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ABSTRACT

A delicate balance between dissipative and nonlinear forces allows traveling waves termed solitons to preserve their shape
and energy for long distances without steepen and flatten out. Solitons are so widespread that can generate both
destructive waves in oceans’ surface and noise-free message propagation in silica optic fibers. They are naturally observed
or artificially produced in countless physical systems at very different coarse-grained scales, from solar winds to Bose-
Einstein condensates. We hypothesize that some of the electric oscillations detectable by scalp electroencephalography
(EEG) could be assessed in terms of solitons. A nervous spike must fulfill strict mathematical and physical requirements
to be termed a soliton. They include the proper physical parameters like wave height, horizontal distance and unchanging
shape, the appropriate nonlinear wave equations’ solutions, the correct superposition between sinusoidal and non-
sinusoidal waves. After a thorough analytical comparison with the EEG traces available in literature, we argue that
solitons bear striking similarities with the electric activity recorded from medical conditions like epilepsies and
encephalopathies. Emerging from the noisy background of the normal electric activity, high-amplitude, low frequency
EEG soliton-like pathological waves with relatively uniform morphology and duration can be observed, characterized by
repeated, stereotyped patterns propagating on the hemispheric surface of the brain over relatively large distances. Apart
from the implications for the study of cognitive activities in the healthy brain, the theoretical possibility to treat
pathological brain oscillations in terms of solitons has powerful operational implications, suggesting new therapeutical
options to counteract their detrimental effects.

KEYWORDS: electrodes; critically ill patients; Juvenile absence epilepsy; nonlinear Schrodinger equation; Korteweg-
de Vries equation; Peregrine soliton.

INTRODUCTION

Solitons are single, spatially localized waves that travel without changing their shape and size (Chabchoub et al., 2021).
Due to a delicate balance between dissipative effects and nonlinear dynamics, solitons are coherent structures propagating
in space and time at a constant velocity without attenuation, distortion or energy loss (Poznanski et al., 2017; Sharma et
al., 2019). At least in an idealized framework, the stability and stationarity of soliton’s analytical solutions is confirmed
against non-integrable perturbations (Ye et al., 2020), so that frictional effects like viscosity do not cause solitons to decay
over time (Minardi et al., 2010). The energy of solitons is carried adiabatically through the medium, i.e., without
transferring heat or mass (Redor et al., 2019). Since the energy transfer to shorter wavelength regions is difficult, solitons
reach a state of thermodynamic equilibrium that allows them to evolve for a long time without damping (Krylov and
Yan'kov, 1980; Diebel et al., 2016). Solitons are naturally observed or artificially produced in different macro-, meso-
and microscopic settings, playing key roles in the context of out of equilibrium nonlinear systems. They can be found in
space plasmas, solar winds, planetary magnetospheres (Lakhina et al., 2021), marine and fluvial surface gravity waves,
telegraph lines (Kayum et al, 2020), high-speed silica fiber-optic telecommunication, optical coherence tomography,
photorefractive crystals (Bouchet et al., 2022), micromechanical systems (Manley et al., 2009), magnetic matter,
superconductors (Kachulin et al., 2020), Bose-Einstein condensates (Strecker et al., 2002), etc. Their occurrence in ionic
crystals, crystalline solids and nematic liquid crystals (Li et al., 2018) suggests a role for solitons in the physical properties
of solids at high temperatures (Manley et al., 2009). It has been conjectured that soliton-like mechanisms could underlie
also biological phenomena like electron/proton transport along proteins’ helices (Ciblis and Cosic, 1997; Sinkala and
Zachariah, 2006) as well as cardiac action potentials (Heimburg 2022).

Still, attempts have been provided to describe the microscopic nervous activity of the central nervous system in terms of
solitons (Heimburg and Jackson, 2005). In has been conjectured that the standard Hodgkin-Huxley model of the neurons’
action potential could be piezo electrically coupled with synchronized soliton pressure pulses generated inside the lipids
of biological membranes (Andersen et al., 2009) and influenced by thermodynamic variables like voltage, temperature,
pressure, chemical potentials (Heimburg 2022). According to this model, the traveling solitons are localized in the
membrane, do not spread out in the surrounding medium, do not release heat and can modify the local membrane density
and thickness (Heimburg and Jackson, 2006; Johnson and Winlow, 2018).

Here we take a different turn, suggesting another potential approach to assess the nervous electric spikes in the context of
solitary waves. Looking at the central nervous system’s nervous activity at the macroscopic scale, we argue that some of
the brain electric oscillations detected by electroencephalography (EEG) could be mathematically and biophysically
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approached in terms of solitons’ motion. We contend that the electric oscillations spikes attained by scalp EEG monitoring
techniques resemble in many respects solitary waves. Since an electric wave must fulfill strict mathematical and physical
requirements in order to be termed a soliton, we will analytically examine the manifold physical features of solitary waves
and will look for their feasible counterparts in the cortical electric activity measurable on the scalp.

NONLINEAR MEDIA AND SOLITONS

Solitons are naturally robust to perturbations as they travel with little dissipation over long timeframes (Rowley et al.,
2022). The peculiar coherence of these highly localized wave packets can be attributed to the fact that the tendency for a
wave pulse to disperse is exactly balanced by nonlinear effects occurring in the propagation medium (Minardi et al.,
2010). While the linear and nonlinear effects acting alone would cause the wave to decay, in the right combination they
lead to waves that persist stable and compact as they propagate, periodically returning to the initial state.

Numerous natural and artificial phenomena are characterized by the slight nonlinear dynamics required to generate
solitons. Looking for a model of soliton-like EEG oscillations, we have at first to look for the possible presence of
nonlinear dynamics in the central nervous system.

Nervous nonlinear medium. Solitons require a dissipative physical medium characterized by a certain degree of
nonlinearity. In touch with this claim, nervous nonlinear dynamics have been ubiquitously detected in both experimental
settings and ecologically valid conditions (Hernandez et al., 2023; Poikonen et al., 2023). Using brain network analysis,
data-driven approaches and machine learning (Luo et al., 2022), various types of nonlinear dynamic behavior have been
found in the wave series extracted from EEG data sets (Hernandez et al., 2023). Nonlinear dynamics in the central nervous
system consist of phase transitions, branching processes, metastability, limit cycles, self-oscillations, non-stationarity,
neuronal avalanches, chaotic behavior, collective phenomena with emergence of order (Meisel et al., 2013; Mahgoub and
Qarage, 2023). Increasing evidence suggests that cortical neuronal networks operate near a critical state, where balanced
activity patterns support optimal information processing, scale-free correlations and emergence of adaptive collective
behavior (Meisel et al., 2013; Tiago et al., 2020).

Therefore, it can be stated that the nonlinear dynamics required by a nervous soliton-like model are widely diffused in the
brain.

EQUATIONS FOR SOLITONS

In mathematical terms, solitons stand for one of the countless possible solutions for different types of nonlinear wave
equations (Redor et al., 2019). In particular, the Korteweg-de Vries equation (KdVE), originally developed to describe
weakly nonlinear wave propagation in shallow water, admits analytic solutions representing solitons. KdVE equation can
be written as:

B+ O~ 6pep =0

Where and are partial derivatives of x and t, @ stands for the height displacement of the water surface from its equilibrium
height. KdVE implies an equilibrium between dispersion ¢ and advection ¢ 9z @, the latter standing for the particles
transport provided by bulk motion and velocity of the fluid. KdVE can describe solitons systems in which the particles
are driven by fluid pressure (Alquran et al., 2021) as well as soliton turbulence in ocean waves (Costa et al., 2014). The
Benjamin—Bona—Mahony equation (BBME) is a KdVE variant for modeling long surface gravity waves of small
amplitude, propagating uni-directionally in 1+1 dimensions. Yet, a particle-based fluid trajectory description of multi-
soliton interactions can be achieved by the Kadomtsev-Petviashvili equation (KPE), i.e., a two-dimensional version of
KdVE.

Apart from KdVE, BBME and KPE, other wave equations display soliton solutions. The most prominent is the one-
dimensional nonlinear Schrodinger equation (NLSE), an example of integrable systems of nonlinear partial differential
equations owning an infinite set of conservation laws. NLSE stands for a universal tool to model the dynamical evolution
in dispersive media of weakly nonlinear, varying packets of quasi-monochromatic waves (Karjanto 2019). Among the
manifold versions, the linearly damped and driven NLSE can be expressed in the dimensionless form:

iug + %up,_,,. + |u ‘u= f—iyu
Where 7 =/ (2,t) is the driving (or forcing) of the system, yu is linear damping of strength y > 0 (Fotopoulos et al.,

2020). Depending on the chosen physical setting, different NLSE formulations provide different results according to the
values of the dispersive nonlinear coefficients (Karjanto 2019). NLSE has a wide range of applications, including, e.g.,
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the slow evolution of waves amplitude in shallow water of uniform depth, the irregular wave trains propagating in deep
water, superconductivity devices, nonlinear optics, etc (Xia et al., 2021). Concerning Bose-Einstein condensates, the
soliton’s behavior can be described by a variant of the NLSE referred to as the Gross-Pitaevskii equation (GPE) (Rubino
et al., 2012; Karjanto 2019). In this case, the velocities of single particles are determined by the phase of the wave-
function. Figure 1 illustrates a few examples of soliton solutions to various nonlinear wave equations.

Therefore, every attempt to look for hints of nervous solitons requires electric solitary waves to obey explicit nonlinear
wave equations.

Solitons in the electrical domain and in EEG spikes. Solitons may be produced in the context of the electrical domain,
both at the macro-, meso- and the micro-levels of observation (Ricketts and Ham, 2010; Roy and Misra, 2022). The
occurrence of electrostatic solitons is ubiquitous in macroscopic contexts such as two-fluid astrophysical plasmas,
planetary magnetospheres, lunar wake (Sharma et al., 2019; Roy and Misra, 2022). In solar wind, the interplanetary
magnetic fields provide favorable conditions for solitons formation (Shah et al., 2020). In space plasmas, nonlinear
electrostatic solitary waves can be interpreted in terms of ion- and electron- acoustic solitons propagating parallel to the
ambient magnetic field (Lakhina et al., 2021). Concerning the micro-levels of observation, electromagnetic fields and
saturable nonlinear dielectrics may influence solitary waves’ shape and behavior (Bradley and De Angelis, 1996). Self-
reinforcing magnetic solitons have been generated in Bose-Einstein condensates from atoms with different spins (Chai et
al., 2020). In nematic and cholesteric liquid crystals, external electric fields drive collective reorientation of nematic
molecules. This process generates solitons representing self-trapped “bullets” that move with high speed, perpendicularly
to the electric field and to the initial alignment direction (Li et al., 2018; Shen and Dierking, 2020). The above-mentioned
nonlinear wave equations have been widely used to cope with electric as well as external uniform magnetic fields, inside
the discrete nonlinear electrical lattices used for electrical transmission (Yamgoué et al., 2018; Kieffer and Loss, 2020).
Once achieved that solitons can be generated in an electromagnetic milieu, the question is: could they occur in the
hemispheric electric field detected by scalp EEG? The fact that NLSE may govern soliton propagation on spherical
surfaces of electromagnetic fields traveling in coiled optical fibers (Korpinara et al., 2020) provides an indirect hint that
solitons can be uncovered inside spherical electric fields (Lima et al., 2018). Further, it has been shown that electric or
magnetic monopole pairs can interact with Coulombic fields equipped with the SO(3) rotations typical of the spherical
surfaces (Wabnig et al., 2022).

Therefore, the nervous electric activity detected on the scalp could be assessed by using nonlinear wave equations with
solitons solutions.

THE REMARKABLE PHYSICAL FEATURES OF SOLITONS

Solitons’ solutions can be given analytically by using mathematical devices such as e.g., first-order Fourier analysis and
statistical analysis (Chabchoub et al., 2013 Redor et al., 2019). Different solutions of KAVE, BBME, NLSE, KPE and
GPE generate different types of propagating solitons characterized by distinct physical features and various wave shapes.
The physical parameters to assess the presence and the dynamics of solitons are manifold. They include surface elevation,
wave height, phase velocity (i.e., the rate at which the wave phase propagates), wavelength, spatiotemporal evolution of
the normalized force as a function of a fixed or infinite horizontal distance, breathing period and maximum intensity,
trajectories, velocities, acceleration, medium depth, material parameters (Poznanski et al., 2017; Xiao et al., 2021). In
fluid media like seas or channels, also surface tension, density, gravity, channel height, water depth, carrier frequency and
amplitude of the background wave (Chabchoub et al., 2013) conspire to generate the solitons’ features.

Therefore, looking for the theoretical occurrence of solitons in EEG traces, the above-mentioned physical parameters
must be kept into account.

Different shapes for different solitary waves. One of the most distinguished features of solitons is the shape, so different
from the usual sine waves (Figures 1A-G). Solitary waves include W-shaped, bright, dark, kink-dark, singular, kink
antikink solitons (Yamgoué¢ et al., 2018; Al-Kalbani et al., 2023; Liu et al., 2024), cnoidal waves (Figure 1A), abnormally
large waves (also termed “freak” or “rogue” waves) (Didenkulova 2021), “thick” or “top-table” solitons, algebraic
solitons, solitons of different polarities (Didenkulova 2021), multi-solitons with doubly-localized peaks (Chabchoub et
al., 2021), etc. Unlike “bright” solitons, which locally amplify the surrounding medium, “dark” solitons stand for a local
decrease in the wave amplitude able to cause a depression (Chabchoub et al., 2013). Dark solitons on the surface of water
might influence extreme events like tsunamis, such that an almost flat ocean surface may evolve into a singular,
destructive rogue wave with high amplitude, as energy is conveyed in the central zone from the surrounding areas
(Chabchoub et al., 2013) (Figure 1B). Contrary to the usual solitons that keep their profile unchanged during propagation,
the Peregrine soliton displays a double spatio-temporal localization characterized by progressive, standardized and cyclic
changes in shape (Peregrine 1983) (Figure 1D). Apart from the ones described above, other parameters may influence
the large variety of solitons’ shapes. These parameters include hyperbolic function solutions (Al-Kalbani et al., 2023),
elliptic parameters for cnoidal waves, variable-coefficient functions, modulation instability gain (Liu et al., 2024), the
Sine—Gordon expansion-method (Yamgoué et al., 2018), etc. Furthermore, periodic traveling-wave solutions may give



rise to “trains” of many solitons (Figure 1F). This occurs in solar wind: whereas weak shock waves produce only single
soliton pulses, strong shocks produce trains of solitons (Shah et al., 2020) (Figure 1G).

Therefore, looking for the possible occurrence of solitary waves in EEG traces, it is mandatory to carefully evaluate
whether the shape of the electric spikes matches the features of solitons.

Solitons in healthy EEG traces? The occurrence of solitons in EEG traces from healthy individuals has been
conjectured. Sen (2022) generated action potential-like solitons resembling EEG-like surface waves on a synthetic brain
connectome, in response to surface deformations produced by local pinch. Yet, part of the electric activity of the healthy
human brain is characterized by nervous electric spikes that are reminiscent of solitons. For instance, the neuronal activity
in the medial entorhinal cortex displays peculiar ultraslow periodic oscillations from tens of seconds to minutes (Gonzalo
Cogno et al., 2024). Further, electrocorticographic studies suggest that alpha and theta oscillations generate traveling
waves propagating in a posterior-to-anterior direction at ~0.25-0.75 m/s (Zhang et al., 2018; Sato 2022). The last, but
not the least, electrical recordings and spectral analysis from many brain regions exhibit neural oscillations at multiple
spatial scales that, like solitons, are non-sinusoidal (Cole and Voytek, 2017).

Therefore, theoretical mathematical findings as well as implicit cues from neurophysiological studies suggest the
possibility that at least part of the normal electric EEG activity might involve solitons.

Solitons in pathological EEG traces. Going through the neuroscientific literature, it is easy to notice that quite a few
EEG electric spikes detectable in disease states look like solitons (Handa et al., 2021). Emerging from the noisy
background of the normal electric activity, high-amplitude, low frequency EEG solitary waves of different shapes can be
observed in various human diseases. A few cases are illustrated in Figures 1H-M. Distinct medical conditions, including
critically ill patients, encephalitis and epilepsy, are characterized by EEG traces with features that remind solitons trains,
i.e., repeated patterns or stereotyped activity with or without interchange interval, at approximately regular rate or
intervals (Gélisse et al., 2023). Just as solitons, pathological EEG waveforms may display relatively uniform morphology
and duration. Like solitons, pathological EEG oscillations can travel on the hemispheric surface of the brain over
relatively large distances and, like solitons, neither tend to flatten out, nor steepen and topple over. Further, some
pathological EEG waves display double spatio-temporal localization with cyclic changes in shape just as Peregrine
solitons.

Summarizing, the occurrence in EEG traces of features and shapes corresponding to various types of solitary waves
suggests that some pathological brain electric activities might represent the biological counterpart of physical solitons.



Soliton packets Single soliton Soliton train

Figure 1. Similarities between solitons (Figures 1A-F) and pathological EEG patterns (Figures G-J1)

Figures 1A-E. Features of different types of solitons. Figure 1A. A cnoidal wave is a periodic traveling-wave solution
of KdVE. It refers to surface waves whose wavelength is large compared to the water depth. Modified from
https://demonstrations.wolfram.com/Cnoidal\WavesFromKortewegDeVriesEquation/ Figure 1B. Formation of a rogue
wave in the deep ocean, modeled using LNSE. Modified from https://demonstrations.wolfram.com/RogueOceanWaves/
Figure 1C. Top figure: example of dynamical behavior of an optical soliton with spatio-temporal dispersion, based on
variable-coefficient NLSE. Bottom Figure: Time evolution of the soliton position x(t) interpreted in terms of wave
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streamlines obeying NLSE. Modified from Liu et al. (2024). Figure 1D. Peregrine soliton solution based on a periodic-
wave background generated by a NLSE variant. Modified from Ye et al. (2020). Figure 1E. Soliton solution of the
integrable focusing NLSE with spectral data consisting of a pair of conjugate poles of order 2n. Modified from Bilman
and Buckingham (2019).

Figures 1F-G. Features of solitons trains. Figure 1F. Soliton trains (packets) in shallow water wind waves. The wave
train (black) is achieved by low pass filtering of the data (red). Modified from Costa et al. (2014). Figure 1G. Single
soliton and soliton trains detected for a month in the solar wind’s pressure. Modified from Shah et al. (2020).

Figures 1H-M. Pathological EEG patterns resembling trains of solitons. Figure 2H. Herpesvirus-6 limbic encephalitis.
Modified from Gélisse et al. (2023). Figure 21. Typical “metronomic™ delta burst pattern with almost flat amplitude
during burst intervals, recorded during advanced stages of subacute sclerosing panencephalitis. Modified from Gadoth
(2011). Figure 2L. Juvenile absence epilepsy. Modified from: https://www.epilepsy.com/what-is-
epilepsy/syndromes/juvenile-absence-epilepsy Figure 2M. Creutzfeldt-Jacob disease. Modified from:
https://www.eurocjd.ed.ac.uk/images/typical-eeg-sporadic-cjd

DYNAMICS OF SOLITARY WAVES

Solitons travel long distances with no need of leading or trailing waves. The soliton’s wave crest can be much higher
than the surrounding waves (Costa et al., 2014). Since the velocity depends on the wave’s amplitude and height, a soliton
is slower than its carrier waves. In addition, the velocity of solitons can be increased by an acceleration induced by an
external water flow. When the distance along the surface approaches zero, a sharp rise of the wave crest can be detected
above the rest of the deep fluid medium. The deeper the water, the more negative the nonlinearity parameter and the
higher the possibility to generate rogue solitons, characterized by large-amplitude oscillations with height two times larger
than the wave train (Xia et al.,, 2021). When the soliton disappears, a defocusing process takes place in which the
instantaneous frequencies in front become lower than those behind it (Xia et al., 2021).

Interactions between solitons. Time reversible interactions among multiple solitons, carriers and media occur in both
natural and artificial settings. When a carrier wave enters the soliton, its amplitude drops to zero; when it exits, its
amplitude returns to the previous value (Chabchoub et al., 2013). Two colliding solitons penetrate through each other,
exchange their amplitude and velocity and emerge fully intact as the exact pulses that entered the collision (Poznanski et
al., 2017) (Figure 2A). At first, the two waves would align to reproduce temporarily the initial sine wave, before
separating again and repeating the same cycle. The higher amplitude wave is narrower and faster than the wave with the
minor amplitude. Heart-and bell-shaped-cusp optical solitons can be produced by two waves superposition (see the
Figures in Alquran et al., 2021). Though 90% of the soliton collisions occur between pairs of solitons, the remnant
collisions involve multiple solitons (Didenkulova 2021). Multi-spot soliton packets bound together with the appropriate
relative phase can be achieved in saturable Kerr nonlinear media by simply shifting the refractive index with harmonic
transverse modulations (Kartashov et al., 2004).

Therefore, theoretical multiple soliton-like waves detectable in EEG traces are required to preserve their shape after
collision.

Dynamics of solitary waves. Viable examples of interactions between solitons can be found in pathological EEG traces.
For instance,

a) Figure 2C illustrates the coexistence of generalized normal and focal pathological discharges that are spatially
separated.
b) Figure 2D illustrates the coexistence of generalized and focal epileptiform discharges that are spatially mixed.

Hence, it is theoretically possible that EEG waves could be produced by the transient superposition of diverse solitary
waves from different brain areas. In touch with this claim, models of soliton conduction in microscopic branchlets with
polarized microstructure suggest that linear superposition of two oppositely directed traveling waves might occur
(Poznanski et al., 2017). The resulting wave made of superimposed solitons can be resolved at late times into separate
single solitons, making it possible to uncover the cortical source of every one of the solitary oscillations (Xia et al. 2021).
Therefore, clues from the physical literature and from pathological EEG traces let us argue that superposition of solitons
might occur in the electrical fields produced by the cortical activity.
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Figure 2A. Weakly nonlinear two-solitons propagation in shallow water described by KdVE. Modified from
https://demonstrations.wolfram.com/SolitonsFromTheKortewegDeVriesEquation/

Figure 2B. NLSE-derived soliton profile perturbed by a periodic potential. Modified from
https://demonstrations.wolfram.com/SolutionOfANonlinearSchroedingerEquation/

Figures 2C-D. Pathological EEG patterns resembling groups of solitons and solitons trains. Figure 2C. EEG snapshot
showing a right temporal focal seizure. Modified from Chari et al. (2019). Figure 2D. Coexistence of focal and
generalized epileptiform discharges in a 7-year-old boy with benign childhood epilepsy with occipital paroxysms
(Fernandez-Torre 2010).

Figures 2E-G. Schrodinger wavefunctions in a continuously varying potential field. The red oscillations stand for the
wavefunctions, the black ones for the probability density. The plot of the Schrédinger equation is embedded in a head
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contour. The plot represents an EEG wave spreading across the scalp electrodes between the neck and the nose. Solutions
of the one-dimensional Schrédinger equation with quantum number 10 are provided in a potential-energy field V(x) which
can be varied by moving a series of locators (the little circles). Even small changes in position of one or more locators
modify the potential energy field, generating waves with fully different height, frequency, shape, periodicity. In the
example, when the elementary periodic wave (Fig. 2E) is disrupted by a change in position of one locator (Fig. 2F), it
can be restored by changing the position of another locator (Fig. 2G). In the context of a human disease like epilepsy,
this means that the healthy oscillation (Fig. 2E) disrupted by epileptic foci (Fig. 2F) could be restored by the proper
transcranial current (Fig. 2G). Modified from:
https://demonstrations.wolfram.com/SchroedingerWavefunctionsInA Continuously VaryingPotential/

SOLITONS’ GENERATION

Due to their inability to form spontaneously from noisy and/or dissipative systems, solitons’ generation relies on the
occurrence of external perturbations (Rowley et al., 2022). Artificial solitons can be engineered via different techniques
in a wide range of media. A steady train of water waves with a well-defined shape can be produced in a shallow water
regime by driving a piston at one end of the tank. The solitary waves may either ricochet back and forth, or to be absorbed
at the other end with a porous material acting as an artificial beach (Chabchoub et al., 2013; Redor et al., 2019). In
contrast to homogeneous media in which stable multi-peaked solitons do not exist, localized “lumps” of light can be
produced in slightly nonlinear diffractive media such as glass, photonic lattices and optical fibers (Kartashov et al., 2004;
Rubino et al., 2012) by manipulating the light in miniaturized semiconductor chips (Genevet et al., 2008). In nonlinear
silica optical fiber systems, the spreading due to dispersion and the intensity-dependent refraction due to nonlinearity are
extremely balanced to generate solitons traveling in the waveguide for long distances (Liu et al., 2024). In this case, the
production of compact solitons beams is driven by femtosecond pulses oriented towards the transverse dimension
(Minardi et al., 2010), allowing ultrafast switching rates of several terahertz. Yet, solitons made of repulsively interacting
atoms have been produced in microcavities and Bose-Einstein condensates (Fritsch et al., 2022). Every soliton generated
at each boundary of the box propagates in a uniform background density, colliding with one another in a way that can be
controlled (Halperin and Bohn, 2020).

Therefore, a model that predicts soliton propagation in the mammalian central nervous system must carefully describe
how solitary waves could be produced in the electromagnetic milieu produced by the neural tissue.

Generation of neuronal solitons. Once achieved in the previous Chapters that surface solitons might emerge from (and
may interact with) electromagnetic fields like the ones detected on the scalp, a question arises: how could solitary waves
be physically produced in the nervous tissue? Different theoretical possibilities might be considered:

a) The nervous solitons detectable on the scalp are electric waves produced by the underlying neuronal tissue. In
this case, solitons are produced INSIDE the electric fields.

b) The nervous solitons detectable on the scalp are pressure waves that only later become electric currents. In this
case, solitons are produced OUTSIDE the electric fields. This can be accomplished in several ways, including
the piezoelectric effect, e.g., a simple electromechanical interaction between the mechanical stress and the
electrical fields.

Another distinction could be made concerning the anatomical source of these theoretical nervous solitons:

¢) The nervous solitons can be naturally produced in the healthy brain.
d) The nervous solitons can be produced in the pathological brain, e.g., by the spared tissue adjacent to injured
areas.

In sum, further studies are needed to elucidate the possible mechanisms underlying solitons generation in the central
nervous system.

CONCLUSIONS

We suggested that the central nervous system’s nervous macroscopic activity could be assessed in terms of solitons.
Particularly, we argued that the brain electric oscillations detected by scalp EEG monitoring could be described as solitary
waves. Going through many examples, we claimed that solitons resemble in many respects the cortical electric spikes.

The main questions are: what does the potential relationship between solitons and cortical electric field bring on the table?
What are the beneficial outcomes, operational qualities and methodological advantages? Solitons can generate both
destructive waves in the ocean and noise-free messages in optic fibers. They have the potential to achieve powerful and
reliable information-processing in different fields, including telecommunications networks in electronics, optical
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computing and signal control (Gaur et al., 2024), as well as practical applications in ultra-sharp pulse/edge generation and
high-speed metrology (Ricketts and Ham, 2010). Solitons stand for bits of information that are robust to perturbations
and noise, highly stable over long timeframes and able to recover spontaneously even after complete disruption (Rowley
et al., 2022). Solitons in Bose-Einstein condensates could function as qubits with long lifetimes of the order of a few
seconds (Shaukat et al., 2017). While isolated solitons can only encode single bits, two or more coupled solitons could
boost transmission capacity by encoding more than one bit of information at a time (Krupa et al., 2017). Also, charged
soliton pulses could be used as a substrate for memory storage, since they carry details of the input deformation parameters
(Sen 2022). Further, multidimensional solitons in nematic and cholesteric liquid crystals can be used as vehicles for two-
dimensional delivery of micro-cargos (Shen and Dierking, 2020). Therefore, the theoretical occurrence of EEG soliton-
like waves in the brain might provide benefits by a physiological and evolutionary standpoint.

The functional contributions of solitary waves to the brain activity in healthy individuals could be manifold. Solitons
would allow electric noise-free transport of messages without dissipation. It has been suggested that soliton pulses and
surface waveforms might cooperate to identify incoming signals, help focus attention and retrieve memory (Sen 2022).
Traveling waves could be behaviorally relevant in supporting brain connectivity and correlation between task events
(Zhang et al., 2018). Ultraslow sequences of solitary traveling oscillations might couple circuits across extended time
scales, serving as a template for new sequence formation during navigation (Gonzalo Cogno et al., 2024). Since the
mutual attraction of multiple solitons traveling in optical fibers can generate bound states (Krupa et al., 2017), we
speculate that solitary waves could help phase synchronization of cortical networks (Sato 2022). Solitons’ production
could compensate maladjustments of one variable by fine-tuning another one, providing a theoretical explanation for the
effects of anesthetics (Heimburg and Jackson, 2006; Andersen et al., 2009; Heimburg 2022). Further, cortical traveling
waves might contribute to hierarchical organization of each brain region by unidirectional communication between
arbitrarily paired areas (Sato 2022).

We argue that potential detrimental solitons correlated with medical conditions might be countered and neutralized in
various ways. Since solitons are produced by a delicate balance between nonlinear and dissipative forces like viscosity,
a pharmacologically induced modification of the brain viscosity might lead to derangement of pathological solitons.
Further, solitons display peculiar physical features like non-sinusoidal waves that could be theoretically manipulated by
focal electrical brain stimulation induced by external magnetic fields, namely, by transcranial magnetic stimulation (TMS)
(Chung et al. 2019; Kohli and Casson, 2019). In pathological states, the ordinary EEG oscillations deviate from the norm.
In this case, our model of nervous solitons based on Schrodinger-like equations predicts that pathological spikes could be
correlated with changes in the anatomical/functional location of the electric sources. Figures 2E-G provides a proof-of-
concept example of brain EEG waves treated in terms of the Schrodinger equation. In the healthy brain, the energy
sources are arranged in a regular order along the straight line connecting two scalp electrodes (Figure 2E). This generates
a regular wave with well-defined periodicity and rthythm. When a disease occurs, e.g., an epileptic focus, one of the
energy sources turns off its location on the straight line (Figure 2F). This divergence perturbs the wave profile: even
slight changes in the location of energy sources can vary the potential, leading to waves with fully different shapes. To
restore the healthy wave, an appropriately located external current could be given via TMS to counteract the effects of
the displaced energy source (Figure 2G). Note that the profile wave in Figure 3E-G is drawn from the classical
Schrodinger equation that holds just for microscopic systems subject to the laws of quantum mechanics. Nevertheless,
the example can be generalized to macroscopic systems like EEG traces when considering NLSE instead of the classical
Schrodinger equation.

Therefore, artificial manipulation of harmful solitons in the nervous tissue can be achieved by superimposing TMS
external currents to counteract the pathological electric waves. This might have consequences for medical treatment. For
instance, the proper external current might contribute to modify the harming solitons produced during epileptic discharge,
bringing healing to the convulsive symptoms.

The possible relationships between solitary waves and brain activities paves the way to novel lines of research. We
focused on the spikes extracted from EEG traces, but the universe of the discourse could be extended also to the
oscillations detected by other experimental procedures like fMRI, local field potential electrophysiology, etc. When
nonlinear effects occur in silica optical fibers, the momentum and the medium dispersion might coincide. This generates
a “phase matching” that allows solitons to emit a special kind of low-intensity radiation, called resonant radiation (Rubino
et al., 2012). It could be speculated that this radiation could be found also in EEG traces. The property of solitons to
interact with each other in a nonlinear medium suggests that they could be also analyzed in terms of elastically colliding
particles that do not interact each other and do not perturb the wave (Didenkulova 2021). When the soliton propagates
through the medium, the particles are accelerated until the wave has left the region. After the interaction, the particles
become motionless again, but their positions have shifted. The particles’ single trajectories are influenced only by wave
velocity, while their movement is governed by the current flow. This suggest that solitons at the interface of two
biological fluid mediums might be useful to move or mix particles, contributing to the intra- and extra-cellular transport
mechanisms.

In sum, research concerning relationships and interactions between solitons and the electric waves produced by the central
nervous system needs still to be focused, but the premises are so promising that the field would be worth exploring.
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