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This paper reports theoretical and numerical results about the reinjection process in type
V intermittency. The M function methodology is applied to a simple mathematical model
to evaluate the reinjection process through the reinjection probability density function
(RPD), the probability density of laminar lengths, and the characteristic relation. We
have found that the RPD can be a discontinuous function and it is a sum of exponential
functions. The RPD shows two reinjection behaviors. Also, the probability density of lam-
inar lengths has two different behaviors following the RPD function. The dependence of
the RPD function and the probability density of laminar lengths with the reinjection
mechanisms and the lower boundary of return are considered. On the other hand, we
have obtained, for the analyzed map, that the characteristic relation verifies | ~ ¢,
Finally, we highlight that the M function methodology is a suitable tool to analyze type V
intermittency and there is a very high accuracy between the new theoretical equations

and the numerical data. [DOI: 10.1115/1.4041577]

1 Introduction

Chaos is an essential subject in engineering, biology, physics,
chemistry, etc. Intermittency is a standard route to chaos, where
trajectories alternate regular or laminar phases and chaotic bursts
or nonregular phases. The laminar phases correspond to regions of
pseudo-equilibrium or pseudo-periodic solutions, while the burst
ones are regions where the trajectory is chaotic. Therefore, a sys-
tem can evolve from regular to chaotic behavior by intermittency.

Traditionally, intermittency has been classified into three differ-
ent types namely I, II, and III according to the system Floquet
multipliers or to the local Poincaré map eigenvalues [1-4]. How-
ever, more recent research has included other intermittencies
types such as V, X, on-off, in-out, eyelet, and ring [5-10].

Several physical phenomena show chaotic intermittency, like
turbulent flows, Rayleigh-Bénard convection, forced nonlinear
oscillators, plasma physics, and electronic circuits [11-19]. Addi-
tionally, intermittency was used to model the behavior in econom-
ics and medicine systems [20-22]. Therefore, a more accurate
description of chaotic intermittency would help to improve the
knowledge about all these phenomena.

Poincaré maps are useful tools to study chaotic intermittency
[1,2,4]. The local map and the reinjection mechanism characterize
the intermittency behavior. The local map is defined around the
vanished or unstable fixed point. The reinjection mechanism maps
back the trajectories from the chaotic zone to the laminar one,
which is described by the reinjection probability density function
(RPD). Then, the correct evaluation of the RPD function has con-
siderable influence to describe the chaotic intermittency phenom-
enon accurately. The RPD function evaluation, from experimental
or numerical data, is not a simple task due to the vast amount of
data needed and the statistical fluctuations induced in the numeri-
cal computations and the experimental measurements. Accord-
ingly, many approaches have been implemented to represent the
RPD function, where the most common one was to consider a
constant RPD (uniform reinjection). There were other approaches
to build the RPD, but they used specific characteristics of the non-
linear processes, and these RPDs cannot successfully employ in
other nonlinear systems [23,24].
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The M function methodology, developed in the last years, is a
broader methodology to evaluate RPD functions. It includes the
uniform reinjection as a particular case, and it has shown to be
very accurate for a broad class of maps showing type I, II, and II1
intermittencies [4,25-35]. This methodology has been recently
applied to type V intermittency obtaining continuous and nonuni-
form RPDs [36]. In this paper, we implement the M function
methodology to describe discontinuous RPD functions for type V
intermittency. We show that this methodology works accurately
for type V intermittency and the reinjection processes may include
discontinuous RPDs. Besides, we find that the characteristic rela-
tions can acquire other forms than those previously published.

Baueret et al. [37,38] and Fan et al. [39] introduced type V
intermittency, and it appears when a nondifferentiable point
(NDP) and a stable fixed point collide forming a channel between
the bisector line and the map. However, a tangent bifurcation does
not happen because the local map is nondifferentiable or discon-
tinuous at this point. We highlight that two maps with different
slopes describing a “V”’ compose the local map.

The Hindmarsh—Rose model of neuronal activity showed type V
intermittency [40-42]. The intermittent behavior displayed in the
recurrence between irregular bursting and phases close to a period-
3 bursting. The intermittent chaotic bursting and spiking from theo-
retical models and biological experiments were studied [41,42].
Therefore, the theoretical and numerical results introduced in this
paper could help to improve the knowledge about these systems.

A review about type V intermittency has been recently carried
out in Refs. [4] and [36].

2 Methods and Models

In this section, we first introduce a brief description of the M
function methodology, which is a theoretical framework that
describes the intermittency reinjection process for a broad class
of maps and dynamical systems. Later, the piecewise one-
dimensional map used in this paper is described.

2.1 The M Function Methodology. Evaluation of the
Reinjection Probability Density Function. Let us consider a
general one-dimensional map: x,,; =F(x,). The RPD function,
¢(x), specifies the probability density that trajectories are rein-
jected into a point x inside the laminar interval, i.e., the statistical
behavior of the reinjection trajectories, which depends on the spe-
cific form of F(x) [1,2,4].
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In this methodology, the reinjection probability density function
is not directly calculated from the data series. An auxiliary func-
tion, M(x), is previously evaluated [4,25-30]

Jxr(j)(r)dr x
(5; otherwise

where % is the lower boundary of reinjection point, i.e., the closest
reinjection point to the unstable fixed point.

The evaluation of M(x) from numerical or experimental data
series is straightforward:

M(x)

1%

1 N
N2 @
=1

where the data set (reinjection points) {x,};v: | must be sorted from
the lowest to the highest, i.e., x; < xj4; [25-32].

Previous studies have found that M(x) satisfies a linear approxi-
mation for a broad class of maps showing type I, II, III, and V
intermittencies [25-28,30,36]:

m(x — X) + X, if ¥<x<ec,

M(x) = { 3)

0, otherwise,

Note that the nonlinear map drives the reinjection process, and it
determines the parameter m € (0, 1).

From Egs. (1) and (3), the RPD function can be obtained
[25,26,28,30,36]

2m — 1
px) = b(“)(x *)?)a, with o= i )
1 —m
where the normalization parameter, b(x), results
1
) = s ®)
(c—%)

For m=1/2 («=0), the uniform RPD can be recovered, i.e.,
uniform reinjection is obtained as a particular case of the new
theoretical formulation. However, the RPD can leave from
the uniform reinjection, e.g., lim,_o ¢(x) tends to zero, when
1/2<m <1 (o> 0) and to infinity when 0 <m < 1/2 (o < 0).

2.2 The Model: A Piecewise One-Dimensional Map. Maps
defined on intervals of the real line are an essential tool in nonlin-
ear dynamics and chaos [1,2,4,36,43]. In this work, we analyze
piecewise maps, F(x), described in the interval yo < x <y,

filx), Yo <x <y,
fZ(-x)7 Y1 §X<Y27

Fo = ©)
fn(-x)7 Yn—1 ngyn

Let us consider a piecewise one-dimensional map showing
type-V intermittency

Fi(x) = a1x + ¢, 1<x<0,

Fy(x =s+x+a2x2, 0 <x < xp,
Pl = { 2 O — F)om — )7 0D

FS(X):X‘i’ym—(ym)7 XmSXS)’m

(ym - -xm)y
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where y,, = F(x,,) = 1, X is the lower boundary of return [4,36],
0 <a; <1 is the slope of the straight line, a, is the coefficient of
the quadratic term in F(x), and finally ¢ is the control parameter.
If x =0, the map is defined inside the interval [0, 1]. Note that
F1(x) is a linear function and F5(x) corresponds to the local map
for type I intermittency. The F5(x) function generates the reinjec-
tion process, and it depends on the exponent 7. Therefore, this
map allows analyzing distinct types of reinjection mechanisms
using different values of y. Figure 1 shows the map.

This map was used in Ref. [36] to describe nonuniform RPDs
for type V intermittency. Here, we obtain discontinuous RPDs
only modifying the lower boundary of return.

The map can have three fixed points

&

X = 5
1 —da]
—g\ 03
= (Z) ; ®)
1—#)(1—x3)
3 =X +7( X)( X3)

(1 —x,)"

If ¢ <0, the fixed point x; is less than zero and x, is higher than
zero. Also, x; and x, disappear for ¢ > 0, and they are equal zero if
¢=0. For ¢=0, the fixed points x; and x, collide in one fixed
point xo =0.

The map (7) has a nondifferentiable point at x =0, which col-
lides with the fixed point xy for ¢=0. The fixed point vanishes
and type-V intermittency can appear for 0 < ¢ < 1.

The iteration procedure—governed by a;, a, and e-gives
increasing values of x, generated from an initial one, close to
F(X). A chaotic burst-govern by F,(x) and F3(x)—occurs when
x>0 becomes large enough, ending when the trajectory is rein-
jected into a point inside the laminar zone. Then, a new iterative
process—governed by &, a; and a, is developed producing larger
values of the new successive iterative points.

In a previous paper, we considered reinjection processes where
the lower boundary of return is equal to the lower boundary of the
laminar interval [36]. Therefore, we could study type V intermit-
tency with continuous and nonuniform RPDs. Now, we shall
analyze tests in which the lower boundary of return does not
match the lower boundary of the laminar interval, more

F(x)
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Fig. 1 Map described by Eq. (7). The parameters are y=2,
£¢=0.001, a; = 0.5, a, = 1. X is the vanished fixed point and x is
the lower boundary of return. A trajectory moving through x is
also indicated.
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specifically X < xop — ¢ (where xy — ¢ is the lower boundary of the
laminar interval). Then, trajectories coming from x < x < xy — ¢
could reinject in the laminar interval. Therefore, two different
cases can appear:

(a) All trajectories passing through the lower boundary of
return match the lower boundary of the laminar interval:
F"(X) = xo — ¢ for some n.

(b) No iteration of the lower boundary of return matches the
lower boundary of the laminar interval: F"(X) # xo — ¢ for
all n.

To study the intermittency behavior in this map, we shall carry
out several numerical experiments or tests considering different
reinjection processes for the case (a). Note that we can always
turn a case (b) into a case (a) by moving the laminar interval
slightly.

3 Results

We consider three tests, which verify F”(¥) = xo — ¢ for some
n. The first test uses the following parameters: y=1, ¢=0.001,
a;=0.9, a,=1, N;=30,000, c=0.1128 and ¥ = —1.00006. N; is
the number of reinjected points. Note that ¥ = F~2°(xg — c).
Therefore, for this test, there are two reinjection mechanisms. One
of them is directly generated by F3(x) in Eq. (7); this mechanism
is the same one evaluated in Ref. [36]. The second mechanism
corresponds to points reinjected from values x <xo—c. Then,
some points placed in the interval [¥,xo — ¢) will be reinjected in
the interval A; =[xp — ¢, xy), being x, = F(xg — ¢) a singular point
where M(x) is a nondifferentiable function. Note that A, is a sub-
interval of the laminar interval [xy — ¢, xo + ¢] [4,31].

Figure 2 shows the bifurcation diagram for the map (7) with
y=1,a;=0.9, a,=1 and x = —1.00006. The clearer points indi-
cate the chaotic behavior for the first test (see Figs. 3-7). From the
figure, there is a stable fixed point for ¢ < 0; however, for & >0,
there is chaotic behavior. To describe this behavior, we show in
Fig. 8(b) the evolution of the map iterations (time series) corre-
sponding to the clearer points in Fig. 2 (¢=0.001 > 0). From this
figure, we can observe intermittency. Figure 8(a) shows the time
evolution for ¢ = —0.001 < 0; for this case, the fixed point xo =x;
is stable.

Figure 3 shows the numerical and theoretical M(x) functions.
The theoretical M(x) function is calculated using Eq. (1). In this
figure, the laminar interval is divided into two subintervals:
Ar=[xo—c, xg) and A, =[x,;, xo+c]. A; possesses reinjected
points coming from x < xo, — ¢ and from x > x,,, > xo + c. However,
the interval A, only receives points from x > x,,, > xo + c.

Fig. 2 Bifurcation diagram for map (7) with y=1, a; =0.9,
a,=1 and x = —1.00006. Clearer points correspond with the
first numerical test.
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Fig. 3 M(x) function for map (7) with y=1, ¢=0.001, a; =0.9,
a, =1, N;=30,000, c=0.1128 and x = —1.00006. Clearer line is
the numerical data and the continuous line represents the theo-
retical M(x) function.

Figures 4 and 5 show the M(x) functions inside the intervals
Ay =[xg—c, xy) and A =[xy — ¢, xo + ¢] respectively. Note that to
obtain Fig. 5, reinjected points coming from x>x, are only
considered. Points reinjected from x <xy—c are placed inside
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T -0.109}
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—0.112 =0.11 —0.108-0.106—0.104—-0.102 —0.1

x

Fig. 4 Numerical M{x) function A; =[x — ¢, xs] for map (7)
calculated using only reinjected points coming from x<x, — c.
Parameters: y=1, £=0.001, a=0.9, a,=1, N;=30,000,
c=0.1128 and x = —1.00006. From this figure we obtain: m; =~
0.5006 and «; =~ —0.00249.
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-0.08}
0.1}

00 005 0 005 0.
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Fig. 5 Numerical My(x) function inside A =[xo— ¢, X, + c] for
map (7) obtained for reinjected points coming from x> x,.
Parameters: y=1, £=0.001, a=0.9, a,=1, N;=30,000,
c=0.1128 and x = —1.00006. From this figure we calculate:
ms = 0.5089 and a5 =~ 0.03623.
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Fig. 6 RPD for map (7) with y=1, ¢=0.001, a;=0.9, a,=1,
N;=30,000, c=0.1128 and x = —1.00006. Points are numerical
results and the continuous line represents the theoretical RPD
calculated using Eqgs. (9)—(11).

the subinterval A;; the numerical function M;(x) is calculated
only using these points. M;(x) is a linear function with slope
m; = 0.5006 and o; = —0.00249 (see Fig. 4). Points reinjected
from x > x,,, > xo + ¢ are distributed along all the laminar intervals

0.8

0.6

027

(a)
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0.015}
= 001}

0.005 |

Fig. 7 Probability density of the laminar length for y=1,
£=0.001, a,=0.9, a,=1, N;=30,000, c=0.1128 and x =
—1.00006. Points represent the numerical data, and the line the
theoretical results calculated using Egs. (9), (10), (18) and (19).
(b) is an enlargement of (a) for reinjected points inside of A,
interval.
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[xo — ¢, xo+ c]; the numerical M (x) function is evaluated using
these points, and it is shown in Fig. 5, which is also a linear func-
tion (m; = 0.5089 and o, = 0.03623).

As the M(x) function has a nondifferentiable point (see Fig. 3),
the RPD is discontinuous at this point. With ¢(x), we restrict
the analysis to the interval [xo—c, x,) and with ¢,(x), we
consider only points x > x; (see Eq. (9)). Therefore, the RPD
results:

o) = {as](x) = ¢+ d,x),  x—c Sx<mo )
¢2(X) :d)s(x)v Xy <x<xp+c
where
di(x) = b (x —x0 + )",
d)s(x) :bk(X*X0+C)x’ (10)

The RPD, ¢(x), is obtained by superimposing two reinjection
processes represented by ¢;(x) and ¢ (x), where ¢;(x) and ¢p(x)
are calculated using trajectories coming from x<xp—c and
X > xo+ ¢, respectively.

To find the parameters m; and my, we first sort the numerical
data and apply the M function methodology as described in
Sec. 2. Then, we can calculate the functions ¢;(x) and ¢(x) using
Eq. (10).

1
0.5
=
or
-0.5 — : :
50 100 150 200
iteration
(a)
1 .
S (et
SRR A
- 0 560 10I00 1 SIOO 2600 2500
iteration
(b)
Fig. 8 Iterative evolution of the map (7) with y=1, a; =0.9,

a,=1 and x = —1.00006. (a) uses ¢ = —0.001<0 and X, = x; is a
stable fixed point. (b) considers ¢ =0.001>0, the iterative pro-
cess shows intermittency.
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Consequently, the exponents o; and oy are obtained from

2m;s — 1
iy = T (11
- mi,s
being m; the slope of the following function:
M;i(x) =mi(x —xo+c¢) +x0— ¢ (12)
which is defined in [xo — ¢, x;), and it considers only reinjected points coming from x < xo — ¢; and my is the slope of
M;(x) = ms(x —xo+¢) +x0— ¢ (13)
which is calculated using only reinjected points coming from x > x,, > X + ¢ and it is defined in [xo — ¢, xo + c].
The factor b is the normalization parameter, and it results
(.X — X +C)I+O<,' (ZC)H’% -
p— [0 +k (14)
14 o 1+ o

To obtain the global M(x) function, we again apply the M function methodology described in Sec. 2. Then, Eqgs. (15) and (16) give
the global M(x) function. We highlight that this function has a nondifferentiable point at x = x;.

The factor k, in Eq. (10), is used to evaluate the different number of reinjections in the interval A; with respect those for A,. This
parameter is obtained using the definition of M(x). Because the global M(x) function does not depend on the parameter b, we can obtain
the factor & from it. To carry out this task, the global M(x) function should be evaluated at some point x, > x;, i.e., My, = M(x,). Then, it
is possible to explicitly obtain the factor k, which is expressed by Eq. (17). In a few cases, it could be necessary to calculate £ using the
Eq. (17) evaluated at two points called (x,;, My;) and (x,,, M,5); the factor k will be the mean value: k= 0.5(k; + k»).

For xog —c < x<xy

x () de X . e (C+x)1+a;(_c+x(l+ai) k(c—i—x)lﬂ"'(—cf—i-x(l—o—ocx))
M(x)—J’““ P +Lof . _ (1+%)@+ax) (1 +o)(2 + o) (15)
in ¢i(7)d‘f+r7.¢s(f)dr (c+x)" (1 +0) " +k(c+x) """ (14 05) "

For x > x,

X X

Ty (1)dr + J T (1) dt

Xy

Jxx T¢;(7)dr + J

M(x) = OJ( 0,(1) de +JOU b,(7) d‘c+J~Xv s(1) dr

X,

(e +x0) 7 (= A x5 (L ) [(1+06) (2 4+ e)] "+ b+ (14 o) = e][(1+ o) (2 + )] [(k — (e +x)" " k(e +x)

(c+ xs)H“’(l + rx,-)fl + k(c+ x)lﬂ"(l + o)
(16)

1+ o <(Xs — X0 + C)H“")(xs(l +o)+x0—c)2+0) " — My (x; — xo 4 ¢)' )

k=
140 My (xy —xo + c)H'“S — ((x) — X0 + c)”““) (xy(l + o) + x0 — C) 2+ ocx)_l

an

Figures 3 and 6 show the global nondifferentiable M(x) and the discontinuous RPD functions respectively for y =1, ¢=0.001,
a;=0.9, a,=1, N;=30,000, c=0.1128 and x = —1.00006. From these figures, we can observe a very good accuracy between the
numerical data and the theoretical Eqgs. (9), (10), (11), (15) and (16).

Another useful statistical function to describe chaotic intermittency is the probability density of the laminar lengths, y(/), which is a
global property of the map [1,4]. The laminar length, /(x, ¢), is the number of iterations that a trajectory performs inside the laminar
interval; and the probability density of the laminar lengths gives the probability of finding laminar lengths between / and / + d/ [1,4]

v.0) = oix (.| ) (1s)

where X(/, ¢) is the inverse of /(x, ¢). For the map (7), (dX(/,¢)/dl) can be approximated by (if ¢ < 1 and a; < 1 but close to 1)

dx(l

(Z’c) =e+x(a —1), x<0,

d (19)
dx(l,c) ,

i =¢+ax", x>0
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Fig. 9 Function M(x) for map (7). The parameters are:
y=0.5, £¢=0.001, a,=0.9, a,=1, N;=30,000, c=0.1128 and
X = —1.00006. Clearer line is obtained from numerical data, and
the darker one is calculated using Egs. (15)—(17).

Note that dX(/, c¢)/dl is a nondifferentiable function. From
Eqgs. (19), I(x, ¢) can be evaluated

I(x,¢) = [In(e) — In((a; — 1)x + ¢)]

X (a) — 1)7l + (azs)’l/2 arctan(c\/—\/a?), x <0,
P

I(x,c) = {arctan (c %) — arctan <x%ﬂ (@we) 2, x>0

(20)

Figures 7(a) and 7(b) show (I) for the same parameters of the
previous figures. Points represent the numerical data, and the line
is the theoretical result calculated using Eqgs. (9), (10), (18) and
(19). Figure 7(b) is an enlargement of Fig. 7(a), which only shows
Y(1) for points reinjected inside of A, interval. The probability
density of the laminar lengths has two behaviors, one for / < 65
corresponding to the reinjections in the interval A,, and other one
for /> 65 for reinjections in the interval A;. We can observe a
very good accuracy between numerical data and theoretical
results.

This test shows that a discontinuous RPD function can appear
in type V intermittency. The laminar interval has two subintervals
with different RPD inside each one. It is a new behavior, different
from those previously described [36-39]. However, the RPD is
constant in each subinterval.

To evaluate a nonconstant RPD in each interval, we consider a
reinjection process governed by y# 1. We use the same parame-
ters of the previous test, but now y=0.5. Figures 9 and 10 show
the numerical and theoretical M(x) and RPD functions. Line corre-
sponds to theoretical results and the numerical data are indicated
in red. Again, the laminar interval has two subintervals, A; = [xo —
¢, xg) and Ay =[xy, xo+ c], where M(x) and ¢(x) have different
behaviors. Therefore, to evaluate the theoretical RPD, we have
implemented the M function methodology described by Egs.
(9)—(17). Figure 10(b) is an enlarged image of Fig. 10(a) inside
the A, interval.

To obtain the exponents o; and o, we use the numerical data
show in Figs. 11 and 12 respectively: o; =2 0.0389 (m; =2 0.5095)
and o, =2 0.08847 (m; = 0.5212).

From Figs. 10(a) and 10(b), we can note that the RPD inside
each subinterval A; =[xy — ¢, x,) and A, = [x,, xo + ¢] increases as
X increases. Also, the theoretical results have a high accuracy with
respect the numerical data.

Figure 13 shows the probability density of the laminar lengths,
calculated by Eq. (18), for the same parameters as the previous
figures. Note the outstanding accuracy between the numerical data
with the analytical results.

121001-6 / Vol. 13, DECEMBER 2018
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-0.05 0
x
(b)
Fig. 10 RPD for map (7). The parameters are: y = 0.5, ¢ = 0.001,
a;=0.9, a,=1, N;=30,000, c=0.1128 and x = —1.00006. Points
represent the numerical data, and the continuous line corre-

sponds to the theoretical RPD calculated using Eqgs. (9)—(11).
(b) is an enlarged image of the (a) inside the A, interval.

Furthermore, we carried out several numerical tests with
v = 1.5 using the M function methodology to obtain the RPD func-
tion. Similarly to the previous cases, the RPDs are discontinuous.

—0.106
—0.107 1
—0.108 1
—0.109 |

—0.11}
—0.111¢
—0.112¢

—0.112 —0.11 —0.108-0.106—0.104—-0.102 —0.1
T

Fig. 11 Numerical M{(x) function inside A;=[X,—c, xs) for
map (7) obtained using only reinjected points coming from
X< Xo — ¢. The parameters are: y=0.5, ¢=0.001, a, =0.9, a, =1,
N;=30,000, c=0.1128 and x = —1.00006. M{x) is a linear func-
tion with slope m; =~ 0.5095.
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Fig. 12 Numerical My (x) function inside A,=[xs, X+ c] for
map (7) obtained for reinjected points coming from x > x,,,. The
parameters are: y=0.5, ¢=0.001, a;=0.9, a,=1, N;=30,000,
c=0.1128 and x =—1.00006. Ms(x) is a linear function with
slope mg =~ 0.5212.
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Fig. 13 Probability density of the laminar length, y(/), for map
(7). The parameters are: y=0.5, ¢=0.001, a;,=0.9, a,=1,
N;=30,000, c=0.1128 and x = —1.00006. Points represent the
numerical data, and the line the theoretical results calculated
using Egs. (9), (10), (18) and (19).

Tables 1 and 2 show the values of o; and o, for y=0.5, 1, 1.5
and for two lower boundaries of return X = —1.00006 and
X = —0.15844993141289437.

From these tables, we can note that «; and o, depend on y. For
y <1, o; and oy are higher than O; for y=1, o; = o, =2 0; and for
y>1, o; and o are lower than 0. Also, we can observe that o;
and o, depend on x. Therefore, the reinjection process, i.e., o; and
oy, depends on dF5(x)/dx valuated at different points: a—around
X=Y,, b—for F'(xo—c)<x<F'(xo+c), ie, around
x=F"(xo) (see Refs. [4] and [34]).

3.1 Influence of the Lower Boundary of Return. This sec-
tion analyzes the influence of the lower boundary of return, X, on the
reinjection process. To carry out this task, the lower boundary of return
can get different values, but the other parameters do not change.

Table 1 «;, a5, m; and mg for different values of y. The other
parameters are ¢ =0.001, a; =0.9, a> =1, N;=30,000, c=0.1128
and x=-1.00006.

7 % oy m; my
0.5 0.0389 0.08847 0.5095 0.5212
1.0 0.00249 0.03623 0.5006 0.508897
1.5 —0.082642 —0.03137 0.47845 0.492032
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Table 2 «;, a5, m; and mg for different values of y. The other
parameters are ¢ =0.001, a; =0.9, a, =1, N;=30,000, c=0.1128
and x=-0.15844993141289437.

Y o Oy m; my

0.5 0.30308 0.70238 0.5658 0.62995
1.0 —0.00651 0.00597 0.49837 0.50148
1.5 —0.2037 —0.14965 0.4433 0.45956

Table 3 «; and « for different values of x. The parameters are
y=1.5, £=0.001, a,=0.9, a,=1, N;=30,000, and c=0.1128.
The last column indicates the number of needed iterations from
xtoxy—c.

X o o Iterations
—0.126444444444444 —0.33774 —0.20727 1
—0.15844993141289%4 —0.20367 —0.14965 3
—0.342186145207406 —0.1084 —0.05874 10
—0.6527 —0.0856 —0.00871 16
—1.00006 —0.08264 —0.03137 20

The first test set uses the following parameters: y=1.5,
£=0.001, a; =0.9, a, =1, N;=30,000, c=0.1128 and different
X. The results are summarized in Table 3

If we consider that the lower boundary of return matches the
lower limit of the laminar interval, X = xy — ¢, there in not rein-
jection from x < xo—c; and the only reinjection process is pro-
duced by x> ux,,. In this case, the following relation should be
satisfied [4,25,34]:

o=-—1
7

ey

On the other hand, also a, is influenced by X, because o
depends on the reinjection trajectories coming from F3(x). When
X — —oo, the function F5(x,) is almost linear with constant and
finite |dF5(x,)/dx|, where x,,; =F(x,) are the reinjected points.
Therefore, when X — —oo, oy — 0. Conversely, when X
approaches to xo — ¢, then o, # 0.

Hence, it is important to highlight that the distance between the
lower boundary of return, X, and the lower limit of the laminar
interval, xo — ¢, has a strong influence on the reinjection process.

3.2 The Characteristic Relation. The characteristic relation

sets the relationship between the average laminar length, /, and
the control parameter, ¢. The average laminar length is [4]

[ = e @ (x)l(x, c)dx

Jxg—c

(22)

where ¢(x) and I(x, ¢) are given by Egs. (9) and (20), respectively.
For x; < xo, the average laminar length results

I=L+hL+1; (23)
where
= Wil
Xo—C
_ X0
12 = [ d)Z(x) l(.X’ C)|x<,\’gdx (24)

X0+C
Iy = j G2 1(x, )] dx

Xo
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The last equation only possesses analytical solution in few
cases, such as: o; =0, =0 and o; = oy = 1. For o;; = iy =0, the rela-
tions between [}, [, I3, and ¢ are settled down in Egs. (25), (26),
and (27) respectively.

((al —1)""In(e) + arctan (C\/?> (a> 3)1/2>

X (¢ +xy) + (¢ +x5) (a1 — 1)]}

L=b(1+k)

— (@ = 1)7b (1 +B)[(E+ (a1 — Dxy)In(e + (a1 — 1))

—(e = (a1 — 1)e)In(e — (a; — 1)c)] (25)

In(e)

a —1 (aﬁf’“)
(64 (@ — D)ot (@ — D) (‘\/13

- +
(a) — 1)2 are

ZZI —bk Xg +

(26)

05bk [ln(e +ayc?) — ln(s)}
a

Iy =

@7

Figure 14 shows the relation In(/) = /(In(¢)), i.e., the character-
istic relation. The line represents the theoretical results given by
Eqgs. (23)—(27), and the red points are the numerical data. Note the
outstanding accuracy between the numerical and theoretical
results. A linear function with slope s, ~ s, ~—0.47 can express
the characteristic relation (where s, corresponds to the numerical
data and s, to the theoretical approach). Therefore, the characteris-
tic relation results

I=¢" (28)
with f# ~ 0.5. We highlight although the RPD is discontinuous,
the characteristic relation still satisfies Eq. (28).

We can find another analytical expression for the characteristic
relation if we assume o; = o, = 1. This last condition could be
verified when F(X) =xp — ¢ and y=0.5, but in this case, the
number of reinjected points from x < xo — ¢ is very much reduced

10

9 L 4

gl ]
< 71 1
z _

51 ]

4} ]

—318 —1I6 —1I4 —1‘2 —lIO —é —6

In(e)

Fig. 14 Characteristic relation for y=1, ¢=0.001-0.0000001,
a; =0.9, a, =1, the number of iterations from x to x, — c is 20.
Points: numerical data. Line: theoretical approach given by
Egs. (23)—(27).
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Table 4 X, «; and « for different values of x to maintain 1 itera-
tion from x to x= xy — c. The parameters are y=1.5, a; =0.9,
a,=1, N;= 30,000, and c=0.1128.

€ X o o
0.001 —0.126444 —0.3306678 —0.201
0.0001 —0.125444 —0.3306678 —0.201
0.00001 —0.125344 —0.34637 —0.2241
0.000001 —0.125334 —0.3292 —0.2112
0.0000001 —0.125333 —0.324895 —0.21541

(less than 1 for 300 global reinjections) and the accurate evalua-
tion of parameters k and b is very difficult. Note that the theoreti-
cal characteristic relation has a strong dependence on b and k;
then the results are susceptible with the number of reinjected
points from x <xp— c. As the relation between reinjected points
from x < xp — ¢ and the total reinjected points is minimal, we can
introduce errors in the analytical evaluation. Therefore, we calcu-
late the characteristic relations using direct numerical integration.
Besides the numerical integration of both, theoretical and numeri-
cal results, allows us to use different values of 7y (not only y =0 or
y=1).

We study several tests with y =1.5 and ¢ = 0.001 — 0.0000001.
To obtain /, we use Eqgs. (9), (18) and (19), from which we carry
out the numerical calculation of the following integral:

I
I= J o (29)

0

We consider two sets of tests. Both groups have similar param-
eters, and they only differ in the number of iterations that the tra-
jectories need to reinject from X to xo— c. For the first test, the
reinjection process from X to x <x—0—c needs 20 iterations.
The second one uses F(X) = xo — c; therefore, the process needs
only one iteration to reinject from points x < xo — ¢. Table 4 shows
X for different e.

Figure 15 shows the results. The upper and lower lines corre-
spond for tests with 20 and 1 iterations between X and xy, — c. In
both cases, points and lines represent the numerical and theoreti-
cal results, respectively, which have a very high accuracy. When
trajectories need only 1 iteration to be reinjected (lower line), the
numerical and theoretical slopes are s, = —0.46 and s, = —0.467.
On the other hand, for trajectories with 20 iterations, the slopes
are: s, = s, = —0.47. Also, for these cases, Eq. (28) is verified
with f~ 0.5.

10
9l
gl
< 7
|
51
4|
: —1.6 —1‘4 —1‘2 —1.0 —é -6
In(e)

Fig. 15 Characteristic relation for y =1.5, ¢ =0.001-0.0000001,
a; =0.9, a, = 1. The number of iterations from x to x, — c are 1
and 20 for the lower and upper lines respectively. Points:
numerical data. Line: theoretical approach.

Transactions of the ASME



Table 5 X, «;and a for different values of x to maintain 20 iter-
ations from x to x= X, — c. The parameters are y=1.5, a; =0.9,
a,=1, N;= 30,000, and c=0.1128.

€ X o o
0.001 —1.00006 —0.082642 —0.031372
0.0001 —0.935031 —0.10182 —0.0215356
0.00001 —0.92853 —0.0879117 —0.012836
0.000001 —0.92788 —0.065915 —0.0201744
0.0000001 —0.927816 —0.08006 —0.0236215

The average laminar length is higher for trajectories needing 20
iterations to go from the X to the laminar interval in comparison
with those needing only 1 iteration (see Fig. 15). It happens
because the reinjection processes, govern by o; and o, are differ-
ent. Tables 4 and 5 give «; and o;. When the process needs only
one iteration «; ~—0.33 and o; ~—0.21; however, when it needs
20 iterations, o; ~ o, =~ 0. Therefore, [ acquires similar values for
processes with y = 1.5 and trajectories with 20 iterations from X to
Xo — ¢ and processes with y = 1. The x influence on the RPD and
other functions, such as the characteristic relation, is significant
because as the distance |¥ — (xo — ¢)| increases the influence of y
reduces.

We emphasize that three tests with different values of y and ¥
were analyzed, and the characteristic relation [/~ &0 was
verified.

4 Analysis and Conclusions

We applied the M function methodology to describe the reinjec-
tion process for type V intermittency. This methodology had
worked accurately for type I, II, and III intermittencies where the
local map is continuous, and for type V intermittency with contin-
uous RPD. In this paper, we have shown that this methodology
also works accurately for type V intermittency with discontinuous
RPDs. It can capture very well the RPD function, and other inter-
mittency statistical properties (probability density of the laminar
lengths and average laminar length), for different reinjection
mechanisms.

Two elementary functions compose the local map of Eq. (7),
one is linear and the other one quadratic. The used laminar inter-
val was symmetrical around the vanished fixed point. We have
shown that, even for this simple map, the RPD can be a discontin-
uous function. It happens because there are two reinjection mech-
anisms if the lower boundary of return is less than the lower limit
of the laminar interval, ¥ < xo — c¢. One of them is produced by
trajectories coming from points x < xp — ¢, and the other one from
trajectories coming from x > x,,, > xo + c.

The laminar interval has two subintervals, within each one of
them the RPD function has different behavior. The subintervals
are A, =[xo—c, x;) and Ay =[x, xo+c], being x, is a singular
point where the RPD is discontinuous. A; receives trajectories
coming from x < xo — ¢ and x > x,,; however, A, only receives tra-
jectories from x > x,,. The RPD is a sum of exponential functions
with exponents «; and o, to obtain its analytical expression is only
necessary to evaluate the slope m; and my of the M(x) function
where m; and my are calculated using reinjected points from
X < xo— ¢ and x > x,, respectively.

We have evaluated the influence of the lower boundary of
return, X, on the RPD. We have found that x has a substantial
impact on the RPD: when the distance |¥ — (xo — ¢)| increases the
influence of y reduces, and the reinjection process resembles the
reinjection process for y =1.

Besides, the influence of y on the RPD was studied. The expo-
nents «; and oy decrease when ) increases, and o; ~ o; ~ 0 for
y = 1. However, in all cases, the RPD is discontinuous.

Similarly to the RPD, the probability density of the laminar
lengths also has two distinctive behaviors, one for reinjections
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inside the subinterval A; and the other one for reinjections in the
subinterval A,.

For all analyzed tests, with different values of y and X, the char-
acteristic relation could be written as: [ ~ g0

Finally, we highlight that the obtained theoretical equations for
the reinjection probability density, the probability density of the
laminar lengths, and the characteristic relation showed an out-
standing accuracy regarding the numerical data for different val-
ues of 7, &, and X.
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