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Abstract. A spatially stable pattern of two coexisting coherent and incoherent subpopulations in nonlocally coupled
dynamical systems is called as chimera states and seen in many paradigmatic limit cycle as well as chaotic models where
the coupling interaction is basically diffusive type. In neuronal networks, besides diffusive electrotonic communication
via gap junctions, chemical transmission occurs between the pre-synapse and post-synapse of neurons. We consider, in
a numerical study, a network of neurons in a ring using the Hindmarsh-Rose (HR) bursting model for each node of the
network and, apply attractive gap junctions for local coupling between the nearest neighbors and inhibitory nonlocal
coupling via chemical synaptic transmission between the distant neighbors. For a range of gap junctional and chemical
synaptic coupling strengths, a subpopulation of the neuronal network, in the ring, bursts asynchronously and another
subpopulation remains silent in a synchronous state. The bursting subpopulation of neurons fires sequentially along
the ring when the number of firing nodes remains same but change their positions periodically in time. It appears as a
traveling chimera pattern in the ring when the dynamics of the individual bursting nodes is chaotic. The chimera pattern
travels in a reverse direction for a larger chemical synaptic coupling strength. A purely inhibitory chemical synaptic
coupling can produce a similar traveling chimera pattern, however, the dynamics of the firing nodes is then periodic.
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coupling.

Introduction

In the animal world, many mammals such as, dolphins,
migratory birds, crocodiles, are found capable of sleeping
with one eye open and another closed (Bressler and
Kelso, 2001; Rattenborg et al., 1999). Thereby one half of
their brain when resting, the other half is awake and alert
at the same time. Such a state is called as unihemispheric
sleep (Levy et al., 2000; Rattenborg et al., 2000; Mathews
et al, 2006). EEG records on unihemispheric sleep
experiments reveal that, in the sleeping hemisphere,
neurons perform synchronous activity while, in the
awake side, they are asynchronous. This natural activity
in the brain of mammals is quite similar to the Kuramoto’s
observation in 2002 that a network of identical
oscillators symmetrically coupled via nonlocal coupling
spontaneously breaks into coherent and incoherent
subpopulations for stronger coupling and, they coexist
with each other (Kuramoto and Battogtokh, 2002). The
abundance of coexisting incongruous images in Greek
mythology inspired Strogatz (Abrams and Strogatz,
2004; Abrams et al., 2008) to coin a name chimera states
for such a coexisting coherent and incoherent spatial
pattern in an ensemble of oscillators. Since then, it
became an active area of research in non-linear dynamics.
Chimera states were first observed in nonlocally coupled
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identical phase oscillators (Kuramoto and Battogtokh,
2002; Abrams and Strogatz, 2004; Martens et al., 2010)
but later they were found in limit cycle (Sethia et al.,
2013) and chaotic oscillators (Omelchenko et al., 2011;
Gu et al, 2013; Schmidt and Krischer, 2015; Larger et
al., 2013; Dudkowski et al., 2014) and most surprisingly,
in globally coupled oscillators (Kaneko, 1990; Sethia
and Sen, 2014; Yeldesbay et al.,, 2014; Hens et al., 2015;
Mishra et al., 2015). Chimera states have been evidenced
in laboratory experiments, chemical systems (Tinsley et
al,, 2012; Wickramasinghe and Kiss, 2013), optoelectronic
systems (Hagerstrom et al, 2012), a network of
metronomes (Martens et al., 2013). Recently, chimera
states were explored numerically in practical systems,
superconducting Josephson junction array (Lazarides
et al,, 2015; Mishra et al., 2017a,b) and neuronal network
(Hizanidis et al., 2014; Bera et al., 2016b; Bera and Ghosh,
2016; Glaze et al., 2016; Majhi et al., 2016; Maksimenko
et al., 2016).

A common feature of chimera pattern is that the size
of the coexisting coherent and incoherent subpopulations
remain same in time; they do not change their position
and number in the subpopulations. In specific case
studies of chimera states, a kind of metastability was
reported (Mishra et al., 2015, 2017b) where the size of the
incoherent subpopulation was seen changing in time.
Such metastability is an important feature of neuronal



network (Friston, 1997), which is yet to be given its due
attention. By this time, a new kind of traveling chimera
pattern was reported (Bera et al, 2016a), recently, in
neuronal networks, where coexisting subpopulations
in coherent and incoherent states change their positions
in regular interval although the number of neurons in
two subpopulations remain same. The dynamical nodes
alternatively fires in a bursting state and a resting state
periodically and the firing pattern moves sequentially
along the ring. At any instant of time, the resting
subpopulation remains synchronous while the bursting
subpopulation becomes asynchronous.

A combination of excitatory and inhibitory local
coupling via chemical synapses was used there in
neuronal networks where the traveling chimera pattern
(Bera et al., 2016a) was observed. Real neurons, on the
other hand, interact via electrotonic gap junctions as
well as chemical transmission between the pre-synaptic
and the post-synaptic dendrites. Accordingly, in this
paper, we consider both the gap junctional and the
chemical synaptic interactions that are active in a ring
of neurons. We keep in mind that a single neuron can
only release one selective neurotransmitter, GABA
receptor or Glutamate. GABA receptor plays inhibitory
role while Glutamate sends excitatory signal to post-
synapses. We assume that the gap junctions allow local
communication between the nearest neighbors and the
inhibitory chemical synaptic coupling builds nonlocal
interactions between the distant neurons. We search
for chimeralike patterns in such a network of neurons,
however, observe a travelling chimera pattern instead.
For a range of attractive gap junctional and inhibitory
chemical synaptic coupling strength, the chimera pattern
travels along the ring in one direction and, interestingly,
reverses the direction of travel for stronger inhibitory
chemical synaptic interaction. We find a similar traveling
chimera pattern for purely inhibitory chemical synaptic
coupling in the ring, however, the dynamics of the firing
subpopulation is a periodic bursting instead of a chaotic
bursting as seen for the combination of coupling in the
previous case. We mention that a sequential switching
activity was reported earlier (Levanova et al, 2013;
Mikhaylov et al., 2013) in 3-node network motifs using a
type of inhibitory synaptic coupling, which we extended
here for a larger network under inhibitory chemical
synaptic as well as attractive gap junctional interactions.
Instead of sequential switching of a single node, we
report here a sequential firing of a bunch of nodes that
mimics the traveling chimera pattern.

Network of Neurons

We build a ring of N identical nodes using the HR
model for each node and apply two types of coupling
interactions as described in Fig. 1. Each node is connected
to its nearest neighbors by electrotonic gap junctions and
to distantly neighboring nodes by nonlocal chemical
synaptic coupling with a chosen coupling radius.
Each node is represented by open circle; the local gap
junctional links are represented by black lines while the
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Figure 1. Schematic diagram of a neuronal network. Open circles
represent HR neurons connected to their nearest neighbors by
local gap junction links in black lines. Red dashed lines represent
non-local chemical synaptic links shown for one node, which is
true for all other nodes.

non-local chemical synaptic links are shown for each
node to all distant nodes by dashed lines (red lines).
There is no chemical synaptic coupling between two
immediate next neighbors on both sides of a node. Each
node in the ring is connected in a similar manner to their
neighbors and interacts in a similar fashion.

The dynamics of i-th node of the ring is described by,
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where i=1, 2, 3,.., N with boundary conditions, x=x
and x, =X, Vs the reversal potential, F(x].)=1/(1+e"‘<xj'®5)
defines a chemical synaptic coupling function. k, and k,
are strengths of gap junctional interaction and chemical
synaptic coupling, respectively. P is the coupling radius
that denotes the number of nodes on both sides of each
node to which it communicates via chemical synaptic
interactions (excluding two nearest neighbors). The
coupling parameters for each node are chosen as Os=
0.25,v=2,A=10,P=40 and all the nodes (N = 100) are
identical. The system parametersarea=1,b=3,c=1,d
=5,1=0.01, s =5 and x,;=1.6 when an uncoupled node
exhibits periodic bursting as shown in Fig. 2.

Results

We explore different emergent states in the ring network
by varying the strengths of gap junctional and the
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chemical synaptic interactions. For a choice of k=3 and
k,=2, we find a traveling chimera pattern. Note that this
isnot limited to this particular set of coupling parameters
rather true for a reasonably large range.

The spatiotemporal evolution of the x-variable of all
the N=100 nodes in the network are shown in Fig. 3(a)
which shows coexistence of two synchronous (blue) and
asynchronous (cyan) subpopulations, however, they
never remain stable in time but travels periodically from
the bottom right corner to upper left corner. This type of
moving coexisting pattern is defined here as a traveling
chimera pattern, basically, traveling along the whole
population periodically in time. The traveling nature of
two coexisting states is further confirmed by snapshots
of the xi-variable of all nodes at two different instants of
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Figure 2. Periodic bursting of an isolated HR model neuron.

Parameters:.a=1,b=3,c=1,d=5,r=0.01, s=5and x_R=-1.6.
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Figure 3. Traveling chimera pattern for k=3 and k=2. (a)
Spatiotemporal pattern of the x-variable of all oscillators. The
pattern travels from bottom right corner to upper left corner
in time. (b) Snapshots of x-variable of all nodes at two different
instants of time. Red line is for a later time than the black snapshot
implying a traveling pattern from left to right.
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time (black and red lines) in Fig. 3(b).

Each snapshot (black or red) shows that the whole
population splits into coexisting coherent and incoherent
sub-populations, however, their positions change in time
as revealed by their shift in position when the plots are
taken at two different instant of time. Two snapshots
(black and red lines) show similar patterns, however,
shifted in time.

Interestingly, if we increase the chemical synaptic
coupling strength keeping the gap junctional strength
constant, i.e,, taking, k =3 and k =4, we find a similar kind of
traveling chimera pattern, however, the traveling direction
is reversed compared to the previous case. Figures 4(a) and
4(b) show a spatiotemporal evolution and snapshot of x-
variable, respectively, that clearly confirms the traveling
nature of the chimera pattern. The pattern now travels from
bottom left to right upper corner in the spatiotemporal plot
as clearly seen from the spatiotemeporal plot in Fig. 4(a).
Snapshots in Fig. 4(b) (red and black lines) confirm this
(a)
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Figure 4. Traveling chimera for k=3 and k,~4.(a) Spatiotemporal
evolution of the x-variable shows the pattern is traveling from
bottom left to upper right corner. (b) Snapshots of x-variable of
all nodes at two different instants. (c) Time series shows a chaotic
bursting behavior.



reversal in the direction of movement. Figure 4(c) shows
a time series of x that confirms chaotic bursting behavior
of the nodes. A change of dynamics from periodic to
chaotic bursting is reflected in the collective behavior of
the chimera states. We explain this collective dynamics
of the ring as an asynchronous firing of a subpopulation
in a bursting state that moves sequentially along the ring
periodically in time and this behavior coexists with another
subpopulation in synchronous resting states that also
changes periodically. Most importantly, the number of two
coexisting subpopulations remains fixed for a fixed set of
coupling parameters.

An interplay of diffusive gap junctional and chemical
synaptic coupling creates the traveling chimera pattern and
achange of traveling direction occurs with varying chemical
synaptic coupling strength. We have checked that if the
chemical synaptic coupling strength is less than or equal
to the gap junctional coupling strength the direction of the
chimera pattern travels in one direction and it reverses its
direction when the chemical synaptic coupling strength is
greater than the gap junctional coupling strength.

We find that a purely gap junctional coupling cannot
produce the traveling chimera pattern. However, for
a purely chemical synaptic coupling, a similar kind of
traveling chimera pattern is seen for a relatively larger
coupling strength k =9. A spatiotemporal plot in Fig. 5(a) of
x-variable of all the nodes confirms this traveling character
of the chimera states. Figure 5(b) represents the time series
of x-variable exhibiting periodic bursting behavior instead
of a chaotic bursting.
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Figure 5. Traveling chimera pattern for purely inhibitory synaptic
coupling, k,=0,k,=9. (a) Spatiotemporal plot shows the traveling
chimera pattern, (b) time series of x,of a bursting node exhibits
periodic behavior.
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Conclusion

We investigated a network of identical HR oscillators
in a ring with local gap junctional interactions between
the nearest neighbors and non-local chemical synaptic
interactions between the distant neighbors. We observed
a type of traveling chimera pattern for a choice of gap
junctional and chemical synaptic coupling strengths.
In such a state, a subpopulation of neurons fired
asynchronously in a bursting state while another
subpopulation remained synchronous in a silent
state. The number of synchronous and asynchronous
subpopulations did not change with time but their
spatial position changed periodically which we called
as a traveling chimera pattern. A subpopulation of
neurons fired sequentially in a cyclic order along the
whole population while others remained silent. The
firing neurons showed chaotic nature of bursting.
Most importantly, the size of the sequentially firing
subpopulation remained same for a set of coupling
parameters but could be changed by varying them.
Very interestingly, by modulating the chemical synaptic
coupling strength, a change of direction in the traveling
chimera pattern was obtained. We searched for a simpler
coupling if a purely gap junctional or chemical synaptic
coupling could induce such a traveling pattern. We were
unsuccessful so far with purely gap junctional coupling,
however, a purely chemical synaptic coupling brought
back the traveling chimera pattern for a relatively
higher coupling strength. In this case the firing neurons
exhibited periodic bursting behavior.
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