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law reinjection was found, so the classical theory of intermittency was generalized for 1D-
maps. We propose experimental evidences that this generalization works also in an exper-
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1. Introduction

Intermittency is a particular route to the deterministic chaos characterized by spontaneous transitions between laminar
and chaotic dynamics. For the first time this concept has been introduced by Pomeau and Maneville in the context of the
Lorenz system [1,2]. Later intermittency has been found in a variety of different systems including, for example, period-
ically forced nonlinear oscillators, Rayleigh-Bénard convection, derivative nonlinear Schrédinger equation, and in develop-
ment of turbulence in hydrodynamics (see e.g. Refs. [3,4]). Proper qualitative and quantitative characterizations of intermit-
tency based on experimental data are especially useful for studying problems with partial or complete lack of knowledge
on exact governing equations, as it frequently happens e.g. in Economics, Biology, and Medicine (see e.g. Refs. [5,6]). In this
case special attention has to be payed to the length of data sets required for robust estimation of the model parameters.

According to Pomeau and Manneville, intermittency can be classified into three types depending on the local geometry
of their Poincaré map: type-I for quadratic maps and type-II and type-III for cubic ones [7]. However, other non linear types
had been reported [8-10], hence the local laminar dynamics of type-I intermittency is determined by the 1D map in the
form :

Xny1 =€ +Xp +axb Type-I (1

* Corresponding author.
E-mail address: ezequiel.delrio@upm.es (E.d. Rio).

https://doi.org/10.1016/j.cnsns.2018.04.013
1007-5704/© 2018 Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.cnsns.2018.04.013
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cnsns
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cnsns.2018.04.013&domain=pdf
mailto:ezequiel.delrio@upm.es
https://doi.org/10.1016/j.cnsns.2018.04.013

E.d. Rio, S. Elaskar/Commun Nonlinear Sci Numer Simulat 64 (2018) 122-134 123

where a > 0 accounts for the weight of the nonlinear component determined by the exponent p. The laminar behavior of
type-II and type-IIl are described by the maps:

Xny1 = (1 + &)Xy +axh Type-II (2)

Xpp1 = —(1+&)x;, —axl  Type-III (3)

In all the types, the fixed point of the system becomes unstable for positive values of the parameter ¢. Traditionally was
used p =2 for type I intermittency and p = 3 for type II and IIl. However, those restrictions are actually not necessary [11].
Another condition for a one-dimensional map to possess intermittency is to have a reinjection mechanism mapping back the
trajectories from the chaotic zone into the laminar one. This mechanism is described by the so-called reinjection probability
density (RPD), which is determined by the chaotic dynamics of the system itself. The function RPD together with the local
map determine all the dynamical properties of the system. In general it is difficult to get an analytical expression for the
RPD, hence different approximation have been used. The most common approximation used to obtain many classical results
on intermittency theory have been to consider the RPD uniform. and thus independent of the reinjection point [3,7,12-17],
however, works fine in a few model cases only [12,14,16]. Another approach deals with the other limit, §-function like RPD.
It considers reinjection into a given point in the presence of noise [15,18].

Recently to describe the reinjection mechanism of a wide class 1D maps exhibiting intermittency it was introduced a
generalized RPD, a parametric power law function depending on a free parameter m<(0, 1). The generalized RPD includes
the uniform reinjection as a particular case m = 1/2 [9,19]. We showed that the shape of the generalized RPD is determined
by the behavior of trajectories within chaotic regime in a vicinity of a point in the Poincare map with infinite or zero tangent
[20].

The shape of the new RPD enables analytic estimation the fundamental characteristic of the intermittency, that is, the
probability density of the length of laminar phase (I) where | approximates the number of iterations in the laminar region,
i.e. the length of the laminar phase. Note that, as the function ¥ (I) can be estimated for time series, it is usually used to
identify the intermittency type by comparing with the analytic estimation.

The new RPD has been found in many 1D map and the analytical predictions for RPD and forys(I) have been numer-
ically confirmed even in the pathological cases of intermittency described in the literature. This case are known by their
signiant deviation of the main characteristics (e.g. the length of the laminar phase) from those predicted by the classical
theory. It have been shown that the generalized reinjection probability density provides faithful description of anomalous
and standard intermittencies in the unified framework [20,22].

Because the noise is always present in experiments, it is of a fundamental importance to know the effect of noise on
the intermittency phenomenon, in particular on the RPD. There are many papers devoted to study noise effect on chaotic
intermittency, by means of the normalization group analysis [8], or by using the Fokker-Plank equation [17,18,26,27] among
the others. Note that, in spite of the fact that the noise affects the whole region where the system dynamics takes place,
classically, the researches are devoted to the noise effect on the laminar region of the Poincaré map and there was no study
in classical theory of intermittency focused on the effect of noise on the RPD.

Actually, the RPD described by a power law introduces a novel scenario because, whereas the classical uniform reinjection
should remain constant under a wide class of noise distributions, the new RPD can be affected by the noise. For 1D-map,
recently an analytical approach to the noise reinjection probability density (NRPD) has been present [23-25,28]. Note that
the probability density of the laminar lengths v(I) depend on the reinjection probability density, hence the NRPD also
determines a noisy ¥ (l). For a review of the generalized theory see [11].

The theory of intermittency sketched before has been developed for 1D map. However, continuous systems that contract
volume in phase spaces can be described by the 1D maps [29], hence, it is possible, at least theoretically, to extend the new
intermittency framework to continuous systems. In spite of that, there is has not been reported experimental confirmation
in continuous systems.

This demands further investigations. In this paper we apply the previously described the intermittency theory to exper-
imental data coming from an analog circuit. We provide an experimental confirmation of the relevant results of the new
intermittency theory. In particular, The RPD base on a power law found in a wide class of 1D map also describe accurately
the reinjection found experimentally in our continuous system. Moreover, the aims of this paper is also to show that the
RPD observed in experimental continuous dynamical systems is affected by the noise of the system as it has recently been
analytically and numerically reported for 1D-maps.

The rest of the paper is organized as follows. The Section 2 is devoted to make a brief introduction of the intermittency
theory that we need to evaluate the experimental result. In Section 3 we present the model and the experimental setup.
Section 4 deals with the experimental Poincaré map. Results on the experimental noiseless power law RPD are present in
Section 5 whereas Section 6 is devoted to the noisy case. The mains conclusions are present in Section 7.

2. Mathematical background

Before embarking in the experiment description, let us summarize the concept that we will used to analyze the experi-
mental results. In absence of noise, the generalized RPD is given by the next power law [9,10,19].

P = b(x—R)" (4)
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witch drives the reinjection mechanism for a number of maps having intermittencies of the type I, Il and IIl. The RPD (4) has
two free parameters X and o determined by the dynamics in the chaotic region. The parameter £ corresponds with the so-
called lower bound of reinjection (LBR), that is X < x, and it can strongly determines the dynamical behavior of the map
(see for instance [19,21-24]). The symmetry case where, that is x < X, can be take into account by substituting in the RPD
(4) (x —X) by (% — x). As the following results can be extended in a natural way to the symmetry case, for sake of clarity, in
this work we consider only the RPD given by Eq. (4).

The exponent « is determined by the geometry of the map in a vicinity of a point with infinite or zero tangent, and b is
determined by the normalization condition.

[Cb(x—i)"‘dx=1. (5)

Where c determines the upper limit of the laminar zone. Note that the RPD (4) includes the constant reinjection approach as
the particular case o = 0. Recently has been proposed an analytical procedure to obtain the value of « from the analytical
expression of the map [20]. For some celebrated classical maps having intermittency, this method predicts the complete
statistical behavior already found by numerical investigation.

On the other hand, a simple methodology to evaluate the free parameters £ and « from numerical or experimental data
has been proposed by using the function M(x) defined as

f)<XST¢(T) dt .. .x
M) = | a1 #(D)dT £0
0 if [ ¢ (x)dv =0,

where x is a suitable starting point having xs <x for all reinjected point x. The domain of definition of M(x) is the laminar
region. As M(x) is defined by means of integrals, it is easier to compute than ¢(x), and also the effects coming from the
statistical fluctuations are reduced, even for a relatively low number of data [22]. Moreover, note that for a given value of
X, M(x) is the average of reinjection points in the interval (xs, x), hence, if we sort the reinjections according to the relation
Xj < Xj41, a simple estimation of the function M(x) is obtained by means of

(6)

M(x) ~

Zl‘=1 Xj
]T’ (7)

which has been used in this work to evaluate the function M(x) instead of using the definition Eq. (6).
An important property of the function M(x) is that for the RPD given by Eq. (4), it becomes linear as follow

_mx -2 +x x>2X
M(x) = {0 otherwise (8)
where the exponent « is determined by the slope m, hence the RPD is given by
" 1-2
¢(x) =b(x—-X%)“ where a=-— 1 mm 9)

Assuming o > —1, that is 0 <m <1, Eq. (5) converges.
According to Eq. (9), the particular value m = 1/2 correspond to the classical approach ¢(x) = cte considered in the
literature. On the other hand, the RPD (9) has two limit cases:

$o(x) = lim () =8(x~ %) (10)
$1(0) = lim§p(x) =6(x— 0) ()

In the limit (10) the reinjection is mainly concentrated on the single point X, whereas in the second limit the reinjection is
concentrated on an endpoint of the laminar region.

least mean square fit

Note that by a simple least mean square fit, Eq. (8) provides the parameters X and o determining the RPD. Let us describe
how the RPD affects the duration of the laminar phase. An important quantity related to the intermittency phenomenon is
the probability density of the laminar lengths (1), being (1) dl the probability of finding a laminar phase of a given length
lying between [ and [ + dl, where [ indicates the number of iterations in the laminar region.

To determine (I) we follow the classical approach [7], and we approximate the dynamics of the local map by a differ-
ential equation. The appropriated equation to model the local behavior of the experiment described below is Eq. (3) with
p = 2, so the approximate differential equation is given by

d|x|

ajx) 2
al = ¢&|x| +alx|*. (12)

By solving the above equation we obtain

¢ dz 1 c e+ac
l(|xl’c):/|x|ez+azz zg[ln(m)_ln<s+ax>]’ (13)
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which is referred to a local behavior of the map in the neighborhood around of the unstable fixed point.
Now, the probability density of the laminar lengths v (I), is given by

dX(l,c
YD =X, c))' a (14)
where X(I, ) is I=1(x, ¢), the inverse function of I(x, ¢) in Eq. (13) with respect to its first argument, that is,
X(l,c) = £ (15)

(a+e/c)eel —a’
Taking into account the Eq. (12) and the above relations, we finally have

Y () =X o)) [aX (L c)* +eX(l,0)]. (16)

An important difference with the classical approach is the factor ¢(X(l, ¢)) in Eq. (16), hence, the y/(I) depends not only on
the local laminar map described by X(I, c¢) but also on the chaotic one, described by the factor ¢(X(l, c)).

We would like to point out that to derive Eq. (16) was necessary used a continuous approximation for obtain Eq. (12).
This procedure works perfectly for very low values of ¢, but in other cases such approximation can introduce some error.

2.1. The noise effect

In summary, the noisy NRPD (denoted here by capital case ®(x), whereas the lower case ¢(x) denotes the noiseless RPD)
is given by

D(x) = / )G —y.0)dy (17)

where G(x —y, o) in the probability density of the internal noise depending on the noise strength parameter o.

In our experimental setup, G(x —y,o) and o should be referred to the experimental Poincaré map and they are, in
general, unknown.

It is important to note that Eq. (17) describes how the noise in the experimental Poincaré map transforms the noiseless
RPD, ¢(x) to the noisy RPD ®(x).

Note that in the noiseless case, ¢(x) is determined by M(x) and it is given by Eq. (9). However, spite of the experiment is
carried out in noisy condition, the function M(x), which is evaluated considering data not too close to the fixed point, still
provides the parameters « and X that determine ¢(x) in Eq. (17) [28]. In Section 6 we obtain ¢(x) from the nosily data and
we propose an explicit function for ®(x). After ®(x) is evaluated, to estimate the noisy probability density of the laminar
length we can use the Eq. (16) where the substitution ¢(x) by ®(x) is required.

3. The model and the circuit
3.1. The model

In the following sections we apply the analytical result previous described to an experimental analog circuit. We are
interested in the experimental Poincaré map and in the RPD observed in such map with and without noise. We will compare
with the analytical prediction previously described.

First of all, let us briefly review some relevant experiments carry out on chaotic intermittency. Note that classically, the
RPD generated in the chaotic region of the Poincaré map was consider uniform, hence the important region was the laminar
one. This is because, in many experimental papers on intermittency, the experimental Poincaré map is not reported (see for
instance [30-33]) or it is reported only the local experimental Poincaré map as it has happened for instance in [3,6,34].
Note that in these cases, it can be observed a gate around the unstable point of the local map. This is a global effect on the
reinjection into the laminar region that suggest that the RPD is not uniform.

In the case where the total experimental Poincaré map is reported, it looks very complex, [15,16,35-37], hence the rein-
jected points come from many different region (multi-reinjection) as can be observed in [21] for the fifth interaction of the
Poincaré map. The opposite case can be represented by the very simple map shown in [38]. However, in this case the rein-
jection is coming from a region without extreme points, hence an uniform reinjection is expected, that corresponds with the
classical scenario. According with the introduction section, our interest is to find an experiment showing a simple Poincaré
map presenting a reinjection mechanism driven by the neighborhood of an extreme point.

A continuous model with the mentioned requirements is described by the follow third order differential equation.

d3z d?z dz

o T gzt

where d; (i =0, 1, 2, 3) are constant coefficients and z(t) and 7 account for a dimensionless variable and dimensionless time,
whereas D;(z) is defined by the piecewise linear function given by

+doz—D,(2)+1=0 (18)

—kz if z<0

D@ = { 0 otherwise (19)
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Fig. 1. Circuit used to model the Eq. (25). Dashes lines divide the circuit in three parts labeled A, B and C. The nominal value of all the resistors is
R =10 k2 except for Ry that is 10 MQ2 and P; = 5 k2. The nominal value of the capacitors is C; = C; = (3 = C = 0.1 pF. We use OP27 operational amplifier
chosen for their low noise and the diode type is 1n4148. IC, and IC, work as voltage followers.

where k is a constant. As will see below, the value of dj is much lower than the rest of the parameter values, hence in good
approximation the system (18) is the same which is considered in [39]. Also the proposed circuit to mimic Eq. (18) is based
in Ref. [39].

We have chosen the model (18) because it presents a simple Poincaré map with reinjection determined from a local
maximum of the map as we can see below. Our theory can be applied to more complex maps, but for sake of clarity we
prefer the most simple one to study the theory in an experimental continuous system.

Other important advantages of the model is its no-linear part. It is electronically simple to mimic it and it permits to
scale the Eq. (18). This fact will be very important to study the noise effect in a natural way, that is, by using the internal
noise of the circuit.

3.2. The circuit

The Eq. (18) is modeled by the circuit shown in Fig. 1. The schematic diagram displayed in this figure is divided in three
blocks delimited by dashes lines. The blocks are connected in a ring. The voltages v, vq and v, are the output and input
signals for consecutive blocks. Let as describe how each block works. Let us describe the mode of operation of the circuit.
In the block B the operational amplifier (op-amp in the follow) IC3 works as a classical electronic integrator. The output of
this type of integrators tends to wander off due to op-amp offsets and bias current because there is not feedback at direct
current [40]. To solve this problems it is convenient to put a large resistor R4 across the capacitor Cs as it is shown in Fig. 1.
In this case, by using the virtual ground approximation, the block B can be modeled by the follow equation

Vg = —R3 Cgl.} — &U (20)
R4

where dot denote derivative with respect to the dimensional time. Note that in the limit R4 — oo the last term in Eq. (20) ap-
proaches to zero.
The block A can be describe by the follow second order differential equation [41]

Vb=b2va+b1i/g+va (21)
where the constants b; (i = 1,2) depend on the circuit components according with

by = Ri Ry G G, = (RC)2

by = (Ry + Ry)Cy + Ry Gy (1 — G) = (3 — G)RC (22)

where G is the gain for the circuit formed by IC; and P;, which under virtual ground approximation is given by G =P, /P;
where P; refers to the ohmic value of P; in between of the cursor of the potentiometer P; and ground. It is clear that the
Eq. (21) can be modeled by using two integrators, however, the circuit represented in the block A provides a higher signal-to-
noise ratio and better response in frequency domain than the corresponding circuit made with integrators. A more complete
description of this circuit and a comparison with a circuit using two integrators can be found in Ref. [41]. The circuit shown
in the block A has been used in researches in nonlinear dynamical system where the noise plays an important role (see for
instance [42,43]).
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For the nonlinear circuit (block C) we use the same one that in [39]. We included the adjustable resistor P, to play with
the k parameter of Eq. (19), hence the relation between the voltages v/ and v in block C of Fig. 1, under piecewise linear
approximation of the current-voltage characteristic of the diodes, is given by

Xy if  wv<o
V=Dv)=47 P = 23
@) { 0 otherwise (23)
and after the inverting amplifier ICg, the block C can be described by
v D)
=Rg| - — 24
Vp = Rsg ( i (24)

where vg is an input constant voltage. Finally, take into account the previous equations describing each block we reach a
three-order differential equation for the voltage v

R . R . R R R
(RC®*T + (RO 2B+ = — G+ (RO[1+ 23 -G) ]+ = v— =2D(V) + => 1 = 0. (25)
Ry R4 R4 Rg R;
With the follow definitions of the dimensionless variables
t R; v
R 3 (26)
the identification of the parameters d; in Eq. (18) given by
d2:3+d0—G,d1:1+d0(3—G),d0:§—3, (27)
4
and defining the value of k in Eq. (19) by
_ RgRs
" Re Py’ (28)

the Eq. (25) transforms into the dimensionless Eq. (18). Note that as dy = 10~2, it introduces a small correction to the
coefficient values d, and d;.

It is interesting to note that the scaled dimensionless variable z does not depend on the particular values of the parame-
ters P, and G. Hence, different experimental realizations with different values of vy but with the same parameter values P,
and G should be described by the same set of dimensionless parameters d; of Eq. (27).

3.3. Technical details

The Eq. (26) defines a constant time RC = 10~3 s~! that determines the mean working frequency, F~140 Hz. On the
other hand, as R; = Rg, the scale factor given by Eq. (26) is just vq. It is important to mention that the scale factor works
under hypothesis of perfect piecewise linear function D(x) having a not differentiable point at x = 0. As it was noted in
[39], experimental realization of this function depends on the diode I-V curve, that shows a knee sharp rather than a not
differentiable vertex-point. This fact will introduce some differences between scaled data of two equivalent experiments, as
we will see in Section 6.

The data acquisition is take at 20 kilo samples per second with 16 bits precision and recording three channels, v, v, and
v,. We used a NICOLET ODISSEY register to measure and to store data series in its hard discs. Later we transfer the data to
a computer to be analyzed.

To reach the stationary behavior of the circuit and assure high precision, we switch on the circuit 40 min before to start
the data series recording.

4. Experimental Poincaré map

The theory of intermittency presented in the Section 1 was developed for 1D maps, hence, to apply it to our continuous
system we define a Poincaré map. Fig. 2(a) shows an experimental time series for the voltages vq, v and v, obtained from the
points indicated in Fig. 1. Our experimental Poincaré map is determined by the intersection of the experimental trajectory
of Fig. 2(a) with plane v, = 0 passing from the subspace v, <0 to the subspace v, > 0. This intersection take place in the
rectangle shown in Fig. 2(a). It is also indicated the vertical line v4 = 0, v = v.. The arrows going away from the line indicates
the instability observed on the plane v, = 0. The power spectra S(f) is shown in Fig. 2(b) as a function of the frequency f. It
was evaluated over a time series of 18 x 108 samples of v(t). In Fig. 2(b) we can identified the main frequency fy = 131 Hz
and the first sub-harmonic at fp/2. This sub-harmonic is typical in type IIl intermittency and it is due to the alternating
oscillation of the signal around the unstable point of the Poincaré map, that corresponds with the voltage v, as the vertical
line shows in Fig. 2(a). Figure Fig. 2(b) shows a continuous spectra corresponding with an irregular signal.

Fig. 3 shows experimental data for v, that is, the values of v(t) intersecting the rectangle shown in Fig. 2. The obtained
experimental Poincaré map given by v, vs v, is represented in Fig. 4.



128 E.d. Rio, S. Elaskar/Commun Nonlinear Sci Numer Simulat 64 (2018) 122-134

\
12f;4

1 1.5 2 2.5 3
b) Log(f)

Fig. 2. (a) Experimental time series for v4(t), v(t) and v4(t). The rectangle on the plane v, = 0 used to define the Poincaré is also shown. On this rectangle
it is displayed the vertical line v, = 0, v = v ~ 3.750 V. For the arrows on the rectangle see main text. (b) Logarithmic plot of the Fourier power spectra.
Arrows indicate the main frequency, fo = 131 Hz and the sub-harmonic at fy/2. The circuit parameters are: vo = 0.275 V, P, = 1.59 kQ and G = 2.68

Vi - 1T Y Y By vy
v, 3 NI WM =V
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0 10 20 30 40 50 60 70

Fig. 3. Experimental values for v, as a function of n showing laminar (around v.~3.750 V) and chaotic regions. It was represented only 75 points. The
circuit parameters are the same that for Fig. 2.

Note that this figure is formed by a large density of data drawing a dark curve. The Poincaré map of Fig. 4 intersects
with the bisector line at the fixed point v.. A second map drawn by a low density data appears also in Fig. 4. It is formed by
only a small number of data drawing the second return map, that is, x,,2 Vs x,. It due to some point which trajectories do
not cross through the Poincaré plane during the precedent period. In other words, the Poincaré plane v, = 0 is intersected
by the trajectories in almost of the periods, but not for all of them, hence there are some lost experimental data. This is
because in the data series x, some points are not recorded. In such cases, it is represented x,,, Vs X, instead x,, .1 VS Xn.

The standard local map for this type of intermittency is given by Eq. (3) where x =v —v. and p = 2.

We estimate the local Poincaré map of Eq. (3) by fitting the points in a neighbor of the unstable fixed point by a second
order polynomial P(v) getting P(v) = ag + a1V — av? ~ 2.7V + 2.07v — 0.479V 12, The local map is defined in a neighbor of
the fixed point v, given by the root of P(v;) = v¢, hence by substituting x = v — v into the original polynomial we get for
the shifted voltage x the local Poincaré map of Eq. (3) with p =2 as follow

Xni1 =P(Xn) = (a1 — 2aVc)xy — aX2 (29)

where a, =048 V-1, p=2 and —(1 +¢) = (a; —2av.), providing the value & = 0.52. We will need these experimental
parameter values to estimate the probability density of the laminar length inside of the laminar region. Note that x, in
Eq. (29) has voltage dimension, but for sake of clarity, we retain the notation used in previous section for dimensionless
variables.

As we mention before, Eqs. (18) and (25) describe a continuous system having more than one dimension but they can
be described by the 1D map of Fig. 4. However, some comments are necessary at this point. Note that the map shown
in Fig. 4 is a multivalued function and it can have a fractal structure. The first splitting of the Poincaé map associated
with its fractal structure can be seen in the laminar region in Fig. 4. The upper branch correspond with the reinjection
points whereas the lower one is the escape path for the reinjected points. Further fractal structure is difficult to identified
due to the noise in the circuit. The parameter values of Eq. (29) are practically the same by considering the upper or the
lower branch of the map, hence in the follow we consider that, in first approximation, the Poincaré map in as single-valued
function.
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Fig. 4. Higher density of dots indicates the experimental Poincaré map. (For lower density see main text). Continuous black lines show the bisector one and
the straight line with slope menus one passing thought the fixed point v~ 3.750 V. Blue arrow shows a trajectory going from the maximum to the laminar
region. The circuit parameters are: vp = 0.275 V, B, = 1.59 kQ2 and G = 2.68. The number of plotted points is approximately 120,000. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Experimental function M(v) for the map of Fig. 4 obtained by using the approximation (7). Dots correspond to experimental data and solid line
show the corresponding least mean square fit given by M(v) = 0.334v + 2.49V. Dashed line indicates the value ¥ = 3.739 V, solution of M(?) = .

5. Experimental estimation of the RPD

In this section we estimate the RPD associate to the map of Fig. 4 by following the procedure explained in Section 1.
First of all, let us note that the experimental Poincaré map present indirect reinjection form the maximum to the laminar
zone. In Fig. 4 it is shown by blue arrow the trajectory follows by a point starting closed to the maximum vy, and arriving
into the laminar zone. It is interesting to note that if the probability density around the maximum is uniform, then, after
the first mapping it will be transformed into p(v) o Av% where Avy, is the displacement from the maximum. The follow
two iterations needed to get the laminar zone will preserve the mathematical shape of p(v), hence the RPD indicated by
¢(v) in Fig. 4 can be described by the power law (9) [19,20]. It is interesting to note that even the noise theory can be
applied to this indirect reinjection [28].

By using the simple approximation given by Eq. (7) we get an experimental estimation of the function M(v) associated to
the Poincaré map shown in Fig. 4. The result is displayed in Fig. 5 confirms that the linear approximation of Eq. (8) works
also for our continuous experimental system. Hence, by least mean square analysis we can calculate the values of the free
parameters of the linear function M(v) = m(v — D) + ¥, getting m~0.334 and  ~ 3.739 V, in good agreement with the ex-
perimental data (see Fig. 5).

At this point, by using Eq. (9), we determine the RPD given by Eq. (4). The result is shown in Fig. 6 for the same data
series used in Fig. 5, in good agreement with analytical prediction. Note that we does not fit the experimental data of Fig. 6,
we just superimpose the power law given by Eq. (4) to the experimental data.
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Fig. 6. RPD for the map of Fig. 4. Dots correspond to experimental data. Solid line correspond to Eq. (9) evaluated using the values of m and ¥ of Fig. 5.
Dashed line indicates the value 7 = 3.739 V.

Note that 7 is the LBR, hence should not be reinjected point on the left of 7, indicated by the dashed line in Figs. 5 and
6. In fact, as we have o <0 the straight line v = ¥ is a vertical asymptote for ¢(v) and its graph does intersect the vertical
line v =17.

In this section we are focused on a low noise case, however the noise is always present in experiments, consequently,
there are reinjected points failing in a small region on the left of 7, at it is shown in Fig. 6. In the Section 6 we study the
noise effect on the RPD for a lower signal-to-noise ratio than in the actual case.

Regarding with the probability density of the laminar length v, Eq. (16) provides an analytical result depending on
the RPD and the function X(I, c). The free parameters ¢ and a determining X(/, ¢) in Eq. (15) was found in Section 4 by
fitting points of the Poincaré map near v, (see Eq. (29)). In this way we have determined the function (l) of Eq. (16) that
represents the numerical data. The analytical plot is represented by a dashed line in Fig. 7, where we observe a deviation
from the experimental data represented by dots. There are several effect contributing to this deviation. The more important
one is that we have a relatively large value of &, consequently, the classical approximation from the discrete map (3) to
continuous one given by Eq. (12) is not so good. To increase the precision it is necessary to get a function I(x, c) fitting
the laminar duration | depending on the reinjected points x better than expression (13). To do this in a simple way, we
can introduce a seed point xs close to the fixed point x. in the experimental map (29), then the iterated points {x,} of the
starting Xs increase in a process driven by the experimental local map (29) until the trajectory goes out of the laminar region.
The next step in to construct an interpolating function, let say X(I, c¢);;;, to approximate the data set {x,, I} where the I,
indicates the number of iterations needed for x, to go out of the laminar region. Finally we can use in Eq. (16) the function
X(I, ¢)ine instead of X(I, c). The result is shown by a solid line in Fig. 7 displaying better agreement with the experimental
data that in the previous case.

6. Noise effect

The experimental data are affected by a noise produced by the measure procedure. Since M(x) is defined by means of
integrals, its numerical estimation is more robust reducing statistical fluctuations for noisy data. A different phenomenon
studied here is that the behavior of the system changes due to the internal noise in the circuit as we indicate in Section 1.
In this section we studies the noise effect on the RPD and (l), which is a novel topic in the intermittency theory because
now the RPD is not a constant function.

For 1D maps have been reported the noise effect on the RPD function. An useful result is that, for region far from the
fixed point, the slope of M(v) is robust against the noise. This fact help us to find the RPD and the density 1(I) corresponding
to the noiseless case, even from the noisy data. This is the key point to use Eq. (17) to estimate the NRPD.

Firstly, let us describe the procedure used to increase the noise in our dynamical system. In a first approximation, the
internal noise strength in the circuit does not depend on the level of the signal. However, according with Eq. (26), the signal
level is proportional to vq. Consequently, to decrease the signal-to-noise ratio, we reduce the previous value from vy =
0.275 V to a new one vy = 0.05 V, whereas the rest of the parameters remain without change. With this procedure we have
used the natural noise in the system without an additional noise generator. Fig. 8 shows two superimposed dimensionless
data from experimental Poincaré maps corresponding to vy = 0.275 V and vy = 0.05 V. As we mention before, in the case
of low signal, the diodes behavior differ slightly from large signal, hence the scaled functions D(v) are not exactly the same
in both cases. This is because that the corresponding scaled Poincaré maps differ approximately in a 10% and it is difficult
to compare the laminar regions. To avoid this inconvenient and to compare much more clearly the laminar region between
both experiments, instead vy, we have used the value of the fixed point v, as the normalizing factor (see Fig. 4). In this way,
we use in Fig. 8 the dimensionless variable defined as

v
x= 1 (30)
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where we include —1 to shift the fix unstable point at x = 0. With this method, the largest deviations between both ex-
periments appear at the top and at the bottom on of the maps. Following the procedure of the Section 5 we evaluate
the function M(x) for the experimental data corresponding to vy = 0.05 V. The experimental data are normalized by us-
ing Eq. (30) before they are represented in Fig. 9 together with the normalized data of Fig. 5. The vertical dashed lines in
Figs. 9 and 10 indicate the corresponding values % obtained by fitting the subset of experimental data with (x > 0). This val-
ues are also indicated in Fig. 9 by vertical dashes lines. In view of Fig. 9, some experimental results can be comment. Firstly
we observe that for x> 0, that is for point far from X, M(x) is linear even in the case of large signal-to-noise relation (blue
points in Fig. 9). Moreover according with analytical predictions, the found values of m are similar in both cases. More spe-
cific, in the case of vy = 0.05 V the least mean square analysis gives the follows values: mg o5 = 0.374 and £ g5 = —0.0324,
hence mg s differs in 6% form the previous one m = 0.350, that is compatible with our not perfect piecewise function D(x).
Secondly, in the scaled plot of Fig. 9, the knee sharp region around the corresponding values of X increases as the signal-
to-noise ratio decreases, hence for the vy = 0.05 V (blue points in Fig. 9) we observe a largest number of reinjected points
on the left of % than for vy = 0.275 V case. This phenomenon produce the blue tail observed in Fig. 10 on the left of X. Both
phenomena are in agreement with the recently reported effect of the noise on the RPD in 1D maps. Concerning with the
large signal-to-noise ratio case (vg = 0.05 V), the NRPD is given by Eq. (17) explained in Section 2.1, where G(x —y, o) is the
probability density of the internal noise perturbing the experimental Poincaré map. This function is in general unknown,
however, we can approach it as an uniform distributed noise as follows

_Okx+0)-0Okx-0)
o 20 ’

where ©(x) is the Heaviside step function which is zero for negative argument and one for positive argument. Now, after
evaluate the integral (17), the NRPD reaches

G(x,0) (31)

0 X<R-0
b ¢ 1 5 N
D) = { wm X —X+0)*" X-0 <x<X+o (32)
b[ (X—R+0 )%+ — (x—k—0 )@+ ] .
20 (a+1) X+0 <X

Some comments concerning with Eq. (32) can be do. Whereas the expression (31) has been previously used to evaluate
Eq. (17) in the context of 1D maps having type [, Il and III intermittency (see [23,24,28]), the result obtained here, Eq. (32),
is different from the previous ones. This is because our Poincaré map is not a symmetric map as it happens in [28] for
type-IIl intermittency and, on the other hand, there are not applied the usual border conditions to keep data in the domain
of definition of the map, as it happen in numerical investigations with 1D maps (see for instance [24]). In our experimental
dynamical system, the domain of definition of the Poincaré map is not imposed and is determined by the system itself.

The Eq. (32) has three free parameters, ¢, X and «, that we must to estimate. It is important to emphasize that the
parameters X and o in Eq. (32) determined the noiseless RPD of Eq. (4) used in the Section 5. As we mention before, the
slope of M(x) is robust against the noise, hence we can still use Eq. (9) to obtain «. The case of % is different and there is not
a general method to evaluate from the noisy M(x). For instance, for a noisy symmetric reinjection there is not a simple way
to estimate the noiseless X [28], whereas for the map without symmetry considered in [23], it is proposed an estimation for
X

Concerning with our experiment, it is clear that X is located at the middle of the interval [ — o,X+ o], and according
with Eq. (32) the NRPD takes particular values at the endpoints of the interval. That is, ®(X — o) =0 and ® presents a
vertex point at x =X+ o, hence, we can estimate the value of o and % from the experimental NRPD of Fig. 11 (dots). In
this experiment, a good choice is X = Xy 95 and o ~0.013 as it is indicated by vertical lines in Fig. 11. Eq. (32) is represented
for this set of parameter values in good agreement with its experimental estimation. It is interesting to note that in this
experiment the whole function M(x) is robust against the noise, not just its slope. To show clearly the noise effect on the
RPD, in Fig. 11 is superimposed in dashes line the RPD of Eq. (4), in other word, the RPD that should be observed in an ideal
noiseless experiment. In this case the straight line x = X should be a vertical asymptote for ¢(x). Concerning with the noisy
density of laminar length we can still use Eq. (16). It is only necessary substitute ¢(X(l, c)) by ®(X(l, c)) gives by Eq. (32).
A comparison with experimental data is shown in Fig. 12. As in the noiseless case of Fig. 7 we present two analytical plots
using the functions X(I, ¢);, and X(I, c). As in the noiseless case, we obtain better agreement by using X(, ¢)i-

7. Conclusions

In this work we have shown that the generalized of reinjection probability density (RPD) used for 1D-maps provides
faithful description of intermittencies in continuous experimental systems. Such RPD, taken in the form of a power-law
function.

First of all, to apply the theory we defined a Poincaré section in the phase space on the continuous experimental system.

Calculation of the RPD in 1D map having chaotic intermittency is based on the earlier introduced integral characteristic
M(x). We have shown that, even in our continuous experimental system, M(x) is a linear function: M(x) = m(x —X) +X
where the free parameters X, that is the LBR, and me (0, 1) determine the type of RPD. We found a good agreement with
the experimental data. This means that generalized RPD also driven the reinjection process in our analog circuit experiment.
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Fig. 7. Dots indicate the experimental probability density of laminar length. Lines represents vr(I) given by Eq. (16), where in solid lines is used the function
X(l, ¢) given by Eq. (16), whereas for dashes line we have used X(, ¢);, as it is described in the main text.
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Fig. 8. Dimensionless data by using Eq. (30) that correspond to two experimental Poincaré maps with different signal-to-noise ratio. Black dots correspond
with data of Fig. 4. Blue dots are the same but for vy = 0.05 V. Continuous line show the bisector one. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Experimental functions M(x) for the maps represented in Fig. 8. Black color indicates the case vy = 0.275 V whereas blue color refers to vy = 0.05 V.
Dots correspond to experimental data and solid lines show the corresponding least mean square fit. Vertical dashed line indicate the corresponding values
for the LBRs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Xn+l1, .

Fig. 10. A magnification of the laminar region of Fig. 8. For vertical dashed lines, see main text. Black color indicates the case vy = 0.275 V whereas blue
color refers to vg = 0.05 V. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. NRPD for the map of Fig. 8. Dots correspond to experimental data. Solid line correspond to the analytical expression Eq. (32) evaluated using the
values of m and X of Fig. 9. Dashes curve indicates the ideal noiseless RPD.
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Fig. 12. Dots indicate the experimental probability density of laminar length for vy = 0.05 V. Dashes line represents v(I) given by Eq. (16), where ¢ was
substituted by ®. As in Fig. 7, for solid line we have used X(l, ¢);, instead X(, c).

The function M(x) determines the power-law RPD, ¢ (x) = (x — X)%. In this case we also found a good agreement with the
experimental reinjection probability density.

Furthermore, from the generalized RPD we can derived an analytical expression for the probability density of the lami-
nar length, v(l), showing good agreement with the experimental data. The chosen experimental system was based on the
proposed system in Ref. [39]. An important property of this system is that it is easy to scale by tuning the voltage vy, hence
we used this feature to decrease the signal-to-noise ratio. This fact have been used to study the effect of the natural noise
in the circuit and to compare with the theoretical predictions. To study the effect of noise we have used the methodology
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recently developed for the noisy 1D map having intermittency. That is, after making an experimental evaluation of the func-
tion M(x) by fitting the noisy data set, we use this to obtain the noisy reinjection probability density (NRPD) corresponding
to the higher signal-to-noise ratio experiment. We propose an analytical description of the NRPD in a good agreement with
the experimental data. It is also important to note, that the function M(x) obtained from noisy data provides a complete de-
scription of the RPD for an ideal noiseless system. In the noisy experiment we also have found a good agreement between
the analytical probability density of the laminar length and the experimental data series.

Note that the power-law RPD is generated in the maximum of the experimental Poincaré map, and after two iterations,
the points closed to the maximum are mapped into the laminar zone, so we have an indirect reinjection (see Fig. 4). In
spite of this fact, we found good agreement with the experimental data in both cases, with and without noise.
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