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Abstract. Purpose of this study is to investigate the problem of how typical (or, conversely, unique) is the
phenomenon of explosive synchronization in networks of nonlinear oscillators with topologies of links such as
“ring” and “small world”, and, in turn, how the partial frequencies of the interacting oscillators must correlate
with each other for the phenomenon of explosive synchronization in these networks can be possible. Methods.
In this paper, we use an analytical description of the synchronous behavior of networks of nonlinear elements
with “ring” and “small world” link topologies. To confirm the obtained results the numerical simulation is used.
Results. It is shown that in networks of nonlinear oscillators with “ring” and “small world” topologies of links, the
phenomenon of explosive synchronization can be observed for the different distributions of partial frequencies of
network oscillators. Conclusion. The paper considers an analytical description of the behavior of network oscillators
with “ring” and “small world” topologies of links and shows that the phenomenon of explosive synchronization in
such networks is atypical, but not unique.
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Introduction

When considering the collective dynamics of networks of nonlinear oscillators with a
complex topology of links between nodes [1,2] among a wide variety of possible types of synchronous
behavior, the so-called explosive synchronization regime occurs [3-6], in which, with an increase in
the coupling parameter between the elements, an explosive increase in the number of synchronous
oscillators of the network suddenly occurs, and the entire network begins to demonstrate synchronous
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behavior. And, conversely, when the coupling parameter decreases, the completely synchronous
state of the network suddenly collapses, while the number of synchronous oscillators (the size
of the synchronous cluster that has arisen) significantly decreases. The phenomenon of explosive
synchronization has been described and studied for networks of phase oscillators, and, accordingly,
the term "synchronous behavior"of interacting oscillators refers to the phase synchronization
regime when there is a coincidence of frequencies of interacting oscillators, and hence the locking
of their instantaneous phases |7, 8|.

Despite the fact that the phenomenon of explosive synchronization can be observed for
complex networks with different link topologies — such as regular networks, where each element
of the network is connected to all the others [9], networks with a random link topology [10],
scale-free networks [6, 11, 12], small world networks [13] — the explosive synchronization regime
undoubtedly has a universal character, but is not typical. It is observed in quite rare cases, has
a self-similar character [10] and requires a very specific set of control parameter values, both for
individual oscillators and for the entire network as a whole. In this case, the distribution of natural
frequencies of interacting oscillators plays an important role g(w) (see, for example, section
4.1.1 of the review [3|). In particular, for the case of a regular network of Kuramoto oscillators
with a topology of links between elements «each with each», the phenomenon of explosive
synchronization is described for the case of uniform equidistant distribution of natural frequencies
of oscillators, as well as for special cases of parabolic, triangular and <«hat-shaped» equidistant
distributions of partial frequencies of interacting systems [9]. Similarly, the phenomenon of
explosive synchronization occurs in the case of a uniform equidistant distribution of the natural
frequencies of interacting oscillators in networks with a random topology of links [10], and also
in small-world networks and regular networks with a topology of connections of the «ring»
type [13]. At the same time, in order for the phenomenon of explosive synchronization to take
place in scale-free networks, the natural frequencies of the w; oscillators must be related to
the degree of the corresponding node k; [14], while the ratio is often used w; = k; [6,11]. The
literature also considers other rather «exotic» variants of complex networks and the distribution
of partial frequencies, such as scale-free networks with delayed connections [15], frequency-
weighted networks [16], multilayer networks [17| (including, multilayer networks with partial
and weak correlation [18]) and so on.

In this paper, based on the features of the topology of links beween nodes of networks of the
«ring» and «small world» type, the question of possible types of distribution of partial frequencies
of interacting phase oscillators is considered, in which the «explosive» nature of establishing (or
destroying) a fully synchronous state of a network of nonlinear oscillators occurs with a change
in strength of connections between oscillators.

1. The considered model of a network of phase oscillators

Although the phenomenon of explosive synchronization is observed for various types of
phase oscillators (in particular, for piecewise linear Ressler oscillators [4], generalized Kuramoto
oscillators [19]), the Kuramoto oscillator model is used as a reference model of phase oscillators
located in network nodes with a complex topology of links [20,21]

N

(Gj = wj + 1Y ajpsin (@ — @) (1)
k=1
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In the ratio (1), each j oscillator is characterized by the instantaneous value of the phase ¢;
and the frequency w; (which is the control parameter for each oscillator). The topology of the
links between the oscillators is given by the elements of the matrix A = {a;;}, taking the zero
(ajr, = ag; = 0) or one (a;i = arj = 1) values in the absence or presence of a connection between
the j-m and k-m oscillators, respectively. Obviously, the diagonal elements of the matrix A must
be identically equal to zero, aj; = 0. The total number of oscillators in the network is set by the
control parameter N, the value of which in this paper is assumed to be equal to N = 10%. The
intensity of all network links is assumed to be the same and is characterized by the value of the
control parameter A.

The linear transformation q; — @; + Qot translates the original ratio (1) into itself. However,
after this transformation, the variable ¢; will have the meaning of the phase difference between
the original j network oscillator and some reference oscillator (possibly abstract), the oscillation
frequency of which is Qq. Similarly, the partial frequency w; after such a transformation will
make sense of the difference between the frequencies of the original oscillator with the number j
and the frequency €2g. Choosing € lying inside the interval of partial frequencies of interacting
oscillators, Qp € (Wmin, Wmax), it can be achieved that the natural frequencies of the considered
oscillators can be both positive and negative, and if the condition Qy = (w;) is met, the set of
partial frequencies will have a zero mean.

Since in this paper we consider a regular network of nonlinear Kuramoto oscillators with
a topology of links between nodes of the «ring» type, as well as a network with «small world»
topology formed from a regular ring network using the Watts-Strogatz method [22], we introduce
into consideration similar to the work [13] a spatial coordinate x directed «along» the ring, the
beginning of which relative to the network elements can be chosen arbitrarily. Without loss of
generality, we assume that in the coordinate system introduced into consideration, the length
of the ring will be 2£€ units, and the eigenfrequencies w; of the network elements depend on
the coordinate z and can be considered as some function of the coordinate, o(z). Similarly, the
instantaneous values of the quantities ¢; can also be considered as a function of the spatial
variable and time, ¢(z,t), and in the case of a completely synchronous state of all network
elements and the choice of the value Qg equal to the frequency of synchronous oscillations — as
a function of the spatial variable only, ¢(x).

Assuming a large number of oscillators IV > 1 and a completely synchronous state of all
interacting oscillators for a network of nonlinear oscillators with a topology of links between
nodes of the «ring» type, the initial evolution operator (1) can be written as

M- @ (2) = o(z), (2)

where is the value

L

1

= A2/“r]sm ) dn (3)
0

is some function, which we will call potential (see also [13]). In the ratio (2), the variable x runs
through the range of values from —£ to +£, the parameter A = 2£/(N — 1) makes sense of the
distance (in units of the dimensionless coordinate x, introduced into consideration along the ring
network) between two neighboring elements of the network (that is, between j-m and (j + 1)-m
oscillators), and the value of L = AK, in turn, characterizes the spatial size of the connection
(again in units of the spatial variable z) of each element of the network with 2K neighbors with
which it is connected.
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Indeed, for a fully synchronous network with the «ring» topology of inter-element connections
and oscillators with numbers j € [K 4+ 1, N — K)], the relation (1) can be written as

JHE
0=o(z)+1 Y sin(p;+ (k—5)A) - glz;)), (4)
k=j—K

where the coordinate x; corresponds to the position of the jth oscillator. Due to the closeness of

the oscillator network into a ring, the ratio (4) (with appropriate reinterpretation of the oscillator

numbers) will be valid for oscillators with numbers less than (K + 1) and more (N — K).
Using reinterpretations k — k — j, v — x;

+K
LY sin(@ (@ + kA) — @(x) = o), ()
k=—K

and a sequential chain of transformations

K

—A) sin (¢ (z — kA) xzsm (x4 kA) — @(z)) = o(z), (6)
k=0
K

=1 {sin (¢ (z + kA) — @(x)) —sin (@(z) — ¢ (z — kA))} = o(@), (7)
k=0

the relation (4) can be reduced to the form

K
1S {Ui(e + kA) = Up(a)} = o(a), (8)
k=0
where
Uk(z) = sin (¢(z) — ¢p(z — kA)) . (9)

Assuming a large number of ensemble oscillators, N > 1, and, accordingly, the distance
between the oscillators tending to zero, A < 1, the ratio (8) can be written as

K
M) kUL () = o). (10)
k=0

Introducing the function

K
—ZkUk stm @(x — kA)) stm k), (11)
k=1

and using the linearity property of the sum operator, the relation (10) can be written as
M - DL () = w(x). (12)
Now, to move from the resulting ratio (12) to the form (2), it remains only to take into account

Ui () = sin (¢(z) — ¢(z — kA)) ~ sin (¢'(z)kA) (13)
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and go from discrete summation to (11) to continuous integration

K L
1 1
E kUg(z = g (kA) Uy (z A2/7]sm (z)n) dn, (14)
k': 0

which leads to the relations (12) and (11) to a form completely identical to the expressions (2)
and (3), respectively.

It is clear that when constructing a network of elements with a topology of links «small
world» using the Watts—Strogatz [22] method, as a result of re-linking ring connections, «long»
connections appear that are not taken into account by the relations (2) and (3), and, accordingly,
the behavior of small-world networks will be distorted relative to the analytical description. At
the same time, it can be expected that, since the properties of the «small world» in networks
of nonlinear elements manifest themselves at small values of the probability of p reconnection of
connections in the Watts-Strogatz method, the distortions that appear will be insignificant and
will not greatly affect the main analytical results obtained during the review.

2. Fully synchronous regime and its destruction

As already discussed in the Introduction, the explosive synchronization regime consists in
a sharp, seemingly sudden increase in the number of synchronized oscillators in the network and
the transition of the network to a fully synchronous state with an increase in the strength of
the couplings between the network elements. Similarly, with a decrease in the strength of the
coupling, there is a sudden destruction of the fully synchronous state of the network and a sharp
decrease in the number of synchronized oscillators. It is important to note that the establishment
and destruction of a fully synchronous network state is usually accompanied by hysteresis [3],
in other words, the critical values of the coupling parameter with increasing and decreasing the
strength of the connection may be different.

Analytical relations (2) and (3) in the section 1 were obtained for the case of a fully
synchronous state of the Kuramoto oscillator network. At the same time, it is obvious that in the
case when the regularity w(z) is known, according to which the partial frequencies of interacting
oscillators are given (let’s make an assumption about the integrability of this regularity w(x)),
for the relation (2) there is always the solution is in the form of

O, (z) = % / o(z) do (15)

over the entire review interval x € [—£; £], regardless of the magnitude of the coupling strength A
(of course, provided A # 0) and the degree of synchronicity of the dynamic regime of the network
oscillators. Taking into account the above, it seems obvious that the potential function ®4(x),
defined by the relation (15), should have (again, over the entire consideration interval z € [—£; £])
a certain property in the regime of a fully synchronous state of the network, and, conversely, not
to have this property if it is impossible for a fully synchronous state of the network to exist
with small values of the coupling parameter. Moreover, the loss of this property by the potential
function Ig(x) must correspond to the critical value of the control parameter A, corresponding
to the moment of destruction of the fully synchronous state of the network of coupled oscillators.

Since from the review conducted in the section 1, we know some information about the
potential function ®,(z) (see the relation (3)), and considering the results of [13], we can assume
that this property is the property of the limitation of the values of the potential function ®4(x)
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over the entire interval of consideration x € [—£; £] in a certain range of values
-5 < Py(x) < S, S>0. (16)

The value of S can be estimated from the ratio (3): despite the fact that the explicit form of the
dependence of the phases of the oscillators on the coordinate @(z) (the derivative of which appears
in the relation (3)) we do not know, obviously, that the maximum and minimum possible values
of the integrand function are sin(¢@’(x)n) are £1, and accordingly, the maximum and minimum
possible values of ®4(z) can be estimated (from above) as

L
1 L? K?
+— dn=t—5=+— 17
A2 / ndn ==+ 5 (17)
0
and, accordingly,
K2
0<SK 7 (18)

Thus, based on the results of the above consideration, the following intermediate conclusions
can be formulated: in networks of phase oscillators with «ring» and «small world» topologies of
links between nodes, specifying an explicit type of distribution of partial frequencies of interacting
oscillators ®; (and, respectively, w(x)) and by tracking the fulfillment of the condition (16)
for the potential function ®4(x) (the type of which is known from the relation (15)), it is
possible to «construct» situations, in which, with an increase/decrease in the strength of the
coupling between the interacting oscillators, an explosive transition (ezplosive synchronization)
will be realized between a fully synchronous state of the network and a state in which there are
synchronous clusters of oscillators whose sizes are significantly smaller than the total number
of network oscillators N. Obviously, there can be quite a lot of such dependencies w(z), and,
accordingly, network configurations in which explosive synchronization can be implemented,
which, in turn, suggests that in networks with «ring» and «small world» link topologies the
phenomenon of explosive synchronization is at least not unique.

3. Example: harmonic dependence of frequency on oscillator number

In order to illustrate the above, let’s consider networks with topologies of links between
nodes of the type «ring» and «small world», consisting of N = 10% Kuramoto oscillators (1), the
partial frequencies of which depend on the number of the oscillator according to the harmonic

law

2
mj:Qsin<?ij>, 7=12... N, (19)

where Q > 0 is the maximum possible value of the partial frequency of the oscillators, m is the
number of periods depending on the partial frequencies of the oscillator numbers. Let’s choose
the value of the parameter K = 8, which will mean that each element of the network is connected
to 16 nearest oscillators. Since the theoretical consideration in the sections 1 and 2 was carried
out in the range of coordinate values x € [—£; £], for a continuous model (2), the dependency
(19) will correspond to the dependency

o(x) = —Qsin (%ﬂx) , x € [-£ L] (20)
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When considering this example, we will choose for convenience £ = 0.5, then, as it is easy to see,
the value of the control parameter A will be equal to 1073. It is not difficult to see that for the
dependency under consideration (20), the potential function (15) will have the form

- £Q (mn
~maa e

where C' is the integration constant, which, due to the symmetry of the relations (3), (16), (17),
(20), we will assume identically equal to zero.
Obviously, the condition (16) will be met when

®,(z) x) el (21)

2
o K
mmhA "~ 2

(22)

what makes it possible to estimate the critical value of the coupling parameter A, at which (in
case of a decrease in the strength of the connection) the destruction of the fully synchronous
state of the Kuramoto oscillator network should occur

2£Q

he 2 = ——
€~ maAK?2

(23)

It is easy to see that with the selected values of the control parameters, Q = 0.5 and m = 1
the value of A, must be equal to or greater than A, = 2.4868. In other words, it can be expected
that for the specified values of the control parameters, with the strength of the coupling between
the elements of the network being below the value of A, the network of Kuramoto oscillators (1)
with the «ring» topology of links between nodes cannot be in completely synchronous regime,
but above the critical value phenomenon of explosive synchronization is possible from this point
of view.

In Fig. 1 the dependences of the number of oscillators in the maximum synchronous
cluster of the network on the value of the coupling parameter A for different values of the
control parameters characterizing the Kuramoto oscillator network obtained by direct numerical

N
1000 (TR - QRISSERIERCKICIK 0000080
L RRSESISEL N TINANZINANIINTIN. \RRRRRRRRA

800

600

400

0 0.5 1 1.5 2 2.5 3 A

Fig. 1. The dependence of the number of the synchronous oscillators into the maximal synchronous cluster, N,
on the coupling strength A for the Kuramoto oscillator network (1) with topology of links belonging to the types
“ring” (curves 1—4) and “small world” (curve 5). The control parameter values are the following: £ = 0.5, N = 103
K=8 Q=05 m=1 (curve 1); Q = 0.5, m = 2 (curve 2); Q = 0.25, m = 1 (curve 3); Q = 0.25, m = 2
(curve 4); @ = 0.5, m = 1, p = 0.01 (curve 5). All curves have been obtained for the decreasing coupling
parameter A (color online)
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simulation of the model system are shown. The figure clearly shows that for all the cases under
consideration in the oscillator network, there is a sharp transition between the fully synchronous
state of the oscillators of the network and the state when there is no such fully synchronous state.
The curve 1 corresponding to Q = 0.5 and m = 1, undergoes a sharp transition at A, = 2.5224,
which correlates very well with the received value A, = 2.4868. Above the critical value, the
Kuramoto oscillator network turns out to be fully synchronized, whereas below A there are two
equivalent synchronous oscillator clusters in the network, just as is the case in of a Kuramoto
oscillator network with a uniform equidistant partial frequency distribution (see [13]).

It is also interesting to note that an increase in the number of oscillation periods of the
o(z) dependence on the considered interval [—£; £] leads to a corresponding decrease in the value
of A« and, accordingly, the critical value of L. (see the relation (23), and also compare the curves
1 and 2, 8 and 4 in Fig. 1). In the case when the frequency of Q changes simultaneously with the
number of oscillation periods m so that the ratio Q/m remains unchanged, the corresponding
dependencies N (A) will be almost identical to each other (see (23) and cf. the curves 2 and & in
Fig. 1).

The figure also shows that in the case of a small-world network, an explosive transition
occurs at a lower (although close) value of the control parameter A compared to a similar network
of Kuramoto oscillators of the «ring» type (cf. curves 1 and 5, Fig. 1). Such a difference can
be explained by the fact that a small number of «long» links formed due to the reconnection
of connections between oscillators when constructing a small-world network from a ring using
the Watts-Strogatz [22] method introduces some distortions in the behavior of the small-world
network compared to the theoretical relations given in this paper.

The obtained theoretical relation (21) for the potential function ®4(x) can be compared
with the results of direct numerical simulation of the Kuramoto oscillator network (1), while the
numerical dependence of the potential function on the coordinate x can be calculated using the
relation (11), since for the number of elements of the network N tending to infinity, the discrete
analogue of the potential function ®@,(z) tends to the potential function @ (z):

NE)IEOO Dy (z) = Dy(x). (24)
Since the numerical simulation of the behavior of the Kuramoto oscillator network uses the
element number j as the spatial coordinate, for matching (11) ¢ (21) it makes sense to move to
a dimensionless coordinate z = (5 — N/2)/N.

In Fig. 2 it is shown the comparisons of profiles of theoretical ®,(x) and numerical ®g(z)
representations of a potential function for a network of Kuramoto oscillators (1), which is in
a fully synchronous state. Fig. 2, a corresponds to the case of a network of oscillators with a
«ring» topology of links, Fig. 2, b corresponds to the «small world» topology of links. From
Fig. 2, a it can be shown an excellent correspondence between the result of numerical modeling
and the theoretical dependence (21), which suggests the adequacy of the proposed theoretical
approach. In the case of the «small world» «long» network, the connections that were not taken
into account when constructing the theoretical description somewhat distort the profile of the
potential function. «Long» connections resulting from the application of the Watts-Strogatz [22]
method can be considered as some random effect on a potential function that distorts its profile.
Distortions of the smooth profile of the potential function lead to the fact that for a small-world
network at some points z., the potential function ®(z) reaches restrictive values of S at lower
values of the control parameter A compared to a similar network (characterized by the same set
values of control parameters) with the «ring» topology of inter-element connections, which leads
to a shift in the area of a sharp transition towards smaller values of the coupling parameter A (see
Fig. 1, curves 1 and ). Nevertheless, these differences are mainly of an insignificant quantitative
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@,(x)

Fig. 2. The dependence of the discrete and continuous representations of the potential function on coordinate x
for the Kuramoto oscillator network with “ring” (a) and “small world” (b) topologies, A = 2.64, Q = 0.5, m = 1,
p = 0.01 (color online)

nature. The general patterns in the behavior of a potential function for a network of synchronous
oscillators turn out to be the same for the «ring» and «small world» topologies of interelement
connections, therefore all the conclusions obtained for a network with the «rings» topology remain
valid for small world networks.

Conclusion

Thus, based on the theoretical results set out in sections 1 and 2, confirmed by the results
of numerical modeling (section 3) of the dynamics of Kuramoto oscillator networks with «small
world» and «ring» topologies, it can be concluded that the explosive nature of the transition
to a fully synchronous state in such networks can be observed for a sufficiently large number
of possible dependencies of the partial frequencies of w; oscillators on the oscillator number j,
consequently, such an explosive transition in such networks is a phenomenon, although atypical,
but not unique. Moreover, the approach proposed in this paper, based on specifying a sequence
of partial frequencies wj, allows us to purposefully «design» networks with «ring» and «small
world» topologies, which will demonstrate the phenomenon of explosive synchronization.

References

1. Boccaletti S, Latora V, Moreno V, Chavez M, Hwang DU. Complex networks: Structure and
dynamics. Physics Reports. 2006;424(4-5):175-308. DOI: 10.1016/j.physrep.2005.10.009.

2. Arenas A, Diaz-Guilera A, Kurths J, Moreno Y, Zhou C. Synchronization in complex
networks. Physics Reports. 2008;469(3):93-153. DOI: 10.1016/j.physrep.2008.09.002.

3. Boccaletti S, Almendral JA, Guan S, Leyva I, Liu Z, Sendina-Nadal I, Wang Z, Zou Y.
Explosive transitions in complex networks’ structure and dynamics: Percolation and synch-
ronization. Physics Reports. 2016;660:1-94. DOI: 10.1016/j.physrep.2016.10.004.

4. Leyva I, Sevilla-Escoboza R, Buldi JM, Sendina-Nadal I, Gémez-Gardenies J, Arenas A,
Moreno Y, Gémez S, Jaimes-Redtegui R, Boccaletti S. Explosive first-order transition to
synchrony in networked chaotic oscillators. Phys. Rev. Lett. 2012;108(16):168702.

DOI: 10.1103/PhysRevLett.108.168702.

5. Leyval, Navas A, Sendina-Nadal I, Almendral JA, Buldi JM, Zanin M, Papo D, Boccaletti S.
Explosive transitions to synchronization in networks of phase oscillators. Scientific Reports.
2013;3:1281. DOI: 10.1038/srep01281.

Koronovskii A. A., Kurovskaya M. K., Moskalenko O. I.
40 Izvestiya Vysshikh Uchebnykh Zavedeniy. Applied Nonlinear Dynamics. 2023;31(1)


https://doi.org/10.1016/j.physrep.2005.10.009
https://doi.org/10.1016/j.physrep.2008.09.002
https://doi.org/10.1016/j.physrep.2016.10.004
https://doi.org/10.1103/PhysRevLett.108.168702
https://doi.org/10.1038/srep01281

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Gémez-Gardenies J, Gémez S, Arenas A, Moreno Y. Explosive synchronization transitions

in scale-free networks. Phys. Rev. Lett. 2011;106(12):128701. DOI: 10.1103/PhysRevLett.106.128701.
Pikovsky A, Rosenblum M, Kurths J. Synchronization: A Universal Concept in Nonlinear
Sciences. Cambridge: Cambridge University Press; 2001. 411 p. DOI: 10.1017/CBO9780511755743.
Anishchenko VS, Vadivasova TE. Relationship between frequency and phase characteristics

of chaos: Two criteria of synchronization. Journal of Communications Technology and
Electronics. 2004;49(1):69-75.

Paz6 D. Thermodynamic limit of the first-order phase transition in the Kuramoto model.
Phys. Rev. E. 2005;72(4):046211. DOI: 10.1103/PhysRevE.72.046211.

Koronovskii AA, Kurovskaya MK, Moskalenko OI, Hramov A, Boccaletti S. Self-similarity

in explosive synchronization of complex networks. Phys. Rev. E. 2017;96(6):062312.

DOI: 10.1103/PhysRevE.96.062312.

Peron TKDM, Rodrigues FA. Determination of the critical coupling of explosive synchronization
transitions in scale-free networks by mean-field approximations. Phys. Rev. E. 2012;86(5):056108.
DOI: 10.1103/PhysRevE.86.056108.

Zou Y, Pereira T, Small M, Liu Z, Kurths J. Basin of attraction determines hysteresis in
explosive synchronization. Phys. Rev. Lett. 2014;112(11):114102. DOI: 10.1103/PhysRevLett.112.114102.
Koronovskii AA, Kurovskaya MK, Moskalenko OI. On the possibility of explosive synchronization
in small world networks. Izvestiya VUZ. Applied Nonlinear Dynamics. 2021;29(4):467-479

(in Russian). DOI: 10.18500/0869-6632-2021-29-4-467-479.

Zhu L, Tian L, Shi D. Criterion for the emergence of explosive synchronization transitions in
networks of phase oscillators. Phys. Rev. E. 2013;88(4):042921. DOI: 10.1103/PhysRevE.88.042921.
Peron TKDM, Rodrigues FA. Explosive synchronization enhanced by time-delayed coupling.
Phys. Rev. E. 2012:86(1):016102. DOI: 10.1103/PhysRevE.86.016102.

Leyva I, Sendina-Nadal I, Almendral JA, Navas A, Olmi S, Boccaletti S. Explosive synch-
ronization in weighted complex networks. Phys. Rev. E. 2013;88(4):042808.

DOI: 10.1103/PhysRevE.88.042808.

Jiang X, Li M, Zheng Z, Ma Y, Ma L. Effect of externality in multiplex networks on
one-layer synchronization. Journal of the Korean Physical Society. 2015;66(11):1777-1782.
DOI: 10.3938 /jkps.66.1777.

Su G, Ruan Z, Guan S, Liu Z. Explosive synchronization on co-evolving networks. EPL
(Europhysics Letters). 2013;103(4):48004. DOI: 10.1209/0295-5075/103/48004.

Hu X, Boccaletti S, Huang W, Zhang X, Liu Z, Guan S, Lai CH. Exact solution for
first-order synchronization transition in a generalized Kuramoto model. Scientific Reports.
2014;4(1):7262. DOI: 10.1038/srep07262.

Kuramoto Y. Self-entrainment of a population of coupled non-linear oscillators. In: Araki H,
editor. International Symposium on Mathematical Problems in Theoretical Physics. Vol. 39

of Lecture Notes in Physics. Berlin, Heidelberg: Springer; 1975. P. 420-422.

DOI: 10.1007/BFb0013365.

Acebréon JA, Bonilla LL, Pérez-Vicente CJ, Ritort F, Spigler R. The Kuramoto model:

A simple paradigm for synchronization phenomena. Rev. Mod. Phys. 2005;77(1):137-185.
DOI: 10.1103/RevModPhys.77.137.

Watts DJ, Strogatz SH. Collective dynamics of ‘small-world’ networks. Nature. 1998;393(6684):
440-442. DOI: 10.1038/30918.

Koronovskii A. A., Kurovskaya M. K., Moskalenko O. I.
Izvestiya Vysshikh Uchebnykh Zavedeniy. Applied Nonlinear Dynamics. 2023;31(1) 41


https://doi.org/10.1103/PhysRevLett.106.128701
https://doi.org/10.1017/CBO9780511755743
https://doi.org/10.1103/PhysRevE.72.046211
https://doi.org/10.1103/PhysRevE.96.062312
https://doi.org/10.1103/PhysRevE.86.056108
https://doi.org/10.1103/PhysRevLett.112.114102
https://doi.org/10.18500/0869-6632-2021-29-4-467-479
https://doi.org/10.1103/PhysRevE.88.042921
https://doi.org/10.1103/PhysRevE.86.016102
https://doi.org/10.1103/PhysRevE.88.042808
https://doi.org/10.3938/jkps.66.1777
https://doi.org/10.1209/0295-5075/103/48004
https://doi.org/10.1038/srep07262
https://doi.org/10.1007/BFb0013365
https://doi.org/10.1103/RevModPhys.77.137
https://doi.org/10.1038/30918

	The considered model of a network of phase oscillators
	Fully synchronous regime and its destruction
	Example: harmonic dependence of frequency on oscillator number

