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Chimera states consisting of spatially coherent and incoherent domains have been observed in differ-
ent topologies such as rings, spheres, and complex networks. In this paper, we investigate bipartite
networks of nonlocally coupled FitzHugh–Nagumo (FHN) oscillators in which the units are allocated
evenly to two layers, and FHN units interact with each other only when they are in different lay-
ers. We report the existence of chimera states in bipartite networks. Owing to the interplay between
chimera states in the two layers, many types of chimera states such as in-phase chimera states, an-
tiphase chimera states, and out-of-phase chimera states are classified. Stability diagrams of several
typical chimera states in the coupling strength–coupling radius plane, which show strong multistability
of chimera states, are explored.

Keywords chimera states, bipartite networks, FitzHugh–Nagumo oscillators

PACS numbers 05.45.Xt, 05.45.Ra

1 Introduction

A chimera state is an interesting spatiotemporal pattern
consisting of spatially separated domains of coherent and
incoherent behavior, which was first found by Kuramoto
and his colleagues while simulating the nonlocally cou-
pled Ginzburg–Landau equations in 2002 [1–3]. Strogatz
later called these patterns chimera states because of their
similarity to the mythological Greek beast made up of
incongruous parts. Their work showed that the stable
chimera state bifurcates from a spatially modulated drift
state and dies in a saddle-node bifurcation with an un-
stable chimera state [4, 5]. The study of chimera states
might be helpful for better understanding some complex
behaviors in biological [6], engineering [7], and social sys-
tems [8] in the real world. For instance, unihemispheric
sleep is quite common in the real world; in this state,
one cerebral hemisphere shows desynchronized electrical
activity, whereas the other is highly synchronized.

Recent research has shown that chimera states can be
found not only in phase oscillator systems [9–12] but
also in a large variety of systems including neuronal os-
cillators [13], inertial oscillators [14], and time-discrete

chaotic systems [15]. In the one-dimensional FitzHugh–
Nagumo (FHN) model with nonlocal coupling, different
multicluster chimera states may be identified depending
on the coupling strength and coupling range [16]. Re-
cently, coherence-resonance chimeras were proposed by
Semenova et al., who applied noise with intermediate
strength to excitable FHN systems and found alternat-
ing switching of the location of coherent and incoherent
domains [17]. Moreover, Isele et al. found that intro-
ducing excitable units into nonlocally coupled oscillatory
units may make it possible to control the position of a
chimera state [18].

Chimera states are not restricted to topologies such as
rings [4], square lattices [19, 20], tori [21], and spheres
[22]. Zhu et al. investigated the properties of chimera
states on complex networks such as Erdös-Rényi net-
works and scale-free networks [23]. Yao et al. studied
the robustness of chimera states against random removal
of edges in symmetrically nonlocally coupled rings [24].
A detailed introduction to the effects of different cou-
pling topologies on chimera dynamics can be found in
a perspective article [25]. Recently, chimera states in
multiplex networks of coupled oscillators have attracted
attention. Ghosh et al. considered a two-layer network
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of chaotic maps in the presence of delayed interactions
in which the chaotic maps are nonlocally coupled in each
layer, and the interlayer interaction is mediated by one-
to-one coupling between the mirror maps on different lay-
ers [26]. They found that the interplay of delay and mul-
tiplexing results in enhanced or suppressed appearance of
the chimera state. Maksimenko and his colleagues found
synchronous and asynchronous chimera states by study-
ing a two-layer network of coupled phase oscillators in
which phase oscillators in the same layer are coupled non-
locally, and each oscillator in one layer is globally coupled
to the other layer [27]. Majhi et al. studied a two-layer
network of the coupled Hindmarsh–Rose model, in which
oscillators are uncoupled in one layer but globally cou-
pled in the other layer, and interaction between layers
is represented by one-to-one connections between mirror
oscillators [28, 29]. They found an interesting quorum
sensing mechanism for chimera states.

The investigation of chimera states in multiplex net-
works of coupled oscillators [26, 27] suggests a new di-
rection in the field of chimera dynamics by studying the
interaction between chimera states present in different
subpopulations. Along this line, we investigate chimera
dynamics in bipartite networks of nonlocally coupled os-
cillatory FHN systems in this paper. In network science,
a bipartite network is a network whose nodes can be
divided into two disjoint subpopulations, where connec-
tions exist only between nodes of different subpopula-
tions. Bipartite networks may be treated as a special
type of multiplex network in which no interaction ex-
ists between nodes in the same layer (or subpopulation).
We will show the existence of chimera states in bipartite
networks and then the rich chimera dynamics due to the
interplay between chimera dynamics in different layers
(or subpopulations).

The rest of the paper is organized as follows. We in-
troduce a bipartite network of the nonlocally coupled
FHN model in Section 2. In Section 3, we investigate
the chimera dynamics in both homogeneous and hetero-
geneous bipartite networks. Rich chimera dynamics in-
cluding multistability is revealed. A summary is pre-
sented in Section 4.

2 Model

We consider a bipartite network of 2N identical FHN
units that are evenly divided into two layers (or subpop-
ulations). Units in each layer situate themselves spatially
on a ring, and the ith units in layers 1 and 2 are mirror
units. There is no interaction between units in the same
layer, whereas every unit in layer α (α = 1, 2) interacts
with 2Rα nearest neighbors of its mirror unit in layer β
(β ̸= α). The model equation of the bipartite network

of nonlocally coupled FHN units is as follows:

εu̇α
i = uα

i − (uα
i )

3

3
− vαi

+
σα

2Rα + 1

i+Rα∑
j=i−Rα

[Cuu(u
β
j − uα

i )+Cuv(v
β
j −vαi )],

v̇αi = uα
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+
σα

2Rα + 1

i+Rα∑
j=i−Rα

[Cvu(u
β
j − uα

i )+Cvv(v
β
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(1)

The subscript i refers to the unit index, which must
be taken modulo N (or a periodic boundary condition).
The superscripts α and β indicate layers α and β. uα

i

and vαi are the activator and inhibitor variables of unit
i on layer α, respectively. The positive parameter ε
separates the time scales of the dynamics of the acti-
vator and inhibitor variables. σα and Rα denote the
strength and range, respectively, of nonlocal coupling
on layer α exerted by layer β. For convenience, we in-
troduce the coupling radius rα = Rα/N , which ranges
from 1/N (nearest-neighbor coupling) to 0.5 (global cou-
pling). In reference [16], it was shown that the exis-
tence of chimera states in nonlocally coupled FHN oscil-
lators requires cross-coupling between the activator and
inhibitor variables in addition to direct u− u and v − v
coupling. A simple way to take both types of coupling
into account is to model the coupling with a rotational
coupling matrix

C =

(
Cuu Cuv

Cvu Cvv

)
=

(
cosϕ sinϕ
− sinϕ cosϕ

)
(2)

depending on a single parameter ϕ. An isolated FHN
unit generally exhibits excitable behavior for |a| > 1 but
oscillatory behavior for |a| < 1 via a Hopf bifurcation at
|a| = 1. In this paper, we focus on the oscillatory regime
and take a = 0.5.

3 Results and analysis

We numerically simulate Eq. (1) using the fourth-order
Runge–Kutta method with a time step δt = 0.01.
Throughout the paper, the total oscillator number is set
to 2N = 2000. We also set ϕ = π

2 − 0.1 and ϵ = 0.05.

3.1 Homogeneous bipartite networks

In this subsection, we consider homogeneous bipartite
networks of FHN units in which σ1 = σ2 = σ, r1 =
r2 = r and show rich chimera dynamics in this case.
Realization of a chimera state is identified by two meth-
ods. Snapshots of the activator variable u show patterns
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characterized by smooth curves in coherent domains and
scattered points in incoherent domains. The mean phase
velocities of FHN units, calculated as ωi = 2πMi/∆T ,
where Mi is the number of complete rotations around the
origin performed by the ith unit during the time interval
∆T , lie on a continuous curve with plateaus correspond-
ing to the coherent domains.

First, we consider initial conditions in which FHN
units in both layers are randomly distributed on the
circle u2

i + v2i = 4. The top row in Fig. 1, in which
snapshots of the variable u at t∗ = 10 000 time units
and the mean phase velocities with ∆T = 10 000 time
units are presented, shows that chimera states do exist
in homogeneous bipartite networks of FHN units and, in
each layer, the FHN units organize themselves into a pat-
tern of a chimera state. We realized 1-cluster, 2-cluster,
and 3-cluster chimera states for three combinations of σ

and r. Interestingly, the patterns of chimera states in
each layer seem the same as those in a ring of nonlocally
coupled FHN units with the same parameters, as shown
by both the snapshots of the variable u and the profiles
of the mean phase velocity. Furthermore, the chimera
states in the two layers are spatially in phase. By “spa-
tially in phase”, we mean that the coherent/incoherent
domains in the two layers have the same locations, and
coherent units from different layers are in phase if they
are mirror ones. In contrast to the synchronous chimera
states in two-layer multiplex networks [27], the mirror
units in incoherent domains can be both synchronized
and desynchronized here. The chimera states in homo-
geneous bipartite networks in the top row of Fig. 1 are
the counterparts of the multicluster chimera states in
rings of nonlocally coupled FHN units, and we call them
normal in-phase multicluster chimera states. As shown

Fig. 1 Different types of chimera states in homogeneous bipartite networks of nonlocally coupled FHN units. In each
panel, the top plot shows a snapshot of the variable u, and the bottom one shows the corresponding mean phase velocity ω.
In each plot, the FHN units in layer 1 are black, and those in layer 2 are red. The coupling strength and coupling radius in
each column are the same. (a1–a3) r = 0.34 and σ = 0.18; (b1–b3) r = 0.30 and σ = 0.30; (c1–c3) r = 0.24 and σ = 0.26.
In (a2), (a3), (b2), and (c2), the blue solid line denotes a focal FHN unit, and the green region represents its coupling range
in the other layer.
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in the top row of Fig. 1, decreasing the coupling radius
increases the number of coherent domains in normal in-
phase multicluster chimera states.

In a ring of nonlocally coupled FHN units, multi-
stability always appears near the borders of parameter
regimes supporting typical chimera dynamics. Multista-
bility also exists in homogeneous bipartite networks. To
show this, we prepare initial conditions by using the nor-
mal in-phase multichimera states {(uα

i (t
∗), vαi (t

∗))} in
the top row in Fig. 1. We set the initial conditions to
u1
i (t = 0) = u1

i (t
∗) and v1i (t = 0) = u1

i (t
∗) in layer 1 and

u2
i (t = 0) = u2

i+k(t
∗) and v2i (t = 0) = u2

i+k(t
∗) in layer

2, where the values of k are multiples of 100. Namely,
we dislocate the chimera states in the two layers by a
distance k. By adopting different k, different type of
chimera dynamics may be developed, and some typical
chimera states are presented in the middle and bottom
rows in Fig. 1.

Starting with the normal in-phase chimera state with
one coherent/incoherent domain in Fig. 1(a1), the dislo-
cation of chimera states in the two layers may give rise
to the multichimera states with two coherent domains in
Fig. 1(a2) and with five coherent domains in Fig. 1(a3)
for the same combination of σ and r. Interestingly, these
multichimera states are spatially antiphase, where the
mirror FHN units of coherent/incoherent domains in one
layer are always incoherent/coherent in the other layer.
We may call these chimera states antiphase multiclus-
ter chimera states. Note that, in an antiphase chimera
state, all the coherent/incoherent domains have nearly
the same size, and coherent units have the same mean
phase velocity. Dislocation of the normal in-phase mul-
ticluster chimera state in Fig. 1(b1) may lead to other
types of chimera states. Figure 1(b2) shows a multiclus-
ter chimera state with four coherent and four incoherent
domains. All of these coherent/incoherent domains have
the same size. In contrast to the antiphase multicluster
chimera states in Figs. 1(a2) and (a3), the mirror units
of the coherent/incoherent domains in one layer must
behave coherently/incoherently in the other layer. That
is, we find a new type of spatially in-phase multichimera
state that has no counterpart in a ring of nonlocally cou-
pled FHN units, and we call it an abnormal in-phase
multicluster chimera state. Moreover, Fig. 1(b3) shows
an interesting chimera dynamics in which the numbers of
coherent domains in the two layers are different. We call
the state a 1-2-cluster chimera state. Further, Figs. 1(c2)
and (c3) show that the normal in-phase 3-cluster chimera
state in Fig. 1(c1) coexists with an antiphase 3-cluster
chimera state in Fig. 1(c2) and another type of multi-
cluster chimera state with two coherent/incoherent do-
mains in each layer in Fig. 1(c3). The 2-cluster chimera
state in Fig. 1(c3) may be called an out-of-phase 2-cluster
chimera state because, geometrically, the state resembles

a dislocated normal in-phase 2-cluster chimera state.
So far, we have identified several types of chimera

states in bipartite networks of nonlocally coupled FHN
units. Before proceeding, some points should be dis-
cussed. First, it has to be stressed that buildup of
chimera states in bipartite networks is mediated by the
interaction between the two layers. Second, the num-
ber n of coherent domains increases with decreasing cou-
pling radius for n-cluster chimera states in a ring of FHN
units. However, no such simple relation exists between
the number of coherent domains and the coupling radius,
which is demonstrated in Figs. 1(a2) and (c3). Third, we
have found antiphase n-cluster chimera states and abnor-
mal in-phase n-cluster chimera states. Thus, a question
arises. Can an antiphase n-cluster chimera state coexist
with an abnormal in-phase n-cluster chimera state? Ex-
tensive numerical simulations have shown that the an-
swer is no. A heuristic explanation is as follows, tak-
ing the antiphase 2-cluster chimera state in Fig. 1(a2)
as an example. Generally, a unit in a chimera state is
most likely to be coherent/incoherent if it receives more
input from coherent/incoherent units than from inco-
herent/coherent ones. Consider a coherent/incoherent
FHN unit in Fig. 1(a2), which is denoted by a blue solid
line; its coupling range is shown in green. When the
underlying state is an antiphase 2-cluster chimera state,
its mirror unit has more coherent/incoherent neighbors
than incoherent/coherent ones, which is compatible with
its coherent/incoherent dynamics. Now, suppose that
the underlying state could be an abnormal in-phase 2-
cluster chimera state. We will find that the mirror unit
of the focal coherent one has more incoherent neigh-
bors, which will turn the focal unit incoherent. Following
this logic, we know that coexistence of an antiphase n-
cluster chimera state and an abnormal in-phase n-cluster
chimera state is impossible. Finally, rich chimera states
in bipartite networks, which are probably induced by the
interaction between chimera states in the two layers in
bipartite networks, have not been observed in a ring of
FHN units.

To gain an overview of chimera dynamics in bipartite
networks of FHN units, we explore the r–σ plane. We use
the chimera states in Fig. 1 as initial conditions and inte-
grate Eq. (1) for 104 time units. We classify the chimera
states realized after this interval as stable. (Note that
there are other methods of investigating the stability of
chimera states, such as the method of basin stability
[30]). Figure 2 shows the stability diagrams of several
types of chimera states in bipartite networks of nonlo-
cally coupled FHN units, where the multistability domi-
nates in the r–σ plane. Bearing in mind that the normal
in-phase multicluster chimera states are the counterparts
of n-cluster chimera states in a ring of FHN units, we
find that the stability diagrams of these chimera states
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Fig. 2 Stability diagrams for different types of chimera
states in the r–σ plane in homogeneous bipartite networks of
nonlocally coupled FHN units. The region A in yellow allows
for normal in-phase n-cluster chimera states and is subdivided
into four regions for normal in-phase 1-cluster, 2-cluster, 3-
cluster, and n > 3-cluster chimera states. The regions for
the out-of-phase 2-cluster chimera state, 1-2-cluster chimera
state, antiphase 2-cluster chimera state, and abnormal in-
phase 4-cluster chimera state are labeled B, C, D, and E,
respectively.

are similar in these two systems despite the slight dis-
crepancy in their boundaries. For example, the normal
in-phase 1-cluster chimera state appears at large r and
is dominant for weak coupling strength. On the other
hand, normal in-phase multicluster chimera states re-
quire sufficiently strong coupling strength, and reduc-
ing r increases the number of coherent clusters. Note
that, for convenience of illustration, we ignore the coex-
istence of normal in-phase multicluster chimera states.
Figure 2 also presents the stability diagrams for the ab-
normal in-phase 4-cluster chimera state, antiphase 2-
cluster chimera state, out-of-phase chimera state, and 1-
2-cluster chimera state. In contrast to the out-of-phase
chimera state and 1-2-cluster chimera state, which re-
quire strong coupling, the abnormal in-phase 4-cluster
chimera state and antiphase 2-cluster chimera state can
be realized at sufficiently weak coupling strength. Inter-
estingly, the abnormal in-phase 4-cluster chimera state
can be realized at a larger coupling radius than the an-
tiphase 2-cluster chimera state, which further convinces
us that there is no simple relation between the coupling
radius and the number of coherent domains in bipartite
networks. Figure 2 reveals strong multistability in bi-
partite networks of FHN units. Multistability exists in
most of the parameter regions supporting chimera states,
and, in certain regions, more than four types of chimera
states coexist.

3.2 Heterogeneous bipartite networks

In this subsection, we consider heterogeneous bipartite
networks of FHN units in which σ1 = σ2 and r1 = r2
are not required. Surprisingly, the asymmetry between
the two layers suppresses the formation of certain types
of chimera states. For example, if the coupling strength
and coupling radius in the two layers are kept within
their stable regions for homogeneous bipartite networks,
the abnormal in-phase 4-cluster chimera state cannot be
realized even in the presence of weak heterogeneity for
the two layers. Nevertheless, like homogeneous bipartite
networks, heterogeneous bipartite networks still display
strong multistability.

To show multistability in heterogeneous bipartite net-
works, we consider two parameter paths, on which the
coupling radius is varied for a fixed coupling strength
and the coupling strength is varied for a fixed coupling
radius. Along these paths, we consider 60 sets of ini-
tial conditions for each combination of r and σ prepared
by dislocating by k (in multiples of 100) the chimera
states in the middle and bottom rows in Fig. 1. The
possible states resulting from these initial conditions are
presented in the rightmost two columns in Fig. 3. For
clarity, we numbered these states. For example, the
state assigned to the integer 1 is a traveling wave with
wave number 1, and the state labeled 2 is a traveling
wave with wave number 3. In addition to the typical
chimera states already presented in Fig. 1, we find an-
other type of chimera state, the state labeled 3, in which
the model displays chimera dynamics in one layer and
coherent dynamics in the other layer. Figure 3(a) shows
the chimera states labeled with each integer against r1
with σ1 = σ2 = 0.275 and r2 = 0.24. We find that
chimera states tend to disappear when the difference be-
tween r1 and r2 becomes large. When |r1−r2| is not too
large, there are always several types of chimera states co-
existing with each other. Furthermore, multistability is
also observed in Fig. 3(b), where the chimera states are
plotted against σ1 for r1 = r2 = 0.24 and σ2 = 0.275.
The results in Fig. 3 suggest that the multistability tends
to be stronger when bipartite networks are less hetero-
geneous.

Then, we study the effects of the heterogeneity of
bipartite networks on the properties of chimera states,
such as the sizes of the coherent domains and the maxi-
mum/minimum mean phase velocities. The stability dia-
grams in Fig. 2 for homogeneous bipartite networks show
that variation of the coupling radius tends to change the
type of chimera states. Therefore, we focus on the ef-
fects of heterogeneity in the coupling strength on the
properties of chimera states. We set the coupling radius
r1 = r2 = 0.35 and σ2 = 0.20. Starting with the nor-
mal in-phase 1-cluster chimera state and the antiphase
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Fig. 3 Possible dynamical states labeled with different integers are plotted against r1 with σ1 = σ2 = 0.275 and r2 = 0.24
in (a) and against σ1 with r1 = r2 = 0.24 and σ2 = 0.275 in (b). The middle and right columns show snapshots of the
variable u and profiles of the mean phase velocity for all possible dynamical states, respectively, and the integers assigned
to those states appear on the left side of the middle column. The possible dynamical states include the traveling wave state
with wave number 1 (the state labeled 1), the traveling wave state with wave number 3 (state 2), the state having a chimera
state in one layer and a coherent state in the other layer (state 3), the out-of-phase 3-cluster chimera state (state 4), the
out-of-phase 2-cluster chimera state (state 5), the 1-2-cluster chimera state (state 6), the normal in-phase chimera state (state
7), and the antiphase 3-cluster chimera state (state 8).

2-cluster chimera state in Fig. 1 as initial conditions, the
properties of the corresponding chimera states are pre-
sented with increasing σ1 in Figs. 4(a1), (a2) and (b1),
(b2), respectively. Generally, the layer with large cou-
pling strength has larger coherent domains, which can
be deduced by noticing that σα represents the coupling
strength on layer α exerted by layer β (β ̸= α), and
the dependence of the sizes of the coherent domains on
σ1 is sensitive to the underlying dynamical states. Fig-
ure 4(a1) shows that, when σ1 < 0.23, the size of the
coherent domain in layer 1 (or layer 2) increases (or de-
creases) with increasing σ, whereas the total size of the
coherent domains in the two layers remains unchanged.
However, for σ1 > 0.23, the sizes of the coherent do-
mains show nonmonotonic behavior with respect to σ1.
Examining the chimera states during the process, we find
that normal in-phase 1-cluster chimera states exist for
σ < 0.23, whereas, for σ1 > 0.23, the normal in-phase
1-cluster chimera state is becoming a normal in-phase
2-cluster one [16]. The insets in Fig. 4(a1) show the cor-
responding chimera states at σ1 = 0.12 and σ1 = 0.28.

On the other hand, Fig. 4(b1) shows that, for antiphase
2-cluster chimera states, the total size of the coherent do-
mains in the two layers increases with σ1, and the sizes
of the coherent domains in both layers are nondecreasing
functions of σ1. Figures 4(a2) and (b2) show the max-
imum/minimum mean phase velocities. Here, the min-
imum mean phase velocities are exhibited by coherent
FHN units, and the maximum mean phase velocities are
exhibited by incoherent units. Clearly, the dependence
of the maximum/minimum mean phase velocities on the
coupling strength is also determined by the underlying
chimera states.

4 Conclusions

In conclusion, we showed the existence of chimera states
in bipartite networks of nonlocally coupled FHN units
in which the FHN units interact with each other only
when they are in different layers. We observed rich
chimera dynamics and strong multistability in bipartite
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Fig. 4 Sizes L1,2 of coherent domains in layers 1 and 2 and the total size L1+L2 are plotted against σ1 in (a1) for normal
in-phase 1-cluster chimera states and in (b1) for antiphase 2-cluster chimera states. The corresponding minima and maxima
of the mean phase velocities ω in the two layers are plotted against σ1 in (a2) and (b2), respectively. r1 = r2 = 0.35,
σ2 = 0.20. Insets (c)(d) in (a1) show the mean phase velocities at σ1 = 0.12 and σ1 = 0.28, respectively. Inset (f) in (b1)
shows the mean phase velocities at σ1 = 0.23.

networks. For homogeneous bipartite networks, where
the FHN units in the two layers have the same param-
eters, we found the chimera dynamics observed in pre-
vious works, such as the counterparts of chimera states
in a ring of nonlocally coupled FHN units (normal in-
phase multicluster chimera states) and antiphase mul-
ticluster chimera states. We also found many novel
types of chimera states due to the interplay between
chimera states in the two layers, for example, abnormal
in-phase multicluster chimera states and out-of-phase
chimera states. The stability diagrams of several typi-
cal chimera states, which demonstrated strong multista-
bility of chimera dynamics in bipartite networks, were
explored. For heterogeneous bipartite networks, where
the FHN units in the two layers may have different
parameters, we found strong multistability of chimera
states even when the presence of heterogeneity disfavors
some types of chimera states. Many previous works have
shown that the number of coherent clusters is determined
by the coupling range; for example, reducing the coupling
range leads to an increase in the number of coherent clus-
ters. However, this work shows a different picture; an

increase in the number of coherent clusters may be as-
sisted by the interaction between chimera dynamics in
different subpopulations even when the coupling range
is unchanged.
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