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Dynamics of coupled mode solitons in bursting neural networks
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Using an electrically coupled chain of Hindmarsh-Rose neural models, we analytically derived the nonlinearly
coupled complex Ginzburg-Landau equations. This is realized by superimposing the lower and upper cutoff
modes of wave propagation and by employing the multiple scale expansions in the semidiscrete approximation.
We explore the modified Hirota method to analytically obtain the bright-bright pulse soliton solutions of our
nonlinearly coupled equations. With these bright solitons as initial conditions of our numerical scheme, and
knowing that electrical signals are the basis of information transfer in the nervous system, it is found that prior to
collisions at the boundaries of the network, neural information is purely conveyed by bisolitons at lower cutoff
mode. After collision, the bisolitons are completely annihilated and neural information is now relayed by the
upper cutoff mode via the propagation of plane waves. It is also shown that the linear gain of the system is
inextricably linked to the complex physiological mechanisms of ion mobility, since the speeds and spatial profiles
of the coupled nerve impulses vary with the gain. A linear stability analysis performed on the coupled system
mainly confirms the instability of plane waves in the neural network, with a glaring example of the transition of
weak plane waves into a dark soliton and then static kinks. Numerical simulations have confirmed the annihilation
phenomenon subsequent to collision in neural systems. They equally showed that the symmetry breaking of the
pulse solution of the system leaves in the network static internal modes, sometime referred to as Goldstone

modes.
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I. INTRODUCTION

The evolution of cellular and subcellular processes operat-
ing on a hierarchy of time scales generates electrical activities
in cells. These processes interact nonlinearly to produce
complex temporal activities that are crucial for a holistic
physiological behavior in a neural network [1-16]. Within
this context, coupled systems play an important role. From
the biological perspective, coupled oscillators find applications
in: insulin secreting cells in the pancreas; pacemaker cells in
the heart; neural networks in the brain and spinal cord that
control such rhythmic behaviors as chewing, running, and
breathing [ 12—14]. Communication between neurons and other
biological oscillators takes place in a myriad of ways. In the
study of interactions between biological systems, the physical
basis of mechanism that governs the dynamics of coupled
oscillators to effectively describe most biophysical processes
in neural networks remains poorly understood.

The dynamics of nerve pulse propagation governed by
a system of nonlinearly coupled complex Ginzburg-Landau
(CCGL) equations provides a suitable platform to study
coupled mode waves in neural networks [17]. Nonlinear
dissipative media like: biological nerves, chemical reaction
and diffusion systems are best modeled by complex Ginzburg-
Landau (CGL) equations, which are essential for the under-
standing of various patterns [18-24]. In such systems, the
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combined influence of dispersion, self phase modulations,
linear and nonlinear gain and loss leads to the propagation
of localized solitary pulses [25,26]. Due to its high relevance
in coupled systems, the Hindmarsh-Rose (HR) model [27,28],
which is sometimes considered as the generalization of the
Fitzhugh equations [29], is a good candidate for the investi-
gation of such nonlinearly coupled phenomena. These mathe-
matically simplified systems emanated from the physiological
model of Hodgkin-Huxley [30].

The observations of nonlinear excitations and dissipative
solitons in neural networks [31,32], have greatly motivated
our interest on investigating coupled mode oscillations in
such systems. In fact, Moukam Kakmeni et al. in Ref. [31]
analytically showed that the propagation of modulated waves
in neural networks is governed by the modified CGL equa-
tion. This was a groundbreaking result because prior to the
publication, most scientists could only demonstrate this effect
numerically. We believe that, this model can also support
coupled modes dynamics, that are modelled by two nonlinearly
CCGL equations. By drawing inspiration from the Fermi,
Pasta, and Ulam (FPU) observation [33], the lower and upper
cutoff modes of wave propagation across the neural network,
modeled by the modified CGL equation, are superimposed to
analytically check the effects of coupled nonlinearity, which
can be considered similar to that of the chemical synaptic
coupling.

Because electrical signals are the basis of information
transfer in the nervous system, the understanding of neural
information processing will require a detailed characterization
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of how these signals evolve in nerve cells for sensory stimuli
and motor commands [1,2]. Coupled mode oscillations incor-
porates a highly flexible mechanism for neural information
processing, thereby providing an elegant tool for information
integration across several spatiotemporal coupled neuronal
networks [12,34-36]. Experimental data suggest that phase-
amplitude coupling in the brain is a superposition of low and
high frequency signals [37]. However, this phenomenon is
not well understood and will be the subject of the present
study. We analyze how strong continuous coupling between
lower and upper cutoff modes oscillations influences the
dynamics of a neural network, and more importantly, how
it impacts on the modes that contain the superposition of
the two extreme frequencies in the network. In fact, a neural
signal is composed of two distinct components [38—42]: (a) a
low-frequency component that is originated primarily by the
combined random electrical activities of the neural cells. It
is a slow varying signal and it has been shown that this
signal conveys some information about the state of rest of the
subject under test [43,44]; (b) a high-frequency component
called neural spike or action potential that indicates when a
neuron generates a short electrical pulse. These spikes are
correlated with living beings actions like moving one arm,
or associated with some emotions. Thus, a broadband neural
signal is the one that contains both low- and high-frequency
bands. This is the most interesting signal configuration for
neural research, since it preserves all the information of the
neural signal [38,42,44]. As, for example, the case of bursting
neurons, which are mostly composed of two main frequencies,
the burst frequency characterized by the period between two
spike in the dynamic state where the neuron repeatedly fires
discrete groups (high frequency) and the spiking frequency
defined by a period of quiescence before the next burst occurs
(low frequency) [27,28,31,45,46].

Note that, common models of nerve signal are based on
the one proposed by Hodgkin and Huxley in 1952 [30], who
explained that the nerve pulse or action potential is created by a
voltage difference across the cell membrane [27-29,31-34,45].
More recently, in 2005, Heimburg and Jackson proposed a
new theory saying that nerve signals are sound like density
wave [47]. Thus, nerve impulses are due to the lipids of
the cell membrane which, at their transition point, are able
to generate and propagate a localized short impulse [47].
Following this theory, the problem of collision and annihilation
of action potential traveling in opposite directions is very
controversial. In fact, in a recent work, A. Gonzalez-Perez
et al., reported on collision experiments and indicated that,
the collision of two impulses generated simultaneously in
orthodromic and antidromic directions, does not result in their
mutual annihilation. Instead, they penetrate each other and
emerge from the collision without material alterations of their
shape or velocity [48]. This result was in agreement with the
results on the electromechanical soliton theory for nerve-pulse
propagation proposed by Heimburg et al. [47]. Nevertheless,
this claim was immediately contested by R. W. Berg et al.
who in a similar experiment, obtained contradictory result
[6]. As reported in the literature since more than six decades,
action potentials annihilate upon collision [3,5-10,49,50]. In
the present study, we also addressed this question from a

theoretical and numerical perspective, and the results presented
are clearly in agreement with annihilation.

The rest of the work is organized as follows: In Sec. II,
from the diffusive HR model we derive the two nonlinearly
CCGL equations for the coupled modes. This is achieved by
superimposing the lower and upper cutoff modes in the disper-
sion relation and then applying the multiple scale expansion
in a semi-discrete approximation. We explore the modified
Hirota method in Sec. III to analytically obtain bright-bright
pulse soliton solutions of the nonlinearly CCGL equations. A
detailed numerical analysis of the nonlinearly CCGL system
is carried out in Sec. IV. A Linear stability analysis in Sec. V
shows that the nonlinear coupling favors the instability of plane
waves in the neural network. Section VI is devoted to the
numerical analysis of the discrete HR system to verify that
it supports the analytical solution obtained from the CCGL
equation. We end the work with a conclusion in Sec. VII.

II. THE MODEL AND DERIVATION OF THE
NONLINEARLY COUPLED EQUATIONS

The Hindmarsh-Rose model for neuronal activity is one
of the most widely studied parameterized three-dimensional
systems of ordinary differential equations. It arises as a
reduction of the conductance-based Hodgkin-Huxley model
for neural spiking [27,28]. The model has the capability
of exhibiting all qualitatively important and distinct kinds
of spiking and bursting behavior. Is arguably the simplest
reduction of Hodgkin-Huxley models [30]. In this work, we
consider networks of identical Hindmarsh-Rose (HR) neurons
symmetrically coupled in a linear way [31,45,46]. The equa-
tions governing the evolution of the system are

lhy = [y — auy + buy — v, + I + K(yg1 — 2uy + 1),

(1a)
Ly =c—du3 — ey, (1b)
U, = rls(u, — ug) — val, (Ic)

where n = 1,...,N. The coupling is on the variable u,, which
plays the same role as the membrane potential in a biological
neuron. The parameter I plays the role of the input membrane
current in a biological neuron. It is capital in determining
whether the HR neuron describes various behaviors like qui-
escent, subthreshold, suprathreshold, or chaotic regime. The
variable wu, accounts for the measure of the rate at which
transport of sodium and potassium ions is made through fast
ion channels, while v, is the bursting variable, taking into
consideration the rate of the transport of other ions like CI~
and proteins anions. One of the main roles of this variable is
to control the rest period between two action potentials. The
variable u, also defines the activities into the fast subsystem,
the variable u,, is also called spiking variable and the variable
v, defines the activities into the slow subsystem [27,28,31].
The other parameters c, d, and e are constant parameters, and
the coupling strength of the gap junction between neurons is
represented by K.

To go further with the analysis, the system of Egs. (1) is
transformed as developed in Ref. [31], and we thus obtain the
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Liénard form of the diffusive HR model as

iy + Qun + €(ev0 + Vittn + Eva1, )ity + 111,

+ 82%“,31 + 82)»31)" = Do(utpy1 — 2uy + up_1)
+ &2 D1 (lpg1 — 2ty + iy—1), (2a)
by 4 v, — Qu, =0, (2b)

with € being a perturbation parameter (¢ << 0) introduced to
take into consideration the order at which each parameter of the
coupled system is linked to the slow variable that is maintained
into the system, since it defines the bursting behavior impor-
tant in this analysis. Equation (2a) is therefore the equation
regulating the dynamics of the membrane potential in the HR
coupled model, and it resembles the one governing the one
dimensional dynamics of the potential difference across the
cell membrane for a FitzHugh-Nagumo model [51]. Equation
(2b) describes the dynamics of the bursting variable, which
accounts for the rate at which the transport of some ions such
as CI™ and protein ions is done via slow ions channels.

A. Dispersion relation of wave propagation

There are always frequency limits within which normal
propagation of nerve impulse signals are observed across a neu-
ral network. Moreover, beyond these limits, the system needs
some external perturbations to have stable action potentials.
To define the appropriate frequency limit, we employ a pertur-
bation technique where suitable solutions of the diffusive HR
model containing the ¢ parameter are used. Upon substitution
of these solutions of the diffusive HR model into Eq. (2), the
dispersion relation is obtained with terms at order £’¢!. In
this light, we consider the following solutions of our coupled
HR model Egs. (2):

un(t) = e + Y € + Y5 e 48[, 0 4 pr e,
3)

v(t) = eG, + Fp e + Fre % + e[H, &% + HY e,
)

with 6, = gn — wt where g is the normal mode wave number
and w is the angular velocity.

In this semidiscrete approximation ¢, ¥, p (respectively, G,
F, H) are supposedly independent of the “fast” variables # and
n.Instead, they depend on the “slow” variables defined by X; =
gix and T; = &'t, fori > 1. A continuum limit approximation
is then made with the wave amplitudes while the discrete nature
of the phase in maintained. For instance v, (¢) is replaced by
v(X1,X2,...,11,T3,...), while w,, and 1,4, are computed at
order 2 using a Taylor series expansion. Similar expressions
hold for ¢,, p., G, F,, and H,, which are eventually used to
evaluate u,, and v,,.

The ansatz considered in both Eqs. (3) and (4) is inherent
to the spirit of the multiple-scale expansion method: as the
differential operators in space and time domains are expanded
over two distinct perturbation scales (though the same pertur-
bation parameter is used, namely ¢), the solution too should
be expanded. There is no universal order of truncation for
this expansion. Usually, the relevant highest-order term in
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FIG. 1. Linear dispersion curve of the nerve impulse for Dy =
0.04 and ©} = 0.032. There is a lower cutoff mode ¢ = 0 with
frequency wy = 2¢ and upper cutoff mode ¢ = w with frequency
Wmax = (Q(z) + 4D0)1/2~

the expansion is determined by the order of expansion of
the two differential operators. As elaborated in [31,52], upon
substitution of u, and v, into Eq. (2a) and collecting terms
proportional to %% we obtain

Y(—a®) + Qg = Dolyre' + e 1 — 29],

which yields the dispersion relation
w? = Q2 +4D, sin2<%>. (5)

From Eq. (5), the linear spectrum has a gap wmi, = o and
itis limited by the cutoff frequency wy.x = (Q% + 4Dy)"/? due
to discreteness as shown in Fig. 1.

The variation of the diffuseness of the plasma membrane
through the parameter Dy, which is the dispersion coefficient,
physically accounts for the alteration of ions movement across
pumps and ion channels of the neural membranes. This motion
of ions coupled with the threshold frequency €2 in Eq. (5),
enables us to identify various frequency bands that are unique
to specific wave profiles, such as A: 1-4 Hz, 6: 4-8 Hz,
o: 8-12 Hz, B: 12-30 Hz, and y: 30-70 Hz [11,53]. A
comprehensive neurophysiological mechanism that constrains
synchronization to a specific frequency band still remains
unclear. However, these oscillations represent ongoing and
spontaneous activities of the brain, as exhibited by different
neuronal organizations emerging from arrays of neuronal
tissues and cells in the brain [54]. In this work, we are
interested in a mode that contains the superposition of two
extreme frequencies in the system. That is, the lower cutoff
mode obtained for ¢ = 0 (wmin = $29) and the upper cutoff
mode obtained when ¢ = 7 (Wnax = (Qé + 4Dy)'/?). Thus,
in the following, we will establish the equations describing the
nonlinear wave propagation in these modes.

B. Deriving the nonlinearly coupled mode equations

Coupled modes oscillation (CMO) is generally used to
study the interdependence between low-frequency and high-
frequency neural activities. In the dynamics of real neural
networks, larger neural populations oscillate at low frequencies
while small neuronal ensembles operate at high frequencies
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[55], hence an in-depth knowledge of CMO would enhance
flexible coordination of neural activity in the entire network
in both spatial and time domains. Moreover, variations in
CMO patterns have been shown to be inextricably linked
to a myriad of neuronal disorders like Parkinson’s disease
[56,57], schizophrenia [58,59], and anxiety [60]. Since CMO
is ubiquitously observed in most neural networks [13,61,62],
it is important to rigorously investigate their effect with the
diffusive HR model. The principle behind this coupled-mode
system is basically to superimpose the lower and upper cutoff
modes. Note that at lower cutoff 6, = q\n — wt, where
w) = Q, q1 = 0, and at upper cutoff mode 6,, = g,n — wot,
with w, = (9(2) +4D)'?, gy = 7.

To derive the coupled-mode equations from the HR model,
we now approximate the solution of Eq. (2) in the form

(1) = edun + Y1 " + iy e
+ 8[,01n 62i91” + /Oikn e—2i91,1] + 8¢2n + WZn ei92n
s, e+ elpn ™+ p3, e (6)

V(1) = Gy + Fip €% + F}, Pl
H 2i9|,, H* —2i9|,, G F i@zy,
+8[ In€ + € ]+8 o+ Foe

By evaluating the expansion and derivatives of Egs. (6)
and (7) (using multiple scale in the semidiscrete approach),
then substituting into Eq. (2a) and collecting terms of order
g% and %%, respectively, yields the confirmation of
cutoff frequencies w; and w, given above. Terms of order
gle!® and e'e!®, respectively, generate % + vg% =

for j =1,2. But the group velocity v, vanishes, implying
that v/; is independent of the time scale 7. As highlighted
in Ref. [31], we collect terms without exponential depen-

dence to have the relation ¢; = =24 |1//j|2. Also terms pro-

o
portional to &'e?“" and g'e?® enable us to, respectively,
have

_ (M —iwiy)

2
39(2) wl ’ (83)

L1

A —iwy1) 5
= ' . 8b

We now collect terms of order g2e®n and g2ei®» to,

+ F5, e 0 4 g[H,, 2% 4 Hj, e 20, 7 respectively, realize the coupled system of equations:
J
32 il . . .
i S = foi + G — 200+ U0 + G — Dyl P
1 2
. . 2 82¢1
+ QA1 — iyaw1)2¥1 + 2y2(1 — i) Y2 "Y1 — A3 F1 + DOWa (%a)
1
92 .0 . . * .
2 i = fnov + Goa — D)Wt U3 pa) + (i — Dyl
1 2
. . 2 . 32¢2
+ Qa1 — iv2w2)$1¥2 + 2p2(1 — i)Y ["Y2 — AsFy + 4iwy D1y — Doa?. (9b)
1

Furthermore, we substitute the expansion and derivatives of
Egs. (6) and (7) into Eq. (2b) and collect the following terms:

Terms proportional to %% and %%, respectively,
give

_ Qg(r +iwy)

F
r? + ot

V1, (10a)

QR +iw)

F
r2 + w3

V2. (10b)

Terms of order &'e%? and &'e%~, respectively, yield

Q2 2\

G, = ¢ = —ZLy 1, (11a)
r r
Q3 201,

Gy =—"hr=——=[V2f". (11b)

Terms of order &'e?% and &', respectively, generate

Q2(r + 2iw))
r2 + dw?

_ (r+2io)(h — ilel)wz
: 3(r2 + 40?) v
(12a)
V3.

(12b)

H =

Q2(r + 2iw)
r2 + dw3

_ Q3(r + 2iw) (A — iwayr)
(2 +403) (392 + 16Dy)

Finally, we simplify the system of Egs. (9) by substituting
the values of ¢;, p;, and F; obtained above to have

Yy Pty ) 2 Ry

Ladprel c 2y =o,

18T2 2 X2 + [O11¥1]” + Cilva| 1Y +i > (1
(13a)

Y P 0%y, 2 ) Ry

W, 2 c 22y, =0,

laTz + 29X +[Q21¥n|” + Co| i [" 1 + i > Y
(13b)
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which is a system of two nonlinearly CCGL equations. The
coefficients Py, P>, Q1, Q2, Cy, Ca, Ry, and R, are given in
Appendix A, with the dispersion coefficients P;, P, being
purely real. Oy, O, are the complex self-phase modulation
(SPM) coefficients, while R;, R, are the complex dissipative
coefficients that account for the linear gain or loss. Last,
C, C; are the nonlinear coupling coefficients responsible for
cross-phase modulation (XPM) and essentially affecting the
symmetry-breaking transformations of bright solitons [63].

For C; =C, =0, we obtain the uncoupled complex
Ginzburg-Landau (CGL) equations. Generally speaking, the
CGL equation is one of the most-studied nonlinear equations
in the physics world today. This is because it gives a qualitative
and quantitative description of a myriad of physical activities
[18,31,64]. In neural networks, the observed propagation of
modulated nerve impulse is governed by the CGL equation,
which clearly demonstrates how neurons participate in the
processing and sharing of information [31]. Exact analytical
solutions for solitary pulses in models based on CGL equations
have already been obtained using a variety of techniques
[17-22]. Depending on the nonlinear interaction coefficients
C;, two forms of wave emerge: standing stable plane waves or
traveling waves. Beside these waves, one can also observe am-
plitude death, complex localized pattern, and spatiotemporal
chaos for different values of C;.

This nonlinearly CCGL system Eq. (13), finds applications
in many fields of coupled mode analysis. In the context of
hydrodynamics, it can be used to model the interaction of
counter-propagating waves under convection in binary-fluids
[65-70]. It is also prominent in oscillatory media [17] and
plasma physics [71] among many others. The usage of these
coupled mode equations in optics stands tall in a class of its
own. This is especially the case with the transition from single-
mode to multi-mode propagation of signals in fibers [72,73].
In our present investigation with nerve impulse propagation,
it mainly describes the activities at lower and upper cutoff
modes. Such multimode dynamics due to nonlinear coupling
has the potentials of distorting, filtering and stabilizing neural
impulse signals. Typically, two modes are always associated
with the first and second mode envelopes given by v, (X,72)
and Y (X, T>), respectively.

III. ANALYTIC SOLUTION OF THE NONLINEARLY
COUPLED MODES EQUATION

It is now incumbent on us to find exact analytical solutions
of ¥ and v, in Eq. (13) for C; # 0. This can effectively be
achieved by using a special method initially introduced by
Hirota in 1971 [74].

A. The Modified Hirota operator and
its applications

Hirota developed a method for solving nonlinear equa-
tions without requiring the complex technique of inverse
scattering method. Concretely, the principle of the Hirota
bilinear method lies on the implementation of the Hirota
bilinear operator, which transforms the nonlinear evolution
equations into several coupled bilinear equations. This act
decomposes the original complicated equation into a series of

relatively simple equations [75,76]. Depending on the nature
of the physical problem, several modifications and improve-
ments are made to obtain an even larger class of nonlinear
waves.

To solve the nonlinearly CCGL Eq. (13), we use the
modified Hirota derivative proposed by Gholam-Ali et al. in
Ref. [77], and define

oo 9 1 . 5 1™
y 0 1+_ a7l

— — | = ia;: | —

ar \2 7)ot

x G(x,H)F(x',t)) , (14)

x=x',t=t'

1 3
Aj(F.F)= (5 + iozj> (5 + iaj> (FFix — F}),j =12,

15)

where m and n are positive integers and «; with j = 1,2 are
real parameters.

We consider the transformations Yi(x,t) =
\IJ_,-(x,t)exp(—iRj,-/Z 1), PJ/ = P]‘/Z, Fj = —R‘,~,/2, j= 1,2,
and set 7, = t, X; = x, and use it to rewrite Eq. (13) as

a\I’[l ,82\1—’1 5 5 '

ZW—FPI 9x2 +[O1W |7 + Ci| W2 1Y, =il W,
(16a)

a\IJZ /82l112 5 5 .

i+ P [0l + G Wi P19, = iTa W,

(16b)

The real coefficients P| and P, are the dispersion terms that
measure the diffusion of ions across the membrane. The real
parts of the complex coefficients Q; and C; account for
the self and cross-phase modulations, respectively, while the
imaginary parts measure the nonlinear gain/loss. The linear
gain/loss of the coupled modes system is given by the real
coefficients I'y and I',.

To apply the modified Hirota method, we perform the
following transformations to the system of Eqgs. (16):

_ nGexpli(kix — £2,1)]

_ wH expli(kyx — Q1)]
1, . - .
Fiﬂ“l

v —
Ffrlotz

W,

A7)

Here, k; and k, are the wave numbers of the envelopes, €2,
and 2, are the angular frequencies of the envelopes. The
wave numbers and the angular frequencies are not necessarily
interdependent, and F(x,?), G(x,t) and H (x,t) are assumed to
bereal-valued functions whilen = n, +in;and u = u, +iw;
are complex numbers.

We substitute Eq. (17) into Eq. (16) and apply the modified
Bekki-Nozaki Hirota operators Egs. (14) and (15) to have the
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system of equations:

[T+ —iPki +iQ — Doy s —
[t1 +iP{AI(F.F) 4+ [(Q1i — i Qi)In*G* + (Cii — iCy)|u*H* = 0,
[T2 412 —iPsk3 + Q% — Dy, — 2k PyDg, x +iPyD; |(H.F) =0,
[ta + i PyALI(F.F) + [(Qai — i Q20)||PH? + (Coi — iCa,)|n[*G?] = 0,

where the normalization condition F/|F|G+®) = 1 is used
and ¢; with j = 1,2 stand for decoupling constants.

B. Pulse-typed soliton solutions

To look for a pulse-typed soliton solutions of Egs. (16),
functions G, H, and F are assumed to have the following
forms:

G =exp %(Rx + wt), H =exp %(Rx + wt),
F =14bexp(Rx +wt)+ Lexp2(Rx +wt). (19)

Equating the proper powers of the exponentials and neglecting
higher harmonic terms of the order exp 3(Rx + wt) above, lead
to the following relations:

R2P/
Q =——2L4kP],
R?P; r
Q) = — 2 kZP/’ R2 — ,
2 4 + 272 Ol]P]/
Rk P —T; +T
©= 2Rk P+ 2Ty, ky = A — 1 T
RP;
inf? b[201Cy, + Cii(af —3/4) ]I 0
n- = o= =0,
@1(Q1iC1, — Q1,C17) o
P = _b[leral + Qui(f —3/4)]T,

a1(Q1:Crr — 01,C1i)
This pulse solution is subjected to the following constraints

Olsz/Fl OlzP{[R("-O[% + 1) - 80[1]{1]
o) P| ’ o [R(4(x% + 1) — 80{2/{2] ’

Cy = bR*(3/4 — o3) P;

_ bR?P{[2Q1,01 + Qui(af —3/4)] Q2

!

r, =

01,Cii — 01iCyy ’

bR*P{[20 1,1 + Q1i(a? — 3/4)] Qi

Cyi = 2bay R*P} — i QQl a]c QlQ(Oféj /49)]0x
re1 — 1i“1r

Finally, we obtain the amplitudes of the solutions of the
coupled Eq. (16) as

: [nlPle )
W1 (x,0)[" = 7 . (202)
|[1 4 b e(Rator) _ 7€2(Rx+wt)]
21 ,(Rx+wt)
W (e, 1) = e | (20b)

|[1 + b e(Re+on) _ %262<Rx+wz)]| )

Figures 2(a) and 2(d) depict the spatiotemporal evolution of
the coupled amplitudes in the neural network, while Figs. 2(b)

2k P{Dy, . +iP{D} |(G.F) =0, (182)
(18b)
(18¢)
(18d)

(

and 2(e), respectively, give the corresponding contour plots.
Last, Figs. 2(c) and 2(f) show the coupled solitary bright-bright
amplitudes generated in the spatial domain.

IV. NUMERICAL ANALYSIS OF THE COUPLED MODES
AMPLITUDE EQUATION

In this section, we numerically seek for solitary wave
solutions to the coupled mode amplitude Eqgs. (16). It is note-
worthy to recall that small amplitude waves are linear, while
large amplitude oscillations are typically nonlinear in nature.
As the propagation of action potential takes place through a
neural network, two intrinsic properties of the medium, namely
nonlinearity and dispersion, may affect the evolution of the
nerve impulse. Nonlinearity tends to generate a steeper profile
of the nerve impulse while dispersion leans towards flattening
it. Generally, in Hamiltonian systems the balance between the
effects of nonlinearity and dispersion (or diffraction as the case
applies) is responsible for the emergence of solitons. However,
real biological neural systems are dissipative in nature, thus
rendering the dynamic balance between nonlinearity and dis-
persion insufficient for the observation of stable nerve impulse.
Consequently, we also require the additional balance between
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FIG. 2.

Spatiotemporal evolution of stationary bright-bright
solitary waves of solution Eq. (20) on left column and corresponding
contour plot on right column. This is for P/ = —0.011,
0,=07+12i,0,=-1.0+04i,C;, =-05+0.6{, ' =0.1,
a1 <0, 0y <0. (ab)[n]> =0.338, k; = —14.0,b =3.0,L = 4.5
(c,d)|u|* = 0.324,k; = —14.0,b = 3.0, L = 4.5 (e,)|n|> = 0.338,
ki = —28.0,b = 100.0, L = 5.0(g,h)|u> = 0.324,k, = —28.0,
b=100.0,L =5.0.
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FIG. 3. Dynamics of the lower and upper cutoff modes amplitudes
|| and ||, respectively, for the coupled system of Eq. (16). The
lower and upper cutoff modes | W, | and | W, | are both localized (static)
bright solitons with: (a) Three-dimensional evolution of | ¥ | on all the
computational domain, (b) upper view of ||, (c) profile of |\, | at all
times; (d) three-dimensional evolution of | ¥, | on all the computational
domain, (e) upper view of |\W,|, (f) profile of |\W;| at all times. The
parameter values are taken as: Pl/ =0.0000011, Q; = 0.7+ 0.001i,
C, = -0.5, I'; =0.0001, PZ' = 0.0000011, Q, = —1.0+ 0.001i,
C, =0.5,and I'; = 0.0001.

the gain and loss during the process of exchange of ions
between the intracellular and extracellular fluids of a neural
membrane and also between neighboring cells. Therefore,
capturing solitary wave solutions in dissipative systems is a
more challenging issue because of this double balance. In
some special cases, the effects of dissipation clearly dominates
that of linear dispersion, leading to a nonlinear diffusive
process because of the interplay between nonlinearity and
dissipation. Travelling pulses in dissipative media are some
times termed dissipative solitons, and were first predicted
to exist in reaction-diffusion systems [78]. In our current
investigation, the comforting and motivating factor about this
numerical investigation of dissipative soliton solutions is that,
when the double balance is achieved, the resultant solitary
waves are extremely robust. They represent stable structures
in the nonlinear system, that exist far from equilibrium.
Solitons generally remain unchanged during interactions,
but suffer only a minor phase shift [79,80]. Consequently, they
can be looked upon as modes of the system, used to solve
initial-value problems by employing a nonlinear superposition
of modes [81]. In Sec. III, we rigorously showed that the
nonlinearly coupled system Eq. (16) supports pulse-typed
soliton solutions. It is therefore natural for us to consider
solution Eq. (20) as the initial condition for our numerical
scheme. In the light of this, we perform two main numerical
analysis by initially considering the “bell-shaped” hyperbolic
secant envelope solution Eq. (20) for both |W;| and |¥;|. Sub-
sequently, we perform a similar analysis using two different
ansatzs: a “bell-shaped” hyperbolic secant envelope for ||
on one hand, and a weak amplitude plane wane for |W,| on
the other hand. This is achieved by considering a partition of
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FIG. 4. Dynamics of the lower and upper cutoff modes amplitudes
|| and |W,|, respectively, for the coupled system of Eqs. (16). The
lower cutoff mode |\, | is a bisoliton propagating through the medium
and the upper cutoff mode |W,| is a set of two kinks: a kink and
an antikink propagating through the medium. (a) Three-dimensional
evolution of |V, | on all the computational domain, (b) upper view of
| W], (c) profiles of | W, | at three different times; (d) three-dimensional
evolution of |W,| on all the computational domain, (e) upper view of
[W, ], (f) profiles of |W,| at three different times. The parameter values
are taken as: P, = —0.000011, Q; = 0.7 + 1.2, C;, = —0.5 + 0.61,
ry=0.1, PZ/ = —0.000011, O, = —0.1 + 0.4, C, = —0.5 4+ 0.6,
and ', = 0.1.

500 points in a one-dimensional spatial domain [—L, L], with
a time step of 0.1 and a spatial step of 0.2. The numerical
investigation on the system of coupled partial differential
Egs. (16), is based on the finite difference scheme where we
take L = 50 and impose periodic boundary conditions.

Starting with two “bell-shaped” hyperbolic secant ansatzs
depictedin Fig. 2 as initial conditions, localized (static) solitons
solutions can be obtained for both modes |W;| and |W;|, as
shown in Fig. 3. Figures 3(a) and Fig. 3(d) show the three-
dimensional spatiotemporal evolution of the lower and upper
cutoff modes, respectively, in all the computational domain.
Their corresponding upper views are presented in Figs. 3(b)
and 3(e), respectively. The related profiles of |W;| and |\W;|
are also highlighted in Figs. 3(c) and 3(f), respectively. These
observations clearly reaffirms that the coupled system Eqgs. (16)
support localized modes.

A further numerical treatment of our problem indicates in
Fig. 4 that under suitable parameter conditions, interesting
events of excitation propagation can occur. Indeed Fig. 4(a)
reveals that, starting from a hyperbolic secant soliton solu-
tion, the lower cutoff mode can break down into a bisoliton
propagating (in opposite directions) in the spatial domain.
An upper view of this phenomenon is depicted in Fig. 4(b).
Figure 4(c) supports this fact by showing the profiles of this
wave at different propagation times. This clearly reinforces
the observation experimentally made in Ref. [82], where the
pulse-typed soliton that mimics the action potential eventually
degenerate into two axonal propagation in opposite directions.
The nonlinear coupling immediately triggers the hyperbolic
secant ansatz of the upper cutoff mode || to evolve into
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two propagating kinks. That is, a kink moving toward the
left while an antikink migrates to the right as portrayed on
Fig. 4(f); with their respective profiles obtained at different
values of time. This type of solutions are also termed flat-top
solitons as the soliton in the course of time becomes wider and
flatter [83]. An upper view of this propagation phenomenon
is presented in Fig. 4(e), together with its spatiotemporal
evolution in the entire spatial domain shown in Fig. 4(d).
Figure 4 clearly stresses the coexistence and propagation of
a bisoliton wave for the lower cutoff mode, together with
two propagating kinks at the upper cutoff mode. An intense
observation of these propagating modes in |W;| and |\W;|
reveals that when reaching the boundary of the medium in
the neural network, the bisoliton waves collide and annihilate
each other. This has damaging effects on the transmission of
neuronal information in the network at lower cutoff mode.
By neural information, we mean action potential. Note that,
neural information is simply action potential which is the
variation of transmembrane voltage, triggered by complex
physiological mechanisms controlling the opening and closing
of selective ion channels. Each action potential is encoded with
specific instruction for effectors organs such as muscles or
glands. The action potential is the main signalling mechanism
to activate synaptic transmission at axon terminals. In fact,
the dynamic structure of electrical activities in the nervous
system is information rich, with action potentials consid-
ered by most neuroscientists to form the basis of electrical
signalling [1-4].

Fortunately, the two propagating kinks at the upper cutoff
mode also collide at the boundary of the spatial domain at the
same time of bisoliton annihilation. This collision obliterates
their structures and gives rise to the emergence of a plane
wave with the same amplitude as that of the two kinks [an
amplitude which saturates at the value of 0.5 as observed
on Fig. 4(f)], which subsequently continues to propagate all
through the spatial domain without any alteration. The system
supported just the upper cutoff mode after the collision since
the lower cutoff mode was completely annihilated. In fact,
subsequent to the collision, the amplitude of the lower cutoff
mode vanishes. Consequently, Eq. (16a) cancels out, and the
HR neural network is now governed by a single (uncoupled)
complex Ginzburg-Landau equation as obtained in Ref. [31]
while analyzing the single mode equation. This single mode
complex Ginzburg-Landau equation has been shown to support
stable plane waves [31]. Indeed, these observations typically
suggest that, prior to the collision, the information in the
neuronal network may be carried by the lower cutoff mode via
the propagation of a bisoliton wave, while after the collision,
the lower cutoff mode disappears and the information is now
relayed by the upper cutoff mode through the propagation
of a plane wave. These results are in agreement with the
results obtained experimentally by Follmann et al. [82] using
compartmental axon model. Similar results in other works also
indicate that all action potential collisions result in annihilation,
and that action potentials traveling in opposite directions never
crossed [3,5-10,49,50]. This clearly reinforces the idea of
refractory period preventing the crossing of action potential.
The action potentials at lower and upper cutoff modes de-
veloped in this work further support the conclusion from the
Hodgkin-Huxley model [30,82]. Our results also confirm the
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FIG. 5. Effect of the linear gain I' = I'; = I'; on the dynamics
of the lower and upper cutoff modes |\, | and |W,|, respectively, for
the coupled system of Egs. (16). (a, d) I' = 0.2, (b,e) ' = 0.3, (c,
f) I' = 0.4. These figures suggest that an increase in the linear gain
increases the propagation velocities of the bisoliton and the two-kinks
structures. The other parameter values are as on Fig. 4.

possibility that neuronal action potentials depicting solitonlike
behavior, annihilate during collisions under certain conditions
[6,49,50].

Interestingly, Fig. 5 shows the impact of the linear gain
on the propagation velocities of both the bisoliton and
the two-kinks structures. On this figure, we display the
upper views of the propagating coupled modes for different
values of the linear gain I'. For the sake of simplicity and
without loss of generality, we assume that I'y = ', = I". The
most important features highlighted on these figures are the
times for which both the bisoliton and the two-kinks waves
leave the spatial domain. Figures 5(a) and 5(d) correspond to
the upper views of the bisoliton and the two kinks for the value
of the linear gain I' = 0.2. It is observed that the waves require
a propagation time duration slightly above the value of the
time ¢t = 200, before they can completely leave the neuronal
network through its boundaries. Similarly, Figs. 5(b) and 5(e)
both correspond to the value of I' = 0.3 and show that the
propagation time of the waves in this case is strictly found
betweent = 150and ¢ = 200 (i.e., 150 < ¢ < 200), indicating
that the propagating waves are moving faster, as they take
a lesser time to completely leave the medium as compared
to what was noticed in the case of I' = (0.2. A subsequent
increase in the linear gain to I' = 0.4 shows in Figs. 5(c)
and 5(f) that the new total propagation time is strictly found
between t = 100 and ¢ = 150, indicating once more that the
wave structures are moving faster than what was observed
earlier at the two initial values of ' = 0.2 and I = 0.3. At
the same time, we observe through the color bars in Fig. 5 that
there is a trend that the amplitudes of the different propagating
modes also increase with an increase in the linear gain. A
confirmation of these facts is highlighted on Fig. 6, where we
plot the amplitude [Fig. 6(a)], the total propagation time 7,
[Fig. 6(b)], and the velocity v, [Fig. 6(c)] of the bisoliton and
two-kinks waves as a function of the linear gain I". Figure 6(a)
shows that as I" increases, the amplitudes of both the bisoliton
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FIG. 6. Effect of the linear gain I' = I'j = I'; on (a) the ampli-
tudes of the bisoliton (in blue) and the two kinks (in red), (b) the
total propagation time of both the bisoliton and the two kinks, (c) the
propagation velocity of both the bisoliton and the two kinks. The other
parameter values are as on Fig. 4.

(in blue online) and of the two kinks (in red online) increase.
Figure 6(b) shows that as I' increases, the total propagation
time of both wave structures decreases tremendously, as a ho-
mographic function of the linear gain. This fact is supported by
Fig. 6(c) where we observe that as I increases, the propagation
velocity of both coupled modes increases notably. Therefore,
we can conclude that an increase in the linear gain I" boosts the
propagation velocities of both the bisoliton and the two kinks.
The rise in the velocities also leads to a corresponding increase
in the amplitude of the different soliton structures, hence
rendering them to have sharper profiles. Finally, results from
Figs. 5 and 6 clearly establish that the linear gain I is inextrica-
bly linked to the complex electrochemical mechanisms which
controls the opening and closing of selective ion channels [30].
Itis important to note that the linear gain I' is directly related to
the burst variable of the model. The phenomenological neuron
model used here shows that spiking-bursting behavior is of
capital importance in the transmissions of information in neural
systems since it amplifies the amplitude and the velocity of
the action potential, and reduces its propagation time. This
is mainly due to the fact that there are many hypotheses
on the importance of bursting activity in neural transmission
[27,28]. Bursts overcome synaptic transmission failure, facil-
itate transmitter release, whereas single spikes do not, can be
used for selective communication if the postsynaptic cells have
subthreshold oscillations of membrane potential, have more
informational content than single spikes when analyzed as
unitary events [28,31,34].

For the second phase of our numerical analysis, it is crucial
to investigate on the condition when the amplitude of the neural
signal of one of the modes is very weak compared to the
other. For this purpose, we chose the upper cutoff mode to be
very weak relative to that at lower cutoff mode. Consequently,
the nonlinear term |W,|> may be neglected, thereby reducing
Egs. (16) to
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FIG. 7. Dynamics of the lower and upper cutoff modes amplitudes
W] and |W,|, respectively, for the coupled system of Egs. (21).
The lower cutoff mode |W,| is a localized (static) bright soliton
and the upper cutoff mode || is a set of two static kinks: a kink
and an antikink emanating from an unstable plane wave and an
evanescent dark soliton. (a) Three-dimensional evolution of || on
all the computational domain, (b) upper view of |W,|, (c) profiles of
|W| at all times; (d) three-dimensional evolution of |W;| on all the
computational domain, (e) upper view of |W,|, (f) profiles of |W,|
at three different times. The parameter values are taken as: P, =
0.000011, Q; = 0.02 +0.0001i, T'; = 0.000001, P, =0.000011,
C, = —0.540.6i, and I', = 0.000001.
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;22
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Thus, as it stands, the nonlinearity in the dynamics of the upper
cutoff mode |\, | is therefore induced by the lower cutoff mode
via the term |W|2. Starting our numerical investigation from
a hyperbolic secant ansatz for |W;| and a small amplitude
plane wave for |W,|, we equally observe some remarkable
soliton solution structures as depicted in Fig. 7. Under suitable
coupling conditions, the lower cutoff mode yields a static
bright soliton, whose numerical observation through all the
computational domain is shown in Fig. 7(a). Its corresponding
upper view and profile are presented in Figs. 7(b) and 7(c),
respectively. At the same time, the upper cutoff mode |\W;|
evolves as shown in Fig. 7(d). Starting from a weak amplitude
plane wave [see black line in Fig. 7(f)], it first evolves towards
an unstable dark soliton as depicted in Fig. 7(f) (blue line
online). This unstable dark soliton is then in a transient mode
because it subsequently collapses into two static kinks as
depicted (by the red line online) in Fig. 7(f). An upper cross-
sectional view of this phenomenon is shown in Fig. 7(e).

V. STABILITY ANALYSIS OF THE COUPLED MODE
EQUATIONS

Stability is a crucial property of a wave profile in a neural
network, since it determines whether such a pattern can be
observed experimentally, or utilized for diagnostic purposes.
Let us recall that the phenomenon of modulational instability
results when a steady-state solution is subjected to a weak
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perturbation, which eventually leads to its exponential growth
along the line of propagation. We investigate the linear stability
analysis of constant amplitude coupled modes of Eq. (13) by
seeking an equilibrium state of the form y; = v;0e'i'. Where
¥jo0,j = 1,2, is a real constant amplitude and 7, — ¢, X| —
x for convenience of notation. This gives w; = Q;[¥ol* +
Cilnol> +iR;/2, for j #1=1,2.

Let us consider a small perturbation around the stationary
state defined above by taking [84]

Vi = Wjo + €;(x,1))e' ", (22)

where €; < Yo is a complex number that includes both
amplitude and phase corrections. Substituting Eq. (22) in
Eq. (13), we obtain the first-order approximation,
de; P 9%
I— + =
ot 2 9x?
where A; = (¢; + e;‘) and A; = (¢; + €/).

Without loss of generality, we set Q% =M,y =¥ and
assume minimal dispersion in the neural network; i.e., Dy <<
SZ%. Consequently, the coefficients Q ; and C; becomes purely
real. This is physically acceptable because the effects of the
nonlinear gain/loss on the small perturbation €; around the
steady state solution are negligible in the neural network. Upon
substitution of €; = o; + iB into Eq. (23), the imaginary part
yields

+ Q1 jol*Aj + CivrjovioAr =0, (23)

da’,  p. 3%8,
J J J_
o T2 ae 0 &9
while the real part gives
8’3} P 8201/ 2 7
_E'}‘ 2 ox a2 + Q]r|¢10| o +2er1/’]01ﬂ10051—0

(25)

The general solution of the linear system Eq. (24) can
be obtained analytically by considering the ansatz o/i =
oz;-O expli(k’x — Q't)], and we get

20
i) (26)

/——_
'BJ'_ ij/z J?

where Q' and &’ are, respectively, the frequency and propaga-
tion constant of the modulated wave.

We now substitute a} and ﬂ;. into Eq. (25) to obtain the
linearly coupled system,

mip min Olio _ 0 27
(n W)E)-G) @

2072 Plk/2
Pk 2
mi = 2C1,¥10¥20,
ma1 = 2C Y2010,
2Q%  Pk”?
Pk 2

The dispersion relation is obtained from the solvability
condition of the homogeneous matrix Eq. (27), when the

with

+ 201, 1¥10l%

mijp =

my = + 205 Y20l

determinant of the coefficient matrix vanishes. Finally, we
obtain the dispersion relation of the amplitude modulation of
the plane wave as
(Q% - QP)(Q? - QF) = Q3. (28)
/ k/2 k/z
e i ot af = B
QF = B (- - 2er|¢zo|2) Qp =
1”1C1r|1ﬁ10|2k/2 2 = PyCo | Y0l k.

The dispersion relation Eq. (28) obeys the biquadratic
polynomial equation

=201 Y10/,

Q*-TQ*+ D=0, (29)

with solution

Qf = T +£(1* —4D)'7, (30)
or
Qf = 5(9f +9F) = 3[(2f - @) +4epei]”.
3D
where T = Q7 + Q7 and D = QP?QF — Q% Q7% . The right-

hand side of Eq. (31) is real or complex if the discriminant
quantity A = T2 — 4D is positive or negative, respectively.

For any wave number k’, stability is guaranteed if both
solutions Q72 are positive. This is valid provided the conditions
T >0, D>0,and A > 0 are satisfied. R

First, we have that T = k?/2 Y P3(% - 2%’|w,-0|2),
where P; > 0and P, < 0. This quantity is positive for any ¥ jo
and k’. Stability means

er > Qll‘v er > 0. (32)

Second, D is an 8th-order polynomial in &’ which

can be factorized as (k/4 +Vk?*+¢), where

= —4 X5 F vl i 2 16l (C), 0 —

QI, Q»,) with b/2 4¢’ > 0. For D to be positive (for any

value of k' > 0 which depicts stability), this implies that
b’ > 0and ¢’ > 0. since P; P, < 0, this boils down to

CerZr - er QZr > 0. (33)

Finally, A > 0 is ensured for every value of k" and | ]
provided P1 PgCer2r|w10|2|w20|2 > 0. Since P1 Pz < O, this
condition yields

CerQr < 0. (34)

Clearly, conditions Eqgs. (32) and (33) are inconsistent with
Eq. (34). This shows that the perturbation frequency develops
a finite imaginary part and the solution blows up in time. The
coupled mode system is therefore modulationally unstable,
explaining thus the existence of spatially localized wave
profiles. Transmission of neural information by plane waves
in the coupled system is therefore very unreliable, as depicted
in Fig. 7(f), where the plane waves rapidly degenerates to a
dark soliton and then static kinks.
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FIG. 8. Membrane (or action) potential solutions of the discrete
HR Egs. (2) in two different parameters conditions. The upper figures
depict a stationary localized pulse: (a) Three-dimensional view,
(b) upper view, (c) profile at all times. The parameters values are: k; =
—14.0, 2, = 0.35, w; =0.179, @y = 0.15, k, = —14.0, Q, = 0.35,
w, = 0.438, ap = 0.15, r = 0.85202862571, 1, = 0.01, A3 = 0.01,
Q2=0.32, b =3.0, L =50, R = 3.0, o = 0.00001061064, y, =
721.0, y; = 0.00001, y, = —0.05, Dy = 0.002, D; = 0.002. The
lower figures depicts a spatially localized standing wave with a time
period of about 706 time units: (d) Three-dimensional view, (e) upper
view, (f) profiles of the wave at different times. The parameters values
are the same as in the upper figures, with y, = 0.0 and 3 = 1.49.

VI. NUMERICAL ANALYSIS OF THE LIENARD FORM OF
THE DIFFUSIVE HR MODEL: EXCITABILITY AND
COLLISION

The aim of this section is to ascertain the ability of the
original HR neuronal network model to support the types of
solutions obtained in Sec. IV, as depicted by the numerical
treatment of the amplitude equations. For the purpose of
this investigation, we integrate the set of Egs. (2), using the
fifth-order Runge-Kutta scheme with a time step of 0.01,
on a spatial domain supporting N = 101 dynamical units,
with periodic boundary conditions. To solve this initial value
problem, we take as initial condition the analytical solutions
u, and v, obtained by using the modified Hirota deriva-
tives and presented as Egs. (B2) and (B3) in Appendix B.
These solutions embed both lower and upper cutoff modes
features.

On the upper part of Fig. 8, it is observed that after sending
the pulse Ansatz in the system, the structure preserves this
excitation state permanently, with no event of propagation, for
the given set of the system parameters values. This suggests
that stationary localized pulses are accessible for our biological
system. This solution is indeed an asymmetric localized solu-
tion which intimates the existence of a stable stationary bright
envelope soliton solution for our discrete HR model equations.
Figures 8(a), 8(b), and 8(c) show, respectively, the three-
dimensional spatiotemporal display, the upper view, and the
profile of this static pulse solution at all times. It is noteworthy
that in other parameter conditions, this pulse solution turns into
a localized standing wave with a spatial profile which repeats
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FIG. 9. Membrane (or action) potential solutions of the discrete
HR Egs. (2). The figures depict a Bi-pulse solution traveling in oppo-
site directions, yielding after collision a spatially localized stationary
quadripulse or spikes. (a) Three-dimensional view, (b) upper view, (c)
profile at all times. The parameters values are the same as in Fig. 8,
with yp = 724.0 and Q] = 1.49.

itself after about 706 time units. Therefore, the temporal period
of this standing wave is T = 7.06. These facts are highlighted
on Figs. 8(d), 8(e), and 8(f). Figure 8(f) shows the standing
wave profiles at different times.

Interestingly, a further numerical study in other parameters
conditions, exhibits scenarios whereby, subsequent to the
insertion of the Ansatz, it looses its stability and breaks down
into a bipulse (that is two pulses) propagating in opposite
directions within the lattice. This phenomenon is observed on
Fig. 9. For the given lattice setting, due to the imposed periodic
boundary conditions, these two pulses collide at the boundaries
of the neuronal lattice and annihilate each other, while leaving
in the lattice a stable localized stationary multipulse solution.
This multipulse solution is indeed a quadripulse, which can be
perceived as being indicative of a localized firing state, with the
occurrence of spatially localized static spiking structures in the
neuronal network, as shown on Fig. 9(f). These localized static
spikes structure in the neural network are well known as static
internal modes and are also called Goldstone modes. They are
present in any system with a broken continuous symmetry.
These Goldstone modes can become the dominant low-energy
excitation, showing that symmetry breaking has a profound im-
pact on the physical properties of the HR neural network [85].

The phenomena of wave collision and annihilation depicted
in this framework were previously reported in the case of
the amplitude equations. Therefore, in agreement with the
results derived in Sec. IV, we have shown beyond any
reasonable doubt that, our Liénard form of the diffusive HR
neuronal model supports coupled modes solutions, with the
emergence of a remarkable set of wave phenomena which
includes localized stationary pulses, standing waves, bipulse
propagation with collision and annihilation events, and the
appearance of spatially localized spiking states in the form of
multipulse solutions.

022214-11



NFOR, GHOMSI, AND MOUKAM KAKMENI PHYSICAL REVIEW E 97, 022214 (2018)

VII. CONCLUSION ACKNOWLEDGMENT

Communication in a neural network is usually effected by The authors appreciate the discussions with Emmanuel
the propagation of action potentials along the fiber of the Yomba of the California State University in USA.
nerve cells, which has been long thought of as a unidirectional
phenomenon. Our current study addressing the crucial issue
of multimode propagation of action potentials, where results APPENDIX A
of the numerical simulations clearly depicts the evolution of
action potential in two opposite directions along the nerve

axon is of capital importance in the understanding of signal Do
propagation in neural systems. We made use of the axonal P=—,
multicompartment HR model, where neurons are connected to @1
their nearest neighbors via electrical coupling in a linear chain P = _ &
format. The nonlinearly CCGL equations were later on derived 2= Wy’
from the Liénard form of the HR model using the multiple scale _ .

o - o ) 01 =01 +i0u,
expansion in the semidiscrete approximation. Such nonlinearly
coupled equations elegantly describe the evolution of coupled 02 = Qo +iQ9i,
mode solitons, which are copropagating and interacting with C, =Cy +iCy;,
one another in a neural network. We analytically solved the
nonlinearly CCGL equations using the modified Hirota bilinear Cy = Cor +iCy,
method, which imposes some constraints on the coefficients Ri =R, +iRy;
of the coupled equations. The bright pulse solutions obtained " v
mimic the nerve impulses observed in a neural network, and we Ry = Ry +iRy;.
believe this study will goa .long way to improve the knowledge 10 A% + w% y 12 _ 39(2) v
on coupled modes oscillations in neural networks. Generally, Ir = 3 )
coherent vibrations of coupled oscillatory neural activity result 61 €25
in amplitude changes like the synchronization of membrane Q(Z)yz — V1A
potential fluctuations of individual neurons [86]. We observed Qi = T o2
the propagation of bisolitons in opposite directions at the lower 0
cutoff mode, while the upper cutoff mode supports a kink and 1| 422 —Q2y, (wg vi— 2)&)
an antikink propagation. Upon collision at the boundaries of the Qo = 20 o2 32 + 16D, |
network, there is complete annihilation of the bisolitons while 2 0 0 0
the kinks evolve into propagating plane waves. The results sug- Qyy — 20y 3y
gested that neural information is mainly transmitted at lower O = 202 692 + 32Dy
cutoff mode by the bisolitons prior to collisions at boundaries. 0 0 0
After collision, the transmission of neural information in the SZ% V) — ZA%
coupled system is therefore managed at upper cutoff mode via Cir = TQ(Z)’
plane waves. This was a very interesting result because in most
systems, neural information is completely lost after collision. Cri — Aiys — Q%Vz
The linear gain was also shown to play vital physiological e Q2 ’
roles during the exchange of ions across membranes. This is ) 5
because by varying the linear gain I', we saw how the speed Cyy = 012 = 21 i
and profiles of the action potential was greatly modified. The Q%
linear stability analysis of the coupled system shows that, 2
it does not support the propagation of stable plane waves. Cr = )LQOW

2i B s

However, It should be noted that during the propagation of Q5
stable plane waves in the neural network, only the upper cut A2
off mode existed. That is, the system supported just this mode Rir =y — 0 5
since the lower cutoff mode was completely annihilated after rto
collision. Interestingly, the numerical analysis of the discrete Fis Q%
system confirmed that it supports the solutions obtained in ISTES m
the continuum approximation (CCGL). Numerical simulations ! !
also confirmed the annihilation of two pulses colliding at the A3 Q(z)

boundaries of the neuronal lattice, while leaving in the lattice
a stable localized stationary multi-pulse solution. This thus
demonstrated the robustness of the bisoliton and confirmed rA3 Q%
the fact that the HR network supports the presence of static a Wy (r2 + w2) ’
internal modes.

Ry =y+4D — ——
2 Yo 1 21
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APPENDIX B

By using the modified Hirota derivatives, the appropriate solutions of the nonlinearly CCGL system Eq. (13) now reads

¥ = F2G G, + i exp]

_ e vexpliceor — B o
Yo =F H(p, +ip)expyilkox > Qt —arln F)i.

. Ryt
i(kix — - Qit —ayln F)},

(Bla)

(B1b)

‘We now obtain a refined analytic form of the propagating coupled nerve impulse u,, () and its corresponding bursting component

v, (1) as
—28)\1 2 2 —1/2 2¢ -1 2 /
un(t) = ——I[1G"+ H ]+ 2F G cos(©1) + —— F~ G{A1 cos(20) — w1 y1 5sin(201)}
|F1€2 3Q2
+2F_1/2H cos(0;) + mF‘1H2{X1 cos(20;) — wyy sin(20,)}, (B2)
—2el Q2
vi(t) = ———[G* + H*| + —— 5 F~'2G{r cos(®)) — w; 5in(©))}
|F|r re+ wj
2
+ —EZF’IGZ{(M] + 2wiy1)cos (201) — w12k — ry)sin(20))}
3(;’2 —|—4a)l)
202
——2LF "2 H{r cos(®,) — w; 5in(©,)}
2+ w;
+ 262 F'H*{(rh1 +2w371) c0s(20,) A )sin(20,)} (B3)
r ) coS — —r Sin N
(r2 +4a)§)(3§2% n 16D0) 1 34! 2 2 1 Vi 2
where
Rj,‘l

@j :ij_T_th_ajlnF"l‘ejm j=12,

and without loss of generality, we set n = 1+ 0i, u = 1+ 0i to ease numerical computations. ®; can always be transformed
back to the original reference coordinates, which contains the ¢, n, and ¢ parameters to obtain

Ry;
O =¢ckin— |:8271 +82§21 —i—a)l]t—alln F,

Ry;
O, =[ehy +7ln — [5272 + 820, +w2]t —ayInF.

(B4a)

(B4b)

This enables us to plot the various spatial profiles of the propagating coupled modes nerve impulses u,(¢) and the bursting

variable v, (7).
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