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boundaries in a network of self-sustained systems. The Whittaker method and Floquet the-
ory are used to predict analytically the stability of these states for identical and non-iden-
tical coupling parameters. Charts revealing the modulation of synchronized states and their
stability boundaries at the second order of interaction in the cases of identical and non-
identical coupling parameters are constructed with and without an external signal locally
Self-sustained systems injectgd in the networlf. Numerical sin.n.Jlation.s validate and. complement the results of
Local injection analytical surveys. The limits of the stability regions are numerically explored when a small
Noise amount of Gaussian white noise is also injected in the network.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Coupled nonlinear dynamical systems have become a topic of growing interest since they show very rich phenomena
such as synchronization. The synchronization of nonlinear oscillations occurring in networks, such as arrays or rings, is a
rather attractive topic due to the enormous variety of potential applications. For instance, arrays of coupled nonlinear
oscillators have been used for the description of Josephson-junctions [1], multimodes lasers [2,3], relativistic magnetrons
[4]. Furthermore, arrays of oscillators also arise in studies of biological rhythms of the heart [5], nervous system [5,6], intestines
[7], pancreas [8] and other biological systems [9-12]. The case of ring coupling topology is also of interest. For example, rings
of two neuronal systems have been used to study the mixed inhibitory and excitatory circuit coordinating the motion of lo-
cust wings during flight [13]. It has also been demonstrated that in quadrupedal mammals, the four oscillators controlling
the limb may be coupled in some form of ring [14,15]. A previous study has investigated different states of synchronization
in a ring of mutually coupled self-sustained electrical oscillators [16]. Properties of the variational equations of stability have
been utilized to investigate the dynamics of the ring and a stability map displaying domains of synchronization to a locally
injected external excitation has been reported. Recently, these results have been validated experimentally and the conse-
quences of parameter mismatch have been also emphasized [17]. But, these studies [16,17] and others [18-20] have consid-
ered only the influence of nearest neighbors coupling on stability boundaries using both analytical and numerical
investigations. Thus, we want to investigate in this paper the modulatory effect of non-nearest neighbors and the local injec-
tion on synchronized states and their corresponding stability boundaries. We analyze first the stability of the synchroniza-
tion process when both first and second order couplings are considered. Later, we address the question of the
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synchronization conditions when an external signal is locally injected in the network. The paper is organized as follows. In
Section 2, we introduce the system configuration and problem statement. In Section 3, we investigate the impact of the range
of interaction on the stability boundaries for identical and nonidentical coupling parameters. Section 4 deals with the influ-
ence of a local injection for identical and nonidentical coupling parameters. Conclusions are given in Section 5.

2. System configuration and problem statement

The model shown in Fig. 1 is a ring of N identical mutually coupled self-sustained electrical systems where each unit is
modeled as van der Pol oscillator (see Fig. 2). Each van der Pol oscillator consists of a nonlinear resistor NLR, an inductor L and
a condenser C, all connected in parallel. The coupling between the units is realized through an inductor L.. Experimentally,
the network can be built using TL - 082 operational amplifiers and AD — 633 multipliers as reported previously [17].

The volt-ampere characteristic of the nonlinear resistor for the kth unit is expressed by a symmetric cubic nonlinearity,
which is illustrated by

ii=—eVi+eV:, ees>0; 1<k<N. (1)

This form of nonlinearity was introduced by van der Pol who had considered a lumped oscillator with two degrees of free-
dom to discuss simultaneous multi-mode oscillations [21,22]. In such situation, the oscillator traces a particular path
through phase space, and if some perturbation excites it out of its accustomed rhythm, it soon returns to its former path.
Oscillators that have a standard waveform and amplitude to which they return after small perturbations are known as lim-
it-cycle oscillators (e.g. van der Pol oscillators). As shown in the appendix, the network is described by the following set of
second order non-dimensional nonlinear differential equations:

Re— p(1 = x2) & + X = K1 (X1 — 2% + X 1) + Ko (Xeyz — 2% + Xi_2), (2)

where x, stands as the voltage amplitude of the kth oscillator and u is a positive coefficient of nonlinearity. K; and K, are the
coupling strengths of the first and second nearest neighbors respectively. The model assumes the boundary conditions cyclic

L
A i i,
N 1
L c Vi
R
/ST

Fig. 2. Model of a self-sustained electrical oscillator.
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and defined as X,y = x,. When K; =0 and K; # 0, Egs. 2 lead to a system of mutually coupled van der Pol oscillators for
which only the first nearest neighbors coupling are considered [16,18]. When K; = K, = 0, each unit is uncoupled and
can display a variety of phenomena for different values of p. Such a network possesses several potential applications since
van der Pol oscillators are widely used to model different type of biological phenomena [5,23]. Nevertheless, the most com-
mon use of these type of oscillators is in engineering, where they are extensively used for example in the study of vibration
[24].

Such a network is not merely of theoretical interest, but it has also many different applications. For instance, in electronic
engineering, they are useful in determining the dynamical states of microwave oscillators for which the state of each oscil-
lator is influenced not only by first nearest neighbors. Moreover, the model investigated here can be of interest for addressing
some biochemical processes. Indeed, limit cycle oscillations have been observed in a Goldbeter’s 5-variable model of the bio-
logical circadian (approximately 24-h period) clock in the fruit fly Drosophila [25]. The fact that the Goldbeter’s 5-variable
model has been demonstrated to be a biochemical analogue of a van der Pol equation [26] opens other windows of potential
applications for the network under consideration. As a first approach in determining the contributions of second order cou-
pling on synchronized states and stability boundaries, and also for convenience, we set N = 4.

3. Stability analysis in the network

The phase of a van der Pol oscillator depends on initial conditions. Then, if four identical van der Pol oscillators are ini-
tiated with different initial conditions, they will finally circulate on the same limit cycle but with four different phases. Thus,
the purpose of the synchronization is to phase-locked those oscillators. Additionally, the model is physically interesting only
if its resulting dynamical state is stable, i.e., all the perturbed trajectories return to the original limit cycle. It is therefore
particularly important to develop criteria that guarantee the asymptotic stability of synchronization if applications are to
be constructed because one can tolerate synchronization to fail but not to be unstable since instability could damage the
system. Consequently the stability of synchronization, which means that the process of synchronization is really taking
place, would be the most desirable outcome from a technological point of view.

3.1. Analytical survey

We assume the two coupling parameters to be proportional and set K, = «K; where « is a positive parameter quantifying
the rate of proportionality. For simplicity, we have chosen K; = K. Thus, the stability of the resulting dynamical state can be
studied by linearizing Eqs. (2) around the unperturbed limit cycle x, as follows:

Ek - ,M(l - X%)ék + 1+ 2K(1 4 o) + 2uxoXo] (e = K (&1 4 208041 + &iz), 1<k < 4, 3)
where ¢, = x; — X, stands for the first order perturbation of x;. For small values of y, the behavior of one oscillator can be
described by a pure sinusoidal trajectory of the form

X, = Acos(wt — ¢), (4)
where A and o are respectively the amplitude and the frequency of the unperturbed limit cycle in first approximation. The
values of A and w are obtained for instance by the averaging method (A = 2.00, o = 0.999 for u = 0.100). This first order

approximation gives a fairly good agreement between the analytical and numerical results as reported in Ref. [16]. By intro-
ducing in Egs. (3) the rescaling T = wt — ¢ and the diagonal variables (Fourier modes) ©, defined as follows:

O1=8+8G+ G+,

Oy =8~ & =X — X,

O3 =& — & =X — X,

Oy =8~ G+ 86— & =X — X3+ X — Xy, (3)
we obtain after some algebraic calculations to the following variational equations:

O+ 22+ F(1))0, + G(1)0, =0, 1<k<4, (6)
with

Y _HAZ
27—(A 72), F(r) = 5> cos2r,

4w
1 .
Gi(7) :E(l — UA cost‘c),
Go(1) = Gs3(1) = % [1 + (2 +4a)K — uAwsin 21],

Ga(T) = % (1+ 4K — uA*w sin 27).
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From the expressions of G,(t) and G4(7), the critical ranges of the coupling parameter K for which instability arises in the
network can be determined. Thus, for a given o, instability will occur in the network for any value of the coupling parameter
belonging to the union of the following domains

1 1
D= <_OC’_2+4oc :

D? = (—o0, —0.250). (7)

Any perturbed trajectory in those domains would lead the oscillators to continuously drift away from their original limit
cycles because the restoring force turns out to be repelling and the cycle loses its attraction character. Consequently, ®,, ©;
and ©4 will grow indefinitely, leading to the instability in the network. To further investigate on the stability analysis, we
rewrite Egs. (6) in a standard form by using the transformation

O = 1, eXp(—AiT) exp {*% /F(‘C)d‘c}. (8)
Thus, 5, satisfy the following set of independent Hill equations [27,28]
ik + (Aok + 215 SIN 27T + 201, COS 2T + 205, COS4T)17, =0, 1<k < 4, ©)
where

2
1 % A A
“01—602{ 4<1z> kvl

1 12 A2\° A4
(1022(103=E 1+(2+4O€)K7 (1—) 7ﬂ2—7

2
A A
1+4K -5 (1 > w35l

2 2 AZ 2A4
s = IUA Qic K <>A27 Qyc = £

1

dog = —
02

Tdw’ “8w? 2 T 64w?’

From Eqgs. (9), the stability boundaries of the synchronization process are to be investigated around the main parametric
resonances defined at ap = n?(n = 1;2). According to the Floquet theory [27,28], 17, may decay to zero or grow to infinity, and
then decide the behavior of the independent Fourier modes ®, whose velocities are defined as:

2+ 4o
’72.3:77
4
Na=2 (10)

The stability of each mode ®, will depend on its speed to enter or leave the synchronization manifold. Thus, we need to
determine the range of K for the synchronization process to be achieved. To that end, the Whittaker method [27] is used to
discuss unstable solutions and we assume that at the nth unstable region, each solution of Eqs. (9) is defined as:

1, = e+ sin(nt — p), (11)

with ¢, being the characteristic exponents and p a parameter. Substituting Eqs. (11) into Eqs. (9) and equating the coefficient
of cosnt and sinnt separately to zero, makes it to obtain the following characteristic exponents

¢t = —(ag +n?) + \/4n2ag, + @2, + @2,. (12)

The synchronization process is stable when the Fourier modes ®; go to zero as time increases. So that, the real part of
—J + ¢, should be negative. Since / is real and positive, the stability condition is reduced to /? > ¢2. Consequently, we have
from Egs. (8) that the synchronization process is stable under the conditions

I' = (ag — 1) +2(age +12)> + )% — a2, — % >0, n=12. (13)

The ranges of the coupling parameter K leading to stability of synchronized states are analytically determined based upon
Egs. (13). Investigations will be restricted around the first parametric resonance (n = 1) since for n = 2, the criterion (13) is
always fulfilled. One can then utilize I,lm to forecast the stability boundaries of synchronized states in the network. When
K = 0, the system is uncoupled and the Fourier modes ®,, ®; and ®, degenerate into ®; which is stable since it remains
bounded as t tends to infinity (see Fig. 3). However, as soon as K # 0, the stability boundaries become « dependent and this
lead to two major coupling cases, namely identical and nonidentical coupling parameters configuration.
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Fig. 3. A stable and bounded oscillation of the Fourier mode ©;.

3.1.1. Stability boundaries for identical coupling parameters (o« = 1)

As K increases, our investigation shows that both I;‘] and I;l are positive for K € (—0.1666; —0.0004] U [0.0014; +oco) while
I}m is positive for K € (—0.1666; —0.0006] U [0.002; +o0). Thus, an intersection of these results allows the following three do-
mains to be discerned:

D14 = (—0.1666, —0.0006] U [0.0020, +00),
Dy, = (—0.0006, —0.0004] U [0.0014, 0.0020),
D3, = (—0.0004,0) U (0,0.0014).
When K € Dy,, the modes O, (k =2,3,4) are together in the stability domain and thus tend all to zero as the time in-
creases. Consequently, all the four oscillators are phase-locked, leading to the following constraint:
X1 = X2 = X3 = X4. (14)

In this case, all the oscillators are phase-locked and then display the same dynamics. Accordingly, a wave signal emitted
emerges more powerful.

When K € D,,, the modes ©, (k = 2,3,4) enter into the instability domain and as a consequence, their state variables sat-
isfy the following constraints:

X1 # X3,

X3 # X4 (15)
and

X4 —X3+Xp —x1 #0. (16)

In this configuration, there is no synchronization in the network.
When K € D34, the two degenerated modes and fastest modes ®, and ®; leave the stability domain and one have

X1 = X3,
X3 = Xy, (17)

while the slowest mode ®, remains in the instability domain and thus, leading to the following criterion:
X4 — X3+ Xy — X1 #0. (18)

This state is sometimes referred to as cluster synchronization (clustering). Two clusters have emerged [Egs. (17)] while
there is no synchronization between them [Egs. (18)]. This type of clustering is very useful since it corresponds for instance
to a situation where two microwave oscillators are phase-locked one after the other one with possible implications in auto-
mation engineering, telecommunications, electronics commerce, robotics, transport technologies and many other areas [29].

3.1.2. Stability boundaries for nonidentical coupling parameters (o0 < 1,00 > 1)
In this type of configuration, the coupling strength at both first and second range of interaction among oscillators is dif-
ferent [30]. Such situations are very common in several type of networks. It is for example the case of peri-glomerular cells in
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the olfactory bulb, where stronger coupling might correspond to direct electrical connections and less stronger or weaker to
indirect coupling via interpolated cells [31]. In each zone of «, three values will be considered for better capturing its influ-
ence on the synchronized states dynamics and their stability boundaries.

e Case o < 1

In such a situation, the coupling strength between the first nearest neighbors has more influence compared to the one
between non-nearest neighbors. The arbitrary values chosen here are o = 0.01, o = 0.50 and « = 0.90.

For oo = 0.01, instability occurs in the network for K € (—oo, —0.250). Around the first main parametric resonance, condi-
tions (13) are satisfied for I (¢ = 0.01) = I ,( = 0.01) if K € (—0.250,—0.0010] U [0.0039, +c0) and for I (o = 0.01) if
K € (—0.250,—-0.00010] U [0.0026, +o0). From these results the three following domains are derived

Digu(oe =0.01) = (—-0.250,-0.0010] U [0.0039, +0),
Djq4(00 =0.01) = (—0.0010,—-0.0010] U [0.0026, 0.0039),
Dsq4(o0 =0.01) = (—0.0010,0) U (0,0.0026),
which stand for the regions of complete synchronization, Standard Correlated States (SCS) [32] and no synchronization
respectively.
For o =0.50, the criteria I;,(=0.50) and I,,(o =0.50) are realized when K belong to K & (—0.250, —0.0006]U

[0.0020, +00) and K € (—0.250,—0.0010] U [0.0026, +00) respectively. In such a situation, four domains can be determined
as follows

Dias(ox = 0.50) = (~0.250, —0.0006] U [0.0026, +00),
Dya.(c = 0.50) = (—0.0006, —0.00010),

Dsq4 (2t = 0.50) = (~0.0010,0) U (0,0.0020),

Daas(o = 0.50) = [0.0020, 0.00260).

Dyau(o0 = 0.50) (k = 1,2,3) correspond to regions of full synchronization, SCS and no synchronization respectively while
Daq (o0 = 0.50) stands for domains of cluster synchronization.

For o =0.90, the range of instability is defined for K € (—co0,—0.1875). Consequently, if K € (—0.1785,-0.0004]u
[0.0014, +0) and K € (~0.1785, -0.0010] U [0.0026, +oc0), I , (o = 0.90) and I}m(oc = 0.90) are respectively satisfied and four
domains can be determined and classified as follows:

Diq(0 = 0.90) = (~0.1785, —0.0004] U [0.0026, +c0),
Daax (2t = 0.90) = (—0.0004, —0.00010],

D3a(00 = 0.90) = (—0.0010,0) U (0,0.0014),

Dag.s(c = 0.90) = [0.0014,0.00260),

Dyax(t=0.90) (k=1,2,3,4) represent domains of full synchronization, SCS, no synchronization and clustering
respectively.

It should be emphasized that when « < 1, the number of dynamical states passes from three to four and as « increases,
the range of the Standard Correlated States continuously decreases while ranges of clustering (cluster synchronization) begin
to emerge.

e Case o > 1

In such a configuration, the coupling strength between the non-nearest neighbors has more influence compared to the
one between nearest neighbors. We have chosen the values of « to be 2,6 and 10 and their corresponding domain of insta-
bility are K € (—o0,—0.10), K € (—o0,—0.03840) and K € (—o0, —0.02380) respectively.

For o= 2,1;a(oc =2)>0 when K € (-0.10,-0.0003] U [0.0008, +c0) while I} ,(x=2)>0 if K e (-0.10,-0.00010]u
[0.0026, +c0). Consequently, the domains of complete synchronization, Standard Correlated States, no synchronization
and clustering are respectively defined as:

Digu(o0 =2) = (—0.10,-0.0003] U [0.0026, +c0),
Dyq (o0 =2) = (—0.0003,-0.00010],
D3g4(00 = 2) = (—0.0010,0) U (0,0.0008),
Dyqq (00 = 2) = [0.0008,0.00250].
For o = 6, the criteria I;‘x(oc =6) and I}m(oc = 6) are respectively satisfied for K € (—0.0384, —0.0001] U [0.0004, +o00) and

K € (—0.0384, —0.00010] U [0.0026, +c0). Thus, the states of full synchronization, no synchronization and clustering are de-
fined respectively as:
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D1a(ct = 6) = (~0.0384, -0.0001] U [0.0026, +00),
Daq.s(0t = 6) = (~0.0010, 0) U (0,0.0004),
Disq.4(0t = 6) = [0.0004, 0.0026).

For oo = 10, the criteria 1;71((;( =10) and I}l_ﬂ(oc = 10) are satisfied respectively when K € (—0.0238, —-0.0001] U [0.0002, +c0)
and when K € (—0.0238,-0.00010] U [0.0026, +oc0). From where, the following intervals

Diaz(ot = 10) = (~0.0238,-0.0001] U [0.0026, +o0),
Daa(ct = 10) = (~0.0010,0) U (0,0.0002),
Dsq(2 = 10) = [0.0002,0.0025),

stand respectively for domains of full synchronization, no synchronization and cluster synchronization.

3.2. Results of numerical simulations

Numerical simulations are carried out to support the accuracy and complement the findings of analytical investigations.
Thus, a fourth-order Runge-Kutta algorithm with a time step At=10"2 and the following initial conditions
(%1(0);%1(0)) = (1.0;1.0), (x2(0); x2(0)) = (1.5;1.5), (x3(0); x3(0)) = (2.0;2.0) and (x4(0);x4(0)) = (3.0;3.0) are used. In the
cases of non-identical and identical coupling parameters, the network is considered in phase synchronization when each
mode ©, vanishes with the precision 107.

e Case o =1

The corresponding time series of ®, (k = 2,3,4) for synchronization, no synchronization and instability are plotted as
shown in Fig. 4. for values of K in each area Dy, (k=1,2,3),

(a) (b)

TIME TIME

051

-05}

50
TIME

Fig. 4. Temporal variation of the Fourier modes ®; for = 0.1: (a) K = —0.08, (b) K = —0.0002, (c) K = 0.0015, (d) K = —0.17; ©, (lines), ®; (dashed lines),
©,4 (points).
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The numerical simulation of Egs. (2) reveal that the network is completely synchronized for K € [-0.1474; —0.0010]
U[0.0018; +00) where ®, = 0. There is a lack of synchronization in the system for K € (—0.0006, 0) U (0,0.0013). Such a lack
happens because ®; # 0. Clusters occur for K € [—0.0009, —0.0006] U [0.0013,0.0017] where ®; = ®; = 0 while @4 # 0. This
clustering corresponds to the state where x, = x4 and x; = x3 with x4 — X3 + X, — x; # 0. The numerical simulations also re-
veal the existence of the Standard Correlated States for K € [-0.1666; —0.1474). For this last oscillatory pattern, the faster
mode is ®4 = 0 while the slower and degenerated modes are greater than the given precision and therefore remain in
the instability domain. Overall, there is a quite good agreement between the results of the analytical and the numerical
investigations.

e Case o < 1
For o =0.01, complete synchronization takes place for K belonging to Din,(=0.01)=[-0.2363,—-0.0017]

U[0.0037, +00) while the SCS (©, # @3 # 0,04 = 0) arises if K € Dy, (o = 0.01) = [-0.0010, —0.00090] U [0.0029, 0.0036]
and no synchronization for K € Dsn,(ox = 0.01) = (—0.00090, 0) U (0,0.0028]. Apart these dynamical states forecasted

(a) 10 T T T T T T T

0.025
70900 70905 70910 70915 70920 70925 70930 70935 70940 70945 70950

Fig. 5. Temporal variation of the Fourier modes ®, with ¢ = 0.10 for o« = 0.01. (a): K = —0.240, (b):K = —0.0014. @, (lines), ®; (dashed lines), ®4 (points).
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analytically, clusters also appear for K € [-0.250,-0.2364] while the Cluster Correlated States (CCS) for which
®; # 0,05 =0 and ©4 = 0 emerge in the range of K defined as [-0.00160, —0.00110].

As o continuously increases, there is no significant change on the nature of dynamical states occurring in the network and
their stability boundaries until « =0.50 for which full synchronization is now defined for K € Dj,,(a = 0.50) =
[-0.2294, -0.0009] U [0.0020, +oc)  while the SCS emerges for K & Dyy,(o0=0.50) =[-0.2497,—-0.2494]U
[-0.2303,-0.2295].

No synchronization is observed if K € Ds,, (o= 0.50) = [-0.250,—-0.2498] U [-0.2493, -0.2304] U (—0.0005, 0)U
(0,0.0020). One should notice the non appearance of clustering analytically predicted for « = 0.50 but instead, the occur-
rence Clusters Correlated States for K € (0.0017,0.0020).

But, when o = 0.90, all dynamical states predicted analytically are observed during numerical simulations and classified
as follows: For K € Dy, (o0 = 0.90) = (—0.1580, —0.0010) U (0.0017, +00), synchronous states are observed while the SCS oc-
cur for K € Dy, (o0 = 0.90) = [-0.1785, —0.1580]. Instability is displayed for K € D3, (o = 0.90) = (—0.0006,0) U (0,0.0012)
while clusters exist for K € Dgp, (o = 0.90) = (-0.0011, —0.0005) U [0.0014,0.0017].

Overall, there is a good agreement between results of analytical and numerical investigations.

(a) 04 T T T T T T T T T
03 | E
0.2 | _

0.1 H

-0.1 -

-02 F E

0.4 1 1 1 1 1 1 1 1 1

300 305 310 315 320 325 330 335 340 345 350
TIME

(b)

0 20 40 60 80 100 120 140
TIME

Fig. 6. Temporal variation of the Fourier modes ®, with = 0.10 for o = 10. (a): K = 0.0018, (b): K = —0.0230. ®, (lines), ®; (dashed lines), ®4 (points).
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o Case o > 1

For oo = 2, full synchronization occurs if K € Dip (o = 2) = (—0.0884, —0.00080) U (0.0018, +oc0) and the SCS are observed
for K € Dapq(o = 2) = [—0.10, —0.0884]. Instability appears for K € D3, (o = 2) = [-0.0002, 0) U (0, 0.0006] while clusters are
defined for K € D4y, (ot = 2) = [-0.0008, —0.0005] U [0.0009, 0.0018].

For o« = 6, the domain of complete synchronization, no synchronization, clustering and SCS obtained are respectively
Dipy (0t = 6), Dany (0t = 6), D3ny(0t = 6), Dany (o0 = 6) and defined as:

Dypy(0 = 6) = (—0.0343,-0.00070) U (0.0019, +00),
Dy, (o0 = 6) = (—0.0001,0) U (0,0.0003),

D3, (o0 = 6) = [-0.00070, —0.00020] U [0.00030, 0.00196],
Dany (00 = 6) = [—0.0384, —0.0343).

For oo = 10, synchronous motions are found in the ring for K € Dy,, (o« = 10) = (—0.0216, —0.00070) U (0.0019, +c0). No
synchronization is observed for K € D,,, (o = 10) = (—0.0001,0) U (0,0.0002] while the clusters and the SCS are observed
for K € D3, (oc = 10) = [-0.0007, —0.0001] U (0.0002, 0.0020) and K € D, (o = 10) = (—0.0001,0) U (0,0.0002]. In this case
also, there is a overall good agrement between analytical and numerical results in spite of some little discrepancies observed.
The time histories of cluster synchronization and Standard Correlated States are shown in Figs. 5 and 6 respectively for
o =0.01 and o = 10. Figs. 5(a) and 6(a) show the time series of cluster synchronization while Figs. 5(b) and 6(b) display
the SCS.

4. Influence of a locally injected signal
4.1. Analytical survey

In order to consider the effects of undesirable parasite coupling or external perturbation, an external periodic signal is
locally injected in the network. Thus, the dynamics of the network in this representation is described by the following
equations:

2= pu(1 = x)x +x1 = KXo + 203 + x4 — 2(00+ 1)x1] — T(x1 — Xc),

X — ,u(l — XIZ)X[ + X = K[Xpr] + 20X1,0 + X1 — 2(0( + l)X{L 2<I< 4, (19)
where x. stands for the dynamics of the external oscillator and also plays the role of the command signal while I" is the local
injection strength. Throughout this survey, we take x. as the periodic solution of a van der Pol equation. Thus, the first order
perturbation equations for the stability analysis may now be written as:

G- u(1 *Xg)él A+ [1 4+ 2K(1 4 o) + 2 uxoko] &y = K(G + 203 + () — T,

G—pu(1=x2) 0+ 142K (1 + o) + 2uxoXo]l = K({iq + 200142 + (1), (20)

with the deviation {, = x — x..
Eqgs. (20) can also be rewritten as the following set of coupled Hill’s equations:

€1 + (ao1 + 2a45 SIN 2T + 20y, COS 2T + 20, COS 47T)E1 = % [K(&2 + 263 — 4e1 + &4) — Teq],

& + (A1 + 2015 SIN 2T + 201, COS 2T + 205, COS 47)¢) = % K(&r1 + 2612 —4e+ &), (21)
where

{ = & exp(—Ait) exp {—% /F(T)dr}, 1<k<4 (22)

In order to investigate the stability of the process around the parametric resonances, we assume that each solution of Egs.
(21) is defined as follows:
& = G5t sin(nt — 0), (23)

where S represents a characteristic exponent while C;, and ¢ are arbitrary constants. Substituting the solutions (23) into Egs.
(21) and equating the coefficients of sinnt and cos nt separately to zero gives us the following set of algebraic equations in
Cy:

2 . K 20K K
{[S + Rp(0r)] cos o + (2nS — aps) Sin G}G w2 cosoCy — el cosoCz — o2 cosaCy =0,
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2 - . K . 20K . K .
{(2n5 + dps) COS O — [S° + E, ()] sin U}Cl + o2 sinagCy, + o singCs + Pl sinogC4 =0,

K . K 20K
2 cosoCy + {[SZ + Yn(o)] cos o + (2nS — ays) Sin O'}Cz W2 cos aCs —% cosaCy =0,

K . . K . 20K .
P sinoCq + {(Zns + Qps) COS O — [S2 + W, ()] sin O'}Cz + 2 sinoCs + T sinoCy =0,

20K

T cosoCy — % cosoCy + {[52 + Yy ()] cos g + (2nS — aps) sin O'}C3 - % cosaCy =0,

20K . K
—sin gCy +

. . K .
el sinoC, + {(ZnS + Qps) COS O — [S2 + W(a)] sin O'}C3 +E sinoCy =0,

K 20K K .
2 cosoCy — el cosoC; — el cosoCsz + {[52 + Yy (a)] cos G + (2nS — ags) Sin O'}C4 =0,

% sinaCy +% sinaC, + % sinaCs + {(2n5+ ns) cOS G — [S* + lI’n(oc)]}‘lﬂl =0. (24)

When C; and ¢ are discarded in Eqgs. (24), the characteristic equation for S is defined by

An A A3 0 As 0 Ay O
Ayt Ay 0 Ay 0 Ay 0 Ay

Aua(S) = —0; n=1.2, (25)

where
Ay =S+ Rp(0), Ap = —(52 +E)(a), Asz=As5=A7; = S+ Yu(a),

Agg = Aes = Agg = *(52 + W), A =Asq = Asg = Azg = 2nS — ay;,
Ayt = Agz = Ags = Ag7 = 2nS + ays,

K
A13:A31:A17:A71:A35:A53:A57:A75:—w—,

K
Az4=A42=A28=A82=A4G=A64=A68=A86=E,

20K 20K
A15=A51=A37=A73=*W-, A26:A622A48:A84:W
. 2+ 1DK+T . - .
b:‘( +wl ha 5 Nn(“):a01+é*n2*anu .:‘n(ot)zam#»b*anranu
2+ 1)K 20+ 1)K

Yn() = Go1 +((U72)_ N —ane, Wa(2) = ao +¥— % + e,

with n =1 for A(S) and n = 2 for A;(S) (see Eq. (25)).
Since the stability condition is given by /2 — $? > 0 when we assume that 4 > 0, we have at the boundary of the nth unsta-
ble domain

Ana(2) = 0. (26)

The stability analysis here is reduced around the first unstable area because A, (1) > 0 remain positive for all values of
the coupling parameter K. Therefore, the process will be considered stable if A; ,(4) > 0 and unstable otherwise. Thus, to ana-
lyze the modulation of stability boundaries by the local injection strength, Eq. (26) is solved for « =1, o <1 and o > 1.

4.1.1. Stability boundaries for identical coupling parameters (o= 1)

Two main ranges of stability boundaries are found around A;(S) as I is varied. The first one is defined as 0 < I" < 1.20
where the range of stability domain in the network is a function of the local injection strength I'. For instance, when
I" = 0.03, synchronized states are found in the ring for K € [-0.1009, —0.0015] U [0.0014,0.0016]. But when I" = 0.05, a phase
synchronization process is achieved for K € (-0.1666,—0.0016]u[0.0014,0.0016]U[0.0139,+c0) and for



H.G. Enjieu Kadji et al./Commun Nonlinear Sci Numer Simulat 19 (2014) 656-672 667

K € (—0.1666, —0.0016] U [0.0014,0.0016] U [0.0087, +oc) when I' =0.09. In the second range (I" > 1.20), the stability
boundaries of phase synchronization remain unchanged and are defined for K € (—0.1666,—0.0018] U [0.0014,0.0016]
U[0.0062, +o0).

4.1.2. Stability boundaries for nonidentical coupling parameters (o0 < 1,00 > 1)

In both ranges of ¢, two main ranges are found as I" varies. Generally, stability boundaries are dependent on I" in the first
range. On the other hand, stability boundaries remain unchanged in the second range for any value of the local injection
strength. Moreover, the size of that first range differs as o increases.

When o < 1, the first range for oo = 0.01, o = 0.5 and & = 0.9 are definedas0 < I' < 0.5, 0<I'<0.75and 0 < I" < 0.80
respectively. But when o > 1, the first range for « = 2, o = 6 and « = 10 is respectively definedas 0 < I' < 0.5, 0 < I' < 0.30
and 0 < I' < 0.24. The threshold of the local injection strength from which stability boundaries of main dynamical states re-
main unchanged is inversely proportional to « when « > 1 but proportional to « for o < 1. In other words, when o € (0, 1),
the threshold of the local injection strength at which the stability boundaries of the synchronization dynamics remain prac-
tically unchanged, increases. On the other hand for o € (1, +00), that threshold decreases as I' increases. Therefore, o can be
viewed as a modulatory parameter of the local injection threshold.

4.2. Results of numerical simulations

The validity of the analytical findings is checked by solving Eqgs. (19) numerically for identical and nonidentical coupling
parameters. In both coupling configurations, two oscillators u and v are synchronized if the distance of their phase
trajectories

duu = |Xu _xv‘ < h: (27)

where h = 10~* is the precision. Thus, synchronization among all the oscillators is achieved if the total separation of all pairs
of trajectories (TS) is smaller than the precision, namely

Analytical and Numerical Numerical

stability

stabilities regions (R1) region (R4)

. . Numerical
Analytical stability . -
instability
region (R2) region (R5)

Analytical and Numerical

instabilities regions (R3)
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1.08

0.724

0.36 >

a i : H—'—\—.

-0.013 -0.0078 -0.0026 0 0.0026 0.0078 0.013
K

-0.166 -0.15

Fig. 7. Stability map showing the resulting synchronized states when both the first and second nearest neighbors are considered for identical coupling
parameters.
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TS= > duy<h (28)
)

pairs(uv

For higher accuracy (with a smaller h), the computational time has been extended to 10°.
o Case of identical coupling parameters

A chart reporting possible synchronized states with their corresponding stability boundaries is constructed in the (K, T")
plane as shown in Fig. 7. by combining results of numerical simulations of Egs. (19) and the analytical findings. Fig. 7 is com-
posed of five different regions: (R1), (R2), (R3), (R4) and (R5). (R1) occurs from intersection between the analytical and
numerical stabilities areas while (R3) represents the common solutions obtained from the numerical and analytical instabil-
ity domains. (R2) is the stability area forecasted analytically but absent from numerical simulations. (R4) and (R5)
are respectively the stability and the instability domains obtained numerically but not predicted analytically. Discrepancy
between the analytical and the numerical results decreases as I' increases. For instance, synchronization is numeri-
cally achieved when K € [-0.1488,-0.0261] U [-0.0113, —0.0020] U [0.0337, +c0) for I' =0.03 and when K € [-0.1666,
—0.0013] U [0.0081,0.0112] U [0.0161, +o0) for I" = 0.09. Clustering occurs in (R5) since a full synchronization requires all
clusters to be synchronized among them. For example, when I =0.02, six clusters (x; =2x3; X; =X3; X| =
X4; X2 = X3; X2 = Xa; X3 = X4) exist for K defined as K € [-0.135;-0.033] while for I' =0.05, there are three clusters
(X2 = X3; X2 = X4; X3 = X4) Wwhen K € [0.007;0.0096]. These clusters which mostly occur for small values of the local injection
strength progressively disappear by becoming synchronized as I" increases. I' = 1.20 is the critical value above which sta-
bility boundaries of synchronized states remain unchanged when both the first and second nearest neighbors coupling
are taken into account. This critical value is lower than the one reported (I' = 1.44) when only first neighbors coupling is
considered [16]. Therefore, the range of interaction in a network not only modulates synchronized states with their stability
boundaries, but also the energy threshold needed to be injected in the system in order to observe a steadiness of stability
boundaries.

Analytical and Numerical Analytical and Numerical
instabilities domains (R1) stabilities domains (R4)
[EE22525] Numerical instability Numerical stability
t domain (R2) domain (R5)

Analytical stability
domain (R3)
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0.18 1 @
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T T T T T T T T T T T T T T T
-0.0063 -0.0007 0 0.0007 0.0063 0.0119 0.0175 0.023 0.0287 0.073
K

Fig. 8. Stability map showing the resulting synchronized states when both the first and second nearest neighbors are considered for non-identical coupling
parameters (o = 0.01).
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¢ Case of nonidentical coupling parameters

For nonidentical coupling parameters, the accuracy of the analytical results predicted by Eq. (26) is solved for o < 1 and
o> 1 (namely o = 0.01, « =0.50, &« =0.90, o =2, o =6 and o = 10). A very good agreement is obtained between the re-
sults of numerical and analytical investigations, both for & < 1 and o > 1. To illustrate such situations, we have constructed
two stability charts showing the resulting synchronized states for « = 0.01 and « =10 as shown in Fig. 8 and Fig. 9
respectively.

In both zones of «, two main ranges of I' emerge. Here as well, stability boundaries in the first range vary for different
values of the local injection strength while in the second range, those boundaries remain the same despite increasing values
of TI. For example, when «=0.01, the synchronization is effective if K e[-0.2382,-0.0547]u
[-0.0234, -0.0067] U [0.0726,+0c) for I'=0.03. This domain changes for I'=0.18 and occurs when
K € (—0.25,-0.0041] U [0.0154, +0c0). But as soon as I >0.50, the synchronization process is achieved for
K € (—0.25,-0.0042] U [0.0133, +00).

On the other hand for o =10, synchronized states are displayed for K € [-0.0221,—-0.0191] U [-0.0063, —0.0017]U
[0.0218,+0c0) if I = 0.03 while when T" = 0.09, those states occur for K € (—0.0238,—0.0013) U [0.0060, +0). Very little
changes are noticed on these stability boundaries for I'>0.24 and they are defined as being
(—0.0238, —0.0014] U [0.0044, +00).

In an attempt to explore the limits of the stability regions, a small amount of noise is added to the locally injected signal in
the network. Under this circumstance, the network is governed by the following equations.

X —pu(1 —xf)kl +x1 =KXy + 20%3 + X4 — 2(00 + 1)x1] — T(%1 — xc) + &(b),
X — (1= xP)% + X = K[Xi1 + 20X + X1 — 2(00+ Dx)), 2<1< 4. (29)

The stochastic term &(t) is a Gaussian white noise of zero mean (i.e. (£(t)) =0 and (&(t)¢(t')) =0) and correlation
(E()E()) = 2DS(t — t') with D being the intensity of the noise. From the numerical simulations of the above equations
and utilizing the synchronization criterion defined by Eq. (28), Figs. 10 and 11 are obtained for both identical and
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==~ Numerical instability Numerical stability
== domain (R2) domain (R5)

Analytical stability

omain (R3)
0.48+
0.361
r
0.24+
0.12 +
E E
B BEEERssE 3
ey e, 0 R

-0.0238 -0.022 -0.0132 -0.0072 -0.0008 0 0.0008 0.0072 0.0132 0.0196 0.0256 0.238

K

Fig. 9. Stability map showing the resulting synchronized states when both the first and second nearest neighbors are considered for non-identical coupling
parameters (oo = 10).
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0 0

Fig. 10. Effects of a small Gaussian white noise on the stability map when both the first and second nearest neighbors are considered for identical coupling
parameters (x = 1;D = 0.02).

Fig. 11. Effects of a small Gaussian white noise on the stability map when both the first and second nearest neighbors are considered for non-identical
coupling parameters (« = 0.01;D = 0.02).

non-identical coupling parameters respectively. In the case of identical coupling parameters, the stability boundaries of syn-
chronization states are merely affected by local injection of a small amount of noise while the most remarkable change is
related to the critical value of I above which the stability boundaries remain unchanged for admissible values of coupling
parameters. In fact, without injection of noise, I' = 1.20 while in the presence of noise, that value decreases around I" = 0.75
(see Fig. 10). When the coupling parameters are considered non-identical, the stability domain of synchronization states is
considerably reduced as the range of instability increases. Moreover, there is no reduction of the critical value of I" for which
all boundaries are almost unchanged. That value remains around 0.5.

5. Conclusions

We have investigated here the modulatory effects of the second range of interaction and local injection on the main
dynamical states and their stability boundaries in a network of self-sustained systems. Without and with a locally injected
signal in the network, these effects have been analytically investigated for identical and non-identical coupling parameters
using the Whittaker method and the Floquet theory. Numerical simulations have been utilized to validate and complement
the results of analytical findings. Charts displaying modulatory influences of both the second range of interaction and local
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injection on stability boundaries of synchronized states have been drawn. Our investigations revealed that non-nearest
neighbors are able not only to influence significantly the stability boundaries of the synchronized states, but also the type
of dynamical patterns able to occur in the network. The same finding is true when it comes to local injection. However,
the threshold of local injection strength from which stability boundaries remain unchanged can be minimized when the sec-
ond range of coupling becomes stronger compared to the nearest neighbor coupling. In the case of identical coupling param-
eters, the threshold’s value is considerably reduced when a small amount of Gaussian white noise is also locally injected into
the system. But the threshold of local injection strength keeps almost the same value in the case of non-identical coupling
parameters without and with a presence of small amount of noise. Thus, injecting a small amount of noise merely disrupts
boundaries of stability, but instead, contributes to minimizing energy needed to achieve steady stability boundaries for iden-
tical couplings parameters. On the contrary, when it comes to the case of non-identical coupling parameters, adding a small
amount of noise into the system leads to a perturbation of stability boundaries. As a matter of fact, domains of synchroni-
zation in this case decrease while regions of instability become bigger. Constructing an experimental model of this network
to validate these finding would be an interesting task to be performed. Moreover, extending this study to more than four
oscillators will be of interest in order to further our understanding of large networks constituted of self-sustained oscillators.
As a matter of fact, in the case of a network where only the nearest neighbors coupling is considered and without local injec-
tion, it is known that the synchronization domain is inversely proportional to the number of oscillators embedded in the
network [18]. On the contrary, the domain of non-synchronization increases with the number of oscillators. Thus, to adding
the contribution of non-nearest neighbors in the stability analysis may further reduce regions of full synchronization states
while amplifying those of no synchronization. However, expanding the number of oscillators to an arbitrary number N while
a signal is locally injected in the network will probably lead to non-trivial and complex modulation of stability boundaries.
These boundaries can differ for excitatory coupling (positive values of coupling strength) or inhibitory coupling (negative values
of coupling strength) as reported by a previous study [33]. Addressing this issue will be an interesting task to consider in the
future.
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Appendix A

When N self-sustained oscillators are linked such that, the kth oscillator interacts with (k — 1)th and (k + 1)th, we obtain
the following equations.

1
Ik = L_ /(Vk — Vk+])dT
c

1
o= / (Viey - Vidr. (A1)

But when the interaction between the kth, (k — 2)th and (k + 2)th are also considered (with L;, the coupling coefficient),
we now have:

1
hea = / (Vi — Vi)dr
12

1 7
Iy = I, (Vi — Vio)dr, (A2)
and the kth oscillator is described by the following equations:
e dv
(ot =1+ (o =) =i ie +i = [ Vim Cgk— eVt eaVi. (A3)

The first time derivative of Eq. (A.3) enables us to obtain that the voltage in the capacitor of the kth oscillator is

v, a a dve 1 1 1
T (138 eV = L Wi = Wi Vi) + e Via = 2Vt Vi) A4

By using the quantities

1 e
w; =1c (=Wl Vi = \/3—;3&«
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the non-dimensional equations of motion are

X — (1 = X)X + X = Ky (i1 — 2% + X + 1) + Ko (X — 2%k + Xiy2)-

L L L
u=el\ﬁ Ki=p, Ko=p—
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