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ABSTRACT

Chimera states, i.e., dynamical states composed of coexisting synchronous and asynchronous oscillations, have been reported to exist in
diverse topologies of oscillators in simulations and experiments. Two-population networks with distinct intra- and inter-population coupling
have served as simple model systems for chimera states since they possess an invariant synchronized manifold in contrast to networks on a
spatial structure. Here, we study dynamical and spectral properties of finite-sized chimeras on two-population networks. First, we elucidate
how the Kuramoto order parameter of the finite-sized globally coupled two-population network of phase oscillators is connected to that of
the continuum limit. These findings suggest that it is suitable to classify the chimera states according to their order parameter dynamics, and
therefore, we define Poisson and non-Poisson chimera states. We then perform a Lyapunov analysis of these two types of chimera states, which
yields insight into the full stability properties of the chimera trajectories as well as of collective modes. In particular, our analysis also confirms
that Poisson chimeras are neutrally stable. We then introduce two types of “perturbation” that act as small heterogeneities and render Poisson
chimeras attracting: A topological variation via the simplest nonlocal intra-population coupling that keeps the network symmetries and the
allowance of amplitude variations in the globally coupled two-population network; i.e., we replace the phase oscillators by Stuart-Landau
oscillators. The Lyapunov spectral properties of chimera states in the two modified networks are investigated, exploiting an approach based
on network symmetry-induced cluster pattern dynamics of the finite-size network.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0065710

Chimera states are a peculiar type of synchronization patterns in
homogeneous oscillatory systems’> where regions of synchrony
and asynchrony form spontaneously.” They were observed in
diverse experiments*'’ and are believed to be important for cer-
tain biological manifestations, such as unihemispheric sleep of
some animals or so-called bump-states of neural activity.'"'* Also,
from a theoretical point of view, an understanding of chimera
states plays an important role, as they mediate between order
and disorder."””"> A detailed analysis of their dynamics is much
facilitated with a simple topology, the simplest one consisting of
two coupled populations.'®*” For this minimal model, analyti-
cal results about the stability and bifurcations of chimera states
could be obtained in the continuum limit,'® and for the case of
small populations, it was shown that the same type of bifurcations
exists.'” Yet, there are still many open questions, some of which
we answer in this paper. The incoherent dynamics of the two-
population network depends sensitively on the initial conditions
and on the ensemble size.'””'*’" In particular, when the initial

conditions are obtained from the Poisson kernel, the incoher-
ent motion is simpler than for general initial conditions.””** Our
paper is centered around the questions how the chimera states
can be classified according to the initial condition and how the
dynamics of large- and small-size populations are linked. Another
question we address is how to make the special chimera state with
the simpler dynamics of the incoherent oscillators attracting in
more realistic situations. Our analysis suggests the definition of a
Poisson chimera, which gives a natural way to classify the chimera
states arising from different initial conditions. The main methods
employed are Lyapunov analysis*~** and network symmetry.””~*’

. INTRODUCTION

Chimera states were first discovered for non-locally coupled
phase oscillators on a spatially one-dimensional ring.” To obtain
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a deeper understanding of the dynamics of chimera states, sev-
eral mathematically more easily tractable models that still exhibit
the primary dynamical properties of chimera states have been
proposed.”*~"* The simplest of them is a network consisting of
two populations of identical oscillators. All oscillators within one
population are globally coupled to each other with a given intra-
population coupling strength, which is the same for both pop-
ulations. The coupling of the oscillators of different populations
is all-to-all as well, but the inter-population coupling strength is
different from the intra-coupling strength. In a chimera state of
such a two-population topology, one population oscillates fully syn-
chronously, while the other one exhibits incoherent oscillations. The
network topology makes sure that the synchronized oscillators live
on an invariant sync-manifold, which causes the simpler mathemat-
ical accessibility of these chimera states compared to those in other
networks, e.g., on the spatially one-dimensional ring.”*"

This simpler structure has been exploited in numerous
studies.”’*”* In many of them, the continuum limit was
considered.'®'®'"” Furthermore, in order to address the robustness
of chimera states, heterogeneities have been introduced,”**'' or
non-complete networks of oscillators were considered with a static**
or time varying** network structure. Besides phase oscillators, also,
planar oscillators were studied.”*

Studies with finite-sized populations revealed a strong depen-
dence of the chimera states on initial conditions (ICs)."”~*"*"»*%%*> The
simplest chimera dynamics was obtained when the ICs of the inco-
herent population were distributed according to the Poisson kernel.
However, the chimera states in the identical phase oscillator model
were shown to be neutrally stable in many directions.”” In contrast,
when heterogeneous populations were considered, the asymptotic
dynamics even for slightly off Poisson kernel ICs was found to be
attracting in the long time limit.”>*%*

In the following, we will term such ICs Poisson initial condi-
tions and abbreviate them with PIC, whereas all other initial condi-
tions are referred to as non-Poisson ICs and abbreviated by n-PIC.
In the case of PICs, the chimera states of small-sized populations
exhibited pronouncedly different order parameter dynamics from
large-sized populations, which has been attributed to finite-size
fluctuations.'” Moreover, for large populations, the numerical simu-
lation suggested that the order parameter becomes indistinguishable
from the one predicted by the continuum limit.'*'""

In this paper, we elucidate the origin of both the impact of
the initial conditions and of the population size on the chimera
dynamics in two-population networks. In particular, we present
evidence that there is a continuous change from the small to the
large-size populations up to the continuum limit. First, we con-
sider the classical two-population network topology with identical
Kuramoto-Sakaguchi phase oscillators and global intra- and inter-
population coupling [Fig. 1(a)]. We demonstrate that finite-sized
chimeras emerging from PIC live in the neutrally stable Poisson
submanifold, which corresponds to the Ott-Antonsen (OA) man-
ifold in the continuum limit and on which the incoherent phase
degrees of freedom (DOFs) are distributed according to the Poisson
kernel.”>””** To underline the different dynamical characteristics of
chimera states arising from PICs and n-PICs, we introduce the con-
cept of a Poisson chimera trajectory and illustrate that what has been
so far considered finite-size fluctuations of small-size chimeras is of
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FIG. 1. Schematics of the two-population network topologies considered in this
paper. (a) Global intra- and inter- population topology and (b) global inter- and non-
local intra-population coupling. Here, only the connections from the first oscillator
are fully depicted. The solid connections indicate the intra-population coupling with
strength 1« and the dashed one the inter-population connections with strength v.
Note that in the nonlocal intra-population topology, each oscillator is connected to
all the other oscillators except the opposite one.

fundamentally different nature in the case of Poisson chimeras and
of chimeras resulting from n-PICs.

We will exploit that the dynamics of globally coupled phase
oscillators with sinusoidal coupling can be reduced to low-
dimensional phase space. Two situations should be distinguished;
For finite-sized ensembles, Watanabe and Strogatz (WS)* showed
that such a system consisting of N oscillators possesses N — 3 con-
stants of motion, the remaining degrees of freedom describing the
global behavior in terms of one radial and two angular variables
denoted below as p, W, and P, respectively. In the continuum
limit of infinitely many oscillators, Ott and Antonsen*>** discov-
ered that for a suitable initial condition, the dynamics lives on a
two-dimensional manifold and captures the evolution of the macro-
scopic order parameter. In Refs. 28 and 44, it was demonstrated that
when choosing an appropriate initial condition, namely, PICs, the
OA manifold corresponds to the uniformly distributed constants of
motion in the WS theory, whereas trajectories starting from n-PICs
correspond to a nonuniform distribution of constants of motion in
the WS theory.
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After considering two-population networks and the relation
between the microscopic and macroscopic dynamics, we introduce
two simple ways that render Poisson chimera states stable in the
sense that they attract nearby trajectories that start from n-PIC and
evolve toward close vicinity of the Poisson submanifold.”***>*7*
The first approach introduces a small topological perturbation of
the network structure, which leads to the simplest nonlocal intra-
population coupling that is represented by a specific adjacency
matrix that preserves the network symmetry as the system size
increases [Fig. 1(b)]. Then, we allow for amplitude degrees of free-
dom (DOFs) by coupling Stuart-Landau oscillators instead of phase
oscillators.”*® Here, both the global and nonlocal intra-population
network topologies are used.

Our main method to access the properties of the various
chimera trajectories is the Lyapunov spectral analysis, which yields
the spectra of the Lyapunov exponents (LEs) and the covariant
Lyapunov vectors (CLVs).”’~* The analysis reveals whether the inco-
herent oscillator population is attractive or not, as well as the full
stability information of the synchronized population. In order to
analytically address and approximate the Lyapunov exponents, an
approach is introduced that is based on the network symmetry-
induced cluster pattern analysis.””~*" Here, we exploit the fact that
the finite-sized two-population topology can be viewed as one net-
work that possesses the inherent network symmetries represented by
the automorphism group.”~"' The details of the background theories
are compiled in Appendixes A and B.

The rest of this paper is organized as follows. In Sec. II, we
investigate the properties of chimera states of phase oscillators
according to the initial conditions and define Poisson chimeras as
opposed to non-Poisson chimeras. Furthermore, we discuss the Lya-
punov spectral properties of these chimeras. In Sec. I1], we consider
two ways that render Poisson chimeras attractive; nonlocal topol-
ogy and amplitude variables. Finally, we summarize the results in
Sec. IV.

Il. POISSON AND NON-POISSON CHIMERAS
A. Model and observable dynamics

In this section, we consider a set of identical Kuramoto-
Sakaguchi (KS) phase oscillators arranged in the two-population
network topology with global inter- and intra-population coupling
of different strengths as depicted in Fig. 1(a). This system is consid-
ered to be the simplest model that exhibits chimera states coexisting
with a stable complete synchronization state.'®'”

Each of the two interacting populations is composed of N phase
oscillators. The state of each oscillator is fully described by its phase
¢; € T =[—mn,m)fori=1,...,2N. The governing equations of the
oscillators in the first population are

doi(t)
a

N
U .
o+ y ; sin(¢;(H) — ¢i(t) — )

N
+ 5 D sin(yen() — 4i() — @), M

j=1

ARTICLE scitation.org/journal/cha
with i = 1,..., N and those of the second population are
(1) B
o =ety ]:ZI sin(@y v (t) — Gin(t) — @)
b
+ 5 ; sin(¢;(£) — Pipn(t) — ), )
with i = 1,...,N. Notice that all the oscillators are identical; i.e.,

they have the same intrinsic frequency w = 0 and the same Sak-
aguchi phase-lag parameter @ = /2 — 8, where 8 is small enough
such that chimera states exist.'*” v and u are the inter- and
intra-population coupling strengths (see Fig. 1). We rescale time
such that 4 + v = 1 and define A = u — v. Throughout this work,
we set B = 0.08 and A either 0.2 or 0.35. This choice of param-
eters yields chimera states that are representative of so-called
stationary and breathing chimeras, respectively, which are char-
acterized by a stationary and oscillatory behavior of the mag-
nitude of the Kuramoto order parameter with time for large
populations.'® The Kuramoto order parameters for the two pop-
ulations are defined by r, (e = jj\il €99 and r,(t)e’®2®
=% Zjil ¢?+N®_Chimera states in a two-population network have
one population consisting of perfectly synchronized oscillators with
rgmc(f) = 1 and the other one being composed of incoherent oscilla-
tors with 0 < 7ipcon () < 1.7

Numerical solutions of Egs. (1) and (2) suggest that for each
parameter set A and S, the chimera trajectories can be divided into
two groups depending on the initial conditions. If the trajectory
starts from PICs (the detailed description of ICs will be given in
Sec. II B), a chimera trajectory shows a simple, regular motion of
the magnitude of the order parameter as depicted in Fig. 2. For large
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FIG. 2. The magnitudes of Kuramoto order parameters r(t) of the coherent and
incoherent populations of chimera states in the two-population network starting
from PICs after transients have died out (t > 10°). For each figure, the gray
solid line indicates the order parameter for the perfectly synchronized population
[r(t) = 1] and the black solid line the incoherent population [r(f) < 1]: (a) and (b)
Stationary chimera states with A = 0.2 and (c) and (d) breathing chimera states
with A = 0.35 for the system sizes N = 6 (left) and N = 60 (right), respectively.
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1.0 1.0

Order Parameters

Order Parameters

FIG. 3. The magnitudes of Kuramoto order parameters r(f) of the coherent and
incoherent populations of chimera states in the two-population network starting
from n-PICs after transients have died out (t > 10°). For each figure, the gray
solid line indicates the order parameter for the perfectly synchronized population
[r(ty = 1] and the black solid line the incoherent population [r(t) < 1]: (a) and (b)
A = 0.2 (for which with PICs, stationary chimeras are obtained) and (c) and (d)
A = 0.35 (for which with PICs, breathing chimeras are obtained) for the system
sizes N = 6 (left) and N = 60 (right), respectively.

population numbers N as in Figs. 2(b) and 2(d), the magnitude of
the order parameter 7y, (f) of chimera states emerging from PICs
is either stationary in time [Fig. 2(b)] or exhibits simple periodic
oscillations [Fig. 2(d)] depending on the value of A. These dynam-
ics were termed stationary and breathing chimeras, respectively,'®
and 7ipcon (¢) is virtually indistinguishable from one of the OA solu-
tions in the continuum limit. For small population sizes N, as in
Figs. 2(a) and 2(c), fincon(#) is composed of two contributions: the
motion it shows in the case of large N and a superposed, in the case
of breathing chimeras secondary, oscillation. Note that throughout
this paper, we name each chimera state according to its classifica-
tion in the continuum limit at the given parameter set for the sake of
simplicity. When the chimera trajectory starts from n-PICs, in con-
trast, rincon (f) shows a more complicated motion, strongly depending
on the given initial conditions (Fig. 3). This initial condition depen-
dence of riycon (f) has been pointed out previously,'>'**”** and it has
led many authors to use rather special initial conditions for their
chimera studies. In this work, we will address the initial condition
dependence in some detail and introduce the concept of Poisson
and non-Poisson chimeras in Sec. II B. Furthermore, we explain
the stability of both synchronized and incoherent populations with
a Lyapunov analysis.

B. Poisson and non-Poisson chimeras

As mentioned above, in order to obtain the simple motion
of the magnitude of the order parameter as depicted in Fig. 2
and also in Refs. 16 and 17, a specific initial condition has to be
used. We coin this initial condition the Poisson initial condition
(PIC) since the initial incoherent phases are generated from the

ARTICLE scitation.org/journal/cha

Poisson kernel that corresponds to the OA manifold in the con-
tinuum limit.”"****** To obtain PICs, one first has to solve the
two-dimensional Ott-Antonsen reduced equations for the incoher-
ent population, which for the stable stationary chimera state with
the parameter set A = 0.2 and S = 0.08 results in p, = 0.699 98
and @y = 6.119 18, where ¢y = ¢, — ¢, and @, for i = 1,2 is the OA
phase variable for each population, respectively.'® Then, consider the
Poisson kernel

1 > o
12 (5 o> 90) = — |:1 + Z((aoe’¢) + c.c.)i|
n=1

2

L il 3)
21 1 —2pocos(p — @o) + pg

where ay = poe  and its inverse cumulative distribution function
(inverse CDF). For our finite-size chimeras, we want the initial inco-
herent phase distribution {¢>,—+N(O)}i , to be as close as possible to
Eq. (3). To obtain such ICs, equally spaced probabilities are used as
arguments of the inverse CDF of the Poisson kernel; i.e., N initial
phases of the incoherent population are numerically obtained from

i—

D=

$i+N©) 1—p?

= / = . o (4)
N = 21 1 —=2pecos(p — ¢o) + oy
for i=1,...,N. For the synchronized population, the initial
phases {¢;(0)}Y., are picked from the delta distribution f(¢) = &
(¢ — ¢o), which manifests that this population consists of the per-
fectly synchronized oscillators.

Simulations of the governing equations (1) and (2) can also
be initiated from an n-PIC. In this work, n-PIC consists of initial
phases {$;(0)}?, that are randomly and independently from each
other picked from the uniform distribution within [—x, 7).

As we have pointed out above, starting from PICs, the magni-
tude of the order parameter exhibits one of two behaviors depending
on the population size N. For large N, fincon(#) is virtually indistin-
guishable from one of the continuum limits, which is a solution of
the OA reduced dynamics.'® For small N, the motion of rincn () is
comprised of the main motion close to the OA dynamics super-
imposed by a regular secondary oscillation. Its clear and regular
behavior suggests that the small-size behavior is not just a finite-size
fluctuation'” but rather has a deterministic origin. In the follow-
ing, we disclose the source of the secondary motion of riycon(f) of
small-size chimeras that start from PIC.

To address the dynamical behavior of the small-size chimeras,
we first focus on the stationary chimera states with A = 0.2. Numer-
ical integration of Egs. (1) and (2) with PICs reveals that the instan-

taneous velocity of each incoherent oscillator {¢i+N(t)}il is in fact
a periodic function, and, furthermore, all instantaneous velocities
of the incoherent oscillators have the same functional form and
share the same period T. On the level of the instantaneous veloci-
ties, this behavior is reminiscent of the behavior of the instantaneous
phases in a splay state” ™ [see Fig. 4(e)]. Numerically, the period
of the instantaneous velocity T has a value T = 23.48, irrespective
of the population size N. Hence, we assume that the instantaneous
frequencies of the incoherent oscillators have the form of a splay
state such that ¢;(t — %IT) = (;'b,»H(t) for an arbitrary j € {1,...,N},
which gives ¢;(t — +T) = ¢iy1 () + W for i = N+1,...,2N with
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Pon+1 = ¢ny1 Where W e R is a common constant. Plugging the
expression for {¢;,n(¥) }fi , in the definition of the order parameter,
we obtain
2N
1 i (=5 )-w)
T'incoh(t) = ‘ Z Ei¢k+1 ® N Z 61 ¢k( N)
k=N+1 k=N+1
w 2N N
SN R 2] $ )
— -N) | — k(- N
= e =|= e
S Y
k=N+1 k=N+1
T
= Tincoh | £ — N = rincoh(t - T) (5)

for all t € R. Thus, ripeon(#) in Eq. (5) is indeed a periodic function,
and its period T = T/N is continuously decreasing as N increases.
In Fig. 4(b), the simulations of the period of the order parameter
are plotted as a function of N together with the values predicted
by Eq. (5). The nearly perfect agreement of both values confirms
that the period 7(N) of the order parameter oscillations is indeed
decreasing with N according to T/N.

Next, we investigate the amplitude of the periodic order param-
eter of a small-size stationary chimera. As obvious from Fig. 4(a), the
amplitude of ri,con(f) also decreases with increasing N. To explain
this, we here consider the Watanabe-Strogatz reduced dynamics
p2(), @,(F), and W, (¢) for the incoherent population.'”* These
quantities are related to the Kuramoto order parameter according

t0|7,2>,48
Tincoh ()€ ¥neoh ) = p) (1)) Dy, (05, W),
where
N i P —w)
1 Pyt ek
Y2(02, W) = Ni Z (6)
k=1 1+ 02 e’(wk
and {1//(2>}k , are the constants of motion, which are deter-

mined by the given initial conditions and satisfy three appropriate
constraints.”® For PICs, the constants of motion comply with the
uniform distribution 1//,52) = % fork=1,...
can obtain’**

,N."7?7 For y,, one

eiN(ZW”f\llz)

2 N
- . 7
g O

vo=1+0-p,

Simulations suggest that the values of the radial variable p,(f) are
consistent with the stationary OA radial variable, while exhibiting a
very small finite-size oscillation that in this context, we can ignore
even for the smallest chimera. Hence, we can assume p,(t) = pg in
Eq. (7). Then, the Kuramoto order parameter can be rewritten as

- po+e

0
Fincon () = poln2 (O] = po | o= D
Po o 1+,00e’(T_ 2)

= |po + po(1 — py ) (—po)N Ot 0o, W2) |, (8)

INCEE 0, (1) .
where O(%; py, ¥;) = ———5———. The second term in Eq. (8)
1=(=po) NN T2

represents the secondary oscillation of the small-size stationary
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FIG. 4. (a) Oscillations of the magnitude of the order parameter for A = 0.2 and
different system sizes: N = 4 (red), N = 8 (blue), N = 16 (green), and N = 32
(black). (b) Period of fincon (f) a@s determined numerically (red) and predicted from
Eq. (5) as a function of the system size N. (c) Snapshot of the sorted incoherent
phases in the numerical order with N = 100 as a function of the rescaled index
after a time t > 10° for a Poisson chimera (black dots), a non-Poisson chimera
(gray diamonds), and the theoretical curve of the inverse CDF of the Poisson
kernel (red solid curve). (d) Magnitude of the secondary oscillation as a function
of system size. (e) and (f) Instantaneous frequencies of the incoherent oscillators
of the system N = 8 for a Poisson chimera (e) and a non-Poisson chimera (f).
(9) Snapshot of the incoherent phase distribution for a Poisson chimera (red) and
the non-Poisson chimera (blue) for t > 108 with N = 100 oscillators. Each solid
line indicates the theoretical Poisson kernel curve corresponding to oo within an
appropriate rotating frame.

chimeras. In Fig. 4(d), the amplitude of the secondary oscillation is
plotted as a function of N. It decreases monotonically with N and
approaches zero as N — oo. Thus, the periodic behavior of ri,con ()
gradually disappears with increasing N such that fincon(f) = 0o as
N — oo. Regarding the small-size breathing chimera state, rincon (f)
shows the main breathing motion while having the small secondary
oscillation along it. It depends on the system size in a similar manner
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as the stationary chimeras do, namely, according to

Tincon (1) = p2(0) |14+ (1 = p5 2 (D) (—p2(0)NO (85 pa (1), Wa(8))

where p,(f) is no longer a fixed constant but exhibits the main
breathing motion [see Fig. 2(c)]. As in the case of the sta-
tionary chimeras, the secondary oscillation vanishes for suffi-
ciently large system sizes since p,(f) < 1 for V¢ > 0, which makes
1 — p,(0)(—p2(1)Y — 0 as N — oo, and the dynamics of the
chimera states approach one of the continuum limits.

Our analysis has revealed that both period and amplitude of
the secondary oscillation of 7i,con(f) continuously decrease as the
system size increases. From approximately N > 24, the secondary
oscillation is not discernible anymore. Alternatively, rincon(f) dis-
plays a motion indistinguishable from one of the OA dynamics in
the continuum limit. We, therefore, classify chimeras with popula-
tion sizes N 2> 24 as large-size chimeras and those with N < 24 as
small-size chimeras. Yet, we would like to point out that there is a
continuous change from the small-size to the large-size chimeras
and eventually up to the OA dynamics in the continuum limit as
N — oo.

On the other hand, when the chimeras started from n-PIC, a
non-Poisson initial condition determines nonuniform constants of
motion in the WS reduced dynamics. Then, the stationary chimera
states obtained from a given n-PIC with the same parameter set
(A = 0.2and B = 0.08) show incoherent motion that is qualitatively
different from the Poisson chimeras and depend on the specific ini-
tial conditions used, i.e., on the nonuniform constants of motion.
Figure 3 shows the temporal evolution of the magnitude of the order
parameter for n-PICs and otherwise identical parameter values and
system sizes as F'ig. 2 does for PICs. Clearly, the behavior of 7i,con (#) is
more complicated in all four cases. In particular, the fluctuations of
Tincoh () do not disappear for the large-size chimeras, and the overall
motion of 7, (£) of small-size chimeras is not composed of a super-
position of the OA dynamics and the secondary oscillation. This
is in line with the observation that the instantaneous velocities of
the incoherent oscillators {¢1+N(f)}i:1 do not form a splay state-like
behavior but rather their shapes differ from an oscillator to oscilla-
tor and the maxima are time-shifted by different amounts [Fig. 4(f)].
Notice that the quasiperiodic chimera states observed in Refs. 27,
28, and 42 are specific examples of non-Poisson chimera trajecto-
ries using a specific non-Poisson initial condition or corresponding
nonuniform constants of motion.

Finally, the red distribution in Fig. 4(g) illustrates that if the
chimera trajectory starts from PIC, then the incoherent phase distri-
bution of this chimera state remains in the Poisson kernel as defined
in Eq. (3) within an appropriate rotating reference frame. This is
confirmed by the observation that the incoherent phases sorted by
their magnitude and plotted against its index (normalized to the
total number of oscillators) coincide with the inverse CDF of Eq. (3)
[Fig. 4(c), black dots]. This observation is consistent with the fact
that the OA manifold is invariant under the dynamics in the contin-
uum limit.">*** For the finite-sized chimeras initially starting from
PIC, we can deduce from the splay form of it — ) = i1 () that
at least at t = nt for n € N, the phases of the incoherent popula-
tion are distributed according to the inverse CDF of the Poisson
kernel since the splayed phase velocities result in the same con-
stant shift for all the incoherent phases ¢;(t — v) = ¢iy1(f) + W.

>
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Beyond that, the numerical results indicate that the finite-sized
Poisson submanifold along the chimera state starting from PIC
is invariant under the dynamics. For example, let us define E(f)

= )(e@(’))2 — (¥ )|, where () is the ensemble average, then for

large enough N, E(t) of the chimera trajectory starting from PIC
is numerically found to be close to zero [more precisely, E(f)
~ 0(107°)] revealing that the incoherent phases of such chimeras
remain in the Poisson kernel. However, the large-size chimeras initi-
ated from n-PICs do not have the incoherent phase distribution that
satisfies the Poisson kernel [see Figs. 4(c) and 4(g)] and after a long
enough transient time E(f) & ¢'(107"). Thus, such chimera states
initiated from n-PIC should definitely be distinguished from the
Poisson chimeras. Notice that the incoherent motion of the breath-
ing chimera with A = 0.35 starting from n-PIC is different from the
incoherent motion of the Poisson chimeras and also depends on the
given n-PIC [see Figs. 3(c) and 3(d)].

According to the above results, we define a Poisson chimera
trajectory in the two-population network topology as follows: A
chimera trajectory is a Poisson chimera if the phase DOFs {¢,-(t)}f£1
of a given ensemble of oscillators satisfy the following three dynam-
ical characteristics:

Condition 1.
and invariant.

Condition 2. The incoherent phase distribution of Poisson
chimeras remains in the Poisson kernel or at least in close vicinity of
the Poisson submanifold.

Condition 3. Large-size Poisson chimeras are characterized
by an incoherent order parameter being close to one of the contin-
uum limits and the small-size Poisson chimeras by an incoherent
order parameter whose motion is a superposition of one of large-size
Poisson chimeras and a secondary oscillation that continuously dis-
appears through an increasing frequency and vanishing amplitude
as N — oo.

Chimera states in the two-population network topology that
do not fulfill conditions 1-3 are termed a non-Poisson chimera tra-
jectory. Note that the stationary Poisson chimera, whether small or
large, has the additional property that the instantaneous frequen-
cies of the incoherent oscillators are splayed within its period T
such that ¢;(f — I%,T) = q5;+j(t) for an arbitraryj € {1,..., N} and for
i=N+1,...,2N with ¢oni1(t) = Pny1(D); however, the breathing
chimeras do not.

For each parameter set, one can consider the manifold of the
incoherent oscillator population. A state in this manifold can be
characterized by the (N — 3)-parameter family of invariant sub-
spaces determined by N — 3 constants of motion based on the WS
framework (see Fig. 8 in Ref. 45). The incoherent oscillators of the
Poisson chimeras remain in the Poisson kernel, which corresponds
to the Poisson submanifold (OA manifold in the continuum limit) in
the following denoted by Mpoisson and the uniformly distributed con-
stants of motion. However, the non-Poisson chimeras do not have
such a property corresponding to the invariant manifold outside
of the Poisson submanifold denoted by Mjyn and general non-
uniform constants of motion. In Ref. 45, due to the constants of
motion, the state for the identical oscillators described by the WS
theory is neutrally stable in many directions. In the following, we will
show the Lyapunov spectra in order to confirm the neutral stability

The sync-population is perfectly synchronized
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of chimera states and then give two perturbations that render such
chimera states attracting in Sec. II C.

C. Lyapunov stability of Poisson and non-Poisson
chimeras

In this subsection, we investigate the stability of Poisson and
non-Poisson chimeras. Therefore, we consider each chimera state as
a reference trajectory in the phase space and first numerically deter-
mine the Lyapunov exponents and then the corresponding covariant
Lyapunov vectors. The properties of the resulting Lyapunov spectra
are then elucidated using an approach based on network symmetry-
induced cluster patterns.”*® In particular, this method allows us to
obtain approximate analytical expressions for the Lyapunov expo-
nents associated with the synchronized population. Further insight
into the Lyapunov exponents associated with the incoherent popula-
tion is obtained from a Watanabe-Strogatz reduction of the dynam-
ics. Finally, we present evidence of the existence of two collective
modes. The detailed calculation for the synchronized population
based on the network symmetry-induced cluster pattern dynamics
is compiled in Appendix C.

In Fig. 5, panels (a) and (b) display numerically determined
Lyapunov spectra along Poisson chimera trajectories for station-
ary (a) and breathing (b) chimeras. Details about the numerical
method used can be found in Refs. 29-33 and are summarized in
Appendix A. The Lyapunov spectrum of stationary chimera states
[Fig. 5(a)] is composed of four groups of exponents: (i) (N — 1)-fold
degenerate zero exponents denoted by AWeM = 0, (ii) (N — 1)-
fold degenerate negative exponents denoted by A® . and (iii) and
(iv) two individual negative LEs, denoted by A;?nurb and Ag“wh).
The spectrum obtained from a breathing Poisson chimera trajec-
tory [Fig. 5(b)] exhibits a similar partition of the exponents; how-
ever, there is just one individual non-degenerate negative exponent,
Ag?rmrb, and the number of zero exponents has increased by 1 to N.
These two type of partitions were characteristic for stationary and
breathing Poisson chimeras, respectively, and independent of the
system size N.

i ion: A© ©)
1. Synchronized population: Ay,s and Ay

In Fig. 5, there are (N — 1)-fold degenerate transverse Lya-

punov exponents denoted by A® . The approximate analytical
expressions of them are given as

AEl(’);nSK = —jucosa — KZ <0 (9)
’ N

for k =2,...,N (indicating the indices for the N — 1 transverse
directions) where Z = ZZ,ZI cos(s,y — sp — ) is treated as an
external forcing field and {s,,})\_, are the (coarse-grained) quotient
dynamics of the chimera states according to the network cluster pat-
terns discussed in Appendix C. The transverse Lyapunov exponents
in Eq. (9) are all negative and all degenerate, which confirms that
the chimera state is stable in all directions transverse to the sync-
manifold. Notice that the numerics ensures that —ucosa < —3Z
< 0. It also follows from the numerics that the covariant Lyapunov
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FIG. 5. (a) and (b) Lyapunov spectra of the full dynamics of Poisson chimera
states with N = 12for A = 0.2 (stationary chimeras) (a) and A = 0.35 (breathing
chimeras) (b). For the meaning of the As, see the text. (c) and (d) Lyapunov spec-
tra for the six-dimensional Watanabe—Strogatz reduced dynamics of the chimera
states in (a) and (b), respectively. The exponents marked by the black dashed
lines indicate the LE corresponding to the radial WS variable. (e) and (f) Inverse
participation ratio of the covariant Lyapunov vectors of the stationary chimera in

(a) corresponding to Ag"°°h) and A;?num, respectively, as a function of system

size N. The gray dashed lines indicate IPR” (N) ~ 1.

vectors corresponding to the LEs in Eq. (9) have the form

.
vO = [ nE™,0,...,00 € Ty, o (T)  (10)

for k = 2,...,N where ¢, (f) € T?N stands for the given chimera
trajectory and Ty, ,(T?N) is the tangent space at the point
along such a chimera trajectory. These numerical CLVs have
SN, v — 0, which ascertains that these LEs correspond indeed
to LEs transverse to the sync-manifold of the synchronized
population.

We also discover in Figs. 5(a) and 5(b) another negative expo-
nent A;?nu « for the synchronized population. The approximated
value of it is given as

A ey = —%Z <0, (11)
where Z is again considered an external forcing field. This Lya-
punov exponent in fact corresponds to the perturbation along
the sync-manifold [compare Eq. (C9)]. Note that this LE mainly
depends on the collective behavior of the incoherent oscillators
{pin(®) =su(®]i=m=1,...,N} [see Fig. 5(f)] via the summa-
tion term in Eq. (11), i.e., the motion of the incoherent order
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parameter, and is much closer to zero than the transverse exponents
in Eq. (9). The CLV corresponding to A'” . has the form v”

perturb perturb
=[.., v?"wh), e vf,“coh)]T € Ty, (T?V), where Z,N:1 v}im’h)
# 0. Hence, we conclude that all the Lyapunov modes (CLVs) in the
synchronized population, both transverse and parallel to it, are sta-
ble, and therefore, the synchronized manifold is invariant under the
evolution of Egs. (1) and (2). Note that the Lyapunov exponents cor-
responding to the sync-population obtained here in Eqs. (9) and (11)
are consistent with the previous results in Ref. 17. Therein, the
authors considered the Jacobian matrix of the synchronized oscil-
lator dynamics by treating the incoherent oscillators as external
forcing functions and then calculated the eigenvalues of the Jacobian
matrix for the synchronized oscillators.

All the chimera states in a global two-population network,
regardless of the parameters, i.e., also regardless of whether they are
of the stationary or breathing type, have the (N — 1)-fold degener-
ate Af?a)m,,( for k =2,...,N and A:)?nurb since it is dictated by the
symmetries of the global network topology and the perfectly syn-
chronized oscillators. Thus, in Fig. 5(b), the same classes of the sync
LEs for the breathing chimera state can be detected.

2. Incoherent population: AY2<°" and Alinco

Next, we turn to the (N — 1)-fold degenerate zero Lyapunov
exponents A#M = 0 and the negative exponent A ™ < 0 of the
stationary Poisson chimeras [Fig. 5(a)] that are associated with the
incoherent oscillators. To better understand their origin, we con-
sider the reduced dynamics according to the Watanabe-Strogatz

transformation,””***

(a) (a)
@_g. 1 1-p, @ _ g,
tan |:¢’ i| = P tan |:]//’ i| , (12)

2 T 14p, 2

where a = 1,2 denotes the population index and v are the con-
stants of motion determined by the initial condition. This transfor-
mation leads to the six-dimensional reduced set of equations,'”

dp, 1—p? .
P :Tp“Re(Hae_’d’“),

dt
dv 1—p? .
@ = - Parm (e ), (13)
dt 204
do, 1 2 .
= + P Im( H,e ™=
dt 204

for a = 1, 2. The mean-field forcing H, is given by

Hl = Meii(ai(bl)plyl =+ Veii(aidn)pﬂ/l)

Hy, = pe ™% pyy, + ve @ p 1y,
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where y, is defined by the same way in Eq. (6) for each popula-
tion. The six-dimensional reduced dynamics in Eq. (13) with the
tangent space dynamics along the corresponding chimera reference
trajectory [p;(f) = 1 and p, () < 1] is associated with six Lyapunov
exponents, which can be determined numerically. In Figs. 5(c)
and 5(d), their values are shown vs the index for the same parame-
ters, which were used in the calculations of the full Lyapunov spectra
depicted in Figs. 5(a) and 5(b). The results give further insight on
the LEs of the incoherent population: the incoherent WS reduced
dynamics resides in an invariant subspace of the phase space of the
incoherent population that is determined by the N — 3 constants of
motion, i.e., by the initial condition® (here, PICs and the uniform
distribution of the constants of motion consistent with the Pois-
son submanifold), which yield N — 3 neutral directions, i.e., N —3
zero LEs. In addition, there are two further zero exponents associ-
ated with the incoherent population that come from the two angular
variables (®,, ¥,) in the reduced dynamics.”” Hence, we obtain in
total N — 1 zero exponents. Apart from these zero LEs, there exists
one negative LE that corresponds to the stable fixed point of the
radial variable p,(t) & py = const. whose value is determined by
the parameter set. (Note that the remaining exponents in the WS
reduced dynamics arise from the sync group and the continuous
time-shift symmetry.) Regarding the breathing chimera states, we
find N-fold degenerate zero exponents in the incoherent population;
an additional zero Lyapunov exponent results from the oscillat-
ing nature of the WS radial variable, i.e., the breathing motion of
the order parameter of the incoherent population above the Hopf
bifurcation.'®"”

3. Collective modes in Poisson chimeras

As a last step of our analysis of the dynamics of Poisson
chimeras, we investigate whether some of the CLVs correspond to
collective perturbations or modes. Therefore, we calculate the time-
averaged inverse participation ratio (IPR) for various system sizes

according to’>*’
2q
> , (14)
t

where g =2 and IPR? € [(2N)7',1] and v;i) is the jth compo-
nent of the CLV v € Ty ((T*N) corresponding to a given expo-
nent denoted by A;(N) defined in Eq. (A2) for i=1,...,2N. By
definition, IPRY (N) is close to 1 if the given vector is well localized
but close to i if the vector components spread out through all the
oscillators. Therefore, a CLV is a collective mode if IPR? (N) ~ 1\% as
N increases, whereas a CLV is localized when IPR® (N) ~ const. as
N increases.”>*

In Figs. 5(e) and 5(f), the numerically obtained IPRs of the
CLVs corresponding to A0 and A" of the stationary Pois-
son chimera are plotted vs the system size. The proportionality of
IPR(N) ~ 1 for large N strongly suggests that the corresponding
CLVs are indeed Lyapunov collective modes. As discussed above,
these modes are related to the incoherent oscillators and affected
by the incoherent order parameter motion. This observation is con-
firmed by our Lyapunov analysis, i.e., by measuring the localization

(i)
Y ®

IPRO(N) = <exp o

I N
log Z
j=1
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corresponding to the dynamics of (a) and (b).

of the covariant Lyapunov vector. We stress that these Lyapunov
modes (A;O)

erturb
out all the oscillators and not restricted to the incoherent oscillator

population.

and AE‘“’}‘) are collective (non-localized) through-

4. Non-Poisson chimeras

Finally, we turn to the Lyapunov exponents of the non-Poisson
chimera trajectories that start from a given n-PIC. Two examples
of the temporal evolution of magnitude of the order parameter of
non-Poisson chimera trajectories that were obtained from different
n-PIC but otherwise identical parameters in the governing equations
are depicted in Figs. 6(a) and 6(b) together with the corresponding
numerically determined Lyapunov spectra (c) and (d). In line with
our discussion in Sec. IT B, non-Poisson chimera trajectories show
different incoherent motions of the order parameter depending on a
given n-PIC. In spite of this, since a non-Poisson chimera also lives
on the two-population network, there are also (N — 1)-fold degen-
erate Af?a)ns,,( for k = 2,..., N of the synchronized population given
by Eq. (9). Likewise, the numerical CLV analysis confirms that these
are indeed transverse to the sync-manifold as in Eq. (10). What is
different from Poisson chimeras, particularly in the synchronized
population, is that the LE arising from the perturbation along the
sync-manifold [Eq. (11)] takes a different value than in Poisson
chimeras. This is because A;?nurb strongly depends on the motion of
the incoherent oscillators through Z in Eq. (11), which is determined
by the initial condition.

Concerning the LEs in the incoherent population, (N — 1)-
fold degenerate AWM = ( are also found from the WS reduced
dynamics. However, since Ai"°" strongly depends on the constants
of motion determined by the non-Poisson initial condition, it also
attains a value different from that of a Poisson chimera trajectory;
see Figs. 6(c) and 6(d).
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11l. TWO WAYS TO ATTRACTING POISSON CHIMERA

So far, many authors have observed that a small heterogene-
ity, e.g., nonidentical natural frequencies or noisy oscillators, makes
the dynamics evolve toward at least a close neighborhood of the
OA manifold and the Poisson submanifold for the continuum limit
and the finite-size system, respectively, and this stabilizing effect
has been reported to be a generic consequence of the heterogene-
ity of the dynamics.”’-”*'=*>"*% In this section, we study two simple
systems with identical oscillator populations that, according to the
Lyapunov analysis, possess attracting Poisson chimeras. In the first
system, we consider a nonlocal intra-population coupling and in the
second one, amplitude degrees of freedom of the oscillators; i.e.,
we employ Stuart-Landau amplitude oscillators rather than phase
oscillators.

A. Topological variation: Nonlocal intra-population
network

While previous studies on nonlocal intra-population networks
focused on randomly but systematically constructed topologies and
on chimera states in the continuum limit,”>** we consider here the
simplest regular and finite-sized nonlocal network. This allows us
to take advantage of the symmetry of the network. As depicted
in Fig. 1(b), the oscillators of each population are arranged on a
ring. Compared to the globally coupled intra-population network,
each oscillator has one intra-population connection less: it is not
connected to the opposite oscillator. For this purpose, we only
consider even numbers of the oscillators in each population here.
The adjacency matrix of this nonlocal intra-population but global
inter-population network is defined as

N/2 N/2
1 0o .o 1 0
1 1
ek : 1 (1) 1 = 1 (1) ) 15)
1 0 1 0
| 1
1 1 1 1 0

where the ith oscillator is disconnected to the (i + %’ )th oscillator of
the same population.

The governing equations of the Kuramoto-Sakaguchi phase
oscillators in the nonlocal intra-population topology are for the first
population
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fori=1,...,Nand

de; . W al .
d:N = —Sine + N ;Aasm(qﬁﬁw — Qi — @)
b
+5 ; sin(g) — disn — @) 17)
fori=1,..., N for the second one. Ay is the adjacency matrix that

describes the nonlocal intra-population coupling of each population
defined in Eq. (15).

Although the nonlocally coupled system does not have a cor-
responding OA dynamics, we found that as long as we started from
PIC € Mpyisson> chimera trajectories satisfy the dynamical character-
istics of Poisson chimeras as defined in Sec. II B. For this nonlocal
Poisson chimera state, the distribution of the incoherent phases
remains in a close vicinity of the Poisson submanifold defined by
Eq. (3) as the Poisson chimera distributions shown in Figs. 4(c)
and 4(g). Additionally, the nonlocal Poisson chimera also shows
the splay form of the instantaneous frequencies of the incoherent
oscillators if A = 0.2. In Fig. 7, the simple motion of the magni-
tude of the order parameter of nonlocal stationary and breathing
Poisson chimera states is depicted. For the parameter A = 0.2, the
magnitude of the order parameter has a practically constant value
for large size chimeras (slightly different from the global topology),
and the small-size chimera displays the clear periodic motion that
arises from the splayed instantaneous velocities. For the parame-
ter A = 0.35, the order parameter of the large-size chimera state
exhibits a main breathing motion as expected; however, the one
of small-size chimeras does not show the main breathing motion
superimposed by a secondary oscillation but rather it looks like that
of the stationary Poisson chimera state.This might be interpreted as
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FIG. 7. The Kuramoto order parameters of the phase oscillators governed by
the nonlocal intra-group coupling. (a) and (b) Chimera states with the parame-
ter A= 0.2 and 8 = 0.08 corresponding to stationary chimeras for the system
sizes N = 6 and N = 60, respectively. (c) and (d) Chimera states with A = 0.35
corresponding to the breathing chimera states. Gray line: synchronized group
[r(ty = 1]. Black line: incoherent order parameter [r(t) < 1].
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a hint that the nonlocality on the two-population network topol-
ogy changes the Hopf bifurcation point for the small-size Poisson
chimera as described for different non-complete networks in Ref. 22.

B. Lyapunov analysis of Poisson chimeras in the
nonlocal intra-population network

. . 0 (Y
1. Synchronized population: Ay,,s and A, .,

For the Poisson chimeras on the nonlocal topology, the
Lyapunov spectrum of the nonlocal Poisson chimeras is qualita-
tively different from one of the global Poisson chimeras, as can be
seen in Fig. 8. There are N — 1 transverse Lyapunov exponents con-
sisting of two different values. This splitting of the values of AD
is due to the fact that the transversal variational equations include
two different eigenvalues of the adjacency matrix corresponding to
the same synchronized cluster according to the nonlocal network
symmetry [compare Egs. (C14) and (C15)]. The analytical approxi-
mate expressions of the N — 1 transverse Lyapunov exponents to the
sync-manifold are

—&(N=2)cosae — xZ <0, k=2,...,N/2+1,
k=N/24+2,...,N,
(18)

(0)
Avanss = —pcosa — =7 < 0
N ,

provided that Z is treated as an external forcing field. The simu-
lation of the CLVs confirms that the LEs in Eq. (18) are indeed
transverse to the sync-manifold since the corresponding CLVs have

T
the form v = [y, .., v{%™,0,...,0] € Ty, (T?Y), while
SN VU — 0 for k = 2,...,N. Note that as N increases, the gap

i=1 "«ki
between the transverse Lyapunov exponents in Eq. (18) is decreas-
ing, and the numerical results in Fig. 8 reflect this fact.

Also, as can be seen in Fig. 8, there is another LE of the
synchronized population, which arises from a perturbation along
the sync-manifold. This perturbation brings forth the very neg-
ative exponent A}()Z)rmrb = —xZ < 0 that strongly depends on the
motion of the incoherent oscillators. Hence, we conclude that in the
nonlocal intra-population topology, the synchronized population of
Poisson chimera states is also stable in both the directions transverse

and parallel to the sync-manifold.

2. Incoherent population: Pairs of two
near-degenerate Lyapunov exponents

Next, we focus on the Lyapunov exponents corresponding to
the incoherent oscillators. Although we cannot apply directly the
Watanabe-Strogatz reduction [Eq. (13)] in the case of the nonlo-
cally coupled oscillators, the classification of the incoherent LEs can
be addressed as follows. The quotient dynamics for the incoherent
population in Eq. (C13) contains discrete symmetries due to the
topology of the nonlocal network [see Fig. 8(a)]. Since each oscilla-
tor is disconnected only from the opposite one, two oscillators s,,(f)
and s,,4n/2(t) are characterized by the same evolution equation. It
is also known that such discrete symmetries cause near-degeneracy
in the Lyapunov spectrum.” Thus, N/2 pairs of two nearly iden-
tical exponents occur in the incoherent population [see Figs. 8(b)
and 8(d)]. Therefore, unlike the globally coupled Poisson chimeras,
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FIG. 8. (a) Schematic drawing of the two-population oscillator network with non-
local coupling for N = 6. The same color in the incoherent group indicates that
the oscillators marked by the same color are characterized by the same evolu-
tion dynamics. (b) and (c) The Lyapunov spectra for A = 0.2 with N = 6 and
N = 60, respectively. (d) and (e) The Lyapunov spectra for A = 0.35 with N = 6
and N = 60, respectively.
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FIG. 9. Schematic representation of chimera trajectories in the invariant mani-
fold Mincon (sphere) and the Poisson submanifold Mpyisson € Mingon (red curve).
Each line schematically represents a trajectory of a chimera state from a given
initial condition. The arrow indicates the time flow in the incoherent phase space.
(a) For the Kuramoto-Sakaguchi phase oscillators on the global intra-group cou-
pling; the incoherent trajectories of the chimeras dwell in the neutrally stable
manifold Mi,con. The Poisson chimera trajectories reside in the invariant and also
a neutrally stable Poisson submanifold only if the trajectory starts from PIC; the
non-Poisson chimera from n-PIC dwells in the manifold outside the Poisson sub-
manifold. Thus, the non-Poisson chimeras exhibit various incoherent motions
according to the given n-PIC. (b) Attracting Poisson chimeras for the nonlocal
intra-group topology or Stuart-Landau oscillators. The trajectories starting even
from n-PIC eventually settle down on or close to the Poisson trajectory.
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which are neutrally stable, the incoherent population of nonlocal
Poisson chimeras is stable (see Fig. 9), as suggested by the fact
that all pairs of the incoherent Lyapunov exponents are definitely
negative except for the two zero exponents that are connected to
the continuous symmetries: the phase shift [v,, = (§¢y, . .. ,8¢0)
where |8¢| < 1] and the time shift [vi ¢, = f(Pen)], respec-
tively, which, in fact, do not affect the stability of the trajectory.”
For large-size Poisson chimeras in Figs. 8(c) and 8(e), the near-
degenerate pairs in the incoherent population are getting closer and
closer to one another until eventually, due to the nonlocal network
symmetry, they tend to form two different continuous distributions,
one of which consists of obviously negative LEs, whereas the other
one consists of two (or some) zero and very slightly negative LEs,
corresponding to slow but stable Lyapunov exponents (within our
numerical ability).

On the other hand, we can also think of this attractiveness of
nonlocal Poisson chimeras due to the heterogeneity of the system.
Our nonlocal topology is generated by the least change from the
global topology, and hence if we make global the summation term
in Eq. (C13), then the disconnecting term due to the nonlocal topol-
ogy between the two oscillators s,, and s,,1n/> should be included in
the uncoupled term outside the summation and Eq. (C13) becomes

ds - . Mo
7;" = @, (t) + vsin(sy — s, — ) + N Zl sin(sy — sm — o),
m'=

(19)

with @, () = —&sin(susnz — $m — @) & O(N7'). Thus, we can
interpret @, (t) as a small heterogeneity for the globally cou-
pled incoherent oscillator population. Such a heterogeneity is
known to confine the chimeras in a vicinity of the Poisson
submanifold.”®**>#74

C. Dynamical variation: Stuart-Landau oscillators

As the second way to obtain attracting Poisson chimeras, we
consider Stuart-Landau (SL) planar oscillators. This two-population
network of SL oscillators has been studied recently in the contin-
uum limit,”* in which attracting chimera states have been reported.
Here, we consider the finite-sized ensemble and give a full Lyapunov
stability analysis, which gives further evidence that amplitude DOFs
render Poisson chimeras attracting. The amplitude degrees of free-
dom introduce a small heterogeneity, which is, however, this time
self-organized.”>"’

In an ensemble of Stuart-Landau (SL) oscillators, each oscil-
lator has a phase ¢;(t) € [—m,7) and an amplitude 7,(t) € (0, c0)
variable. The governing equations are

dri _ n al
- = A=+ N ;:1 rjcos(¢; — ¢ — @)
v N
g D T1+NCOS(Pyen — i — ) (20)

j=1
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fori=1,...,N, which depicts the evolution of the amplitude vari-
ables of the oscillators in the first oscillator population and

do m Ny
LU S il Jan(d: — b —
dr =w (77'12 + N; risul(d)j ok @)
N
v TieN .
+ N; JZN51n(¢j+N_¢i —a) (21)

for i=1,...,N, describing the phase dynamics of the SL oscilla-
tors in the same population. The governing equations for the second
population can also be easily obtained in the same way. In our
further study, we fix some parameters: o = 0.2 and @ = 0. Notice
that as ¢ — 0, the system approaches the evolution equations (1)
and (2) of the phase-only oscillators whose amplitude r; — 1 for all
i=1,...,2N»

To study Poisson chimeras of the SL ensemble, we start from
the PIC on the phase variables in Eq. (21) in one population and
set the phases of the second population to the same value and all
the initial amplitudes in Eq. (20) to ;(0) = 1 fori = 1,...,2N (note
that the definition of Poisson chimeras involves only the phase
DOFs). The states evolving from such a PIC satisfy all the dynam-
ical properties in the definition of Poisson chimeras for the phase
DOFs: one population remains perfectly synchronized, the incoher-
ent phase distribution remains in the Poisson kernel, and finally
large- and small-size behavior emerges according to the system size.
In particular, the stationary chimera states show the splay form
of the instantaneous incoherent frequencies that yield the periodic
order parameter for the small-size stationary chimeras. Regarding
the amplitude variables, all synchronized oscillators have an ampli-
tude r;(f) = 1 fori = 1,..., N, and the amplitudes of the oscillators
in the other population show some distribution with the degree of
variation depending on the parameter ¢.

For the SL oscillators, the coupling strength ¢ acts as a bifurca-
tion parameter. For weak coupling strength, i.e., sufficiently small
& (here, we use ¢ = 0.01), the dynamics are close to the phase-
reduced behavior. Hence, the evolution of the order parameter is
very close to the one depicted in Fig. 2 for the phase-reduced system;
Tincoh (£) 15 stationary for A = 0.2 and exhibits a breathing motion for
A = 0.35. However, when increasing ¢ at constant A = 0.2, the sta-
tionary chimera undergoes eventually a Hopf bifurcation, giving rise
to breathing chimeras, which are observed, e.g., for ¢ = 0.15, which
is in line with findings reported in Ref. 25.

D. Lyapunov analysis on Poisson chimeras of
Stuart-Landau oscillators

To study the Lyapunov exponents numerically, we exploit
the real-valued coordinates of each Stuart-Landau oscillator.”” The
variables of an SL oscillator can be represented by

) 1
(e = — (ar(®) + ibi(t) (22)
V2 ( )
fork =1,...,2N, where a; and by are real-valued functions of time.
Thus, the perturbation vectors in the tangent space are written in the
form v? = (a,... by byt Do) T

> AN> AN+1> -+« > A2N> bl, ..
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€ Ty, o (R*™). This coordinate transformation is a unitary transfor-
mation; hence, it can uphold the information on Lyapunov expo-
nents. Such a coordinate transformation is useful to investigate
the covariant Lyapunov vectors. In addition, we also calculated the
LEs in the original coordinate system (phase and amplitude) and
obtained the same result. This fact and some analytical considera-
tions in Ref. 26 and in Appendix C 2 allow the phase and amplitude
LEs to be distinguished.

1. Amplitude degrees of freedom

In Fig. 10, the numerically obtained Lyapunov spectra of
chimera states for strong [¢ = 0.1 (a) and (b) and 0.15 (c) and
(d)] coupling are displayed. The spectra are composed of two parts,
which correspond to the phase and amplitude degrees of freedom,
respectively. The former are shown in the left column and the latter
in the middle one.

First, consider the amplitude DOFs of the synchronized oscil-
lators. They have (N — 1)-fold degenerate strongly negative Lya-
punov exponents, which are transverse to the sync-manifold. The
approximate values of these Lyapunov exponents are

AZPY ~ g1 (1—3R2) <0 (23)

trans,kc

for «k =2,...,N [see Eq. (C18)]. The numerically obtained CLVs
confirm that these Lyapunov exponents are indeed transverse to the
sync-manifold as they have the following form:

vemp0) — (a:flmp 0 a(;;,“"”), 0,...,0,
amp,0 amp,0 T
bl(cl P ),...,l’}f{Np ),0,...,0) € Txch(t)(R4N)x
where YN, (amp0) >V be™ =0 for k=2,...,N. In
Figs. 10(b) and 10(d), we observe another negative exponent in the
synchronized population of the amplitude DOFs caused by the per-
turbation along the sync-manifold as in Eqs. (C19) and (C20). For
the analytical value of it, one obtains
AP~ 671 (1 — 3R%) + pucosar < 0, (24)

perturb

which is a slightly greater Lyapunov exponent than the transverse
ones Aﬁj‘;‘gf’(’) < A;a;:ﬁ ’r?)), in line with the numerical observations in
Fig. 10. The numerical CLV analysis reveals that this LE has the

. . . . T
form V;i:ﬁ;?)) =(a...,a aﬁ‘“”, e al(\l,“c), b,...,b, b(lmc), e b,(\‘,“c))

€ Ty, »(R*™), where a,b € R are constant and Z]Iil a;inc) # 0 and

Zjlil b}mc) # 0. Hence, we conclude that there is no perturbation
direction in the amplitude DOFs, which corresponds to an unsta-
ble direction of the synchronized manifold; i.e., the sync-manifold
remains invariant under the dynamics since for the sync-population
in the amplitude DOFs, the CLV modes both transverse and parallel
to the sync-manifold are stable. For the other Lyapunov exponents
in the amplitude DOFs, we guess that these stable Lyapunov expo-
nents of the amplitude DOFs are linked to the incoherent oscillators
through their quotient dynamics in Eq. (C21). Therefore, all the
amplitude Lyapunov exponents are strongly negative, and the Pois-
son chimeras are strongly attracting in all the amplitude DOFs. Note
that the amplitude DOFs of the SL ensemble for the weak coupling
(¢ = 0.01), depicted in Fig. 11, show the same behavior.
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phase DOFs. (b) and (d) Lyapunov exponents corresponding to amplitude DOFs. (e)—(g) IPR vs system size N for ¢ = 0.15 and Lyapunov modes corresponding to the
exponents in PART 1 (e), PART 2 (f), and PART 3 (g). The black dashed guidelines indicate ~1/N.

2. Phase degrees of freedom are
In the phase degrees of freedom, the synchronized oscillators v MR
also have the (N — 1)-fold degenerate transverse Lyapunov expo- Alpinsse = —Hcosa — N Z RlCOS(Sm’ —S—a)
nents in Figs. 10 and 11, whose analytical approximate expressions m=1
VYV ~
_ _ ‘ = —ucose — NZ <0 (25)
g " some=o 1T -199 ¥ ; 5 N Ry
£ <T0h)”> N e i AGmeo fore =2,...,N,whereZ=73",,_, To-cos(s, — so — ) should be
;’-a_ ~0.05 A o » AGmR) considered as an external forcing field. In addition, the LE in the
3 Coso o . : sync group comlng(o)from a pfrfurbatlon a.long the sync-manifold
2 (a) Phase oy ©) Amptace has the value of A, = —3Z < 0 and is expected to be found
3T sl Az0ze=001 A=02,¢6=001 : in the synchronized phase DOFs. The numerical CLV analysis also
1 o 20 2 2 40 confirms that Affgns,,( and A;?rmrb associated with the synchronized
g O0feeeeseece : population are indeed transverse and parallel to the sync-manifold,
g — o L @m0 : respectively.
8 005 Adincol) O e b per , : What makes Poisson chimeras of SL oscillators attractive are
2 ~200 /. e . the incoherent LEs A in Fig. 10 (see the inset) and Figs. 11(a)
2 —o10 A© ; : and 11(c). In an appropriate rotating reference frame, the quotient
E (c) Phase : LN G i i governing equations for the incoherent phase DOFs in Eq. (C23)
! _ois f: 035,¢= 0'01105 : = zf =032 0'0130 : o are the same as for the phase-only oscillators in Egs. (C4) and (C5)
Index ¢ Index i except for the amplitude variables that can be considered a small
) self-organized heterogeneity €2,,(f) in the phase governing equa-
FIG. 11. Full Lyapunov spectra of N = 20 Stuart-Landau oscillators for weak tions, Eq. (C23).% For the strongly coupled systems with & = 0.1

coupling ¢ = 0.01 and (a) and (b) stationary Poisson chimeras with A = 0.2 and
(c) and (d) breathing Poisson chimeras with A = 0.35. Left column: phase DOFs.
Right column: amplitude DOFs.

and 0.15 as in Figs. 10(a) and 10(c), there are clearly negative
Lyapunov exponents in the incoherent phase DOFs. For the sta-
tionary chimera (¢ = 0.1), we have, in addition, two zero exponents
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for the breathing chimera (¢ = 0.15); besides the negative expo-
nents, there are three zero exponents, one of which arises from
the oscillatory nature of the breathing chimeras. The stable Lya-
punov exponents arise due to the amplitude variables in the phase
governing equations, which present a heterogeneity that, in turn,

renders the chimeras attractive.”»”>*%*=*»*>*¢ For the weak coupling
case ¢ = 0.01 in Figs. 11(a) and 11(c), the amplitude fluctuations
are not that strong (R,, & Ry = 1 form = 1,...,N), and as a result,

Eq. (C23) can be approximated by Egs. (C4) and (C5) like the
phase-reduced model, and the Poisson chimeras and their Lyapunov
exponents follow patterns similar to the ones obtained for the KS
oscillators [see Figs. 11(a) and 11(c) compared to Fig. 5]. However,
there is still a heterogeneity of the amplitude DOFs in the phase
governing equations, and therefore, we can expect the LEs to be
still slightly negative (stable Lyapunov exponents) in the incoherent
phase DOFs. Even for cases where these exponents are very close to
zero in our numerical ability, compared to the KS phase-only LEs
in Fig. 5, they are slightly decreasing to negative values in the index
order, which does not occur in the KS phase-only system. Hence,
we tentatively conclude that also for weak coupling, the stationary
chimeras have only two zero LEs, and all other exponents are weakly
stable. Hence, in all cases, the Poisson chimeras are either at least
weakly stable or clearly attracting compared to the KS phase-only
Poisson chimera states because the amplitude variables introduce a
self-organized heterogeneity in the phase governing equations. As a
consequence, even if starting from n-PIC, the chimera trajectories
eventually approach the Poisson submanifold, as we could confirm
with numerical simulations.

More than this, we also exploited weakly coupled (¢ = 0.01) SL
oscillators in the nonlocal intra-population network in order to see
whether the Poisson chimeras are also attracting or not. The detailed
results on the Lyapunov analysis are compiled in Appendix D. In
this case, the nonlocal topology leads to stronger negative Lyapunov
exponents than the globally coupled SL oscillators rather similar to
the phase-only system in Fig. 8. Therefore, the simultaneous per-
turbations also cause the Poisson chimeras to evolve toward a close
neighborhood of the Poisson submanifold, i.e., the Poisson chimera
trajectory (see Fig. 9).

Finally, we also investigate whether the system has a Lyapunov
collective mode or not by numerically evaluating the IPR function
defined in Eq. (14), especially for the case of the breathing chimera
& = 0.15. As can be seen in Figs. 10(e)-10(g), for at least six Lya-
punov modes, the IPR shows the tendency to decrease according
to IPR?(N) ~ 4 as the system size N increases. This strongly sug-
gests that these modes, which correspond to the negative exponents
in PART 1 in Fig. 10, are collective modes (note that the stationary
chimera & = 0.1 shows the same collective modes, not shown here).
In PARTSs 2 and 3 in Fig. 10 for the amplitude DOFs, within our
numerically tractable system sizes, at least one Lyapunov mode satis-
fies the inverse-proportional behavior of the IPR as a function of the
system size in each part, respectively. Consequently, these Lyapunov
modes, Ayny; in PART 2 and Ay in PART 3, are not localized but
affect all the oscillators collectively (not restricted only on the inco-
herent group, but also spread out over all the oscillators) and are
strongly related to their collective motion in the state space; i.e., they
are also Lyapunov collective modes.
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IV. CONCLUSION

In this work, we have dealt with chimera states in two-
population networks of identical oscillators. For the identical
Kuramoto-Sakaguchi phase oscillators, the order parameter dynam-
ics of the incoherent oscillator population strongly depends on
the initial condition and the population size.'””” Once chimeras
started from a special initial condition where all the initial phases
of one population are in the Poisson kernel, i.e., the Poisson
submanifold,’"*~*° the phases remain in the Poisson kernel for
all times, and we called this chimera a Poisson chimera. Poisson
chimeras show a rather simple motion of the incoherent oscil-
lator population that is virtually indistinguishable from the con-
tinuum limit OA solution for sufficiently large population sizes.'®
In contrast, the incoherent motion of a Poisson chimera with a
small population size is drastically different from the simple OA
dynamics.'” This difference is not due to finite-size fluctuations but
has a deterministic origin: The magnitude of the order parameter
of the incoherent oscillator population shows not only the main
motion close to the OA dynamics but also a superimposed sec-
ondary oscillation along the main motion. We demonstrated that
this superposed oscillation is a consequence of the fact that the
instantaneous frequencies of stationary Poisson chimeras exhibit a
splay form. Furthermore, the splayed distribution of the instanta-
neous frequencies bring about that the period of the superposed
oscillation tends to zero with increasing N, while the consideration
of the WS global variables revealed how the amplitude of the sec-
ondary oscillation disappears with increasing N.'»*"** Consequently,
our investigations have revealed that and how the order param-
eter changes continuously from small-size chimeras to large-size
chimeras up to the continuum limit, eventually showing the same
dynamics as the OA dynamics in the continuum boundary.

In contrast to such Poisson chimeras, the chimeras initialized
outside the Poisson submanifold, called in this work non-Poisson
chimeras, do neither show such a simple order parameter dynam-
ics, regardless of the system size, nor splay-formed instantaneous
frequencies of the stationary chimeras, nor does the phase distribu-
tion stay in the Poisson kernel. Alternatively, they show complicated
fluctuations along the main motion close to the OA dynamics.
This complex, superposed trajectory exists for stationary as well as
breathing chimeras, it does not disappear for the large population
sizes and in the long time limit, and it depends on the particu-
lar initial condition outside the Poisson submanifold, i.e., a set of
nonuniform constants of motion.”***

In our numerical Lyapunov analysis and also in other previ-
ous results,” the stationary chimera states in a two-population
network with global intra- and inter-population coupling topology,
whether it is a Poisson or non-Poisson chimera, are neutrally sta-
ble in N — 1 directions. Note that the other negative LE corresponds
to the degree of the coherence, i.e., the global WS radial variable.
Based on the WS theory, the neutral stability mainly originates from
the constants of motion of the system. Any particular parameter set
determines the value of the OA radial variable in the continuum
limit. The phase DOFs of the neutrally stable Poisson chimeras are
dictated by the Poisson initial condition, i.e., uniform constants of
motion, and remain in the Poisson kernel."
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In contrast, the initial conditions for non-Poisson chimeras
correspond to a non-uniform set of constants of motion that cause
the different irregular motions of the incoherent oscillators outside
the Poisson submanifold according to the different set of motion
constants, i.e., the non-Poisson initial condition.

In the next step, we have considered two possibilities that make
Poisson chimeras attractive or at least remain in a close vicinity
of the Poisson submanifold. We have introduced two “perturba-
tions” to the Kuramoto-Sakaguchi phase oscillators on the global
two-population network: a nonlocal intra-population topology and
an amplitude degree of freedom, i.e., Stuart-Landau planar oscil-
lators. Previously, many authors showed that the OA manifold in
the continuum limit is attracting in the long time limit if the sys-
tem exhibits some type of heterogeneity.">*>"” Considering the WS
transformation, it was also shown that a finite-sized system is evolv-
ing toward at least a close vicinity of the Poisson submanifold when
the system has a suitable heterogeneity, such as nonidentical natural
frequencies, noisy oscillators, or experiences a heterogeneous mean-
field forcing.”*"® We have demonstrated that our two perturbations
can be thought of as such a small heterogeneity for the incoher-
ent oscillator population. Correspondingly, the Lyapunov analysis
has revealed that the systems of nonlocally coupled phase oscilla-
tors and globally coupled Stuart-Landau amplitude oscillators have
(slightly) negative Lyapunov exponents associated with the inco-
herent population of phase DOFs and thus an attracting Poisson
chimera trajectory:*>** Even when starting from non-Poisson ICs,
the chimera trajectory evolved toward the Poisson chimera or to a
close neighborhood of it in the long time limit.

As a concluding remark, we note that in real world systems,
heterogeneities of some type will naturally be present so that the
Poisson submanifold becomes at least weakly attracting, which
underlines the importance of Poisson chimera states.
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APPENDIX A: LYAPUNOV ANALYSIS

To study the spectral properties of a chimera trajectory in the
state space, we perform a Lyapunov analysis. In this appendix, we
review some basic concepts; the detailed descriptions can be found
in Refs. 29-31 and 34.

First, our governing equations are represented by a set of
autonomous ordinary differential equations. In the general vectorial

ARTICLE scitation.org/journal/cha

notation, we consider x(¢) = f(x(#)) with an initial condition x(0)
= X, where x() € R" is the dynamical variable, f is the vector field,
and #n is the dimension of the state space. A reference trajectory
Xref(1) is a solution of the initial value problem, along which we want
to study the spectral properties. In our context, it, therefore, should
be a chimera state trajectory. Now we consider the tangent space at
each state point along the reference trajectory, wherein the perturba-
tion vector 8x(t) resides; i.e., x(t) € Ty 5 (R"). Those perturbation
vectors are governed by the Jacobian matrix of the vector field,
evaluated along the reference trajectory, which can be represented
as 8Xx() = J(t; Xper(£))8x(f) where the Jacobian matrix is defined by

), = & . From this, we consider the fundamental matrix
Yy 0Xj Ixpep(t)

solution such that (f) = J(£ x,e(t)) O(£) with €(0) = I,;; this solu-
tion defines the tangent linear propagator, M(ty, t) = O(t) 0~ (ty),
of the perturbation vector from a given point in time point to the
future time so that §x(t) = M(t, £)x(t).”

Oseledets’ theorem”° tells us that the limits (A1) exist and
share the same real positive eigenvalues denoted by u; > u»
> ... >, (Here, we only consider the nondegenerate case).
The forward and backward Oseledets matrices are, respectively,
defined by

(0 = lim M) M@ )]
2>
(A1)
2= lim [M(t, 07 M (1,0]"" 7,

t—>—00

where T stands for the transpose of a matrix and —T for trans-
pose and inverse of it. The forward/backward Oseledets matrix
probes the future/past dynamics along the given reference tra-
jectory. Those matrices have the eigenspaces spanned by the so-
called forward/backward Lyapunov vectors d{(f). However, these
vectors are not covariant under the dynamics; i.e., it does not
bear any information on the local expansion/contraction of the
perturbation vectors. Nevertheless, we can construct Oseledets’
splitting that decomposes the tangent space according to the
local expansion/contraction behavior along the reference trajectory.
We define nested subspaces, which construct Oseledets’ splitting

in the following way: (F'”())" = P LU (t)" and (1)~

= @;:1 (U9 (t)) ", where (UY(£))™ are the eigenspaces of the for-

ward/backward Oseledets matrices spanned by {di)(t) };l:l.” There-
fore, we have the decomposition of the tangent space such that
Ty, 0 R = B, Q0 (1), where @ (£) = (T?(H)" N (V) is
called Oseledets’ splitting. This Oseledets’ splitting is covariant
under the given dynamics in the sense that QYD) = M(ty, R (2).
The spanning vectors {v@(t)}:'=1 of such Oseledets’ splittings are
called the Covariant Lyapunov Vectors (CLVs)* that hold the infor-
mation on the local expansion/contraction direction of the pertur-
bation vectors since they are norm-independent and also covariant
under the dynamics. The exponential rate of such local expan-
sion/contraction along the direction of the CLVs is called Lyapunov
Exponents (LEs) and defined by

A, = lim llogllM(to, Hu(to)| (A2)
too f [Tu(to)]]
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for U(ty) € (T (ty)) "\(T"(ty)) " where the nested subspaces are
R"=@TY1) > @?@)" .- > (@T™®)". Hence, the Lya-
punov exponents characterize the exponential asymptotic growth
rate ||[M(t, OV (£5)]] ~ |[v? (fo)|lexp(A;t), and the covariant Lya-
punov vectors indicate the stable/unstable directions of the pertur-
bation vectors in the state space.”

APPENDIX B: NETWORK SYMMETRY ANALYSIS

The two-population topology we consider in the main text
can, in fact, be seen as a finite-sized network with 2N nodes. This
holds for both the global and nonlocal intra-population cases. Fur-
thermore, the discrete network symmetries are represented by the
automorphism group of a given network.”>’**>*’ Recently, many
authors have focused on such network symmetries to investigate the
dynamics of various kinds of coupled oscillators on a given finite-
sized network with abundant discrete symmetries.”””*>"~" In the
following, we exploit the same approach to study the spectral prop-
erties of the synchronized population of the chimera states both for
the Kuramoto-Sakaguchi phase oscillators and the Stuart-Landau
amplitude oscillators. In this section, we introduce some important
background theories introduced in Refs. 35 and 36.

The automorphism group denoted by Aut(¥) of a given net-
work ¢ is a mathematical group consisting of all the automor-
phisms. An automorphism is a permutation o of the set of nodes
that preserve the adjacency relation among the nodes in the way
that Aj = Ag(jo().~ Consider the group action under a subgroup
G < Aut(¥). Then, an orbit partition of a given network ¢ under
the subgroup G is a set of orbits defined by ¢(G, i) = {o (i)|o € G},
which defines a mathematical partition such that ¢(G, i) = ¢(G,j)
for all j € ¢(G, i) and ¢(G, i) N@(G,j) = @ if j ¢ ¢(G, ). This par-
tition of a graph can be a candidate of a cluster-synchronization
(CS) pattern of a given dynamics on the network™ ! since each
oscillator in the same orbit should receive the same input from the
others.

Let us now consider two different types of governing equations,
one of which is called here the Pecora-type equation’"”"' and the
other one the Kuramoto-type equation, which describes diffusively
coupled oscillators,”*>*

N
() = Fxi(0) + K> AH(x;(0),
= (B1)

N
%i(t) = B(xi(6) + K Y AjH(x;(6) — xi(8))

j=1

for i=1,...,N where x;(f) € R” denotes the dynamical variable,
F(x) governs the uncoupled dynamics, H(x) the coupling function,
and finally K, denotes the coupling constant. For a given candidate
of a CS pattern, we consider the set of all clusters (orbits) {¢(i, G)}fi )
= {C,}™_, where M is the number of clusters, including trivial clus-
ters that have only one oscillator in it. An associated CS dynamics
is described by the coarse-grained variables {s,,(f) = x;(H)|i € C,,,
1 < m < M} under the quotient adjacency matrix A,y = ZJ'ECm/ Ajj
for an arbitrary node i € C,,, which is nothing but the number of
links from an arbitrary node in C,, to all the nodes in C,,. Hence,
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the quotient dynamics of the CS pattern is given by

M
$n(8) = F(5u(D) + K > ApH(s (1),

m'=1

y (B2)
$n(®) = F(s (D) + K Y Ay H(s (£) — 8u(8))

m'=1

form=1,...,M.

The set of N-dimensional orthonormal vectors {u,(("')},‘(iml‘ for
m=1,...,M called the cluster-based coordinates is defined by the
following rules:* (i) u,(:,") = 0ifi ¢ C,, (ii) for « = 1, all the nonzero
elements of ui”” should be 1/4/[C,,| that defines the cluster sync-
&
onal and also to u§'">. The cluster-based coordinate transformation
can block-diagonalize a relevant matrix such as an adjacency matrix
according to the given cluster pattern, which, therefore, reveals the
spectral properties of the dynamics on each cluster.”"!

To study the spectral properties of the dynamics on each clus-
ter, for the moment, we only consider the Pecora-type equation in
Egs. (B1) and (B2) and use the given CS pattern as a reference tra-
jectory on which we inflict a small deviation. This, then, yields the
coupled variational equations for all the clusters,

manifold, and (iii) the other vectors {u{™} ' are mutually orthog-

M
8%(H) = DF(s,)x + K »_ Y A;DH(s,)8x;  (B3)

m/=lj€Cm/

fori =1,..., N, where 6x;(t) = x;(t) — s,,(¢) for i € C,, and Df and
DH indicate the Jacobian matrices of the given dynamical func-
tions. Notice that each variational equation in Eq. (B3) is coupled
to all the others through the given adjacency matrix. However,
if we see this in the cluster-based coordinates by following 7™
= Ziecm u,((r,f’)éxi form=1,...,Mandk =2,...,|C,|, where y™
for k > 2 represents the perturbation of the transverse direction
to the cluster C,,, we get the variational equation for that cluster,
independent of the other clusters, provided that the given cluster
C,, is non-intertwined with the others [for non-intertwined clus-
ters, see Ref. 36 or for independently synchronizable cluster sets
(ISC sets), see the supplementary material in Ref. 35]. Therefore, the
|Cn| — 1 transversal variational equations of the cluster C,, both for
the Pecora-type and the Kuramoto-type are given by

7" (1) = [DF(sm) + KAi’”’DH(sm)] " (),

(B4)
M
(1) = [DF(sm) —K ) Apw DH(spr — sy1)
m'=1
+ KAS")DH(O):| 2™ ()
for k =2,...,|C,|, where )\f(’") is the eigenvalue of the adjacency

matrix corresponding to the cluster C,, with the eigenvector U™
of the adjacency matrix. From those transversal variational equa-
tions, we can investigate the spectral information on the transverse
direction of each cluster along our chimera states.
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APPENDIX C: LYAPUNOV EXPONENTS BASED ON
NETWORK SYMMETRY-INDUCED CLUSTER PATTERNS

1. Kuramoto-Sakaguchi phase oscillators

As a first step, we identify the cluster-synchronization (CS)
pattern corresponding to the chimera state on the two-population
network by assigning one of the two populations to the synchronized
oscillators and the other one to the incoherent oscillators. The pop-
ulation of the N perfectly synchronized oscillators can be thought of
as just one giant cluster, which we denote by C,, whereas each inco-
herent oscillator in the other population is treated as a trivial cluster
denoted by C,, with m = 1, ..., N. This gives us the corresponding
cluster-based coordinates UT = [uio), ul”, ™, uéo), ces uﬁ\?)
for the chimera pattern.”” Here, u'” indicates the direction along the
synchronized cluster C, of the chimera state so that uﬁ?) = ﬁ for
j € Cpand uﬁ?) = 0ifj ¢ Cy. For the transverse directions, we obtain

0 0 o .
Zjeco u,((j) =0 and uij) =0if j ¢ C for « =2,...,N. Finally, for
the incoherent trivial clusters, we have ug") =1if jeC, and

u%") = 0 otherwise, with m = 1,...,N. Note that all the cluster-

based coordinate vectors should be mutually orthonormalized. An
example of a possible candidate of the cluster-based coordinates is*’

1
N
ON,N P
1
U = | & , Cl1

i (Cy)
: D Onn-1

0

where the first column u(lo) = [%, A LN, 0,... ,O]-r indicates the

sync-manifold direction, D = diag(1, . ..,1) € R¥¥ indicating the
incoherent trivial clusters, each O is a zero-matrix, and P € RV*N-1
representing the directions transverse to Cy, and it can be chosen to
satisfy orthonormality and transversality such as

N—1
N 0 0 0
IR N—2 0

N(N=1) (N—1)(N—-2)

1 1

P=]- NN-1D  JN-DN-2)
: L
2 Rl
N(N—1) (N—1)(N—2) V21

The cluster-based coordinates decouple the variational equations
according to the given CS pattern, as demonstrated in Appendix B
and in the supplementary material of Ref. 35. Our case is rather sim-
ple since our chimera state has only one nontrivial cluster for the
synchronized oscillators.

Considering the two-population topology as one large net-
work consisting of 2N nodes with appropriately defined coupling
weights and describing a chimera state by a CS pattern defined above
{Cn)N_,» the Lyapunov exponents corresponding to the synchro-
nized cluster Cy can be analytically estimated. According to this
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approach, the governing equation can be written as

d 2N
8O =F@®) + Z KB H(gi() — ¢i(1))  (C2)

j=1

fori=1,...,2N where the uncoupled dynamics is F(¢) = — %sina
(here, just a constant) and the coupling function is H(x) = sin
(x — o). This is nothing but the Kuramoto-type equation discussed
in Eq. (B1). The adjacency matrix ngc) € R*N stands for the com-
plete graph with 2N nodes, and the coupling weights are defined by
Kjj = & ifi, j belong to the same population and Kj; = §; if i, j belong
to different populations, respectively, for i,j = 1,...,2N. From the
CS pattern {C,,}Y_,, the quotient adjacency matrix is given as

/N—-1 [ 1 - 1\
N

N
I

o (C3)

N

where A© € RV is the adjacency matrix of the complete graph
with N nodes that describes the global intra-population cou-
pling. Note that the quotient adjacency matrix in Eq. (C3) is an
RONFDXN+D matrix, and the index is taken from 0 to N for the sake
of simplicity: Ay form,m’ = 0,1,...,N. Therefore, we obtain the
(coarse-grained) quotient dynamics corresponding to our chimera
pattern from Eq. (B2) with the CS variables denoted by s(f)
= ¢;(t) (synchronized, Cy) and s, (f) = ¢;4n(f) (incoherent, C,,) for
m=i=1,...,N,

N
$o(0) = Fso() + LHO A+ Y AurHlsyr () = (1)

m'=1

N
= —psing + 1% 3 sin(su (6) — so(t) — @) (C4)

m'=1

for the synchronized cluster (Cp) where the quotient adja-
cency matrix Aoo =N-1 and AOmr =1 for m"=1,...,N, and
H(0) = —sine. The quotient governing equations of the N trivial
clusters (Cy, . . ., Cy) for the incoherent population read

N
~ " ~
AmOH(SO - Sm) + N Z Amm’H(Sm/ - 5m)

m'=1

(1) = F(5) +
Sm(t) = sm+N

N
= vsin(sy — s, — @) + I% Z_l sin(s,; — S, — a) (C5)

for m=1,...,N. From the quotient dynamics, we consider the
variational equations of the synchronized oscillators around the CS
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pattern as

86h; = DF(s0)8¢h — Z > KB DH(s, — 50)5¢)

m'=0j€eC,,

N
+ > > KBy DH(s, — s0)8¢x

m' =0 keCm/
= DF(s)3¢: — - AmDH(0)5¢),

N

v C,

-3 Z om DH (s, — 50)86; + Z BY DH(0)8¢x

kECO

N

v C

+ 5 2 2 B DHGw — s8¢ (Ce)

m'=1keC,/

for each i € Cy where the deviation around the CS pattern is §¢;(¢)
= ¢;(t) — s,u(t) for i € C,, and m = 0,1,...,N. Next, we want to
obtain Eq. (C6) in the cluster-based coordinate defined in Eq. (C1).
The transverse variations can be written as 77(0) (1) = ZiECO (O)qu,(t)

with U= [u®,u”,.. ,a™,a,. .. ,u(o)] Then, the variational

equations transverse to the sync-cluster C, read

0 = ug 8i(0)

ieCy

=3u® (DF(SO) - %AOODH(O)

ieCy

N
v ~
X _N E Aom/DH(Sm/ — 50)>5¢i

m'=1
+ DH(O) >0 uB s
keCy i€Cy
+ — Z D> ul)BY DH(s, — 5005
m'=1i€Cy keC,/

N
W~ v -
= (DF(SO) — AwDH(©) — = > 7 Ay DH(s — So)) nd
m'=1
1Col
keCy i€Cy k=1
[Cp |

+ 2 Z Z Z Z u(O)B(C) (m )DH(Sm/ _50)77( ') (C7)

m’ 1i€C keC,y k'=1

fork = 2,...,N. As shown in Ref. 35, the cluster-based coordinates
can block-diagonalize the adjacency matrix B according to the CS
pattern so that the block corresponding to the sync-cluster C, can
be represented by the matrix diag(A\", A\, ..., A\) € RN-Dx®N-1
and the off-diagonal blocks are zero. This, in turn, means that the
last term in Eq. (C7) should be zero and }7, .o > kcc, ul)BY U,
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= A08, for k, k" = 2,...,N where A9 are the eigenvalues of the
adjacency matrix since u” for k = 2,...,N can be chosen to be
the eigenvectors of the adjacency matrix.”' Hence, the variational
equations transverse to the sync-manifold are given by

O = [DF(sO) - %AOODH(O) n I%AL")DH(O)

N
v ~
-~ > AgwDH (s, — so):| n®

m'=1

= [—%(N— 1)cosa + %A(chosoz

N
—% Z co8(spr — 5o — ) In© (C8)

m'=1

for «k = 2,...,N. Notice that for the global intra- and inter- pop-
ulation network, the eigenvalues in Eq. (C8) A9 = —1 for all
k =2,...,N. Consider as an example the system with N = 4. Its
block-diagonalized adjacency matrix reads®

32 2 2 2

1
1 Os3
1
0

—1 0 0
O35 0 -1 0
0 0 —1

where the lower-right block corresponds to the sync-cluster Cy, and
we obtain 1) = —1 for all « for our global intra- and inter- popula-
tion topology. Hence, if we consider the summation term in Eq. (C8)
as an external forcing field,"” then it gives approximated values of the
(N — 1)-fold degenerate transverse LEs in Eq. (9).

To estimate the Lyapunov exponent along the sync-manifold
for the synchronized population Ap ertrpye the perturbation should be
performed along the sync-manifold. This means that we obtain the
variational equation when the small perturbation so(f) — so(f) +
8so(t) where [8s0(#)| < 1 is applied to Eq. (C4),

—_ O =

UBYU! =

>

d 850(t) = DF(So)SSO(t) + =

gy Z DH(s; — s9)(—8s0)

] 1

N
— |:I‘:T Z coS(Sy — So — oz)i| 8so(t). (C9)

m'=1

Then, we obtain Eq. (11) provided that Z = % an’,zl cos(S,y — So
— «) is regarded as an external forcing function.

For the Kuramoto-Sakaguchi phase oscillators in the nonlo-
cal intra-population network, we use the same approach introduced
above where we treated the chimera state as a CS pattern dynam-
ics. We again start the analysis with the governing equation that,
however, now contain the nonlocal adjacency matrix

d 2N
240 = F@i() + Y KiBH(@;(0) — ¢i(1)

j=1

(C10)
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fori=1,...,2N, where F(¢), Kj;, and H(x) are the same as defined
in Eq. (CZ). The matrix B™ € R*™*?N which defines the global
inter- and nonlocal intra-population network, is given by

A IN
In A

where A € RMV is defined in Eq. (15) and Jy € R¥V is the unit
matrix whose elements are all 1. In this approach, the quotient
adjacency matrix is given by

B — e RN,

/NIGZ | 1.1
AP =1 . ,

(C11)
N

wherein the terms Al = N—2 and AEJ.“) = Ay for mym =1,

., N ensuring that the intra-population topology is not global but

nonlocal. From A®™, we obtain the quotient dynamics according

to the CS pattern describing our chimeras with the variables so(f)
= ¢;(t) (sync.) and s, (¥) = ¢ipn(t) (incoh.) fori=m=1,...,N,

dso n
E—F( s0) + A( )H(0)+ ZAOm,H(sm/—so)

m’l

N
= —%(N— 1)sino + % Z sin(s,y — sy — o) (C12)

m'=1

for the synchronized population and

dsm, "o
— =FG m)+NA YH(so — Sm) + NZ_ A® H(smw — )

. .
= —ﬁsm(x + vsin(sy — s, — &)

N
w )
+ N E Ay sin(s,y —

m'=1

Sm_a)

= @, (t) + vsin(sy — s,, — @) +

N
2 .
— SIN(S,y — Sy — &),
N 2 sin )

m'=1
(C13)
where @,,(t) = —&sin(s,qn2 — sm — @) with Aé’,’; =1 and A%
= Nform = 1,..., N for the incoherent trivial clusters.

As seen in Sec. III B, there are N — 1 transverse Lyapunov
exponents consisting of two different values. This splitting of the
values of Atrams is due to the two different eigenvalues of the nonlo-
cal adjacency matrix. As clear from Eq. (B4), one has to consider the
eigenvalues of the adjacency matrix associated with the cluster-based
vector, which are the eigenvectors of the adjacency matrix U™, to
obtain the transverse variational equations. For the global topol-
ogy discussed above, these eigenvalues A’ = —1 are the same for
k =2,...,N.In contrast, the nonlocal adjacency matrix has two dif-
ferent eigenvalues: A =0 for k = 2,...,N/2+ 1 and .V = -2
for k = N/2+2,...,N.°" This leads to two different variational
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equations with the same method in Egs. (C7) and (C8),
(1) I
7O = [DF(SO) - K]A DH(0) + £” DH(0)

N
v
-3 Z AgmDH(s,r — 50)i| n

:[ %(N 2)cosa+N)»(O)COSOl NZ] o (C14)

fork =2,...,N. Therefore, Eq. (C14) yields two different groups of
degenerate Lyapunov exponents transverse to the sync-manifold

At(l(')a)nsl( = —E(N — 2)cosa + ﬁ)»,((O)cosaz _ Yz
N N N

_ —E(N—Z)cosot—12<0, Kk=2,...,N/2+1,
- /,LCOSOl—fz<0 Kk =N/242,...,N,
(C15)

provided that Z, defined in Eq. (9), is treated as an external forc-
ing field. Also, there is another LE of the synchronized popula-
tion, which arises from a perturbation along the sync-manifold.
Here, a small perturbation sy — sy + 8sp is imposed on Eq. (C12)
where 85| < 1. This perturbation gives A} = —{Z < 0 strongly
depending on the motion of the incoherent oscillators.

2. Stuart-Landau planar oscillators

Let us consider the spectra corresponding to the amplitude
DOFs in more detail. Using the corresponding approach as above,
the evolution of the amplitude DOFs can be expressed as

dri(t)

e (C1e6)

= FOmD) (1.(1)) + ZKf_]f‘mP)Bg]F)H(amP)(rj(t))

j=1

for i=1,...,2N, where F@™)(r) = ¢~ 1(1 — P)r + Lrcosar and
H@P) () = r. Here, we regard the phase variables as external forc-
ing functions, which means that we define the coupling weight in
Eq. (Cl6) as K(amp) = Lcos(¢; — ¢; — «) if i, j belong to the same

population and K(amp) Lcos(¢; — ¢; — ) if i, belong to the dif-
ferent populatlons This equation is a Pecora-type equation [cf.
Eq. (B1)], and the amplitude Lyapunov exponents can be approxi-
mated as follows.

According to the chimera CS pattern dynamics introduced
in Sec. C 1, we denote the amplitude degrees of freedom by r;(f)
= Ry(t) =1 for the synchronized population and r;;n(f) = R, (¢)
for the incoherent one and, correspondingly, the phase DOFs
by so(t) = ¢:(f) (sync.) and s,,(f) = ¢ n(f) (incoh.) for i=m
=1,...,N. Then, the quotient dynamics of the amplitude DOFs for
the synchronized population with the quotient adjacency matrix in
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Eq. (C3) is governed by
R, _

M ~
FO™) (Ro) + & Ao H@™P) (R, )cose
T (Ro) N0 (Ro)

N
vV ~
TN Y " Apu HO™) (R, )cos (s — so — o)

m'=1

= (g’l(l —R)+ %cosa) Ry + %(N— 1)Rycosa

N
v
+ N Z R,ycos(s,y — sy — o).

m'=1

(C17)

Considering a small deviation around the CS dynamics, i.e., é7;(f)
=r;(t) — R, (t) for i € C,, for m = 0,1,...,N, we obtain the cou-
pled variational equations as

. am,] M am|
8#:(£) = DF®™ (R))Sr; + NCOO k; BY DH™ (Ry)57;
0

N
v
+5 >3 BYDHO™ (R,)Cprobri

m'=1keC,/

for each i € Cy and C,,, = cos(s,y — s, — @) form,m’ = 0,...,N.
Then, viewing these in the cluster-based coordinates with
O = it uWsr,(t) for k =2,...,N, the transversal varia-
tional equations in Eq. (B4) read

E0 = " ulsi(t) = DF*™ (Ry) Y " 51

ieCy ieCy

+ NDH(amP) (Rp)Coo Z Z ul)BY 51,

ieCy keCy

+ = ZZ Z u(O)B(f)DH(amP)(R NCy 1087

IEC[) m'= lkEC ’

= DF*"™ (R)&,"

[Col

+ DH(amP) (RO)COO Z Z Z u(O)B(C) (0) E(O)

i€Cy keCp k'=1

[Cp |

4= ZZ Z ZM(O)B(C) (m)%_(m )C DH(amp)(R D,

m’ 1i€Cy keC,y k'=1

where the last term is zero and since the adjacency matrix is block-
diagonalizd in the cluster-based coordinates ;. > 1cc, % u) BY

Ki
ufﬁl =A98,, for k =2,...,N. Hence, the N — 1 variational equa-
tions transversal to the sync-manifold are given by

EO = [DF‘amp) (Ro) + %cosakf(o)DH(amp) (Ro)i|$§°)

- [ “1-3R) + & (1 +,\;°>)cosa] £O.(C18)
Here, A® = —1 since they are the same as for the global intra-

population network [Eq. (C8)]. Thus, with Eq. (C18), we obtain
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the approximate values of the (N — 1)-fold degenerate transverse
Lyapunov exponents in the amplitude DOFs as Af:amnf,?) et
(1-3R}) < 0inEq.(23)forx =2,...,N.

Next, to estimate the Lyapunov exponent associated with
the perturbation along the sync-manifold in the amplitude DOFs,
we perform a small perturbation along the sync-manifold Ry(f)
— Ro(t) + SRy (¥) with |§Ry| < 1 in Eq. (C17) and obtain

SRy (t) = DF®™ (R,)8R, + % cosaAgyDH®™P (Ry)S R,

= |:8_1(1 — 3R§) + /Lcosoz]zSRo(t). (C19)

Hence, it gives a slightly greater Lyapunov exponent than the trans-
verse ones

AP g1 3R}) + pcosar < 0,

perturb

(C20)

which shows that AXTP? < A @20

trans perturb *
As for the other negative exponents, we guess that the other

stable Lyapunov exponents of the amplitude DOFs are linked to
the incoherent oscillators governed by the quotient dynamics in
Eq. (B2),

dR,

T Amocos(so —Sn — )Ry

=¢e'1—-R)R, +

z| =

N
+ % Z At Ry €OS(syy — S — @t) (C21)

m'=1

form=1,...,N.

Next, we deal with the phase degrees of freedom of the Stu-
art-Landau oscillator ensemble. Here, we also exploit the network
structure with appropriately defined coupling weights. With this
approach, the governing equations for the phase DOFs read

d¢l (t)

= F™ (¢,(1) + Z KB H(@ () — ¢i(1)  (C22)

j=1
for i =1,...,2N, where the uncoupled dynamics is governed by
F®Y(¢;) = —or? — Lsina and the coupling function is defined as

ph) _ u ’1

H(x) = sin(x — o). The coupling weights are defined by K(

if i,j belong to the same population and K;Ph) = 1%% otherWISe,
provided that the amplitude variables are treated as external forc-
ing functions. Thus, the resulting equation is the Kuramoto-type
equation of Eq. (B2). From the quotient adjacency matrix defined in

Eq. (C3), the quotient dynamics of the synchronized and incoherent
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populations in phase DOFs are obtained as

dso 2 M
— = —0R{ — —sin«x
dt ° N
N
~ Vv Rm’ ~
_ %Amsina + N Zjl R—OAO,,,rsin(sm/ — 5y — ),
(C23)
ds,, " v~ R
2 = —oR> — Tsina + —A,0—sin(sy — s, —
dt "N N""™R, o )
N
R /o~
+ & " A i SISy — Sy — 01)
N Z=R,,

where Q,,(H) = —oR2 (t) for m = 1,...,N. The quotient dynamics
reveal that the phase DOFs of the SL oscillator ensemble in the syn-
chronized population also have (N — 1)-fold degenerate transverse
Lyapunov exponents with

N

v Rm’
Ag)zzns,/( = —jucosx — Xf Z_l ?OCOS(Sm/ — S — )
"7 <0 (C24)
= —ucosa — —7Z <
H N
for k = 2,...,N, where 7 = ZZ/=1 l;lcos(sm/ —sp — a) should

be considered an external forcing field, which follows from the
transversal variational equations [Eq. (B4)],

R0 — [—%(N— 1)cosa — %Z + %)»,((O)COS“] . (C25)

K K

Here, n"() = Y ., u98pi(t) for k =2,...,N; the deviation
along the CS dynamics is 8¢;(f) = ¢;(f) — so(t) for i € Cy and the

eigenvalues 1) = —1 for all «. In addition, the LE in the sync-
population coming from a perturbation along the sync-manifold has
the value of A;?rmrb = —%Z < 0 and is expected to be found in the

synchronized phase DOFs.

Furthermore, we can also rationalize the eigenvalue branches
of the synchronized oscillators that were already discussed in the
continuum limit in Ref. 26 as follows. We again consider the real-
valued coordinate of the SL variables in the vector form as x;(f)
= (ar(t), bp(t))" € R* where a; and by are defined in Eq. (22). Then,
the SL oscillators evolve according to

d 2N .
250 =Fxi() + Y B KyHx (1)

j=1

(C26)

scitation.org/journal/cha

fori=1,...,2N, where ijc) and Kj; are defined in Eq. (C2), and the
uncoupled dynamics is governed by

ren = (5 29) k(S )]s

e (1 —eo 5
- (sa 1 ) i (D" (8), (C27)
and the coupling function is written as
cosx  sina
H(x(1) = (_sm com) x(1) (C28)

for i =1,...,2N. If we also regard the chimera state as a CS pat-
tern dynamics, x;(#) = sy (sync.) and x;;n(f) = s,,(f) (incoh.) for
i=m=1,...,N, then the variational equations transversal to the
synchronized cluster C; in the cluster-based coordinates are given by
. n
7 = |:DF(SO) + KIAS”DH(SO)] n® (C29)

for k = 2,..., N where the Jacobians of the dynamical functions in
Eqgs. (C27) and (C28) read

el —w u [ cosa  sina

DE(so) = ( w e')7T N \ —sine  cosa
e (1 —eo) (35, + 5,

2 \eo 1 250, %0,

cosy  sino
—sine  cosa /] °

2501 S0,
2 2
35, + 5,

) (C30)

and

DH(sy) = ( (C31)
Since for the synchronized SL oscillators we have re' = e
= %(ao + iby) for k=1,...,N, we can rewrite the transversal

variational equations in the following form:

1 .
- (0) _ &€ —w ﬁ (0) cosx Sino
© [( 1) £‘l> + N(1 +AD <—sinoz cosa)

3 el (1 —e0\ (24 4cosPp, 4cosposingy (o)
2 \eo 1 4cosgpsingy 2 + 4sin2¢0 K
— ](0) 0)

trans 7’}K

(C32)

for all the directions transverse to the sync-manifold. Notice that
the eigenvalues of the adjacency matrix ¥ = —1 for all . If we
consider ¢, as an external forcing function, then the eigenvalues of

the matrix J' _ are

A 14+ /1 —6230? — 40w + w?)
1= — >
&

—14+ /1 —52302? — 40w + w?)
- ,

(C33)

Az ==
which gives A, ~ —2¢7! corresponding to the amplitude DOF
branch and A; < 0 corresponding to the phase DOF branch for
the synchronized oscillators. This result and our previous analysis
strongly suggest that the negative branch indeed arises from the
amplitude DOFs and the near-zero branch comes from the phase
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DOFs including slow and stable Lyapunov exponents, and both
render the Poisson chimeras attracting.

APPENDIX D: CONCURRENT DYNAMICAL AND
TOPOLOGICAL VARIATIONS: STUART-LANDAU
OSCILLATORS ON NONLOCAL INTRA-POPULATION
TOPOLOGY

Here, both the topological (see Sec. III A and Fig. 1) and
dynamical (see Sec. I1I C) variations are introduced simultaneously.
Thus, we consider Stuart-Landau amplitude oscillators in the non-
local intra-population network topology and focus on weak coupling
with (¢ = 0.01). Starting from PIC, we observe chimera states that
are similar to those in Sec. 1] A. Hence, the Poisson chimeras with
the parameters A = 0.2 and A = 0.35 follow the similar incoherent
dynamics as in Fig. 7.

The Lyapunov analysis for the nonlocal Stuart-Landau oscilla-
tors obviously results in the properties dictated by the given non-
local topology of the network. From the same method discussed in
Appendixes. A-C, we obtain the two different values of the degen-
erate transverse Lyapunov exponents in the synchronized group of
phase DOFs,

Af?a)m,x = —%(N— 2)cosa + %)\f(o)cosa - %Z
k=2,..,N/2+1,

Kk =N/2+4+2,...,N,

SN — 2)co~sa A

—ucosa — I\%Z,

where A© =0 for k =2,...,N/2+ 1 and A9 = —2 for k = N/
2+42,...,N. Also, the negative LE corresponding to the sync-
manifold perturbation is given as A;?nurb = —ﬁz < 0, strongly
depending on the collective behavior of the incoherent oscillators.
Finally, in the incoherent population, we obtain the same N/2 pairs
of the two nearly-degenerate exponents that result from the discrete
symmetries of the phase governing equations of the Stuart-Landau
oscillators. Therefore, the Poisson chimera trajectories of this system
are also attracting more strongly than other cases.

Regarding the amplitude DOFs, the N — 1 transverse Lyapunov
exponents also show the two different values of the degenerate
exponents approximated as

AGRY = &71(1 = 3R + (1 + A)cosa
_ 8:1(1 - 3R§) + %cosa, k=2,...,N/2+1, (1)
e~ (1 —3Rp) — Neosa, K =N/2+2,...,N
since for the nonlocal network )Lf(o) =0fork =2,...,N/2+ 1and
29 = —2fork = N/2+2,...,N[distinguished by the gray dashed
line in Figs. 12(b) and 12(d)]. Then, we expect to find the sync-

manifold perturbation exponent of the amplitude DOFs, A::K’i)

~ &7 (1 — 3R}) + & (N — 1)cosa, which is slightly greater than the
transverse exponents. As for the other exponents, we only know that
they arise from the incoherent governing equations.

Judging from the above observation, we conclude that the Pois-
son chimera states are definitely attracting. A comparison with the
systems that have only one “perturbation” compared to the globally
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FIG. 12. Full Lyapunov spectra of the Stuart-Landau oscillators with nonlocal
intra-population topology for (a) the phase degrees of freedom and (b) the ampli-
tude degrees of freedom. The parameter set used here is N = 6, A = 0.2, and
& = 0.01. (c) and (d) The breathing chimera states with A = 0.35. Note that the
Lyapunov exponents in (a) follow the same behavior as the stationary chimera
state of the phase-only system (compare Fig. 8).

coupled phase oscillators, i.e., either the non-local coupling topology
or the amplitude DOF, suggests that the attraction rate of the phase
DOF is mainly determined by the non-local network topology.

REFERENCES

T A. Pikovsky, M. Rosenblum, and J. Kurths, Synchronization: A Universal Concept
in Nonlinear Sciences (Cambridge University Press, Cambridge, 2001).

28, H. Strogatz, Sync (Hyperion, New York, 2003).

3Y. Kuramoto and D. Battogtokh, “Coexistence of coherence and incoherence in
nonlocally coupled phase oscillators,” Nonlinear Phenom. Complex Syst. 5, 380
(2002).

“E. A. Martens, A. F. S. Thutupalli, and O. Hallatschek, “Chimera states in
mechanical oscillator networks,” Proc. Natl. Acad. Sci. U.S.A. 110, 10563 (2013).
5L. Schmidt, K. Schonleber, and K. Krischer, “Coexistence of synchrony and inco-
herence in oscillatory media under nonlinear global coupling,” Chaos 24, 013102
(2014).

6]. D. Hart, K. Bansal, T. E. Murphy, and R. Roy, “Experimental observation of
chimera and cluster states in a minimal globally coupled network,” Chaos 26,
094801 (2016).

7M. Wickramasinghe and 1. Z. Kiss, “Spatially organized dynamical states in
chemical oscillator networks: Synchronization, dynamical differentiation, and
chimera patterns,” PLoS One 8, e80586 (2013).

8]. F. Totz, J. Rode, M. R. Tinsley, K. Showalter, and H. Engel, “Spiral wave
chimera states in large populations of coupled chemical oscillators,” Nat. Phys.
14, 282 (2018).

9A. M. Hagerstrom, T. E. Murphy, R. Roy, P. Hével, I. Omelchenko, and E. Schéll,
“Experimental observation of chimeras in coupled-map lattices,” Nat. Phys. 8, 658
(2012).

TOM. R. Tinsley, S. Nkomo, and K. Showalter, “Chimera and phase-cluster states
in populations of coupled chemical oscillators,” Nat. Phys. 8, 662 (2012).

11C. R. Laing and C. C. Chow, “Stationary bumps in networks of spiking neurons,”
Neural Comput. 13, 1473 (2001).

12N. Rattenborg, C. Amlaner, and S. Lima, “Behavioral, neurophysiological and
evolutionary perspectives on unihemispheric sleep,” Neurosci. Biobehav. Rev. 24,
817 (2000).

130. E. Omel’chenko, “The mathematics behind chimera states,” Nonlinearity 31,
RI21 (2018).

Chaos 31, 113101 (2021); doi: 10.1063/5.0065710
© Author(s) 2021

31,113101-22


https://aip.scitation.org/journal/cha
https://doi.org/10.1073/pnas.1302880110
https://doi.org/10.1063/1.4858996
https://doi.org/10.1063/1.4953662
https://doi.org/10.1371/journal.pone.0080586
https://doi.org/10.1038/s41567-017-0005-8
https://doi.org/10.1038/nphys2372
https://doi.org/10.1038/nphys2371
https://doi.org/10.1162/089976601750264974
https://doi.org/10.1016/S0149-7634(00)00039-7
https://doi.org/10.1088/1361-6544/aaaa07

Chaos

140. E. Omel’chenko, “Coherence-incoherence patterns in a ring of non-locally
coupled phase oscillators,” Nonlinearity 26, 2469 (2013).

T5M. J. Panaggio and D. M. Abrams, “Chimera states: Coexistence of coherence
and incoherence in networks of coupled oscillators,” Nonlinearity 28, R67 (2015).
18D, M. Abrams, R. Mirollo, S. H. Strogatz, and D. A. Wiley, “Solvable model for
chimera states of coupled oscillators,” Phys. Rev. Lett. 101, 084103 (2008).

7M. J. Panaggio, D. M. Abrams, P. Ashwin, and C. R. Laing, “Chimera states in
networks of phase oscillators: The case of two small populations,” Phys. Rev. E 93,
012218 (2016).

8D, Paz6 and E. Montbrié, “Low-dimensional dynamics of populations of pulse-
coupled oscillators,” Phys. Rev. X 4, 011099 (2014).

19E. Montbrid, J. Kurths, and B. Blasius, “Synchronization of two interacting
populations of oscillators,” Phys. Rev. E 70, 056125 (2004).

20F. A. Martens, M. J. Panaggio, and D. M. Abrams, “Basin of attraction for
chimera states,” New J. Phys. 18, 022002 (2016).

21C. R. Laing, “Chimera states in heterogeneous networks,” Chaos 19, 013113
(2009).

22C. R. Laing, K. Rajendran, and L. G. Kevrekidis, “Chimeras in random non-
complete networks of phase oscillators,” Chaos 22, 013132 (2012).

23E. A. Martens, C. Bick, and M. J. Panaggio, “Chimera states in two populations
with heterogeneous phase-lag,” Chaos 26, 094819 (2016).

24 A Buscarino, M. Frasca, L. V. Gambuzza, and P. Hével, “Chimera states in time-
varying complex networks,” Phys. Rev. E 91, 022817 (2015).

25C. R. Laing, “Chimeras in networks of planar oscillators,” Phys. Rev. E 81,
066221 (2010).

26C. R. Laing, “Dynamics and stability of chimera states in two coupled popula-
tions of oscillators,” Phys. Rev. E 100, 042211 (2019).

27 A. Pikovsky and M. Rosenblum, “Partially integrable dynamics of hierarchical
populations of coupled oscillators,” Phys. Rev. Lett. 101, 264103 (2008).

28 A. Pikovsky and M. Rosenblum, “Dynamics of heterogeneous oscillator ensem-
bles in terms of collective variables,” Physica D 240, 872 (2011).

29F, Ginelli, H. Chaté, R. Livi, and A. Politi, “Covariant Lyapunov vectors,” ]. Phys.
A: Math. Theor. 46, 254005 (2013).

30P. V. Kuptsov and U. Parlitz, “Theory and computation of covariant Lyapunov
vectors,” J. Nonlinear Sci. 22, 727 (2012).

31]. P. Eckmann, “Ergodic theory of chaos and strange attractors,” Rev. Mod.
Phys. 57,3 (1985).

32K. A. Takeuchi and H. Chaté, “Collective Lyapunov modes,” J. Phys. A: Math.
Theor. 46, 254007 (2013).

33K. Hohlein, F. P. Kemeth, and K. Krischer, “Lyapunov spectra and collective
modes of chimera states in globally coupled Stuart-Landau oscillators,” Phys.
Rev. E 100, 022217 (2019).

34A. Pikovsky and A. Politi, Lyapunov Exponents: A Tool to Explore Complex
Dynamics (Cambridge University Press, Cambridge, 2016).

35Y. S. Cho, T. Nishikawa, and A. E. Motter, “Stable chimeras and independently
synchronizable clusters,” Phys. Rev. Lett. 119, 084101 (2017).

36L. M. Pecora, F. Sorrentino, A. M. Hagerstrom, T. E. Murphy, and R. Roy, “Clus-
ter synchronization and isolated desynchronization in complex networks with
symmetries,” Nat. Commun. 5, 4079 (2014).

37F. Sorrentino, L. Pecora, A. M. Hagerstrom, T. E. Murphy, and R. Roy,
“Complete characterization of the stability of cluster synchronization in complex
dynamical networks,” Sci. Adv. 2, €1501737 (2016).

38M. Wolfrum, O. E. Omel’chenko, S. Yanchuk, and Y. L. Maistrenko, “Spectral
properties of chimera states,” Chaos 21, 013112 (2011).

ARTICLE scitation.org/journal/cha

39M. Wolfrum and O. E. Omel’chenko, “Chimera states are chaotic transients,”
Phys. Rev. E 84, 015201 (2011).

40T Bountis, V. G. Kanas, J. Hizanidis, and A. Bezerianos, “Chimera states in a
two-population network of coupled pendulum-like elements,” Eur. Phys. J. Spec.
Top. 223,721 (2014).

41C. R. Laing, “The dynamics of chimera states in heterogeneous Kuramoto
networks,” Physica D 238, 1569 (2009).

421, V. Tyulkina, D. S. Goldobin, L. S. Klimenko, and A. Pikovsky, “Dynamics
of noisy oscillator populations beyond the Ott-Antonsen ansatz,” Phys. Rev. Lett.
120, 264101 (2018).

43E. Ott and T. M. Antonsen, “Long time evolution of phase oscillator systems,”
Chaos 19, 023117 (2009).

44S. A. Marvel, R. E. Mirollo, and S. H. Strogatz, “Identical phase oscillators with
global sinusoidal coupling evolve by Mdbius group action,” Chaos 19, 043104
(2009).

453, Watanabe and S. H. Strogatz, “Constants of motion for superconducting
Josephson arrays,” Physica D 74, 197 (1994).

46E. Ott and T. M. Antonsen, “Low dimensional behavior of large systems of
globally coupled oscillators,” Chaos 18, 037113 (2008).

47B. Pietras and A. Daffertshofer, “Ott-Antonsen attractiveness for parameter-
dependent oscillatory systems,” Chaos 26, 103101 (2016).

48V. Vlasov, M. Rosenblum, and A. Pikovsky, “Dynamics of weakly inhomoge-
nous oscillator populations: Perturbation theory on top of Watanabe-Strogatz
integrability,” J. Phys. A: Math. Theor. 49, 31LT02 (2016).

493, Kudose, “Equitable partitions and orbit partitions,” in Kudos 2009, Equitable,
PA 2009 (2009).

50B. D. MacArthur, R. J. Sanchez-Garcia, and J. W. Anderson, “Symmetry in
complex networks,” Discret. Appl. Math. 156, 3525 (2008).

51Y. S. Cho, “Concurrent formation of nearly synchronous clusters in each
intertwined cluster set with parameter mismatches,” Phys. Rev. E 99, 052215
(2019).

525, Lee, Y. S. Cho, and H. Hong, “Twisted states in low-dimensional hypercubic
lattices,” Phys. Rev. E 98, 062221 (2018).

53S. Nichols and K. Wiesenfeld, “Ubiquitous neutral stability of splay-phase
states,” Phys. Rev. A 45, 8430 (1992).

54D. G. Aronson, M. Golubitsky, and J. Mallet-Paret, “Ponies on a merry-go-
round in large arrays of Josephon junctions,” Nonlinearity 4, 903 (1991).

55 A. Pikovsky and M. Rosenblum, “Self-organized partially synchronous dynam-
ics in populations of nonlinearly coupled oscillators,” Physica D 238, 27 (2009).
56V. Oseledets, “A multiplicative ergodic theorem. Characteristic Liapunov, expo-
nents of dynamical systems,” Trans. Mosc. Math. Soc. 19, 197 (1968).

57V. Nicosia, M. Valencia, M. Chavez, and A. Diaz-Guilera, “Remote synchro-
nization reveals network symmetries and functional modules,” Phys. Rev. Lett.
110, 174102 (2013).

S8M. T. Schaub, N. O’Clery, Y. N. Billeh, J. Delvenne, R. Lambiotte, and M. Bara-
hona, “Graph partitions and cluster synchronization in networks of oscillators,”
Chaos 26, 094821 (2016).

S9F. P. Kemeth, S. W. Haugland, and K. Krischer, “Symmetries of chimera states,”
Phys. Rev. Lett. 120, 214101 (2018).

0S. Lee and Y. S. Cho, “Stable chimeras of non-locally coupled Kuramoto-
Sakaguchi oscillators in a finite array,” ]. Korean Phys. Soc. 78, 476 (2020).

81See https://github.com/tnishi0/grouping-clusters/ for information about the
cluster synchronization pattern and independently synchronizable clusters and
cluster sets.

Chaos 31, 113101 (2021); doi: 10.1063/5.0065710
© Author(s) 2021

31,113101-23


https://aip.scitation.org/journal/cha
https://doi.org/10.1088/0951-7715/26/9/2469
https://doi.org/10.1088/0951-7715/28/3/R67
https://doi.org/10.1103/PhysRevLett.101.084103
https://doi.org/10.1103/PhysRevE.93.012218
https://doi.org/10.1103/PhysRevX.4.011009
https://doi.org/10.1103/PhysRevE.70.056125
https://doi.org/10.1088/1367-2630/18/2/022002
https://doi.org/10.1063/1.3068353
https://doi.org/10.1063/1.3694118
https://doi.org/10.1063/1.4958930
https://doi.org/10.1103/PhysRevE.91.022817
https://doi.org/10.1103/PhysRevE.81.066221
https://doi.org/10.1103/PhysRevE.100.042211
https://doi.org/10.1103/PhysRevLett.101.264103
https://doi.org/10.1016/j.physd.2011.01.002
https://doi.org/10.1088/1751-8113/46/25/254005
https://doi.org/10.1007/s00332-012-9126-5
https://doi.org/10.1103/RevModPhys.57.617
https://doi.org/10.1088/1751-8113/46/25/254007
https://doi.org/10.1103/PhysRevE.100.022217
https://doi.org/10.1103/PhysRevLett.119.084101
https://doi.org/10.1038/ncomms5079
https://doi.org/10.1126/sciadv.1501737
https://doi.org/10.1063/1.3563579
https://doi.org/10.1103/PhysRevE.84.015201
https://doi.org/10.1140/epjst/e2014-02137-7
https://doi.org/10.1016/j.physd.2009.04.012
https://doi.org/10.1103/PhysRevLett.120.264101
https://doi.org/10.1063/1.3136851
https://doi.org/10.1063/1.3247089
https://doi.org/10.1016/0167-2789(94)90196-1
https://doi.org/10.1063/1.2930766
https://doi.org/10.1063/1.4963371
https://doi.org/10.1088/1751-8113/49/31/31LT02
https://doi.org/10.1016/j.dam.2008.04.008
https://doi.org/10.1103/PhysRevE.99.052215
https://doi.org/10.1103/PhysRevE.98.062221
https://doi.org/10.1103/PhysRevA.45.8430
https://doi.org/10.1088/0951-7715/4/3/014
https://doi.org/10.1016/j.physd.2008.08.018
https://doi.org/10.1103/PhysRevLett.110.174102
https://doi.org/10.1063/1.4961065
https://doi.org/10.1103/PhysRevLett.120.214101
https://doi.org/10.1007/s40042-021-00068-4
https://github.com/tnishi0/grouping-clusters/

	I. INTRODUCTION
	II. POISSON AND NON-POISSON CHIMERAS
	A. Model and observable dynamics
	B. Poisson and non-Poisson chimeras
	C. Lyapunov stability of Poisson and non-Poisson chimeras
	1. Synchronized population: trans(0) and perturb(0)
	2. Incoherent population: (incoh)zero and (incoh)
	3. Collective modes in Poisson chimeras
	4. Non-Poisson chimeras


	III. TWO WAYS TO ATTRACTING POISSON CHIMERA
	A. Topological variation: Nonlocal intra-population network
	B. Lyapunov analysis of Poisson chimeras in the nonlocal intra-population network
	1. Synchronized population: trans(0) and perturb(0)
	2. Incoherent population: Pairs of two near-degenerate Lyapunov exponents

	C. Dynamical variation: Stuart–Landau oscillators
	D. Lyapunov analysis on Poisson chimeras of Stuart–Landau oscillators
	1. Amplitude degrees of freedom
	2. Phase degrees of freedom


	IV. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX A: LYAPUNOV ANALYSIS
	B. APPENDIX B: NETWORK SYMMETRY ANALYSIS
	C. APPENDIX C: LYAPUNOV EXPONENTS BASED ON NETWORK SYMMETRY-INDUCED CLUSTER PATTERNS
	1. Kuramoto–Sakaguchi phase oscillators
	2. Stuart–Landau planar oscillators

	D. APPENDIX D: CONCURRENT DYNAMICAL AND TOPOLOGICAL VARIATIONS: STUART–LANDAU OSCILLATORS ON NONLOCAL INTRA-POPULATION TOPOLOGY

