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Abstract

The dynamics of the four dissipatively coupled van der Pol oscillators is
considered. Lyapunov chart is presented in the parameter plane. Its ar-
rangement is discussed. We discuss the bifurcations of tori in the system at
large frequency detuning of the oscillators. Here are quasi-periodic saddle-
node, Hopf and Neimark-Sacker bifurcations. The effect of increase of the
threshold for the ”amplitude death” regime and the possibilities of complete
and partial broadband synchronization are revealed.

Keywords: chain of van der Pol oscillators, bifurcations of tori, ampliotude
death, broadband synchronization

1. Introduction

Synchronization of the ensembles of oscillators is a fundamental prob-
lem. It is problem of a general theoretical interest and it is important from
the point of view of its application in biophysics, laser physics, electronics,
chemistry, etc. [1, 2, 3, 4, 5]. The possible types of dynamical regimes of
interacting oscillators are well studied for a small number of oscillators, or,
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in contrary, for the large number of oscillators. It should be noted that the
dynamics of the chain of the oscillators has a number of specific features in
comparison with the dynamics of the network or ring, consisted of the same
number of elements. This is due to the fact that in the chain elements are not
equal, in contrast to the network or ring. They can have a different number
of neighbors depending on the its position in the chain.

In present paper we consider the chain of four van der Pol oscillators.
We discuss the main types of dynamical regimes typical for this model. At
the same time, we do not use any approximations (i.e., the Landau-Stuart
equations, the phase equations), except for some estimates. This means that
both the limit cycles and the invariant tori of different dimensions are the
attractors of this system. The presence of tori lead to the possibility of quasi-
periodic bifurcations. We discuss the main types of these bifurcations in the
system of four coupled van der Pol oscillators. Unfortunately, numerical algo-
rithms for searching of the quasi-periodic bifurcations are very complicated
and generally are under development [6, 7]. However, the behavior of the
Lyapunov exponents allows the identifications of the bifurcations.

The cases of a chain of two and three oscillators were discussed in detail
in the works [8, 9, 10]. Several typical areas can be distinguished in the
parameter plane (the frequency detuning and the coupling parameter) for
the system of two coupled oscillators [1, 2, 3, 8, 9, 10]. First, there is a
synchronization region with frequency ratio of 1 : 1. Second, there is a
region of quasi-periodic regimes. The set of synchronization tongues with
other rational frequency ratios is embedded to the this region. Another
typical region is a region of the ”amplitude death”. It is located at sufficiently
large frequency detuning values. In this case, the following condition must
be satisfied: the coupling parameter is greater than the excitation parameter
[1, 11]. In this case the dissipative coupling compensates for excitation of the
oscillators. Another regime is observed for the non-identical oscillators [9, 12].
In this case the region of periodic regimes arises between the ”amplitude
death” region and the region of the quasi-periodic regimes. It is observed
for arbitrarily large values of the frequency detuning. This region arises
because the first oscillator dominates over the second oscillator, which is
suppressed by a dissipative coupling. These regimes were called broadband
synchronization in [12].

There are two types of quasi-periodic oscillations for the case of three dis-
sipatively coupled oscillators. These regimes correspond to the two-frequency
and three-frequency tori [13]. The resonances are observed as the parameter
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of the frequency detuning is small. As results, there is a set of tongues of
two-frequency tori embedded in the region of three-frequency tori. For large
frequency detuning the synchronization picture becomes simpler. The three-
frequency tori arise at small coupling. And the two-frequency tori arise as
the coupling parameter increases. The "amplitude death” region is observed
with a further increase of the coupling parameter.

Increasing the number of oscillators to four leads to a number of new
effects. They are the subject of the present paper. We discuss a cascade
of bifurcations of periodic and quasi-periodic regimes. We show that the
region of ”amplitude death” is observed at essentially larger values of coupling
parameter compared to the case of two and three coupled oscillators. Also, we
show that the region of complete broadband synchronization arises in the case
of four identical oscillators. This region separates the region of ”amplitude
death” and the region of two-frequency tori.

2. Structure of the parameter plane and quasi-periodic bifurcations

Let us consider a chain of four dissipatively coupled van der Pol oscillators.
= A=2))i+x+m(@—y) =0,

J= A=y + A+ A0y + Yy —2) + pa(y — 2) =0, "
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Here A is the control parameter responsible for excitation of the partial os-
cillators; Ay, Ag, and Aj are frequency detuning between the second and
the first oscillators, the third and the first oscillators, the forth and the first
oscillators respectively; p; are the parameters of the dissipative coupling.
Then we put all the coupling parameters of the same and equal to pu, i.e.
1 = po = pz = . This allows us to more fully understand the mechanisms
of suppression of the oscillations of different oscillators in the chain.

In order to get a general conception about the structure of the parame-
ter plane, we use the method of the charts of Lyapunov exponents [13, 14].
According to this method, we calculate the Lyapunov exponents L; at each



greed point of the parameter plane. Then we define the type of the regime
in the system in accordance with the values of the Lyapunov exponents !:

1. P is the region of the limit cycle. The Lyapunov exponents are L; = 0,
Ly, <0, L3 <0, Ly <0, Ly <0

2. T is the region of the two-frequency torus. The Lyapunov exponents
are 4 =L, =0, L3 <0, Ly <0, Ly <0;

3. T3 is the region of the three-frequency torus. The Lyapunov exponents
are 4 =Ly =L3=0, Ly <0, L5 <0

4. Ty is the region of the four-frequency torus. The Lyapunov exponents
are [h =Ly =L3= L, =0, Ly <0;

5. C'is the region of the chaotic attractor. The Lyapunov exponents are
L1>0,L,<0,L3<0,Ly<0, Ls<0.

Then we color the points on the parameter plane in accordance with the type
of the regime.

The chart of the Lyapunov exponents for the system (1) on the parameter
plane (Aq, p) is shown in Fig.1a. It is plotted for A = 0.1. Other parameters
are Ay = 0.03, A3 = 0.1. That is, the frequencies of the first, the third and
the fourth oscillators are sufficiently close to each other. When the coupling
parameter is small and frequency detuning A; is near zero, we can observe
the regions of resonant tori of the different dimensions, Fig.1a. In particular,
there are two tongues of the three-frequency tori which are embedded in the
region of the four-frequency tori. The tops of these tongues lie on the axis
A and satisfy two resonance conditions:

Al =0 or Al = AQ. (2)

These relations correspond to the resonances when the frequency of the
second oscillator coincides with the frequency of the first or the third oscil-
lator. The values of the frequency detuning A; that correspond to the con-
ditions (2) are marked in Fig.la with arrows. The regions of two-frequency
tori also look like the synchronization tongues. But they all have threshold
values for the coupling parameter. The tops of some of these tongues are
destroyed with the appearance of the chaos.

'Here we consider the five largest Lyapunov exponents. The rest ones are always
negative. They do not affect the type of the dynamical regimes. The fifth Lyapunov
exponent is also always negative. But it is required to determine the type of the quasi-
periodic bifurcation, see Fig.2 and further discussion.
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Figure 1: (Color online) Charts of the Lyapunov exponents for the system of four dissipa-
tively coupled van der Pol oscillators (1), where A = 0.1, Ay = 0.03, A3 = 0.1. The color
palette is given and described at the right of the charts. Resonance conditions (2) are
indicated by vertical arrows in Fig.a. Horizontal arrows in Fig.b correspond to different
bifurcations (see the caption for Fig.2.) C'BS is the region of the complete broadband syn-
chronization; PBS is the region of the partial broadband synchronization (see the Section
4); AD is the region of the ”"amplitude death”.

Let us consider the chart of the Lyapunov exponents plotted for a wider
parameter range, Fig.1b. On this chart one can see the region of the "am-



plitude death”. It is indicated as AD. As we note in the introduction, it is
useful to investigate the bifurcations at large values of the frequency detun-
ing A;. In this case, one can observe the bifurcations for tori of higher and
higher dimension as coupling parameter p decreases.

Let us discuss the bifurcations in more detail. To do this, we turn to the
graphs of the five largest Lyapunov exponents L; of the system (1). It is
presented in Fig.2. The exponents are plotted versus the coupling parameter
1 along the line Ay = 2.

Li ' ' '

SNTQH NS H
S L, L
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Figure 2: (Color online) Graphs of five largest Lyapunov exponents of the system of four
dissipatively coupled van der Pol oscillators (1) at the next values of the parameters:
A=0.1, Ay =2, Ay =0.03, A = 0.1 H is the point of the Hopf bifurcation; NS is
the point of the Neimark-Sacker bifurcation; QH is the point of the quasi-periodic Hopf
bifurcation of two-frequency torus; SNT is the point of the saddle-node bifurcation of
three-frequency torus.

One can see, that for large value of the coupling parameter u all exponents
in Fig.2 are negative. It corresponds to the "amplitude death” regime. At the
point H (p = 0.27) the first exponent L; becomes equal zero. It is the point
of the Hopf bifurcation. The stable (multidimensional) limit cycle arises at
this point.

As the coupling parameter p decreases the second exponent Ly becomes
equal zero at point N S. This corresponds to the Neimark-Sacker bifurcation.
The stable two-frequency torus arise at this point.

Then, at the point QH the third exponent L3 becomes equal zero too.
Thus, before the bifurcation the exponents L3 and L4 are equal. This means,
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that corresponding multipliers are the conjugate complex. At the bifurcation
point the exponents L3 and L, are equal zero. After bifurcation the exponent
L3 is zero, and exponent L, is negative again. This is a typical feature of the
soft quasi-periodic bifurcation. The three-frequency torus is the result of this
bifurcation. This type of bifurcation is called quasi-periodic Hopf bifurcation
in [6].

At the point SNT dimension of the torus increases once more. However,
it is another type of bifurcation. Now the exponent L, becomes zero, while
exponent L always remain negative. This means, that the saddle-node bi-
furcation of tori takes place [6, 7]. The stable and saddle three-frequency tori
merge and disappear and the stable four-frequency torus arises. Note, that
the last bifurcation has an analog in the phase model, while other bifurcations
are not possible in the phase model [13].

3. Increasing of the threshold value of the ”amplitude death” re-
gion

Let us return to Fig.1b. Note, that in the case of two or three coupled
oscillators the boundary of the "amplitude death” region is given by the
condition u = A [12, 13]. However, in the case of the four coupled oscillators it
does not tend to this value as the frequency detuning A; increases. Actually
it is much greater. Thus, the threshold increase for the "amplitude death”
effect is observed for the four coupled oscillators. From Fig.1b one can see
that the boundary of the ”amplitude death” region (point H) corresponds
approximately to p ~ 0.26.

Let us discuss this effect in more detail. In the case of three coupled
oscillators synchronization between the first and the second oscillators and
between the second and the third oscillators is destroyed as frequency of
the second oscillator is increased. As a result, the boundary of the ”am-
plitude death” region is given by u = A as A; — oo. It is a condition
of the compensation of negative friction by dissipation. In the case of four
coupled oscillators the situation is more complicated. Indeed, the third and
the fourth oscillators with fixed eigenfrequencies can effectively interact in
near-synchronous regimes. As a result, a pair of these oscillators forms much
more excited self-oscillating subsystem. So, the threshold value of coupling
parameter corresponding to the effect of amplitude death” can increase.

Let us give some estimates. The truncated equations (Landau-Stuart



equations) for the system (1) are®:

26 = Ma — |al?a — p(a —b),
2b = Ab — |b[*b + iAb — (20 — a — ¢),
2¢ = ¢ — |c|*c +ilgc — pu(2¢ — b — d),

2d = Ad — |d|?d 4+ iAgb — p(d — c).

Here a(t), b(t), ¢(t), and d(t) are slow complex amplitudes of the oscillators
(varying slowly in comparison with the basic oscillations with the unit fre-
quency). They are related to the dynamical variables of the system (1) via
relations:

T = a(t)eiwt + a*(t)eiiwt, y = b(t)e’iwt + b*(t)efiwt’
(4)

5 = C(t)eiwt + c* (t)e—iwt’ W = d(t)eiwt + d*(t>e—iwt'

It is known that linear approximation is enough to determine the ”amplitude
death” region. We assume that A; — oo, and the eigenfrequencies of the
first, the third and the fourth oscillators are small in comparison with Aj;.
Otherwise we assume that Ay = A3 = 0. Then we rewrite the system (3) as

24 = Xa — p(a —b),

2 = \b+ iAb — ju(2b — a — ¢),
2¢ =Xc— p(2¢c —b—d),

2d = Ad — p(d — ¢).

We look for the solution of this linear system by the exponential substi-

2Derivation of these equations is standard for the method of slowly varying amplitudes
[1, 2]. Therefore we do not reproduce it here.



tution exp(/5t/2). Then, we obtain the following equations:
(a =B+ p)a=pub,
(a— B+ 2u—iA)b=pla+c),
(a —B+2p)e= pbd+d),

(a — B+ p)d = pc.

From the second equation in (6) we obtain a/b — oo or ¢/b — o0 if A; — 0.
Physically, this corresponds to the fact that either the first or the third
oscillator dominates over the second oscillator.

Let us estimate the first ratio. From the first equation in (6) we have

1

a/b_ﬂ—)\—i—,u' (7)

Hence we see that a/b — oo if § = A — p. The "amplitude death” occurs

when 5 < 0. So we get i > \. It is the same condition as in the case of two
or three coupled oscillators.

Let us estimate the second ratio. It is associated with the dominance of

the third oscillator. From the second and the third equations in (6) we have

¢/b= T (8)

The condition ¢/b — oo is satisfied when the denominator is zero. This leads
to a quadratic equation for 3. Then we obtains:

3++6

B=r- 2

. (9)

The ”amplitude death” regime occurs when 8 < 0 Then we have

Thus, the threshold value of coupling parameter for the ”amplitude death”
region increases significantly (more than twice) in the case when the third
oscillator is dominant and effectively interact with the fourth oscillator. The
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estimate (10) is quite effective for the case shown in Fig.1b. Indeed, it gives
p =~ 0.26 for A = 0.1. It is very close to the asymptotic boundary of the
"amplitude death” region. This is not surprising because the corresponding
frequency parameters are small: Ay = 0.03 and Az = 0.1.

We can still obtain the boundary of the "amplitude death” region for
the system (6) in the case when the asymptotic condition A; — oo is not
imposed. Then from the equations (6) after some transformations, we obtain

2 2u— A2 — p(2p 4 iA) 2 — 2 (2p — iA)z + pt =0, (11)

where z = a— A+ pu. The condition of the "amplitude death” of all oscillators
is Rea: < 0. Therefore, the boundary of this region is given by equation (11)
under the condition

Rez = j1— . (12)

4. Broadband synchronization in a system of four coupled oscilla-
tors

Discussed above bifurcations and effects lead to the possibility of broad-
band synchronization. This regime is observed in the region of large values of
frequency detuning A;. There are two types of the regime of the broadband
synchronization. First type is a complete broadband synchronization when
all oscillators are phase locked. In this case the high-dimensional limit cycle
occurs. Corresponding synchronization region is located between the lines H
and NS. It is marked as C'B.S in Fig.1b. Note that for the system of two or
three coupled identical oscillators such regime is not observed® [13]. For the
case of four coupled oscillators it becomes possible due to the increasing of
the threshold value of the ”amplitude death” region.

Second type is a partial broadband synchronization. Corresponding region
is marked as PB.S in Fig.1b. In this case only three oscillators are phase
locked. The fourth oscillator slightly perturbs their oscillations. So, they are
quasi-periodic and correspond to the two-frequency torus. The similar regime
is observed in the region between the lines QH and SNT'. It corresponds to
the three-frequency torus.

Fig.3 shows the phase portraits of all oscillators and graphs of the phase
differences between the oscillators. They are plotted for A; = 2. Fig.3a is

3This regime is possible in the system of two or three dissipatively coupled non-identical
oscillators [10, 12].
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plotted for the case p = 0.08. It corresponds to the regime of the partial
broadband synchronization PBS (Fig.1b). One can see that the second
oscillator is strongly suppressed (note the different scales on the axes in the
phase portraits in Fig.3.) Moreover, its orbit is strongly quasi-periodically
perturbed. All other oscillators are excited in almost equal degree. In this
case, phase differences of oscillators behave as follows. The phase difference
of the third and fourth 3 — ¢4 oscillators is constant. The phase difference
of the second and the third oscillators py — 3 fluctuates around a constant
value. And the phase difference of the first and the second oscillators ¢ — o
ranges from zero to 2w. Thus, we can say that the second, the third and the
fourth oscillators are phase locked.

Fig.3b is plotted for u = 0.2. One can see that the quasi-periodic regime
is replaced by the periodic regime. In this case both the second and the first
oscillators are strongly suppressed. However, despite the high dissipation p >
A, the third and the fourth oscillators are quite strongly excited. Meanwhile,
all phase differences p1 — @9, @2 — 3 and 3 — @3 of oscillators are constant.

5. Conclusion

Dynamics of the chain of four dissipatively coupled van der Pol oscillators
is characterized by a set of specific features. A sequence of bifurcations (Hopf
bifurcation, Neimark-Sacker bifurcation, soft quasi-periodic Hopf bifurcation
and saddle-node bifurcation) occurs at the large values of the frequency de-
tuning. At the same time, the corresponding bifurcation curves in the param-
eter plane are the boundaries of the regions of the broadband synchronization
of quasi-periodical regimes of different dimensions. The threshold value of
the ”amplitude death” regime is significantly increased. It can be explained
by the interaction between the third and the forth oscillators. Due to the
universality of the discussed model the similar behavior can be observed for
the various system.
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Figure 3: Phase portraits of the oscillators and phase differences between the oscillators
for the system of four dissipatively coupled van der Pol oscillators (1). Values of the
parameters are A = 0.1, Ay = 2, Ay = 0.03, and Az = 0.1. a) u = 0.08 It is the
regime of partial broadband synchronization. b) p = 0.2. It is the regime of complete
broadband synchronization. Numbers inside phase portraits correspond to the numbers
of the oscillator.
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