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Chimera states, a symmetry-breaking spatiotemporal pattern in nonlocally coupled identical dynamical
units, have been identified in various systems and generalized to coupled nonidentical oscillators. It has
been shown that strong heterogeneity in the frequencies of nonidentical oscillators might be harmful
to chimera states. In this work, we consider a ring of nonlocally coupled bicomponent phase oscillators
in which two types of oscillators are randomly distributed along the ring: some oscillators with natural
frequency wy and others with ws. In this model, the heterogeneity in frequency is measured by frequency
mismatch |w; —ws| between the oscillators in these two subpopulations. We report that the nonlocally
coupled bicomponent phase oscillators allow for chimera states no matter how large the frequency
mismatch is. The bicomponent oscillators are composed of two chimera states, one supported by
oscillators with natural frequency w; and the other by oscillators with natural frequency ws. The
two chimera states in two subpopulations are synchronized at weak frequency mismatch, in which
the coherent oscillators in them share similar mean phase velocity, and are desynchronized at large
frequency mismatch, in which the coherent oscillators in different subpopulations have distinct mean
phase velocities. The synchronization—desynchronization transition between chimera states in these
two subpopulations is observed with the increase in the frequency mismatch. The observed phenomena
are theoretically analyzed by passing to the continuum limit and using the Ott-Antonsen approach.
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1 Introduction

In the past decade, we have witnessed a rapid expan-
sion in the study of chimera states as they evolve from a
surprising symmetry-breaking spatiotemporal pattern to
a prevailing dynamical phenomenon, which ranges from
physics and chemistry to biology and from classical to
quantum systems [1-16]. Chimera states, characterized
by the alternation between coherent and incoherent re-
gions, were originally found numerically by Kuramoto
and Battogtokh in 2002 [1] in nonlocally coupled iden-
tical phase oscillators and theoretically investigated by
Abrams and Strogatz in 2004 [2]. Later, chimera states
have been numerically observed in periodic and chaotic
maps [17], mechanical oscillators [18], neuronal oscillators
[19-21], and chemical oscillators [22]. Since 2012, chimera
states have been experimentally demonstrated in mechan-
ical systems [7], chemical systems [8], and optical sys-
tems [9]. Different type of chimera states such as breath-
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ing chimera states [2], amplitude-mediated chimeras [23],
multi-cluster chimeras [5, 24], and spiral chimeras [25—
27] have been identified and investigated. Furthermore,
chimera states in nonlocally coupled moving phase oscil-
lators have also been studied [28]. Two factors are as-
sumed to be required for chimera states: self-oscillating
units and nonlocal coupling. However, the two require-
ments have been de-emphasized recently. Chimera states
have been found in globally coupled oscillators [29-32] as
well as in locally coupled oscillators [33, 34]. Moreover,
chimera states are found in nonlocally coupled excitable
systems. The excitable systems, ubiquitous in biological,
chemical, and physical systems, allow for a stable equilib-
rium and, in response to strong perturbation, they return
to equilibrium only after a large excursion. Semenova et
al. have studied chimera states in nonlocally coupled ex-
citable systems in the presence of noise [35]. Dai et al.
found that chimera states emerge out of excitable units
through a coupling-induced collective oscillation [36]. The
relevance of chimera states to other dynamical phenom-
ena has been investigated recently. Motter et al. pro-
posed a connection between chimera states and cluster
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synchronization in networks of locally coupled chaotic os-
cillators [37]. Lai et al. established a connection between
chimera states and a quantum scattering phenomenon in
two-dimensional Dirac material systems where manifesta-
tions of classically integrable and chaotic dynamics simul-
taneously coexist [12].

Most of the works on chimera states focus on coupled
identical oscillators. However, it is very unlikely that real
systems such as neuronal systems can be modeled as cou-
pled identical units. The resistance of chimera states to
heterogeneity in oscillators is naturally of interest. Laing
investigated the problem in the presence of heterogeneity
in the intrinsic frequencies of oscillators [3], for example,
the natural frequencies of oscillators follow a Lorentzian
model with the width measuring the heterogeneity in fre-
quency. For a ring of nonlocally coupled phase oscilla-
tors, Laing found that chimera states will be destroyed
by strong frequency heterogeneity (large width), although
they are resistant to weak frequency heterogeneity (small
width) [3]. In his work, Laing focused on the unimodal
frequency distribution, where coherent oscillators in a re-
alized chimera state share a similar mean phase veloc-
ity. Investigations on synchronization in globally coupled
phase oscillators with bimodal frequency distribution re-
vealed that a synchronous state could be a standing wave
state where coherent oscillators are partitioned into two
coherent clusters with different mean phase velocities [38].
However, one question naturally arises, do chimera states
in a ring of nonlocally coupled phase oscillators with bi-
modal frequency distribution exist and what do they look
like? In this work, we study a simple case where the bi-
modal frequency distribution is modeled by a double-§
distribution. In other words, we study a ring of bicom-
ponent phase oscillators where oscillators are partitioned
into two subpopulations. Oscillators in each subpopula-
tion have the same natural frequency, and the natural
frequencies of oscillators in different subpopulations are
distinct. Another implication exists in the coupled bicom-
ponent oscillators, as the model represents a simple sys-
tem with heterogeneity in frequency. In the coupled bi-
component phase oscillators, heterogeneity in frequency is
measured by frequency mismatch between two subpopu-
lations. It will be interesting to investigate how the ex-
istence of chimera states depends on the frequency mis-
match between the two subpopulations.

Recently, the interaction between chimera states has
been investigated in the form of chimera states in multi-
layer networks. Ghosh et al. considered a two-layer net-
work of chaotic maps with delayed interactions. In their
model, chaotic maps in the same layer are nonlocally cou-
pled and inter-layer interaction is mediated by one-to-one
coupling between the mirror maps on different layers [39].
They found that the delay and multiplexing collectively
produce an improved or suppressed appearance of the
chimera state. Maksimenkon et al. studied a two-layer
network of coupled phase oscillators in which phase oscil-
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lators are coupled nonlocally in each layer, and each oscil-
lator in one layer is globally coupled to the other layer [40].
They discovered synchronous and asynchronous chimera
states. Chimera states on bipartite network of phase oscil-
lators and Fitzhugh—Nagumo oscillators have been inves-
tigated [41, 42], where the interaction between chimera
states induces different types of chimera states such as
in-phase chimera states, anti-phase chimera states, and
syn—desyn chimera states. In these works, at least two
layers are required for the underlying network, and each
layer supports its own chimera state. Thus, we are inter-
ested to see different chimera states coexisting in a single
layer. If we can find them, it means that a novel platform
can be determined to investigate the interaction between
chimera states. Fortunately, this work shows that a ring
of nonlocally coupled bicomponent oscillators may act as
such a platform.

The rest of the paper is organized as follows: In Sec-
tion 2, we present the model of nonlocally coupled bi-
component phase oscillators in a ring and provide a brief
summary on chimera states in a ring of identical phase
oscillators. In Section 3, we demonstrate the existence
of chimera states in the bicomponent phase oscillators
and a synchronization—desynchronization transition in-
duced by the frequency mismatch among oscillators. We
also present a theoretical analysis of the observed chimera
states in this section. Finally, we conclude with a sum-
mary in Section 4.

2 Model

We consider a ring of coupled phase oscillators, which is
described as

N
0i(t) Zwi—ZG(\i—j\)Sin[Qi(t)—9j(t)+04- (1)

The subscript 7 represents the node index, which must
be taken modulo N (or period boundary condition). 6;
and w; represent the phase and the natural frequency of
the oscillator 4, respectively. « is the phase lag. The ker-
nel function G(|i — j|) describes how oscillators i and j
interact with each other. When G(]i — j|) takes a con-
stant, the model (1) reduces to the well-known Kuramoto
model, which is the paradigm model on synchronization
in globally coupled nonidentical oscillators [43, 44]. For
G(]i—j|) depending on i —j, the original Kuramoto model
is generalized to the one with nonlocal coupling. Here, we
assume the kernel function G(]i — j|) to be even, nonneg-
ative, decreasing with |¢ — j| and normalized to have unit
summation. Defining position-dependent complex order
parameters Z; = R;el® = Zjvzl G(|i — j|)el%, Eq. (1) is
reformulated as

¢; =w; —0; — R; Sin(@ + Oé) (2)

by letting ¢; = 0; — ©,;. When |w; — ®z| < R;, oscillator 7
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is trapped by the order parameter Z;.

For kernel function G(z) = [1 + Acos(2mz/N)]/(2m)
with 0 < A < 1 and identical phase oscillators with
w; = w, model (1) becomes the standard model explor-
ing chimera states that allow for chimera states at proper
A and « [2]. Previous studies have shown some common
features of chimera states in coupled identical oscillators
with sufficiently large N as following: ©; is independent
of position and oscillators satisfying |w — ©;] < R; are
coherent and frequency-locked to ©;.

When the heterogeneity in the natural frequency is in-
troduced, for example, the natural frequencies of oscilla-
tors follow a Lorentzian model with nonzero width, Laing
found that chimera states are robust as the heterogeneity
in frequency is weak (small width) [3]. Here, we are inter-
ested in the nonlocally coupled nonidentical phase oscilla-
tors with bimodal frequency distribution. We consider the
simplest situation, which is the bicomponent phase oscil-
lators, by assuming that the frequency distribution follows
a double-¢ function g(w) = pd(w —w1) + (1 — p)d(w — wa)
with p € (0,1) and w; > wy. Every oscillator is as-
signed with w; with the probability p, and w, with the
probability 1 — p. However, it is the difference w; — wo
that is the relevant parameter and not the sum w; + wo,
which can be demonstrated by introducing a new phase
variable ¢’ such that 6, = 0; — (w1 + w2)/2. Using the
new phase variable #’, the frequency distribution becomes
g(w) = pd(w—wp)+(1—p)d(w+wp) with wg = (w1 —w2)/2.
Therefore, to reduce the number of controlling parame-
ters, we investigate the model (1) by assuming w; = wy
and we = —wp. In other words, we study the model (1)
in the frame rotating at the frequency (w; 4+ ws)/2. For
convenience, we call oscillators with the natural frequency
wo positive oscillators and oscillators with —wg negative
oscillators. In this bimodal frequency distribution, the
heterogeneity in the natural frequency is measured by wy,
and large wy defined strong heterogeneity in natural fre-
quencies of oscillators. We are interested in how the het-
erogeneity impacts on chimera dynamics. For example,
how does the existence of chimera state in a ring of non-
locally coupled bicomponent phase oscillators depend on
wo- A pair of phase oscillators display synchronization or
desynchronization depending on the frequency mismatch
between them. It is also already known in the Kuramoto
model with bimodal frequency distribution that partial
synchronous states exist with single coherent cluster or
two coherent clusters depending on the gap between the
peak frequencies. We are interested in whether similar
phenomena occur with chimera dynamics in a ring of non-
locally coupled bicomponent phase oscillators.

3 Results

We start with p = 0.5, A = 1 and o = 1.45 and numeri-
cally simulate Eq. (1) using a fourth-order Runge-Kutta
algorithm with ¢ = 0.025. The number of oscillators
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is N = 256. Initially, each oscillator randomly takes its
phase in the range of [0,271]. We have checked that the
observed results in this work are robust to initial condi-
tions.

Chimera states can exist in a ring of nonlocally coupled
bicomponent phase oscillators no matter how strong the
heterogeneity in frequencies of oscillators. To show this,
we consider wy = 0.03 (weak heterogeneity) and wy = 3
(strong heterogeneity). The top row in Fig. 1 shows the
snapshots of oscillators for wg = 0.03 and wy = 3. The
snapshots show that oscillators as a whole display one
small coherent cluster for wy = 0.03, although no co-
herent cluster is observed for wy = 3. However, if we
treat positive and negative oscillators separately, we find
that each subpopulation supports its own chimera state.
At w = 0.03, the coherent cluster in positive oscillators
(the black dots) is smaller than that in negative oscil-
lators (the red dots), and the two coherent clusters are
overlapped in space. At wy = 3, the coherent clusters
in positive and negative oscillators are not overlapped,
which prevents the chimera states from being identified
from the snapshots of oscillators if positive and nega-
tive oscillators are not distinguished. Figures 1(b) and
(c) show two types of chimera states at wyp = 3. That is,
chimera dynamics in positive oscillators are characterized
by a chimera state with one coherent cluster in Fig. 1(b)
and chimera state with two coherent clusters in Fig. 1(c),
whereas only one coherent cluster exists in negative os-
cillators. Particularly, chimera states can be observed at
wo = 3, where positive oscillators comprise one coher-
ent cluster, but negative oscillators possess one or two
coherent clusters. In nonlocally coupled single-component
phase oscillators, a two-cluster chimera state coexists with
a one-cluster chimera state in a large region in the param-
eter plane of A and « [5]. Hence, the coexistence between
chimera states with one or two coherent clusters in positive
or negative oscillators evidenced in Figs. 1 (b) and (c¢) can
be observed in a large parameter region in A and « plane
at wyg = 3. The existence of chimera states at strong het-
erogeneity in frequencies of oscillators can be understood
by taking wq sufficiently large. Letting 9? = qﬁt + wyp for
1 € S with + representing positive and negative oscilla-
tors and Si the set of positive and negative oscillators,
the model (1) can be reformulated as

¢ (t) = — Y G(li —jl) sinfoy () — 65 (1) + o

JjESt

= 3" G(li—jl) sinloE (H)—6F () + 2wpt+al.  (3)
jEST

When wy becomes sufficiently large, the last term in
Eq. (3) becomes irrelevant to the dynamics of positive
and negative oscillators since it changes with time at an
extremely fast rate and can be ignored. However, the
model (1) decouples to two independent systems that con-
sist of only positive or negative oscillators at sufficiently
large wg. Consequently, positive and negative oscillators
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support specified chimera states, and the chimera states
in them are uncorrelated.

The mean phase velocity of an oscillator, defined as
we.i = (B;) with () the time average over a long time inter-
val, is often used to distinguish the coherent and incoher-
ent oscillators in chimera states. The profiles of we ; in the
second row in Fig. 1 show that positive and negative oscil-
lators condensate onto two different curves. At wy = 0.03,
the two curves share the same mean phase velocity for
coherent oscillators and the mean phase velocities for the
coherent clusters in positive and negative oscillators are
significantly separated at wg = 3. Moreover, we monitor
the spatially-dependent complex order parameter Z;. <®Z>
and (R;) averaged over a long time interval are presented
in the bottom row in Fig. 1. (6;) is independent of space
at wg = 0.03, whereas it becomes position-dependent at
wo = 3. Particularly, in the chimera state with one coher-
ent cluster in positive oscillators at wg = 3, the variance
in (©;) ranging from —3.4 to 0.5 is stronger. Further-
more, the bottom row in Fig. 1 suggests that the criteria
|ws — (©:)| < (R;) fails to determine whether an oscillator
is in coherent clusters for wg = 3.

The chimera dynamics in the bicomponent phase oscil-
lators can be understood as follows: Bearing in mind that
positive and negative oscillators support specified chimera
states, we introduce complex order parameters for positive
and negative oscillators, respectively,

— jl)el®s. (4)

Zy; = Ry e'9%i = Z G(li
JESL

= o
D 0.4 I ]
® -1 ’ —14
=
= 0.0 [ '| ]
= 0.4 N ! ]
=_0.4 2] & ]
3 "4 \— =34
-0.8

R=————- i R
0 64 128192256 0 64 128192256 0 64 128192256
i i i

Fig. 1 The chimera states at wo=0.03 (a), wo=3 (b) and
(c). The top row shows the snapshots of 6 for negative oscil-
lators (red) and positive oscillators (black). The second row
shows the mean phase velocities we which condensates onto two
curves in corresponding with negative oscillators (red) and pos-
itive oscillators (black). The third row shows (R) (green) and
(d©/dt) (blue). A =1 and o = 1.45.
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Then Eq. (1) is reformulated as

bii==Fwo—Or; — Ry sin(pr; + a)
- R:F,i Sin(¢i7i + ei,i — 9:F>i + a) (5)

with ¢+ ; =01 ; — O+ ;. Defining the quantity AQy ; as

AQi;=+wy— O
— Ry isin(¢+; +O1,; —Ox,; +a), (6)

we conjecture that positive and negative oscillators will
get trapped by Z., respectively, if they satisfy the condi-
tion [(AQ4 ;)| < (R+,). In Fig. 2, the positive and neg-
ative oscillators are plotted separately. From the middle
row, we find that (O ;) are in coincidence with the mean
phase velocities of coherent positive and negative oscilla-
tors, respectively. The bottom row in Fig. 2 shows that
[{AQL ;)| < (Ri,) is satisfied only in coherent clusters,
which demonstrates the validity of the description based
on Egs. (4)—(6).

There is one extraordinary feature in Fig. 2, <@+Z> =
(@_1> at wy = 0.03, whereas the equality is broken at
wo = 3. The feature reveals synchronization between
the chimera dynamics in positive and negative oscilla-
tors at wy = 0.03 and desynchronization between these
two chimera dynamics at wg = 3. We term the former
states as synchronous chimera states and the latter as
asynchronous chimera states. <@:tz> remains constant in
the synchronous chimera states but displays a level of in-
homogeneity in space in the asynchronous chimera states.
Consequently, chimera dynamics in a ring of bicompo-
nent phase oscillators may display both synchronous and
asynchronous chimera states, depending on the parameter
wp. Furthermore, the position-dependence of (@Z) can be
heuristically explained as follows: Since Z; = Z, ; +Z_ ;,
supposing R; and Ry ; to be time-independent for sim-
plicity, we have

(;)i :Rg,i COS(@+’Z‘— @Z)@Jﬁz +% COS(Gf,i— 62)97’2

(3 (1

911 and Ry ;/R; contribute to the position-dependence
of ©;. Therefore, both (0, ;) # (©_ ;) and the mismatch
of the coherent clusters in positive and negative oscillators
in space for wg = 3 shown in Fig. 2 lead to the position
dependence of ©;.

We can discuss the chimera dynamics in bicomponent
phase oscillators in another way. Consider that either
positive oscillators (for example, p = 1) or negative os-
cillators (for example, p = 0) can support chimera state
in which the mean phase velocity of the coherent oscilla-
tors is determined by wg or —wgy. That is, wy measures
the frequency mismatch between the coherent oscillators
in chimera states in positive oscillators (p = 1) and neg-
ative oscillators (p = 0). Once p is between 0 and 1, the
frequency mismatch measured by wy determines whether
the chimera state in bicomponent phase oscillators is syn-
chronous or asynchronous. Realized synchronous chimera

Qiong-Lin Dai, et al., Front. Phys. 15(6), 62501 (2020)
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Fig. 2 The chimera states at wo = 0.03 (a), wo = 3 (b) and (c). In each plot, the left column shows the results for positive
oscillators and the right column for negative oscillators. The top row shows the snapshots of 6, the middle row shows w. (black)
and (d©4/dt) (blue), and the bottom row shows (R+) (green) and (AQ4) (red). A =1 and o = 1.45.

state at wy = 0.03 and asynchronous chimera state at
wop = 3 in bicomponent phase oscillators are simply the
results due to the interplay between chimera states in the
positive and negative oscillators.

The transition between the synchronous and asyn-
chronous chimera states can be investigated by monitoring
(©.,;) against wy. Since (O, ;) exhibits strong inhomo-
geneity in asynchronous chimera states with two coher-
ent clusters, we also record its maximum and minimum
with the variance of the node index for each wg. Nu-
merical simulations show that the mean phase velocity of
coherent positive oscillators is represented by the maxi-
mum of (O, ;). Figure 3 shows that the transition oc-
curs at approximately wg. = 0.12 where the maximum
of <6+,i> departs from (9_71-). Before wq.., (@iﬂ-) is a
constant and (O ;) '

(©_ ;) is held, which suggests that
chimera states in positive and negative oscillators get syn-
chronized, which yields a synchronous chimera state in
bicomponent phase oscillators. Beyond wg., the asyn-
chronous chimera state with two coherent clusters first ap-
pears and, next, the asynchronous chimera state with one
coherent cluster is observed at approximately wy = 0.4.
The inset in Fig. 3 shows the transition at other combi-
nation of A and «, where (©_;) and the maximum of
((;)Jwv) are plotted, which supports the transition between
synchronous and asynchronous chimera states for positive
and negative oscillators is unexceptional. In summary, a
synchronization—desynchronization transition with wg be-
tween two chimera dynamics simultaneously existing in
the same population, which is an interesting observation
in the field of chimera states, is shown in Fig. 3.

The existence of chimera states in identical phase oscil-

lators depends on the parameters A and . We are inter-
ested in how robust the synchronous chimera states and
asynchronous chimera states are to the variation of param-
eters A and « in bicomponent phase oscillators. We focus
on synchronous chimera states at wy = 0.06 and asyn-
chronous chimera states at wy = 3. For convenience, we
will not distinguish the asynchronous chimera states with
two coherent clusters and those with one coherent clus-
ter. To obtain the boundary of the stability diagram for
these chimera states, we consider two paths by continu-

3,
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Fig. 3 The desynchronization transition from synchronous
chimera states to asynchronous chimera states at A = 1 and
a = 1.45. The solid symbols are acquired from synchronous
chimera states and asynchronous chimera states with two co-
herent clusters in positive oscillators and the open symbols are
from the asynchronous chimera states with one coherent clus-
ters in positive oscillators. The inset shows another example
at A =0.89 and o = 1.38.
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Fig. 4 (a) The stability diagrams in the plane of A and «
of synchronous chimera states at wo = 0.06 (red) and asyn-
chronous chimera states at wp = 3 (black). The open symbols
with dashed line further divide the parameter plane into four
regimes at wo = 0.06, for example, incoherent-chimera state
with incoherence for positive oscillators and chimera state for
negative oscillators in the regime (I), incoherent-coherent state
in the regime (II), incoherent-chimera state in the regime (III),
and coherent-coherent state in the regime (IV). (b—d) The dy-
namical states represented by the snapshots 6 at o = 1.31 in
the regime (II), & = 1.24 in the regime (III), and o = 1.1 in
the regime (IV) show the transition scenario from synchronous
chimera states to synchronous states at wo = 0.06 and A = 1.

ously decreasing A with fixed a and continuously decreas-
ing o with fixed A. The stability diagrams are presented
in Fig. 4(a). We find that the critical « tends to increase
with the decrease of A for both types of chimera states,
and the parameter regime for synchronous chimera states
is considerably larger than that for asynchronous chimera
states. Comparing with the stability diagram of chimera
state in nonlocally coupled identical phase oscillators [2],
a ring of bicomponent phase oscillators supports chimera
states in significantly larger parameter regimes. Fig-
ures 4(b)-(d) show a transition scenario at wy = 0.06 and
A = 1. With a decrease, positive oscillators first transit
to incoherence and back to chimera dynamics and finally
to an all-coherent state. However, chimera dynamics in
negative oscillators are replaced by all-coherent dynamics
with a decrease. Combining these results together, we can
determine incoherent-chimera state, incoherent-coherent
state [Fig. 4(b)], chimera-coherent state [Fig. 4(c)], and
coherent-coherent state [Fig. 4(d)]. The critical curves
separating these states from each other at wy = 0.06 are
shown in Fig. 4(a).

The parameter p accounts for a fraction of positive os-
cillators in the population of phase oscillators. The qual-
itative properties of the model dynamics in bicomponent
phase oscillators are not sensitive to p. Figures 5(a) and
(b) show an example at p = 0.6, where asynchronous
chimera states with one coherent cluster and two coherent
clusters at wy = 3 are presented, respectively. Moreover,
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Fig. 5 (a, b) Chimera states with one coherent cluster in
positive oscillators and with two coherent clusters in positive
oscillators at p = 0.6. (c¢) Chimera states with one coherent
cluster in positive oscillators with p(i) = sin(wi/N). The top
panels show the snapshots for positive oscillators (black) and
negative oscillators (red). The bottom panels show the mean
phase velocity (black), (€4 ;) (red) and (©_ ;) (green). A =1,
a = 1.45, and wo = 3.

the model dynamics remain unchanged even when p is
position-dependent. Figure 5(c) shows the asynchronous
chimera states with one-coherent cluster at wg = 3 for
p(i) = sin(mi/N),i =1,2,--- ,N.

The ring of nonlocally coupled bicomponent phase os-
cillators, when the number of phase oscillators approaches
infinity, can be analyzed using the Ott—Antonsen ansatz
[3, 45]. The length of the ring is set to be 2m. We con-
sider the probability density function fi(x,6,t¢) defined
as the fraction of positive/negative oscillators with phases
between 0 and 6+d# at time ¢ and position x, respectively.
The two functions satisfy the continuity equations

%Jra(fivi)

ot g (7)

Reformulating the order parameters for positive and neg-
ative oscillators

27 27T )
Zy(x) = / G(x —a') / e'? fLdoda’, (8)
0 0
we have
1 * i [e% —i a
Vi =W+ — Z[Z el0re) _ Ze=i0Fa)], 9)

where Z = pZ, + (1 —p)Z_ and Z* denotes the complex
conjugate of Z. Using Ott—Antonsen ansatz, we write the
probability density functions as

—{1+Z

where c.c. is the complex conjugate of the previous term.
By substituting Egs. (9) and (10) into Eqgs. (7) and (8),

fa(z,0,t) (z,t)e"? + c.c}, (10)
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Fig. 6 The evolutions of the arguments of a+ acquired by
simulating Eq. (11) at wo = 0.03 in (a), wo = 0.2 in (b),
wo = 0.5 in (c), wo = 3 in (d). For the better illustration,
we shift the space variable of a— from x to x +2m. A =1,
a = 1.45, and p = 0.5.

we obtain
dax(w,t) = —iwg + + l[Z*(x,t)eio‘ — Z(z,t)e" a3,
ot ’ 2
27t
Z(z,t) = Gz —a)[pa’(z') + (1 — p)a’ (a)]da’.

0

(11)

Numerically simulating Eq. (11), we obtain the evolutions
of ay (z,t). We present the arguments of a4 (z,t) in Fig. 6
for several wy by shifting the space variable of a_(z,t)
to « + 2mt. Note that both the position-dependent or-
der parameters and the moduli of a4 (z,t) are continuous
concerning x, but the arguments of a4 (z,t) are not. Syn-
chronous chimera states at wy = 0.03 and asynchronous
chimera states at wy = 3 are reproduced. Particularly,
the coherent clusters in a4 and a_ at wy = 3 overlap in
space, which is a little different from the results in Figs. 1

X X X X

Fig. 7 The evolutions of 4+ in Eq. (1) where positive and
negative oscillators alternate along the ring at wp = 0.03 in
(a), wo = 0.2 in (b), wo = 0.5 in (c), wo = 3 in (d). For
the better illustration, we shift the space variable of negative
oscillators from z to z 4+ 2m. A =1, a = 1.45, and p = 0.5.
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and 2. The discrepancy between Figs. 1, 2, and 6 at
wo = 3 is caused by the distribution of positive and neg-
ative oscillators on the ring. In Figs. 1 and 2, where a
finite number of oscillators are considered, the numbers of
positive and negative oscillators in any local environment
fluctuate along the ring. However, Eq. (11) is obtained
in the limit of an infinite number of oscillators, in which
we have assumed the uniform distribution of positive and
negative oscillators along the ring. Furthermore, we can
obtain the same chimera dynamics in a finite number of
phase oscillators at p = 0.5, as shown in Fig. 6, with the
arrangement of bicomponent oscillators such that positive
and negative oscillators alternate along the ring. Follow-
ing this arrangement, the chimera dynamics obtained from
the model Eq. (1) is presented in Fig. 7, which is identical
to those in Fig. 6. Moreover, the spatiotemporal patterns
in Fig. 6(b) and Fig. 7(b) display a traveling-wave-like be-
havior for positive oscillators, and we simply present them
in a short time span to be consistent with other plots in
the figures.

4 Conclusion

To conclude, we have studied a ring of nonlocally cou-
pled bicomponent phase oscillators where oscillators are
randomly assigned to natural frequency wy and —wy. We
obtained the existence of chimera states irrespective of
how large wy is. Unlike ordinary chimera states in non-
locally coupled identical phase oscillators, the existence
of chimera states can be dissimulated if incorrect mea-
surements are taken. By considering both positive and
negative oscillators separately, we found that positive and
negative oscillators support specified chimera dynamics.
Two types of chimera states exist in a ring of bicompo-
nent phase oscillators, synchronous chimera states at small
wp, where the mean phase velocities in the coherent clus-
ters for positive and negative oscillators are the same, and
asynchronous chimera states at large wgy, where coherent
positive and coherent negative oscillators have different
mean phase velocities. Increasing wy can induce transi-
tion from synchronous to asynchronous chimera states.
The existence of synchronous and asynchronous chimera
states in nonlocally coupled bicomponent phase oscilla-
tors is confirmed by theoretical analysis based on Ott-
Antonsen ansatz, which shows exactly similar patterns as
those obtained by directly simulating the model (1) with
a finite number of phase oscillators. Chimera states are
stable only in an infinite number of nonlocally coupled
oscillators [46]. However, numerical simulations have sug-
gested that chimera states on a ring are extremely long-
lived transient for sufficiently large N [47]. We have tested
it for our model with N = 64, much less than the system
size used in this work, and found that, both synchronous
and asynchronous chimera states could survive at least
10° time units. Nevertheless, we notice that trimodal fre-

Qiong-Lin Dai, et al., Front. Phys. 15(6), 62501 (2020)
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quency distributions in coupled networks have been con-
sidered in the previous study [48]. Along this line, chimera
states in the network with multi-component frequency dis-
tributions as a possible extension to this work can be ex-
plored in future research.
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