5. The straight dashed line is a fit and corresponds to
1.58 x 10L=%°. Figure on the right: y = 1.7. The straight dashed line is a fit and corresponds
to 1.565 x 10°L~9:3.
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Figure 3.9: AVERAGE POWER SPECTRUM. We used p = 1.7 and 100 realizations of length
L = 107 units. The figure shows the two regimes. Figure on the left: We used 7 = 1. The
thick line is the numerical result. For w < 1, (S(w)) oc 1/w?™" and for w > 1, (S(w)) x 1/w?. The
two finer lines that fit the numerical data are 0.015/w!3 for w < 1 and 0.01/w? for w > 1. The
transition frequency is approximately equal to 1. Figure on the right: Same as the figure on
the left the only difference being that 7' = 10. It shows that the transition frequency has moved
to a lower value, approximately w = 1/10 = 1/T. The two finer lines that fit the numerical data
are 0.03/w!*3 for w < 1 and 0.005/w? for w > 1.

power spectrum of an infinitely long realisation, £(t), with u > 2. For a stochastic
process with p < 2, a different approach is necessary, one that is compatible with
non-ergodicity. Using a Gibbs ensemble of realisations proves to be very effective.
In subsection 3.2.3, with the help of a Gibbs ensemble, we showed that there exists
a time-dependent correlation function even for non-ergodic systems. We are now

going to develop this idea further.

Let us first study the case where > 2. We consider an ensemble of realisations
that are infinitely long. We prepare the ensemble so that each realisation starts with
an event. We make sure that half of the them start with a positive laminar region
and half with a negative laminar region, so that (£(0)) = 0. In order to obtain the
stationary condition we let the ensemble evolve for a very long time. After having
done so, we select all the sequences characterised by £(co) = 1. In that way, we
place the entire ensemble out of equilibrium from a stationary condition and we can
calculate the autocorrelation function just like in subsection 3.2.3. The ensemble is
expected to regress to the vanishing value from this macroscopic out-of-equilibrium
situation as the corresponding correlation function of £(¢). From Eq. (3.61) we see

that the correlation function is equal to the infinitely aged survival probability. The
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Fourier transform of £(¢) is given by setting N — oo in Eq. (3.97),

~

f(w) = isin(wtl) + 5[1 — cos(wty)] + R(ta, t3,...). (3.103)

Due to the random choice of the sign, we have that ((£),) = 0 for every n that is
different from zero. Consequently, (R(ts,ts,...)) = 0 and

(E(w)) = /0 " sin(wr ) (F)dr + é /0 TH = cos@)ld(Ddr. (3.104)

w

Taking the real part of ((w)) yields,

- 1 [ 1 [ d
RiE(w)) = - / Sin (w7 ) thoo (1) dT = —— / sin(wr) Lo (r)dr,  (3.105)
w Jo w Jo dt
where we have used the general property,
d
U(r) = —E@ZJ(T) (3.106)

Integrating by parts gives

R(E(w)) = —[—sin(wr) T (7)] + /0 h cos(wr) W (7)dr

o

cos(wT) Voo (T)dT.

I

(3.107)

Using Eq. (3.83) and the Wiener-Khinchin theorem, we can conclude that

(S(w)) = RE(w)) = /000 cos(wT) Voo (T)dr = /000 cos(wT) e (7)dr. (3.108)

We placed S(w) under the Gibbs average operator, (...) because the correlation
function ®¢(7) was obtained using an ensemble. On the other hand, in Eq. (3.83),
the time average was used. Now, we want to extend this result to the general case
that includes non-ergodic systems. We procede in the same way as above. We
consider a Gibbs ensemble of prepared realisations, so that at t = 0, half of them
are in the positive state (|]+)) and the other half in the negative state (|—)). We let

the ensemble evolve for a finite amount of time, upto ¢t = ¢, < co. At this time, we
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select all the sequences characterised by £(t,) = 1. For simplicity, we set ¢, as the
new origin of time. The sum of all these realisations corresponds to a macroscopic
out-of-equilibrium fluctuation. In subsection 3.2.3 we saw that an ensemble created
in such a way will decay to the vanishing value as the corresponding autocorrelation
function of the fluctuation £(¢) (Eq. (3.60)). Even in this case, Eq. (3.103) is valid,

and the Gibbs mean becomes

N 1 oo - oo
E(w)) = —/ sin(wT )y, (7)dT + i/ [1 — cos(wT)]ty, (T)dT, (3.109)
w Jo w Jo
where ¢, (7) is the distribution density of the time distance between the time we
start observing and the first event occurrence. We saw that in the stationary case,

taking the real part of ({(w)) conducted us to the Wiener-Khinchin theorem (Eq.
(3.108)). In the general case, we have that

(S(w)) = RE(w)) = ! /000 sin(wr)y, (1T)dT = /000 cos(wt)Wy, (T)dr.  (3.110)

w
This is a generalisation of the Wiener-Khinchin theorem in the case of infinitely
long realisations, macroscopically perturbed at t = ¢,. If we consider a process with
2 < p < 00, its power spectrum can be calculated using Eq. (3.110) when ¢, < oc.

If we let t, — oo, we recover the ordinary Wiener-Khinchin theorem, Eq. (3.108).

The fact is that the numerical results were obtained using finite sequences. More-
over, they show that for ;1 < 2 the power spectrum depends on the length of the
sequence used (Figs. 3.5 and 3.8). If we go back to subsection 3.2.4 we can see that
the correlation function of an infinite sequence is equal to the infinitely aged survival
probability function, ¥, (7). Since we had only one sequence, we used the method
of moving a window throughout the entire sequence. When the sequences are finite,
we have to take into consideration the effects of rejuvenation, discussed in subsection
3.2.2. Let us therefore assume that in the case of limited sequences, the correlation
function to be used in Eq. (3.110) is Wy(7). In other words, we assume that the
age of the survival probability to be used is equal to the length of the sequence.
Another assumption that we are going to make is that 7 < L. Since the sequence is
limited, we cannot expect time intervals that are greater than L. Therefore we will
definitely have 7 < L. The reason for considering 7 < L is due to the rejuvenation

effect. The longer time intervals encountered by the mobile window will contribute
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to the younger waiting time distributions because of this effect. Furthermore, since

W(r) ~ — (3.111)

and

(3.112)

the younger waiting time distributions decay much faster than the older waiting time
distributions and are thus surpressed. In conclusion, only the smaller time intervals
will contribute to the resultant autocorrelation function. The greatest contribution
to the autocorrelation function is offered by the oldest survival probability function.
In contrast, when the sequence is infinite and g > 2, then only the infinitely aged
survival probability function contributes to the autocorrelation funcition. This is
because all the laminar regions in the sequence are much smaller than the sequence

itself, which is infinite.

By substituting ¢, = L in Eq. (3.40), we obtain

(r+T)'# —(r+T+ L)+

YL(t) = (2 —p) T L T (3.113)
For 7 < L and 1 < p < 2, the equation above reduces to
T+ T) 1 1
v(r) = (2 )T (3114)

(T + L)>» -T2+ T (r+T)r1

Notice the coefficient 1/L*7*, it is equal to the fit that we used in Fig. (3.8). The

function in Eq. (3.114) is already normalised. The corresponding autocorrelation

function is

(T + L)*» — (T +71)**
(I'+ L)*>r —T2n

Qe (1) =Wp(1) = (3.115)
This correlation function is equal to the one obtained by Verberk et al. (Eq. (4),
[16]). The approximation used causes the aged autocorrelation function in Eq.
(3.114) to vanish at 7 = L. In the case of a set of Gibbs systems prepared at t = 0,
with the out-of-equilibrium condition generated at ¢t = t,, the correlation function

cannot vanish at 7 = t, and values of 7 larger than ¢, are permitted. This requires
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the adoption of infinitely extended sequences. In the case of sequences of finite size
L, vanishing of the correlation function at 7 = L is a compelling consequence of L

being finite.

For an analytical treatment of the power spectrum it is convenient to use the
waiting time distribution v (7), rather than the aging correlation function Wy (7).
We note that ¢ (7) at 7 = L undergoes an abrupt jump to 0, so as to fit Eq. (3.114).
Thus, Eq. (3.110) has to be expressed as

(S(w) = & /0 sin(wr) oy (7)dr. (3.116)

w

By substituting (3.114) into the equation above yields

_ (2 —p)
(S(w)) = w[(T + L)># — T2

] /0 sin(wr) (7 + T)Hdr. (3.117)

Since 7' is usually very small, much smaller than L, we have

(S(w)) = 2—p) /0 sin(wr) Tt HdT. (3.118)

wlL?2—H

Using the substitution y = w7, we have

sty =02 [T (L)

- wlEn w w
. (2 - M) wk . 1—p
= I i sin(y)y *dy
1 1
= A(w7 L)<2 - M) [2—1 31
1 1

XX LZ_HE, (3119)

where A(w, L) is a slowly changing function of w. This formula accounts very well

for the numerical results in subsection 3.3.1. In fact, we can see that
n=3—u, (3.120)

and that the power spectrum is proportional to 1/L?7#. These are two important
results of the numerical simulations and the thesis itself. We can now also explain

why the curves in Fig. (3.8) (the one on the left) accumulate. As we mentioned at
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the beginning of this section, the effect of truncating a waiting time distribution is
the creation of a well-defined first moment, even in the case where p < 2. When
the length of the sequence becomes much greater than the mean time, aging stops
due to the rejuvenation effect. The waiting time distribution, in a sense, becomes
infinitely old prematurely and its age is no longer determined by the length of the
sequence.

In order to calculate the power spectrum for 2 < p < 3, we have to start from
Eq. (3.113):

1 1 1 1 1t
bi(r) = 2-p) I T iTq L)M_l} [(T+L)H —m| - (3121)
If we assume that 7 < L, then
T2
Y = (u— 2)@ = Yoo(T). (3.122)

In this case, there is no need to go further. The resulting power spectrum is identical
to the one obtained using an infinite sequence, Eq. (3.89) or (3.92). The power
spectrum does not depend on the length of the realisation when p > 2, in perfect

agreement with the results shown in Fig. (3.4).



CHAPTER 4

Conclusion

We saw in the first part of the thesis that a Poisson system responds to a periodic
forcing, giving rise to stochastic resonance. However, the adoption of the term
resonance does not seem to be quite proper. This is because the resonance effect is
obtained only if the rate of the system involved depends non-linearly on some other
physical quantity, such as the temperature. This turned out to be a problem when we
tried to extend the theory underlying stochastic resonance to the interaction of two
Poisson systems. In general, such systems are characterised by the rates gs and gp,
which themselves do not depend on other physical quantities. The only conclusion
that we can make from our results is that the quality with which the perturbing
signal is reproduced by the system depends on how much faster gg is with respect
to gp. We discovered that this dependence is monotonous, the ideal case being
when gg — oo. Therefore, if we use the Gibbs ensemble perspective to study the
interaction of Poisson systems, whose rates are not related to other properties, we
will not see a resonance. Nevertheless, when we used single realisations, we were
able to find the rate matching condition. We found that the condition g5 = gp
is the boarder between the regime where the system events are attracted by the
perturbation events, gg < gp, and the regime where the system events are repelled

by the perturbation events gs > gp.

The main result of the second part is that the ideal 1/ f condition is a singularity
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corresponding to p = 2. This is the border between the ergodic (x > 2) and non-
ergodic (u < 2) [35] condition. In other words, system with a power spectrum that
is exactly of the form 1/f, lie on the border between the ergodic and non-ergodic
condition. The accurate evaluation of 7, see Eq. (3.120), is expected to be a reliable
criterion to establish which condition applies. It is worth noting that Eq. (3.40)
applies to both cases, when p is slightly larger as well as slightly smaller than 2.

Furthermore, we generalised the Wiener-Khinchin theorem by substituting the
ordinary correlation function with a survival property of age L, where L is the length
of the sequence studied. This has the effect of rendering the intensity of the power
spectrum proportional to 1/L?7#. The same waiting time distribution of age L is
used as the memory kernel in the generalised fluctuation-dissipation (FDT') theorem
introduced by the authors of Ref. [17]. Essentially, the memory kernel in Eq. (2.28),

relative to the Poisson case,

X(t,t") = gsexp [—gs(t — )] = % exp [—gs(t — )] = %@g(t —t') (4.1)

has to be replaced with

M) = (0. ) = — (e, 1) = — ot 1) (42)
when we study the interaction between two complex systems (1 < p < 2). Hence,
complexity matching and the power spectrum of non-ergodic systems are linked via
the aged waiting time distribution. Eq. (4.1) expresses the standard FDT theorem
whilst Eq. (4.2) expresses the generalised one. Note that in the non-equilibrium
condition, Eq. (4.2), the derivative with respect to t is not equal to deriving with
respect to ¢’ and multiplying by —1. The form of x(¢,t") depends also on the absolute
time distance from the time origin, where the preparation is done. The new FDT
holds true even if the stationary condition is not realised. When p < 2, the process
is always non-stationary and the generalisation of the Wiener-Khinchin theorem is
done using the waiting time distribution density (¢, ') that plays the role of a linear
response function in the new FDT. If the system is prepared at ¢t = 0, then (¢, 1)

is the waiting time distribution of age ¢'.

In their article, Barbi et al. [1], extended stochastic resonance to the non-Poisson
case and showed that the stochastic resonance dies out when the aging condition

applies. In other words, they replaced the stationary waiting time distribution,
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gexp(—gr), in Eq. (2.13) with an aged waiting time distribution characterised by
p < 2. They used the same sinusoidal perturbation, cos(wt) with intensity . What
they found was that the condition p < 2 annihilated the response coherence in the

long time limit:

cos (2p + wt)

Rt Yy e

(4.3)

This observation motivated us to reconsider the problem, but with a different pertur-
bation. Instead of using a deterministic signal such as cos(wt), we considered using
another complex system as the perturbation. The idea is that a complex system
will respond only to another complex system, giving rise to complexity matching.
In chapter 2 of the thesis we presented the results obtained from our study of the
interaction of two Poisson systems. That was the first step towards a theory o
complexity matching. At the moment progress is being made in the study of the
interaction of complex systems.

The age dependent Wiener-Khinchin theorem of this article, see Eq. (3.116),
yields a small dependence of the spectrum on L also in the case u > 2, in good
agreement again with the numerical results. This is a consequence of the temporary
aging of the condition 2 < pu < 3 [18] which fades away with increasing L until it
recovers the ordinary ergodic prediction of L independence.

It is plausible that T,,, < oo (truncated waiting time distribution) in all the
physical processes generating intermittent fluorescence [13, 19], thereby generating
the condition of interrupted aging [19] that ensures the validity of the traditional
version of Wiener-Khinchin theorem. However, our results are expected to bring
useful indications also in this case, insofar as the dependence of the spectral intensity
on L that should be experimentally assessed for L < T},.., can be used to confirm
the physical truncation of the waiting time distribution (1) at 7 = T,,4,. For this
reason the theoretical work of presented in this thesis might help the progress of the

experimental and theoretical research work in the field on intermittent fluorescence.



APPENDIX A

Wiener-Khinchin Theorem

We consider a stationary stochastic process whose corresponding time-series is given
by the function £(¢). We assume that the time-series is finite of length L. In that

case we have

€(t) —L/2<t<L/2
ey = S —LRsrs (A1)
0 otherwise.
whose Fourier-transform is given by
~ o0 . L .
fwin) = el = [ ewne = [ e (A2)
—00 —L
The power-spectrum of £(t) is defined as
S(w) = Jim 7€ (w; L)E(w; ) (A3)

Substituting (A.2) into (A.3) we have,

Lhm — / dts / dt & (to; L)E(ty; L)et2—4), (A.4)
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Using the substitution 7 = t, — t; where ¢; is used as a parameter,

S(w) :/_00 dre™™ lim %/OO dt &(ty + 153 L)E(ty; L)

o0 L—oo —0o0
— [ drergn T ), (A5)
where the overline denotes the time average,
- R B
(L + 7)) = Lh_{{.lo Z/ dti§(ts + 7; L)E(t1; L). (A.6)

If we assume that the process is stationary, the stochastic properties will not change
as we shift along the time series. Therefore, we expect that the time average
£(t1 4+ 7)E(t1) should be equal to the statistical average (€(t; + 7)&(t1)) in which
we average the product &(t; +7)&(f1) at a given point ¢ = ¢; over an infinite number
of realisations of the time series £(¢). Hence, for a stationary process, we expect

that the correlation function has the following property:

De(7) = (€t + 7)E(t)) = E(t + 7)E(E). (A7)

By substituting (A.7) into (A.5) we get

S(w) = / dre™T &, (7). (A.8)
In other words, we can say that for stationary processes, the power-spectrum is
the Fourier-transform of the autocorrelation function. Eq.(A.7) is known as the

Wiener- Khinchin theorem.
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